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“… the smallest eddies are almost numberless, and large things are rotated only by large eddies and 
not by small ones, and small things are turned by small eddies and large…” 

— Leonardo da Vinci when creating the term “turbolenza” in the period 1508–1513

Old Man with Water Studies, c. 1513.; Studies of water passing obstacles and falling, c. 1508-9. Wikimedia Commons
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2 | Introduction

Flux measurements

• Measurements of gas fluxes in and out of an ecosystem, quantifying evaporative water losses from an 
agricultural field, or monitoring of gas emission rates over a carbon sequestration injection site can be done 
with a wide variety of techniques

• Of these techniques, the eddy covariance method is one of the most direct, accurate, and defensible 
approaches available to date for determining emission and consumption rates of various gases and water 
vapor over areas with sizes ranging from a few hundred to millions of square meters

• The method relies on direct and fast measurements of actual gas transport by a three-dimensional wind in 
real time in situ, resulting in calculations of turbulent fluxes within the atmospheric boundary layer

The eddy covariance method provides measure-
ments of gas emission and consumption rates and 
allows measurements of momentum, sensible heat, 
and latent heat (e.g., evapotranspiration, evaporative 
water loss, ET, etc.) fluxes integrated over areas of var-
ious sizes.

Using the eddy covariance method, fluxes of H2O, 
CO2, CH4, N2O, NH3, O3, and other gases can be 
characterized above the soil and water surfaces, plant 
canopies, urban landscapes, and industrial areas from 
a single-point measurement using permanent or 
mobile stations.

It has been widely used in micrometeorology for 
over 40 years, but now, with firmer methodology and 
advanced instrumentation, it is available for many 

applications, including scientific research, industrial 
monitoring, production agriculture, environmental 
monitoring and inventory, and emission regulations. 

Although these applications are diverse in scope and 
requirements, eddy covariance measurements will 
share many methodological commonalities in all of 
them.

This book focuses primarily on these commonali-
ties, and explains specific steps needed to tailor the 
method for a particular application or project.

Below we give examples of several seminal works that 
cover and compare various flux methods, including 
the eddy covariance technique.

Reading and References

Baldocchi, D., 2013. A Brief History on Eddy Covariance Flux Measure-
ments: A Personal Perspective. FluxLetter, 5(2):1-8.

Hatfield, J., and J. Baker (Eds.), 2005. Micrometeorology in Agricultural 
Systems. ASA-CSSA-SSSA, Madison, Wisconsin, 588 pp. 

Monson, R. and Baldocchi, D., 2014. Terrestrial biosphere-atmosphere 
fluxes. Cambridge University Press.

Monteith, J., and M. Unsworth, 2008. Principles of Environmental Phys-
ics. Academic Press, Elsevier, Burlington, San Diego, London, 434 pp. 

Rosenberg, N., B. Blad, and S. Verma, 1983. Microclimate: The Biologi-
cal Environment. Wiley-Interscience Publishers, 528 pp. 

Sala, O., R. Jackson, H. Mooney, and R. Howarth (Eds.), 2000. Methods 
in Ecosystem Science. Springer-Verlag, New York, USA, 426 pp. 
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Flux Measurements (continued)

• Modern instruments and software make the eddy covariance method easily available and widely used in 
studies beyond micrometeorology, such as ecology, hydrology, environmental and industrial monitoring, 
agricultural and regulatory applications, etc.

• The main remaining challenge of the eddy covariance method for a non-expert is the sheer complexity of 
system design and implementation, as well as processing and analysis of the large volume of data

• Although modern instrument systems and software take care of most of these complexities, some basic 
understanding of eddy covariance principles and resulting requirements may still be helpful in the success-
ful implementation of the method

Direct flux measurements provide valuable pro-
cess-specific information and reliable estimates of 
the fluxes, or emission rates, for many different goals, 
ranging from purely academic research to commer-
cial and regulatory applications. 

As a result, the specific applications of the eddy cova-
riance method are numerous and may require spe-
cific mathematical approaches and custom-tailored 
processing workflows.

Thus, there is no single recipe for using the method 
and it is helpful to understand key aspects of the 
method in relation to a specific site and measurement 
purpose.

The basic information presented in this book is 
intended to provide a foundational understanding 
of the eddy covariance method, and to help new 
eddy covariance users design experiments for their 
specific needs.

A deeper knowledge of the method can be obtained 
through more advanced sources, such as micromete-
orology textbooks, flux network guidelines, and jour-
nal papers. 

The references below are examples of works focused 
specifically on the eddy covariance theory, methodol-
ogy, and its field deployment.

Reading and References

Aubinet, M., T. Vesala, and D. Papale (Eds.), 2012. Eddy Covariance: 
A Practical Guide to Measurement and Data Analysis. Springer, Dor-
drecht, Heidelberg, London, New York, 442 pp. 

Baldocchi, D., B. Hicks, and T. Meyers, 1988. Measuring biosphere-at-
mosphere exchanges of biologically related gases with micrometeoro-
logical methods. Ecology, 69: 1331-1340.

Foken, T., 2017. Micrometeorology. Berlin: Springer. 362 pp. 

Lee, X., W. Massman, and B. Law (Eds.), 2004. Handbook of Microme-
teorology: A Guide for Surface Flux Measurement and Analysis. Kluwer 
Academic Publishers, Dordrecht, The Netherlands, 252 pp. 

Yamanoi, K., et al., (Eds.), 2012. Practical Handbook of Tower Flux 
Observations. Hokkaido Research Center, Forestry and Forest Prod-
ucts Research Institute, Sapporo, Japan, 196 pp. (Electronic Edition 
in English).
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Purpose and format of the book

• To help those new to eddy covariance gain a basic 
understanding of the method and to point out valuable 
references

• To provide explanations in a simplified manner first, and 
then elaborate with specific details

• To promote a further understanding of the method via 
more advanced sources (micrometeorology textbooks, 
scientific papers, etc.)

• To help design experiments for the specific needs of a 
new eddy covariance user for scientific, industrial, agri-
cultural, urban, and regulatory applications

In this book, we try to help those who are new to 
eddy covariance understand the general principles, 
requirements, applications, and processing steps.

Explanations are given in a simplified manner first, 
and are then elaborated on with specific examples. 
Alternatives to the traditionally used approaches are 
also mentioned.

Each page is divided into a top portion, with key points 
and summaries, and a bottom portion, with explana-
tions, details, and recommended further reading.

In most cases, the top part of the page describes the 
concept or formulation, or lists what needs to be 
done, and how.

The bottom part of the page explains the reasoning 
behind the steps that need to be performed. 

To make the main pages less crowded and friendlier 
to electronic readers, the credits to all illustrations 
and photos were moved to the Credits section of the 
book.

In the electronic version of the book, links through-
out the text are hyperlinked, and can be clicked to 
navigate to other pages.

We intend to keep the content of this book current 
and easy to use, so please do not hesitate to write with 
any questions, updates and suggestions to ‘george.
burba@licor.com’ with the subject ‘2022 EC Book’.

The following graphics are used throughout the text 
to indicate important notes and key literature:

Warning: An exclamation point icon indicates a warning, 
information of high importance, or information regarding poten-
tial pitfalls related to the topic described on a specific page.

Reading and References

A Reading and References title and line break indicates scientific 
references and other useful sources of information related to the 
topic on a specific page. These are listed, whenever possible, in or-
der from most relevant or easy to understand to broader or more 
complex. When such order is not feasible, the references are listed 
alphabetically.

The exhaustive list of all references, with full citations, is provided at 
the end of the book. 
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There are ten main parts to this book. The first part, 
Overview of Eddy Covariance Principles, explains 
the basics of the eddy covariance theory, key deriva-
tions and assumptions, resulting requirements for the 
method, and main steps in the workflow to address all 
of the key requirements.

The second part, Designing an Eddy Covariance 
Experiment, provides a detailed description of each 
sequential step in the design of the eddy covariance 
experiment, highlights the most critical moments 
in this process, and emphasizes the most important 
concepts to consider before moving to the field. Part 
3, Implementing an Eddy Covariance Experiment, 
describes key steps of a field installation of an eddy 
covariance flux station.

Part 4, Processing Eddy Covariance Data, explains the 
data processing steps. These steps are usually done in 
software, but it is helpful to understand what exactly 
is being done to the data, and why, in order to make 
sure that the software is configured correctly, and the 
results make sense. Part 5, Analyzing Eddy Covariance 
Data, describes key components of, and tools for, flux 
data analysis. Some of these may be done somewhat 
automatically by custom code or commercially avail-
able software, but it is important to know what exactly 
is being done to the data in order to have traceable, 
reproducible, and defensible results.

Part 6, Flux Stations Networking, discusses the value 
of modern flux networks and describes the networking 

tools presently available to design and create flux net-
works. Part 7, Future Developments, describes recent 
and upcoming developments related to the eddy cova-
riance method, its use, and scope, including the con-
cept of cross-sharing the flux data. Part 8 provides a 
brief summary of the Eddy Covariance Method. 

Part 9, Overview of Alternative Flux Methods, briefly 
outlines the principles, pros, and cons of other 
approaches that can be used in cases where eddy cova-
riance is not suitable or may provide unreliable results. 
Part 10 describes additional resources, such as books, 
lectures, guides and websites.

Appendix I describes a detailed example of a compre-
hensive eddy covariance field facility (LI-COR Exper-
imental Research Station, LERS) located on the main 
campus of LI-COR Biosciences to give the reader a 
more practical feel for the method and its implemen-
tation. Appendix II provides a general and several 
instrument-specific derivations for the propagation 
of spectroscopic corrections through fluxes measured 
with open-path laser-based analyzers. Appendix III 
shows how to parameterize the default surface heat-
ing correction for datasets from cold sites with pro-
longed periods of below-zero temperatures. Appendix 
IV shows how to use variations in pressure to diagnose 
major problems with non-dispersive infrared (NDIR) 
gas analyzers, and even potentially conduct a calibra-
tion-validation procedure while in the field.

Main parts of the book

Part 1. Overview of Eddy Covariance Principles

Part 2. Designing an Eddy Covariance Experiment 

Part 3. Implementing an Eddy Covariance 
Experiment 

Part 4. Processing Eddy Covariance Data

Part 5. Analyzing Eddy Covariance Data

Part 6. Flux Stations Networking

Part 7. Future Developments

Part 8. Summary of the Eddy Covariance Method

Part 9. Useful Resources

Part 10. Overview of Alternative Flux Methods

Appendix I. Example of an Eddy Covariance Site: 
Overview of LERS

Appendix II. Full Derivation of Spectroscopic 
Corrections for Laser-based Analyzers 

Appendix III. Parameterization of Old Surface 
Heating Correction for Cold Sites

Appendix IV.  Pressure Modulation for in-Field 
Diagnostics of NDIR Gas Analyzers
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Theory outline

The first part of this book addresses the basics of eddy 
covariance theory. 

The following topics are discussed: flux measure-
ments; state of methodology; air flow in ecosystems; 
surface with and without a flux; how to measure flux; 

derivation of key equations; major assumptions; 
major sources of errors; error treatment overview; 
use in non-traditional terrains; and summary of the 
resulting workflow when designing the experiment 
and conducting eddy covariance measurements.

Reading and References

Aubinet, M., Vesala, T., & Papale, D. (eds) 2012. Eddy covariance: a 
practical guide to measurement and data analysis. Springer, Dordrecht. 
https://doi.org/10.1007/978-94-007-2351-1

Baldocchi, D. 2014. Measuring fluxes of trace gases and energy be-
tween ecosystems and the atmosphere - the state and future of the 
eddy covariance method. Global Change Biology, 20(12), 3600-3609. 
https://doi.org/10.1111/gcb.12649

Foken, T. 2017. Micrometeorology, Second Edition. Springer-Verlag Ber-
lin Heidelberg, Germany. https://doi.org/10.1007/978-3-642-25440-6

Monson, R., & Baldocchi, D. 2014. Terrestrial biosphere-atmo-
sphere fluxes. Cambridge University Press. https://doi.org/10.1017/
CBO9781139629218

Lee, X., Massman, W., & Law, B. (eds) 2006. Handbook of Micromete-
orology: a guide for surface flux measurement and analysis. Springer, 
Dordrecht.

Obukhov, A. 1946. Turbulence in thermally inhomogeneous atmo-
sphere. Trudy Inst. Teor. Geofiz. Akad. Nauk SSSR, 1, 95-115. 

Obukhov, A. 1951. Charakteristiki mikrostruktury vetra v prizemnom 
sloje atmosfery (Characteristics of the micro-structure of the wind in 
the surface layer of the atmosphere). Izv AN SSSR, Ser Geofiz, 3, 49-68.

Obukhov, A. 1960. O strukture temperaturnogo polja i polja skorostej v 
uslovijach konvekcii (Structure of the temperature and velocity fields un-
der conditions of free convection). Izv AN SSSR, ser Geofiz, 9, 1392-1396.

Obukhov, A.M. 1988. Turbulence and atmospheric dynamics. Gidrome-
teoizdat.

Reynolds, O. 1895. On the dynamical theory of incompressible viscous 
fluids and the determination of the criterion. Philosophical Transac-
tions of the Royal Society of London. (A.), 186, 123-164. https://doi.
org/10.1098/rsta.1895.0004

Rosenberg, N.J., Blad, B.L., & Verma, S.B. 1983. Microclimate: the bio-
logical environment. John Wiley & Sons. pp. 528

Swinbank, W.C. 1951. The measurement of vertical transfer of heat and 
water vapor by eddies in the lower atmosphere. Journal of Meteorology, 
8(3), 135-145. https://doi.org/10.1175/1520-0469(1951)008<0135:tmo
vto>2.0.co;2

Verma, S.B. 1990. Micrometeorological methods for measuring sur-
face fluxes of mass and energy. Remote Sensing Reviews, 5(1), 99-115. 
https://doi.org/10.1080/02757259009532124

Wyngaard, J.C. 1990. Scalar fluxes in the planetary boundary layer 
– Theory, modeling, and measurement. Boundary-Layer Meteorology, 

50(1-4), 49-75. https://doi.org/10.1007/bf00120518 

• Flux measurements

• State of the methodology

• Airflow in ecosystems

• How to measure flux

• Derivation of key equations

• Major assumptions

• Major sources of errors

• Use in non-traditional terrains

• Summary of the theory

• Resulting workflow

https://doi.org/10.1007/978-94-007-2351-1
https://doi.org/10.1111/gcb.12649
https://doi.org/10.1007/978-3-642-25440-6
https://doi.org/10.1017/CBO9781139629218
https://doi.org/10.1017/CBO9781139629218
https://doi.org/10.1098/rsta.1895.0004
https://doi.org/10.1098/rsta.1895.0004
 https://doi.org/10.1175/1520-0469(1951)008<0135:tmovto>2.0.co;2
 https://doi.org/10.1175/1520-0469(1951)008<0135:tmovto>2.0.co;2
https://doi.org/10.1080/02757259009532124
https://doi.org/10.1007/bf00120518
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Global energy budget

Before diving into details of the method, let us con-
sider the major areas of energy and matter exchange 
often studied using flux measurement techniques and 
then highlight key related processes and terminology. 

While each specific research may focus on one nar-
row aspect at a time, they typically all will fit into 
one of these broad areas: energy exchange, water 
exchange, and gas exchange. The figure above illus-
trates the main components of the Earth’s energy 
budget and outlines the major processes in the global 
energy transfer. 

Some of the energy coming from the sun is reflected 
by clouds, air and Earth’s surface, and emitted into 
space as thermal radiation (i.e., infrared, longwave). 
The remainder is spent heating the atmosphere, 
ground and water bodies, and providing the energy 

for latent heat flux (the energy required for evapora-
tion of water from the soil, water bodies and other 
surfaces), and transpiration by plants. Comparatively 
small but important amount of energy, called photo-
synthetically active radiation (PAR), is also utilized by 
the green vegetation in the process of photosynthesis. 

Flux measurements typically deal with the processes 
driving this energy exchange within a few tens of 
meters above the surface. Flux towers nearly always 
include measurements of the incoming and outgo-
ing energy streams. Net radiometers and other radi-
ation sensors evaluate the incoming and outgoing 
shortwave radiation (e.g., light) and incoming and 
outgoing longwave radiation (e.g., heat). Soil sensors 
evaluate soil heat fluxes. Eddy covariance instrumen-
tation evaluates sensible heat flux (surface heating the 
air above) and latent heat flux (defined above).

Reading and References

Marshall, J., & Plumb, R.A. 2007. The global energy balance. In Atmo-
sphere, ocean and climate dynamics: an introductory text (pp 9-22). El-
sevier Academic Press.

NASA, Climate and Earth’s Energy Budget: https://earthobservatory.
nasa.gov/features/EnergyBalance

NASA, https://www.nasa.gov/feature/langley/what-is-earth-s-energy-
budget-five-questions-with-a-guy-who-knows 
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https://earthobservatory.nasa.gov/features/EnergyBalance
https://earthobservatory.nasa.gov/features/EnergyBalance
https://www.nasa.gov/feature/langley/what-is-earth-s-energy-budget-five-questions-with-a-guy-who-knows 
https://www.nasa.gov/feature/langley/what-is-earth-s-energy-budget-five-questions-with-a-guy-who-knows 
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Global water cycle

Another major area of energy and matter exchange 
is the global water cycle. The illustration above 
shows the major processes in this cycle, some occur-
ring near the surface and others happening high up 
in the atmosphere.

As with energy exchange, water vapor flux measure-
ments focus on near-surface processes, primarily 
evaporation (water loss from soil and water bodies), 
transpiration (water loss through plants), and subli-
mation (water loss from ice and snow without passing 
through the melting stage). 

In addition to water vapor flux measurements them-
selves, nearly every flux station has measurements 

of key drivers of local water vapor exchange: (i) net 
radiation providing fundamental energy needed for 
driving evapotranspiration processes, (ii) vapor pres-
sure deficit and wind speed providing the driving 
force, and (iii) precipitation and soil moisture pro-
viding the actual water available for the evapotrans-
piration processes. 

Other important components of the hydrological 
cycle such as runoff from the surface, infiltration into 
soil, percolation to deeper layers, etc., are not typi-
cally measured at regular flux stations but are rou-
tinely measured over specialized hydrological and 
agricultural sites.

Reading and References

NOAA, 2019. Water Cycle: https://www.noaa.gov/education/resource-
collections/freshwater/water-cycle

NOAA, The Water Cycle; Links for Students: https://oceanservice.noaa.
gov/education/pd/oceans_weather_climate/ocean_basics/water_
cycle4students.html

USGS, The Fundamentals of the Water Cycle: https://www.usgs.gov/
special-topic/water-science-school/science/fundamentals-water-cycle 
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https://www.noaa.gov/education/resource-collections/freshwater/water-cycle
https://www.noaa.gov/education/resource-collections/freshwater/water-cycle
https://oceanservice.noaa.gov/education/pd/oceans_weather_climate/ocean_basics/water_cycle4students.html
https://oceanservice.noaa.gov/education/pd/oceans_weather_climate/ocean_basics/water_cycle4students.html
https://oceanservice.noaa.gov/education/pd/oceans_weather_climate/ocean_basics/water_cycle4students.html
https://www.usgs.gov/special-topic/water-science-school/science/fundamentals-water-cycle  
https://www.usgs.gov/special-topic/water-science-school/science/fundamentals-water-cycle  
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Global carbon cycle

The third major area is the exchange of gases, such 
as CO2, CH4 and N2O, and other matter, such as, for 
example, aerosols and dust. 

The figure above outlines the key processes of the 
global carbon cycle. 

Surface-atmosphere flux measurements help quan-
tify the rates of carbon exchange over the land 
and ocean including major components such as 

photosynthesis and respiration by plants, soil respi-
ration, and emissions from fossil fuels, landfills, agri-
cultural activities, etc. 

Similar to carbon, other non-carbon gases (N2O, 
NH3, etc.) and aerosols also have global generation 
and transport cycles, described in the references 
below. Various parts of the exchange of these enti-
ties between the surface and the atmosphere are also 
studied using flux measurement techniques.

Reading and References

IPCC – Intergovernmental Panel on Climate Change. 2014. Carbon 
and other biogeochemical cycles. In Climate Change 2013 – The 
Physical Science Basis: Working Group I Contribution to the Fifth As-
sessment Report of the Intergovernmental Panel on Climate Change, 
Cambridge University Press, UK, pp 465-570. https://doi.org/10.1017/
CBO9781107415324.015

Global life cycle of aerosol: https://www.cas.manchester.ac.uk/
resactivities/aerosol/

Global circulation of dust:  http://www.geo.cornell.edu/eas/
PeoplePlaces/Faculty/mahowald/dust/

Shao, Y., et al. 2011. Dust cycle: an emerging core theme in earth sys-
tem science. Aeolian Research, 2(4), 181-204. https://doi.org/10.1016/j.

aeolia.2011.02.001 
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https://doi.org/10.1017/CBO9781107415324.015
https://doi.org/10.1017/CBO9781107415324.015
https://www.cas.manchester.ac.uk/resactivities/aerosol/
https://www.cas.manchester.ac.uk/resactivities/aerosol/
http://www.geo.cornell.edu/eas/PeoplePlaces/Faculty/mahowald/dust/
http://www.geo.cornell.edu/eas/PeoplePlaces/Faculty/mahowald/dust/
181-204. https://doi.org/10.1016/j.aeolia.2011.02.001
181-204. https://doi.org/10.1016/j.aeolia.2011.02.001
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Smaller processes
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The examples of global cycles given thus far are sim-
plified and generalized to present the multiple major 
processes in a single illustration. However, the picture 
gets progressively more complex when observed more 
closely because most of the larger processes consist of 
smaller ones, and because stand-alone smaller pro-
cesses are being added to provide a more complete, 
detailed description.

For example, in the hydrological cycle, there is a rel-
atively small interception process in which a small 
amount of rain is intercepted by leaves and branches, 
which can then be directly re-evaporated back to the 
atmosphere without reaching the soil surface. 

In the carbon cycle, these smaller components of big-
ger processes become particularly important because 
they may have very different origins and may depend 
on different drivers. As a result, the good quantifi-
cation and associated better understanding of each 
specific smaller process lead to an ability to better 
quantify, model, and interpret an entire carbon cycle 
at different geographical and temporal scales for con-
fident decision-making.

For instance, the large process of respiration can come 
from growing plants and roots (autotrophic respira-
tion) and also from the metabolism of organic matter 
by fungi, bacteria, and animals living in soil and lit-
ter (heterotrophic respiration). Autotrophic respira-
tion is, to a large degree, controlled by photosynthetic 
processes, driven, in turn, by sunlight. Heterotrophic 
respiration is primarily controlled by soil moisture 
and temperature. Both processes are impacted by 
the availability of key nutrients and water and heat 
stresses, etc., but often in a very different manner.

So, it is important to study the processes and terms 
described here and in the previous pages and keep 
in mind that flux measurements often cannot distin-
guish between smaller parts of a bigger process, or 
they may be able to measure just one of the smaller 
processes and not the others. 

Another reason to be familiar with these processes 
is that throughout the book we will refer to many of 
them, as they are often measured directly or quanti-
fied indirectly using flux measurement techniques.

Reading and References

Bonan, G. B. 2008. Forests and climate change: forcings, feedbacks, 
and the climate benefits of forests. Science, 320(5882), 1444-1449. 

https://doi.org/10.1126/science.1155121 

https://doi.org/10.1126/science.1155121 
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Smaller processes (continued)
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Finally, the last major set of terms frequently used in 
flux measurements is related to various components 
of carbon exchange between the surface and the 
atmosphere at a level of a single ecosystem. 

Net ecosystem exchange, NEE (also called net ecosys-
tem production, NEP), is the net exchange between 
the surface and the atmosphere. It is measured above 
the canopy using the eddy covariance method. 

NEE is basically the difference between gross primary 
production (GPP, the total amount of carbon fixed by 
plants in the process of photosynthesis) and ecosys-
tem respiration (Re, carbon released by heterotrophic 

respiration, Rh, from soil and litter, and autotrophic 
respiration, Ra, from plants and roots). 

Other frequently used terms are net primary pro-
duction, NPP, defined as GPP less Ra, and net biome 
exchange, NBE (also called net biome production, 
NBP), defined as NEE less episodic carbon losses 
due to disturbances such as land management, fire, 
etc. Belowground processes are sometimes separated 
from aboveground fluxes, depending on the measure-
ment goals.

Now, with all these processes and terminology in 
mind, let’s take a closer look at what can be measured 
using the eddy covariance method.

Reading and References

Campioli, M., et al. 2016. Evaluating the convergence between ed-
dy-covariance and biometric methods for assessing carbon budgets 
of forests. Nature Communications, 7, 13717. https://doi.org/10.1038/
ncomms13717

Kirschbaum, M.U., et al. 2001. Definitions of some ecological 
terms commonly used in carbon accounting. In Proceedings Net 
Ecosystem Exchange CRC Workshop (pp 2-5). http://hdl.handle.
net/102.100.100/202607?index=1

Luyssaert, S., et al. 2009. Toward a consistency cross-check of eddy 
covariance flux-based and biometric estimates of ecosystem carbon 
balance. Global Biogeochemical Cycles, 23(3), GB3009. https://doi.
org/10.1029/2008gb003377 

https://doi.org/10.1038/ncomms13717
https://doi.org/10.1038/ncomms13717
http://hdl.handle.net/102.100.100/202607?index=1
http://hdl.handle.net/102.100.100/202607?index=1
https://doi.org/10.1029/2008gb003377
https://doi.org/10.1029/2008gb003377
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Flux measurements

Reading and References

Aubinet, M., Vesala, T., & Papale, D. (eds) 2012. Eddy covariance: a 
practical guide to measurement and data analysis. Springer, Dordrecht. 
https://doi.org/10.1007/978-94-007-2351-1

Baldocchi, D. 2012. Advanced topics in biometeorology and microme-
teorology. Department of Environmental Science, UC-Berkeley, Califor-
nia. Lecture notes.

Foken, T. 2017. Micrometeorology, Second Edition. Springer-Verlag Ber-
lin Heidelberg, Germany. https://doi.org/10.1007/978-3-642-25440-6

Munger, J.W., & Loescher, H.W. 2008. Guidelines for making eddy cova-
riance flux measurements. AmeriFlux.

Stull, R.B. 1988. An introduction to boundary layer meteorology. Spring-
er, Dordrecht. https://doi.org/10.1007/978-94-009-3027-8

Verma, S.B. 1990. Micrometeorological methods for measuring sur-
face fluxes of mass and energy. Remote Sensing Reviews, 5(1), 99-115. 
https://doi.org/10.1080/02757259009532124

Wesely, M. 1970. Eddy correlation measurements in the atmospheric 
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State of methodology

• Uniform terminology and a standardized methodology for the 
eddy covariance method have been largely established and 
agreed upon 

• Much of the effort was done by networks (e.g., FluxNet, 
AmeriFlux, AsiaFlux, ICOS, NEON, OzFlux, etc.) to unify various 
approaches

• Here we present examples of few conventional ways to imple-
ment the eddy covariance method

In the past several years, efforts of the flux networks 
have led to significant progress in unifying the termi-
nology and general standardization of station setup, 
instrumentation, processing steps, data outputs, qual-
ity control and gap-filling steps, etc.

Still, different experimental sites and different study 
objectives may dictate different treatments. 

For example, if turbulence is the focus of a study, gas 
density corrections may not be necessary. Yet, if CO2 
and CH4 emission rates are measured for the pur-
pose of cap-and-trade compliance, then computing 
momentum fluxes and spectra of wind components 
may not be crucial.

Here we describe conventional ways of implementing 
the eddy covariance method and give some informa-
tion on newer, less established approaches.
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What is flux?

• Flux – how much of something moves through a unit area per unit time

• Flux is dependent on:

• The number of things crossing the area

• The size of the area being crossed

• The time it takes to cross this area

In very simple terms, flux describes how much of 
something moves through a unit area per unit time.

For example, if 100 birds fly through a 1 × 1 meter 
window each minute, the flux of birds is 100 birds per 
1 square meter per 1 minute (100 B m-2 min-1). 

If the window was 10 × 10 meters, the flux would be 1 
bird per 1 square meter per 1 minute (1 B m-2 min-1) 
because 100 birds / 100 square meters = 1.

Flux is dependent on the number of things crossing 
an area, the size of an area being crossed, and the time 
it takes to cross the area.

In more scientific terms, flux can be defined as an 
amount of an entity that passes through a closed (i.e., 
Gaussian) surface per unit of time.

If the net flux is away from the surface, the surface is 
called a source. For example, a lake surface is a source 
of H2O released into the atmosphere in the form of 
water vapor through the process of evaporation.

If the net flux is toward the surface, it is called a 
sink. For example, a green canopy may be a sink of 
CO2 during the day because green leaves take up 
CO2 from the atmosphere through the process of 
photosynthesis.
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WIND

Airflow in ecosystems

• Airflow can be imagined as a horizontal flow of numerous rotating eddies

• Each eddy has three-dimensional components, including a vertical wind component

• The diagram looks chaotic, but components can be measured from a tower

Airflow can be imagined as a horizontal flow of numer-
ous rotating eddies. Each eddy has three-dimensional 
components, which include the vertical movement of 
air. The situation looks chaotic at first, but these com-
ponents can be measured easily from the tower. On 
the diagram above, the air flow is represented by the 
large arrow that passes through the tower. It consists 
of differently sized eddies. Conceptually, this is the 
framework for atmospheric eddy transport.

Turbulent eddies are mainly created by a combina-
tion of shear and buoyancy. Mechanical shear occurs 
when the mean horizontal wind flow is interrupted 
by physical objects such as plant canopy, buildings, 
or topographic features. In addition, large eddies gen-
erate their own wind shear, creating smaller eddies 
and transferring turbulent energy from larger to 
smaller scales in a process called the turbulent energy 
cascade. Buoyancy occurs when the mean horizon-
tal wind is interrupted by upwelling movements of 
warmer, lighter air or by downwelling movements 
of colder, heavier air. In some cases, very large water 
vapor fluxes may result in additional buoyancy from 
upwelling movements of lighter, more humid air.

Further away from the ground, there is a stronger 
probability of larger eddies being responsible for the 

transport of most of the flux. Larger eddies rotate 
slower, and hence, further away from the ground flux 
transport is shifted to lower frequencies (e.g., more 
transport is done by slow, lower frequency move-
ments of air). 

Closer to the ground, there is a stronger probability 
of smaller eddies being responsible for the transport 
of most of the flux. Smaller eddies rotate faster, and 
hence, closer to the ground the flux transport is shifted 
to higher frequencies (e.g., more transport is done by 
fast, higher frequency movements of air). Finally, at 
the smallest eddy sizes and highest frequencies, the 
mechanical energy of turbulent motions is dissipated 
into heat by molecular viscosity. 

In practical terms, there is always a mix of different 
eddy sizes, so some transport is done at higher fre-
quencies and some at lower ones, covering the whole 
range of frequencies from large movements, on the 
order of hours, to small ones, on the order of 0.1 or 
0.2 seconds. 

Conceptually, this is the mechanism of atmospheric 
eddy transport.
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Airflow in ecosystems (continued)

Synoptic Peak:
Weather events, fronts
High-low pressure systems
Seasonal variations

Diurnal Peak:
Day-Night wind variations
Sea breeze
Mountain winds

“Spectral Gap”

Turbulent Peak:
Local flux transport
Eddy Covariance range

4 days 12 hours 1 hour 1 min 10 sec 0.1 sec

W
in

d 
M

ot
io

ns
 V

ar
ia

bi
lit

y/
In

te
ns

ity
(S

pe
ct

ra
l I

nt
en

si
ty

)

Time, Log Scale

Macrometeorological Range Micrometeorological Range

It is also important to note that on the slower low-
er-frequency end, the micrometeorological flux 
transport is restricted to time periods somewhere 
between 30 minutes and a few hours. Slower motions 
are considered synoptic scale events and are typically 
larger in both space and time dimensions than those 
generated by the studied ecosystem or the measured 
area of interest. The synoptic (macrometeorologi-
cal) timescale and turbulent (micrometeorological) 
timescale are separated by the region with little tur-
bulence, called spectral gap. 

Separating localized turbulent transport from much 
larger synoptic scale variations is done in eddy 

covariance by computing fluxes over an averaging 
period of 30 minutes to a few hours, using Reyn-
olds decomposition when variables used for flux cal-
culations are presented as a sum of a mean over the 
averaging period (30 minutes, for example) and an 
instantaneous deviation from this mean, for example 
for every 0.05 or 0.1 seconds. 

This approach significantly reduces or eliminates the 
effects of most synoptic scale variations from flux cal-
culations and helps assure that most of the measured 
flux indeed comes from the local area of interest and 
is transported by locally generated turbulence.
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Eddies at a single point

• Eddy 1 moves parcel of air c1 down with the speed w1, then eddy 2 moves parcel c2 up with the speed w2

• Each parcel has concentration, temperature, humidity; if we know these and the speed – we know the flux

Having established that air flow can be imagined as a 
horizontal flow of numerous eddies of different sizes 
rotating at different frequencies, let us look closely at 
the eddies from the perspective of a single point on 
the tower.

At one moment (time 1), eddy number 1 moves air 
parcel c1 downward with the speed w1. At the next 
moment (time 2) at the same point, eddy number 2 
moves air parcel c2 upward with speed w2. Each air 
parcel has its own characteristics, such as gas concen-
trations, temperature, humidity, etc.

If we can measure these characteristics and the speed 
of the vertical air movement, we will know the vertical 

upward or downward fluxes of gas and water vapor 
concentrations, temperature, and humidity.

For example, if at one moment we know that three 
molecules of CO2 went up, and in the next moment 
only two molecules of CO2 went down, then we know 
that the net flux over this time was upward, and equal 
to one molecule of CO2.

This is the general principle of eddy covariance mea-
surements: covariance between the concentration of 
interest and vertical wind speed.

Air Air

C1

C1

Time 1
Eddy 1

Time 2
Eddy 2

C2

C2

W1 W2
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Mean flow carries gas 
molecules over the 

measured area

Measured area adds 
molecules into the mean 

flow ( = flux)

Upward eddy motions 
carry more molecules 

than downward motions

Surface with no flux

Another way to visualize the key physical principles 
behind eddy covariance measurements is to first 
imagine an area that adds no molecules of the gas of 
interest to the mean flow, and then compare it to the 
same area that adds molecules into the flow.

For example, imagine a mean flow that carries three 
molecules of CO2 over the area of interest from left to 
right, as shown above.

Since the area in the middle did not add anything to 
the flow, the eddy movements at the downwind mea-
surement point on the right would carry, on aver-
age, three molecules upwards, and three molecules 
downward, with no net flux. Thus, over a long period, 
such as 30 or 60 minutes, the eddy covariance station 
would measure flux of zero from the area of interest 
in the middle. 

In this example, we make several assumptions to keep 
the situation simple. These assumptions are addressed 
later in the mathematical expressions for eddy cova-
riance, and are primarily dealt with by proper site 
selection, installation and flux processing. They do 
not fundamentally affect the visualization of the main 
physical principle of how instruments at the station 
measure the eddy transport of flux.

For now, we assume that the surface has the same 
temperature as the air, such that no temperature flux 
(e.g., sensible heat flux) is added to the air, and thus, 
no thermal expansions or contractions affect the den-
sity of the air or the CO2 content.

We also assume that the surface does not add any 
water molecules to the mean flow, such that no water 
vapor flux (e.g., latent heat flux) is added to the air, 
and thus, there are no water dilution effects on the 
density of the air or the CO2 content.

Furthermore, we assume that the surface does not 
move with the wind and does not make air pressure 
fluctuate in sync with the wind such that no pres-
sure-related expansions or contractions affect the 
density of the air or the CO2 content.

Finally, we assume that no additional airflow or CO2 
injection comes from the sides (e.g., from the direc-
tion perpendicular to this page or the picture above) 
or from above, and there is no convergence of two 
different flows into one or divergence of a single flow 
into multiple flows over the surface shown above.

Mean flow carries gas 
molecules over the 

measured area

Measured area adds no 
molecules into the mean 

flow ( = no flux)

Eddy motions carry the 
same number of 

molecules up and down

• The eddy covariance method works by measuring vertical turbulent transport of gas to and from the surface

• With no flux added into the mean flow by the measured area, the eddies move the same number of gas 
molecules up and down
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Surface with flux

• With flux added into the mean flow by the measured area, the eddies move more gas up than down, trans-
porting it from the surface into the atmosphere

• If we know the bias between up and down motions, we know how much gas was added into the mean flow 
by the measured area

In the previous page, we imagined a mean flow that 
carried three molecules of CO2 over the area of inter-
est from left to right, and no molecules of the CO2 
were added to the mean flow.

Now, imagine the same situation but with the surface 
in the middle adding two molecules to the mean flow. 
Since the area in the middle added two molecules to 
the mean flow, the eddy motions at the downwind 
measurement point on the right would carry, on aver-
age, more molecules upward than downward, with 
some net CO2 flux.

Thus, over a long period, such as 30 or 60 minutes, 
the eddy covariance station located on the right 
would measure some flux from the area of interest 
in the middle.

Compare the situation when no molecules of CO2 are 
added to the mean flow by the area of interest with the 
situation when such an area adds molecules into the 
mean flow; this describes the physical essence of eddy 

covariance measurements. Flux is measured from the 
area of interest, which adds gas or energy to the mean 
flow or takes them away.

It is also important to note that in this way we only 
measure the turbulent transport of the CO2 and 
must have well-developed turbulence such that other 
mechanisms of transport (e.g., molecular diffusion, 
advection, etc.) are negligibly small. This generally 
is the case during the day, and during nights with 
wind speeds above 1.0 meters per second (2.2 miles 
per hour). The impact of other mechanisms of trans-
port prevalent at very low winds can be estimated, or 
measured directly, using gas concentration and wind 
speed profiles and transects.

The ability of the eddy covariance method to provide 
direct measurements of half-hourly or hourly fluxes 
integrated over an area of interest, continuously for 
years, covering most days and significant portions of 
nights, is an important practical advantage over other 
present flux measurement methods.

Mean flow carries gas 
molecules over the 

measured area

Measured area adds 
molecules into the mean 

flow ( = flux)

Upward eddy motions 
carry more molecules 

than downward motions
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Actual fast data

• Actual 10 Hz data from the field – 10 times per second

• Note the difference between nighttime CO2 release and the CO2 uptake in the morning

Actual field data look remarkably similar to the 
thought experiments described in the previous few 
pages. The picture above shows vertical wind speed 
(w) and CO2 measured simultaneously at a fast rate by 
a flux station located in the middle of a field covered 
with green vegetation.

At night, photosynthesis is not occurring, and respi-
ration from the soil and the canopy adds a small CO2 
flux to the atmosphere. This process can be observed 
in the top plot by looking at what happens to the CO2 
content when the wind is moving upwards (positive 
w) and downwards (negative w).

On many occasions, the upward movement of the 
wind carries a higher CO2 content than the downward 
movement. The covariance is not very strong due to 
small nighttime fluxes but is still visible at higher fre-
quency movements (left oval) and lower frequency 
movements (right oval). In these situations, the cova-
riance of w and CO2 is positive, and the flux of CO2 is 
away from the canopy and soil surface.

In the morning, the sun is up, and canopy photo-
synthesis is occurring, overcoming respiration. This 
process removes CO2 from the atmosphere, and also 
can be observed in the bottom plot by watching what 
happens to the CO2 content and vertical wind speed.

On many occasions, the upward movement of wind 
carries a lower CO2 content than the downward 
movement. The covariance is still not very strong due 
to a small flux rate but is visible at lower frequency 
movements (left oval) and higher frequency move-
ments (right oval). In these situations, the covari-
ance of w and CO2 is negative, and the flux of CO2 is 
directed toward the canopy.

Observe the scale of the x-axes above and note how 
rapidly the turbulent transport happens. This will 
have significant implications for the experiment and 
system design, described in Part 2.
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How to measure flux

• The physical principle: If we know how many molecules went up with eddies at time 1, and how many 
molecules went down with eddies at time 2 at the same point – we can calculate vertical flux at that point 
and over that time period

• The mathematical principle: Vertical flux can be represented as a covariance of the vertical velocity and 
concentration of the entity of interest

• The instrument challenge: Turbulent fluctuations occur very rapidly, so measurements of up-and-down 
movements and of the number of molecules should be done very rapidly

Overall, the general physical principle for eddy flux 
measurements is to quantify how many molecules are 
moving upward and downward over time, and how 
fast they travel.

Mathematically, such vertical flux can be represented 
as covariance between measurements of vertical 
velocity, the upward and downward movements, and 
the concentration of the entity of interest.

Such measurements require very sophisticated 
instrumentation because turbulent fluctuations 
happen very quickly, and respective changes in con-
centration, density or temperature are quite small. 
These changes must be measured both very fast and 
with very high resolution.

The traditional eddy covariance method (also 
known as the eddy correlation method, or EC) cal-
culates only turbulent vertical flux, involves a lot of 
assumptions, and requires high-end instruments. 
On the other hand, it provides nearly direct contin-
uous flux measurements if the assumptions are sat-
isfied or corrected.

In the following pages, we review the math behind the 
method and the major assumptions.

Warning: Strictly speaking, there is a difference between 
the terms “eddy covariance” and “eddy correlation”. “Eddy 
covariance” is the term for the method of flux measurements 
described in this book. Please refer to the textbook entitled 
‘Micrometeorology’ by T. Foken (2008) for detailed explanations 
of the differences between these two terms.
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Basic derivations

In simple terms, when we have the turbulent flow, 
vertical flux can be represented by the equation at the 
top of this page. Flux is equal to a mean product of 
dry air density (ρd), vertical wind speed (w), and the 
dry mole fraction of the gas of interest (s). Dry mole 
fraction is often called the mixing ratio.

Reynolds decomposition can be used to break the 
right side of the top equation into means and devi-
ations from these means. Air density is presented 
now as a sum of a mean over some time (a half-hour, 
for example) and an instantaneous deviation from 
this mean, for example for every 0.05 or 0.1 seconds 
(denoted by a prime). A similar procedure is done 
with vertical wind speed and with the dry mole frac-
tion of the substance of interest.

In the third equation, the parentheses are opened, 
and averaged deviations from the average are 
removed, because averaged deviation from an aver-
age is zero. So, the flux equation is simplified into the 
form at the bottom.

Warning: The term ‘mixing ratio’ is historically defined dif-
ferently in chemistry and micrometeorology. 

In chemistry, it describes the ratio of the constituent to the 
total mixture without this constituent. For example, moles of 
CO2 would be divided by moles of non-dried air without CO2.

In micrometeorology, it usually describes the ratio of the con-
stituent to the dry air. For example, moles (or grams) of CO2 in 
the air would be divided by moles (or grams) of dry air with CO2.

Perhaps, the better, more universally understood alternative 
term to use in the context of this book would be ‘dry mole 
fraction’, or ‘mole fraction in dry air’.
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In turbulent flow, vertical flux can be presented as:
(s is the dry mole fraction of the gas of interest in the air):

Reynolds decomposition is then used to 
break terms into means and deviations:

Opening the parentheses:

averaged deviation from the average is zero

Equation is simplified:

https://nature.berkeley.edu/biometlab/espm228/
https://doi.org/10.1007/978-3-642-25440-6
https://doi.org/10.1017/CBO9781139629218
https://doi.org/10.1017/CBO9781139629218
https://doi.org/10.1016/j.agrformet.2011.09.014 


1.0 Overview of Eddy Covariance Principles | 25

Classical equation

Now an important assumption is made (for conventional eddy covariance) – 
air density fluctuations are assumed to be negligible:

Then another important assumption is made – mean vertical flow is assumed to 
be negligible for horizontal homogeneous terrain (no divergence/convergence):

Eddy Flux:

On this page, we see two important assumptions 
that are made in the conventional eddy covariance 
method.

First, the air density fluctuations are assumed to be 
negligible. Theoretically, with strong winds over a 
mountain ridge, for example, density fluctuations 
may be non-negligible in comparison with the gas 
flux. However, in most cases when eddy covariance 
is used conventionally over reasonably flat and vast 
spaces, such as fields or plains, the air density fluctu-
ations can be safely assumed to be negligible for the 
purposes of this derivation. 

Secondly, the mean vertical flow is assumed to be 
negligible for horizontal homogeneous terrain, so 
that no flow diversions or conversions occur. 

With diversion and conversions assumed negligible, 
we arrive at the classical equation for eddy flux. Flux 
is equal to the product of the mean air density and the 
mean covariance between instantaneous deviations 
in vertical wind speed and dry mole fraction.

Warning: There is increasing evidence, however, that if the 
experiment site is located on even a small-to-medium slope, 
then the second assumption might not hold on some occa-
sions. Thus, one needs to examine the specific experiment site 
in terms of flow diversions or conversions and decide how to 
best correct their effects.

Reading and References

For detailed and thorough calculations of this portion of the deriva-
tions, please see Lecture #3 (Part 1) in: 

Baldocchi, D. 2012. Advanced topics in biometeorology and microme-
teorology. Department of Environmental Science, UC-Berkeley, Califor-
nia. Lecture notes. https://nature.berkeley.edu/biometlab/espm228/

For advanced study: 

Gu, L., et al. 2012. The fundamental equation of eddy covariance and 
its application in flux measurements. Agricultural and Forest Meteo-
rology, 152, 135-148. https://doi.org/10.1016/j.agrformet.2011.09.014 

Foken, T. 2017. Micrometeorology, Second Edition. Springer-Verlag Ber-
lin Heidelberg, Germany. https://doi.org/10.1007/978-3-642-25440-6

Monson, R., & Baldocchi, D. 2014. Terrestrial biosphere-atmo-
sphere fluxes. Cambridge University Press. https://doi.org/10.1017/

CBO9781139629218 

https://nature.berkeley.edu/biometlab/espm228/
https://doi.org/10.1016/j.agrformet.2011.09.014 
https://doi.org/10.1007/978-3-642-25440-6
https://doi.org/10.1017/CBO9781139629218 
https://doi.org/10.1017/CBO9781139629218 
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Practical formulas

Any gas (CO2, CH4, N2O, H2O, etc.):

Sensible heat flux:

Latent heat flux (H2O flux in energy units):

The top equation describes a classical formula for 
the eddy flux of virtually any gas of interest, such as 
CO2, CH4, N2O, O3, among others. The flux is com-
puted from the mean dry air density multiplied by 
the mean covariance between deviations in instanta-
neous vertical wind speed and the dry mole fraction 
(e.g., mixing ratio).

Sensible heat flux is equal to the mean wet air density 
(ρ) multiplied by the covariance between deviations 
in instantaneous vertical wind speed (w) and tem-
perature (T). Conversion to energy units is accom-
plished by including the specific heat term (Cp).

There are multiple different forms of the equation 
for water vapor flux (E), depending on the units of 
water vapor content. Fundamentally, it can be 
expressed in a form following the first equation 
above, as E = ρd w’(ρv /ρd)’, but it is more often 
expressed as the last equation above using water 
vapor pressure (e), atmospheric pressure (p), latent 
heat of vaporization (λ), and a ratio of molar masses 

of water and air. In this case, water vapor flux is com-
puted in energy units (W m-2) and is called latent heat 
flux (LE). It describes the energy used in the process 
of evaporation, transpiration, or evapotranspiration.

Hourly or integrated values of latent heat flux can be 
converted into other frequently used units (e.g., mm 
d-1, inches ha-1, kg m-2 h-1, etc.). When converted to 
volume or mass units, the latent heat flux is often 
called evapotranspiration rate (ET), evaporation rate 
(over wet non-vegetated surfaces), or evaporative 
water loss.

Warning: Open-path instruments and some closed-path 
instruments usually do not output true fast dry mole fraction 
(fast mixing ratio), but rather measure fast density. So, the den-
sity corrections are required in post-processing as described in 
Section 4.4. These corrections are not required for instruments 
that output true dry mole fraction at high speed, such as for 
example, the enclosed-path model LI-7200RS CO2/H2O gas 
analyzer.

Reading and References 

More details on the practical formula are given in: Rosenberg, N.J., 
Blad, B.L., & Verma, S.B. 1983. Microclimate: the biological environ-
ment. John Wiley & Sons. pp. 528

More details on mixing ratio and other relevant units are given by Reb-
mann et al. in Table 3.1 in: Aubinet, M., Vesala, T., & Papale, D. (eds) 
2012. Eddy covariance: a practical guide to measurement and data anal-
ysis. Springer, Dordrecht. https://doi.org/10.1007/978-94-007-2351-1

Foken, T. 2017. Micrometeorology, Second Edition. Springer-Verlag Ber-
lin Heidelberg, Germany. https://doi.org/10.1007/978-3-642-25440-6

Monson, R., & Baldocchi, D. 2014. Terrestrial biosphere-atmo-
sphere fluxes. Cambridge University Press. https://doi.org/10.1017/
CBO9781139629218 

https://doi.org/10.1007/978-94-007-2351-1
https://doi.org/10.1007/978-3-642-25440-6
https://doi.org/10.1017/CBO9781139629218 
https://doi.org/10.1017/CBO9781139629218 
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Major assumptions

• Measurements at a point can represent an upwind area

• Measurements are done inside the boundary layer of interest

• Fetch/footprint is adequate – fluxes are measured from the area of interest

• Flux is fully turbulent – most of the net vertical transfer is done by eddies

• Terrain is horizontal and uniform: an average of fluctuations of w′ is zero; air density fluctuations, flow con-
vergence and divergence are negligible

• Instruments can detect very small changes at high frequency

• Air flow is not distorted by the installation structure or the instruments

In addition to the assumptions given thus far, there 
are other important assumptions in the eddy covari-
ance method. 

Measurements at a point are assumed to represent 
an upwind area. Measurements are also assumed to 
be done inside the boundary layer of interest, and 
inside the constant flux layer (details in Sections 2.6 
and 3.2). Fetch and footprint are assumed adequate, 
so flux is measured from the area of interest (details 
in Section 2.7). 

It is assumed that flux is fully turbulent, the terrain 
is horizontal and uniform, and flow divergences 
and convergences are negligible. It is also assumed 

that air density fluctuations are negligible, and the 
instruments can detect very small changes at a very 
high frequency.

Finally, it is assumed that mean airflow and turbu-
lence at the measurement point are not appreciably 
distorted by the installation structure or the instru-
ments themselves.

The degree to which some of these assumptions hold 
true depends on proper site selection and instrument 
setup. For others, it will largely depend on atmo-
spheric conditions and weather. We will go into the 
details of these assumptions later in the book.

Reading and References

Aubinet, M., Vesala, T., & Papale, D. (eds) 2012. Eddy covariance: a 
practical guide to measurement and data analysis. Springer, Dordrecht. 
https://doi.org/10.1007/978-94-007-2351-1

Baldocchi, D. 2012. Advanced topics in biometeorology and microme-
teorology. Department of Environmental Science, UC-Berkeley, Califor-
nia. Lecture notes. https://nature.berkeley.edu/biometlab/espm228/

Finnigan, J.J., et al. 2003. A re-evaluation of long-term flux measurement 
techniques part I: averaging and coordinate rotation. Boundary-Layer 
Meteorology, 107(1), 1-48. https://doi.org/10.1023/a:1021554900225

Foken, T. 2017. Micrometeorology, Second Edition. Springer-Verlag Ber-
lin Heidelberg, Germany. https://doi.org/10.1007/978-3-642-25440-6
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https://doi.org/10.1007/978-94-007-2351-1
https://nature.berkeley.edu/biometlab/espm228/
https://doi.org/10.1023/a:1021554900225
https://doi.org/10.1007/978-3-642-25440-6
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Major sources of errors

• Measurements are not perfect: due to assumptions, physical phenomena, instrument problems, and specif-
ics of terrain and setup

• Fluxes could be over- or underestimated if errors are not prevented during the design and setup, or not 
corrected during data processing

Frequency response errors can be due to:

• System time response

• Tube attenuation

• Path and volume averaging

• Sensor separation

• Sensor response mismatch

• Low-pass filtering

• High-pass filtering

• Digital sampling

• Etc.

Measurements are, of course, never perfect, due to 
assumptions, physical phenomena, instrument prob-
lems, and specifics of the particular terrain or setup. 
As a result, there are a number of potential flux errors, 
but they can be prevented, minimized, or corrected.

First, there is a family of errors called frequency 
response errors. They include errors due to instru-
ment time response, tube attenuation, path and vol-
ume averaging, sensor separation, sensor response 
mismatch, low and high pass filtering, and digital 
sampling.

Time response errors occur because instruments may 
not be fast enough to catch all the rapid changes that 
result from the eddy transport. Tube attenuation error 

is observed in closed-path analyzers and is caused by 
attenuation of the instantaneous fluctuation of the 
concentration in the sampling tube. Path averaging 
error is caused by the fact that the sensor path is not a 
point measurement, but rather is an integration over 
some distance; therefore, it can average out some of 
the changes caused by eddy transport.

Sensor separation errors occur due to the physical 
separation between the places where wind speed and 
concentration are measured, so covariance is com-
puted for parameters that were not measured at the 
same point. There can also be frequency response 
errors caused by sensor response mismatch, and by 
filtering and digital sampling.
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Other key error sources

In addition to frequency response errors, other key 
sources of errors include spikes and noise in the mea-
surements, unleveled anemometer, flow distortion 
near the anemometer, wind angle of attack, sensor 
time delay (especially important in closed-path ana-
lyzers with long intake tubes), sonic heat flux errors, 

the Webb-Pearman-Leuning density terms (WPL), 
spectroscopic effects (for laser-based measurements), 
band-broadening effects (for NDIR measurements), 
oxygen sensitivity, gas flux storage, and data filling 
errors. In Part 4, we go through each of these terms 
and errors in greater detail.

Reading and References

Billesbach, D. 2011. Estimating uncertainties in individual eddy cova-
riance flux measurements: a comparison of methods and a proposed 
new method. Agricultural and Forest Meteorology, 151(3), 394-405. 
https://doi.org/10.1016/j.agrformet.2010.12.001

Fuehrer, P.L., & Friehe, C.A. 2002. Flux corrections revisit-
ed. Boundary-Layer Meteorology, 102(3), 415-458. https://doi.
org/10.1023/a:1013826900579

Hill, T., Chocholek, M., & Clement, R. 2017. The case for increasing 
the statistical power of eddy covariance ecosystem studies: why, 
where and how? Global Change Biology, 23(6), 2154-2165. https://doi.
org/10.1111/gcb.13547

Massman, W., & Lee, X. 2002. Eddy covariance flux corrections and 
uncertainties in long-term studies of carbon and energy exchanges. 
Agricultural and Forest Meteorology, 113(1-4), 121-144. https://doi.
org/10.1016/s0168-1923(02)00105-3

Mauder, M., et al. 2013. A strategy for quality and uncertainty as-
sessment of long-term eddy-covariance measurements. Agricultur-
al and Forest Meteorology, 169, 122-135. https://doi.org/10.1016/j.
agrformet.2012.09.006

Moncrieff, J.B., Malhi, Y., & Leuning, R. 1996. The propagation of 
errors in long-term measurements of land-atmosphere fluxes of car-
bon and water. Global Change Biology, 2(3), 231-240. https://doi.
org/10.1111/j.1365-2486.1996.tb00075.x

Rannik, Ü., Peltola, O., & Mammarella, I. 2016. Random uncertainties 
of flux measurements by the eddy covariance technique. Atmospheric 
Measurement Techniques, 9(10), 5163-5181. https://doi.org/10.5194/
amt-9-5163-2016 

• Spikes and noise

• Unleveled anemometer

• Flow distortion near anemometer

• Wind angle of attack

• Sensor time delay

• Sonic heat flux errors

• Density fluctuations (WPL)

• Spectroscopic effects for lasers

• Band-broadening for NDIR

• Oxygen in the ‘krypton’ path

• Gas flux storage

• Data filling

• Etc.

https://doi.org/10.1016/j.agrformet.2010.12.001
https://doi.org/10.1023/a:1013826900579
https://doi.org/10.1023/a:1013826900579
https://doi.org/10.1111/gcb.13547
https://doi.org/10.1111/gcb.13547
https://doi.org/10.1016/s0168-1923(02)00105-3
https://doi.org/10.1016/s0168-1923(02)00105-3
https://doi.org/10.1016/j.agrformet.2012.09.006
https://doi.org/10.1016/j.agrformet.2012.09.006
https://doi.org/10.1111/j.1365-2486.1996.tb00075.x
https://doi.org/10.1111/j.1365-2486.1996.tb00075.x
https://doi.org/10.5194/amt-9-5163-2016 
https://doi.org/10.5194/amt-9-5163-2016 
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Error treatment

• These errors are not trivial - they may sum up to over 100% of the flux

• To minimize or avoid such errors a number of procedures can be performed

Errors due to Affected fluxes Approximate range

Spikes and noise all 0-15%

Unleveled anemometer all 0-25%

Wind angle of attack all 0-25%

Flow distortion near the anemometer all 0-50%

Time delay mostly closed path 0-50%

Frequency response all 0-50%

Sonic heat flux error sensible heat flux 0-10%

Density fluctuations any gas 0-50%

Spectroscopic effects for LASERs any gas 0-25%

Band-broadening for NDIR mostly CO2 0-5%

Oxygen in the path some H2O 0-10%

Gas flux storage under the tower any gas 0-5%

Missing data filling all 0-20%
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None of these errors are trivial. Combined, they 
may sum up to over 100% of the initial measured 
flux value. A number of procedures are available to 
minimize these errors. Here we show the relative 
size of errors on a typical summer day over a green 
vegetative canopy and then provide a brief overview 
of the remedies.

Step-by-step instructions on how to minimize or 
eliminate these and other errors with proper exper-
imental planning, design, and implementation are 
provided in Parts 2 and 3 of this book. Detailed 
descriptions of how to apply the corrections in data 
processing software are provided in Part 4. Below are 
a few highlights.

Spikes and noise may affect all fluxes, but usually 
not by more than fifteen percent of the flux. Proper 
instrument selection, maintenance, along with a spike 
removal routine and filtering in data processing soft-
ware, help to minimize the effect of such errors.

An unleveled sonic anemometer will affect all fluxes 
as well, because of contamination of the vertical wind 
speed with a horizontal component. The error can be 
twenty-five percent or more, but it is easily reduced by 
having a steady tower, and by leveling the anemome-
ter during the station setup. The remaining error can 
be fixed relatively easily by using a processing proce-
dure called coordinate rotation.

After proper instrument installation, the errors related 
to the wind angle of attack in relation to the position 
of the sonic transducers are compensated fairly well 
either on-the-fly in the anemometer firmware, or 
during post-processing via angle-of-attack corrections.

Errors due to flow distortion near the anemometer 
heavily depend on the combination of (i) the size of 
the flow obstruction and (ii) the distance from such 
an obstruction to the anemometer. These can typi-
cally 10–15%, but can get very severe, 25% or more, 
if the obstruction is nearing the sonic anemometer 
path. At present, there are no reliable corrections to 
the flow distortion, and such errors should be mini-
mized during instrument selection and site setup, as 
discussed in more detail in Sections 2.3 and 3.2. 

Errors due to unadjusted time delay can affect all 
fluxes but are most severe in closed-path systems 
with long intake tubes, especially for water vapor and 
other “sticky” gases (e.g., ammonia). These errors can 
be up to 25% for non-sticky gases and may exceed 
50% for H2O and NH3. Time delay errors can be min-
imized by using shorter tubes when possible, by using 
instruments with matching clocks, and by minimiz-
ing the separation distance between the intake of the 
gas analyzer and the sonic anemometer.

The time delay errors can be virtually eliminated by 
adjusting the delay during data processing. This is 
implemented by shifting the two time -series in such 
a way that the covariance between them is maxi-
mized. Alternatively, the delay between the two time- 
series can be computed from the known flow rate and 
tube diameter.

Frequency response errors also affect all fluxes. Usu-
ally they range between 5% (for example, in fast 
open-path devices) and 50% of the flux (in long-tube 
closed-path or any slower devices). These can be par-
tially remedied by choosing fast instrumentation and 
by the proper experimental setup. They can be further 
corrected by applying frequency response corrections 
in the data processing software.

Error treatment (continued)
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Error treatment (continued)

• Many of the potential errors can be minimized or eliminated by the proper station and experiment design, 
data collection settings, and site maintenance; the remainder can be corrected by proper software setup 
during data processing

Errors Planning and design remedy Data processing remedy

Spikes and noise Instrument selection and setup Spike removal

Unleveled anemometer Tower and instrument installation Coordinate rotation

Wind angle of attack Instrument selection, setup Angle-of-attack correction

Flow distortion near the 
anemometer

Instrument selection, setup None at this time

Time delay Instrument selection, setup, clocks Time delay adjustment

Frequency response
Instrument selection, system setup, 
and data collection settings

Frequency response corrections

Sonic heat flux error -- Sonic heat flux correction

Density fluctuations Type of instrument selection
Dry mole fraction output, or WPL 
density terms

Spectroscopic effects for 
LASERs

--
Instrument-specific correction; no 
standardized widely used form

Band-broadening for NDIR -- Band-broadening correction

Oxygen in the path -- Oxygen correction

Gas flux storage Gas profile measurements Gas flux storage term

Missing data filling
Instrument selection, well-planned 
maintenance

Methodology/tests: Monte-Carlo etc.
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Error treatment (continued)

Sonic heat flux errors affect sensible heat flux, but 
usually by no more than 10%, and they are fixed by 
applying a straightforward sonic heat flux correction.

Density fluctuations mostly affect gas and water 
fluxes, and only when instruments output fast den-
sity, as opposed to the fast dry mole fraction. The size 
and direction of the related errors vary greatly. It can 
be three hundred percent of the small flux in winter, 
or it could be only a few percent in summer. These 
errors can be eliminated by choosing instruments 
that output fast dry mole fraction or can be corrected 
by using Webb-Pearman-Leuning density terms.

Spectroscopic effects in recent laser-based techniques 
may affect fast gas concentrations and fluxes in differ-
ent ways depending on the specific laser technique. 
Since many of these techniques have not been stud-
ied well in eddy covariance applications, they should 
be treated with caution, especially when employed in 
open-path devices. We provide a general solution for 
this issue in Appendix II, and show an example for 
one specific instrument model in Section 4.5.

Band-broadening errors affect gas fluxes measured by 
the NDIR technique, and depend very significantly 
on the instrument design. With a properly designed 
instrument, the error is usually on the order of zero 
to five percent and is mostly compensated in the 
instrument software. In instruments designed with-
out careful consideration of these matters, the errors 
can reach multiple hundreds of percent. 

Oxygen in the path affects krypton hygrometer read-
ings, but usually not more than ten percent, and the 
error is fixed with an oxygen correction.

Missing data will affect all flux results, especially if 
they are integrated over long periods of time. The 
effects can be minimized by choosing the proper 
instrument for the site conditions and by a well-
planned maintenance schedule. For example, in a 
rainy site, an enclosed or closed-path instrument will 
lose significantly less data than an open-path instru-
ment, while having a spare instrument as part of the 
maintenance plan may also reduce the data gaps due 
to malfunctions, lightning strikes, and so on.

There are also a number of different mathemati-
cal methods to test and compute what the result-
ing errors would be for a specific set of data due to 
gap-filling. One good example is the Monte Carlo 
Method. Other methods are mentioned in Sections 
5.1 and 5.2 of this book.

Warning: Please note that even though modern flux pro-
grams will automatically correct most of the errors as part of 
the standard flux processing sequence, it is still extremely 
important to minimize or eliminate the majority of these errors 
during the experiment design, instrument selection and site 
setup, and only then to correct the remaining errors during data 
processing. This is especially important for small fluxes and 
yearly and longer integrations.
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Use in non-traditional terrains

• All principles described previously were developed and tested for traditional settings: reasonably horizontal 
and uniform terrain, with negligible air density fluctuations, negligible flow convergence and divergence, 
and with prevailing turbulent flux transport

• The latest developments of the eddy covariance method have revisited these assumptions to measure over 
complex sites, such as urban or hilly terrains

All principles described previously were developed 
and tested for traditional settings, over reasonably 
horizontal and uniform terrains, with negligible air 
density fluctuations, negligible flow convergence 
and divergence, and with prevailing turbulent flux 
transport.

The latest developments of the method have revis-
ited many of these assumptions in order to apply the 
method in regions with complex terrains such as cit-
ies, hills, and valleys.

There are now many groups in FluxNet and other net-
works that work in complex terrains and have become 
experts in this area of the eddy covariance method.

The success of these latest applications is growing, 
with over 80 urban flux stations deployed for both 
scientific and regulatory purposes (https://ibis.geog.
ubc.ca/urbanflux; https://mcr.unibas.ch/difume). At 
least 30 additional stations operate in complex moun-
tainous terrains across the globe. 

Reading and References

A great review of the modern urban flux measurements and related 
literature is provided by:

Grimmond, S., & Christen, A. 2012. Flux measurements in urban 
ecosystems. FluxLetter: The Newsletter of FluxNet, 5(1), 1-8. https://
fluxnet.org/wp-content/uploads/FluxLetter_Vol5_No1.pdf

Other measurements in complex conditions are described in the following:

Belcher, S.E., Harman, I.N., & Finnigan, J.J. 2012. The wind in the 
willows: flows in forest canopies in complex terrain. Annual Review 
of Fluid Mechanics, 44, 479-504. https://doi.org/10.1146/annurev-
fluid-120710-101036

Foken, T. 2017. Micrometeorology, Second Edition. Springer-Verlag Berlin 
Heidelberg, Germany. https://doi.org/10.1007/978-3-642-25440-6 

Gu, L., et al. 2012. The fundamental equation of eddy covariance and its 
application in flux measurements. Agricultural and Forest Meteorology, 
152, 135-148. https://doi.org/10.1016/j.agrformet.2011.09.014 

McMillen, R.T. 1988. An eddy correlation technique with extended appli-
cability to non-simple terrain. Boundary-Layer Meteorology, 43(3), 231-
245. https://doi.org/10.1007/bf00128405

Monson, R., & Baldocchi, D. 2014. Terrestrial biosphere-atmo-
sphere fluxes. Cambridge University Press. https://doi.org/10.1017/
CBO9781139629218

Nordbo, A., Järvi, L., & Vesala, T. 2012. Revised eddy covariance flux 
calculation methodologies – effect on urban energy balance. Tel-
lus B: Chemical and Physical Meteorology, 64(1), 18184. https://doi.
org/10.3402/tellusb.v64i0.18184

Raupach, M.R., & Finnigan, J.J. 1997. The influence of topography on 
meteorological variables and surface-atmosphere interactions. Jour-
nal of Hydrology, 190(3-4), 182-213. https://doi.org/10.1016/s0022-
1694(96)03127-7 
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https://doi.org/10.1017/CBO9781139629218
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Summary of the theory

• Measures fluxes transported by eddies

• Most direct way to measure flux

• Requires turbulent flow

• Requires state-of-the-art instruments

• Calculates flux as covariance of w′ and c′
• Many assumptions to satisfy

• Complex calculations, mostly automated

• Proper workflow is vital

Eddy covariance is the most direct approach to mea-
sure vertical fluxes of water vapor, trace gases (e.g., 
CO2, CH4, N2O, etc.), heat and momentum between 
the soil, vegetation, urban or industrial terrain and 
the atmosphere.

Flux is calculated as a covariance of instantaneous 
deviations from the mean of the vertical wind speed 
and instantaneous deviations of the entity of interest.

The method relies on the prevalence of turbulent trans-
port and requires state-of-the-art instruments. It uses 
complex calculations and relies on many assumptions.

Modern instrument systems and processing software 
take care of most of the challenges when using the 
eddy covariance method. Nevertheless, proper sta-
tion design, experiment planning and execution, 
and correct data processing steps help to minimize 

or eliminate the errors resulting from failure to meet 
theoretical assumptions and system deficiencies.

In this way, the method can be fine-tuned to the par-
ticular purpose (scientific, regulatory, commercial, 
etc.), and to the particular measurement site (maize 
field, forest, wetland, ocean, city, landfill, etc.) to pro-
vide reliable hourly or half-hourly fluxes continu-
ously over months and years.

Proper planning and execution of the eddy covari-
ance method is perhaps the second biggest challenge 
for a novice, after mastering the theoretical part of 
the method.

The rest of this book is primarily dedicated to pro-
viding a sequential step-by-step description of the 
method’s workflow, from the design and implemen-
tation of the experiment, to processing the results 
and data analysis.
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From theory to workflow

• Eddy covariance workflow is particularly challenging 
during design and implementation stages

• Mistakes in experimental design and implementation 
may render data worthless, or lead to gaps

• Mistakes during data processing or analysis are not as 
bad, but require re-calculation

Proper execution of the workflow may become a sig-
nificant challenge for a novice, second only to mas-
tering the theoretical part of the eddy covariance 
method.

Oversights in experiment design and implementa-
tion may lead to collecting bad data for a prolonged 
period of time and can result in large data gaps.

These are especially undesirable for the integration 
of the long-term datasets, which is the primary goal 
for measuring fluxes of carbon dioxide, methane, or 
other greenhouse gases in scientific applications.

Errors in data processing or analysis may not be as 
bad, as long as there is a backup of the original raw 
data files, but they can also lead to time-consuming 
re-calculations, or to wrong data interpretation.

There are several different ways to execute the eddy 
covariance method and get substantially the same 
results. Here we will give an example of one tra-
ditional sequence of actions needed for successful 
setup, data collection, processing, and analysis.

This sequence may not fit some specific measurement 
goals, but it will provide a general understanding of 
what is involved in the eddy covariance study and will 
point out the most difficult parts and frequent pitfalls.

Warning: It is extremely important to always keep and store 
original high-speed data collected using the eddy covariance 
method. The data can then be reprocessed at any time using, 
for example, new frequency response correction methods or to 
correct calibration coefficients. Some of the processing steps 
cannot be confidently recalculated without the original 
high-frequency data.
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Reading and References

Aubinet, M., Vesala, T., & Papale, D. (eds) 2012. Eddy covariance: a 
practical guide to measurement and data analysis. Springer, Dordrecht. 
https://doi.org/10.1007/978-94-007-2351-1

Munger, J.W., & Loescher, H.W. 2008. Guidelines for making eddy cova-
riance flux measurements. AmeriFlux. 

Rebmann, C., et al. 2018. ICOS eddy covariance flux-station site set-
up: a review. International Agrophysics, 32(4), 471-494. https://doi.
org/10.1515/intag-2017-0044

Yamanoi, K., et al. (eds) 2012. Practical handbook of tower flux observa-
tion. Forestry and Forest Products Research Institute. 196 pp. https://
www2.ffpri.go.jp/labs/flux/manual/manual_index_e.html

Example of a typical workflow

The processing portion consists of the processing 
of the real-time, “instantaneous” data (usually at a 
5-10-20 Hz sample rate) and processing of averaged 
data (usually from 0.5–2 hours). The main elements 
of data processing include converting voltages into 
units, de-spiking, applying calibrations, rotating the 
coordinates, correcting for time delay, de-trending if 
needed, averaging, applying corrections, conducting 
quality control, gap filling, integration, and finally, 
follow up with data analysis and publications.

Design Implement Process/Analyze

Instantaneous D
ata

Averaged Data

Place tower

Place instruments

Test data collection

Test data retrieval

Collect data

Test data processing

Keep up maintenance

Make maintenance plan

Set purpose and variables

Decide on hardware 
(instruments, tower, etc.) 

Decide on software
(data collection, processing) 

Establish location 

Quality control & gap-fill

Correct for time delay

De-trend (if needed)

Convert units

Despike

Apply calibrations

Rotate

Apply corrections

Integrate

Average

Analyze/publish

The schematic above shows an example of a typical 
sequence of actions needed for successful exper-
iment setup, data collection, data processing and 
analysis. One can break the workflow into three 
major parts: design of the experiment, implementa-
tion, and data processing.

The key elements of the design portion of the eddy 
covariance experiment are setting the purpose and 
variables for the study, selecting instruments and 
hardware, creating new or adjusting existing software 
to collect and process the data, selecting an appro-
priate experiment location, and developing a feasible 
maintenance plan.

The major elements of the implementation portion 
are installing the tower, placing the instruments on 
the tower, testing data collection and retrieval, collect-
ing data, and keeping up the maintenance schedule.

https://doi.org/10.1007/978-94-007-2351-1
https://doi.org/10.1515/intag-2017-0044
https://doi.org/10.1515/intag-2017-0044
https://www2.ffpri.go.jp/labs/flux/manual/manual_index_e.html 
https://www2.ffpri.go.jp/labs/flux/manual/manual_index_e.html 
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Outline

• Setting purpose and variables

• Selecting hardware

• Selecting software

• Selecting location

• Developing maintenance plan

Determining the purpose for the eddy covariance 
measurements and selecting the required outputs 
and variables are important early steps in the eddy 
covariance workflow. These should ideally be accom-
plished before selecting the instruments and software, 
and prior to selecting the location and developing the 
maintenance plan.

Often, for practical reasons, the location is prescribed. 
Even then, selecting the purpose and variables should 
be completed early in the workflow.

The list of variables, which is built carefully to satisfy 
the measurement purpose will, in turn, help to deter-
mine what instruments should be used, what mea-
surements should be conducted, and how.

The purpose may also help to determine the require-
ments for the measurement site, location of the tower 
within the site, and instrument placement on the 
tower. Data collection and processing programs can 
also be adjusted to accommodate the previously out-
lined variables, instruments, processing steps, and 
station conditions.

While this may seem like an obvious step, the errors 
at this stage are quite frequent, and specifically due to 
the apparent simplicity of this stage of planning.

For example, if one wanted to measure instantaneous 
water use efficiency (hourly rates of CO2 absorbed 
by canopy per H2O evapotranspirated) of a soybean 
crop, the obvious products would be an eddy flux of 
CO2 and H2O, and these will require fast measure-
ments of (i) vertical wind speed, (ii) CO2, and (iii) 
H2O content of the air.

Although these three variables would indeed be criti-
cal, and may satisfy monitoring applications, they are 
not sufficient for agricultural or research applications.

This is because the results will be virtually impossible 
to interpret and quality control without a list of key 
supporting variables, such as precipitation/irrigation 
amounts or soil moisture, growth stage of soybean 
or its green leaf area, incoming solar or photosyn-
thetic radiation, air temperature, and perhaps soil 
temperature.



SECTION 2.1  

2.1
Setting Purpose and 
Selecting Variables



42 | 2.1 Setting Purpose and Selecting Variables

Concept

• Eddy covariance is a statistical method for computing turbulent fluxes; 
it can be used for a number of different purposes

• Researchers should be aware of the particular requirements, make a 
list of required variables, and plan accordingly for each project

• The main applications are scientific, regulatory, and commercial

Eddy covariance is a statistical method for comput-
ing turbulent fluxes and can be used for many differ-
ent purposes.

For example, if the main interest of the experiment 
is in turbulent characteristics of the flow above the 
wind-shaken canopy, one may not need to collect 
water and trace gas data but may need to collect 
higher frequency (20+ Hz) wind components and 
temperature data. Instruments may need to be placed 
on several different levels, including those very close 
to the canopy.

On the other hand, if one is interested in the response 
of the evapotranspiration from an alfalfa field to a 
nitrogen regime, there may not be a need for profiles 
of atmospheric turbulence, and 10 Hz data from a 
single level may be adequate for sampling.

However, a study such as this would require instanta-
neous measurements of water vapor along with sonic 

measurements well above the canopy, but within the 
fetch for the studied field.

Another example is computing CO2 net ecosystem 
exchange. This may require not only instantaneous 
wind speed and CO2 concentration measurements, 
but also latent and sensible heat flux measurements 
(for Webb-Pearman-Leuning terms), mean tempera-
ture, mean humidity, and mean pressure (for unit 
conversions and other corrections).

Mean CO2 concentration profiles would also be highly 
desirable for computing the CO2 flux storage term.

Next, we will show a few examples of mainstream 
applications as well as some rare applications, to illus-
trate the versatility of the method and to help the 
reader to define the scope for their measurement goals.
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Minimal Flux Station Typical Flux Station Full Flux Station

Product:
flux of 1 gas and/or H2O

u, v, w, Ts

(fast 3D sonic anemometer)

Concentration of 1 gas
(fast gas analyzer) 

Concentration of H2O
(fast H2O analyzer) 

Product: flux of 1 gas and H2O 
+ supporting weather data

u, v, w, Ts

(fast 3D sonic anemometer)

Concentration of 1 gas
(fast gas analyzer) 

Concentration of H2O
(fast H2O analyzer) 

Mean Tair, RH, u, p, Wdir, 
precipitation, etc. 

(slow weather sensors) 

Product: flux of 1 gas and H2O + 
supporting weather, radiation 

and soil data 

u, v, w, Ts

(fast 3D sonic anemometer)

Concentration of 1 gas
(fast gas analyzer) 

Concentration of H2O
(fast H2O analyzer) 

Mean Tair, RH, u, p, Wdir, 
precipitation, etc. 

(slow weather sensors) 

Gas concentration profile
(slow gas analyzer)

Rn, Rsin, Rsout, PARin, PARout,
(slow radiation sensors)

Soil heat flux, T, moisture
(slow soil sensors)

Typical flux stations and variables

• Approximate list of variables provided by commonly used eddy covariance stations

• Minimal station contains a list of essential variables needed in every application
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Typical flux stations and variables (continued)

Common variables required by all applications are 
those describing the turbulent transport itself, such 
as the components of the three-dimensional wind 
speed (u, v, w), sonic temperature (Ts), concentration 
of the gas of interest, and water vapor. These mea-
surements have to be fast to be able to compute the 
gas flux, and are captured by a “minimal” eddy cova-
riance flux station.

The term “fast” usually refers to devices capable of 
adequately measuring processes at about 10 Hz (10 
times per second), while the term “slow” usually 
refers to mean quantities measured on the scale of 
many seconds and/or minutes, and then averaged 
down to 0.5 or 1 hour.

The “minimal” stations are used relatively infre-
quently, and are suitable primarily for regulatory, 
monitoring and inventory purposes, and in some 
limited industrial and agricultural applications. This 
is because data from these stations may be difficult 
to interpret in the absence of weather parameters and 
other supporting variables.

The “typical” stations are used quite frequently, espe-
cially in non-scientific applications. Additional mea-
sured weather variables (e.g., mean air temperature, 

relative humidity, wind speed, direction, and precip-
itation amount, etc.) help interpret the flux data, and 
fill in the missing gaps using slow variables measured 
at the same location at the same time.

The “full” eddy covariance flux stations include every-
thing from the “typical” stations, but in addition may 
have gas and water vapor concentration profiles below 
the flux measurement level, solar radiation data (e.g., 
net radiation, incoming and outgoing shortwave, and 
photosynthetically active radiation), and soil heat 
flux, temperature and moisture data.

Concentration profiles are used for computing gas 
flux storage at sites with tall canopies and low winds, 
when flux generated at the surface does not fully 
reach the tower height. Solar radiation and soil heat 
fluxes are used to compute energy budget compo-
nents at the measurement site and can help quality 
control the data.

In addition, the combination of weather, radiation 
and soil data describes the state of the ecosystem, field 
or other measurement territory in terms of key func-
tional parameters to help interpret, explain and model 
the site-specific flux behavior and emission rates.
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Specialized flux stations

In addition to the variables collected by typical or full 
flux stations, specialized stations can have variables 
specifically tailored for the purpose of a given project.

Such variables differ from station to station and from 
project to project and may include concentrations 
of additional gases for the purpose of flux measure-
ments (for example, CH4, N2O, NH3, COS, etc.).

The stations may also include additional flux mea-
surement heights (for tall towers over forests, cities, 
or industrial zones) or locations (for heterogeneous 
regions or for comparative purposes).

The stations may have specific water, soil and radia-
tion parameters (for example, water level or salinity 
in wetlands, or soil oxygen content or freeze depth in 
permafrost regions).

Many specialized stations include detailed canopy 
measurements (canopy height, growth stage, leaf 
area, leaf wetness, leaf nitrogen, sap flow, SIF etc.).

Other examples of project-specific variables may 
include pivot irrigation or fertilizer amounts at irri-
gated or fertilized agricultural sites, gas or water 
injection amounts and rates at carbon sequestration 
or hydraulic fracturing sites, etc.

Next we provide a very brief overview of a range of 
applications to give a general feel for the flexibility and 
breadth of the usage of the eddy covariance method.

The overview will cover scientific applications (e.g., 
climate change research, ecosystem gas exchange, 
oceanography, etc.); regulatory applications (e.g., 
municipal emissions, landfill monitoring, etc.), and 
commercial applications (e.g., industrial geological 
carbon sequestration, leak detection, agricultural car-
bon sequestration, irrigation and water use efficiency, 
carbon assessment for trading, offsets, corporate sus-
tainability and carbon neutrality, etc.). 

Fluxes at additional heights or locations
(additional fast anemometers and analyzers)

Concentration of additional gases
(additional fast gas analyzers)

Vegetation data
(automated or manual sensors/measurements)

Additional weather, soil, radiation data
(additional slow sensors, analyzers)

Additional specialized supporting variables
(additional slow sensors)

Typical Flux Station Full Flux Stationor

+
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Scientific applications

Scientific applications of the eddy covariance method are numerous; they generally focus on 
studies of ecosystem dynamics of natural, agricultural and urban ecosystems, on quantification 
of emission rates from various ecosystems and regions, and on verification of climate models.

The following examples illustrate the scope and range of scientific applications of the eddy 
covariance method:

• Complex multiple-ecosystem studies

• Single ecosystem studies

• Hydrological applications

• Flux studies over oceans

Eddy covariance has been widely used in scientific 
applications since the 1990s. Up until a the early 
2000s the method was considered to be of primary 
use only by trained micrometeorologists, or those 
with a background in physics, engineering, and 
numerical meteorology.

With significant developments in instrument tech-
nology in the early 2000s, and with effective work by 
FluxNet organizations to standardize the method, it 
became widely used by ecologists, climate scientists 
and other natural science professionals to study cli-
mate change, various aspects of ecosystem dynam-
ics, and gas exchange in natural, agricultural and 
urban ecosystems, including oceanographic and 
hydrological applications.

Complex multi-ecosystem studies focus primar-
ily on regional and global climate change ecosystem 
responses. Studies such as these are perhaps the most 
demanding scientific applications in terms of global 
scope, planning, budget, the number of supporting 
variables, requirements for data coverage, format 
standardization, and flux processing quality.

Multiple regions are often studied at a very detailed 
level over multiple years, covering soil, canopy, and 
lower layers of the atmosphere to describe the eco-
system responses to the changing climate or man-
agement in a quantitative manner, and to verify 
climate models.

Such studies must also have consistent methodol-
ogy over time, and preferably, must use standardized 
instrumentation in all covered regions to avoid some-
times significant year-to-year and site-to-site biases 
due to seemingly small differences in hardware, soft-
ware and processing workflows.

This is important because such studies are designed 
to detect small temporal changes or small regional 
differences inside the much larger processes, such 
as net ecosystem exchange, or soil or canopy carbon 
accumulation.

Some of the early examples of such comprehensive, 
large-scale climate change research projects are the 
FIFE experiment in the late 1980s, HAPEX-Sahel 
experiment in the early 1990s, and BOREAS exper-
iment in the mid-1990s.
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Ecosystem-level gas exchange

• Multi-scale measurement strategies in BOREAS project in the 1990s (left), and in NEON continental-scale 
ecological observations in the 2010s (right)

• While NEON coverage and level of details are extremely comprehensive, and go well beyond eddy covariance 
measurements, the overall structure of a large-scale ecosystem experiment remains similar in both cases

Although earlier experiments carried out by FIFE, 
HAPEX, BOREAS, etc. focused on different ecosys-
tems (prairie in Kansas, sub-Saharan regions in Africa, 
and boreal regions in Canada, respectively), method-
ologically they shared many commonalities, which 
remain similar in modern-day major infrastructure 
projects, such as AmeriFlux, ICOS, NEON, etc.

In such studies, the number of variables is typically 
very large, including outputs from fully equipped flux 
stations, often at different levels in the ecosystem. 
Fluxes of various trace gases, water vapor, heat and 
momentum are measured at hourly rates continu-
ously, along with net radiation and soil heat storage 
to describe the energy budget at an ecosystem level.

Radiation measurements may additionally include 
incoming and outgoing solar radiation and 

photosynthetically active radiation above and below 
the canopy to help interpret flux data and ecosystem 
models. Soil measurements may include soil tem-
perature and moisture at different depths, soil chem-
ical and physical properties, and soil water seepage 
and drainage measurements. Soil and radiation are 
often sampled at multiple places within the same site 
to assure better spatial averaging.

Canopy measurements may include green and total 
leaf area, leaf-level flux measurements, sap flow, and 
leaf nitrogen and phosphorus content. Belowground 
biomass may also be sampled or monitored.

Sampling of multiple other ecosystem parameters, as 
well as airborne and satellite measurements may also 
be conducted during intensive field campaigns.

Reading and References

Specific details on the above-mentioned projects, procedures, list of 
variables, and further references can be found here: 

FIFE: https://daac.ornl.gov/FIFE/FIFE_About.html

HAPEX: https://www.cesbio.cnrs.fr

BOREAS: https://daac.ornl.gov/BOREAS/bhs/Introduction.html

NEON: https://www.neonscience.org

ICOS: https://www.icos-cp.eu

FluxNet: https://fluxnet.org/about/

https://daac.ornl.gov/FIFE/FIFE_About.html
https://www.cesbio.cnrs.fr
https://daac.ornl.gov/BOREAS/bhs/Introduction.html
https://www.neonscience.org
https://www.icos-cp.eu
https://fluxnet.org/about/
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Ecosystem-level gas exchange (continued)

• Single-station ecosystem projects: drylands, wetlands, permafrost, etc.

Research at a single ecosystem level may or may not 
be part of a larger multi-scale research project. In the 
latter case, such research may have a narrow, specific 
focus and a much smaller list of required variables.

For example, a study of a single ecosystem may focus 
on the effects of a bark beetle invasion on pine forest 
growth and recovery over several years. In this case, 
the main products will be CO2 and H2O fluxes from 
the forest, the number of dead and live trees, and 
possibly, understory fluxes and biomass. At a min-
imum, the variables may include those in a typical 
flux station, as well as the biomass data for the trees 
and understory.

The list of additional variables for such a project 
will significantly depend on whether the research is 
intended to describe and model the entire ecosystem 
response to the beetle invasion, or if it is intended to 
only register the tree die-off and quantify the decrease 
in resulting CO2 uptake by the ecosystem.

A different example may be a wetland study of the 
effects of an invasive canopy on the CO2 uptake and 
CH4 emission by the ecosystem. A typical flux station 

would no longer be sufficient for the eddy covariance 
portion of the study, because an additional gas (e.g., 
CH4) would be measured at the station. Also, tower 
height will be significantly lower, turbulent transport 
contribution at high frequency will be significantly 
higher, and grid power will likely be unavailable. 
This may lead to a selection of different instruments 
(open-path or enclosed low-power devices). Data on 
water properties may also be required.

Another example may be a study of CH4 emission 
from a permafrost ecosystem. If this study is simply 
a quantification of the CH4 emission rates, it may 
involve a minimal station with measurements of fast 
wind speed, CH4 and H2O, but with no CO2.

If, on the other hand, it is a study focused on the 
response of the permafrost ecosystem to gradual 
warming, other parameters of the ecosystem func-
tioning would need to be measured. For example, 
CO2 flux may help determine canopy state and soil 
microbial activity, and a full set of weather, radiation 
and soil data may help explain changes in CH4 flux 
and gap-fill the missing data.
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Hydrology and oceanography 

Traditional hydrological applications are often 
focused on turbulent H2O fluxes (e.g., latent heat flux, 
evapotranspiration, evaporation) as major part of the 
water cycle, and may cover an ecosystem, water body, 
or a watershed territory. The main advantages of the 
eddy covariance method for hydrology are broad spa-
tial coverage and fairly accurate water flux measure-
ments. The station may or may not need to collect 
CO2 data to help interpret H2O flux rates.

If measurements are primarily intended to quantify 
water losses, a minimal flux station without CO2 may 
be sufficient. Weather parameters would be highly 
desirable to determine equilibrium and potential rates. 

Supporting measurements of precipitation, soil mois-
ture, seepage and drainage rates may also be helpful. 

Energy budget components are desirable but not 
essential. In humid regions, open-path analyzers may 
be preferred over enclosed devices to avoid data loss 
due to frequent precipitation. Closed-path devices are 
less desirable because of increased uncertainty due to 
water vapor attenuation in the long intake tubes.

An increasing number of measurements over water 
surfaces focus on carbon exchange and greenhouse 
gas exchange of CO2, CH4, N2O in addition to or 
instead of H2O. 

Reading and References

Blanken, P.D., et al. 2000. Eddy covariance measurements of evaporation 
from Great Slave Lake, Northwest Territories, Canada. Water Resources 
Research, 36(4), 1069-1077. https://doi.org/10.1029/1999wr900338

Kondo, F., & Tsukamoto, O. 2012. Comparative CO2 flux measurements 
by eddy covariance technique using open- and closed-path gas analy-
sers over the equatorial Pacific Ocean. Tellus B: Chemical and Physical 
Meteorology, 64(1), 17511. https://doi.org/10.3402/tellusb.v64i0.17511

Miller, S.D., Marandino, C., & Saltzman, E.S. 2010. Ship-based 
measurement of air-sea CO

2
 exchange by eddy covariance. Jour-

nal of Geophysical Research: Atmospheres, 115(D2). https://doi.
org/10.1029/2009jd012193

Nordbo, A., et al. 2011. Long-term energy flux measurements and en-
ergy balance over a small boreal lake using eddy covariance technique. 
Journal of Geophysical Research: Atmospheres, 116(D2). https://doi.
org/10.1029/2010jd014542

Spank, U., et al. C. 2020. A season of eddy-covariance fluxes above an 
extensive water body based on observations from a floating platform. 
Boundary-Layer Meteorology, 174(3), 433-464. https://doi.org/10.1007/
s10546-019-00490-z

Sun, G., et al. 2008. Evapotranspiration estimates from eddy covari-
ance towers and hydrologic modeling in managed forests in northern 
Wisconsin, USA. Agricultural and Forest Meteorology, 148(2), 257-267. 
https://doi.org/10.1016/j.agrformet.2007.08.010 

https://doi.org/10.1029/1999wr900338
https://doi.org/10.3402/tellusb.v64i0.17511
https://doi.org/10.1029/2009jd012193
https://doi.org/10.1029/2009jd012193
https://doi.org/10.1029/2010jd014542
https://doi.org/10.1029/2010jd014542
https://doi.org/10.1007/s10546-019-00490-z
https://doi.org/10.1007/s10546-019-00490-z
https://doi.org/10.1016/j.agrformet.2007.08.010 
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Hydrology and oceanography (continued)

Carbon and greenhouse gas exchange measurement 
above water bodies are done for various reasons 
and at many scales, starting from the quantification 
of an enormous contribution of the process of car-
bon exchange between ocean and the atmosphere to 
global carbon cycle (Part 1) and ending with a small-
scale study on the anticipated carbon losses due to 
draining of a local wetland.

In addition to studies focused on specific water bod-
ies (ocean, lake, wetland, river), the latest research 
over water bodies also focuses on the role of the inter-
connected land-to-ocean aquatic continuum. The 
illustration above presents the global continuum with 
approximate estimates of carbon transport. While it is 
known that the carbon transport by the continuum is 
very significant, ranging from few to 40% (depending 
on the water body) of carbon fixed by land ecosystems 

in the watershed, relatively little is known about the 
actual amounts of carbon transported by different 
water body types in the continuum in horizontal 
direction, and very little information is available on 
the transport in vertical directions (e.g., sediment to 
water, and water to atmosphere), especially and local 
and regional scales. It is also not well-known what 
parts of the water bodies are responsible for most of 
transport, and how such transport can be mitigated 
or managed. 

Such an application may require a large set of obser-
vations, including number of eddy covariance mea-
surements positioned over the specific parts of the 
larger water bodies, floating chamber measurements 
over smaller water bodies, pCO2 and pCH4 measure-
ments throughout the continuum, etc.

Global Carbon Budget of the Land to Ocean Aquatic Continuum (LOAC) 

Storage in LOAC

Lakes and 
Reservoirs

CO2 Fixation by 
Freshwater Vegetation

Rivers

Flood Plains
(Amazon Only)

Estuaries

CO2 Fixation by 
Coastal Vegetation

Coastal 
Ocean

Storage in OceanExports

Open 
Ocean

CO2 Fixation by 
Terrestrial Ecosystems

Storage on Land

Export to LOAC

Source (Flux to Atmosphere) Sink (Flux from Atmosphere) Lateral Export Storage
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Global Carbon Budget of the Land to Ocean Aquatic Continuum (LOAC) 

Storage in LOAC

Lakes and 
Reservoirs

CO2 Fixation by 
Freshwater Vegetation

Rivers

Flood Plains
(Amazon Only)

Estuaries

CO2 Fixation by 
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Coastal 
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Open 
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CO2 Fixation by 
Terrestrial Ecosystems

Storage on Land

Export to LOAC

Source (Flux to Atmosphere) Sink (Flux from Atmosphere) Lateral Export Storage

Reading and References

Global Carbon Atlas, 2020: http://www.globalcarbonatlas.org/en/
LOAC-emissions

Felgate, S.L., et al. 2020. Pan-European monitoring of land-ocean-at-
mosphere carbon fluxes along the aquatic continuum. In ICOS Science 
Conference, held online September 15-17.

Hastie, A., et al. 2018. CO2 evasion from boreal lakes: revised estimate, 
drivers of spatial variability, and future projections. Global Change Biol-
ogy, 24(2), 711-728. https://doi.org/10.1111/gcb.13902

Lauerwald, R., et al. 2015. Spatial patterns in CO2 evasion from the 
global river network. Global Biogeochemical Cycles, 29(5), 534-554. 
https://doi.org/10.1002/2014gb004941

Raymond, P.A., et al. 2013. Global carbon dioxide emissions from in-
land waters. Nature, 503(7476), 355-359. https://doi.org/10.1038/
nature12760

Regnier, P., et al. 2013. Anthropogenic perturbation of the carbon flux-
es from land to ocean. Nature Geoscience, 6(8), 597-607. https://doi.
org/10.1038/ngeo1830 

Hydrology and oceanography (continued)

http://www.globalcarbonatlas.org/en/LOAC-emissions
http://www.globalcarbonatlas.org/en/LOAC-emissions
https://doi.org/10.1111/gcb.13902
https://doi.org/10.1002/2014gb004941
https://doi.org/10.1038/nature12760
https://doi.org/10.1038/nature12760
https://doi.org/10.1038/ngeo1830 
https://doi.org/10.1038/ngeo1830 


52 | 2.1 Setting Purpose and Selecting Variables

Hydrology and oceanography (continued)

Studies of fluxes over water bodies have a unique set 
of challenges when compared to most other scientific 
applications. First, the flux rates of CO2 and CH4 are 
typically quite small. Second, the measurement plat-
form is usually moving (roll, pitch, engine vibrations 
etc.). Saltwater exposure, air flow distortion by the 
floating platform of a ship, and low power restrictions 
are often significant challenges. Also, the experiments 
themselves may be quite expensive, involved, and 
short-term, making any data loss highly undesirable. 

In addition to the variables in a typical flux station, 
stations positioned over the water bodies often have 
three-dimensional accelerometers and gravitometers 
to compensate for platform movement, and detailed 
water parameters, such as temperature, salinity, oxy-
gen, pCO2 and pCH4 content. Fast pressure measure-
ments may also be required to assess the pressure 
term effects on small fluxes. Open-path instruments 
may not be the best choice for such measurements 
because large density corrections may overwhelm the 
small flux rates, so enclosed and closed-path devices 
may be recommended instead. 

The three-dimensional movement of the measure-
ment platform should be compensated at high speed 
and with high resolution, and ultimately subtracted 
from vertical speed measurements. This requires 
very careful handling of clocks and timing protocols 
between the anemometer, gas analyzer and three-di-
mensional motion detectors (e.g., accelerometers, 
gravitometers, etc.). Timing consideration are crucial 
to assure that there is no delay in the recording of the 
time series of the motion in relation to the time series 
of the vertical wind. Otherwise, the motion correc-
tion will increase the error on the vertical wind speed 
instead of removing the error, and the flux will be 
biased significantly. 

A high-precision time-keeping protocol, such as 
Precision Time Protocol (PTP), should be imple-
mented across the fast instruments in the floating sta-
tions (see timing discussion in Section 2.3) to assure 
proper handling of the platform motion to minimize 
associated flux errors. Older protocols (such as NTP) 
have synchronization errors 1,000–100,000 times 
larger than PTP, and are generally not sufficient to 
correctly align the fast motions of the platform with 
wind speed and concentration time series. 

Reading and References

Ediger, K., & Riensche, B.A., & LI-COR. 2017. Systems and methods for 
measuring gas flux. US Patent and Trademark Office. US Patent 9,759,703

Ediger, K., & Riensche, B.A. & LI-COR. 2019. Systems and methods 
for measuring gas flux. US Patent and Trademark Office. US Patent 
10,488,382

Eidson, J., & Lee, K. 2002. IEEE 1588 standard for a precision clock 
synchronization protocol for networked measurement and control sys-
tems. 2nd ISA/IEEE Sensors for Industry Conference, 98-105. https://
doi.org/10.1109/sficon.2002.1159815

Fratini, G., et al. 2018. Eddy covariance flux errors due to random and 
systematic timing errors during data acquisition. Biogeosciences, 
15(17), 5473–5487. https://doi.org/10.5194/bg-15-5473-2018

Matson, J. 2013. Choosing the correct time synchronization protocol 
and incorporating the 1756-TIME module into your application (ENET-
WP030A-EN-E). Rockwell Automation. https://literature.rockwellauto-
mation.com/idc/groups/literature/documents/wp/enet-wp030_-en-e.pdf

Mills, D.L., & COMSAT Laboratories. 1981. RFC 778 DCNET Internet 
Clock Service (RFC 778). 

https://doi.org/10.1109/sficon.2002.1159815
https://doi.org/10.1109/sficon.2002.1159815
https://doi.org/10.5194/bg-15-5473-2018
https://literature.rockwellautomation.com/idc/groups/literature/documents/wp/enet-wp030_-en-e.pdf
https://literature.rockwellautomation.com/idc/groups/literature/documents/wp/enet-wp030_-en-e.pdf


2.1 Setting Purpose and Selecting Variables | 53

Regulatory governmental institutions, some non-gov-
ernmental organizations, and more recently, larger 
municipalities are increasingly often tasked with 
monitoring the concentration of particular gases and 
gas emission rates from regulated areas, such as nat-
ural gas distribution networks, public transportation, 
traffic, landfills, feedlots, lagoons, industrial zones, 
etc., to prevent pollution, increase air quality, com-
ply with emissions standards programs, and mitigate 
the effects of gas emissions on global climate change. 
The focus of such measurements is accurate quantifi-
cation of the concentration or emission with the pur-
pose of finding better administrative or management 
solutions, enforcing the existing regulations, or devel-
oping new ones.

In all these cases, it is quite important to distinguish 
between monitoring the concentration and monitor-
ing the emission rate (e.g., flux). While concentration 
measurements can show the result of the emission, it 
is not a measurement of the actual emission, except 
when monitoring a constraint single source emis-
sion such as a stack pipe, a single leak with a known 

location, or a vent or when using a large-scale inte-
grated horizontal flux method.

It is also important to distinguish between actual 
measurements and models. Actual direct measure-
ments are much more defensible and reliable, while 
models can provide a good idea of the process, often 
without an accurate quantification of the result. For 
example, modeling landfill methane emissions from 
emission indices and landfill load amounts may differ 
on the order of several times from actual emissions 
measured directly.

Semi-empirical measurements with plume tracing 
and other similar techniques will likely improve the 
estimate of the methane emissions, but are noncon-
tinuous, and rely on models describing concentration 
distribution in the plume or a tracer.

In such contexts, the eddy covariance method pro-
vides a good alternative or an addition to directly and 
continuously measuring emission rates of the gases 
of interest from an upwind area on a half-hourly and 
hourly basis. 

Regulatory applications

• Municipal

• Landfills

• Other regulatory
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Continuous data coverage is especially important for 
relatively porous or open-surface substrates contain-
ing high concentrations of the gas of interest (such 
as CH4 in active landfills, or NH3 in cattle yards), 
because the effects of changing atmospheric pres-
sure and wind direction may change the emission 
rates several times from one hour to the next. Such 
changes would be missed by most other indirect dis-
crete methods and can result in significant error in 
the emission estimates over the long term.

As with scientific applications described above and 
commercial applications described below, the eddy 

covariance method itself does not really change when 
used in regulatory applications, but the flux station or 
flux network design, level of automation of data col-
lection, and data interpretation may be quite different. 

Typically, a basic flux station with some additional gas 
species is sufficient for regulatory flux monitoring. 
Full automation and low maintenance of the station 
or the network, including data collection, data pro-
cessing, all the corrections and some major parts of 
analysis and interpretation are particularly important 
in such applications to optimize the required person-
nel and related ongoing expenses.

Reading and References

Burba, G., et al. 2017. Mapping CH
4
: fast open-path technology for re-

search and regulatory measurements. In Annual TERN OzFlux Meeting, 
Western Sydney University, Richmond, Australia, November 6-15.

Goettemoeller, J., & LI-COR, Inc. 2016. Tools for Mapping Greenhouse 
Gas Emissions in Urban Environments. International Environmental 
Technology, 9/10.

Miller, S.M., et al. 2013. Anthropogenic emissions of methane in 
the United States. Proceedings of the National Academy of Sciences, 
110(50), 20018-20022. https://doi.org/10.1073/pnas.1314392110

Regulatory applications (continued)

https://doi.org/10.1073/pnas.1314392110
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Municipal
Municipal applications of the eddy covariance 
method are closely related to urban flux research, but 
instead of academic goals, these have policy-setting 
and regulatory objectives. For example, a city may 
want to quantify the reduction in greenhouse gas 
emissions after switching from gasoline powered bus 
system to natural gas powered or electric transporta-
tion as a part of a green city program or similar envi-
ronmental initiative. 

A city may also want to improve air quality by iden-
tifying, quantifying, mitigating and then verifying 
the reduction in toxic gas emission hotspots due to 
traffic jams; or may want to improve city’s climate 
comfort by quantifying the urban pockets producing 
excessive heat and mitigating these areas using green 
vegetation; etc. 

Other examples of municipal applications can be 
safety-related, including efficient detection of urban 

natural gas pipeline leaks, or detecting large sources 
of toxic or explosive gases generated outside the city 
but threatening the parts of the city. These and other 
municipal applications are described in the links and 
references below and in Sections 7.2 and 10.4. 

Reading and References

Green Cities Programme: https://www.oecd.org/regional/greening-
cities-regions/46811501.pdf

Pipeline leak mapping: https://www.edf.org/climate/methanemaps/
methodology

Urban leaks detection: https://www.fondriest.com/news/coloradostate-
university-cars-map-methane-leaks-li-cor-sensors.htm

Christen, A., et al. 2011. Validation of modeled carbon-dioxide emis-
sions from an urban neighborhood with direct eddy-covariance mea-
surements. Atmospheric Environment, 45(33), 6057-6069. https://doi.
org/10.1016/j.atmosenv.2011.07.040 

Christen, A., et al. 2006. CO
2
 exchange in urban environments – recent 

observational studies using eddy covariance approaches. In 1st iLEAPS 
Science Conference. Boulder, CO, USA, January 21-26.

Crawford, B., & Christen, A. 2015. Spatial source attribution of mea-
sured urban eddy covariance CO2 fluxes. Theoretical and Applied Clima-
tology, 119(3-4), 733-755. https://doi.org/10.1007/s00704-014-1124-0

Feigenwinter, C., Vogt, R., & Christen, A. 2012. Eddy covariance mea-
surements over urban areas. In: Aubinet M., Vesala T., & Papale D. 
(eds) Eddy Covariance: A practical guide to measurement and data anal-
ysis, Springer, Dordrecht, pp 377-397. https://doi.org/10.1007/978-94-
007-2351-1_16

Gioli, B., et al. 2012. Methane and carbon dioxide fluxes and source par-
titioning in urban areas: the case study of Florence, Italy. Environmental 
Pollution, 164, 125-131. https://doi.org/10.1016/j.envpol.2012.01.019

Lee, J.K., et al. 2017. A mobile sensor network to map carbon dioxide 
emissions in urban environments. Atmospheric Measurement Tech-
niques, 10(2), 645-665. https://doi.org/10.5194/amt-10-645-2017

Maness, H.L., et al. 2015. Estimates of CO
2
 traffic emissions from mo-

bile concentration measurements. Journal of Geophysical Research: At-
mospheres, 120(5), 2087-2102. https://doi.org/10.1002/2014jd022876

Turner, A.J., et al. 2016. Network design for quantifying urban CO
2
 

emissions: assessing trade-offs between precision and network den-
sity. Atmospheric Chemistry and Physics, 16(21), 13465-13475. https://
doi.org/10.5194/acp-16-13465-2016

Wu, L., et al. 2015. Atmospheric inversion for cost effective quantifica-
tion of city CO

2
 emissions. Atmospheric Chemistry and Physics. https://

doi.org/10.5194/acpd-15-30693-2015

https://www.oecd.org/regional/greening-cities-regions/46811501.pdf
https://www.oecd.org/regional/greening-cities-regions/46811501.pdf
https://www.edf.org/climate/methanemaps/methodology
https://www.edf.org/climate/methanemaps/methodology
https://www.fondriest.com/news/coloradostate-university-cars-map-methane-leaks-li-cor-sensors.htm
https://www.fondriest.com/news/coloradostate-university-cars-map-methane-leaks-li-cor-sensors.htm
https://doi.org/10.1016/j.atmosenv.2011.07.040 
https://doi.org/10.1016/j.atmosenv.2011.07.040 
https://doi.org/10.1007/s00704-014-1124-0
https://doi.org/10.1007/978-94-007-2351-1_16
https://doi.org/10.1007/978-94-007-2351-1_16
https://doi.org/10.1016/j.envpol.2012.01.019
https://doi.org/10.5194/amt-10-645-2017
https://doi.org/10.1002/2014jd022876
https://doi.org/10.5194/acp-16-13465-2016
https://doi.org/10.5194/acp-16-13465-2016
https://doi.org/10.5194/acpd-15-30693-2015
https://doi.org/10.5194/acpd-15-30693-2015
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Landfills

Effectively being open porous bodies full of CH4, 
CO2 and various other gases, the landfills present an 
unusual environment for the eddy covariance method 
and a special case for regulatory applications.

Long-term continuous and quantitative understand-
ing of methane emission from landfills and how envi-
ronmental variables control the emission are essential 
for determining the mitigation strategies to control 
typically very large emissions of gases emanating 
from the landfills, and then for verifying that the mit-
igation strategy worked. 

Gas emission rates from unsealed landfills may 
strongly depend on changes in barometric pressure, 
with rising pressure suppressing the emission, and 
the falling pressure enhancing the emission. A similar 

process may also occur with wind “pressing” into the 
slope of a landfill oriented into the wind, or negative 
pressure, with wind taking air away from the slope 
oriented away from the wind. 

Landfill emission measurements taken at monthly 
or even longer time intervals using traditional tech-
niques (e.g., plume trace, mass balance, etc.) are 
labor-intensive and episodic. These will have a large 
variation in measured rates because of the strong 
dependence of the emissions on changes in pressure, 
and as a result may have high uncertainty. By com-
parison, the use of the eddy covariance method pro-
vides a reliable and continuous dataset collected in a 
more practical manner (e.g., automated, low-power, 
and with no disturbance to the surface of the landfill).

Reading and References

Burba, G., et al. 2016. Using automated eddy-covariance stations for 
studying landfill methane emissions. In Air quality measurement meth-
ods and technology conference, Chapel Hill, North Carolina, USA, 15-17 
March 2016. Air & Waste Management Association.

Goldsmith, C.D., et al. 2012. Methane emissions from 20 landfills 
across the United States using vertical radial plume mapping. Journal 
of the Air & Waste Management Association, 62(2), 183-197. https://
doi.org/10.1080/10473289.2011.639480 

Li, J., 2015. Using eddy covariance to quantify methane emissions from 
a dynamic heterogeneous area. In 108th Annual Conference of Air & 
Waste Management Association. Raleigh, North Carolina, 22-25 June, 
2015. 5 pp.

Lohila, A., et al. 2007. Micrometeorological measurements of methane 
and carbon dioxide fluxes at a municipal landfill. Environmental Science 
& Technology, 41(8), 2717-2722. https://doi.org/10.1021/es061631h

Xu, L., et al. 2014. Impact of changes in barometric pressure on land-
fill methane emission. Global Biogeochemical Cycles, 28(7), 679-695. 
https://doi.org/10.1002/2013gb004571

• Municipal landfill in Lincoln, NE

• Solar powered eddy covariance station

• Hourly CH4 and CO2 emissions are measured 
year-round

https://doi.org/10.1080/10473289.2011.639480 
https://doi.org/10.1080/10473289.2011.639480 
https://doi.org/10.1021/es061631h
https://doi.org/10.1002/2013gb004571 
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Landfills (continued)

• Landfill emission rates and concentra-
tions are highly variable in time

• Continuous time-resolved measure-
ments help obtain correct long-term 
emissions and budgets

The top plots above show how quickly the changes 
in barometric pressure affect atmospheric methane 
emissions measured over an unsealed landfill. The 
variation in CH4 emission rates due to changing pres-
sure is 1000s of times hour-to-hour, and tens of time 
day-to-day. 

The bottom plot helps understand this process by 
looking at changes in CH4 concentration over a 
20-minute period with increasing pressure. During 
the pressure rising phase, a layer of fresh ambient air 
is continuously pushed into the landfill, making it 
very difficult for CH4 to diffuse out, and concentration 

drops to ambient levels of about 2 ppm. While during 
the pressure falling phase, the top layer of air inside 
the landfill was flushed out, increasing the observed 
methane concentration to 30 time the ambient level, 
to about 60 ppm. 

Both plots illustrate significant potential problems 
when using noncontinuous observation of CH4 over 
the landfill. The period of traditional noncontinuous 
sampling can accidentally overlay the increasing pres-
sure, showing unrealistically low emissions; or it can 
overlay the period of decreasing pressure and show 
emission rates which are unrealistically high. 

Reading and References

Czepiel, P.M., et al. 2003. The influence of atmospheric pressure on 
landfill methane emissions. Waste Management, 23(7), 593-598. 
https://doi.org/10.1016/s0956-053x(03)00103-x

Mattson, M.D., & Likens, G.E. 1990. Air pressure and methane fluxes. 
Nature, 347(6295), 718-719. https://doi.org/10.1038/347718b0

Poulsen, T.G., et al. 2003. Relating landfill gas emissions to atmospher-
ic pressure using numerical modelling and state-space analysis. Waste 
Management & Research: The Journal for a Sustainable Circular Econo-
my, 21(4), 356-366. https://doi.org/10.1177/0734242x0302100408

Xu, L., et al. 2014. Impact of changes in barometric pressure on land-
fill methane emission. Global Biogeochemical Cycles, 28(7), 679-695. 
https://doi.org/10.1002/2013gb004571

Young, A. 1990. Volumetric changes in landfill gas flux in response to 
variations in atmospheric pressure. Waste Management & Research, 
8(5), 379-385. https://doi.org/10.1016/0734-242x(90)90077-z 

https://doi.org/10.1016/s0956-053x(03)00103-x
https://doi.org/10.1038/347718b0
https://doi.org/10.1177/0734242x0302100408
https://doi.org/10.1002/2013gb004571
https://doi.org/10.1016/0734-242x(90)90077-z 
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Burba et al, 2016

Landfills (continued)
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Landfills (continued)

Another unusual but significant process that may 
occur in landfills and may require additional mea-
surements is oxidation of some portion of CH4 into 
CO2. When methane generated under anaerobic con-
ditions inside a landfill passes through the top cover, 
a fraction of the methane will be oxidized due to the 
presence of oxygen and methanotrophic bacteria. The 
resulted oxidation fraction can be used as an import-
ant tool or criteria to manage landfill greenhouse gas 
emissions (see references below). Example in this 
page illustrates the important insights offered by con-
tinuous eddy covariance measurements of CH4 and 
CO2 emissions over a landfill versus episodic high-
cost isotopic measurements. 

The upper left plot on the previous page illustrates 
three main sources of landfill CO2 emission (FCO2): 
anaerobic production (aCO2), production of CO2 from 
oxidation of methane (xCO2), and aerobic production 
at the surface layer (SCO2); and the methane emis-
sion (FCH4) expressed as anaerobic production (aCH4) 
minus the oxidation loss (xCH4). The top right plot on 
the previous page gives an example of dependence of 
linear relationship between CO2 flux (FCO2) and CH4 
flux (FCH4) on wind direction and type of waste at a 

particular landfill. And the table on the previous page 
shows landfill methane oxidation estimated with the 
stoichiometric model using CH4 and CO2 measure-
ments (top right plot) without an additional expen-
sive stable isotope measurements and using stable 
isotopic analysis as a reference.

When the winds came from older waste with more 
anaerobic conditions, the relationship between CH4 
and CO2 emission rates was strong and predictable, 
providing a reliable oxidation fraction without a need 
for additional isotopic measurements. However, when 
winds came from a fresh more aerobic waste, the rela-
tionship did not hold due to higher direct oxidation 
of the new waste and the higher oxidation of the pro-
duced methane, suggesting that the stoichiometric 
model seems to work most reliable when the waste is 
strongly anaerobic. The results in the table, however, 
show reasonably good agreement with the estimation 
from the isotopic method at all times when isotopic 
measurements were available, and the remaining dif-
ferences between two methods were likely due to the 
two different footprint areas (see Section 2.7) covered 
by these two different measurements. 

Reading and References 

Burba, G., et al. 2016. Using automated eddy-covariance stations for 
studying landfill methane emissions. In Air quality measurement meth-
ods and technology conference, Chapel Hill, North Carolina, USA, 15-17 
March 2016. Air & Waste Management Association.

Chanton, J., & Liptay, K. 2000. Seasonal variation in methane oxida-
tion in a landfill cover soil as determined by an in situ stable isotope 
technique. Global Biogeochemical Cycles, 14(1), 51-60. https://doi.
org/10.1029/1999gb900087

Liptay, K., et al. 1998. Use of stable isotopes to determine methane 
oxidation in landfill cover soils. Journal of Geophysical Research: Atmo-
spheres, 103(D7), 8243-8250. https://doi.org/10.1029/97jd02630

https://doi.org/10.1029/1999gb900087
https://doi.org/10.1029/1999gb900087
https://doi.org/10.1029/97jd02630
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Other regulatory

“SoCalGas raised the estimated cost of the massive leak at its Aliso Canyon natural gas storage facility... to 
$1.071 billion” (Reuters, 2019)

Aliso Canyon gas leak site, Dec. 14, 2015
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Other regulatory applications that do not fit into 
municipal or landfill monitoring categories may 
include CO2 and CH4 monitoring over gas storage 
facilities, oil and gas shale, distribution lines, hydrau-
lic fracturing sites, CH4 and ammonia monitor-
ing over cattle yards and manure storage sites, and 
numerous other areas when these are not done by the 
industry itself but rather done by a regulator.

It is of course better (e.g., much safer, much more 
responsible, and much less costly) to be able to com-
ply with existing regulations and prevent excessive 
emissions, major leaks, or potential catastrophic 
events than to try to quantify and mitigate the dam-
age after an event occurs (illustrated on the previous 
page). However, regulatory agencies often do not 
have enough resources, people and expertise to con-
tinuously monitor every relevant location, especially 
with traditional drive-around methods. 

In such situations, using unattended automated con-
tinuously operating flux stations (in a way similar to 
automated weather stations run at airports) could 
provide very significant benefits for regulatory bodies. 
Stations can be placed downwind of the location of 
interest to continuously monitor emission rates, and 
perhaps sometimes more importantly, monitor the 
trends and sudden changes in the emission rates indi-
cating that something important has indeed changed 
at the location of interest and requires attention. 

As mentioned previously, concentration monitoring 
is not the same as emission rate monitoring. High 
concentrations can be brought from irrelevant far-
away locations (a false positive), but emission rates 
will be computed from the much smaller area in the 
footprint of the tower (see Section 2.7). Also, even 
with strong winds and resulting low concentrations 
above the leaking area (a false negative), the flux mea-
surements will still indicate a significant increase in 
the emissions from the area of interest. 

Reading and References

Babilotte, A., et al. 2009. Field intercomparison of methods to mea-
sure fugitive methane emissions. In Sardinia 2009: proceedings of the 
twelfth international waste management and landfill symposium. R. 
Cossu, L. F. Diaz, & R. Stegmann (eds).

Russell, S.J., et al. 2020. Quantifying CH
4
 concentration spikes above 

baseline and attributing CH
4
 sources to hydraulic fracturing activities 

by continuous monitoring at an off-site tower. Atmospheric Environ-
ment, 228, 117452. https://doi.org/10.1016/j.atmosenv.2020.117452

Ramboll Environ US. 2017. Technology Assessment Report: Air Moni-
toring Technology Near Upstream Oil and Gas Operations (0342333A). 
Environmental Defense Fund, Los Angeles. https://www.edf.org/sites/
default/files/Ramboll-report.pdf 

Other regulatory (continued)

https://doi.org/10.1016/j.atmosenv.2020.117452
https://www.edf.org/sites/default/files/Ramboll-report.pdf 
https://www.edf.org/sites/default/files/Ramboll-report.pdf 
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Commercial applications 

Commercial applications:

• Industrial: leak detection, carbon capture, utiliza-
tion, and storage (CCUS), etc.

• Agricultural: water use, carbon sequestration, etc.

• Carbon trading, corporate sustainability and 
offsets, etc.

In the middle of the 2010s, advancements in eddy 
covariance instrumentation and software reached 
the point when they are successfully used outside 
the area of micrometeorology and provide valuable 
information for commercial applications in indus-
try (leak detection and quantification, geological 
carbon capture, utilization and storage, etc.), pro-
ductions agriculture (water use and yield; cattle 
greenhouse gas emissions, etc.) and very recently, 
design and verification of carbon trading infrastruc-
ture, offsets, corporate sustainability and carbon 
neutrality programs. 

Commercial applications usually focus on very con-
crete and specific goals, for example quantifying 
rates of water loss, rates of carbon sequestration, 
capture and line efficiencies, leakage detection over 
industrial zones, geological carbon sequestration 
and hydraulic fracturing (fracking) sites, landfills, 
and along the pipelines.

For commercial applications of the eddy covariance 
method, two important points should be considered 
that distinguish these applications from regulatory 
and scientific applications:

• Methodologically, it may be quite difficult to 
distinguish commercial applications from regu-
latory ones, especially in applications described 
in the previous pages. So, for purposes of this 
book, we will define ‘commercial applications’ 
when the flux station or the data products from 
the station are owned by a non-academic and 
non-regulatory entity.

• In terms of data availability, commercial appli-
cations are rarely described in journal publica-
tions or presented at conferences, and datasets 
are usually not publicly available because the 
goals of these measurements are often a part of 
a proprietary corporate know-how, or may be 
covered by non-disclosure agreements and other 
legal contracts. 
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Commercial applications (continued)
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Reading and References

https://www.ucalgary.ca/news/university-calgary-research-team-
meets-methane-leak-detection-challenge

Feitz, A., et al. 2018. The Ginninderra CH
4
 and CO

2
 release experiment: 

an evaluation of gas detection and quantification techniques. Inter-
national Journal of Greenhouse Gas Control, 70, 202-224. https://doi.
org/10.1016/j.ijggc.2017.11.018 

Burba G., 2019. Illustrative Maps of Past and Present Eddy Covari-
ance Measurement Locations: II. High-Resolution Images. Retrieved 
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Industrial use of the eddy covariance method is a 
relatively new area. In the past, these types of mea-
surements were done with a wide range of indirect 
modeling techniques, ranging from emission indi-
ces and remote sensing, to plume modeling, and 
few more direct measurements (e.g., stack detectors, 
chamber techniques, flask sampling, etc.).

Modern flux stations allow direct measurements of 
the gas emissions from a specific territory reported in 
weight or volume of gas per unit area per unit time.

The requirements for flux stations, in general, may be 
much simpler than those used in scientific and reg-
ulatory applications. Most supporting variables are 
not required because the purpose of the project is to 
quantify the emission, adjust the industrial or man-
agement process or design, and determine if there is a 
resulting improvement.

However, industrial applications often involve large 
territories with complex surfaces, so more than one 
minimal or typical flux station may be required 
for confident measurements of fluxes from large 
upwind areas.
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Industrial 

• Emission rates from industries

• Leak detection and verification

• Carbon capture and sequestration
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Wind 
Direction

Industrial (continued)

• CH4 emission monitoring at a Marcellus Shale Site

• Multiple methods tested and compared: Mobile 
Monitoring, Eddy Covariance, Large Eddy Simulation 
and Gaussian modeling, etc. 

• Industry-specific methodology developed

One example of how, when and where industrial 
monitoring could be conducted is described in an 
extensive study over numerous gas extraction and 
storage facilities in Marcellus Shale, conducted by 
Atmospheric Chemistry and Composition Group of 
Princeton University (http://zondlo.princeton.edu).

The study included comparison of various methods 
of gas detection and quantification (mobile drive 
arounds, mobile flux measurements, and modelling 
techniques as well as 12 stationary flux stations). Over 

8000 miles was driven in the course of the study, and 
over 750 facilities were characterized. 

Methods and recommendations were developed 
for different types of facilities, with special focus on 
the efficient and optimized ways of identifying the 
highest emitters (e.g., few specific facilities or leaks 
responsible for the bulk of the emissions from an 
industrial area). The references below provide details 
and the resulting recommendations from this study.
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Industrial (continued)

• Large carbon capture and sequestration project

• Midwest Geological Sequestration Consortium

• Eddy station setup at Decatur Injection Site

• Sonic anemometer (u, v, w, Ts) and fast CO2/H2O gas analyzer 
(gas concentrations)

In the field of geological carbon capture, utilization 
and storage (CCUS), the magnitude of CO2 seep-
age fluxes depends on a variety of factors. Emerging 
projects utilize eddy covariance measurements to 
monitor large areas where CO2 may escape from the 
subsurface, to detect and quantify CO2 leakage, and 
to ensure the efficiency of CO2 geological storage.

In CCUS specifically, the eddy covariance method 
was tested and recommended in the early 2000s but 
was not widely used due to methodological complex-
ities. In the last three to five years, advancements in 
methodology, instrumentation and automated soft-
ware allowed eddy covariance to be effectively used in 
many industrial and regulatory applications, includ-
ing geological CCUS, providing a direct way to mea-
sure and calculate emissions.

Major regulatory bodies, such as IPCC and the U.S. 
Department of Energy, and large industrial projects 
now utilize eddy covariance to detect and quantify 
CO2 leakage in CCUS sites and assure gas storage effi-
ciency. The 2012 manual from the U.S. Department of 
Energy “Best Practices for Monitoring, Verification, 
and Accounting of CO2 Stored in Deep Geologic For-
mations” describes eddy covariance as one of their 
recommended methods (details at www.netl.doe.gov/
technologies). These recommendations are similar 

to those from 2006 IPCC/UNEP guidelines “IPCC 
Guidelines for National Greenhouse Gas Inventories. 
Volume 2, Energy” updated in 2011, and available at 
www.ipcc-nggip.iges.or.jp/public/2006gl.

One example of a novel use of the eddy covariance 
method in industrial applications is a carbon capture 
and sequestration project by the Midwest Geological 
Sequestration Consortium at their Decatur, Illinois 
site, is shown in the illustration above. One million 
tons of CO2 captured from a nearby ethanol plant are 
to be injected at 1,000 tons per day over a three-year 
period into the 1,500 ft. thick sandstone, at a depth of 
about 6,500 ft. 

The minimal solar-powered flux station shown above 
consisted of a three-dimensional sonic anemometer 
and a fast CO2/H2O gas analyzer and is augmented 
with a mean wind speed and wind direction sensor. 
Measurements are conducted at this site concurrently 
with chamber techniques and other measurement 
and modeling methods (details are available at www.
sequestration.org).

Additional details for this project, and various exam-
ples of the use of the eddy covariance method in 
industrial settings, including CCUS are provided in 
the literature listed in the next page.
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Industrial (continued)
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Agricultural

• Agricultural sciences

• Agricultural carbon sequestration

• Precision agriculture

• Irrigation, water usage, and yield efficiency in 
production agriculture

• Animal greenhouse gas production and opti-
mization in cattle industry

The eddy covariance method has been used in the 
agricultural sciences since the 1990s to study water 
loss, yield optimization, light and water use efficien-
cies, agricultural carbon sequestration, bio-fuel pro-
duction, and crop management, among others.

The use of the method in commercial production agri-
culture was limited, but now with increased demands 
of precision agriculture and with automation of the 
method itself, it is starting to gain more interest.

Similar to scientific, regulatory and industrial appli-
cations, the method offers the advantage of directly 
measuring half-hourly or hourly evapotranspiration 
and gas emission rates integrated over a large area 
such as an agricultural field, using a minimal low-
power flux station.

The method could provide the ability to determine, 
for example, how much carbon dioxide was taken up 
by the vegetation in a specific field at a given hour, 
day, month or year. 

In conjunction with yield and biomass removal data, 
such measurements can provide the rates of the agri-
cultural carbon sequestration for a specific field and 

for specific management practices. The same infor-
mation on carbon dioxide fluxes will describe the 
hourly and long-term photosynthetic and canopy 
growth rates.

In conjunction with the knowledge of growing degree 
days and the crop type, this information may indicate 
the health of the canopy or describe the nearly instan-
taneous reaction (within hours) of a crop to a fertil-
izer or pesticide treatment. It could also tell a biomass 
producer how efficiently sunlight is used by a given 
crop after a particular treatment.

The carbon dioxide uptake and emission measure-
ments as a gauge of canopy growth and health, nitrous 
oxide or ammonia emission measurements as a gauge 
of fertilization efficiency, and other similar applica-
tions may be in the very near future of high-precision 
agricultural production.

However, the accurate evapotranspiration rates pro-
vided hourly by eddy covariance can already signifi-
cantly benefit commercial water use applications and 
increase irrigation efficiencies, as briefly illustrated 
on the next page.
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Agricultural (continued)

• High-precision irrigation

• Irrigation and yield efficiency

• Water use and water use efficiency

The main advantage of the eddy covariance method 
for water use optimization in production agriculture 
is field-scale coverage and accurate directly measured 
ET rates (evapotranspiration, evaporative water loss, 
latent heat flux, evaporation, etc.) comparable to 
those from lysimeters.

A minimal eddy covariance ET station does not 
require carbon dioxide data and can focus exclu-
sively on evapotranspiration. In this case, the sonic 
anemometer will measure three wind components, 
and the fast gas analyzer will measure water vapor 
concentration.

Directly measured ET rates determine the need for 
irrigation over a specific crop at the specific growth 
stage based on actual water losses from the field. In 
other words, ET can serve as a high-precision guide 
for field-specific pivot-specific irrigation systems 
such that the irrigation is done to replace actual water 
loss from the field, and not much higher potential loss 
used in most traditional ET calculations, leading to 
a widely spread significant and costly overirrigation.

An example of a larger-scale application to optimize 
irrigation for commercial agricultural crop produc-
tion in terms of both water use and costs is Parallel 41 

Project (parallel41.nebraska.edu; additional details in 
Section 7.3).

If, in addition to water, a flux station reports carbon 
dioxide fluxes (or uses a single CO2/H2O gas ana-
lyzer), one can also compute field-scale hourly water 
use efficiency.

The concept of water use efficiency is used widely, but 
it means different things in different applications: 

• In production agriculture it is often determined 
as the amount of yield per amount of water used. 

• In biofuel investigations, it may be an amount of 
harvested aboveground biomass per amount of 
water used. 

• In ecology, it may be total or net photosynthetic 
uptake of carbon dioxide per amount of water 
transpired by plants or lost by the entire ecosys-
tem via evapotranspiration.

Eddy covariance stations may readily offer hourly 
values of water use efficiency, defined as carbon 
dioxide flux divided by evapotranspiration. This 
approximately describes the rate of canopy growth 
per amount of water used and can provide significant 
benefits to high-precision agriculture.
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Agricultural (continued)

• Animal greenhouse gas production

• Forage system optimization

• Grazing land use optimization

• Etc.

In addition to applications in crop production, 
described previously, the flux measurements are use-
ful for characterizing and reducing animal green-
house gas and ammonia emissions through diet and 
waste management, and for improving and optimiz-
ing several key areas in livestock agriculture.

For example, combination of optimization of forage 
content and grazing regimes, including both pas-
ture and crop residue grazing, can help increase out-
put per acre and reduce associated greenhouse gas 
and ammonia emissions. Amplified multi-paddock 

grazing can help improve long-term soil quality due 
to carbon sequestered in organic matter, leading in 
turn to a long-term improvement in grazing quality. 

In these and other applications, accounting for all 
inputs and outputs from the farm while testing dif-
ferent management techniques can help establish 
“farm of the future” where production of livestock 
and crop is maximized while use of resources is min-
imized, leading to reduction in both costs and in 
greenhouse gas emissions while building a sustain-
able operation model. 
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Since the eddy covariance method is the most direct 
and defensible technique available to date that pro-
duces both long-term budgets and short-term direct 
measurements of atmospheric carbon sequestration 
and emission integrated over specific areas, interest 
is growing in applying this method to cap-and-trade 
process as a hardware portion of the cap-and-trade 
verification (www.edf.org/climate/how-cap-and-trade-
works) and other similar uses.

The cap-and-trade industry has been slowly growing 
over past 10 years and governments are starting to 
implement some of its components, typically in the 
form of taxes or emission trading systems (ETS). At 
the same time, research databases become publicly 
available, where broader regional information can be 
synthesized, verified or modelled, based on multiple 
existing greenhouse gas flux measurements. 

One example of such a database is Carbon Portal 
(https://www.icos-cp.eu) where data from over 130 
stations can be accessed in a final quality-controlled 
format, alongside key modelling, analysis, and other 
products suitable for industry, policy makers, and 
regulators. 

In a parallel effort, intellectual property is being devel-
oped to go beyond traditional approaches, such as 
simple inventories and stack monitoring, and refocus 
on direct measurements of the emissions and various 
spatial and temporal scales, including verification of 
carbon offsets, design and management of corpo-
rate sustainability programs and various  aspects of 
achieving carbon neutrality (see literature below). 

Similar to cap-and-trade for carbon and greenhouse 
gas emissions, directness and defensibility of eddy flux 
measurements as a method start gaining some inter-
est from the water rights and water trading industry. 
The regulations, pricing schemes, and related negoti-
ations in this industry are extremely fragmented, spe-
cific to small jurisdictions, and difficult to navigate. 
However, their evaluation approaches seem to utilize 
very traditional and indirect methodologies to assess 
water use and water budgets and can benefit signifi-
cantly from the direct area-specific measurements of 
evapotranspiration. 

Carbon, offsets, sustainability and neutrality

• Carbon trading, offsets, corporate sustain-
ability, and carbon neutrality

• Water rights and water trading

• Other commercial

Tax ExistsETS Exists ETS ConsideredETS Exists Tax ConsideredTax Exists

Cap and Trade 20192012

Adapted from World Bank

Carbon Tax 2019

https://www.icos-cp.eu
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Outline

• Sonic anemometer: key elements of physical 
design

• Gas analyzer: key elements of optical design

• Gas analyzer: key elements of physical design

• Implications of gas analyzer design for eddy 
covariance

The instrumentation shown above is a classic exam-
ple of a minimal flux station with a three-dimensional 
sonic anemometer and an open-path gas analyzer. 
An enclosed or closed-path gas analyzer can be used 
instead of or in addition to the open-path device.

The gas analyzer is usually positioned at or slightly 
below the sonic anemometer level. The horizon-
tal separation between the anemometer and other 
instruments should be kept small, preferably not 
exceeding 15–20 cm. However, all instruments near 
the anemometer, including the analyzer, should be 
arranged very carefully with the specific goal to min-
imize distortion of the natural air flow going into the 
sonic anemometer from all major wind directions for 

a given measurement site (see Sections 2.3 and 3.2 
for details).

With an open-path gas analyzer, the head can be 
slightly tilted to minimize the amount of precipita-
tion accumulating on the windows. With an enclosed 
or closed-path analyzer, the intake tube should have 
a rain-protection cap to prevent water from entering 
the sampling cell of the analyzer.

With this simple scheme in mind, we will now cover 
the key elements of instrument design and operation 
that have the most significant implications for eddy 
covariance flux measurements.
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Foken, T. 2017. Micrometeorology, Second Edition. Springer-Verlag Ber-
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Omnidirectional 
Sonic Anemometer

Open Path 
CO2/H2O Gas 
Analyzer
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Travel Time A to B  =
Distance

SoS + Wind Speed

Wind Speed = -
Distance
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1( )Time A to B
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Time B to A

Travel Time B to A  =
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SoS - Wind Speed

Distance

A

B

Sonic anemometers: key elements of design

• Sonic anemometers measure speed of sound (SoS) from travel 
times and distance between transducers

• Wind speed is computed from speed of sound for each of three 
transducer pairs, and then mathematically partitioned into three 
components of the overall wind flow (u, v, w)

• The smallest, vertical wind component (w) is then used in eddy 
covariance flux calculations

A three-dimensional sonic anemometer uses three 
pairs of transducers and measures the speed of sound 
between the two transducers in each pair. Three vec-
tor components (u, v, and w) of wind speed are then 
mathematically partitioned out of the actual three-di-
mensional wind flow. During this process, a very 
small vertical component (w) is teased out of very 
large actual wind flow.

Speed of sound is computed from the distance 
between the transducers and the time it takes for an 
acoustic signal (usually an ultrasound wave burst) to 
travel from one transducer in the pair to another. To 
help eliminate the various biases, the transducers in 
the pair may take turns sending bursts of ultrasound 
signal so that each can act as both a transmitter and 
a receiver.

Wind speed is computed from the difference in time 
it takes for an acoustic signal to travel the same path 
in opposite directions, or from the difference between 
the known speed of sound in the still air and the mea-
sured speed of sound in moving air.

The speed of sound in the still air is generally well 
known. In the lower portion of the atmosphere, it is 

affected primarily by air temperature and humidity, 
and to a much lesser extent by the air density, pres-
sure, and air content.

Speed of sound is also used to compute sonic tem-
perature, but such temperature is different from 
actual air temperature, and requires a special correc-
tion described in Section 4.3.

Three-dimensional sonic anemometers designed for 
eddy covariance applications are very fast. They have 
a fine temporal resolution of at least 10–20 Hz, and 
also have a high resolution of small fluctuations in 
the vertical wind speed. However, sonic anemom-
eters have a physical structure, and thus distort the 
very same flow they try to measure.

The fundamental flux calculations and nearly all 
major corrections in eddy covariance applications 
rely on the three wind components, and especially 
on the smallest vertical component w (10–100 times 
smaller than typical horizontal components). So, dis-
tortion of natural air flow in and near the sonic path 
is the major challenge in anemometer design for flux 
applications.
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Sonic anemometers: key elements of design (continued)

• Main types of three-dimensional sonic anemometers used in eddy covariance 

The three main types of physical arrangement of 
sonic anemometers most used in eddy covariance are:

• Omni-directional design with u, v, and w com-
ponents measured in the same physical space 
by non-orthogonal off-axis pairs of transducers 
(e.g., not at 90° to each other), as shown in the left 
photo above

• Non-omni-directional c-clamp design with u, v, 
and w components measured in the same physi-
cal space by non-orthogonal pairs of transducers 
(middle photo)

• C-clamp design with u, v, and w components 
measured in the same or different physical 
spaces by orthogonal transducers, with w mea-
sured by a pair of vertically aligned transducers 
(right photo)

There are other less common physical arrange-
ments of the transducers, and combinations of those 
shown above.

Commonalities between all designs include high 
temporal resolution, durability, and low power. Also, 
while each model design may react differently to light 
rain events, none produce accurate readings in heavy 
precipitation. Rain, dew, snow and frost on the sonic 
transducers may change the path length used to esti-
mate speed of sound and can lead to errors.

The differences in designs lay primarily in the differ-
ent levels of air flow distortion at different wind direc-
tions. An omni-directional design may accept data 
from all directions but may slightly distort air flow 
from the three vertical spars supporting the trans-
ducer structure. C-clamp designs do not have such 
spars but are not omni-directional and may signifi-
cantly distort the flow from 30–50% of wind direc-
tions coming from the back side of the anemometer.

The other differences are in the different levels of flow 
distortion at different angles of attack. When wind 
comes from the bottom, the omni-directional design 
may distort the flow more than C-clamps, because 
of the larger housing structure. However, all designs 
will distort the flow coming from the junctions of the 
transducers, and from the back sides of the transduc-
ers themselves.

In this context, the C-clamp design with u, v, and 
w components measured by orthogonal transduc-
ers, with w measured by a pair of vertically aligned 
transducers (right photo above), may have some 
advantage over other designs, because of the lesser 
distortion of vertical wind from the transducer sup-
port structure and transducers themselves. See Sec-
tion 2.3 for details.
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Gas analyzers: key elements of optical design

Gas analyzers suitable for eddy flux measurements 
have been available since the late 1970’s. The devel-
opment of commercially available designs and their 
routine field use accelerated over the early 2000’s, and 
especially after 2010.

It is difficult to describe all the details about such a 
broad range of instruments within several pages, so 
this section is focused only on the few key consid-
erations that are particularly important for the eddy 
covariance method.

There are many different ways to measure gas content 
in the air. These may be based on chemical, electric, 
optical and other types of technology. However, not all 
these measurements are suitable for eddy covariance.

In the eddy covariance method, fast fluctuations in 
atmospheric gas concentration need to be sampled 
with high resolution at a frequency of about 10 Hz or 
faster, in order to capture most of the transport under 
most conditions.

Chemical sensors are usually too slow for such sam-
pling, and electric sensors generally do not work well 
with the low concentrations of gases typically found 
in the atmosphere. Optical analyzers may or may not 
be sufficiently fast for use in eddy covariance, depend-
ing on the performance of the specific instruments.

Optical analyzers with sufficiently high temporal 
resolution of the small signal (sometimes called 
“fast analyzers”) can be used in eddy covariance, and 
generally can be classified into two groups: broad-
band and narrowband devices. Broadband analyz-
ers operate by measuring light absorbed over some 
broad range of the electromagnetic spectrum. These 
are typically NDIR (non-dispersive infrared) ana-
lyzers well suited for fast, high-resolution CO2 and 
H2O measurements, and may be of absolute or dif-
ferential design.

Narrowband devices utilize various laser spectros-
copy techniques (Wavelength Modulation Spectros-
copy, Integrated Cavity Output Spectroscopy, Optical 
Feedback-Cavity Enhanced Absorption Spectros-
copy, Cavity Ringdown and Photoacoustic Spectros-
copy, etc.) to measure light absorption in a single line 
or narrow band of the electromagnetic spectrum. 
When sufficiently fast, they can be used for flux mea-
surements of many different gas species.

Warning: All optical gas analyzers, regardless of the type of 
technology used, measure how known light is transformed by 
gas molecules in a known sampling volume. Thus, fundamen-
tally, they measure gas density. This has very important impli-
cations for eddy covariance flux measurements.

Chemical Optical

Slow

Direct absorption

Absolute Differential WMS ICOS OF-CEAS CRDS etc.

Direct absorption Not a direct absorption

Fast

Broadband
(usually NDIR CO2 & H2O) 

Narrowband
(LASERs, various gases) 

Electrical, etc.

Measure how light is transformed by gas 
molecules in a sampling volume

Measure how light is absorbed by gas 
molecules in a sampling volume

Gas analyzers in general
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The principles of operation of a fast, broadband, 
direct absorption, absolute gas analyzer can be illus-
trated using an LI-7500 series non-dispersive infrared 
(NDIR) CO2/H2O analyzer.

A broadband infrared beam is transmitted through 
the cell to the detector. An absorption band centered 
at 4.26 μm is used to measure CO2, and an absorption 
band centered at 2.59 μm is used to measure H2O. The 
beam is modulated to distinguish it from the back-
ground using a chopper wheel.

The chopper wheel is equipped with four filter win-
dows. When the chopper rotates, the CO2 window 
passes in front of the source, and only allows light 
at the 4.26 μm band to pass through. This band can 
be seen as purple lines in the left plot above. At this 

instant light transmitted in the CO2 absorption band 
is measured.

In the next instant of chopper rotation, the reference 
window passes in front of the source. This band can be 
seen between two red lines named “reference” in the 
left plot above. This is a non-absorbing window for 
CO2 or H2O, and the no-CO2 reference is measured.

A similar process occurs when the H2O window 
passes in front of the source, allowing only the light 
at the 2.59 μm band to pass (blue lines with red bor-
ders), and then returns to the non-CO2/non-H2O ref-
erence filter.

The chopper rotates at hundreds of Hz, and many 
single readings are averaged into the 10 or 20 Hz 
samples of CO2 and H2O, providing good resolution 
for both variables.

The ratio of light transmitted in the sample band to 
the light transmitted in the reference band is used to 
measure light absorptance by CO2 and H2O and com-
pute their densities.

Reading and References

LI-COR. 2020. LI-7500RS Open Path CO
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Manual, 984-15811, 290 pp.

Welles, J.M., & McDermitt, D.K. 2005. Measuring carbon dioxide in the 
atmosphere. In J. Hatfield & J. Baker (eds), Micrometeorology in agricul-
tural systems (p. 588). American Society of Agronomy (ASA), Crop Sci-

ence Society of America (CSSA), and Soil Science Society of America 
(SSSA). https://doi.org/10.2134/agronmonogr47.c13

Kretschmer, S.I., & Karpovitsch, J.V. 1973. Maloinercionnyj ultrafioletovyj 
vlagometer (Sensitive ultraviolet hygrometer). Izv AN SSSR, Fiz Atm Okea-
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Gas analyzers: key elements of optical design (continued)

• NDIR – nondispersive infrared

• LI-7500 – fast NDIR, absolute, single cell
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Gas analyzers: key elements of optical design (continued)

• LI-7000 – fast NDIR, differential, two cells

The principles of operation of a fast, broad band, 
direct absorption, differential gas analyzer can be 
illustrated using an LI-7000 non-dispersive infrared 
(NDIR) CO2/H2O analyzer. Instead of an optical ref-
erence, this design uses a mechanical reference: the 
instrument has two cells, with one cell used as a refer-
ence and another one as a sample. Typically, the zero 
gas is provided to the reference cell.

The chopper wheel in this device is different from that 
in the absolute device. It does not have a filter and 
only chops the light at the source, letting the light pass 
through one cell at a time.

When the chopper rotates, light passes through the 
sample cell containing CO2 and H2O. At this instant 

the light transmitted in the CO2 and H2O absorption 
bands is measured simultaneously by the two respec-
tive detectors. In the next instant of chopper rotation, 
light passes through the reference cell containing no 
CO2 or H2O, providing a reference reading.

The CO2 detector has a filter at the 4.26 μm absorp-
tion band, and the H2O detector has a filter at the 
2.59 μm absorption band. Non-absorbing bands are 
no longer used, as their function is taken over by the 
reference cell.

As in the LI-7500 series, the chopper rotates at hun-
dreds of Hz, averaged into 10 or 20 Hz samples, 
providing fast well-resolved measurements of gas 
concentration.

Reading and References 
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Like broadband devices, narrowband analyzers also 
measure light absorption, however, this light is now in 
a very narrow absorption band of the gas of interest 
and is usually provided by a laser. This allows for sam-
pling of gases other than CO2 and H2O. Techniques for 
fast laser-based measurements are many and varied.

In most methods, the laser is scanned over an absorp-
tion feature of the gas and absorption is measured by 

a variety of methods. One example of such meth-
ods is called Wavelength Modulation Spectroscopy 
(WMS), and is utilized in the LI-7700, a fast low-
power CH4 analyzer. Here, the laser beam is emit-
ted from the source, passes through the open cell, 
reflecting multiple times between two mirrors, and 
then enters a detector.

The laser is rapidly modulated by the electrical current, 
scanning across an absorption feature near 1.65 μm, 
and substantially reducing sensitivity to intrinsic noise 
of the laser source. The signal is then demodulated, 
normalized, and the resulting waveform is projected 
onto an ideal waveform stored in the instrument.

The relation between the actual waveform and the 
ideal waveform is proportional to gas density.

Reading and References

Fiddler, M., et al. 2009. Laser spectroscopy for atmospheric and 
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984-10751, 200 pp. 

Gas analyzers: key elements of optical design (continued)

• Laser, narrow-band or single line, not NDIR

• LI-7700 is a fast laser-based analyzer for CH4

• Does not use direct absorption, but looks at 
changes in the light due to the presence of CH4

• WMS, near-infrared laser scans across 1.651 
µm narrowband CH4 absorption feature

2f-demodulation 
form, similar to 
2nd derivative of 
the absorption line
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Gas analyzers: key elements of optical design (continued)

• A common feature of all optical gas analyzers is 
that they measure how known light is transformed 
by gas molecules in a known sampling volume

• Fundamentally, they measure density ρc (per m3), 
which is different from the mole fraction (per mole 
of air) due to temperature (T) and pressure (p)

• Density is different from dry mole fraction s, also 
called mixing ratio (per mole of dry air), due to 
three variables, water mole fraction Xw, T, and p: 

In the context of eddy covariance, the ideal mea-
surement of a turbulent flux is a covariance between 
vertical wind speed (w) and dry mole fraction (s) as 
described in Basic Derivations in Part 1.

One of the relevant common features of all optical gas 
analyzers, regardless of their technology, is that they 
are based on molecules absorbing the light passed 
through the sampling cell. Such measurements reflect 
the number of molecules in a volume. The latter is fun-
damentally a density (e.g., gas content per volume).

Density ρc (per m3) is different from mole fraction (per 
mole of air) and from the dry mole fraction s, also 
sometimes called mixing ratio (per mole of dry air).

Density and dry mole fraction are different due to 
only three variables: gas temperature (T), pressure 
(p), and water vapor mole fraction Xw = ρv  / ρd, and 
the gas constant (R).

These differences become very important for the 
eddy flux calculations as will be demonstrated later 
in Section 4.7.

Intrinsic measurement of gas density is one of the 
most important characteristics common to all opti-
cal designs of gas analyzers in the context of the eddy 
covariance method. 

Warning: The term ‘mixing ratio’ is historically defined dif-
ferently in chemistry and in micrometeorology. 

In chemistry, it describes the ratio of the constituent to the 
total mixture without this constituent. For example, moles of 
CO2 would be divided by moles of non-dried air without CO2. 

In micrometeorology, it usually describes the ratio of the con-
stituent to the dry air. For example, moles (or grams) of CO2 in 
the air would be divided by moles (or grams) of dry air with CO2.

Perhaps, the better, more universally understood alternative 
term to use in the context of this book would be ‘dry mole frac-
tion’, or ‘mole fraction in dry air’.

Sampling Cell

Known VolumeKnown Light Measureed Light
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Gas analyzers: key elements of physical design

Traditionally, high-speed gas analyzers with response 
rates of 10 Hz or higher utilized for measurements 
of eddy covariance fluxes were designed in one of 
two configurations: open-path or closed-path. Both 
designs are well known, firmly established, and 
widely used.

In the open-path design, the instrument is usually 
compact and does not need an enclosure or climate 
control box. The air sample is moved through the 
open cell of the gas analyzer by the wind. The sam-
pling cell of the instrument is usually positioned near 
the sonic anemometer, with a horizontal separation 
of about 10–20 cm, as close as possible, but not so 
close as to significantly distort the natural air flow 
through the anemometer by the analyzer head. The 
cell windows are naturally cleaned by rain, and by 
routine maintenance on the tower.

In the closed-path design, the instrument is usually 
relatively large and needs a weather enclosure or a 
climate control box. The air sample is moved via an 
intake tube and then through the gas analyzer cell 
by a pump. The sampling cell of the instrument is 
usually positioned near the bottom of the tower, or 
several meters below the sonic anemometer to avoid 
significant flow distortion from large boxes. The air 
intake is positioned near the sonic anemometer, with 
a horizontal separation of about 5–10 cm, as close as 
possible, but not so close as to significantly distort 

the natural air flow by the rain cap. The setup usually 
involves many meters of intake tubing, often heated 
and insulated, to get the air sample from the top of 
the tower to the sampling cell; it requires one or more 
fine-particle intake filters to avoid cell contamination, 
and a strong pump to draw the flow through the long 
tubing and the filters. The cell may not be cleanable in 
the field, and often, may not be cleanable outside of a 
factory clean room.

The enclosed design is a combination of the open-
path and closed-path designs, intended to retain their 
respective strengths and minimize their weaknesses. 
The enclosed instrument is usually compact and 
does not need a weather enclosure or climate control 
box. The air sample is moved through the cell of the 
gas analyzer via a short intake tube by a low-power 
fan or pump. The sampling cell of the instrument is 
positioned closely below or away from the sonic ane-
mometer. The air intake is positioned near the sonic 
anemometer, with a horizontal separation of about 
5–10 cm, as close as possible, but not so close as to 
significantly distort the natural air flow. The setup 
usually involves very short intake tubes (10–100 cm). 
In clean environments fine-particle intake filters and 
strong pumps are not required. In dusty environ-
ments, a fine particle filter and stronger pump may be 
required. In all cases, the cell is easily cleanable on the 
tower during routine maintenance.

Typical Physical Design

Closed-Path
(sample air moved by pump)

Traditional
(long intake tube)

Enclosed
(short intake tube)

Open-Path
(sample air moved by wind)
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Gas analyzers: key elements of physical design (continued)

Open-path analyzers – in-situ measurements

• Key advantages:

• very fast, excellent frequency response

• no pressure drop

• no pump, low power

• low sensitivity to window contamination

• long-term stability, infrequent calibrations

• Key disadvantages:

• data loss during precipitation and icing-over

• no temperature attenuation, large density 
corrections

The advantages of open-path systems are in-situ mea-
surements, good-to-excellent frequency response for 
both trace gases and H2O, no pressure drop, long-
term stability, low or moderate sensitivity to window 
contamination, and no need for frequent calibrations. 
Since they do not require pumps, the power demand 
is quite low.

However, due to the open cell design, data collected 
during precipitation events and icing are often unus-
able. And, because of the open cell, they experience 
full-scale temperature, humidity, and pressure fluctua-
tions, which affect the measured gas density, but are not 
related to the gas flux from the area of interest. Thus, 

open-path fluxes may require large density corrections 
(Section 4.4), including a traditionally neglected pres-
sure term. Some older models may also need a sur-
face heating correction in very cold conditions.

Open-path analyzers usually output gas density and 
can output dry density when fast H2O is measured. 
But it is difficult for them to confidently compute 
the dry mole fraction (e.g., mixing ratio) because 
fast temperature is measured elsewhere, and can be 
difficult to integrate accurately over the entire path. 
Furthermore, fast pressure is notoriously difficult to 
measure in open air due to static and dynamic pres-
sure issues.

Reading and References

Aubinet, M., Vesala, T., & Papale, D. (eds) 2012. Eddy covariance: a 
practical guide to measurement and data analysis. Springer, Dordrecht. 
https://doi.org/10.1007/978-94-007-2351-1

LI-COR. 2020. LI-7500RS Open Path CO
2

/ H
2
O Gas Analyzer Instruction 

Manual, 984-15811, 290 pp.

Burba, G., et al. 2011. Calculating CO
2
 and H

2
O eddy covariance fluxes 

from an enclosed gas analyzer using an instantaneous mixing ratio. 
Global Change Biology, 18(1), 385-399. https://doi.org/10.1111/j.1365-
2486.2011.02536.x

Nakai, T., Iwata, H., & Harazono, Y. 2011. Importance of mixing ratio 
for a long-term CO

2
 flux measurement with a closed-path system. Tel-

lus B: Chemical and Physical Meteorology, 63(3), 302-308. https://doi.
org/10.1111/j.1600-0889.2011.00538.x

OP Outputs

Fast Density Slow Approximate s

https://doi.org/10.1007/978-94-007-2351-1
https://doi.org/10.1111/j.1365-2486.2011.02536.x
https://doi.org/10.1111/j.1365-2486.2011.02536.x
https://doi.org/10.1111/j.1600-0889.2011.00538.x 
https://doi.org/10.1111/j.1600-0889.2011.00538.x 
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Gas analyzers: key elements of physical design (continued)

Closed-path analyzers – air arrives via long tube

• Key advantages:

• negligible data loss during precipitation

• strong temperature attenuation

• small density corrections

• can be climate-controlled

• Key disadvantages:

• significant frequency losses, especially for H2O

• may need powerful pump

• usually not low-power

Closed-path analyzers are able to gather data during 
precipitation events, can often be climate-controlled, 
and are not subject to surface heating issues. Since 
long intake tubes attenuate most of the high fre-
quency temperature fluctuations, the density cor-
rection in closed-path devices is much smaller than 
those for open-path analyzers.

However, closed-path devices are associated with sig-
nificant frequency loss in long intake tubes, which 
especially affect fluxes of H2O and other sticky gases, 
due to sorption and desorption of water molecules on 
the tubing walls. They may also need a high-power 
pump, leading to greater power consumption — a sig-
nificant challenge for remote locations.

Closed-path instruments, measuring H2O in addition 
to the gas of interest, can compute fast dry density.

However, computing fast dry mole fraction may be 
a challenge, because these instruments usually mea-
sure effectively slow temperature (for example, the 
temperature of the cell block and not the air stream). 
Also, depending on the specific model, they may or 
may not be able to measure fast pressure fluctuations, 
or control these to the negligible levels.

Slow temperature measurements may be adequate to 
compute fast dry mole fraction in cases with strong 
temperature attenuation by the long intake tubes. 
However, fast pressure measurements, or strict con-
trol of instantaneous pressure fluctuations, would 
still be required for accurate calculations of fast dry 
mole fraction.

Reading and References

Aubinet, M., Vesala, T., & Papale, D. (eds) 2012. Eddy covariance: a 
practical guide to measurement and data analysis. Springer, Dordrecht. 
https://doi.org/10.1007/978-94-007-2351-1

LI-COR. 2005. LI-7000 CO
2

/H
2
O Analyzer Instruction Manual; 984-

07364. 237 pp.

Burba, G., et al. 2011. Calculating CO
2
 and H

2
O eddy covariance fluxes 

from an enclosed gas analyzer using an instantaneous mixing ratio. 
Global Change Biology, 18(1), 385-399. https://doi.org/10.1111/j.1365-
2486.2011.02536.x

CP Outputs

Fast Density Slow Correct  s

https://doi.org/10.1007/978-94-007-2351-1
https://doi.org/10.1111/j.1365-2486.2011.02536.x 
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Gas analyzers: key elements of physical design (continued)

Enclosed design combines advantages of open-path and closed-path designs

• Fast temperature and pressure are measured in the cell’s air synchronously with gas and H2O

• This provides the ability to compute fast dry mole fraction on-the-fly

• Using fast dry mole fraction eliminates the need for density corrections, and simplifies and improves flux 
calculations

The enclosed design is fairly new, developed between 
2006 and 2010, and field-deployed by a number of 
groups since 2011. Although mechanically similar 
to the traditional long-tube closed-path design, the 
enclosed design is a low-power solution with a short 
intake tube. This design is intended to solve most of 
the issues of the two traditional designs without sac-
rificing their positive attributes, maximizing their 
strengths and minimizing weaknesses.

Like the closed-path solution, the enclosed design 
experiences minimal data loss due to precipitation 
and icing and is not subject to surface heating phe-
nomena. Like the open-path solution, the enclosed 
design leads to improved frequency response because 
of the short intake tube, does not require frequent cal-
ibrations, and operates with low power consumption.

Another important feature of an enclosed design is 
the ability to output fast dry mole fraction (e.g., mix-
ing ratio), because native density measurements can 

be converted to dry mole fraction using instantaneous 
measurements of temperature, water vapor content, 
and pressure of the gas inside the sampling cell.

Outputting fast dry mole fraction implies that the 
instantaneous thermal and pressure-related expan-
sion and water dilution of the sampled air have been 
accounted for in such a conversion. Thus, density 
corrections (Section 4.4) are not required to compute 
fluxes when the instantaneous dry mole fraction is 
used. This significantly simplifies the eddy flux calcu-
lations and reduces the flux uncertainty.

Warning: Fast measurements of air temperature and pres-
sure in enclosed cell, measured in the sampled air stream and 
time-aligned with gas density and water vapor content, are 
critical for determining the correct dry mole fraction and ade-
quate WPL terms for density-based gas fluxes. Large errors in 
the fluxes can result if these measurements are not available, 
ignored, or misaligned as further explained in Sections 2.4 
and 4.7

Reading and References

Burba, G., et al. 2010. Novel design of an enclosed CO
2
/H

2
O gas analy-

ser for eddy covariance flux measurements. Tellus B, 62(5). https://doi.
org/10.1111/j.1600-0889.2010.00468.x

LI-COR. 2020. LI-7200RS Enclosed CO
2

/H
2
O Gas Analyzer Instruction 

Manual, 984-15810. 318 pp.

Burba, G., et al. 2011. Calculating CO
2
 and H

2
O eddy covariance fluxes 

from an enclosed gas analyzer using an instantaneous mixing ratio. 
Global Change Biology, 18(1), 385-399. https://doi.org/10.1111/j.1365-
2486.2011.02536.x 
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Gas analyzers: key elements of physical design (continued)

Open-path design
(e.g., LI-7500DS, LI-7700)

Enclosed design
(e.g., LI-7200RS)

Traditional closed-path
(various models)

Sampling cell position
next to the sonic 
anemometer

within 1.5 m from the 
sonic anemometer

away from the sonic 
anemometer

Intake tube length none
few centimeters to 
1.5 m

4.0-40.0 m or more

Frequency losses
very small frequency  
dampening; path averaging

small tube dampening 
for non-sticky gases, 
medium for sticky 
gases and H2O; path 
averaging

medium tube dampen-
ing for non-sticky gases, 
large  for sticky gases 
and H2O; path averaging

Time delay very small small medium-to-large

Fast T and p, ability to 
output dry mole fraction

none yes
somewhat, assuming 
zero T’ and p’

Temperature attenuation none on average, 90-99% on average, 95-99%

Size of WPL terms
large (corrected by  
processing)

no WPL needed for 
s-based flux; small for 
density-based flux

small, mostly LE-term

Cell cleaning
easy, user-cleanable;  
cleaned by rain;  
doesn’t need intake filter

easy, user-cleanable;  
may need intake filter 
or manual cleaning

moderate-to-hard;  
often not user cleanable; 
need fine-particle intake 
filter

Calibration,  
zero-check

manual only manual or automated  manual or automated

Data loss during  
precipitation events

medium-to-large minimal-to-none minimal-to-none

Power demand very low low-to-medium medium-to-high

Slight advantage Great advantage
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The choice between an open-path, enclosed, or 
closed-path design is largely a function of power 
availability and frequency of precipitation events. The 
key criteria for all designs are summarized in the table 
on the previous page.

The open-path analyzer measures gases in situ. No 
external air pump is required, thus reducing power 
consumption. Open-path analyzers’ frequency losses 
are quite small and are primarily related to path aver-
aging and spatial separation between the sonic and 
the open-path analyzer. However, flux calculations 
based on in-situ density measurement require signif-
icant density corrections (Section 4.4). Precipitation 
events are the main cause of loss of data. Low-power 
remote sites with little precipitation but fairly large 
fluxes would be good candidates for the open-path 
device. In addition, the open-path design is well-
suited for measurements of fluxes of H2O and other 
“sticky” gases.

Closed-path gas analyzers require the sample air to 
be mechanically drawn to the sample cell by a high 
flow rate air pump, thus increasing system power 
requirements. The limiting factors in closed-path 
system are the capability of the sonic anemometer to 
operate during precipitation events, and loss of flux 
due to tube attenuation. Grid-power sites with large 
amounts of precipitation that are focused on fluxes 
other than H2O would be good candidates for the 
closed-path device.

Enclosed analyzers are designed to be used with short 
intake tubes and fast temperature and pressure mea-
surements of the gas in the cell, thus reducing tube 
attenuation of gas and water vapor fluctuations, 
eliminating density corrections, and lowering power 
consumption, without incurring susceptibility to pre-
cipitation-related data loss. The enclosed design is 
well suited for most types of sites and fluxes but will 
require more power than the open-path design.

Reading and References

Burba, G., et al. 2011. Calculating CO
2
 and H

2
O eddy covariance fluxes 

from an enclosed gas analyzer using an instantaneous mixing ratio. 
Global Change Biology, 18(1), 385-399. https://doi.org/10.1111/j.1365-
2486.2011.02536.x 

LI-COR. 2020. LI-7200RS Enclosed CO
2

/H
2
O Gas Analyzer Instruction 

Manual, 984-15810. 318 pp. 

Gas analyzers: key elements of physical design (continued)
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Implications of gas analyzer design for eddy covariance

Intrinsic measurement of gas density is one of the 
most important implications common to all optical 
designs of gas analyzers in the context of the eddy 
covariance method. The important implications com-
mon to all physical designs are mainly time delay, 
frequency losses, and density effects (e.g., Webb-Pear-
man-Leuning terms, etc.). These will be discussed in 
detail in Part 4 (Sections 4.1, 4.2, and 4.4), and here 
we briefly describe their nature.

A time delay is the difference in time between when 
vertical wind speed and gas concentration signals 
are registered in the system. The delay comes from 
the separation distance between the analyzer and the 
anemometer, from the speed of electronic processing 
and logging, and from tube delays. In the open-path 
design, the time delay is small, usually a fraction of a 
second. In the closed-path design, the tube adds to all 
other delays, resulting in a large delay on the order of 
many seconds. Without correcting for the delay, fluc-
tuations in w′ and c′ will not align or correlate well, 
and flux may be underestimated.

The frequency response of a system is lost for a num-
ber of reasons: tube attenuation, scalar path averag-
ing, sensor separation, instrument time response, 
etc. In the open-path design, most frequency loss 
comes from path averaging, sensor separation, and 

instrument time response, and such frequency loss is 
usually quite small, on the order of 5–10%.

In the closed-path design, tube attenuation adds to 
all other frequency losses, resulting in relatively high 
losses, on the order of 15–30% or more.

In the enclosed design with a short tube, the fre-
quency response for non-sticky gases is closer to 
that of the open-path system, and for sticky gases the 
loss is intermediate between the open-path and the 
closed-path systems.

Density effects are related to fast fluctuations in tem-
perature, humidity and pressure, affecting measured 
gas density, but are not related to the gas flux. In the 
open-path design, these can get quite large, often 
larger than the flux itself. In the closed-path design, 
these are usually quite small. In the enclosed design 
with fast dry mole fraction output, density terms are 
not required.

There are also various other design-specific impli-
cations in both optical and physical domains. For 
example, these may include spectroscopic effects in 
LASER-based devices (Section 4.5), oxygen effects 
in krypton lamp-based devices (Section 4.8), surface 
heating effects in older open-path devices (Section 
4.6), etc.

Key Implications for eddy covariance, 
common for all physical designs

Time Delay Frequency Losses Density Effects
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Essential criteria

The selection of the instruments has the foremost 
objective to satisfy the measurement purpose in the 
best possible manner. The first step here is to make sure 
that the system meets essential criteria and is capable 
of delivering high quality data. Only then can any 
compromises be made regarding additional criteria 
to make the project less costly and more manageable.

Good eddy covariance instruments are not necessar-
ily, and often not at all, the same as good analytical 
laboratory instruments or high-precision monitoring 
instruments, because of unique method requirements 
and the severity of outdoor deployment.

The essential instrument selection criteria, which are 
vital for eddy flux measurements, with no good substi-
tutes, are: (i) fast time response of a system, (ii) good 
resolution at high frequency for gases and water vapor, 
and (iii) wide operational range of gas concentrations.

Instruments and systems need to be fast, ideally with 
a time response of about 0.1 s or less (e.g., about 10 
Hz), incurring minimal frequency losses. A response 
of 5–10 Hz would still be acceptable in most cases, 
incurring typical frequency losses and related correc-
tions. A response below 5 Hz would be less desirable 
and would require much larger corrections.

If instruments or systems are not capable of fast mea-
surements, they will not be able to adequately sample 
high-frequency contributions to flux transport over a 
wide range of sites and conditions. One way to deter-
mine if the instruments or systems have a sufficient 
time response is to make sure that their time constant 
is less than about 0.1-0.2 s.

Good resolution at such a high frequency is crucial 
for being able to distinguish the differences in gas 
density between upward and downward motions of 
the air. If an instrument does not have high enough 
resolution at high frequency, it will not be able to 
detect these differences and compute small fluxes. 
Indicators, such as RMS noise at 10 Hz, and compar-
isons with established eddy covariance instruments 
are helpful in making sure that the new or unknown 
instrument has sufficient resolution.

Concentration range is obviously critical, because if 
the instrument overranges or loses specifications after 
a certain ambient gas concentration, it will not be able 
to compute fluxes for that time period.

• In order to adequately measure eddy fluxes, the 
instruments and the entire system must be able to 
do, at least, the following:

• measure gases and water vapor at about 10 Hz

• resolve signals well at about 10 Hz

• operate over the ambient range of a specific gas
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Understanding essential specifications

• Fast sampling: usually refers to sampling at about 10 times per second (10 Hz) or faster

• Time response: usually refers to system time constant, how fast a system can detect 63.2% of the change 
it measures

• 10 Hz system: usually means that system can detect 63.2% of change in 0.1 second

• Key points: 

• A 10 Hz cell may not always mean a 10 Hz instrument, or a 10 Hz system: system response is important 
for eddy covariance

• Sampling rate is not a system response: very slow instruments can be updated 1000 times per second 
(1000 Hz), which is not helpful for eddy flux computations

• Much of turbulent transport happens at frequencies between 0.0001 Hz and 5 Hz, so eddy covariance 
system needs to have both fast response and fast sampling, otherwise it will miss a lot of transport and 
resulting flux

Instrument specifications can be reported using 
numerous parameters and wide-ranging terminology.

As a result, it may not always be easy to understand 
if the three essential criteria for eddy flux system 
described in the previous page are satisfied. Here are 
a few details on how to read specifications and what 
questions to consider.

Can measure changes in concentration at about 
10 Hz.

Relevant specifications can describe parameters such 
as bandwidth, sampling frequency, sampling rate, 
output rate, etc. These are suggestive of the actual 
time response, but they do not guarantee it.

Parameters such as resolution at 10 Hz, RMS at 10 
Hz, standard error at 10 Hz, etc. are stronger evidence 
that changes in gas concentration can be detected suf-
ficiently fast. Yet even these do not guarantee the fast 
response needed for eddy covariance.

A more definitive criteria proving that the entire sys-
tem is capable of measuring fast changes in gas con-
centration would be a system time response, often 
described by a system time constant.

However, it is quite difficult for manufacturers to 
specify a system time constant. This is because the 
gas sampling portion of an eddy covariance system 
is usually either built by the user from components 
(e.g., gas analyzer, tubing, filters, pump, data collec-
tion electronics, etc.) or the user has a broad range 

of choices to rearrange a pre-built system to fit to a 
specific experiment.

System time response is not merely a cell time con-
stant related to cell shape and size, nor is it a combina-
tion of the cell size and the detection speed of the gas 
analyzer. For all practical reasons during the planning 
stage, it should also include sampling arrangements 
(pump, filters and tubing in the case of closed-path 
instrumentation), and data collection arrangements 
(logging and memory).

Some instruments can accomplish 10 Hz sampling 
using just 8 liters per minute flow and operate at nor-
mal pressure; others may need over 100 liters per 
minute flow and operate in a partial vacuum. This can 
make a substantial difference in what it will take to 
provide a fast system response in the field.

Filtering complexity, cost of the pump, short- and 
long-term pump operational expenses, acceptable 
temperature range for the pump and the related need 
for climate control, grid power, etc. can become quite 
important when considering practicability of a field 
deployment of the fast eddy covariance system.

Can resolve changes well at about 10 Hz.

If the instrument is fast and the system can be config-
ured using reasonable efforts to sample rapidly under 
field conditions, the next important consideration 
is to assess how well the instrument can resolve fast 
changes.
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The relevant specifications are usually reported at a 
given gas concentration as Root Mean Square (RMS) 
at 10 Hz, resolution at 10 Hz, precision at 0.1 seconds, 
sigma at 0.1 second, etc.

The gas concentration used in such specifications is 
usually atmospheric ambient for field instruments but 
can be quite low or quite high for industrial or labora-
tory instruments. In these cases, the measure of high-
speed resolution should be recalculated at ambient 
concentrations. Manufacturers can generally provide 
all the necessary parameters for the recalculation.

Although there is no absolute cutoff number for 
required fast resolution, the smaller the change in gas 
concentrations an instrument can resolve at 10 Hz, 
the smaller the flux it can detect, and the smaller are 
the errors bars that would be expected for the final 
flux numbers.

The caveat here is that if the error in gas concentra-
tion is random and does not correlate with vertical 
wind speed, this noise would be filtered out by a cova-
riance. So, the resulting flux error could be greatly 
reduced or eliminated. In a broad sense, this makes 
fast resolution somewhat more important than low 
noise or high absolute accuracy when reliable eddy 
covariance measurements are considered.

Other frequently used specifications are long-term 
stability, long-term precision, drifts, etc. These are all 
desirable characteristics for any measurement sys-
tem and are essential for high-precision mean con-
centration monitoring. However, these are not nearly 
as critical for eddy covariance flux measurements as 
fast response and good resolution at 10 Hz. This is 
because one of the first steps in the eddy covariance 
flux computation is the removal of half-hourly or 
hourly means (details are in Part 1 and Section 4.1). 
When the mean concentration is removed and only 
deviations from the mean (s′) remain in further flux 
computations, most of the specifications related to 
mean gas values become less critical.

The exception would be (i) significant mean drifts 
affecting calibration slopes or gain of the instrument, 
and thus, translating directly into flux errors, and (ii) 
drifts so large that they appreciably affect calculation of 
Webb-Pearman-Leuning density terms (Section 4.4).

Can measure over the ambient range of a specific gas.

Relevant specifications can be termed operating 
range, calibration range, gas range, range, etc.

Many instruments do not overrange, but rather 
reduce resolution and overall performance outside 
the specified range. Manufacturers are usually able to 
provide details on how a particular model acts out-
side the specified range of gas concentrations.

In some cases, the operational range of gas concentra-
tions may be broad, but resolution and other specifica-
tions are reported for a much narrower range. In such 
cases, it is important to assess what gas concentration 
range is expected in the field experiment, and how 
well the instrument will perform outside this range.

Warning: Assessing system time response may be difficult 
for both researchers and manufacturers. One tool to help 
accomplish this task in a direct and quantitative manner is 
cospectral analysis, described in detail in Section 5.1. The qual-
ity and shape of daytime gas flux cospectra in comparison with 
sensible heat flux cospectra provides a snapshot of how well 
the system measures gas flux transport at different 
frequencies.

This is a powerful but a fairly advanced tool. Modern programs 
will compute cospectra of relevant parameters but will not be 
able to analyze them. So, cospectral analysis for a specific sys-
tem will have to be conducted by a researcher or will have to be 
found for a similar system in the available literature.

Understanding essential specifications (continued)
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Other important criteria

• There are many additional important criteria aside from good frequency response, high temporal resolution, 
and operation over the ambient range of a gas concentration

• These additional criteria will not preclude the eddy flux measurements in principle, but may significantly 
affect data quality, costs of the experiment, and amount of site management

Modern instruments that satisfy the three main cri-
teria (e.g., time response of about 10 Hz, good reso-
lution at 10 Hz, operation over ambient range of gas 
concentration) are fairly expensive high-end devices. 
In general, they are designed in such a way that other 
technical specifications of the instrument itself are 
usually sufficient for eddy covariance, or at least can 
be easily deduced from careful reading of the techni-
cal description and field tests.

There are still a number of additional criteria, which 
are sometimes not published in specifications, yet 
result in significant practical differences between the 
instruments, especially after their integration into the 
station. These important criteria will not preclude 
the eddy flux measurements in principle, but may 
significantly affect measurement quality, costs of the 
experiment and setup, and cost and amount of site 
management efforts.

The full list and the relative weight of such crite-
ria in relation to each other will strongly depend on 
the purpose and design of the experiment, and on 
the location and setup of the station. It is difficult to 
describe these in all possible combinations, so here 

are few examples of the criteria important for flux 
data quality in most experiments and setups:

• Level of flow distortion to sonic anemometer
• Degree of sample distortion by intake tube
• Amount of data loss due to non-omni-directional 

setup
• Amount of data loss due to precipitation
• Other instrument performance characteristics 

(calibration slope stability, accuracy, etc.)
• Etc.

And here are few examples of criteria affecting exper-
iment costs and site maintenance:

• Operating temperature and pressure ranges
• Power consumption and carbon footprint
• Ruggedness and weatherproofing
• Contamination sensitivity and filtering needs
• Communications and memory size
• Ease of use by non-technical user
• Portability, size, weight, etc.
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Other important criteria (continued)

Examples of additional criteria affecting data quality in most situations:

• Flow distortion to sonic anemometer

• Sample disturbance by intake tube

• Data loss in non-omni-directional setup

• Data loss due to precipitation events

• Other instrument characteristics

• Etc.

Examples of criteria affecting experiment costs and site maintenance:

• Temperature and pressure ranges

• Power consumption

• Ruggedness and weatherproofing

• Contamination sensitivity

• Communications and memory size

• Ease of use by non-technical user

• Portability, size, weight, etc.

Effects of many of these criteria are self-evident. For 
instance, it is clear that sampled air will be disturbed 
more if the analyzer is designed so that it must be 
located at the bottom of the tower and must use a 
long intake tube. All gas fluxes will be affected, but 
water vapor and sticky gases (e.g., ammonia) will be 
affected much more than, for example, CO2 and CH4.

Losses from distorted wind directions in systems 
relying on non-omni-directional anemometers (e.g., 
C-clamp design, etc.) may exclude parts of the eco-
system or other territory from data coverage and may 
result in biases or gaps. Sites with a single or few pre-
vailing wind directions can have the anemometer’s 
back side facing a tower positioned in an infrequent 
wind direction, so data will be affected less than at the 
sites with multiple wind directions.

Data are normally lost during precipitation or irri-
gation events due to sonic anemometer limita-
tions, but additional losses and prolonged periods 
of recovery afterwards may degrade the overall data 
quality and coverage. Sites with frequent precipita-
tion will be affected more than those with little or 
no precipitation.

A narrow temperature range for the analyzer or 
the need for a fast pump may require building and 

maintaining a climate-controlled enclosure, or in some 
cases a hut, increasing power demand, costs and main-
tenance. Remote low-power sites are affected the most.

A narrow pressure range may require building a pres-
sure-control system, increasing power demand, costs 
and complexity.

Hyper-sensitivity of an analyzer to cell contamina-
tion, particularly incases when high-finesse mir-
rors are involved, will require a stack of multiple 
fine-particle intake filters, so grid power will likely be 
required. Low-power sites are affected the most.

Small system logging memory will lead to the need 
for more frequent data downloads, and more mainte-
nance visits will be required at a site without remote 
data access.

Other criteria are not as self-evident as those listed 
above, may have certain caveats, or require special con-
siderations. In the next few pages, we will discuss details 
on a few of the most frequently overlooked aspects of 
instrument selection, in addition to the prime criteria 
of frequency response and concentration range. These 
aspects are flow distortion, power requirements, and 
overall setup and maintenance needs.
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Flow distortion considerations

• The eddy covariance method relies fully on turbulence data from the sonic anemometer, so distortion of 
natural air flow immediately next to the anemometer should be minimized

• In omni-directional sites, analyzers should be positioned to minimize anemometer flow distortion (left 
photo)

• In sites with prevailing winds, analyzers can be positioned at the side of the anemometer, so they encounter 
the same wind at the same time without flow distortion (right photo)

The eddy covariance method is fully reliant upon 
the measurements of a turbulent transport of mass 
and energy from the surface into the atmosphere. 
As a result, most of the calculations are based on the 
sonic anemometer’s measurements of three wind 
components (u, v, and w) and sonic temperature, 
which describe the turbulent transport at a fast rate. 
Because of these fundamentals of the eddy covariance 
approach, distortion of the natural air flow around 
the tower, and especially, immediately adjacent to the 
sonic anemometer’s path (e.g., within 1–10 cm), is 
highly undesirable, and can affect flux measurements.

In fact, keeping the flow distortion next to the sonic 
anemometer to a minimum is more critical than that 
next to the gas analyzer. This is because distortion in 
the analyzer path affects the scalar and can be cor-
rected relatively easily by looking at the reference 
temperature cospectra from the sonic anemometer 
(e.g., w′T′ described in Section 4.2) or related Kaimal 
model, but distortion in the anemometer path affects 
the three-dimensional wind vector and is difficult to 
correct for numerous reasons (details in the follow-
ing pages), and in addition, directly measured reliable 
reference w′T′ cospectra would no longer be available 
in the flow- and temperature-distorted air flow next 
to the anemometer.

At experimental sites with strong prevailing wind 
directions, or with one or more infrequent wind 
directions, virtually any gas analyzer can be used 
when positioned on the side of the anemometer from 
the least frequent direction, or between the anemom-
eter and the tower; these wind directions are excluded 
from the data as a matter of course.

At sites with multiple wind directions and an 
omni-directional setup on top of the tower, gas ana-
lyzers should ideally be chosen so that they allow 
positioning of the instrument on the tower with min-
imal or no flow distortion to the anemometer. Any 
device (e.g., analyzer head, supporting bars, light-
ning rods, etc.) should be positioned at least 10–20 
cm away from the anemometer in the least frequent 
wind direction, or placed below it, as shown in the left 
photo above.

Any type of structure should never be superimposed, 
or positioned inside the sonic anemometer path, as 
it can both obstruct sonic anemometer signal and 
significantly distort the flow and the temperature 
between the sonic transducers, affecting its high-
speed wind and temperature readings. In the next few 
pages, let us take a closer look at the flow distortion 
near the anemometer and how to minimize it.
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Flow distortion considerations (continued)

• Vertical wind speed does not readily exist in real world 

• It is a result of partitioning the actual three-dimensional wind flow into the three conceptual components 

• During this process, a very small vertical wind component w is teased out of very large actual wind flow

• Typical vertical component w is 10–100 times smaller than typical horizontal component u

• Any distortion to the actual wind flow may cause serious problems in computing the correct w and related 
corrections, terms and fluxes

To take a more detailed look at this issue, let us con-
sider how eddy covariance flux is computed. Both the 
fundamental and practical flux equations, described 
in Part 1 of the book, use the vertical wind speed 
measured by the anemometer. 

However, this vertical wind speed is not something 
that readily exists in real world. Rather, it is mathe-
matically partitioned out of the actual three-dimen-
sional wind flow vector and into the three conceptual 
components: u, v, and w. During this process, a very 
small vertical component (w) is teased out of very 
large actual wind flow. 

Typical vertical component is 10–100 times smaller 
than typical horizontal component, so any distortion 
to the actual wind flow may cause serious problems in 
computing the correct w. 

This correct w is the only way to compute correct 
fluxes, co-spectra, frequency corrections, Webb-Pear-
man-Leuning density terms, sensible heat flux used in 
multiple corrections, remote sensing ground-truth-
ing, ecosystem modelling, etc. 

So, any distortion to the actual wind flow may cause 
serious problems in flux calculations affecting all 
these products.

Warning: The errors in vertical wind speed component 
related to sonic anemometer flow distortion are difficult if not 
impossible to see without having another unobstructed ane-
mometer on the same station. Mathematical procedures of 
coordinate rotation, angle of attack and transducer shadowing 
correction (Section 4.1 and 4.3) will mask the impact of the 
distortion on the vertical component. Detrending, de-noising 
and ensemble averaging of the co-spectra will further hide the 
distortion. As a result, flux errors will be built-in into the work-
flow in a way undetectable by the very same workflow.

Mean horizontal component u

w

Actual undistorted wind flow
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Flow distortion considerations (continued)

• Superimposing structures over the 
anemometer, or positioning them 
inside the anemometer, should be 
avoided to minimize flow distortion

One simple example of the consequences of posi-
tioning the structure immediately adjacent to (e.g., 
within 1–10 cm) the sonic anemometer’s transducers 
is shown in the picture above.

In this field experiment at a 3 m height above a short 
canopy, the 6 mm diameter tube (red arrow above) 
was positioned about 1.5 cm away from the two sonic 
transducers (green arrows).

When wind was coming through this tube and into 
the sonic path (direction perpendicular to the photo), 
w was distorted. This led to a reduction in midday flux 
by 3–4% in relation to the unobstructed anemom-
eter on the right. When wind was passing between 
two tubes, or when it was passing through the tubes 
located 5–10 cm away from the transducers, distor-
tion was minimal or was not detected.

However, large plates at the top and bottom of the 
structure still distorted between 7% and 9% of the 
w depending on the angle of the three-dimensional 
wind in relation to the structure, probably as a result 
of blocking the sonic path from the parts of the ver-
tical wind flow.

This example illustrates that an aerodynamically 
shaped analyzer positioned 10–20 cm away from the 
anemometer in the least frequent wind direction, or 
below the anemometer path, is perhaps the safest way 
of setting up the system, and a good guide for select-
ing instrumentation.

In addition to the analyzers and other structures 
potentially distorting the natural flow into the ane-
mometer, the anemometers themselves have a physi-
cal structure, and thus, they can distort some portion 
of the very same flow they try to measure. 

There are several kinds of flow distortion: direc-
tion-biased mean flow distortion from the back 
side of C-clamp anemometers; direction-biased tur-
bulence distortion from the back side of C-clamp 
anemometers and from support spars of omni-direc-
tional anemometers; angle of attack–based vertical 
movement distortion by transducer support struc-
tures and transducers themselves; etc. Let us look at 
the scales of the objects leading to a flow distortion in 
the anemometer at different scales.
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Flow distortion considerations (continued)

On the largest scale, the objects that can distort the 
wind flow measure in multiple meters and typically 
include tower itself, buildings and any other large 
structures located around the tower. 

These structures can redirect the mean flow, cause 
local flow divergences and chimney effects, and create 
their own turbulence and heat fluxes, which would 
not be representative of the area of interest.

These effects have been well-known and generally 
understood since the 1950s and resulted in numer-
ous recommendations by site and network protocols 

recommending to avoid solid towers, large buildings 
or storage piles especially upwind of the flux station. 

In some cases, these structures are unavoidable, par-
ticularly when flux is measured from moving vessels 
with complex shape factors, like large ships, or if mea-
surements are done inside the urban environment. 

In such cases, it may be possible to model the effects 
of large-scale distortion and heat/cold injection to 
partially or fully correct the fluxes. Such procedures 
are quite complex and site-specific, have no uniform 
or accepted protocols, and are beyond the topics dis-
cussed in this book. 

Reading and References

Munger, J.W., & Loescher, H.W. 2004. Guidelines for making eddy cova-
riance flux measurements. AmeriFlux. 

Sanukii, M., & Tsuda, N. 1957. What are we measuring on the top of a 
tower? Papers in Meteorology and Geophysics, 8(1), 98-101. https://doi.
org/10.2467/mripapers1950.8.1_98 

• Large-scale flow distortion can come from the tower, nearby buildings and other large structures, measured 
in meters, redirecting the mean flow, causing local flow divergences and chimney effects

• These are very difficult to correct, and should be avoided

Adapted from Munger & Loescher (2003)Adapted from Sanuki & Tsuda (1957)

Hut or Other Buildings Near TowerFlux Tower

https://doi.org/10.2467/mripapers1950.8.1_98 
https://doi.org/10.2467/mripapers1950.8.1_98 


2.3 Selecting Eddy Covariance Instrumentation | 101

Flow distortion considerations (continued)

• Smallest-scale flow distortion can come from the elements of the anemometer structure itself measured in 
millimeters

• These can be at least partially resolved via angle of attack, transducer shadowing, and matrix corrections 
for all angles of three-dimensional wind

On the smallest scale, the flow distortion is caused by 
the essential elements of the sonic anemometer itself, 
the sonic transducers and supporting arms. These 
measure few to dozens of millimeters and primarily 
include transducer shadowing (photo above left) and 
the various distortions related to angle of attack of the 
three-dimensional wind in relation to the anemome-
ter structure. The anemometer should be chosen with 
such flow distortion aspects in mind.

Omni-directional anemometers may accept data 
from all directions but may distort air flow from the 
three vertical spars supporting the transducer struc-
ture. C-clamp designs do not have such spars but 
are not omni-directional and can often distort the 
flow from 30–50% of wind directions coming from 
the back side of the anemometer. In addition, both 
designs can distort the flow due to the presence of 
junctions supporting the transducers, and due to the 
transducers themselves. 

The increasing number of recent studies (e.g., Frank 
et al.; Frank and Massman; Kochendorfer, Meyers and 

Heuer; and by Nakai and Shimoyama, etc.; see the list 
below in this section) have recognized and investi-
gated these issues observing a reduction in measured 
flux on the order of 8–12% as a result of the flow dis-
tortion by the anemometers themselves, observed in 
many common designs with off-axis sampling (photo 
above center). The exception was a design where 
transducers for w were small, positioned vertically, 
and located away from the transducers for the other 
two wind components (right photo above). Errors in 
fluxes measured using this latter type of design were 
within 1%.

There are few ways of at least partially resolve angle of 
attack and transducer shadowing flow distortion via 
angle-of-attack corrections for particular angles, and 
via matrix corrections for all angles of wind in relation 
to the anemometer. Parts of such corrections may be 
applied by the manufacturers, while the rest are being 
developed by the scientific community and may be 
included in modern flux processing programs. 

Reading and References

Allotta, B., et al. 2017. Design and calibration of an innovative ultra-
sonic, Arduino based anemometer. 2017 IEEE International Conference 
on Environment and Electrical Engineering and 2017 IEEE Industrial and 
Commercial Power Systems Europe (EEEIC / I&CPS Europe). https://doi.
org/10.1109/eeeic.2017.7977450

Kochendorfer, J., et al. 2012. How well can we measure the vertical wind 
speed? Implications for fluxes of energy and mass. Boundary-Layer Me-
teorology, 145(2), 383-398. https://doi.org/10.1007/s10546-012-9738-1 

Shadowing 
Region

Direction of 
Fluid Flow

Adapted from Allotta et al (2017)

Distortion from Sonic Transducers 
and their Support Spars

Non-Orthogonal Arrangement 
with Angled Path

Adapted from Kochendorfer et al (2012)

Flow

Path

Orthogonal Arrangement with 
Vertical Path

Flow

Path

https://doi.org/10.1109/eeeic.2017.7977450
https://doi.org/10.1109/eeeic.2017.7977450
https://doi.org/10.1007/s10546-012-9738-1 
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On the medium scale, between the largest and small-
est distortion described in the previous pages, the 
flow distortion in the anemometer can be caused by 
the objects which are not essential for measurements 
of the three-dimensional wind speed but still are 
inserted close to, or into, the anemometer path. These 
include open-path gas analyzers, larger insulated/
heated intake tubes and rain caps from enclosed and 
closed-path gas analyzers, supporting booms, cable 
bundles and other similar medium-sized bluff bodies 
measured in few to tens of centimeter scales. 

These objects are particularly dangerous in terms 
of flow distortion because they are located exactly 
where the vertical component of the mean flow is 
measured, splitting the flow and contaminating ver-
tical component with horizontal component, and 
creating their own turbulence not representative of 
the area of the interests. 

Moreover, these objects can get heated by the elec-
tronics or a sun (or cooled by a black sky at night) by a 
few degrees in various unpredictable ways depending 
on the sun angle, cloudiness, instrument orientation, 
wind speed and direction. This causes different thick-
nesses of thermal boundary layers around the objects 
and injects additional heat (or cold) into the path 
where anemometer measured wind and temperature. 

As a result, the heat flux itself may be measured incor-
rectly propagating to all further flux calculations, cor-
rections and ecosystem modelling. This would be in 
addition to the errors in all flux caused by the errors 
in vertical wind component of the distorted flow. 

Problems with alien objects, including gas analyzers, 
in or near the anemometer path have been partially 
recognized by some of the top groups and research-
grade networks (e.g., FluxNet, ICOS, NEON, etc.) 
since the early 1990s and resulted in recommenda-
tions of placement of the obstructing objects away 
from the anemometer (Foken and Oncley; Foken; 
Rebman et al.; Metzger et al.; etc.; see the list in the 
next page) but are sometimes still ignored by individ-
ual less experiences groups.

It is important to keep in mind that extreme care 
should be used when designing the site, selecting, 
placing and orienting the instrumentation to mini-
mize or avoid the distortion to the three-dimensional 
wind flow measured by the anemometer. 

Reading and References

Foken, T. 2014. The Eddy-Covariance Method – History, Status, and 
Prospects. In 21st Symposium on Boundary Layers and Turbulence. 9-13 
June 2014, Leeds, United Kingdom.

Foken, T., & Oncley, S. 1995. Workshop on instrumental and me-
thodical problems of land surface flux measurements. Bulletin of 
the American Meteorological Society, 76(7), 1191-1224. https://doi.
org/10.1175/1520-0477-76.7.1191

Huq, S., et al. 2017. Evaluation of probe-induced flow distortion of 
Campbell CSAT3 sonic anemometers by numerical simulation. Bound-
ary-Layer Meteorology, 165(1), 9-28. https://doi.org/10.1007/s10546-
017-0264-z

Mauder, M., et al. 2020. Comparison of turbulence measurements by a 
CSAT3B sonic anemometer and a high-resolution bistatic Doppler lidar. 
Atmospheric Measurement Techniques, 13(2), pp.969-983. 

Flow distortion considerations (continued)

• Medium-scale flow distortions can come from 
the medium-sized bluff bodies measured in 
few to tens of centimeter scales and located 
extremely close to the anemometer path

• There are no corrections available for flow 
distortion or for the additional heat/cold 
injection caused by the medium obstructions 
near or inside the anemometer path, and such 
distortion should be avoided

Local Flow Diverted Local Turbulence Created

Huq et al (2017)

Local Obstructions Dangerous

https://doi.org/10.1175/1520-0477-76.7.1191
https://doi.org/10.1175/1520-0477-76.7.1191
https://doi.org/10.1007/s10546-017-0264-z
https://doi.org/10.1007/s10546-017-0264-z
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Flow distortion considerations (continued)

• The literature below covers multiple aspects and scales of the flow distortion near the anemometer and 
resulting errors in wind and flux measurements

• Many of the references excluded significant amount data by default (e.g., large segments of wind directions 
and incoming wind angle of attack) trying to minimize the effects of distortion, and yet, still saw its effects

• In most cases, the distortion issues are not possible to recognize without another unobstructed anemome-
ter, so some of the distortion issues may be easily misinterpreted as other instrumental issues

Reading and References

Allotta, B., et al. 2017. Design and calibration of an innovative ultra-
sonic, Arduino based anemometer. 2017 IEEE International Conference 
on Environment and Electrical Engineering and 2017 IEEE Industrial and 
Commercial Power Systems Europe (EEEIC / I&CPS Europe). https://doi.
org/10.1109/eeeic.2017.7977450

Burba, G. 2013. Eddy covariance method for scientific, industrial, ag-
ricultural and regulatory applications: A Field book on measuring eco-
system gas exchange and areal emission rates. LI-COR Biosciences. 
https://www.doi.org/10.13140/RG.2.1.4247.8561

Campbell Scientific. 2012. CSAT3 three dimensional sonic anemometer 
instruction manual, Logan, Utah. 

Cermak, J.E., & Horn, J.D. 1968. Tower shadow effect. Journal of 
Geophysical Research, 73(6), 1869-1876. https://doi.org/10.1029/
jb073i006p01869

Loescher, H.W., et al. 2005. Comparison of temperature and wind sta-
tistics in contrasting environments among different sonic anemome-
ter–thermometers. Agricultural and Forest Meteorology, 133(1-4), 119-
139. https://doi.org/10.1016/j.agrformet.2005.08.009

Dyer, A. J. 1981. Flow distortion by supporting structures. Bound-
ary-Layer Meteorology, 20(2), 243-251. https://doi.org/10.1007/
bf00119905 

El-Madany, T.S., et al. 2013. Comparison of sonic anemometer perfor-
mance under foggy conditions. Agricultural and Forest Meteorology, 
173, 63-73. https://doi.org/10.1016/j.agrformet.2013.01.005 
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the American Meteorological Society, 76(7), 1191-1224. https://doi.
org/10.1175/1520-0477-76.7.1191 

Frank, J.M., et al. 2020. Coordinate rotation–amplification in the un-
certainty and bias in non-orthogonal sonic anemometer vertical wind 
speeds. Boundary-Layer Meteorology, 175(2), 203-235. https://doi.
org/10.1007/s10546-020-00502-3 
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Temperature stability considerations

Whether the gas density is measured using a broad-
band IRGA or a narrowband laser-based analyzer 
(Section 2.2), temperature stability of the key opti-
cal and electronic components of the analyzer plays 
an important role in obtaining high quality gas 
measurements. 

Laser components are typically temperature-con-
trolled extremely well by design, but the broadband 
devices can range from a less expensive consum-
er-grade uncontrolled models to a more expensive 
tightly temperature-controlled research-grade models. 

The IRGA gas measurements are based on the radi-
ation absorbed by the sampled gas in the infrared 
(thermal) band. The amount of this absorbed ther-
mal radiation is computed from a portion of radia-
tion generated by the source reaching the detector. If 
such analyzers are not carefully designed, tempera-
ture controlled and calibrated, the measurements can 
easily be contaminated by the causes of thermal radi-
ation other than the source, and by thermal gradients 
in the electronics and optics, leading to temperature 
drifts and resulted flux errors.

Such drifts may be very difficult to see in a tempera-
ture-stabilized dark calibration chamber but can be 
significant in the real outdoor environment with sun-
light, shade and wind creating complex and dynamic 

temperature exchanges at different parts of the ana-
lyzer at different times of day and night. 

Figures above illustrate the extreme differences in 
temperature drifts between the completely uncon-
trolled low-cost CO2 detector and a research grade 
carefully temperature-controlled gas analyzer. The 
performance ranges remarkably, from CO2 drifts of 
over 200 ppm over 30 °C in the temperature-uncon-
trolled device to sub-ppm/C drifts in carefully tem-
perature-controlled device, where the calibration 
is consistent across the nearly 70 °C temperature 
range. Devices which are partially controlled or com-
pensated with ad-hoc corrections are likely to drift 
in-between the two examples above. 

No design is perfect, however. Inevitable small resid-
ual temperature dependencies exist even for the 
design on the right (e.g., LI-7500DS example), and 
corrections for these should be included in the indi-
vidual instrument calibration function. These resid-
uals then should remain well within instrument 
specifications in both temperature-stabilized calibra-
tion chamber and under continuously changing out-
door conditions. Uncontrolled instruments will likely 
experience drift in an outdoor, outside the laboratory 
environment, even if the calibration looks good in a 
climate-controlled chamber.
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Timing and synchronization considerations

Another important consideration when selecting an 
instrument or an entire system is sampling synchro-
nization between the sonic anemometer and the gas 
analyzer. Since flux is computed from the covariance 
of these two timeseries, they need to be sampled as 
similar as possible. However, without careful selec-
tion and setup, sampling of these two timeseries can 
often be mismatched.

Figure above shows simplified examples of frequently 
occurring mismatches between two 10 Hz time series: 
sampling rate mismatch with and without bias, time 
shifts, and one of many types of jitter. It is important 

to keep in mind that these are very approximate 
isolated examples of the complex intertwined pro-
cesses, and the results could differ a lot with the spe-
cific conditions. However, these examples also give a 
good feel for what are the main sampling synchroni-
zation problems.

The effects of four sampling problems on fluxes are 
shown at the bottom of the illustration for two dif-
ferent open-path instruments of the same model. The 
impact of each sampling problem was evaluated as a 
% error in CO2 flux in relation to a "reference" flux 
without bias. 
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In this example, sampling rate mismatch bias was by 
far the strongest cause of the flux error. This is the 
typical case for two data files with slightly different 
collection frequency and without tight clock synchro-
nization. At the same time, sampling rate mismatch 
without bias (different sampling frequencies but cor-
rect time stamps) had least impact on the flux error 
out of four simulated problems. Time shift had sec-
ond strongest influence after sampling rate mismatch 
bias. Jitter had highly variable and unpredictable 
influence. Combination of the four simulated prob-
lems may lead to even more serious errors because 
of direct influence of each problem, and because of 
wrong time delay calculations that may results from 
sampling rate mismatch bias and jitter. 

To resolve the above the problems, instrumentation 
has to be selected and set up in a way that several 
important things happen simultaneously, especially: 

• The sampling frequency for both anemometer 
and gas analyzer match each other

• The clocks in anemometer and gas analyzer are of 
good quality, and capable of matching each other 
at high speed

• Both instruments are capable of communicating 
with data collection device using modern time 
protocol as explained in detail in the next two 
pages

Timing and synchronization considerations (continued)
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Timing and synchronization considerations (continued)

When two or more different instruments operate 
together at high frequency, synchronization of timing 
between the different clocks on different instruments 
can become very important, especially in cases when 
high-frequency data stream from one instrument 
(for example, vertical wind speed, or temperature) is 
used together with high-frequency data stream from 
another instrument (for example, gas concentration). 

The time synchronization becomes particularly crit-
ical issue when high-frequency data stream from 
one instrument is used for correcting or adjusting 
the high-frequency data stream from another instru-
ment. For example, using fast temperature, humidity 
and pressure to correct fast gas density, or using high-
speed motion sensor to correct three-dimensional 
wind speed on floating platform. 

There are two main timing protocols available for a 
range of clocks and computing devices: the older net-
work time protocol (NTP) and the newer precision 
time protocol (PTP). These two protocols do not per-
form equal when it comes to handling collection and 
alignment of high-frequency data flows. 

Excerpts below, from IEEE 1588 Standard and Rock-
well Automation timing protocol guide provide clear 

and concise explanation of differences between the 
two timing protocols. 

NTP is used for ‘application level’ synchronization:

• Coarse level granularity
• Requirement for synchronization guarantee does 

not exist
• Example: time-stamping error log files
• Sync Accuracy NTP/Ethernet 100 milliseconds
• About 99% are synchronized within 1 second to 

the synchronization peer

PTP used for precision synchronization:

• Mission critical applications
• Dedicated hardware to minimize on-path issues
• High end algorithms to eliminate network and 

equipment jitter
• Sync Accuracy PTP Ethernet 20–100 

nanoseconds
• About 99% are synchronized within 100 nano-

seconds on a network specifically designed for 
IEEE-1588

• Software-based PTP solution has an accuracy of 
about 100 microseconds, still several orders of 
magnitudes better than NTP

Reading and References

Eidson, J., & Lee, K. 2002. IEEE 1588 standard for a precision clock 
synchronization protocol for networked measurement and control sys-
tems. 2nd ISA/IEEE Sensors for Industry Conference, 98-105. https://
doi.org/10.1109/sficon.2002.1159815

Mills, D.L., & COMSAT Laboratories. 1981. RFC 778 DCNET Internet 
Clock Service (RFC 778).  
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Timing and synchronization considerations (continued)

Now, let us take a look at how different clocks operat-
ing on different devices affect eddy covariance appli-
cations, and focus on the two biggest aspects – time 
drift and “jitter”. For these purposes, lets define the 
time drift as a linear, or at least somewhat consis-
tent, delay and steadily increased/decreased inter-
val between the samplings. Let us define “jitter” 
as inconsistent intervals between the samplings, 
although this term is broadly used for multiple dif-
ferent timing inconsistencies.

First issue is important for any measurements (e.g., 
sonic anemometer, open-path analyzer, closed-path 
analyzer, three-dimensional motion sensor etc.) 
because it leads to a de-correlation between the sig-
nals coming from the sonic anemometer on one clock 
and from another device on another clock. This issue 
is ideally resolved by having all relevant devices on a 
contemporary PTP time protocol. However, majority 
of Windows-based and Linux-based devices, and all 
older devices, use NTP protocol. In such cases, the 
issue in principle can be minimized by frequently 

sending PTP timing via NTP protocol to all the NTP 
devices on the flux station.

Second issue may be less important for closed-path 
measurements, with attenuated “smoother” time 
series, but crucial for measurements where high fre-
quency data adjustments are fundamental to the flux 
quality (e.g., point-by-point conversion of density to 
dry mole fraction, point-by-point three-dimensional 
motion removal from three-dimensional wind, etc.). 
In such cases, the small shifts in sampling intervals 
will cause the effect opposite to the one desired - 
worsening the signal that was supposed to have been 
improved by the adjustment. This second issue can-
not be accurately and consistently fixed if NTP time 
protocol is used.

Since the sync error of NTP is up to 100 ms (e.g., 0.1 
s), the NTP is not ideal but tolerable for closed-path 
analyzer data flows and other smoothed or attenu-
ated time series with effective frequencies well below 
10 Hz, but it is not sufficient for a point-by-point 
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corrections at 10–20 Hz (e.g., 0.1–0.05 second inter-
vals): see figure on the previous page for a simplified 
example. The much more accurate PTP timing proto-
col must be used in these cases: as a result, the devices 
have to be either PTP-compatible, or at least, be able 
to provide ways for PTP timing to be implemented.

GPS-PTP based microcomputer (such as SmartFlux; 
Section 2.5) can use RS232 or RS485 inputs from 

non-PTP devices and still achieve synchronization 
substantially similar to the true PTP sync using the 
method described in Fratini et al. It can also use Eth-
ernet inputs from PTP devices to achieve true PTP 
time synchronization. As explained above, the NTP 
on Ethernet is not sufficiently accurate for these pur-
poses. Further details and implications of precise tim-
ing for stationary EC flux measurement are described 
in the references below.
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for measuring gas flux. US Patent and Trademark Office. US Patent 
9,759,703

Ediger, K., & Riensche, B.A. & LI-COR. 2019. Systems and methods 
for measuring gas flux. US Patent and Trademark Office. US Patent 
10,488,382

Fratini, G., et al. 2018. Eddy covariance flux errors due to random and 
systematic timing errors during data acquisition. Biogeosciences, 
15(17), 5473–5487. https://doi.org/10.5194/bg-15-5473-2018

Matson, J. 2013. Choosing the correct time synchronization proto-
col and incorporating the 1756-TIME module into your application 
(ENET-WP030A-EN-E). Rockwell Automation. https://literature.
rockwellautomation.com/idc/groups/literature/documents/wp/enet-
wp030_-en-e.pdf 

Timing and synchronization considerations (continued)

https://doi.org/10.1109/sficon.2002.1159815
https://doi.org/10.1109/sficon.2002.1159815
https://doi.org/10.5194/bg-15-5473-2018
https://literature.rockwellautomation.com/idc/groups/literature/documents/wp/enet-wp030_-en-e.pdf 
https://literature.rockwellautomation.com/idc/groups/literature/documents/wp/enet-wp030_-en-e.pdf 
https://literature.rockwellautomation.com/idc/groups/literature/documents/wp/enet-wp030_-en-e.pdf 
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Power and cost considerations

• Power availability is one of the most 
overlooked considerations when select-
ing the instruments and systems for eddy 
covariance measurements

• Power requirements should include ane-
mometer, analyzer, fast pumps, climate 
control enclosures etc. and all other 
hardware to optimize costs without sacri-
ficing data quality

• In the absence of solar power, the costs 
should include sizeable expenses for 
generator and fuel, or very significant 
expenses of extending power grid

Power availability and costs are some of the most over-
looked considerations when selecting instruments 
and systems for eddy covariance measurements.

While many of the complex multi-ecosystem scien-
tific applications and many of the industrial applica-
tions may have an electric line readily available at the 
site, most other applications may not have grid power.

One way around this issue is to locate the experi-
ment at an area with an available grid line. This will 
alleviate the power issue, but may compromise the 
measurement itself, or make the measurements less 
relevant by poorly representing the area of interest.

Another approach is to bring grid power to the loca-
tion deemed best for the particular measurements. 
This may be a reasonable option, but the expense of 
putting in the new power line and supporting it over 
time should be carefully accounted for and weighed 
against the cost of a low-power system. 

There are many actual cases where power require-
ments were not fully considered during the initial 
planning and instrument selection, and as a result, 
grid power had to be provided to the site at the cost of 
tens of thousands of dollars, and even over a million 
dollars in one case. This is several times the cost for 
several complete low-power systems. 

Similar to the grid-power, large generators may result 
in significant fuel costs accumulated over durations 
of the project. These can range from few hundreds 
to thousands of dollars per month and must be 
budgeted as a part of instrument selection and sys-
tem design. An example of a diesel fuel consump-
tion is provided here: https://www.generatorsource.
com/Diesel_Fuel_Consumption.aspx; and approx-
imate guide to selecting various generators can be 
downloaded here: https://www.nrel.gov/docs/fy19o-
sti/72509.pdf

Alternative to the grid power and large generators, 
low-power arrangements may include solar panels, 
wind or small backup generators, or a combination 
of all the above. Such systems usually employ open-
path or enclosed-path analyzers, because closed-path 
designs typically require high-power pumps to pro-
vide fast sampling flow and climate-controlled enclo-
sures to provide the optimal operating temperature 
range and weatherproofing.

Total power requirements of the site, including ane-
mometer, analyzer, fast pumps (and especially, dry-
scroll vacuum pumps), climate-controlled enclosures 
for the analyzer and the pump, auxiliary measure-
ments, data transmission etc. should all be computed 
when selecting the hardware, to optimize costs with-
out sacrificing measurement quality.

https://www.generatorsource.com/Diesel_Fuel_Consumption.aspx
https://www.generatorsource.com/Diesel_Fuel_Consumption.aspx
https://www.nrel.gov/docs/fy19osti/72509.pdf
https://www.nrel.gov/docs/fy19osti/72509.pdf
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Carbon footprint considerations

• Measurements of CO2 and other greenhouse gases can have a substantial carbon footprint themselves - 
this aspect may be important to consider during hardware selection

• Depending on the scope and focus of a particular study, some gas sensing technologies can lead to large 
CO2 emissions, or equivalents, while other studies can remain nearly carbon-neutral

• For example, the carbon footprint of a study measuring fluxes of three gases (CO2, H2O and CH4) over one 
year can easily differ by a factor of 30, depending on the gas sensing technology the flux measurements are 
based upon

In recent years, more attention has been paid to the 
carbon footprint, defined as the total amount of 
greenhouse gas emissions “caused by an organiza-
tion, event or product” (UK Carbon Trust). Carbon 
footprint is usually measured as the CO2 equiva-
lent, and describes how much of the greenhouse gas 
was emitted into the atmosphere as a result of direct 
emission (for example, using a power generator) or 
indirectly (as a result of general power consumption, 
travel, etc.). A number of organizations and individ-
ual groups have adopted a carbon-neutral approach 
by optimizing electrical demands, travel, and lifestyle.

Similarly, flux studies and projects may consider the 
carbon footprint resulting from how fluxes are being 
measured. This will depend on the scope and focus of 
the particular study, but also on the gas sensing tech-
nology being used.

Five leading gas sensing technologies presently 
employed in fast greenhouse gas measurements are 
Non-Dispersive Infrared (NDIR), Wavelength Mod-
ulation Spectroscopy (WMS), Optical Feedback Cav-
ity Enhanced Absorption Spectroscopy (OF-CEAS), 
Integrated Cavity Output Spectroscopy (ICOS), and 
Cavity Ringdown Spectroscopy (CRDS).

While being quite good in their respective appli-
cations and instruments, they are quite different in 
power consumption during long-term field deploy-
ments, resulting in substantial differences in their 
carbon footprint.

For example, the combination of NDIR and WMS gas 
sensing with a pump-free instrument design allows 
fast simultaneous measurements of CO2, H2O and 
CH4 using about 20 Watts of power and causing 107 kg 
of CO2 emissions per year during continuous studies. 

The ability to use solar panels with an NDIR/WMS 
combination can further offset this relatively small 
footprint and make this portion of the flux measure-
ment process nearly carbon-neutral.

By contrast, many instruments that employ CRDS 
and ICOS gas sensing technologies require about 600 
W of power or more (primarily due to high-powered 
vacuum pumps and demanding climate controls), 
and result in over 3200 kg of CO2 emissions per year. 

The grid power requirements and associated con-
struction, or diesel fuel usage, may further increase 
this already substantial carbon footprint.
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Setup and maintenance considerations

• Setup and maintenance are additional important consid-
erations when selecting the instruments and systems for 
eddy covariance field deployment

• The following aspects should be considered:

• Technical complexity of setup

• Frequency, intensity, and complexity of regular field 
maintenance

• Risks and consequences of instrument or system failure

• The set of specific questions shown below helps put these 
considerations into a practical perspective during the plan-
ning stage of the experiment

The additional important considerations when select-
ing the hardware are the setup and maintenance 
requirements. Particularly important are the tech-
nical complexity of setup; frequency, intensity, and 
complexity of regular field maintenance; and risk 
and consequences of instrument failure. These affect 
monetary and time/labor costs of setup and mainte-
nance, data quality and percentage of coverage, and 
minimal qualifications of a field site operator.

Here are some examples of the questions to con-
sider during instrument/system selection for the field 
deployment.

Technical complexity of setup:

1. Can I set up the system in the location I want?

2. What will it take to set it up in the location I 
want?

3. What will it take to install it on the tower:

• Is it too heavy for the tower?
• Can it operate in cold/hot/rainy weather?
• Can it be housed in a box on the tower?
• Will building a hut be required?

Frequency, intensity, and complexity of 
maintenance:

1. What will it take to maintain this instrument/sys-
tem in the field:

• How expensive is the field maintenance?

• Can cell and windows be cleaned in the field?
• How often does one need to clean the cell?
• How often does one need to replace filters?

2. How much memory does the system have:

• How often should one visit the site to down-
load data?

• Is there data backup, Ethernet, wireless, etc.?

3. Is this instrument/system simple enough:

• Could a local person be hired to do bi-weekly 
maintenance?

• Could this person hook a laptop to the system, 
check signals, clean cell, change filters and 
memory card?

Risks and consequences of failure:

1. How robust is this instrument/system in the field?

2. What happens if it is not regularly maintained?

• Will it gradually reduce data quality?
• Will it just stop collecting the data?
• Will it need factory cleaning and 

recalibration?
• Will it fail and need replacement?
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Hardware summary

Key instrument requirements:

• Fast (actual system response of about 10 Hz)

• High resolution at fast sampling rate

• Low or no flow distortion to the anemometer

• Temperature stabilized/low temperature drift

• Careful handling of sampling timing protocol

• Good at relevant specifications

• Rugged, weatherproof

• Low sensitivity to dirt, dust, etc.

• Low sensitivity to water

• Easy to use by non-technical user

• Small/manageable size

• Low power, few solar panels

• Practical in the field

Air flow can be imagined as a horizontal flow of 
numerous rotating eddies of different sizes roughly 
distributed over the measurement height.

Lower to the ground small eddies usually prevail, 
and they transfer most of the flux. Higher above the 
ground large eddies transfer most of the flux. Small 
eddies rotate at very high frequencies, and large 
eddies rotate slowly.

For these reasons, good instruments for eddy covari-
ance need to be “universal”. They need to sample fast 
enough to cover all required frequency ranges, but 
at the same time they need to be sensitive to small 
changes in quantities.

Instruments should not distort the natural air flow 
moving into the sonic anemometer. They should 

not break large eddies with a bulky structure, so that 
they can measure accurately at great heights, and 
they should be aerodynamic enough to minimize the 
creation of many small eddies from the instrument 
structure, so that they can measure accurately at low 
heights. They should not average small eddies, and 
should be practical in terms of maintenance, power 
consumption and weight.

The next section will review major instrument types 
using LI-COR gas analyzer models as examples. 

Warning: The selection of hardware has an overarching 
goal of satisfying the measurement purpose in the best possi-
ble manner. The foremost objective is simply to make sure that 
the hardware is capable of delivering high-frequency high-res-
olution data over the full range of gas concentrations. Only 
then should compromises be made on additional criteria to 
make the project less costly and more manageable.

Reading and References

Foken, T., & Oncley, S. 1995. Workshop on instrumental and me-
thodical problems of land surface flux measurements. Bulletin of 
the American Meteorological Society, 76(7), 1191-1224. https://doi.
org/10.1175/1520-0477-76.7.1191

Yamanoi, K., et al. (eds) 2012. Practical handbook of tower flux observa-
tion. Forestry and Forest Products Research Institute. 196 pp. https://
www2.ffpri.go.jp/labs/flux/manual/manual_index_e.html 

https://doi.org/10.1175/1520-0477-76.7.1191
https://doi.org/10.1175/1520-0477-76.7.1191
https://www2.ffpri.go.jp/labs/flux/manual/manual_index_e.html 
https://www2.ffpri.go.jp/labs/flux/manual/manual_index_e.html 
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Sonic anemometer models 

• Many manufacturers produce numerous models of anemometers 
to measure wind speed in various settings

• A relatively small number of specific models are suitable for 
eddy covariance flux measurements

• These models rely on sonic anemometry principles (see Section 
2.2 for details); they are fast, have high resolution, and in most 
cases, can measure all three components of three dimensional 
wind speed

Among numerous anemometer manufacturers and 
models, relatively few are suitable for eddy covari-
ance measurements due to response rate limitations, 
directional abilities, geometric design, and signal 
resolution.

Modern commercially available models suitable for 
eddy covariance measurements are all based on the 
principles of sonic anemometry.

Cup and vane anemometers have difficulty measur-
ing vertical wind speed and are generally slow-re-
sponse sensors.

Various hot wire anemometers can be fast, but have 
difficulties distinguishing between wind components.

Laser anemometers are fast and work well with wind 
components, but most do not have adequate resolu-
tion of wind speed at high frequency.

Even among sonic anemometers, relatively few 
models can be successfully used for turbulent flux 
transport measurements. Only designs with paired 
transducers installed on the thin arms are suitable. 
Designs relying on two solid disks may distort too 
much flow. 

Suitable models are fast high-resolution devices, over-
whelmingly of three-dimensional design, although 
the one-dimensional and two-dimensional sonic ane-
mometers can and have been used for eddy covari-
ance measurements in the past.

One notable recent exception from the otherwise 
fundamentally similar three-dimensional anemome-
ter designs is a recent line of Metek’s multipath mod-
els. In multipath design, each single transducer sends 
pulses to three opposing transducers, effectively mak-
ing nine pairs (18 paths) of transducers versus typi-
cal three pairs (six paths). This novel approach has a 
potential to improve the vertical wind speed measure-
ments due to both increased number of samples and 
ability to exclude the paths with the flows distorted 
by supporting structures and transducers themselves 
depending on wind angle and direction.

A list of key manufacturers and specific models suit-
able for eddy covariance measurements (as of 2020) 
are shown in the table on the next page.

Sections 2.2, 2.3 and 3.2 of this book provide more 
details on the principles of operation, selection crite-
ria and installation of sonic anemometers of different 
design in the context of eddy covariance flux stations.
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Sonic anemometer models (continued)

• Examples of producers and key models of sonic anemometers frequently used in eddy covariance 
measurements

Regardless of the model and design type, all ane-
mometers require proper installation, leveling, and 
maintenance. This includes selecting and installing 
the instrument to minimize flow distortion (details in 
Section 2.3 and 3.2), maintaining a constant orienta-
tion to minimize angle-of-attack errors, and keeping 
the transducers clean to minimize sonic errors.

Instruments should be installed on a firm base fac-
ing prevailing wind directions; this is especially 
important for the c-clamp design. This design is not 
omni-directional, and while it may distort less flow 
from some angles, it is likely to distort a lot more flow 

from over ⅓ - ½ of backside wind directions. Further 
details of installation are provided in Section 3.2 of 
this book.

Small amounts of rain, dew, snow, and frost on the 
sonic transducer may change the path length, and 
thus the estimate of speed of sound, and will usu-
ally lead to small errors in some models and to larger 
errors in others.

While each model may react differently to light rain 
events, none can produce reliable readings in heavy 
precipitation.

Reading and References

The key manufacturers of sonic/ultrasonic anemometers used in eddy 
covariance are:

ATI - https://www.apptech.com

CSI - https://www.campbellsci.com

Gill Instruments - http://www.gill.co.uk

Kaijo - http://www.u-sonic.co.jp

Metek - https://www.metek.de

R.M. Young - https://www.youngusa.com

Thies Clima https://www.thiesclima.com

Aubinet, M., Vesala, T., & Papale, D. (eds) 2012. Eddy covariance: a 
practical guide to measurement and data analysis. Springer, Dordrecht. 
https://doi.org/10.1007/978-94-007-2351-1 

Manufacturer Specific Models

Applied Technologies (ATI) Vx, Sx, V, K series

Campbell Scientific (CSI) CSAT3 series

Gill Instruments HS-100, HS-50, R3 and WindMaster series

Kaijo/Sonic Corporation DA-500, 600, 700, and 900 series

Metek uSonic-3 and multi-path series

R.M. Young Company 81000 series

Thies Clima Ultrasonic Anemometer 3D

https://www.apptech.com
https://www.campbellsci.com
http://www.gill.co.uk
http://www.u-sonic.co.jp
https://www.metek.de
https://www.youngusa.com
https://www.thiesclima.com
https://doi.org/10.1007/978-94-007-2351-1 
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Sonic anemometer models (continued)

Designs that combine a sonic anemometer with a 
gas analyzer have been attempted in flux measure-
ments since the 1980s. Notably, several generations 
of Mk-Hydra were developed from the early 1980s, 
through 1990s and into early 2000s by the Centre for 
Ecology and Hydrology (CEH) is the UK. 

This very novel, at the time, design was considerably 
more compact and aerodynamic than some of the 
recent co-located designs and was helpful in eliminat-
ing the physical separation between the measurement 
paths of the anemometer and gas analyzer, reducing 
the portion of the frequency corrections (Section 4.2) 
due to such separation, and in reducing the overall 
cost due to combined electronics. 

However, the advantage of combining the anemom-
eter and the analyzer comes, at present level of tech-
nology, with the high costs of the flow distortion and 
the addition of heat/cold caused by the presence of a 
bluff body near or in the anemometer path (details in 
Section 2.3), especially when the added elements are 
bigger than the structural elements of the anemome-
ter itself, and even more so if the added elements are 

larger than the ones deployed in the original innova-
tive design of Mk-Hydra (see above). 

With a separate anemometer and gas analyzer, 
installed 10–20 cm apart, the sensor separation cor-
rection is small (a few single percent), easy to com-
pute and verify, and is automatically applied in nearly 
all modern flux computing programs. 

However, flow distortion and sensible heat effects, 
caused by adding a bluff body near or in the anemom-
eter, can be large, are difficult to recognize without a 
second unobstructed anemometer, and nearly impos-
sible to correct as explained in the previous section. 

So, a properly designed flux measuring system must 
propose a reasonable closeness of the anemometer 
and the gas analyzer without introducing flow distor-
tion, sensible heat flux errors, and severe reduction 
in accepted wind directions. The distance between 
the two sensors must be as small as possible but 
large enough to satisfy these conditions (Foken and 
Oncley, 1995; Foken, 2014; Section 2.3).
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As of 2020, with presently available technology, and 
resulted large size and awkward shape of the ele-
ments, added into the anemometer, the combined 
collocated systems are not recommended for the 
high-quality reliable flux measurements, required in 
scientific, regulatory and commercial applications. 
This situation may change in the future with more 

advanced materials and significantly miniaturized 
technical solutions. 

Later in the book we assume that anemometer flow is 
not distorted by a closely located analyzers, support 
booms and other elements as a result of the careful 
system design, instrument selection, and positioning 
on the tower. 

Reading and References 

The literature sources below describe design and performance of the 
Mk-Hydra over several generations of the combined design: 

Acreman, M.C., et al. 2003. Evaporation characteristics of wetlands: 
experience from a wet grassland and a reedbed using eddy correla-
tion measurements. Hydrology and Earth System Sciences, 7(1), 11-21. 
https://doi.org/10.5194/hess-7-11-2003

Blanken, P.D., et al. 2000. Eddy covariance measurements of evaporation 
from Great Slave Lake, Northwest Territories, Canada. Water Resources 
Research, 36(4), 1069-1077. https://doi.org/10.1029/1999wr900338

Evans, J.G., et al. 2003. Comparison of an open-path Mk3 Hydra in-
strument for measurement of surface carbon flux with a closed-path 
eddy correlation system over Amazonian rainforest. In Proceedings 
of The Second International Scientific Conference of Large Scale Bio-
sphere-Atmosphere Experiment in Amazônia. 444 pp. Centre for Ecology 
& Hydrology.

Harding, R.J., et al. 2002. Evaporation and energy balance of a 
sub-Arctic hillslope in northern Finland. Hydrological Processes, 16(7), 
1419-1436. https://doi.org/10.1002/hyp.353

Lloyd, C., & Oliver, S. 2015. The physics of atmospheric interaction. In 
J. C. Rodda & M. Robinson (eds), Progress in modern hydrology: Past, 
present and future (pp 135-182). John Wiley & Sons, Ltd. https://doi.
org/10.1002/9781119074304.ch5

Rodda, J.C., & Robinson, M. 2015. Progress in modern hydrol-
ogy: past, present and future. John Wiley & Sons. https://doi.
org/10.1002/9781119074304

Shuttleworth, W., et al. 1988. An integrated micrometeorological sys-
tem for evaporation measurement. Agricultural and Forest Meteorology, 
43(3-4), 295-317. https://doi.org/10.1016/0168-1923(88)90056-1

Shuttleworth, W.J. 2007. Putting the "vap" into evaporation. Hydrolo-
gy and Earth System Sciences, 11(1), 210-244. https://doi.org/10.5194/
hess-11-210-2007

Tessella Support Services. 2004. Flux-View data processing software. 
FluxView Issue: V1.R1.M0. 

The literature sources below provide examples of design and perfor-
mance of the two other recent combined models with large structures 
inserted inside and close to the anemometer path. The flow distortion 
issues are likely masked by the acceptance of only a fraction of data 
from favorable wind directions and angles, and potentially can be rein-
terpreted as other instrumental issues:

Helbig, M., et al. 2016. Addressing a systematic bias in carbon diox-
ide flux measurements with the EC150 and the IRGASON open-path 
gas analyzers. Agricultural and Forest Meteorology, 228-229, 349-359. 
https://doi.org/10.1016/j.agrformet.2016.07.018

Horst, T.W., Vogt, R., & Oncley, S.P. 2016. Measurements of flow dis-
tortion within the IRGASON integrated sonic anemometer and CO

2
/

H
2
O gas analyzer. Boundary-Layer Meteorology, 160(1), 1-15. https://

doi.org/10.1007/s10546-015-0123-8 

Russell, E.S., et al. 2019. Adjustment of CO
2
 flux measurements 

due to the bias in the EC150 infrared gas analyzer. Agricultural and 
Forest Meteorology, 276-277, 107593. https://doi.org/10.1016/j.
agrformet.2019.05.024

Sonnentag, O., et al. 2015. Sensible heat bias in open-path eddy cova-
riance carbon dioxide flux measurements [Paper presentation]. Amer-
ican Geophysical Union, Fall Meeting Abstracts, San Francisco, CA. 
https://agu.confex.com/agu/fm15/meetingapp.cgi/Paper/65379 

Sonic anemometer models (continued)

https://doi.org/10.5194/hess-7-11-2003
https://doi.org/10.1029/1999wr900338
https://doi.org/10.1002/hyp.353
https://doi.org/10.1002/9781119074304.ch5
https://doi.org/10.1002/9781119074304.ch5
https://doi.org/10.1002/9781119074304
https://doi.org/10.1002/9781119074304
https://doi.org/10.1016/0168-1923(88)90056-1
https://doi.org/10.5194/hess-11-210-2007
https://doi.org/10.5194/hess-11-210-2007
https://doi.org/10.1016/j.agrformet.2016.07.018
https://doi.org/10.1007/s10546-015-0123-8 
https://doi.org/10.1007/s10546-015-0123-8 
https://doi.org/10.1016/j.agrformet.2019.05.024
https://doi.org/10.1016/j.agrformet.2019.05.024
https://agu.confex.com/agu/fm15/meetingapp.cgi/Paper/65379 
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Open path LI-7500DS CO2/H2O gas analyzer

The four generations of the LI-7500 design (e.g., the 
original, “A”, “RS”, and “DS”) have been the most 
widely used open-path CO2/H2O flux analyzers in 
the world (as of 2020), historically deployed at several 
thousands of eddy flux measurement locations, and 
currently operating at multiple hundreds of flux sites. 
Data from these analyzers have been used in tens of 
thousands of journal papers, scientific reports, tech-
nical, and conference publications across the globe. 

Despite similar looking external shape factor and 
model numbers, the differences between these four 
generations are not negligible, and it is important to 
understand these differences for a proper design of the 
new flux station or interpretation of the historic data.

The original LI-7500 has been developed and 
deployed globally since 2000. The original model had 
a single temperature control setting at about +30 °C, 
generating non-negligible amount of heat near the 

measurement path during cold temperature periods 
(Section 4.6), was sometimes susceptible to non-neg-
ligible contamination-related zero drifts under spe-
cific contaminants (e.g., chemical films, pollen, clay 
dust, etc.; Appendix IV), required approximately 15 
watts of power in summer, and several more watts in 
winter depending on the ambient temperature. 

The LI-7500A model significantly improved tem-
perature control and reduced the heat dissipation 
by providing warm-season and cold season settings, 
also reducing the power requirements during the 
cold period. 

The LI-7500RS model was further redesigned with 
improved electronics, optics and advanced tempera-
ture controls, to be much less susceptible to contam-
ination- and temperature-related drifts and resulted 
in a remarkably reduced instrument-to-instrument 
variability. 

Reading and References

Burba, G., et al. 2017. Concentrations, co-spectra and fluxes from the 
latest standardized automated CO

2
/H

2
O flux systems vs. older gas ana-

lyzers [Paper presentation]. GHG Flux Workshop: From Photosystems to 
Ecosystems, Helmholtz GFZ German Research Centre for Geosciences, 
Potsdam, Germany, October 24-2.  
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Open path LI-7500DS CO2/H2O gas analyzer (continued)

• LI-7500DS CO2/H2O flux research system different from older 
models

• System includes the analyzer, but also includes SmartFlux 3 
weatherized remotely-accessible microcomputer:

• Accepts CH4 gas analyzer, multiple models of sonic ane-
mometers and data loggers, and combines auxiliary biomet 
data with fluxes

• Provides automated standardized final flux calculations in 
near real-time using EddyPro 7.0 

• Seamlessly integrates with the latest tools for flux tower 
networking, data sharing, and data analysis

• Communicates via multiple protocols including Ethernet

• The analyzer portion is streamlined, lower-cost, lower-power 
version of the LI-7500RS model modified to produce substan-
tially less heat and consume less power:

• Has significantly increased stability under contamination and 
improved temperature controls (details below) 

• Has standard mount for easy installation into the least fre-
quent wind direction to minimize or eliminate flow distortion 

• No longer has LI-7550 box to reduce complexity, size, and 
power demand

While the new LI-7500DS flux system includes the 
CO2/H2O gas analyzer, it also includes a fully auto-
mated weatherized remotely-accessible microcom-
puter, SmartFlux 3 (Section 2.5), to log and fully 
process flux data using EddyPro 7.0 software in real-
time (Section 2.5), conducting Fourier Transform, 
spectra, co-spectra, ogives, planar fit, progressive RH 
corrections, footprints and other computing-inten-
sive calculations, and then to merge these flux data 
with supporting biometeorological, weather, soil and 
proximal optical loggers and sensors. 

Multiple communication protocols allow the sys-
tem to seamlessly integrate with latest tools for flux 
station networking, data sharing, and data analysis, 
such as FluxSuite (Section 3.4 and Part 6).

The GPS-driven PTP time protocols replace the older 
NTP protocols to sync all instruments in the station 
and all SmartFlux-equipped stations across the globe 
with each other down to microsecond scale. 

Both standardized real-time processing and strict 
time synchronization across the stations are designed 
to provide reliable and comparable performance 
across flux networks. Please see Section 2.3 for details 
on the importance of the PTP time synchronization, 
and Part 6 for the advantages of flux networking.

The LI-7500DS system hardware is designed to avoid 
or minimize the flow distortion and head heat going 
into the anemometer path which results in both 
incorrect gas fluxes and incorrect heat fluxes not rep-
resenting the actual ecosystem (details in Section 2.3). 

The electronics are miniaturized and the LI-7550 box 
is eliminated to reduce system complexity, weight and 
size, and reduce power consumption from 15 watts in 
older models to 4 watts nominal.

The LI-7500DS is designed specifically (e.g., built, 
resolution, performance, etc.) for eddy covariance 
applications, but can be used for other gas measure-
ment applications such as profile and transect mea-
surements, concentration mapping etc.

More Reliable 
Data

Less  Reliable 
Data

Put all wind flow obstructions 
into least frequent wind direction
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Open path LI-7500DS CO2/H2O gas analyzer (continued)

• Ll-7500DS system effectively becomes a core of the standardized fully automated eddy covariance flux sta-
tion because it accepts most of contemporary models of sonic anemometers and dataloggers

• Pictured above is the test of Ll-7500DS with six key omni-directional anemometer models from Gill, Metek, 
and RMYoung

• Similar tests were conducted using c-clamp style anemometers from CSI, Gill, and Metek

Since the LI-7500DS system accepts most contem-
porary models of sonic anemometers (photo above) 
and conventional data loggers, and processes data 
using the same exact EddyPro engine as major flux 
networks (AmeriFlux, ICOS, CERN, CAAS, etc.) it 
effectively becomes a core of the standardized fully 
automated eddy covariance flux station.

Such flux stations can readily be combined into a fully 
automated flux networks using FluxSuite or other 
custom flux networking tools (Part 6). Separately 

from the ability to run flux networks, the FluxSuite 
also make it easier to manage each individual sta-
tion within the network by showing station status, 
fluxes, weather, flags etc., sending email alerts (see 
Section 3.4).

This and previous page listed the key features making 
LI-7500DS flux system different from the previous 
LI-7500 line of models of gas analyzers. Now let us 
take look at technical specifications of the CO2/H2O 
analyzer portion of the new system. 

Reading and References

Burba, G., et al. 2017. Comparison of CO
2
 concentrations, co-spectra 

and flux measurements between latest standardized automated CO
2
/

H
2
O flux systems and older gas analysers [Paper presentation]. 10th 

International Carbon Dioxide Conference, Switzerland: 21-25/08.  
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Specifications

• Ruggedness and weatherproofing – built for continuous year-round outdoor deployment without the need 
for shelter or climate control

The key specifications for the analyzer portion of 
LI-7500DS flux system are listed above. It is a fast 
high-resolution open-path device with wide oper-
ating temperature and pressure ranges designed to 
allow low-power deployment in most of the world’s 
ecosystems.

Unique features:

• GPS PTP-based clock to tightly synchronize 
various data flows within the station and between 
different stations 

• Careful optical design to significantly reduce or 
eliminate contamination-related drifts

• Strict temperature control of key electronics and 
optics to reduce temperature drifts

• Standard mount to minimize flow distortion to 
the anemometer and avoid installation errors

• Power consumption is 4 W nominal
• No LI-7550 box to simplified configuration, 

reduce cost and complexity

• The above were done through technical innova-
tion, so all crucial aspects of the research-grade 
EC system were kept

Additional important specifications:

• Open-path design eliminates tube attenuation 
effects and related frequency response errors: no 
sample attenuation, distortion, or sorption by an 
intake tube

• Flow distortion minimized by aerodynamic shape 
and ability to set up away from sonic anemometer

• Low power dissipation and cold settings to reduce 
surface heating

• Logging memory ranges from 16 GB using inter-
nally powered USB flash drive to Terabytes using 
externally powered USB hard drive

• Contamination is compensated for, but some data 
loss is expected due to precipitation, dew, fog, and 
other window contaminants

Reading and References 

A full list of specifications can be found here: https://www.licor.com/
env/products/eddy_covariance/LI-7500DS.html.

A full description of the design and features is located at: https://www.
licor.com/env/support/LI-7500DS/topics/overview.html.

CO2 H2O

Measures at 10 Hz or faster up to 20 Hz

High resolution at high frequency 0.11 ppm RMS @ 10 Hz 0.0047 ppT RMS @ 10 Hz

Wide gas concentration range 

typical ambient

0-3000 ppm 0-60 ppT (mmol/mol)

300-900 ppm 0.5-40 ppT (mmol/mol)

Temperature range (-40) -25 to +50 ° C

Pressure range 20-110 kPa

Power
4 W typical at 25 ° C
8 W max over operating range of -25 to 50 ° C

Size 6.5 x 30 cm (2.6” x 12”) head on the tower near sonic

Weight
0.67 kg head
0.93 kg total

Open path LI-7500DS CO2/H2O gas analyzer (continued)

https://www.licor.com/env/products/eddy_covariance/LI-7500DS.html
https://www.licor.com/env/products/eddy_covariance/LI-7500DS.html
https://www.licor.com/env/support/LI-7500DS/topics/overview.html
https://www.licor.com/env/support/LI-7500DS/topics/overview.html
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Stability with contamination

Starting with LI-7500RS model, the electronic and 
optical components of the analyzers were substan-
tially redesigned to minimize contamination-related 
drifts and improve active temperature control of the 
key components of the analyzer. LI-7500DS system 
retained this new design, but at much lower power 
consumption, and with reduced complexity and cost. 

As a result of a redesign, the contamination-related 
drifts in CO2 were reduced few-to-tens of times vs 
the original model (top plot above). The contamina-
tion-related drifts in H2O were reduced many tens of 

times vs the original (bottom plot above). In addi-
tion, instrument-to-instrument variability was also 
reduced significantly, 3- to 9-fold, vs the original 
model (bars on the plots above). 

Such improvement can significantly reduce the need 
for site maintenance, improve overall data coverage, 
increase flux quality, and make much more confident 
comparison between different sites and different peri-
ods at the same site, when using the same model of 
the gas analyzer.

Reading and References

Begashaw I., et al. 2016, June. Latest results of field tests of the 
new open-path and enclosed systems for CO

2
 and H

2
O flux mea-

surements [Poster session]. 32nd Conference on Agricultural and For-
est Meteorology, Salt Lake City, Utah, US. https://ams.confex.com/
ams/32AgF22BLT3BG/webprogram/Paper295679.html

Burba, G., et al. 2017. Concentrations, co-spectra and fluxes from the 
latest standardized automated CO

2
/H

2
O flux systems vs. older gas ana-

lyzers [Paper presentation]. GHG Flux Workshop: From Photosystems to 
Ecosystems, Helmholtz GFZ German Research Centre for Geosciences, 
Potsdam, Germany, October 24-2.  

Open path LI-7500DS CO2/H2O gas analyzer (continued)

Original LI-7500: 
average and range 
of 3 instruments

LI-7500RS: 
average and range 
of 3 instruments

Typical T drift in 
the reference for 
daily swing at 
400 ppm 

Typical T drift in 
the reference for 
daily swing at 
10 mmol mol-1
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https://ams.confex.com/ams/32AgF22BLT3BG/webprogram/Paper295679.html
https://ams.confex.com/ams/32AgF22BLT3BG/webprogram/Paper295679.html
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Temperature dependence 

• Examples of calibration curves for LI-7500RS, 
LI-7500, and LI-7500DS gas analyzers

• All the curves overlay each other well: the 
calibration is consistent across the nearly 70 
°C temperature range

• Such data are collected for each individual 
LI-COR analyzer as a part of routine factory 
quality control and calibration

As described in Section 2.3, the active and tight tem-
perature control of key electronics and optics is essen-
tial for reduction of temperature drifts in infrared gas 
analyzers and associated flux errors. 

Such control helps assure that calibration curves 
developed in temperature-stabilized climate-con-
trolled calibration facility hold in the real-life outdoor 
environment, with sunlight, shade, and wind creating 
complex and dynamic temperature exchanges at dif-
ferent parts of the analyzer at different times of day 
and night. Without an active control, an analyzer may 
seem fine in the calibration chamber but can experi-
ence significant drifts in the real environment, which 
are difficult to recognize and diagnose because they 
can manifest as other issues.

Examples above show typical calibration curves for 
LI-7500, LI-7500RS, and LI-7500DS models deter-
mined by using a full set of calibration gases at each 
specific temperature. Such data are collected for each 
individual LI-COR analyzer as a part of routine fac-
tory quality control and calibration. As a result of 
tight temperature control, all the curves on each plot 
overlay each other well, showing that the calibration is 
consistent across the nearly 70 °C temperature range. 

Small residual temperature dependencies always 
remain, and corrections for these are included in the 
individual instrument calibration function to make 
sure the temperature effects stay within instrument 
specifications in both temperature-stabilized calibra-
tion chamber and under continuously changing out-
door conditions. 

Reading and References

Burba, G., et al. 2017. Comparison of CO
2
 concentrations, co-spectra 

and flux measurements between latest standardized automated CO
2
/

H
2
O flux systems and older gas analysers [Paper presentation]. 10th 

International Carbon Dioxide Conference, Switzerland: 21-25/08. 

McDermitt, D., Welles, J., & Eckles, R. 1993. Effects of Temperature, 
Pressure, and Water Vapor on Gas Phase Infrared Absorption by CO

2
. 

LI-COR, Inc. https://www.licor.com/documents/042zyxu599e7sui3ev5q 

Welles, J.M., & McDermitt, D.K. 2005. Measuring carbon dioxide in the 
atmosphere. In J. Hatfield & J. Baker (eds), Micrometeorology in agri-
cultural systems (p. 588). American Society of Agronomy (ASA), Crop 
Science Society of America (CSSA), and Soil Science Society of Ameri-

ca (SSSA). https://doi.org/10.2134/agronmonogr47.c13

Open path LI-7500DS CO2/H2O gas analyzer (continued)

https://www.licor.com/documents/042zyxu599e7sui3ev5q 
https://doi.org/10.2134/agronmonogr47.c13 
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Observed heating

The old LI-7500 models and some other non-LI-COR 
models of open-path gas analyzers can become much 
warmer than the ambient air when outside tempera-
tures are cold, causing a bias in flux measurements 
manifesting as an apparent CO2 uptake (details are 
Section 4.6 and literature below). This was mostly a 
result of keeping temperature of some of electronic 
and optical components at a constant 30–35 °C, and 
to a smaller degree, due to the heating of the instru-
ment surface by the sun.

Starting with LI-7500A model, the cold 5 °C setting 
was introduced to significantly reduce heat dissipation 
in the instrument path during winter conditions. The 
total system power consumption was then reduced in 
LI-7500DS model nearly 4 times vs previous models 
which also may have helped to further reduce the heat 

dissipation, while still providing careful temperature 
control of electronics and optical components. 

The table above shows results from cold season tests 
covering ambient temperatures from -19–0 °C during 
periods when no uptakes were expected over a dor-
mant and frozen ryegrass field. 

Data suggest that LI-7500DS surface heating 
impact is 3–5 times smaller than that observed for 
LI-7500RS at cold settings, and 55–60 times smaller 
than that observed for the original LI-7500 model, 
bringing overall bias in winter CO2 budget from 25% 
for the original model down to a fraction of a percent 
for LI-7500DS. 

Reading and References

Burba, G., Begashaw, I., & Kathilankal, J. 2018. New automated 
low-power flux measurements and calculations system accepting mul-
tiple anemometer models. In OzFlux-AsiaFlux Joint Conference, August 
23-26.

Burba, G., et al. 2011. Field examination of low temperature control 
setting for mediating surface heating effect in open-path flux mea-
surements under cold conditions. In European Geosciences Union 
General Assembly, Geophysical Research Abstracts (Volume 13), Vi-
enna, Austria, 03-08 April. https://meetingorganizer.copernicus.org/
EGU2011/EGU2011-11.pdf 

Burba, G., et al. 2011. Low temperature settings to mediate surface 
heating effect for open-path gas analyzers in cold environments. In 
Joint Meeting of AmeriFlux and North American Carbon Program, New 
Orleans, Louisiana, 1-4 February. https://nacarbon.org/meeting_ab_
presentations/2011/2011_Poster_Burba_48.pdf

Hupp, J., et al. 2010. Solution for minimizing surface heating effect for 
fast open-path CO

2
 flux measurements in cold environments. In Amer-

ican Geophysical Union, Fall Meeting Abstracts, San Francisco, CA. 

https://ui.adsabs.harvard.edu/abs/2010AGUFM.B23A0388H/abstract

Uptake 
events

Average 
uptake

Cumulative impact on 
winter CO2 budget

Notes

count μmol m-2 s-1 absolute
mmol m-2

fraction
%

Old LI-7500, 30 C 174 1.62 507.4 25.2% Typical, approximate

RS #1, cold 5 C setting 13 1.18 27.6 1.4% Improvements in LI-7500RS 
vs. LI-7500 are consistent with 
the switch from 5 C to 30 C 
settings for LI-7500ARS #2, cold 5 C setting 20 1.13 40.7 2.0%

DS #1, cold 5 C setting 7 0.74 9.3 0.5% Possibly due to reduction in 
system power consumption 
from 15 W to 4 WDS #2, cold 5 C setting 8 0.59 8.5 0.4%

Open path LI-7500DS CO2/H2O gas analyzer (continued)

https://meetingorganizer.copernicus.org/EGU2011/EGU2011-11.pdf
https://meetingorganizer.copernicus.org/EGU2011/EGU2011-11.pdf
https://nacarbon.org/meeting_ab_presentations/2011/2011_Poster_Burba_48.pdf
https://nacarbon.org/meeting_ab_presentations/2011/2011_Poster_Burba_48.pdf
https://ui.adsabs.harvard.edu/abs/2010AGUFM.B23A0388H/abstract 
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Installation and maintenance

• Typical examples of installation 
of the LI-7500DS gas analyzer 
on an eddy covariance tower 
near the three-dimensional sonic 
anemometer

The LI-7500DS is designed for simple installation 
and low maintenance. The standard mount helps to 
install the analyzer downwind from the anemometer, 
in the least frequent wind direction, to minimize or 
eliminate flow distortion to the anemometer, to have 
a correct tilt, and to avoid other installation errors. 
If needed, the analyzer can be installed without the 
standard mount.

Installation. The illustration above shows typical 
examples of installation of the LI-7500DS. When not 
using a standard mount, the analyzer is positioned 
10–20 cm away from the anemometer (main photo) 
or can be placed just below it. The best orientation 
with the mount (center above) is such that the ana-
lyzer is placed in the direction of the least frequent 
winds in relation to the anemometer. Alternatively, 
both anemometer and analyzer could be installed 
to meet prevailing winds at the same time (Section 
3.2). Mounting at a slight angle (as already predeter-
mined by the mount) may help prevent droplets from 
remaining on the windows after precipitation, reduc-
ing the need for cleaning.

Cleaning. Spectrally neutral contamination is com-
pensated for in the LI-7500DS to a large degree using 
readings from a non-absorbing optical channel for 
CO2 and H2O. In addition, the exposed windows of 
the LI-7500DS are usually kept sufficiently clean by 

rain. However, manual cleaning will sometimes be 
required, especially in highly dusty or salty envi-
ronments. Pressure modulation can be used to see 
if cleaning is needed (see Appendix IV for details). 
The sapphire windows are extremely resistant to 
scratches and can be cleaned with any mild detergent 
or glass cleaner. 

Changing internal chemicals. The desiccant/scrub 
bottles should be changed every 12 months. For added 
security in humid tropical environments, marine 
applications, etc., the frequency can be increased to 
about every 6–9 months.

Calibration. Factory calibration coefficients are usu-
ally stable for several years. Periodic checking of zero 
and span is recommended once per 6–12 months as 
a precaution. Alternatively, an approximate low-cost 
field validation can be done without calibration gases 
as described in Appendix IV. 

Warning: Setting span and zero for an open-path analyzer 
on the tower is generally difficult due to possible leaks and 
wind-induced diffusion. Setting the H2O span on the tower is 
extraordinarily difficult. If it is considered necessary, it is best 
to bring the instrument into a lab, and carefully follow calibra-
tion instructions.

Open path LI-7500DS CO2/H2O gas analyzer (continued)
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Applications

The LI-7500/A/RS/DS are used in a wide range of 
terrestrial flux applications over many environ-
ments, from natural and agricultural ecosystems, 
to urban and industrial areas. Fluxes and emission 
rates are typically measured from stationary or por-
table towers.

Although recommended and originally designed for 
placement on a stationary tower, in recent years the 
LI-7500/A/RS/DS has been used more extensively 
for measurements from moving platforms on land, 
airborne, and shipborne applications. Less common 
uses include chamber, atmospheric monitoring, and 
other measurements. Very recently, for example, a 
UAV-based LI-7500DS deployment was achieved by 
removing the enclosures to bring the weight below 
1000 grams. 

Terrestrial stationary applications are usually not 
affected by vibration issues, but moving vehicle, 

airborne, and shipborne installations can experience 
severe vibrations and some gyroscopic effects.

In these cases, installation of the LI-7500DS will 
require customized reinforcement to maintain struc-
tural integrity of the sensor head. The effects can also 
be minimized through appropriate compensating 
and mounting attachments. 

In land-based installations, a potential source of 
vibrations can be a lightweight, tall tower with taut 
guy wires attached at the top. Vibration can be mini-
mized by the use of more guy wires, including those 
attached at the middle of the tower.

A sensor head used in shipborne applications may 
also benefit from a customized coating, such as 
LPS3, to prevent splashing water from remaining on 
the windows.

Reading and References 

Additional information on applications, design, updates and software 
is available at: https://www.licor.com/env/support/LI-7500DS/topics/
overview.html.

Warning: It is important to note that the LI-7500DS is vibra-
tion sensitive at frequencies of 152 Hz ± the bandwidth. Thus, 
if the bandwidth is 10Hz, the problematic frequency range will 
be 142–162 Hz (and upper harmonics). The instrument is nearly 
completely insensitive to vibrations slower than this, and only 
very slightly sensitive to vibrations higher than this.

Open path LI-7500DS CO2/H2O gas analyzer (continued)

https://www.licor.com/env/support/LI-7500DS/topics/overview.html
https://www.licor.com/env/support/LI-7500DS/topics/overview.html
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Open path LI-7700 CH4 gas analyzer 

• The LI-7700 is a fast open-path CH4 analyzer for stationary and 
mobile eddy flux measurements

• Extremely low power and lightweight

• Break-through technology reduced power requirements 10 to100 
times below other current technologies

• Can be deployed in virtually any remote or hard-to-reach location:

• Can be solar- or wind- powered

• Heated to prevent condensation

• Has self-cleaning mechanism

The LI-7700 is a fast, high precision, laser-based gas 
analyzer that measures densities of CH4 in situ.

Similar to the LI-7500DS, the LI-7700 is designed 
specifically (e.g., build, resolution, performance, etc.) 
for eddy covariance applications, but is used in many 
other gas measurement applications (examples in this 
section and in Section 10.4).

The LI-7700 uses Wavelength Modulation Spectros-
copy, which employs a vertical-cavity surface-emit-
ting laser for fast measurements of CH4 with very low 
power consumption, few to hundreds of times below 
other currently available technologies, and with rela-
tively light weight.

These design elements result in significant advantages 
for CH4 flux and emission measurements:

• Possibility of remote solar-powered deployments 
due to low power demand

• Possibility of portable and mobile deployments 
due to light weight

• Undisturbed in-situ measurements due to open-
path design and the absence of a chamber or a tube

• Measurements can be done at the location of 
interest regardless of available infrastructure

• Can use Ethernet output to operate inde-
pendently with any Ethernet-enabled device, or 
can be plugged into the SmartFlux System with 
other measurements 

Reading and References

McDermitt, D., et al. 2011. A new low-power, open-path instrument for 
measuring methane flux by eddy covariance. Applied Physics B, 102(2), 
391-405. https://doi.org/10.1007/s00340-010-4307-0

Detto, M., et al. 2011. Comparing laser-based open- and closed-path 
gas analyzers to measure methane fluxes using the eddy covariance 
method. Agricultural and Forest Meteorology, 151(10), 1312-1324. 

https://doi.org/10.1016/j.agrformet.2011.05.014

https://doi.org/10.1007/s00340-010-4307-0
https://doi.org/10.1016/j.agrformet.2011.05.014 
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Specifications

• Ruggedness and weatherproofing – built for continuous year-round outdoor deployment without the need 
for shelter or climate control

The LI-7700 is a fast high-resolution open-path 
device with wide operating temperature and pressure 
ranges designed to allow low-power deployment in a 
wide variety of the world’s ecosystems. The key eddy 
covariance specifications are listed above.

Unique features:

• Extremely low power consumption, lightweight
• Unlike most other fast CH4 analyzers, operates 

at normal atmospheric pressure and does not 
require an intake tubing or a pump

• Can log directly to PC, yet is compatible with fast 
eddy covariance logging and processing system, 
SmartFlux, which come as standard with CO2/
H2O analyzers 

• Four fast auxiliary input channels are available for 
sonic anemometer outputs

Additional important specifications:

• Open-path design eliminates a number of fre-
quency response errors

• Flow distortion is minimized by aerodynamic 
shape and ability to set up away from sonic 
anemometer

• No sample attenuation, distortion, or sorption by 
an intake tube

• Air temperature in the sampling path and fast 
atmospheric pressure are also measured

• Temperature stability is achieved via WMS laser 
sampling principles and further assured by care-
ful temperature handling

• Contamination effects are reduced by design, 
via WMS laser sampling, and further helped by 
self-cleaning system and compensation algo-
rithms. Some data loss is expected due to precipi-
tation, dew, fog, and other window contaminants.

Reading and References

A full list of specifications can be found here: https://www.licor.com/
env/products/eddy_covariance/LI-7700#specs.

A full description of the design and features is located at: https://www.

licor.com/7700.

Open path LI-7700 CH4 gas analyzer (continued)

CH4

Measures gas density at 10 Hz or faster up to 40 Hz

High resolution at high frequency 5 ppb RMS@10 Hz

Operates over ambient gas range 

typical ambient  

0-40 ppm

1.5-5 ppm

Temperature range -25 to +50 °C

Pressure range 50-110 kPa

Power 8 W nominal

Size 14 x 83 cm (5.6” x 33”)

Weight 5.2 kg (11.5 lb)

https://www.licor.com/env/products/eddy_covariance/LI-7700#specs
https://www.licor.com/env/products/eddy_covariance/LI-7700#specs
https://www.licor.com/7700
https://www.licor.com/7700
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Installation

The LI-7700 is designed to integrate into existing or 
new eddy covariance flux stations. There are, however, 
several factors to take into account when deploying it. 
Addressing these appropriately is important for min-
imizing frequency corrections.

The two key items are instrument height above the 
canopy and proximity to the sonic anemometer.

For most applications, the LI-7700, as with any other 
fast instrument, should never be within the canopy 
roughness sublayer, as this may violate the assump-
tions of the eddy covariance flux method. The min-
imum recommended height above the canopy is 
1.5–2.0 m or more, but this will vary.

The lower the measurement height, the closer the 
instruments must be to each other to minimize fre-
quency response corrections for sensor separation.

For near-surface deployments close to the canopy, 
the analyzer should be placed 10–30 cm horizontally 
from the anemometer, and they should have a mini-
mal vertical separation.

The photo above illustrates an example of this type of 
setup. This solar-powered flux station in the Florida 
Everglades is equipped with an LI-7700 and LI-7500 
to measure fluxes of CH4, CO2, H2O in the middle of 
the remote wetland.

For deployments high above the canopy, the analyzer 
should still be as close as is practical to the sonic ane-
mometer; however, larger vertical separations are 
now acceptable (with the sonic anemometer above 
the LI-7700). For example, at a height of 40 m above 
the canopy, the anemometer sample path can be 
entirely above the analyzer.

Warning: It is not recommended to put fast scalar measure-
ments (e.g., gas concentration, thermocouple temperature, 
humidity) above the vector measurements (e.g., wind from 
sonic anemometer), as it may lead to errors and may require 
difficult to predict corrections.

Open path LI-7700 CH4 gas analyzer (continued)
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Removable 
Radiation Shield

Heater

Self-Cleaning Mirror

Heater

Rotating 
Mirror Solution 

Spray

Maintenance

• Field maintenance is reduced by a rotating 
lower mirror with an automated spray system 
to help keep it contamination-free

• Programmable heaters on both mirrors and 
radiation shield help minimize condensation

Cleaning. Field maintenance is reduced by a fully 
programmable self-cleaning mechanism for the lower 
mirror. Dew formation on both mirrors is avoided 
with fully programmable heaters. In addition, a 
removable radiation shield is provided to minimize 
condensation and power demands.

Manual cleaning will periodically be required, espe-
cially in highly dusty or salty environments, since the 
top mirror does not self-clean. In rare cases, when 
dust becomes sticky when contacting liquid (for 
example, manure dust at cattle yards), custom-built 
air sprayers for both mirrors may be used instead of 
the default liquid sprayer.

The mirrors are scratch resistant, but when cleaning 
manually, they should be treated the same way as an 
expensive camera lens. Avoid applying strong pressure 
when cleaning a dry mirror; simply wipe with a soft, 

clean, moistened cloth. If this is not sufficient, a mild 
soap or a commercial glass cleaner such as Windex® 
can be used.

Calibration. Factory calibration coefficients are 
usually stable for several years. Periodic checking of 
the zero and span is recommended once every 6–12 
months as a precaution.

As it is more difficult to find zero and span gas stan-
dards for CH4 than for CO2, make sure in advance 
to always use quality zero and span gases with CH4 
accuracy greater than 1%, and 0 ppm Volatile Organic 
Compounds (VOC free).

In remote locations occasional calibration checks can 
be done using small hand-carried gas tanks with a 
known CH4 concentration and with CH4-free air.

Reading and References

Further details on installation and field maintenance can be found in 
the LI-7700 manual: LI-COR. 2020. LI-7700 Open Path CH4 Gas Analyzer 
Instruction Manual, 984-10751, 200 pp.

Ham, J., Williams, C., & Shonkwiler, K. 2012. Automated Dust Blow-
off System for the LI-7700 Methane Analyzer. https://www.licor.com/
documents/gij97w52l7owp1g196kf 

Open path LI-7700 CH4 gas analyzer (continued)

https://www.licor.com/documents/gij97w52l7owp1g196kf
https://www.licor.com/documents/gij97w52l7owp1g196kf
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Applications

• Eddy covariance: Land, water, and air

• Other applications: 

• Many mobile applications 

• Mapping/moving platforms 

• Atmospheric monitoring 

• Large soil/canopy chambers etc.

Like the LI-7500DS for CO2 and H2O, the LI-7700 is 
used for measuring CH4 in a wide range of terrestrial 
flux applications over many environments, from nat-
ural and agricultural ecosystems, to urban and indus-
trial areas, including landfills and carbon capture and 
sequestration sites.

Fluxes, emission rates and high-precision gas con-
centrations are typically measured from stationary or 
portable towers.

Although recommended and originally designed 
for placement on a stationary tower, the LI-7700 is 
used quite frequently for measurements from mov-
ing platforms on land, as well as in airborne and 
shipborne applications, and sometimes, for chamber 
measurements.

Terrestrial stationary applications are not usually 
associated with vibration issues. Moving vehicle, 
airborne and shipborne installations, however, can 
experience vibrations and gyroscopic effects.

In these cases, installation of the LI-7700 will require 
a customized reinforcement to maintain structural 
integrity of the sensor head. The effects can also be 
minimized through appropriate custom-built com-
pensating and mounting attachments.

Lightweight low-power CO2/H2O gas analyzers (e.g., 
LI-7500DS) have been around for over 20 years and 
are widely used for observation of CO2 and H2O eddy 
fluxes. By contrast, there were no low-power light-
weight fast analyzers for CH4 flux measurements until 
the introduction of the LI-7700 in 2010.

In the next few pages we will briefly describe the 
important scientific implications of low-power light-
weight configurations for methane flux research.

Warning: When using the LI-7700 for eddy covariance flux 
calculations, make sure to use fast density output and not mole 
fraction output. The latter is provided for calibration, and may be 
used for some slow applications, but not for fast measurements.

Reading and References 

More on applications, design, and software is available at: https://
www.licor.com/7700.

Open path LI-7700 CH4 gas analyzer (continued)

Land Water Air

https://www.licor.com/7700
https://www.licor.com/7700
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Applications (continued)

Open path LI-7700 CH4 gas analyzer (continued)
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Methane is considered the most important green-
house gas after H2O and CO2 and has a global warm-
ing potential about 23 times that of CO2 over a 
100-year cycle (Solomon et al., 2007).

Prior measurements of CH4 fluxes have mostly been 
made with chambers and with the eddy covariance 
approach via closed-path analyzers.

Both chambers and closed-path analyzers have 
their advantages. However, chamber measure-
ments are discrete in time and space, may disturb 
soil surface integrity and air pressure, and are often 
labor-intensive.

Current closed-path analyzers operate under signifi-
cantly reduced pressures, and often require power-
ful pumps and commercial grid power. They are also 
quite difficult or impossible to clean in the field, and 
typically require factory-cleaning which can lead to 
potential data gaps.

Power and labor demands may be reasons why CH4 
flux is often measured at locations with good infra-
structure and grid power, and not necessarily with 
high CH4 production.

At the same time, most of the natural CH4 production 
occurs in remote areas with little infrastructure and 
no grid power.

The low power requirements and lightweight design 
of the LI-7700 make it fairly simple to measure eddy 
fluxes of CH4 in the middle of the area of interest (wet-
land, rice paddy, forest, landfill, etc.) in the absence of 
grid power and roads.

This provides a new and unique opportunity for mea-
suring natural, agricultural, industrial and other CH4 
production where it actually occurs, rather than mea-
suring it where the power grid and roads are available.

It can also expand the measurement coverage, and 
possibly, significantly improve the budget estimates 
of world CH4 emissions and budget.

The illustration on the previous page shows one 
example of such novel uses of low-power CH4 mea-
surements. Different types of automated remote low-
power stations, indicated by circles, measure methane 
emission rates in cold regions using the LI-7700 and 
the eddy covariance technique, as of 2015.

A satellite map of light intensity at night (NASA, 
2006) is used as a proxy for power grid distribution 
and is overlaid on a satellite map of methane con-
centration in the atmosphere (SCIAMACHY, 2005), 
showing the lack of proximity of mains power to 
methane generating areas of the Earth. The dashed 
blue line is an approximate permafrost border.

Open path LI-7700 CH4 gas analyzer (continued)

Applications (continued)
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• Open-path CH4 measurements established 
as an important scientific tool

• R&D100 Award as a new revolutionary 
technology

• Hundreds used across the globe: wetlands, 
rice fields, landfills, urban, etc.

• 25+ remote permafrost stations, including 
incredibly remote areas

Open path LI-7700 CH4 gas analyzer (continued)

In addition to permafrost research, another appli-
cation which intensively uses the LI-7700 is CH4 
measurements in the boreal and tropical wetlands. 
For example, the open-path CH4/CO2/H2O flux sta-
tion inside Florida Everglades operated for many 
years consuming a total about 30 watts, including 
the LI-7700 for CH4, LI-7500 for CO2/H2O, sonic 
anemometer, air temperature/relative humidity sen-
sors, and a barometer. The 12 lb. (5.5 kg) open-path 
methane analyzer was carried into this wetland by 
one person in a backpack, along with tools, other 
sensors, and a laptop. Yet another example is a study 
in the middle of the municipal landfill in Lincoln, 
Nebraska. A solar powered flux station equipped with 

the LI-7500RS and LI-7700 measured emission rates 
of CH4, CO2, and H2O year-round. Wireless commu-
nication was available to view the data and control the 
station in real time.

Overall, the LI-7700 turned out to be extremely pop-
ular instrument for CH4 flux research in remote low-
power applications, as reflected in the fundamental 
review “FLUXNET-CH4 Synthesis Activity: Objec-
tives, Observations, and Future Directions” by Knox 
et al. (2019), in the major initiative by AmeriFlux 
“Year of Methane” (https://ameriflux.lbl.gov/year-of-
methane/year-of-methane), and numerous individ-
ual scientific papers. 

Applications (continued)

https://ameriflux.lbl.gov/year-of-methane/year-of-methane
https://ameriflux.lbl.gov/year-of-methane/year-of-methane
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Open path LI-7700 CH4 gas analyzer (continued)

Reading and References

Bartsch, A., et al. 2014. Permafrost long term monitoring sites (Arctic 
and Antarctic); Supplement to: Bartsch, A., et al, 2014: Requirements 
for monitoring of permafrost in polar regions - A community white pa-
per in response to the WMO Polar Space Task Group (PSTG), Version 4. 
PANGEA. https://doi.org/10.1594/PANGAEA.847003

Bartsh, A., et al. 2014. Requirements for Monitoring of Permafrost 
in Polar Regions - Recommendations to the WMO-PSTG. World Me-
teorological Organisation, Executive Council Panel of Experts on Polar 
Observations Research and Services, Polar Space Task Group. https://
globalcryospherewatch.org/satellites/docs/PSTG-4_Doc_08-03_
Permafrost-Recommendations-Final.pdf

Burba, G., et al. 2017. Mapping CH
4
: fast open-path technology for re-

search and regulatory measurements. In Annual TERN OzFlux Meeting, 
Western Sydney University, Richmond, Australia, November 6-15.

Burba, G., et al. 2014. Advancements in micrometeorological technique 
for monitoring CH

4
 release from remote permafrost regions: principles, 

emerging research, and latest updates [Poster session]. European Geo-
sciences Union General Assembly, Geophysical Research Abstracts (Vol-
ume 16), Vienna, Austria.  https://meetingorganizer.copernicus.org/
EGU2014/EGU2014-1185-5.pdf

Deventer, M.J., et al. 2019. Error characterization of methane fluxes 
and budgets derived from a long-term comparison of open- and closed-
path eddy covariance systems. Agricultural and Forest Meteorology, 
278, 107638. https://doi.org/10.1016/j.agrformet.2019.107638

Knox, S.H., et al. 2019. FLUXNET-CH
4
 synthesis activity: objectives, 

observations, and future directions. Bulletin of the American Me-
teorological Society, 100(12), 2607-2632. https://doi.org/10.1175/
BAMS-D-18-0268.1

Applications (continued)

https://doi.org/10.1594/PANGAEA.847003
https://globalcryospherewatch.org/satellites/docs/PSTG-4_Doc_08-03_Permafrost-Recommendations-Final.pdf
https://globalcryospherewatch.org/satellites/docs/PSTG-4_Doc_08-03_Permafrost-Recommendations-Final.pdf
https://globalcryospherewatch.org/satellites/docs/PSTG-4_Doc_08-03_Permafrost-Recommendations-Final.pdf
https://meetingorganizer.copernicus.org/EGU2014/EGU2014-1185-5.pdf
https://meetingorganizer.copernicus.org/EGU2014/EGU2014-1185-5.pdf
https://doi.org/10.1016/j.agrformet.2019.107638
https://doi.org/10.1175/BAMS-D-18-0268.1 
https://doi.org/10.1175/BAMS-D-18-0268.1 
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Open path LI-7700 CH4 gas analyzer (continued)

Applications (continued)

• Open-path CH4 approach becomes important for mobile monitoring: cars, airplanes, ship, drones, etc.

• Novel use for methane mapping and gas leak detection and quantification

• Barnett Shale, Beijing, Boston, Boulder, Denver, Duke, Ft. Collins, Houston, Los Angeles, Marcellus Shale, 
NY, Princeton, San Francisco, SW Italy, etc.

In addition to low-power eddy covariance and cham-
ber flux applications described in the previous pages, 
in the past few years, this instrumentation has been 
utilized increasingly more frequently outside of the 
traditional use at stationary sites. 

The novel approaches rely on high-speed high-res-
olution methane mapping from various moving 
platforms, such as cars, aircraft, and ships. Projects 
included mapping of concentrations and vertical pro-
files, leak detection and quantification, mobile emis-
sion detection from natural gas cars, soil CH4 flux 
surveys, etc.

Since LI-7700 does not require any pumps or intake 
tubes, it can work from the car’s cigarette plug, and 
provides time response of 40 times per second with a 
resolution of 0.01 ppm CH4. The resulting CH4 map 
could be resolved every 0.5 m even when driving 50 
mph. Installation does require general care but does 
not require a presence of an expert. Maintenance is 

reduced to cleaning the mirrors of the analyzer in the 
same way one would clean a camera lens or expen-
sive sunglasses. 

The 40 times per second response, 0.01 ppm resolu-
tion, and 0.5 m maps may in general be excessive for 
CH4 mapping applications. However, when mapping 
CH4 from a moving vehicle on the busy city roads, 
the driver does not usually have an easy way to slow 
down or speed up, so these seemingly excessive specs 
provide a safe buffer for potential errors or rapidly 
changing conditions and give additional reliability to 
such measurements.

When plume mapping and other modeling schemes 
are utilized as means for locating and quantifying the 
leaks from moving vehicles, the same 40 times per sec-
ond response, 0.01 ppm resolution, and 0.5 m maps 
may provide significant methodological advantages.
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Open path LI-7700 CH4 gas analyzer (continued)

Applications (continued)

The LI-7700 can be installed in many possible con-
figurations as long as the top and bottom mirrors do 
not become misaligned as a result of the installation 
structure, or as a result of vehicle movement. 

The easiest way to avoid such misalignment is to first 
attach both top and bottom parts of the instrument 
to the same single rigid element (such as metal pipe 
or a roof rack), and then attach this rigid element to a 
moving platform. When the LI-7700 is installed hor-
izontally and driven over rough terrain, it may also 
be useful to fix the rotating bottom mirror to the bot-
tom portion of the instrument to prevent vibration of 
the mirror. 

The figures above show examples of various mobile 
car-mounted deployments (clockwise from top left): 

• Bumper installation of LI-7700 during a joint 
project by Colorado State University, Environ-
mental Defense Fund, and Google Cars

• Roof installation of LI-7700 for CH4 mapping 
of the widely publicized Aliso Canyon leak at 
South California Gas Company conducted by 
South California Air Quality Management Dis-
trict Authority

• Two different roof installations by The Prince-
ton Atmospheric Chemistry Experiment (PACE) 
showing mounted instrumentation and GPS. 

In all cases top and bottom portions of the LI-7700 
were attached to the same rigid element, which then 
was attached to the moving platform. The LI-7700 was 
also isolated with a foam or a rubber material from 
touching metal surfaces of the support structure.

South Coast AQMD
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Open path LI-7700 CH4 gas analyzer (continued)

Reading and References
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gov/mission_pages/discover-aq/news/mobile-laboratories-measure-
air-quality-in-houston/#.Ukok9IaThMv; Sept. 25, 2013.
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ping of methane sources [master's thesis]. West Virginia University. 
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toring challenge. Elementa: Science of the Anthropocene, 7. https://doi.
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Applications (continued)

Similar to measurements from the moving vehicles, 
the LI-7700 is used to measure CH4 concentrations 
and fluxes from airborne platforms, such aa air-
planes, helicopters, helipods, and drones. In such 
applications, vibrations may get strong and structural 
integrity of the analyzer, which was not designed for 
such use, should be protected by carefully designed 
mounting system.

In some experiments, the analyzer was attached to the 
strut of the airplane, while in others in was securely 
placed into a cage-like enclosure. In other applica-
tions, it was enclosed into a PVC tube inside of the 

airplane with airflow provided by a funnel facing the 
direction of flight. 

The examples above show deployments on the small 
airplane over Barrow Alaska by the Global Change 
Research Group of San Diego State University (left 
top and bottom photos), over landfill areas in north-
ern Italy by the Institute of Bioeconomy of Italian 
National Research Council, and drone deployment by 
the AmeriFlux AMP Tech Team. Other examples and 
details of mobile applications, including LI-7700, are 
also discussed in Sections 7.2 and 10.4 of the book 
and in the literature below.

Reading and References

Burba, G., et al. 2017. High-resolution mobile measurements of meth-
ane concentrations and fluxes using high-speed open-path technology 
on cars, ships, airplanes, helicopters and drones. In 19th WMO/IAEA 
Meeting on Carbon Dioxide, Other Greenhouse Gases, and Related Mea-
surement Techniques, Dübendorf, Switzerland, 27-31 August.

Burba, G., et al. 2016. Latest on mobile methane measurements with 
fast open-path technology: experiences, opportunities & perspec-
tives. In European Geosciences Union General Assembly, Geophysical 
Research Abstracts, (Volume 18) Vienna, Austria, 17-22 April. https://
meetingorganizer.copernicus.org/EGU2016/EGU2016-3147.pdf

Gasbarra, D., et al. 2019. Locating and quantifying multiple landfills 
methane emissions using aircraft data. Environmental Pollution, 254, 
112987. https://doi.org/10.1016/j.envpol.2019.112987

Göckede, M., et al. 2020. Integrated Arctic Observation System. Re-
search and Innovation Action under EC Horizon 2020, Grant Agreement 
No. 727890. https://cordis.europa.eu/project/id/727890

Lampert, A. 2018. Towards improved understanding atmospheric 
boundary layer processes by airborne high resolution measurements. TU 
Braunschweig, Niedersächsisches Forschungszentrum für Luftfahrt.

Open path LI-7700 CH4 gas analyzer (continued)
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Enclosed LI-7200RS CO2/H2O gas analyzer

• Ll-7200RS CO2/H2O flux research system

• It includes the analyzer, but also includes SmartFlux 2 weatherized  
remotely-accessible microcomputer:

• Accepts CH4 gas analyzer, multiple models of sonic anemometers and data 
loggers, and combines auxiliary biomet data with fluxes

• Provides automated standardized final flux calculations in near real-time 
using EddyPro 7.0

• Seamlessly integrates with the latest tools for flux tower networking, data 
sharing, and data analysis

• Communicates via multiple protocols including Ethernet

• The analyzer portion is a universal weatherproof sampling cell that can output 
both fast densities and fast dry mole fractions of CO2 and H2O

• Capable of versatile configurations: can be used in many different ways, from 
eddy covariance to lab measurements

• Combines advantages of open-path and closed-path designs

• Eliminates CO2 and H2O losses during rain, and surface heating effects

As with LI-7500DS flux system, the LI-7200RS sys-
tem accepts most of the contemporary models of 
sonic anemometers and conventional data loggers, 
and processes data using the same exact EddyPro 
engine as major flux networks (AmeriFlux, ICOS, 
CERN, CAAS, etc.) it effectively becomes a core of 
the standardized fully automated eddy covariance 
flux station.

Such stations can readily be combined into a fully 
automated flux networks using FluxSuite or other 
custom flux networking tools (Part 6), but separately 
from the ability to run such flux networks, the Flux-
Suite make it easier to manage each individual station 
by showing station status, fluxes, weather, flags etc., 
sending email alerts etc. (Section 3.4)

Let us briefly discuss the CO2/H2O analyzer portion 
of the new flux system. The concept of an enclosed 
gas analyzer was developed for, and is introduced 
with the LI-7200 analyzer, and refined in LI-7200RS 
model. When used in eddy covariance applications, 
the LI-7200RS is a compact closed-path CO2/H2O 
analyzer enabled for operation with a short intake 
tube so it can be mounted on the tower and not at 
ground level. The intake tube can be as short as few 
centimeters or as long as many meters (similar to 
the LI-7200, LI-7000 and LI-6262), but the optimal 
length is about 0.5 to 1 m. 

When used with a long intake tube, the analyzer 
behaves identically to traditional closed-path ana-
lyzers used for eddy flux, gradient flux, profile, mean 
concentration and many other measurements. Yet 
when used with a very short intake tube, the ana-
lyzer retains some features of open-path designs used 
mainly for eddy flux measurements. 

Fast temperature and fast pressure of the gas stream 
are measured at the sampling cell. Fast temperature 
is measured in two places: just before gas entry into 
the cell and just after the gas exits from the cell. Fast 
pressure is measured in the middle of the sampling 
cell. The importance of these measurements for flux 
results are discussed in the next few pages and in 
Section 4.7. 

The short-tube configuration is intended to maxi-
mize strengths and to minimize weaknesses of both 
traditional open-path and closed-path designs, but 
the instrument can still be used with any other flux 
measurement technique.

The ability to operate with short intake tube and to 
output try dry mole fraction at high speed resulted 
in LI-7200/RS models being selected, after extensive 
independent 3rd-party tests, as a standard for major 
national and international flux networks including 
ICOS and NEON. 
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Enclosed LI-7200RS CO2/H2O gas analyzer (continued)

Special care was taken in the analyzer software to 
properly measure and align all inputs required to pro-
duce fast dry mole fraction from gas density (Section 
4.7). In particular, instantaneous air temperatures 
measured near the inlet and outlet of the sampling 
cell were weighted to compute cell air temperature 
in such a way that it properly reflects the fast tem-
perature integrated over the entire cell volume. Fur-
thermore, outlet air temperature is delayed in time 
in relation to inlet temperature to describe the same 
exact air parcel, and all other signals are delayed in 
relation to the temperature to compensate for the 
thermal inertia of thermocouples measuring inlet 
and outlet temperatures.

When used with a short intake tube, fast temperature 
and pressure measurements made inside the cell pro-
vide the strengths of both open-path and closed-path 
designs at the same time:

Similar to closed-path analyzers:

• Minimal data loss due to precipitation and icing 
(similar to LI-7000 and LI-6262)

• No surface heating issues (similar to LI-7000 
and LI-6262), because fast cell temperature is 
measured

• Possibility of automated calibrations on tower 
(similar to LI-7000 and LI-6262) with additional 
custom hardware

• Minimal-to-negligible thermal expansion density 
term in WPL correction

• System can be heated to prevent icing in 
extremely cold environments

Similar to open-path analyzers:

• Frequency response is improved over traditional 
closed path design

• Relatively small and correctable flux attenuation 
in short intake tube

• Infrequent calibration requirements (similar to 
LI-7500DS)

• Reduced maintenance needs (similar to 
LI-7500DS)

• Tool-free cell cleaning on the tower (similar to 
LI-7500DS)

• Low power configuration when used with a short 
intake tube without fine-particle filter

• Simplicity, small size, light weight, weatherproof

Locking Screws
Hold sample cell in place when sampling

Removable Cell
No tools required for easy on-tower field cleaning

31
.0

 c
m

7.5 cm

Cell Inlet
Can be used with various short or long intake tubes

Coupled Metal Body
Keeps sample cell warm and stable

Inside the Cell
Fast T are on inlet and outlet, fast p is in the middle
Cell walls are made of PVC to minimize T gradient

IRGA Connector
Weather-proof, 5 m or 10 m cable

Cell Outlet
Connects to pump or fan with or without buffer

In-Cell Fast T and p Measurements
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The technical specifications for the LI-7200RS are gen-
erally similar to the open-path LI-7500DS analyzer. 
Key specifications for eddy covariance are listed above.

There are, however, several substantial differences 
between the enclosed LI-7200RS and the open-path 
LI-7500DS related to instrument outputs and design, 
summarized on the previous page and in a table in 
Section 2.2.

Unique features:

• A universal weatherproof fast measuring sam-
pling cell that can output both densities and fast 
dry mole fractions (Sections 4.4 and 4.7)

• Can be used in numerous applications in addition 
to eddy covariance

• Substantially simplifies eddy flux calculations and 
reduces related methodological errors several 
times

• Uses intake tube, including optional standardized 
heated intake, so virtually no data loss is expected 
due to precipitation, dew, fog, snow, icing, etc. 

• Can be shielded or heated while on the tower to 
operate in extreme environments

• Comes with fast eddy covariance logging system
• When used without fine-particle filter, optional 

low-power flow module provides 15 lpm flow at 
16 watts of power for low-power deployments

Additional important specifications:

• Flow distortion is minimal due to small size of tube
• Optical sources and filters are temperature regu-

lated to provide long term analyzer stability
• Contamination is compensated for, but needs 

periodic cleaning when used without a fine-par-
ticle filter

• Logging memory capacity ranges from 16 GB 
using an internally powered USB flash drive, to 
terabytes using an externally powered USB hard 
drive

Reading and References

A full list of specifications can be found here: https://www.licor.com/
env/support/LI-7200RS/topics/specifications.html.

A full description of the design and features is located at: https://www.
licor.com/env/products/eddy_covariance/LI-7200RS.html.

Specifications

• Outputs both fast density and fast dry mole 
fraction: important for eddy covariance; elim-
inates the need for density terms, including 
pressure term

• Rugged and weatherproof – built for contin-
uous year-round outdoor deployment without 
the need for shelter or climate control

CO2 H2O

Measures at 10 Hz or faster up to 20 Hz

High resolution at high frequency 0.11 ppm RMS @ 10 Hz 0.0047 ppT RMS @ 10 Hz

Wide gas concentration range 

typical ambient

0-3000 ppm 0-60 ppT (mmol/mol)

300-900 ppm 0.5-40 ppT (mmol/mol)

Temperature range (-40) -25 to +50 ° C; can be heated in extreme cold

Pressure range 20-110 kPa

Power 12 W nominal + 16 W low-power flow module, or higher-power pump

Size
7.5 x 31 cm (3” x 12”) head on the tower near or below sonic 
35 x 30 x 15 cm (13.8” x 12” x 6”) interface/logging box below

Weight
1.8 kg (3.95 lbs) head on the tower near or below sonic 
4.4 kg (10 lbs) interface/logging box below

Enclosed LI-7200RS CO2/H2O gas analyzer (continued)

https://www.licor.com/env/support/LI-7200RS/topics/specifications.html
https://www.licor.com/env/support/LI-7200RS/topics/specifications.html
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https://www.licor.com/env/products/eddy_covariance/LI-7200RS.html
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Stability with contamination

Starting with LI-7200RS model, the electronic and 
optical components of the analyzers were substan-
tially redesigned to minimize contamination-related 
drifts and improve active temperature control of the 
key components of the analyzer. 

As a result of a redesign, instrument-to-instrument 
variability between sensors reduced 3–9 times for 
both CO2 and H2O, CO2 performance improved 
slightly vs the original LI-7200 model, while H2O 
performance improved very significantly. The con-
tamination-related drifts in H2O were reduced from 

few to many tens of times vs the original (plot above). 
In addition, instrument-to-instrument variability was 
also reduced significantly, 3- to 9-fold, vs the original 
model (bars on the plots above). 

Such improvement can significantly reduce the need 
for site maintenance, improve overall data coverage, 
increase flux quality, and make much more confident 
comparison between different sites and different peri-
ods at the same site, when using the same model of 
the gas analyzer.

Reading and References

Begashaw I., et al. 2016, June. Latest results of field tests of the 
new open-path and enclosed systems for CO

2
 and H

2
O flux mea-

surements [Poster session]. 32nd Conference on Agricultural and For-
est Meteorology, Salt Lake City, Utah, US. https://ams.confex.com/
ams/32AgF22BLT3BG/webprogram/Paper295679.html

Burba, G., et al. 2017. Standardized automated CO
2
/H

2
O flux systems 

for individual research groups and flux networks. In European Geo-
sciences Union General Assembly, Geophysical Research Abstracts, 
(Volume 19), Vienna, Austria, 23-28 April. https://meetingorganizer.
copernicus.org/EGU2017/EGU2017-594.pdf

Burba, G., et al. 2017. Concentrations, co-spectra and fluxes from the 
latest standardized automated CO

2
/H

2
O flux systems vs. older gas ana-

lyzers [Paper presentation]. GHG Flux Workshop: From Photosystems to 
Ecosystems, Helmholtz GFZ German Research Centre for Geosciences, 
Potsdam, Germany, October 24-2.  
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High-frequency temperature and pressure measurements 
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Enclosed LI-7200RS CO2/H2O gas analyzer (continued)

Similar to LI-7500DS, the temperature of the key 
electronic and optical components of LI-7200RS ana-
lyzer is carefully regulated to provide minimal or no 
temperature-related drifts. The calibration curves 
over multiple gas concentration and 70 °C range are 
constructed for this instrument, during every routine 
factory calibration, also as for LI-7500DS model. 

However, in addition to such active control required 
in a research-grade infrared gas analyzer, the high 

frequency air temperature has also to be measured 
inside the analyzer cell. Unlike LI-7500DS, the 
enclosed instrument cannot use sonic anemome-
ter temperature for density terms (Section 4.4), and 
instead has to have fast temperature measured in the 
sampled air flowing through the cell to compute true 
dry mole fraction at high speed, with no need for sub-
sequent density terms when computing the flux (Sec-
tion 4.7). 
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Enclosed LI-7200RS CO2/H2O gas analyzer (continued)

The importance of such measurements is demon-
strated in the plots on the previous page. Top left plot 
shows how different are the cell air temperature and 
cell block temperature in both means and fluctuations, 
and top right plot shows the resulted spectra. The dif-
ferences are quite significant: the intake tube does not 
fully dampen temperature fluctuations and the resid-
ual fluctuations are captured by cell air temperature 
measurements but not by cell block temperatures.

As a result, CO2 fluxes computed using block tem-
perature have an error, difficult to see at first but 
important in the long-term. The bottom left plot show 
hourly CO2 fluxes computed using fast temperature of 
the sampled air in the cell (x-axis) compared to those 
computed from temperature of the cell block (y-axis). 

At first glance, fluxes computed using sampled air 
temperature and block temperature look similar, and 
any error if exists is not immediately noticeable, or 
may appear not statistically significant. This approach 
may be a bit deceptive, because if there is a constant 
small bias in the data, buried in the statistics. 

The bottom right figure looks closer into the same 
exact data in terms of cumulative carbon budget. A 
lack of fast air temperature measurements in the cell 
leads to a rapid accumulation of error in CO2 fluxes, 
noticeable after first day, and very significant by the 
end of the period (6.2 vs 2.6 g CO2 m

-2). The resulted 
error over 10 days is about 3.6 g CO2, or 58% of the 
CO2 budget. By day 10, the fluxes were underesti-
mated 2.4 times.

High-frequency temperature and pressure measurements (continued)
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High-frequency temperature and pressure measurements (continued)

The figure above illustrates the same situation over 
one year of CO2 flux data. When cell block tem-
perature is used instead of properly weighted fast 
cell air temperature, errors in CO2 fluxes can reach 
60–90%. Such errors are expected to be significant 
in any environment but are particularly detrimental 
for the sites where 24-hour or yearly budgets have 
comparable photosynthetic and ecosystem respira-
tion components.

Even long tubes of traditional closed-path analyz-
ers with length-to-diameter ratio <1000:1, often 
assumed to be a safe choice to dampen all tempera-
ture fluctuations, do not eliminate 100% of fast tem-
perature fluctuations.

Section 4.7 further describes detailed calculations 
of gas fluxes using high-speed measurements of gas 
density and dry mole fraction, and further explains 
how fast temperature measurements of cell airstream 
come into these flux calculations. This section also 
addresses somewhat less impactful but still important 
effects of fast pressure measurements in the sampling 
cell of an enclosed analyzer. 

As mentioned above, LI-7200RS system measures 
both weighted temperature of the sampled air in the 
cell and its pressure, at high-speed, and incorporates 
these into instantaneous computations of dry mole 
fraction. This approach removes the need for density 
terms (Section 4.7) and reduces the methodological 
error of enclosed-path eddy covariance flux measure-
ments several times vs open-path flux measurements.

Reading and References
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Burba, G., et al. 2010. Novel design of an enclosed CO2
/H

2
O gas analy-

ser for eddy covariance flux measurements. Tellus B, 62(5). https://doi.
org/10.1111/j.1600-0889.2010.00468.x 
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Global Change Biology, 18(1), 385-399. https://doi.org/10.1111/j.1365-
2486.2011.02536.x

Kathilankal, J., Fratini, G., & Burba, G. 2014. Investigation on the impor-
tance of fast air temperature measurements in the sampling cell of short-
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Geophysical Union, Fall Meeting Abstracts, San Francisco, CA. (pp B53A-
0146). https://agu.confex.com/agu/fm14/meetingapp.cgi/Paper/9693

Kathilankal, J., Fratini, G., & Burba, G. 2015. Significance of high-speed 
air temperature measurements in the sampling cell of a closed-path 
analyzer with a short tube. In European Geosciences Union General As-
sembly, Geophysical Research Abstracts, Vienna, Austria, 12 -17 April. 
https://meetingorganizer.copernicus.org/EGU2015/EGU2015-1289.pdf 

Nakai, T., Iwata, H., & Harazono, Y. 2011. Importance of mixing ratio 
for a long-term CO

2
 flux measurement with a closed-path system. Tel-

lus B: Chemical and Physical Meteorology, 63(3), 302-308. https://doi.
org/10.1111/j.1600-0889.2011.00538.x

Rannik, Ü., Vesala, T., & Keskinen, R. 1997. On the damping of tempera-
ture fluctuations in a circular tube relevant to the eddy covariance mea-
surement technique. Journal of Geophysical Research: Atmospheres, 
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Installation

• An example of a remote LI-7200 instal-
lation at the ICOS eddy covariance site 
in Finland

The analyzer portion of LI-7200RS flux system is 
a fast-measuring cell that can be easily installed in 
many different configurations and used for many 
applications beyond eddy covariance. It can be used 
with intake tubes of various lengths, diameters and 
materials, depending on the application.

It can be used with long intakes (from 1.5–40 m 
or more), like regular closed-path; the frequency 
response for CO2 may be 3–5 Hz or less, depending 
on the tube length and flow rate. It can also be used 
with a short tube (0.4–1.5 m), like enclosed-path ana-
lyzers; the frequency response for CO2 may be 5-10 
Hz depending on the tube length and flow rate. In 
addition, the LI-7200RS can be used with an ultra-
short tube (0.01–0.4 m) and a very high flow rate; 
the frequency response for CO2 may be 10–20 Hz, 
depending on the tube length and flow rate.

For convenience, a default stainless steel intake tube 
is provided, with removable insulation under a white 
plastic sleeve, but any desired intake tube of different 
length, diameter and material suitable for the particu-
lar application can be used instead of the factory-pro-
vided default intake.

When used for eddy covariance measurements, the 
illustration above shows one example of a properly 
installed LI-7200 at the ICOS remote site in Finland. 
Please note several subtle but important details:

• A tube bender was used to modify the default 
steel intake without pinches and sharp turns

• Decabon/Synflex flexible tubing can also be used 
instead of the default intake tube

• Tube can be insulated and/or heated if desired
• Sensor head is slightly inclined forward to let 

water drain from the outlet port if it ever gets in, 
avoiding dust accumulation in the water pool

• Intake is fixed to a rigid element on the tower and 
sonic anemometer to avoid excessive torque on 
the head

• Area surrounding the sensor head is not crowded 
– easy to remove and clean the cell on the tower, 
without removing the sensor head or intake tube

• The result is a sturdy, low-maintenance, aerody-
namic, omni-directional setup, and no data loss is 
expected when winds change direction

Enclosed LI-7200RS CO2/H2O gas analyzer (continued)
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Installation (continued)

In most cases, the optimal position of the head is 
off-vertical, inclined forward, so that water that may 
have gotten into the cell during heavy rains does not 
pool inside the cell.

The sampling cell is waterproof and will not be dam-
aged if water is present, but it will affect H2O and CO2 
concentrations and fluxes and may result in salt and 
dust accumulation on cell walls and windows, and in 
corrosion of the inlet and outlet thermocouples.

Below we describe several default configurations in 
addition to the one shown on the previous page that 
will work for most tower installations:

• When using the rain guard and bug screen, the 
tube can be bent downward slightly to keep tube 
inlet below the level of the head inlet

• If the rain guard and bug screen are not used, 
sensor head should be inclined even more, and 
the tube can be bent slightly downward

• When a flexible, custom intake tube (e.g., Deca-
bon/ Synflex) is used, it can be tied to the sonic 
anemometer to minimize flow distortion and 
sensor separation for omni-directional sampling

• A more “waterproof ” configuration can be used 
in rainy environments. The instrument head 
is inclined to near horizontal, and the intake is 
dropped down to prevent water from “climbing” 
up the tube.

When the intake tube is longer than 50 cm, it is best 
to install and secure the tube on the tower first, before 
attaching the analyzer head, to prevent excessive 
stress on the head inlet port.

When the intake tube is 50 cm or shorter, the tube 
can be attached to the LI-7200RS head first, and then 
secured on the tower. Even then, it is recommended 
to secure the outer end of the tube to the anemometer 
or any other rigid element of the setup (blue dots on 
the diagram above).

Warning: Use a bug screen on the intake in all environ-
ments to prevent insects from getting pulled into the cell. 

Avoid sharp bends and tube pinches: flow must not be dis-
turbed and must have minimal flow restrictions.
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Enclosed LI-7200RS CO2/H2O gas analyzer (continued)
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Tube length

The LI-7200RS can be used with tubes of various 
lengths, diameters and materials, depending on the 
application, measurement method, and experimen-
tal setup.

The default intake is provided for convenience. It 
was chosen for simplicity, standard size and mate-
rial compatible with various filters and valves. It can 
easily be cut to a desired length or replaced with a 
different tube.

When used in eddy covariance applications, the intake 
tube can be adjusted to simultaneously maximize tube 
attenuation of instantaneous fluctuations of tempera-
ture, and to minimize the attenuation of instantaneous 
fluctuations of water vapor. This helps to significantly 
reduce the WPL term and associated uncertainties, 
without requiring excessive frequency response cor-
rections for water vapor flux and its uncertainties.

The optimal length for the factory default intake sug-
gested by experimental data for a dry, clean 5.3 mm 
ID tube ranges from about 0.4 m, attenuating 90% 
of high frequency temperature fluctuations and less 
than 5% of the water fluctuations, to about 1.7 m, 
attenuating 99% of the temperature fluctuations and 
less than 10% of the water fluctuations.

The intersection of the two fitted lines in the above 
figure suggests the best intake length is about 0.7 m. 
However, a single specified length is too restrictive to 
apply to all studies because each specific study may 
require a specific tube length.

For example, hydrological studies may benefit from 
shorter tubes (e.g., 0.4–1.0 m or less) of small diameter 
to reduce uncertainties associated with the tube effects 
on frequency dampening of water vapor fluctuations.

Meanwhile, research groups focused solely on eco-
system CO2 exchange would benefit from using lon-
ger tubes (e.g., 1.0–1.7 m, or more) to further reduce 
or eliminate temperature fluctuations and associated 
uncertainties. In such cases, especially with intake 
tubes longer than 1.7 m, the water attenuation can still 
be corrected by frequency response corrections, so no 
actual water vapor flux would be lost, but uncertainty 
will increase.

This uncertainty and attenuation can also increase 
with tube wall contamination, sharp turns or uneven 
joints in the intake tube, and at high relative humidity.
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Insulation and heating

• Insulating the intake tube minimizes or prevents nighttime condensation inside the tube in humid 
environments

• Heating the intake tube helps prevent icing on the inside of the intake tube in extremely cold environments 
and reduces water vapor attenuation in high-humidity environments

• Pictured below is the optional heated and insulated intake tube for Ll-7200RS designed by recommendation 
of the ICOS European flux network

When using any device with an intake tube, two 
phenomena are of particular concern: condensation 
of the water on tube walls, and attenuation of the 
high-frequency fluctuations, which especially affects 
sticky gases, such as H2O, NH3, etc. (see Tube Attenu-
ation in Section 4.2 for details).

While these effects may be much smaller in short 
tubes of an enclosed analyzer when compared to 
multi-meter or longer tubes used with traditional 
closed-path analyzers, it is always a good strategy to 
try to minimize them. The simplest first step is insu-
lating or shielding the tube. This will prevent or sig-
nificantly reduce condensation in most environments 
most of the time.

The second step is to decide whether or not to heat 
the tube. The following three strategies are typically 
considered:

• No tube heating. This is used by a vast majority 
of sites, which do not heat the tubes, but rather 
simply insulate them. This is a frequent case for 
an enclosed LI-7200RS when used with a short, 
insulated tube, and the water vapor specific atten-
uation correction is used to achieve the correct 
water vapor flux values.

• Heating a tube to prevent condensation. This 
requires heating by a fraction of a degree above 
ambient or providing 1–2 Watts of continuous 
heat to keep condensation from forming. This is 
sometimes used with long tubes, in humid sites, 
or at sites with rapidly changing temperature/ 
humidity conditions, such as seashores, cities, 
small wetlands, lakes, etc.

• Heating a tube to keep relative humidity below 
40–60%. This approach is aimed at reducing 
water vapor attenuation in the tube. Such a 
sophisticated heating solution (photo above) is 
typically used by the major networks tasked with 
highest-quality uniform data collection systems 
across wide environmental conditions. 

Unlike most of gases, the water vapor is “sticky”, 
adsorbing and desorbing to the tube walls (Section 
4.2) depending on temperature, humidity and tube 
cleanliness. As a result, the attenuation of water vapor 
flux can be significant during periods with very high 
relative humidity. 

Small fluxes are particularly affected because they 
tend to occur during periods of high relative humid-
ity, with a small gradient driving the flux. Keeping 
relative humidity in the tube to below 40–60% helps 
reduce such attenuation to the level typically observed 
by a “non-sticky” gases such as CO2 or CH4. 

Optional tunable heating system (0–6 watts) for the 
LI-7200RS designed to resolve these issues is com-
posed of a heating wire wrapped around the GSS tube 
and insulated from the environment in a way to allow 
easy replacement of particle filter. 

Enclosed LI-7200RS CO2/H2O gas analyzer (continued)
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The sensor head generally does not need to be insu-
lated or shielded, as energy from the head’s electron-
ics is always larger than energy that can be radiated 
away at night by a “black” sky or borne away by wind 
convection. There are two specific cases, however, 
when the analyzer head may benefit from shielding 
or insulation:

• Environments with extremely rapid advection of 
much warmer air, such as some locations within 
cities, warm ocean shores in the autumn, etc 
 
In these environments, the advection of much 
warmer air may happen very rapidly, and sam-
pled air may be considerably warmer than the cell 
walls for one or two hours after the advection due 
to the thermal inertia of analyzer head. So, some 
minor condensation can theoretically occur, but 
it can be avoided if the head is insulated. 
 
Insulating the head in warm environments, how-
ever, has an inherent risk of overheating the head 
above 50°C, potentially reaching the “thermal 
runaway”, and damaging the internal electronics. 

• In extremely hot environments, such as trop-
ical deserts, it is theoretically possible for the 
analyzer head to get heated above 50 °C, even 
though we did not encounter this problem with 
the LI-7500A/RS/DS analyzer heads during many 
years of use. Shielding the LI-7200RS head in 
such cases may help. 
 
As an alternative, a slightly longer tube may be 
used, and the analyzer head may be placed under 
the tower mounting plate, thus, naturally shield-
ing the head from sunlight.

Heating of the head should not be required under 
most circumstances. Artificial heating (below 50 °C), 
however, will not adversely affect the measurements, 
since the air temperature in the cell is measured at a 
fast rate.

Warning: In order to attenuate ambient temperature to neg-
ligible levels, the ratio of the in-take tube length to its diameter 
should be about 1000:1 or more. So, when using short tubes for 
eddy flux measurements, the temperature of the sampled air 
stream has to be measured in the cell at a fast rate. This is 
required for fast dry mole fraction calculations, and for comput-
ing WPL thermal expansion term. Please make sure to use fast 
cell air temperature, and not accidentally use slow block tem-
perature when setting up custom processing codes. Further 
details on the importance of fast air temperature measurements 
in the enclosed cell are discussed in Sections 2.2 and 4.7.

Enclosed LI-7200RS CO2/H2O gas analyzer (continued)
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Enclosed LI-7200RS CO2/H2O gas analyzer (continued)

Insulation and heating (continued)

Reading and References

The literature listed below provides further theoretical and experimen-
tal details on various aspects of tube attenuation:

Aubinet, M., et al. 1999. Estimates of the annual net carbon and water 
exchange of forests: the EUROFLUX methodology. Advances in Ecologi-
cal Research, 113-175. https://doi.org/10.1016/s0065-2504(08)60018-5

Aubinet, M., Vesala, T., & Papale, D. (eds) 2012. Eddy covariance: a 
practical guide to measurement and data analysis. Springer, Dordrecht. 
https://doi.org/10.1007/978-94-007-2351-1

Baldocchi, D. 2012. Advanced topics in biometeorology and microme-
teorology. Department of Environmental Science, UC-Berkeley, Califor-
nia. Lecture notes. http://nature.berkeley.edu/biometlab/espm228

Fratini, G., et al. 2012. Relative humidity effects on water vapour fluxes 
measured with closed-path eddy-covariance systems with short sam-
pling lines. Agricultural and Forest Meteorology, 165, 53-63. https://doi.
org/10.1016/j.agrformet.2012.05.018

Fratini G., et al. 2015. Sampling line heating improves frequency re-
sponse of enclosed eddy covariance gas analyzers. American Geophys-
ical Union, Fall Meeting Abstracts, San Francisco, CA, December 14-18. 
https://agu.confex.com/agu/fm15/webprogram/Paper67061.html

Ibrom, A., et al. 2007. Strong low-pass filtering effects on water va-
pour flux measurements with closed-path eddy correlation systems. 
Agricultural and Forest Meteorology, 147(3-4), 140-156. https://doi.
org/10.1016/j.agrformet.2007.07.007

Mammarella, I., et al. 2009. Relative humidity effect on the high-fre-
quency attenuation of water vapor flux measured by a closed-path 
eddy covariance system. Journal of Atmospheric and Oceanic Technolo-
gy, 26(9), 1856-1866. https://doi.org/10.1175/2009jtecha1179.1

Massman, W.J. 1991. The attenuation of concentration fluctuations in 
turbulent flow through a tube. Journal of Geophysical Research: Atmo-
spheres, 96(D8), 15269-15273. https://doi.org/10.1029/91jd01514

Massman, W., and A. Ibrom, 2008. Attenuation of concentration 
fluctuations of water vapor and other trace gases in turbulent tube 
flow. Atmospheric Chemistry and Physics, 8(20): 6245-6259.

Moore, C.J. 1986. Frequency response corrections for eddy correla-
tion systems. Boundary-Layer Meteorology, 37, 17-35. https://doi.
org/10.1007/bf00122754

Nordbo, A., et al. 2014. Sorption-caused attenuation and delay of wa-
ter vapor signals in eddy-covariance sampling tubes and filters. Journal 
of Atmospheric and Oceanic Technology, 31(12), 2629-2649. https://doi.
org/10.1175/jtech-d-14-00056.1

Runkle, B.R., et al. 2012. Attenuation correction procedures for wa-
ter vapour fluxes from closed-path eddy-covariance systems. Bound-
ary-Layer Meteorology, 142(3), 401-423. https://doi.org/10.1007/
s10546-011-9689-y 
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Maintenance

• When needed, the LI-7200RS sampling cell 
can be removed from the head and cleaned 
on the tower, without any tools, and without 
disconnecting the tubing or cables.

Cleaning. The LI-7200RS has a very similar optical 
design to the LI-7500DS and is similarly affected 
by dirt.

However, the LI-7200RS optical cell is enclosed, so 
contamination can accumulate. Consequently, the 
windows should be kept clean either by regular man-
ual cleaning or by using an intake filter, especially in 
dusty or salty environments.

The analyzer is also specifically designed to make it 
easy to remove and clean the cell on the tower with-
out the use of tools.

The LI-7200RS can be kept clean using any of the fol-
lowing three approaches:

• With a low-power setup that includes the 7200-
102 Flow Module (e.g., a low-power configurable 
precision pump blower) and no intake filter, 
the windows should be cleaned about every 1–3 
months, and less or more frequently, depending 
on the environment. 

• With the 7200-102 Flow Module and a 2–50 
micron intake filter, the frequency of cleaning 
may be extended depending on dust size and ori-
gin. It may also be possible to use a finer particle 
filter that has a low flow restriction.

• With external grid power and a user-supplied 
external pump, a standard single micron filter 
(e.g., Pall Gelman) can be used. The filter can 
then be changed as needed, usually every 1–6 
months, depending on the environment.

When not using an intake filter in extreme environ-
ments (water splashes into intake tube over ocean, 
dust at cattle yards, soot near chemical factories, etc.), 
more frequent cleaning may be required.

If the optical windows become significantly contam-
inated with a material that is not spectrally neutral 
(e.g., certain salts, chemicals, soot), it may become 
difficult to calibrate the analyzer, and excessive zero 
shifts may occur, leading to mean concentration 
changes of several percent or more.

These shifts generally do not affect flux calculations 
in a significant manner, but can still lead to changes 
in the span, and should be avoided by keeping the 
cell clean.

When cleaning manually, it is important to keep in 
mind that the LI-7200RS has two surfaces that can be 
cleaned: the sapphire windows, and the PVC walls of 
the insert.

Enclosed LI-7200RS CO2/H2O gas analyzer (continued)

Loosen Knobs

Clean Optical 
Windows

Remove 
Optical Bench



2.4 Details for Some Specific Instrument Models  | 159

Enclosed LI-7200RS CO2/H2O gas analyzer (continued)

The sapphire windows are extremely resistant to 
scratches and can be cleaned with any mild detergent 
or glass cleaner.

The PVC insert can be cleaned with mild soap and 
water, isopropyl alcohol, vinegar, or distilled/non-dis-
tilled water.

Do not use acetone, ammonia, chlorine, or wire 
brushes to clean the path, as irreparable damage to 
the PVC insert can occur. Brushes can also damage 
fine-wire thermocouples located at the entry and exit 
of the sampling cell.

After the cell is opened, cleaned, and closed again, 
checking the zero for CO2 and H2O is recommended, 
which can also be done while on the tower.

Resetting the zero after cell cleaning usually is not 
essential for eddy covariance flux measurements, but 
not doing so may cause an offset in mean concentra-
tion measurements, as cell conditions may have been 
modified by the user.

Changing chemicals. The desiccant/scrub bottles 
should be changed every 12 months. For added secu-
rity in humid tropical environments, marine applica-
tions, etc., the frequency can be increased to about 
every 6–9 months.

Unlike in the LI-7500DS with two chemical bottles, 
the LI-7200RS has three bottles located in two differ-
ent places, and all three bottles should be replaced at 
the same time. 

Calibration. When kept clean either by filtering or 
by periodic manual cleaning, the factory calibration 
coefficients are usually good for several years.

Periodic checking of zero and span is recommended 
once every 6–12 months as a precaution. These checks 
can be done relatively easily on the tower by stopping 
the sample flow and flowing a calibration gas through 
an intake tube. 

Alternatively, an approximate low-cost field val-
idation can be done without calibration gases as 
described in Appendix IV.

As with any closed-path instrument, an automated 
custom- built calibration system can be designed for 
monthly, weekly, daily or even hourly calibration at 
the tower, depending on measurement technique and 
user preferences.

For open-path analyzers, setting zero and span on the 
tower is generally difficult, due to leaks and wind-in-
duced diffusion, and setting the H2O span is extraor-
dinarily difficult.

With an enclosed design, or any closed-path design, 
the H2O calibration process is easier, yet it is still 
important to carefully follow the calibration instruc-
tions provided in the instruction manual.

It is generally best to avoid trying to set the H2O span 
on the tower for any analyzer design. This is because 
rapid changes in wind speed and sunlight can affect 
temperature of the walls of the calibration tube com-
ing from the dew point generator into the analyzer 
and can lead to substantial discrepancies between the 
generated humidity and the humidity reaching the 
analyzer sampling cell.

Warning: Avoid putting long objects (e.g., narrow tubing, 
screw drivers, etc.) into the inlet and outlet ports of the ana-
lyzer. Fine-wire thermocouples are stretched across the inlet 
and outlet ports of the sampling cell. Inserting long objects into 
the inlet and outlet ports may damage the thermocouples.

Reading and References

Further details on instrument installation can be found in a 7-step 
quick start guide: https://www.licor.com/documents/82ktruk14saiy
t435d03. 

A full description of cleaning, calibration and other maintenance items 
are provided in the LI-7200RS manual: https://www.licor.com/env/
support/LI-7200RS/manuals.html.?Highlight=LI-7200RS%20manual

Maintenance (continued)
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Applications

• Versatile sampling cell

• Broad range of applications

• Eddy covariance

• Profile measurements

• Gradient flux measurements

• Canopy and soil chambers

• Airborne and shipborne

• Urban, high elevation pCO2

• Mapping

Although the LI-7200RS was designed for eddy cova-
riance flux measurements, it can also be used for flux 
storage profile measurements, Relaxed Eddy Accu-
mulation, gradient flux techniques, canopy and soil 
chamber measurements, airborne and shipborne 
measurements, pCO2, and many other applications 
requiring fast or slow accurate measurements of CO2 
and H2O indoors and outdoors.

Measurements can cover a wide range of environ-
ments, from natural and agricultural ecosystems, 
to urban, industrial and other areas, including vol-
canic environments, landfills, carbon capture and 
sequestration sites, etc. Because the enclosed nature 
of LI-7200RS allows it to operate equally well in all 
environmental conditions, from extremely cold 
to extremely hot, and from extremely humid to 
extremely dry, it can be placed in virtually any loca-
tion over land or sea.

Another important feature of the LI-7200RS is that 
it can be used in a solar-powered or small genera-
tor-powered arrangement with the 7200-102 Flow 
Module. The latter provides an efficient, integrated 
air-flow solution, and consumes about 16 Watts 
of power for 15 lpm of flow. This way, fast eddy 

covariance closed-path measurements are powered 
using solar panels, and the station can be placed in 
the middle of the area of interest without the need for 
grid power or infrastructure. When the Flow Module 
is not used, a low-power pump may be used in slow 
applications and a higher-power pump may be used 
in fast applications with a fine-particle intake filter.

Examples above show the use of the analyzer as a 
part of stationary flux site over agricultural field in 
Nebraska (top left), vehicle-mounted concentration 
mapping deployment during the project “Breathe 
London” (top right), and ship-borne mobile flux 
mea surements by the Institute of Bioeconomy of Ital-
ian National Research Council over Venice Bay (bot-
tom). Left photo in the next page shows the use of 
the instrument as a part of stationary but relocatable 
truck-bases flux station by Ecophysiology Group of 
Weizmann Institute in Israel. 

As with the LI-7500DS and LI-7700, when using 
the LI-7200RS on a moving platform, the vibration 
and gyroscopic effects should be minimized through 
appropriate compensating and mounting attach-
ments. However, reinforcement to keep structural 
integrity of the head is no longer required.

Enclosed LI-7200RS CO2/H2O gas analyzer (continued)



2.4 Details for Some Specific Instrument Models  | 161

Reading and References 

Additional information on applications, design, updates and software 
is available at https://www.licor.com/env/products/eddy_covariance/
LI-7200RS.html

Useful literature related to LI-7200 design and applications:

Aubinet, M., et al. 2016. Dimensioning IRGA gas sampling systems: 
Laboratory and field experiments. Atmospheric Measurement Tech-
niques, 9(3), 1361-1367. https://doi.org/10.5194/amt-9-1361-2016

Bourzac, K. 2019. London starts pollution monitoring network. C&EN 
Global Enterprise, 97(6), 6. https://doi.org/10.1021/cen-09706-scicon3

Burba, G., et al. 2017. Standardized automated CO
2
/H

2
O flux systems 

for individual research groups and flux networks. In European Geo-
sciences Union General Assembly, Geophysical Research Abstracts, 
(Volume 19), Vienna, Austria, 23-28 April. https://meetingorganizer.
copernicus.org/EGU2017/EGU2017-594.pdf

Burba, G., et al. 2009. Combining the strengths of open-path and 
closed-path designs into a single CO

2
/H

2
O gas analyzer. In American 

Geophysical Union, Fall Meeting Abstracts, San Francisco, CA. https://
ui.adsabs.harvard.edu/abs/2009AGUFM.A51A0079B/abstract

LI-COR. 2019. The Breathe London Project and LI-COR Technology. 
AWE International Magazine. https://www.aweimagazine.com/press-
release/the-breathe-london-project-and-li-cor-technology/

Metzger, S., et al. 2016. Optimization of an enclosed gas analyzer sam-
pling system for measuring eddy covariance fluxes of H

2
O and CO

2
. 

Atmospheric Measurement Techniques, 9(3), 1341-1359. https://doi.
org/10.5194/amt-9-1341-2016

Nakai, T., Iwata, H., & Harazono, Y. 2011. Importance of mixing ratio 
for a long-term CO

2
 flux measurement with a closed-path system. Tel-

lus B: Chemical and Physical Meteorology, 63(3), 302-308. https://doi.
org/10.1111/j.1600-0889.2011.00538.x

Sabbatini, S., et al. 2018. Eddy covariance raw data processing for CO
2
 

and energy fluxes calculation at ICOS ecosystem stations. International 
Agrophysics, 32(4), 495-515. https://doi.org/10.1515/intag-2017-0043

 

Enclosed LI-7200RS CO2/H2O gas analyzer (continued)

Applications (continued)

https://www.licor.com/env/products/eddy_covariance/LI-7200RS.html
https://www.licor.com/env/products/eddy_covariance/LI-7200RS.html
https://doi.org/10.5194/amt-9-1361-2016
https://doi.org/10.1021/cen-09706-scicon3
https://meetingorganizer.copernicus.org/EGU2017/EGU2017-594.pdf
https://meetingorganizer.copernicus.org/EGU2017/EGU2017-594.pdf
https://ui.adsabs.harvard.edu/abs/2009AGUFM.A51A0079B/abstract
https://ui.adsabs.harvard.edu/abs/2009AGUFM.A51A0079B/abstract
https://www.aweimagazine.com/press-release/the-breathe-london-project-and-li-cor-technology/
https://www.aweimagazine.com/press-release/the-breathe-london-project-and-li-cor-technology/
https://doi.org/10.5194/amt-9-1341-2016
https://doi.org/10.5194/amt-9-1341-2016
https://doi.org/10.1111/j.1600-0889.2011.00538.x
https://doi.org/10.1111/j.1600-0889.2011.00538.x
https://doi.org/10.1515/intag-2017-0043


162 | 2.4 Details for Some Specific Instrument Models 

Closed-path OF-CEAS gas analyzers 

Between 2013 and 2018, the new technology, Opti-
cal Feedback - Cavity Enhanced Absorption Spec-
troscopy, was utilized to address the high-precision 
CH4 and CO2 monitoring requirements: high accu-
racy, precision and stability; low power consumption; 
easy portability and low maintenance (e.g., replacing 
pre-filter, chemicals, and pump) to allow continuous 
field deployment with infrequent field calibrations; 
and relatively low-cost vs present technologies.

Simplified schematic above shows flow path of the 
Gas Analyzer through the optical bench: the ‘phase 
adjuster’ is a volume in the path between the laser and 
optical bench that is tied to a pressure control mech-
anism. Changing the pressure of that volume alters 
the refractive index which subsequently modifies the 
phase of the laser. 

A dense grid created by the fixed cavity resonance 
modes, in combination with tightly controlled cavity 
temperature and pressure, results in high resolution 

sampling with low uncertainty. The combination of 
technology and sophisticated signal processing enables 
very fast and sensitive measurements with the long-
term stability expected from laser-based systems.

Although developed primarily for cost-effective 
low-maintenance WMO-quality measurements of 
the concentrations, the new technology can already 
be used for gas profile and flux storage measurements, 
Inverse Flux Methods, Lagrangian Modeling, Mass 
Balance, Fence-Line, Chamber fluxes, Micromet 
methods relying on slow well-resolved concentrations 
(such as Disjunct Eddy Covariance, Eddy Accumula-
tion, Aerodynamic, Resistance, Integrated Horizontal 
Flux, Control Volume, Bowen Ratio, etc.), distributed 
sensors techniques, mobile fluxes and concentrations, 
and soil flux measurements. 

Air In Air Out

Mirror 1 Mirror 2

Mirror 3

Laser

Reference Photodiode

Phase Adjuster Sample Photodiode
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Closed-path OF-CEAS gas analyzers (continued)

In 2018, a new lightweight high-precision closed-
path instrument, LI-7810, was developed with the 
goal of allowing the WMO-quality measurements of 
CH4 with a time response of approximately 1 Hz, the 
power consumption of about 22 W, and 8 hours of 
battery operation.

The illustration above shows the mean values of the 
10-minute CH4 measurements over thirty days (top), 

and Allan Deviation plot (bottom) describing how 
good measurements get depending on the averag-
ing period. As seen from the plots, the LI-7810 can 
be multiple times better than the WMO requirements 
even without averaging and getting exponentially 
better with the averaging to approximately 10 min-
utes. This instrument also outputs required H2O con-
centration and does less precise CO2 measurements 
(details in links below).

Reading and References

Additional information is available on the LI-7810 webpage: https://
www.licor.com/env/products/trace_gas/LI-7810, and detailed specifica-
tion list: https://www.licor.com/env/products/trace_gas/LI-7810#specs.

Carbone, M.S., et al. 2019. Flux puppy – an open-source software appli-
cation and portable system design for low-cost manual measurements of 
CO

2
 and H

2
O fluxes. Agricultural and Forest Meteorology, 274, 1-6. https://

doi.org/10.1016/j.agrformet.2019.04.012

Chen, J., et al. 2020. Methane emission source attribution and quan-
tification for Munich Oktoberfest. In European Geosciences Union 
General Assembly, Geophysical Research Abstracts, Online, 4-8 May. 
https://presentations.copernicus.org/EGU2020/EGU2020-18919_
presentation-0.pdf

Giguère-Tremblay, R., et al. 2020. Boreal forest multifunctionality is 
promoted by low soil organic matter content and high regional bacte-
rial biodiversity in northeastern Canada. Forests, 11(2), 149. https://doi.
org/10.3390/f11020149

Leggett, G.A., et al. 2019. Development of trace methane and trace car-
bon dioxide analyzers-performance evaluation studies. In American Geo-
physical Union, Fall Meeting Abstracts, San Francisco, CA. (pp A11I-2673). 
https://ui.adsabs.harvard.edu/abs/2019AGUFM.A11I2673L/abstract

Minish, K., et al. 2018. Measuring CH
4
 and CO

2
 with new generation 

high-precision low-power low-maintenance closed-path analyzers: lab 
and field results. In AGU100 American Geophysical Union, Fall Meet-
ing Abstracts, Washington, D.C. https://agu.confex.com/agu/fm18/
meetingapp.cgi/Paper/375707

Minish, K., et al. 2019. New high-precision low-power CO
2
 and CH

4
 

analyzers for multiple applications. In European Geosciences Union 
General Assembly, Geophysical Research Abstracts (Vol 21). https://
meetingorganizer.copernicus.org/EGU2019/EGU2019-6279.pdf

Xu, L., & Vath, R. 2018. Chamber-based Soil Methane Flux Measurement 
System. In American Geophysical Union, Fall Meeting Abstracts, Washington, 
D.C. https://ui.adsabs.harvard.edu/abs/2018AGUFM.B41H2824X/abstract

1 s

0.2

0.1

0.06

10 s 2 m 30 m

σ 
CH

4 (p
pb

)

Time

Allan Deviation

5 s 30 s 1 m 5 m 10 m 1 h 2 h 4 h 12 h 24 h

0.03

0.01

0.006

Better than WMO recommendation 
for compatibility goal, 2 ppb

CH
4 (

pp
b)

Long-Term Outdoor CH4 Stability

0

1975

5 10 15 20 25 30

1976

1977

1978

Days

https://www.licor.com/env/products/trace_gas/LI-7810
https://www.licor.com/env/products/trace_gas/LI-7810
https://www.licor.com/env/products/trace_gas/LI-7810#specs
https://doi.org/10.1016/j.agrformet.2019.04.012
https://doi.org/10.1016/j.agrformet.2019.04.012
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Closed-path OF-CEAS gas analyzers (continued)

In 2019, OF-CEAS technology was implemented into 
a new gas analyzer model (LI-7815) for high-preci-
sion CO2 alongside required H2O measurements. 
Similar to the LI-7810 model for CH4, this new 
model was developed with the goal of allowing the 
WMO-quality measurements of CO2 with a time 
response of approximately 1 Hz, the power consump-
tion of about 22 W, and 8 hours of battery operation.

The illustration above shows the mean values of the 
10-minute CO2 measurements over thirty days (top), 
and Allan Deviation plot (bottom). As seen from the 
plots, the LI-7815 can be more than two time bet-
ter than the WMO strictest requirements for South-
ern Hemisphere even without averaging and getting 
exponentially better with the averaging to approxi-
mately 60 minutes. 

Reading and References

Additional information is available on the LI-7815 webpage: https://
www.licor.com/env/products/trace_gas/LI-7815, and detailed specifica-
tion list: https://www.licor.com/env/products/trace_gas/LI-7815#specs

Carbone, M.S., et al. 2019. Flux puppy – an open-source software ap-
plication and portable system design for low-cost manual measure-
ments of CO

2
 and H

2
O fluxes. Agricultural and Forest Meteorology, 274, 

1-6. https://doi.org/10.1016/j.agrformet.2019.04.012

Leggett, G.A., et al. 2019. Development of trace methane and trace car-
bon dioxide analyzers-performance evaluation studies. In American Geo-
physical Union, Fall Meeting Abstracts, San Francisco, CA. (pp A11I-2673). 
https://ui.adsabs.harvard.edu/abs/2019AGUFM.A11I2673L/abstract

Minish, K., et al. 2018. Measuring CH
4
 and CO

2
 with new generation 

high-precision low-power low-maintenance closed-path analyzers: lab 
and field results. In AGU100 American Geophysical Union, Fall Meet-
ing Abstracts, Washington, D.C. https://agu.confex.com/agu/fm18/
meetingapp.cgi/Paper/375707

Minish, K., et al. 2019. New high-precision low-power CO
2
 and CH

4
 

analyzers for multiple applications. In European Geosciences Union 
General Assembly, Geophysical Research Abstracts (Vol 21). https://
meetingorganizer.copernicus.org/EGU2019/EGU2019-6279.pdf
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https://www.licor.com/env/products/trace_gas/LI-7815, and detailed specification list: https://www.licor.com/env/products/trace_gas/LI-7815#specs
https://www.licor.com/env/products/trace_gas/LI-7815, and detailed specification list: https://www.licor.com/env/products/trace_gas/LI-7815#specs
https://www.licor.com/env/products/trace_gas/LI-7815, and detailed specification list: https://www.licor.com/env/products/trace_gas/LI-7815#specs
https://doi.org/10.1016/j.agrformet.2019.04.012
https://ui.adsabs.harvard.edu/abs/2019AGUFM.A11I2673L/abstract
https://agu.confex.com/agu/fm18/meetingapp.cgi/Paper/375707
https://agu.confex.com/agu/fm18/meetingapp.cgi/Paper/375707
https://meetingorganizer.copernicus.org/EGU2019/EGU2019-6279.pdf 
https://meetingorganizer.copernicus.org/EGU2019/EGU2019-6279.pdf 
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Closed-path OF-CEAS gas analyzers (continued)

The table above summarizes key technical specifi-
cations of the first two gas analyzer models based on 
OF-CEAS technology, and references below describe 
additional literature on OF-CEAS technology and on 
the WMO-GAW recommendation on high-precision 
gas measurements. 

Specifications of the very latest OF-CEAS based model, 
LI-7820, for N2O measurements are provided in the 
following link:  https://www.licor.com/env/products/
soil_flux/LI-7820.

Reading and References

Brand, W., & the Expert Group, 2011. Expert Group Recommendations. 
In W. Brand (ed). WMO/GAW Report No. 194 on 15th WMO/Meeting of 
Experts on Carbon Dioxide, Other Greenhouse Gases and related Tracers 
Measurement Techniques. World Meteorological Organization Publication 
No.1553, Geneva, Switzerland, 151 pp. https://library.wmo.int/doc_num.
php?explnum_id=3074

Crotwell, A., Steinbacher, M., & the Expert Group. 2017. Expert Group 
Recommendations. In A. Crotwell & M. Steinbacher (eds), WMO/GAW 
Report No. 242 on the 19th WMO/Meeting of Experts on Carbon Dioxide, 
Other Greenhouse Gases and related Tracers Measurement Techniques. 
World Meteorological Organization. Publication number JN 181659, Ge-
neva, Switzerland.

Feenstra, B.J., et al. 2016. Performance evaluation of "low-cost" sen-
sors for measuring gaseous and particle air pollutants: results from two 
years of field and laboratory testing. In American Geophysical Union, Fall 
Meeting Abstracts, San Francisco, CA. https://ui.adsabs.harvard.edu/
abs/2016AGUFM.A14E..07F/abstract

Hodgkinson, J., & Tatam, R. P. 2013. Optical gas sensing: a review. 
Measurement Science and Technology, 24(1), 012004. https://doi.
org/10.1088/0957-0233/24/1/012004

Kachanov, A., Koulikov, S., & LI-COR. 2014. Cavity enhanced laser based 
gas analyzer systems and methods. US Patent 8,885,167.

Kachanov, A., Koulikov, S., & LI-COR. 2015. Cavity enhanced laser based 
gas analyzer systems and methods. US Patent 9,194,742.

Kachanov, A., Koulikov, S., & LI-COR. 2016. Cavity enhanced laser based 
gas analyzer systems and methods. US Patent 9,304,080.

Koulikov, S., Kachanov, A., & LI-COR. 2014. Cavity enhanced laser based 
isotopic gas analyzer. US Patent 8,665,442.

Koulikov, S., Kachanov, A., & LI-COR. 2014. Laser based cavity enhanced 
optical absorption gas analyzer with laser feedback optimization. US Pat-
ent 8,659,758.

Koulikov, S., Kachanov, A., & LI-COR. 2017. Cavity enhanced laser based 
isotopic gas analyzer. US Patent 9,678,003.

Koulikov, S., & LI-COR. 2015. Systems and methods for controlling the opti-
cal path length between a laser and an optical cavity. US Patent 9,116,047.

Koulikov, S., & LI-COR. 2017. Systems and methods for controlling the opti-
cal path length between a laser and an optical cavity. US Patent 9,581,492.

Motto-Ros, V., Durand, M., & Morville, J. 2008. Extensive characteriza-
tion of the optical feedback cavity enhanced absorption spectroscopy 
(OF-CEAS) technique: ringdown-time calibration of the absorption scale. 
Applied Physics B, 91(1), 203-211. https://doi.org/10.1007/s00340-008-
2950-5

Romanini, D., et al. 2014. Introduction to cavity enhanced absorption 
spectroscopy. In G. Gagliardi & H. Loock (eds), Cavity-enhanced spectros-
copy and sensing (pp 1-60). Springer Series in Optical Sciences, vol 179. 
Springer, Berlin, Heidelberg. https://doi.org/10.1007/978-3-642-40003-
2_1

Rowe, M.D., Fairall, C.W., & Perlinger, J.A. 2011. Chemical sensor res-
olution requirements for near-surface measurements of turbulent flux-
es. Atmospheric Chemistry and Physics, 11(11), 5263-5275. https://doi.
org/10.5194/acp-11-5263-2011

WMO, 2016. WMO-GAW Report No. 229, World Meteorological Organi-
zation, Geneva, Switzerland. 

LI-7810 CH4 LI-7815 CO2

Speed 1 Hz

High precision 1σ: 0.6 ppb @ 1 sec 1σ: 0.1 ppm @ 1 sec

Operates over ambient gas range

typical ambient

0.1-100 ppm 1-10000 ppm

1.5-5 ppm 380-1000 ppm

Temperature range -25 to +45 ° C

Pressure range 70-110 kPa

Power 22 W at steady-state

Size 51 x 33 x 18 cm

Weight 11.4 kg

https://www.licor.com/env/products/soil_flux/LI-7820
https://www.licor.com/env/products/soil_flux/LI-7820
https://library.wmo.int/doc_num.php?explnum_id=3074
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https://ui.adsabs.harvard.edu/abs/2016AGUFM.A14E..07F/abstract
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https://doi.org/10.1088/0957-0233/24/1/012004
https://doi.org/10.1007/s00340-008-2950-5
https://doi.org/10.1007/s00340-008-2950-5
https://doi.org/10.1007/978-3-642-40003-2_1
https://doi.org/10.1007/978-3-642-40003-2_1
https://doi.org/10.5194/acp-11-5263-2011
https://doi.org/10.5194/acp-11-5263-2011


166 | 2.4 Details for Some Specific Instrument Models 

Auxiliary measurements 

In addition to a sonic anemometer and gas analyzer, 
the eddy covariance technique may benefit from 
other meteorological, solar radiation, soil, canopy 
and optical proximal sensors to help validate and 
interpret eddy flux data. Such combination of bio-
logical meteorological auxiliary measurements is 
often termed “biomet”. The main variables of interest 
include net radiation and soil heat flux to construct a 
full energy budget, shortwave radiation and PAR to 
quantify incoming light, and soil and weather data to 
assess the conditions at the site (soil temperature and 
moisture, relative humidity, air temperature, precipi-
tation, etc.). 

The station may range from minimally to fully 
equipped (details in Section 2.1). “Minimal” stations 
are used relatively infrequently, because data from 
these may be difficult to interpret in the absence of 
weather parameters and other supporting variables. 
“Typical” stations are used more often, especially in 

Reading and References 

Biometeorological system components: https://www.licor.com/env/
products/eddy_covariance/biomet.html.

Burba, G., et al. 2020. Modern tools and latest examples of flux networking: 
connecting flux, remote sensing. In OzFlux 20th Anniversary Conference. 

Rebmann, C., et al. 2018. ICOS eddy covariance flux-station site set-
up: a review. International Agrophysics, 32(4), 471-494. https://doi.
org/10.1515/intag-2017-0044

non-scientific applications. Measured weather vari-
ables (e.g., mean air temperature, relative humidity, 
wind speed, direction, and precipitation amounts, 
etc.) help interpret the flux data, and fill in the gaps. 
“Full” flux stations include everything in “typical” sta-
tions, but in addition may also collect gas and water 
vapor concentration profiles below the flux measure-
ment level, solar radiation data (e.g., net radiation, 
incoming and outgoing shortwave and photosynthet-
ically active radiation), and soil heat flux, temperature 
and moisture data.

For even more detailed experiments, leaf-level pho-
tosynthesis measurements help interpret eddy flux 
patterns; green and total leaf area measurements help 
quantify canopy development, condition and phenol-
ogy; and chamber soil flux measurements help flux 
partitioning and attribution. These measurement sys-
tems may include leaf CO2 flux systems (e.g., LI-600 
Porometer/Fluorometer; LI-6800, LI-6400XT), soil 
CO2, CH4, and N2O flux systems (e.g., Smart Cham-
ber; LI-8150, LI-8250, LI-870, LI-7810, LI-7815, 
LI-7820), mean CO2, CH4, and N2O concentration 
profiles (e.g., LI-7810, LI-7815, LI-7820), leaf area 
measurements (e.g., LI-3000C, LAI-2200C), and 
numerous other measurements including Pheno-
Cams, SIF and other optical proximal measurements 
(e.g., FLOX and ROX), etc. Many of such measure-
ments can be collected into compatible logging 
devices, such as LI-COR Data Acquisition and Data 
Retention Modules (DAQM and DRM) and Sutron 
and CSI loggers, and then connected to SmartFlux 
and merged with flux files. 

Soil Heat Flux

Precipitation

Transmitted PAR

Rn

Temperature, Humidity, 
Wind Speed & 
Direction, etc.

Rs & PAR
Data Retention ModuleData Acquisition Module

https://www.licor.com/env/products/eddy_covariance/biomet.html
https://www.licor.com/env/products/eddy_covariance/biomet.html
https://doi.org/10.1515/intag-2017-0044 
https://doi.org/10.1515/intag-2017-0044 
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Complete flux stations 

Your configuration

• EddyFlux System

• Ll-7500DS H2O/CO2 Analyzer

• Gill WindMaster

• SmartFlux System

• Ll-7700 Open Path CH4 Analyzer

• Biomet Sensor Package with Upgraded Light and Soil 
Measurements

• LI-COR Data Acquisition System with programs

• LI-COR Data Retention Module with back-up battery

• A preconfigured enclosure

• Vaisala HMP155 Humidity and Temperature Probe 
with RM Young Radiation Shield

• Texas Electronics TR-525M Tipping Bucket Rain 
Gauge

• Ll-190R Quantum Sensor

For a single station, to simplify the selection and 
integration of various instruments into one flux and 
biomet measuring system, an interactive online web 
application is available to custom design a specific 
station depending on the experimental goals.

This web application covers a wide range of mea-
surements, from a minimal system for CO2, H2O, 
and energy flux, to an advanced system that includes 
CH4 flux and additional biological and meteorolog-
ical measurements.

Shown above is a screenshot of this web-application 
(https://www.licor.com/env/products/eddy_covari-
ance/customize_system). By clicking on a desired EC 
instrument, and then on a specific auxiliary sensor 
and quantity, one can quickly custom design the sta-
tion and select main and auxiliary sensors online.

The application also provides an estimate of the 
power requirements to help size an optional solar 
power system.

There are two main components to these systems: fast 
eddy covariance, and slow auxiliary biometeorologi-
cal components (e.g., biomet).

The biomet system includes a data acquisition mod-
ule, a pre-configured enclosure with mounting hard-
ware. Components include circuit breakers, relay 
switches, terminal blocks, and grounding connec-
tions. Space is also available for adding network 
switches and/or cell modem communication devices.

To simplify setup and eliminate programming, the 
biomet system is provided with pre-configured pro-
grams for each of the available sensor packages.

Final fully processed fluxes are then computed using 
EddyPro software (see Section 2.5 for details) and 
analyzed (see Section 2.5 and Part 5) in a way that is 
now quite simple due to the integrated pre-set nature 
of data collection and processing and standardized 
output from the entire system.

Reading and References

The web application to design the station: https://www.licor.com/env/
products/eddy_covariance/customize_system.

Biometeorological system components: https://www.licor.com/env/
products/eddy_covariance/biomet.html.

https://www.licor.com/env/products/eddy_covariance/customize_system
https://www.licor.com/env/products/eddy_covariance/customize_system
https://www.licor.com/env/products/eddy_covariance/customize_system
https://www.licor.com/env/products/eddy_covariance/customize_system
https://www.licor.com/env/products/eddy_covariance/biomet.html
https://www.licor.com/env/products/eddy_covariance/biomet.html
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Complete flux stations (continued)

The illustration on the previous page describes, in 
a historical context, the key hardware and software 
components of modern automated flux station. It 
helps better understand an entire workflow of the flux 
measurements, including data flow from a collection 
by an instrument, to automatically processed and 
analyzed information, to knowledge as interpreted by 
researchers, and finally, to scientific insights for use 
outside of traditional flux community, and to action-
able decision-making products outside the academic 
community altogether. 

In other words, this scheme presents a concept of how 
flux stations can operate in the future in a standard-
ized manner, connected into automated flux networks, 
coupled with remote sensing data, outputting data 
easily utilized by modeling and remote sensing com-
munity, and as a result, providing numerous products 
to non-scientific applications, from irrigation man-
agement to ecosystem services to carbon trading. 

This concept is similar to how the present automated 
weather stations, coupled with modelling and remote 

sensing weather data, provide products to numerous 
non-academic uses, from commercial marine fore-
casts to local high wind or hail warnings on a per-
sonal smartphone. 

Further in the book, we will frequently use parts of 
this scheme to illustrate the importance of one of the 
specific components, and to explain how the compo-
nent works in greater details. On the preceding page, 
we use it first tine to emphasize the role of automated 
flux station. 

The blue color in the scheme designates currently 
available hardware and software. The green color 
designates the new functionality resulted from com-
bination of the hardware and the software, and the 
purple color designates the new resulted opportu-
nities for automated or semi-automated coupling of 
flux station data with remote sensing and modelling 
data. The blue components and green functionalities 
are explained in Sections 2.4, 2.5, 5.2, 5.3 and Part 6 
of this book. The purple opportunities are described 
in Section 7.3.

Reading and References 

Baldocchi, D., et al. 2001. FLUXNET: a new tool to study the tempo-
ral and spatial variability of ecosystem–scale carbon dioxide, water 
vapor, and energy flux densities. Bulletin of the American Meteo-
rological Society, 82(11), 2415-2434. https://doi.org/10.1175/1520-
0477(2001)082<2415:fantts>2.3.co;2

Balzarolo, M., et al. 2011. Ground-based optical measurements at Eu-
ropean flux sites: a review of methods, instruments and current contro-
versies. Sensors, 11(8), 7954-7981. https://doi.org/10.3390/s11087954

Burba, G. 2021. Atmospheric flux measurements. In W. Chen, D. S. 
Venables, & M. W. Sigrist (eds), Advances in spectroscopic monitor-
ing of the atmosphere. Elsevier. https://doi.org/10.1016/B978-0-12-
815014-6.00004-X

Burba, G., et al. 2017. Advancements in ecosystem instrumentation: 
combination of hardware, software and web tools for running a net-
work of flux stations, sharing data access, and ground-truthing remote 
sensing data and models. In GHG Flux Workshop: From Photosystems to 
Ecosystems, Helmholtz GFZ German Research Centre for Geosciences, 
Potsdam, Germany, October 24-26. 

Burba, G., et al. 2017. Bridging the scales from field to region with 
practical tools. In American Geophysical Union, Fall Meeting Abstracts, 
New Orleans, LA.  https://ui.adsabs.harvard.edu/abs/2017AGUFM.
B51A1786B/abstract

Gamon, J.A. 2015. Reviews and syntheses: optical sampling of the 
flux tower footprint. Biogeosciences, 12(14), 4509-4523. https://doi.
org/10.5194/bg-12-4509-2015

Gamon, J.A., et al. 2015. Monitoring seasonal and diurnal changes in 
photosynthetic pigments with automated PRI and NDVI sensors. Bio-
geosciences, 12(13), 4149-4159. https://doi.org/10.5194/bg-12-4149-
2015

Ouyang, Z., et al. 2017. The effect of algal blooms on carbon emis-
sions in western Lake Erie: an integration of remote sensing and eddy 
covariance measurements. Remote Sensing, 9(1), 44. https://doi.
org/10.3390/rs9010044

Velgersdyk, M., et al. 2015. Next generation eddy flux stations: auto-
mated real-time onsite data processing and remote management of 
flux networks. In F. Paz (ed), Estado Actual del Conocimiento del Ciclo 
del Carbono y sus Interacciones en México: Síntesis a 2015 (pp 150-
153). Serie Síntesis Nacionales. Programa Mexicano del Carbono en 
colaboración con el Centro del Cambio Global y la Sustentabilidad en 
el Sureste, A.C y el Centro Internacional de Vinculación y Enseñanza 
de la Universidad Juárez Autónoma de Tabasco. Texcoco, Estado de 
México, México.  

https://doi.org/10.1175/1520-0477(2001)082<2415:fantts>2.3.co;2
https://doi.org/10.1175/1520-0477(2001)082<2415:fantts>2.3.co;2
https://doi.org/10.3390/s11087954
https://doi.org/10.1016/B978-0-12-815014-6.00004-X
https://doi.org/10.1016/B978-0-12-815014-6.00004-X
https://ui.adsabs.harvard.edu/abs/2017AGUFM.B51A1786B/abstract
https://ui.adsabs.harvard.edu/abs/2017AGUFM.B51A1786B/abstract
https://doi.org/10.5194/bg-12-4509-2015
https://doi.org/10.5194/bg-12-4509-2015
https://doi.org/10.5194/bg-12-4149-2015
https://doi.org/10.5194/bg-12-4149-2015
https://doi.org/10.3390/rs9010044
https://doi.org/10.3390/rs9010044


SECTION 2.5  

2.5
Selecting Software



172 | 2.5 Selecting Software

Types of software

Until few years ago, the majority of scientific groups 
used their own software that has been custom-written 
for their specific needs.

In last few years, the situation changed rapidly, and a 
number of comprehensive software packages became 
publicly available from flux networks, research 
groups and instrument manufacturers. These recent 
programs are sufficiently sophisticated and can be 
of practical use to researchers outside the field of 
micrometeorology.

There could be several types of software: data collec-
tion (without processing), data processing (after col-
lection), data collection with on-the-fly processing 
(simultaneously or within 30 to 60 minutes after the 
data collection), data monitoring, data management, 
data analysis, station networking, and various combi-
nations of the above. 

On-site computers, such as SmartFlux on the tower, 
or a laptop in a weathertight enclosure, are capable of 
a complete data processing on-the-fly including many 
computation intensive steps (see Part 4), but tradi-
tional loggers do not typically have enough computa-
tions capacity and miss important steps and statistics. 

For these and other reasons, fluxes calculated on-the-
fly by traditional loggers should not be considered as 

fully corrected fluxes and should rather be treated as 
tentative estimates. Together with more specific diag-
nostics, on-the-fly fluxes from loggers still can be use-
ful for checking the status of the instruments and of 
the data acquisition system.

Throughout the entire sequence of data collection 
and processing steps it is important to keep the origi-
nal raw data files, especially for scientific applications. 

Raw data may be needed for many reasons, for exam-
ple, flux re-calculation with new calibration polyno-
mials, recalculation using different averaging times or 
with different criteria of de-spiking, etc.

Warning: In scientific applications, it is extremely important 
to always keep and store original raw high-frequency data (10–
20Hz, etc.), collected using the eddy covariance method. 

This way, data can be reprocessed at any time using, for 
example, new frequency response correction methods, or 
correct calibration coefficients. Some of the processing 
steps cannot be confidently recalculated without the original 
high-frequency data.

It is desirable to keep the raw data in regulatory and commer-
cial applications as well, even when using on-site computers 
such a SmartFlux for complete processing. In these applica-
tions, the fluxes are rarely re-processed afterwards, but having 
raw data provides a backup in case of a major mistake in the 
processing configurations or computer lockup.

• Data collection

• Data processing

• Data collection and real-time processing

• Data monitoring

• Data management

• Data analisys

• Stations networking
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Software models

• Researchers used to write their own software to process their specific data sets

• Recently, many comprehensive packages have become available from flux networks, research groups, and 
manufacturers; some examples are:

• AltEddy from Alterra Green World Research, the 
Netherlands

• BARFlux from Finnish Meteorological Institute, 
Finland

• EasyFlux from Campbell Scientific, USA 

• ECO2S from IMECC-EU and University of Tuscia, 
Italy

• ECPack from University of Wageningen, the 
Netherlands

• EC_Processor from University of Toledo, USA

• eddy4R from NEON Ecological Observatory, USA 

• EddyMeas and EddySoft from MPI-BGC-Jena, 
Germany

• EddyPro from LI-COR Biosciences, Nebraska, 
USA

• Eddysol and EdiRe from University of Edinburgh, 
UK

• EddyUH from University of Helsinki, Finland

• Eth-flux from Swiss Federal Institute of Technol-
ogy, Switzerland

• Flux Calculator and Flux Analysis Tool from 
JapanFlux, Japan

• FluxPro from JapanFlux and AsiaFlux, Japan

• HuskerFlux and HuskerProc from University of 
Nebraska, USA

• LundFlux from University of Lund, Sweden

• MASE from Marine Stratus Experiment, USA

• RCPM/SAS from Risø, Denmark

• TK3.0 from University of Bayreuth, Germany

• WinFlux from San Diego State University, USA

Modern programs process eddy covariance calcula-
tions using fast data, and output fluxes of water vapor, 
sensible heat, gases and momentum. These programs 
differ substantially in the level of complexity, flexibil-
ity, number of allowed instruments and variables, help 
systems and user support. In addition, some programs 
are open-source, while others are closed-source, pro-
prietary, or commercial.

In all cases, it is important to distinguish comprehen-
sive software designed by professional software engi-
neers to obtain actual flux numbers from much simpler 
covariance calculators. The calculators compute the 

value of covariance between wind speed and gas con-
centration, often without proper coordinate rotation or 
time delay, and always without the entire suite of cor-
rections and terms required for fully processed final 
flux values (see Part 4 for details).

Examples of comprehensive flux processing programs 
include free fully supported and documented software 
such as EddyPro and Eddy4R; free partially supported 
programs such as ECO2S, EddyUH, eddyczechr from 
CzechGlobe, Flux Calculator from JapanFlux, and 
ECPack; free closed-source packages such as EdiRe, 
TK3, AltEddy; customized commercial packages, etc.
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Reading and Resources

A list of EC-related programs and codes is at http://fluxnet.fluxdata.
org/2017/10/10/toolbox-a-rolling-list-of-softwarepackages-for-flux-
related-data-processing

AmeriFlux GOLD files location/downloads: http://ameriflux.lbl.gov

Free open-source packages:

ECO2S: http://gaia.agraria.unitus.it/eco2s

eddy4R: https://github.com/NEONScience/eddy4R

EddyPro: https://www.licor.com/eddypro

EddyUH: http://www.atm.helsinki.fi/Eddy_Covariance/EddyUHsoftware.
php

JapanFlux Flux Calculator and Flux Analysis Tool: http://www.japanflux.
org/?page_id=29

Fratini, G., & Mauder, M. 2014. Towards a consistent eddy-covariance 
processing: an intercomparison of EddyPro and TK3. Atmospheric Mea-
surement Techniques, 7(7), 2273-2281. https://doi.org/10.5194/amt-7-
2273-2014 

Kim, W., et al. 2015. FluxPro as a realtime monitoring and surveilling sys-
tem for eddy covariance flux measurement. Journal of Agricultural Mete-
orology, 71(1), 32-50. https://doi.org/10.2480/agrmet.d-14-00034

Mauder, M., et al. 2008. Quality control of CarboEurope flux data – Part 
2: inter-comparison of eddy-covariance software. Biogeosciences, 5(2), 
451-462. https://doi.org/10.5194/bg-5-451-2008

Metzger, S., et al. 2017. eddy4R 0.2.0: a DevOps model for communi-
ty-extensible processing and analysis of eddy-covariance data based on 
R, Git, Docker, and HDF5. Geoscientific Model Development, 10(9), 3189-
3206. https://doi.org/10.5194/gmd-10-3189-2017

Software models (continued)

http://fluxnet.fluxdata.org/2017/10/10/toolbox-a-rolling-list-of-softwarepackages-for-flux-related-data-processing.
http://fluxnet.fluxdata.org/2017/10/10/toolbox-a-rolling-list-of-softwarepackages-for-flux-related-data-processing.
http://fluxnet.fluxdata.org/2017/10/10/toolbox-a-rolling-list-of-softwarepackages-for-flux-related-data-processing.
http://ameriflux.lbl.gov
http://gaia.agraria.unitus.it/eco2s
https://github.com/NEONScience/eddy4R
https://www.licor.com/eddypro
http://www.atm.helsinki.fi/Eddy_Covariance/EddyUHsoftware.php
http://www.atm.helsinki.fi/Eddy_Covariance/EddyUHsoftware.php
http://www.japanflux.org/?page_id=29
http://www.japanflux.org/?page_id=29
https://doi.org/10.5194/amt-7-2273-2014 
https://doi.org/10.5194/amt-7-2273-2014 
https://doi.org/10.2480/agrmet.d-14-00034
https://doi.org/10.5194/bg-5-451-2008
https://doi.org/10.5194/gmd-10-3189-2017 
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EddyPro

Comprehensive software designed specifically 
for a broad range of users with different levels of 
expertise – EddyPro:

• Widely used

• Free

• Fully transparent, supported and documented

• Based on ECO2S from IMECC/University of 
Tuscia

• Validated vs. EdiRe, ECO2S, etc.

• Computes final fluxes, corrected for time 
delays, frequency, density, etc.

• Includes bio-meteorological data (e.g., radia-
tion, soil, weather, etc.)

• EddyPro in express mode is for non-microme-
teorologists and beginners

• EddyPro in advanced mode is for micrometeo-
rologists and advanced users

One of the latest comprehensive software packages 
specifically developed for eddy covariance data pro-
cessing by users of different levels of familiarity with 
the method, from a novice to an expert, is EddyPro. 
It is free, fully transparent and documented, main-
tained, and supported by LI-COR Biosciences.

It is currently used by multiple thousands of research-
ers across the globe, and the engine is used for cen-
tralized data processing by national and international 
flux networks such as AmeriFlux and ICOS.

EddyPro computes fluxes of energy, momentum, car-
bon dioxide, water vapor, methane, and other trace 
gases, and also includes “biomet” data (e.g., slow bio-
meteorological data on incoming, outgoing and net 
solar radiation and PAR, soil temperature and mois-
ture at different levels, weather parameters, etc.). 

Two operational modes are available: express and 
advanced. In express mode, very minimal user con-
figuration is required. The data are processed with 
just a few clicks using default settings, developed to 
provide reasonable and safe processing assumptions, 
but not custom-fit to the site conditions. This mode is 
useful for most standard sites and setups.

In advanced mode, a more experienced researcher 
can pre-configure the software, and fine-tune the 
entire processing workflow as desired.

Advanced mode is useful for non-standard sites 
and setups. It is also useful in situations when the 
researcher has particular preferences in data process-
ing; for example, broadening criteria for despiking of 
fast gas concentration, adding angle-of-attack correc-
tions, or using a planar fit rotation instead of double 
rotation, etc.

Reading and References

LI-COR Biosciences, 2017. Eddy Covariance Processing Software (Ver-
sion 7.0.6) [Software]. Available at www.licor.com/EddyPro

LI-COR. 2020. EddyPro Software 7.0 Instruction Manual, 977-12025. 
314 pp.

Fratini, G., & Mauder, M. 2014. Towards a consistent eddy-covariance 
processing: an intercomparison of EddyPro and TK3. Atmospheric Mea-
surement Techniques, 7(7), 2273-2281. https://doi.org/10.5194/amt-7-
2273-2014

https://doi.org/10.5194/amt-7-2273-2014 
https://doi.org/10.5194/amt-7-2273-2014 
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EddyPro (continued)

Key processing options in EddyPro, with express mode defaults in italics:

• Coordinate rotation:

• Double rotation

• Triple rotation

• 2 sector-wise planar fits

• Time delay:

• Covariance maximization w/default 

• Covariance maximization-no default 

• Time lag optimization 

• Constant

• None

• Detrending: 

• Block averaging 

• Linear detrending 

• Running mean

• Exponential running mean

• Frequency corrections:

• High-pass filtering 

• Low-pass filtering 

• Four others

• Density corrections:

• Open-path/Closed-path

• Use dry mole fraction 

• Surface heating

• None

• Other corrections: 

• Sonic temperature 

• Spectroscopic 

• Angle of attack

• Flux footprint:

• Kljun et al. (2004)

• Kormann & Meixner (2001) 

• Hsieh et al. (2000)

• Quality Control:

• Steady state test

• Well-developed turbulence test

• Mauder and Foken 0-1-2 system

• Instantaneous wind direction filter

• New QC tests per ICOS scheme

• Available outputs:

• Full (rich): fluxes, quality flags, etc. 

• FluxNet format for AmeriFlux, ICOS, etc.

• GHG Europe format 

• Raw data statistics

• Binned spectra and cospectra 

• Full length spectra and cospectra 

• Binned ogives

• Details of turbulence tests 

• Raw data time series
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EddyPro format and content were designed together 
with ICOS, AmeriFlux, TERN-OzFlux and FluxNet 
networks. The software supports various types of raw 
input files containing fast data (e.g., ASCII, binary, 
TOB1, and SLT for EddySoft and EdiSol). However, 
the most seamless format is a GHG file that is created 
when logging using fast LI-COR analyzers.

The GHG format (denoted by a .ghg file extension) 
is a compressed tab-delimited text format containing 
two files: (i) the actual fast data file, and (ii) a meta-
data file with site setup information. Data and meta-
data files are also produced for slow biomet data files 
when available.

A metadata file is configured on LI-COR instru-
ments when setting up the site or changing location 
or height. The file includes tower coordinates and 
elevation, measurement height, sensor separation, 
instrument models, and other parameters needed for 
automated data processing. When anything changes 
at the site, it can be registered in the metadata file and 
will be attached to each fast data file from the moment 
of change onward.

This approach allows the user to avoid numerous 
errors, which are common in eddy covariance data 
collection/ processing schemes, especially at sites 
with multiple users, portable sites, and those with 
rapidly growing vegetation and related changes in 
measurement height. This is because each raw file 
now includes all the information needed to properly 
interpret raw data and to process fluxes, and each 
file can now be handled independently from the 
other files.

GHG files can be extracted and viewed in any text 
editor (e.g., Notepad, WordPad, Excel, etc.), or using 
a specially created File Viewer program (https://
www.licor.com/env/support/LI-7500DS/software.
html), which allows viewing of multiple days of fast 
data instantly.

Whether using the automatically created GHG for-
mat or manually defining any other format, the data 
processing remains the same. The few key processing 
options are shown in the illustration on the previ-
ous page, and the numerous processing options are 
listed in: https://www.licor.com/env/support/Eddy-
Pro/menu.html

Reading and References 

Details of the standard steps used in general eddy covariance data 
processing are described in Part 4 of this book.

Details and options specific to EddyPro are provided in: LI‑COR, Inc. 
2016. EddyPro version 7 Help and User's Guide. LI‑COR, Inc. Lincoln, NE. 
and in https://www.licor.com/env/products/eddy_covariance/eddypro.

EddyPro (continued)

https://www.licor.com/env/support/LI-7500DS/software.html
https://www.licor.com/env/support/LI-7500DS/software.html
https://www.licor.com/env/support/LI-7500DS/software.html
https://www.licor.com/env/support/EddyPro/menu.html
https://www.licor.com/env/support/EddyPro/menu.html
https://www.licor.com/env/products/eddy_covariance/eddypro.
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EddyPro (continued)

• Since EddyPro is fully supported and maintained, multiple resources and updates are provided to new Eddy-
Pro users

• Detailed manuals and quick start guides, webinars, video tutorials, and hands-on trainings are available 
throughout the year
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EddyPro in a default “express” settings mode is quite 
simple and can be learned just by using and testing 
the program. The standard files provided by LI-COR 
or one of the flux networks may be a good additional 
check to verify that the program runs correctly. 

A deeper understanding of this software can be 
gained via additional resources available from the fol-
lowing sources:

• EddyPro main web page: https://www.licor.com/
env/products/eddy_covariance/eddypro

• On-line help: https://www.licor.com/env/support/
EddyPro/home.html

• Source Code: https://www.licor.com/env/
products/eddy_covariance/quote?=epsource

• Sample data files: https://www.licor.com/docu-
ments/4omma8p9bd3pfhctbqjxhjh04960x06k

• PDF Manual: https://www.licor.com/
documents/1ium2zmwm6hl36yz9bu4

• Technical and scientific support: https://www.
licor.com/env/products/eddy_covariance/
resources

• Training courses globally: https://www.licor.
com/env/products/eddy_covariance/resources.
html?#training

• Webinars:

• EddyPro Data Processing Software https://
www.licor.com/env/webinars

• EddyPro Software Demo: https://www.licor.
com/env/webinars/eddypro-4-software-demo

• EddyPro Data Processing with Advanced 
Settings https://www.licor.com/env/webinars/
the-ec-method-eddypro-data-processing-soft-
ware

• Biomet Data Processing and Advanced Fea-
tures https://www.licor.com/env/webinars/
biomet-data-processing-and-advanced-fea-
tures-of-eddypro

• From EddyPro to Tovi: https://www.licor.com/
env/webinars/eddypro-to-tovi

• SmartFlux: https://www.licor.com/env/webi-
nars/real-time-accurate-fluxes-at-your-site-
with-smartflux

EddyPro (continued)

https://www.licor.com/env/products/eddy_covariance/eddypro
https://www.licor.com/env/products/eddy_covariance/eddypro
https://www.licor.com/env/support/EddyPro/home.html
https://www.licor.com/env/support/EddyPro/home.html
https://www.licor.com/env/products/eddy_covariance/quote?=epsource
https://www.licor.com/env/products/eddy_covariance/quote?=epsource
https://www.licor.com/documents/4omma8p9bd3pfhctbqjxhjh04960x06k
https://www.licor.com/documents/4omma8p9bd3pfhctbqjxhjh04960x06k
https://www.licor.com/documents/1ium2zmwm6hl36yz9bu4
https://www.licor.com/documents/1ium2zmwm6hl36yz9bu4
https://www.licor.com/env/products/eddy_covariance/resources
https://www.licor.com/env/products/eddy_covariance/resources
https://www.licor.com/env/products/eddy_covariance/resources
https://www.licor.com/env/products/eddy_covariance/resources.html?#training
https://www.licor.com/env/products/eddy_covariance/resources.html?#training
https://www.licor.com/env/products/eddy_covariance/resources.html?#training
https://www.licor.com/env/webinars
https://www.licor.com/env/webinars
https://www.licor.com/env/webinars/eddypro-4-software-demo
https://www.licor.com/env/webinars/eddypro-4-software-demo
https://www.licor.com/env/webinars/the-ec-method-eddypro-data-processing-software
https://www.licor.com/env/webinars/the-ec-method-eddypro-data-processing-software
https://www.licor.com/env/webinars/the-ec-method-eddypro-data-processing-software
https://www.licor.com/env/webinars/biomet-data-processing-and-advanced-features-of-eddypro
https://www.licor.com/env/webinars/biomet-data-processing-and-advanced-features-of-eddypro
https://www.licor.com/env/webinars/biomet-data-processing-and-advanced-features-of-eddypro
https://www.licor.com/env/webinars/eddypro-to-tovi
https://www.licor.com/env/webinars/eddypro-to-tovi
https://www.licor.com/env/webinars/real-time-accurate-fluxes-at-your-site-with-smartflux
https://www.licor.com/env/webinars/real-time-accurate-fluxes-at-your-site-with-smartflux
https://www.licor.com/env/webinars/real-time-accurate-fluxes-at-your-site-with-smartflux
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SmartFlux
EddyPro can be run in an automated mode at the sta-
tion computing fluxes in real-time, or it can be run 
manually on the computer in the office or home, after 
the raw data have been collected. When EddyPro is 
run in an automated mode at the station, it is run by a 
SmartFlux, a low-power 1.5-Watt weatherized Linux-
based microcomputer briefly described as a part of 
LI-7500DS and LI-7200RS flux systems in Section 2.4.

Although SmartFlux itself is a hardware, it runs a 
lot of critical software at the flux station and enables 
the use of other software away from the station. This 
device performs many vital functions: 

• Accepts digital outputs from most major sonic 
anemometer models (Gill, CSI, Metek, RMY) 
and gas analyzers (LI-7500A/RS/DS, LI-7200/RS, 
LI-7700)

• Accepts biomet and auxiliary data outputs from 
most contemporary models of data loggers 
(LI-COR DAqM, CSI, Sutron)

• Provides highly accurate time synchronization 
of these data streams within the flux station, and 
between different flux stations in the flux network 
using GPS-driven PTP time protocol (Section 2.3)

• Outputs fully processed eddy covariance fluxes 
of sensible heat, latent heat, momentum, evapo-
transpiration, CO2, H2O, and CH4, along with raw 
data, biomet data, metadata, and diagnostics. 

• Allows uploads of advanced site-specific configu-
ration and processing, including Fourier Trans-
form, in-situ spectra and cospectra, frequency 
corrections, customizable planar fit approaches, 
progressive RH corrections, etc.

• Collects, integrates, and synchronizes soil flux 
data from LI-8100/LI-8100A automated soil flux 
systems in a single file with tower fluxes 

• Collects and sends images from PhenoCam to 
FluxSuite, PhenoCam network, or a network 
server 

• Automatically transfers raw data and processed 
fluxes to FluxSuite, a network server, or a private 
repository, such as Dropbox

• Provides georeferenced measurements and flux 
footprint distribution for use in GIS, remote sens-
ing and modeling

• Comes standard with LI-7500DS and LI-7200RS 
flux systems but can be added to many older 
stations 

And last but not least, the SmartFlux enables seamless 
operation of the station with FluxSuite site manage-
ment and flux station networking tool (see next pages 
here, Section 3.4 and 6.2) and data analysis software 
(see next pages here, and Part 5).

Reading and References

References describing the work done using automated flux stations 
with SmartFlux:

Anapalli, S.S., et al. 2018. Quantifying soybean evapotranspiration 
using an eddy covariance approach. Agricultural Water Management, 
209, 228-239. https://doi.org/10.1016/j.agwat.2018.07.023

Anapalli, S.S., et al. 2019. Modeling evapotranspiration for irrigation 
water management in a humid climate. Agricultural Water Manage-
ment, 225, 105731. https://doi.org/10.1016/j.agwat.2019.105731

Bayona, C., & Romero, H.M. 2016. Establecimiento del sistema Eddy 
Covariance en el cultivo de palma de aceite para cuantificar el ren-
dimiento como sumidero de CO

2
. Ceniavances, 184.  

D’Acunha, B., et al. 2019. Net ecosystem carbon balance of a peat 
bog undergoing restoration: integrating CO

2
 and CH

4
 fluxes from eddy 

covariance and aquatic evasion with DOC drainage fluxes. Journal of 
Geophysical Research: Biogeosciences, 124(4), 884-901. https://doi.
org/10.1029/2019jg005123

Cahill, A.G., et al. 2019. Controlled Natural Gas Release Experiment in a 
Confined Aquifer, Northeastern British Columbia (NTS 094A/04). Geosci-
ence BC Summary of Activities 2018-2019. 

https://doi.org/10.1016/j.agwat.2018.07.023
https://doi.org/10.1016/j.agwat.2019.105731
https://doi.org/10.1029/2019jg005123
https://doi.org/10.1029/2019jg005123
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Escamilla Jr, J. R. 2016. Calculating evapotranspiration of Arundo donax 
along the Rio Grande [master’s thesis]. Brownsville, Texas, University of 
Texas Rio Grande Valley.

Feitz, A., et al. 2018. The Ginninderra CH
4
 and CO

2
 release experiment: 

an evaluation of gas detection and quantification techniques. Inter-
national Journal of Greenhouse Gas Control, 70, 202-224. https://doi.
org/10.1016/j.ijggc.2017.11.018

Fratini, G., et al. 2018. Eddy covariance flux errors due to random and 
systematic timing errors during data acquisition. Biogeosciences, 
15(17), 5473–5487. https://doi.org/10.5194/bg-15-5473-2018

Hwang, Y., et al. 2020. Comprehensive assessments of carbon dy-
namics in an intermittently-irrigated rice Paddy. Agricultural and 
Forest Meteorology, 285-286, 107933. https://doi.org/10.1016/j.
agrformet.2020.107933

Isaac, P., et al. 2017. OzFlux data: network integration from collection to 
curation. Biogeosciences, 14(12), 2903-2928. https://doi.org/10.5194/
bg-14-2903-2017

Lee, S.C. 2016. Annual greenhouse gas budget for a bog ecosystem un-
dergoing restoration by rewetting [doctoral dissertation]. University of 
British Columbia. http://hdl.handle.net/2429/58985

Lensky, N.G., et al. 2018. Diurnal course of evaporation from the Dead 
Sea in summer: a distinct double peak induced by solar radiation and 
night sea breeze. Water Resources Research, 54(1), 150-160. https://
doi.org/10.1002/2017wr021536

Li, H., et al. 2018. The strongest EI nino event stimulated ecosystem 
respiration, not evapotranspiration, over a humid Alpine meadow on 
the Qinghai-Tibetan plateau. Ecological Indicators, 91, 562-569. https://
doi.org/10.1016/j.ecolind.2018.04.039 

Mamtimin, A., et al. 2020. Characteristics of turbulence over the semi-
fixed desert area in north of Xinjiang, China. SSRN Electronic Journal. 
https://doi.org/10.2139/ssrn.3595131

Norouzi, H., et al. 2016. Final report: instrumentation for exploring sur-
face energy balance using a combination of satellite and ground based 
observations (W911NF-15-1-0443). CUNY - New York City College of 
Technology. https://apps.dtic.mil/sti/pdfs/AD1058779.pdf

Ono, K., & Maruyama, A. 2015. Development of an onsite computation 
scheme of eddy-covariance fluxes. Journal of Agricultural Meteorology, 
71(4), 318-329. https://doi.org/10.2480/agrmet.d-15-00003

Rebmann, C., et al. 2018. ICOS eddy covariance flux-station site set-
up: a review. International Agrophysics, 32(4), 471-494. https://doi.
org/10.1515/intag-2017-0044

Runkle, B.R., et al. 2018. Methane emission reductions from the al-
ternate wetting and drying of rice fields detected using the eddy co-
variance method. Environmental Science & Technology, 53(2), 671-681. 
https://doi.org/10.1021/acs.est.8b05535

Tokoro, T., & Kuwae, T. 2017. A new procedure for processing ed-
dy-covariance data to better quantify atmosphere-aquatic ecosystem 
CO

2
 exchanges, Biogeosciences Discussions. [preprint]. https://doi.

org/10.5194/bg-2017-499

Tokoro, T., & Kuwae, T. 2018. Improved post-processing of eddy-co-
variance data to quantify atmosphere–aquatic ecosystem CO

2
 ex-

changes. Frontiers in Marine Science, 5. https://doi.org/10.3389/
fmars.2018.00286 
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https://doi.org/10.1016/j.ijggc.2017.11.018
https://doi.org/10.1016/j.ijggc.2017.11.018
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FluxSuite 

In addition to a direct, remote and full technical 
access to SmartFlux, a separate more secure tool, 
FluxSuite, can connect to one or more SmartFlux sta-
tions without a risk of accidentally reconfiguring the 
station or stopping the data collection. FluxSuite is a 
combination of a software and web-service, and has 
two primary functions:

• To minimize data losses by optimizing the site 
maintenance, such that one or many flux sites 
can be managed using least number of people to 
provide best possible data coverage 

• To network multiple flux sites into dedicated flux 
networks, and to share the flux data

As a site maintenance tool, FluxSuite allows instant 
viewing real-time fluxes, fully processed by Eddy-
Pro, from one or many flux sites on any device with 
a web browser (smartphone, tablet, computer, etc.), 
displays weather and other auxiliary data, has data 
quality indicators to instantly check on the site sta-
tus, provides summary reports an in-depth review 
of results, has a configurable alert system, and sends 

email notifications to designated principal investiga-
tor (PI) or site technician any time there is an issue at 
the site, thus minimizing data losses.

As a flux network and data sharing tool, FluxSuite 
allows formation of separate dedicated flux net-
works, provides secure and tiered online data access 
to collaborators, and promotes seamless data sharing 
across the globe yet under full control of the station 
PI. Collaborators can be assigned different levels of 
access to each site, each collaborator will then only 
see their sites, while PI can see all the sites on the spe-
cific FluxSuite network. The FluxSuite is scalable and 
designed for adding as many stations as needed.

At present, this relatively new tool is being used by 
many flux networks across dozens of countries, and 
for many hundreds of stations. Section 3.4 briefly 
highlights the maintenance functionality of Flux-
Suite, while Part 6 provides detailed description of its 
various functions. Full information and demo version 
are available by following this link https://www.licor.
com/fluxsuite.

https://www.licor.com/fluxsuite
https://www.licor.com/fluxsuite


2.5 Selecting Software | 185

Reading and References 
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search Symposium. Rice Rivers Center, Virginia Commonwealth Uni-
versity.  

FluxSuite (continued)

https://meetingorganizer.copernicus.org/EGU2019/EGU2019-1973-1.pdf
https://meetingorganizer.copernicus.org/EGU2019/EGU2019-1973-1.pdf
http://www.cern.ac.cn/0index/index.asp
http://www.cern.ac.cn/0index/index.asp
https://sites.psu.edu/influx/site-information/corn-field-near-site-09
https://sites.psu.edu/influx/site-information/corn-field-near-site-09
https://taps.unl.edu/ET_Station.pdf
https://taps.unl.edu/ET_Station.pdf
https://parallel41.nebraska.edu
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Tovi 

Both SmartFlux and FluxSuite provided flux and sup-
porting data in the format seamlessly ingestible by an 
experimental, and currently discontinued, pilot flux 
data analysis software, Tovi, which was driven and 
guided by the research community:

• Research Community provided scientific compe-
tence, methods and codes, and outlines the most 
needed tools

• LI-COR provided software engineering, solid 
implementation, easy-to-use GUI, documenta-
tion, trainings, support, and continuous develop-
ment within a single platform

• Although no longer available, the software still 
serves as a great example for multiple key data 
analysis tools described further in this book

The software was designed to allow a non-microme-
teorologist to handle the data in the advanced and 
fairly sophisticated manner to allow rapid execution 
of the QC and data analysis steps which have been 
quite time-consuming and complicated in the past, 
and other data analysis steps virtually not doable in 
the past. This was done by using intuitive graphical 
use interface and did not require programing skills.

Software also created shareable, traceable, and repro-
ducible parallel workflows for key methods available 
from the research community, and greatly enhanced 
standardization and comparability, making the results 
from different flux stations and research groups more 
comparable and reliable. 

Example tools include automated global access to 
14,000+ weather stations for gap-filling of weather 
data; configurable flux gap-filling; advanced foot-
print calculations and flux apportioning; NEE flux 
partitioning; automated workflow documentation; 
generation of specific reference lists used in each 
workflow; etc.

Detailed description of this software and exhaustive 
list of references to the methods used in Tovi are 
provided in Part 5. 
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Frequent pitfalls 

• The main pitfalls of custom-written data collection and processing software are human errors in coding and 
configurations, and the lack of support and maintenance 

• The main pitfall when using commercial software packages is not carefully checking fluxes and instanta-
neous data collected by such packages

• Other frequent pitfalls common to both custom and commercial approaches are:

• Not archiving original fast data

• Collecting fast data into different streams and files without careful clock match and timing protocols

• Configuring fast instruments to collect at different frequencies

• Configuring the data collection with insufficient decimals (e.g., truncating)

• Not checking fluxes and instantaneous data periodically

When collecting and processing data using cus-
tom-written code, researchers are often forced to look 
at the data in order to verify and adjust the code.

On the one hand, custom code may introduce errors 
(e.g., typos in the code, wrong units, etc.), but on the 
other hand, they help researchers to become familiar 
with the data, at least during the initial stages of data 
collection. However, legacy custom codes from past 
years often create significant problems for new or less 
experienced users, and may lead to serious collection 
and processing errors.

When using commercial packages for automated 
data collection and processing, there is always the 
danger of not adequately checking the data outputs. 
While modern software packages significantly sim-
plify and automate the complex procedures of flux 
data collection and processing, it is important to 
realize that these programs may compute some kind 
of flux numbers from instantaneous time series even 
when the time series are mislabeled or processing 
steps are misconfigured.

It is important to carefully look at instantaneous time 
series to double-check that patterns look reasonable, 
units make sense, and diagnostic parameters for var-
ious instruments seem correct. It is also important 
to carefully look at computed flux products to make 
sure that they are physically possible and physiolog-
ically reasonable. 

Avoiding simply computing a number is perhaps the 
most important part of using modern eddy covari-
ance software.

Other frequent pitfalls of eddy covariance data collec-
tion and processing include:

• not keeping original fast data - in case of process-
ing errors, reprocessing may become difficult or 
impossible

• collecting fast data from anemometer and ana-
lyzer into two different streams/files without 
careful clock match and timing protocols - time 
mismatches may lead to flux loss, make process-
ing complex and error-prone

• setting fast instruments to different collection 
frequencies (for example, 20 Hz for anemometer 
and 15 Hz for analyzer) - processing becomes 
cumbersome, error-prone

• configuring data collection with insufficient dec-
imal places (e.g., truncating) - fluxes may get lost 
because fast changes may occur in a truncated 
part of the variable, making for difficult or impos-
sible data recovery

• not checking flux data at the initial collection 
stages to make sure they are reasonable - program 
can usually compute a number even if it is not a 
reasonable one

• not checking instantaneous data and diagnostics 
periodically to make sure system works - program 
will collect any data, and may not guarantee collec-
tion of good quality data
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Location requirements

Many of the location requirements follow directly from 
the eddy covariance equations and are intended to satisfy 
the assumptions made during derivations: 

• Represent the ecosystem/area of interest

• Large enough: sufficient fetch/footprint

• Assumptions hold or are correctable

• Terrain is reasonably flat and uniform

Many of the location requirements follow directly 
from the eddy covariance equations described earlier 
in this book and are intended to satisfy the assump-
tions made during derivation of these equations.

Most importantly, the location should represent the 
ecosystem or area of interest, and the plot size should 
be large enough to provide sufficient fetch/footprint, 
described in detail in Section 2.7.

Ideally the surface should be flat and uniform, or 
least manageable, so the assumptions would hold or 
be correctable.

Additionally, practical requirements such as power 
availability and site access should be considered when 
planning the site location and positioning the station.

The decision should be made as to whether the site 
will require a low-power arrangement, or if grid 

power will be provided. This may be a good time to 
assess the costs of such arrangements.

The site should also be reasonably accessible for main-
tenance in accordance with the maintenance plan.

At this stage in the preparation of the experiment, the 
future location of the instruments on the tower and 
the respective tower height may also be considered, 
at least as a first approximation, in relation to atmo-
spheric layers and the footprint of the station, as these 
may significantly affect the site selection and tower 
placement within the selected site.

Additional details are provided in Section 2.7 
(Importance of Flux Footprint) and Part 3 (Imple-
menting Eddy Covariance Experiment). Here are 
just a few important highlights to keep in mind 
during the planning.

Reading and References

Law, B. 2006. Flux Networks – Measurement and Analysis.

Baldocchi, D. 2012. Advanced topics in biometeorology and microme-
teorology. Department of Environmental Science, UC-Berkeley, Califor-
nia. Lecture notes. http://nature.berkeley.edu/biometlab/espm228

http://nature.berkeley.edu/biometlab/espm228 
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Over the past few decades, flux measurements have 
been conducted in a relatively large number of major 
ecosystems, yet for a relatively small number of gas 
species. In recent years, these studies are moving fur-
ther into new and lesser studied natural and agricul-
tural ecosystems, industrial and municipal territories, 
and into new gas species. Some examples are methane 
flux measurements in remote Arctic wetlands, isotope 
flux measurements at high elevations, gas leak moni-
toring over carbon capture and sequestration sites, or 
constructing a greenhouse budget for a landfill or a 
city. Flux studies have also become longer in duration, 
and with less on-site presence for maintenance and 
data retrieval.

These tendencies make it especially important to con-
sider the positioning of the tower within the ecosys-
tem or other area of interest, with respect to power, 
installation, access and maintenance.

Many past studies were located near roads and com-
mercial power lines, and the selection of the tower 
placement was determined by both scope of the study 
and practicality of the installation.

Recent low power and lightweight instrument devel-
opments allow placing remote unattended solar- or 
wind-powered flux stations in the middle of the study 
area without any consideration for the road infra-
structure and grid power availability.

This reduces data loss due to bad wind directions, 
and enables novel experiments in little studied areas, 
but also has increased demands on experimental 
planning, instrument selection, site access and data 
retrieval. Often these arrangements must use open-
path instruments, or enclosed instruments with no 
fine-particle filter, requiring that instruments have to 
be cleaned periodically, especially after dust storms, 
and during periods of heavy pollination or other 
natural or industrial contamination. Also, remote 
data access is not always available, and manual data 
retrieval may be required.

Similar maintenance schedules may also be needed 
even at grid-powered sites with enclosed or closed-
path devices employing fine particle filters, in order 
to change filters after these types of events. Regular 
cleaning may also be required for sonic anemometers 
and auxiliary meteorological sensors, especially those 
used to measure light.

These items are usually resolved fairly easily at 
remote and low-power sites by hiring a responsi-
ble local person (e.g., high-school student or other 
hourly help) for a few hours per month for upkeep 
and data retrieval activities.

Power and access considerations

• An eddy covariance station in the middle of a 
wetland in the Florida Everglades measured 
fluxes of CH4, CO2, and H2O over a period of 
3 years

• The flux tower consumed less than 30 watts of 
power (LI-7700, LI-7500, sonic anemometer, 
weather data) and was hand-carried into the 
center of the wetland

Foot Trail in Sawgrass 
Variable Water Depth

Tower 
Location
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Measurement height, atmospheric layers, and footprint

An indirect, but important, factor when selecting the 
experiment location is the anticipated tower height 
and instrument placement height. This is to make 
sure that the instrumentation is placed in a correct 
portion of the atmospheric turbulent flow (the atmo-
spheric layer) to adequately represent the area of 
interest and to satisfy assumptions of eddy covariance 
method. Photo on the right shows an actual example 
of two decoupled layers. Instrument placed above the 
short chimney will be in the top layer and will not 
represent the surrounding area. 

Good yet simple theoretical description of atmo-
spheric layer structure is provided in pages 5-6 of 
Christen (2005) alongside key fundamental refer-
ences. Practically, the best position for the eddy cova-
riance instrumentation is in the constant flux layer, 
located approximately 1.2–2 canopy heights above 
the soil surface, and desirably at least 1.0–2.0 m above 
canopy top, but below the mixed layer (roughly 100–
150 m above the soil surface).

Instruments located too close to the canopy, in the 
roughness sublayer, may not represent the turbulence 
which was adequately developed over the ecosys-
tem of interest, but rather may characterize the local 
effects or disturbances by a single tree or a specific 
branch, for example. Instruments that are located too 
high, in the mixed layer, may be decoupled from the 

constant flux layer and may not represent the ecosys-
tem of interest either. 

Within the constant flux layer, it is also desirable to 
position the instruments higher in order to minimize 
frequency response errors and related corrections. 
However, the uppermost height is usually restricted 
by the size of the study area via the flux footprint, 
described in detail in the Section 2.7. 

In general, the upwind distance represented by tower 
height can be determined by the 1:50 to 1:100 rule. 
For example, if the tower is 2 m above the surface, 
the majority of measured flux will come from an oval-
shaped area stretching from near the tower to 100–
200 m upwind. Thus, when a location is selected, the 
study area should ideally be fairly large, so that the 
tower positioned in the center can provide adequate 
upwind distance in all wind directions.

Layers are based on Stull, 1988; Denmead et al., 1996; and Oke, 2007

1 h

1.2 - 2 h

100 - 150 m

1000 - 2000 m
Top of Atmospheric Boundary Layer

Mixed Layer

Constant Flux Layer
(Inertial Sublayer)

Roughness Sublayer

0
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Measurement height, atmospheric layers, and footprint (continued)

Strictly speaking, the measurement height should be 
referenced for all of these purposes not from the soil 
surface, but from a zero-plane displacement (e.g., the 
height at which the logarithmic wind profile hypo-
thetically goes to zero, the d in the illustration above). 

The zero-plane displacement is usually about 2/3–
3/4 of the canopy height, but heavily depends on the 
structure of the canopy and multiple other factors.

Good description of zero-plane displacement con-
cept is provided in De Bruin and Moore (1985) and 
Raupach (1994), however, this concept may be dif-
ficult to follow without a substantial background in 
micrometeorology or physics of turbulent flows. 

So below we provide two sets of rough rules-of-
thumb, for short and for tall canopies, to avoid the 
need for in-depth studies of this concept:

• For short canopies (with heights below 2–3 m), 
it is advisable to position the instruments at least 

1.0–1.5 m above the top of the canopy. This also 
means that the site should be large enough to 
provide an upwind distance (e.g., fetch) of several 
hundred m. 

• For example, if the canopy is 0.5 m tall, the instru-
ments should ideally be located at least at 2.0 m 
(0.5 +1.5 m) above the soil surface. In this case, 
the site should provide a fetch of about 200 m.

• In regions with winds from multiple directions, it 
would be ideal to find a site of at least 400 × 400 
m, so that the tower can be placed in the center 
and can collect data from all directions, minimiz-
ing data loss. In regions with a single or only a 
few prevailing wind directions, the tower can be 
positioned on the downwind edge of the mea-
sured area, reducing the minimum size require-
ment to 200 × 200 m.
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Reading and References

Christen, A. 2005. Atmospheric turbulence and surface energy ex-
change in urban environments: results from the Basel Urban Bound-
ary Layer Experiment (BUBBLE) [doctoral dissertation]. https://dx.doi.
org/10.5451/unibas-003631734

De Bruin, H.A., & Moore, C.J. 1985. Zero-plane displacement and 
roughness length for tall vegetation, derived from a simple mass con-
servation hypothesis. Boundary-Layer Meteorology, 31, 39-49. https://
doi.org/10.1007/bf00120033

Inoue, E. 1963. On the turbulent structure of airflow within. Journal of 
the Meteorological Society of Japan. Ser. II, 41(6), 317-326. https://doi.
org/10.2151/jmsj1923.41.6_317

Raupach, M.R. 1994. Simplified expressions for vegetation roughness 
length and zero-plane displacement as functions of canopy height 
and area index. Boundary-Layer Meteorology, 71, 211-216. https://doi.
org/10.1007/bf00709229 

https://dx.doi.org/10.5451/unibas-003631734
https://dx.doi.org/10.5451/unibas-003631734
https://doi.org/10.1007/bf00120033
https://doi.org/10.1007/bf00120033
https://doi.org/10.2151/jmsj1923.41.6_317
https://doi.org/10.2151/jmsj1923.41.6_317
https://doi.org/10.1007/bf00709229 
https://doi.org/10.1007/bf00709229 
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Measurement height, atmospheric layers, and footprint (continued)

Most winds come from the south:

• May place tower closer to the downwind (north-
ern) edge of the site to gain upwind distance and 
increase measurement height

• May select smaller study area, but some data loss 
due to winds outside the area of study will occur

Winds come from various directions: 

• Ideally, tower should be placed in the center of 
the area of study to access all wind directions and 
minimize data loss

• May select larger study area or lower tower; 
maximum instrument height will be restricted by 
upwind distances
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• For tall canopies (with heights above 2–3 m) it is 
desirable to position the instruments at a height 
of at least 1.2 times the canopy height from the 
soil surface or higher, and at least 1.5–2.0 m 
above the top of the canopy. 

• For example, if the canopy is 5 m tall, the instru-
ments could safely be placed at 7.5 m above the 
soil surface.

• Calculating the fetch and size requirements of 
sites with tall canopies is more involved due to 
large zero-plane displacement. For a 5 m canopy, 
zero-plane displacement is about 3.3 m (2/3 × 5 
m). Thus, the effective instrument height for a 7.5 
m tower is about 4.2 m (= 7.5-3.3 m) and ideally 
the site should be selected to provide a fetch of 
about 420 m or more. 

• For areas with winds from multiple directions, 
the site should ideally be at least 840 × 840 m in 
size so that the tower can be placed in the center 
and collect data from all directions, minimizing 
data loss. For areas with a single or only a few 
prevailing wind directions, the tower can be posi-
tioned on the downwind edge or in the corner of 
the measurement area, reducing the minimum 
size requirement to 420 × 420 m.

Warning: It is important to note that these “rules of thumb” 
are very approximate. If all other factors are equal, it is desir-
able to choose a larger site, and allow for taller towers and 
higher instrument positioning. If this is not possible, analyses 
of the wind rose (pictured above) and footprint (described in 
the next section) can be conducted for a specific site to evalu-
ate the contributions from each wind direction, and to optimize 
the tower positioning within the site. It is, however, essential to 
avoid placing instruments outside of the constant flux layer.
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Outline

• Effect of measurement height 

• Effect of roughness

• Effect of thermal stability

In the simplest terms, flux footprint is the area “seen” 
by the instrument on the tower. In other words, it is 
an area upwind from the tower, such that fluxes gen-
erated in this area are registered by the tower instru-
ments. Another frequently used term, “fetch,” usually 
refers to the distance from the tower when describing 
the footprint.

Understanding the flux footprint concept is essen-
tial for proper planning and execution of an eddy 
covariance experiment. Therefore, the next pages are 

dedicated exclusively to the concept of footprint, with 
detailed explanations and practical examples.

First, we will look at how the footprint is affected by 
measurement height. Then, we will look at how the 
roughness of the surface affects what the instrument 
can “see,” and finally, how thermal stability affects 
the footprint.

Warning: Even more complex situations may exist when the 
footprint area is not homogeneous. See Section 5.2 and 5.3 for 
details and additional references.

Reading and References 

Barcza, Z., et al. 2009. Spatial representativeness of tall tower eddy 
covariance measurements using remote sensing and footprint analy-
sis. Agricultural and Forest Meteorology, 149(5), 795-807. https://doi.
org/10.1016/j.agrformet.2008.10.021

Hsieh, C., Katul, G., & Chi, T. 2000. An approximate analytical model 
for footprint estimation of scalar fluxes in thermally stratified atmo-
spheric flows. Advances in Water Resources, 23(7), 765-772. https://
doi.org/10.1016/s0309-1708(99)00042-1

Kljun, N., et al. 2004. A simple parameterisation for flux footprint pre-
dictions. Boundary-Layer Meteorology, 112(3), 503-523. https://doi.
org/10.1023/b:boun.0000030653.71031.96

Kljun, N., et al. 2015. A simple two-dimensional parameterisation for 
flux footprint prediction (FFP). Geoscientific Model Development, 8(11), 
3695-3713. https://doi.org/10.5194/gmd-8-3695-2015

Kormann, R., & Meixner, F.X. 2001. An analytical footprint model for 
non-neutral stratification. Boundary-Layer Meteorology, 99(2), 207-224. 
https://doi.org/10.1023/a:1018991015119

Leclerc, M.Y., & Foken, T. 2014. Footprints in micrometeorology and ecol-
ogy. Springer-Verlag Berlin Heidelberg. https://doi.org/10.1007/978-3-
642-54545-0

Rannik, Ü., et al. 2012. Footprint analysis. In: Aubinet M., Vesala 
T., & Papale D. (eds) Eddy Covariance: A practical guide to measure-
ment and data analysis, Springer, Dordrecht, pp 211-261. https://doi.
org/10.1007/978-94-007-2351-1_8

https://doi.org/10.1016/j.agrformet.2008.10.021
https://doi.org/10.1016/j.agrformet.2008.10.021
https://doi.org/10.1016/s0309-1708(99)00042-1
https://doi.org/10.1016/s0309-1708(99)00042-1
https://doi.org/10.1023/b:boun.0000030653.71031.96
https://doi.org/10.1023/b:boun.0000030653.71031.96
https://doi.org/10.5194/gmd-8-3695-2015
https://doi.org/10.1023/a:1018991015119
https://doi.org/10.1007/978-3-642-54545-0
https://doi.org/10.1007/978-3-642-54545-0
https://doi.org/10.1007/978-94-007-2351-1_8
https://doi.org/10.1007/978-94-007-2351-1_8
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Visualizing the concept

The flux footprint is visualized above: the darker the 
color – the larger the flux contribution that is coming 
from the area. Thus, most of the contribution usually 
comes not from underneath the tower and not from 
many kilometers away, but rather from somewhere 
in between.

To calculate actual distances and contributions, let 
us look at the main features of the dependence of the 
flux footprint on measurement height, surface rough-
ness and thermal stability. We will use, as an example, 
an actual latent heat flux data (evapotranspiration, 
ET) from a tallgrass prairie site near Ponca City, OK.

To demonstrate the effect of measurement height and 
roughness in near-neutral conditions, two days were 
chosen from the 1999 growing season. One of the 
chosen days was a clear day shortly after a prescribed 
burn. With virtually no vegetation, the surface was 
smooth (with a roughness parameter of about 0.001 
m). The thermal stability was near neutral, with z/L 
ranging from –0.003–0.05 for most of the day.

By contrast, another chosen day had a relatively large 
canopy height of 0.6 m, and a roughness parameter 
of about 0.08 m. It also had near-neutral conditions, 
with a stability parameter z/L ranging from -0.08–0.2 
for most of the day.

Reading and References 

Burba G., 2001. Illustration of flux footprint estimates affected by mea-
surement height, surface roughness and thermal stability. In K. Hub-
bard & M. Sivakumar (eds). Automated weather stations for applications 
in agriculture and water resources management: Current use and future 
perspectives; Proceedings of an international workshop, 6-10 March 
2000, Lincoln, Nebraska, USA. WMO Publication Number 1074, (pp 77-
86). http://www.wamis.org/agm/pubs/agm3/WMO-TD1074.pdf

Gash, J.H. 1986. A note on estimating the effect of a limited fetch on 
micrometeorological evaporation measurements. Boundary-Layer Me-
teorology, 35(4), 409-413. https://doi.org/10.1007/bf00118567

Leclerc, M.Y., & Foken, T. 2014. Footprints in micrometeorology and ecol-
ogy. Springer-Verlag Berlin Heidelberg. https://doi.org/10.1007/978-3-
642-54545-0

Upwind Distance

Wind

http://www.wamis.org/agm/pubs/agm3/WMO-TD1074.pdf
https://doi.org/10.1007/bf00118567
https://doi.org/10.1007/978-3-642-54545-0 
https://doi.org/10.1007/978-3-642-54545-0 
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Footprint models

There are a number of models used to evaluate footprint 
contribution from any given distance. For near-neutral 
conditions, one of the simplest yet descriptive models 
is given by Schuepp, et al (1990). It estimates cumu-
lative normalized contribution to flux measurement 
(CNF) computed from analytical solutions of the dif-
fusion equation for near-neutral conditions.

The model inputs are instrument height, canopy 
height, wind speed, desired distances from the tower, 
friction velocity, and zero-plane displacement. From 
these, the model computes how much of the mea-
sured flux comes from a particular distance.

Reading and References

Finn, D., et al. 1996. Experimental evaluation of analytical and Lagrang-
ian surface-layer flux footprint models. Boundary-Layer Meteorology, 
80(3), 283-308. https://doi.org/10.1007/bf00119546

Gash, J., & Dolman, A. 2003. Sonic anemometer (co)sine response and 
flux measurement: I. The potential for (co)sine error to affect sonic ane-
mometer-based flux measurements. Agricultural and Forest Meteorolo-
gy, 119(3-4), 195-207. https://doi.org/10.1016/s0168-1923(03)00137-0

Horst, T.W., & Weil, J.C. 1992. Footprint estimation for scalar flux mea-
surements in the atmospheric surface layer. Boundary-Layer Meteorol-
ogy, 59(3), 279-296. https://doi.org/10.1007/bf00119817

Kljun, N., et al. 2004. A simple parameterisation for flux footprint pre-
dictions. Boundary-Layer Meteorology, 112(3), 503-523. https://doi.
org/10.1023/b:boun.0000030653.71031.96

Schuepp, P.H., et al. 1990. Footprint prediction of scalar fluxes from 
analytical solutions of the diffusion equation. Boundary-Layer Meteo-
rology, 50, 355-373. https://doi.org/10.1007/bf00120530

For Near-Neutral Conditions:

CNF Cumulative Normalized contribution to Flux measurement, %

xL Distance from the station, m u Mean integrated wind speed, m s-1 z Measurement height, m

u*  Friction velocity, m s-1d Zero plain displacement, m k Von Karman constant (0.4)

https://doi.org/10.1007/bf00119546
https://doi.org/10.1016/s0168-1923(03)00137-0 
https://doi.org/10.1007/bf00119817
https://doi.org/10.1023/b:boun.0000030653.71031.96
https://doi.org/10.1023/b:boun.0000030653.71031.96
https://doi.org/10.1007/bf00120530 
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Effect of measurement height

The values of latent heat flux contributed from the 
upwind distance are plotted in the figures above.

The top plot shows how much of the total flux comes 
from a particular upwind distance. The area under 
the curve integrated from zero to infinity, will give the 
total evapotranspiration rate from the site.

The bottom plot shows the same information as a 
cumulative contribution.

When measured at a height of 4.5 m, the peak con-
tribution of the evapotranspiration comes from the 

upwind distance of about 60–65 m, while an area 
within 20–30 m from the station did not contribute 
to any of the measured flux. In terms of cumulative 
contribution, 80% of the total daily flux came from an 
upwind distance of 20-450 m.

At a lower measurement height of 1.5 m a dramatic 
change in the contribution is observed. The peak 
contribution comes from a closer upwind distance of 
about 12–18 m. Over 80% of daily evapotranspiration 
comes from an area within 80 m of the station (versus 
20–450 m zone for the 4.5 m measurement height).

Reading and References 

Burba G., 2001. Illustration of flux footprint estimates affected by mea-
surement height, surface roughness and thermal stability. In K. Hubbard 
& M. Sivakumar (eds). Automated weather stations for applications in 
agriculture and water resources management: Current use and future 
perspectives; Proceedings of an international workshop, 6-10 March 
2000, Lincoln, Nebraska, USA. WMO Publication Number 1074, (pp 77-
86). http://www.wamis.org/agm/pubs/agm3/WMO-TD1074.pdf

Re
la

tiv
e 

Co
nt

rib
ut

io
n

ET
, m

m
 d

ay
-1

ET
, m

m
 d

ay
-1

Cu
m

ul
at

iv
e 

Co
nt

rib
ut

io
n

0%

20%

40%

60%

80%

100%

0.0

1.0

2.0

3.0

4.0

Upwind Distance (m)

0 100 200 300 400 500

0% 0.00

0.03

0.06

0.09

0 100 200 300 400 500

1%

2%

1.5 m

4.5 m

http://www.wamis.org/agm/pubs/agm3/WMO-TD1074.pdf  


204 | 2.7 Importance of Flux Footprint

Height near the station

These are the same data as shown on the previous page 
but are plotted as a view from above. They demon-
strate the potential contribution of the footprint for 
4.5 and 1.5 m towers from all wind directions. The 
tower is located in the center of each plot.

In the plot on the right, note how important it is to 
keep the area around the station undisturbed and 
representative of the overall site when the measure-
ment height is low.

< 1% Contribution

60% Contribution

200 m Fetch

30x30 m Fence 200 m

h = 1.5 mh = 4.5 m
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Measurement height summary

• Footprint strongly increases with measurement height:

• at 1.5 m over 80% of the evapotranspiration came from within 80 m upwind

• at 4.5 m over 80% of the evapotranspiration came from within 450 m upwind

• Footprint near the station may also be strongly affected:

• at 1.5 m, the area 5 m around the station did not significantly affect evapotranspiration

• at 4.5 m, the area 32 m around the station did not significantly affect evapotranspiration

• Both sufficient fetch requirement and an undisturbed area around the instruments are important for proper 
footprint at any measurement height

Overall, with increased measurement height, the 
upwind distance to the peak contribution increased, 
while the magnitude of the peak contribution was 
reduced. The upwind distance covered by the station 
increased dramatically, as did a zone of “no contribu-
tion” around the station.

Warning: An important practical implication of the effect of 
the measurement height on flux footprint is that both sufficient 
fetch and an undisturbed area around the instrument are 
important for the proper footprint at any measurement height.
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Effect of surface roughness

The effect of roughness on the flux station footprint is 
demonstrated in the figures above.

For the 1.5 m measurement height, the largest con-
tribution came from 12–18 m (2% of evapotranspira-
tion) on a day with relatively high roughness (canopy 
height 60 cm).

For the same measurement height on a day with low 
roughness (canopy height <5 cm), the peak contribu-
tion shifted to about 30-35 m of the upwind distance 
and was two times smaller (1% of evapotranspiration).

In terms of cumulative contribution, over a rough 
surface, more than 80% of the evapotranspiration 
came from within 80 m upwind. Over a smooth sur-
face, the same contribution came from within 250 m.

Reading and References

Burba G., 2001. Illustration of flux footprint estimates affected by mea-
surement height, surface roughness and thermal stability. In K. Hub-
bard & M. Sivakumar (eds). Automated weather stations for applications 
in agriculture and water resources management: Current use and future 
perspectives; Proceedings of an international workshop, 6-10 March 
2000, Lincoln, Nebraska, USA. WMO Publication Number 1074, (pp 77-
86). http://www.wamis.org/agm/pubs/agm3/WMO-TD1074.pdf
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Roughness near the station

These are the same data as on the previous page, 
plotted as viewed from above. They demonstrate the 
potential contribution of the footprint for smooth 
and rough surfaces from all wind directions. The 
tower is located in the center of each plot.

The “no contribution” zone was within 5 m around 
the station for the rough surface, and within 10 m for 
the smooth surface.

Please note again how important it is to keep the area 
around the station undisturbed under both rough-
ness conditions.

< 1% Contribution

60% Contribution
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30x30 m Fence 200 m
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Roughness summary

• Footprint decreases with increased roughness:

• at a sensor height of 1.5 m:

• for rough surface over 80% of the evapotranspiration came from within 80 m upwind

• for smooth surface 80% of evapotranspiration came from about 250 m upwind

• Footprint near the station is also affected by roughness:

• for rough surface, area 5 m around the station did not significantly affect evapotranspiration

• for smooth surface, area 10 m around the station did not significantly affect evapotranspiration

• Both sufficient fetch requirement and undisturbed area around instruments are important for proper foot-
print at any roughness

Overall, with increasing roughness, upwind distance 
to the peak contribution decreased, the magnitude of 
the peak contribution increased, while the upwind 
distance covered by the station and the zone of “no 
contribution” shrank in size, as compared to the 
“smooth” surface.

Warning: An important practical implication of the effect of 
the roughness on flux footprint is that both sufficient fetch and 
an undisturbed area around the instruments are important for 
the proper footprint at any roughness.
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Height at different roughness

The contribution from the upwind distance for dif-
ferent measurement heights is shown above for a 
smooth surface in the top figure, and for a rough sur-
face in the bottom figure.

For the rough surface, the measurement height had a 
more profound effect on footprint than for the smooth 

surface. While the peak contribution increased three 
times with an increase in measurement height for the 
smooth surface, the same increase in measurement 
height led to a peak contribution increase of five 
times for the rough surface.

Reading and References

Burba G., 2001. Illustration of flux footprint estimates affected by mea-
surement height, surface roughness and thermal stability. In K. Hub-
bard & M. Sivakumar (eds). Automated weather stations for applications 
in agriculture and water resources management: Current use and future 
perspectives; Proceedings of an international workshop, 6-10 March 
2000, Lincoln, Nebraska, USA. WMO Publication Number 1074, (pp 77-
86). http://www.wamis.org/agm/pubs/agm3/WMO-TD1074.pdf
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Roughness at different heights

The contribution from the upwind distance for dif-
ferent roughness levels is shown above for a 4.5 m 
measurement height in the top figure, and for a 1.5 m 
measurement height in the bottom figure.

At the 4.5 m measurement height, the peak contri-
bution increased 1.3 times in magnitude and shifted 
twice as close to the station with increased roughness. 
At the 1.5 m measurement height, the peak increased 
two times (from 1–2% of evapotranspiration).
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Height and roughness summary

• The measurement height has a more pronounced effect on footprint over rough surfaces than over smooth 
surfaces

• At a lower measurement heights, the roughness has a more profound effect on footprint than it does at 
higher measurement heights

• Both factors should be included in the calculation of optimal instrument placement

Overall, the measurement height has a more pro-
found effect on the footprint over rough surfaces than 
over smooth surfaces.

At lower measurement heights, roughness has a more 
profound effect on the footprint than it did at higher 
measurement heights.

Therefore, for practical purposes, both measurement 
height and surface roughness should be considered for 
optimal tower positioning and instrument placement.
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Effect of thermal stability

The effect of thermal stability on the upwind distance 
contribution to latent heat flux is shown in the figure 
above (adapted from Leclerc and Thurtell, 1990).

For the same measurement height and roughness, 
changes in atmospheric stability can change the foot-
print size several times.

For a measurement height of 1.5 m and a canopy 
height of 0.6 m, very unstable conditions can lead 

to most of the flux footprint being within 50 m of 
the station.

In near-neutral conditions, most of the footprint is 
located between 5 and 250 m of the station.

And during very stable conditions, the area of flux 
contribution is located between 15 and 500 m upwind.

Reading and References

Leclerc, M.Y., & Foken, T. 2014. Footprints in micrometeorology and ecol-
ogy. Springer-Verlag Berlin Heidelberg. https://doi.org/10.1007/978-3-
642-54545-0

Leclerc, M.Y., & Thurtell, G.W. 1990. Footprint prediction of scalar fluxes 
using a Markovian analysis. Boundary-Layer Meteorology, 52(3), 247-
258. https://doi.org/10.1007/bf00122089
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Stability summary

• For the same measurement height and roughness, atmospheric stability can increase the footprint size 
several times

• For a measurement height of 1.5 m and a canopy height of 0.6 m:

• In very unstable conditions, most of the footprint is within 50 m

• In neutral conditions, it is within 250 m

• In very stable conditions, footprint is within 500 m

• Flux data at very stable conditions may need to be corrected or discarded due to insufficient fetch

• Flux data at very unstable conditions may need to be corrected or discarded due to the fact that a large 
portion of the flux may come from the disturbed area around the instrument tower

Some important practical implications of the effect of 
stability on the footprint for station positioning and 
data processing are as follows.

Flux data at very stable conditions may need to be 
corrected or discarded due to insufficient fetch. Flux 
data at very unstable conditions may need to be cor-
rected or discarded due to the fact that a large portion 
of the flux comes from an area around the instru-
ment, which is often disturbed to some degree by 
maintenance activity.

In some cases, when the specific microclimate of the 
site leads to a consistent prevalence of stable condi-
tions, tower placement and measurement height may 
need to be adjusted to avoid large losses of data due to 
insufficient fetch.
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Summary of footprint

• Flux footprint depends on:

• Measurement height

• Surface roughness

• Thermal stability

• Size of footprint increases with:

• Increased measurement height

• Decreased surface roughness

• Change in stability from unstable to stable

• Area near instrument tower may contribute a lot if:

• Measurement height is low

• Surface roughness is high

• Conditions are very unstable

Flux footprint describes a contributing area upwind 
from the tower. This is the area that the instruments 
can “see”.

Flux footprint mainly depends on measurement 
height, surface roughness, and atmospheric ther-
mal stability. The size of the footprint increases with 
increased measurement height, with decreased sur-
face roughness, and with changes in thermal stability 
from unstable to stable.

The area near the tower may contribute a lot to the flux 
footprint, if the measurement height is low, surface 
roughness is high, or if conditions are very unstable.

In addition to a relatively simple description of the 
footprint provided in this section, there are complex 
interactions between the footprint seen by the tower, 
inhomogeneities at a specific site, and local climate 
and topography. These are described in the advanced 
footprint analysis portion of Section 5.2 alongside lat-
est literature on this subject.

Reading and References

Leclerc, M.Y., & Foken, T. 2014. Footprints in micrometeorology and ecol-
ogy. Springer-Verlag Berlin Heidelberg. https://doi.org/10.1007/978-3-
642-54545-0

Gash, J.H. 1986. A note on estimating the effect of a limited fetch on 
micrometeorological evaporation measurements. Boundary-Layer Me-
teorology, 35(4), 409-413. https://doi.org/10.1007/bf00118567

Rebmann, C., et al. 2004. Quality analysis applied on eddy covari-
ance measurements at complex forest sites using footprint model-
ling. Theoretical and Applied Climatology, 80(2-4), 121-141. https://doi.
org/10.1007/s00704-004-0095-y

Schmid, H.P. 1994. Source areas for scalars and scalar fluxes. Bound-
ary-Layer Meteorology, 67(3), 293-318. https://doi.org/10.1007/
bf00713146

Schuepp, P.H., et al. 1990. Footprint prediction of scalar fluxes from 
analytical solutions of the diffusion equation. Boundary-Layer Meteo-
rology, 50, 355-373. https://doi.org/10.1007/bf00120530

Stannard, D.I. 1997. A theoretically based determination of Bowen-ra-
tio fetch requirements. Boundary-Layer Meteorology, 83(3), 375-406. 
https://doi.org/10.1023/a:1000286829849 

https://doi.org/10.1007/978-3-642-54545-0
https://doi.org/10.1007/978-3-642-54545-0
https://doi.org/10.1007/bf00118567
https://doi.org/10.1007/s00704-004-0095-y
https://doi.org/10.1007/s00704-004-0095-y
https://doi.org/10.1007/bf00713146
https://doi.org/10.1007/bf00713146
https://doi.org/10.1007/bf00120530
https://doi.org/10.1023/a:1000286829849 
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Key activities

• Sensor cleaning

• Sensor replacement

• Sensor calibration

• Cable replacement

• System repair

• A maintenance plan is critical for avoiding 
unnecessary data loss

• Individual maintenance items may be trivial, 
while interaction of all items gets complex: 
for example, 20 sensors calibrated yearly

• One or two spare sensors are desirable for 
each measurement

After defining the purpose and scope of the experi-
ment, creating a list of variables, selecting hardware, 
software and the experiment location, but before 
actual setup, it is important to create a long-term 
maintenance plan.

Here maintenance can be defined rather broadly, as: 
(i) developing a regular instrument maintenance, 
cleaning and calibration schedule; (ii) periodically 
checking instantaneous raw data, instrument diag-
nostics, and flux products; and (iii) traveling to the 
site for maintenance based on such checking, and per 
instrument maintenance schedule.

At a minimum, the field portion of the maintenance 
plan includes periodic instrument cleaning and 
replacement, calibration schedule, replacement of 
damaged cables, and other anticipated repairs to the 
instrument system. 

A well-designed maintenance plan is very important 
to avoid unnecessary loss of data in the future, during 
the data collection process. Each of the maintenance 
items may seem trivial, however, interaction of all 
these items gets complex fairly quickly.

For example, a yearly or six-month recommended fac-
tory calibration of 20 different instruments becomes a 
serious logistical task and requires optimization of the 
number of required back-up instruments, trips to the 
experimental site, and introduces a risk of data loss.

If a sensor requires factory service, it may take sev-
eral weeks, so plans should be made beforehand for a 
replacement instrument. 

In addition to routine maintenance, unforeseen 
circumstances may complicate the schedule fur-
ther (fires, lightning strikes, storm damage, rodent 
damage, power failure, etc.). This is why one or two 
spare sensors for each variable, and a portable power 
backup for a few essential measurements are very 
desirable, especially at remote sites.

Warning: The maintenance plan is one of the most over-
looked items in the eddy covariance setup, especially for first-
time users.

Proper planning at this stage will help to avoid potentially large 
losses of data in the future, when running the experiment.
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Frequent pitfalls

• Lack of a detailed long-term main-
tenance plan is a most frequent pit-
fall when planning eddy covariance 
experiment

• In addition, there are a number 
of other potential pitfalls caused 
mostly by underestimating the level 
of detail and logistics of running a 
long-term field experiment

In addition to not making a detailed long-term 
maintenance plan, other frequent pitfalls during 
the planning stage primarily come from underes-
timating the level of detail and logistics of running 
any long-term field experiment. Typical examples 
include the following:

• Purpose of the experiment is too narrowly 
defined, resulting in too short of a list of vari-
ables, and thus, in a lack of instrumentation 
for all the measurements which will actually be 
needed. This pitfall is particularly frequent in sci-
entific applications with new users.

• Auxiliary measurements (e.g., gas concentration 
profiles, solar radiation or PAR, soil moisture, 
soil heat flux, etc.) are either not deployed or not 
maintained. This is especially important in sci-
entific applications, where interpretation of flux 
data relies on the weather and ecosystem data.

• Hardware is chosen not for the job, but for the 
cost, or selection is based on specifications irrel-
evant to eddy covariance measurements, or with-
out regard for the vital specifications.

• Hardware is chosen without checking its com-
patibility with data collection and flux processing 
software.

• Hardware is chosen such that it would require 
grid power, while the site is chosen such that it is 
exceptionally difficult to build grid power access.

• No provision is made in the plan for full flux 
processing. Raw covariance products from the 
low-power loggers are used instead of actual flux 
from complete processing programs, resulting in 
missing terms and corrections, and in significant 
errors in flux results.

• No provision is made in the plan to record and 
archive raw 10 Hz or 20 Hz data.

• No provision is made for keeping a site log of 
visits and maintenance procedures.
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Frequent pitfalls (continued)

Location is chosen not for the required task, but for 
convenience. Tower is positioned in the middle of a 
plot that is too small, or the instruments are too close 
to the canopy.

Wind rose, flux footprint, and shape of the site are not 
considered during the planning, resulting in incor-
rect site selection, and incorrect tower positioning. 
This could lead to significant data loss from non-neg-
ligible wind directions.

Maintenance plan does not include regular validation 
using known gases, when needed or recommended 
by the manufacturer, or even an alternative approx-
imate low-cost field validation without calibration 
gases (Appendix IV). 

Maintenance plan does not include regular site 
inspections, including checking the data collection 
settings, which may reset from 10 Hz to 1 Hz or to 
some other default value, for example, due to com-
puter malfunction.

Maintenance plan does not include cleaning the 
instruments, intake tubes and sampling cells or 

changing fine-particle filters, resulting in unnecessary 
data degradation and flux loss.

Maintenance plan does not include periodic check of 
real-time 10 or 20 Hz data, instrument diagnostics, 
flux calculations and overall data quality. This can be 
important in cases when the instrument may mal-
function in terms of fast data and the resulting fluxes 
but may look reasonable in real time on the software 
screen and in the settings.

Provision is not made for some type of weather-resis-
tant field enclosure to house tools, spare parts, regu-
lators, electrical components, etc.

Warning: Although these and other planning and mainte-
nance items may seem simple and obvious, the main challenge 
is to actually check all of them throughout the experiment, and 
if needed, be able to transfer the maintenance functions from 
one person or group to another to ensure continuity and data 
consistency. An additional challenge is to keep accurate 
records of maintenance procedures; why they were performed 
and when.
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Summary of experimental design

• The design stage is an opportunity to avoid many future complications

• Main steps: purpose, variables, instruments, tower, location, maintenance

• Purpose will determine variables: include all needed for EC computations

• Variables will determine list of instruments, software needs, infrastructure

• Instruments: fast, sensitive to small changes, designed to minimize flow distortion

• Software is readily available; exotic instruments may need special coding

In summary, the experimental design stage is an 
opportunity to optimize the time and costs, to assure 
continuous and consistent collection of high-quality 
data, and to avoid numerous complications during 
implementation and execution of the experiment.

The key parts of the design include defining the pur-
pose and variables, choosing appropriate instruments 
and other hardware and software, deciding on the 
experiment location, tower type and placement, and 
developing a detailed maintenance plan.

The purpose helps to determine a list of vari-
ables, including those needed for eddy covariance 
corrections.

Scientific applications are usually more demanding 
in terms of purpose and may have a wide spectrum 
of goals within the same experiment. Industrial and 
agricultural applications have more focused goals but 
may need additional parameters to interpret data. 
Regulatory applications are often specifically inter-
ested in quantifying the emission rates of a specific 
gas, and may have a very explicit, focused purpose.

The list of variables in each application and project 
helps to determine the list of instruments and soft-
ware needs, and overall infrastructure.

Scientific applications may use specialized, full or 
typical flux stations, while industrial and agricultural 
applications tend to use minimal and typical stations. 
Most regulatory applications would benefit from 
minimal flux stations.

Regardless of the type of station, eddy covariance 
instruments should be fast, sensitive to small changes, 
compact in size, and aerodynamic. Ideally, they 
should also be designed to allow data collection from 
most or all wind directions and should minimize flow 
distortion to the sonic anemometer.

Complete fully supported software packages are 
readily available for eddy flux processing and analy-
sis. When set up correctly, such software takes care of 
most of the complex steps (e.g., spectral and cospec-
tral analysis, footprint analysis, etc.) and corrections 
required for the flux processing, from raw covariance 
calculations all the way to final flux values.
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Summary of Experimental Design (continue)

• Desirable location: large, flat, uniform, or at least manageable and correctable

• Wind rose and footprint analyses are helpful in site selection and tower location

• Maintenance plan is key to good data coverage, and needs to be very detailed

Exotic instruments, such as custom-built or custom- 
ordered gas analyzers, may require additional process-
ing codes for unit conversions and flux corrections.

Ideally, the site should be large in size to accommo-
date the desired tower height. It should be relatively 
uniform, or at least manageable. The analyses of the 
wind directions and flux footprint may be helpful in 
selecting the site, and for tower positioning within the 
site. The tower should ideally be located in the center 

of the experimental site, collecting the flux data from 
all wind directions. For sites with strong prevailing 
winds from one direction, the tower may be posi-
tioned on the downwind edge of the area of interest.

Good maintenance planning is key to good data 
coverage. A well-thought-out detailed maintenance 
plan will be the best insurance that the time invested 
in the experiment will produce accurate and mean-
ingful data.

Reading and References 

Aubinet, M., Vesala, T., & Papale, D. (eds) 2012. Eddy covariance: a 
practical guide to measurement and data analysis. Springer, Dordrecht. 
https://doi.org/10.1007/978-94-007-2351-1

Baldocchi, D. 2012. Advanced topics in biometeorology and microme-
teorology. Department of Environmental Science, UC-Berkeley, Califor-
nia. Lecture notes. http://nature.berkeley.edu/biometlab/espm228

Yamanoi, K., et al. (eds) 2012. Practical handbook of tower flux observa-
tion. Forestry and Forest Products Research Institute. 196 pp. https://
www2.ffpri.go.jp/labs/flux/manual/manual_index_e.html

https://doi.org/10.1007/978-94-007-2351-1
http://nature.berkeley.edu/biometlab/espm228 
https://www2.ffpri.go.jp/labs/flux/manual/manual_index_e.html 
https://www2.ffpri.go.jp/labs/flux/manual/manual_index_e.html 
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Outline

• Tower placement

• Instrument placement

• Testing data collection

• Testing data retrieval

• Collecting data

• Checking initial results

• Maintenance upkeep

The experiment implementation stage comes after 
the field experiment has been carefully designed and 
planned.

The main parts of the experiment implementation are 
placing the tower within the chosen experiment site, 

placing instruments on the tower, testing data collec-
tion and retrieval processes, collecting scientific data, 
processing the first few days’ data to make sure the 
results make sense, and keeping up the maintenance 
throughout the experiment duration.

Reading and References

Some particularly good sources of information on tower and instru-
ment setup are the following:

Law, B. 2006. Flux Networks – Measurement and Analysis.

Rebmann, C., et al. 2018. ICOS eddy covariance flux-station site set-
up: a review. International Agrophysics, 32(4), 471-494. https://doi.
org/10.1515/intag-2017-0044

Yamanoi, K., et al. (eds) 2012. Practical handbook of tower flux observa-
tion. Forestry and Forest Products Research Institute. 196 pp. https://
www2.ffpri.go.jp/labs/flux/manual/manual_index_e.html

https://doi.org/10.1515/intag-2017-0044
https://doi.org/10.1515/intag-2017-0044
https://www2.ffpri.go.jp/labs/flux/manual/manual_index_e.html 
https://www2.ffpri.go.jp/labs/flux/manual/manual_index_e.html 
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Tower location

• Tower location is restricted by what it can ‘see’ upwind

• Location should be optimal to represent the area of interest 
for most wind directions

• At the very least, location should allow sampling of represen-
tative area of interest for prevailing wind directions

A tower location is restricted by what it can “see” 
upwind. If possible, the location of the tower within 
the site should be optimized to represent the area of 
interest for most wind directions, but at the very least, 
its location should represent the area of interest for 
the prevailing wind directions.

The size of the area of study, canopy height, and 
topography may restrict fetch, reduce instrument 
placement height, and thus, affect tower placement 
criteria. The type of instrumentation used for the 
experiment may affect the placement of the tower 
as well.

The most problem-free approach to arranging the 
location of the flux station is to use omni-directional 
instrumentation, in an omni-directional setup, on the 
top of the tower positioned in the center of a suffi-
ciently large site.

This will assure that data from all wind directions, 
including infrequent ones, will be acceptable for flux 
calculations, data coverage will increase, and gap-re-
lated uncertainties will be minimized.

In some cases, such an ideal setup may not be pos-
sible. For example, the site may be too small to pro-
vide sufficient fetch in all wind directions, or the only 
instrumentation available is the non-omni-direc-
tional one, the tower has been already installed for 
other purposes (e.g., TV or cell tower), or the tower 
may be massive or taller than the required measure-
ment height, etc.

In these cases, optimization may be required during 
instrument placement in order to minimize flow dis-
tortion to the instruments from the prevailing wind 
directions, thus minimizing related data degradation 
and gaps.

For example, if non-omni-directional instrumenta-
tion is used, or if omni-directional instrumentation 
is used in a non-omni-directional setup (for example, 
set on the side of a massive tower), and at the same 
time the site is relatively small in size, then the tower 
may be located on the downwind edge of the site.
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Tower position

• Ideally, tower should be positioned in the center of the site, with omni-directional instrumentation installed 
at the top

• This will ensure that data from all wind directions, including infrequent ones, will be acceptable for flux 
calculations

• In some cases, such an ideal setup may not be possible, so optimization may be required in order to mini-
mize flow distortion to the instruments from the tower

The instrumentation should then be positioned on 
the boom and oriented into the prevailing winds, so 
that the tower is located to the side, or far downwind, 
from the instruments.

In this example, the data from the distorted wind 
directions should be excluded from flux calculations 

anyway, so positioning the tower at the downwind 
edge of a relatively small site may not lead to signifi-
cant additional data gaps beyond those already caused 
by non-omni-directional instrumentation or setup.

Some additional details are given in the following 
pages, and in the references below.

Reading and References

Gash, J.H. 1986. A note on estimating the effect of a limited fetch 
on micrometeorological evaporation measurements. Boundary-Layer 
Meteorology, 35(4), 409-413. https://doi.org/10.1007/bf00118567

Horst, T.W., & Weil, J.C. 1994. How far is far enough?: the fetch require-
ments for micrometeorological measurement of surface fluxes. Journal 
of Atmospheric and Oceanic Technology, 11(4), 1018-1025. https://doi.
org/10.1175/1520-0426(1994)011<1018:hfifet>2.0.co;2

Law, B. 2006. Flux Networks – Measurement and Analysis.

Griessbaum, F., & Schmidt, A. 2009. Advanced tilt correction from flow 
distortion effects on turbulent CO

2 
fluxes in complex environments us-

ing large eddy simulation. Quarterly Journal of the Royal Meteorological 
Society, 135(643), 1603-1613. https://doi.org/10.1002/qj.472

https://doi.org/10.1007/bf00118567
https://doi.org/10.1175/1520-0426(1994)011<1018:hfifet>2.0.co;2
https://doi.org/10.1175/1520-0426(1994)011<1018:hfifet>2.0.co;2
https://doi.org/10.1002/qj.472 
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Sensor height and footprint

• Sensor placement height is usually restricted from the top by available upwind fetch for area of interest

• Sensors located too high may “see” outside the area of interest

In addition to the top of the constant flux layer located 
about 100–150 m above the surface (see Section 2.6 
for details), the instrument placement height is often 
restricted from the top by the available upwind fetch. 
For most measurement sites, the fetch is usually a 
more restrictive criterion than the top of the constant 
flux layer.

An instrument located very high, above the constant 
flux layer, will ‘see’ flows unaffected by the surface of 
interest. An instrument located too high within the 
constant flux layer may have a footprint stretching 
far beyond the area of interest, and ‘see’ some fluxes 
generated outside this area. The resulting measured 
flux may be a mixture of the fluxes from the terri-
tory of interest and fluxes from a completely differ-
ent territory.

For example, an agricultural field may extend 400 m 
upwind from the tower, and end with a large lake.

Measurements located at a 10-meter height will “see” 
about 1000 m upwind, and a major portion of the 
fluxes measured at this height may come from the lake 
and not from the agricultural field. But if the measure-
ment height is 4 m, the fetch will be about 400 m, and 
most fluxes will come from the field of interest.

Although the general rule of thumb is that the mea-
surement height should be 50-100 times smaller than 
the desired fetch to avoid sampling outside the area 
of interest, during low winds and stable conditions 
at night, this ratio may grow from 1:100 to 1:500. In 
most cases such conditions provide low-quality data 
for eddy covariance measurements because of the 
underdeveloped turbulence and should be excluded 
from the data anyway.

Reading and References

Gash, J.H. 1986. A note on estimating the effect of a limited fetch 
on micrometeorological evaporation measurements. Boundary-Layer 
Meteorology, 35(4), 409-413. https://doi.org/10.1007/bf00118567

Horst, T.W., & Weil, J.C. 1994. How far is far enough?: the fetch require-
ments for micrometeorological measurement of surface fluxes. Journal 
of Atmospheric and Oceanic Technology, 11(4), 1018-1025. https://doi.
org/10.1175/1520-0426(1994)011<1018:hfifet>2.0.co;2

Wind

Area of Interest

FP of lower sensorFP of higher sensor

https://doi.org/10.1007/bf00118567
https://doi.org/10.1175/1520-0426(1994)011<1018:hfifet>2.0.co;2 
https://doi.org/10.1175/1520-0426(1994)011<1018:hfifet>2.0.co;2 
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Sensor height and frequency response

• Sensor placement is restricted from the bottom by frequency response errors and corrections

• Sensors located too low may not register flux transport by small eddies

In addition to the height marking the boundary 
between the top of the roughness sublayer and the 
bottom of the constant flux layer (see Section 2.6 for 
details), the height of the instrument placement is also 
restricted from the bottom by the size of the frequency 
response errors and related corrections. Depending 
on canopy height and instrument size, the frequency 
response criterion may be more or less restrictive than 
the roughness sublayer criterion.

An instrument located too low may not register trans-
port of the flux by small eddies occurring at very high 
frequencies. It may also see an area that is too small 
and is not representative of the entire site.

The rule of thumb for the lowest placement height is 
that the instrument should be at least 1.0–1.5 m above 
the top of the canopy and should ideally be at 1.2–1.5 
times the canopy height, or higher. If the terrain is 
patchy, with scattered bushes or trees, the ratio may 
need to increase. In terms of instrument size, the mea-
surements should preferably be located at a height 3–5 
(or more) times the instrument path length.

For example, the illustration above demonstrates the 
actual field-measured frequency response of two gas 
analyzers located too close to the canopy (0.75 m 
above the canopy top), and high above the canopy (5.0 
m above the canopy top).

The plots show cospectra, the measure of flux trans-
port at a given frequency (see Section 4.2 for details). 
The black line and yellow diamonds represent theo-
retical and sonic temperature cospectra respectively, 
most often used as a reference. The green triangles 
represent an open-path analyzer with a 12 cm path, 
and red circles represent an open-path analyzer with 
a 47 cm path.

When instruments were located too low, contribut-
ing eddies were generally small, both analyzers were 
noticeably affected, and both did not respond suffi-
ciently well above a frequency of 1 Hz. The larger ana-
lyzer was affected more than the smaller one because 
it averaged more eddies in the longer path.

When measurements were located at a significant 
height above the canopy, both smaller and larger 
analyzers performed very well, had near-perfect fre-
quency response and produced cospectra similar to 
the references.

The cospectral situation in most sites is typically 
somewhere in between those shown in the two plots 
above and is generally closer to the right of the two 
plots shown above.

Too Close to Canopy:

• Smaller eddies prevail

• A lot of contribution above 10 Hz

• Analyzers lose a lot of frequency above 1 Hz

High Above Canopy:

• Larger eddies prevail

• Little contribution above 5 Hz

• Analyzers have good response at all relevant 
frequencies
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Sensor orientation and flow distortion

The orientation of the gas analyzer and sonic ane-
mometer in relation to each other, to the tower and to 
other instruments is an important step during instru-
ment installation intended to minimize flow distor-
tion. A simple and clean omni-directional setup is 
usually the most beneficial in the majority of situa-
tions, because it includes all wind directions, and as a 
result, leads to better data coverage.

This is especially important at sites with variable 
winds, as shown above in the top left wind rose. An 
omni-directional sonic anemometer may be installed 
at the top of the tower to minimize or avoid flow dis-
tortion from the tower itself. An omni-directional gas 
analyzer can then be installed near the anemometer, 
ideally in the least frequent wind direction, and with 
most of the “mass” located below the anemometer. 
The photo at top right shows an example of this type 
of setup. Flow distortion is minimized, yet sensor 
separation between the analyzer and anemometer is 
still small.

At sites with strong prevailing winds (bottom left 
example), it may still be best to use an omni-direc-
tional setup, but a non-omni-directional installa-
tion is also acceptable. In these cases, the instrument 
should ideally be located on the top of, or on the side 
of the tower or a boom, oriented perpendicular to 

the most prevailing winds. This way both analyzer 
and anemometer will “meet” the prevailing wind at 
the same time, minimizing time delay and allowing 
for small sensor separation between the instrument, 
without large distortion.

In cases when many other instruments are to be 
installed near the anemometer, or when the tower is 
bulky, or when there are other placement restrictions, 
the orientation should be designed to minimize flow 
distortion to the sonic anemometer from the prevail-
ing wind direction first, and then if possible, to the 
fast gas analyzers. Longer booms and placement of 
bulky sensors sideways and away from the anemome-
ter may be recommended.

Very large bulky objects (such as climate control 
boxes, solar panels, computer enclosures, etc.) should 
ideally be located well below and far away from the 
fast instrumentation. If possible, they should not be 
located behind the fast sensors, downwind of pre-
vailing wind directions. The large objects can create 
pressure and flow fields, propagating upwind into fast 
sensor locations. If there is no good way to avoid hav-
ing a large object at the site, it should be located on 
the ground, 3-5 measurement heights away from the 
tower, and preferably, in a direction perpendicular to 
the prevailing winds.
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Sensor separation and flow distortion

• Distance between gas analyzer inlet and sonic anemometer is restricted: 

• On the short side: by air flow distortion and interference

• On the long side: by frequency response errors and corrections

• Sensors located too close may distort the air flow to the anemometer, and affect data in a significant and 
often unrecoverable fashion

• Sensors located too far from each other (horizontally or vertically) may "see" different footprints, may sample 
different eddies, and incur large frequency response corrections due to sensor separation

• Horizontal separation is generally less dangerous than vertical separation

• In all cases, however, it is recommended that the analyzer be placed at or below sonic anemometer height, 
and not above the anemometer

Distortion of natural air flow immediately next to the 
sonic anemometer’s path is highly undesirable, and 
the minimal distance between the gas analyzer head 
or inlet, and sonic anemometer, is restricted on the 
short side by this distortion (see Sections 2.3 and 2.4 
for details, examples, and references). 

However, on the long side, the distance is also 
restricted by frequency response errors and related 
corrections which can result from sensor separation 
(Section 4.2).

Analyzers located too close to the anemometer may 
distort the air flow in the anemometer, and affect the 
data in a significant, and often unrecoverable, fash-
ion. Sensors located too far from each other (horizon-
tally or vertically) may “see” different footprints, may 

sample different eddies and incur large frequency 
response corrections. 

While horizontal separation is generally less critical 
than vertical separation, it is recommended that the 
analyzer is positioned at or below the sonic anemom-
eter height, and not above it. It is also important to 
note that the closer to the ground the instruments are 
located, the larger is the effect of sensor separation on 
the frequency response of the system.

In general terms, a typically-sized (e.g., scale of few 
centimeters) open-path analyzer head or a heated 
intake tube and rain cup should be positioned at least 
10–20 cm away from the anemometer in the horizon-
tal direction, and with a vertical separation of 0–20 
cm below the anemometer path. 

More 
Reliable 
Data

Less 
Reliable 
Data

Put all wind flow 
obstructions into least 
frequent wind direction
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Sensor separation and flow distortion (continued)

Separation distances may be reduced significantly, to 
single centimeters, when the size of the analyzer head 
or the intake is very small (for example, a fine-wire 
thermocouple with a neck of a few mm in diameter, 
or an intake of an enclosed gas analyzer with a rain 
cup 10 × 10 mm in size). 

Separation distances may be increased on very tall 
towers (15 m or more above the canopy top), with 
acceptable horizontal and vertical sensor separation 
as large as 30–50 cm.

Warning: Please note that it is much more difficult to cor-
rect for flow distortion than for sensor separation. Flow distor-
tion is unique to the instrument’s shape, specific locations of 
other instruments, and changes in wind angles and direction. 
There is no established or verified way to correct for such 
installation-specific distortion effects, or to adjust established 
corrections for the particularly distorted flow. For example, 
angle-of-attack corrections, developed for a flow distorted by 
an unobstructed anemometer itself, may change significantly if 
flow is distorted by co-located instruments.

On the other hand, correcting for the sensor separation, both 
in frequency response corrections and in finding time delay, 
has been well studied, established and verified via numerous 
experiments. It would be a more advisable and safer way to 
address the sensor positioning.
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Sensor separation and flow distortion (continued)

• Keep all flow obstructions to a minimum

• Put all obstructions away from anemometer in the least frequent wind direction

Sonic transducers 
and spars

Local flow diverted Local turbulence created

Hut or other buildings 
near tower

Flux tower Vertical component of air flow used in flux 
calculations can be severely distorted

Vertical component of air flow used in flux 
calculations is much less distorted
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Sensor separation and flow distortion (continued)

Let us briefly take a look at the one specific aspect 
of instrument placement, a question of sensor sep-
aration vs co-location of anemometer and analyzer. 
This topic has been covered in detail with explana-
tions, examples and references, in Section 2.3 and 
2.4. Here let us just go through its highlights in 
terms of sensor placement.

A quintessential problem of any measurements con-
cerns the measuring apparatus itself: how can you be 
sure that the thing you are measuring is unaffected 
by the sensors that measure it? This problem is read-
ily observed in measurements of wind speed, where 
even a very small transducer of a sonic anemom-
eter significantly affects the measured wind flow 
(e.g., transducer shadowing, angle-of-attack errors, 
etc.). The issue becomes more pronounced when a 
much larger gas analyzer or other structure is posi-
tioned in or near the sample volume because such a 
structure adds to the total bulk. An object that is too 
close to the sonic anemometer - whether it is a tree 
branch, a support bar, or a gas analyzer – will cause 
flow distortion and lead to flux measurement errors. 
The closer to the anemometer path the larger is the 
distortion error.

Indeed, an ideal hypothetical eddy covariance system 
should provide co-located measurements of wind 

speed and gas densities in the same exact volume but 
with no flow distortion (!) Unfortunately, at this stage 
of technology development, the co-located systems 
are not practical because physical components of the 
gas analyzers and anemometers are just too large and 
can disrupt the turbulent air flow where this very flow 
is measured. Such disruptions from the objects near 
or in the anemometer sampling volume are difficult 
to detect, and virtually impossible to correct, without 
data from a second anemometer on the same tower. 
To date, there are no published equations to correct 
these issues. 

The situation may change in the future with more 
advanced materials, significantly less distorting 
design, and significantly more miniaturized struc-
ture around sonic transducers. For now, however, 
the simplest way to avoid these problems is to never 
place an analyzer or a large intake tube inside the 
anemometer path, and to maintain a small 10–20 cm 
separation between the sonic anemometer and the 
gas analyzer. The sensor separation is compensated 
by a frequency response correction that is small, eas-
ily implemented in the automated processing code, 
and easily verified via co-spectral shape (Sections 
2.5 and 4.2).
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Roughness Sublayer

h

Constant Flux Layer
(Inertial Sublayer)

Constant Flux Layer
(Inertial Sublayer)

Roughness Sublayer

>1.2 × h

h

<0.01 × fetch

>3 × path
<0.01 × fetch

>1.5 m

 

Short canopy, < 2-3 m Tall canopy, > 2-3 m

Rules of thumb

There are several general rules-of-thumb for deter-
mining the sensor placement. The rules shown above 
next to the tower are all recommended, whichever is 
stricter, and imply “and” and not “or” operator.

For short canopies (left illustration above), the instru-
ment height above the canopy top should be desirably 
at least 1.0–1.5 m and at least 3–5 times the largest 
sensor path. At the same time, the instrument height 
should be less than 100–150 m, and desirably less 
than 1/50–1/100 of the upwind fetch. With no can-
opy, a minimum measurement height should be at 
least 1.5 m above the ground and 3–5 times the path 
length of the sensor above the ground.

For tall canopies (right illustration above), the instru-
ment height above the canopy top should be desirably 
at least 1.2 times of canopy height, and at least 1.5–2.0 

m above the top of the canopy. At the same time, the 
instrument height should be less than 100–150 m, 
and desirably less than 1/50–1/100 of the upwind 
fetch. When working with tall canopies, the 1.2 × h 
usually works well, but placing the sensors higher is 
better as long as the higher placement still provides 
adequate 1/50–1/100 fetch.

Another important point to consider is placement 
in a fast-growing crop such as corn. One may have 
to move the sensor higher in the second half of the 
growing season.

It is also important to note that these rules of thumb 
are very approximate. In most cases, these rules can 
be “stretched”, but at a cost of increased corrections 
and larger uncertainty in the final flux number.
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Rules of thumb (continue)

• Example of one of the recommended setups of an enclosed gas analyzer

Rules of thumb also exist for sensor separation. How-
ever, they are more difficult to apply universally, as rel-
evant conditions and instrument sizes range widely.

A horizontal separation of 10–20 cm is generally 
recommended for average-sized analyzers or intake 
assemblies (e.g., centimeters scale) and measurement 
heights (e.g., 1.0–1.5 m above canopy top or more). 
Smaller analyzers and intakes (e.g., millimeters scale) 
may be located closer to the anemometer. Taller tow-
ers can tolerate larger horizontal separations.

Vertical separation may be between zero centimeters 
(e.g., centers of the sonic anemometer path and gas 
analyzer, or an intake, are at the same height above 
the ground) and 20 cm for small and medium towers 
and may increase to 50 cm or more for tall towers.

Model-specific installation guidelines are often pro-
vided by the manufacturers of the instruments.

Overall, if all other factors are equal, it is usually most 
advisable to choose a higher instrument positioning, 

and an omni-directional configuration with smaller 
sensor separation. 

If this is not possible, the wind rose and footprint 
analyses can be conducted for a specific site to eval-
uate the contributions from each wind direction, and 
to optimize the instrument placement height on the 
tower. It is, however, always essential to avoid placing 
the instruments outside of the constant flux layer.

Warning: Strictly speaking, the measurement height should 
be referenced for these purposes not from soil surface, but 
from zero-plane displacement height (e.g., the height at 
which the logarithmic wind profile hypothetically goes to 
zero; Section 2.6). This is usually about 2/3–3/4 of the canopy 
height, but depends heavily on the canopy height, density 
and other factors.

The concept of zero-plane displacement may be difficult for a 
non-micrometeorologist, so the approximate rules-of-thumb 
were provided on the previous page for short and for tall cano-
pies to avoid in-depth discussion of this concept when install-
ing the flux station.
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Collection and Retrieval 



240 | 3.3 Initial Testing Data Collection and Retrieval

Data collection and initial assessment 

• Instrument interactions

• Data interruptions

• Power requirements

• Initial data inspection

Some of the key items to check, after the tower and 
instruments have been set up, are instrument inter-
actions, data interruptions, and power conditions. 
Especially for flux stations custom-built from a num-
ber of off-the-shelf instruments from different man-
ufacturers, it is advisable to first make sure that there 
are no clock drifts, miscommunications, unexplained 
errors, lockups and other data interruptions when 
these instruments begin interacting.

For example, a digital-to-analog converter may need 
to be reconfigured in a specific way to accept the sig-
nal from a specific instrument. It is also advisable to 
assess potential data interruptions due to weather 
events and determine how fast the system recov-
ers after an event (rain, snow, dew, power interrupt 
during storm, etc.), and what can be done about min-
imizing the related data gaps.

Power grid variations, power backup and variations 
in power consumption are also important items to 
check, because power load on the tower may vary. 
Make sure that power requirements include the peaks 
of such variations to avoid blown fuses or deep dis-
charge of backup batteries.

After these facility-related items have been checked, 
further inspections of the data collection can be done 
by looking at a few initial sets of data and comparing 
them to the expected reasonable physical ranges.

One of the easiest steps during the initial data inspec-
tion is to check all mean weather, soil and canopy 
parameters, and instrument diagnostics, to make sure 
they look reasonable for a particular site, time of year, 
and canopy state.

For example, temperature readings in a mid-latitude 
summer may range from 5–10 °C at night to 30–40 °C 
at midday; CO2 concentrations over a green canopy 
can be as high as 600–800 ppm on calm nights and 
can drop to about 350–370 ppm during the day.

Such common-sense criteria may be established 
for a specific site using data from nearby automated 
weather stations, air quality stations, past research, etc.

Similarly, instrument diagnostics can be verified to 
make sure that diagnostic parameters adhere to the 
manufacturer’s recommendations for each of the 
fast instruments.
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Data collection and initial assessment (continued)

• Make sure all weather, soil, and 
canopy parameters look reason-
able, and instrument diagnostics 
are good

• Process fast data, and make 
sure that the flux products look 
reasonable

• Repeat checks daily in the first 
few days, and weekly in the first 
few weeks

If mean data and diagnostics look reasonable, inspect-
ing a few hours of midday fast 10 Hz data may help in 
finding potential spikes, cycling drifts, or other prob-
lems resulting from loose cables, ground loops, incor-
rect wiring, or instrument settings.

A bit more difficult, but quite important step, is to make 
sure that the final product of the eddy covariance sta-
tion, the fluxes, look reasonable. One commonly used 
approach to achieve this is to look at the major energy 
budget components (Section 5.1): net radiation, soil 
heat flux, and sensible and latent heat fluxes.

Net radiation describes the amount of energy com-
ing from the sky minus the reflected portion, provid-
ing a basis for other energy fluxes in the study area. 
Typically, a mid-latitude summer may have 500–900 
W m-2 of net radiation in the middle of a clear day. 
This energy is available for soil heat flux (heating the 
soil), sensible heat flux (heating the air), and latent 
heat flux (evapotranspiration of the water from the 
soil and canopy).

Other minor components may include heat energy 
stored in the plant matter, energy used for photo-
synthesis, etc. However, these are relatively small in 

magnitude, and may not be essential for the initial 
data inspection.

In most cases, midday summer soil flux is relatively 
small (below 50–200 W m-2), especially in soils cov-
ered with dense, tall canopies. The midday summer 
sensible heat flux may be near zero in wet and cold 
environments, and 400–500 W m-2 in hot and dry 
environments. The latent heat flux may be near zero 
in a desert but may exceed 600 W m-2 in irrigated 
crops. A comparison of energy budget components 
by energy budget closure is a useful tool for initial, 
and then overall, quality control of the flux station 
performance.

Gas fluxes (e.g., CO2, CH4, etc.) may have large vari-
ability from one area or season to another, and from 
night to day. These can be assessed by comparing 
them to literature data from similar environments, 
and by techniques described in Part 5.

Warning: Ground loops during analog data collection, radio 
interference with unshielded cables, and positioning instru-
ments in the path of the directional transmitter, or antennae, 
have been known to cause unexplained and untraceable errors, 
and peculiar noise patterns. These should be carefully checked 
in the field.
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Data retrieval

• Manual at the site

• Wired at the site

• Wireless at the site and remote

• Daily control remotely

• On-line control remotely

Data retrieval is another important process to test for, 
whether data are retrieved manually by swapping out 
external memory devices, or delivered via the Ether-
net, Internet, or other wireless communications. The 
better the connection to the site, the easier it is to do 
real-time online spot-check, and full daily control of 
transmitted data.

Properly configured connections may also allow for 
remote setup of the instruments (changing calibra-
tion coefficients, voltage output ranges, etc.), remote 
reset of the instrument or PC after lockup, and other 
numerous useful tasks, saving time and money on 
travel to the site.

It is advisable to always collect data on some type of 
removable or built-in media in addition to remote 
data collection. This creates a backup, and also pre-
vents data losses during any wireless failures.

When the site is not accessible remotely, it is import-
ant to remember to either keep a strict schedule of 
manual data retrieval or use a large memory device to 
accumulate data.

Data collection can usually be configured to fill the 
memory and then stop collection, or to continue col-
lection and override the oldest data. This setting is 
important for the specific experiment schedule, and a 
conscious decision should be made on which setting 
is best.

Extremely remote low-power sites, with infrequent 
maintenance visits, sometimes use two different data 
collection streams. One stream collects a compre-
hensive set of fast data and stores them in remov-
able memory. A second stream collects infrequent 
sub-samples of the fast data, or mean half-hourly 
products, and sends them out wirelessly once a day, 
or once a week, for site diagnostics.

With minimal additional power, then, one can 
ensure that the site is running well on a daily basis, 
while complete data processing happens later, after 
manual retrieval of the removable memory contain-
ing the full data set. These arrangements need to be 
tested thoroughly to make sure the fast data stream 
that is not backed up is being properly collected to 
removable memory.
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Single station 

• Keeping many instruments running 
properly over long periods of time is a 
challenge, which needs to be carefully 
planned, and then executed throughout 
the entire duration of the  project or 
during key periods

Maintenance is one of the most important parts of 
the execution of an eddy covariance field experi-
ment, and it should be kept up continuously for the 
entire duration of the project, according to the main-
tenance plan developed during the planning stage 
(Section 2.8).

Depending on site complexity, instrumentation, and 
setup, typical visitation frequency can range any-
where between once every two weeks to once every 
three months. In rare instances at extremely remote 
sites that are custom-designed for low maintenance, 
visits may be done once every 3–6 months or based 
on instrument and data diagnostics.

Routine maintenance typically required at eddy cova-
riance sites includes periodically checking instan-
taneous raw data, instrument diagnostics, and flux 
products; travelling to the site to maintain it based on 
such checks, and per maintenance schedule; manual 
data retrieval (swapping USB drives, etc.); cleaning of 
sonic anemometers and optical paths of open-path 

and enclosed gas analyzers, changing intake filters of 
closed-path analyzers, cleaning radiometers and solar 
panels, inspecting cables and backup batteries, and 
checking that electronics are powered and perform as 
expected. This maintenance is often accomplished by 
hiring a responsible local person (e.g., highschool stu-
dent or other hourly help) for a few hours per month. 
At the implementation stage, it is useful to have sev-
eral maintenance rehearsals to make sure the mainte-
nance plan is understood and executed correctly.

In addition to routine maintenance, events such as 
lightning, ice storms, wind gusts, and rodent damage 
are likely to happen several times a year during long-
term deployment of instruments. If not planned for 
ahead of time, they may lead to large data gaps.

Warning: Each data gap jeopardizes results and affects the 
final integrated number, so spare sensors and emergency pro-
tocols should be a part of routine planning and maintenance to 
help avoid data loss.
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Network of stations: FluxSuite

Instruments for flux, 
weather, soil, and 
optical properties

Measure

SmartFlux microcomputer

Internet

View Results

Record and Compute 

Cellular/satellite

Transmit 

Flux Station Tower Network

SF
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The situation gets even more complex when a single 
researcher or a small group has to run multiple tow-
ers, which is an increasingly frequent case in mod-
ern grant-dependent experimental field science. In 
these situations, a significant advantage can be taken 
by using modern site management tools, such as for 
example FluxSuite (see previous page), designed to 
manage one or many flux sites to greatly reduced data 
gaps while using minimum number of people, and 
with significantly reduced time investment. 

As mentioned in Section 2.5, this online tool can con-
nect to one or more flux stations in a secure manner, 
without a risk of accidentally reconfiguring the sta-
tion or stopping the data collection, to allow instant 
viewing of real-time fluxes, weather and other auxil-
iary data on any device with a web browser (smart-
phone, tablet, computer, etc.). 

FluxSuite continuously checks on the status of each 
connected flux station using quality indicators con-
figurable to suite the specific conditions at each indi-
vidual site. It provides summary reports and data for 
in-depth reviews of the results and has a configurable 
alert system capable of sending email notifications to 
a designated principal investigator (PI) or technical 
team members any time an issue at one of the flux 
sites is detected.

This functionality effectively allows a single PI and 
one- or two-member technical team manage a mul-
titude of flux stations at the same time, with minimal 
time investments and associated costs.

Part 6 provides detailed description and screenshot of 
various functions of the FluxSuite. Full information 
and demo version are also available by following this 
link https://www.licor.com/fluxsuite.

Reading and References

Burba, G., et al.. FluxSuite: a new scientific tool for advanced network 
management and cross-sharing of next-generation flux stations. In 
American Geophysical Union, Fall Meeting Abstracts, San Francisco, CA 
(pp B33A-0620).  

Network of stations: FluxSuite (continued)

https://www.licor.com/fluxsuite
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Experiment implementation summary

• Tower placement: maximize useful footprint from all wind directions

• Instrument placement: maximum height that still allows useful footprint, minimal flow distortion 

• Testing collection and retrieval: test thoroughly to avoid data gaps

• Data collection: wireless, cabled, daily checks

• Maintenance: required throughout the project to avoid data gaps

In summary, experiment implementation requires 
proper tower and instrument placement, rigorous 
testing of data collection, retrieval, and remote com-
munications with the site, and regular maintenance.

The tower should preferably be placed in the center of 
the area of study, in such a way that the useful foot-
print from all wind directions is maximized. If there 
is a single prevailing wind direction, the tower can be 
placed on the downwind edge of the area of interest to 
maximize the footprint.

Instruments should be placed at the maximum 
height that still allows for a useful footprint and 
service access. The instruments should be oriented 
in relation to the tower, prevailing winds, and each 
other so that flow distortion to the sonic anemome-
ter (first) is minimized.

Data collection should be done by wireless, wired 
or some other method, preferably allowing for daily 
checks and real-time access, but parallel backup 

collection of all data using on-site removable mem-
ory is highly recommended.

Testing data collection and retrieval should be done 
thoroughly to avoid data gaps. Instrument diagnos-
tics and data values should be checked daily for the 
first few days of the experiment, and weekly for the 
first few weeks of the experiment to make sure that 
all technical, weather and flux parameters are within 
reasonable ranges.

After successful implementation, further spot-check 
data inspections can be done bi-weekly or monthly, 
although automated daily summaries are useful and 
not difficult to implement at sites with remote access.

Maintenance should be kept up throughout the dura-
tion of the entire project, as per maintenance plan 
developed during the planning stage, to avoid collect-
ing bad data over long periods, resulting in large gaps 
in the data.
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Overall flow

Different research groups may use slightly different 
methods for processing eddy covariance data to fit 
their specific needs, site-specific design, and sampling 
conditions. Here we will give one particular example 
of the generalized traditional way to process the data. 
The goal for this example will be to obtain flux calcu-
lations as close as possible to what is actually happen-
ing in the field.

The major steps in this process include converting 
signals from voltages to physical units; despiking; 
applying calibration coefficients if needed; rotating 
coordinates; correcting for time delay; de-trending if 
needed; averaging fast data over a 0.5–4 hour periods; 
applying frequency response, sonic, density and other 

corrections; conducting quality control; filling in 
missed periods and integrating long-term flux data. It 
is also recommended to double-check the entire pro-
cess before analyzing and publishing the data.

Modern flux programs, such as EddyPro Software, 
will take care of most of the processing steps auto-
matically for a standard eddy covariance experiment. 
For an especially elaborate or unusual setup, or for 
exotic instrumentation, some steps in the processing 
program may need to be customized to accommodate 
the unusual features. 

The major steps, however, will remain similar for 
most setups and configurations.

Reading and References

LI-COR. 2020. EddyPro Software 7.0 Instruction Manual, 977-12025. 
314 pp. 

Aubinet, M., Vesala, T., & Papale, D. (eds) 2012. Eddy covariance: a 
practical guide to measurement and data analysis. Springer, Dordrecht. 
https://doi.org/10.1007/978-94-007-2351-1

Goulden, M.L., et al. 1996. Measurements of carbon sequestra-
tion by long-term eddy covariance: methods and a critical evalua-
tion of accuracy. Global Change Biology, 2(3), 169-182. https://doi.
org/10.1111/j.1365-2486.1996.tb00070.x

Foken, T., & Oncley, S. 1995. Workshop on instrumental and me-
thodical problems of land surface flux measurements. Bulletin of 
the American Meteorological Society, 76(7), 1191-1224. https://doi.
org/10.1175/1520-0477-76.7.1191

Pre-conditioning

• convert units

• despike

• apply calibrations

• rotate

• correct for time delays

• de-trend

• average

• frequency response

• sonic corrections

• WPL terms

• other corrections

• flux storage

• quality control

• gap-fill

• check

• integrate

• analyze

• publish

Applying corrections Averaged data

https://doi.org/10.1007/978-94-007-2351-1 
https://doi.org/10.1111/j.1365-2486.1996.tb00070.x 
https://doi.org/10.1111/j.1365-2486.1996.tb00070.x 
https://doi.org/10.1175/1520-0477-76.7.1191 
https://doi.org/10.1175/1520-0477-76.7.1191 


4.1 Pre-conditioning of Raw Data  | 253

Unit conversion

• Check that all units for instantaneous inputs for flux calculations are appropriate and consistent to avoid 
errors in fluxes and corrections calculated online

• Double-check that auxiliary sensors use correct calibration coefficients to avoid errors in flux corrections, 
and in the mean data

• Be especially careful to avoid potential mixing of the fast inputs with the slow inputs when converting fast 
data units

• Some researchers may choose to convert gas density (per m-3) into dry mole fraction (per moles of dry air) at 
this stage to avoid the need to apply Webb-Pearman-Leuning terms later

Unit conversion involves checking that all units for 
instantaneous (e.g., “fast”) values are appropriate. 
Units need to be matched carefully to avoid errors 
in fluxes calculated online or in corrections applied 
later. It is also important to double check that relevant 
auxiliary data use the correct calibration equations to 
avoid errors in flux corrections, or in mean data.

It is important to distinguish fast inputs from slow 
ones when converting fast units, especially when 
using custom codes and not the standard flux pro-
cessing programs. For example, if converting fast 
density units into fast dry mole fraction units, the fast 
gas temperature, fast water content and fast gas pres-
sure aligned with gas density are required. Using slow 
or delayed temperature and pressure may give correct 
mean mole fraction but may lead to significant errors 
in instantaneous mole fraction and the flux. Most 
instruments report a large number of units, some 
fast and some slow, so consulting specific instrument 
manuals is advised when writing custom conversion 
code for fast data.

Unit conversion is generally one of the first steps in 
processing the instantaneous data. Some, however, 
prefer to de-spike the data first, and then remove peri-
ods with outrageous values, and only then perform 

unit conversion and the rest of the processing. If done 
carefully, this sequence of steps should yield the same 
results as those presented below.

However, it is important to note that setting de-spik-
ing criteria on voltages needs to account for non-lin-
earity in some voltage-to-unit conversions. In other 
words, what may look like a spike in the raw voltage 
signal may not end up actually being a spike after the 
conversion. The corollary is that an actual spike in the 
converted data may not look like a spike in the raw 
voltage signal. Therefore, the spike criteria may not 
always be the same for voltage and for converted units.

Warning: Some researchers may also choose to convert CO2 
and H2O signals into dry mole fractions (mol mol-1 dry air) at 
this stage, to avoid the need to apply the Webb-Pearman-Leun-
ing correction at a later stage. It is important to note, however, 
that point-by-point conversion of the signal to a mixing ratio for 
open-path instruments is associated with large potential 
uncertainties and errors. This is because vertical wind mea-
surements and scalar measurements are not done in the same 
volume, and because sensor separation and related time delay 
may change with wind speed and direction within the same 
averaging period. One needs to be cautious when doing point-
by-point corrections for open-path instruments and may want 
to compare the results to those with traditional Webb-Pear-
man-Leuning corrections before finalizing the workflow.
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Despiking

• High frequency instantaneous data will have occasional spikes due to both electronic and physical noise

• Spikes should be removed and bad points should be replaced with running means to avoid errors in further 
calculations

• Despiking can be done online immediately after data collection, or later during post-processing

• Caution should be used to avoid removing too much data

• Each eddy covariance system or site location will have slightly different spiking problems

High frequency instantaneous data will have occa-
sional spikes due to both electronic noise and physi-
cal reasons. After these spikes are removed, erroneous 
points can be replaced with running means or by 
some other method to avoid errors in further calcu-
lations. The procedure can be done online, after data 
collection, or during post-processing.

Each eddy covariance system will have slightly dif-
ferent spiking problems, and the researcher needs to 
look at instantaneous data periodically to make sure 
that spike removal criteria are still appropriate for the 
conditions. Caution should be used to avoid setting 
the criteria too strict and removing too much data.

For example, the de-spiking criterion can be set to 
remove signals that are more than 3–8 times the stan-
dard deviation for a given averaging period so that all 
outliers are considered spikes and are removed.

While too many spikes usually indicate an instru-
mental or electronic problem, there are conditions, 
such as nighttime storage release, that may look like 
spikes, but are in fact natural phenomena.

Spike removal criteria in scientific applications over 
natural ecosystems may differ significantly from those 
in regulatory or commercial applications over areas 
saturated with the gas of interest (for example, in the 
case of methane stored in landfills and lagoons). 

Relatively small wind gusts in conjunction with 
changes in air pressure and topography may lead to 
very large excursions of the gas concentrations due 
to the release from the substrate. In such situations 
a much broader threshold for despiking (8 or more 
standard deviations) may be required.

Reading and References 

LI-COR. 2020. EddyPro Software 7.0 Instruction Manual, 977-12025. 
314 pp.

Vickers, D., & Mahrt, L. 1997. Quality control and flux sampling 
problems for tower and aircraft data. Journal of Atmospheric and 
Oceanic Technology, 14(3), 512-526. https://doi.org/10.1175/1520-

0426(1997)014<0512:qcafsp>2.0.co;2
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Calibration coefficients

• Applying calibration coefficients is not a trivial matter in eddy covariance

• Many researchers choose to calibrate closed-path gas analyzers every night or even more frequently to 
assure highest data quality

• In these cases, calibration parameters may differ slightly each day, and software should be pre-set to incor-
porate these changes into the data

• For open-path or enclosed sensors, calibration coefficients are typically less involved, and with proper 
factory or lab calibrations, they can usually be set in the embedded instrument software

Applying calibration coefficients may not be a trivial 
matter in eddy covariance calculations, especially when 
using instruments that require frequent calibration.

Many researchers choose to calibrate closed-path 
instruments every night, or even more frequently, to 
assure the highest data quality.

In these cases, calibration coefficients will differ 
slightly each day, and software should be set up (or 
written) to incorporate these changes into the data.

For open-path and enclosed sensors, calibration coef-
ficients are usually less involved. With proper factory 
or laboratory calibrations, they can usually be set in 
the instrument software itself.

When manually calibrating in the field, it is often dif-
ficult to establish equilibrium, and avoid diffusion of 
outside air and other issues, especially so when work-
ing with water vapor.

Such field calibrations should be treated more as a 
verification of the instrument performance, and if 
obtained values are close to those expected, manual 
field calibration should not be applied to the data.

It is also important to note that if changes in instru-
ment calibration are related to cell contamination, it 
is usually a better strategy to keep the cell clean (with 
a filter, or via periodic cleaning) than to try to cali-
brate out the contamination. 

This is because most of the contamination does not 
happen in a linear gradual manner, but rather hap-
pens as a large single event, or a series of medi-
um-sized events.

With large variability in the natural parameters, it 
may not be clear from looking at the data when the 
contamination has occurred, and when new calibra-
tion coefficients should be applied.
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Coordinate rotation

• Sonic anemometer cannot be leveled perfectly, such 
that its w-axis is exactly perpendicular to the mean 
flow, or mean wind streamlines

• The w signal may be contaminated by the other two 
three-dimensional wind components

• To correct such a situation:

• Rotate coordinates so that the mean w = 0, or

• Use the planar fit method

A sonic anemometer cannot be leveled perfectly, such 
that its w-axis is always perpendicular to the mean 
flow/mean wind streamlines. As a result, the w-signal 
will likely be contaminated by the other two three-di-
mensional wind components. 

There are traditional and new procedures to correct 
for such situations, commonly called “coordinate 
rotation” or “tilt correction.” One well-established 
technique is to rotate the coordinates so that the 
mean w is equal to zero. Another newer popular way 
is to use a planar fit method. 

When measuring over a complex terrain or from a 
moving platform, large eddy simulation modeling 

sometimes can be used to help determine the flow 
patterns and proper coordinate rotation. 

Rotation of w, u and v at this early stage of data repro-
cessing may save time at later stages, because then one 
would not need to rotate all the covariances (e.g., u′w′, 
w′t′, w′c′, w′q′, etc.).

Classical coordinate rotation to create a ‘mean w = 0’ 
can be done in several stages: 1st rotation: turn to set 
v = 0 (align u and x); 2nd rotation: turn to set w=0 
(align w and z); 3rd rotation: turn to set w′v′=0 (align 
z-y plane - rarely used).

Reading and References 

LI-COR. 2020. EddyPro Software 7.0 Instruction Manual, 977-12025. 
314 pp.

Baldocchi, D., et al. 2000. On measuring net ecosystem carbon ex-
change over tall vegetation on complex terrain. Boundary-Layer Meteo-
rology, 96, 257-291. https://doi.org/10.1023/a:1002497616547

Wilczak, J.M., Oncley, S.P., & Stage, S.A. 2001. Sonic anemometer tilt 
correction algorithms. Boundary-Layer Meteorology, 99(1), 127-150. 

https://doi.org/10.1023/a:1018966204465

Lee, X., Massman, W., & Law, B. (eds) 2006. Handbook of Micromete-
orology: a guide for surface flux measurement and analysis. Springer, 
Dordrecht. 
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Coordinate rotation (continued)

• Planar fit is a somewhat more complex rotation method

• After u, v, and w data have been collected over a long period, one can mathematically establish a hypothet-
ical plane, such that ‘true’ vertical flux would be perpendicular to this plane

• This may be particularly useful when measurements are done over complex terrains (e.g., hillsides, valleys)

The planar fit is a somewhat more complex rotation 
method but may be particularly useful when mea-
surements are done over complex terrains. In this 
method, after u, v, and w data have been collected 
over a long period, one can mathematically establish 
a hypothetical plane, so that a true vertical flux will be 
perpendicular to this plane.

Unlike the classical rotation method, a planar fit 
assumes that mean w = 0 over long periods and not 
over 30–60 minute periods, and as such, it requires 
long-term installations with instruments remaining 
undisturbed over long periods of time. A somewhat 
different approach has been proposed by Wilczak et 
al (1999). 

It is crucial to keep in mind that for any rotation 
method to work correctly the anemometer should 
measure undistorted flow, so care should be taken 
to minimize flow distortion for which no correction 
exists (see Sections 2.3, 2.4, and 3.2 for details).

Warning: It is important to mention another anemometer 
correction, an angle-of-attack correction, which results from an 
uneven cosine response of most sonic anemometers to the hor-
izontal wind angle. This correction is different from coordinate 
rotation or crosswind correction and is not applicable to all 
anemometers in the same manner.

The correction may also be fully or partially applied by manu-
facturers. Refer to manufacturer manuals for details on specific 
anemometer models.

Reading and References 

Gash, J., & Dolman, A. 2003. Sonic anemometer (co)sine response and 
flux measurement: I. The potential for (co)sine error to affect sonic ane-
mometer-based flux measurements. Agricultural and Forest Meteorolo-
gy, 119(3-4), 195-207. https://doi.org/10.1016/s0168-1923(03)00137-0

Griessbaum, F., & Schmidt, A. 2009. Advanced tilt correction from flow 
distortion effects on turbulent CO

2 
fluxes in complex environments us-

ing large eddy simulation. Quarterly Journal of the Royal Meteorological 
Society, 135(643), 1603-1613. https://doi.org/10.1002/qj.472

Nakai, T., & Shimoyama, K. 2012. Ultrasonic anemometer angle of at-
tack errors under turbulent conditions. Agricultural and Forest Meteorol-
ogy, 162-163, 14-26. https://doi.org/10.1016/j.agrformet.2012.04.004

van der Molen, M., Gash, J., & Elbers, J. 2004. Sonic anemometer (co)
sine response and flux measurement II. The effect of introducing an an-
gle of attack dependent calibration. Agricultural and Forest Meteorol-
ogy, 122(1-2), 95-109. https://doi.org/10.1016/s0168-1923(03)00223-5

Wilczak, J.M., Oncley, S.P., & Stage, S.A. 2001. Sonic anemometer tilt 
correction algorithms. Boundary-Layer Meteorology, 99(1), 127-150. 
https://doi.org/10.1023/a:1018966204465
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Time delay

• Time delay adjustment compensates for delay in signal acquisition from different instruments

• Without correcting for this delay, fluctuations in w′ will not fully correlate with fluctuations in gas concen-
tration, and flux will be drastically underestimated

• Time delay is usually corrected in one of two ways, or in combination:

1. Theoretically, via flow rate, tube diameter, etc.

2. Empirically, by running covariance maximization, shifting the delay scan-by-scan until maximum covari-
ance (flux) is found

Matching the time series from a sonic anemometer 
and a gas analyzer requires compensating for time 
delay in the signal acquisition from these instruments.

This is especially important when using a closed-path 
instrument with a long intake tube, as air sampled by 
the sonic anemometer may arrive at the closed cell 
many seconds later than the w-signal. For enclosed-
path and open-path analyzers the time delay is much 
smaller, but it also should be compensated for to 
avoid small flux losses.

Without correcting for the time delay, fluctuations in 
w′ may not correlate well with fluctuations in gas con-
centration, and flux can be underestimated.

Time delay is usually corrected in one of two ways, or 
in combination:

1. Theoretically, via flow rate, tube diameter, etc.

2. Empirically, by running a covariance maximiza-
tion, and shifting the delay scan-by-scan until a 
maximum covariance (flux) is found.

The theoretical approach may not always work well 
due to variable pump speed, temperature, humidity 
and contamination of the tube walls changing the 
properties of the tube.

The empirical approach may not always work well, 
either, because it relies on the covariance value, which 
may be spurious or near-zero during periods with 
undeveloped turbulence (e.g., night, u < 1 m/s, u* < 
0.1, etc.) or when fluxes are very small.

Reading and References 

Mauder, M., & Foken, T. 2011. Documentation and Instruction Manual 
of the Eddy Covariance Software Package TK3. University of Bayreuth, 
Germany. https://epub.uni-bayreuth.de/id/eprint/342

LI-COR. 2020. EddyPro Software 7.0 Instruction Manual, 977-12025. 
314 pp. 

https://epub.uni-bayreuth.de/id/eprint/342
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Time delay (continued)

• Covariance maximization (e.g., cross-correlation, circular correlation, cross-covariance) provides a reliable 
way to correct for time delay during periods of good flux values

The specific causes of time delay, and especially their 
relative contributions, are quite different for open-
path, closed-path, and enclosed instruments.

In open-path devices, most of the delay is due to the 
small separation distance between the analyzer and 
anemometer in relation to wind direction and speed, 
and from electronic, processing, and logging delays. 
The total delay in open-path systems is usually very 
minor, on the order of a few 10 Hz scans (0.1–0.3 s).

The theoretical approach usually works well for open-
path devices, except during periods with low winds. 
The empirical approach may also be used instead of, 
or in addition to the theoretical approach, or simply 
as a verification.

In closed-path instruments, the largest delay is due 
to the time it takes for sampled air to travel through 
the intake tube, while other sources of delay (e.g., sen-
sor separation, electronics, logging, etc.) are relatively 
minor. The delay is usually quite large, often on the 
order of several seconds, and it is dynamic, changing 
with temperature, moisture and dust.

In the enclosed design with a short 0.5–1 m tube, 
the time delay is smaller, on the order of 0.2-0.5 s 
depending on the flow rate. All causes of delay con-
tribute comparable amounts: tube length, separa-
tion, electronics.

A combination of theoretical and empirical approaches 
during processing may be the safest. This is often 
achieved using the theoretical approach to establish 
reasonable defaults, which are then used during peri-
ods when the empirical approach is unreliable.

Special considerations are needed when comput-
ing defaults for H2O and ‘sticky’ gases (e.g., NH3), 
because delays for these gases is usually much larger 
than for CO2, CH4, etc., and may change with the con-
centration of the ‘sticky’ gas itself.

Warning: Time delay alignment will not help in the case of 
desynchronized sampling rates. The rate should be 10Hz on 
both instruments and should not be 9.5 Hz on the anemometer 
and 10.5 Hz in the analyzer. Precision time protocol or other 
equivalent clock arrangements should be used to ensure the 
same exact sampling time intervals on all fast instruments at 
the flux station.
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Detrending

• Mean values are subtracted from instantaneous values to compute flux

• This requires establishing the mean for a given time series

• There are three main ways to look at it, and three respective techniques

During detrending, mean values are subtracted from 
instantaneous values to compute flux. This requires 
establishing the mean for a given time series. There 
are three main traditional ways to look at it, along 
with three respective techniques: block averaging, 
linear de-trending, and non-linear filtering.

Each method may be appropriate for a specific situa-
tion. And although block averaging is the most pop-
ular way to detrend (and sometimes viewed as no 
detrending at all), complex terrains and rapid changes 
in concentration in some regions may require the use 
of linear and non-linear filtering. At the same time, 

it is also important to not over filter, because the flux 
contribution in the low frequency part of the cospec-
tra will be lost as a result of over-filtering.

Generally, however, linear and non-linear de-trending 
is not recommended as it can leave spectral artifacts 
in the data and can mask improper averaging times.

Warning: Choosing a time constant recursive filter for 
de-trending, especially non-linear, (e.g., removing a mean) is 
not the same as choosing an averaging period. However, most 
researchers just use block averaging de-trending over the same 
time as averaging period for computing fluxes.

Reading and References

More information on the best approach to filtering for specific situa-
tions can be found in: 

Baldocchi, D. 2012. Advanced topics in biometeorology and microme-
teorology. Department of Environmental Science, UC-Berkeley, Califor-
nia. Lecture notes. http://nature.berkeley.edu/biometlab/espm228

Moncrieff, J.B., Clement, R., Finnigan, J., & Meyers, T. 2004. Aver-
aging, detrending and filtering of eddy covariance time series. In X. 
Lee, W. Massman, & B. Law (eds), Handbook of Micrometeorology (pp 
1-31). Springer, Dordrecht. https://doi.org/10.1007/1-4020-2265-4_2

Fratini, G., McDermitt, D.K., & Papale, D. 2014. Eddy-covariance flux 
errors due to biases in gas concentration measurements: origins, quan-
tification and correction. Biogeosciences, 11(4), 1037-1051. https://doi.
org/10.5194/bg-11-1037-2014

Block Averaging
(mean removal)

Simplest situation
Many prefer this method
May lose or gain a little bit of flux

For example, sensor drifts
Rapid diurnal changes
May lose some flux

Complex situation
Similar to a high pass filter
May lose a lot of flux

Linear Detrending
(linear trend removal)

Non-Linear Filtering
(non-linear trend removal)

http://nature.berkeley.edu/biometlab/espm228
https://doi.org/10.1007/1-4020-2265-4_2
https://doi.org/10.5194/bg-11-1037-2014 
https://doi.org/10.5194/bg-11-1037-2014 
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Choosing time average

• Averaging interval should not be too long - such that non-turbulent transfer could contribute to covariance 
or diurnal cycle is not observed; or too short - such that high-pass filtering may lead to missed input from 
larger eddies, and to an underestimated flux

• Several methods exist to determine averaging time, for example:

• Mandatory - use standard time of 30 min or 1 hour, may not be the best for all conditions

• Empirical - attempt different reasonable averaging times (e.g., 10 min, 30 min, 1 hr, 2 hrs, 4 hrs) and 
choose the one with the largest flux

• Ogives method – use cumulative cospectra constructed over a range of frequencies, use the point after 
which no flux is added as the averaging time

The averaging interval should not be too long. If it is 
too long, it may include slow, non-turbulent contri-
butions to the turbulent flux. Also, the diurnal cycle 
of measured flux may be masked or eliminated by 
intervals of 5–6 hours or longer. 

The averaging interval must not be too short either. 
If it is too short it can lead to an effect similar to high 
pass filtering that will result in missed contributions 
from lower frequencies, and finally to underestima-
tion of the measured flux.

There are several ways to choose an averaging time. 
The most widely used approaches are mandatory, 
empirical and ogives.

The mandatory approach simply uses standard averag-
ing times of 30 min or 1 hour. It is easy to execute, and 
works well for many traditional settings, but may not 

be suitable for all conditions. The empirical approach 
analyzes the data with different (reasonable) averag-
ing times (e.g., 10 min, 30 min, 1 hr, 2 hrs, 4 hrs), and 
chooses the one with largest flux. The ogives method 
relies on cumulative cospectra constructed over a 
range of frequencies. As the accumulation period is 
lengthened, at some point no more flux is added. This 
then becomes the best averaging time. 

Ogives is, perhaps, the most flexible and justified 
approach, but requires substantial data processing 
and analysis. The method is described in Section 5.1 
and in pages 18-21 in Lee, Massman and Law’s Hand-
book on Micrometeorology.

Warning: It is important to note that while they are usually 
done together, choosing an averaging period does not have to 
be the same as choosing a time constant recursive filter for 
de-trending, especially in non-linear cases.

Reading and References

Finnigan, J.J., et al. 2003. A re-evaluation of long-term flux measurement 
techniques part I: averaging and coordinate rotation. Boundary-Layer 
Meteorology, 107(1), 1-48. https://doi.org/10.1023/a:1021554900225

Foken, T. 2008. Micrometeorology. Springer-Verlag, Berlin Heidelberg, 
Germany. 310 pp. https://doi.org/10.1007/978-3-540-74666-9

Lee, X., Massman, W., & Law, B. (eds) 2006. Handbook of Micromete-
orology: a guide for surface flux measurement and analysis. Springer, 
Dordrecht. 

https://doi.org/10.1023/a:1021554900225
https://doi.org/10.1007/978-3-540-74666-9
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Overall flow 

After raw data have been pre-conditioned, various 
corrections can be applied. Applying corrections, 
including those for the system frequency response, 
can be a complicated and iterative process, especially 
if using one’s own custom code. Following a fixed 
sequence of steps is very important. 

The diagram shown here gives an example of the 
workflow for applying the corrections. FR refers to 
frequency response corrections, WPL refers to the 
Webb-Pearman-Leuning density terms, O2 stands 
for the oxygen correction, and BB stands for the 
band-broadening correction.

Fortunately, such lengthy sequences are usually done 
automatically by the processing software, and the 

user only needs to make sure that the configuration 
is appropriate, and that no steps are missing. In the 
latest programs, such as EddyPro, even the sequence 
of the steps is usually set automatically.

Please note that some of the corrections may have 
been already applied by the instrument manufacturer 
and be sure to consult the manuals on this matter.

It appears to be a general consensus that for open-path 
measurements, the frequency response corrections 
should be applied before the Webb-Pearman-Leun-
ing terms. For more details refer to Chapter 7 in Lee 
et al. (2004) and Chapter 4 in Aubinet et al. (2012). 
We will discuss the details of these corrections in the 
following pages.

Reading and References

Aubinet, M., Vesala, T., & Papale, D. (eds) 2012. Eddy covariance: a 
practical guide to measurement and data analysis. Springer, Dordrecht. 
https://doi.org/10.1007/978-94-007-2351-1

Fuehrer, P.L., & Friehe, C.A. 2002. Flux corrections revisit-
ed. Boundary-Layer Meteorology, 102(3), 415-458. https://doi.
org/10.1023/a:1013826900579

Lee, X., Massman, W., & Law, B. (eds) 2006. Handbook of Micromete-
orology: a guide for surface flux measurement and analysis. Springer, 
Dordrecht.

LI-COR. 2020. EddyPro Software 7.0 Instruction Manual, 977-12025. 
314 pp. 

Use raw sensible heat flux (H) and 
friction wind velocity u* to construct 

cospectral model M0

Apply WPL correction to 
LE0: obtain LE1

Use H1 and u0* to 
construct cospectral 

model M1

Apply O2 and BB 
corrections to LE3 if 
needed: obtain LE4

Use H1 and LE4 to apply 
WPL correction to Fc0: 

obtain Fc1

Apply BB correction to 
Fc1 if needed: obtain Fc2

Use M1 to apply FR 
corrections to LE and Fc: 

obtain LE2 and Fc0

Use H1 to apply WPL 
correction to LE2: 

obtain LE3

Use LE1 to apply sonic 
correction to H: obtain H0

Apply FR correction to H0: 
obtain H1 and u0*

Use M0 to apply frequency response 
(FR) corrections to raw latent heat 

flux (LE): obtain LE0

https://doi.org/10.1007/978-94-007-2351-1
https://doi.org/10.1023/a:1013826900579
https://doi.org/10.1023/a:1013826900579
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Main contributors

• Frequency is lost for a number of reasons, all related to sensors 
and EC system frequency response

• Key sources of frequency loss from larger to smaller:

• Tube attenuation

• Scalar path averaging

• Sensor separation

• Sensor time response

• Sensor response mismatch

• Low pass filtering

• High pass filtering

• Digital sampling

• Frequency response corrections – a family of corrections that com-
pensate for flux losses at different frequencies (eddy sizes)

Frequency response corrections are a family of cor-
rections that compensate for flux losses at differ-
ent frequencies of turbulent transport. There are a 
number of specific reasons for these losses, but all 
are related to sensor performance and the frequency 
response of the eddy covariance system.

The main frequency response corrections include 
the following: time response; tube attenuation; sca-
lar/ vector path averaging; sensor separation; sensor 
response mismatch; low pass filtering; high pass fil-
tering; and digital sampling.

Before discussing each of the frequency response cor-
rections, let us look at an extreme example illustrating 
the importance of the frequency response in general. 
Imagine that measurements are taken 30 cm from the 
ground with a bulky instrument, which has a 200 cm 
path and a sampling frequency of 1 Hz. 

Most of the flux transport at this height would be 
done by very small eddies at very high frequencies. 
The instrument would average out most of the trans-
port in the long path, would miss a good portion of 
the transport due to its slow 1 Hz sampling rate, and 
may generate a relatively large proportion of its own 
turbulence that is not representative of the environ-
ment of interest. 

As a result, fluxes may be greatly underestimated even 
after applying large corrections on the order of sev-
eral hundred percent. Most real-life situations will 
likely be less extreme, but there can still be many fac-
tors responsible for missed flux at different frequen-
cies. One of the cornerstone papers on this subject is 
by Moore (1986) listed below.

Reading and References

Lee, X., Massman, W., & Law, B. (eds) 2006. Handbook of Micromete-
orology: a guide for surface flux measurement and analysis. Springer, 
Dordrecht.

Mauder, M., & Foken, T. 2011. Documentation and Instruction Manual 
of the Eddy Covariance Software Package TK3. University of Bayreuth, 
Germany. https://epub.uni-bayreuth.de/id/eprint/342

Moore, C.J. 1986. Frequency response corrections for eddy correla-
tion systems. Boundary-Layer Meteorology, 37, 17-35. https://doi.
org/10.1007/bf00122754

https://epub.uni-bayreuth.de/id/eprint/342
https://doi.org/10.1007/bf00122754 
https://doi.org/10.1007/bf00122754 
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Main contributors (continued)

• Open-path system frequency loss is usually very small, 5–10%

• Most frequency loss comes from:

• Path averaging

• Sensor separation

• Sensor time response

• In closed-path systems, frequency loss can be medium or 
large, up to 50% for H2O and sticky gases

• Most frequency loss in closed-path systems comes from:

• Tube attenuation as the major source

• Path averaging, sensor separation, sensor time response 
also contribute

In open-path instruments, an intake tube is not used, 
so most frequency losses come from path averaging, 
sensor separation and sensor time response. Fre-
quency losses for open-path instruments and result-
ing corrections are usually quite small, on the order 
of 5–10%.

Enclosed instruments use short tubes (less than 1 m), 
so their frequency loss is larger than in open-path 
instruments, but not by much. Shorter tubes will lead 
to smaller losses and longer tubes will result in larger 

losses and corrections. Sticky gases (e.g., H2O, NH3, 
etc.) will have larger tube-related frequency losses 
than CO2, CH4, etc.

In closed-path instruments, intake tubes may be 
many meters long, and tube frequency attenuation is 
a major contributor to frequency loss. The respective 
correction can often exceed 25% or even 50%. Mea-
suring sticky gases with very long tubes is generally 
not recommended due to the very large, uncertain 
magnitude of tube attenuation.

Reading and References

Aubinet, M., Vesala, T., & Papale, D. (eds) 2012. Eddy covariance: a 
practical guide to measurement and data analysis. Springer, Dordrecht. 
https://doi.org/10.1007/978-94-007-2351-1

Foken, T. 2008. Micrometeorology. Springer-Verlag, Berlin Heidelberg, 
Germany. 310 pp. https://doi.org/10.1007/978-3-540-74666-9

Lee, X., Massman, W., & Law, B. (eds) 2006. Handbook of Micromete-
orology: a guide for surface flux measurement and analysis. Springer, 
Dordrecht.

Fuehrer, P.L., & Friehe, C.A. 2002. Flux corrections revisit-
ed. Boundary-Layer Meteorology, 102(3), 415-458. https://doi.
org/10.1023/a:1013826900579

https://doi.org/10.1007/978-94-007-2351-1 
https://doi.org/10.1007/978-3-540-74666-9
https://doi.org/10.1023/a:1013826900579 
https://doi.org/10.1023/a:1013826900579 
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Cospectra

• Corrections for frequency loss are usually calculated from instantaneous data via cospectra, a distribution 
of flux transport by frequency

As a first step in understanding frequency response 
corrections, let us look at a cospectrum, a distribu-
tion of flux by frequency. This is an important com-
ponent of calculating and verifying the frequency 
response corrections.

As described in Part 1, the turbulent air flow consists 
of a mix of eddies of different sizes and rotation veloc-
ities, so some flux transport is done at higher frequen-
cies and some at lower ones, covering the whole range 
of frequencies: from large movements on the order of 
hours, to small ones on the order of 1/10 of a second.

Cospectrum describes this situation in a mathemati-
cal form. It shows how much of the raw flux (covari-
ance of the w′ and gas density) is transported at each 
frequency. This is achieved using a Fourier transform 
of the time series from time domain into frequency 
domain. An integrated area under the ideal non-di-
mensional normalized cospectral curve equates to a 
value of 1, representing 100% of the flux.

The ideal cospectrum for a given height and condi-
tions is usually computed by using covariance of ver-
tical wind speed and temperature (w′T′) from a sonic 
anemometer and modeled after Kaimal et al. (1972) 
or by other models. The ideal cospectral curve is 
shown in the illustration above in blue. 

When natural wind flow is not distorted by the objects 
near or inside the anemometer path, modern sonic 
anemometers are capable of very fast sampling of the 
speed of sound with small errors over relatively short 
paths (Section 2.4). The instantaneous temperature is 
derived from the same data as w′, and no time delay 
or separation occurs between the two signals. As a 
result, cospectrum of sonic sensible heat flux w′T′ is 
often very close to the ideal cospectrum, especially in 
the middle of the day with good turbulent exchange 
high above the canopy. 

Reading and References

Kaimal, J.C., et al. 1972. Spectral characteristics of surface-layer tur-
bulence. Quarterly Journal of the Royal Meteorological Society, 98(417), 
563-589. https://doi.org/10.1002/qj.49709841707

Moore, C.J. 1986. Frequency response corrections for eddy correla-
tion systems. Boundary-Layer Meteorology, 37, 17-35. https://doi.
org/10.1007/bf00122754
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Cospectra (continued)

The actual cospectral curve for gas fluxes (black dots 
and red fitted line in the previous page) is usually 
located below the ideal curve, especially at high fre-
quencies. Such a position of the curve indicates flux 
losses related to deficiencies in total system frequency 
response when measuring covariances between w′ 
and instantaneous gas fluctuations. The deficiencies 
are due to time response, tube attenuation (for closed 
path), sensor separation, path averaging, filtering, etc.

In very simple terms, the ratio of the area under 
the ideal cospectral curve (blue line in the previous 
page) to the area under the actual curve (red line in 
the previous page) represents the correction factor 
(e.g., cospectral multiplier, cospectral correction, fre-
quency response correction, etc.). The correction fac-
tor compensates for the non-ideal frequency response 
of a particular gas flux measurement system in spe-
cific conditions over a specific period of time.

The Fourier transform employed as a part of the pro-
cedure is a computation-intensive process widely 

used in numerous fields including engineering, 
electronics and computer industry, mathematical 
and physical sciences, including micrometeorology. 
Plots above show one highly-simplified example of 
the transform, where the data in time domain (time 
series the top plot above) are represented by a series 
of sine-like curves (bottom plot above). Each curve 
has its own period and amplitude, and every point in 
the top plot is represented by a sum of all curves in 
the bottom plot. Then the bottom plot is re-plotted vs 
frequency and turns into a cospectral curve similar to 
the blue or red line in the previous page.

The multiple possible forms of Fourier transform and 
the numerous options involved in running the calcu-
lations are much more complicated than the example 
above and lay outside the scope of this book. Liter-
ature below provides additional information on the 
Fourier transform, while its calculations are already 
pre-programmed in the flux processing codes, such 
as EddyPro. 

Reading and References

Batchelor, G.K. 1969. Computation of the energy spectrum in homo-
geneous two-dimensional turbulence. Physics of Fluids, 12(12), II-233. 
https://doi.org/10.1063/1.1692443

Essenwanger, O. M. 1982. Turbulence analysis by use of the fast fourier 
transform (ADA117157). Army Missile Command Redstone Arsenal AL 
Research Directorate. https://apps.dtic.mil/sti/citations/ADA117157

Kaimal, J.C., & Kristensen, L. 1991. Time series tapering for short 
data samples. Boundary-Layer Meteorology, 57, 187-194. https://doi.
org/10.1007/bf00119719

Orszag, S.A. 1969. Numerical methods for the simulation of turbulence. 
Physics of Fluids, 12(12), II-250. https://doi.org/10.1063/1.1692445

Piquet, J. 1999. Two-Point Homogeneous Turbulence. In: Turbu-
lent Flows. (pp 143-227) Springer, Berlin, Heidelberg. https://doi.
org/10.1007/978-3-662-03559-7_3

Pope, S.B. 2000. Turbulent flows. Cambridge University Press. https://
doi.org/10.1017/CBO9780511840531

Smith, S.W. 1997. The scientist and engineer’s guide to digital signal 
processing. California Technical Pub. 

https://doi.org/10.1063/1.1692443
https://apps.dtic.mil/sti/citations/ADA117157
https://doi.org/10.1007/bf00119719 
https://doi.org/10.1007/bf00119719 
https://doi.org/10.1063/1.1692445 
https://doi.org/10.1007/978-3-662-03559-7_3
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Cospectra (continued)

Although modern flux programs will compute, apply, 
and even partially analyze the cospectral corrections, 
it is useful to have an occasional visual inspection of 
the specific cospectra at the specific site to ensure that 
they look reasonable.

Actual field cospectra computed over a single individ-
ual half-hour or an hour often look quite noisy and may 
not be helpful in assessing system frequency response. 
Similarly, cospectra computed during periods with very 
small fluxes or undeveloped turbulence (for example, at 
night) may be near zero or erratic, because the covari-
ance on the y-axis may be close to zero.

Normalized ensemble-averaged hourly cospectra, 
binned by frequency, and computed for midday or 
daytime hours over many days, are typically used 
as an indicator of the system frequency response. 
These may be compared to an ideal Kaimal cospec-
tra, or to sensible heat flux cospectra. Turbulent 
studies and methodological experiments may also 
look at nighttime cospectra after significant quality 

control, and after averaging over numerous hours to 
minimize noise.

The example in the top left corner in the illustra-
tion above describes individual hourly cospectra of 
sensible heat flux w′T′ during daytime hours (small 
multi-colored symbols), and an ensemble-averaged 
cospectrum (large yellow diamonds). The leftmost 
portion of this plot describes flux contributions from 
the lower frequencies (0.001–0.01 Hz; larger slower 
eddies). The rightmost portion of the plot describes 
flux contributions from higher frequencies (1.0–10 
Hz; smaller faster eddies). Such cospectra can be used 
as a measure of how the near-ideal system frequency 
response should appear at a given site.

The example in the top right corner describes individ-
ual cospectra of methane flux during the same hours 
(small multi-colored symbols), and ensemble-aver-
aged cospectrum (large red circles). The open-path 
analyzer used for this data set has a much larger path 
than the sonic anemometer, and some dampening at 
high frequencies is expected.

Reading and References

Cornerstone papers on spectra, cospectra and frequency response 
corrections:

Kaimal, J.C., Wyngaard, J.C., Izumi, Y., & Coté, O.R. 1972. Spectral 
characteristics of surface-layer turbulence. Quarterly Journal of the 
Royal Meteorological Society, 98(417), 563-589. https://doi.org/10.1002/
qj.49709841707

Moore, C.J. 1986. Frequency response corrections for eddy correla-
tion systems. Boundary-Layer Meteorology, 37, 17-35. https://doi.
org/10.1007/bf00122754
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Cospectra (continued)

• Zoomed-in high-frequency portion of the cospectra from the previous page

• Small but non-negligible differences would not be visible without 
ensemble averaging of the cospectral data

Please note that without ensemble averaging of the 
cospectral data, one will not be able to see the differ-
ence between the top left and right plots on the pre-
vious page and assess high-frequency dampening for 
the CH4 flux measurements.

However, after ensemble averaging (bottom plot on 
previous page and the illustration above), the small 
but still noticeable difference in the high-frequency 
part of the cospectra is observed, as predicted for the 
larger analyzer. The differences between the ideal -4/3 

slope and the typically expected -10/3 slope show that 
the system works as anticipated. 

By computing the ratio of an area under the near-
ideal sensible heat flux cospectra and actual methane 
flux cospectra, one can construct a cospectral correc-
tion, compensating for the frequency response of a 
methane flux measurement system. In this example, 
the correction would be quite small, on the order of 
5–10%.

Reading and References

Moncrieff, J.B., Massheder, J.M., de Bruin, H., Elbers, J., Friborg, T., 
Heusinkveld, B., Kabat, P., Scott, S., Soegaard, H., & Verhoef, A. 1997. A 
system to measure surface fluxes of momentum, sensible heat, water 
vapour and carbon dioxide. Journal of Hydrology, 188, 589-611. https://
doi.org/10.1016/s0022-1694(96)03194-0

Moncrieff, J.B., Clement, R., Finnigan, J., & Meyers, T. 2004. Averag-
ing, detrending and filtering of eddy covariance time series. In X. Lee, 
W. Massman, & B. Law (eds), Handbook of Micrometeorology (pp 1-31). 
Springer, Dordrecht. https://doi.org/10.1007/1-4020-2265-4_2

Horst, T.W., & Lenschow, D.H. 2009. Attenuation of scalar fluxes mea-
sured with spatially-displaced sensors. Boundary-Layer Meteorology, 
130(2), 275-300. https://doi.org/10.1007/s10546-008-9348-0

Su, H., Schmid, H.P., Grimmond, C.S., Vogel, C.S., & Oliphant, A.J. 
2004. Spectral characteristics and correction of long-term eddy-co-
variance measurements over two mixed hardwood forests in non-flat 
terrain. Boundary-Layer Meteorology, 110(2), 213-253. https://doi.
org/10.1023/a:1026099523505

McDermitt, D., Burba, G., Xu, L., Anderson, T., Komissarov, A., Rien-
sche, B., Schedlbauer, J., Starr, G., Zona, D., Oechel, W., Oberbauer, 
S., & Hastings, S. 2011. A new low-power, open-path instrument for 
measuring methane flux by eddy covariance. Applied Physics B, 102(2), 
391-405. https://doi.org/10.1007/s00340-010-4307-0
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Cospectra: flow distortion

• The blue curve is the only reference for all frequency corrections, and it is also the only way to check that 
all the corrections were applied properly

• If flow is distorted in the anemometer, the corrections will be wrong, and there will be no way to verify 
them or even notice the problem in the first place

One important item to keep in mind when apply-
ing frequency response corrections is that the basis 
for the corrections (the blue and red lines) should be 
constructed only during the periods when the wind 
flow or temperature flow near or inside the anemom-
eter are not distorted. 

Wind flow distortion (Sections 2.3, 2.4, 3.2) will con-
taminate the w′ part of the covariance from which the 
blue line and red lines are constructed, and tempera-
ture distortion with further affect the blue line. As a 
result, the frequency correction will incur errors and 
flux computation will be incorrect. 

For example, if anemometer is located in the side 
of the massive tower, the wind directions from 
such tower will have to excluded when comput-
ing frequency response corrections. Similarly, if the 

anemometer is not omni-directional but a C-clamp 
(Section 2.4), the winds from 30–50% of the back-
side of the anemometer need to be excluded from the 
frequency response correction calculations. Finally, 
winds from the analyzer itself blowing into the ane-
mometer should also be excluded. 

In other words, only data from the wind directions 
with unobstructed wind flow through the anemom-
eter should be included into frequency response 
correction calculations, and ultimately into flux cal-
culations. The data flux from the distorted wind 
directions should be removed and gap-filled at a later 
stage (Section 5.1). 
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Cospectra: log-log scale deception

Another important item to keep in mind when look-
ing at cospectra is that the scales on both x and y axes 
describing cospectra are usually presented in loga-
rithmic scale. This is to be able to take a closer look at 
the high-frequency part of cospectra where the most 
system frequency losses usually occur. 

For an untrained eye this causes log-log scale decep-
tion, explained in the illustration above. The left plot 
above presents typical cospectra of a flux plotted vs 
frequency. Area under the curve in the box A seems 
sizable (perhaps 25–30%) in comparison with the 
area under the curve in the box B. In reality however, 
this is not the case.

The right plot above shows same exact data in linear 
scale. As one can easily see, the area under the curve 
in the box B remains extremely important, perhaps 
25% of the area under the entire cospectral curve 
(e.g., the entire flux). Meanwhile the area under the 
curve in box A is actually quite small, likely negligible.

Looking at cospectra in both log-log scale (to check 
that the behavior of the system in high-frequency 
region is good) and in linear scale (to check the rela-
tive contribution of each frequency to the total flux) 
could be a good initial strategy when learning how to 
interpret cospectra.
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Transfer functions

• Transfer functions describe how each sampling problem would affect the ideal cospectra at each frequency

Transfer functions describe how each of the factors 
affecting the system frequency response (e.g., time 
response, tube attenuation, path averaging, sensor 
separation, filtering, etc.) will affect an ideal cospec-
tra, and how much it will lower the cospectral curve 
below the ideal at each frequency.

Above is an example of how a transfer function pre-
dicts what would happen to the ideal cospectrum at 
given atmospheric conditions due to a diminished 
frequency response at high frequencies.

In this example, note how the actual and modeled 
cospectra decrease below the ideal cospectrum 
when the transfer function is reduced from 1.0 at 
high frequencies.

The total transfer function is a product of the different 
transfer functions, each of which describes flux loss at 
specific frequencies due to a specific reason.

If the effect (or the shape) of the transfer function 
is known, one can describe the shape of the actual 
cospectra and then relate it to the ideal cospectra, thus 
correcting the flux and increasing its magnitude.
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Moore, C.J. 1986. Frequency response corrections for eddy correla-
tion systems. Boundary-Layer Meteorology, 37, 17-35. https://doi.
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Chapter 4 in Lee, X., Massman, W., & Law, B. (eds) 2006. Handbook of 
Micrometeorology: a guide for surface flux measurement and analysis. 
Springer, Dordrecht.

Moncrieff, J.B., Malhi, Y., & Leuning, R. 1996. The propagation of 
errors in long-term measurements of land-atmosphere fluxes of car-
bon and water. Global Change Biology, 2(3), 231-240. https://doi.
org/10.1111/j.1365-2486.1996.tb00075.x

https://doi.org/10.1007/bf00122754
https://doi.org/10.1007/bf00122754
https://doi.org/10.1111/j.1365-2486.1996.tb00075.x
https://doi.org/10.1111/j.1365-2486.1996.tb00075.x


274 | 4.2 Applying Frequency Response Corrections

Applying frequency response corrections

• Frequency response corrections can be applied via transfer functions to actual sensible heat flux cospectra 
or Kaimal-Moore’s cospectral models 

• Cospectral models use sets of equations for unstable, stable and neutral conditions

• Models use stability parameter (z/L), non-dimensional frequency (f = n (z - d)/u), measurement height (z), 
zero-plane displacement (d), and mean wind speed (u) to define the cospectral energy at each frequency 
(C(n))

• Ideal cospectrum is adjusted for the transfer functions at each frequency, and a correction factor is deter-
mined for the entire cospectrum

• Applying all frequency response corrections can increase fluxes by as much as 25% or more; corrections are 
often larger at night

Frequency response corrections can generally be 
applied via transfer functions to actual sensible heat 
flux cospectra w′T′ or to Kaimal-Moore’s cospectral 
models. 

Cospectral models use sets of equations for unstable, 
stable and neutral conditions. They use parameters 
for: stability (z/L), non-dimensional frequency (f = 
n(z - d) / u), measurement height (z), zero-plane dis-
placement (d), and mean wind speed (u), to come up 
with cospectral energy for each frequency (C(n)). 

The ideal cospectra is adjusted for the transfer 
functions at each frequency, and a correction fac-
tor is determined for the entire cospectrum based 
on the integrated area under the actual normalized 

cospectral curve in comparison with the ideal nor-
malized cospectra (a value of 1). 

Applying all frequency response corrections can 
increase fluxes by up to 25% or more, especially at 
night.

Warning: There are also alternative methods to compute 
frequency response corrections proposed in:

Nordbo A., and G. Katul, 2012. A Wavelet-Based Correction 
Method for Eddy-Covariance High-Frequency Losses in Scalar 
Concentration Measurements. Boundary Layer Meteorology, 
doi:10.1007/s10546-012-9759-9.

Massman, W., 2000. A simple method for estimating frequency 
response corrections for eddy covariance systems. Agricultural 
and Forest Meteorology, 104: 185-198.

Reading and References

Moore, C.J. 1986. Frequency response corrections for eddy correla-
tion systems. Boundary-Layer Meteorology, 37, 17-35. https://doi.
org/10.1007/bf00122754

Kaimal, J.C., Wyngaard, J.C., Izumi, Y., & Coté, O.R. 1972. Spectral char-
acteristics of surface-layer turbulence. Quarterly Journal of the Royal 
Meteorological Society, 98(417), 563-589. https://doi.org/10.1002/
qj.49709841707

Moncrieff, J.B., Massheder, J.M., de Bruin, H., Elbers, J., Friborg, T., 
Heusinkveld, B., Kabat, P., Scott, S., Soegaard, H., & Verhoef, A. 1997. A 
system to measure surface fluxes of momentum, sensible heat, water 
vapour and carbon dioxide. Journal of Hydrology, 188, 589-611. https://
doi.org/10.1016/s0022-1694(96)03194-0

Shimizu, T. 2007. Practical applicability of high frequency correction 
theories to CO

2
 flux measured by a closed-path system. Boundary-Lay-

er Meteorology, 122(2), 417-438. https://doi.org/10.1007/s10546-006-
9115-z
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https://doi.org/10.1002/qj.49709841707
https://doi.org/10.1002/qj.49709841707
https://doi.org/10.1016/s0022-1694(96)03194-0
https://doi.org/10.1016/s0022-1694(96)03194-0
https://doi.org/10.1007/s10546-006-9115-z
https://doi.org/10.1007/s10546-006-9115-z


4.2 Applying Frequency Response Corrections | 275

Time response

• Time response corrections compensate for the loss of flux due to inability of sensors to respond fast enough 
to small fluctuations that contribute to the flux

• Time response transfer function is applied to fluxes of H2O, CO2, CH4, etc.

Processing programs (e.g., EddyPro, EdiRe, EddyUH, 
TK4, etc.) automatically compute and apply frequency 
response corrections to flux data. It is still useful, 
however, to see how transfer functions appear mathe-
matically, and what factors affect each major cause of 
the reduction in the system frequency response.

In the next pages we will briefly cover the frequency 
response corrections and the associated transfer 
functions individually and construct a total transfer 
function required for the correction factor described 
on the previous page.

The first one is a fundamental correction for time 
response. This correction compensates for the loss of 
flux due to the inability of an instrument to respond 

fast enough to small fluctuations contributing to the 
flux. The associated transfer function is generally 
applicable to gas and water fluxes. Theoretically, how-
ever, it is also required for sensible heat and momen-
tum fluxes, when measurements are done very close 
to the ground, or when the time response of the 
instrument is insufficient.

For the time response correction, the key factor is 
dynamic time response of the instrument, as can be 
seen from the equation at the top of this page.

Warning: According to Horst (2000), the square root in the 
above function is not required when applying frequency correc-
tions. This is still somewhat of an open question, with different 
groups using two different forms of this equation.

Reading and References

Moore, C.J. 1986. Frequency response corrections for eddy correla-
tion systems. Boundary-Layer Meteorology, 37, 17-35. https://doi.
org/10.1007/bf00122754

Baldocchi, D. 2012. Advanced topics in biometeorology and microme-
teorology. Department of Environmental Science, UC-Berkeley, Califor-
nia. Lecture notes. http://nature.berkeley.edu/biometlab/espm228

Horst, T.W. 2000. On frequency response corrections for eddy covari-
ance flux measurements. Boundary-Layer Meteorology, 94(3), 517-520. 

https://doi.org/10.1023/a:1002427517744
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Tube attenuation

• Compensates for the loss of flux due to the fact that sampling air through the inlet tube attenuates (damp-
ens) small fluctuations

• Required for closed-path and enclosed fluxes of H2O, CO2, CH4, etc.

Tube attenuation correction has been a persistent 
topic of discussion among eddy covariance method 
developers for more than 25 years.

Variations in gas species, environmental conditions, 
tube material and length, tube wall contamination 
levels, flow rate, and numerous other physical param-
eters may affect the interaction between the sampled 
gas and the tube wall, and thus, may influence the 
respective transfer function.

With new instruments becoming available for flux 
measurements of various gas species, tube attenu-
ation should be treated carefully, especially when 
using long intake tubes, when most of the total fre-
quency response correction may be due to tube 
attenuation. Therefore, in this and in the next three 
pages we will examine the tube attenuation process 
in some detail and provide important literature ref-
erences on the topic.

A tube will always attenuate (or dampen) small fluc-
tuations in the flow drawn through it. The tube atten-
uation correction compensates for the loss of flux 

that occurs due to such dampening. This correction 
is applied to gas and water vapor fluxes measured 
with closed-path and enclosed analyzers. It also 
can be used as a tool to determine what intake tube 
length is sufficient to attenuate most of the tempera-
ture fluctuations, so that the thermal expansion and 
contraction portion of the density corrections will 
become negligible.

The attenuation of water vapor flux can be signifi-
cantly affected by relative humidity, in addition to 
other factors. Thus, for fluxes of water vapor and 
other sticky gases, short, small-diameter intake tubes 
may have significant benefits. Short intakes, however, 
will require fast temperature and pressure measure-
ments in the sampling cell of the enclosed design, 
conducted at the same time as gas density.

Warning: The mean tube flow velocity in the formula above 
is the distance per time (e.g., m s-1) and not the flow rate in 
liters per minute (lpm). It can be computed as the rate (lpm) 
divided by the cross-sectional area of the tube.

Transfer function for tube attenuation

Attenuation parameter for each gas Tube radius

Tube length Mean tube flow velocity
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Tube attenuation (continued)

• Laminar (streamline) flow leads to strong mixing of two consecutive samples

• Turbulent (plug) flow leads to little mixing of two consecutive samples

The nature of the tube attenuation effect on eddy 
covariance flux can be envisioned, in a simplified 
manner, by examining two kinds of the air flow going 
through the tube.

Although the sampled air gets smeared to some 
degree with any tube, when the flow is laminar (e.g., 
streamline flow) the smearing is quite heavy, leading 
to mixing of two consecutive 10 Hz samples, as indi-
cated with red and blue color on the illustration above.

This type of mixing results in the inability to distin-
guish between consecutive samples describing rapid 
fluctuations of gas concentrations required for eddy 
covariance calculations. The covariance of rapid fluc-
tuations in vertical wind and in gas concentration is 
diminished; wind still changes rapidly, but measured 
gas concentration will appear to change slowly, due to 
mixing of the 10 Hz samples in the tube.

If flow is turbulent (e.g., plug flow) the smearing is 
much smaller, leading to little mixing of two con-
secutive 10 Hz samples. Very rapid fluctuations will 

still be attenuated, but 10 Hz samples may be easily 
distinguishable.

To provide a guide as to what flow rate should be 
chosen for the sampling for a particular instrument 
setup, the Reynolds number (Re) can be used. From 
the tube cross-sectional shape, diameter and flow 
rate, Re can help categorize the tube flow into laminar 
(Re<2300), transient (2300<Re<4000), or fully turbu-
lent (Re>4000).

With short intake tubes used by enclosed gas analyz-
ers, especially when measuring non-sticky gases and 
with tubes shorter than 0.5 m, the attenuation may 
be minimal even at transient flow rates. With long 
tubes and sticky gases, flow must be fast enough to 
stay turbulent.

Typically, for tubes with inner diameters of about 
0.4– 0.8 cm, turbulent flow may be achieved at rates 
ranging anywhere from 9–18 lpm, depending on the 
other parts of the intake system (such as particle fil-
ters, water traps, rain guards, etc.).

Reading and References

Reynolds, O., 1883. An experimental investigation of the circumstances 
which determine whether the motion of water shall be direct or sinu-
ous, and of the law of resistance in parallel channels. Philosophical 
Transaction of the Royal Society, 174, 935–982. 

Sample 1 and 2 are mixing here

Sample 1 and 2 are almost not mixing

Laminar flow

Turbulent flow
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Tube attenuation (continued)

The plots above illustrate some typical examples of 
tube attenuation effects on actual 10 Hz field data for 
non-sticky gases, sticky gases, and temperature.

The green, blue and purple lines are actual fluctua-
tions measured in open air. The red lines are their 
attenuated versions after passing through the sam-
pling tube.

With fully turbulent flow and non-sticky gases, such 
as CO2, small smearing leads to small dampening and 
a small time delay (red line in the top left plot).

With sticky gases such as H2O, the dampening and 
time delay is larger (red line in the top right plot), so 
frequency loss will be larger, as well.

In the case of temperature, heat in the travelling air is 
rapidly exchanged with tube walls, and attenuation is 
very strong (red line in the bottom plot).

The latter is actually preferable, as it helps eliminate 
the sensible heat portion of density corrections, as 
explained later in Section 4.4.

As can be deduced from the plots above and from 
the mathematical form of the tube attenuation trans-
fer function, shorter tubes and higher flow rates are 
highly desirable for flux measurements, especially in 
the case of sticky gases.

However, short tubes often cannot be used in current 
closed-path analyzers, because fast temperature and 
fast pressure are not measured in the cell simultane-
ously with gas density, and online high-speed conver-
sion from instantaneous density to instantaneous dry 
mole fraction cannot be reliably achieved.

Outputting fast dry mole fraction implies that the 
instantaneous thermal and pressure-related expan-
sion and water dilution of the sampled air have been 
accounted for.

Thus, density corrections would no longer be required 
to compute fluxes. This would significantly simplify 
the calculations and reduce uncertainty. This is possi-
ble with specially designed enclosed gas analyzers, and 
explained in more detail in Sections 2.2, 2.4 and 4.7.
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Tube attenuation (continued)

The literature listed below provides further theoretical and experimental details on various aspects of tube 
attenuation effects on flux calculations, such as:

• Alternative transfer functions

• Explanation of tube attenuation parameters

• Effects of high relative humidity on tube attenuation and water vapor flux

• Effects of tube heating on water sorption, attenuation and water flux

• Etc.

Reading and References

Aubinet, M., Grelle, A., Ibrom, A., Rannik, Ü., Moncrieff, J., Foken, T., 
Kowalski, A.S., Martin, P.H., Berbigier, P., Bernhofer, Ch., Clement, R., 
Elbers, J., Granier, A., Grünwald, T., Morgenstern, K., Pilegaard, K., 
Rebmann, C., Snijders, W., Valentini, R., & Vesala, T. 1999. Estimates of 
the annual net carbon and water exchange of forests: the EUROFLUX 
methodology. Advances in Ecological Research, 113-175. https://doi.
org/10.1016/s0065-2504(08)60018-5

Aubinet, M., Joly, L., Loustau, D., De Ligne, A., Chopin, H., Cousin, J., 
Chauvin, N., Decarpenterie, T., & Gross, P. 2016. Dimensioning IRGA 
gas sampling systems: Laboratory and field experiments. Atmospher-
ic Measurement Techniques, 9(3), 1361-1367. https://doi.org/10.5194/
amt-9-1361-2016

Aubinet, M., Vesala, T., & Papale, D. (eds) 2012. Eddy covariance: a 
practical guide to measurement and data analysis. Springer, Dor-
drecht. https://doi.org/10.1007/978-94-007-2351-1

Baldocchi, D. 2012. Advanced topics in biometeorology and microme-
teorology. Department of Environmental Science, UC-Berkeley, Califor-
nia. Lecture notes. http://nature.berkeley.edu/biometlab/espm228

Fratini, G., Ibrom, A., Arriga, N., Burba, G., & Papale, D. 2012. Rela-
tive humidity effects on water vapour fluxes measured with closed-
path eddy-covariance systems with short sampling lines. Agricultural 
and Forest Meteorology, 165, 53-63. https://doi.org/10.1016/j.agr-
formet.2012.05.018

Ibrom, A., Dellwik, E., Flyvbjerg, H., Jensen, N.O., & Pilegaard, K. 
2007. Strong low-pass filtering effects on water vapour flux measure-
ments with closed-path eddy correlation systems. Agricultural and 
Forest Meteorology, 147(3-4), 140-156. https://doi.org/10.1016/j.agr-
formet.2007.07.007

Massman, W.J. 1991. The attenuation of concentration fluctuations in 
turbulent flow through a tube. Journal of Geophysical Research: Atmo-
spheres, 96(D8), 15269-15273. https://doi.org/10.1029/91jd01514

Massman, W.J., & Ibrom, A. 2008. Attenuation of concentration fluc-
tuations of water vapor and other trace gases in turbulent tube flow. 
Atmospheric Chemistry and Physics, 8(20), 6245-6259. https://doi.
org/10.5194/acp-8-6245-2008

Metzger, S., Burba, G., Burns, S.P., Blanken, P.D., Li, J., Luo, H., & Zulue-
ta, R.C. 2016. Optimization of an enclosed gas analyzer sampling sys-
tem for measuring eddy covariance fluxes of H

2
O and CO

2
. Atmospheric 

Measurement Techniques, 9(3), 1341-1359. https://doi.org/10.5194/
amt-9-1341-2016

Moore, C.J. 1986. Frequency response corrections for eddy correla-
tion systems. Boundary-Layer Meteorology, 37, 17-35. https://doi.
org/10.1007/bf00122754

Runkle, B.R., Wille, C., Gažovič, M., & Kutzbach, L. 2012. Attenuation 
correction procedures for water vapour fluxes from closed-path ed-
dy-covariance systems. Boundary-Layer Meteorology, 142(3), 401-423. 
https://doi.org/10.1007/s10546-011-9689-y

https://doi.org/10.1016/s0065-2504(08)60018-5
https://doi.org/10.1016/s0065-2504(08)60018-5
https://doi.org/10.5194/amt-9-1361-2016
https://doi.org/10.5194/amt-9-1361-2016
https://doi.org/10.1007/978-94-007-2351-1
http://nature.berkeley.edu/biometlab/espm228 
https://doi.org/10.1016/j.agrformet.2012.05.018
https://doi.org/10.1016/j.agrformet.2012.05.018
https://doi.org/10.1016/j.agrformet.2007.07.007
https://doi.org/10.1016/j.agrformet.2007.07.007
https://doi.org/10.1029/91jd01514
https://doi.org/10.5194/acp-8-6245-2008
https://doi.org/10.5194/acp-8-6245-2008
https://doi.org/10.5194/amt-9-1341-2016
https://doi.org/10.5194/amt-9-1341-2016
https://doi.org/10.1007/bf00122754
https://doi.org/10.1007/bf00122754
https://doi.org/10.1007/s10546-011-9689-y
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Transfer function for scalar path averaging

Scalar path length

Mean wind velocity

Path and volume averaging

• Compensates for the loss of flux due to the fact that the transport by very small eddies is missed when 
averaged over a path (not a point)

• Applied to all scalar fluxes

• There is a similar correction for momentum, vector path averaging

Path or volume averaging corrections compensate for 
the loss of flux due to averaging of very small eddies.

The flux transport done by these eddies is missed 
when averaged over a path, and not sampled at just 
a single point.

This correction applies to all scalar fluxes and has a 
special formulation (Tvp) for momentum flux that has 
a vector path average.

Laser-based gas analyzers may have enormous opti-
cal paths (from dozens of meters to many kilometers) 

folded into sampling cells of various physical sizes 
and shapes.

The ps parameter in the formula above typically refers 
to the physical dimensions of the sampling cell length, 
and not to the optical path.

The formulation of ps may get quite complex if the 
optical path, or cell, is arranged in an unusual geo-
metric shape (such as a flat surface, ring, oval, etc.).

Consulting with the manufacturer when writing cus-
tom processing code, or using readily available full 
flux processing programs, may be useful in these cases.

Reading and References

Moore, C.J. 1986. Frequency response corrections for eddy correla-
tion systems. Boundary-Layer Meteorology, 37, 17-35. https://doi.
org/10.1007/bf00122754

LI-COR. 2020. EddyPro Software 7.0 Instruction Manual, 977-12025. 
314 pp.

Mauder, M., & Foken, T. 2011. Documentation and Instruction Manual 
of the Eddy Covariance Software Package TK3. University of Bayreuth, 
Germany. https://epub.uni-bayreuth.de/id/eprint/342

https://doi.org/10.1007/bf00122754
https://doi.org/10.1007/bf00122754
https://epub.uni-bayreuth.de/id/eprint/342
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Sensor separation

• Compensates for the loss of flux due to the inability of the vertical wind speed and scalar sensors to sample 
in the same volume

• Usually applied to fluxes of H2O, CO2, CH4, etc.

• Not for H: temperature is often sampled in same volume as w by sonic anemometer

The horizontal sensor separation correction compen-
sates for the loss of flux due to the inability of the ver-
tical wind speed and scalar sensors to be sampled in 
exactly the same volume. It is generally applied to gas 
and water fluxes, but not to sensible heat (~w′T′) and 
momentum (~w′u′) fluxes.

For momentum and sensible heat fluxes, the sonic 
anemometer samples vertical and horizontal wind 
speed and instantaneous temperature in the same 
volume at the same time, so the separation correction 
is not required.

There are a number of ways to apply this correction. It 
can be an integral part of the total frequency correc-
tion, or a separate step in data processing. It can also 
correct for only the horizontal separation, or for both 
horizontal and vertical separations.

When writing your own code, it is important to be 
careful to not confuse sensor separation corrections 
with time delay adjustments. In some methods, time 
delay adjustment procedures may include sensor sep-
aration, but in others it will not.

Reading and References

Horst, T.W. 2012. Corrections to sensible and latent heat flux measure-
ments. https://www.eol.ucar.edu/content/corrections-sensible-and-
latent-heat-flux-measurements

Horst, T.W., & Lenschow, D.H. 2009. Attenuation of scalar fluxes mea-
sured with spatially-displaced sensors. Boundary-Layer Meteorology, 
130(2), 275-300. https://doi.org/10.1007/s10546-008-9348-0

Mauder, M., & Foken, T. 2011. Documentation and Instruction Manual 
of the Eddy Covariance Software Package TK3. University of Bayreuth, 
Germany. https://epub.uni-bayreuth.de/id/eprint/342

Moore, C.J. 1986. Frequency response corrections for eddy correla-
tion systems. Boundary-Layer Meteorology, 37, 17-35. https://doi.
org/10.1007/bf00122754

Transfer function for sensor separation

Sensor separation distance

Mean wind velocity

https://www.eol.ucar.edu/content/corrections-sensible-and-latent-heat-flux-measurements
https://www.eol.ucar.edu/content/corrections-sensible-and-latent-heat-flux-measurements
https://doi.org/10.1007/s10546-008-9348-0
https://epub.uni-bayreuth.de/id/eprint/342
https://doi.org/10.1007/bf00122754
https://doi.org/10.1007/bf00122754


282 | 4.2 Applying Frequency Response Corrections

Sensor response mismatch

• Sometimes used in data processing programs to compensate for differences when slower-response and 
faster-response instruments are used together

• Often assumed to be negligible or may be partially incorporated as a part of the time delay correction when 
using covariance maximization 

Sensor response mismatch corrections are some-
times used in data processing programs to compen-
sate for differences when both slower-response and 
faster-response instruments are used together.

This correction is often assumed negligible or may be 
partially incorporated as a part of time delay correc-
tion when using circular correlation.

Transfer function for sensor response mismatch

Dynamic time response of sensor 1

Dynamic time response of sensor 2

Warning: This correction may not help when sampling rates 
from two fast instruments are severely desynchronized.

For example, the rate should be 10 Hz on both instruments, 
and should not be 8.0 Hz on the anemometer and 12 Hz in 
the analyzer.

Precision time protocols or other modern readily available clock 
arrangements should be made to ensure the same samplin 
time intervals on all fast instruments.

Reading and References

Moore, C.J. 1986. Frequency response corrections for eddy correla-
tion systems. Boundary-Layer Meteorology, 37, 17-35. https://doi.

org/10.1007/bf00122754

https://doi.org/10.1007/bf00122754 
https://doi.org/10.1007/bf00122754 


4.2 Applying Frequency Response Corrections | 283

Low-pass filtering

• Compensates for the loss of flux in the high-frequency part of the cospectrum mainly due to use of 
anti-aliasing and other filtering

• Applies to all fluxes; example is a recursive low-pass filter

Low-pass filtering corrections can sometimes be used 
to compensate for the loss of flux in the high fre-
quency part of a cospectrum.

These losses are due mainly to the use of anti-aliasing 
and other filters. The correction applies to all fluxes.

Reading and References

Moore, C.J. 1986. Frequency response corrections for eddy correla-
tion systems. Boundary-Layer Meteorology, 37, 17-35. https://doi.
org/10.1007/bf00122754

Baldocchi, D. 2012. Advanced topics in biometeorology and microme-
teorology. Department of Environmental Science, UC-Berkeley, Califor-
nia. Lecture notes. http://nature.berkeley.edu/biometlab/espm228

LI-COR. 2020. EddyPro Software 7.0 Instruction Manual, 977-12025. 
314 pp.

Transfer function for low-pass filtering

Low-pass filter constant

Cutoff frequency; half sampling frequency

https://doi.org/10.1007/bf00122754
https://doi.org/10.1007/bf00122754
http://nature.berkeley.edu/biometlab/espm228
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High-pass filtering

• Compensates for loss of flux in the low frequency part of cospectrum due to time averaging, linear de-trend-
ing, or non-linear filtering

• Applies to all fluxes; example is a recursive high-pass filter

High-pass filtering corrections can sometimes be used 
to compensate for the loss of flux that occurs in the 
low frequency part of a cospectrum due to time aver-
aging, linear de-trending, mean removal, non-linear 
filtering, etc. The correction applies to all fluxes.

The excessive use of filtering is typically not recom-
mended in modern eddy covariance processing, as 
it is difficult to track and may lead to increased fre-
quency loss.

Reading and References

Moore, C.J. 1986. Frequency response corrections for eddy correla-
tion systems. Boundary-Layer Meteorology, 37, 17-35. https://doi.
org/10.1007/bf00122754

Baldocchi, D. 2012. Advanced topics in biometeorology and microme-
teorology. Department of Environmental Science, UC-Berkeley, Califor-
nia. Lecture notes. http://nature.berkeley.edu/biometlab/espm228

Transfer function for high-pass filtering

High-pass filter constant

Cutoff frequency; half sampling frequency

https://doi.org/10.1007/bf00122754 
https://doi.org/10.1007/bf00122754 
http://nature.berkeley.edu/biometlab/espm228 
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Digital sampling

• Compensates for aliasing during digital sampling

• Applies to all fluxes

• Often assumed to be negligible

A digital sample takes a ‘snapshot’ of the value being 
measured at one instant in time. Some unit of time 
passes (maybe only a fraction of a second) and then 
another ‘snapshot’ is taken.

Since the measurement is not continuous, there can 
be errors introduced into the final values. The digital 
sampling correction compensates for digital sampling 
errors and applies to all fluxes.

These and other computations are done for the fre-
quencies below the critical, or Nyquist, frequency 
(n<=ns/2) to avoid aliasing in the rightmost part of the 
cospectra for frequencies above the Nyquist frequency 
(>ns/2), as follows from Shannon’s sampling theorem.

Warning: Digital sampling corrections are often assumed 
negligible for modern instruments. However, caution should be 
exercised when experimenting with novel or custom-made 
instruments, or non-standard settings and conditions.

Reading and References

Moore, C.J. 1986. Frequency response corrections for eddy correla-
tion systems. Boundary-Layer Meteorology, 37, 17-35. https://doi.

org/10.1007/bf00122754

Baldocchi, D. 2012. Advanced topics in biometeorology and microme-
teorology. Department of Environmental Science, UC-Berkeley, Califor-

nia. Lecture notes. http://nature.berkeley.edu/biometlab/espm228

Transfer function for digital sampling

Sampling frequency (e.g. 10 Hz)
for ≤

https://doi.org/10.1007/bf00122754
https://doi.org/10.1007/bf00122754
http://nature.berkeley.edu/biometlab/espm228
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Total transfer function

• Total transfer function is a product of individual transfer functions

• Important moment - make sure to avoid double-correcting or under-correcting

• Depending on particular system - not all transfer functions may be required

The equation above is an example of the total transfer 
function, which is the product of several frequently 
applied individual transfer functions.

It is important to avoid double-correcting or 
under-correcting during this process, especially 
when flux processing routine is custom written.

For example, a sensor response mismatch may have 
already been fully or partially compensated by circu-
lar correlation to determine a time delay.

Depending on the particular system, not all trans-
fer functions may be required. They can be removed 
from the total equation, or set to 1, which then would 
have no effect on flux loss or respective frequency 
response correction.

Reading and References

Moore, C.J. 1986. Frequency response corrections for eddy correla-
tion systems. Boundary-Layer Meteorology, 37, 17-35. https://doi.
org/10.1007/bf00122754

Baldocchi, D. 2012. Advanced topics in biometeorology and microme-
teorology. Department of Environmental Science, UC-Berkeley, Califor-
nia. Lecture notes. http://nature.berkeley.edu/biometlab/espm228

Time response for each 
of two individual signals

Because filtering was 
done for each of 2 signals

Because these functions were 
developed for the spectrum 
(loss in signal squared)

Some researchers use square 
root of depending on how 
they write their function

https://doi.org/10.1007/bf00122754 
https://doi.org/10.1007/bf00122754 
http://nature.berkeley.edu/biometlab/espm228
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Frequency response corrections summary

• Intended to compensate for flux losses at different frequencies due to diminished frequency response of the 
eddy covariance system

• Main corrections include: time response, tube attenuation, scalar and vector path averaging, sensor separa-
tion, sensor response mismatch, low and high pass filtering, and digital sampling

• Applied to cospectra via transfer functions describing losses at each frequency due to each individual cause

• Main pitfalls: not correcting, double-correcting, and under-correcting

In summary, frequency response corrections are 
intended to compensate for flux losses at different 
frequencies due to a diminished frequency response 
of the eddy covariance system.

Key corrections include time response, tube atten-
uation, scalar and vector path averaging, and sen-
sor separation. Low and high pass filtering, sensor 
response mismatch, and digital sampling may also be 
important under some conditions.

Frequency response corrections are usually applied 
to a cospectrum via transfer functions that describe 
losses at each frequency. The main pitfalls during this 
process are not correcting, double-correcting, and 
under-correcting.

The majority of commercially available and free soft-
ware programs take care of this step internally. In 
most cases, the researcher just needs to make sure to 
enter the correct parameters into the software.

Reading and References

Moore, C.J. 1986. Frequency response corrections for eddy correla-
tion systems. Boundary-Layer Meteorology, 37, 17-35. https://doi.
org/10.1007/bf00122754

https://doi.org/10.1007/bf00122754 
https://doi.org/10.1007/bf00122754 
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Sonic temperature is computed from speed of sound, :

Sonic temperature is different from air temperature, :

Sonic temperature is different from virtual temperature,  :

Sonic temperature correction:

Air temperature

Temperature measured by a sonic anemometer (e.g., 
sonic temperature) is actually computed from speed 
of sound, as described in the first equation above, 
where yd is the ratio of specific heat of moist air at 
constant pressure to that at constant volume, and Rd 
is the gas constant for dry air.

Sonic temperature is different from the actual tem-
perature due to the presence of water vapor (q stands 
for specific humidity), and it is also different from the 
virtual temperature. So, a sonic temperature correc-
tion is required when one wants to obtain an actual 
air temperature or virtual air temperature from the 
sonic anemometer measurements.

Even after the sonic temperature correction, the abso-
lute accuracy of the mean air temperature coming 
from a sonic anemometer is not nearly as accurate as 
that from a PRT, a properly configured thermocouple, 
or a thermistor.

Sonic temperature, however, is extremely useful for 
determining small and fast deviations from the mean, 
required for computing sensible heat flux via eddy 
covariance calculations.

So, fast temperature from the sonic anemometer is 
typically used for heat flux covariance computations 
and for cospectral analyses, while mean slow air tem-
perature from an auxiliary temperature sensor is usu-
ally used in all other calculations.

Reading and References

van Dijk, A., Moene, A., & de Bruin, H. 2004. The principles of surface 
flux physics: theory, practice and description of the ECPack library. Mete-
orology and Air Quality Group, Wageningen University. 99 pp. 
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Sonic sensible heat flux

• Sonic sensible heat flux correction is different from sonic temperature correction

• Heat flux is corrected for humidity fluctuations and momentum flux, affecting the fast data from the 
anemometer

• Some instruments have the momentum fluctuations portion of the correction applied in their software

The sonic sensible heat flux correction (e.g., sonic 
correction) applies to sensible heat flux measured 
with sonic anemometers and compensates for 
humidity fluctuations and momentum fluxes that 
affect sonic measurements.

A sonic correction is an additive correction, consist-
ing of humidity fluctuations and momentum fluctu-
ations, combined with sensible heat flux covariance, 
to produce the final corrected flux value, as shown in 
the equation above.

Before applying this correction, it is important to 
refer to the specific sonic anemometer user manual 

to make sure that the momentum portion of this 
correction was not previously applied by the manu-
facturer in the instrument software. The momentum 
fluctuations portion of the correction is instru-
ment-specific and may not be identical to that shown 
in the example above.

Warning: It is important to distinguish the sonic heat flux 
correction from the sonic temperature correction. A sonic tem-
perature correction is a correction of the sonic temperature 
measurement and is not a flux correction.

However, sonic temperature correction may still be important for 
flux calculations, especially if the mean air temperature used in 
the various calculations comes from the sonic measurements.

Reading and References

LI-COR. 2020. EddyPro Software 7.0 Instruction Manual, 977-12025. 
314 pp.

Mauder, M., & Foken, T. 2011. Documentation and Instruction Manual 
of the Eddy Covariance Software Package TK3. University of Bayreuth, 
Germany. https://epub.uni-bayreuth.de/id/eprint/342

Schotanus, P., Nieuwstadt, F., & De Bruin, H. 1983. Temperature mea-
surement with a sonic anemometer and its application to heat and 
moisture fluxes. Boundary-Layer Meteorology, 26(1), 81-93. https://doi.
org/10.1007/bf00164332

Horst, T.W. 2012. Corrections to sensible and latent heat flux measure-
ments. https://www.eol.ucar.edu/content/corrections-sensible-and-
latent-heat-flux-measurements

Humidity Fluctuations Portion

Momentum Fluctuations Portion

https://epub.uni-bayreuth.de/id/eprint/342
https://doi.org/10.1007/bf00164332
https://doi.org/10.1007/bf00164332
https://www.eol.ucar.edu/content/corrections-sensible-and-latent-heat-flux-measurements
https://www.eol.ucar.edu/content/corrections-sensible-and-latent-heat-flux-measurements
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The angle-of-attack correction compensates for the 
imperfect response of an anemometer when winds 
come at the anemometer at a steep angle.

All sonic anemometer models experience this phe-
nomenon to a varying degree and may need differ-
ent corrections.

Some parts of this correction may be applied by man-
ufacturers, while the rest are being developed by the 
scientific community and included in modern flux 
processing programs. 

It is important to avoid overcorrecting for the angle 
of attack if, for example, the manufacturer’s firmware 
correction was activated at the same time as the pro-
cessing program’s angle of attack routine for a specific 
anemometer model.

In these cases, it is usually best to turn off the manu-
facturer’s correction, which may be partial, and apply 
a full correction during post processing using pro-
grams such as EddyPro. 

Warning: There have been a fair amount of confusion lately 
regarding the extend of angle-of-attack and transducer shad-
owing corrections in relation to flow distortion. While one can 
partially correct the anemometer flow distortion due to angle-
of-attack and transducer shadowing for few specific anemom-
eter models, one cannot readily correct for the flow distortion 
caused by the large obstructions around the anemometer (e.g., 
tower, hut, etc.). Even more so, there is no correction for flow 
distortion caused by medium obstructions near or in the ane-
mometer path (e.g., co-located gas analyzers, support booms, 
cables, other equipment). Caution should be exercised with 
site design, instrument selection, installation and orientation to 
minimize disturbance to the flow measured by the anemome-
ter. See details in Sections 2.3, 2.4, 3.2.

Reading and References

Frank, J.M., Massman, W.J., & Ewers, B.E. 2016. A Bayesian model 
to correct underestimated 3-D wind speeds from sonic anemome-
ters increases turbulent components of the surface energy balance. 
Atmospheric Measurement Techniques, 9(12), 5933-5953. https://doi.
org/10.5194/amt-9-5933-2016

LI-COR. 2020. EddyPro Software 7.0 Instruction Manual, 977-12025. 
314 pp.

Nakai, T., & Shimoyama, K. 2012. Ultrasonic anemometer angle of at-
tack errors under turbulent conditions. Agricultural and Forest Meteorol-
ogy, 162-163, 14-26. https://doi.org/10.1016/j.agrformet.2012.04.004

Nakai, T., et al. 2006. Correction of sonic anemometer angle of attack 
errors. Agricultural and Forest Meteorology, 136(1-2), 19-30. https://doi.
org/10.1016/j.agrformet.2006.01.006

van der Molen, M., Gash, J., & Elbers, J. 2004. Sonic anemometer (co)
sine response and flux measurement II. The effect of introducing an an-
gle of attack dependent calibration. Agricultural and Forest Meteorol-
ogy, 122(1-2), 95-109. https://doi.org/10.1016/s0168-1923(03)00223-5

Angle of attack

• Angle-of-attack correction compensates for 
the imperfect response of the anemometer 
when winds come at steep angles

• This correction may be fully or partially 
applied in some anemometer models, and may 
also be called “head correction”
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https://doi.org/10.1016/j.agrformet.2012.04.004
https://doi.org/10.1016/j.agrformet.2006.01.006
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Concept

The Webb-Pearman-Leuning terms (often referred to 
as WPL, or ”density terms”) are used to compensate 
for fluctuations in the density of CO2, H2O, and other 
gases resulting from fluctuations in gas temperature 
and water vapor content.

One simple way to visualize this process is to imagine 
a warm surface that has an actual zero flux and is cov-
ered by warming air of constant gas concentration. As 
a result of the warming, an instrument would mea-
sure a flux simply because of the volume expansion.

A more detailed way to visualize WPL is to imagine 
the process at a high frequency scale, e.g., 10 Hz. If 
a CO2-inert surface is warm and wet, then high-fre-
quency updrafts in the vertical wind speed, w′, would 
be a little warmer and a little wetter than downdrafts, 
because of the transport of the heat and water up 
from the surface into the atmosphere.

For CO2, then, updrafts would be slightly more ther-
mally expanded and diluted than downdrafts, and 

as a result, would have a slightly lower CO2 density 
than downdrafts. This high-frequency process of 
lower density updrafts and higher density downdrafts 
would create an appearance of CO2 uptake, when 
there is no actual CO2 flux, simply because the sur-
face is warm or wet, or both.

Since eddy covariance flux measurements rely on the 
covariance of changes in vertical wind speed with 
changes in gas density resulting solely from the eco-
system adding or removing gas from and into the 
air flow above it (see Part 1), we want to correct out 
all other changes in gas density which do not come 
from these additions or removals. Thus, the thermal 
and pressure expansions and contractions, and water 
dilution of the gas of interest have to be corrected.

Warning: It is also important to keep in mind that the WPL 
correction does not actually correct for any kind of instrument 
or measurement error, but rather compensates for normal and 
expected physical processes of thermal expansion and water 
dilution. Therefore, a more appropriate name for the WPL cor-
rection is probably WPL terms.

• Compensates for the effects of fluctuations of temperature (thermal expansion) and water vapor (dilution) 
on measured fluctuations in densities of CO2, H2O, and other gases

• One way to understand this process is to imagine a surface with actual zero flux and with warming air of 
constant gas concentration

• As a result of the warming, the instrument measures flux due to volume expansion

300 ppm 
Cool Air

Time 1

Time 2

300 ppm 
Warming of Same AirWarm Surface

No Actual Flux

Reading and References

Webb, E.K., Pearman, G.I., & Leuning, R. 1980. Correction of flux mea-
surements for density effects due to heat and water vapour transfer. 
Quarterly Journal of the Royal Meteorological Society, 106(447), 85-100. 
https://doi.org/10.1002/qj.49710644707

Lee, X., & Massman, W.J. 2011. A perspective on thirty years of the 
Webb, Pearman and Leuning density corrections. Boundary-Layer Me-
teorology, 139(1), 37-59. https://doi.org/10.1007/s10546-010-9575-z

https://doi.org/10.1002/qj.49710644707
https://doi.org/10.1007/s10546-010-9575-z 
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Full equation

Optical gas analyzers fundamentally measure the 
amount of gas in a known volume (e.g., density), as 
discussed in Section 2.2. Typically, these instruments 
output fast density values for flux computation, and 
slow mole fraction values for calibration purposes 
(converting density to mole fraction using slow tem-
perature and pressure), or in some cases, slow dry 
mole fraction values (converting density to dry mole 
fraction using fast water vapor, and slow temperature 
and pressure).

Some newer instruments (e.g., LI-7200RS) can also 
output fast dry mole fraction using fast temperature, 
pressure and water vapor content of the gas, and con-
vert native gas density to dry mole fraction at a fast 
rate in real time. The form of the equation used for 
the flux computation depends heavily on the outputs 
provided by the specific instrument and is discussed 
later in this section.

The classical form of the WPL equation, often referred 
to as WPL-80 (Webb, Pearman and Leuning, 1980) 
consists of two main terms; a temperature-related 
expansion and contraction term, and a water dilu-
tion term. Sometimes a pressure-related expansion 
and contraction term, neglected in WPL-80, can also 
be computed, but is often assumed negligible, espe-
cially for hourly fluxes. Although the pressure effect is 

routinely ignored in the classical formulation, it is, on 
average, a one-way process that can introduce a small 
bias. This effect may become significant during high 
winds, at high elevations, in complex terrains, and 
over long integration periods in ecosystems or areas 
with very small flux rates.

Beyond pressure term, other effects (such as dilution 
by CO2 and other gases) and higher-order covari-
ances are typically quite small and routinely assumed 
negligible. These can, in principle, become important 
in highly unusual circumstances. For example, mea-
surements of some gas specie with very little flux over 
a volcano, with very large fluxes H2O, CO2 and SO2, 
may require constructing WPL dilution terms for 
CO2 and SO2 analogous to the water dilution term 
shown above. 

The WPL terms apply to CO2, H2O, CH4 or any other 
trace gas flux when computed using fast density out-
put from a gas analyzer. For instruments than can 
output fast dry mole fraction, the fundamental flux 
equation can be used, and WPL density terms are not 
required. However, it is important to note that fast 
dry mole fraction calculations in these instruments 
have to be truly fast, and have to utilize fast tempera-
ture, pressure and water vapor of the sampled gas 
synchronously with the gas density.

Reading and References

Fuehrer, P.L., & Friehe, C.A. 2002. Flux corrections revisit-
ed. Boundary-Layer Meteorology, 102(3), 415-458. https://doi.
org/10.1023/a:1013826900579

Lee, X., & Massman, W.J. 2011. A perspective on thirty years of the 
Webb, Pearman and Leuning density corrections. Boundary-Layer Me-
teorology, 139(1), 37-59. https://doi.org/10.1007/s10546-010-9575-z

When instrument outputs true 
fast dry mole fraction

Covariance with 
Fast Density

Water 
Dilution Term

Thermal 
Expansion Term

WPL Density TermsRaw Flux

Pressure Expansion Term 
(usually neglected)

When instrument outputs fast density 
(typical open-path case)

Final corrected flux Dry air density

CO2 density

Air temperature Ratio of mol. masses 
of air to water
 = 1.6077

Water vapor densityAir pressure

https://doi.org/10.1023/a:1013826900579
https://doi.org/10.1023/a:1013826900579
https://doi.org/10.1007/s10546-010-9575-z
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Full equation (continued)

• WPL terms are quite important for calculating correct final flux values in nearly all situations, and must be 
coded and applied correctly

The relative importance of WPL terms in relation to 
the raw flux changes from ecosystem to ecosystem, 
and throughout the year.

The two examples above show actual field data for 
CO2 flux measured over ryegrass. On a hot and dry 
day in early spring, with a dormant canopy, sensible 
heat flux was large and positive, and CO2 flux was 
very small, near zero.

Thus, the raw CO2 flux was dominated by the thermal 
expansion-contraction term and was implying strong 
photosynthesis at midday (negative flux). However, 
after applying WPL terms, CO2 flux neared zero.

Nighttime soil and canopy respiration calculations 
were also affected by WPL terms, primarily due to 
small negative sensible heat fluxes.

On a warm and wet day in summer, with a rapidly 
growing canopy, photosynthesis was strong and CO2 
flux was large. Thus, raw CO2 flux was not domi-
nated by WPL terms, which were still important, yet 
not overwhelming.

These are typical examples for canopy-covered ter-
rains. The WPL terms are relatively smaller during 
the growing season with large raw fluxes, and rela-
tively larger during the off-season, when fluxes are 
small and density terms can reach values several 
times the actual flux.

In all cases, WPL terms are important and must be 
applied correctly. If writing your own code for apply-
ing WPL terms, please note the important differences 
between equations 24 and 44 in the original paper on 
WPL (Webb et al., 1980). The first equation is used 
for covariances, while the latter is used for the fluxes.

Reading and References

Webb, E.K., Pearman, G.I., & Leuning, R. 1980. Correction of flux mea-
surements for density effects due to heat and water vapour transfer. 
Quarterly Journal of the Royal Meteorological Society, 106(447), 85-100. 
https://doi.org/10.1002/qj.49710644707
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Open-path analyzers usually output gas density and 
require WPL terms to obtain correct final flux values.

Some instruments have fast water vapor measure-
ments in addition to the gas of interest and can cor-
rect gas density for water dilution in real time. In these 
cases, fluxes will no longer require a water dilution 
term (middle term in the last equation above), but 
the instrument still would not have fast temperature 

integrated over the measurement path, and fluxes will 
have to use the thermal expansion-contraction term.

Fast pressure is extraordinarily difficult to mea-
sure in open air because flow distortion from the 
measurement itself significantly affects the balance 
between static and dynamic pressure components. 
Thus, considering the typically small contribution 
of the pressure term to the flux, this term is usually 
assumed negligible.

Reading and References

Webb, E.K., Pearman, G.I., & Leuning, R. 1980. Correction of flux mea-
surements for density effects due to heat and water vapour transfer. 
Quarterly Journal of the Royal Meteorological Society, 106(447), 85-100. 
https://doi.org/10.1002/qj.49710644707

Lee, X., & Massman, W.J. 2011. A perspective on thirty years of the 
Webb, Pearman and Leuning density corrections. Boundary-Layer Me-

teorology, 139(1), 37-59. https://doi.org/10.1007/s10546-010-9575-z

Lee, X., Massman, W., & Law, B. (eds) 2006. Handbook of Micromete-
orology: a guide for surface flux measurement and analysis. Springer, 

Dordrecht.

Ham, J.M., & Heilman, J.L. 2003. Experimental test of density and 
energy-balance corrections on carbon dioxide flux as measured us-
ing open-path eddy covariance. Agronomy Journal, 95(6), 1393-1403. 
https://doi.org/10.2134/agronj2003.1393

Zhang, J., Lee, X., Song, G., & Han, S. 2011. Pressure correction to 
the long-term measurement of carbon dioxide flux. Agricultural and 
Forest Meteorology, 151(1), 70-77. https://doi.org/10.1016/j.agr-
formet.2010.09.004

Open-path

• The typical WPL equation for an open-path analyzer: w’T’ comes from the sonic anemometer

Usually neglected; 
very difficult to measure in 

the open air flow

https://doi.org/10.1002/qj.49710644707
https://doi.org/10.1007/s10546-010-9575-z
https://doi.org/10.2134/agronj2003.1393
https://doi.org/10.1016/j.agrformet.2010.09.004 
https://doi.org/10.1016/j.agrformet.2010.09.004 
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Closed-path measurements use long intake tubes, 
which attenuate a significant amount of the fast fluctu-
ations of air temperature affecting measured gas den-
sity. At the same time, slow temperature of the cell block 
is usually measured and can approximate mean gas 
temperature in the cell. Therefore, the thermal expan-
sion-contraction term is typically not required.

Many closed-path instruments output fast water vapor 
measurements in addition to the gas density. If these 
measurements can be used to correct the gas density for 
dilution on-the-fly, the water dilution term is no longer 
needed (right term in the last equation above). When 
such on-the-fly conversion is not done, the classical 
equation without the thermal expansion-contraction 
term can be used, as shown in the last equation above. 

The pressure term may or may not be important in 
closed path analyzers, depending on the pressure 
control and pressure measurements made in the cell. 
With a multitude of closed-path analyzers available for 
gas flux measurements, handling the pressure term is 
instrument-specific.

If the instrument system controls cell pressure in terms 
of both mean magnitude and fast fluctuations, the pres-
sure term is not required for flux calculations. If the 
instrument does not control the pressure but rather 
measures it at a fast rate, gas density output may be 
corrected on-the-fly, or the pressure term may be com-
puted during post-processing. If the instrument neither 
controls nor measures fast pressure, the contribution is 
usually assumed negligible. 

A special case exists for instruments that do not mea-
sure fast water vapor in the closed cell. In these cases, 
fast gas density is still diluted due to fast water vapor 
fluctuations, but there is no measure of this process 
inside the cell. One approach to solve this is to dry the 
air with a Nafion-type dryer. This will reduce system 
frequency response but will remove most of the water 
vapor from the sampled gas.

Warning: When computing density terms for closed-path flux 
measurements, parameters for the WPL equation should come 
from within the closed sampling cell.

If a closed-path instrument works at significantly reduced pres-
sure or at temperatures (in K) significantly different from ambient, 
and when density outputs were not brought to mean ambient 
temperature and pressure, or were not converted to dry mole frac-
tion, further normalization may be required using (pambient /pcell )
x(Tcell /Tambient) as a multiplier for Fc following Leuning and Mon-
crieff (1990) or Ibrom et al. (2007).

Reading and References

Ibrom, A., et al. 2007. On the use of the Webb–Pearman–Leuning theory 
for closed-path eddy correlation measurements. Tellus B, 59(5) 937-946. 
https://doi.org/10.1111/j.1600-0889.2007.00311.x

Lee, X., & Massman, W.J. 2011. A perspective on thirty years of the Webb, 
Pearman and Leuning density corrections. Boundary-Layer Meteorology, 
139(1), 37-59. https://doi.org/10.1007/s10546-010-9575-z

Leuning, R., & Moncrieff, J. 1990. Eddy-covariance CO
2
 flux measure-

ments using open- and closed-path CO
2
 analysers: corrections for analy-

ser water vapour sensitivity and damping of fluctuations in air sampling 
tubes. Boundary-Layer Meteorology, 53, 63-76. https://doi.org/10.1007/
bf00122463

Closed-path

• Typical WPL equation for closed-path analyzer 
with long intake tube when water vapor mea-
surements are not used to convert gas density 
into mole fraction

Usually neglected; 
pressure-controlled or 
assumed unimportant

Usually neglected; 
assumed unimportant 

after long tube

https://doi.org/10.1111/j.1600-0889.2007.00311.x
https://doi.org/10.1007/s10546-010-9575-z 
https://doi.org/10.1007/bf00122463
https://doi.org/10.1007/bf00122463
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WPL density terms are not required in some instru-
ments, such as the LI-7200RS, that are capable of out-
putting true dry mole fractions at high speed.

When these output units are used for computing 
gas flux, thermal expansion and contraction, water 

dilution and pressure-related expansion and contrac-
tion of the sampled air have already been accounted 
for in the fast conversion from density to dry mole 
fraction, and related assumptions are no longer 
required.

In addition, long intake tubes are no longer needed to 
attenuate fast temperature fluctuations, which allows 
one to take advantage of short tubes and increased 
system frequency response.

However, in such an approach it is critical that the 
instrument design allows temperature, water vapor 
and pressure of the air sample to be measured at the 
exact same time as gas density. Section 4.7 covers 
these types of measurements and their requirements 
in greater detail.

Reading and References 

Burba, G., et al. M. 2011. Calculating CO
2
 and H

2
O eddy covariance flux-

es from an enclosed gas analyzer using an instantaneous mixing ratio. 
Global Change Biology, 18(1), 385-399. https://doi.org/10.1111/j.1365-
2486.2011.02536.x

Burba, G., Anderson, D. D., Furtaw, M., Eckles, R., McDermitt, D., & 
Welles, J. 2012. Gas Analyzer. US Patent 8,130,379.

Furtaw, M., Eckles, R., Burba, G., McDermitt, D., & Welles, J. 2012. Gas 
Analyzer. US Patent 8,154,714. 

Nakai, T., Iwata, H., & Harazono, Y. 2011. Importance of mixing ratio 
for a long-term CO2 flux measurement with a closed-path system. Tel-
lus B: Chemical and Physical Meteorology, 63(3), 302-308. https://doi.
org/10.1111/j.1600-0889.2011.00538.x

Zhang, J., et al. 2011. Pressure correction to the long-term mea-
surement of carbon dioxide flux. Agricultural and Forest Meteorology, 
151(1), 70-77. https://doi.org/10.1016/j.agrformet.2010.09.004

Burba, G., et al. 2010. Novel design of an enclosed CO
2
/H

2
O gas analy-

ser for eddy covariance flux measurements. Tellus B, 62(5). https://doi.
org/10.1111/j.1600-0889.2010.00468.x

Enclosed-path

• Typical equation for enclosed analyzer with 
fast temperature, water vapor and pressure 
measurements in the air of the sampling cell, 
synchronized with fast gas density

• Also will work for a closed-path analyzer with 
long intake tube and fast water vapor and 
pressure measurements in the cell, synchro-
nized with fast gas density

No longer needed
Analyzer can output true fast dry mole fraction; 

no density terms needed

https://doi.org/10.1111/j.1365-2486.2011.02536.x
https://doi.org/10.1111/j.1365-2486.2011.02536.x
https://doi.org/10.1111/j.1600-0889.2011.00538.x
https://doi.org/10.1111/j.1600-0889.2011.00538.x
https://doi.org/10.1016/j.agrformet.2010.09.004 
https://doi.org/10.1111/j.1600-0889.2010.00468.x
https://doi.org/10.1111/j.1600-0889.2010.00468.x
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Density effects and spectroscopic effects

• When eddy covariance flux is computed, fast changes in gas density are correlated with fast changes in 
vertical wind speed

• Changes in gas density occur due to the gas flux itself, due to thermal and pressure-related expansion and 
contraction of the air, and due to water vapor dilution

• These processes are described by the Ideal Gas Law and by the Law of Partial Pressures, are often called 
density effects, and are corrected using WPL terms

• When gas density is measured by laser spectroscopy, there are also spectroscopic effects affecting mea-
sured gas density

• Spectroscopic effects are related to changes in the shape of the absorption line due to the changes in gas 
temperature, pressure and water vapor

• These effects are different from the Ideal Gas Law effects, and from the effects of the Law of Partial 
Pressures

In recent years, the use of laser technologies for fast 
gas measurements has led to the development of a 
number of laser-based gas analyzers for eddy cova-
riance flux measurements. The open-path laser-based 
design requires little power (e.g., 5-10 Watts) allowing 
solar-powered deployment and ability to place the flux 
station in the middle of the ecosystem of interest (Sec-
tion 2.4). Multiple such instruments are being cur-
rently developed for N2O, NH3, O3, and other gases. 
Similar technology can be used a low-power enclosed 
and closed-path designs (Section 2.2). 

Depending on the specific design and technology, 
these devices may need an additional flux correction 
due to the effects of temperature, pressure and water 
vapor (or other gases) on the narrow absorption 
band, or a single absorption line, used for gas sens-
ing in such devices. Gas densities or mole fractions 
are often computed based on the absorption, output 
by an instrument, and ultimately used in flux com-
putation. The key aspects of these relatively new and 
uncommon flux corrections are briefly described on 
the following few pages. Additional details are pro-
vided in Appendix II and in the literature listed in the 
next page.

As discussed earlier, when eddy covariance flux is com-
puted, fast changes in gas density are correlated with 
fast changes in vertical wind speed. Measured changes 
in gas density occur due to the gas flux itself, thermal 
expansion and contraction of the air, water vapor dilu-
tion, and pressure-related expansion and contraction.

These processes are described by the Ideal Gas 
Law and by the Law of Partial Pressures and are 
often called density effects. The gas flux is usually 
corrected for density effects using widely accepted 
Webb-Pearman-Leuning terms. 

When gas density is measured by laser spectroscopy 
(e.g., narrow-band or single line laser instruments, 
using WMS, ICOS, CRDS, and other technologies), 
there are also spectroscopic effects affecting measured 
values of gas density, in addition to the density effects.

Spectroscopic effects are related to changes in the 
shape of the absorption line of the gas resulting from 
the changes in gas temperature, water vapor content, 
and pressure due to a combination of the changes to 
the Boltzmann population distribution of rotational 
levels, Doppler broadening, and temperature-depen-
dent pressure broadening of individual lines. These 
effects are individual for each specific absorption line, 
known from spectroscopy laws and via verification 
vs. the HITRAN database available for wide range 
of temperatures, pressures, water vapor for millions 
of individual lines and over 50 gas species. These 
spectroscopic effects are different from the Ideal Gas 
Law effects, such as temperature and pressure expan-
sion-contraction, and different from the effects of the 
Law of Partial Pressures, such as water dilution.

The strong and clearly manifested spectroscopic effects 
in flux calculations constitute a significant differ-
ence between the latest open-path, temperature- and 
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pressure-uncontrolled or partially controlled 
enclosed or closed-path laser-based measurements, 
and more established broadband gas analysis tra-
ditionally used for CO2 and H2O fluxes with the 
Non-Dispersive Infrared (NDIR) approach. The 
NDIR approach samples many lines, or even entire 
absorption bands, which allows the Boltzmann 
distributions to be sampled sufficiently to almost 
completely eliminate temperature dependence and 
greatly reduce pressure dependence. The residual 
pressure broadening due to water vapor could be 
corrected point-by-point because water vapor and 
CO2 are measured simultaneously. Therefore, it was 
not necessary to insert spectroscopic adjustments 
flux calculations for measurements made with many 
properly designed NDIR instruments. 

The spectroscopic effects in flux calculations are 
also different from traditional closed-path laser-based 

measurements of gas fluxes, where temperature and 
pressure are controlled, and H2O is either measures 
or removed by sample drying. Therefore, no spectro-
scopic adjustments to flux calculations were needed for 
the measurements made with many properly designed 
fully temperature-, pressure, and water vapor-con-
trolled closed-path laser-based instruments.

Warning: It is important to note that the impacts of tem-
perature, pressure and foreign gases on the absorption of infra-
red light by heteronuclear gases are properties of the molecules 
themselves and do not depend on measurement methods, 
including for example a NDIR gas analyzer (e.g., IRGA) for CO2 
and H2O flux measurements. However, how these effects 
impact the gas density and flux measurements heavily depends 
on the measurement method: broad-band vs resolved spectral 
measurements, peak height vs peak area, spectrometer resolu-
tion, ring down performance, etc. 
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Effects on gas absorption lines

Example of spectroscopic temperature dependences 
for two different absorption lines for CH4 is shown 
in the figure above. The left side shows the influence 
of sample temperature on the slope of CH4 absorp-
tion lines at 1650.96 nm and 1635.42 nm. Please note 
that two different absorption lines demonstrate very 
different dependencies on the same exact change in 
gas temperature. 

The absorption at 1650.96 nm substantially increased 
with decreased temperature, but the absorption at 
1635.42 nm behaves in the opposite manner decreas-
ing with decreased temperature. These different 
behaviors are explained by fundamentally different 
temperature dependencies of the shape (e.g., peak, 
width, area, etc.) of each of the two lines shown on 
the right side. 

When temperature changes from -30 to +50 C, the 
peak of 1650.96 line is moving down and the absorp-
tion feature becomes narrower. At the same time, 
the peak of 1635.42 line goes up with no substantial 
change in the width of the absorption feature.

Similarly, drastically different behaviors of different 
absorption lines can also be seen for CO2, N2O and 
NH3 shown alongside CH4 in Appendix II. These are 
a result of a combination of the changes in the Boltz-
mann population distribution of rotational levels, 
Doppler broadening, temperature-dependent pres-
sure broadening of an individual line, and other spec-
troscopic processes and will ultimately influence the 
measured gas density and then measured fluxes.
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Effects on measured gas density

The figure above shows an example from two lab-
oratory experiments examining the effects of gas 
temperature and water vapor dilution on the laser-
based measurements of CH4 density using open-path 
WMS-based gas analyzer, LI-7700. 

The lines show the gas density values expected from 
the Ideal Gas Law for thermal expansion/contrac-
tion, the Law of Partial Pressures for water valor dilu-
tion, and HITRAN for temperature and water vapor 
related effects on the absorption feature discussed in 
the previous page. All symbols show the actual values 
measured during the experiments. 

Similar to the grey dashed line in the previous page, 
Line 1 above describes a theoretical gas density at 
constant volume. Line 2 is actual gas density reduced 
due to an increase in gas temperature as expected 
from the Ideal Gas Law (left), and due to an increase 
in water vapor as expected from the Law of Partial 
Pressures (right). Line 2 shows the real gas density as 
if the instrument was measuring the density perfectly 
correct. Line 3 shows the measured gas density which 
is different from the real gas density (e.g., Line 2) 
due to spectroscopic effects of temperature (left) and 
water vapor (right) on the absorption feature, and 
before any spectroscopic corrections were applied.

As seen in the differences between lines 2 and 3, 
the measured changes in CH4 density as a result of 

changing temperature and H2O vapor did not match 
those predicted by the Ideal Gas and Partial Pressure 
Laws. However, after adding spectroscopic effects on 
the absorption feature known from HITRAN data-
base to the density effects resulted in a good match 
between the predicted and measured densities, as seen 
in the match between line 2 and the closed symbols. 

With this knowledge, one can establish a reliable rela-
tionship between density effects and spectroscopic 
effects of changes in gas temperature, water vapor 
content, and pressure respectively, and can then use 
this relationship to incorporate the spectroscopic 
effects into the WPL equation. Then, correcting the 
measured Line 3 for spectroscopic effects using the 
instrument-specific function (details later in this sec-
tion) resulted in CH4 density output matching the 
results as predicted by the Ideal Gas and Partial Pres-
sure Laws, as seen in the match between line 2 and the 
filled symbols.

In many traditionally used laser-based closed-path 
analyzers, by the time gas sample gets to the sampling 
cell the long intake tubes and heat exchangers signifi-
cantly attenuate fast fluctuations in gas temperature, 
cell pressure is strictly controlled to maintain a partial 
vacuum, and water content is either measured or sig-
nificantly reduced via sample drying. 
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Such configuration dramatically reduces or elimi-
nated the fast fluctuation in gas density caused by fast 
fluctuations in air sample temperature, pressure and 
water vapor content. So, most of the density fluctua-
tions seen in the sample are due to the ecosystem flux 
itself. However, in newer lower-power uncontrolled 
narrow-band or laser-based device (e.g., open-path, 
closed-path or enclosed), this may not be a case. Here 
the understanding of and compensation for the spec-
troscopic effect in addition to density effects of tem-
perature, pressure and water vapor content is the key 
to correctly measuring the gas flux. 

When gas density is measured at low speed in such 
devices, the spectroscopic effects can be corrected in 
real time using measurements of mean temperature, 

water vapor and pressure the sampling cell, and sim-
ply incorporated into the instrument calibration. 
However, when the gas density is measured at a fast 
rate, it is difficult to correct for spectroscopic effects 
in real time, as it requires expensive accurate and pre-
cise measurements of gas temperature, pressure and 
H2O content integrated over the entire sampling cell 
volume and recorded at the same exact moment when 
the absorption is measured. This is especially difficult 
for open-path analyzers because additional sensors 
and hardware near the anemometer can result in vir-
tually intractable flow distortion problems (Sections 
2.3, 2.4, 3.2, 4.2).

Effects on measured gas density
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Concept of connecting density and spectroscopic effects

• Concept: the spectroscopic effect of change in temperature adds to the thermal expansion effect of change 
in temperature, when gas is measured by a laser

The situation can be addressed by accounting for 
changes in laser-based measurements due to high-
speed fluctuations of air temperature, water vapor 
density and pressure in the same manner as Webb 
et al. (1980) accounted for the respective density and 
dilution effects of the fluctuations in sample’s air tem-
perature, water vapor density and pressure (Section 
4.4). This is achieved by building an instrument-spe-
cific relationship between spectroscopic effects and 
density effects, and then using such a relationship 
together with the WPL concept to apply both spectro-
scopic and density effects to flux data based on half-
hourly, hourly, or over averaged products. 

This is possible because the density effects of air tem-
perature, pressure and water vapor on the gas sample 
are described by Ideal Gas and partial Pressure Laws, 
and the spectroscopic effects are described for each 
specific absorption line in a HITRAN (HIgh-resolu-
tion TRANsmission molecular Absorption database). 

Figure above shows a simplified general case of the 
temperature effects. It illustrates the relationship 
between spectroscopic and density effects on the 
example of temperature. Line 1 shown the gas density 
expected at constant volume when the density does 
not change with temperature, for example in a sealed 
cell. Line 2 is the density expected at constant pressure 

when the density of a warming sample goes down as 
a result of temperature expansion per the Ideal Gas 
Law, as would be the in any open-path or unsealed 
enclosed or closed-path designs. Line 2 is what we 
want the instrument to report to measure correct gas 
flux from the area of interest. However, line 3 is what 
one typically would see when the measured density 
is different from the actual gas density (Line 2), due 
to spectroscopic effects of the temperature on the 
absorption line added to the density effects of tem-
perature per Ideal Gas Law. 

Both density and spectroscopic effects of temperature 
shown above are usually well-known for the entire tem-
perature range from the Ideal Gas Law and HITRAN. 
Therefore, one can accurately relate the spectroscopic 
effect caused by a change in temperature (Line 3) to 
the thermal expansion effect caused by the same high-
speed change in temperature (Line 2). 

In other words, if 2.72 °C change in temperature at 
0 °C leads to expansion of gas by 1% (line 2 in Fig-
ure 27), the same change in temperature will lead to 
an additional 0.3% of the apparent “expansion” of gas 
sample due to spectroscopic effects (Line 3). So, if we 
know that the spectroscopic effect of temperature is 
30% of the density effect of thermal expansion at a 
given temperature, we could simply correct for both 
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the spectroscopic and thermal effects using thermal 
expansion effect multiplied by 1.3. Similarly, we can 
correct for the pressure using the Ideal Gas Law to 
construct a pressure-dependent analog of line 2, and 
for water dilution using the Partial Pressures Law to 
construct a humidity-dependent analog of line 2. Fur-
ther details and explanation regarding this approach 
are provided in Burba et al, (2019) and in Appendix 
II of this book. 

In summary, in a laser-based device, fluctuations in 
sampled gas temperature, water vapor content, and 
pressure can lead to changes in measured gas density 
due to:

• Gas density effects as per Ideal Gas Law and Law 
of Partial Pressures

• Spectroscopic effects as per spectroscopy laws

In any open-path, closed-path or enclosed laser-
based instrument where sample temperature is not 
fully attenuated, and pressure and water content are 
not controlled, the spectroscopic effect is important 
for obtaining correct measurements of gas density 
and gas flux.

For closed-path gas analyzers, the majority of the den-
sity effects and spectroscopic effects can be reduced 
or eliminated, when: (i) intake tube is sufficiently 
long, (ii) air sample is dry, and (iii) pressure fluctua-
tions are negligible. This way the fast fluctuations in 
temperature are strongly attenuated, fast fluctuations 
in water vapor are removed, and pressure fluctuations 
are neglected. Rather than drying the air sample, 

water vapor can also be measured at high speed inside 
the cell and can be used to correct for both dilution 
and spectroscopic effects of water vapor.

With measurements of gas density taken at slow rates, 
the spectroscopic effects can be corrected in real time 
using measurements of mean temperature, water 
vapor and pressure in or near the sampling cell. How-
ever, when gas density is measured at a fast rate, espe-
cially with an open-path instrument, it may be difficult 
to correct for spectroscopic effects in real time, as it 
requires accurate and precise measurements of fast gas 
temperature, pressure, and water content integrated 
over the entire sampling cell volume and recorded at 
the exact moment when the absorption is measured.

In summary, if it is known that at a given temperature 
the spectroscopic effect of the change in temperature 
is 30% of the density effect of the change in tempera-
ture (e.g., thermal expansion-contraction), then one 
can correct for both effects by multiplying the thermal 
expansion term in the WPL equation (Section 4.4) by a 
multiplier 1.3. Similarly, if it is known that the spectro-
scopic effect of water vapor is 40% of the density effect 
of water vapor (e.g., dilution), one can correct for both 
effects by multiplying the dilution term in the WPL 
equation by 1.4.

The approach looks uncomplicated, and in principle it 
is. However, over a wide range of environmental condi-
tions the mathematical relationship between spectro-
scopic and density effects is neither linear nor simple, 
and at each point this relationship depends on interre-
lated effects of temperature, water vapor, and pressure. 
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Concept of connecting density and spectroscopic effects (continued)

Following the concept described in the previous 
pages, we can now propagate the spectroscopic effects 
of fluctuations in temperature, dilution and pressure 
through traditional eddy flux calculations which use 
gas density measurements native to open-path ana-
lyzers, and then apply WPL density terms, where true 
gas density ρc can be expressed as follows: 

ρc = ρcmk

where ρcm is gas density not corrected for spectro-
scopic effects, and ρc is corrected for such effects using 
dimensionless calibration function k =f(T, p, diluting 
gas 1, gas 2,… gas n). 

The k compensates for the spectroscopic effects of 
changing gas temperature, pressure, dilution and other 
changes in gas composition due to spectroscopy only 
and written in here in its most general form. Depend-
ing on the instrument design and measurements tech-
nology, the k may have just a single argument (for 
example, pressure broadening in a temperature-con-
trolled dry gas sample) or it may have many arguments 
(for example, temperature, pressure, H2O, oxygen or 
other diluting gases affecting measured gas density). 

An example of an actual k function for an existing 
open-path laser-based gas analyzer (LI-7700, Section 
2.4) is provided in the figure above for an analyzer 
design where k mainly depends on T, p, ρv (water 
vapor) and not on other gases. A function k shown 
on the left plot above describes such relationship 
between actual gas density (ρc) and gas density mea-
sured with a laser device (ρcm) such that ρc = ρcmk. 
Over the entire range of environmental conditions, 
the k value can be represented by a set of three-di-
mensional surfaces, with each surface depending on 
temperature (T) and water vapor content (ρcv) at each 
pressure (p1, p2, p3, …).

It is difficult to work with such a family of surfaces, 
and to simplify the situation, the concept of equivalent 
pressure can be used to combine water vapor effects 
(expressed as an equivalent pressure by water vapor) 
with air pressure effects into an equivalent pressure 
parameter (pe, see detail in Appendix II). Then a single, 
more manageable three-dimensional surface is formed 
where k depends on T and pe, as shown in the right 
plot above. The k value is now a function of T and pe 
and can be incorporated into the WPL equation using 
ρcmk instead of ρc, as shown next.
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Key derivations of flux equation

To propagate the spectroscopic effects through eddy 
covariance flux computations, the equation ρc = ρcmk 
can be re-arranged using Reynolds decomposition 
(described in Part 1), and then co-varied with vertical 
wind speed. After cancelling the term w’ρcmk covary-
ing instantaneous and mean quantities, and combin-
ing with full WPL equation, including pressure term 
(Section 4.4), one can arrive to a fundamental equa-
tion that describes a propagation of the effects of 
spectroscopy thought the density corrections (e.g., 
WPL terms): the first term on the right is a WPL 
equation multiplied by the mean k, the second term is 
a covariance between w′ and k', and the third one is a 
higher order term (H.O.T.). 

Strictly speaking, the non-negligible fluctuations of 
additional dilutors (other gases in addition to water 
vapor) would have to be represented in this equation 
as additional terms analogous to m  w’ρv’ and would 
propagate through derivations, accordingly, includ-
ing additional H.O.T. Here such terms we neglected 
because present open-path narrow-band gas analyz-
ers are specifically designed to avoid the dilution by 
other gases. 

In this fashion the relationship is established between 
spectroscopic and density effects over a wide range of 
conditions (e.g., k-surface), and is used to correct for 
both spectroscopic and density effects via the same 
WPL framework.

The derivation itself is mathematically complicated 
and presented in detail in Appendix II and in the 
references below, but the results are quite simple: the 
WPL equation is modified to incorporate the spec-
troscopic effects of temperature, water vapor, and 
pressure on the final flux value, in addition to the 
density effects. 

These modifications depend on the form of the func-
tion k at a given temperature, water vapor other dilu-
tor and sample gas pressure which is know from 
spectroscopy laws and captured for an individual 
absorption line in a HITRAN database.

The summary of all key equations, related to spec-
troscopic corrections, can be found in Section II.F of 
Appendix II.

x

Applying Reynolds decomposition:

Computing co-variances with 
vertical wind speed:

Cancelling the terms co-varying 
instantaneous and mean values:

Combining with WPL equation:
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Example of an equation for a specific instrument

Specifically, for an LI-7700 model of high-speed 
open-path CH4 gas analyzer (Section 2.4) at normal 
conditions, the fundamental equation shown in the 
previous pages can be rearranged as shown above 
(details are in Appendix II): WPL equation (top) is 
modified with three multipliers to incorporate the 
spectroscopic effects of temperature, water vapor, 
and pressure on the final flux value, in addition to the 
density effects.

Typical values for A range from 0.96–0.99, B ranges 
from 1.41–1.43, and C ranges from 1.32–1.34. These 
may be quite different for other instruments and tech-
nologies. Please note that no empiricism was needed 
in establishing the function k (except the broadening 
value of 1.46), and in its propagation through further 
computations. The form of k was established using 
HITRAN and verified in lab experiments.

Modern flux processing programs, such as Eddy-
Pro (Section 2.5), recently started to incorporate 

spectroscopic corrections into their menu items 
and processing routines, so special effort may not be 
required when using these programs. 

If writing your own code, it is advisable to program 
the correction into the custom code, then verify the 
coding by hand-calculations for one or two periods, 
and then use this code in all further computations of 
final CH4 fluxes. The complex sequence of steps then 
becomes part of the flux processing code, and addi-
tional efforts or time investments are not required.

The example in Appendix II B-E present general and 
instrument specific derivations, and an algorithm for 
programming the spectroscopic correction for the 
LI-7700 Open Path CH4 Gas Analyzer.

Warning: When using NDIR technology, the spectroscopic 
corrections are not applied to WPL terms during flux calcula-
tions, because related effects (e.g., line broadening) are usually 
corrected on-board the instruments.

Reading and References

Burba, G., McDermitt, D., Komissarov, A., Anderson, T., Xu, L., & Rien-
sche, B. 2011. Method and apparatus for determining gas flux. US Pat-
ent and Trademark Office. US Patent 7,953,558.

LI-COR. 2020. LI-7700 Open Path CH
4
 Gas Analyzer Instruction Manual, 

984-10751, 200 pp. 
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Flux attenuation for significantly different paths

It is also important to note that fast gas density is 
affected by fast changes in gas temperature, pressure, 
water vapor content and other potential dilutors, as 
though all of these were measured in the same path 
with the gas density. So, some adjustment may be 
needed for attenuation of these variables if they were 
measured by instruments with significantly different 
sampling paths, or intake tube was used for one of 
the variables.

For example, equations for spectroscopic corrections 
to the flux shown in the previous page, use covari-
ances of w’T’ and w’ρv’, where gas temperature T and 
water vapor content ρv are often measured outside the 
cell measuring ρcm. If there is little difference between 
the paths measuring each of the components (e.g., T, 
ρv, ρcm) fluctuation is each of them would be path-at-
tenuated approximately the same. Such attenuation is 
described by a transfer function τsp (n) for each fre-
quency n (Section 4.2) and shown as a top equation 
above (where Ps is physical path length of a scalar, and 
u is mean wind velocity). 

If there is a large difference between the path used for 
ρcm measurements and the path used for T and ρv 
measurements, the ρcm may be attenuated more or less 
in comparison with T and ρv. As a result of the 

differences in the paths, the effects of high-speed fluc-
tuations in temperature and water vapor affecting the 
measured gas density may be over or underestimated 
affecting the calculations of  w’T’ and w’ρ’v . This was 
not a concern in the past because the anemometer 
path and the open-path analyzer path were both 
approximately 10–12 cm. In closed-path measure-
ments, such considerations were essentially always 
employed, because internal closed-path ρv′, strongly 
attenuated by the tube and the cell, was used in the 
WPL equation instead of the external slightly attenu-
ated open-path ρv′. In a similar manner, internal T′ 
was always assumed to be fully attenuated by the 
intake tube and the cell, and w’T’ was assumed to be 
negligible, instead of using external slightly attenu-
ated T′ from a sonic anemometer.

In open-path analyzers without an intake tube, the 
path length for ρcm′ may be a lot different from the 
path where T′ and ρv′ are measured, but it is possible 
to approximate the attenuation for T′ and ρv′ as if they 
were measured together with as ρcm′ in the same sam-
pling path.

Next, one can define y=2πnPs1/u and x = Ps2/Ps1, 
where Ps1 is the path length for T′ or ρv′, and Ps2 is 
the path length for ρcm′. The amounts of attenuations 
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in different paths can now be related with a ratio 
approximating attenuation in one path from the 
attenuation in another one, show as a bottom equa-
tion on the previous page. The T′ and ρv′ can be atten-
uated to the path used for the ρcm′ by applying the 
ratio 𝜏sp1(n)/𝜏sp2(n) to the covariances of w’T’ and 
w’ρv’ and after their frequency response corrections 
has been applied. For example, going from a 12 cm 
to the 48 cm path would result in an additional 5% of 
attenuation of the ρv′ signal at a wind speed of 5 m s-1. 
The typical additional attenuation for w'T’ and w’ρv’ 
needed to match the longer path would range from 
an average of about 5% in winter 2.5 m above the bare 
soil to about 25% in summer 1.1 m over the canopy.

Flux attenuation for significantly different paths (continued)

Warning: Please note that the use of the additional attenu-
ation is an unsettled issue because all the covariances in the 
WLP equation would be fully corrected for frequency response. 
If it was known that such corrections were adequate for the 
long and complex laser paths, approximating the additional 
attenuation would not be needed. However, little to no informa-
tion is currently available on the interactions of the turbulence 
structures with the narrow-beam laser paths. The next page 
gives examples of the actual field measurements of CH4 flux 
corrected for the frequency response using the additional 
attenuation to match a longer path of the analyzer.
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Effect on fluxes

To examine the role of spectroscopic correction in 
real-life flux measurements, figure above provides 
examples of open-path methane fluxes over a zero-
flux field computed four different ways: (i) raw cova-
riance between the vertical wind speed and methane 
density without WPL density terms or spectroscopic 
corrections: (ii) fluxes computed in a traditional 
manner using the WPL density terms but no spec-
troscopic corrections; (iii) fluxes computed using 
both WPL density terms and spectroscopic correc-
tions without any additional path attenuation for 
w′T′ and w′ρv′ covariances matching the analyzer 
path; (iv) fluxes computed as in step iii but with 
attenuation of w′T′ and w′ρv′ covariances matching 
the analyzer path. 

As expected, the raw methane fluxes were large and 
were not close to the expected zero values or to 
the range of the available chamber measurements. 
Fluxes computed in a traditional manner using the 
WPL density terms, but no spectroscopic corrections 
were four times smaller than the raw fluxes during 
the work period and 2.5 times smaller than the raw 
fluxes in the cold period, as expected from the much 
larger sensible and latent heat fluxes during warm 
summer months. 

When fluxes were computed using both WPL den-
sity terms and spectroscopic corrections without any 

additional path attenuation, the fluxes seem to have 
been overcompensated in warm period, and still had 
a diurnal pattern, not matching the chamber fluxes 
and unexpected for a zero-flux field, similar to raw 
fluxes and traditionally computed fluxes. The cold 
season fluxes computed according to step iii, per-
formed well matching the range of chamber measure-
ments as expected due to very smaller sensible and 
latent heat flux contribution during winter. 

Finally, using w′T′ and w′ρv′ covariances attenuated to 
the longer path of LI-7700, provided the best results 
and a strong match in values and between eddy cova-
riance and chamber fluxes in both warm and cold 
periods, and with no diurnal variations as expected 
for a zero-flux field. Compensating for both density 
and spectroscopic effects also reduced uncertainties 
in eddy flux measurements 2.5-3.0 times for both 
warm and cold test periods. 

These examples demonstrate the strong influence the 
spectroscopic effects can have on the atmospheric 
flux measurements, and the importance of applying 
the appropriate corrections to compensate for these 
effects when measuring fluxes with analyzer sys-
tems where fluctuations in sample gas temperature, 
pressure and dilution are not tightly controlled or 
eliminated. 
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Implications for various gas species

• Examples illustrating the range of the spectroscopic effects of temperature

• Other absoroption lines and bands may lead to larger or smaller effects

The role spectroscopic effects play in computing fully 
corrected gas flux strongly depends on the specific 
dependencies (e.g., temperature, water vapor, pres-
sure, etc.) defined by the specific absorption lines 
used to measure the gas content. 

The effects can be much smaller or much larger than 
those shown in the examples in the previous page. To 
illustrate this point for four key trace gas species (e.g., 
CH4, CO2, N2O and NH3) table above provides exam-
ples of the contributions of the density effects of 
temperature, term (1+m

x

)

x

w’T’ and related spec-
troscopic effect of temperature to the gas fluxes 
depending on the different absorption lines used for 
measuring each species. Calculations are done for 
sensible heat flux of 200 W m-2, ambient pressure of 
101 kPa, and 25 °C air temperature. Spectroscopic 
effect of temperature as a fraction of the density effect 
of temperature is determined as a ratio of the slope of 
the temperature dependence per Ideal Gas Law and 
actual temperature behavior of the specific absorp-
tion line (details are in literature listed below). 

The same gas species can be measured using dif-
ferent absorption lines, resulting in very different 
respective temperature dependencies, and very dif-
ferent contributions: some add to the density effect 

of temperature, others reduce it, and some overpower 
it causing a negative contribution. For example, the 
spectroscopic effect of temperature can have an abso-
lute contribution of 1.08 mg m-2 h-1 to the CH4 flux of 
3.0 mg m-2 h-1 when CH4 is measured using 1650.96 
nm absorption line, but can contribute -6.06 mg m-2 
h-1 when the measurement line is 1635.42 nm, while 
the contribution of the density effects of temperature 
is only 2.46 mg m-2 h-1 in both cases.

The contributions of the spectroscopic effects vary 
significantly depending on the absolute magnitude of 
the specific gas flux gas as well: from tens of the per-
cent for relatively large natural fluxes of CO2 and CH4, 
and all the way to thousands of percent for much 
smaller natural fluxes of N2O and NH3. 

This underscores the critical need to carefully design 
and characterize the specifications of the nar-
row-band gas analyzers in terms of spectroscopic 
effects, related flux errors, resolution and detection 
limits, as well as the importance of compensating 
instrument-specific spectroscopic effects in addition 
to the density effects, to assure the accurate and reli-
able atmospheric flux measurements. 

Specie Line Flux Concentration
Density Effects 
of Temperature

Spectroscopic Effects of Temperature

nm
mg  

m-2 h-1 ppm mg m-2 h-1 mg  
m-2 h-1

fraction of 
density effects

% of 
final flux

CH4

1650.96 3 1.81 2.46 1.08 0.44 36

1635.42 3 1.81 2.46 -6.06 -2.47 -202

CO2

1606.08 720 391 1434 698 0.49 97

1609.58 720 391 1434 1105 0.77 154

N2O
4485.45 0.02 0.31 1.13 0.60 0.54 3021 

4443.55 0.02 0.31 1.13 -1.74 -1.54 -8684

NH3

2994.35 0.00005 0.14 0.20 0.38 1.85 757915

3003.70 0.00005 0.14 0.20 -0.32 -1.54 -631596
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Reading and References

Burba, G. 2021. Atmospheric flux measurements. In W. Chen, D. S. 
Venables, & M. W. Sigrist (eds), Advances in spectroscopic monitor-
ing of the atmosphere. Elsevier. https://doi.org/10.1016/B978-0-12-
815014-6.00004-X

Burba, G., Anderson, T., & Komissarov, A. 2019. Accounting for spec-
troscopic effects in laser-based open-path eddy covariance flux mea-
surements. Global Change Biology, 25(6), 2189-2202. https://doi.
org/10.1111/gcb.14614

Burba, G., McDermitt, D., Komissarov, A., Anderson, T., Xu, L., & Rien-
sche, B. 2009. European Patent Office. EU Patent 2,473,869. 

Implications for various gas species (continued)

https://doi.org/10.1016/B978-0-12-815014-6.00004-X
https://doi.org/10.1016/B978-0-12-815014-6.00004-X
https://doi.org/10.1111/gcb.14614
https://doi.org/10.1111/gcb.14614
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Overview

• Instrument surface heating correction compensates for the 
effects of temperature differences between the open cell sur-
faces and ambient air

• This correction is sometimes applied to data from older open-
path instrument models when data were collected in cold condi-
tions, and when fluxes were small

• In some new open-path instruments, steps are taken to signifi-
cantly reduce and eliminate surface heating contribution to the 
measured fluxes

The instrument surface heating correction compen-
sates the computed flux (or measured fast gas density) 
for the effects of temperature differences that may 
occur between a cell surface of an open-path instru-
ment and ambient air, under certain conditions.

This correction is sometimes applied to data from 
older open-path instruments (for example, the orig-
inal LI-7500 CO2/H2O analyzer model, etc.) when 
data were collected in cold conditions, and when 
fluxes were small. Certain optical components in such 
instruments were controlled at a warm temperature 
set points (about +30 °C or more), so in cold environ-
ments, temperature gradients could develop between 
the instrument surfaces and the air, causing small 
hourly biases in heat and gas fluxes. While heating 
or cooling of the surfaces around a sampling cell will 
occur in any instrument, closed-path and enclosed 
designs do not require such corrections, because gas 
temperature in the cell is generally known. Fast tem-
perature fluctuations of the air entering the cell are 
either attenuated in long intake tubes or measured at 
a fast rate.

In newer open-path instruments, steps are taken to 
prevent surface heating in cold environments from 

contributing to the flux beyond negligible levels. 
For example, the effect of surface heating was sub-
stantially reduced or eliminated in two newer open-
path designs (e.g., LI-7500DS and LI-7700). In the 
LI-7500DS CO2/H2O analyzer, 5-20 times reduction 
in surface heating was achieved by using a lower com-
ponent temperature set point that can be activated in 
cold environments and by reducing overall power 
consumption of the instrument nearly 4 times. In the 
LI-7700 CH4 analyzer, the size and geometric design 
of the instrument, low power consumption, as well as 
the position of temperature-controlled components, 
prevented instrument surfaces from contributing 
detectable amounts of heat into the measurement 
path even when mirrors were purposefully heated by 
17 °C above ambient (McDermitt et al., 2011).

In the next few pages, a brief review of the factors 
affecting open-path surface heating will be provided, 
along with fundamental and practical equations that 
account for it. Suggested reading and references are 
also provided to describe a choice of methods avail-
able to correct old data, or new data collected with 
older models.
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Fundamental equation

In all gas analyzers with the open-path design, fast 
air temperature fluctuations are not attenuated, and 
have a strong effect on the measured fast gas density 
as per the Ideal Gas Law. Similarly, fast water vapor 
fluctuations have a significant dilution effect on the 
measured fast gas density as per the Law of Partial 
Pressures. Therefore, fluxes measured with open-
path instruments must include WPL density terms 
that account for thermal expansion and water vapor 
dilution (Section 4.4), with pressure term and higher 
order terms are neglected here for simplicity.

Traditionally, the sensible heat flux (H) used in the 
open-path thermal expansion term is measured out-
side the path of the gas analyzer by sonic anemome-
try-thermometry, or with a fine-wire thermocouple 
installed near the sonic anemometer path.

In cold conditions, warm instrument surfaces around 
the gas analyzer open path may heat the air in the 
path. Then there may be non-negligible differences 

(Hadded) between sensible heat fluxes measured inside 
the open path of the analyzer (Hinpath) and that mea-
sured in the ambient air by a sonic anemometer 
(Hambient).

In such cases, the sensible heat flux inside the opti-
cal path (Hinpath = Hambient + Hadded) is the one affecting 
measured gas and water vapor density and should 
be used in both WPL density terms instead of that 
measured in ambient air by the sonic anemometer. 
This leads to a very simple fundamental equation for 
instrument surface heating, as shown in the second 
equation above.

Thus, the general physical basis of the surface heat-
ing concept is the following: if the instrument surface 
temperature is substantially different from ambient 
temperature, it can lead to temperatures and sensible 
heat fluxes inside the path being different from those 
in the ambient air, affecting CO2, H2O, and other gas 
densities measured in the path.

Reading and References

Burba, G., & Anderson, D. 2010. A brief practical guide to eddy covari-
ance flux measurements: Principles and workflow examples for scientific 

and industrial applications. LI-COR. https://www.doi.org/10.13140/
RG.2.1.1626.4161

Same open-path WPL equation using fluxes:

Fundamental equation for surface heating:

Regular open-path WPL equation 
using flux covariances:

inpath

inpath

inpath

Water dilution term 
inside the heated or 
cooled open path

Thermal expansion 
term inside the heated 
or cooled open path

added

https://www.doi.org/10.13140/RG.2.1.1626.4161 
https://www.doi.org/10.13140/RG.2.1.1626.4161 
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Supplementary equation

• When Hinpath is not available, Hadded can be used to assess the heating effect, and the fundamental equation 
can be rewritten as follows:

When a data set in question does not have sensible 
heat flux measured directly in (and integrated over) 
the open path of the gas analyzer, Hinpath, but rather 
has it measured by a sonic anemometer, Hambient, then 
the added heat, Hadded, can be estimated and added to 
the WPL density terms. This is, of course, only if there 
is reason to believe that Hinpath is substantially different 
from Hambient. 

In such cases, traditionally computed gas flux, Fct, 
can be recalculated into a new flux, Fcnew, corrected 
for instrument surface heating, using the equation 
shown above. This correction adjusts the sensible heat 
flux portion of the WPL density terms for the small 

amount of heat added into the open path by instru-
ment surfaces.

When the heating correction is deemed necessary, 
knowing Hinpath for a fundamental equation, or Hadded 
for the supplementary equation above, is required.

In other words, in the equations above we have sepa-
rated the flux calculation into a term computed with 
the traditional WPL formulation (Fct) and a term 
involving Hadded. The correction can proceed by either 
measuring Hinpath, as on the previous page, or estimat-
ing Hadded. Methods for measuring or estimating Hinpath 
and Hadded are discussed below.

Reading and References

Burba, G., et al. 2008. Addressing the influence of instrument sur-
face heat exchange on the measurements of CO

2
 flux from open-path 

gas analyzers. Global Change Biology, 14(8), 1854-1876. https://doi.
org/10.1111/j.1365-2486.2008.01606.x

Grelle, A., & Burba, G. 2007. Fine-wire thermometer to correct CO
2
 flux-

es by open-path analyzers for artificial density fluctuations. Agricultur-
al and Forest Meteorology, 147(1-2), 48-57. https://doi.org/10.1016/j.
agrformet.2007.06.007

Järvi, L., et al. 2009. Comparison of net CO
2
 fluxes measured with 

open- and closed-path infrared gas analyzers in an urban complex 
environment. Boreal Environment Research, 14, 499-514. http://www.
borenv.net/BER/archive/pdfs/ber14/ber14-499.pdf

Oechel, W.C., et al. 2014. Annual patterns and budget of CO
2
 flux in an 

Arctic tussock tundra ecosystem. Journal of Geophysical Research: Bio-
geosciences, 119(3), 323-339. https://doi.org/10.1002/2013jg002431

Reverter, B.R., et al. 2011. Adjustment of annual NEE and ET for the 
open-path IRGA self-heating correction: magnitude and approximation 
over a range of climate. Agricultural and Forest Meteorology, 151(12), 

1856-1861. https://doi.org/10.1016/j.agrformet.2011.06.001

Traditionally 
corrected flux

Correction due to 
added surface heating

cnew
inpath added

cnew
added

inpath
added

https://doi.org/10.1111/j.1365-2486.2008.01606.x
https://doi.org/10.1111/j.1365-2486.2008.01606.x
https://doi.org/10.1016/j.agrformet.2007.06.007
https://doi.org/10.1016/j.agrformet.2007.06.007
http://www.borenv.net/BER/archive/pdfs/ber14/ber14-499.pdf
http://www.borenv.net/BER/archive/pdfs/ber14/ber14-499.pdf
https://doi.org/10.1002/2013jg002431
https://doi.org/10.1016/j.agrformet.2011.06.001 
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Deciding on the corrections

Estimate surface temperatures from air temperatures 
(linear regression) or use multiple regression model

Add sensible heat flux computed after Burba et al. (2008), Jarvi et al. (2009), 
Reverter et al. (2011), Oechel et al. (2014), Frank and Massman (2020) or a 

new model for ambient heat flux in WPL terms

Is it a cold environment?

Was open-path analyzer used?

Heating effect is very likely negligible

Closed-path analyzer: use dry mole fraction or 
apply only water dilution in WPL

Enclosed analyzer: use dry mole fraction, without WPL terms

Use cold setting for minimized heat dissipation
and use regular WPL terms

Use sensible heat flux measured inside the open path 
instead of the ambient sensible heat flux in WPL terms

Effect of instrument surface heating is assumed negligible 
(warm conditions, large and/or one-way fluxes of H2O, CH4, etc.)

Was cold temp setting not available?

Were fast temperature measurements 
inside the open path not available?

Is there a need to estimate sensible heat 
added into the path by instrument surface?

Were instrument surface temperatures measured?

Yes No

Yes No

Yes No

Yes No

Yes No

Yes No

Sm
aller Uncertainty

Larger Uncertainty
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The diagram on the previous page is a decision tree 
to help determine if the correction is needed, and 
what would be the best method to correct a specific 
set of open-path CO2 flux data based on the auxiliary 
measurements available. It is important to note that 
the hourly surface heating correction is quite small, 
even in cold environments (typically, an order of 
magnitude smaller than the WPL correction, and on 
the same order as the open-path frequency response 
correction) and is usually negligible in warmer con-
ditions. So, it should not be confused with other 
important contributing factors and corrections. 

Direct measurements of surface heating in the open 
path of an older model LI-7500 gas analyzer (Grelle 
and Burba, 2007; Massman and Frank, 2009) obtained 
Hadded of about 15-20 W m-2 in cold conditions, sug-
gesting a fairly small added heat correction term, on 
the order of 0.03-0.04 mg CO2 m-2 s-1 or less. Field 
measurements of differences between open-path and 
closed-path CO2 fluxes were on average also on the 
order of 0.03 mg m-2 s-1 or less, corroborating the H 
measurement results (Burba et al., 2008). 

The 24-hour averaged heating effects are expected to 
be on the order of 0.01 mg CO m-2 s-1 or less at 40 °C, 
and 0.05 mg CO2 m

-2 s-1 or less at -40 °C. These small 
biases may not be noticeable on hourly or 24-hour 
time scales but may combine to become important 
when a CO2 budget is constructed over long periods 
of cold conditions, or over a season when the inte-
grated annual CO2 budget may be near zero. 

Unlike the CO2 exchange, the exchanges of H2O, CH4, 
and other gases do not usually have a chronological 
sequence of emissions and uptakes of similar magni-
tudes and opposite signs, that lead to integrated sums 
near zero. Therefore, the percentage-error in long-
term water or methane budgets is typically similar 
to the percentage-error incurred during hourly mea-
surements of water vapor or methane flux. This is a 
small number and is usually within the error bars of 
the measurements. 

Exceptions may be areas with extremely low, near-
zero fluxes. In these cases, any bias can apprecia-
bly affect the cumulative results, as discussed in the 
example of water vapor flux in Reverter et al. (2010) 
and should be corrected.

Warning: If the anticipated heating correction must exceed 
0.03-0.04 CO2 m

-2 s-1 to reconcile a specific dataset, it may be 
caused by entirely different factors, such as errors in calibra-
tion, processing code, time delay, WPL terms, frequency 
response corrections, etc. These need to be carefully examined 
to determine what is causing the error, how the error can be 
corrected, and whether the data during the problematic period 
need to be removed from the final dataset.

Deciding on the corrections (continued)
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Methods of correction

If it was determined that for a particular dataset 
the heating correction should be applied, there are 
many possible ways to measure Hinpath, and to mea-
sure or estimate Hadded for the heating equations. Four 
broad methods proposed for correcting the fluxes for 
instrument surface heating in Burba et al, (2008) are 
summarized above. These are sometimes erroneously 
combined and may benefit from a brief clarification.

Method one is basically a traditional approach that 
assumes heating to be negligible, such that Hinpath = 
Hambient, Hadded = 0. Hambient is then used in the WPL 
equation.

This method generally performs well in moderate or 
warm environments, and with large gas fluxes over-
whelming the WPL terms and surface heating effect. 
However, it may not perform well in cold environ-
ments or during cold periods with small fluxes, when 
added heat comprises a non-negligible portion of the 
WPL terms and the total flux magnitude.

Method two relies on using enclosed or closed-path 
designs, so that the entire surface heating effect is 
avoided. This method performs well in all environ-
ments and is perhaps the most direct and robust solu-
tion for instrument surface heating.

Method three relies on measurements of fast tempera-
ture fluctuations integrated over the open path. Hinpath 
can be computed directly from T′ measured using a 
fine-wire platinum resistance thermometer (PRT) and 
w′ from a sonic anemometer. Massman and Frank 
(2009) have also successfully used a set of fine-wire 
thermocouples distributed over the open path of a gas 
analyzer, instead of a PRT wire, to measure T′ in the 
path and compute Hinpath.

Method four is the only method suitable for correcting 
previously collected data, when in-path fast tempera-
ture was not available. This method does not provide 
direct measurements of Hinpath or Hadded, but rather 
allows estimation of Hadded. There are three versions of 
Method 4. All three versions (i, ii, and iii) have a simi-
lar principle: they use estimates of differences between 
instrument surface temperatures and air temperature 
to estimate Hadded. These differences can either be mea-
sured with thermocouples or estimated in various ways 
by regression methods based on air temperature.

Overall, for past open-path data, the surface heating 
correction should be treated like other corrections 
such as frequency response corrections and WPL 
terms: study and understand the effect; evaluate its 
magnitude; make appropriate corrections (some can be 
applied automatically by programs such as EddyPro). 

Method 1 Method 2 Method 3 Method 4

Traditional: 
assumes

Hinpath=Hambient

Hadded=0

Enclosed and 
closed-path 
approaches:
Hx irrelevant

Measure slow 
surface 

temperature

Linear regression 
with air 

temperature

Other 
parameterization

Estimate
Hadded

Multiple 
regression with 
key parameters

Approximate 
slow surface 
temperature

PRT wire

Set of 
thermocouples

Convert to dry 
mole fraction

Compute
Hinpath

Other 
thermometry

Measure fast 
temperature 
in the path 

directly

Methods proposed in Burba et al (2008)

Later modifications and alternatives proposed in 2009-2020
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Methods of correction (continued)

Then for the past data the corrections can be applied by:

• Developing a site-specific open-path/closed-
path relationship (Jarvi, et al., 2009; Reverter, et 
al., 2011)

• Using semi-empirical relationships (Burba, et 
al., 2008)

• Using site-specific parameterization described 
in Oechel et al (2014) and described in detail in 
Appendix III 

• Following approach outlined Frank and Mass-
man (2020)

• Or by deriving a new relationship based on the 
concept of surface heating.

For the future data, the most robust approaches 
available are:

• Using enclosed gas analyzers (e.g., LI-7200 or 
LI-7200RS), closed-path analyzers (power and 
error tolerance permitting), or new open-path 
analyzers with low heat dissipation and cold tem-
perature settings (e.g., LI-7500RS or LI-7500DS)

• Measuring surface heating using fine-wire ther-
mometer (Grelle and Burba, 2007), or a set of 
fine-wire thermocouples (Massman and Frank, 
2009). 

• Here, please avoid inserting gas analyzer inside 
the anemometer, as it will report incorrect sensi-
ble heat flux from the ecosystem due to instru-
ment heating and will likely to create errors in all 
other fluxes due to the incorrect sensible heat flux 
and due to flow distortion (see Sections 2.3, 2.4, 
3.2, 4.2 for details and implications).

Warning: Modern flux processing programs (such as Eddy-
Pro) include a surface heating correction as an option. Method 
4 is usually available.

Special care should be used when opting for automated appli-
cation of the surface heating correction by Method 4 (all three 
versions). This method was developed for an older pre-2010 
gas analyzer model that was positioned vertically. Newer open-
path sensors may or may not need a surface heating correc-
tion, depending on their design and settings. Sensors angled 
away from vertical may need parameterization or adjustment 
(see Appendix III).
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Concept

Optical gas analyzers measure how known light is 
transformed by gas molecules in a known volume, so 
they essentially measure density. The classical eddy 
flux equation, however, is based on the dry mole frac-
tion (see Part 1 and Section 4.4 for details).

Dry mole fraction of a gas, sometimes called mixing 
ratio in micrometeorology, is different from gas den-
sity due to water vapor mole fraction (Xw), tempera-
ture (T) and pressure (p) of the gas.

If the instrument can output fast dry mole fraction, 
the flux processing is significantly simplified and WPL 
density terms are no longer required. This is because 
use of instantaneous dry mole fraction implies that 
the instantaneous thermal and pressure-related 
expansion, and water dilution of the sampled gas have 
been accounted for.

The flux can then be computed in a very simple 
way, by multiplying raw covariance by a frequency 
response correction.

This approach can resolve two key theoretical chal-
lenges of computing flux from gas density: (i) uncer-
tainty in sensible and latent heat fluxes affecting 
respective WPL terms; (ii) uncertainty in approxi-
mating instantaneous behavior with hourly behavior. 
Both of these uncertainties are quite difficult to mea-
sure and verify.

However, computing flux from dry mole fraction has 
two engineering challenges: (i) matching time of fast 
CO2 and H2O measurements with fast T and p mea-
surements of the sampled air; (ii) specifications of T 
and p sensors.

Both of these challenges are quite easy to measure and 
verify, but they must be resolved prior to using dry 
mole fraction in flux calculations.

Warning: It is important to use consistent units (moles, 
grams, etc.) throughout the flux equation above for s′, ρd and 
Fc. Mixing moles, micromoles, grams, kilograms and others in 
the same equation can easily result in a large error in the flux 
calculations.

Reading and References

Leuning, R. 2004. Measurements of trace gas fluxes in the atmosphere 
using eddy covariance: WPL calculations revisited. In X. Lee, W. Mass-
man, & B. Law (eds), Handbook of Micrometeorology: A guide for sur-
face flux measurement and analysis (pp 119-131). Kluwer Academic 

Publishers.  

• Optical gas analyzers measure how known light is transformed by gas molecules in a known volume, so 
they essentially measure density

• The classical eddy covariance flux equation is based on dry mole fraction

• Dry mole fraction s (per mole of dry air) is different from density ρc (per m3), due to just three variables: 
water vapor mole fraction (Xw), temperatures (T), and pressure (p):

• If an instrument can output fast dry mole fraction, the classical flux equation can be used, and WPL density 
terms are no longer required
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Requirements

Using fast dry mole fraction for flux calculations 
reframes difficult-to-verify theoretical problems into 
easily verifiable engineering tasks (e.g., measure T, p, 
CO2 and H2O content of sampled air fast, well, and at 
the same time), but it requires special care in instru-
ment design.

For instruments using an open-path design, this 
method is difficult to use because of complexities with 
maintaining reliable fast temperature measurements 
integrated over the entire open path, and also because 
of extraordinary challenges with accurate measure-
ments of fast pressure in the open air flow and with 
avoiding the flow distortion in the anemometer from 
closely located analyzer.

For instruments utilizing a traditional long-tube 
closed path design, this method can be used when 
instantaneous fluctuations in the air temperature 
of the sample are attenuated by the tube, instanta-
neous pressure fluctuations are regulated (or can be 

assumed negligible), and water vapor is measured 
simultaneously with gas, or the sample is dried.

For instruments with a short-tube enclosed design, 
most but not all of the instantaneous temperature 
fluctuations are attenuated, so calculating fluxes using 
fast dry mole fraction output requires fast tempera-
ture measurements of the air stream inside the cell.

In both closed-path and enclosed analyzers, precise 
time matching between ρc, T, p and Xw is extremely 
important for computing the correct instantaneous 
dry mole fraction, because temperature- and pres-
sure-related expansion and contraction, and water 
vapor dilution are instantaneous processes affecting 
gas density and its conversion to dry mole fraction.

Therefore, special steps should be taken in the gas 
analyzer electronics and firmware to properly mea-
sure, weigh, delay and align all inputs required for 
conversion from native density measurements to dry 
mole fraction.

Reading and References

Burba, G., et al. 2011. Calculating CO
2
 and H

2
O eddy covariance fluxes 

from an enclosed gas analyzer using an instantaneous mixing ratio. 
Global Change Biology, 18(1), 385-399. https://doi.org/10.1111/j.1365-
2486.2011.02536.x

   must be measured fast in the 
cell, and aligned with  at fast rate

  can be successfully 
used for flux calculations

   must be measured fast in the 
cell, and aligned with  at fast rate

 must be measured 
fast in the cell

 must be measured fast in the cell's 
air, integrated over the entire path, 
and aligned with  at fast rate

https://doi.org/10.1111/j.1365-2486.2011.02536.x 
https://doi.org/10.1111/j.1365-2486.2011.02536.x 
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Importance of aligning the inputs

The left plot above gives an example of the level of 
performance that can be achieved when the instru-
ment is specifically designed to properly compute fast 
dry mole fraction.

Dry mole fraction-based CO2 fluxes without WPL 
terms are plotted vs. traditional density-based fluxes 
with WPL terms for nine different deployments over a 
wide range of environments using enclosed LI-7200RS 
analyzers. The dry mole fraction-based approach per-
forms well for hourly fluxes across all sites collectively, 
and for nearly each hour at each site.

To obtain these results, fast temperatures were mea-
sured in the sampled air stream near the cell inlet and 
outlet and were weighted 1:4 to provide a temperature 
properly integrated over the entire cell volume. Outlet 
air temperature was delayed in time in relation to inlet 
cell temperature to describe the same exact air parcel, 
and all other signals were delayed in relation to the 
temperatures to compensate for the thermal inertia of 
the thermocouples.

Let us look at an example of what would happen if 
the parameters were misaligned. Using the traditional 

density-based approach, sensible and latent heat fluxes 
for WPL terms are computed during post-processing, 
and proper delays are determined using circular cor-
relation or other similar means. Thus, if the relevant 
time series (e.g., rc, T, p, and Xw) were to be misaligned 
in relation to each other, the post-processing routine 
would re-align them, leading to correct results. When 
using fast dry mole fraction, there is no opportunity 
for on-the-fly post-processing to realign the mis-
aligned time series.

The right plot above illustrates a hypothetical situa-
tion, where instantaneous cell T is intentionally mis-
aligned. The error in the CO2 fluxes rapidly increased 
with the delay. The daytime CO2 uptake increases as 
if it was under-corrected by the H-term in WPL. 
Sub-second delays caused errors of a few percent, 
and multi-second delays caused flux errors as high 
as 25% to 75%.

When the inputs are properly aligned, as computed 
by the instrument firmware in real time, the dry mole 
fraction-based fluxes matched density-based hourly 
fluxes, as expected from the theory.

Reading and References 

Burba, G., et al. 2011. Calculating CO
2
 and H

2
O eddy covariance fluxes 

from an enclosed gas analyzer using an instantaneous mixing ratio. 
Global Change Biology, 18(1), 385-399. https://doi.org/10.1111/j.1365-
2486.2011.02536.x
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Importance of high-speed airstream temperature 

Another example of the importance of high-speed 
temperature measurements in the sampling cell’s air-
stream is shown in the plot above. 

The plot shows hourly CO2 fluxes computed using 
fast temperature of the sampled air in the cell (green) 
compared to those computed from temperature of 
the cell block (red) accumulated over a month.

A lack of fast air temperature measurements in 
the cell leads to a rapid accumulation of error in 
CO2 fluxes, noticeable after first few days, and very 

significant by the end of the one-month period (10.6 
vs 5.6 g CO2 m

-2). The resulted error over a month is 
about 5.0 g CO2, or 47% of the CO2 budget. By the end 
of the month, the carbon budget was underestimated 
nearly twice!

Section 2.4 shows additional examples of the impor-
tance of fast temperature measurement in the cell’s 
air. It also demonstrates how difficult it could be to 
see the difference between the hourly fluxes com-
puted using cell air temperature and cell block tem-
perature if just plotting one versus another. 

Reading and References

Kathilankal, J., Fratini, G., & Burba, G. 2015. High-speed Air Tempera-
ture Measurements in a Closed-path Cell and Quality of CO

2
 and H

2
O 

Fluxes from a Short-tube Gas Analyzer. In American Geophysical Union, 
Fall Meeting Abstracts, San Francisco, CA., (pp B33C-0667). https://
agu.confex.com/agu/fm15/meetingapp.cgi/Paper/82678
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On the previous pages, properly measured dry mole 
fraction was shown to provide reliable hourly fluxes 
without the need for WPL density terms. There is 
also another advantage to using the dry mole frac-
tion-based approach, related to pressure effects.

The effects of fast fluctuations in gas pressure are often 
neglected when computing hourly or daily gas fluxes. 
However, the pressure effect is additive and primarily 
in one direction and can potentially cause a bias over 
the long term.

When using open-path devices or unregulated closed-
path devices, pressure effects are assumed negligible, 
often are not measured at a fast rate, and thus, are not 
part of the flux calculations.

When using enclosed analyzers or closed-path devices 
with fast pressure measured in the cell, the role of 
pressure effects can be examined by comparing three 
ways of computing flux:

1. Traditional way based on fast density with no 
pressure term in WPL equation (see Section 4.4);

2. Same approach with pressure term

3. Computations based on fast dry mole frac-
tion, with fast pressure incorporated into the 
calculations.

Such a study was conducted by Nakai et al. in 2011, 
demonstrating strong evidence that:

1. Pressure term is important for gas budgets, and 
can account for 25-30% of the budget over 6 weeks

2. Pressure effects are measured well when fluxes are 
computed using fast dry mole fraction.

These findings are important not only for windy sites 
with rapidly fluctuation pressure but are also signif-
icant for any site or period with small fluxes, and 
potentially for nearly all long-term studies.

Importance of high-speed pressure

• Errors in the traditional density-based flux 
calculations due to neglected pressure effects 
can be avoided when using dry mole fraction 
to compute gas fluxes.
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Summary

• To obtain correct fast dry mole fraction of a gas, high-speed measurements of gas sample temperature, 
water content and pressure must be integrated over the same sampling volume, and done at the same 
time as gas density

• Computing fluxes from such fast dry mole fraction may be more beneficial than computing them tradition-
ally from fast density:

• Long-standing methodological issues are reframed into a set of fairly simple engineering and instru-
ment tasks

• Flux processing is simplified significantly, and flux data quality and temporal resolution are likely to 
increase, while size of uncertainty and minimum detectable flux are likely to decrease

Gas flux calculations based on dry mole fraction 
(converted from density using fast gas temperature, 
water vapor content and pressure measured in the 
sampling cell) may offer benefits over the traditional 
density-based approach:

• Fairly complex theoretical and methodologi-
cal problems are reframed into a set of simple 
engineering tasks (e.g., measure T, p, Xw, and ρc 
together, fast and well)

• Flux processing simplified to: (i) running time 
delay between w′ and s′ to obtain maximum 
covariance, and (ii) applying frequency response 
corrections to obtain the final flux

• Flux data quality and temporal resolution are 
likely to increase, while the size of uncertainty 
and minimum detectable flux is likely to decrease, 
because errors in WPL terms coming from eddy 
covariance (±10% to ±20%) are replaced with 
errors from H2O, T and p measurements in the 
cell (less than a few percentage points)

• Pressure effects are measured and incorporated 
into dry mole fraction, so pressure effects do not 
have to be neglected, benefiting long-term flux 
integrations 

At present, properly designed enclosed- and closed-
path gas analyzers can utilize flux computations 
based on the fast dry mole fraction, with no need for 
subsequent WPL terms. 

However, open-path systems are still facing signifi-
cant challenges with this approach, specifically: the 
ability to measure fast air temperature integrated 
over the entire path of the gas analyzer; the ability to 
measure fast air pressure in the open wind flow going 
through the analyzer; and the ability to miniaturize 
the flux system well enough to avoid flow and tem-
perature distortions in the anemometer path due to 
closely located gas analyzer.

Until these issues are resolved, it is not recommended 
to compute open-path fluxes using dry mole fraction. 
Traditional calculations of open-path fluxes based on 
high-speed gas density measurements should be used 
instead, with subsequent application of WPL terms. 

Warning: Please refer to the uncertainty portion of the Sec-
tion 5.2 for additional examples of the large effects of seem-
ingly small biases (e.g., neglecting fast temperature or pressure 
measurements of the sampled air in the cell, introducing flow 
distortion to the anemometer described, small seemingly insig-
nificant errors during field calibration, and other frequently 
overlooked issues) which are important for any flux measure-
ments but particularly detrimental to small fluxes.
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Other corrections

• Oxygen correction:

• Compensates for krypton hygrometer sensitivity to oxygen

• Applies to krypton hygrometer’s H2O flux

• Foreign gas (band broadening) correction in NDIR measurements:

• Compensates for the broadening of CO2 IR absorption band due to the presence of other gases in the 
sampling volume

• Applies to CO2, may apply to other gases depending on instrument

• See LI-COR application note for details

There are other less common instrument-specific 
corrections, for example, oxygen correction for 
UV-based measurements, or band broadening cor-
rections for NDIR- based measurements.

An oxygen correction compensates for sensitivity 
to oxygen for a specific instrument (e.g., a krypton 
hygrometer), and is applied to the measured latent 
heat flux. More information on the oxygen correction 
can be found in the literature listed below.

The band broadening correction for NDIR instru-
ments is most often used to compensate for the 
broadening of the CO2 infrared absorption band due 
to the presence of water molecules in the sampled gas. 

It applies primarily to CO2 flux measured with infra-
red gas analyzers, but may apply to other gases as well, 
depending on the instrument. Similar band-broaden-
ing effects of oxygen and other abundant gases are 
usually assumed negligible, since their concentra-
tions are not as variable as water vapor.

Newer gas analyzers (e.g., LI-7000, LI-7200RS and 
LI-7500DS) apply this correction automatically in the 
instrument software. Older instruments or instru-
ments by other manufacturers may require apply-
ing this correction manually. Please refer to specific 
instrument manuals for details. The principles of 
band broadening and related practical applications 
can be further studied in the references listed below.

Reading and References

McDermitt, D., Welles, J., & Eckles, R. 1993. Effects of Temperature, 
Pressure, and Water Vapor on Gas Phase Infrared Absorption by CO

2
. 

LI-COR, Inc. https://www.licor.com/documents/042zyxu599e7sui3ev5q

Chen, W.J., et al. 1999. Effects of climatic variability on the annual car-
bon sequestration by a boreal Aspen forest. Global Change Biology, 
5(1), 41-53. https://doi.org/10.1046/j.1365-2486.1998.00201.x

Tanner, B., Swiatek, E., & Greene, J. 1993. Density fluctuations and 
use of the krypton hygrometer in surface flux measurements. In R. G. 
Allen (ed), Management of irrigation and drainage systems: Integrated 
perspectives (pp 945-952). American Society of Civil Engineers.

van Dijk, A., Kohsiek, W., & de Bruin, H.A. 2003. Oxygen sensitivity 
of krypton and Lyman-𝛼𝛼 hygrometers. Journal of Atmospheric and 
Oceanic Technology, 20(1), 143-151. https://doi.org/10.1175/1520-
0426(2003)020<0143:osokal>2.0.co;2

https://www.licor.com/documents/042zyxu599e7sui3ev5q
https://doi.org/10.1046/j.1365-2486.1998.00201.x
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https://doi.org/10.1175/1520-0426(2003)020<0143:osokal>2.0.co;2
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Flux storage

• Eddy covariance instruments record 
flux at a certain measurement height

• Below this measurement height, con-
centration can build up or decrease, 
especially during calm periods (for 
example, on a calm night)

• Gusts of wind can move this buildup 
sideways or upward very quickly, so 
this flux may be either undetected or 
only partially detected

• Gas concentration profile measure-
ments help detect and account for 
most of such buildups

Eddy covariance instruments record flux at a certain 
measurement height. Below this height, gas can build 
up or become depleted, especially during calm peri-
ods, or within a tall canopy (for example, CO2 buildup 
on a calm night or CO2 depletion on a calm day).

Depending on canopy and terrain, wind gusts can 
move such buildups sideways below the tower, or 
upward next to the tower very rapidly, so this flux 
is either undetected or only partially detected, espe-
cially in tall canopies or in complex terrains.

On flat uniform terrains with short canopies and with 
good turbulent mixing, these processes are either 

small or eventually balance themselves out over 
the long term, but they still may significantly affect 
hourly data.

Gas concentration profile measurements allow detec-
tion of the majority of these buildups by providing 
data for computing a gas flux storage term below the 
measurement height.

These measurements can be done with a variety of 
slow gas analyzers, as long as the analyzers are sta-
ble in time and have good enough resolution (e.g., 
LI-850, LI-7810, LI-7815, LI-8100/A, LI-8150, etc.). 

Reading and References 

Aubinet, M., Vesala, T., & Papale, D. (eds) 2012. Eddy covariance: a 
practical guide to measurement and data analysis. Springer, Dordrecht. 
https://doi.org/10.1007/978-94-007-2351-1

Baldocchi, D. 2012. Advanced topics in biometeorology and microme-
teorology. Department of Environmental Science, UC-Berkeley, Califor-
nia. Lecture notes. http://nature.berkeley.edu/biometlab/espm228

Heilman, J.L., McInnes, K.J., & Owens, M.K. 2003. Net carbon dioxide 
exchange in live Oak-Ashe-Juniper savanna and C4 grassland ecosys-
tems on the Edwards Plateau, Texas: effects of seasonal and interan-
nual changes in climate and phenology. National Institute for Global 
Environmental Change Publications, Annual Report: 2003-2004.

Nicolini, G., & Papale, D. 2017. ICOS ecosystem instructions for storage 
fluxes measurements (CO2, H2O, CH4 and N2O). ICOS Ecosystem The-
matic Centre. https://doi.org/10.18160/71na-qbtc

https://doi.org/10.1007/978-94-007-2351-1
http://nature.berkeley.edu/biometlab/espm228
https://doi.org/10.18160/71na-qbtc
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Flux storage (continued)

• A storage term can be calculated from temporal changes in gas concentration profiles, and can be incorpo-
rated into the final flux as shown in the above equation

• Storage calculations are especially important during conditions with low wind, stable stratification, in 
high canopies, or in any cases when air mixing is significantly reduced and/or atmosphere and surface 
are decoupled

The storage term is usually calculated from the tem-
poral changes in the integrated gas concentration 
profile and is added to the eddy covariance flux to 
arrive at the final flux value.

The gas concentration profile is typically measured at 
a slow rate at several heights (z) above the soil surface, 
and below the height of the eddy covariance instru-
mentation (zm).

The flux storage is computed from this profile over 
some time interval (t), usually a half-hour or an hour.

Storage calculations are especially important during 
conditions with low wind, stable stratification, high 
canopies, in cases when air mixing is significantly 

reduced, or when the atmosphere and surface are 
decoupled from each other.

Storage calculations are not measurements of turbu-
lent fluxes, but they are important for the final flux 
values, especially when net ecosystem exchange is the 
focus of the study.

Warning: It is important to distinguish between “gas flux 
storage”, the amount of gas building up under the tower, from 
“energy storage”. Energy storage (or heat storage) is part of the 
ecosystem energy budget, and describes the heat energy 
stored in the soil, liquid water, canopy, or mulch layer. The soil 
portion of the heat storage is a part of soil heat flux, and is 
often called “soil heat storage”, or sometimes, may be called 
“soil heat flux storage”.

Reading and References

Aubinet, M., Vesala, T., & Papale, D. (eds) 2012. Eddy covariance: a 
practical guide to measurement and data analysis. Springer, Dordrecht. 
https://doi.org/10.1007/978-94-007-2351-1

Aubinet, M., et al. 2001. Long term carbon dioxide exchange above a 
mixed forest in the Belgian Ardennes. Agricultural and Forest Meteo-
rology, 108(4), 293-315. https://doi.org/10.1016/s0168-1923(01)00244-1

Finnigan, J. 2006. The storage term in eddy flux calculations. Agricultur-
al and Forest Meteorology, 136(3-4), 108-113. https://doi.org/10.1016/j.
agrformet.2004.12.010

Wang, X., et al. 2016. Improving the CO2 storage measurements 
with a single profile system in a tall-dense-canopy temperate forest. 
Agricultural and Forest Meteorology, 228-229, 327-338. https://doi.
org/10.1016/j.agrformet.2016.07.020

Flux from eddy covariance Flux storage term
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https://doi.org/10.1016/j.agrformet.2004.12.010
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Summary of corrections

Since flux measurements are imperfect due to 
assumptions, instrument problems, physical phe-
nomena, and specifics of the particular terrain, there 
are a number of corrections that must be applied to 
the raw flux value.

The impact of the corrections is strongly dependent 
upon the instrument design, system setup, environ-
mental conditions, and the size of the raw uncor-
rected flux. The table above shows the most common 
corrections, affected fluxes, and very approximate 
mid-day warm-season ranges of these corrections 
in relation to the flux in an unstressed mid-latitude 
green vegetative ecosystem.

Please note that even though the size of a correction 
is shown as a percentage of the flux for illustrative 
purposes, some of the corrections are multiplicative, 
while others are additive.

Modern flux programs will automatically apply 
most of the corrections as a part of the standard flux 
processing sequence. For an unusual setup or cus-
tom-built instrumentation, some steps in the process-
ing program may need to be customized accordingly. 

Key considerations:

• Spike removal is applied to all fluxes, and usually 
affects no more than fifteen percent of the flux. 
Good instrument maintenance may help to mini-
mize the effect of data spikes.

• Coordinate rotation corrects for an unleveled 
sonic anemometer in relation to mean flow and 
affects all fluxes due to contamination of the ver-
tical wind speed with a horizontal component.

• This correction can reach 25% or more of the 
raw flux, depending on the leveling of the sonic 
anemometer. 

• A cosine response correction, and/or angle-of-
attack correction can also be considered at this 
stage for some sonic anemometer models.

It is important to note that the anemometer correc-
tion listed above will not correct for flow distortion 
caused by an overly cluttered setup, or bulky objects 
located near the anemometer path.

It is best to avoid flow distortion during instrument 
selection and system setup rather than try to correct 
for it during data processing.

Procedure Affected fluxes Effect Range

Spike removal all depends 0-15%

Coordinate rotation all depends 0-25%

Angle of attack correction all depends 0-25%

Flow distortion near the anemometer* all depends 5-50%

Time delay adjustment mostly closed path increases flux 0-50%

Frequency response corrections all increase flux 0-50%

Sonic heat flux correction sensible heat flux depends 0-10%

Webb-Pearman-Leuning terms any gas depends 0-50%

Spectroscopic effects for LASERs any gas depends 0-25%

Band-broadening correction for NDIR mostly CO2 depends 0-5%

Oxygen correction some H2O depends 0-10%

Gas flux storage term any gas increase flux 0-5%

*No correction available, highly wind direction- and angle dependent, install any bulk away from transducers
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Summary of corrections (continued)

• A time delay adjustment corrects the delay in the 
correlated time series and is especially crucial for 
closed-path systems. The result of the adjustment 
may typically range between five and fifteen per-
cent of the raw flux and can be applied by shifting 
two time series in such a way that the covariance 
between them is maximized or can be computed 
as a theoretical time delay from the known flow 
rate and tube diameter.

For sticky gases, such as H2O, NH3, etc., the tube 
delays may become very large when long tubes 
are used. In these cases, the resulting adjustment 
of the time delay may be 50% or more of the 
measured flux.

• Frequency response corrections compensate 
for flux losses at different turbulent transport 
frequencies. They consist of a number of indi-
vidual corrections (e.g., time response, tube 
attenuation, scalar/vector path averaging, sensor 
separation, sensor response mismatch, low pass 
filtering, high pass filtering, and digital sam-
pling) combined into one final transfer func-
tion. They are applied to all fluxes, usually range 
between five and twenty five percent of the flux 
and can be minimized to some extent by proper 
experimental setup.

Like the time delay adjustment, attenuation of 
sticky gases, such as H2O, NH3, etc., in the long 
tubes of closed-path analyzers may become very 
large. In these cases, the frequency correction 
for the attenuation may be 50% or more of the 
measured flux.

• Sonic heat flux correction compensates for 
humidity fluctuations and momentum flux, 
affecting sonic temperature measurements and 
usually affecting no more than ten percent of 
sensible heat flux.

• The Webb-Pearman-Leuning density terms affect 
gas and water fluxes. The size and direction of 
these additive terms varies greatly, from several 
hundred percent of the flux in winter, to only a 
few percent in summer.

Open-path analyzers have a large WPL impact due 
to a typically large thermal expansion-contraction 
term. Closed-path devices have a much smaller 
WPL impact due to temperature attenuation in 
long intake tubes. Enclosed devices that can output 
dry mole fraction at a fast rate do not need WPL 

terms in flux calculations, and also account for the 
pressure effects traditionally neglected in open-
path and closed-path measurements.

• Spectroscopic effects for laser-based technologies 
may affect fast concentrations and fluxes. The 
impact is generally specific to the technology and 
should be treated with caution. Corrections exist 
for specific instrument models.

• The band-broadening correction affecting gas 
fluxes measured by NDIR greatly depends on the 
instrument used. The correction is usually on the 
order of zero to five percent, and is either applied 
in the instrument’s software, or described by the 
manufacturer in the instrument manual.

• Oxygen correction compensates for oxygen in the 
path of a krypton hygrometer and is usually no 
more than ten percent of the raw flux.

• The gas flux storage term accounts for a build-up 
of the gas below the height of eddy covariance 
measurements under low winds, stable conditions 
or within tall canopies. On flat uniform terrains 
with short canopies and with good turbulent mix-
ing these processes are either small, or negligible, 
or even themselves out over the long term, but 
they can still significantly affect hourly data.

• None of these corrections, adjustments and 
terms are negligible. Combined, they can easily 
sum to over one hundred percent of the initial 
flux value, especially for small fluxes and for 
yearly integrations. This illustrates how import-
ant it is to minimize potential errors during 
experiment planning, instrument selection and 
site setup, and correct the remaining errors 
during data processing.

Warning: Finally, please note that the entire traditional 
mathematical framework for flux computation and data pro-
cessing was developed for very large fluxes, such as H2O, and 
somewhat large fluxes, such as CO2. It still works well for some 
but not all cases of typical CH4 fluxes. 

It likely will not work well for measurements of very small 
fluxes if not properly adjusted. Some of the neglected physical 
terms, mathematical HOTs, and processing steps will have to 
come back into flux calculations. 

Please refer to Langford et al (2015), Nemitz et al (2018), cospec-
tra discussion in Section 5.1, and summary equation table in 
Appendix II.F for some examples and additional explanations.
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Overview

• Each experimental site is different and requires unique treatment

• Eddy covariance is, to a large extent, a site-specific method

• The entire process of experimental design, implementation and data processing should be tailor-made for 
specific purpose at specific site

The eddy covariance method provides measure-
ments of gas emission and consumption rates, and 
also allows measurements of momentum, sensible 
heat, and latent heat fluxes integrated over areas of 
various sizes.

Eddy covariance is a statistical method to compute 
turbulent fluxes and can be used for a variety of pur-
poses. The specific applications of the eddy covari-
ance method are numerous and may require specific 
mathematical approaches and processing workflows.

Because of this, there is no single ‘recipe’ to using the 
eddy covariance method. The need for individual-
ized, customized approaches to each experiment is 
perhaps the most important feature of the eddy cova-
riance approach. It is, to a large extent, a purpose-spe-
cific and site-specific method.

These purpose-specific and site-specific features also 
provide great built-in flexibility. In conjunction with 
user knowledge and understanding of the method 
and the study site, eddy covariance allows confident 
custom-fit measurements in multiple environments.

The eddy covariance workflow helps the researcher to 
take advantage of the flexibility and navigate through 
the entire complex process.

Proceeding step-by-step through the stages of the 
workflow will allow a researcher to properly design 
and implement the experiment, to correctly process, 
validate and analyze the data, and to provide reliable 
results satisfying the specific purpose.

More details on the workflow can be found in Parts 
2-4 of this book, while a brief summary of the main 
parts follows.
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The first part of the eddy covariance workflow is the 
experiment design stage. This stage consists of estab-
lishing the purpose, variables, instruments, software, 
location, and developing a maintenance plan. 

This stage is an opportunity to optimize time and 
costs, ensure continuous and consistent collection 
of high-quality data, and avoid numerous compli-
cations during the implementation and execution of 
the experiment.

Experimental purposes can vary greatly, from scien-
tific applications (multiple or single ecosystem stud-
ies, ocean studies, etc.) to regulatory and commercial 
applications. The complexity of design, number of 
required variables, and instruments will also vary sig-
nificantly depending on the purpose and application.

The experiment may be as complex as a comprehen-
sive multi-layer ecosystem network tied into satellite 
observations and global modeling or can be as simple 
as a small tripod with one sonic anemometer and one 
fast gas analyzer in the middle of a landfill.

Establishing the purpose will prompt a list of required 
variables and location and will then lead to the selec-
tion of specific instruments and software.

Regardless of the type of the station, eddy covariance 
instruments should be fast, sensitive to small changes, 
and stable overtime. They should ideally be omnidi-
rectional and should minimize or eliminate flow dis-
tortion in sonic anemometer. The site should ideally 
be sufficiently large in size, and uniform.

A maintenance plan will also be required. Without 
well-planned and coordinated data checking and site 
visitations, data loss can significantly impair the results. 

The majority of sites may need bi-weekly or monthly 
visits to inspect the site and clean the instruments. 
Sites equipped with remote access can plan on check-
ing instrument diagnostics and data quality remotely 
on a daily, weekly or bi-weekly basis, and reduce site 
visitation to an as-needed basis. 

Extremely remote sites can be designed to reduce vis-
itations to monthly or bi-monthly, but this requires 
substantial investments in planning time and instru-
ment selection.

Experiment Design

Make maintenance plan

Set purpose and variables

Decide on hardware 
(instruments, tower, etc.) 

Decide on software
(data collection, processing) 

Establish location 

Experiment design
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Experiment implementation
Implementation involves placing the tower and 
instruments, testing data collection and retrieval, 
testing the processing program, and keeping up reg-
ular maintenance throughout the experiment. Estab-
lishing remote communications with the site will be 
of great benefit at this stage.

The tower should be preferably placed in the center of 
the study area, in such a way that the useful footprint 
from all wind directions is maximized. If there is one 
prevailing wind direction, the tower can be placed on 
the downwind edge of the area of interest to maxi-
mize the footprint.

Instruments should ideally be placed at the max-
imum height that still allows for a useful footprint. 
The instruments should be oriented in relation to the 
tower, prevailing winds, and each other so that flow 
distortion to the sonic anemometer is minimized.

Data collection should ideally allow for remote daily 
checks and real-time access and logging, but parallel 
backup collection of all data using removable on-site 
memory is highly recommended.

Testing data collection and retrieval should be thor-
ough, to avoid data gaps. Instrument diagnostics 
and data values should be checked daily for the first 
few days of the experiment, and weekly for the first 
few weeks of the experiment to make sure all techni-
cal, weather and flux parameters are within reason-
able ranges.

After successful implementation, further spot-check 
data inspections can be done bi-weekly or monthly, 
although automated daily summaries are useful and 
easy to implement at sites with remote fast access.

Regular maintenance should be kept up throughout 
the duration of the entire project, as scheduled during 
the planning stage, to avoid collecting bad data over 
long periods. Lack of properly scheduled verification 
of data and diagnostics, regular site visits and instru-
ment maintenance are some of the most common pit-
falls at this stage of the workflow.

Experiment Implementation

Place tower

Place instruments

Test data collection

Test data retrieval

Collect data

Test data processing

Keep up maintenance
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The key parts of the data processing stage of the eddy 
covariance experiment are pre-conditioning of the 
raw instantaneous data, applying corrections and 
terms, conducting data quality control and gap fill-
ing, and validating the data.

Processing of instantaneous data involves unit con-
version, despiking, applying calibration coefficients, 
rotating the sonic coordinates to obtain correct ver-
tical wind speed, computing the time delay between 
vertical wind speed and scalar of interest, detrending 
gas concentration time series (if needed), choosing 
the best average time for flux data calculations, and 
averaging the instantaneous data.

Further processing includes frequency response and 
other corrections and terms, conducting quality con-
trol and gap filling, computing storage terms, and 
integrating long-term data.

Data analysis includes data validation and quality 
control (e.g., careful verification of data, especially 
during nighttime, calm, and advection periods, 
energy budget closure, cospectral and other analyses, 
gap-filling, etc.) and more sophisticated advanced 
analysis detailed in the next chapter.

Warning: While modern software packages significantly 
simplify and automate the complex and iterative steps of eddy 
covariance data processing, it is important to realize that these 
programs may be able to compute flux numbers from instanta-
neous time series even in cases when the time series are mis-
labeled and processing steps are misplaced.

It is important to carefully look at instantaneous time series 
and double-check that patterns look reasonable and units 
seem correct. It is also important to carefully look at computed 
flux products to make sure that they are physically and physi-
ologically reasonable.

Avoiding simply computing a number is an important part of 
using modern tools for automated flux data processing and 
analysis.

Process/Analyze

Instantaneous D
ata

Averaged Data

Quality control & gap-fill

Correct for time delay

De-trend (if needed)

Convert units

Despike

Apply calibrations

Rotate

Apply corrections

Integrate

Average

Analyze/publish

Data processing 
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Key reasons

Bad data are removed for these key reasons:

• Instrument malfunctions

• Processing and mathematical artifacts

• Ambient conditions not satisfying EC method

• Winds are not from the footprint of interest

• Heavy precipitation

The flux data analysis is a very broad term which may 
apply to virtually any type of task-specific transfor-
mation of the data. It can refer to a large number of 
procedures, sometimes interchangeably used with 
term ‘processing’, and often includes data validation 
and quality control. 

For simplicity, in this book the term ‘analysis’ refers to 
any transformation of the data which is does not have 
specific goals of turning high-frequency data into 30 
to 60 minute flux products described in Part 4.

The first major part of working with the processed 
flux data is their quality control and quality assur-
ance. Data quality control and gap filling are not 
directly related to the methodology of eddy covari-
ance flux measurements but are an important part of 
arriving at the final result describing the amount of 
gas produced or consumed by an ecosystem or other 
territory of interest per unit area per unit time.

Some of the available flux data processing programs 
(e.g., EddyPro, ECO2S, eddy4R, TK3, FluxUH) can 

perform a lot of the necessary quality control tests 
and data flagging as part of standard data processing. 

Some of the available flux data analysis programs 
(e.g., eddy4R) can further refine and tailor the qual-
ity control and assurance and tailor if to very specific 
conditions at specific sites.

Removing bad data is the first important step in the 
data quality control process. It ensures that results do 
not have a bias or errors due to several obvious reasons.

Bad data are usually removed due to one of the fol-
lowing reasons: instrument malfunctions, process-
ing/mathematical artifacts, ambient conditions not 
satisfying the eddy covariance method, winds are not 
from the footprint of interest, and heavy precipitation.

Among these, ambient conditions not satisfying the 
eddy covariance method include conditions when 
turbulent transfer does not prevail, non-stationary 
conditions, periods with significant convergence or 
divergence, etc.

Reading and References

Aubinet, M., Vesala, T., & Papale, D. (eds) 2012. Eddy covariance: a 
practical guide to measurement and data analysis. Springer, Dordrecht. 
https://doi.org/10.1007/978-94-007-2351-1

Mauder, M., et al. 2008. Quality control of CarboEurope flux data – Part 
2: inter-comparison of eddy-covariance software. Biogeosciences, 5(2), 
451-462. https://doi.org/10.5194/bg-5-451-2008

https://doi.org/10.1007/978-94-007-2351-1
https://doi.org/10.5194/bg-5-451-2008 
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Key steps 

The most useful approaches to flux quality control 
are to use basic logic and common sense. Simply 
spot-checking flux values along with mean radiation 
and weather data helps to immediately point out seri-
ous problems. 

Also, if fluxes appear erroneous, it is helpful to check 
fast raw data for the time period when the flux 
appeared unreasonable and evaluate if there were 
irregularities in these original data leading to incor-
rectly computed covariance and flux.

For example, latent heat flux (e.g., evapotranspira-
tion) may be observed to remain near zero over an 
irrigated field in the middle of the day. This is very 
unlikely, as there is plenty of moisture in the soil and 
plenty of energy in the ecosystem to drive the evapo-
transpiration process.

Inspection of 10 Hz data for one midday hour with 
near zero latent heat flux may yield the following 
explanation: while vertical wind speed time series 
exhibit the expected rapid up-and-down changes 
(see examples in Part 1 and Section 4.1), the fast 
water vapor signal appears smooth. Again, this is 
unlikely, as turbulent motions captured in the ver-
tical wind speed also carry water vapor that should 
have led to fast upward and downward changes in 
the water signal.

Further inspection at the field site might determine 
that the flow rate for the gas analyzer was reduced 
from the required 15 liters per minute to just 1 liter 
per minute due to a broken diaphragm in the pump. 
Observing the data periodically throughout the mea-
surement period may help catch and fix such prob-
lems early, minimizing overall data loss.
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However, it is also important to note that a lot of nat-
ural processes can change rapidly due to changing 
weather and sunlight conditions. Fluxes may appear 
to be incorrect while in fact perfectly normal given 
the conditions. The example on the previous page 
illustrates this point. 

The CO2 flux on July 19, may appear erroneous if 
inspected by itself, or in comparison with the CO2 
flux on July 31. However, by observing sunlight con-
ditions (photosynthetically active radiation, PAR) 
it becomes clear that CO2 flux simply follows PAR. 
This is expected, as PAR is used during the process 
of photosynthesis, driving the daytime CO2 uptake 
(positive number on these plots). In addition, the 
overall amount of sunlight that drives PAR also 
drives temperature, energy fluxes, and many other 
ecosystem processes.

The marked difference in the net solar radiation (Rn), 
soil heat flux (G), sensible heat flux (H) and latent heat 
flux (LE) can be easily observed between a clear day 
on July 31 and an overcast day on July 19 in the two 
lower plots on the previous page. Now, when looking 
at the CO2 flux on July 19 from this perspective, it 
becomes apparent that the flux values are reasonable, 
and are not indicative of any problems at the site.

Various algorithms and protocols are used by differ-
ent groups and networks (e.g., AmeriFlux, AsiaFlux, 
CarboEurope, FLUXNET Canada, ICOS, NEON, 
etc.) to automate data quality control and bad data 
removal procedures. These protocols are somewhat 
different from each other, but they have a number of 
common steps.

In general, the quality control procedure is very much 
a site-specific and instrument-specific activity, except 
for these common steps. Therefore, it is important not 
to overdo bad data removal at one study site based on 
past experiences at a different study site. 

For example, the tolerance thresholds for sensible 
heat flux data will differ greatly between open-water 
flux measurements over a lake (which will generally 
have small sensible heat fluxes), and a desert environ-
ment that has high heat fluxes.

Thus, applying criteria developed for open water 
fluxes would probably eliminate many ‘good’ data 
points if applied to measurements over the desert. 
This is why it is recommended to collect a sufficient 
amount of data and establish a baseline for a specific 
site before the removal criteria are established and 
applied to the original data.

Key steps (continued)
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Key steps (continued)

• The variety of algorithms and protocols used by 
different groups/networks have these features in 
common:

• Periods with bad instrument diagnostics are 
removed or flagged

• Spikes in high-frequency data are removed or 
flagged

• Periods with a lot spikes in high-frequency 
data are removed or flagged

• Periods with a lot of high-frequency data miss-
ing are removed 

• Ranges of tolerance established for each 
variable

• Data outside tolerance ranges removed or 
flagged

• Precipitation events flagged

• u, u*, stationarity, higher moment and integral 
turbulent intensity tests are done

• Low-turbulence and non-stationary periods 
removed or flagged

• Data validated via energy budget closure, 
cospectral models, etc.

• Some site-specific corrections may be applied 
(e.g., energy budget residual, footprint alloca-
tion, etc.) with their own quality control metrics

• Data gaps filled with backup instruments, 
regressions, models

• NEE may be partitioned into GPP and Re with 
their own quality control metrics

• ET may be partitioned into evaporation and 
transpiration with their own quality control 
metrics  

• Data are integrated and uncertainties computed

• Quality control and assurance is very much a site- 
and instrument-specific activity
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Gash, J.H. 1986. A note on estimating the effect of a limited fetch 
on micrometeorological evaporation measurements. Boundary-Layer 
Meteorology, 35(4), 409-413. https://doi.org/10.1007/bf00118567

https://www.licor.com/env/support/Tovi/topics/introduction.html
https://github.com/OzFlux/PyFluxPro/blob/master/README.mhttps://fluxnet.fluxdata.org/2017/10/10/toolbox-a-rolling-list-of-softwarepackages-for-flux-related-data-processing/ 
https://github.com/OzFlux/PyFluxPro/blob/master/README.mhttps://fluxnet.fluxdata.org/2017/10/10/toolbox-a-rolling-list-of-softwarepackages-for-flux-related-data-processing/ 
https://github.com/OzFlux/PyFluxPro/blob/master/README.mhttps://fluxnet.fluxdata.org/2017/10/10/toolbox-a-rolling-list-of-softwarepackages-for-flux-related-data-processing/ 
https://www.bgc-jena.mpg.de/bgi/index.php/Services/REddyProcWeb
https://www.bgc-jena.mpg.de/bgi/index.php/Services/REddyProcWeb
https://www.bgc-jena.mpg.de/~MDIwork/eddyproc/
https://www.licor.com/env/support/Tovi/home.html
https://doi.org/10.1007/978-94-007-2351-1
https://doi.org/10.1016/j.agrformet.2012.09.006
https://doi.org/10.1016/j.agrformet.2012.09.006
https://doi.org/10.1175/1520-0426(1997)014<0512:qcafsp>2.0.co;2
https://doi.org/10.1175/1520-0426(1997)014<0512:qcafsp>2.0.co;2
https://doi.org/10.1016/0168-1923(95)02248-1 
https://doi.org/10.5194/bg-5-433-2008
https://doi.org/10.1007/bf00118567 


358 | 5.1 Quality Control of Eddy Covariance Flux Data

Quality control during nighttime, storage, and advection 

• Fluxes are small

• Winds may be low, cospectra bad

• Conditions may be stable

• Turbulence may not prevail

• Storage may be significant

• Advection of the flux, drainage flows

• Divergence, convergence

Nighttime presents a specific, more difficult, case of 
quality control because the winds are usually low, 
thermal stratification is stable, and turbulence may 
not be fully developed.

With slow winds and temperature inversions, flow 
may become non-stationary and advection, drainage, 
flow convergence and divergence may become dom-
inant. The footprint may also increase dramatically 
due to stable conditions. With a larger footprint, the 
tower instrumentation could measure some of the 
fluxes outside the area of interest. As a result, data 
loss usually increases at night, especially during calm 
nights and over tall canopies.

A stationarity and friction velocity tests are some of 
the more reliable tests for cleaning nighttime data. 
These tests set criteria for the behavior of air flow 
in such a way that non-stationary periods and peri-
ods with low turbulent exchange can be flagged and 
removed. Chapter 5 in Aubinet et al. (2012) contains 
an excellent discussion of the nighttime quality con-
trol steps. Other literature referenced below has pro-
tocols for nighttime quality control implementation.

Here let’s take a quick look at key processes responsi-
ble for a difficult situation at night, although some of 
them could also happed during daytime: flux storage, 
advection, divergence and convergence.

Flux storage happens when fluxes have been gener-
ated at our ecosystem or area of interest but did not 
reach the measurements level. For example, in very 
stable conditions at night soil respiration generated 
substantial amount of CO2, and all of this CO2 is sit-
ting in the cold layer 1 m above the soil surface, effec-
tively forming a CO2-enriched ‘blanket’. 

This CO2 is not registered by a flux station and thus 
this flux is not accounted in tower measurements. 
Eventually it can either move upwards with wind 
gusts and be at least partially registered by the tower, 
or it can be moved away (drained, advected) and will 
never be ‘seen’ by the tower, especially so in very sta-
ble conditions, under tall canopies or in complex 
terrains, unless such build-up was intentionally mea-
sured or approximated (see Section 4.8). 

Advection generally defined as a “transfer of heat or 
matter by the flow of a fluid, especially horizontally 
in the atmosphere or the sea” (EPA). A simple exam-
ple of H2O and horizontal heat advection is shown 
in the figure in the next page. Warm moist air from 
some distance away moves over the colder surface of 
the area of interest. Suddenly there are condensing 
conditions and fog is being generated. Note that this 
moisture and resulted fog was not generated by the 
ecosystem or area of interest, but rather came from 
some other place. 

In micrometeorology, the term ‘advection’ refers to 
a combination of several terms in the conservation 
equation of a scalar in a control volume and related 
physical processes in nature, including both horizon-
tal and vertical advection (simplified equations on 
the next page; explanations in Galvagno et al, 2017). 
These are difficult to measure and may be quite diffi-
cult to interpret without strong background in micro-
meteorology or fluid dynamics. Several papers listed 
on the next page provide comprehensive explanations 
of these terms and their contribution to fluxes at dif-
ferent conditions.
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Quality control during nighttime, storage, and advection (continued)

Divergence, in very simplest interpretation, means 
splitting of the mean horizontal flow (for example 
when air flows around the hill) while convergence 
means uniting the different flows (for example when 
flows go into a valley). These types of divergence are 
called horizontal divergence/convergence. Examples 
of divergent and convergent flows are also shown 
above. Similar processes sometimes can also be 
observed in vertical dimension and are called vertical 
divergence/convergence. 

Fortunately, all these processes are typically very 
small and negligible in eddy covariance flux mea-
surements during the daytime, during nights with 
strongly developed turbulence, over short canopies, 
and over large uniform areas where most typical eddy 
covariance measurements are conducted. Periods 
affected by these processes can be largely well-de-
tected, flagged and removed during quality-con-
trolled process, and then, gap-filled using site-specific 
relationships developed during good periods. 
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Energy budget closure

One way to validate fluxes measured with the eddy 
covariance method is to construct an energy budget 
for the study site. Two traditional examples (daytime 
and nighttime) with key components of the energy 
budget are shown above. Rn is net radiation; LE is 
latent heat flux; H is sensible heat flux, and G is the 
sum of soil heat flux and soil heat storage.

These examples illustrate a short, four-component 
equation for an energy budget, where net radiation 
is usually measured with a net radiometer, or with 
other radiation sensor, soil heat flux is usually cal-
culated from heat flux plates and soil temperature, 
and latent and sensible heat fluxes come from eddy 
covariance measurements.

The idea of validating an energy budget is simply the 
following: if all the key components sum up to zero 
as required by conservation of energy, then all energy 
transfers have been successfully accounted for, and 
sensible and latent heat fluxes were measured correctly. 
Since the latter was measured correctly by eddy cova-
riance, the CO2 and other trace gas fluxes were most 
likely to have been measured correctly as well.

A challenge in using the energy budget to validate 
closure is that a good measurement of latent heat flux 
does not necessarily mean a good measurement of the 
trace gas, because transfer for water and for the gas 
of interest may differ, especially if gases are reactive 
(such as volatile organic compounds) or have sig-
nificantly different sources and sinks as compared to 
water vapor.

Another challenge in using the energy budget is often 
related to the difficulty in measuring soil heat flux, 
especially in soils with relatively rapid changes in 
water content, and also in non-uniform and patchy 
soils or terrains.

In spite of these difficulties, and with proper precau-
tions, surface energy budget remains one of the most 
convincing ways to assess the quality of eddy covari-
ance results and is widely used in the flux community.

Warning: It is important to note, however, that a good 
(closed) energy budget will not necessarily indicate good mea-
surements of the trace gas flux, while a “non-closing” energy 
budget will almost certainly indicate a problem when measur-
ing the flux.
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doi.org/10.1007/s00704-009-0216-8

Wilson, K., et al. 2002. Energy balance closure at FLUXNET sites. 
Agricultural and Forest Meteorology, 113(1-4), 223-243. https://doi.
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Another caveat in energy budget validation of eddy 
covariance fluxes is that minor components may be 
missed in the short energy budget equation shown 
on the previous page, even if all four key components 
were measured properly.

Constructing a complete equation is more difficult 
but may also be more beneficial for quality control or 
validation of the eddy covariance data. The complete 
equation might include components such as energy 
spent on photosynthesis by plants (Ps), and miscel-
laneous terms (M) such as heat stored in the canopy, 
mulch, soil water, etc. Ideal closure, when (Rn + G) is 
equal to -(H + LE), is rarely achieved due to a number 
of reasons that have been described earlier. However, 

including all components into an energy budget can 
significantly improve closure and help avoid unnec-
essary data removal or unneeded corrections of the 
eddy covariance data.

To illustrate this point, two plots with actual field 
data collected over maize in Nebraska over an entire 
year are shown above. The ideal closure on these 
plots would be indicated by a regression slope of 1 
(or 100%) and an offset of zero. With the short equa-
tion, there is only 79% closure. That means that 21% 
of the energy is missing. Using a more complete equa-
tion leads to a closure of 90%, which is better than 
most typical values for eddy covariance study sites 
observed in the past.

Warning: Multiple studies (e.g., Frank and Massman, 2011; 
Frank et al., 2012; Kochendorfer et al. 2012; Nakai and Shi-
moyama et al., 2012; etc.) indicate that about 10% of the reduc-
tion in fluxes measured with eddy covariance may come from 
flow distortion by sonic anemometer models, which do not 
have an orthogonal arrangement and a vertical path for w. This 
can substantially affect energy budget closure because two of 
its four main components are measured using eddy covariance. 
The choice of sonic anemometer and angle of attack and trans-
ducer shadowing corrections may help improve the budget clo-
sure due to this specific reason alone.
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Energy budget closure (continued)

• Ideal closure (Y=X) is rarely achieved by eddy 
covariance method

• Including all members of energy budget sub-
stantially improves closure

• Good closure is not necessarily a validation, 
but a bad closure is definitely a problem
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Cospectral analysis

The quality and shape of daytime gas flux cospectra 
in comparison with sensible heat flux cospectra, or 
with ideal Kaimal-Moore cospectra, help us under-
stand at what frequencies gas flux may be missed or 
measured incorrectly. 

This is a powerful, but somewhat advanced, tool for 
quality control of instrument and system performance, 
turbulent conditions, and flux magnitudes. Modern 
programs compute cospectra of relevant parameters 
but will not be able to analyze them. Thus, cospectral 
analysis must be conducted by the researcher.

Actual field cospectra computed over a single indi-
vidual half-hour or an hour often look quite noisy 
(see examples Section 4.2) and may not be particu-
larly helpful in quality control. Similarly, cospectra 
computed during periods with very small fluxes or 
undeveloped turbulence (for example, at night) may 
be near-zero or erratic, because the covariance on 
the y-axis may be close to zero. Normalized ensem-
ble-averaged hourly cospectra, binned by frequency, 

and computed for midday or daytime hours over 
many days, is perhaps the easiest way to approach the 
cospectral analysis.

Simply looking at the shape of cospectra and evaluat-
ing its slope over high frequency range (-4/3 is ideal 
slope for inertial sub range, and -10/3 is expected 
slope after typical attenuation; Section 4.2) can 
instantly diagnose numerous issues. 

For example, shipborne and airborne eddy covari-
ance studies may find unusual cospectral shapes for 
gas fluxes at the frequencies of ship heave and air-
plane vibration and may need to counter these inter-
ferences with a different arrangement of instruments.

There are also a number of other less exotic issues 
that can be diagnosed by looking at cospectra. Some 
typical shapes of good cospectra are shown in the 
illustration above while examples of problematic 
cospectra with a list of likely causes are shown on the 
following pages.
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Cospectral analysis (continued)
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One of the most frequently occurring issues is a slow 
response of the entire system, shown in the leftmost 
plot above. Flux cospectrum drops off very rapidly, 
starting at low or medium frequencies, and stays at 
or near zero.

Several things can cause such an issue. Instrument or 
system frequency response may simply be too slow 
for 10 Hz data collection. For example, an instrument 
that takes 1 minute to detect instantaneous change 
may display this type of cospectra when installed on 
the tower. Another cause may be related to instru-
ment or data collection settings. For example, a fast 
instrument, capable of detecting changes at 10 Hz, 
may be set to collect data at 0.1 Hz, or the data col-
lection system on the computer may be accidentally 
set to 0.1 Hz. The computer or other data collection 
device may not have a strong enough processor to 
handle incoming data and may default to a slow data 
collection rate.

For closed-path and enclosed systems, such cospectra 
may also be caused by an insufficient flow rate. For 
example, instead of exchanging the air sample in the 
cell 10 times per second or more, the flow rate may be 
such that only 1 exchange happens per second. This 
can be due to pump issues, plugged filters, pinched 
intake tube, insufficient power, pump settings, etc.

Cospectra such as these may also be observed when 
measurements are conducted close to the ground or 
close to the canopy top, so that even 10 Hz or 20 Hz data 

collection is not sufficient to adequately capture turbu-
lent transport. Since both axes on the plot are normal-
ized, the low positioning may not be easily observed 
in the cospectral peak in these cases. There are also 
other possible reasons for this cospectral shape, but 
they are typically quite unusual and infrequent.

The top right plot above shows a cospectrum that drops 
down at low or medium frequencies, and then re-ap-
pears to come back at higher frequencies in a noisy or 
a wavy fashion. This is often a subset of the first case, 
but with added aliasing, instrument noise, radio inter-
ference due to unshielded cables, flow distortion in the 
anemometer, or due to the fast effects of temperature, 
water vapor, or pressure noises on the density-based 
gas flux cospectra at higher frequency ranges.

Warning: It is important to keep in mind that in some cases 
it may be easy to confuse slow and noisy flux system for a 
good one when cospectrum drops due to slowness, and at the 
same time, goes up due to the buildup of noise. Catching this 
may be especially difficult if the instrumental problems are 
masked via signal filtering by a system manufacturer. In such 
cases, careful analysis of an individual spectrum (e.g., a vari-
ance of individual components, and not a covariance of the 
two components as in cospectrum) of wind speed and gas 
concentration using raw unfiltered signals could often reveal 
where the problem is coming from. Expected ideal slope of 
turbulent spectra in high frequency range is -2/3, while slopes 
of various system noises are typically around +1/2 to +2. Mod-
ern programs, such as EddyPro, compute both cospectra and 
spectra for such an investigation.

• Instrument response may be too slow

• Instrument settings are too slow

• Data collection is too slow

• Flow rate is too slow

• Instrument is too close to canopy

• Data are truncated

• Instrument is too slow and noisy

• Instrument is too slow and aliased

• Noise may be partially correlated with w’, T’, pv’, p’

• Flow rate is too slow

• Instrument is too close to canopy
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Cospectral analysis (continued)

Examples of less frequently occurring issues are 
shown above. The leftmost figure describes a cospec-
trum that does not follow turbulent transport, sug-
gesting that equal amounts of turbulent transport are 
happening at all frequencies.

Since this turbulent transport is neither physically 
realistic nor supported by the sonic w′T′ cospectra 
(blue), the situation is likely caused by miscalcula-
tions in the data, wrong columns used, or overwhelm-
ing electric noise. 

In addition, it may simply be a near-zero cospectra at 
all frequencies normalized by a near-zero covariance, 
and as a result, manifesting itself as a flat non-zero 
cospectral form.

The rightmost plot is a classic example of data aliasing. 
This can occur when data collection and bandwidth 
settings are the same (for example, 10 Hz data collec-
tion at a 10 Hz bandwidth), so that the Nyquist fre-
quency/ Shannon’s theorem are ignored. The aliasing 
may not be noticeable in actual data as vividly as that 
shown above, due to averaging of multiple cospectra, 
and due to natural noise in the measurements.
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• Data miscalculated

• Wrong column used for w’ or scalar

• Electric noise overwhelms signal

• Wrong column plotted

• Data aliased

• Nyquist frequency cutoff ignored in instrument or in 
the data collection settings

Warning: When conducting a cospectral analysis, it is usu-
ally quite easy to determine if the system performs correctly or 
not. However, there can be cases when the reason for poor 
system performance is difficult to track.

In these cases, it is important to keep in mind that the cospec-
tral shape of the scalar flux may incorporate and combine 
many different causes, affecting system frequency response 
in comparison with sonic anemometer cospectra, or ideal 
modeled cospectra.

Thus, when having difficulties analyzing unusual cospectra and 
finding the cause of the problem, it is advisable to study the 
specific measurement system using transfer functions. Trans-
fer functions can be used to construct expected cospectra 
by bringing down the sonic cospectra based on tube length, 
sensor separation, instrument time response, sensor path 
averaging, etc.

Comparing the actual measured cospectra to the expected 
one may help diagnose difficult-to-track problems much faster 
than comparing to an ideal or sonic cospectra. Furthermore, 
especially in difficult cases, it may be helpful to also conduct 
spectral analysis and examine a spectrum of a particular single 
variable, rather than covariance of two variables.
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Cospectral analysis for extremely small fluxes

Traditionally measured H2O and CO2 generally have 
large concentrations and fluxes, such that the covari-
ances are large, ensemble averaged cospectra have 
normal shape, and as a result, the normalization of 
the reasonably shaped cospectra by a reasonably large 
covariance is typically adequate for a both determin-
ing the correct frequency correction multiplier (see 
Section 4.2) and for data quality control.

However, the increasing number of new measure-
ments focus on gases with often extremely small 
concentrations or fluxes (CH4, N2O, NH3, COS, CO, 
VOCs, etc.). In such cases, the traditional cospectral 
analysis and related quality may fail, or be biased, 
because flux cospectra may be extremely noisy, and 
the covariance used for normalizing such co-spec-
tra can be significantly off due to drift in the calibra-
tion slope of gas analyzer. In addition, instruments 
for new exotics gases can be so slow that no data, or 
just unreasonably noisy data, are available beyond 
frequencies of few single Hz. Both noise in co-spec-
tra and incorrect normalization may also lead to an 
incorrect evaluation of the frequency correction 
when it is computed from actual cospectral shapes.

There are two main approaches to resolve these diffi-
culties. First simpler way is to looks at CO2 frequency 
response from the same instrument if available, 
and then to assume that the instrument has similar 

frequency response when measuring other gas (N2O, 
COS, CO, etc.). Then apply frequency correction 
multipliers computed using CO2 flux cospectra to 
the covariance of the other gas flux. This method is 
expected to work well when CO2 is measured in the 
same sampling cell at the same time and with the 
same frequency, and the other gas is not sticky or 
reactive. This method would not work for a sticky 
NH3 or reactive VOCs, for example.

The second method is to manipulate the normaliza-
tion of the other gas’s co-spectra to reasonably match 
the known more reliable cospectral shape (theoreti-
cal, sensible heat flux cospectra, CO2 cospectra, etc.), 
then go through a traditional way of establishing the 
transfer function to characterize the measurement 
system time response, and then, to compute the fre-
quency correction multiplier for every 30 to 60 min-
ute flux as described in Section 4.2.

Illustration above shows an example of such manip-
ulation and illustrates how a quality control proce-
dure could look like when checking the validity of the 
cospectra and frequency corrections for very small 
fluxes. Top left figure shows two lines, a blue line fit-
ted through half-hourly cospectra of known reliable 
flux (theoretical, sensible heat flux cospectra, CO2 
cospectra, etc.) and a red line fitted through low-flux 
gas cospectral data. Neither lines are normalized by 
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their respective covariances at this stage so cospectra 
look quite different. Traditional normalization by a 
flux covariance can be easily over or underestimated 
because covariance itself can be under or overesti-
mated (top right and bottom left figures on the previ-
ous page) due to very small and noisy high frequency 
signal describing measured gas density. 

Empirical normalization factors can then be devel-
oped to match the two cospectral shapes roughly in 
the mid-frequency region of cospectra to avoid these 
issues. Lower frequencies are not reliable and should 
be excluded from the matching procedure due to drifts 
and noise. Higher frequencies may be heavily attenu-
ated, extremely noisy and show nonsensical numbers, 
so these should be excluded as well. After the match, 
the traditional transfer function can be developed to 
describe the measurement system performance and 

applied to individual hours to compute frequency cor-
rection multiplier. Several references below describe 
various flavors of such procedure.

Here it is important to note that the amount of empir-
icism and subjective decisions involved in the second 
procedure is quite high. Two different researchers are 
likely to get two different results from such an empir-
ical match depending on the subjective criteria for 
high and low frequency cutoffs, acceptable line fits 
and noise levels etc. So, such procedure, although 
maybe required in few rare cases (e.g., single gas with 
low flux, sticky or reactive gas), is not easily verifiable 
or reproducible, and should generally be avoided if 
data for the first approach are available from the 
same time and from the same measurement cell of 
the gas analyzer.

Reading and References

Eugster, W., et al. 2007. Methodical study of nitrous oxide eddy covari-
ance measurements using quantum cascade laser spectrometery over 
a Swiss forest. Biogeosciences, 4(5), 927-939. https://doi.org/10.5194/
bg-4-927-2007

Gerdel, K., et al. 2017. Eddy covariance carbonyl sulfide flux mea-
surements with a quantum cascade laser absorption spectrometer. 
Atmospheric Measurement Techniques, 10(9), 3525-3537. https://doi.
org/10.5194/amt-10-3525-2017

Kohonen, K., et al. 2020. Towards standardized processing of eddy 
covariance flux measurements of carbonyl sulfide. Atmospheric Mea-
surement Techniques, 13(7), 3957-3975. https://doi.org/10.5194/amt-
13-3957-2020

Langford, B., et al. 2015. Eddy-covariance data with low signal-to-noise 
ratio: time-lag determination, uncertainties and limit of detection. At-
mospheric Measurement Techniques, 8(10), 4197-4213. https://doi.
org/10.5194/amt-8-4197-2015

Nemitz, E., et al. 2018. Standardisation of eddy-covariance flux mea-
surements of methane and nitrous oxide. International Agrophysics, 
32(4), 517-549. https://doi.org/10.1515/intag-2017-0042

Wohlfahrt, G., et al. 2005. Quantifying nighttime ecosystem respira-
tion of a meadow using eddy covariance, chambers and modelling. 
Agricultural and Forest Meteorology, 128(3-4), 141-162. https://doi.
org/10.1016/j.agrformet.2004.11.003

Cospectral analysis for extremely small fluxes (continued)

https://doi.org/10.5194/bg-4-927-2007
https://doi.org/10.5194/bg-4-927-2007
https://doi.org/10.5194/amt-10-3525-2017
https://doi.org/10.5194/amt-10-3525-2017
https://doi.org/10.5194/amt-13-3957-2020 
https://doi.org/10.5194/amt-13-3957-2020 
https://doi.org/10.5194/amt-8-4197-2015
https://doi.org/10.5194/amt-8-4197-2015
https://doi.org/10.1515/intag-2017-0042
https://doi.org/10.1016/j.agrformet.2004.11.003 
https://doi.org/10.1016/j.agrformet.2004.11.003 
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Ogive optimization

When eddy fluxes are computed, the covariance 
between vertical wind and gas density or air tempera-
ture is calculated over certain time period, typically 
between 30 minutes and 2 hours. Computing fluxes 
over shorter periods is equivalent to a type of a high-
pass filtering, and typically leads to losses of some part 
of the flux coming due to low-frequency contribu-
tions. Computing fluxes over longer periods typically 
leads to reduced time resolution in flux coverage when 
short events (like photosynthesis change due to cover 
change, episodic gas emission after rain) may be aver-
aged into longer periods and missed. Advection and 
other low-frequency events generated outside the eco-
system, may also be incorrectly included when using 
longer periods.

Although classical defaults of 30 or 60 minutes are used 
in most traditional flux calculations, some sites and 
conditions may have the optimal periods of 45 minutes 
while others may have 75 minutes. The relatively novel 
method of data analysis called Ogive Optimization can 
help fine-tune the periods for flux calculations for spe-
cific sites and conditions. 

Closely related to co-spectrum, ogive in eddy covari-
ance, is a cumulative sum of the co-spectrum, start-
ing from highest available frequency (5 or 10 Hz, for 
example) to lowest (minutes and hours). At some point 
during such summing up, the ogive flattens out, and 
the lengthier time periods no longer contribute sig-
nificantly to the cumulative sum. The inflection point 
after which the longer period for covariance does not 
significantly contribute to the ogive is considered the 
optimal period over which to run the covariance for 
specific sites and conditions.

The example on the left above shows the full flux 
co-spectra (red) and its respective ogive (black) 
with an inflection point of about 60 minutes. The 
example on the right shows actual field data (black 
cloud), fitted ogive line (red) and ogive model (blue). 
The inflection point is located between 10-3 Hz (e.g., 
1000 seconds, or 16 minutes) and 10-4 (10,000 sec-
onds, or 160 minutes), with vertical lines indicating 
60 minutes.

Reading and References

https://www.licor.com/env/support/EddyPro/topics/ttp-spectral-
analysis.html

https://www.licor.com/env/support/EddyPro/topics/calculate-spectra-
cospectra-and-ogives.html

https://www.statisticshowto.datasciencecentral.com/ogive-graph/

Barnhart, B., Eichinger, W., & Prueger, J. 2012. Introducing an Ogive 
method for discontinuous data. Agricultural and Forest Meteorology, 162-
163, 58-62. https://doi.org/10.1016/j.agrformet.2012.04.003

Sievers, J., et al. 2015. Estimating surface fluxes using eddy covariance 
and numerical ogive optimization. Atmospheric Chemistry and Physics, 
15(4), 2081-2103. https://doi.org/10.5194/acp-15-2081-2015
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Ogive optimization (continued)

In addition to determining the optimal time period 
for flux covariance, ogives can help recognize periods 
of advection and other low-frequency processes, as 
well as provide insights into disturbances on the high 
frequency end, helping to indicate and filter the prob-
lematic periods or potentially even correct for them. 

The example above shows three cases of cospectral 
contributions (top row) and respective behavior of 
ogives in each of the cases, where the red is area is 
ideal co-spectra, the red line is its respective ideal 
ogive, and the blue areas are low and high frequency 

processes (top) and their respective influences on 
ogive ranges and shapes (bottom). 

For further explanations on the ogives and related 
methods please refer to Sievers et al., (2015), the pub-
lications cited below, and the literature references 
listed in these publications.

Warning: Please note that unlike co-spectra, ogives should 
be plotted in a log-linear scale or just in linear-linear scale 
zoomed on the inflection area, such that the y-axis is never on 
logarithmic scale. Otherwise, it will not be effectively possible 
to see the inflection point.

Reading and References

Ammann, C., et al. 2006. Technical note: water vapour concentration 
and flux measurements with PTR-MS. Atmospheric Chemistry and 
Physics, 6(12), 4643-4651. https://doi.org/10.5194/acp-6-4643-2006

Friehe, C.A., et al. 1991. Air-sea fluxes and surface layer turbulence 
around a sea surface temperature front. Journal of Geophysical Re-
search, 96(C5), 8593-8609. https://doi.org/10.1029/90jc02062

Barnhart, B., Eichinger, W., & Prueger, J. 2012. Introducing an Ogive 
method for discontinuous data. Agricultural and Forest Meteorology, 
162-163, 58-62. https://doi.org/10.1016/j.agrformet.2012.04.003

Sievers, J., et al. 2015. Estimating surface fluxes using eddy covariance 
and numerical ogive optimization. Atmospheric Chemistry and Physics, 
15(4), 2081-2103. https://doi.org/10.5194/acp-15-2081-2015

Co
nt

rib
ut

io
n 

Sc
al

es

Logarithm
ic Contribution

(Area = Flux)
Observed Flux
Linear Scale

Ideal Case Typical Case
Strong Relative

Low-Frequency Influence

Og
iv

e

+/-

+/-
+/-

+
-

+
+

+

Turbulent Flux

Logarithmic Frequency Logarithmic Frequency Logarithmic Frequency

T1 T2 60 min 0.1s 60 min 0.1sNoise

Noise

Low-Freq.
Influence

Spectral Gap

Dampening

Dampening

+
--

+

https://doi.org/10.5194/acp-6-4643-2006
https://doi.org/10.1029/90jc02062
https://doi.org/10.1016/j.agrformet.2012.04.003
https://doi.org/10.5194/acp-15-2081-2015 


5.1 Quality Control of Eddy Covariance Flux Data | 369

Other QC methods 

• There are many other ways to validate eddy covariance flux:

• Similarity theory models (vs. z/L)

• Verification with biological data (NEP)

• Upscaling from leaf level (leaf chamber measurements)

• Upscaling from soil level (soil chamber measurements)

• None of these methods can guarantee correct data, but when combined, they can help identify problems or 
help defend the flux data

There are many other ways to validate eddy covari-
ance flux.

Similarity theory models involving the Monin-Obuk-
hov stability parameter may help to assess if flux 
covariances or momentum characteristics behave in 
a predictable way and fit established meteorological 
models.

Verification of tower data with data collected by other 
techniques (for example, net ecosystem production 
computations from biomass data, leaf chamber mea-
surements or soil chamber data) can help all of the 
intercompared techniques reveal inconsistencies and 
suggest the causes of differences.

None of these methods alone will guarantee correct 
data, but all of them combined can help find hidden 
problems or defend the flux data.

Automated quality controls can also be pre-pro-
grammed in processing code. These are available 
in many modern flux processing (such as eddy4R, 
EddyPro, EddyUH, EddiRe, TK4, etc.) via a system of 
quality control flags describing the timing and causes 
of problematic data periods. 

Flux data analysis software could also include both 
traditional and highly sophisticated advanced qual-
ity control of flux data as a part of a large analytical 
workflow including filtering based on statistics of 
time series, dependency on a specific driver, friction 
velocity threshold, wind-direction, footprint-based 
filtering, etc. (Section 2.5 and 5.3). 

Reading and References 

Aubinet, M., Vesala, T., & Papale, D. (eds) 2012. Eddy covariance: a 
practical guide to measurement and data analysis. Springer, Dordrecht. 
https://doi.org/10.1007/978-94-007-2351-1

Mauder, M., & Foken, T. 2006. Impact of post-field data processing 
on eddy covariance flux estimates and energy balance closure. Me-
teorologische Zeitschrift, 15(6), 597-609. https://doi.org/10.1127/0941-
2948/2006/0167

Luyssaert, S., et al. 2009. Toward a consistency cross-check of eddy 
covariance flux-based and biometric estimates of ecosystem carbon 
balance. Global Biogeochemical Cycles, 23(3), GB3009. https://doi.
org/10.1029/2008gb003377

https://doi.org/10.1007/978-94-007-2351-1
https://doi.org/10.1127/0941-2948/2006/0167
https://doi.org/10.1127/0941-2948/2006/0167
https://doi.org/10.1029/2008gb003377 
https://doi.org/10.1029/2008gb003377 
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Gap filling missing data 

• After bad data have been removed, data gap inventory and data filling need to be performed

• Inventory is important for getting an idea of the quality of results and may be useful for computing uncer-
tainties of integrated values

• Filling in the data is not a trivial process in the eddy covariance method – there is always a danger of bias

• Some of more established strategies to fill-in missing data are:

• Regressions with backup instruments

• Regressions with nearby sites (when appropriate)

• Physical restrictions (energy budget, mass budget, etc.)

• Lookup tables and AmeriFlux gap filling strategies

• CO2 daytime – light response curves for different GFAI

• CO2 nighttime – temperature, moisture, for different GFAI, Q10

• Combination of several methods

• More sophisticated approaches, such as neural networks, etc.

After bad data have been removed, one should per-
form data gap inventory and fill in the missing peri-
ods in order to construct a seasonal or yearly picture 
of ecosystem exchange.

An inventory of bad data is important for getting an 
idea of the quality of results and may also be useful 
for computing uncertainties of integrated values.

Filling in the data is not a trivial process in the eddy 
covariance method – there is always a danger of add-
ing bias to the data.

Some of the established strategies for “filling in” miss-
ing data are regressions with backup instruments; 
regressions with nearby sites; physical restrictions 
(energy budget, mass budget, etc.); lookup tables and 

AmeriFlux gap filling strategies; CO2 daytime (light 
response curves for different green leaf area index, 
GFAI); CO2 nighttime (temperature, moisture, res-
piration-temperature dependence, Q10 for different 
green leaf area index); etc.

Automated tools for gap-filling of meteorological 
and flux data are available from Max Plank Institute 
(Eddyproc), TERN-OzFlux Network (PyFluxPro),  
and were incorporated into the data analysis software 
(Section 5.3). 

Warning: It is important to note that nighttime data often 
need to be filled in separately from the daytime data for physio-
logical reasons (for example, a different set of processes is 
responsible for CO2 release/uptake during the day than that 
during the night), and because of turbulent exchange problems.

Reading and References 

Eddyproc from Max Plank: http://www.bgc-jena.mpg.de/~MDIwork/
eddyproc/index.php

PyFluxPro from Tern-OzFlux: https://libraries.io/github/OzFlux/PyFluxPro

Falge, E., et al. 2001. Gap filling strategies for defensible annual sums 
of net ecosystem exchange. Agricultural and Forest Meteorology, 
107(1), 43-69. https://doi.org/10.1016/s0168-1923(00)00225-2

Falge, E., et al. 2001. Gap filling strategies for long term energy flux 
data sets. Agricultural and Forest Meteorology, 107(1), 71-77. https://
doi.org/10.1016/s0168-1923(00)00235-5

Moffat, A.M., et al. 2007. Comprehensive comparison of gap-filling 
techniques for eddy covariance net carbon fluxes. Agricultural and 
Forest Meteorology, 147(3-4), 209-232. https://doi.org/10.1016/j.
agrformet.2007.08.011

http://www.bgc-jena.mpg.de/~MDIwork/eddyproc/index.php
http://www.bgc-jena.mpg.de/~MDIwork/eddyproc/index.php
https://libraries.io/github/OzFlux/PyFluxPro
https://doi.org/10.1016/s0168-1923(00)00225-2
https://doi.org/10.1016/s0168-1923(00)00235-5
https://doi.org/10.1016/s0168-1923(00)00235-5
https://doi.org/10.1016/j.agrformet.2007.08.011 
https://doi.org/10.1016/j.agrformet.2007.08.011 
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Long-term integration

• Integration should be done after the data have been processed, corrected, quality controlled, validated, 
gap-filled and storage term has been added to eddy flux

• Yearly CO2 integrations are especially unforgiving, because two similar quantities (photosynthesis/uptake 
and respiration/release) are subtracted from each other

• Result is a relatively small number with relatively large uncertainties related to instrument performance, 
eddy covariance methodology, and gap filling

• Error analysis should be conducted to estimate uncertainties, and results should be presented as a range, 
or as a set of points with error bars

Integration should be done after data have been pro-
cessed, corrected, quality controlled, validated, and 
a storage term has been added in cases when it is 
non-negligible.

Yearly CO2 integrations are especially unforgiving, 
because two large, similar quantities (photosynthesis/
uptake and respiration/release) are subtracted from 
each other. As a result, uncertainties due to instru-
ment performance, eddy covariance methodology, 
quality control and gap filling, which appeared small 
or negligible in comparison with large hourly fluxes, 
now become relatively large in comparison with the 
small integrated seasonal flux number (Section 5.2).

Traditional integration, by adding up 30- to 60-min-
ute fluxes, typically works well for flux stations 
located over reasonably homogenies reasonably flat 
sites, but the integration may need to be adjusted due 
to footprint allocation is site is not homogeneous or 
has expressed topography, as also explained below in 
Section 5.2 

Error analysis or uncertainty estimation is highly 
advisable at this stage and can help to present the 
resulting integrated flux as a realistic range rather 
than as a single number.

Reading and References 

Falge, E., et al. 2001. Gap filling strategies for long term energy flux 
data sets. Agricultural and Forest Meteorology, 107(1), 71-77. https://
doi.org/10.1016/s0168-1923(00)00235-5

Richardson, A.D., et al. 2006. A multi-site analysis of random error 
in tower-based measurements of carbon and energy fluxes. Agricul-
tural and Forest Meteorology, 136(1), 1-18. https://doi.org/10.1016/j.
agrformet.2006.01.007

Billesbach, D. 2011. Estimating uncertainties in individual eddy cova-
riance flux measurements: a comparison of methods and a proposed 
new method. Agricultural and Forest Meteorology, 151(3), 394-405. 
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Ueyama, M., et al. 2012. Influences of various calculation options on 
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Overview

After the flux data have been fully processed (Part 4), 
quality-controlled and gap-filled, the more advanced 
data analysis may include a large number of com-
plex, and often iterative procedures, sometimes inter-
twined with additional levels of quality control and 
gap-filling. 

Analytical procedures can consist of fairly obvious 
items (e.g., establishing the relationship with key 
drivers, model fits, descriptive statistics, seasonal bin-
ning, etc.) but also can include less obvious and often 
fairly sophisticated analyses, such as flux and budget 
uncertainty estimations, advanced footprint analysis 
going far beyond the basics described in Section 2.7, 
partitioning of CO2 fluxes into gross primary produc-
tion and ecosystem respiration, partitioning of H2O 
fluxes into soil evaporation and canopy transpiration, 
etc. The results of such analyses can be presented in 
a fairly sophisticated visualization forms, such as 
contours and heat maps, fingerprint plots, wavelets, 
etc., which also may prompt additional analyses and 
deeper understanding of data in their own right. 

The illustration above shows an example of one data 
analysis where few analytical tools (arrows) are inter-
twined with additional layers of quality control and 
gap-filling. This example presents one of many possi-
ble workflows which were implemented in a currently 
discontinued flux data analysis software (Section 5.3). 

Various other examples of the advanced data analy-
ses can be viewed here: https://www.licor.com/env/
support/Tovi/home.html. In addition, very recent 
highly advanced computationally intensive tech-
niques, including machine learning and neural net-
works, have been applied to the eddy covariance flux 
data with promising results, and a new approach of 
the environmental response functions was developed 
to infer the new knowledge virtually inaccessible with 
traditional techniques. 

In this section, we will highlight a few examples of 
frequently used advanced analytical and visualiza-
tions tools. Please note, however, that at this stage of 
the overall eddy covariance workflow (Part 1, Section 
4.10), the flux data analysis becomes an individual 
intellectual activity, driven by the needs of the specific 
project and the curiously of the researcher. 

So, while the examples of specific workflows are pro-
vided here, these are just that, examples: they should 
not necessarily be followed in exact same order, or at 
all. Rather, these should be viewed as a partial collec-
tion of numerous useful tools, where each tool can be 
utilized in numerous different ways, combined with  
ther tools in numerous combinations, modified by a 
researcher to fit specific goals, and used for numerous 
different purposes. 

https://www.licor.com/env/support/Tovi/home.html
https://www.licor.com/env/support/Tovi/home.html
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Uncertainty assessment: basics

As with any measured or computed entity, the eddy 
covariance flux (for example sensible heat flux, CO2 
flux, evapotranspiration, methane flux, etc.), or the 
product derived from the measured fluxes (gross 
primary production, ecosystem respiration, canopy 
transpiration, etc.) will have an uncertainty associ-
ated with how well it was measured or computed. 

Various scientific and standardization organizations 
define error-related terminology slightly different, 
with some error terms included inside the others, and 
other error-related terms partially overlapping. Situ-
ation gets more complex the moment the discussion 
switches from directly measuring known values (vs 
standard for example) to measuring and then com-
puting the unknown values (evaporation from a local 
pond at 14:00 today, for example). 

For simplicity, here let us loosely define an error as a 
difference between the true value and measured (or 
computed) value due to a specific reason, and let’s 
define uncertainty as a combination of multiple vari-
ous errors. The final result of measurements and com-
putation is then characterized by some uncertainty 
bars (often called ‘error bars’ to add to a confusion).

In eddy covariance, the uncertainties come from 
limitations of instrumentation (accuracy, resolution, 
response time, time synchronization between instru-
ments, etc.), the fundamental methodological uncer-
tainties come from limitations of the method itself 
(how well covariance, even if measured perfectly at a 
single point on the tower, reflects the actual flux pro-
duced by the surrounding ecosystem or other area of 
interest, etc.), the flux processing uncertainties come 
from the processing assumptions and workflow (raw 
data cleaning, processing steps, application of correc-
tions and terms, quality control criteria, etc.), and data 
analysis uncertainties coming from flux data analysis 
assumptions and workflow (gap-filling schemes, foot-
print allocation, flux partition methods, etc.). 

Examples of many eddy covariance errors and their 
typical causes are described in Part 1 and Section 
4.9. Many of these can be minimized, or sometimes 
eliminated, with proper experiment design, carefully 
chosen instrumentation and data processing and 
analysis software (Part 2), proper installation and reg-
ular maintenance (Part 3). Others can be minimized 
or eliminated during flux processing (Part 4) and data 
quality control (Section 5.1). Remaining uncertain-
ties have to be characterized and presented as error 
bars, ranges, or probability distributions.

Reading and References

National Conference of Standards Laboratories. 1997. American national 
standard for expressing uncertainty - U.S. guide to the expression of un-
certainty in measurement.

NIST/SEMATECH. 2006. e-handbook of statistical methods. National In-
stitute of Standards and Technology. https://doi.org/10.18434/M32189

Ehrlich, C. 2014. Terminological aspects of the guide to the expression of 
uncertainty in measurement (GUM). Metrologia, 51(4), S154. https://doi.
org/10.1088/0026-1394/51/4/s145

Eurachem/CITAC Working Group. 2000. Quantifying uncertainty in analyt-
ical measurement (2nd ed). S. L. Ellison, M. Rosslein, & A. Williams (eds). 
Eurachem/CITAC.

International Standards Organization (ISO) 1994. 5725-1: Accuracy (true-
ness and precision) of measurement methods and results-Part 1: general 
principles and definitions. International Organization for Standardization, 
Geneva, Switzerland.

Kirkup, L., & Frenkel, R.B. 2006. An introduction to uncertainty in mea-
surement: Using the GUM (guide to the expression of uncertainty in 
measurement). Cambridge University Press. https://doi.org/10.1017/
CBO9780511755538
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Uncertainty assessment: details

The differences between measured or computed val-
ues and true values (e.g., trueness) are comprised 
of two large categories of errors: the random errors 
which can generally be averaged out with more mea-
surements, and biases, also called systematic errors 
which do not average out. 

So, measurements can be very tight and consistent 
(e.g., precise) but off as illustrated in lower right cor-
ner of the figure above. These can also be noisy and 
spread around (e.g., not precise) but on average cor-
rect, as illustrated in upper left corner on the figure 
above. Practically, nearly all field measurements and 
subsequent calculations end up being something 
in-between, combining both random and system-
atic errors. 

Good descriptions of types of measurement errors 
and more detailed reference on this topic are pro-
vided by a Nondestructive Testing Resource center 
(https://www.nde-ed.org/GeneralResources/Erro-
rAnalysis/UncertaintyTerms.htm) explaining in a 
simplified way a more complete and complicated 

description of error analysis by International Organi-
zation for Standardization (https://www.iso.org/obp/
ui/#iso:std:iso:5725:-1:en).

In eddy covariance, the final uncertainty in flux mea-
surements is not something one can readily assign to 
all fluxes as a part of the method because of a combi-
nation of random and systematic errors, expressed as 
both additive and multiplicative terms. For example, 
for the large N2O flux in windy conditions the uncer-
tainty for a specific half-hour flux can be 3%. For the 
same field in calm conditions with typically small 
N2O flux, the uncertainty could easily be 30%. 

Taken in aggregated fashion across multiple exper-
iments and publications, the overall uncertainty of 
the eddy covariance method is somewhere between 
5 and 15% for most cases of mid-range hourly fluxes. 
It may be a much lower for very large typical H2O 
fluxes, or for large CO2 or CH4 fluxes from artificial 
sources or may be much higher for very small fluxes 
(e.g., typical N2O production by a dry agricultural 
field, typical CH4 consumption by a dry forest, etc.). 
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Multiple references below describe the uncertainties 
and errors in eddy covariance flux measurements 
and provide the methods and example of site-specific 
experiment-specific error analysis.

Nearly all major flux networks (Part 6) have devel-
oped guidelines and provided respective codes that 

can be used to obtain some measure of evaluation of 
the uncertainty attached to flux values stored in their 
databases. These are described in the literature list 
below. However, currently there is no single uniform 
methodology or simple-to-use software available for 
a comprehensive analysis of overall uncertainty of 
eddy covariance flux results. 

Reading and References

Billesbach, D. 2011. Estimating uncertainties in individual eddy cova-
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org/10.5194/bg-11-1037-2014

Hollinger, D.Y., & Richardson, A. D. 2005. Uncertainty in eddy covari-
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ratio: time-lag determination, uncertainties and limit of detection. At-
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Uncertainty assessment: one-way and oscillating fluxes

Due to page limitation of this book and the absence 
of a single uniform methodology, further discussion 
of this topic is referred to the references provided 
in the previous three pages. However, one particu-
larly frequently overlooked yet critically important 
aspect of eddy covariance error analysis should still 
be highlighted. 

The vast majority of flux measurements have a goal 
of constructing long-term budgets of carbon diox-
ide, water, heat and energy, methane etc. When con-
structing such budgets, hourly fluxes are summed up 
over days and nights, season and years. In this con-
text, the percentage and impact of uncertainties can 
differ dramatically for a primarily one-way fluxes 
(for example, water vapor flux from a lake or meth-
ane flux over a wetland) and fluxes that frequently 
change the sign (for example, CO2 or heat fluxes over 
green grassland). 

Let us look at two examples of the effect of a small 
error artificially introduced to 10 days of actual 

continuous water vapor and carbon budgets over a 
ryegrass plot in Nebraska.

Hourly fluxes of water vapor are shown as blue dots 
on the top left plot above, with a daily peak of about 
500 W m-2. Red circles show hourly fluxes artificially 
reduced by 10 W m-2, approximately 2.5% of the max-
imum. The versus plot forced through zero (shown in 
the top right plot) demonstrates that the hourly fluxes 
were underestimated roughly by 4.6% as a result of 
this artificial error.

The corresponding cumulative evapotranspiration 
is shown on the lower plot above. By the end of day 
10, the difference in the cumulative evapotranspira-
tion estimates was about 9.8% (82 MJ vs 72 MJ). So, 
the introduction of a very small error into this pri-
marily one-way flux resulted in the underestimation 
of a total 10-day water budget by 9.8%. In contract, 
the introduction of a similar error into the oscillating 
CO2 flux for the same period from the same site will 
lead to staggeringly different results.
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Uncertainty assessment: one-way and oscillating fluxes (continued)

For the same exact period from the same site, hourly 
fluxes of CO2 are shown in the illustration above. Orig-
inal CO2 flux is presented as green dots on the top left 
plot, with a daily peak of about 20 µmol m-2 s-1. Red cir-
cles show hourly fluxes artificially reduced by 0.5 µmol 
m-2 s-1, approximately 2.5% of the maximum. The ver-
sus plot forced through zero, shown in the top right 
plot, demonstrate that as a result of this artificial error, 
the hourly fluxes were off by less than 0.5%, virtually an 
undetectable difference. 

The corresponding cumulative CO2 budget is shown on 
the lower plot above. By the end of day 10, the cumu-
lative CO2 estimates were 0.2 mol before introduction 
of an error and -0.2 mol afterwards. So by introducing 
an error nearly invisible on hourly versus-plots, the total 
10-day carbon budget was underestimated by stagger-
ing 200% (!) Moreover, the sign of the flux was changed 
from the actual source of CO2 to the misleading sink of 
CO2 for an entire ecosystem. 

This happened because the final budget was a rela-
tively small number effectively constructed from the 

combination of two relatively large numbers: the day-
time CO2 uptakes and the nighttime CO2 releases. These 
examples illustrate critical importance of avoiding even 
very small errors and biases throughout the entire pro-
cess of eddy covariance flux measurements, starting 
from instrument design and all the way to flux process-
ing and analysis. 

In terms of measurement system design, the Section 2.4 
provides an actual example of how a seemingly unim-
portant fast temperate measurements of the gas sample 
in the high-speed gas analyzers can prevent a sever-
al-fold error in the long-term CO2 budget, and the Sec-
tion 4.7 does the same for another set of fast temperature 
and fast pressure measurements. 

These and other considerations, ranging widely from the 
minimizing the flow distortion (Section 2.3) to minimiz-
ing the data gaps via continuous maintenance (Section 
3.4) are critical to high-quality measurements of either 
oscillating or any small fluxes, especially when con-
structing the long-term budgets. 

Reading and References

Kathilankal, J., Fratini, G., & Burba, G. 2015. Significance of high-speed 
air temperature measurements in the sampling cell of a closed-path an-
alyzer with a short tube. In European Geosciences Union General Assem-
bly, Geophysical Research Abstracts, Vienna, Austria, 12 -17 April. https://
meetingorganizer.copernicus.org/EGU2015/EGU2015-1289.pdf

Nakai, T., Iwata, H., & Harazono, Y. 2011. Importance of mixing ratio for 
a long-term CO

2
 flux measurement with a closed-path system. Tellus B: 

Chemical and Physical Meteorology, 63(3), 302-308. https://doi.org/10.1111/
j.1600-0889.2011.00538.x
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Footprint analysis 

In Section 2.7, the overall concept, key factors and the 
importance of the flux footprint were described from 
the position of designing the eddy covariance exper-
iment to assure best possible future data collection. 
More advanced literature listed below provides numer-
ous additional ways to re-analyze the data based on the 
flux footprint. 

Here let us take a look into just two examples of a more 
advanced footprint analysis from the position of treat-
ment of the already existing data: (i) allocating existing 
fluxes to specific areas or perimeters, and (ii) reweight-
ing the flux data to better represent long-term fluxes 
from non-homogeneous sites. 

Left figure above illustrates the actual long-term flux 
footprint at the LI-COR Experimental Research Sta-
tion (LERS; Appendix I) made using a Footprint Allo-
cation tool from the Tovi data analysis toolbox (Section 
5.3). The station has prevailingly southern winds in 
summer, warmer parts of spring and fall, and prevail-
ing northern winds in winter. The tower ‘sees’ fluxes 
mostly coming from the area covered with a ryegrass 

(green perimeters), but footprints also expand far 
beyond the grassy area, into parking lots, roads and 
one-and-tow story buildings (yellow perimeters). 

The right plot shows the CO2 flux integrated over the 
entire year from the LERS stations, in a similar man-
ner how traditional fluxes are typically integrated 
from long-term datasets. It looks reasonable at the first 
glance and the two very different contribution areas 
(grass and roads etc.) are not distinguishable. 

Hypothetically, if data from this site were to be stored 
in the flux database, an ecosystem scientists, urban 
investigator, greenhouse gas modeler or a remote 
sensing researcher would be using the purple line as 
their directly measured CO2 flux from the area. On 
average over very long time, they would likely be cor-
rect, assuming that long-terms contributions from 
grassy and non-grassy areas would indeed average 
out correctly over the long time. However, a substan-
tial amount of information important for research, 
ground-truthing or decision making would still be 
missing without an advanced footprint analysis. 

Reading and References

Barcza, Z., et al. 2009. Spatial representativeness of tall tower eddy cova-
riance measurements using remote sensing and footprint analysis. Agri-
cultural and Forest Meteorology, 149(5), 795-807. https://doi.org/10.1016/j.
agrformet.2008.10.021

Hsieh, C., Katul, G., & Chi, T. 2000. An approximate analytical model for foot-
print estimation of scalar fluxes in thermally stratified atmospheric flows. 
Advances in Water Resources, 23(7), 765-772. https://doi.org/10.1016/
s0309-1708(99)00042-1

Kljun, N., et al. 2015. A simple two-dimensional parameterisation for flux 
footprint prediction (FFP). Geoscientific Model Development, 8(11), 3695-
3713. https://doi.org/10.5194/gmd-8-3695-2015

Kljun, N., et al. 2004. A simple parameterisation for flux footprint pre-
dictions. Boundary-Layer Meteorology, 112(3), 503-523. https://doi.
org/10.1023/b:boun.0000030653.71031.96

Kormann, R., & Meixner, F.X. 2001. An analytical footprint model for 
non-neutral stratification. Boundary-Layer Meteorology, 99(2), 207-224. 
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Footprint analysis (continued)

Using Footprint Allocation tool allows to select mul-
tiple perimeters of interest (e.g., green and yellow 
on the left figure) and then allocate the fluxes to the 
respective perimeters when certain amount of flux 
(e.g., 60%-70%-80%) came from the perimeter. 

In the example above the 75/25% thresholds were 
set for the green the yellow perimeters, such that the 
flux originally presented by a purple line in the previ-
ous page is now described by two different lines: the 
green one when fluxes mostly come from the green 
perimeters (ryegrass lawn) and yellow one when they 
come from the yellow perimeter (roads, parking lots 
and roofs). 

This allocation created a new knowledge about grass 
area fluxes: photosynthesis rates from the grass (peak 
negative green line around noon) are several times 
larger than can be seen in the previous page. 

It also created a new knowledge about roads and 
parking areas. There is a continuous CO2 emission 
and never an uptake (positive fluxes only). Emission 
rates show morning and evening rush hours (black 
arrows in the morning and the evening). Emissions 
also are in-synch with an average traffic count (blue 
dotted line) from a big city where few people drive 
home for lunch. But since the actual measurements 
are conducted in a smaller city where many resi-
dents do go home or out for lunch, even the lunch 
hour traffic can be seen in the plot above (black 
arrow in the center).

While the absolute flux estimates may be biased in 
this analysis as far as long-term carbon budget is 
concerned (more yellow perimeter areas are seen 
during winter and nights, for example) the footprint 
flux allocation created new scientific and actionable 
managerial information which was simply not visible 
using traditional approach aggregating an entire flux 
regardless of the footprint.

Reading and References

Footprint calculation: https://www.licor.com/env/support/EddyPro/
topics/estimating-flux-footprint.html?Highlight=footprint

Footprint calculations: http://footprint.kljun.net

https://www.licor.com/env/support/Tovi/topics/toolbox-footprint-
analysis.html

Footprint analysis: https://www.licor.com/env/support/Tovi/topics/
toolbox-footprint-analysis.html?Highlight=footprint

Footprint allocation: https://www.licor.com/env/support/Tovi/topics/
toolbox-footprint-allocation.html?Highlight=footprint%20allocation

Leclerc, M.Y., & Thurtell, G.W. 1990. Footprint prediction of scalar fluxes 
using a Markovian analysis. Boundary-Layer Meteorology, 52(3), 247-258. 
https://doi.org/10.1007/bf00122089

Rannik, Ü., et al. 2012. Footprint analysis. In: Aubinet M., Vesala T., & Pa-
pale D. (eds) Eddy Covariance: A practical guide to measurement and data 
analysis, Springer, Dordrecht, pp 211-261. https://doi.org/10.1007/978-94-
007-2351-1_8
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Footprint analysis (continued)

The illustration above shows the same flux alloca-
tion as in the previous page but now for water vapor 
flux (evapotranspiration, latent heat, ET), and reveals 
even more significant differences between the contri-
bution areas, which would have been missed without 
the advance footprint analysis. 

The left plot shows the evapotranspiration integrated 
over the entire year from the LERS station, in a sim-
ilar manner how traditional fluxes are typically inte-
grated from long-term datasets. It looks reasonable at 
the first glance. 

Again, if data from this site were to be stored in the 
flux database, an ecosystem scientist, urban investi-
gator, water modeler or a remote sensing researcher 
would be using the blue line as their in-situ directly 
measured evapotranspiration from the area. And on 
average over very long time, they would likely be cor-
rect, assuming that long-terms contributions would 
indeed average correctly over the long time. However, 
a substantial amount of information for research, 
ground-truthing or decision making would still be 
missing without advanced footprint analysis. 

Using flux footprint allocation allows to describe the 
total evapotranspiration from the flux station by two 
different lines: the yellow one when fluxes mostly 
come from the yellow perimeter (roads, parking lots 

and roofs) and the green one where fluxes mostly 
come from the green perimeters (ryegrass). 

This allocation created a stark difference between the 
grass area with classically looking bell-shaped evapo-
transpiration following the net radiation, and the 
evapotranspiration from roads, parking lots and roofs 
which is episodic, order of magnitude smaller than 
from the grass, and likely describes the evaporation 
rates after rains and snowmelt. 

As in the previous example, the footprint flux allo-
cation analysis created new scientific and actionable 
managerial information which was simply not visible 
using traditional approach aggregating an entire flux 
regardless of the footprint.

Warning: It is important to note that footprint flux alloca-
tion provides valuable scientific insights, new actionable 
knowledge and correct quantification of fluxes for the time 
periods when most of the measured flux comes from the 
perimeter of interest. However, it does not provide fluxes from 
the perimeter of interest for all the time periods. This way the 
footprint flux allocation is different from the true footprint par-
titioning or footprint climatology which attempt to character-
ize the flux from a given area for all times via complex 
weighting (examples in the following pages), other sophisti-
cated techniques and modeling (for example, environmental 
response functions).
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Footprint analysis (continued)

In addition to the allocation of the flux to a specific 
part of the footprint (e.g., a perimeter or a spot), 
described in the previous pages, the advanced foot-
print analysis can also be done to quantify the fluxes 
over heterogenous areas over long-term, while 
accounting for multiple factors such as wind direc-
tion, topography, weather patterns and their interac-
tions with specific spots inside the overall footprint 
of the flux station. Perhaps first, an extremely gen-
eralized and simplified example would be helpful in 
explaining this concept. 

One can imagine a study area organized like a chess 
board, with blue and white squares, and the tower tall 
enough to see a distance of just one square upwind 
(left figure above). One can further imagine the com-
position of the wind directions over this area chang-
ing from year-to-year: in one year more winds come 
from white squares, and in another from blue squares. 

Let us now assume that overall area had same exact 
weather, temperature, precipitation moisture in 
both years, and functioned same exact way in both 
years. However in first year, all winds came from blue 
squares and none from white squares, and in the next 

year, none of winds came from blue squares and all 
came from white squares. 

If blue and white squares behave even a bit different 
from each other, there will be an apparent difference 
between the two years in cumulative fluxes. Such dif-
ference did not actually happen in the ecosystem, but 
still was observed by the tower, and the only reason 
for this year-to-year difference is different footprints 
observed by the tower in different periods. 

In fact, the only way one would not see such a pure-
ly-footprint-induced difference between two years 
is if the blue and white squares functioned exactly 
the same (e.g., the area perfectly homogenous in all 
directions). The latter is unfortunately not the case in 
real life, so year-to-year footprint variations have to 
be removed from year-to-year ecosystem variability. 
This example can be further complicated by changes 
in time on a smaller scale, such as diurnal and sea-
sonal cycles.

The abovementioned figure on the left represents a 
significantly simplified example of a real heteroge-
neous site and traditional integration of fluxes over 

How most fluxes reported now:

• Measured flux can be -1 or +1 depending 
on the measurement period and part of 
ecosystem being sampled

Standardized weighing:

• Weighed to represent actual averaged wind 
pattern from one period to another

• Measured flux can become zero only if average 
wind pattern samples blue and white areas 
equally in space and time

• Same exact ecosystem, with same exact flux in both periods 1 and 2: actual flux from ecosystem is always 
zero, F=0

Period 1: F1=+1

Period 2: F2=-1

-1<<F<<+1

+1-1

+1 -1
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the long term. If wind blew over this site equally from 
all wind directions and at all times, the averaged 
flux per m-2 measured by the flux station would be 
zero (-1+1-1+1=0). However, it is almost never the 
case, as nearly all sites in the world have prevailing 
wind directions at specific times during day, month 
or a season. In addition, year-to-year variation of the 
wind patterns overlaying local topography may cause 
significant differences in wind patterns between the 
different years at the same exact site. 

If prevailing winds at the site were in SW-NE direc-
tions, the averaged computed flux per m-2 from the 
site would be +1 because no white squares would 
be ‘seen’ by the tower. However, if prevailing winds 
at the same site were in NW-SE directions, the aver-
aged computed flux per m-2 from the site would be -1 
because no blue squares would be ‘seen’ by the tower. 

So not only the long-term fluxes (F1 and F2) from 
the entire site would be computed incorrectly for 
both Period 1 and Period 2, but the differences 
between fluxes from one time period to another 

would be incorrectly attributed to the site function-
ing, phenology, anthropogenic influences or some 
other reasons, when in fact, there was no difference 
in the site functioning between the Periods 1 and 2 in 
this hypothetical example. 

One way to minimize these issues is to re-weight the 
measured fluxes to represent each actual wind direc-
tion equally from one period to another. Green line 
on the right figure on the previous page represents an 
example of such re-weighting providing a much better 
estimate of spatial variability within the same site in 
comparison to a traditional aggregation of the fluxes 
over time, effectively represented on the left plot. 

This example of reweighting is still imperfect because 
it reflects actual wind directions at the site and not all 
possible wind directions at the site for which directly 
measured flux data often do not exist. In other words, 
this example shows better what tower has ‘seen’ over 
long term but does not necessarily show what the 
entire ecosystem did over long-term.

Footprint analysis (continued)
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Footprint analysis (continued)

The second practical example, illustrated above, 
shows the re-weighing for all possible wind direc-
tions at the site (green circle) provided that enough 
flux data exist, or can be re-constructed, for minor 
wind directions. Unlike in the first example, where 
minor wind directions were shown as is, here they 
are being weighted to represent an equal share of the 
flux footprint, equally important as dominating wind 
directions. 

This would require binning of the flux data by wind 
direction segments, so some bins from minor direc-
tions may contain very little amount of data and will 
increase uncertainty of overall estimation for the flux 
estimate from the site when multiplier by a weight 

factor. However, this reweighing should better repre-
sent what is actually happening at the entire site, at 
least conceptually, than a traditional way or the first 
example. 

In other words, the re-weighing in this example 
attempts to better show what the entire ecosystem 
did over the long term, but it does not show what 
flux station actually saw over the long term. Such 
re-weighing may be beneficial for looking at tem-
poral (period-to-period) variability at the same site, 
for comparison between the two different sites, and 
potentially, for upscaling to better ground-truth 
remote sensing data.

How most fluxes reported now:

• Measured flux can be -1 or +1 
depending on the measurement 
period and part of ecosystem 
being sampled

Space-equitable weighing:

• Weighed to equally represent each 
wind direction in space

• Measured flux can become zero 
assuming diurnal patterns and 
available data distributed such that 
they cancel out the bias

• Same exact ecosystem, exact same fluxes in period 1 and 2: actual flux from ecosystem is always zero, F=0

F         0

+1-1

+1 -1

Time 1
Time 2

Time 3
Time 4

Time 5
Time 6
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Footprint analysis (continued)

The third practical example attempts to bring the 
re-weighing even closer to representing the reality of 
what was happening at the entire measurement site, 
by trying to account for temporal variability in fluxes 
at the site in addition to their spatial variability. This 
approach requires re-weighing of the fluxes not only 
by segments of wind direction but by time periods 
(hours, days, weeks, months etc.). 

For example, many mountain and seaside sites may 
experience one wind direction at night and a differ-
ent wind direction during daytime. So, all the directly 
measured nighttime fluxes may come from one area 
of the ecosystem and all the directly measured day-
time fluxes may come from another area. At the same 
time, day and night may have very different dura-
tions, also changing throughout the season. So, if 

not reweighted by time segments, flux results may be 
biased towards longer nights or longer days. During 
such re-weighing, individual time periods may no 
longer sum up to zero in the scheme above, but the 
more data becomes available, the closer is the flux 
estimate from an entire ecosystem getting to zero.

Of course here, when one needs to bin the data not 
only by segments of wind directions by also by time 
segments, the amount of data in a single spatio-tem-
poral bin can become very small and the uncertainty 
thus can become very large. However, in principle, 
this approach should bring the measured flux from 
the area closer to the actual flux from the area than 
in any other shown examples and be good for a wide 
variety of applications.

• Same exact ecosystem, exact same fluxes in period 1 and 2: actual flux from ecosystem is always zero, F=0

How most fluxes reported now:

• Measured flux can be -1 or +1 
depending on the measurement 
period and part of ecosystem 
being sampled

Space-time-equitable weighing:

• Weighed to equally represent each 
wind direction in space and time

• Measured flux is zero assuming 
enough data in each space-time bin

F=0

+1-1

+1 -1

Time 1
Time 2

Time 3
Time 4

Time 5
Time 6
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Footprint analysis (continued)

Traditional Budgeting

Space and time variability is not removed

Strengths: 

• Easy, traditionally accepted, may work well in 
uniform areas with homogeneous winds

Weaknesses:

• Large errors possible when prevailing winds 
overlay specific sectors and specific diurnal and 
seasonal times

Applications:

• Traditionally universal

Standardized Budgeting

Variability removed based on average wind pattern

Strengths:

• Sector contributions to budgets remain constant

Weaknesses:

• Representation of the average grid properties 
unchanged

Applications:

• Removal of sampling variability within site, sites 
with purposefully constrained footprint

Space-equitable Budgeting

Equal sector representation in space between periods

Strengths:

• Each sector contributes the exact same amount 
to budget

Weaknesses:

• Does not account for diurnal sampling variations 
in sectors

Applications:

• Removal of spatial variability between years 
within site, site comparisons, upscaling

Space-timed-equitable Budgeting

Equal sector representation in space and time 
(diurnal cycle)

Strengths:

• Each sector is based on a time uniform data 
contribution

Weaknesses:

• Uncertainties vary with sampling frequency of 
each bin

Applications:

• Removal of spatio-temporal variability, site com-
parisons, upscaling, long-term budgets
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Advanced footprint analysis, such as described in the 
examples here, becomes an important part of mod-
ern-day ecosystem flux analysis, and can be highly 
beneficial part of data QC/QA, gap-filling and func-
tional analysis if done carefully and in a consistent 
and transparent manner, but it needs to be specific for 
a research goal and should be treated with caution. 

One major complication with the re-weighing is that 
some winds can be associated with actually different 
functioning of the ecosystem, so re-weighing itself 
can bias the final data in such cases. Another major 
complication is sheer complexity of real-life sites, 
topography and weather patterns, and the need of 
very careful spatial analysis of the study site. 

These and multiple other issues may eventually be 
resolved using a very recent development of Environ-
mental Response Functions, briefly described later in 
this section, however potential application of envi-
ronmental response functions to advanced footprint 
analysis is outside of the scope of this book.

The techniques described in the previous pages have 
been published in Griebel et al (2016, 2020) and the 
respective codes are available at:

• https://github.com/AnneGriebel/
Griebel-GRL_2020)

• https://github.com/NEONScience/
eddy4R-documentation/wiki/What-is-eddy4R

• https://hub.docker.com/r/stefanmet/eddy4r

These codes and literature listed in the next page 
should assist the reader in further understanding 
of the advanced footprint analysis, and help better 
understand the examples shown here, as well as the 
variety of other possible re-weighting schemes.

Warning: All three examples here should perform consider-
ably better than a traditional way of aggregating flux measure-
ment over time, regardless of the prevailing wind, footprint 
location and local heterogeneity. These can also help to signifi-
cantly improve gap filling procedures, as present gap filling 
techniques rely on a traditional aggregation of fluxes and are 
likely biased as a result. However, moving from one example to 
the next, the amount of missing data, data re-processing 
needs, and related assumptions all increase. This also increases 
the uncertainly in the final results, especially in temporal trends 
at the same single site, and in inter-comparability of several 
different sites.  

Footprint analysis (continued)

https://github.com/AnneGriebel/Griebel-GRL_2020)
https://github.com/AnneGriebel/Griebel-GRL_2020)
https://github.com/NEONScience/eddy4R-documentation/wiki/What-is-eddy4R
https://github.com/NEONScience/eddy4R-documentation/wiki/What-is-eddy4R
https://hub.docker.com/r/stefanmet/eddy4r
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Flux partitioning: CO
2
 

As described in Part 1, the eddy covariance flux sta-
tion measures CO2 flux which represents the net eco-
system exchange, NEE, the net exchange between 
the surface and the atmosphere. NEE is essentially a 
difference between gross primary production GPP (a 
total amount of carbon fixed by plants in the process 
of photosynthesis) and ecosystem respiration Re (or 
RECO in the plots above), a carbon released by het-
erotrophic respiration from soil and litter, and auto-
trophic respiration from plants and roots. 

Partitioning the NEE measured by the tower into 
GPP and Re is an important part on flux data analysis, 
especially in scientific applications, but also in a few 
commercial applications (e.g., yield maximization in 
agriculture, health diagnostics in forestry, etc.). 

There are many different methods for NEE partition-
ing, and no single standard applicable to all ecosys-
tems. Table 1 in Reichstein et al. (2005) describes 
nine of the main methods and their advantages and 
disadvantages. 

In very generalized terms, one group of the NEE par-
titioning methods are empirical models that establish, 
at different time scales, the site-specific relationships 

between nighttime flux, all of which is Re, and air or 
soil temperature and other key drivers (e.g., vapor 
pressure deficit, soil moisture, growth stage, etc.). 
Then such relationships are used during daytime to 
approximate the daytime Re, subtract it from NEE to 
obtain GPP. 

Another group of methods is also models, arguably 
less empirical but more complex, that rely on the light 
response curves, and sometimes key drivers (e.g., air 
or soil temperature, vapor pressure deficit, soil mois-
ture, growth stage, etc.), using either just daytime 
data or 24-hour data. 

Example above uses CO2 flux partitioning tool from 
a toolbox of Tovi flux data analysis software (Section 
5.3). This is the most reliable method proposed by 
Reichstein et al. (2005) which fall into a first group 
because it relies on modelling ecosystem respiration as 
a function of temperature, using only night-time data.

Note how midday NEE of nearly zero is actually made 
of two much larger components, the photosynthe-
sis-driven CO2 uptake and similarly-sized ecosystem 
respiration driven CO2 release. 
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This model has been consistently reported to work 
well in the majority of moderate and cold ecosystems. 
But it may not necessarily work as well in some of 
extreme ecosystems where the canopy functioning, 
often expressed as a stomatal conductance, may be 
heavily driven, for example, by sulfur saturation near 
volcanos or geysers (e.g., stomata close in sulfur-reach 
air) or by extremely high temperature and low VPD 
in tropical and equatorial environments (e.g., stomata 

close during afternoon heatwave at low soil moisture 
but not always at a sufficient soil moisture).

References below list software packages capable of 
CO2 flux partitioning and literature describing mul-
tiple various methods of the partitioning of net eco-
system exchange into gross primary production and 
ecosystem respiration. 

Reading and References

Tovi: https://www.licor.com/env/support/Tovi/topics/toolbox-partitioning.
html

EddyPro; http://www.bgc-jena.mpg.de/REddyProc/brew/REddyProc.
rhtml

Source code for EddyProc: https://www.bgc-jena.mpg.de/bgi/index.
php/Services/REddyProcWebRPackage

Cleverly, J., et al. 2013. Dynamics of component carbon fluxes 
in a semi-arid acacia woodland, central Australia. Journal of Geo-
physical Research: Biogeosciences, 118(3), 1168-1185. https://doi.
org/10.1002/jgrg.20101

Gilmanov, T.G., et al. 2007. Partitioning European grassland net eco-
system CO

2
 exchange into gross primary productivity and ecosystem 

respiration using light response function analysis. Agriculture, Eco-
systems & Environment, 121(1-2), 93-120. https://doi.org/10.1016/j.
agee.2006.12.008

Ingrisch, J., et al. 2015. Carbon pools and fluxes in a Tibetan Al-
pine Kobresia pygmaea pasture partitioned by coupled eddy-co-
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 pulse labeling. Science of The 

Total Environment, 505, 1213-1224. https://doi.org/10.1016/j.scito-
tenv.2014.10.082
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terms commonly used in carbon accounting. In Proceedings Net 
Ecosystem Exchange CRC Workshop (pp 2-5). http://hdl.handle.
net/102.100.100/202607?index=1

Lasslop, G., et al. 2012. On the choice of the driving temperature 
for eddy-covariance carbon dioxide flux partitioning. Biogeosciences, 
9(12), 5243-5259. https://doi.org/10.5194/bg-9-5243-2012

Lasslop, G., et al. 2010. Separation of net ecosystem exchange into 
assimilation and respiration using a light response curve approach: 
critical issues and global evaluation. Global Change Biology, 16(1), 
187-208. https://doi.org/10.1111/j.1365-2486.2009.02041.x

Reichstein, M., et al. 2005. On the separation of net ecosystem ex-
change into assimilation and ecosystem respiration: review and im-
proved algorithm. Global Change Biology, 11(9), 1424-1439. https://
doi.org/10.1111/j.1365-2486.2005.001002.x

Scanlon, T.M., & Kustas, W.P. 2010. Partitioning carbon dioxide 
and water vapor fluxes using correlation analysis. Agricultural and 
Forest Meteorology, 150(1), 89-99. https://doi.org/10.1016/j.agr-
formet.2009.09.005

Scanlon, T.M., & Sahu, P. 2008. On the correlation structure of water 
vapor and carbon dioxide in the atmospheric surface layer: a basis 
for flux partitioning. Water Resources Research, 44(10). https://doi.
org/10.1029/2008wr006932 

Flux Partitioning: CO2  (continued)
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Flux partitioning: evapotranspiration

Similar to CO2 flux partitioning, the partitioning of a 
total water vapor flux (e.g., evapotranspiration, ET) 
measured by the flux station into two primary compo-
nents, canopy transpirations and non-canopy evapo-
ration, can be done by multiple methods with no 
single standard method applicable to all ecosystems.

Unlike CO2 flux partitioning, the partitioning of total 
evapotranspiration into transpirations and evapora-
tion has broad implications spanning across many 
scientific and commercial applications, ranging from 
watershed hydrology and water management to irri-
gation scheduling even land management. The cru-
cial aspects of water vapor flux partitioning have been 
studied in micrometeorology in a focused manner for 
nearly a century starting, perhaps, with PhD work by 
Bowen (1926). 

Some methods rely on measuring total evapotranspi-
ration and then simply subtracting one separately mea-
sured component in order to obtain the second one. 

For instance, transpiration component can be esti-
mated by taking flux station evapotranspiration mea-
surements and subtracting evaporation measured by 
a lysimeter, soil chambers, understory flux station in 
the forest, open pan, etc. 

Similarly, evaporation component can be estimated 
by taking flux station evapotranspiration measure-
ments and subtracting transpiration measured by a 
sap flow method, or using leaf chambers, etc. 

However, there are numerous different methods to 
deduce both components from a single eddy cova-
riance measurement of a total water vapor flux, 
ranging from turbulent-based re-analysis of eddy 
covariance time series (Scanton and Sahu, Scanton 
and Kustas, etc.) to analytical models or water vapor 
transport (Shuttleworth–Wallace, Massman, etc.) to 
many traditional water budget and energy budget 
based models. 

An excellent review of principles and resulted per-
formance of such methods is provided by Kool et al 
(2014) summarized in their Tables 2 and 3. In addi-
tion, the references below list key literature describing 
multiple various methods of the partitioning of total 
ecosystem water vapor exchange into two of its prin-
cipal components, transpiration from the canopy and 
evaporation from soil and water surfaces. 
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Reading and References
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Flux Partitioning: evapotranspiration (continued)
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Advanced data visualization

Scientific data can be visualized via numerous different 
plotting and mapping techniques. Some types of visu-
alizations are more effective for showing one kind of 
information but not very useful, or even misleading, 
for another kind of information. 

Proper visualization can lead to faster scientific discov-
eries and better practical solutions, while improper visu-
alization can lead to egregious and dangerous errors. 
Good general guidance and excellent specific examples 
of such visualizations are presented in the publications 
by E.R. Tufte listed at the bottom of this page. 

For our purposes, let’s take a look at the following 
example. The map on the left above shows locations 
and time of data coverage of flux measurements sites 
that are a part of a global FLUXNET network, while 
plot on the right plot shows the data coverage from the 
same sites depending on the annual precipitation and 
average air temperature (aka Whittaker’s biome classi-
fication). While based on similar underlying informa-
tion, these visualizations emphasize different aspects of 
this information: 

• The left plot shows geographical distribution of 
sites very well. Precipitation and temperature cov-
erage can be indirectly deduced from it, but this 
would not be intuitive and hard to see. 

• The right plot shows precipitation and temperature 
coverage by flux sites very well, while geographical 
distribution would not be intuitive and hard to see. 

• For instance, the left plot can help instantly see 
how underrepresented the regions in Africa, the 
Middle East and Siberia are, while the right plot 
immediately demonstrates the lack of long-term 
flux measurements in hot and dry environments.

Most researchers are familiar with various universally 
used charts (line, bar, pie, area, scatter, etc.), especially 
when x-axis represents time scale or a distance, or 
some kind of an independent environmental variable. 
For example, a plot of air temperature vs time of day in 
weather forecast, or photosynthesis rates plotted versus 
incoming solar radiation. 

The more specialized visualizations, essential for 
advanced flux data analysis, include spectral, cospec-
tral and ogive plots where x-axis represents frequency 
rather than time (described in Sections 4.2 and 5.1). 

Even further advanced are visualizations of very large 
quantities of data in spatial, temporal and frequency 
domains represented respectively by contours and 
heatmaps, fingerprints and wavelet plots. Lately, these 
visualizations have been used increasingly frequently 
for flux data analysis and are briefly described in the 
next few pages. 

Reading and References

Pastorello, G., et al. 2017. A new data set to keep a sharper eye on 
land-air exchanges. Eos, 98. https://doi.org/10.1029/2017eo071597

Tufte, E.R. 1990. Envisioning information. Graphics Press. Cheshire, 
Connecticut.

Tufte, E.R. 2001. The visual display of quantitative information (2nd ed.). 
Graphics Press. Cheshire, Connecticut.

Tufte, E.R. 2006. Beautiful evidence. Graphics Press. Cheshire, Con-
necticut.

Adapted from Pastorello et al (2017)
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Advanced data visualization: contours and heat maps

Contour lines are used widely in mapping to show 
topography, barometric pressure, surface tempera-
ture or precipitation, etc. 

In the example above, Tovi software was used to plot 
contour lines showing contribution of the footprint 
from surrounding area to the yearly flux measured 
by the tower marked as a star. The 10% contour line 
shows that the areas very closely adjacent to the tower 
from the north and south contributed approximately 
10%. While the 70% counter line show a much large 
area where 70% of measured fluxes came from. 

A heat map, also shown in the example above, shows 
even more detailed information using the colors to 
describe individual values of each cell in the footprint 
grid, much more detailed than just 10% steps shown 
by the contours. 

Both contours and heat maps are not new in car-
tography, meteorology and many other scientific 
visualizations. In eddy covariance data analysis and 

visualizations, these techniques are very helpful for 
description of the results where a very significant 
amount of data needs to be shown in a single plot and 
then rapidly intuitively understood. 

Just imagine trying to show the flux footprint in the 
example above via traditional two-dimensional or 
even three-dimensional plot, and how hard would 
it be to then apply it to remote sensing product, or 
to figure out how much flux is contributed by a road 
north of the tower.

Although very convenient for representing the spa-
tial information, these are not necessarily always 
used in conjunction with maps. For example, clas-
sical psychrometric charts use contours to describe 
the relationship between temperature and humidity, 
and wind chill charts use both contours and shading 
matrices (arguably, an older term for heat maps) to 
describe the dangerous levels of exposure depending 
on air temperature and wind speed.
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Advanced data visualization: fingerprint plots

Fingerprint plots are another way to show a very large 
amount of data on a small plot in an intuitive manner, 
especially in time domain. 

In the example above, Tovi software was used to plot 
CO2 flux (left), latent heat flux (left of center), sensible 
heat flux (right of center), and air temperature (right) 
for every hour over a period of 1 year. The x-axis is 
time of day, the y-axis is day of year, and color show 
the fluxes and temperature. 

On can easily trace midday temperature throughout 
the year by imagining a vertical line going through 
12:00 in the right plot. The temperature ranges from 
253 K (-20 °C) in January and December and all the 
way to 310 K (37 °C) in summer months. One can 
also see extremely cold early morning periods (dark 
blue) over few days near December 7, and extremely 
hot afternoons over few weeks between August 18 
and September 8.

Similar to temperature fingerprint plot, both latent 
and sensible heat plots contain a combination of 
diurnal and seasonal information, and also show gaps 
in the data related to flux quality control (low turbu-
lence, instrument malfunction, power loss, etc.). One 

can see that the largest gaps occurred in March and 
April, and took an entire day at a time, so most likely 
these gaps were not related to turbulence conditions 
(typically nights and early mornings) but rather to 
instrument malfunction and power loss at the site. A 
much smaller amount of much shorter gaps can also 
be seen on some late night and early mornings, which 
are likely related to low turbulence. 

Another interesting observation can be made by look-
ing at the late August - early September period when 
daytime sensible heat increased to 500 W m-2 while 
daytime latent heat flux decreases near-zero, likely 
indicating the drought, when grass stopped transpir-
ing, dried out and both soil and dead grass were sig-
nificantly heated by the sun. This was also confirmed 
by extremely hot afternoons over few weeks between 
August 18 and September 8 observed in the tempera-
ture fingerprint plot.

In these examples, a very quick look at the fingerprint 
plots revealed a lot about ecosystem functioning, sea-
sonal and diurnal variability, key events, data quality 
and availability, all of which would be difficult and 
time-consuming to grasp using more conventional 
plotting methods.
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Advanced data visualization: wavelets

Wavelets are widely used in signal processing and 
recovery, data compression, including sound, images, 
videos, etc. Lately wavelets have been successfully 
used for eddy covariance data analysis and visual-
ization. Wavelet itself is a mathematical function 
describing a process of oscillation with fluctuations 
at multiple frequency and amplitude scales. At first 
sight, a wavelet analysis plot may seem like an unusual 
fingerprint, but it actually is quite different. 

Somewhat similar to the Fourier transform, which 
allows transformation of time series data from time 
to frequency domain using as a combination of the 
sine waves of different period and amplitudes (Sec-
tion 4.2), the wavelet transformation allows to trans-
form the time series data into both frequency and 
time domains at the same time, using various types 
of mathematical transformations of actual time series 
and specific types of wavelet (e.g., Morlet, Mexican 
Hat, Meyer, etc.). In very simplified and approximate 
terms, wavelet analysis plot can be imagined as a 
number of numerous spectral plots stacked in a long 
sequential queue in time. Each vertical slice of the 
wavelet plot can then be turned on its side presenting 
a spectrum of time series for this specific time. 

The example above shows a time series (top left), cor-
responding wavelet analysis plot (bottom left), corre-
sponding spectra (bottom right) using Morlet wavelet 
for the transformation (top right). The top left plot 
describes fluctuations at two scales: the higher fre-
quency fluctuations at 0.25 second for the first 5 sec-
onds, and the lower frequency fluctuations at 1 second 
for the next 5 seconds. The spectral plot (bottom 
right) does show the presence of both fluctuations 
but does not show the time when the second fluctua-
tion happened. However, the wavelet plot shows both 
fluctuations and the times when they occurred. It this 
example, wavelet analysis yielded essentially all the 
frequency information which would be provided by 
Fourier transform in spectra, but also extracted addi-
tional information in time scale unavailable from the 
Fourier transform of the original signal. 

Applications of wavelet functions in eddy covari-
ance are not limited to just data visualization, but 
are increasingly used in flux processing and analy-
sis, ranging from frequency corrections to ecological 
interpretations of results. Further details and exam-
ples of wavelet analysis can be found in Cazelles et al 
(2008) and references below. 

Adapted from Cazelles et al (2008)
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Reading and References
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eddy-covariance high-frequency losses in scalar concentration mea-
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Stoy, P.C., et al. 2005. Variability in net ecosystem exchange from 
hourly to inter-annual time scales at adjacent pine and hardwood for-
ests: a wavelet analysis. Tree Physiology, 25(7), 887-902. https://doi.
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Advanced data visualization: wavelets (continued)
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Computationally intensive techniques

Very recent highly advanced computationally inten-
sive techniques (e.g., machine learning relying on 
structured data, deep learning relying on artificial 
neural networks, etc.) border computer science and 
ecosystem modelling, and are well beyond the scope 
of this book. 

However, these approaches are deployed increasingly 
frequently in flux community for gap filling, scaling 
from tower to satellite grid, uncertainty and sensitiv-
ity analyses and numerous other purposes, and are 
certainly worth investigating. 

One particularly interesting example, with promis-
ing results and rapid progression, is environmental 
response functions (ERF) developed to infer the new 
knowledge from flux station data virtually inaccessi-
ble with traditional techniques. 

This approach uses short-term relationships between 
fluxes, key drivers and remote sensing products, to 
constructs a virtual control volume (e.g., the three-di-
mensional box) where the flux is mapped with high 
spatial resolution in all three dimensions.

This approach offers not just the ability to apportion 
the flux to a relatively small area (including poten-
tially an extremely valuable point-source strength 
characterizations) but also helps bridge different 
scales and types of observations useful for remote 

sensing and modelling. The simplified version of this 
approach is shown in Metzger (2018a) and a more 
detailed description is provided in Metzger (2018b). 

This and other applications of novel computationally 
intensive methods to eddy covariance data analysis 
are described in the links below and references pro-
vided in the next page:

• https://www.sas.com/en_us/insights/analytics/
machine-learning.html

• https://towardsdatascience.com/10-machine-
learning-methods-that-every-data-scientist-
should-know-3cc96e0eeee9

• http://pages.cs.wisc.edu/~bolo/shipyard/neural/
local.html

• http://neuralnetworksanddeeplearning.com/
chap1.html

• http://news.mit.edu/2017/
explained-neural-networks-deep-learning-0414

• https://sciencetrends.com/
surface-atmosphere-exchange-in-a-box/

• https://www.researchgate.net/publica-
tion/321473637_Surface-atmosphere_exchange_
in_a_box_Making_the_control_volume_a_suit-
able_representation_for_in-situ_observations
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Reading and References
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org/10.1007/s00521-012-1240-7

Junkermann, W., et al. 2012. Environmental response functions–relat-
ing eddy-covariance flux measurements to ecosystem drivers. In Amer-
ican Geophysical Union, Fall Meeting Abstracts, San Francisco, CA. 
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ane fluxes: a comparison of three machine learning algorithms and a 
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Biology, 26(3), 1499-1518. https://doi.org/10.1111/gcb.14845

Li, B., et al. 2019. Estimation of rice paddy methane emissions from 
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learning. In American Geophysical Union, Fall Meeting Abstracts, 
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Moffat, A.M., et al. 2007. Comprehensive comparison of gap-filling 
techniques for eddy covariance net carbon fluxes. Agricultural and 
Forest Meteorology, 147(3-4), 209-232. https://doi.org/10.1016/j.
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Overview
With over 600 flux stations presently operational as 
a part of several dozen continental and national flux 
networks (Part 6) and over 2150 past and present 
flux site locations with previously collected flux data, 
a data analysis software can help produce traceable 
and reproducible results across different flux sites, 
research groups, and measurement applications.

However, developing and maintaining such a soft-
ware is a difficult task, both logistically and finan-
cially, because it requires continuous collaboration 
between the flux community continuously describ-
ing what new tools and functionality they need, and 
a software provider who is able to understand these 
needs and functionality and turn them into continu-
ously updated software package. 

Such software should not require the user to have 
a background in micrometeorology because the 
users will range widely, from atmospheric physicists 
with extensive micrometeorological background to 
remote sensing scientists with no such background. 
The software should also not require the user to have 
programming skills because the users will range 
from climate modelers with extensive programming 
background to ecologists with little or no back-
ground in programming. 

In late 2018, such a software temporarily became 
available as a  a preliminary experimental pilot. Tovi 
was the data analysis software driven and guided 

by the research community, developed, and imple-
mented by LI-COR. Research Community provided 
scientific competence, methods and codes, and out-
lines the needed tools. LI-COR provided software 
engineering, solid implementation, easy-to-use GUI, 
documentation, and trainings.

It allowed to seamlessly ingest the data from the flux 
stations (Section 2.4), run quality control, gap-fill, 
multiple analyses using methods available from and 
recommended by the research community. Auto-
mated workflow documentation helped establish 
shareable, traceable, and reproducible workflows, 
greatly enhancing standardization and comparability 
among sites and users.

The software was designed to allow a non-microme-
teorologist to handle the data in the advanced and 
sophisticated manner, to allow rapid execution of 
procedures which have been quite time-consuming 
and complicated in the past, and other data analysis 
steps virtually not doable in the past. All was done 
by using intuitive graphical use interface and did not 
require programming skills. 

Although no longer available, the software has been 
success fully used by numerous researchers for their 
site-spe cific  analyses and subsequent publications, 
and it still serves as a great example for many key data 
analysis tools described further in this section.
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Networks of 
Automated Flux 
Stations

Expanded Use 
of Flux Data

Automated 
Flux Station

Data Analysis from 
Automated Flux Stations

Gapfill, 
Footprints, etc.

Faster
Published

Faster QA/QC
& Analysis

Traceable
Verifiable

Tovi Software
•  Software for data 

post-processing, gap filling, 
and analysis

•  Instant QA/QC, filtering, and 
resulted data and statistics

•  Traceable and reproducible 
protocols

Overview (continued)
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Examples of tools

Tovi was organized as a toolbox consisting of several 
groups of individual tools (left screenshot): 

• Data screening tools to allow additional cleaning 
of data using ranges, dependencies and thresh-
olds including two different methods for frictions 
velocity threshold detection.

• Data consolidation tools for advanced averaging, 
and energy budgets and flux storage corrections. 

• Gap filling tools to fill-in meteorological and 
flux data.

• Footprint analysis and flux partitioning tools.
• Custom coding space to modify existing tools or 

write new ones.
• Documentation tools including processing log and 

an export of automatically created citations list. 

These tools could be organized in various different 
workflows, depending on the desire of the researcher 
who is doing the analysis. 

Nearly every tool in Tovi was developed based on a 
guidance, and in collaboration with, a major flux net-
work or a specific research groups with most exper-
tise in a specific topic: 

• Each tool had the acknowledgments section 
listing the contributing researchers and code 
developers and their professional contacts 
(ResearchGate, ORCID, Google Scholar, etc.). 

• The citation list was automatically created during 
the analysis such that at the end of the analysis, 
all the original sources (papers and codes) for 
the routines used in this specific analysis could 
be exported in various formats to be cited when 
publishing the reanalyzed data (right screenshot). 

One example of possible analytical workflow is shown 
in the following pages briefly describing the functions 
of a specific tool and who was a major contributor to 
its development. The references in the next pages pro-
vide the list of papers describing the routines imple-
mented in Tovi.
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Reading and References

This is a partial list of papers and codes describing the routines imple-
mented in Tovi. 

Acevedo, O.C., et al. 2009. Is friction velocity the most appropri-
ate scale for correcting nocturnal carbon dioxide fluxes? Agricultur-
al and Forest Meteorology, 149(1), 1-10. https://doi.org/10.1016/j.
agrformet.2008.06.014

Barr, A.G., et al. 2013. Use of change-point detection for friction–ve-
locity threshold evaluation in eddy-covariance studies. Agricultural 
and Forest Meteorology, 171-172, 31-45. https://doi.org/10.1016/j.
agrformet.2012.11.023

Foken, T., et al. 2004. Post-field data quality control. Handbook of Mi-
crometeorology: A Guide for Surface Flux Measurement and Analysis. 
In X. Lee, W. Massman, & B. Law (eds), Handbook of Micrometeorology: 
A guide for surface flux measurement and analysis (pp 119-131). Kluwer 
Academic Publishers.

Foken, T., & Wichura, B. 1996. Tools for quality assessment of sur-
face-based flux measurements. Agricultural and Forest Meteorology, 
78(1-2), 83-105. https://doi.org/10.1016/0168-1923(95)02248-1

Göckede, M., Rebmann, C., & Foken, T. 2004. A combination of qual-
ity assessment tools for eddy covariance measurements with foot-
print modelling for the characterisation of complex sites. Agricultural 
and Forest Meteorology, 127(3-4), 175-188. https://doi.org/10.1016/j.
agrformet.2004.07.012

Hsieh, C., Katul, G., & Chi, T. 2000. An approximate analytical model 
for footprint estimation of scalar fluxes in thermally stratified atmo-
spheric flows. Advances in Water Resources, 23(7), 765-772. https://
doi.org/10.1016/s0309-1708(99)00042-1

Isaac, P., et al. 2017. OzFlux data: network integration from collection to 
curation. Biogeosciences, 14(12), 2903-2928. https://doi.org/10.5194/
bg-14-2903-2017

Kljun, N., et al. 2004. A simple parameterisation for flux footprint pre-
dictions. Boundary-Layer Meteorology, 112(3), 503-523. https://doi.
org/10.1023/b:boun.0000030653.71031.96

Kljun, N., et al. 2015. A simple two-dimensional parameterisation for 
flux footprint prediction (FFP). Geoscientific Model Development, 8(11), 
3695-3713. https://doi.org/10.5194/gmd-8-3695-2015

Kormann, R., & Meixner, F.X. 2001. An analytical footprint model for 
non-neutral stratification. Boundary-Layer Meteorology, 99(2), 207-224. 
https://doi.org/10.1023/a:1018991015119

Mauder, M., & Foken, T. 2006. Impact of post-field data processing 
on eddy covariance flux estimates and energy balance closure. Me-
teorologische Zeitschrift, 15(6), 597-609. https://doi.org/10.1127/0941-
2948/2006/0167

Reichstein, M., et al. 2005. On the separation of net ecosystem ex-
change into assimilation and ecosystem respiration: review and im-
proved algorithm. Global Change Biology, 11(9), 1424-1439. https://doi.
org/10.1111/j.1365-2486.2005.001002.x

Examples of tools (continued)
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Personally!

• Input files are standard EddyPro flux result files

• Based on site location, Tovi could automatically download 
meteo, radiation, and soil data relevant to the station

• Uses 14000+ Automatic Weather Stations, and gridded 
ERA-I data (ECMWF)

• Visual and interactive data filtering with instant view 
of the effects of the filtering

• Automated presets and manual  setting for min/max

• Exclusion of specific periods with instant view of the 
effects of the exclusion

• Use of QC flags, dependencies, etc.

• Simple GUI to help quickly gap-fill the meteorological, 
radiation and soil variables using external data

• Scale data to compensate slope and offset

• Compensate data collection intervals and time 
offsets between AWS and your site

• Determine threshold u* (friction velocity) to exclude 
periods of potentially high advection; two methods

• Semi-automated presets, easy-to-use manual tuning

• Instant view of the effects of the u* filtering on 
years of data

• Use quality controlled meteo, radiation, soil and flux 
data filtered for QC flags, custom ranges, u*, etc.

• Use meteo data, gap-filled with Automatic Weather 
Stations and/or gridded ERA-I product

• Fills gaps in sensible and latent heat fluxes, gas fluxes 
and ET using Marginal Distribution Sampling

Input Data

Quality Screening

Gap-filling Weather Data

u* filtering

Gap-filling Flux Data

Examples of tools (continued)
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Personally!

• Partition Net Ecosystem Exchange into Gross Primary 
Production and Ecosystem Respiration

• Use ‘Night-time’ method after Reichstein et al. (2005)

• Use same code implemented in the Fluxnet 2015 
release and AmeriFlux’s OneFlux suite

• ‘Daytime’ method after Lasslop et al. (2010)

• Analyze each component of Ecosystem EB from 
different time scales/perspectives at once

• Use energy imbalance to correct the ratio of sen-
sible and latent heat fluxes (De Roo et al., 2018)

• Construct long-term budgets for Net Ecosystem 
Exchange, and its components: Gross Primary 
Production and Ecosystem Respiration

• Construct long-term budgets for total Evapo-
transpiration, and its  partitioned components

• R and Python environment for  advanced users 
based on Jupyter Notebook

• Pre-implemented functions to easily retrieve/save 
data from/to the database

• Functions used in some of the tools available in the 
Notebook with friendly API

Flux Partitioning

Energy Balance Correction

Carbon and Water

Development Environment

Examples of tools (continued)

An example of possible analytical workflow briefly describing the functions of a specific tool and the major contributor to the tool’s development.
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Gap-filling weather data

Now let us take a closer look at a few farily sophisti-
cated tools from the example workflow.

The screenshot above shows the external data node. 
Based on the location of the specific station, Tovi was 
able to access the external data sets from over 14,000 
automated weather stations comprising NOAA Inte-
grated Surface Dataset (ISD), and global surface 
meteorological data set from European Center for 
Medium Range Weather Forecasting (ERA-5). Tovi 
then would time-align these data with flux data, parse 
them into 30-minute increments, and convert the 
units to match flux data units.

One could choose one or more weather datasets from 
locations near their flux stations and then use mete-
orological gap filling tool to fill the missing weather 
data using regressions, other dependencies, including 
lags, etc. This would assure that weather data from the 
station were complete and ready to be used in further 
analysis including the flux gap filling. 

Just this single example demonstrates the significant 
advantages the GUI-based professional analytical 
software can provide for expedited and reproducible 
data handling: 

• Replicating something like this tool within a flux 
research groups would take substantial program-
ming skills and a lot of time. 

• Maintaining the tool like this would take signifi-
cant portion of FTE and will take time away from 
servicing the flux stations or writing research 
papers. 

• Time can be saved by just having developed and 
maintained a source code without GUI but them 
it would not be easily transferrable to newcomers 
in the group or easily usable by other groups. 

• Tracking what data and what dependency were 
used for the gap-filling would be additional logis-
tical problem to keep track of over multiple years 
and flux sites. 

Reading and References

ERA-I: https://www.ecmwf.int/en/forecasts/datasets/reanalysisdatasets/
era-interim

ISD: https://www.ncdc.noaa.gov/isd

Tovi Support: https://www.licor.com/env/support/Tovi/topics/toolbox-

biomet-gapfill.html

LI-COR Biosciences, 2020. Tovi Software User Guide for Version 2.8. 
LI-COR Biosciences, Lincoln, NE: 132 pp 

https://www.ecmwf.int/en/forecasts/datasets/reanalysisdatasets/era-interim
https://www.ecmwf.int/en/forecasts/datasets/reanalysisdatasets/era-interim
https://www.ncdc.noaa.gov/isd
https://www.licor.com/env/support/Tovi/topics/toolbox-biomet-gapfill.html
https://www.licor.com/env/support/Tovi/topics/toolbox-biomet-gapfill.html
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Gap-filling flux data

Another example of a fairly sophisticated and com-
plex procedure turned into easy-to-use GUI tool is 
flux gap-filling using Marginal Distribution Sampling 
technique (MDS). 

This tool performed gap filling of fluxes using the 
relationship of fluxes with their key drivers based the 
same source code used to generate the well-known 
FLUXNET2015 synthesis dataset (https://fluxnet.
org/data/fluxnet2015-dataset) from the global flux 
network FluxNet.

Latent and sensible heat fluxes, and well as CO2 and 
CH4 fluxes could be filled nearly instantly, in a default 
mode or by using configurable settings. The tool 
provided user the ability to select a driver variable 
of choice, select transition periods and dates, select 
different drivers for different transition periods, and 
copy settings and drivers between fluxes. A total of 
five options existed for filling fluxes during transition 
periods. Resulted flux could be displayed as shown in 
the screenshot above or, for example, in the form of 

the Fingerprint plots (Section 5.2) by using the visu-
alization toolbox.

Again, similar to weather gap-filling example in the 
previous page, the MDS tool example demonstrates 
the significant advantages when using the GUI-based 
professional analytical software: 

• Replicating and maintaining GUI-based MDS 
tool within a flux research groups would be 
extraordinary difficult and time consuming. 

• Using a source code without GUI is very much 
possible but then it would not be easily transfer-
rable to newcomers in the group or easily usable 
by other groups without major errors and in a 
traceable reproducible way. 

• Tracking what data and what settings were used 
for the gap-filling would be additional logistical 
problem to keep track of over multiple years and 
flux sites.

Reading and References  

https://www.licor.com/env/support/Tovi/topics/toolbox-mds-gapfill.
html

https://www.licor.com/env/support/Tovi/topics/configurable-mds-gap-
filling.html 

Foltýnová, L., Fischer, M., & McGloin, R. P. 2020. Recommendations for 
gap-filling eddy covariance latent heat flux measurements using mar-
ginal distribution sampling. Theoretical and Applied Climatology, 139, 
677-688. https://doi.org/10.1007/s00704-019-02975-w

Kim, Y., et al. 2020. Gap-filling approaches for eddy covariance meth-
ane fluxes: a comparison of three machine learning algorithms and a 
traditional method with principal component analysis. Global Change 

Biology, 26(3), 1499-1518. https://doi.org/10.1111/gcb.14845

Mahabbati, A., et al. 2021. A comparison of gap-filling algorithms for 
eddy covariance fluxes and their drivers. Geoscientific Instrumentation, 
Methods and Data Systems, 10(1), pp.123-140.

Moffat, A.M., et al. 2007. Comprehensive comparison of gap-fill-
ing techniques for eddy covariance net carbon fluxes. Agricultural 
and Forest Meteorology, 147(3-4), 209-232. https://doi.org/10.1016/j.
agrformet.2007.08.011

Pastorello, G., et al. 2020. The FLUXNET2015 dataset and the ONEFlux 
processing pipeline for eddy covariance data. Scientific Data, 7, 1-27. 
https://doi.org/10.1038/s41597-020-0534-3 

https://fluxnet.org/data/fluxnet2015-dataset
https://fluxnet.org/data/fluxnet2015-dataset
https://www.licor.com/env/support/Tovi/topics/toolbox-mds-gapfill.html
https://www.licor.com/env/support/Tovi/topics/toolbox-mds-gapfill.html
https://www.licor.com/env/support/Tovi/topics/configurable-mds-gap-filling.html 
https://www.licor.com/env/support/Tovi/topics/configurable-mds-gap-filling.html 
https://doi.org/10.1007/s00704-019-02975-w
https://doi.org/10.1111/gcb.14845
https://doi.org/10.1016/j.agrformet.2007.08.011
https://doi.org/10.1016/j.agrformet.2007.08.011
https://doi.org/10.1038/s41597-020-0534-3 


410 | 5.3 Software for Data Analysis

Energy balance correction

The next tool was a result of a large collaborative 
development between multiple scientific groups 
and LI-COR. The Energy Balance Correction tool 
was designed to deal with a non-closure of the sur-
face energy balance (Section 5.1) due to systematic 
underestimation of H and LE related to synoptic scale 
transport. The tool corrected H and LE by imposing 
closure of the surface energy balance by four different 
methods.

To develop and test this tool took a consortium of 
over 60 people from major research institutes across 
the globe and from virtually all major flux networks: 
Matthias Mauder, Anne Griebel, Anne Klosterhal-
fen. Arnaud Carrara, Asko Noormets, Aurore Brut, 
Bartosz Zawilski, Bruna Paim, Cervantes Jimenez, 
Christian Bernhoer, Dan Yakir, Daniel Berveiller, 
Daniel Metzen, Dare Oluwakemi, Elise Pen-
dall, Emilia Brasilio, Enrique González Sosa, Eyal 

Rotenburg, Gabriela Pozníková, Georg Jocher, Hjal-
mar Laudon, Ivan Mammarella, Janne Rinne, Jialin 
Liu, Jonathan Juergensen, Juergen Knauer, Jutta 
Holst, Kuan-Yin Chen, Ladislav Sigut, Leonardo 
Montagnani, Linsey Avila, Lionel Jarlan, Luca Belelli 
Marchesini, Maj-Lena Linderson, Marian Pavelka, 
Matej Orsag, Mats Nilsson, Matthias Peichl, Milan 
Fischer, Ming-Hsu Li, Minseok Kang, Mirco Miglia-
vacca, Miroslav Trnka, Natalia Kowalska, Natascha 
Kljun, Paul Stoy, Prajaya Prajapati, Pramit Deb Bur-
man, Ribeiro da Rocha, Rodolfo Souza, Sandhya Nair, 
Seungwon Sohn, Simon Drollinger, Sungsik Cho, 
Supriyo Chakraborty, Tarek El-Madany, Thomas 
Gruenwald, Tiphaine Tallec, Uta Moderow, Will 
Woodgate, Xiaomao Lin.

Please see the details and instructions on using in the 
following link: https://www.licor.com/env/support/
Tovi/topics/toolbox-energy-balance-closure.html

Reading and References

Charuchittipan, D., et al. 2014. Extension of the averaging time in 
eddy-covariance measurements and its effect on the energy bal-
ance closure. Boundary-Layer Meteorology, 152, 303-327. https://doi.
org/10.1007/s10546-014-9922-6

Mauder, M., et al. 2013. A strategy for quality and uncertainty as-
sessment of long-term eddy-covariance measurements. Agricultur-
al and Forest Meteorology, 169, 122-135. https://doi.org/10.1016/j.
agrformet.2012.09.006

De Roo, F., et al. 2018. A semi-empirical model of the energy balance 
closure in the surface layer. PLOS ONE, 13(12), e0209022. https://doi.
org/10.1371/journal.pone.0209022

Mauder, M., et al. 2018. Evaluation of energy balance closure adjust-
ment methods by independent evapotranspiration estimates from ly-
simeters and hydrological simulations. Hydrological Processes, 32(1), 
39-50. https://doi.org/10.1002/hyp.11397

Mauder, M., & Foken, T. 2006. Impact of post-field data processing 
on eddy covariance flux estimates and energy balance closure. Me-
teorologische Zeitschrift, 15(6), 597-609. https://doi.org/10.1127/0941-
2948/2006/0167

https://www.licor.com/env/support/Tovi/topics/toolbox-energy-balance-closure.html
https://www.licor.com/env/support/Tovi/topics/toolbox-energy-balance-closure.html
https://doi.org/10.1007/s10546-014-9922-6
https://doi.org/10.1007/s10546-014-9922-6
https://doi.org/10.1016/j.agrformet.2012.09.006
https://doi.org/10.1016/j.agrformet.2012.09.006
https://doi.org/10.1371/journal.pone.0209022
https://doi.org/10.1371/journal.pone.0209022
https://doi.org/10.1002/hyp.11397
https://doi.org/10.1127/0941-2948/2006/0167 
https://doi.org/10.1127/0941-2948/2006/0167 
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Data analysis dashboard

After all the data have been quality controlled, gap-
filled and fully corrected, the summary of results 
could be seen in the dashboards. 

The energy balance dashboard helped visualize the 
main components of the energy budget (Section 5.1) 
in hourly and ensemble average forms. It showed 
energy balance closure, residual and dependence of 
the closure on wind direction for a specific site. The 
user could choose different variables, time periods 
and plotting scales to very rapidly assess the results of 
the analysis and re-analyze data if needed. 

In a similar manner, the default carbon cycle dash-
board showed carbon accumulation over a specific 
period on daily, monthly and weekly scales, alongside 
or versus net radiation or other user-selected variable. 
The dashboard also displayed products of the parti-
tioning of CO2 flux into ecosystem respiration and 
gross primary productivity (see Part 1 for terminol-
ogy) computed using CO2 flux partitioning tool (see 
example is in Section 5.2). 

Besides the examples provided above, other tools in 
Tovi included data import and merging, missing data 
inventory, quality screening, friction velocity thresh-
olds, footprint allocation and aforementioned CO2 
flux partitioning tools (both described in Section 
5.2), data visualization toolbox, custom program-
ming environment, and various other functionality to 
assure reliable, transparent, traceable and reproduc-
ible analysis of fluxes and supporting data, as well as 
proper citations and credits of the methods and codes 
used in such an analysis. 

Further details on and examples of this data analysis 
software  can be found by following these links:

• Technical support: https://www.licor.com/env/
support/Tovi/menu.html

• Video tutorials: https://www.licor.com/env/
support/Tovi/videos.html

• Software user guide: https://www.licor.com/docu
ments/7t9z11sw53qg1qe4dhga84mwgvs3e8ni

https://www.licor.com/env/support/Tovi/menu.html
https://www.licor.com/env/support/Tovi/menu.html
https://www.licor.com/env/support/Tovi/videos.html
https://www.licor.com/env/support/Tovi/videos.html
https://www.licor.com/documents/7t9z11sw53qg1qe4dhga84mwgvs3e8ni
https://www.licor.com/documents/7t9z11sw53qg1qe4dhga84mwgvs3e8ni
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Reading and References

Burba, G. 2018, October. Time- and space-synchronized flux, weather, 
soil and optical sensor networks [Conference session]. 3rd International 
GHG Flux Workshop: From leaf, soil and canopy to remote sensing and 
modelling, Nanjing University of Information Science & Technology, 
China.

Burba, G., et al. 2019. New software for flux data analysis: from 
gap filling to flux and footprint partitioning. In European Geoscienc-
es Union General Assembly, Geophysical Research Abstracts, Vienna, 
Austria, 8-13 April. https://meetingorganizer.copernicus.org/EGU2019/
EGU2019-1973-1.pdf

Burns, S.P. 2018. The influence of warm-season precipitation on water 
cycling and the surface energy budget within and just-above a Colorado 
subalpine forest in mountainous terrain: measurements and modeling 
[doctoral dissertation] University of Colorado at Boulder.

Casimiro Soriano, E. M. 2019. Balance de carbono, energía y productiv-
idad ecosistémica en la amazonía occidental empleando el método de 
flujos turbulentos. [master’s thesis], Pontificia Universidad Católica del 
Perú. http://hdl.handle.net/20.500.12404/1490``0

Fratini, G., et al. 2019. Leveraging broad-ranging collaborations for 
a more effective flux science. In American Geophysical Union, Fall 
Meeting Abstracts, San Francisco, CA. https://ui.adsabs.harvard.edu/
abs/2019AGUFM.B21C..01F/abstract

Johnson, D. 2018. From EddyPro to Tovi: advanced analysis of flux re-
sults. ChinaFLUX 13th flux observation and technical training. 

Liu, J., et al. 2020. Precipitation extremes influence patterns and par-
titioning of evapotranspiration and transpiration in a deciduous boreal 
larch forest. Agricultural and Forest Meteorology, 287, 107936. https://
doi.org/10.1016/j.agrformet.2020.107936

Zhang, H., et al. 2020. Interannual variability of net ecosystem 
carbon production and its climatic and biotic mechanism during 
2005-2018 in a rain-fed maize ecosystem. bioRxiv. https://doi.
org/10.1101/2020.08.03.233973

Pfannerstill, E.Y., et al. 2018. Total OH reactivity changes over the Am-
azon rainforest during an El Niño event. Frontiers in Forests and Global 
Change, 1. https://doi.org/10.3389/ffgc.2018.00012

Wagle, P., et al. 2020. Integrating eddy fluxes and remote sensing prod-
ucts in a rotational grazing native tallgrass prairie pasture. Science of 
The Total Environment, 712, 136407. https://doi.org/10.1016/j.scito-
tenv.2019.136407

Yusup, Y., et al. 2020. Atmospheric CO
2
 and total electricity production 

before and during the nation-wide restriction of activities as a con-
sequence of the COVID-19 pandemic. arXiv preprint arXiv:2006.04407 
https://arxiv.org/pdf/2006.04407

이호진, 2019. 가뭄 후 4 년간 잣나무조림지와 낙엽활엽수림의 순생태계생산
량 변화 차이 (doctoral dissertation, 서울대학교 대학원).

정현철, 최은정, 김건엽, 이선일 and 이종식, 2018. 벼논에서 open-path 와 
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Overview

Total Active Unknown Inactive

Africa 80 32 9 39

Antarctica 1 1 0 0

Asia 353 157 142 54

Australia, New Zealand & Oceania 102 28 42 32

Europe 731 110 452 169

North America 720 187 221 312

South America 168 29 25 114

World 2155 544 891 720
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Significant increases in data generation and eas-
ily available computing power in recent years have 
greatly improved spatial and temporal flux data cov-
erage on multiple scales, from a single station to con-
tinental flux networks. 

With an increased number of stations and networks, 
and with an increased amount of data flowing from 
each station, modern approaches are being currently 
developed by flux networks and individual institu-
tions to effectively and efficiently handle the entire 
infrastructure (hardware, software, data manage-
ment, flux processing and analysis, data sharing, etc.).

These approaches are aimed to standardize, or at 
least harmonize, numerous aspects of the flux mea-
surement workflow, such that differences between 
the fluxes and associated drivers observed by the sta-
tions across the globe come from the difference in the 
studied ecosystems and not due to the differences in 
how fluxes were measured or processed. New tech-
nical tools can also help maximize time dedicated to 
answering research questions and work on scientific 
collaborations, and minimize time spent on data pro-
cessing, quality control and station management, as 
we have already discussed earlier in the book (Section 
2.4, 2.5, 3.4, 5.3). 

It is important to note that, while an individual flux 
station can be a powerful tool in process-level studies, 

and could even lead to major scientific discoveries, it 
is not really a match for a network. A flux network 
provides a scientific synergy making it a much more 
valuable tool than a simple sum of its stations. The 
literature below outlines the concept, the challenges, 
and the advantages of well-established flux networks. 

Furthermore, the future automated standardized 
flux networks, both centralized (described later in 
this section) and peer-to-peer (see Sections 7.1 and 
7.3), could bring the utilization of flux networking 
on par with that of existing networks of automatic 
weather stations. 

Automatic weather stations, combined with remote 
sensing and real-time modelling, have long become 
an invaluable asset to other sciences and society in 
general, from providing local weather prediction to 
informing global climate modelling. With modern 
automation, flux station networks have a potential to 
similarly affect broad spectrum of research and com-
mercial applications, from optimizing energy and 
water use to verifying carbon markets and improving 
numerous aspects of everyday life. 

Now let us take a look at some well-established and 
few newer flux networks, examine their structure and 
coverage, and discuss latest tools for automated net-
working of multiple flux stations. 

Reading and References

Baldocchi, D., et al. 2001. FLUXNET: a new tool to study the tempo-
ral and spatial variability of ecosystem–scale carbon dioxide, water 
vapor, and energy flux densities. Bulletin of the American Meteo-
rological Society, 82(11), 2415-2434. https://doi.org/10.1175/1520-
0477(2001)082<2415:fantts>2.3.co;2

Baldocchi, D., et al. 2012. The role of trace gas flux networks in the 
biogeosciences. Eos, Transactions American Geophysical Union, 93(23), 
217-218. https://doi.org/10.1029/2012eo230001

Franz, D., et al. 2018. Towards long-term standardised carbon and 
greenhouse gas observations for monitoring Europe’s terrestrial eco-
systems: a review. International Agrophysics, 4(32), 439-445. https://
doi.org/10.1515/intag-2017-0039

Novick, K., et al. 2018. The AmeriFlux network: a coalition of the will-
ing. Agricultural and Forest Meteorology, 249, 444-456. https://doi.
org/10.1016/j.agrformet.2017.10.009

Overview (continued)

https://doi.org/10.1175/1520-0477(2001)082<2415:fantts>2.3.co;2
https://doi.org/10.1175/1520-0477(2001)082<2415:fantts>2.3.co;2
https://doi.org/10.1029/2012eo230001
https://doi.org/10.1515/intag-2017-0039
https://doi.org/10.1515/intag-2017-0039
https://doi.org/10.1016/j.agrformet.2017.10.009 
https://doi.org/10.1016/j.agrformet.2017.10.009 
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Overview (continued)

Flux station networking has a rich 30+ year history 
and provides extremely important contribution to 
ecosystem and climate science, and to numerous reg-
ulatory policies, ranging from local decisions such as 
city landfill management, to significant global pivots 
such as IPPC Reports and Kyoto and Paris Accords. 
Flux networks unite atmospheric flux measurements 
with different spatial resolution and coverage from a 
single field to regional scale, with networks such as 
AmeriFlux, AsiaFlux, ICOS, NEON, OzFlux, etc., 
and globally, with networks like FluxNet. Data are 
collected in archives using uniform collection and 
processing and are stored and maintained with con-
sistent formats. The websites of the national, regional 
and global networks are listed below and provide 
information on specific network descriptions, recent 
publications, access to data sets, and other useful 
information.

• FluxNet - http://fluxnet.ornl.gov
• AmeriFlux - https://ameriflux.lbl.gov
• AsiaFlux - http://www.asiaflux.net
• CarboEurope IP - http://www.carboeurope.org 
• Carbomont - http://www.uibk.ac.at/carbomont
• CARN - http://www.nieer.cas.cn
• CERN - http://cnern.cern.ac.cn/en
• ChinaFLUX - http://www.chinaflux.org/enn/

index.aspx
• European Fluxes Database - http://www.europe-

fluxdata.eu
• GCP - http://www.globalcarbonproject.org
• GHG-Europe - http://www.europe-fluxdata.eu/

ghg-europe

• ICOS - https://www.icos-ri.eu 
• iLEAPS - http://www.ileaps.org
• InGos - http://www.europe-fluxdata.eu/ingos
• InGos - http://www.ingos-infrastructure.eu 
• IWFLUX - https://liu.se/en/research/iwflux
• JapanFlux - http://www.japanflux.

org/?lang=english
• KoFlux - http://www.ncam.kr/page/koflux/

database/index.php
• LBA - https://lbaeco-archive.ornl.gov
• LaThuile Data Set - https://fluxnet.fluxdata.org/

data/la-thuile-dataset
• LTER - https://lternet.edu
• MexFlux - https://mexflux.gitlab.io/
• NEON - https://www.neonscience.org
• NitroEurope - http://www.nitroeurope.eu
• NordFlux - http://www.nateko.lu.se/nordflux
• OzFlux - http://www.ozflux.org.au
• Page 21 - http://www.europe-fluxdata.eu/page21
• Parallel 41 - https://parallel41.nebraska.edu/#
• RINGO - https://www.icos-cp.eu/observations/

projects/ringo
• RusFluxNet - http://lamp-lab.ru/

about-laboratory?language=en
• Stable Isotope Network - http://basin.yolasite.com 
• Swiss FluxNet - http://www.swissfluxnet.ch
• Urban Flux - http://www.geog.ubc.ca/urbanflux
• USCCC - http://lees.geo.msu.edu/usccc.html

http://fluxnet.ornl.gov
https://ameriflux.lbl.gov
http://www.asiaflux.net
http://www.carboeurope.org 
http://www.uibk.ac.at/carbomont
http://www.nieer.cas.cn
http://cnern.cern.ac.cn/en
http://www.chinaflux.org/enn/index.aspx
http://www.chinaflux.org/enn/index.aspx
http://www.europe-fluxdata.eu
http://www.europe-fluxdata.eu
http://www.globalcarbonproject.org
http://www.europe-fluxdata.eu/ghg-europe
http://www.europe-fluxdata.eu/ghg-europe
https://www.icos-ri.eu 
http://www.ileaps.org
http://www.europe-fluxdata.eu/ingos
http://www.ingos-infrastructure.eu 
https://liu.se/en/research/iwflux
http://www.japanflux.org/?lang=english 
http://www.japanflux.org/?lang=english 
http://www.ncam.kr/page/koflux/database/index.php
http://www.ncam.kr/page/koflux/database/index.php
https://lbaeco-archive.ornl.gov
https://fluxnet.fluxdata.org/data/la-thuile-dataset
https://fluxnet.fluxdata.org/data/la-thuile-dataset
https://lternet.edu
https://mexflux.gitlab.io/
https://www.neonscience.org 
http://www.nitroeurope.eu
http://www.nateko.lu.se/nordflux 
http://www.ozflux.org.au
http://www.europe-fluxdata.eu/page21
https://parallel41.nebraska.edu/#
https://www.icos-cp.eu/observations/projects/ringo
https://www.icos-cp.eu/observations/projects/ringo
http://lamp-lab.ru/about-laboratory?language=en
http://lamp-lab.ru/about-laboratory?language=en
http://basin.yolasite.com 
http://www.swissfluxnet.ch
http://www.geog.ubc.ca/urbanflux
http://lees.geo.msu.edu/usccc.html


6.1 Established Networks | 419

FluxNet

FluxNet is the world’s largest “global network of 
micrometeorological tower sites that use eddy cova-
riance methods to measure the exchanges of carbon 
dioxide, water vapor, and energy between terrestrial 
ecosystems and the atmosphere.” It is supported by 
Oak Ridge National Laboratory (http://fluxnet.ornl.
gov) and Lawrence Berkeley National Laboratory 
(https://fluxnet.fluxdata.org). 

It has over 500 long-term flux stations globally, with 
data shared to FluxNet by regional networks in Amer-
icas, Europe, Asia, Australia and Africa, with the goal 
to provide data for synthesis studies, remote sensing 
validation and ecological, hydrological, weather and 
climate modelling. 

The fluxes and supporting data are available publicly 
for individual sites, and also as a part of professionally 
curated, harmonized and well-documented datasets, 

such as FLUXNET2015 dataset (https://fluxnet.org/
data/fluxnet2015-dataset/). 

In the next few pages let’s take a quick look at the 
examples of currently active international and large 
national flux networks (https://fluxnet.org/about/
regional-networks), most of which are contributors 
to FluxNet.

Reading and References
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Williams, M., et al. 2009. Improving land surface models with FLUX-
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AmeriFlux

AmeriFlux is the large inter-continental flux net-
work supported by U.S. DOE Office of Biological and 
Environmental Research through AmeriFlux Man-
agement Project at Lawrence Berkeley National Lab-
oratory (https://ameriflux.lbl.gov). 

It has over 170 flux stations across North, Central and 
South America, with data shared to AmeriFlux by 
individual site PI’s, with the goal connecting “research 
on field sites representing major climate and ecolog-
ical biomes, including tundra, grasslands, savanna, 
crops, and conifer, deciduous, and tropical forests.”

Similar to a FluxNet, the fluxes and supporting data 
are available publicly (https://ameriflux.lbl.gov/data/
data-policy). 

Unlike many fully standardized observation flux 
networks listed in this section, AmeriFlux is investi-
gator-driven coalition of the willing, where each indi-
vidual site may focus on individual research projects, 
often specific to the site conditions or local ecosystem. 
As a result, each site may be equipped with different 
hardware and use different data collections, process-
ing and analysis workflow and software. To compli-
ment this unique approach, AmeriFlux is working 
closely with FluxNet, ICOS, NEON and other net-
works to standardize and harmonize the data and 
make dataset intercomparable. 

Reading and References

Boden, T. A., Krassovski, M., & Yang, B. 2013. The AmeriFlux data ac-
tivity and data system: an evolving collection of data management 
techniques, tools, products and services. Geoscientific Instrumentation, 
Methods and Data Systems, 2(1), 165-176. https://doi.org/10.5194/gi-
2-165-2013

Law, B. 2007. AmeriFlux network aids global synthesis. Eos, Trans-
actions American Geophysical Union, 88(28), 286-286. https://doi.
org/10.1029/2007eo280003

Metzger, S., et al. 2016. White Paper: Globally interoperable eddy-co-
variance data products through affiliating NEON sites with AmeriFlux 
and FLUXNET. North American Ecological Observatory Network. http://
dx.doi.org/10.13140/RG.2.2.29566.95040/2

Novick, K., et al. 2018. The AmeriFlux network: a coalition of the will-
ing. Agricultural and Forest Meteorology, 249, 444-456. https://doi.
org/10.1016/j.agrformet.2017.10.009
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AsiaFlux

AsiaFlux is a continental research network “bringing 
together scientists from universities and institutions 
in Asia to study the exchanges of carbon dioxide, 
water vapor, and energy between terrestrial ecosys-
tems and the atmosphere across daily to inter-annual 
time scales” (http://www.asiaflux.net). 

It has over 110 flux stations in over 30 countries, 
with the goal of developing collaborative research, 
organizing workshops and trainings to educate the 
next generation of flux scientists. The big contribu-
tors to AsiaFlux are national networks from China 
(ChinaFLUX - http://www.chinaflux.org/enn/index.
aspx), Japan (JapanFlux - http://www.japanflux.
org/?lang=english) and South Korea (KoFlux - 
http://www.ncam.kr/page/koflux/database/index.
php), as well as a number of regional networks and 
individual sites.

Similar to AmeriFlux, AsiaFlux is an investiga-
tor-driven coalition of the willing, where each 

contributing network or individual site may use dif-
ferent hardware, software, and overall workflow to 
focus on specific research projects. Efforts are on 
the way in AsiaFlux to collaborate with FluxNet and 
other networks to standardize and harmonize the 
data to make dataset more intercomparable. 

Reading and References

Ichii, K., et al. 2017. New data-driven estimation of terrestrial CO
2
 

fluxes in Asia using a standardized database of eddy covariance 
measurements, remote sensing data, and support vector regres-
sion. Journal of Geophysical Research: Biogeosciences, [online] 122(4), 
pp.767–795. Available at: https://agupubs.onlinelibrary.wiley.com/doi/
full/10.1002/2016JG003640

Ito, A. & Ichii, K. 2021. Terrestrial ecosystem model studies and their 
contributions to AsiaFlux. Journal of Agricultural Meteorology, 77(1), 
pp.81–95.

Kim, J., Miyata, A., & Yu, G. 2009. AsiaFlux – sustaining ecosystems 
and people through resilience thinking. Climate Sense, Tudor Rose, 165-
168. http://digital.tudor-rose.co.uk/climate-sense/index.html?p=164

Kim, J., Miyata, A., & Yu, G. 2011, January. AsiaFlux Newsletter, (32).

Saigusa, N., et al. 2013. Dataset of CarboEastAsia and uncertainties in 
the CO

2
 budget evaluation caused by different data processing. Jour-

nal of Forest Research, 18(1), pp.41–48.

 Takagi, K., et al. 2008. Inter-comparison of eddy flux calculation and 
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KoFlux) under AsiaFlux. In AsiaFlux Newsletter, 26 (pp 8-11).
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Journal of Agricultural Meteorology, 77(1), pp. 1–1. https://doi.
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ChinaFLUX

Closely connected to AsiaFlux, there are multiple net-
works in China, which has experienced a very signifi-
cant expansion in flux-related research over past decade. 

For example, aforementioned China Terrestrial Eco-
system Flux Observation and Research Network 
(ChinaFLUX - http://www.chinaflux.org) has over 
80 active flux sites and “applies eddy covariance and 
chamber methods to measure the exchanges of car-
bon dioxide, water vapor and energy between terres-
trial ecosystem and atmosphere in China”. 

The Chinese Ecosystem Research Network (CERN - 
http://www.cern.ac.cn), with over 40 stations, is tasked 
with conducting long-term monitoring of the key eco-
logical parameters and fundamental ecological pro-
cesses of the major ecosystems in China.

Chinese Agricultural Academy of Science flux network 
(CAAS) has over 20 sites and is focused on agricultural 
aspects such as evapotranspiration, irrigation, and yield 
and water use efficiency. 

Chinese Cold and Arid Regions network (CARN - 
http://www.nieer.cas.cn), with nearly 20 towers, is 
focused and CO2 and water vapor flux measurements 
from ecosystems in extreme climates. 

The CERN, CAAS and CARN networks are highly stan-
dardized in terms of equipment and software, and data 
processing and analysis, and function more like obser-
vational facilities in a paradigm similar to ICOS and 
NEON networks described in the following two pages. 

Reading and References

Mi, N., et al. 2006. A preliminary study for spatial representiveness of 
flux observation at ChinaFLUX sites. Science in China Series D: Earth 
Sciences, 49(S2), 24-35. https://doi.org/10.1007/s11430-006-8024-9

Li, C., et al. 2008. The design and application of CO
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 flux data process-

ing system at ChinaFLUX. Geo-Information Science, 10(5), 557-565. 

Li, Z., et al. 2005. Energy balance closure at ChinaFLUX sites. Science 
in China, Series D: Earth Sciences, 48, 51-62. http://ir.igsnrr.ac.cn/han-
dle/311030/24787

Liu, Z., Wang, L., & Wang, S. 2014. Comparison of different GPP models 
in China using MODIS image and ChinaFLUX data. Remote Sensing, 
6(10), 10215-10231. https://doi.org/10.3390/rs61010215

Yu, G., et al. 2006. Recent progress and future directions of ChinaFLUX. 
Science in China Series D: Earth Sciences, 49(S2), 1-23. https://doi.
org/10.1007/s11430-006-8001-3
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ICOS

The Integrated Carbon Observation System (ICOS) 
is the largest pan-European greenhouse gas research 
infrastructure in Europe. It has over 135 flux mea-
surements stations across 14 European countries, 
with the goal of producing “standardized data on 
greenhouse gas concentrations in the atmosphere, as 
well as on carbon fluxes between the atmosphere, the 
earth and oceans” for use by scientists and decision 
makers “in predicting and mitigating climate change” 
(https://www.icos-ri.eu). 

The fluxes and supporting data are available publicly 
for individual sites (https://data.icos-cp.eu/portal/), 
and also as a part of professionally curated, harmonized 
and well-documented datasets, such as FluxNet2015 
dataset (https://www.icos-cp.eu/icos-carbon-portal). 
In addition, ICOS Atmospheric, Ecosystem and Ocean 
Thematic centers have their own research activities 
and data products, and the planning project RINGO 
(https://www.icos-cp.eu/observations/projects/ringo) 
partners with 43 institutes in 19 countries to expand 
the network in the future.

ICOS is a well-planned well-funded long-term 
research infrastructure, where standardized, 
high-precision data products come from flux and 
atmospheric stations with largely uniform equip-
ment, data collection, processing, and analysis work-
flow. The network works very closely with FluxNet, 

AmeriFlux, NEON and other networks to standard-
ize and harmonize the datasets and make results 
intercomparable on a global scale. 

Reading and References

Franz, D., et al. 2018. Towards long-term standardised carbon and 
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systems: a review. International Agrophysics, 4(32), 439-445. https://
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Nemitz, E., et al. 2018. Standardisation of eddy-covariance flux mea-
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32(4), 517-549. https://doi.org/10.1515/intag-2017-0042

Rebmann, C., et al. 2018. ICOS eddy covariance flux-station site set-
up: a review. International Agrophysics, 32(4), 471-494. https://doi.
org/10.1515/intag-2017-0044

Sabbatini, S., et al. 2018. Eddy covariance raw data processing for CO
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and energy fluxes calculation at ICOS ecosystem stations. International 
Agrophysics, 32(4), 495-515. https://doi.org/10.1515/intag-2017-0043 
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NEON

National Ecological Observatory Network (NEON) 
is the largest fully-standardized national-scale com-
prehensive ecological observation facility in the 
world, funded by the U.S. National Science Foun-
dation (NSF) and operated by Battelle. It has over 
80 flux measurements stations, and numerous non-
flux related observations to characterize plant, ani-
mals, soil, nutrients, freshwater and atmosphere. It is 
“designed to collect long-term open access ecological 
data to better understand how U.S. ecosystems are 
changing” (www.neonscience.org). 

NEON is a well-planned well-funded long-term 
research infrastructure, with fluxes, supporting variable 
and other 175 open access data products available pub-
licly in a raw form, and as fully-standardized profession-
ally curated sets (https://data.neonscience.org/home). 

Everything from collection methods to measurement 
equipment, flux processing and quality control, has 
been strictly standardized to assure maximum com-
parability of results between different sites. The net-
work is currently working very closely with FluxNet, 
AmeriFlux, ICOS and other networks to standardize 
and harmonize the datasets and make results inter-
comparable on a global scale.

In addition, NEON provides a set of resources to 
help individual PIs conduct their own research using 
NEON facilities, request additional observations, col-
lect specific samples or remote sensing surveys, main-
tain monitoring equipment over an ecosystem of PI’s 
interest, or request a Mobile Deployment Platform 
equipped with flux, atmospheric, soil and other mon-
itoring instrumentation. 

Reading and References

Keller, M., et al. 2008. A continental strategy for the National Ecological 
Observatory Network. Frontiers in Ecology and the Environment, 6(5), 282-
284. https://doi.org/10.1890/1540-9295(2008)6[282:acsftn]2.0.co;2

Kampe, T.U., et al. 2010. NEON: the first continental-scale ecolog-
ical observatory with airborne remote sensing of vegetation canopy 
biochemistry and structure. Journal of Applied Remote Sensing, 4(1), 
043510. https://doi.org/10.1117/1.3361375

Loescher, H.W., Kelly, E.F., & Lea, R. 2017. National Ecological Observa-
tory Network: beginnings, programmatic and scientific challenges, and 
ecological forecasting. In Terrestrial Ecosystem Research Infrastructures 
(pp 51-76). CRC Press. https://doi.org/10.1201/9781315368252

Metzger, S., et al. 2019. From NEON Field sites to data portal: a commu-
nity resource for surface–atmosphere research comes online. Bulletin 
of the American Meteorological Society, 100(11), 2305-2325. https://
doi.org/10.1175/bams-d-17-0307.1

San Clements, M., et al. 2014. The National Ecological Observatory 
Network (NEON): providing free long-term ecological data on a con-
tinental scale. iLEAPS Newsletter; Special issue on Environmental Re-
search Infrastructures. pp 23-26. 

https://data.neonscience.org/home
https://doi.org/10.1890/1540-9295(2008)6[282:acsftn]2.0.co;2
https://doi.org/10.1117/1.3361375
https://doi.org/10.1201/9781315368252
https://doi.org/10.1175/bams-d-17-0307.1
https://doi.org/10.1175/bams-d-17-0307.1


6.1 Established Networks | 425

OzFlux

OzFlux is the large continental flux network sup-
ported by the Australian government through the 
National Collaborative Research Infrastructure Strat-
egy Program as a part of Australian Terrestrial Ecosys-
tem Research Network (http://www.ozflux.org.au/). 

It has over 30 active flux stations across Australia and 
New Zealand, with data shared by individual site PI’s, 
with the goal of providing “Australian, New Zealand 
and global ecosystem modelling communities with 
consistent observations of energy, carbon and water 
exchange between the atmosphere and key Australian 
and New Zealand ecosystems.”

The fluxes and supporting data are available publicly 
(http://data.ozflux.org.au/portal/home.jspx) from 
individual sites, and also as datasets organized in the-
matic collections.

Similar to AmeriFlux, OzFlux is investigator-driven 
coalition, where each individual site may focus on 
individual research projects, often specific to the site 
conditions or local ecosystem. As a result, each site 
may be equipped with different hardware and use dif-
ferent data collections, processing and analysis work-
flow and software. To compliment this approach, 
OzFlux is working closely with FluxNet and other 
networks to standardize and harmonize the data and 
make dataset intercomparable. 

Reading and References

Beringer, J., et al. 2016. An introduction to the Australian and New 
Zealand flux tower network – OzFlux. Biogeosciences, 13(21), 5895-
5916. https://doi.org/10.5194/bg-13-5895-2016

Isaac, P., et al. 2017. OzFlux data: network integration from collection to 
curation. Biogeosciences, 14(12), 2903-2928. https://doi.org/10.5194/
bg-14-2903-2017

Leuning, R., et al. 2001. OZFLUX: water, energy, and carbon cycles in 
Australian terrestrial systems. American Geophysical Union, Fall Meet-
ing Abstracts, San Francisco, CA., (pp B41A-05).

van Gorsel, E., et al. 2018. Preface: OzFlux: a network for the study 
of ecosystem carbon and water dynamics across Australia and New 
Zealand. Biogeosciences, 15(1), 349-352. https://doi.org/10.5194/bg-
15-349-2018
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Overview (continued)

FluxSuite is a combination of a software and web-ser-
vice that allows individual researchers or groups to 
create networks of multiple stations spread over geo-
graphic locations ranging from a single field site to a 
national or global scale, all by using a web-browser 
and without a need for programming experience or 
custom coding. 

This tool is a convergence of the number of hard-
ware and software tools that can exist separately, and 
it may be difficult to grasp how all these parts works 
together, so the illustration on the previous page helps 
to envision the flux workflow.

Besides the ability to connect to one or more Smart-
Flux stations (Section 2.4 and 2.5) for optimizing the 
site maintenance so more stations are managed with 
fewer people (described in Section 3.4), FluxSuite 

allows creation of dedicated flux networks and to 
share the flux data peer-to-peer inside such networks 
(Sections 7.1 and 7.3), specifically:

• Creates a secure and tiered online data access to 
collaborators chosen by a station PI

• Promotes seamless data sharing under a full con-
trol of the station PI

• Multiple individual PIs can cross-create access to 
some or all of their sites 

• System is easily incorporated into new flux sta-
tions, or can be an upgrade to many presently 
operating stations 

Full information is available by following this link 
https://www.licor.com/fluxsuite, and the key details 
are described in the pages below.

Reading and References

Burba, G., et al. 2015. FluxSuite: a new scientific tool for advanced net-
work management and cross-sharing of next-generation flux stations. 
In American Geophysical Union, Fall Meeting Abstracts, San Francisco, 
CA (pp B33A-0620). 

Burba, G., et al. 2019. New software for flux data analysis: from 
gap filling to flux and footprint partitioning. In European Geoscienc-
es Union General Assembly, Geophysical Research Abstracts, Vienna, 
Austria, 8-13 April. https://meetingorganizer.copernicus.org/EGU2019/
EGU2019-1973-1.pdf

LI-COR. 2017. Automated Evapotranspiration Station in North Platte, 
Nebraska: A Case Study Demonstrating FluxSuite. https://taps.unl.edu/
ET_Station.pdf

Johnson, D. 2018. FluxSuite. ChinaFLUX 13th flux observation and 
technical training. 

Parallel 41 ET network: https://parallel41.nebraska.edu

Stuart-Haëntjens, E.J., Neubauer, S.C., & Gough, C.M. 2016. Tow-
er-based greenhouse gas fluxes in a restored tidal freshwater wet-
land: a shared resource for research and teaching. In Rice Rivers Cen-
ter Research Symposium. Rice Rivers Center, Virginia Commonwealth 
University.  
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Data workflow (continued)

The automated flux workflow (scheme on the previ-
ous page) is initiated at a single station and progresses 
through a series of steps. 

First, on each individual flux station, an automated 
system collects flux, weather and soil data, PhenoCam 
images and station metadata, and outputs a combined 
file. Next, a small low-power microcomputer in the 
SmartFlux System runs EddyPro Software to process 
the file and compute final fluxes for CO2, H2O, CH4, 
heat and momentum on-site and in real time, as well 
as their footprints (Section 2.7). Other important 
products, quality controls are also computed.

The results are fully-corrected publishable quality 
fluxes, which underwent number of computation-in-
tensive procedures such as coordinate rotation, fre-
quency response corrections, Fourier transform, and 
spectral and co-spectral decomposition and normal-
ization. The processing is fully configurable to tailor 
to the individual site and setup.

The field system is also equipped with GPS to pro-
vide location information and time synchronization 

between instruments and between different stations. 
Raw data are synchronized, compressed, and stored 
in two places on industrial drives, alongside the 
fluxes. All data, or much smaller flux datasets, can be 
transferred via LAN, cell or satellite. 

FluxSuite links multiple towers into an automated 
time-synchronized flux network, where critical data 
from multiple stations are sent to this network man-
agement tool, stored on the cloud, and displayed in 
web-based format on a smartphone, tablet or desktop. 
Access to PhenoCam galleries and field notebooks is 
also provided.

Automated and configurable alerts describing status 
and issues at each station are sent via email, and vari-
able access rights are set by the flux network manager. 

Flux network manager sees all stations in real-time, 
including fluxes, supporting radiation, weather and 
soil data, automated reports, and email alerts, and 
can allow or restrict access to towers, system modi-
fications, etc.

Reading and References

Burba, G., et al. 2019. New software for flux data analysis: from 
gap filling to flux and footprint partitioning. In European Geoscienc-
es Union General Assembly, Geophysical Research Abstracts, Vienna, 
Austria, 8-13 April. https://meetingorganizer.copernicus.org/EGU2019/
EGU2019-1973-1.pdf.

https://meetingorganizer.copernicus.org/EGU2019/EGU2019-1973-1.pdf.
https://meetingorganizer.copernicus.org/EGU2019/EGU2019-1973-1.pdf.
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Defining users, access and rights

Creating a new user for the FluxSuite-based network 
of EC towers is a very simple process, similar to cre-
ating a new account on Gmail or LinkedIn. The PI 
can initiate the process by adding an e-mail for a new 
student, site technician or external collaborator to the 
PI’s FluxSuite account, and assigning what they can 
and cannot do.

FluxSuite will then send an email to the new address 
notifying them that the new account was created. 
From that moment, the new user is able to complete 
their profile and can access whatever resources PI 
allowed for this specific account. At that moment this 
new user sees one or more flux stations from PI as if 
the new user had their own flux network. 

The example above demonstrates this process using 
actual screenshots from FluxSuite. The left screen-
shot shows all users on this specific flux network. 
While some users have full administrative access, 

Dr. Baggins is the one with least rights (screenshot 
on the right). He can download data from only the 
two flux station in this network, which may have up 
to 60 flux stations per typical cloud server scalable 
with more servers and can subscribe to alerts from 
both stations. He can manage alerts (e.g., decide on 
ranges and other conditions for the alerts) just for 
one station, and cannot edit station information, add 
users or change their access rights. The PI or other 
administrators can change his particular access rights 
by simply checking the respective boxes in the table. 

Please note one important nuance: the user can be 
allowed to see selected flux stations and have different 
levels of access to each individual flux station. Each 
collaborator, for example, will then only see their 
sites, as if they had a separate smaller flux network, 
while the PI can see all the sites in a much larger flux 
network.
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Inspecting status of station

From that moment, Dr. Biggins in our example in 
the previous page will be able to see the two stations 
assigned to him, on a map or as a list. Green dots indi-
cate that both stations operate normally. The dot will 
turn orange or red if there are problems at the station. 
By clicking on the dot, one can see the station infor-
mation and review the data.

Can use a map or a list to get details 
about a station.

Can use live map to select a station. 
Green means the station is OK.
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Checking the details

Flux and supporting data can be observed via a 
dashboard on any device capable of running a web-
browser, such as a phone (top three phone screen-
shots) or a desktop (bottom two screenshots). Data 
are quality flagged automatically and can be displayed 
in three quality categories, as can be seen in bottom 
right phone screenshot above. 

A user with permission to download the data can 
download the fluxes and supporting variables to their 
device in various formats. Effectively now, Dr. Big-
gins has his own flux network consisting of two sta-
tions, and can independently use their data for any 
research, collaboration, or other activities established 
with the stations PI.
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Collaborating across groups, networks and continents

In a similar manner, PIs from different FluxSuite net-
works can give each other access to some or all sta-
tions or can even establish a single common FluxSuite 
network by adding the SmartFlux accounts from all 
of their stations into one single FluxSuite account. 
Either way, an opportunity is created to collaborate 
across groups, network and continents. Example 
above illustrates this peer-to-peer cross collaboration 
on a larger scale. 

The group in the U.S. studies CO2 fluxes from for-
ests and owns three forest stations, but they also were 
given access to two forest station by a group in Mex-
ico and one more forest station by a group in EU. Now 
the US group has effectively six forest flux stations.

The group in the EU studies CH4 fluxes from per-
mafrost and owns three flux stations in permafrost 
region, but they also were given access to the fourth 
permafrost station by the group in US. Now the group 
in EU has effectively four permafrost flux stations. 

The group in Australia studies ecology of tidal com-
munities and owns two flux station, but they also were 
given access to two more station by the groups in New 
Caledonia, and Malaysia. Now the group in Australia 
has effectively four flux stations in tidal zones. 

A group in Brazil studies greenhouse gas fluxes from 
mangroves and has no flux stations of their own, but 
they were given access to the one mangroves station 
by the group in Australia and another two by the 
group in the U.S. Now the group in Brazil has effec-
tively a network of four mangroves flux stations with-
out physically owning any flux stations. 

So even researcher groups without their own stations 
could form “virtual networks” for specific projects 
by collaborating with PIs from different actual net-
works, and as mentioned before, no programming 
experience or custom coding is needed to set up such 
collaborations. 

Cross-sharing the flux stations with external collab-
orators like this, without significant additional time 
investment from the owners of the specific stations, 
opens new previously unavailable opportunities to 
seamlessly use one station to cover multiple research 
topics and goals, leverage available funding, and pro-
mote data analyses and publications. 

FluxSuite
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Examples of new networks of automated flux stations

Many stations in existing flux networks and many 
newer networks have already been utilizing FluxSuite 
for site and network management and for sharing the 
data within a network, although not yet for peer-to-
peer cross-sharing between the different networks 
(example in the previous page and Section 7.1). 

Examples include Chinese Academy of Sciences with 
their national Ecosystem Research Network (CERN) 
of 27 flux stations, the Chinese Agricultural Acad-
emy of Sciences with their 24-station national flux 
network, Cold and Arid Region Network with 19 
flux stations, Delta-Flux ET network with over 15 
flux stations, Robert B. Daugherty Water for Food 
Global Institute with their Parallel 41 ET network of 
projected 15 to 22 stations, a number of smaller and 
proprietary networks across U.S. and Europe, and 
a number of individual station within AmeriFlux, 
ICOS, TERN-OzFlux and Urban Flux Networks. 
Most of these operate at full capacity while few are 
still running in a test mode.

It is important to note that in all of these, the ease of the 
flux networking and station maintenance is valuable 
but does not constitute the main advantage. Rather, 
the entire workflow, from standardized collection, 
standardized and complete processing, global time 
synchronization among all stations, and the knowl-
edge of the flux footprint for each 30 minutes from 
each station allow a considerably more confident and 
intercomparable flux station networking versus older 
individual flux stations and flux networks.

These are the same advantages that make flux net-
working a very valuable tool for an emerging signif-
icant area of collaboration between flux community 
and remote sensing and modelling communities. 
While most of this topic is addressed in the Sections 
7.1 and 7.3 as a major future direction, in the next few 
pages let’s take a look at an example of present devel-
opment in this area. 



438 | 6.2 Network Tools for Individual Groups and Institutions: FluxSuite

Parallel 41 ET network

Coupling ground-based data from individual stations 
in the flux network with the remote sensing products 
for various types of tuning, modelling and forecast-
ing (discussed in detail is Section 7.3) can be achieved 
due to the following: 

• GPS-driven PTP protocol synchronizes instru-
mentation within the flux station, different sta-
tions to each other within a flux network, and all 
of them to remote sensing data, precisely aligning 
remote sensing and flux data in time

• Footprint size and coordinates computed and 
stored with each 30-minute flux data file help 
correctly match flux footprint to satellite, aircraft 
or drone motion to precisely align remote sensing 
and flux data in space

• Remote sensing researchers can collaborate with 
flux researchers to easily access data from flux sta-
tions across the globe without having own stations

As a result, a full snapshot of the remote sensing pixel 
or modeling grid can then be constructed, where 
fluxes are closely coupled with the remote sensing 
measurements from the same exact area at the same 
exact time to help interpret remote sensing data, vali-
date models, and improve upscaling.

A useful practical example of an existing flux network 
based on this concept is an emerging evapotranspi-
ration network, Parallel 41 by Robert B. Daugherty 
Water for Food Global Institute (https://parallel41.
nebraska.edu), with several flux sites already opera-
tional and with remote sensing and modelling work-
flow being established in near future. 

Reading and References 

Neale, C., 2018. Evapotranspiration Estimates through Remote Sensing 
- Verification Using Flux Tower Data. 3rd International Greenhouse Gas 
Flux Workshop “From Leaf, Soil and Canopy to Remote Sensing and 
Modelling”, Nanjing University of Information Science & Technology, 
Nanjing, China, October 22-25.

https://parallel41.nebraska.edu
https://parallel41.nebraska.edu
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Parallel 41 ET network (continued)

The premise for the Parallel 41 network is an urgent 
global need to conserve usable water and irriga-
tion-related expenses affecting food costs by optimiz-
ing crop water use. 

Evapotranspiration (ET) is by far the largest water 
loss component in global cycle (Part 1) and finding a 
way to save and recapture just few percent of ET can 
fill in most water shortages across the globe. How-
ever, measuring ET directly and accurately from the 
entire field is difficult and expensive. 

This is why many ET models and related water man-
agement decisions, including irrigation scheduling, 
often rely on various indirect ways to estimate the 
ET water loss, such as equilibrium, potential, and 
reference ET in conjunction with crop coefficients, 
etc. Such estimates are often crop-, season- and 

field-specific, and may work as good proxies for 
actual ET in some conditions but not in others (exam-
ple in the top half above). Higher potential ET losses 
used in many traditional calculations lead to a widely 
spread and costly over-irrigation.

Modern flux stations, on the other hand, measure 
actual direct half-hourly ET automatically, contin-
uously, and year-round and show real-time hourly 
water transport from the fields into the atmosphere, 
and not potential estimates. 

The individual flux stations in the ET network (accu-
rate and direct but over a few small spots) are used as 
anchor points for validating and tuning a remote sens-
ing-based modelling ET (approximate and indirect 
but over a very large area), creating an ET product that 
is both well-resolved and has a large areal coverage. 

Reading and References

Robert B. Daugherty Water for Food Global Institute. 2020. Parallel 41 
Flux Network. University of Nebraska. Lincoln, NE, USA. parallel41.ne-
braska.edu.
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Parallel 41 ET network (continued)

Parallel 41 Flux Network has been created by a Rob-
ert B. Daugherty Water for Food Global Institute in 
a partnership with multiple organizations, includ-
ing Irrigation Innovation Consortium, High Plains 
Regional Climate Center, USDA-ARS, GloDET 
Global Daily ET Portal, and many others interested in 
water conservation, precision irrigation, and related 
topics. 

The illustration above shows locations of initial flux 
stations in Nebraska, with a planned expansion over 
5-state area in the future, and a screenshot of the 
FluxSuite summary page for one of the stations. The 
summary page shows station name and photo, owner, 
geographical coordinates from GPS, flux instru-
ments involved and Station notebook with notices 

from station visits and maintenance procedures. Tabs 
above the station summary lead to a Dashboard with 
latest flux data, and to alerts management page for 
this specific station.

The ET workflow for the entire network is auto-
mated, with initial data collected, quality controlled, 
processed, corrected and stored automatically by a 
SmartFlux microcomputer. Each SmartFlux com-
puter is connected to FluxSuite where the data auto-
matically streamed and displayed on a Dashboard. 
Products are further analyzed by using Tovi flux data 
analysis software. Everything is documented and syn-
chronized to microseconds using PTP timing pro-
tocol. The whole network operationally becomes a 
single ET monitoring tool.

Reading and References

Burba, G., et al. 2020. Modern tools and latest examples of flux net-
working: connecting flux, remote sensing. In OzFlux 20th Anniversary 
Conference.

Neale, C. 2018. Evapotranspiration Estimates through Remote Sens-
ing - Verification Using Flux Tower Data. In 3rd International Green-
house Gas Flux Workshop: From Leaf, Soil and Canopy to Remote 
Sensing and Modelling. Nanjing University of Information Science & 
Technology, Nanjing, China, October 22-25 
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Parallel 41 ET network (continued)

In the next stage of the Parallel 41 progress, the directly 
measured ET from the flux network will be used to 
tune remote sensing products and then ET models in 
real-time by a supercomputer in collaboration with 
University of Nebraska Holland Computing Center 
to accurately expand the spatial estimates from the 
satellites over larger areas including Nebraska, Iowa, 
Colorado, Kansas, etc.

The ALEXI Water and Energy Budget Model, run-
ning the Two Source Energy Balance land-surface 
implementation, will be augmented with day-night 
observations of land surface temperature from polar 
orbiting sensors, MODIS and VIIRS, to provide 
daily ET product at 375 m pixel resolution. Then 

PyDisALEXI software will be used to disaggregate 
and downscale the 375 m resolution ET to 30 m res-
olution using LANDSAT8 data over the fields where 
the flux stations are located using Spatial EvapoTrans-
piration Modelling Interface.

This high-resolution ET product will then be used for 
the estimation of the Evaporative Stress Index, Com-
posite Drought Index, water accounting and avail-
ability in watersheds and river basins, annual water 
and crop assessment, and data streaming to an online 
tool to allow each investigator and a broader commu-
nity of water managers and farmers to view and use 
the data for an intelligent irrigation scheduling and 
numerous other water management needs.

Reading and References

Choe, E., Lee, J., & Cheon, S. 2015. Monitoring and modelling of chlo-
rophyll-a concentrations in rivers using a high-resolution satellite im-
age: a case study in the Nakdong River, Korea. International Journal 
of Remote Sensing, 36(6), 1645-1660. https://doi.org/10.1080/014311
61.2014.995270

Neale, C. 2018. Evapotranspiration Estimates at Different Scales Us-
ing Remote Sensing. In 2018 MOISST Workshop, University of Ne-
braska-Lincoln; From Soil Moisture Observations to Actionable Deci-
sions. http://snr.unl.edu/download/research/projects/moisst2018/
Presentation/20180605_12_Neale.pdf

Neale, C. 2018. Evapotranspiration Estimates through Remote Sensing 
- Verification Using Flux Tower Data. In 3rd International Greenhouse 
Gas Flux Workshop: From Leaf, Soil and Canopy to Remote Sensing and 
Modelling. Nanjing University of Information Science & Technology, 
Nanjing, China, October 22-25

Neale, C.M.U., et al. 2012. Soil water content estimation using a re-
mote sensing based hybrid evapotranspiration modeling approach. 
Advances in Water Resources, 50, 152-161. https://doi.org/10.1016/j.
advwatres.2012.10.008
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Summary

As demonstrated in Section 6.1 for established cen-
tralized flux networks, and in Section 6.2 for new 
peer-to-peer flux networks, the flux networking pro-
vides a valuable synergy significantly exceeding a 
simple sum of individual stations. At the same time, 
modern technology allows creating productive auto-
mated networks without expertise in computer pro-
gramming or network engineering. 

When run in a standardized, or at least harmonized 
fashion, flux networks can provide a much-needed 
fluxes comparable across the globe and connected to 
remote sensing and modelling in real-time, similar to 
Parallel 41 Project for evapotranspiration but also for 
CO2, CH4, other greenhouse gases, etc. 

And when readily shared, the wealth and the cover-
age of the previously collected flux data (2100+ loca-
tions illustration above) have a potential to train the 
global models using these past data such that the 
models could then perform remarkably well in time 
and space when using the new data coming from the 
modern flux network in real-time. 

These future developments are discussed in more 
detail the upcoming Sections 7.1 and 7.3, while liter-
ature below lists the publications on the topics related 
to the present and future of flux stations networking. 
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Centralized data sharing
Perhaps one of the most impactful, immediate and, 
at the same time, easily doable advances in the 
near-future flux measurements would be a significant 
increase in global data sharing and standardization. 
Great reviews of the needs and benefits of data shar-
ing and standardization are outlined, from various 
perspectives, in the literature below. 

With a recent shift in scientific needs away from pro-
cess-level single-site studies and into more complex 
and comprehensive experimentation, the scientific 
importance of data sharing increases exponentially. 

Likewise, the respective funding opportunities point 
into the direction of multi-discipline larger-scale stud-
ies. These can be accomplished only either through a 
large-size global grant funding (highly unlikely) or 
via multiple smaller more localized grants (highly 
likely) combined with active sharing of standardized, 
or at least harmonized, data provided in reproducible 
and traceable form.

One way to potentially reach this goal is through 
centralized data sharing, when data come from mul-
tiple, often unrelated, PIs into one single depository. 
Such a depository can be a storage of already pro-
cessed data or can require raw data which will be 

processed in a standardized manner independently 
of the individual PI. 

Ideally, the data collection itself should also be stan-
dardized to achieve proper inter-comparability 
between sites. In other words, if there is a difference 
observed in the fluxes between different sites world-
wide, this difference should come from the ecosys-
tems themselves and not from the differences in 
instruments, data collection, processing, or analysis. 

The next page lists some of the flux data depositories 
available today. These are top-notch data handling 
facilities, responsible for major successes in modern 
ecosystem flux studies. Most of these are capable of 
storing data from a large number of sites and can pro-
vide public access to such data. Some also have stan-
dardized data collection and processing run within a 
particular localized network. 

However, none can yet provide standardized data 
collection and processing on a global scale. The clos-
est example is the initiative attempting to standard-
ize data processing globally, the OneFlux project 
described in Baldocchi et al., (2018), Pastorello et al 
(2019, 2020) and illustrated on the next page. 
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Centralized data sharing (continued)

Centralized data storage

• Global: FluxNet2015, LaThuile2007

• Network-wide: AmeriFlux, AsiaFlux, CAAS, CARN, 
CERN, ICOS, NEON, OzFlux

Standardized data collection

• Global: none

• Network-wide: CAAS, CARN, CERN, ICOS, NEON, 
Parallel 41

Standardized flux processing

• Global: ONEFlux

• Network-wide: CAAS, CARN, CERN, ICOS, NEON, 
Parallel 41

NEE Processing

QA/QC

Meteorological Variables

Timestamp Check

Contact PI

Multi Variable 
Visual Check

Sensible/Latent 
Heat Flagging

ERA Met DownscalingSensible/Latent 
Heat Filtering

Sensible/Latent 
Heat Gap-filling

Energy Balance Closure

Ustar Threshold 
Calculation

Reference NEE and 
Uncertainty Quantification

Flux Partitioning

MPT

MDS

CPD

Day Night Sundown

Sensible/Latent 
Heat Processing

NEE Ustar Filtering

Gap-filling

Product Merging 
(End Products)

Prepare Files for 
Downscaling

Met Variables Gap-filling

Conversion to 
Standard Format

Single Variable 
Visual Check

Spike Detection 
and Data Flagging
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Decentralized peer-to-peer cross-sharing concept

As an addition to the centralized data sharing path-
way described in the previous pages, many of the 
same effects can be achieved by utilizing multiple 
individual automated flux stations (for example, see 
Sections 2.4, 2.5, 3.4) running the same instrumen-
tation, data collection and processing protocols, and 
sharing the raw data or final flux products from such 
stations processed in the same exact manner. 

This may eliminate key pain points (and resulting typ-
ical monthly-to-yearly delays) experienced by central-
ized flux depositories, and also can provide an ability 
to share the data with selected specific collaborators 
(such as remote sensing or modelling communities, 
for example) in real-time with minimal time invest-
ment from the flux station PI, merely by providing the 
collaborator with secure access to the station’s data (for 
example, Section 6.2). 

Such an approach encapsulates the concept of decen-
tralized peer-to-peer data cross-sharing, when without 
preventing the centralized sharing, significant leverage 
of resources can be achieved by different groups via 

using the same station for two or more research proj-
ects or flux networks.

The simplified example on the left is of a decentralized 
automated peer-to-peer data cross-sharing via Flux-
Suite which was given in Section 6.2. But another more 
comprehensive way to envision the automated peer-
to-peer data cross-sharing is an example shown on the 
right above. There are three flux networks dedicated to 
CO2, evapotranspiration, and CH4 fluxes respectively. 
However, all three networks share the same exact sta-
tion located in an ecosystem relevant for all three net-
works. Additionally, the CH4 and evapotranspiration 
networks also share another flux station which is of 
interest for both networks.

As long as the equipment, data collection, and auto-
mated processing protocols are standardized, traceable 
and reproducible, either the example on the left, or 
the example on the right, allow substantial cost-shar-
ing, savings on the equipment and maintenance, and 
global expansion in flux data coverage, without sacri-
ficing data quality for all of the participating peer-to-
peer collaborators. 

Reading and References

Burba, G., et al. 2017. Collecting and sharing time-synchronized hour-
ly CO

2
 flux data: new tools for coupling flux towers and networks with 

proximal and remote sensing data [Paper presentation]. Science and Ap-
plication of Chlorophyll Fluorescence: Open Meeting and Airborne Fluores-
cence Workshop, Lincoln, Nebraska, September 26-29.  

Burba, G., et al. 2016. Latest developments in advanced network man-
agement and cross-sharing of next-generation flux stations. In Europe-
an Geosciences Union General Assembly, Geophysical Research Ab-
stracts (Volume 18). https://meetingorganizer.copernicus.org/EGU2016/
EGU2016-3140-2.pdf

CO2 Flux Network

ET Network

CH4 Flux Network

Same Single Station Same Single Station

FluxSuite

• Decentralized automated peer-to-peer cross 
sharing examples

• Same single station can be used by 2, 3 or 
more networks

• Researchers without stations can form the 
virtual thematic networks of actual stations

https://meetingorganizer.copernicus.org/EGU2016/EGU2016-3140-2.pdf 
https://meetingorganizer.copernicus.org/EGU2016/EGU2016-3140-2.pdf 
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Summary

• At the very minimum, 2100 locations are available

• Much less than 50% shared or available publicly

• Please consider sharing the data!
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Finally, another important topic to bring up when 
discussing sharing flux data is persistent difficulties 
by many individual researchers, groups, and net-
works with making their data public. The best cen-
tralized data collection facility or the most advanced 
peer-to-peer network infrastructure would not be 
effective or useful if individual researchers choose to 
not share the data. 

The example on the previous page shows the global 
map with over 2100 past and present locations of 
eddy covariance flux measurements. A relatively 
small fraction of this total, about 600 to 800 station 
did share the data at one point or another, while 50% 
to 75% of locations chose to not appear to share the 
data. There are some good reasons and some bad ones 
to avoid data sharing. 

Confidential applications (e.g., industrial and agri-
cultural know-how, private consulting work, ongoing 
litigations, regulator-mandated confidentiality agree-
ments, etc.) and partial low-quality datasets affected 
by problems at a flux site would be the main examples 
of the good reasons to not share the data. However, 
these seem to take no more than 10 to 15% of the 
2100+ datasets. 

The vast majority of not sharing seems to be com-
ing from: (i) the PI’s low confidence in their data in 

general, often simply due to the little micrometeoro-
logical expertise of the PI, and not necessarily because 
the data are bad; (ii) a smaller segment seems to come 
from the inability of the PI to process the data due to 
lack of time or experience; and (iii) an even smaller 
portion seems to come from the concerns that shar-
ing the data can undercut important publications PI 
may be planning.

Future increases in automation and standardization 
of flux stations can help resolve the first and second 
reasons for not sharing the data. Data credits embed-
ded in centralized data sharing, and peer-to-peer 
sharing fully controlled by PI, should hopefully help 
with the third reason to not share the data. 

The bottom line is that, as a community, we still have 
a long way to go in terms of data sharing. The lat-
est exciting developments in improving coherency 
among all the present atmospheric flux networks 
and the standardization of the new upcoming net-
works present perhaps the biggest advantage for the 
future of atmospheric monitoring, providing reliable 
and comparable results for process-level research 
and monitoring, as well as for scaling up the individ-
ual station's data through remote sensing and Earth 
modeling. This cannot work without data sharing, so 
share the data, please!

Reading and References

Burba G. 2019. Illustrative maps of past and present eddy covariance 
measurement locations: II. High-resolution images, 9 pp. 

Summary (continued)
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Overview

• Scientific disciplines

• Applications

• Scales

The eddy covariance method has been used in the 
field of micrometeorology for more than 40 years, 
and until recently, was practiced primarily by trained 
micrometeorologists, atmospheric physicists, physi-
cal engineers, etc.

In the past 15 to 20 years, important developments 
in instrument technology, including sonic anemome-
try, gas spectroscopy and automation, in combination 
with critical efforts by FluxNet member organizations 
(Section 6.1) led to a wide adoption of the flux mea-
surements by ecologists, climate scientists, and other 
natural science professionals to study greenhouse gas 
emissions, climate change, ecosystem dynamics and 
gas exchange in natural, agricultural and urban eco-
systems for a wide variety of gas species, ranging from 
traditional H2O and CO2 measurements to CH4, N2O, 
NH3, isotopes, VOCs, etc. 

And very lately, regulatory agencies such as Cali-
fornia Air Resource Board (CARB), South Coast 
Air Quality Management District (SCAQMD) and 
industry (CCUS, gas distribution and storage, land-
fill management, etc.) and other non-academic orga-
nizations (Environmental Defense Fund; EDF, etc.) 
are increasingly more involved in the direct atmo-
spheric flux measurements in addition to traditional 
research institutions. 

In addition to all these exciting and useful devel-
opments, resulting in the expansion in disciplines, 
applications and scales, other key upcoming devel-
opment are expansion in the scope of flux network-
ing, increased data standardization and sharing 
(Section 7.1), and development of reliable automated 
frameworks for coupling of flux measurements with 
remote sensing observations and Earth modeling 
(Section 7.3).

In the following pages we will briefly look at some 
examples of near-term prospects for the method: 

• Ongoing expansion in various scientific disci-
plines beyond micrometeorology.

• Expansion in application into regulatory and 
commercial applications, including industrial, 
agricultural and environmental monitoring and 
management fields.

• Expansion into multiple geographic scales of 
measurements and related expansion in the scope 
of flux networking. 

• Development of reliable automated global frame-
works for coupling of flux measurements with 
remote sensing observations and Earth modeling.
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Expansion in disciplines

• In the very recent past, use of the eddy covariance method was often restricted by complexities with 
non-uniform terminology and by the lack of user-friendly, comprehensive, standardized software to 
provide the non-expert user a choice of settings and parameters to properly collect, process, and analyze 
eddy flux data

• Now, disciplines such as ecology, entomology, biology, hydrology, ecosystem science, etc. start benefiting 
greatly from the use of modern standardized methodology, field procedures, equipment, and software for 
flux processing and analysis

The use of the eddy covariance method was often 
restricted in the past by complexities with non-uni-
form terminology and the lack of user-friendly, 
all-inclusive software that would provide the non-ex-
pert user a choice of settings and parameters to prop-
erly handle the eddy flux data.

As these challenges are being successfully resolved 
by flux networks, scientific organizations, and edu-
cational institutions, disciplines such as ecology, 
entomology, biology, ecosystem science, hydrology, 
oceanography, as well as remote sensing and model-
ling, can benefit greatly from using the eddy covari-
ance method for their specific applications.

These applications can range widely, from studies of 
cicada life cycles and related soil aeration to incor-
porating gas exchange into GIS modeling, or remote 
sensing validation of dissipation of methane through 
ocean waters and into the atmosphere. 

In addition, the method itself can be expanded using 
multiple supplementary flux stations located relatively 
close to each other and/or distributed within the foot-
print of the main flux station. This opens new meth-
odological pathways to using the flux data to resolve 
heterogeneity and source strengths (for example, Xu, 
et al, 2017, 2018; Butterworth et al., 2020), and in 
turn, can promote further expansion in disciplines. 

It remains important for the researcher to understand 
the basic principles of turbulent flux transport mea-
surements, the significance of well-planned station 
setup and regular maintenance, and to appreciate the 
intricacies of data processing and analysis.

However, multiyear specialization in the field of 
micrometeorology is no longer a prerequisite for suc-
cessful use of the eddy covariance method in many 
scientific disciplines. 

So, the situation with flux stations becomes somewhat 
analogous to that observed in the past with weather 
stations. Modern automated weather stations no lon-
ger require the presence of an expert to run the station. 

The deeper meteorological and instrumental exper-
tise is still required during more advanced stages of 
the workflow (large data handling, weather modeling 
and forecasting, etc.) but not at the data collection 
and processing stages at an individual station level.

Perhaps the only exception from the above are the 
measurements of fluxes of certain gas species with 
extremely small ambient concentrations or fluxes 
(for example, COS, VOCs, 13C, N2O outside burst 
periods, etc.). 

Such extremely-low-flux measurements are now 
possible, bringing great new opportunities to flux 
research, but also bringing new methodological chal-
lenges, because many assumptions made in classical 
eddy covariance (Part 1) no longer apply, additional 
previously neglected members and terms need to be 
returned back to the flux equations (Appendix II.F), 
and some aspects of the processing and analysis have 
to be added or modified (Part 5).
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Expansion in applications

• The eddy covariance methodology is now becoming a valuable tool outside scientific studies, recognized as 
a direct, defensible, practical and repeatable method valuable for commercial and regulatory applications

• It is used at an increasing rate in industrial, agricultural, and environmental monitoring and management, 
regulatory monitoring, carbon capture and sequestration, landfill management, carbon credit system, 
corporate suitability and carbon neutrality assessment and management, etc.
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As the eddy covariance method becomes more and 
more automated and uniform, it is increasingly 
viewed as valuable method for a number of regula-
tory, commercial (e.g., industrial, agricultural, etc.), 
and various environmental monitoring applications, 
and may become an important part of a verification 
protocols for a future carbon credit system.

Some of the relevant advantages of the eddy covari-
ance method are:

• Direct measurement
• Reliability and repeatability of the results
• Defensible measured value
• High temporal resolution
• Integrated over an area
• Many gas species can be covered
• Backed by scientific community
• Can be low-power, unattended, continuous

While there are a lot of potential non-scientific appli-
cations that can benefit from the eddy covariance 
method, some obvious examples are:

• Carbon markets design and verification
• Carbon capture and sequestration

• Emissions from industries, landfills, etc.
• Line efficiencies and leak detection
• Oil and gas industry applications
• Agricultural carbon sequestration
• Precision agriculture
• Irrigation and water use efficiency
• Environmental emission monitoring
• Regulatory applications at city and state levels
• Carbon credits and budgets at city/state levels
• Emission verification by NGOs
• Corporate suitability and carbon neutrality 

assessment and management
• Etc.

Additional examples of non-scientific applications 
of the eddy covariance method can be found in Sec-
tion 2.1.

Warning: It is important to keep in mind that monitoring of 
mean gas concentrations is not the same as measuring the rates 
of gas emission. This distinction becomes quite important when 
results are used for business or regulatory decisions.

Expansion in applications (continued)

Reading and References

U.S. Department of Energy. 2012. Best Practices for Monitoring, Verifi-
cation, and Accounting (MVA) for Geologic Storage Projects (DOE/NETL-
2017/1847). U.S. Department of Energy, Office of Fossil Energy, Na-
tional Energy Technology Laboratory. https://www.netl.doe.gov/sites/
default/files/2018-10/BPM-MVA-2012.pdf

https://www.netl.doe.gov/sites/default/files/2018-10/BPM-MVA-2012.pdf 
https://www.netl.doe.gov/sites/default/files/2018-10/BPM-MVA-2012.pdf 
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Expansion in scale: long-range devices

• LIDAR (LIght Detection And Ranging): Differential absorption 
lidars can measure gas concentrations

• Scintillometery: Detects fluctuations of refractive index due to 
temperature, humidity, and pressure

• Long-beam open-path laser techniques: Detect gas concentra-
tions for increasingly large number of gas species

Classic tower flux measurements cover upwind foot-
prints on the order of thousands of square meters or 
single square kilometers.

New technologies, such as, LIDAR, scintillometers, 
long-distance FTIR spectroscopy and other long-
beam open-path laser-based gas detection techniques 
can potentially be used to measure and compute gas 
fluxes from areas of many square kilometers, and 
from all wind directions.

Based on established eddy covariance principles 
and these emerging technologies, new methods can 
potentially be developed to be both fast and accurate, 
similar to eddy covariance, and have large spatial 
averaging independent of wind speed and direction, 
similar to LIDAR or scintillometry.

LIDAR is an abbreviation for LIght Detection And 
Ranging, alternatively called ‘laser radar’. The main 
types of LIDAR are:

• Range finders – measure distances

• Differential absorption – gas concentrations
• Dopplers – measure velocity of a target

In addition to flux measurement potential, LIDAR 
can also be used to measure average concentration of 
the entity of interest in a vertical column in the lower 
atmosphere and can measure average concentrations 
over two-dimensional planes above the surface.

Scintillometers have recently been used for detecting 
sensible heat flux over large territories, with reason-
able success, and for detection of water vapor flux, 
with some limited success.

These and other long-range methods currently 
require a substantial amount of modeling, empirical 
calibration and adjustment of the calculations, but 
they have good future potential, when directness and 
resolution challenges can be successfully addressed 
through technology.
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Expansion in scale: mobile

Gas measurements conducted using satellites, air-
planes, helicopters and drones are expanding in the 
scope and data coverage, observing the dynamic con-
tent from hundreds to thousands of square kilometers 
to entire atmosphere. 

Most of such measurements did not typically use 
direct atmospheric flux techniques in the past but 
were successfully used in combination with tower 
measurements to compute fluxes at both high tempo-
ral resolution (e.g., tower flux) and broad spatial cov-
erage (e.g., airborne or satellite data) at the same time. 

The smaller subset of the above, the actual flux mea-
surements conducted using airplanes, helicopters, 
drones, ships, land vehicles (both stationary and 
moving), etc. are expanding rapidly now. 

In these, high-precision mapping of fluxes and mass 
flows is achieved by using fast-response gas systems 
together with fast-response GPS devices and preci-
sion timing protocols (https://www.edf.org/climate/
methanemaps). 

Gas leak detection in urban environments, 
extraction sites, and along distribution lines (https://
www.fondriest.com/news/colorado-state-university-
cars-map-methane-leaks-li-cor-sensors.htm) and 
greenhouse gas budget monitoring over megacities 
(https://megacities.jpl.nasa.gov/portal) and “green 
cities” are good examples of a novel use of mobile 
flux measurements for regulatory and industrial 
applications. 

Few examples of pioneering mobile flux measure-
ments for scientific applications are provided in the 
next page, and in Section 10.4.
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Expansion in scale: mobile (continued)

• Flux profiles & mapping

• Research & monitoring

• Landfills, waste deposit 
areas

• Enclosed, 
aircraft-mounted

• Flux mapping

• Ecological research

• Permafrost areas

• Helipod-mounted

GFZ German Research Centre for Geosciences

• Flux, profiles & mapping

• Ecological research

• Arctic coastal wetlands

• Aircraft-mounted

Global Change Research Group - San Diego State University

Italian National Research Council

• Flux profiles & mapping

• Ecological research

• Seasonal wetland

• Drone-mounted

AmeriFlux LBNL & Atlatl Sensing LLC

Google
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The illustration on the previous page provides four 
examples of mobile flux measurements from airborne 
platforms. The top row illustrates a research project 
by Institute of Biometeorology of Italian National 
Research Council, where both concentration map-
ping and flux mapping (profiles and transects) of CO2 
and CH4 were conducted from a small airplane over 
an extensive area of landfills and waste deposit near 
Terra dei Fuochi, Italy. Flight grids were repeated at 
four altitudes, and a combination of Lagrangian Dis-
persion Model and mass balance method coupled to 
flux observations were used to successfully resolve 
emission rates from individual landfills. 

In the next example, the Global Change Research 
Group from San Diego State University measured 
concentrations and flux profiles and transects over an 
areas of intensive ecological research in Arctic coastal 
wetlands near Barrow, Alaska. Aircraft-mounted CH4 
measurements were conducted in the proximity of 
flux station measurements to achieve both time res-
olution and spatial coverage.

GFZ German Research Centre for Geosciences con-
ducted flux mapping over permafrost areas in the 
Lena River Delta in Siberia using Helipod, a helicop-
ter-mounted observation system. The 100 km tran-
sects and vertical concentration profiles, as well as 
high-resolution flux measurements were conducted 
over three seasons (winter, break-up, and summer) 
and included CH4, CO2, H2O, and sensible heat fluxes. 

The bottom row shows an effort by the AmeriFlux 
Network (Section 6.1) and Atlatl Sensing LLC to 
develop a drone-mounted flux and concentration 
mapping system. It was tested over seasonal wet-
lands in the ecological research area near Willamette 
Valley, U.S. Drone-mounted measurements can be 
extremely useful for flux station footprint (Section 
2.7) verification and numerous localized applica-
tions (e.g., flux stations interpolation, modeling of 
flux transport, etc.). 

Reading and References

Biraud, S. 2016. Alaska bulletin: new UAS capabilities for AmeriFlux 
sites. AmeriFlux. https://ameriflux.lbl.gov/alaska-bulletin-new-uas-
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Burba, G., 2017. High-resolution mobile measurements of methane 
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on cars, ships, airplanes, helicopters and drones. In 19th WMO/IAEA 
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Measurement Techniques, Dübendorf, Switzerland, 27-31 August. 

Gasbarra, D., et al. 2019. Locating and quantifying multiple landfills 
methane emissions using aircraft data. Environmental Pollution, 254, 
112987. https://doi.org/10.1016/j.envpol.2019.112987

Göckede, M., et al. 2020. Integrated Arctic Observation System. Re-
search and Innovation Action under EC Horizon 2020, Grant Agree-
ment No. 727890. https://cordis.europa.eu/project/id/727890

Expansion in scale: mobile (continued)
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Expansion in scale: global networks

• Need truly comparable, standardized or at least harmonized workflows to provide spatial resolution at all 
scales:

• Local: multiplexed systems for soil, multiple towers, field remote sensing

• Regional: regional networks (ICOS, NEON, AmeriFlux, AsiaFlux, OzFlux, etc.)

• Global: global network (iLEAPs/FLUXNET), standardized databases, modeling

• Potential to form an Earth Observations intranet

Flux networks unite eddy covariance research with 
varied spatial resolution and coverage (see Part 6 for 
details). Data from many sites are collected in net-
works’ archives with uniform collection and reduc-
tion methods and are stored and maintained with 
consistent formats. These data are invaluable for car-
bon cycle and global climate modeling and may have 
multiple uses in other disciplines. 

Network archives cover ecosystem flux and related 
parameters on a variety of scales, from field scale (e.g., 
short tower data, multiplexed systems for soil, field-
size remote sensing) to regional scale, with networks 
such as AmeriFlux, AsiaFlux, ICOS, NEON, OzFlux, 
etc., and finally globally, with networks like FluxNet. 

The websites of global and regional flux networks 
listed below help access general network descrip-
tions, recent publications, field data sets, and other 
useful information.

The key future developments in this area are forma-
tion of a global network using standardized, trans-
parent and reproducible workflows for site setup, 
data collection, processing and quality control. The 
success of such efforts is heavily dependent of the 
willingness of site PIs to publicly shared the data (see 
Section 7.1 for details).
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Reading and References

FluxNet - http://fluxnet.ornl.gov

AmeriFlux - https://ameriflux.lbl.gov

AsiaFlux - http://www.asiaflux.net

CarboEurope IP - http://www.carboeurope.org

Carbomont - http://www.uibk.ac.at/carbomont

CARN - http://www.nieer.cas.cn

CERN - http://cnern.cern.ac.cn/en

ChinaFLUX -http://www.chinaflux.org/enn/index.aspx

European Fluxes Database - http://www.europe-fluxdata.eu

GCP - http://www.globalcarbonproject.org

GHG-Europe - http://www.europe-fluxdata.eu/ghg-europe

ICOS https://www.icos-ri.eu

iLEAPS - http://www.ileaps.org

InGos - http://www.europe-fluxdata.eu/ingos

InGos - http://www.ingos-infrastructure.eu

IWFLUX https://liu.se/en/research/iwflux

JapanFlux - http://www.japanflux.org/?lang=english

KoFlux - http://www.ncam.kr/page/koflux/database/index.php

LBA - https://lbaeco-archive.ornl.gov

LaThuile Data Set - https://fluxnet.fluxdata.org/data/la-thuile-dataset

LTER - https://lternet.edu

MexFlux - https://mexflux.gitlab.io/

NEON - https://www.neonscience.org

NitroEurope - http://www.nitroeurope.eu

NordFlux - http://www.nateko.lu.se/nordflux 

OzFlux - http://www.ozflux.org.au

Page 21 - http://www.europe-fluxdata.eu/page21

Parallel 41 - https://parallel41.nebraska.edu/#

RINGO - https://www.icos-cp.eu/observations/projects/ringo

RusFluxNet http://lamp-lab.ru/about-laboratory?language=en

Stable Isotope Network - http://basin.yolasite.com 

Swiss FluxNet - http://www.swissfluxnet.ch

Urban Flux - http://www.geog.ubc.ca/urbanflux

USCCC - http://lees.geo.msu.edu/usccc.html

Baldocchi, D., Falge E., Gu L., Olson R., Hollinger D., Running S., et al., 
2001. FLUXNET: A New Tool to Study the Temporal and Spatial Variabil-
ity of Ecosystem–Scale Carbon Dioxide, Water Vapor, and Energy Flux 
Densities. Bulletin of American Meteorological Society, 82: 2415–2434

Expansion in scale: global networks (continued)
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Expansion in scale: planetary

Spectral measurements from space can potentially 
observe dynamic content of the entire atmosphere – 
the ultimate goal of flux station networks as well.

Future satellite measurements require development 
and testing of instruments and data collection sys-
tems on the ground, which later could be used for 
remote sensing.

Comparison of field and satellite data, called ground 
truthing, is very important for developing this 
approach. In time, satellite instrument systems could 
reliably determine the dynamics of gases, aerosols, 
and dust for the planet as a whole. 

One pioneering example of a system such as this is the 
orbital imaging spectrometer SCIAMACHY – Scanning 

Imaging Absorption Spectrometer for Atmospheric 
CHartographY (http://www.sciamachy.org).

Other examples include multiple Sentinel missions 
dedicated to ocean, land, and atmospheric monitoring 
(https://sentinel.esa.int), as well as the FLEX mission 
dedicated to photosynthesis, fluorescence, and other 
observation of live vegetation (https://earth.esa.int/
web/guest/missions/esa-future-missions/flex), etc.

Although these do not use the eddy covariance 
method, such observations can help scale up the 
tower measurements to compute fluxes at both high 
temporal resolution (eddy covariance station) and 
with broad spatial coverage (satellite data products) 
at the same time, when properly coupled together 
(Section 7.3).

Reading and References 
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Gitelson, A.A., et al. 2003. Novel technique for remote estimation of 
CO

2
 flux in maize. Geophysical Research Letters, 30(9). https://doi.

org/10.1029/2002gl016543 

http://www.sciamachy.org
https://sentinel.esa.int
https://earth.esa.int/web/guest/missions/esa-future-missions/flex
https://earth.esa.int/web/guest/missions/esa-future-missions/flex
https://doi.org/10.1029/92jd02111
https://doi.org/10.1029/2002gl016543 
https://doi.org/10.1029/2002gl016543 


7.3
SECTION 7.3  
Coupling with Remote 
Sensing and Modelling



468 | 7.3 Coupling with Remote Sensing and Modelling

On a global scale, the eddy covariance flux measure-
ments can be viewed as the measurements at a point 
or at a single pixel, covering a very small area in com-
parison with typical coverage done by remote sens-
ing techniques (mobile, airborne, satellite-based, etc.) 
and related modelling products. 

However, the evolution of flux research is gener-
ally moving from process-level studies at individual 
sites to synthesized multidisciplinary studies cov-
ering regional and global scales, especially so for 
water vapor, carbon dioxide exchange, and other 
greenhouse gas flux measurements. Accordingly, the 
data analysis and related modeling are also moving 
beyond process-level localized physical models to a 
more complex larger-scale modelling and to required 
advanced analytical and big data techniques. 

With these new developments, looking at the multi-
tude of flux measurements at a larger scale requires 
new conceptual outlook, data flow architecture and 
specific technical means that in the past were sim-
ply not accessible by an individual tower or even by 
a larger network. 

This pathway is somewhat analogous to automated 
weather station measurements, where automated 
weather station networks combined with remote 
sensing measurements and near-real time forecasting 
models routinely provide a highly demanded, rea-
sonably accurate, consistent, and practical weather 

predictions to individuals, agricultural, transporta-
tion and other industries, and the society in general.

With modern automation, flux station networks also 
could have a positive global influence, helping opti-
mize energy, water and carbon use efficiencies, estab-
lish and verify carbon markets, define ecosystem 
services, and improve air, water and soil quality, etc. 
This requires being able to have long-term data sets 
establishing the baseline, and then also being able to 
see trends and important short-term events or cata-
strophic changes in near-real time, with high reso-
lution in time over large spatial scales. This, in turn, 
can be achieved by coupling flux station observations 
with remote sensing and modelling techniques.

Overview

Automated 
Measurements

Manual
Measurements
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Modern tools
Real-time compatibility of field-level fluxes with 
remote sensing and modelling needs (including 
ground truthing, parameterization, upscaling and 
other key procedures) is the key to developing such 
a coupling. 

Remote sensing observation, tuned using directly 
measured tower fluxes, could help reliably interpolate 
between flux stations data in space. Tower observa-
tions could help reliably interpolate between remote 
sensing overpasses in time. Modelling then could 
couple both, providing a product which is accurate 
and highly resolved in both time and space.

Present flux networks and databases (Sections 6.1 
and 7.1) has been doing some of this work for a while, 
although typically with long delays and in a limited 
fashion due to confines of the data architecture, long 
reprocessing times, limited data sharing by individ-
ual PIs, and lack of familiarity of remote sensing and 
modelling communities with flux measurements and 
the significant value they can provide. 

Specifically, while the centralized processing systems 
employed by the major networks provide exceptional 
advantages for long-term data quality, reproducibility 
and comparability, to date these result in 1 to 5 year 
delays between the time of the actual in-situ flux mea-
surement and the online availability of the processed 
and quality controlled data. Such delays hamper the 

use of in-situ fluxes for timely (and ultimately near-
real-time) operational satellite product monitoring, 
envisioned and often required by the Earth Observa-
tion Community.

Future developments may help overcome these hur-
dles. Recently, a set of new tools to collect, process, 
analyze, partition, time- and space- allocate and share 
time-synchronized flux data from multiple flux sta-
tions were developed and deployed globally. These 
new tools can be effective in solving the time delay 
issues listed above without sacrificing quality, repro-
ducibility and comparability of the  flux data. 

In the next pages, let’s look at one of many possi-
ble scenarios for coupling flux measurements with 
remote sensing and modelling using an example of 
the concept, architecture and the latest tools devel-
oped by LI-COR, and at the new scientific opportuni-
ties provided as a result. 

Figure on the next page shows an example of the 
structure and data flow of atmospheric flux measure-
ments, staring from single components, to fully auto-
mated flux stations (Section 2.4), to systems for flux 
network management and data sharing (e.g., Flux-
Suite; Section 6.2) and for flux data analysis (Section 
5.3) which can benefit remote sensing and modeling 
applications.
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Expanded Use 
of Flux Data
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Modern tools (continued)
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Modern tools (continued)
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Modern tools (continued)

First, various compatible proximal optical sensors 
and other instrumentation crucial for remote sensing 
and modelling interpretation, could be connected to 
the multiple models of flux station’s bio-meteorolog-
ical loggers.

Then, the fully automated weatherized remotely-ac-
cessible microcomputer, SmartFlux (Section 2.5), 
utilizes EddyPro software (the same exact software 
engine used by the major networks for their cen-
tralized data processing; Section 2.5) to calculate 
fully-processed fluxes in near-real-time, alongside 
supporting data and flux footprints: 

• Each flux station then will output fluxes of CO2, 
CH4, Evapotranspiration, Sensible Heat, Momen-
tum, and auxiliary variables (radiation, weather 
and soil data, etc.) merged together with optical 
proximal data. 

• Actual flux footprint location and size is com-
puted and reported by each flux station every 30 
minutes describing the specific area where the 
measured fluxes came from. 

Finally, all data are merged into a single quality-con-
trolled file timed using GPS-driven PTP time protocol 
to assure a microseconds-scale time synch between 
the instruments within each station and between dif-
ferent stations. This time would be the same exact 
time as in remote sensing data products.
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Data Analysis 
from Automated 
Flux Stations

Expanded 
Use of Flux Data

Networks of 
Automated Flux 
Stations

EddyPro Automated

PTP 

SmartFlux:
Real-Time Processing,
QC/QA, PTP Synchronization

Multiple Data 
Logger Models

Multiple Sonic 
Anemometer Models

Soil Gas Fluxes 
from Tower Footprint

Numerous  Soil, 
Weather, Light, Optical 

and Other Sensors 

Multiple Gas 
Analyzer Models

Automated 
Flux Station

•  Each 30-60 mins file

•  Exact GPS time

•  Station coordinates

•  Footprint size & location

•  CO2 & Heat fluxes, ET rates, etc.

•  Radiation and proximal data

•  Weather and soil data

Sensors 

•  Hyperspectral

•  Multispectral

Outputs 

•  Rs, Rn, PAR

•  Diffuse 

Products

•  Albedo, FAPAR

•  NDVI, PRI, VIs

•  Pigment Indices 

Flux station

Field-level data

Footprint

•  Broadband

•  Narrowband, etc.

•  Direct

•  Incident & reflected, etc.

•  SIF 

•  Tsurface, LAI, SM, etc.

Modern tools (continued)
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Modern tools (continued)

These 30-minute data and their respective metadata 
can be accessed remotely via flux network manage-
ment and data sharing tool, FluxSuite, and could 
be quickly re-analyzed using individual codes from 
the  data analysis software (Section 5.3) to allow a 
non-micrometeorologist to re-analyze and re-inter-
pret the flux data. 

As a result, remote sensing researchers and modelers 
could collaborate with flux researchers to easily access 
data from numerous flux stations across the globe 
and re-analyze these data as needed for their specific 
goals, all without having their own flux stations.
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Expanded 
Use of 
Flux Data

Automated 
Flux 
Station

Networks of Automated
Flux Stations

Global Data
Sharing

Station
Management

Global
Collaborations

Network
Management

Data Analysis from 
Automated Flux Stations

Gapfill, 
Footprints, etc.

Faster
Published

Faster QA/QC
& Analysis

Traceable
Verifiable

•  Software for data post-processing, 
gap filling, and analysis

•  Instant QA/QC, filtering, and 
resulted data and statistics

•  Traceable and reproducible 
protocols

•  Flux and remote sensing or modeling 
communities can share data rather 
easily via FluxSuite tool

•  Station PI can create web-access 
account for a remote sensing 
researcher or a modeler to get 
controlled access to the station’s 
data, collaborate on data analyses, 
and publish together

Modern tools (continued)
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Expanded Use 
of Flux Data

Local, Regional, 
Global: 

Ground Truthing, 
Remote Sensing, 

Model Tuning

ET

NEE

CH₄ Flux

CO₂ Flux

Flux Maps

Networks of 
Automated Flux 
Stations

Data Analysis 
from Automated 
Flux Stations

Automated 
Flux 
Station

•  CO2 fluxes, ET

•  APAR, other radiation data

•  Pigment indices

•  Water indices

•  Canopy & soil WC, etc.

Ground Truthing

Upscaling

•  Integrated ecosystem modeling of energy 
budget, gas fluxes and other variables

Modeling

•  GPP, NEE, Re, LUE

•  ET, WUE

•  Canopy T, WC

•  Proximal optical sensors

•  Soil moisture

•  Matched pixels from real-time 
footprint

•  Multiple pixels per footprint

•  Flux value per single pixel

•  Seasonal and interannual variability 
via synchronized data from flux 
stations and satellite, airplanes, 
and drones

Combined File

•  Leaf       Canopy       Ecosystem

•  GPP, NEE, Re, LUE

•  ET, WUE

•  etc.

Precisely Match Two Sets of Data 

Satellite, Airplane, Drone Broad Coverage Remote Sensing Data

For each pixel:

•  Spectral data

•  Multiple data products

•  Recomputed model 
outputs

Use Remote Sensing Data

Flux Station Footprint Flux Station Data

For each flux footprint:

•  CO2 and heat fluxes, ET

•  Radiation data

•  Weather data

•  Soil data

Use Automated Flux Station Data 

Add Proximal Optical Sensors to Flux Station

Sensors 

•  Hyperspectral

•  Multispectral

•  Broadband

•  Narrowband

•  etc.

Outputs 

•  Rs, Rn, PAR

•  Diffuse 

•  Direct

•  Incident & 
reflected, etc.

Products

•  Albedo, FAPAR

•  NDVI, PRI, VIs

•  Pigment Indices 

•  SIF 

•  Tsurface, LAI, 
SM, etc.

COM
BIN

E

Constructing a full snapshot of the remote sensing pixel 
including leaf level, ground-based optical sensors, and 
fluxes from the same exact footprint.

• Use GPS time, station coordinates and flux footprint

• Precisely match two sets of data

Modern tools (continued)
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Expanded Use 
of Flux Data

Local, Regional, 
Global: 

Ground Truthing, 
Remote Sensing, 

Model Tuning

ET

NEE

CH₄ Flux

CO₂ Flux

Flux Maps

Networks of 
Automated Flux 
Stations

Data Analysis 
from Automated 
Flux Stations

Automated 
Flux 
Station

•  CO2 fluxes, ET

•  APAR, other radiation data

•  Pigment indices

•  Water indices

•  Canopy & soil WC, etc.

Ground Truthing

Upscaling

•  Integrated ecosystem modeling of energy 
budget, gas fluxes and other variables

Modeling

•  GPP, NEE, Re, LUE

•  ET, WUE

•  Canopy T, WC

•  Proximal optical sensors

•  Soil moisture

•  Matched pixels from real-time 
footprint

•  Multiple pixels per footprint

•  Flux value per single pixel

•  Seasonal and interannual variability 
via synchronized data from flux 
stations and satellite, airplanes, 
and drones

Combined File

•  Leaf       Canopy       Ecosystem

•  GPP, NEE, Re, LUE

•  ET, WUE

•  etc.

Precisely Match Two Sets of Data 

Satellite, Airplane, Drone Broad Coverage Remote Sensing Data

For each pixel:

•  Spectral data

•  Multiple data products

•  Recomputed model 
outputs

Use Remote Sensing Data

Flux Station Footprint Flux Station Data

For each flux footprint:

•  CO2 and heat fluxes, ET

•  Radiation data

•  Weather data

•  Soil data

Use Automated Flux Station Data 

Add Proximal Optical Sensors to Flux Station

Sensors 

•  Hyperspectral

•  Multispectral

•  Broadband

•  Narrowband

•  etc.

Outputs 

•  Rs, Rn, PAR

•  Diffuse 

•  Direct

•  Incident & 
reflected, etc.

Products

•  Albedo, FAPAR

•  NDVI, PRI, VIs

•  Pigment Indices 

•  SIF 

•  Tsurface, LAI, 
SM, etc.

COM
BIN

E

Constructing a full snapshot of the remote sensing pixel 
including leaf level, ground-based optical sensors, and 
fluxes from the same exact footprint.

Modern tools (continued)
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Modern tools (continued)

In summary, new technical tools in this example 
can already help connect remote sensing, modeling 
and flux communities to couple ground data (fluxes, 
proximal sensors, soil data, etc.) with the remote 
sensing data:

• GPS-driven PTP protocol synchronizes instru-
mentation within the flux station, different 
stations to each other, and all of them to remote 
sensing data to precisely align remote sensing and 
flux data in time

• Footprint size and coordinates computed and 
stored with each 30- to 60-minute flux data file 
help correctly match flux footprint to satellite, 
aircraft or drone motion to precisely align remote 
sensing and flux data in space

• Specific regions inside the footprint can be 
selected, and respective fluxes from only the 
selected regions can be precisely matched with 
modeled or remotely sensed coverage areas 

• Stations can be augmented with ground-based 
optical sensors to deliver continuous products 
(e.g., SIF, PRI, NDVI, pigment indices, Chloro-
phyll indices, albedo, water indices or spectra, etc.) 

• Schedule can be developed to point ground 
optical sensor into the footprint, or to run leaf or 
soil chamber in the footprint, at the time of the 
overpass

As a result, a full snapshot of the remote sensing 
pixel can then be constructed including leaf level, 
ground-based optical sensors, and fluxes from the 
same exact footprint, as illustrated in the figure on 
the previous page.
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New opportunities
The architecture and data workflow schematics for 
the example in the previous pages is shown in the 
next pages in a more generalized form, no longer spe-
cific to LI-COR instrumentation. While alternative 
approaches can have a significantly different makeup, 
they still have to have the elements listed in the sche-
matics, such as automated data gathering and pro-
cessing, some simple way to manage and share the 
data, and a systematic and traceable approach to ana-
lyzing the results.

The blue color in the schematics represents the already 
existing hardware and software. The green color rep-
resents the new functionality resulting from this 
architecture. The purple color represents new result-
ing opportunities for automated and semi-automated 

coupling of flux station data with remote sensing and 
modelling data. 

Beyond data matching, connecting flux, remote sens-
ing, and modeling, communities with easy-to-use 
means will inevitably create a scientific synergy and 
benefit both traditional and new areas of environ-
mental studies, from leaf and soil flux measurements 
to solar-induced-fluorescence (SIF), and from tower 
flux upscaling and interpolation to optical phenology. 
Such synergy may also enable generating totally new 
network-wide data products linked to remote sensing, 
improve scientific interactions, promote joint grant 
writing and other forms of collaboration between the 
flux and remote sensing and modelling communities.
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Networks of Automated
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Global Data
Sharing

Station
Management

Global
Collaborations

Network
Management

Site and Data 
Management and 
Sharing Software

Data Analysis from 
Automated Flux Stations

Gapfill, 
Footprints, etc.

Faster
Published

Faster QA/QC
& Analysis

Traceable
Verifiable

Flux Data 
Analysis Software

Expanded Use 
of Flux Data

ET

NEE

CH₄ Flux

CO₂ Flux

Flux Maps

Local, Regional, 
Global: 

Ground Truthing, 
Remote Sensing, 
Model Tuning,
Ecoforecasting,

Carbon Inventory

Automated 
Flux Station

Automated 
ProcessingPTP

Real-Time Processing,
QC/QA, PTP Synchronization

On-site or cloud data collection 
and processing

Multiple Data Logger 
Models

Multiple Sonic 
Anemometer Models

Soil Gas Fluxes from Tower 
Footprint

Numerous 
Soil, Weather, Light, Optical 

and Other Sensors 

Multiple Gas Analyzer 
Models

Available hardware and software

New functionality

New opportunities for coupling 
flux tower data with remote 
sensing and modeling data

Architecture and data workflow 
schematics for the example 
of modern atmospheric flux 
measurements.

New opportunities (continued)
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New opportunities (continued)
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Global
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Data Analysis from 
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Multiple Data Logger 
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Multiple Sonic 
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Soil Gas Fluxes from Tower 
Footprint

Numerous 
Soil, Weather, Light, Optical 

and Other Sensors 

Multiple Gas Analyzer 
Models

Available hardware and software

New functionality

New opportunities for coupling 
flux tower data with remote 
sensing and modeling data

Architecture and data workflow 
schematics for the example 
of modern atmospheric flux 
measurements.
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New opportunities (continued)

Hundreds of flux stations are presently operating as 
standalone projects and as parts of regional networks. 
Many have weather and soil data to help clean, ana-
lyze, and interpret the flux data. However, most do 
not have optical proximal sensor measurements, do 
not allow straightforward coupling with remote sens-
ing (drone, aircraft, satellite, etc.) data, and cannot be 
easily used for validation of remotely sensed prod-
ucts, ecosystem modeling, or upscaling from the field 
to regional levels. 

In past few years, new tools to collect, process, ana-
lyze, and share time-synchronized flux data from 
multiple flux stations were developed and deployed 
globally, and can be used for data sharing and col-
laborations among the flux and remote sensing and 
modeling communities. 

Hundreds of new automated stations are already 
operational globally and could be readily used for the 
proposed workflow (see an example in Section 6.2). 

Over 500 active traditional flux stations can be 
updated to synchronize their data with remote sens-
ing measurements and tune models. These stations 
can be augmented with advanced ground-based opti-
cal sensors and can use standard routines to deliver 
continuous products (e.g., SIF, PRI, NDVI, etc.) based 
on automated field spectrometers (e.g., FloX and 
RoX, etc.) and other optical systems.

Over 2100 direct flux measurement locations across 
the globe could be used to verify past remote sensing 
products and tune Earth models to provide a global 
coverage of dependable and actionable data for eco-
system studies, global greenhouse gas monitoring, 
and policy decision-making.
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Many Hundreds SmartFlux Equipped Stations

500+ Existing Stations 2100+ Older Locations
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New opportunities (continued)

• Many hundreds SmartFlux-equipped stations already can be used for remote sensing and modeling

• 500+ existing stations can be modified to synchronize with remote sensing data sets

• 2100+ older flux measurement locations to reanalyze
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New opportunities (continued)

Executing the overall concept proposed in this sec-
tion could turn existing flux networks and individ-
ual stations into a globally networked environmental 
research and monitoring infrastructure for green-
house gas inventory and for real-time hydrological, 
agricultural, ecological, and climate change assess-
ment, modelling, and forecasting.

As a result, similar to how automated weather sta-
tions feed into weather and climate monitoring, 
modelling and timely forecasting, the in-situ environ-
mental research infrastructure would then become a 
valuable daily asset to numerous other sciences, reg-
ulatory and commercial applications, related data-
based derivative products and services, and society 
in general. 

The use can range widely, from purely academic or 
educational, to purely commercial such as hi-resolu-
tion real-time water use inventories for water rights 
trading, or high-resolution real-time carbon invento-
ries providing a verifiable scientific basis for carbon 
trading.

Finally, public apps can be developed for numerous 
aspects and applications at many different scales, 
from local irrigation planning and ecosystem ser-
vices to regional and global GHG inventories and 
ecological forecasting, as illustrated in the next page. 

Warning: It is important to emphasize that in terms of oper-
ating a single existing tower or a dedicated network, the above 
can be achieved simply via data sharing, without substantially 
affecting the site-specific projects and local research con-
ducted by a network or an individual group (see Section 7.1 for 
peer-to-peer data sharing description). 

Remote sensing products 
fine-tuned by flux station data

Near-real-time system for flux 
inventory and prediction

Flux stations: future network of automated 
real-time flux station measurements, similar to 
the existing network of automated real-time 
weather station measurements

Models fine-tuned by flux station 
data and then scaled by remote 
sensing product

GHG emissions, carbon sequestration, 
ET, irrigation guide, ecosystem 
services, ecological forecasting, etc. 

Public products and services 
similar to weather apps
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New opportunities (continued)

The illustration above shows examples of three out of 
many hypothetical public apps that are based on the 
combination of real-time flux station data with near-
real-time remote sensing and modelling. 

The first app is an irrigation planner for an agricul-
tural crop producer. A version of this app is currently 
being developed as a part of the Parallel 41 network. 
It shows evaporative water loss at a local field and 
the amount of precipitation over the past seven days, 
and forecasted water loss and precipitation for the 
next seven days. The time scale can be changed from 
hourly to weekly.

The simplicity of the app is achieved through a very 
significant sophistication of creating 30 m evapo-
transpiration product over large territories from the 
remote sensing data from two satellites and nested 
evapotranspiration models, anchored and tuned by 
automated H2O flux stations in real time.

The next app shows the user how much carbon was 
sequestered by a local ecosystem now compared with 
a year and two years ago. Again, simplicity of the app 
will have to be achieved through a very significant 
sophistication of creating high resolution NEE prod-
uct over large territories from the remote sensing data 
and models, anchored and tuned by automated CO2 
flux stations in real-time.

The last example shows services provided by a local 
ecosystem, which happens to be a wetland. The 
user can see the increase in the amount of biomass, 
the amount of pollutants removed from the local 
streams, and the volume of freshwater cleaned by a 
local wetland. 

These types of highly complex information, arranged 
and presented in scientifically correct but simple 
ways, could provide an unprecedented level of pub-
lic education, engagement and understanding of the 
local environment in general, and deep appreciation 
of what this local environment provides to the people 
living in it. 

Similar to how people living in the dry areas watch 
a weather app and casually and frequently discuss 
past and future precipitation amounts, or people liv-
ing near the sea casually and frequently discuss past 
and future wind speed and surf height, people would 
now discuss how much of their drinking water was 
cleaned by a local wetland or how much carbon was 
fixed by their local forest or how it suffered from the 
drought last year. Chances are these people will then 
oppose the draining of that wetland or clearing of 
that forest. 

This effectively makes the flux observations a key 
part of the framework that can revolutionize overall 
public attitudes towards the environment, ecology, 
and climate.
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Summary of the Eddy Covariance Method

• Eddy covariance is a micrometeorological technique to measure vertical turbulent fluxes in the 
atmospheric boundary layer: nearly-direct, theoretically solid and proven, very flexible in applications, 
verifiable by other techniques

• Widely used in micrometeorology to measure H2O, CO2, CH4, N2O, heat, momentum, increasingly being used 
to measure NOx, NH3, O3, isotopes, COS, bVOCs and other gases

• Requires a number of assumptions and corrections, careful experiment design, instrument selection, and 
execution and processing fitted to the specific purpose at the specific site

• Getting increasingly more mature as a method: workflows are rapidly becoming standardized and auto-
mated, with near-real-time results

In this book, we put together key guidelines to 
help the non-expert understand general principles, 
requirements, applications, key steps in experiment 
design, and data processing and analysis for the eddy 
covariance method.

The goal of the book is to promote a further under-
standing of the method via more advanced sources, 
such as other micrometeorology textbooks, journal 
papers, etc., and to help the reader develop an obser-
vational platform for their specific needs in the areas 
of science, industry, agriculture, environment, and 
regulatory monitoring.

In summary, eddy covariance is a micro-meteorolog-
ical technique to measure vertical turbulent fluxes in 
the atmospheric boundary layer. It is nearly-direct, 
theoretically solid, proven over time, very flexible in 
applications, and verifiable by other techniques.

The eddy covariance method provides measurements 
of gas emission and consumption rates and allows 

measurements of momentum, sensible heat, and 
latent heat (e.g., evapotranspiration, evaporative water 
loss, etc.) fluxes integrated over areas of various sizes.

Fluxes of H2O, CO2, CH4, N2O and other gases are 
characterized above soil and water surfaces, plant can-
opies, and urban or industrial areas from a single-point 
measurement using permanent or mobile stations.

The method requires a number of assumptions, cor-
rections, and terms. It demands careful experimental 
design, instrument selection, execution, processing, 
and analysis fit to a specific purpose for the specific 
experimental site.

Eddy covariance is rapidly maturing as a method: 
conceptually, methodologically and in terms of avail-
able hardware and software. It is rapidly expanding its 
scope of applications and is being used in numerous 
diverse environments.
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Summary of the Eddy Covariance Method (continued)

• Now useful to many non-meteorological sciences, and numerous regulatory and commercial applications

• Major flux networks are well-established, and can provide method guidance and global synthesis

• Technical tools are now available to help numerous modeling and remote sensing applications to achieve 
global coverage and high locally useful resolution

Eddy covariance is of great use to many non-mete-
orological sciences, and numerous regulatory and 
commercial applications, including environmental 
and water management, industrial monitoring, pro-
duction agriculture, and other areas where directly 
measured highly-resolved energy, water vapor or gas 
exchanges, emissions and budgets are of interest. 

Major flux measurement networks already exist to 
provide global synthesis and allow interpretation 
of one particular site in the context of world-wide 
observations, thus providing a new and invaluable 
scientific tool.

Automated and semi-automated technical tools are 
now also available to expand the use of automated 
flux stations, individually and as a part of cross-
shared flux networks, into modelling and remote 
sensing with global coverage and local resolution. 

Still, it is important for the researcher to understand 
the basic principles of turbulent flux transport, to 
appreciate the crucial importance of detailed exper-
imental planning, instrument selection and regular 
maintenance, and to be aware of the intricacies of 
data processing.

This book provides many key details of the method’s 
workflow, as well as simple explanations of its most 
important theoretical aspects and practical steps. 
The author, editors, and reviewers of the book hope 
to have made the eddy covariance method accessi-
ble and useful to non-micrometeorologists without 
oversimplifying its complex mathematical and phys-
ical nature.

We intend to keep the content of this book current, 
so please do not hesitate to write with any questions, 
updates, and suggestions to ‘george.burba@licor.com’ 
with the subject ‘2022 EC Book’.
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Printed books 

Reading and References

Historic fundamental readings as well as additional useful books, dis-
sertations, summary papers, and lectures on the topics of eddy covari-
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bridge University Press. https://doi.org/10.1017/CBO9781107339200
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Gurjanov, A.E., Zubkovskij, S.L., & Federov, M.M. 1984. Mnogokanal-
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pulsacij CO
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letovyj vlagometer (Sensitive ultraviolet hygrometer). Izv AN SSSR, Fiz 
Atm Okeana, 9, 642-645.
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Resources at LI-COR: training

• Over the past 50 years LI-COR has developed significant expertise and resources related to eddy covariance 
measurements in the form of teaching and training, knowledge base, and technical and scientific support

• Teaching and training resources include intensive eddy covariance courses taught throughout the year, 
sets of online webinars available at any time, ongoing technical tips, and tours of the LI-COR Experimental 
Research Station

LI-COR has specialized in various kinds of flux and gas 
emission measurements for over 40 years. The Science 
and Technology and Technical Support staff includes 
many post-graduate experts in flux measurements, 
with significant field experience in eddy covariance.

This experience is embodied in the substantial 
resources available at LI-COR on eddy covariance 
measurements in the form of teaching, knowledge 
base, and support.

Teaching and training

• Eddy covariance training courses. Intensive 
multiday courses cover all major aspects of the 
measurements, from theory and experimen-
tal planning to supporting measurements and 
data processing. The courses are taught multiple 
times throughout the year across the globe. The 
schedule of upcoming courses and a registration 
form can be found at: www.licor.com/ec-training 
(global)

• Eddy covariance webinars. Webinars are avail-
able online on multiple specific, narrow focused 
aspects of gas flux and emission measurements. 
The eddy covariance method is described in the 
webinars listed at the following site: www.licor.
com/ec-webinars. Other gas flux measurements 
are covered in these webinars: www.licor.com/
env/webinars

• Technical tips on social media and the LI-COR 
website cover frequently asked questions, specif-
ics of instrument handling, and unusual applica-
tions: www.facebook.com/LICORenv; www.licor.
com/env/newsline/category/tech-tips

• Guided tours of LI-COR Experimental Research 
Station (LERS) show a fully equipped continu-
ously running flux stations used for development 
and testing of new instrumentation and methods.

• Tours are available to groups and individuals 
visiting the LI-COR headquarters in Lincoln, 
Nebraska, for eddy covariance or photosynthesis 
classes, or by individual arrangement. Please see 
Appendix I in this book for details on LERS.

http://www.licor.com/ec-training
http://www.licor.com/ec-webinars
http://www.licor.com/ec-webinars
http://www.licor.com/env/webinars
http://www.licor.com/env/webinars
http://www.facebook.com/LICORenv
http://www.licor.com/env/newsline/category/tech-tips
http://www.licor.com/env/newsline/category/tech-tips
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Resources at LI-COR: knowledge base

• Knowledge base includes books, journal publications, white papers, application notes, brochures, confer-
ence presentations from LI-COR authors, lists of recent journal and conference papers on specific topics, 
and recent case studies and applications

Knowledge base

• White papers, application notes, and brochures 
are available on specific topics of gas emission 
measurements online. Some recent examples 
are in the following webpages: www.licor.com/
ec-brochures; www.licor.com/ec-notes

• Conference presentations by LI-COR with the 
latest instrument developments, theoretical and 
methodological findings. Over 90 conference pre-
sentations on various aspects of eddy covariance 
are available from LI-COR authors as of 2019; 
some examples can be found here: www.licor.
com/ec-posters; www.licor.com/env/support

• Journal and conference papers. Over 9000 journal 
papers cite LI-COR instrumentation using the 
eddy covariance method. A few recent examples 
for a particular instrument or a method can be 
found on the following websites: www.licor.com/
ec-pubs

http://www.licor.com/ec-brochures
http://www.licor.com/ec-brochures
http://www.licor.com/ec-notes
http://www.licor.com/ec-posters
http://www.licor.com/ec-posters
http://www.licor.com/env/support/home.html
http://www.licor.com/ec-pubs
http://www.licor.com/ec-pubs
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Resources at LI-COR: support

• Technical and scientific support includes direct assistance by phone, e-mail and online, online eddy 
covariance station interactive “design-your-own-system” tool, comprehensive websites for EddyPro (flux 
processing software), FluxSuite (site/network/data management and sharing software), and presence and 
availability of staff at all major environmental conferences

Support

• Technical and scientific support by phone or 
e-mail, as well as manuals and current software 
can be accessed at: www.licor.com/ec-support

• Design-Your-Own-System is an online interac-
tive tool to help devise a customized flux station 
depending on particular research applications 
and related specific needs for supporting biome-
teorological data: www.licor.com/ec-design

• EddyPro webpage is a resource to use for eddy 
covariance flux processing. It is equipped with 
programs, help, manuals and examples: www.
licor.com/eddypro

• FluxSuite webpage is a resource to use for eddy 
covariance site management, flux network man-
agement and cross-discipline data networking: 
www.licor.com/fluxsuite

• Presence at all major scientific conferences, 
related to gas flux measurements, with experts 
available for informal communication

http://www.licor.com/ec-support
http://www.licor.com/ec-design
http://www.licor.com/eddypro
http://www.licor.com/eddypro
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Overview

• In some specific conditions or periods, the eddy covariance measurements cannot be utilized

• In these situations, other methods become more useful scientific tools

There are a number of situations where the eddy 
covariance method either cannot be used to mea-
sure fluxes or it is not the best method to do so. These 
may include sites with a very small area of study, pre-
dominantly low winds, complex terrain, single point 
flux sources, etc. Environmental conditions may pre-
vent using the eddy covariance method, at least for 
some periods of time (e.g., heavy rain, snow, freeze-
over, etc.). For some gases, such as ammonia and 
volatile compounds, the available instrument sys-
tems may not be sensitive or fast enough to measure 
small changes at a fast rate. The focus of the exper-
iment itself may prevent the researcher from using 
the eddy covariance method; for example, when the 
focus is specific to only one of the components of 
the flux, such as soil respiration, or canopy transpi-
ration. In these situations, other methods become 
more useful scientific tools. They can also be used as 

complementary methods to add value, validation or 
backup to the eddy covariance method.

These include direct measurements as well as indirect 
estimations of surface-atmosphere fluxes of water 
vapor, aerosols, greenhouse gases and other gases, 
and can be done with a number of methods over dif-
ferent spatial and temporal scales. The spatial scales 
range from a few square centimeters to the entire 
globe, while temporal scales range from a fraction of 
a second to decades. 

Smaller and faster scales are usually reserved for 
process-level studies tasked with understanding the 
physical and physiological processes and responses 
of a specific ecosystem component (e.g., individual 
plant, canopy, soil, etc.), and usually use very direct 
methods to measure the flux. While larger and longer 
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Overview (continued)

scales are typically used for water and greenhouse 
gas budgets, ecosystem successions, land-use change 
effects and other field-scale trends, and for the phys-
ical and physiological processes and responses of 
an entire ecosystem, region, continent, or the earth. 
These often use indirect derivative methods for esti-
mating the flux.

The focus of this textbook is on ecosystem-scale eddy 
covariance fluxes, so we will not be closely looking 
into component fluxes (e.g., leaf, soil, canopy sepa-
rately). However, it would be important to have a 
general understanding of such smaller-scale mea-
surements, as they can be up-scaled to the ecosys-
tem level to provide a clearer understanding, better 
parameterization and improved modeling of the key 
drivers of the gas exchange between the surface and 
the atmosphere. 

Reading and References 

Parts of text and explanations shown in this section have been previ-
ously provided in Burba (2013; 2021) 

Baldocchi, D., Hincks, B.B., & Meyers, T.P. 1988. Measuring bio-
sphere-atmosphere exchanges of biologically related gases with mi-
crometeorological methods. Ecology, 69(5), 1331-1340. https://doi.
org/10.2307/1941631

Burba, G. 2013. Eddy covariance method for scientific, industrial, ag-
ricultural and regulatory applications: a field book on measuring eco-
system gas exchange and areal emission rates. LI-COR Biosciences. 
https://www.doi.org/10.13140/RG.2.1.4247.8561

Burba, G. 2021. Atmospheric flux measurements. In W. Chen, D. S. 
Venables, & M. W. Sigrist (eds), Advances in spectroscopic monitor-
ing of the atmosphere. Elsevier. https://doi.org/10.1016/B978-0-12-
815014-6.00004-X

Burden, F.R., et al. 2002. Environmental monitoring handbook. McGraw 
Hill Professional. http://sutlib2.sut.ac.th/sut_contents/H83606.pdf

Denmead, O.T., & Raupach, M. 1993. Methods for measuring atmo-
spheric gas transport in agricultural and forest systems. In Agricultural 
Ecosystem Effects on Trace Gases and Global Climate Change, 19-43. 
https://doi.org/10.2134/asaspecpub55.c2

https://doi.org/10.2307/1941631
https://doi.org/10.2307/1941631
https://www.doi.org/10.13140/RG.2.1.4247.8561
https://doi.org/10.1016/B978-0-12-815014-6.00004-X
https://doi.org/10.1016/B978-0-12-815014-6.00004-X
http://sutlib2.sut.ac.th/sut_contents/H83606.pdf 
https://doi.org/10.2134/asaspecpub55.c2 
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Leaf chambers

The smallest spatial scale of flux measurements is typ-
ically done using chambers. These can be installed 
on an individual leaf or a stem, over a small area of 
bare soil, or over an entire plant or a section of a plant 
canopy. Large chamber-like structures can also be 
installed over a section of a field, similar to a porta-
ble greenhouse, or can be constructed by retrofitting 
an existing building to have clear inlet and outlet and 
sealed sides. In general, most chamber fluxes are com-
puted in one of two ways: either from the buildup or 
depletion of gas concentration inside the closed cham-
ber using curve fit, or from the difference between 
incoming and outgoing concentrations and a flow rate 
in the open chamber using the mass balance.

The typical smallest spatial scale for flux measure-
ments would be a leaf-level exchange of gases made 
using a little chamber clamped over an individual 
leaf or a branch for a short period of time. While leaf 
chambers do not provide ecosystem fluxes, they are 
widely used for the research of canopy physiology, 
photosynthesis measurements, yield and water use 
efficiency studies, etc.

Most current leaf chambers are open flow-through 
systems and use mass balance approach computing 
the flux from the known flow rate and the difference 

in concentrations between incoming and outgoing air. 
Less common are closed systems, with flux derived 
from the slope of the curve fitted into changing gas 
concentration after the chamber is closed. Dark cham-
bers, chambers with a known artificial light source, and 
clear transparent chambers all can be used depending 
on the goal of the measurements. Most present leaf-
level fluxes are done using non-dispersive infrared gas 
analyzers and measure CO2 and H2O fluxes (for exam-
ple, LI-6800 system in the figure above).

Leaf cambers can significantly alter the microclimate 
around the leaf and affect leaf function if left clamped 
on for too long, so all systems are designed to mea-
sure over second-to-minutes time scales. 

Successful up-scaling of leaf-level fluxes to cano-
py-level exchange with an atmosphere would require 
many concurrent chamber measurements at different 
levels within the canopy, and across different locations 
depending on the ecosystem variability. Currently 
this is partially achieved using very labor-intensive 
manual survey measurements with researcher going 
from leaf-to-leaf measuring the fluxes. Automated 
multiplexed systems are not yet available for upscal-
ing leaf-level flux measurements.

Reading and References

Long, S., Farage, P., & Garcia, R. 1996. Measurement of leaf and canopy 
photosynthetic CO

2
 exchange in the field. Journal of Experimental Bota-

ny, 47(11), 1629-1642. https://doi.org/10.1093/jxb/47.11.1629

Long, S.P., & Hällgren, J.E. 1993. Measurement of CO
2
 assimilation by 

plants in the field and in the laboratory. In D. Hall, J. Scurlock, H. Bol-
har-Nordenkampf, R.C. Leegood, & S.P. Long (eds), Photosynthesis and 
production in a changing environment: A field and laboratory manual. 
Springer, Dordrecht. https://doi.org/10.1007/978-94-011-1566-7_9

https://doi.org/10.1093/jxb/47.11.1629
https://doi.org/10.1007/978-94-011-1566-7_9 
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Soil chambers

A slightly larger scale of flux measurements is done 
using soil chambers typically set over collars with 
bare soil or short grass, with measurements taking a 
short period at a time. Like leaf chambers, soil cham-
bers do not provide ecosystem fluxes, but they are 
very widely used in soil research, soil flux monitoring, 
and for partitioning total ecosystem flux into soil and 
canopy components.

Many currently used soil gas flux systems are closed 
systems, with flux derived from the slope of the 
curve fitted into changing gas concentration after the 
chamber is closed (for example, LI-7810 soil flux sys-
tem in the figure above). Also used are open flow-
through systems, where a mass balance approach is 
utilized to compute fluxes from the known flow rate 
and the difference in concentrations between incom-
ing and outgoing air. Opaque chambers and trans-
parent chambers all can be used depending on the 
goal of the measurements. 

Similar to leaf chambers, soil chambers can signifi-
cantly alter the microclimate above the soil and affect 
temperature, pressure, humidity and the gradients of 
the very same gas concentration they try to measure 
if left on the soil for too long, so most are designed 
to measure over single minutes time scales. A large 

number of soil chambers are custom made by research 
groups with little background in fluid dynamics, and 
often are not adequately engineered to address sev-
eral crucial points when trying to measure soil fluxes 
driven by the gradient across soil-atmosphere inter-
face, which is often very large. For example, the typ-
ical CO2 concentration above the soil is 400 to 600 
ppm while CO2 concentration inside the soil is tens 
of thousands of ppm. This presents several method-
ological challenges if not specifically addressed in the 
instrument and chamber design, for example:

• Physical vibrations and a strong jolt when closing 
or opening the chamber can lead to the small 
amounts of air with very high gas concentrations 
accumulated along the wall of the chamber collar 
and just below the soil surface to be artificially 
shaken out of soil, causing fluxes several times the 
normal levels. 

• Pressure fluctuations of the ambient air due to 
wind passing over the soil surface are altered 
significantly by the chamber and can lead to arti-
ficially increased or reduced fluxes if the chamber 
is not correctly equilibrated with the ambient 
air. Highly concentrated gases in the soil can be 
pumped out or pushed down artificially depend-
ing on wind angle.
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• A chamber that is left closed for too long, in 
addition to altering the microclimate, will have a 
large amount of high-concentrated gas released in 
the small volume and will suppress the gradient 
that is driving the flux, leading to underestimated 
fluxes.

• Over or underventilation can both artificially 
increase the fluxes due to washing the highly 
concentrated air out of the soil, or artificially 
reduce the fluxes, forming dead volumes of high 
concentration air not getting to the analyzer sam-
pling cell. 

• The volume of the analyzer may be too large in 
comparison to the chamber volume, not allowing 
the correct or reliable curve fit.

Many soil fluxes are measured using IRGAs to cover 
CO2 and H2O fluxes or use syringe sampling with 

post-sampling analysis of multiple gas species with 
the laboratory spectrometers. The use of the laser 
spectroscopy is rapidly increasing as well for mea-
suring CH4, N2O, carbon and water isotopes, oxygen, 
methane, VOCs and other gas species essential for 
the understanding of soil biology and overall func-
tioning (OF-CEAS soil CH4/CO2 flux system LI-7810 
above left).

Again, as with leaf fluxes, successful up-scaling of 
soil fluxes to ecosystem-level exchange with an atmo-
sphere would require many concurrent chamber mea-
surements across different locations depending on 
the ecosystem variability. However unlike leaf fluxes, 
multiplexing soil chambers is standard practice for 
these measurements, and 4 to 16 chambers used with 
the same analyzer are typical. Automated multiplexed 
systems are available for upscaling soil flux measure-
ments for CO2, H2O, CH4, N2O, and other gases.

Reading and References 

Rochette, P., & Hutchinson, G. 2005. Measurement of soil respiration 
in situ: chamber techniques. In J. Hatfield & J. Baker (eds), Micro-
meteorology in agricultural systems (pp 247-286). American Society 
of Agronomy (ASA), Crop Science Society of America (CSSA), and 
Soil Science Society of America (SSSA). https://doi.org/10.2134/
agronmonogr47.c12

Elío, J., et al. 2012. Sampling strategies using the “accumulation 
chamber” for monitoring geological storage of CO

2
. International Jour-

nal of Greenhouse Gas Control, 9, 303-311. https://doi.org/10.1016/j.
ijggc.2012.04.006

Soil chambers (continued)
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Canopy chamber and other large chambers

Large chambers are built to include an entire tree, 
large section of the agricultural field, or some other 
large area or volume. Large chambers often include 
both soil and canopy, but they alter the environ-
ment significantly, are quite expensive to build and 
maintain, and difficult to control. As a result, these 
are used less frequently than the smaller leaf and soil 
chambers. The use of the large chambers varies sig-
nificantly from studying the effects of added heat or 
artificial drought on canopy growth to developing the 
diets to reduce greenhouse gas emissions from cattle.

Large chambers can be both closed and flow-through, 
although since the chamber is typically not moveable, 
the flow through systems may have some advantages 
as the environment in the chamber may be a bit closer 
to the ambient and the leaks are less detrimental to 
the calculated flux as compared with closed cham-
bers. In terms of measurement technology, modern 

laser spectroscopy can easily be used in such setups 
and it is non-limiting to the measurement methods. 
Large chambers are usually not scalable to the ecosys-
tem level, at least not as directly as leaf or soil cham-
bers. However, the results of the measurements could 
be scaled using modeling or inventory approaches.

One example of a large chamber is a redesigned ani-
mal shed to measure the effects of animal diet on the 
production of greenhouse gas gases (CO2, CH4, N2O) 
and ammonia. The setup consists of two isolated 
rooms, with the floor, side walls, and roof sealed. 
Front and back walls are partially open, and the air is 
moved through each room using large wall-mounted 
fans. Each room contains several heads of cattle put 
on a specific diet. Incoming and outgoing concentra-
tions are measured using laser-based gas analyzers, 
and the flow rate is measured from the fan speed. 

Reading and References 

Hatfield, J., & Baker, J. (eds) 2005. Micrometeorology in agricultural 
systems; ASA Monograph Series No. 47. American Society of Agron-
omy (ASA), Crop Science Society of America (CSSA), and Soil Science 
Society of America (SSSA). 584 pp. https://www.doi.org/10.2134/
agronmonogr47

Hu, E., et al. 2014. Methods and techniques for measuring gas emis-
sions from agricultural and animal feeding operations. Critical Reviews 
in Analytical Chemistry, 44(3), 200-219. https://doi.org/10.1080/10408
347.2013.843055

Rozel, N. 2017, January 17. Scientists find methane-reducing cow diet. 
University of Alaska Fairbanks. https://news.uaf.edu/scientists-try-to-
mitigate-methane-from-cows

Ryan, M.G. 2013. Three decades of research at Flakaliden advancing 
whole-tree physiology, forest ecosystem and global change research. 
Tree Physiology, 33(11), 1123-1131. https://doi.org/10.1093/treephys/
tpt100

https://www.doi.org/10.2134/agronmonogr47
https://www.doi.org/10.2134/agronmonogr47
https://doi.org/10.1080/10408347.2013.843055
https://doi.org/10.1080/10408347.2013.843055
https://news.uaf.edu/scientists-try-to-mitigate-methane-from-cows
https://news.uaf.edu/scientists-try-to-mitigate-methane-from-cows
https://doi.org/10.1093/treephys/tpt100 
https://doi.org/10.1093/treephys/tpt100 




10.2
SECTION 10.2  
Medium Scale: Total Ecosystem 



510 | 10.2 Medium Scale: Total Ecosystem

Overview

Several groups of methods are available for measur-
ing fluxes from an entire ecosystem or a field. The 
most common are tower-based micrometeorological 
methods, and out of those, the most direct and fre-
quently used method of choice is eddy covariance. 

When eddy covariance method cannot be used or is 
not the best method for the goal (e.g., small area of 
study, very low winds, complex terrain, no available 

instrumentation for a particular gas specie, etc.) other 
turbulence-based and gradient-based tower methods 
can help provide improved data quality, increase data 
coverage or overall validation of the measured flux. 

In addition to methods listed in the figure above, 
there are also a number of other lesser used direct 
measurement methods to quantify fluxes, including 
modifications of the established ones.

Reading and References 

Denmead, O., 2008. Approaches to measuring fluxes of methane and 
nitrous oxide between landscapes and the atmosphere. Plant and Soil, 
309 (1-2): 5-24

Lenschow, D. 1995. Micrometeorological techniques for measuring 
biosphere atmosphere trace gas exchange. In P.A. Matson & R.C. Har-
riss (eds), Biogenic trace gases: Measuring emissions from soil and wa-
ter. Wiley-Blackwell.

Williams, D.G., et al. 2004. Evapotranspiration components determined 
by stable isotope, sap flow and eddy covariance techniques. Agricultur-
al and Forest Meteorology, 125(3-4), 241-258. https://doi.org/10.1016/j.
agrformet.2004.04.008

Yamanoi, K., et al. (eds) 2012. Practical handbook of tower flux obser-
vation. Forestry and Forest Products Research Institute. 196 pp. https://
www2.ffpri.go.jp/labs/flux/manual/manual_index_e.html

Eddy covariance
Eddy accumulation

Surface renewal
Bag- and valve-free EA, REA

Modified Bowen ratio
Other turbulence-based

Bowen Ratio
Aerodynamic
Resistance

Other gradient-based

Lagrangian
Top-down
Long-beam

Other modeling

Turbulence-based methods Gradient-based methods Models with field verification

Tower Flux Methods

https://doi.org/10.1016/j.agrformet.2004.04.008
https://doi.org/10.1016/j.agrformet.2004.04.008
https://www2.ffpri.go.jp/labs/flux/manual/manual_index_e.html 
https://www2.ffpri.go.jp/labs/flux/manual/manual_index_e.html 
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Overview (continued)

Finally, there are other less direct approaches where 
models are combined with some field observations for 
tuning and verification. Such methods typically deduce 
or model a flux from concentration measurements 
rather than measuring the gas transport directly. These 
include tall-tower top-down techniques, Lagrangian 
methods, fence-line monitoring, plume tracer meth-
ods, boundary layer, virtual towers, etc. 

There are also developing methods that are not widely 
used at present but show promise, such as new mod-
ifications of mass-balance techniques for small plots, 
scintillometry for H2O fluxes, long-beam open-path 
devices, LIDARs, and RADARs, etc.

The figure above shows an approximate place of the 
tower flux methods in the context of other techniques 
that can be used for medium-scale flux measure-
ments. Direct measurements at this scale arguably 
tend to be more field-involved for a non-expert user 
in terms of practical use (planning, installation, exe-
cution, data processing, ongoing maintenance, etc.).

Now let’s look at a few key ecosystem-scale flux mea-
surement methods which can be an alternative to or 
complement to the eddy covariance method. 

Reading and References

Denmead, O.T., et al. 1998. A mass balance method for non-intru-
sive measurements of surface-air trace gas exchange. Atmospher-
ic Environment, 32(21), 3679-3688. https://doi.org/10.1016/s1352-
2310(98)00091-0

Griffith, D., & Galle, B. 2000. Flux measurements of NH
3
, N

2
O and CO

2 

using dual beam FTIR spectroscopy and the flux–gradient technique. 
Atmospheric Environment, 34(7), 1087-1098. https://doi.org/10.1016/
s1352-2310(99)00368-4

Griffith, D., et al. 2002. Air–land exchanges of CO
2
, CH

4
 and N

2
O mea-

sured by FTIR spectrometry and micrometeorological techniques. At-
mospheric Environment, 36(11), 1833-1842. https://doi.org/10.1016/
s1352-2310(02)00139-5

Leuning, R., et al. 1999. Methane emission from free-ranging sheep: a 
comparison of two measurement methods. Atmospheric Environment, 
33(9), 1357-1365. https://doi.org/10.1016/s1352-2310(98)00365-3

Leuning, R., et al. 2008. Atmospheric monitoring and verification tech-
nologies for CO

2
 geosequestration. International Journal of Greenhouse 

Gas Control, 2(3), 401-414. https://doi.org/10.1016/j.ijggc.2008.01.002

Rosenberg, N.J., Blad, B.L., & Verma, S.B. 1983. Microclimate: the bio-
logical environment. John Wiley & Sons. pp. 528 
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https://doi.org/10.1016/s1352-2310(98)00091-0
https://doi.org/10.1016/s1352-2310(98)00091-0
https://doi.org/10.1016/s1352-2310(99)00368-4
https://doi.org/10.1016/s1352-2310(99)00368-4
https://doi.org/10.1016/s1352-2310(02)00139-5
https://doi.org/10.1016/s1352-2310(02)00139-5
https://doi.org/10.1016/j.ijggc.2008.01.002
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Eddy accumulation

• Updrafts (w’ > 0) are physically sampled sepa-
rately from downdrafts (w’ < 0)

• Sampling is proportional to the strength of updraft 
and downdraft

• After data have been accumulated over time, one 
is subtracted from the other

• Result is a net flux at the sampling level

• Difficult to sample proportionally

• Difficult to sample small changes

• Does not require fast gas analyzer

• Theoretically as accurate as eddy covariance

Similar to the eddy covariance method, the eddy 
accumulation method is based on measuring the 
turbulent transport of gases, and is looking into gas 
concentrations in the small updraft and downdraft 
motions within the turbulent structure.

Unlike eddy covariance, however, eddy accumula-
tion samples updrafts and downdrafts separately. 
This sampling is proportional to the strength of the 
updrafts and downdrafts, and after data have been 
accumulated over time, the updraft average concen-
tration is subtracted from the downdraft average con-
centration. As a result, a net flux at the sampling level 
is obtained.

In order to do this, a three-dimensional sonic ane-
mometer is typically used to determine when the air 
has a slight upward or downward motion. A system of 
valves, bags, and pumps places all updraft air samples 

separately from the downdraft samples, and the gas 
analyzer samples the gas content of each bag.

The key challenges for this method are (i) technical 
difficulty of creating a sampling system (e.g., valves, 
bags, pumps) capable of high-speed detection and 
adequate sampling proportional to the strength of the 
updrafts and downdrafts, and (ii) ability to resolve 
small changes in concentration between updraft and 
downdraft sampling bags when fluxes are small and 
the differences are minor.

The key advantages of the method are (i) fast-re-
sponse gas analyzer is not required as measurements 
of the gas samples in the bags can be taken over long 
periods of time, up to 0.5 to 1 hour, and (ii) theoret-
ically the method is as accurate as eddy covariance 
approach. More information on this method is avail-
able in the literature listed below.
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Relaxed eddy accumulation

• Updrafts (w’ > 0) are physically sampled separately from downdrafts (w’ < 0)

• Sampling is not proportional to the strength of updraft and downdraft

• Sampling is done at a constant flow rate

• After data have been accumulated over time, one is subtracted from another

• Result is a net flux at the sampling level

• Difficult to correctly evaluate empirical coefficient required for calculations

• Number of corrections required; difficult to measure small changes

A modification of the eddy accumulation method is 
the relaxed eddy accumulation method. Like in the 
eddy accumulation, updrafts are sampled separately 
from downdrafts. This sampling, however, is not pro-
portional to the strength of the updrafts and down-
drafts and is done at a constant flow rate. After data 
have been accumulated over time, the updraft average 
concentration is subtracted from the downdraft. As a 
result, a net flux at the sampling level is obtained.

The main challenges for the relaxed eddy accumula-
tion method are (i) making sure that empirical coef-
ficients are evaluated correctly and properly applied, 
and (ii) ability to resolve small changes in concentra-
tion between updraft and downdraft sampling bags 
when fluxes are small and the differences are minor. 

Both eddy accumulation and relaxed eddy accumula-
tion methods, as well as the disjunct eddy covariance 

method, have some significant commonalities with 
eddy covariance. They rely on the theory of turbulent 
transport and need a fast anemometer to measure 
wind at 10 Hz or faster. They also require a high-reso-
lution gas analyzer that includes H2O measurements 
(or drying of the sample gas). They require fast col-
lection of large volumes of data, preferably need to 
be positioned in the middle of the site and are quite 
expensive to execute.

However, these methods have two significant dif-
ferences from eddy covariance. First, they are not as 
widely used and accepted as the very well-established 
eddy covariance approach. Second, they do not require 
a fast gas analyzer. The latter is perhaps the most 
important difference, especially when exotic gases with 
little available instrumentation are of interest.
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Bag- and valve-free eddy accumulation methods

Similar concept and mathematical approach utilized 
by Eddy Accumulation (EA) and Relaxed Eddy accu-
mulation (REA) methods can be used to compute 
fluxes via breaking a time series of the low-speed 
measurements of gas concentrations contained in 
the small updrafts and downdrafts using high-speed 
measurements of vertical wind speed as a guide. 

As with traditional methods, a three-dimensional 
sonic anemometer is used to determine when the 
air has a slight upward or downward motion, but no 
valves, bags or pumps are required. Instead, a time 
series of gas concentration is aligned with time series 
of vertical wind speed mathematically, all updraft 
periods separated from the downdraft periods into 
‘virtual bags’, and the gas concentrations are com-
puted separately for updraft and downdraft. This 
bag/valve concept is illustrated in the figure above. 

Such sampling can be proportional to the strength 
of the updrafts and downdrafts, as in a traditional 
Eddy Accumulation, since the vertical wind speed 
is known. The sampling can also be done without 
proportionality to the vertical wind in each motion, 
somewhat similar to a traditional Eddy Accumu-
lation technique. In both cases, a net gas flux at the 
sampling level is obtained. 

The table above compares the results of four flavors of 
this this approach (e.g., EA and REA with and with-
out exclusion each) with CO2 flux results from the 
standard Eddy Covariance method. While it is likely 
possible to develop and apply very large frequency 
response correction to improve the results from the 
Eddy Covariance method in the example above, such 
corrections are not needed in the proposed bag/
valve-free EA and REA methods. 
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The key advantages of this approach are: (i) costly 
high-speed gas analyzers are not required; (ii) com-
plex sampling system, with valves, bags, and pumps, 
is not required; (iii) proportional sampling can be 
emulated very carefully after the wind speed data 
have been collected, avoiding errors due to time 
delays, pump speed variability and other imperfec-
tions in the sampling hardware; (iv) the values of 
vertical wind speed can be significantly improved via 
the post-processing procedure called coordinate rota-
tion after the gas concentrations have been sampled, 
improving final flux calculation. 

The key challenges for this method are: (i) while ini-
tial results are quite promising, the testing was very 
limited in terms of both the range of environmental 
conditions and the numerous possible ways of math-
ematical emulating of valve/bag sampling; (ii) the 
ability of slow analyzer to resolve small changes in 
concentration between updraft and downdraft sam-
pling bags when fluxes are small and the differences 
are minor. 
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Surface renewal method

Another method, developed in the early 1990s but 
rapidly emerging now, is Surface Renewal. The 
fluxes are derived from high-speed measurements of 
the temperature or a gas concentration itself, with-
out a need for the high-speed three-dimensional 
sonic anemometer. 

The surface renewal concept assumes that the flux 
from an area is carried by coherent structures, or 
macro-parcels of air, traveling down to the surface 
and then up into the atmosphere. Being near the sur-
face, the air parcel exchanges heat and gas content 
with the surface over some time and then moves on, 
replaced by another fresh parcel coming down from 
the atmosphere. 

When measuring this process from the tower, the tur-
bulent pattern of high-speed air temperature or gas 
concentration time series is divided into seesaw-like 
ramp periods with certain amplitude and duration. 
Then flux is computed from aggregating ramp behav-
ior over 30 or 60 minutes or some time period. 

There are several different mathematical/analytical 
methods to determine and describe the ramps and 
then compute the fluxes from them, with some requir-
ing site-specific calibrations against the high-speed 

three-dimensional sonic anemometer while others 
do not require such an anemometer. 

At present there is no consensus on what computa-
tional approach to Surface Renewal technique pro-
vides the best flux results, but an increasing number of 
recent research obtains very encouraging results using 
this method for both temperature and gas fluxes.

The key advantages of the method are: (i) the lower 
cost of the setup in the absence of an expensive 
high-speed anemometer; (ii) the ability to measure 
close to the groups covering small areas, unlike most 
other tower flux techniques only suitable to medium 
scale measurements. 

The key disadvantages are: (i) limited theoreti-
cal understanding by a broad flux community and 
absence of the consensus on the uniform computation; 
(ii) limited tests coverage versus established methods. 

Further details on the Surface Renewal method can 
be found in the literature listed on the next page.
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Bowen ratio method

• Latent heat flux is computed from surface energy budget components 
and the Bowen ratio (ratio of sensible to latent heat fluxes)

• Turbulent exchange coefficients for heat and water assumed similar

• Turbulent exchange coefficient for gas assumed similar to water

• Actually, turbulent exchange coefficients are rarely similar

• Difficult to measure gradients without biases

• Bowen ratio may not hold in evenings and mornings (division by zero)

• Results rely heavily on soil heat flux and storage data: difficult to 
measure accurately

• There are several recent promising modifications of the method

The Bowen ratio method is a relatively old technique, 
initiated in the 1920s. Water or gas fluxes are com-
puted from surface energy budget components, and 
from a Bowen ratio (that is, the ratio of sensible and 
latent heat fluxes, which is assumed to be propor-
tional to the ratio of temperature and humidity gra-
dients between two measurement levels). The Bowen 
ratio method usually assumes that the turbulent 
exchange coefficients for heat/water/gases are similar 
or are easily predictable. 

The method was widespread in agricultural and flux 
studies for many years and accumulated both positive 
and negative reviews. In modern research, it is used 
increasingly less frequently. 

The method is easy to implement in the field, data 
processing is relatively simple, and equipment is not 
expensive, yet the method has a number of significant 
challenges. One of the main challenges of the Bowen 
ratio method is related to the fact that the exchange 
coefficients are often dissimilar between temperature, 

water vapor and other gases, may be rather gas-spe-
cific, and change dynamically. Another challenge is 
that it is difficult to measure gradients without biases. 
To minimize errors, the method often requires phys-
ical exchange of the two sensors between two levels. 
Computations may not hold in evenings and morn-
ings, when the humidity gradient is near-zero (leading 
to a division by zero), or at any time of the day when 
temperature or humidity profiles are not consistent 
and have kinks. Additionally, results of the method 
rely heavily on soil heat storage data, which is difficult 
to measure correctly over a large flux footprint.

Warning: To avoid confusion please note that what has 
been described thus far is the classic Bowen ratio method and 
not the more recent modified Bowen ratio method. The modi-
fied method is a combination of eddy covariance and traditional 
Bowen ratio methods. This technique is explained well in Liu, 
H. and T. Foken, 2001 (A modified Bowen ratio method to deter-
mine sensible and latent heat fluxes. Meteorologische 
Zeitschrift, Vol. 10, No. 1, 71-80).
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Aerodynamic method

• Flux is computed from wind profile and gas concentration profile

• Turbulent exchange coefficients for momentum and gas are assumed similar

• Alternatively, turbulent exchange coefficients must be known or modeled

• Difficult to determine turbulent exchange coefficient for momentum

• Turbulent exchange coefficients are rarely similar, especially for rare gases

• Atmospheric stability significantly affects calculations

In the aerodynamic method, or family of methods, 
flux is computed from vertical profiles of wind speed 
and gas concentration. Turbulent exchange coeffi-
cients for momentum and the gas of interest are either 
assumed to be similar, are measured, or are modeled.

The main challenges are related to difficulties in 
determining the turbulent exchange coefficient for 

momentum, and the fact that the turbulent exchange 
coefficients between momentum and gases are not 
always similar, and may in fact, be gas-specific.

Atmospheric stability can also significantly affect the 
flux calculated using the aerodynamic method.

Reading and References

Pruitt, W. 1963. Application of several energy balance and aerodynam-
ic evaporation equations under a wide range of stability. Final report to 
USAEPG, Univ. of California-Davis, pp 107-124.

Thornthwaite, C.W., & Holzman, B. 1942. Measurement of evaporation 
from land and water surfaces. U.S. Dept. of Agriculture. https://handle.
nal.usda.gov/10113/CAT86200811

Webb, E.K. 1965. Aerial microclimate. Agricultural Meteorology, 6(28), 
27-58. https://doi.org/10.1007/978-1-940033-58-7_2

Maier, M., & Schack-Kirchner, H. 2014. Using the gradient method to 
determine soil gas flux: a review. Agricultural and Forest Meteorology, 
192-193, 78-95. https://doi.org/10.1016/j.agrformet.2014.03.006

https://handle.nal.usda.gov/10113/CAT86200811
https://handle.nal.usda.gov/10113/CAT86200811
https://doi.org/10.1007/978-1-940033-58-7_2
https://doi.org/10.1016/j.agrformet.2014.03.006 
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Resistance approach

• Can be considered a version of the aerodynamic method

• Computes flux from gradient and resistances to transport

• Must know aerodynamic and stomatal resistances

• May need to know soil surface resistance

• Resistances are difficult to measure

The resistance approach is considered, by some, to be 
a version of the aerodynamic method. Fluxes in the 
resistance approach are computed from gradients and 
resistances to transport.

Both aerodynamic and stomatal resistances are usu-
ally required to measure fluxes over live canopies. The 
soil surface resistance is often required as well, espe-
cially in sparse canopies.

With well-developed and tested models (such as Shut-
tleworth-Wallace and Penman-Monteith) and a good 
understanding of the exchange processes, the main 
challenge in using the traditional resistance approach 
is the great difficulties encountered while attempting 
to accurately measure the resistances.

Bowen ratio, aerodynamic, and resistance methods 
have a lot in common. They rely on the theory of 
flux-gradient transport, require gas measurements 
at least at two levels, and preferably need to be posi-
tioned in the middle of the study site. They use high 
resolution gas analyzers, but do not require a fast 
sonic anemometer or fast gas analyzer. They are con-
siderably less expensive when compared to turbu-
lence methods.

Among the gradient methods group, the Bowen ratio 
was widely used from the 1970s to the 1990s and is 
still used in limited number of evapotranspiration 
station but it is being used less at present. Aerody-
namic and resistance approaches are rarely used, 
although they remain theoretically sound in many 
environmental conditions.

Reading and References 

Rosenberg, N.J., Blad, B.L., & Verma, S.B. 1983. Microclimate: the bio-
logical environment. John Wiley & Sons. pp. 528

Monteith, J.L. 1963. Gas exchange in plant communities. In L.T. Evans 
(ed), Environmental control of plant growth: Proceedings of a symposium 
held at Canberra, Australia (pp 95-112). Academic Press.  
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Other methods

• Operating principle of a scintillometer

In addition to relatively direct turbulence and gradi-
ent-based methods, there is a large number of model-
ling approaches to estimating flux. 

Among the latter, new technologies, such as LIDAR 
(Aiuppa et al, 2015; Eberhard et al, 1989; Senff, et al, 
1994), Scintillometers (Hemakumara et al, 2003; Liu 
et al; 2011; Meijninger et al, 2002), and long-distance 
FTIR spectroscopy (Galle et al, 2001; Griffith and 
Galle., 2000; Griffith et al, 2002) have been utilized 
for gas flux measurements from areas of many square 
kilometers and have provided promising results. 

Based on established principles of atmospheric tur-
bulence, these new methods could potentially have 
large spatial coverage independent of wind speed 
and direction. Combining such methods with the 
eddy covariance approach can lead to substantially 
improved gas species coverage and provide large 

amount of new information for territories with com-
bined point sources and distributed sources of the 
emission (Lewicky, et al., 2017). 

In addition to flux measurement potential, LIDAR 
and FTIR can also be used to measure the average 
concentration of the entity of interest in a vertical 
column in the lower atmosphere and can measure 
average concentrations over two-dimensional planes 
above the surface. Scintillometers have recently been 
used for detecting sensible heat flux over large terri-
tories, with reasonable success, and for detection of 
water vapor flux, with some limited success. 

At present, these and other long-range methods require 
a substantial amount of modeling, empirical calibrations 
and adjustment of the calculations, but they have good 
potential, when directness and resolution challenges are 
successfully addressed through technology. 

Reading and References

Aiuppa, A., et al. 2015. New ground-based LiDAR enables volcanic CO
2 

flux measurements. Scientific Reports, 5(1). https://doi.org/10.1038/
srep13614

Dolman, A.J., et al. 2012. An estimate of the terrestrial carbon budget of 
Russia using inventory-based, eddy covariance and inversion methods. 
Biogeosciences, 9(12), 5323-5340. https://doi.org/10.5194/bg-9-5323-2012

Eberhard, W.L., Cupp, R.E., & Healy, K.R. 1989. Doppler LiDAR mea-
surement of profiles of turbulence and momentum flux. Journal of 
Atmospheric and Oceanic Technology, 6(5), 809-819. https://doi.
org/10.1175/1520-0426(1989)006<0809:dlmopo>2.0.co;2
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Erkkilä, K.-M., et al. 2018. Methane and carbon dioxide fluxes over a 
lake: comparison between eddy covariance, floating chambers and 
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ping bucket. Hydrology and Earth System Sciences, 19(5), 2145-2161. 
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Griffith, D., & Galle, B. 2000. Flux measurements of NH
3
, N

2
O and CO

2 

using dual beam FTIR spectroscopy and the flux–gradient technique. 
Atmospheric Environment, 34(7), 1087-1098. https://doi.org/10.1016/
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jvolgeores.2017.10.001
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Luyssaert, S., et al. 2009. Toward a consistency cross-check of eddy 
covariance flux-based and biometric estimates of ecosystem carbon 
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Meijninger, W.M.L., et al. 2002. Determination of area-averaged water 
vapour fluxes with large aperture and radio wave scintillometers over 
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Large Scale Measurements

At the regional scale, a large number of methods is 
used to deduce the gas fluxes from the temporal and 
spatial changes in gas concentrations. Fluxes may be 
computed from an increase in the concentrations 
during nighttime periods with stable conditions and 
low winds when amount of gas is gradually building up 
in the lower layers of the atmosphere (Gallagher et al., 
1994), or from a whole family of methods using high 
towers, drones, balloons, and other aircraft deployed 
near the top of the atmospheric boundary layer, with 
and without tracer-gases accompanying the mea-
surements of the gas of interest, as described in other 
chapters of this book and in Bakwin et al., (1997), 
Choularton et al. (1995), Hollinger et al. (1995). 

Isotopes may also be used in some cases to distin-
guish the specific contributions by biotic vs non-bi-
otic sources. Out of the regional-scale methods, the 
most used is probably a convective boundary layer 
budgeting method described in Stull (1988). 

All of these flux methods are indirect and costly to 
implement due to the tower infrastructure, aircraft 
deployment and a need for extremely high-resolu-
tion stable gas concentration measurements. They do, 
however, provide fluxes from the regions unobtain-
able by more direct leaf-level and field-level methods.

Reading and References

Bakwin, P.S., et al. 1997. Anthropogenic sources of halocarbons, sulfur 
hexafluoride, carbon monoxide, and methane in the southeastern Unit-
ed States. Journal of Geophysical Research: Atmospheres, 102(D13), 
15915-15925. https://doi.org/10.1029/97jd00869

Choularton, T.W., et al. 1995. Trace gas flux measurements at the land-
scape scale using boundary-layer budgets. Philosophical Transactions 
of the Royal Society of London. Series A: Physical and Engineering Sci-
ences, 351(1696), 357-369. https://doi.org/10.1098/rsta.1995.0039

Gallagher, M.W., et al. 1994. Measurements of methane fluxes on the 
landscape scale from a wetland area in north Scotland. Atmospher-
ic Environment, 28(15), 2421-2430. https://doi.org/10.1016/1352-
2310(94)90394-8

Hollinger, D.Y., et al. 1995. Initial assessment of multi-scale measures 
of CO

2
 and H

2
O flux in the Siberian taiga. Journal of Biogeography, 

22(2/3), 425-431. https://doi.org/10.2307/2845939

Stull, R. B. 2012. An introduction to boundary layer meteorology. Spring-
er, Dordrecht.  
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https://doi.org/10.1098/rsta.1995.0039
https://doi.org/10.1016/1352-2310(94)90394-8
https://doi.org/10.1016/1352-2310(94)90394-8
https://doi.org/10.2307/2845939
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At the continental scale, typically atmospheric mix-
ing, inversion and transport models are deployed to 
estimated gas fluxes (Bakwin et al., 1995; Choularton 
et al., 1995). These models rely on high-precision gas 
concentrations measurements typically done from 
communication towers and aircraft using flasks with 
subsequent laboratory analysis by high-end analyt-
ical instrumentation (e.g., mass spectrometers and 
gas chromatographs). 

In addition, remote sensing techniques using sat-
ellites for total column gas concentration measure-
ments and related mapping and modelling. The 

measurements from space do not measure fluxes per 
se but can observe a dynamic content of the entire 
atmosphere on both continental and global scales. 

As remote sensing approaches develop in the future, 
comparison of remote sensing-derived products 
with field-level data at a specific site and time, called 
ground truthing, is very important for developing 
these approaches. In time, remote sensing techniques, 
tuned using ground-based measurements could reli-
ably determine the dynamics of gases, aerosol, and 
dust for the planet as a whole (Section 7.2). 

Reading and References

Bakwin, P.S., et al. 1997. Anthropogenic sources of halocarbons, sulfur 
hexafluoride, carbon monoxide, and methane in the southeastern Unit-
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15915-15925. https://doi.org/10.1029/97jd00869

Choularton, T.W., et al. 1995. Trace gas flux measurements at the land-
scape scale using boundary-layer budgets. Philosophical Transactions 
of the Royal Society of London. Series A: Physical and Engineering Sci-
ences, 351(1696), 357-369. https://doi.org/10.1098/rsta.1995.0039

Gallagher, M.W., et al. 1994. Measurements of methane fluxes on the 
landscape scale from a wetland area in north Scotland. Atmospher-
ic Environment, 28(15), 2421-2430. https://doi.org/10.1016/1352-
2310(94)90394-8
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2
 and H
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O flux in the Siberian taiga. Journal of Biogeography, 

22(2/3), 425-431. https://doi.org/10.2307/2845939

IPCC – Intergovernmental Panel on Climate Change. 2000. Land use, 
land-use change and forestry. Watson, R.T., Noble, I.R., Bolin, B., Ravin-
dranath, N.H., Verardo, D.J., & Dokken, D.J. (eds), Cambridge Univer-
sity Press, UK, pp 375. 

Large Scale Measurements (continued)
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Overview
In natural and agricultural systems, large portions of 
greenhouse gas production and consumption occur 
in areas with little infrastructure or easily available 
grid power. Past approaches for direct measurements 
of gas fluxes relied on fast closed-path analyzers, 
which typically require powerful pumps and grid 
power. Power and labor demands may be among the 
key reasons why such gas fluxes were often measured 
at locations with good infrastructure and grid power, 
and not necessarily with high gas production.

In urban environments and oil-and-gas distribution 
systems, emissions often happen via variable-rate 
point sources or diffused spots in topographically 
challenging terrains, such as street tunnels, elevated 
locations at water treatment plants, vents, etc. Locat-
ing and measuring gas emissions from such sources 
is challenging when using traditional micrometeo-
rological techniques and requires development of 
novel approaches. 

Landfill gas emissions were traditionally assessed via 
point-in-time measurements taken at monthly or lon-
ger time intervals using techniques such as the trace 
plume method, the mass balance method, etc. These 
are subject to large uncertainties because of the snap-
shot nature of the measurements, while the changes 
in emission rates are continuous due to ongoing land-
fill development, changes in management practices, 
and the barometric pumping phenomenon. Installing 
a continuously operating flux station in the middle of 
an active landfill requires a low-power approach with 
no cables stretching across the landfill. 

As a result of such challenges, in the past few years, 
fast-response eddy covariance instrumentation has 
been utilized increasingly more frequently outside 

of the traditional use at stationary flux stations. The 
novel approaches included measurements from vari-
ous moving platforms, such as cars, aircraft, and ships. 
Projects included mapping of concentrations and ver-
tical profiles, leak detection and quantification, mobile 
emission detection from natural gas cars, etc.

Flux measurements conducted over specific areas 
close to the ground using moving vehicles (air-
planes, helicopters, drones, ships, cars, etc.) are 
somewhat different from the methods described in 
the previous sections, and may cover areas of hun-
dreds to thousands of square kilometers with highly 
variable temporal and spatial resolution depending 
on the instrumentation. 

High-precision mapping of the fluxes and mass flows 
use a combination of high-speed gas analyzer systems 
in conjunction with high-speed GPS devices, in addi-
tion to more traditional concentration mapping typi-
cally performed using slow systems. 

Creating gas concentration maps with high resolution 
in space and time, and with good precision and accu-
racy of concentration measurements, from a moving 
vehicle requires several basic considerations:

• The gas analyzer should be able to provide good 
precision and accuracy at high speed

• Sampling system has to have a fast response to 
provide a true measurement point every 1–2 m

• The vehicle has to be moved around the area of 
interest, reasonably close to the potential source 
of the gas emission 

• This often implies moving with general traffic or 
in a highly regulated environment, and severely 
limits the freedom to control the moving speed 
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There are a number of well-established excellent lab-
oratory technologies, such as gas chromatographs 
(GCs) and mass spectrometers (MSs), adaptable to 
be moved around. However, the majority of these 
instruments produce a true measurement point every 
several seconds to several minutes. While gas concen-
trations are measured quite well by such instruments, 
the distance between each measurement point is tens 
of meters even at the slowest practical moving speeds, 
preventing the creation of gas concentrations maps 
that are highly resolved in space and time. 

The recently developed field-able closed-path models 
of laser-based gas analyzers are designed to be housed 
in weatherproof enclosures at the base of monitoring 
towers (such as Aerodyne, CSI, LGR, LI-COR, Nova 

Wave, Picarro, ThermoFischer, etc.) and have much 
better frequency response, ranging from actual sys-
tem response of about five times per second to every 
second. These have been successfully used for gas 
mapping for the past few years. 

The latest open-path pump-free WMS and closed-
path OF-CEAS technologies allow higher speed low-
power measurements which can provide fast time 
response a very high resolution in gas concentration. 
The resulting map could be resolved every 0.5 to a few 
m providing significant methodological advantages, 
when plume mapping and other modeling schemes 
are utilized as a means for locating and quantifying 
the leaks from moving vehicles. 

Overview (continued)
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Examples 

The illustrations above provide examples of the mobile 
deployment of such WMS-based open-path CH4 gas 
analyzer (Section 2.4), clockwise from top left: 

• PoMELO Padmapper, a rapid CH4 leak detection 
system developed at the University of Calgary 
deployed for leak detection from oil and gas 
facilities.

• Airplane-based CH4/CO2 mobile system devel-
oped by Institute of Biometeorology of Italian 

National Research Council deployed for landfill 
emissions monitoring.

• CH4/CO2/H2O helicopter-based system, Helipod, 
by TU Braunschweig and GFZ German Research 
Centre for Geosciences deployed for monitoring 
of gas emissions from permafrost areas.

• Multi-purpose drone-based CH4 profiling system 
co-developed by LBNL AmeriFlux Network and 
Atlatl Sensing LLC.

Reading and References

Biraud, S. 2016. Alaska bulletin: new UAS capabilities for AmeriFlux 
sites. AmeriFlux. https://ameriflux.lbl.gov/alaska-bulletin-new-uas-
capabilities-ameriflux-sites/

Ferguson, D. 2019. University of Calgary research team meets methane 
leak detection challenge. University of Calgary News. https://www.
ucalgary.ca/news/university-calgary-research-team-meets-methane-
leak-detection-challenge

Gasbarra, D., et al. 2019. Locating and quantifying multiple landfills 
methane emissions using aircraft data. Environmental Pollution, 254, 
112987. https://doi.org/10.1016/j.envpol.2019.112987

Göckede, M., et al. 2020. Integrated Arctic Observation System. Re-
search and Innovation Action under EC Horizon 2020, Grant Agreement 
No. 727890. https://cordis.europa.eu/project/id/727890

https://ameriflux.lbl.gov/alaska-bulletin-new-uas-capabilities-ameriflux-sites/
https://ameriflux.lbl.gov/alaska-bulletin-new-uas-capabilities-ameriflux-sites/
https://doi.org/10.1016/j.envpol.2019.112987
https://cordis.europa.eu/project/id/727890 
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Examples (continued)

The illustrations above are the examples of street 
surveys using a CH4/CO2 gas analyzer based on the 
OF-CEAS technology (Section 2.4) near Oxford, UK 
(bottom), and at the Octoberfest in Munich, Ger-
many (top images). Literature listed below provides 
the detailed description and results from the surveys.

Multiple other examples of mobile measurement sys-
tems deployed by various organizations and projects 
have been shown for specific instruments in Section 
2.4 and as a future expansion in Section 7.2. Here we 
add few more examples with the emphasis on the spe-
cific methodologies. 

Reading and References

Chen, J., et al. 2020. Methane emission source attribution and quan-
tification for Munich Oktoberfest. In European Geosciences Union 
General Assembly, Geophysical Research Abstracts, Online, 4-8 May. 
https://presentations.copernicus.org/EGU2020/EGU2020-18919_
presentation-0.pdf

Chen, J., et al. 2020. Methane emissions from the Munich Oktober-
fest. Atmospheric Chemistry and Physics, 20(6), 3683–3696. https://doi.
org/10.5194/acp-20-3683-2020

LI-COR. 2020. Mobile measurement of fugitive CH4 emissions using the 

LI-7810 (979-19194). https://www.licor.com/documents/hmp214c2igs
6ggtpi1yk7sed2a46y06t

https://presentations.copernicus.org/EGU2020/EGU2020-18919_presentation-0.pdf
https://presentations.copernicus.org/EGU2020/EGU2020-18919_presentation-0.pdf
https://doi.org/10.5194/acp-20-3683-2020
https://doi.org/10.5194/acp-20-3683-2020
https://www.licor.com/documents/hmp214c2igs6ggtpi1yk7sed2a46y06t 
https://www.licor.com/documents/hmp214c2igs6ggtpi1yk7sed2a46y06t 
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Examples (continued)

• Colorado State 
University, EDF, and 
Google

• Leak detection 
methodology 
development

In the example above, a collaborative methane 
leaks research and monitoring project by Google 
Earth, the Environmental Defense Fund, and Colo-
rado State University employed open-path analyzer 
based on Wavelength Modulation Spectroscopy 
(WMS, LI-COR Biosciences), and closed-path ana-
lyzers based on the Cavity Ring-Down Spectroscopy 
(CRDS, Picarro), and Off-Axis Integrated Cavity Out-
put Spectroscopy (OA-ICOS, Los Gatos Research).

Controlled release experiments (top left photo above) 
and methane mapping surveys (remaining illustra-
tions above) of multiple cities were conducted using 
vehicle-mounted gas sampling and GPS, with the 
ultimate goal of developing leak detection, location, 
and quantification algorithms.

Researchers spent years “experimenting with the sys-
tem and developing analytical tools to not only locate, 
but also accurately assess the amount of gas escaping 
from even small leaks detected amid 15 million indi-
vidual readings collected over thousands of miles of 
roadway". Leaks were found correctly in vast majority 
of cases and were verified by gas companies. Danger-
ous leaks were fixed as a result.

Warning: Here it is important to note that maps of concen-
tration from moving vehicles have been done intensively star-
ing in the early 2000s by various institutions, and routine leak 
surveys have been done for years by gas distribution compa-
nies. However, the maps of concentrations do not tell how big 
the leak is and where exactly it is located. This is the big differ-
ence between survey type of mapping and the leak detection, 
location and quantification systems being developed currently.

Reading and References

Card, A. 2014, July 28. Colorado State University cars map methane 
leaks with LI-COR sensors. Environmental Monitor. https://www.
fondriest.com/news/colorado-state-university-cars-map-methane-
leaks-li-cor-sensors.htm

Environmental Defense Fund, & Google Earth Outreach. 2017, July 
25. Methodology: how the data was collected. https://www.edf.org/
climate/methanemaps/methodology Retrieved 2020.

von Fischer, J. 2018. Vehicle-based methane mapping: find gas 
leaks, prioritize repair. In Global Methane Forum. https://www.
globalmethane.org/gmf2018/presentations/0417VehicleBased%20
MethaneMapping.pdf

von Fischer, J.C., et al. 2017. Rapid, vehicle-based identification of lo-
cation and magnitude of urban natural gas pipeline leaks. Environmen-
tal Science & Technology, 51(7), 4091-4099. https://doi.org/10.1021/
acs.est.6b06095
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Examples (continued)

• Princeton University Atmospheric Chemistry Group

• Leaks and vehicle emissions at numerous locations

Gas emissions from numerous locations were char-
acterized by the vehicle-mounted mobile system 
developed by Princeton University Atmospheric 
Chemistry Group for the Princeton Atmospheric 
Chemistry Experiment (PACE) using a combination of 
gas analyzers, two-dimensional wind sensors and GPS. 

Methane maps were constructed for agricultural 
locations (San Joaquin Valley, NE Colorado; North 
China Plains, etc.), in urban environments (Beijing, 

Houston, Denver, San Francisco, Los Angeles, Phila-
delphia, etc.), as well as over petrochemical extraction 
and storage areas (Marcellus Shale, Denver-Julesberg 
basin, etc.). 

In addition to leaks, the in-situ moving vehicle emis-
sions of methane and ammonia were measured in a 
novel approach developed by the group. The literature 
below provides details for this and other related proj-
ects and other experiments.

Reading and References

Caulton, D.R., et al. 2019. Importance of superemitter natural gas well 
pads in the Marcellus Shale. Environmental Science & Technology, 
53(9), 4747-4754. https://doi.org/10.1021/acs.est.8b06965

Miller, D.J., et al. 2015. Ammonia and methane dairy emission plumes 
in the San Joaquin Valley of California from individual feedlot to re-
gional scales. Journal of Geophysical Research: Atmospheres, 120(18), 
9718-9738. https://doi.org/10.1002/2015jd023241

“Mobile Laboratories Measure Air Quality in Houston”, http://www.
fondriest.com/news/mobile-air-sensor-lab-takes-a-california-road-trip.
htm; Feb. 27, 2013.

“Mobile air sensor lab takes a California road trip”, https://www.nasa.
gov/mission_pages/discover-aq/news/mobile-laboratories-measure-
air-quality-in-houston/#.Ukok9IaThMv; Sept. 25, 2013.

Sun, K., et al. 2017. Vehicle emissions as an important urban ammo-
nia source in the United States and China. Environmental Science & 
Technology, 51(4), 2472-2481. https://doi.org/10.1021/acs.est.6b02805

Tao, L., et al. 2015. Low-power, open-path mobile sensing platform for 
high-resolution measurements of greenhouse gases and air pollutants. 
Applied Physics B, 119(1), 153-164. https://doi.org/10.1007/s00340-
015-6069-1

https://doi.org/10.1021/acs.est.8b06965
https://doi.org/10.1002/2015jd023241
http://www.fondriest.com/news/mobile-air-sensor-lab-takes-a-california-road-trip.htm
http://www.fondriest.com/news/mobile-air-sensor-lab-takes-a-california-road-trip.htm
http://www.fondriest.com/news/mobile-air-sensor-lab-takes-a-california-road-trip.htm
https://www.nasa.gov/mission_pages/discover-aq/news/mobile-laboratories-measure-air-quality-in-houston/#.Ukok9IaThMv
https://www.nasa.gov/mission_pages/discover-aq/news/mobile-laboratories-measure-air-quality-in-houston/#.Ukok9IaThMv
https://www.nasa.gov/mission_pages/discover-aq/news/mobile-laboratories-measure-air-quality-in-houston/#.Ukok9IaThMv
https://doi.org/10.1021/acs.est.6b02805 
https://doi.org/10.1007/s00340-015-6069-1  
https://doi.org/10.1007/s00340-015-6069-1  
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Examples (continued)

• South Coast Air Quality Management District

• SoCal Gas Co. leak survey at Porter Ranch, California

The example above shows a roof-mounted mobile 
monitoring system developed by the South Coast Air 
Quality Management District Authority, a regulatory 
agency for South California, for the methane concen-
tration surveys and regulatory compliance.

A combination of gas analyzer, GPS, and three-di-
mensional anemometer was used for monitoring 
the widely publicized Aliso Canyon natural gas leak 
(South California Gas Company; Porter Ranch, Cali-
fornia), the largest natural gas leak in US history and 
one of the largest leaks in the world. 

The survey detected clear and significant increases in 
CH4 exceeding 50 ppm when measured from the road 
1.5 miles away from the leak (maps above). After the 
leak was fixed, some emissions still remained due to 
methane stored in bedrock and soil around the source.

In this example, the ability of the mobile measure-
ment system to rapidly detect, quantify, and prove 
the leak event resulted not only in the obvious vital 
consequences (e.g., elimination of an immediate 
hazard, improvement in air quality, related health 
improvements, etc.) but also in less obvious but 
far-reaching long-term implications (see Gilrane, 
2020 below for details).

Reading and References

AQMD: https://www.aqmd.gov/home/news-events/community-
investigations/aliso-canyon-update/air-sampling/mobile-methane-
measurement-surveys.

Gilraine, M. 2020. Air filters, pollution and student achievement (Ed-
WorkingPaper: 19-188). Retrieved from Annenberg Institute at Brown 
University. https://doi.org/10.26300/7mcr-8a10

Low, C., Teffera, S., & Polidori, A. 2016. Aliso Canyon Facility Monitor-
ing Network Plan. South Coast Air Quality Management District. 22 
pp. http://www.aqmd.gov/docs/default-source/compliance/aliso-cyn/
aliso-canyon-monitoring-plan.pdf

Polidori, A., et al. 2016. Mobile monitoring of methane during and after 
the Aliso Canyon natural gas leak. In American Geophysical Union, Fall 
Meeting Abstracts, San Francisco, CA. https://ui.adsabs.harvard.edu/
abs/2016AGUFM.A14E..03P/abstract

South Coast AQMD

https://www.aqmd.gov/home/news-events/community-investigations/aliso-canyon-update/air-sampling/mobile-methane-measurement-surveys
https://www.aqmd.gov/home/news-events/community-investigations/aliso-canyon-update/air-sampling/mobile-methane-measurement-surveys
https://www.aqmd.gov/home/news-events/community-investigations/aliso-canyon-update/air-sampling/mobile-methane-measurement-surveys
https://doi.org/10.26300/7mcr-8a10
http://www.aqmd.gov/docs/default-source/compliance/aliso-cyn/aliso-canyon-monitoring-plan.pdf
http://www.aqmd.gov/docs/default-source/compliance/aliso-cyn/aliso-canyon-monitoring-plan.pdf
https://ui.adsabs.harvard.edu/abs/2016AGUFM.A14E..03P/abstract 
https://ui.adsabs.harvard.edu/abs/2016AGUFM.A14E..03P/abstract 
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Summary

Multiple examples of mobile measurements pre-
sented through this book can be divided into three 
distinct categories:

• Mapping gas concentrations
• Mapping gas concentrations and locating the 

source 
• Mapping gas concentrations, locating the source, 

and quantifying the source strength 

The first category presents the simplest case, where 
the mobile system needs fast-response GPS, data log-
ging, and anti-vibration mounting (for open-path 
devices as in the right photo). Real-time maps may 
require some programming effort, and a two-dimen-
sional anemometer may be able to help point into 
approximate direction of the source, although not in 
dense urban or forest environments. The second cate-
gory needs all of the above but also requires a substan-
tial effort to develop or configure analytical software 
and proper model to correctly point out the source 
location. The third category is the most complex, as 
it may need a three-dimensional anemometer to feed 
the Gaussian or other plume distribution model capa-
ble of quantifying the source strength (similar to EPA 
33 or 33A), especially in complex terrain. 

Depending on the category and the method, either 
closed-path or open-path analyzer design (Section 
2.2) may be preferable. Slow methods can utilize a 

closed-path device which experiences a trifecta aver-
aging (instrument base response, tube averaging and 
buffering, and averaging due to driving itself) and has 
lower temporal and spatial resolution but needs much 
less care while driving. Faster methods can rely on the 
open-path design, which has excellent temporal and 
spatial resolution but may need frequent cleaning or 
designing an auto-cleaning solution.

There are other important technical and methodologi-
cal aspects of the mobile measurement methods, such 
as trace measurements (when the unknown source is 
quantified using a known artificially added tracer), 
partitioning contribution based on isotopic signature 
of a gas or a presence of another specific gas, etc. These 
topics are outside the scope of this book and can be 
studied through the literature listed below.
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Reading and References

https://www.edf.org/climate/methanemaps/methodology
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surveys

https://www.wmo.int/pages/prog/arep/gaw/documents/P36_burba.
pdf

Biraud, S. 2016. Alaska bulletin: new UAS capabilities for AmeriFlux 
sites. AmeriFlux. https://ameriflux.lbl.gov/alaska-bulletin-new-uas-
capabilities-ameriflux-sites/

Burba, G., et al. 2017. High-resolution mobile measurements of meth-
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on cars, ships, airplanes, helicopters and drones. In 19th WMO/IAEA 
Meeting on Carbon Dioxide, Other Greenhouse Gases, and Related Mea-
surement Techniques, Dübendorf, Switzerland, 27-31 August.  

Caulton, D.R., et al. 2019. Importance of superemitter natural gas well 
pads in the Marcellus Shale. Environmental Science & Technology, 
53(9), 4747-4754. https://doi.org/10.1021/acs.est.8b06965

Card, A. 2014, July 28. Colorado State University cars map methane 
leaks with LI-COR sensors. Environmental Monitor. https://www.
fondriest.com/news/colorado-state-university-cars-map-methane-
leaks-li-cor-sensors.htm

Chen, J., et al. 2020. Methane emission source attribution and quan-
tification for Munich Oktoberfest. In European Geosciences Union 
General Assembly, Geophysical Research Abstracts, Online, 4-8 May. 
https://presentations.copernicus.org/EGU2020/EGU2020-18919_
presentation-0.pdf

Chen, J., et al. 2020. Methane emissions from the Munich Oktober-
fest. Atmospheric Chemistry and Physics, 20(6), 3683–3696. https://doi.
org/10.5194/acp-20-3683-2020

Chopra, C., et al. 2019. Investigating methane leaks using eddy co-
variance and footprint analysis in an injection experiment. In Amer-
ican Geophysical Union, Fall Meeting Abstracts, San Francisco, CA. 
(pp H51J-1617). https://ui.adsabs.harvard.edu/abs/2019AGUFM.
H51J1617C/abstract

Environmental Defense Fund, & Google Earth Outreach. 2017, July 
25. Methodology: how the data was collected. https://www.edf.org/
climate/methanemaps/methodology Retrieved 2020.

Ferguson, D. 2019. University of Calgary research team meets methane 
leak detection challenge. University of Calgary News. https://www.
ucalgary.ca/news/university-calgary-research-team-meets-methane-
leak-detection-challenge

Gasbarra, D., et al. 2019. Locating and quantifying multiple landfills 
methane emissions using aircraft data. Environmental Pollution, 254, 
112987. https://doi.org/10.1016/j.envpol.2019.112987

Gilraine, M. 2020. Air filters, pollution and student achievement (Ed-
WorkingPaper: 19-188). Retrieved from Annenberg Institute at Brown 
University. https://doi.org/10.26300/7mcr-8a10

Göckede, M., D et al. 2020. Integrated Arctic Observation System. Re-
search and Innovation Action under EC Horizon 2020, Grant Agreement 
No. 727890. https://cordis.europa.eu/project/id/727890

Goettemoeller, J., & LI-COR, Inc. 2016. Tools for Mapping Greenhouse 
Gas Emissions in Urban Environments. International Environmental 
Technology, 9/10. 
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Purpose

The LI-COR Experimental Research Station (LERS) 
is a multi-purpose outdoor research facility, designed 
to accommodate scientific and engineering experi-
ments and tests, technical support training and exer-
cises, LI-COR multi-day courses on eddy covariance, 
photosynthesis, leaf and soil flux measurements, etc.

LERS collects continuous year-round CH4, CO2, and 
H2O data, heat and momentum fluxes from open-
path, enclosed-path and closed-path gas analyzers, 
fast and slow air temperatures and humidity, atmo-
spheric pressure, three-dimensional wind speed and 
direction, turbulence parameters, soil fluxes of N2O, 
CH4, CO2 and H2O, supporting biometeorological 
data, etc. 

There are 16 resources available to reserve (e.g., tow-
ers, booms, plots, etc.), eight buried gas calibration 
lines, 32 power ports and 16 Ethernet access points. 
Resources at LERS can be reserved using the same 
online reservation system used for other equipment.

The flux station is an important part of the total facil-
ity and looking at the actual design and implementa-
tion of the station within a much larger structure may 
be helpful in developing a feel for the intricacies of the 
flux station design. It may also help to better under-
stand the scope of efforts needed during planning and 
long-term deployment.

• LI-COR Experimental Research Station (LERS) is a multi-purpose experimental site

• Review of LERS provides a useful practical example of the four main stages of the eddy covariance experi-
ment: design, implementation, data processing and data anaylsis
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Design Implement Process/Analyze

Instantaneous D
ata

Averaged Data

Place tower

Place instruments

Test data collection

Test data retrieval

Collect data

Test data processing

Keep up maintenance

Make maintenance plan

Set purpose and variables

Decide on hardware 
(instruments, tower, etc.) 

Decide on software
(data collection, processing) 

Establish location 

Quality control & gap-fill

Correct for time delay

De-trend (if needed)

Convert units

Despike

Apply calibrations

Rotate

Apply corrections

Integrate

Average

Analyze/publish

The core of the LERS flux station is similar to a full 
eddy covariance station (described in Section 2.1), 
although there are many more instruments, towers 
and experimental plots at LERS than would be at a 
typical full eddy covariance station.

The specific purpose of the core flux station at LERS 
is to provide reference CH4, CO2, and H2O fluxes and 
concentrations using established instrumentation for 
the tests of new instruments and methods. 

However, since the facility is used by many peo-
ple for many different purposes, the specific design, 

Purpose (continued)

implementation and rules of use become quite import-
ant in assuring continuous high quality data collection.

For detailed protocols of a much more complex facili-
ties, please refer to the literature listed below.

Reading and References

Franz, D., et al. 2018. Towards long-term standardised carbon and 
greenhouse gas observations for monitoring Europe’s terrestrial eco-
systems: a review. International Agrophysics, 4(32), 439-445. https://
doi.org/10.1515/intag-2017-0039

National Ecological Observatory (NEON): https://www.neonscience.org

Nemitz, E., et al. 2018. Standardisation of eddy-covariance flux mea-
surements of methane and nitrous oxide. International Agrophysics, 
32(4), 517-549. https://doi.org/10.1515/intag-2017-0042

Rebmann, C., et al. 2018. ICOS eddy covariance flux-station site set-
up: a review. International Agrophysics, 32(4), 471-494. https://doi.
org/10.1515/intag-2017-0044

https://doi.org/10.1515/intag-2017-0039
https://doi.org/10.1515/intag-2017-0039
https://www.neonscience.org
https://doi.org/10.1515/intag-2017-0042
https://doi.org/10.1515/intag-2017-0044 
https://doi.org/10.1515/intag-2017-0044 
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Primary products and variables - used as references for all the tests

Open-path CH4 flux
Fast and mean CH4 densities, fast vertical wind, sensible heat flux, 
open-path H2O flux, mean air temperature, mean air humidity

Open-path CO2 flux
Fast and mean CO2 densities, fast vertical wind, sensible heat flux, 
open-path H2O flux, mean air temperature, mean air humidity

Open-path H2O flux
Fast and mean H2O densities, fast vertical wind, sensible heat flux, 
mean air temperature, mean air humidity

Enclosed CO2 flux
Fast dry mole fraction for CO2, fast vertical wind speed, fast cell air 
temperature, fast cell air pressure, flow rate

Enclosed H2O flux
Fast mole fraction for H2O, fast vertical wind speed, fast cell air 
temperature, fast cell air pressure, flow rate

Mean CH4 density

Mean CH4 dry mole fraction

Mean CO2 density

Mean CO2 dry mole fraction

Mean H2O density

Mean H2O mole fraction

Secondary products and variables - needed to compute or correct primary products

Sensible heat flux
Fast and mean ambient air temperature, fast vertical wind speed, 
mean horizontal wind speed, mean air humidity

Momentum flux Fast and mean vertical and horizontal wind speeds

Multiple instrument diagnostics

Mean wind speed

Mean wind direction

Mean air temperature

Mean air humidity

Mean atmospheric pressure

 Auxiliary variables - to help explain behavior of primary and secondary products

Soil CO2 flux

Soil CH4 flux

Soil N2O flux

Incoming global radiation

Net radiation

PAR

Soil heat flux

Products to variables

Products Variables
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Fast vertical wind, sensible heat flux, momentum flux, 
fast and mean air temperature, mean wind speed and 
direction

3-D Sonic Anemometer, Gill R3-50

Open-path CH4 flux, fast and mean CH4 densities, 
mean CH4 mole fraction, mean atmospheric pressure

Open-path CH4 gas analyzer, LI-7700

Open-path CO2 flux, fast and mean CO2 density, mean 
atmospheric pressure

Open-path CO2/H2O fast gas analyzer, LI-7500DS
Open-path H2O flux, fast and mean H2O density, hu-
midity

Enclosed CO2 flux, fast and mean dry mole fraction 
of CO2, fast cell air temperature, fast cell air pressure, 
flow rate

Enclosed CO2/H2O fast gas analyzer, LI-7200RS

Enclosed H2O flux, fast and mean mole fraction of H2O, 
fast cell air temperature, fast cell air pressure, flow rate

Variables to hardware and software

Variables Instruments

Multiple instrument diagnostics All of the above

Soil CO2 flux
Soil flux systems: LI-8250 w/LI-870, LI-7815, 
LI-7810

Soil CH4 flux Soil flux systems: LI-8250 w/LI-7810

Soil N2O flux Soil flux systems: LI-8250 w/LI-7820

Incoming global radiation Pyranometer, LI-200

Net radiation Net Radiometer, NR-Lite

PAR Quantum sensor, LI-190

Soil heat flux Soil heat flux plates, Hukseflux-HFP01

Soil temperature Soil temperature probes, 7900-180

Soil moisture Theta probes, ML2X

Precipitation Precipitation bucket, TR-525 USW

Logging the data SmartFlux3



544 | Appendix I

In order to satisfy the main purpose of the exper-
iment, the core station should provide a number of 
primary products and variables (e.g., fluxes and con-
centrations) that will be used as established references 
for newly developed instruments and methods.

These products consist of open-path CH4, CO2 and 
H2O fluxes, enclosed CO2 and H2O fluxes, as well as a 
number of variables including mean gas densities and 
mole fractions (see the top portion of the table on the 
preceding pages).

However, full computation of gas flux also requires 
sonic corrections, frequency response corrections, 
and density corrections. Each of the corrections 
requires additional inputs beyond raw fluxes and gas 
concentrations.

Sonic correction requires knowledge of mean air tem-
perature, humidity, and mean horizontal wind speed.

Webb-Pearman-Leuning density terms require a 
knowledge of sensible heat fluxes, water vapor fluxes, 
mean concentrations, and temperature means.

Frequency response corrections and closely-related 
cospectral analysis require knowledge of momentum 
flux and fast components of the wind speed. Multiple 

instrument diagnostics are also required to make sure 
that core reference instruments operate properly.

All of these suggest a list of secondary products and 
variables needed to compute and correct the pri-
mary products.

Additional variables may be needed to help explain 
the behavior of primary and secondary products and 
variables, as well as to satisfy other non-eddy covari-
ance applications of LERS.

The most important products and variables for the 
core flux station at LERS are listed in the tables on the 
previous pages.

Note however, that we do not presently measure 
gas concentration profiles at our site because mea-
surement heights are relatively low (2–4 m), canopy 
height is very low (5–15 cm), and local weather is 
generally quite windy. These conditions usually lead 
to negligible flux storage at the site.

Temporary concentration profile measurements con-
ducted at this site confirmed that gas flux storage here 
is almost always zero.

Variables to hardware and software (continued)
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In addition, we do not measure canopy characteris-
tics (such as canopy surface temperature, leaf area, 
leaf wetness, canopy light interception and absorp-
tion, etc.), because the main purpose of our exper-
iment does not require these variables. The profiles 
and canopy measurements can be implemented if 
needed for a specific test but are not part of the core 
permanent data collection system.

After the list of products and variable was created 
to suit the purpose of the experiment, the choice of 
hardware was fairly easy.

Since LI-COR provides complete integrated flux sta-
tions at different levels of complexity (from minimal 
to full stations; see Section 2.1 for details), we simply 
chose the open-path 3-gas system with standard bio-
meteorological package. This system was augmented 
with an enclosed gas analyzer.

In this system the fast data are collected by the 
LI-7550 fast logger, and slow biomet data are initially 
collected by various slow loggers and then transferred 
to the LI-7550, so that all fast and slow data are inte-
grated into a single GHG file package.

The GHG file package that includes both flux and 
biomet data is then transferred from the tower to the 
remote computer via Ethernet. The backups of the 
data files are also kept at the tower on removable USB 
memory for added safety.

Software selection was also quite straightforward, 
since LI-COR developed the EddyPro flux processing 
package. EddyPro is used at LERS to process fast and 
slow data, and to produce final fully corrected fluxes, 
diagnostics, weather, and soil parameters.

Reading and References

An online application to help design a custom flux station dependent 
upon a specific application, ranging from ecosystem gas exchange, 
through feedlots, wetlands and forests, and to land management can 
be found here: https://www.licor.com/ec-design

Technical note on biometeorological sensor selection for flux station: 
https://www.licor.com/documents/ttclxu2bq7grhtdl10m6

Variables to hardware and software (continued)

• Close-up of the core fast instrumentation, 
and booms for additional test instruments

• Prevailing winds at the site are North-South 
and booms are oriented East-West

https://www.licor.com/ec-design
https://www.licor.com/documents/ttclxu2bq7grhtdl10m6
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Planning hardware arrangement

A unique feature of LERS is a very large amount of 
instrumentation expected at the tower when new 
instruments or methods are to be tested against the 
core reference station. Careful planning of instru-
ment arrangement was required to properly accom-
modate multiple short-term projects in the vicinity of 
the core instrumentation.

The figure above shows the plan of instrument instal-
lation on the tower. The black color indicates the core 
continuously running reference instruments. Site sec-
tion 1.1 in green indicates placeholders for temporary 
fast instruments located next to the core instruments. 
Site section 1.2 in red indicates placeholders for tem-
porary fast instruments located a bit further away, on 
a boom parallel to the core boom.

Site sections 1.3 to 1.5 in blue and purple are located 
on the other side of the tower, away from the fast 
instrumentation, and are intended for testing of slow 
instruments. This positioning was specifically planned 
to avoid overcrowding the booms with fast instru-
mentation, and to reduce related flow distortion.

The fast permanent instrumentation was intention-
ally planned to be positioned on booms extending 
over the fence, and oriented perpendicular to the pre-
vailing wind directions: 

1. Gill sonic anemometer outputting three wind 
components, sonic air temperature, etc.

2. LI-7700, outputting CH4 density, diagnostics, etc.

3. LI-7500DS, outputting CO2, H2O densities, diag-
nostics, atmospheric pressure and air temperature, 
etc.

4. LI-7200RS, outputting CO2, H2O mole fractions, 
diagnostics, cell pressure and temperature, etc.

The slow permanent instrumentation, including soil 
flux systems was positioned inside the fenced plot. 

Fast Instruments

Section 1.1

Section 1.2

Prevailing wind 
is perpendicular 
to this page

Section 1.5

Section 1.4
Section 1.3

Rs, Rn, PAR

Sonic AnemometerLI-7700

LI-7500DS

Moisture probesThermistors Buried permanent gas calibration lines

West East

Temp

Temp

Temp

LI-7200RS 
Intake

Temp
Temp

Precipitation

Fence

SHF plates

Slow Instruments
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Selecting location

Choice of the site locations for LERS was restricted by 
the available plot. Positioning within the location was 
dictated by the prevailing winds.

The prevailing winds at the site are north in winter 
and south in summer, so the site perimeter (blue 
diamond) and the permanent tower (red dot) were 
planned to be positioned in such a way that provided 
maximum north-south fetch with minimum flow 
distortion to the eddy covariance flux measurements 
made on the tower.

Most of the hardware, fencing, other experiment 
plots, hut (blue square), and other structures were 

placed far to the west of the tower, into the least fre-
quent wind direction, in order to minimize flow dis-
tortion, wind and sun shading, and other effects.

A disturbance-free zone was also established around 
the permanent tower (green circle) to minimize 
disturbance to the tower data from any non-tower 
experiments.

The aerial view photo above pre-dates the actual con-
struction of the LERS site.
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Maintenance and usage planning

At least four different groups were expected to use 
LERS for a large number of eddy covariance and 
other experiments. With so many people and so 
much equipment at the station, it was important to 
plan usage so that new experiments would not dis-
turb or diminish the value of ongoing experiments.

Such coordination is important at eddy covariance 
sites used by multiple groups, because seemingly triv-
ial overcrowding can lead to serious consequences.

For example, the absence of an Ethernet port for a 
new experiment can result in the loss of several hours 
during setup. Flow distortion to eddy instrumenta-
tion caused by non-eddy covariance tests can reduce 
flux data quality, etc. These and other related issues 
can cumulatively cause significant time delay in the 
tests, and lead to the extension of tests in order to 
re-measure distorted data.

Thus, in the case of LERS, not only was the tower 
divided into reserved sections, but the whole site was 
divided into reserved zones (shown above). A system 
was developed so that reserving a resource by one 
group does not preclude the use of the same resource 
by another group. Instead, it is a mechanism to alert 
the ongoing experiment owners that someone else is 
adding instruments to the same area of LERS.

In this way, new and ongoing experiments can be prop-
erly coordinated and accommodated by their respec-
tive owners. This also helps prevent the overcrowding 
of certain areas by planning new experiments with the 
reservation information readily available.

To optimize time and efforts, the following rules were 
established for use and sharing of LERS facility:

• Plan several weeks ahead of the actual experiment
• Reserve a zone or section via reservation system
• Coordinate with ongoing experiment owners to 

accommodate new tests
• Log each visit into the LERS field log
• Keep the experiment setup clean and simple
• Keep ground level cables and tubes in conduits
• Clean the area after the experiment is done
• Put tools back into the toolbox
• Lock the hut and gate

A maintenance plan was also developed for core mea-
surements, with daily-to-weekly quality control and 
bi-weekly site visits.

Zone 4

Zone 5

Frame for the 
tower’s electronics 
and gas manifolds

Approximate Scale

Zone 3

Zone 1

Zone 2

Continuous 
collection of 
core data

Rack for 
gas tanks

Fence

Long-term 
stability test

Zone 1: Permanent Tower

Zone 2: Mobile Towers

Zone 3: Soil Measurements

Zone 4: Radiation Measurements

Zone 5: Mixed Measurements

Zone 6: The Hut

Zone 6
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Tower and instrument implementation

After detailed planning, the tower and instrument 
placement were straightforward. The tower was 
placed at the eastern corner of the fenced plot. The 
eddy covariance instruments were placed on the 
boom as far to the east as possible, extending over the 
fence to minimize flow distortion from the fence, and 
to maximize prevailing north-south wind directions.

Fast instruments were positioned next to each other 
so that they face prevailing north-south winds at the 
same time with minimal flow distortion.

Signs were placed to indicate no-disturbance zones for 
the tower, and all other zones and objects were labeled.

Eight permanent buried gas lines were installed 
between the equipment hut and the permanent tower, 
ending at a weatherproof termination box. These can 
be used by experiment owners to set zero and span, 
and to check their instruments.

Eight Ethernet and power ports were installed along-
side the perimeter of the fence. Each port contains 
two high-speed Ethernet connectors and four power 
connectors. An additional port was added at the cen-
ter of the site.

Security cameras and access codes were also 
implemented.

The illustration above shows an aerial view of the 
actual LERS site. The aerial photos are oriented with 
north at the top. The rightmost photo shows the 
entrance to Zone 1 and the flux station, looking from 
West to East.

The previous pages illustrate the placement of the 
fast instruments. The view is from the North looking 
South. Permanent eddy covariance instrumentation 
was installed exactly as planned. Slow instrumenta-
tion was not yet installed in these photos.
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Automated 
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Anemometer Models
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and Other Sensors 

Multiple Gas Analyzer 
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New opportunities for coupling 
flux tower data with remote 
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Data collection, processing 
and examination at LERS

Data collection, processing and examination
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Data collection, processing and examination (continued) 

Data collection and processing at LERS are done 
automatically by the SmartFlux System (Section 2.5) 
microcomputer running the latest version of Eddy-
Pro (Section 2.5). 

Final fully processed flux numbers, biometeorologi-
cal data, QC flags and other diagnostics are computed 
and updated every 30 minutes. 

Plots and data, as well as instrument software and set-
tings, are accessible remotely via the internet using 
and FluxSuite Software (Sections 2.5, 3.4, 6.2). 

Selected critical data are plotted on the FluxSuite 
dashboards for easy visual inspection (previous page) 
allowing very rapid site assessment. Since these types 

of plots can be viewed remotely, a few seconds spent 
looking at the data can help keep the site running 
smoothly, continuously producing high quality data.

Initial data collection and retrieval were thoroughly 
tested for several weeks after installation by daily 
monitoring of diagnostics and mean data ranges, and 
processing and checking flux values. 

Data collection continuity was assured by doing dai-
ly-to-weekly quality control and regular site visits. 
Proper use and continuous maintenance of the site 
were promoted by a Site Manual placed at the hut and 
sent to all users.
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Data analysis 
The processed data have been analyzed for numerous 
purposes and periods using flux data analysis soft-
ware (Section 5.3): 

• Meteorological and flux data were cleaned using 
ranges, dependencies and thresholds, including 
different methods for frictions velocity threshold 
detection

• Meteorological data were gap-filled using data 
from the nearby weather stations

• Flux data were gap-filled using Marginal Distri-
bution Sampling technique

• Footprint analysis and flux partitioning were 
done to allocate fluxes to specific areas around 
the tower

• Data were consolidated, and dashboards were 
created to describe energy budget and carbon 
cycle and the site 

• For LERS data analysis, we did not use the cus-
tom coding space to modify existing tools or 
write new ones

• Our specific analysis was automatically docu-
mented in processing log 

In the end of the analysis, the citation list was auto-
matically created such that all of the original sources 
(papers and codes) for the routines used in this spe-
cific analysis were exported in various citation for-
mats to be cited when publishing the reanalyzed data. 

A lot of actual examples of data and plots presented 
throughout this book came from the LI-COR Exper-
imental Research Station, where the data were col-
lected and processed by SmartFlux using EddyPro, 
retrieved and transported by FluxSuite, and analyzed 
in Tovi.
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Data analysis (continued)
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Data analysis (continued)
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Figure A-1. Effect of gas temperature on the specific absorption line, and respective line behavior at -30 °C and +50 °C, for CH4 (a), CO2 (b). 
The thin dashed grey line* is theoretical gas absorption at constant volume when the gas density does not change with temperature. The solid 
green line is gas absorption at a constant pressure when the gas density is reduced with an increase in gas temperature due to temperature 
expansion, as expected from the Ideal Gas Law. Red dashed and dotted lines represent absorptions for two different lines when the absorption 
is further affected by the spectroscopic effects of temperature on each of the lines.

*This line is an idealized conceptual representation of the Ideal Gas Law in a closed volume. All density and spectroscopic effects are assumed 
negligible here but not in any actual derivations or calculations.
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Figure A-2. Effect of gas temperature on the specific absorption line, and respective line behavior at -30 °C and +50 °C, for N2O (a) and NH3 (b). 
The thin dashed grey line* is theoretical gas absorption at constant volume when the gas density does not change with temperature. The solid 
green line is gas absorption at a constant pressure when the gas density is reduced with an increase in gas temperature due to temperature 
expansion, as expected from the Ideal Gas Law. Red dashed and dotted lines represent absorptions for two different lines when the absorption 
is further affected by the spectroscopic effects of temperature on each of the lines.

*This line is an idealized conceptual representation of the Ideal Gas Law in a closed volume. All density and spectroscopic effects are assumed 
negligible here but not in any actual derivations or calculations. 
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The spectroscopic effects of temperature, water vapor, 
other diluting gasses, pressure etc. are highly specific 
to each absorption line for each gas species, and stem 
from the specific line behavior due to changes in any 
of these parameters. The shape and strength of many 
of these effects can be deduced from fundamental 
spectroscopic information provided in the HITRAN 
database and verified over a wide range of tempera-
tures, pressures, H2O content etc. for several millions 
of individual lines and for over 50 gas species (Roth-
man et. al., 1998, 2009; Gordon et. al., 2017). Here 
we offer few examples of temperature dependences 
over a typical ambient range for different absorption 
lines for a few key trace gases (e.g., CH4, CO2, N2O 
and NH3) based on the HITRAN data and the Equa-
tions A11, A12, A14 from Rothman et. al. (1998) 
describing temperature dependence of each selected 
absorption line. 

Figure A-1 shows the temperature effects on the slope 
of CH4 absorption lines at 1650.96 nm (red dashed 
line) and 1635.42 nm (red dotted line) over the range 
from -30 °C to +50 °C. As seen from the figure, dif-
ferent lines can experience drastically different effects 
of the same change in temperature. The 1650.96 nm 
line exhibits a significant increase in the absorption 
with decreased temperature. Meanwhile, the 1635.42 
nm line exhibits an opposite behavior, a significantly 
decreased absorption with decreased temperature. 

The differences in slopes between the two lines, seen 
in the left panel of the Fig A-1, stem from the fun-
damental temperature dependence of the shape (e.g., 
peak, width, area, etc.) of each line, shown for -30 °C 
and +50 °C in the right two panels of the Figure A-1. 
Going from -30 °C to +50 °C, the peak of 1650.96 
line is reduced (blue and yellow squares), and the 
line itself becomes narrower. For the same tempera-
ture change, the peak of 1635.42 line increased (blue 
and yellow triangles) with no substantial change in 
the line width. 

The unique and drastically different behaviors of each 
specific absorption line can also be seen in Figures 
A-1b, A-2a, and A-2b for CO2, N2O and NH3 respec-
tively. These happen due to a combination of the 
changes to the Boltzmann population distribution 
of rotational levels, Doppler broadening, tempera-
ture-dependent pressure broadening of an individual 
line, and other spectroscopic processes described in 
detail in Rothman et. al. (1998, 2009), and will affect 
the measured gas density by an instrument relying on 
a specific absorption line. Further details on the phys-
ical chemistry of spectroscopy are outside the scope 
of this study but can be found in the subject books 
(Pavia, 2008; Demtröder, 2013; Hanson et al., 2016), 
while good overviews of applying the spectroscopic 
techniques to atmospheric gas measurements can be 
found in Werle et al. (2002), Fiddler et al. (2009), and 
Werle and Amato (2011).

Reading and References

Parts of text and various forms of the derivations and explanations 
shown in the Appendix II have been provided in Burba et al. (2009a-
d; 2011; 2019), LI-COR (2010), McDermitt et al. (2011), Burba (2013; 
2020), and in the Section 4.5 of this book. The derivations show how 
spectroscopic effects can be treated in a manner similar to thermal 
expansion and dilution, and can be combined with the formulation pro-
posed by Webb et al. (1980). 

Derivations in sections II.B-II.E are organized from a more general case 
(any gas analyzer, any gas, any absorption line, any spectroscopic ef-
fects) to a more specific case of LI-7700 (WMS gas analyzer, methane, 

at 1.65 µm, spectroscopic effects of only temperature, water vapor and 
pressure) to make sure the reader understands the progression from 
the general derivations of the concept to a specific implementation of 
the general derivation in a specific instrument. Section II.F provides an 
overall summary of the key equations.

There are some significant redundancies between this Appendix II, 
Burba et al. (2019), Burba (2013, 2021) and the main text of the book, 
however these redundancies help keep the Appendix II more logical 
and complete, suitable for a much more comfortable stand-alone 
reading. 

Background (continued)
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Concept
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Figure A-3. Temperature effect on the laser-based measurements of gas density. Line 1 is gas density at constant volume when the 
density does not change with temperature. This is a conceptual representation of the Ideal Gas Law in a closed volume: all density 
and spectroscopic effects are assumed negligible here. Line 2 is actual gas density, as if measured perfectly correct at a constant 
pressure when the actual density is reduced with an increase in gas temperature due to temperature expansion, as expected from 
the Ideal Gas Law. Line 3 is measured gas density, as measured in reality at constant pressure, similar to Line 2, when reading 
of actual density is further reduced below the actual value due to spectroscopic effects of temperature on the absorption lines. 
Examples of such effects are as shown for CH

4, CO2, N2O and NH3 in Figures A-1 and A-2.
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In many traditionally used laser-based closed-path 
analyzers, by the time gas sample gets to the sam-
pling cell, the long intake tubes and heat exchangers 
significantly attenuate fast fluctuations in gas tempera-
ture, cell pressure is strictly controlled to maintain a 
partial vacuum, and water content is either measured 
or significantly reduced via sample drying. Such con-
figuration dramatically reduces or eliminated the fast 
fluctuation in gas density caused by fast fluctuations 
in air sample temperature, pressure, and water vapor 
content. So most of the density fluctuations seen in the 
sample are due to the ecosystem flux itself. However, in 
newer lower-power narrow-band or laser-based device 
(e.g., open-path, closed-path or enclosed), this may not 
be a case. Here the understanding of and compensa-
tion for the spectroscopic effect in addition to density 
effects of temperature, pressure and water vapor con-
tent is the key to correctly measuring the gas flux. 

When gas density is measured at low speed in such 
devices, the spectroscopic effects can be corrected 
in real time using measurements of mean tempera-
ture, water vapor and pressure the sampling cell, and 
simply incorporated into the instrument calibration. 
However, when the gas density is measured at a fast 
rate, it is difficult to correct for spectroscopic effects 
in real time, as it requires expensive accurate and pre-
cise measurements of gas temperature, pressure and 
H2O content integrated over the entire sampling cell 
volume and recorded at the same exact moment when 
the absorption is measured (Burba et al, 2019a). This 
is especially difficult for open-path analyzers because 
additional sensors and hardware near the anemom-
eter can result in virtually intractable flow distortion 
problems (Dyer, 1981; Wyngaard, 1981, 1988; Frank 
et al., 2013, 2016; Horst et al., 2015, 2016; Grare et al., 
2016; Huq et al., 2017).

The situation can be addressed by accounting for 
changes in laser-based measurements due to high-
speed fluctuations of air temperature, water vapor 
density and pressure in the same manner as Webb et 
al. (1980) accounted for the respective density and 
dilution effects of the fluctuations in sample’s air tem-
perature, water vapor density and pressure. This is 
achieved by building an instrument-specific relation-
ship between spectroscopic effects and density effects, 
and then using such a relationship together with the 
WPL concept to apply both spectroscopic and density 
effects to flux data based on half-hourly, hourly, or over 
averaged products (Burba et al, 2019a). 

This is possible because the density effects of air tem-
perature, pressure and water vapor on the gas sample 
are described by Ideal Gas and partial Pressure Laws, 
and the spectroscopic effects are described for each 
specific absorption line in a HITRAN (HIgh-resolu-
tion TRANsmission molecular Absorption database; 
Rothman et. al., 1998, 2009; Werle et al., 2002; Gordon 
et. al., 2017). 

Figure A-3 shows a simplified general case of the tem-
perature effects. It illustrates the relationship between 
spectroscopic and density effects on the example of 
temperature. Line 1 shown the gas density expected 
at constant volume when the density does not change 
with temperature, for example in a sealed cell. Line 2 
is the density expected at constant pressure when the 
density of a warming sample goes down as a result 
of temperature expansion per the Ideal Gas Law, as 
would be the in any open-path or unsealed enclosed or 
closed-path designs. Line 2 is what we want the instru-
ment to report to measure correct gas flux from the 
area of interest. However, Line 3 is what one typically 
would see when the measured density is different from 
the actual gas density (Line 2), due to spectroscopic 
effects of the temperature on the absorption line added 
to the density effects of temperature per Ideal Gas Law. 

Both density and spectroscopic effects of tempera-
ture shown in A-3 are usually well-known for the 
entire temperature range from the Ideal Gas Law and 
HITRAN. Therefore, one can accurately relate the 
spectroscopic effect caused by a change in temperature 
(Line 3) to the thermal expansion effect caused by the 
same high-speed change in temperature (Line 2). 

In other words, if 2.72 °C change in temperature at 0 °C 
leads to expansion of gas by 1% (Line 2 in Figure A-3), 
the same change in temperature will lead to an addi-
tional 0.3% of the apparent “expansion” of gas sample 
due to spectroscopic effects (Line 3 in Figure A-3). So if 
we know that the spectroscopic effect of temperature 
is 30% of the density effect of thermal expansion at a 
given temperature, we could simply correct for both 
the spectroscopic and thermal effects using thermal 
expansion effect multiplied by 1.3. Similarly, we can 
correct for the pressure using the Ideal Gas Law to 
construct a pressure-dependent analog of Line 2, and 
for water dilution using the Partial Pressures Law to 
construct a humidity-dependent analog of Line 2.

Concept (continued)
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Figure A-4. (a) Example of a family of k-functions (surfaces) different for different atmospheric pressures; (b) The k-function (surface) 
represented using the concept of the equivalent pressure (Burch, et al., 1962; Jaimeson et al. (1963); Welles & McDermitt, 2005; Burba et al., 

2009c,d; McDermitt et al., 2011; Burba 2013).

Following the concept described in the previous section, we can propagate the spectroscopic effects of 
fluctuations in temperature, dilution and pressure through traditional eddy flux calculations which use gas 
density measurements native to open-path analyzers and then apply WPL density terms, where true gas 
density ρc can be expressed as follows:

[a-1]

where ρcm is gas density not corrected for spectroscopic effects, and ρc is corrected for such effects using 
dimensionless calibration function k =f(T, p, diluting gas 1, gas 2,.. gas n, etc). The k compensates for the 
spectroscopic effects of changing gas temperature, pressure, dilution and other changes in gas composition due 
to spectroscopy only, and written in Equation a-1 in its most general form. Depending on the instrument design 
and measurements technology, the k may have just a single argument (for example, pressure broadening in a 
temperature-controlled dry sample) or it may have many arguments (for example, temperature, pressure, H2O, 
oxygen or other diluting gases affecting measured gas density). Example of an actual k function for an existing 
open-path laser-based gas analyzer is provided in Figure A-4. In this example, the k has three arguments 
(temperature T, pressure px, and water vapor content ρv) folded into two arguments for computational 
simplicity using a concept of the equivalent pressure pe (Burch, et al., 1962; Jaimeson et al., 1963; McDermitt et 
al., 1993; Welles & McDermitt 2005; Burba et al.; 2009c,d; 2011; 2019; LI-COR, 2010; McDermitt et al., 2011; 
Burba, 2013).

Main equation 
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Main equation (continued)

Equation a-1 can then be re-arranged using Reynolds decomposition as follows:

[a-2]

Co-variances with vertical wind speed can them be computed:

[a-3]

And after cancelling the terms covarying instantaneous and mean quantities, the equation simplifies into:

[a-4]

Combining WPL equation (Section 4.4) with Equations a-1 and a-4 leads to:

[a-5]

and finally can be rearranged into:

[a-6]

Equation a-6 describes a propagation of the effects of spectroscopy thought the density corrections (e.g. WPL 
terms): the first term on the right is a WPL equation multiplied by the mean k, the second term is a covariance 
between w' and k', and the third one is a higher order term (H.O.T.). Strictly speaking, the non-negligible 
fluctuations of additional dilutors (other gases in addition to water vapor) would have to be represented in 
Equation a-6 as additional terms analogous to and would propagate through derivations accordingly, 
including additional H.O.T. Here such terms we neglected because present open-path narrow-band gas analyzers 
are specifically designed to avoid the dilution by other gases.



II.B
SECTION II.B  
General Derivation for Laser-based 
Open-Path Measurements Affected 
by T, ρv and p
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General derivation for measurements affected by T, ρ
v
 and p

Here we combine Equation a-6 with a common (but unknown) mathematical form of k function and derive 
specific multipliers to the original WPL equation terms using such a function. 

When spectroscopic effects can be compensated using only three parameters (e.g., temperature, pressure, and 
water vapor) one can define k using a Taylor series expansion: 

[b-1]

This essentially defines three new functions in addition to k: (i) the spectroscopic effect of temperature on ρcm at 
constant specific pressure and water vapor content, (ii) the effect of water vapor at constant specific pressure and 
temperature, and (iii) the effect of pressure at constant specific water vapor content and temperature.

Assuming the terms dT, dρv , and dp represent small deviations, and can be denoted as T’, ρ'v and p' respectively. 
Then, after denoting  and  the k can be pre-
sented as: 

[b-2]

with

[b-3]

Combining Equations a-6, b-2 and b-3 yields:

[b-4]

Then, after opening the parenthesis and rearranging:

[b-5]

Note that Equation b-5 contains corrections for both density effects of T, ρv and p, and spectroscopic effects of T, ρv 
and p, and is different from the WPL equation by only four multipliers (Mf, Mv, MT, Mp) and one high-order term: 
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[b-6]

where Mf is a multiplier adjusting raw flux covariance for the mean spectroscopic effects of temperature, water 
vapor and pressure on measured density:

[b-7]

Mv is a multiplier adjusting the WPL dilution term to include spectroscopic effects of fluctuating water vapor:

[b-8]

MT is a multiplier adjusting the WPL thermal expansion term to include spectroscopic effects of fluctuating 
temperature:

[b-9]

Mp is a multiplier adjusting the WPL pressure term to include spectroscopic effects of fluctuating pressure:

[b-10]

and H.O.T. is a residual high order term:

[b-11]

Equation b-6 is a specific form of Equation a-6 for cases when spectroscopic effects come from only three 
parameters (e.g., temperature, pressure, and water vapor). It allows the use of the WPL concept as a vessel to 
deliver corrections for these spectroscopic effects into eddy covariance flux calculations. A practical application 
of the proposed concept and Eq. b-6 can be illustrated, for example, with a commercially available low-power 
laser-based device for methane flux measurements in Sections II.C-II.E. Although the example is an open-
path analyzer, the proposed approach would also apply to any closed-path or enclosed design, if and when 
fluctuations in temperature, water vapor or pressure of the sample are not measured or fully eliminated.

General derivation for measurements affected by T, ρv and p (continued)





II.C
SECTION II.C  
Derivation of the Functional Form of the 
Propagation of Spectroscopic Effects 
via Flux Calculations for LI-7700
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Functional form derivation for LI-7700

Figure C-1. Effects of temperature and pressure-induced changes in absorption line shape and population distribution, and resulted changes 
in WMS waveforms, pre-calculated and tabulated as a broadening compensation function, k: (a) Family of k-functions (surfaces) different for 
different atmospheric pressures; (b) The k-function (surface) represented using the concept of the equivalent pressure (Burch, et al., 1962; 
Jaimeson et al. (1963); Welles & McDermitt, 2005; Burba et al., 2009c,d; McDermitt et al., 2011; Burba 2013). 

Here we combine Equation b-6 from Section II.B with an equivalent pressure concept simplifying the 
mathematical form of k function, and derive specific multipliers to the original WPL equation terms using the 
equivalent pressure concept. 

A commercially available open-path methane analyzer (LI-7700, LI-COR Biosciences, Lincoln, NE) is a 
VCSEL-based instrument using wavelength modulation spectroscopy to measure methane by scanning an 
absorption feature near 1.65 µm, as described in more detail in Burba (2009a-d, 2010, 2011), LI-COR (2010) 
and McDermitt et al. (2011), as well as in the Materials and Methods section of Burba et al (2019). Temperature, 
water vapor and pressure are the only three major contributors to spectroscopic effects for this instrument, 
making it a good example for testing a real-life application of the proposed concept.

In this example, the function k still depends on three variables (e.g., T, ρv, and p), so it is difficult to practically 
visualize the 4-dimensional surface created by such a function; one axis is the output of the function k and 
the other three axes are arguments of the function k (T, ρv, and p). One way to imagine this conceptually is by 
presenting function k as a family of 3-D surfaces for each p (Fig. C-1A). 

Another way is to express spectroscopic effects of ρv in terms of the equivalent pressure, pe, following Burch et 
al. (1962), Jaimeson et al. (1963), and Welles and McDermitt (2005), as seen in Fig C-1B:

[c-1]

where =0.46, the foreign gas broadening coefficient for water vapor (1.46 for LI-7700) less 1; xv is water 
vapor mole fraction; and R is a gas constant. All instrument specific calculations can then be propagated via 
flux calculations using this paradigm (Eq. c-1). Please note that each gas species has a different broadening 
coefficient gamma that feeds into the Lorentzian portion of the lineshape, so 1.46 is not a universal constant 
but rather specific to H2O and specific absorption line.
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Several further simplifications can be made for this instrument, using knowledge of its operation and appli-
cations. The pressure term can be neglected, as is usually done in conventional eddy covariance workflows. 
However, while the pressure term itself is neglected, the influence of pressure on spectroscopic effects of T and 
pe still may be important and is not neglected in the calculations below. The H.O.T. term can be assumed to 
be negligible for the range of pressures, temperatures and humidities observed inside the lower atmospheric 
boundary layer. Then, with these two simplifications, Equation b-6 becomes quite short:

[c-2]

where just 3 multipliers (Mf7700, Mv7700, MT7700) make it different from the conventional WPL equation (Webb et 
al., 1980) with a neglected pressure term:

[c-3]

The first multiplier in Equation c-2, Mf7700= k7700 , has a simple functional form identical to Equation b-7, and is 
derived specifically for the LI-7700 from HITRAN as described in LI-COR (2010), and Section II.C, and veri-
fied via actual measurements (shown below). 

The second multiplier comes from Equation b-8 in a general form for, , but can be 
rewritten for pe. Using the Ideal Gas Law and the Law of Partial Pressures, ρd can be presented as follows:

[c-4]

Combining Equation b-8 with Equation c-4, and Equation c-1 yields:

[c-5]

In the lower atmosphere, the eddy fluxes are measured at xv<0.05%, so the following approximation can be used, 
causing an error <0.2% for a dew point below 32 °C at normal pressure (and much less for lower dew points):

[c-6]

Combining Equations c-5 and c-6 leads to:

[c-7]

The k7700ρv
 can now be expressed as k7700ρe

 using ρv from Equation c-1,

[c-8]

[c-9]

Functional form derivation for LI-7700 (continued)
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Constants can be moved outside the function k:

[c-10]

and multiplied by µ to arrange the units in terms of mole density:

[c-11]

Combining Equations c-7 and c-11 yields:

[c-12]

where all parameters are known, and derived specifically for the LI-7700 from HITRAN, and verified via actual 
measurements. An alternative derivation of  is also provided in Section II.D (Eqs. d-14 to d-36).

In a similar manner, MT is derived to have a following instrument-specific form:

[c-13]

where the last term on the right is a secondary effect of water vapor on the spectroscopic effects of 
temperature (see Section II.D for details). 

Alternatively to using derivation path from c-4 to c-13, one can simply rearrange the A, B, and C multipliers 
derived for the Equation d-38 (below) such that Mf7700=A; Mv7700=AB; and MT7700=AC, and obtain the forms of 
Mf7700, Mv7700, MT7700 identical to those shown above. Either way, the Eq. c-2, with Mf7700, Mv7700, MT7700, becomes 
a specific form of Equation b-6 for the case when fluxes are measured with this specific open-path CH4 gas 
analyzer.

Functional form derivation for LI-7700 (continued)



II.D
SECTION II.D  
Full Instrument-Specific 
Derivation for LI-7700
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Here we provide a full derivation for computing CH4 flux from the LI-7700 gas analyzer. It utilizes the overall 
concept described in Section II.A and II.B, but goes much further by describing underlying principles of the 
spectroscopy utilized in this specific design, and by providing exact forms of the equivalent pressure function 
and k function used in this instrument. 

This derivation is a practical alternative to the one provided in Section II.C, yielding identical results, but 
allowing a much deeper understanding of the functioning of this specific instrument. This is the derivation 
used in the LI-7700 Open Path CH4 Analyzer Instruction Manual (LI-COR, 2010). 

Resulting equations d-38 to d-41 are coded into EddyPro for processing CH4 fluxes from this open-path model, 
and further explained in Section II.E for those who want to code them into their own processing routines. 

Absorption of infrared radiation by a gas

The Beer-Lambert Law describes the absorption of radiation by a gas sample:

[d-1]

where I and I0 are received and incident optical power, 𝛼 is an absorbance, S(T) is absorption line strength as a 
function of temperature, g(ν-ν0) is a normalized lineshape function for the line at ν0, N is gas number density 
and l is the path length. 

When fractional absorbance DI/I0, is small (<0.01), a linear approximation can be used:

[d-2]

Using Wavelength Modulation Spectroscopy (WMS), the LI-7700 laser scans across a single feature in the 2ν3 
absorption band of methane near 1.6 microns with high resolution and at a high repetition rate. The wavelength 
is modulated at sub-MHz frequency, virtually eliminating 1/f flicker noise of the laser source and allowing 
detection of fractional absorption less than 10-5, which is not attainable with conventional direct absorption. 
The LI-7700 demodulates the resulting signal at twice the modulation frequency, and then compares the result 
to a reference signal shape, which is stored in the LI-7700, to determine the CH4 concentration. Pressure and 
temperature induced changes in lineshape and population distribution, as well as changes in laser power and 
mirror reflectivity are compensated using computational fitting algorithms so that measurements are accurate 
over a wide range of pressures, temperatures, and environmental conditions.

Full LI-7700 specific derivation
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Temperature dependence of absorption line strength

Line strength of a particular transition is a fundamental spectroscopic property, and it is proportional to the 
population (number of molecules) in the lower state of the transition and the absorption cross-section for that 
transition. The population in an individual rotational state can be calculated from Boltzmann’s distribution:

[d-3]

where h is Planck’s constant, c is the speed of light, k is Boltzmann’s constant, N is total number density, N’’ is 
the number density of the probed state, Erot is the rotational energy of the probed state, Q(T) is the partition 
function. The absorption cross-section and rotational energy for a particular transition can be obtained from 
the HITRAN database (Rothman, et al., 2009). The partition function Q is also available as a function of tem-
perature from HITRAN.

Line broadening mechanisms

In the near infrared region, under ambient atmospheric conditions, the main sources of line broadening for 
CH4 are Doppler broadening and pressure (collisional) broadening. For a single rotational line, the intensity 
profile of Doppler broadening as a function of wavelength is described by the Gaussian:

[d-4]

where DvD is the Doppler half width at half maximum (HWHM) of a Gaussian profile and is:

[d-5]

where k is the Boltzmann constant, m is molecular mass, and T is temperature (K).

Pressure broadening is described by the Lorentzian lineshape:

[d-6]

where DvL is Lorentzian half width and can be calculated using empirically determined parameters from 
HITRAN database:

[d-7] pp
p
p

Full LI-7700 specific derivation (continued)
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where T is temperature (K), p is pressure in Pa; y(T0,p0) (pressure broadening at T0 and p0) and r (tempera-
ture dependence of pressure broadening) are parameters from the HITRAN database for the individual line, 
T0=296 K, p0=101325 Pa.

The Voigt lineshape is a convolution of the Lorentzian and Gaussian:

[d-8]

It can be rewritten in the form:

[d-9] 

where  and .

The Voigt integral has no analytic solution but can be approximated by numerical methods to a high degree 
of accuracy.

In summary, the population of the lower state is a function of temperature and two different mechanisms 
responsible for lineshape changes: Doppler broadening (a function of temperature), and pressure broadening 
(a function of both temperature and pressure). To calculate number density from measured absorption, 
knowledge of both temperature and pressure to a high degree of accuracy is absolutely essential.

Full LI-7700 specific derivation (continued)
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Figure D-2. The wavelength is modulated and simultaneously swept across the absorption feature. Demodulation at 2f results in a background-
free signal with low noise.

Wavelength modulation spectroscopy

With WMS, the wavelength of light emitted by the laser is modulated by injection current at sub-MHz 
frequency f while scanning across the absorption feature. Wavelength modulation over the lineshape results in 
modulation at f and its higher harmonics (2f, 3f, etc), which are proportional to the absorption and resemble 
a derivative of the corresponding order. Because very strong amplitude modulation is also present at carrier 
frequency f, higher order harmonics are preferable for detecting a small absorption feature. The LI-7700 uses 
phase-sensitive demodulation by a digital lock-in amplifier at 2f to obtain a background-free signal with 
excellent noise rejection.

The magnitude of the waveform is linear with the number density ρcm (=N from the previous discussion) 
and proportional to incident power I0. The recorded waveform is compared by least squares fitting with the 
reference waveform (with p0, T0, ρ0cm calculated using the HITRAN database and numerical computation 
methods for a WMS transfer function).

The sample waveform is computed from:

[d-10] 

where 𝛼[i]is the measured lineshape, I0 is the received laser power, and r[i] is the detector output, which is also an 
array of M spectral samples. Number density (not corrected for temperature and pressure) is computed from:

[d-11]
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Figure D-1. WMS uses wavelength sweep and modulation over a methane absorption feature to measure absorption by methane.

Full LI-7700 specific derivation (continued)
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where ρcm is measured methane number density before correction for pressure and temperature, i is waveband 
1 through M, Ks is the span value, Kz is the zero value, 𝛼[ i] is the measured lineshape, and 𝛼ref[ i] is the reference 
lineshape. Number density, ρcm, as shown in Equation d-11, is not corrected for fast temperature and pressure 
fluctuations. It is a standard value, which requires subsequent processing when computing fluxes with the eddy 
covariance method.

Compensating for temperature and pressure changes

Effects of temperature and pressure-induced changes in lineshape and population distribution, and resulting 
changes in WMS waveforms are pre-calculated and tabulated as a broadening compensation function, k(T,p). 
k(T,p) is stored in the instrument as a look-up table and is shown in LI-COR (2010). When precise temperature 
and pressure measurements are available, they can be implemented as

[d-12]

where ρcm is the measured methane number density before correction, T is temperature (°C), and p is atmospheric 
pressure (kPa). Atmospheric pressure and air temperature are measured by the LI-7700 using an onboard pressure 
sensor and thermocouple, and are output with the data stream; however, because the LI-7700 temperature 
measurements are relatively slow, k(T,p) is not applied to the CH4 number density channel (mmol m-3).

The impact of broadening on flux calculations is accounted for in a manner similar to that used by Webb, et 
al., (1980) for thermal expansion and water vapor dilution, using temperature and wind speed measured by 
the sonic anemometer and water vapor measured with an LI-7500A Open Path CO2/H2O Analyzer, or similar 
instrument. This will be described in the next section.

On-board measurements of temperature and pressure are used to compute methane mole fraction (µmol 
mol-1, xc):

[d-13]

where R is the gas constant (8.314 J K-1 mol-1). xc is suitable for calibration, diagnostics, and atmospheric 
monitorig, when slow changes in temperature are expected. The mole fraction output is fully corrected for 
temperatures and pressures measured with onboard sensors, but it is not suitable for flux measurements because 
the response time of the thermocouple is relatively slow (roughly 1 Hz cutoff frequency). The thermocouple 
is designed to provide accurate and robust temperature measurements, not fast temperature measurements.

As described in the previous section, only the ρcm channel (methane density, mmol m-3), which is uncorrected 
for T and p, should be used for flux measurements. Temperature and pressure corrections are then applied over 
each averaging interval (e.g., half hour) using the modified WPL procedure.

ˆ

p

Full LI-7700 specific derivation (continued)
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Figure D-3. Calculated water vapor dilution effects and actual response of the LI-7700 at 0.176 mmol/m3 CH4, p of 97.7 kPa, and T of 42.8 
°C. Blue line: Expected theoretical methane density based upon dilution. Purple squares: Measured ρcm based upon barometric pressure and 
temperature. Methane density is increasingly under-estimated as water vapor mole fraction increases. Blue diamonds: Measured ρcm using 
pe computed from the water vapor mole fraction at each point instead of p in k(T, pe). The water broadening coefficient used here is specific 
to the LI-7700 but is consistent with water vapor broadening parameters extrapolated from Gharavi and Buckley (2005) over much higher 
temperatures and water vapor mole densities.

Compensating for water vapor: equivalent pressure, pe

Different gases are not equally effective in causing pressure broadening of absorption lines. The effects of 
pressure broadening by different diluent gases, including water vapor, can be represented with a single quantity 
called equivalent pressure, pe (kPa) (Burch, et al., 1962). Equivalent pressure can be defined as pe = pN2+ Σaipi, 
where pN2 is the partial pressure of nitrogen, and pi gives the partial pressures of other diluent non-absorbing 
gases, each multiplied by its foreign gas coefficient ai. The coefficients ai reflect the ability of each diluent gas 
to cause pressure broadening relative to broadening caused by N2. Self-broadening by methane on methane is 
neglected because its concentration is so low. As a result of applying such compensation, the k-function (Fig. 
C-1A) can effectively be expanded to cover dilution effects (Fig. C-1B).

Methane measurements are made in the air where water vapor is the only variable component in sufficient 
concentration to affect broadening. Therefore, we define pe relative to dry air instead of nitrogen, so we have 
pe = pd + avpv, where pd is partial pressure of dry air (kPa), av is the foreign gas broadening coefficient for 
water vapor relative to dry air, and pv is water vapor partial pressure (kPa). Total air pressure p can be written 
as p = pd + pv. Subtracting p from pe and rearranging gives:

[d-14]

where 𝛼v = av – 1, and xv = pv /p is water vapor mole fraction. For the LI-7700, av is found experimentally to have 
a value of 1.46, but this value may vary for other instruments depending upon the gas species, the absorption 
line or lines being measured, and the instrument design, because each gas species has a different broadening 
coefficient gamma that feeds into the Lorentzian portion of the lineshape.
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Using the Ideal Gas Law, pe also can be re-written as:

[d-15]

where ρv = pv(RT)-1 is water vapor number density (mol m-3). Now we can view the effects of water vapor as 
a perturbation on the total pressure, so k(T,p) shown in Figure C-1a can be generalized as k(T,pe) shown 
in Figure C-1B, which includes pressure broadening by water vapor using Equation d-14 or d-15. For slow 
measurements, it follows that to correct methane density for pressure broadening due to water vapor, simply 
use pe as defined in Equations d-14 or d-15, instead of p when entering the table for k(T,p) in Equation d-12. 
For methane mole fraction, xc, a pressure correction has already been applied by the instrument based upon 
the measured p according to Equation d-13, so to correct for water vapor, simply multiply xc by k(T,pe)/k(T,p). 
We now have the tools to examine how the spectroscopic effects of T, p, and water vapor will propagate into 
methane flux measurements.

Derivation of multipliers for flux measurements

The instantaneous concentration of methane in the turbulent atmosphere above a surface is affected by the 
exchange of methane, heat, and water vapor with the surface. When the instantaneous methane concentration 
is measured with an open path instrument it is necessary to know the instantaneous temperature and water 
vapor concentration in order to correct for thermal expansion and dilution. Webb, et al., (1980) showed how 
corrections for such effects could be made using statistical parameters measured over an appropriate averaging 
period (e.g., 30 minutes). Similarly, it is also necessary to correct for the spectroscopic effects of fluctuations in 
temperature and water vapor, because even though these effects are small, they are highly correlated with the 
methane transport we wish to measure. In the derivation that follows we show that spectroscopic effects can 
be treated in a manner similar to thermal expansion and dilution (patent pending), and can be combined with 
the formulation proposed by Webb, et al., (1980).

Pressure-related fluctuations are usually neglected, but it may be necessary to pay attention to this if the 
research site is at a high elevation. This can be done as part of the WPL correction using a third pressure term 
(Massman & Tuovinen, 2006). The derivation that follows can be extended to include spectroscopic effects of 
pressure fluctuations if such are needed. We are neglecting them here.

Before beginning we note once again that only the uncorrected methane density (mmol m3) should be used for 
flux calculations. Mean CH4 mole fraction (µmol mol-1) reported by the LI-7700 is compensated for pressure 
in real time and for temperature using a relatively slow thermocouple, but not water vapor, so it is not suitable 
for flux calculations. The methane mole fraction output can be used for calibration and diagnostic purposes 
but we do not recommend its use for flux calculations.

pp

Full LI-7700 specific derivation (continued)
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We begin by defining k(T,pe) as before, and

[d-16]

where ρcm is measured gas density (mol m-3) not corrected for T and p effects, ρc is the actual density of the 
sample (mol m-3), and k is the broadening compensation function using pe rather than p. Using Reynolds 
decomposition, each term can be written:

[d-17]

[d-18]

[d-19]

Mean quantities are indicated by the over-bars. The deviation of an instantaneous quantity from the mean is 
indicated by a prime. The instantaneous quantity is indicated by the absence of over-bar or prime. Instantaneous 
deviations in k due to fluctuations in temperature and water vapor density from their means can be described 
by a Taylor series expansion:

[d-20]

The terms dT and dPe represent small deviations and can be denoted as T’ and pe’, respectively. Also, we denote

x

x

p

p

and x

x

p

p
p , giving

[d-21]

where higher order terms are neglected. Expanding Equation d-16 with Equations d-17, d-18 and d-21 leads to:

[d-22]

[d-23]

From Equation d-16 and with ρc  = k ρcm , the first terms on the left side and right side of Equation d-23 cancel. 
Multiplying by w’, time averaging, and noting that triple prime terms are small compared to double prime 
terms, yields:

[d-24] 

where (w’ρ’c ) is the raw flux in mol m-2 s-1. 

p
p

p
p

p
p

pp

pp

p pp

p

Full LI-7700 specific derivation (continued)
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Pe’ can be re-written in terms of water vapor density ρv’ using Equation d-15; thus, x p p . 
If barometric pressure p were considered to vary its effect would enter the derivation here; but at constant p, 
and substituting primes for deltas:

[d-25]

and

[d-26]

Substituting 

gives

[d-27]

where ρd  is the number density of dry air (mol m-3).

With a small change in notation, Eq. 24 of Webb et al. (1980) can be rewritten as:

[d-28]

where Fc is mass flux of non-reactive gas (g m-2 s-1), qi = mi ρi is mass density (g m-3) of a non-reactive gas 
(methane, dry air, or water vapor denoted by subscripts c, d, or v respectively), m = md /mv is a ratio of the formula 
weight of dry air to the molecular weight of water vapor, and 𝜎 = qv /qd . Equation d-27 can be rewritten in 
terms of mass flux by multiplying each term on both sides by the molecular weight of nonreactive gas (mc) and 
by changing variables in the last term on the right by noting that x

x

 to give:

[d-29]

Substituting d-29 into d-28 and noting that qc = qcm k ,

[d-30]

We now wish to rearrange Eq. d-30 to put it into a form similar to Eq. d-28. To do that, we note x , 
and multiplying the second term on the right by x  gives:

[d-31]

p

.

p p p

p

ppp

x

x

ppp

x

x

ppp

Full LI-7700 specific derivation (continued)
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Collecting like terms in w’qv’  and w’T’ and factoring yields:

or

[d-32]

Now we note that Rρv= p xv /T, so

[d-33]

where 
x

 is the latent heat multiplier and 
x

 is the sensible heat mul-
tiplier. Both multipliers involve the term 

x

 .

We need to write Eq. d-33 in terms of pe so we can build a table that involves only pe instead of both p   and pe. 
From Eq. d-14, p = pe /(1+𝛼v  xv ) ; 𝛼v = 0.46, and for dew points below 32 °C at one atmosphere,  xv  is always less 
than 0.05, so to a good approximation, (1-xv) /(1+0.46xv) ≈ 1-1.46xv. The error in this expression is less than 
0.2% for dew points below 32 °C and one atmosphere, and much less for more moderate dew points. 

Thus, Eq. d-33 becomes:

[d-34]

where, converting to an identical formulation as in Section II.B:

[d-35]

[d-36]

[d-37]

x

x

x

x

x

x
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x

x
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x
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Equation d-34 is now in a form similar to d-28 (Eq. 24 from Webb et al., 1980), except that the latent heat flux 
term is multiplied by a spectroscopic correction factor dominated by water vapor and the sensible heat flux 
term is multiplied by a spectroscopic correction factor dominated by temperature. After rearranging the paren-
thesis, the Eq. d-34 also can be rewritten as:

[d-38]

where

[d-39]

[d-40]

[d-41]1

Equation d-38 is convenient to use for computing and coding CH4 flux calculations from LI-7700, and it is the 
equation provided in LI-COR (2010) and coded in the EddyPro. 

However, this equation may be a bit more difficult to understand or interpret physically than Eq d-34, because 
the A multiplier (Eq. d-39) is mathematically arranged to be outside the entire WPL equation, obscuring the 
relationship of spectroscopic multipliers with their respective WPL terms. 

With a simple relationship between the multipliers for Eqs. d-34 and d-38 (e.g., Mf7700 = A; Mv7700 = AB; MT7700 = AC), 
the flux calculation results are identical from both of these equations, as well as from the Eq. c-2 in Section II.C. 

It should be noted, that temperature, pressure, and water vapor mole fraction all enter into both terms because 
they all are used to determine the entry point in the correction tables summarized by the response surface of 𝜅 
shown in Figure C-1b. Tables are provided in Chapter 5 of the LI-7700 Instruction Manual (LI-COR, 2010) giv-
ing 𝜅 , its derivatives, and the factors 

x

 and 

x

. Step-by-step instructions are given in Section II.E.

1The need for the last term in this equation, the xv(B-1), is debatable, but overall effect of using or not using it on the resulted CH
4
 fluxes is a very 

minimal second-order product, measuring less than 10-4 of the measured flux. We have computed fluxes both ways and found this effect insignificant. 

x

x

x

x
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x
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Here we provide a quick algorithm, or a "cheat-sheet", for computing full CH4 flux from LI-7700 measurements. 
This workflow has already been programmed into EddyPro and is applied to flux calculations automatically. 

If using own code, it would be advisable to program the steps below into the standard flux processing code 
once, then to verify the coding by hand calculations in one or two cases, and then to use this code in all further 
computations of final CH4 fluxes. This way these steps become a part of flux processing code, and no additional 
efforts or time investment would be required. 

Algorithm

Step 0. Realize what exactly is being done 

0.1 To compute correct CH4 flux, we want to correct the covariance of wind speed and gas density for both 
density effects and spectroscopic effects, in such a way that standard WPL equation correcting for just 
density effects:

becomes the modified WPL equation correcting for both density effects and spectroscopic effects:

Please note that the only difference between the standard WPL equation correcting for density effects 
and the modified WPL equation correcting for both density effects and spectroscopic effects are the three 
multipliers: A, B and C. 

Therefore, the process of CH4 flux calculation from LI-7700 measurements is a standard process routinely 
used to compute CO2 or H2O fluxes from open-path analyzers such as LI-7500 and LI-7500A. The only 
difference is that at the end we apply A, B and C multipliers to the standard WPL equation. 

x

x

Workflow for LI-7700
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Step 1. Compute flux co-variance

1.1 Determine correct time delay between fast time series of CH4 density in mg m-3 as reported by LI-7700 
and vertical wind speed as reported by a sonic anemometer over a half-hour, an hour or other desired 
time period. 

This step is usually done for open-path systems using maximum covariance technique, also termed circular 
correlation, or circular covariance, when time series are shifted in relation to each other scan-by-scan and 
the best delay for given half hour or hour is determined by the largest value of covariance. 

The time delay may be anywhere from zero to 0.5 seconds depending on sensor separation, wind speed 
and electronic delays for the whole data collection system.

1.2 Use this time delay to properly align fast time series of CH4 density and vertical wind speed, w.

1.3 After time delay is computed in step 1.1, one of the time series is shifted accordingly and both CH4 and w 
time series are now aligned. 

1.4 Compute frequency response correction over the same time period as in 1.1 (half-hour, hour or other 
desired time period).

This correction may range anywhere from 1.05 to 1.5 depending on sensor separation, instrument height, 
wind speed and thermal stability.

1.5 Compute raw covariance between instantaneous CH4 density and vertical wind speed fluctuations over 
the same time period as in step 1.1.

1.6 Multiply the raw covariance by frequency response correction. 

The resulted frequency response corrected co-variance may range anywhere from about -4 to about +300 
mg CH4 m

-2 h-1 depending on the strength of methane flux and WPL terms. Natural ecosystems are likely 
to have a range from -4 to +30 mg CH4 m

-2 h-1, and anthropogenic ecosystems may range from -4 to +300 
mg CH4 m

-2 h-1.

In a specific example of actual field data collected near Mead, NE, at 11:30 AM 6/29/2009 and shown on 
the next pages, and in Table 5-2 of the LI-7700 manual (LI-COR, 2010), the frequency response corrected 
covariance is -0.468 mg CH4 m

-2 h-1. 

Workflow for LI-7700 (continued)
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Step 2. Compute auxiliary variables

2.1 Compute all mean quantities (such as mean temperature, humidity, gas density, air density etc.), and 
compute water vapor and sensible heat flux covariances over the same time period as in Step 1, as required 
by standard WPL equation (e.g., Eq. d-28 in the LI-7700 manual, or Eq. 24 in Webb et al., 1980):

In a specific example of actual field data collected near Mead, NE, at 11:30 AM 6/29/2009 and shown 
below, and in Table 5-2 of the LI-7700 manual:

w’𝜌’cm = -0.468 mg CH4 m
-2 h-1

μ ≈ 1.6077 

𝜌cm = 1.227 mg CH4 m
-3   

𝜌d ≈ 1152 g m-3    

w’𝜌v’  = 91.04 g m-2 h-1   

σ ≈ 0.0127      

T = 22.25C = 295.40 K    

w’T’ = 47.63 K m h-1  

Step 3. Compute first multiplier A

3.1 Determine mean water vapor mole fraction in the air, xv, over the same time period as in step 1.1 via 
xv=pv/p, where pv is partial pressure of water vapor and p is total atmospheric pressure.

The typical range for xv is anywhere from 0.002 in extremely dry cold conditions to 0.04 in a very humid 
and warm conditions.

In the specific example of field data from Mead, NE, the xv= 0.02

3.2  Compute equivalent pressure pe from atmospheric pressure p (step 2.1) and xv (step 3.1) via

The equivalent pressure may range anywhere from 95 to 105 kPa at sea level depending on atmospheric 
pressure and water vapor content of the air. In the specific example of field data from Mead, NE: 

x

Workflow for LI-7700 (continued)
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3.3 Compute multiplier A from values of pe (step 3.2) and T (step 2.1) using Table 5-8 or equation 5-3 in the 
LI-7700 manual, or full look-up table on LI-COR CD.

This multiplier may range anywhere from 0.95 to 1.01 at normal atmospheric pressure depending on 
air temperature.

In the specific example of field data from Mead, NE, A=0.97

Step 4. Compute second multiplier B

4.1 Determine the value of the component  from values of pe (step 3.2) and T (step 2.1) using 
Table 5-9 or equation 5-4 in the LI-7700 man CD.

This component may range anywhere from 0.4 to 0.5 at normal atmospheric pressure depending on 
air temperature.

In the specific example of field data from Mead, NE, this component  = 0.43212

4.2 Compute multiplier B from values of xv (step 3.1) and  (step 4.1) via

 

 The multiplier B may range anywhere from 1.37 to 1.47 at normal conditions.

 In the specific example of field data from Mead, NE, the multiplier B= 1.42

Step 5. Compute third multiplier C

5.1 Determine the value of the component  from values of pe (step 3.2) and T (step 2.1) using 
Table 5-10 or equation 5-5 in the LI-7700 manual, or full look-up table on LI-COR CD.

 This component may range anywhere from 0.1 to 0.4 at normal atmospheric pressure depending on air 
temperature. In the specific example of field data from Mead, NE, this component 

5.2 Compute multiplier C from values of xv (step 3.1),  (step 5.1), and B (step 4.2) via

 The multiplier C may range anywhere from 1.20 to 1.35 at normal conditions. In the specific example of 
field data from Mead, NE, the multiplier C= 1.33

Workflow for LI-7700 (continued)
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Step 6. Compute final flux

6.1  Use Equation c-2 

x

 to compute final flux:

Multiplier A comes from step 3.3

Frequency response corrected covariance w’ρ’cm comtepfrom step 1.6

Multiplier B comes from step 4.2

Latent heat flux portion 

x

 of standard WPL correction comes from step 2.1

Multiplier C comes from step 4.2

Sensible heat flux portion 

x

 of standard WPL correction comes from step 2.1

In the specific example of field data from Mead, NE: Fc = 0.02 mg CH4 m
-2 h-1.

Workflow for LI-7700 (continued)
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Workflow for LI-7700 (continued)

As an alternative to the 6-step sequence described previously, the entire process can be visualized in simpler form 
on the flowchart above. Let's now compute the final CH4 flux value for one actual hour of flux measurements 
conducted in Summer 2009 over maize field. This experimental site had a multi-year history of chamber 
measurements of very small CH4 fluxes (0.005±0.17 mg m-2 hundyear-round). The following conditions were 
observed over the 11:30 AM hour on 6/29/2009:

where

A = 0.97, as computed in Step 3

w’ρ’cm = -0.468 mg CH4 m
-2 h-1, as measured in the field with LI-7700 and sonic anemometer

B = 1.42, as computed in Step 4

m = 1.6077, as assumed for this calculation example 

ρcm = 1.227 mg CH4 m
-3, as measured in the field with LI-7700

ρd = 1152 g m-3, as follows from given T and p 

w’ρv’ = 91.04 g m-2 h-1, as measured in the field with LI-7500 and sonic anemometer  

C = 1.33, as computed in Step 5

x

 
 

 

Compute frequency
response corrected 
covariance w’qcm’

Compute frequency
response corrections

Compute raw 
covariance w’qcm’
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pressure
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between w and qcm
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with LI-7700  
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sonic anemometer  

Measure H2O with
LI-7500DS or LI-7200RS

Compute sensible heat 
flux term in standard

WPL correction

Compute final 
CH4 flux Fc

Compute latent heat 
flux term in standard

WPL correction

Compute multipliers 
A, B, C
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𝜎  ≈ 0.0127, as follows from xv=0.02 

T = 22.25C = 295.40 K, as measured in the field with LI-7700

w’T’ = 47.63 K m h-1, as measured in the field with a sonic anemometer 

Steps 3, 4, and 5 also use:

xv=0.02, as measured with LI-7500 gas analyzer 

p = 97.7 kPa as measured in the field with LI-7700

Using the multipliers, the equation turns into a fairly simple form of WPL equation:

which is the standard WPL equation with three multipliers to compensate for spectroscopic effects. 

Finally, after plugging actual numbers into the last equation, the following fluxes are computed:

Raw uncorrected flux = -0.47 mg CH4 m
-2 h-1

Traditional WPL-corrected flux = -0.11 mg CH4 m
-2 h-1

The WPL-corrected fluxes corrected using multipliers = 0.02 mg CH4 m
-2 s-1

With error bars of magnitude about 0.25-0.50 mg CH4 m
-2 h-1 as determined by the 15% of uncertainty on the 

typical midday WPL terms for CH4 flux, the final flux value in this specific example is well within error bars 
of the Eddy Covariance method, and not significantly different from zero, as anticipated at this site from the 
history of chamber measurements.

.

Workflow for LI-7700 (continued)
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1 The non-negligible fluctuations of diluting gases other than H2O(ρv) would have to be represented as additional terms 
analogous to m w’ρv’  in WPL equation, and would propagate to Equation a-5 accordingly including additions to H.O.T. 
Since present open-path gas analyzers are specifically designed to avoid the dilution by other gases, we omit including such 
non-H2O dilutions terms for sake of practical simplicity. The form of k in Equation a-5 may still however be affected by a 
mean concentration of non-H2O dilutor with negligible natural fluctuations.

2 Equation d-38 is convenient to use for computing and coding CH4 flux calculations from LI-7700, and it is the equation 
provided in LI-COR (2010) and coded in the EddyPro. However, this equation may be a bit more difficult to understand or 
interpret physically than Eq d-34, because the A multiplier (Eq. d-39) is mathematically arranged to be outside the entire 
WPL equation, obscuring the relationship of spectroscopic multipliers with their respective WPL terms. With a simple 
relationship between the multipliers for Eqs. d-34 and d-38 (e.g., Mf7700 = A; Mv7700 = AB; MT7700 = AC ), the flux calculation 
results are identical from both of these equations, as well as from the Eq. c-2.

Eq. Application Flux Raw Cov. Dilution

WPL Any instrument
No spectroscopic 
effects

Fc =

a-51 Any instrument
Any spectroscopic 
effects

Fc =

b-6 Any instrument
Spectroscopic effects 
of T, ρv , p

Fc =

c-2
d-34
d-382

LI-7700 
Spectroscopic effects 
of T, ρv , p

Fc =

Summary of key equations
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Summary of key equations (continued)

Eq.  Thermal Expansion & Contraction Pressure Exp. & Contr. Spect. HOT

WPL absent neglected

a-51

b-6

×

×
unfolded 
into other 
terms

c-2
d-34
d-382

×

×

neglected unfolded 
into other 
terms

neglected
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Heating process with the power off and on
Instrument surface heating process with the power 
to the station switched off: 

All instrument surfaces (including gas analyzers, ane-
mometers, and all structures around the analyzer and 
the anemometer) are heated by the sun routinely up 
to 0.5-2 C above ambient for the white freshly painted 
surfaces with high albedo. Darker and older surfaces 
and structures are likely to get heated a bit more. 

The effect of this heating is so small that it is unlikely 
to cause any noticeable bias in CO2, CH4 or H2O con-
centrations or fluxes, as long as this heat is not ema-
nating from the analyzer or the nearby structure into 
the anemometer path. 

If this heat is emanating into the anemometer path, 
even small amount of heat may cause a bias in sensible 
heat flux measured by the anemometer which is then 
used for a multitude of terms, corrections, modelling 
the ecosystem heat exchange and energy budget, gap 
filling, etc. The related errors can be seen in gas fluxes 
as well.

However, if the anemometer is not crowded with 
other structures, and all of the bulk (e.g., analyz-
ers, support structures, intake tubes etc.) is installed 
10-20 cm away from the anemometer in the least fre-
quent wind direction, the measured sensible heat flux 

would be correctly representing the ecosystem and 
the space at the tower, and no surface heating effects 
should be seen. 

The very same setup geometry described above also 
helps minimize the flow distortion in the anemom-
eter which is a separate significant issue in itself (see 
Sections 2.3, 2.4, 3.2 for details).

Instrument surface heating process with the power 
to the station switched on:

In this scenario, there are two main sources of power 
dissipation: anemometer and analyzer. 

Anemometer uses very little power but a significant 
portion of it may be dissipated in the path between 
the transducers where the heat flux is ultimately mea-
sured. Still, the effect of its power dissipation on flux 
calculations is assumed negligible and traditionally 
ignored, perhaps because no reliable reference exists 
to check for this issue.

Open-path analyzers use more power than the ane-
mometers but much of this power goes to the elec-
tronics boxes and the relatively small remainder is 
dissipated primarily by the body of the analyzer away 
from the analyzer or anemometer paths. 
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Increased power to the analyzer, both open-path and 
enclosed, is the price one pays for the active tempera-
ture regulation of the electronics and optics. Without 
such an active regulation, the Infrared Gas Analyzer 
may experience temperature drifts manifesting as all 
sorts of unpredictable behaviors (Sec 2.3). These man-
ifestations can be mistaken for ecological processes or 
physical effects (e.g., strange relationship to sensible 
or latent heat fluxes, tight relationship to wind speed, 
broadening or other spectroscopic effects, etc.). Unlike 
small surface heating errors, the errors associated with 
temperature drifts in the uncontrolled instrument can 
be very substantial for gas and water fluxes.

With an active temperature control, key parts of elec-
tronics and optics of the analyzer are kept at a constant 
temperature. This reduces the temperature drifts to 
the very minimal levels that are listed in the specifi-
cations and verified for each individual LI-COR ana-
lyzer during each factory calibration since the 1980s as 
a standard routine.

The original model LI-7500, also known as CS7500, 
has such a control set at about 30 C. In cold envi-
ronments with low CO2 fluxes, this leads to the 

instrument surface near the open path to be warmer 
than the ambient, enough to cause small bias in cal-
culated CO2 fluxes.

In the later models (LI-7500A), the temperature con-
trol could be set to warm setting (about 30 C) or to the 
cold setting (about 5 C). In cold environment, switch-
ing to 5 C temperature control virtually eliminated 
the surface heating effect, and fluxes from LI-7500A 
looked the same as the data from LI-7200 and LI-7000.   

In the even later model (LI-7500RS), the handling of 
the temperature was improved and warm and cold set-
tings were retained so performance would be better 
than LI-7500A.

Finally, the very latest model LI-7500DS has a much 
smaller power consumption than any of the older mod-
els. The total power consumption of the LI-7500DS is 
only 4 Watts nominal, increasing by few single watts 
at ambient temperature extremes of -40C and +50C. 
It has very good active temperature control, dramati-
cally reduced power dissipation, and retains warm and 
cold settings.

Heating Process with the Power Off and On (continued)
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Recommended approach to surface heating
One has to be quite careful when applying instru-
ment surface heating corrections, because the exist-
ing corrections were developed for an old 1999 
model, and are likely not needed for newer models, 
or with cold settings.

For LI-7500: 

The heating bias is very small and should become 
noticeable below approximately -5 C. 

It can be corrected via few methods described in the 
literature below, and it can be automatically corrected 
when using EddyPro.

If there is a large bias or the bias at warm tempera-
tures, it is likely caused by some other issue: over-cor-
rected frequency response, under corrected WPL, a 
small error in coordinate rotations, etc., because there 
is no physical possibility for the instrument heat to 
cause such a large bias. 

For LI-7500A and LI-7500RS: 

If the cold setting is used in cold environment, there 
should be no, or a very negligible, bias in CO2 fluxes. 
No correction should be needed.

For LI-7500DS: 

With 4 Watts of total power consumption bias in this 
new instrument instead of traditional 15 W in older 
models, the heating is expected to be extremely small 
or negligible in all situations, especially so with cold-
settings activated in cold environments (Sec 2.4).



III.B
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Adjustment of the Open-Path 
Surface Heating Correction for 
an Inclined Analyzer 
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Accounting for a different exposure
Section 4.6 of this book describes the instrument 
surface heating concept and provides correspond-
ing equations. The concept itself, the equations for 
the added heat and for the resulted corrections to the 
fluxes apply to any configuration of any open-path 
analyzer in any environmental conditions. 

However, the estimates the added heat specifically for 
the case of the original LI-7500 model were developed 
using vertically positioned instrument in the ambient 
conditions typical for Nebraska (e.g., mid-latitudes, 
low elevation, high winds, etc.) as described in detail 
in Burba et al. (2008).

With severely inclined analyzer, the cylinder-like bot-
tom portion of the instrument would be exposed to 
winds, sun, sky and other elements quite differently 
in comparison with the vertical instrument tested in 
Nebraska. This difference may be particularly import-
ant during clear nights, when the inclined cylinder is 
exposed to a radiatively black sky to a larger extend 
than the vertical cylinder. At the same time, the top 
portion of the instrument is geometrically close to a 
ball shape and, on average, would not be affected by 
inclination as much as the cylinder.

In terms of environmental conditions, many studies 
using open-path analyzers employ remote low-power 
eddy covariance stations, with minimal number of 
measurements required for confident flux calcula-
tions, and often could not provide essential param-
eters required for constructing the energy budget of 
the instrument surface based on fundamental phys-
ical principles (e.g., measured instrument surface 
temperatures, incoming and outgoing long-wave 
radiation, amounts of snow and ice on the instrument 
surfaces, etc.) which would help to account for vari-
ous different environmental conditions. 

In the absence of such key parameters, the adjust-
ment to the original surface heating correction can 
be made assuming that the temperature exchange 
for the bottom cylinder may be different from that 
observed in Nebraska, as well as respective tempera-
ture regressions for day and night, and that this dif-
ference contributes most to the differences between 
the heating of the vertical sensor in Nebraska used 
for the original correction and the inclined sensor in 
some other location. 

Here we provide a way to adjust the original surface 
heating correction for an inclined analyzer using 
an example of a dataset from an inclined original 
LI-7500 model deployed year-round at the Northern 
Slope of Alaska (see Oechel et al, 2014 for details). 

The inclined bottom cylinder in Alaska was assumed 
to be more exposed to the elements than the vertical 
cylinder in Nebraska, and its temperature (TbotAK) was 
assumed to be a combination of the bottom cylinder 
temperature in Nebraska (TbotNE) and the top ball tem-
perature in Nebraska (TtopNE). The latter was assumed 
to be similarly exposed to elements in Nebraska and 
Alaska, but is always more exposed to elements than 
the bottom cylinder.

TbotAK= x TbotNE+(1-x)TtopNE

where x is a weighting factor.

The x in the equation above was parameterized 
during only very cold periods with an air temperature 
below negative 35 °C in January-March, 2006, three 
months after the soil was frozen and CO2 could have 
been pushed out. It is reasonable to assume during 
such periods, that the CO2 flux should not change 
with temperature varying from -35 to -40 °C.  The 
closeness of the CO2-flux-to-air-temperature slope 
to zero became first criterion for the best x, and no 
assumptions were made on the actual magnitude of 
the CO2 flux. 

Then, the corrections were computed using Method 
4 (sub-method: linear regression with air tempera-
ture; Burba et al., 2008) for multiple weighing factors 
x, resulting in different CO2-flux-to-air-temperature 
slopes. The magnitude of the corrections were then 
examined over different, much broader cold periods 
when the air temperature was below zero °C. During 
such periods, the daily correction should not become 
negative, as this would suggest that the instrument 
is cooler than ambient air. The latter is implausible 
because the old model of the instrument was con-
trolled at about +30 °C and should on average be 
warmer than the sub-zero air temperatures. The min-
imal number of days with negative correction became 
the second criterion for the best x. 
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Table A-1. The bounding conditions for the adjustment of the inclined sensor in Alaska. It is highly unlikely that CO
2
 flux (Fc) will change 

significantly with air temperature at ambient conditions below -35 °C in January-March, after soil was frozen for over 3 months (e.g., Octo-
ber-December). It is also implausible to expect the large number of occurrences of negative heating correction (e.g., meaning the instrument 
is colder then ambient) at ambient temperatures below 0 °C, because instrument electronics is kept at about +30 °C. Optimal weighting for 
x was chosen at minimal slope of Fc vs T at 1 occurrence of negative correction, which magnitude was not statistically different from zero. 

x for TbotAK, % Slope of Fc vs. air T,  
at Ta<-35 °C, x1000
closer to zero is better

Number of negative daily 
corrections at air T<0 °C
smaller is better

0 100 0.900 161

50 50 0.080 48

55 45 -0.002 15

60 40 -0.085 6

61 39 -0.102 3

62 38 -0.119 3

63 37 -0.135 1

64 36 -0.152 1

65 35 -0.169 1

70 30 -0.250 0

80 20 -0.420 0

90 10 -0.580 0

100 0 -0.750 0

Optimal for inclined sensor

Vertical sensor

By using both criteria (the near-zero slope of the 
CO2-flux-to-air-temperature curve below <-35 °C, 
and the minimal number of negative corrections 
below zero °C), the adjustment was bound based on 
a basic physiology of the ecosystem and physics of 
the thermal exchange of the instrument, and without 
any assumption on what CO2 flux magnitudes should 
actually be. All parameterizations were done based 
on 24 hours of data to eliminate methodological and 
instrumental noises during these cold periods with 
diminutive fluxes.

Table A-1 Illustrates this procedure. The opti-
mal weighting came out at 63%-to-37%, such that 
TbotAK= 0.63 TbotNE+0.37TtopNE. This way the CO2 flux 
did not significantly change with T below -35 °C, 
and nearly all heating correction occurrences were 
positive or near-zero. 

Increasing the weighing factor above 63% created 
steeper CO2 flux-to-air-temperature slope, which is 
highly unlikely physiologically, and is not supported 
by the data from literature. The original correction 
developed for vertically oriented sensor in Nebraska 
(x=100) would have led to a slope 5.5 times steeper 
that that observed for optimal x in Alaska. 

Decreasing the weighting factor below 63% resulted 
in the large number of occurrences of negative daily 
corrections which were implausible from the funda-
mental thermal exchange between the instrument 
controlled at +30 °C and sub-zero air temperatures.

Bounding by physiology and physics 
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Figure A-1. The bounding conditions described in Table A-1. Left plot: with 63%-to-37% weighting, the corrected daily CO
2
 fluxes at temperatures 

below -35 °C had minimal slope with air temperature and were not significantly different from zero. Right plot: at the same time, there was only 
one occurrence of the negative daily correction at temperatures below zero °C with magnitude not statistically different from zero. Increasing the 
weighing factor created steeper CO

2
 flux-to-air-temperature slope, which is highly unlikely physiologically, and is not supported by the data from 

literature. Decreasing the weighting factor resulted in the large number of occurrences of negative daily corrections which is implausible from the 
fundamental thermal exchange between the instrument controlled at +30 °C and sub-zero air temperature. 
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The resulted fluxes during the periods with air tem-
peratures below -35 °C are shown in the left plot 
above. The fluxes before the correction were small, but 
significantly negative, suggesting small CO2 uptake. 

After the correction, the fluxes became small but 
positive, suggesting small release of CO2. Statistically 
however, error bars crossed the zero in all corrected 
cases, and resulted fluxes were not significantly dif-
ferent from zero. 

These results are also corroborated by the nearly con-
stant and minimal rates of carbon exchange reported 
under similar conditions in other studies (Zimov et 
al., 1993; Elberling, 2007). 

At the same time, there was only one occurrence of a 
small negative daily correction (not significantly differ-
ent from zero) at temperatures below zero (right plot).

Bounding by physiology and physics (continued)
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Figure A-2. Hourly fluxes for the entire year. (A) The fluxes after original surface heating correction (Burba et al., 2008) plotted versus the fluxes 
corrected with an adjustment for the sensor inclination (Eq. A-1; Table A-1). The effect of the adjustment on hourly CO

2
 flux was small, with the 

slope of 1.6% and an offset of 0.016 mg CO
2
 m-1 s-1. (B) The uncorrected fluxes plotted versus those with adjusted surface heating correction. The 

effect of the adjusted heating correction on hourly CO
2
 flux was still relatively small, with the slope 3% and an offset of 0.01 mg CO

2
 m-1 s-1. (C) 

Hourly fluxes before and after the correction plotted for the entire year. 

Figure A-2 shows the resulted hourly CO2 fluxes 
throughout the entire year. The difference between the 
adjusted and the original corrections is illustrated in 
Figure A-2A. The effect of the adjustment was small, 
with the slope of 1.016 and an offset of 0.016 mg CO2 
m-1 s-1, with adjusted correction being slightly smaller 
in magnitude in comparison to the original one. 

The difference between the corrected and uncor-
rected fluxes is shown in Figure A-2B. The effect was 
also small, with the slope of 1.03 and an offset of -0.01 
mg CO2 m-1 s-1. The correction slightly reduced the 
uptakes and increased the released in comparison 

with uncorrected values. The yearly patterns of the 
hourly fluxes are shown in Figure A-2C before and 
after the heating correction, illustrating the small and 
consistent impact of the correction throughout the 
year, as expected at this primarily cold ecosystem. 

The inclination adjustment presented above is a 
site-specific rough first approximation, and it employs 
significant empiricism and a number of assump-
tions, in addition to already significant assumptions 
employed in Method 4 (sub-method: linear regres-
sion with air temperature; Burba et al., 2008) for ver-
tical sensor. 

Resulted adjustment 



610 | Appendix III.B

While realizing these deficiencies, many necessary 
parameters to get to a finer, more fundamental, 
adjustment model (e.g., measured instrument sur-
face temperatures, incoming and outgoing long-wave 
radiation, amounts of snow and ice on the instrument 
surfaces, etc.) are not available for a more reliable 
approach to surface heating in the severely inclined 
open-path analyzer. 

Please refer to Sec 4.6 and literature below for more 
details on this on other methods to correct for instru-
ment surface heating, and to Section 2.4 for an exam-
ple of the open-path analyzer that does not require 
such a correction.

Reading and References

Burba, G. 2013. Eddy covariance method for scientific, industrial, agricul-
tural and regulatory applications: a field book on measuring ecosystem 
gas exchange and areal emission rates. LI-COR Biosciences. https://
www.doi.org/10.13140/RG.2.1.4247.8561. — Pages 219-225 describe 
the phenomenon and list correction methods available at the time

Burba, G., et al. 2011. Field examination of low temperature control 
setting for mediating surface heating effect in open-path flux mea-
surements under cold conditions. In European Geosciences Union 
General Assembly, Geophysical Research Abstracts (Volume 13), Vi-
enna, Austria, 03-08 April. https://meetingorganizer.copernicus.org/
EGU2011/EGU2011-11.pdf. — Experimental data clearly shows what 
happens when temperature control is switched from warm to cold

Burba, G., et al. 2008. Addressing the influence of instrument sur-
face heat exchange on the measurements of CO

2
 flux from open-

path gas analyzers. Global Change Biology, 14(8), 1854-1876. https://
doi.org/10.1111/j.1365-2486.2008.01606.x. — Original version of the 
heating correction

Frank, J.M., & Massman, W.J. 2020. A new perspective on the 
open-path infrared gas analyzer self-heating correction. Agricultur-
al and Forest Meteorology, 290, 107986. https://doi.org/10.1016/j.
agrformet.2020.107986 — An alternative way of deriving the heat in-
side the open path.

Grelle, A., & Burba, G. 2007. Fine-wire thermometer to correct CO
2
 flux-

es by open-path analyzers for artificial density fluctuations. Agricultur-
al and Forest Meteorology, 147(1-2), 48-57. https://doi.org/10.1016/j.
agrformet.2007.06.007 — A vivid demonstration of the instrument 
surface heating effect

Järvi, L., et al. 2009. Comparison of net CO
2
 fluxes measured with 

open- and closed-path infrared gas analyzers in an urban complex 
environment. Boreal Environment Research, 14, 499-514. http://www.
borenv.net/BER/archive/pdfs/ber14/ber14-499.pdf – An alternative 
way of deriving the heat inside the path using shortterm field compar-
ison between open- and closed-path instruments.

Kittler, F., et al. 2017. High-quality eddy-covariance CO
2
 budgets under 

cold climate conditions. Journal of Geophysical Research: Biogeosci-
ences, 122(8), 2064-2084. https://doi.org/10.1002/2017jg003830 — 
An alternative way of deriving the heat inside the open path.

McDermitt, D., et al. 2011. A new low-power, open-path instrument 
for measuring methane flux by eddy covariance. Applied Physics B, 
102(2), 391-405. https://doi.org/10.1007/s00340-010-4307-0 — Ex-
ample of the open-path instrument designed to avoid the surface 
heating correction

Oechel, W.C., et al. 2014. Annual patterns and budget of CO
2
 flux in an 

Arctic tussock tundra ecosystem. Journal of Geophysical Research: Bio-
geosciences, 119(3), 323-339. https://doi.org/10.1002/2013jg002431— 
Appendix ‘A’ has instructions on how to parameterize the heating cor-
rection in cold environments 

Resulted adjustment (continued)
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Using pressure modulation for an in-field diagnostics

• Gas density in a sealed volume should change in exact 
proportion to pressure, per the Ideal Gas Law

• For example, gas density should be at ½ of the origi-
nal density at ½ or the original pressure

• In many cases, contamination, temperature, electronic 
aging, incorrect settings, or user calibration, etc. may 
improperly affect this relationship in a gas analyzer

• In such cases, the pressure response can be used as 
an indicator or the problem

Gas analyzers can drift with changes in sampling cell 
contamination, temperature-related drifts, electronic 
aging and other factors, including incorrect firmware 
settings and user calibrations. When gas analyzers 
drift, they show errors, such that the gas analyzer 
readings deviate from the true readings.

At the same gas concentration (moles of gas per mole 
of air), the measured gas density (moles of gas per vol-
ume) should change in exact proportion to the pres-
sure, per Ideal Gas Law. 

For example, if, cell pressure drops two times, the gas 
density should drop two times. If pressure increases 
two times, gas density should increase two times. At 
pressure nearing zero, the density should be near the 
zero as well. Hypothetically, at zero pressure in the 
cell, the density should also become zero. 

If contamination, temperature, electronic aging, 
incorrect firmware settings, incorrect user calibration 
and many other factors improperly affect this relation-
ship, then the response of changing gas density to cell 
pressure can be used as an indicator of the problem 
without a need to use calibration gases:

• If changes in gas density are not strictly propor-
tional to changes in cell pressure, the instrument 
readings have deviated from the value expected 
from the Ideal gas Law, indicating the problem. 

• If a projected offset in the density/pressure rela-
tionship is not zero, the instrument readings have 
deviated from the value expected from the Ideal 
gas Law, also indicating the problem. 

• Combination of the proportionality with pres-
sure and the projected offset in the density/pres-
sure relationship potentially can also be used for 
in-filed calibration/validation, to quantify the 
drifts and correct the gas analyzer density data 
(App IV.B).

Multiple previous studies on this subject proposed 
using pressure changes while measuring absorp-
tion according to the Beer-Lambert Law (see refer-
ences below), yet we were not able to find any prior 
approach for using pressure changes while measuring 
gas density according to the Ideal Gas Law. 

Using gas density in combination with the Ideal Gas 
Law (vs using absorption in combination with the 
Beer Lambert Law) may have some benefits for the 
field diagnostics and potential filed calibration/vali-
dation of gas analyzers, because it effectively catches 
all the errors caught by the absorption approach but 
also catches several additional sources of gas analyzer 
errors, such as errors in firmware, user setting, cali-
bration equations etc., all of which happen during or 
after the absorption is converted to the concentration 
or density. 

Pressure

Expected for sealed volume

Something is wrong: contamination is typically 
most frequent issue and a first suspect

De
ns

ity
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Reading and References
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Mount, B.E., Koslin, M.E., & Perkin Elmer Corporation. 1990. Pres-
sure-modulated infrared gas analyzer and method. US Patent 4,975,582.

Todd, M., Milder, D., & Tetra Technologies, Inc. 1973. Pressure-modulat-
ed multiple gas analyzer. US Patent 3,728,540.

Wang, X., et al. 2010. High performance CO
2
 measurement based on 

pressure modulation. Procedia Engineering, 5, 1208-1211. https://doi.
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Using pressure modulation for an in-field diagnostics (continued)

https://doi.org/10.1016/j.proeng.2010.09.329 
https://doi.org/10.1016/j.proeng.2010.09.329 
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Using pressure modulation for an in-field diagnostics (continued)

As a practical example, the plots above show two 
actual cases from an instrument intentionally con-
taminated with two different types of contaminants. 

Clean instrument follows Ideal Gas Law (green sym-
bols and black line) in both cases. Introducing con-
tamination affected pressure-density relationships. 
In one case, mostly the offset was affected. But in 
another case, contamination affected the slope and 
the offset. So inspecting both slope (e.g., propor-
tionality between pressure and density) and offset 
(projected zero density at zero pressure) of the pres-
sure-density relationships can help for an in-field 
diagnostic of the instrument.

Finally, it is also important to list several significant 
assumptions made in the concept above, and related 
considerations: 

• Pressurizing or depressurizing the sampling cell 
introduces a change to both gas number density 
(moles of gas molecules per volume) and air den-
sity (moles of gas molecules per volume). Here we 
assume that such changes are truly proportional as 
measured by a properly functioning instrument.

• Presence of water vapor, cross-sensitivities and sec-
ond-order effects could all affect this proportion-
ality. Testing this in a freshly factory-calibrated, 
clean, temperature equilibrated instrument would 
indicate if the instrument is capable of measuring 
this proportionality by design. 

• In the sealed, partially sealed or otherwise 
restricted sampling volume, pressure change can 
also lead to temperature change, per Ideal Gas 
Law, and such temperature change can affect the 
measured gas density in a number of ways (for 
example via a non-liner calibration slope). 

• Here we assume that temperature is either known 
(measured in the cell) or pressure changes are 
small enough to make the effect of related tem-
perature changes on gas density negligible. The 
effect on such temperature changes on measured 
gas density are typically very small but may 
become important in some systems, especially 
under low pressure conditions.

• Spectroscopic effects of changing pressure and 
temperature can affect both the proportionally 
and the offset, especially in narrow-beam laser-
based measurements (Section 4.5 and Appendix 
II), and should be investigated and accounted for 
in a specific instrument. 

• The concept obviously does not apply to instru-
ments where pressure must be strictly controlled at 
certain levels in order to get a correct gas reading.
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• Example of LI-7200 gas analyzer intentionally contaminated with various agents: high and very high con-
tamination levels

• Room conditions: experiment is not well controlled but informative and practically useful

• Sealed cell, variable pressure +/- 5 to 7 kPa

• Clean state used as a reference

Using pressure modulation for an in-field diagnostics (continued)

To test the concept, and to develop instructions for a 
simple low-cost self-made solution for in-field diag-
nostics of gas analyzers without a need for calibra-
tion gases, a system was constructed using a sealed 
rubber bulb and the CO2/H2O gas analyzer LI-7200 
(the original model) as pictured above. One entry to 
the sampling cell was closed off with a metal cap, and 
another entry had a sealed rubber bulb attached. 

Then large amount of contamination was applied to 
the analyzer windows to intentionally cause errors in 
readings. Two specific steps were deliberately taken to 
amplify the observed effects during the experiments: 

• The contamination levels were quite strong, not 
likely to be observed in real outdoor environ-
ment. Heavy contamination was easily visible and 
covered most of analyzer windows areas, and very 
heavy contamination was abundantly covering all 
of the analyzer windows. 

• The old LI-7200 model was chosen because the 
new model LI-7200RS handles contamination 
much better than the original model (Section 
2.4) and would have compensated most of the 
contamination.

A set of laboratory experiments was conducted, 
where the pressure was changed in the sampling cell 
by pressing on the bulb attached to a clean properly 
functioning analyzer first, and then, using different 
contamination levels. The plot above presents the 
data from the clean factory-calibrated instrument 
demonstrating that CO2 density follows pressure very 
well, as expected from Ideal Gas law.

In each case, the response of measured gas density 
to pressure changes was examined in relation to that 
expected from the Ideal Gas Law for a clean analyzer 
to see if pressure-density relationship provides addi-
tional advantages to the already existing diagnostics 
based on the optical signal strength (SS). 

Warning: If building or using such a system, please be 
aware that the air in the bulb, the sampling cell and any con-
nected tubing needs to be flashed or exchanged multiple times 
to make sure that both sampling cell and the bulb have the 
same gas concentration.
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Actual situation
(using zero and span gasses)

Diagnostics using traditional 
Signal Strength
(SS>60% assumed OK)

Diagnostics using p Modulation
(no reference gasses: original factory fit used as reference)

Case Indicator
SS 
AVE

SS 
CO2

SS 
H2O

Indicator
CO2 
slope

CO2 
offset

H2O 
slope

H2O 
offset

Indicator

Instrument 1: Heavy Contamination

Clean Start OK 87 76 99 OK OK OK OK OK OK

Case 1 OFF 78 69 87 OK OK OFF OK OFF Needs  
Service

Case 2 OFF 75 65 86 OK OK OK OK OFF Needs  
Service

Case 3 OK 76 66 86 OK OK OK OK OK OK

Case 4 OFF 74 64 85 OK OK OFF OK OFF Needs  
Service

Case 5 OFF 74 65 84 OK OFF OK OK OK Needs  
Service

Case 6 OK 75 65 85 OK OK OK OK OK OK

Case 7 OFF 75 65 86 OK OK OK OK OFF Needs  
Service

Case 8 OFF 75 64 86 OK OFF OFF OFF OFF Needs  
Service

Case 9 OFF 57 52 62 Needs 
Service

OFF OFF OFF OFF Needs  
Service

Instrument 2: Very Heavy Contamination

Clean Start OK 89 77 100 OK OK OK OK OK OK

Case 10 OFF 50 52 49
Needs 
Service

OFF OFF OK OFF
Needs  
Service

Case 11 OFF 42 38 46 Needs 
Service

OFF OFF OK OFF Needs  
Service

Case 12 OFF 48 39 56 Needs 
Service

OFF OFF OK OFF Needs  
Service

Case 13 OFF 50 41 59 Needs 
Service

OFF OFF OK OFF Needs  
Service

Case 14 OFF 63 55 71 Needs 
Service

OFF OFF OK OFF Needs  
Service

Case 15 OFF 61 52 69 Needs 
Service

OK OK OK OFF Needs  
Service

Case 16 OFF 68 58 77 Needs 
Service

OFF OK OK OFF Needs  
Service

Case 17 OFF 32 33 31 Needs 
Service

OK OK OFF OFF Needs  
Service

Case 18 OFF 66 57 75 Needs 
Service

OK OK OK OK Needs  
Service

Using pressure modulation for an in-field diagnostics (continued)
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Table shows results of 18 such tests. The heavy con-
tamination in Cases 3 and 6 was compensated by 
the system well and no substantial changes in pres-
sure-density slope or offset was observed. In all other 
cases, contamination caused either a substantial 
change in pressure-density offset or slope or both.

Traditional diagnostics based on Signal Strength 
caught all cases with very heavy contamination but 
missed 6 out of 9 cases with heavy contamination. 
Pressure-density relationship approach helped detect 
issues in in all cases. 

These results are preliminary, very limited in scope, 
and require further investigation by a flux community: 

• Only a single analyzer type was tested (e.g., 
enclosed-path NDIR IRGA)

• Only a single problem was introduced (e.g., cell 
contamination)

• Only a narrow range of environmental condi-
tions was covered (e.g., stable room temperature 
and humidity) 

However, the tests conducted so far demonstrated 
that the proposed pressure modulation approach has 
a promise to allow self-made, inexpensive, and simple 

method of additional quality control of gas analyzer 
based on the drift detection without the need of 
calibration gases, leading to a potential significant 
reduction in the costs and maintenance time for the 
measurement systems. 

The execution of the method can be manual as pre-
sented here or can be made unattended and auto-
mated using pre-programmed pump and a shut-off 
valve. It may also be possible to do without a valve 
by programming the pump to pull or push the air 
against the fine-particle intake filter in the middle of 
a windy day when gas concentration is expected to 
change little. 

The pressure modulation-based in-field diagnostics 
could present particular benefits for remote experi-
mental sites, hard-to-access locations (rooftops, tall 
towers), and mobile locations with little room for 
gas tanks (car roofs, airborne and ship borne appli-
cations, etc.)

Warning: Please note that an “OK” diagnostic using either 
signal strength of pressure modulation does not necessarily 
mean that the instrument is good, while “Needs service” 
diagnostic from either approach definitely means that service 
is required.

Using pressure modulation for an in-field diagnostics (continued)
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Using pressure modulation for a potential in-field validation

• Gas density in a sealed volume should change in exact 
proportion to pressure, per the Ideal Gas Law

• At zero pressure, the projected gas density should go 
to zero

• If density does not project to zero, it could be an indi-
cation of the offset due to instrument drift

• This is little-studied technology and instrument specific 
phenomenon, so upmost caution is need if using it, but 
it may potentially provide flux community with an inex-
pensive, gas-free calibration and validation in the field

In the previous section, the method was proposed to 
use pressure modulation and resulted pressure-den-
sity relationship in the analyzer’s sampling cell to 
diagnose various instrument issues, such as cell con-
tamination, temperature-related drifts, electronic 
aging, improper firmware settings, incorrect user cal-
ibration, etc. without the use of calibration gases.

The same concept can potentially be applied to the 
removal of the calibration offsets in the field, espe-
cially for the cases when calibration slope does not 
substantially change and most of the drift happened 
in the offset of the instrument, a frequent situation for 
NDIR IRGAs. The figure above shows actual exam-
ples of two such cases when simply adding/subtract-
ing the observed offset for entire line worked well, 
significantly reducing the effects of instrument drift.
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CO2 Density vs Cell Pressure Correcting mean shift for the offset

Measured Slope forced to 
clean state

Mean Density Error

Case Slope Offset Slope Offset Original Corrected Original Corrected

Instrument 1: Heavy Contamination

Clean Start 0.34 0.4 0.34 0.4 32.3 32 1% 0%

Case 1 0.35 2.2 0.34 3 36.2 33.2 12% 4%

Case 2 0.31 -1.2 0.34 -4 29 33 -10% 3%

Case 3 0.32 -0.5 0.34 -1.7 31.2 32.9 -2% 3%

Case 4 0.32 3.1 0.34 1 34.2 33.2 7% 4%

Case 5 0.36 -0.8 0.34 1.5 34.4 32.9 7% 3%

Case 6 0.33 -0.7 0.34 0 32.2 32.2 1% 1%

Case 7 0.35 0.2 0.34 1 34.2 33.2 6% 4%

Case 8 0.29 7.8 0.34 3 35.7 32.7 10% 2%

Case 9 0.28 -4.9 0.34 -10 22.1 32.1 -44% 1%

Instrument 2: Very Heavy Contamination

Clean Start 0.24 0.8 0.24 0.82 24.7 23.9 3% 0%

Case 10 0.37 -10.6 0.24 1 25.5 24.5 6% 2%

Case 11 0.37 -14.6 0.24 -2 20.8 22.8 -15% -5%

Case 12 0.28 5.8 0.24 10 33.1 23.1 28% -4%

Case 13 0.29 2 0.24 7 31.1 24.1 23% 1%

Case 14 0.26 -1.1 0.24 1 24.8 23.8 4% 0%

Case 15 0.32 -1.8 0.24 6 29.8 23.8 20% 0%

Case 16 0.28 -1.1 0.24 2 26.4 24.4 10% 2%

Case 17 0.23 -19.6 0.24 -20 3 23 -699% -4%

Case 18 0.26 -0.1 0.24 1.5 25 23.5 4% -2%

Using pressure modulation for a potential in-field validation (continued)
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Table on the previous page shows reduction in the 
mean CO2 density measurement errors as a result of 
zero adjustment based on the pressure modulation 
and pressure-density relationship. 

Please note that in this table, the assumption was 
made that the calibration slope of the instrument was 
not substantially affected and most of the drift hap-
pened in the calibration offset. So the slope of pres-
sure-density relationship (shown in the table) was 
forced to a clean state from the same instrument. It 
is a typical situation for NDIR IRGA when drift is 
caused by a contamination, but it may not always be 
the case for other causes of the drift and for other gas 
sensing technologies. 

Adding offset after the slope of pressure-density rela-
tionship was forced to a clean state worked very well in 
all cases: mean CO2 density measurement errors were 
reduced up to 77 times under heavy contamination 
and up to 181 times under very heavy contamination.

As with in-field diagnostics described in the previ-
ous section, these are very preliminary limited-scope 
experiments, and significant investigation would be 
needed by the flux community to validate the gas-
free calibration approach for in-field zero validation/
calibration. 

However, the tests conducted so far demonstrated 
that the pressure modulation approach has a promise 

to allow self-made, inexpensive and simple method of 
in-field validation/calibration, at least for a zero set-
tings, when no zero gas or scrub should be required 
in the field.

Again, as with in-field diagnostics, the execution of 
the pressure-modulation method can be manual as 
presented here, or can be made unattended and auto-
mated using pre-programmed pump and a shut-off 
valve, or without the valve by programming the pump 
to pull or push the air sample against the fine-particle 
intake filter in the middle of a windy day, when gas 
concentration is expected to change little. 

Developing a gas-free in-field calibration/valida-
tion approach can potentially lead to a significant 
reduction in the costs and maintenance time for the 
measurement systems, especially in remote and hard-
to-access locations, and at mobile locations with little 
room for gas tanks (rooftops, tall towers, car roofs, 
airborne, and shipborne applications, etc.).

Warning: Please note that if substantial drift happens in 
the slope of the gas analyzer, in addition to the drift in the zero 
offset, using gas-free pressure modulation approach may still 
be possible but can get very complex and instrument- and 
technology-specific.

A major project would be required to further develop gas-free 
field calibration approach, and then test it across numerous 
instruments and gas sensing technologies, numerous causes of 
the drifts, and over a wide range of environmental conditions.

Using pressure modulation for a potential in-field validation (continued)
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A
Absorption band 80
Accuracy 376
Actual air temperature 290
Advection 358
Aerodynamic method 519
Airflow distortion 77, 96, 97, 227, 232, 233
Airflow in ecosystems 17
Air intake 84
Air temperature 290
Alignment 259
Alternative flux methods 502
AmeriFlux 420
Analysis 351, 380
Analyzer 79
Anemometer 76, 77, 101

Models 118
Angle of attack 29, 99, 292
Angle-of-attack correction 101, 257, 292
Applications:

Eddy Covariance 42
LI-7200RS 160
LI-7500DS 130
LI-7700 135

Applying calibration coefficients 255
AsiaFlux 421
Assumptions, eddy covariance 20, 27
Atmospheric layers 196
Attenuation, tube 265, 276, 277, 278
Auxiliary measurements 166
Averaging period 260, 261

B
Bad data removal 354
Bag- and valve-free eddy accumulation methods 514
Band broadening:

Correction 338
Errors 32

Bandwidth 93, 364
Biomet system 166, 167
Block averaging 260
Boundary layer 196
Bowen ratio method 518

C
Calibration:

Coefficients 255
Range 94

Canopy:
Height 196, 197
Measurements 45, 166

Canopy chamber 507
Cap-and-trade 73
Carbon capture and sequestration 64, 67, 69
Carbon footprint 113
Carbon footprint considerations 113
Carbon neutrality 62, 73, 458
Carbon sequestration 69, 73, 458
Carbon trading 62, 73, 458

CH4 analyzer 82, 131
Chamber flux methods 504, 505, 507
ChinaFLUX 422
Choosing averaging period 261
Classical equation for eddy flux 25, 26
Closed-path analyzer design 84, 86, 88
Closure, energy budget 360, 361
Complete eddy covariance station 43, 167
Complex terrain 34, 256
Concentration profile 339
Concentration range 93
Concept of surface heating 320
Constant flux layer 196
Contamination sensitivity 96, 614
Convergence 358
Converting fast units 253
Coordinate rotation 256, 257
Correction factor, frequency response 267, 268, 269
Corrections, workflow summary 342, 343
Cospectral:

Analysis 94, 365
Correction 267, 268, 269
Curve 267
Models 274

Covariance 22, 23

D
Data:

Averaging 261
Collection 37
Gap filling 370
Gap inventory 370
Inspection 240
Integration 371
Loss 95, 96
Processing 37, 172, 192, 252, 349
Quality control 354, 357
Retrieval 242

Data analysis 351
Density:

Correction 26, 294, 295
Effects 302
Terms 294, 295

Derivation of eddy covariance equation 24, 25
Design of:

Eddy covariance experiment 37, 40
Gas analyzers 79, 84

Despiking 254
Desynchronized data 259, 282
De-trending 260, 261
Digital sampling, correction 265, 285
Disjunct eddy covariance 513
Distortion of flow 76, 77, 78, 97, 101, 102
Divergence 358
Dry mole fraction 24, 83, 295, 299, 330

E
Eddies at a single point 19
Eddy 17, 19
Eddy accumulation 512
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Eddy correlation 23
Eddy covariance 20, 21, 23

Flux corrections, summary 342
Knowledge base at LI-COR 497
Processing 249
Processing software, EddyPro 175
Station 43
Station, on-line builder 167
Station, specialized 45
Technical and scientific support 498
Training at LI-COR 496
Useful books 494
Useful websites 418, 465
Workflow 36, 37

EddyPro 175
Emissions:

Monitoring 53, 60, 62
Trading 73

Enclosed analyzer design 76, 84, 87, 88
Energy balance 360
Energy budget closure 360
Ensemble-averaged cospectra 269, 362
Environmental Response Function 399
Equation for eddy covariance, classical 25, 26
Error treatment 28, 30
Essential criteria for instrument selection 92, 93, 95
Evaporation 10, 26
Evapotranspiration 9, 10
Experiment:

Design 220, 347
Implementation 226, 348
Maintenance 216

F
Fast, see also high speed:

Analyzer 44, 79, 92, 93
Density 26, 86
Mixing ratio 26
Resolution 93
Response 92, 93
System 92, 93
Time response 93

Filling in missing data 370
Fingerprint plots 396
Flow distortion 77, 96, 97, 227, 232, 233

Considerations 97
Minimization 232
Sensor separation 233

Flux 16, 21, 23, 24
Corrections, summary 342
Cospectra 267
Data processing 172, 192
Errors 28
Footprint 199
Networks 418
Partitioning 390
Processing software 172, 175

FluxNet 419
FluxSuite 184
Footprint 199

Analysis 200, 380

Models 202
Fourier transform 267
Frequency:

Corrections 31, 264, 265, 267, 274, 287
Response 28, 30, 90, 231

Frequent pitfalls, maintenance 217
Full eddy covariance station 43, 166, 167

G
Gap filling 354, 370
Gas analyzer 76

Optical design 79
Physical design 84

Gas density 79, 83, 295
Global carbon cycle 11
Global energy budget 9
Global networks 418
Global water cycle 10

H
Heat flux correction, sonic 291
Heating effect, correction 320
Heat storage, soil 360
High pass filtering correction 284
High speed gas analyzer 79
Hydra 120

I
ICOS 423
Ideal cospectra 362
Ideal Gas Law effects 302
Implementation of the experiment 37
Industrial applications 42, 44
Installation of:

LI-7200RS 152
LI-7500DS 129
LI-7700 133

Instantaneous data processing 252
Intake tube:

Attenuation effect 277
Heating 155
Insulation 155

J
Jitter 107

K
Kaimal cospectra 267, 269
Kaimal-Moore cospectra 267
Kaimal-Moore’s cospectral models 274
Knowledge base at LI-COR 497

L
Large chamber 507
Latent heat flux 26
Law of Partial Pressures, effect 302
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Layers, atmospheric 194
Leaf chamber 504
LI-7200RS 144, 295

Applications 160
Enclosed design 87, 144, 146
Installation 152
Maintenance 158
Specifications 147
Tube optimization 154

LI-7500DS 80, 88, 122, 129
Applications 130
Installation 129
Maintenance 129
Open-path design 80
Specifications 125

LI-7700 82, 131
Applications 135
Installation 133
Maintenance 134
Open-path design 82
Specifications 132

LI-7810 163, 165
LI-7815 164, 165
LI-7820 165
LI-COR Experimental Research Station 540
Location requirements 194
Low pass filtering, correction 283
Low-power station arrangement 112, 194, 195

M
Maintenance 37, 216, 244

Considerations 114
LI-7200RS 158
LI-7500DS 129
LI-7700 134
Pitfalls 217
Plan 37, 216
Requirements 114

Measurement height 196
Metadata file, EddyPro 177
Meteorological measurements 166
Methane analyzer 82, 131
Minimizing flow distortion 232
Mixed layer 196
Mixing ratio 24, 83
Mk-Hydra 120
Modified Bowen Ratio method 518
Mole fraction, see also dry mole fraction 24, 83
Monin-Obukhov stability parameter 369

N
Narrow-band analyzer 79
NDIR 79
NEON 424
Net ecosystem exchange 13
Net primary production 13
Networks 418
Network time protocol 109
Nighttime quality control 358
Non-dispersive infrared 79

Non-traditional terrain 34, 256
NTP 109
Nyquist frequency 285, 364

O
OF-CEAS 162
Ogive 261, 367
Omni-directional:

Analyzer setup 232
Anemometer 78, 96, 99, 101
Tower setup 97, 227, 232

OneFlux 450
Open-path:

Analyzer 76, 84
Surface heating effect 320
System 85

Operating range 92, 94, 95
Optical Feedback - Cavity Enhanced Absorption Spectroscopy 162
Orthogonal design 78
Output rate 93
Oxygen correction 338
OzFlux 425

P
Parallel 41 438
Partitioning 390
Path averaging 28, 265, 280
Peer-to-peer data sharing 452
Pitfalls of data processing 192
Placement:

Height 196
Instrument 226, 232
Tower 198, 227, 228, 230

Planar fit 257
Power requirements 112, 195
Precision 376
Precision time protocol 109
Pressure modulation 613
Pressure term 295, 334
Processing, data 37, 252, 253
PTP 109

Q
Quality control 37, 354, 357

Algorithms 357
Criteria 357

R
Rate mismatch 107
Raw data 172
Reference cell 81
Regulatory applications 42, 44, 60
Relaxed eddy accumulation 513
Remote sensing 467
Requirements, fast instrumentation 115
Resistance approach 520
Resolution, fast 92, 93
Response time 92, 93, 265
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Reynolds decomposition 24
Rotating coordinates 256
Roughness sublayer 196
Rules of thumb for instrument placement 237

S
Sample cell 81
Sampling frequency 93
Sampling rate mismatch 107
Scientific support 496
Selecting:

Instruments 92
Location 194
Software 171

Sensible heat 9, 26
Sensible heat flux correction, sonic 291
Sensor:

Height 230, 237
Response mismatch 265, 282
Separation 28, 233, 236, 265, 281

Sensor distance and flow distortion 233
Setup requirements 114
Sink 16
Site:

Access and power availability 195
Accessibility 194
Maintenance 216, 244

Slow measurements 44
SmartFlux 180
Software 37, 172, 173

EddyPro 175
Selecting 172

Soil:
Measurements 166, 505
Moisture 166
Temperature 166

Soil chamber 505
Soil heat flux 44, 166, 360
Soil heat storage 360
Sonic anemometer 76, 77, 118

Design 78, 118
Temperature 290

Sonic heat flux correction 29, 30, 291
Sonic temperature correction 290
Source 16
Specifications 93

Reading, understanding 93
Spectral analysis 94, 364
Spectroscopic corrections 312, 313
Spectroscopic effects 302, 307, 310
Speed of sound 77
Spike removal 254
Station, eddy covariance 43
Storage:

Gas flux 340
Soil heat 360
Term 340

Supporting variables 43, 166
Support, scientific/technical 498
Surface heating correction 321, 323
Surface renewal 516

Synchronization 107
System:

Frequency response 264, 269
Requirements 115
Time constant 93
Time response 93, 265

T
Technical and scientific support 498
Temperature:

Actual 290
Correction, sonic 290
Sonic 290
Virtual 290

Thermal expansion 294
Tilt correction 256
Time:

Alignment 259
Average 261
Constant 92, 93
Delay 30, 90, 258
Response 28, 92, 93, 265, 275

Total transfer function 273, 286
Tower:

Height 196
Location 227
Placement 195, 198, 226, 227

Training 496
Training, EddyPro 178
Transfer function 273
Transfer function:

Digital sampling 285
High-pass filtering 284
Low-pass filtering 283
Path averaging 280
Senor response mismatch 282
Sensor separation 281
Time response 275
Total 286
Tube attenuation 276
Volume averaging 280

Transpiration 26
Trueness 375
Tube:

Attenuation 28, 265, 277
Delay 259
Diameter 154
Heating 155
Insulation 155
Length 154
Optimization 154

Turbulence 17, 21
Turbulent transport 21, 22, 97

U
Ultrasonic anemometer 119
Uncertainty 375
Understanding specifications 93
Unit conversion 253
Upwind fetch 230
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Urban flux stations 34

V
Vertical wind speed 77, 98
Virtual air temperature 290

W
Water:

Dilution 295
Flux 26
Vapor flux 26

Wavelength Modulation Spectroscopy 79, 82, 131
Wavelet 397

Weather parameters 44, 166
Webb-Pearman-Leuning terms, see also WPL 29, 33, 264, 294
Wind direction 97, 198
Workflow 36, 37
WPL, see also Webb-Pearman-Leuning terms 29, 294

Closed-path 298
Correction 294, 295
Enclosed design 299
Open-path 297

Z
Zero-plane displacement 197
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Eddy covariance method is a modern high-precision technique for direct measurements of the 
movement of gases, water vapor, heat, and momentum between the surface and the atmosphere. 

It is used for measurements of carbon sequestration and emission rates in natural, agricultural, 
industrial, and urban environments, atmospheric exchange rates of greenhouse gases, direct mea-
surements of evapotranspirative water loss, heat exchange, turbulence rates, and momentum fluxes. 

The wide range of applications includes numerous fundamental and applied sciences, regulatory 
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and offsets, corporate sustainability and neutrality, among many others.   
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tions, planning, processing, and analysis steps of the eddy covariance method. 
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