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Summarizing the past modules

▪ Module 1: The Importance of Measuring and Researching Carbon 

and Water Cycles and Their Impact on Climate Change

▪ Module 2: The Theory of Ecosystem Gas Exchange: The Eddy 

Covariance Method

▪ Module 3: Eddy Covariance Applications and Experimental Design

▪ Module 4: Instrumentation for Eddy Covariance

▪ Module 5: Integration of an Eddy Covariance System

▪ Module 6: Data Processing with EddyPro



This module 7… 

▪ What other biological influences affect GHG fluxes 

at our research sites?

▪ Leaf-level drivers

▪ Soil-level drivers

▪ How can we measure these additional influences?

▪ How can they be used to help explain and define 

our flux results?



Components of an EC System

High speed sensors
Slow meteorological 

(biomet) sensors

Data collection and 

data processing

Communications 

hardware

Secondary data 

storage

Mounting tripod/towerPower and power 

distribution



The big picture

Field:

Area of Interest

Net measurements 

of CO2, H2O, CH4, 

etc. fluxes
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Biomet Measurements help identify some 

influences



What else influences or effects on our net fluxes?

Lots of processes;

Leaf and Soil level



Let us start with the leaf-level influences



How do these tiny stomates have an affect on fluxes?

Cuticle
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Lower epidermic

Stomatal Size: 20-50 mm

Stomatal Density: 10-80/mm2 on upper 

surface, 25-330/mm2 on lower surface



First, we can measure the transpiration 
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First, we can measure the transpiration 
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Leaf

LI-600 Porometer



Then we can compute the conductance's that control 

the flow of H2O (and CO2) molecules
G

u
a

rd
 c

e
ll

S
to

m
a

ta

Wleaf

Wsam

𝑔𝑠𝑤 =
1

1
𝑔𝑡𝑤

−
1
𝑔𝑏𝑤

𝐸 = 𝑔𝑡𝑤(𝑊𝑙𝑒𝑎𝑓 −𝑊𝑠𝑎𝑚)

Total Conductance (gtw) and stomatal conductance (gsw)

𝑔𝑡𝑤 =
𝐸

𝑊𝑙𝑒𝑎𝑓 −𝑊𝑠𝑎𝑚



Measuring stomal conductance over an area of 

interest

Stomatal conductance (gsw) measured with a GPS-enabled LI-600. Georeferenced 
measurements from the LI-600 are easily viewed in mapping applications including 
Google Earth™ and Esri® ArcGIS®.



Integrating stomal conductance with EC fluxes

Stomatal conductance (gsw) measured with a GPS-enabled LI-600. Georeferenced 
measurements from the LI-600 are easily viewed in mapping applications including 
Google Earth™ and Esri® ArcGIS®.



Why its important to scaling up and down

Wehr, R. and Saleska, S. R.: Calculating canopy stomatal conductance from eddy covariance measurements, in light of the energy 
budget closure problem, Biogeosciences, 18, 13–24, https://doi.org/10.5194/bg-18-13-2021, 2021.

…the inverted Penman–Monteith equation is an inaccurate and unnecessary approximation to the flux–gradient equations for 

sensible heat and water vapor.

Incomplete measurement of the energy budget at EC sites causes substantial bias and misleading spatial and temporal patterns in 

canopy stomatal conductance, even after attempted eddy flux corrections.

The biases in stomatal conductance vary between 0 % and ∼ 30 % depending on the time of day and the site characteristics, resulting 

in erroneous relationships between stomatal conductance and driving variables such as light and vapor pressure deficit.



Why its important to scaling up and down

Paul-Limoges, Eugénie, et al. "Partitioning evapotranspiration with concurrent eddy covariance measurements in a mixed forest." Agricultural 

and Forest Meteorology 280 (2020): 107786.

Both NPP and transpiration rates are limited 

by stomatal conductance. 

Stomatal conductance is down-regulated 

depending on the amount of plant available 

soil moisture

Stomatal regulation was also found during summer afternoons in response to enhanced atmospheric 

evaporative demand in order to mitigate water-stress related damage (i.e. cavitation).

Even with nighttime stomatal conductance up to 90% of daytime conductance, transpiration rates at 

night tend to be lower than during daytime due to a (1) lack of photosynthesis and (2) considerably 

lower nighttime VPD 



Why its important to scaling up and down

Wei, G., Zhang, X., Ye, M., Yue, N., and Kan, F.: Bayesian performance evaluation of evapotranspiration models based on eddy 
covariance systems in an arid region, Hydrol. Earth Syst. Sci., 23, 2877–2895, https://doi.org/10.5194/hess-23-2877-2019, 2019.

The absence of a mechanistic 

representation of the physiological 

response to plant hydrodynamics makes it 

difficult for the available ET models to 

resolve the dynamics of intradaily

hysteresis, producing patterns of diurnal 

error, while the imbalance or lack of 

between-leaf water demand and soil water 

supply imposes hydrodynamic limitations 

on stomatal conductance.



PAR

We can see that CO2 fluxes are affected by the 

amount of Leaf Area

L. Xu, D.D. Baldocchi / Agricultural and Forest Meteorology 1232 (2004) 79-96

Seasonal relationships 

between PAR and CO2 flux



We also know ecosystem respiration fluxes are 

affected by the amount of Leaf Area

L. Xu, D.D. Baldocchi / Agricultural and Forest Meteorology 1232 (2004) 79-96

Relationships between Soil 

Temperature and Ecosystem 

Respiration

Soil Temperature (C)

Three different Leaf Area Index 

(LAI)



Leaf Area Index (LAI) is often required for 

submission to both the Flux Networks and with 

publications



What to we mean by Leaf Area Index (LAI)?

Simply, Leaf Area Index (LAI) is the ratio of 

‘Leaf Area’ to the ‘Ground Area’

LAI = Leaf Area / Ground Area

And it can be used to describe an ecosystem’s dynamic canopy.



These three example have the same LAI! 

The area of the leaves 

are the same in each 

example, over the same 

(blue) ground area



The LAI-2200C Plant Canopy Analyzer

▪ The LAI-2200C is a standalone 

instrument for manual, non-

destructive LAI measurements.



How it measures Leaf Area Index (LAI)



Example LAI measurement routines for EC fetches

https://ameriflux.lbl.gov/data/badm/badm-standards/LAI



Integrating LAI with Eddy Covariance fluxes



Effect of LAI on Net Ecosystem Exchange are clear

Qing-Hai Song et al 2017 Environ. Res. Lett. 12 104014 (https://doi.org/10.1088/1748-9326/aa82c4)

Annual variability of leaf area index (LAI) averaged over period of 'normal' years 
(2011–2014), 2015, and 2016. Bars indicate standard deviation. Different 

letters above bars indicate significant differences (one way ANOVA; p < 0.05).

The study area is in the Xujiaba region of 

southwest China in the Ailaoshan National 

Nature Reserve

The forest has a mean canopy height was 

20 m.

LAI in each month of 2015 was lower than 

the average value during 2011–2014 

(significantly from Jan-Jul). The difference 

between the years were related to 

snowfall.

https://doi.org/10.1088/1748-9326/aa82c4


Phenology

The study of cyclic and seasonal natural 
phenomena, especially in relation to climate and 
plant and animal life

▪ Examples of plant phenological processes, include 
when leaves emerge in the spring and change 
color in the autumn.

▪ They are highly responsive to variation in weather 
as well as longer-term changes in climate 



Why Phenology?

▪ Leafing, flowering, fruiting

▪ Leaf senescence

▪ Bird migration

▪ Insect infestation

▪ Plant disease

▪ Climate change

▪ Springtime



PhenoCams

▪ Digital cameras used to monitor 

vegetation phenology

▪ Provide automated, near-surface 

remote sensing of canopy phenology 

▪ Images uploaded to a server

▪ Techniques can be used to extract 

quantitative color information (i.e., 

greenness) from each picture.



Digital Camera (PhenoCam) 

Image Gallery

Mid-day image uploaded 

every day at 12 pm.

Past day’s images also 

stored.

FluxSuite



The PhenoCam Network

▪ https://phenocam.sr.unh.
edu/webcam/

▪ Hosted by University of 
New Hampshire, but 
world-wide collaboration

▪ Recommend (and provide 
some support through 
hosted programs / 
instructions) for StarDot
PhenoCams

https://phenocam.sr.unh.edu/webcam/


CO2 profile in the soil

How does the soil (and what is in it) affect fluxes?



Soil Respiration

Soil Temperature

Moisture

Soil OM content

LAI

Photosynthesis

Rain event

etc ?

Understanding the drivers for Soil Respiration



Soil GHG flux

Diffusion  gradient

Barometric pressure 
pumping

Displacement 
from precipitation

What creates gas fluxes (in and out) of the soil?



Using chambers to measure the fluxes from the soil

▪ Requirements and considerations for 

chamber-based soil GHG flux measurement

▪ Measure amount of GHG from the soil accurately

▪ Minimize the influence on soil GHG “Transport”

▪ Minimize the influence on soil GHG “Production”

▪ Deal with temporal and spatial variation



Requirement examples

Optimize chamber 

air mixing

Minimize soil disturbance
Equalize chamber pressure



V: Chamber volume, m3

P: Pressure, Pa

R: Gas constant, Pa m3 k-1mol-1

S: Soil area, m2

T: Temperature, K

Slope, mmol mol-1s-1

Wo H2O,mol mol-1

FCO2:   Flux, mmol m-2s-1

dt
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Measuring fluxes with a chamber



Measuring continuously to capture variations

Chambers are used to measure 

temporal variability of both CO2

(blue) and CH4 (red) soil fluxes.



Measuring to capture spatial variations

Chambers can be used to 

measure spatial variability 

through multiplexed systems 

(1 - 36 chambers).

Trace gases, such as N2O can be 

measured with the appropriate 

analyzer (precision) and chamber 

(technique).



Example of a long-term chamber system

Captures both temporal 

and spatial variations in 

soil fluxes



Integrating Soil Flux with Eddy Covariance



What can be learned from including soil flux 

measurements with your eddy covariance?
Processes

▪ Better understanding of components that go into the NEE.

▪ Partition Ecosystem Respiration into Soil/Plant(leaf/stem)/Litter/etc

▪ Get nighttime and daytime soil flux measurements

▪ The majority (2/3) of ecosystem respiration is from the soil

▪ Allows for better testing of ‘manipulative’ experiments (treatments, plot-
scale)

▪ Process example; forest soils can transition between oxic and anoxic 
conditions depending on topographic position and environmental 
conditions, leading to significant variability in methane flux



What can be learned from including soil flux 

measurements with your eddy covariance?

Can measure Trace Gases

▪ Soil is primary source/sink for CH4 and N2O

▪ Fluxes of N2O/CH4 are much smaller so might not 

be detectable by Eddy Covariance

▪ In fact, no good solution for N2O measured by 

Eddy Covariance yet.



What can be learned from including soil flux 

measurements with your eddy covariance?
Footprint Analysis

▪ Handles spatial heterogeneity in the footprint (i.e., upscaling CH4)

▪ Soil variability within the footprint is a driver for differences in flux rates

▪ Eddy Covariance footprints and boundaries can change, while soil flux 
collars are static

▪ Higher % percent ground cover doesn’t mean it dominates the flux.  A 
small % land cover with a high flux rate could dominate a flux footprint

▪ Seasonal patterns and magnitudes of CH4 flux can be due to fluxes from 
the different land types within the fetch



What can be learned from including soil flux 

measurements with your eddy covariance?
QA/QC

▪ Useful when EC measurements are unavailable (unstable 
conditions, QC cleaning, other interruptions 
(contamination, power, etc.)

▪ The ecosystem respiration (Re) calculation has several 
sources of uncertainty

▪ The short time step of the chamber method makes it ideal 
for gap‐filling methane flux data (few alternatives are 
available).



Many EC sites (and publications) are now 

incorporating Soil Flux measurements



Many EC sites (and publications) are now 

incorporating Soil Flux measurements



Summary

▪ Measuring the following biological functions can 

help explain flux results and are often required for 

networks and publications:

▪ Stomatal Conductance (LI-600)

▪ Leaf Area Index (LAI-2200C)

▪ Phenology (StarDot PhenoCam)

▪ Soil fluxes (LI-COR Trace Gas Analyzers for CO2, CH4, 

N2O integrated with multiplexed chambers)



Thank You

Questions?


