
Why do we measure fluxes?

Module

• Marta Galvagno



2

 

Training current RIS staff and user communities: "Eddy Covariance theory and practice: from sensors setup to preliminary data processing", Montelibretti (Roma), 28-30/07/2025

Eddy covariance fields
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Fluxes

CARBON CYCLE WATER CYCLE ENERGY BUDGET

Burba, G., 2022. LI-COR Biosciences
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: :about 211,000 results
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● Flux towers measure the gas exchange between the 
vegetation and the atmosphere

● Ecosystem scale, no disturbance, continuous with 30 
minutes time resolution

Flux towers
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Eddy covariance fields

● Micrometeorology & Atmospheric Science

● Ecosystem Ecology & Biogeochemistry 

● Hydrology and Water Resources 

● Climate Science & Earth System Science 

● Validation and Calibration of Remote Sensing & Models 

● Agricultural Science

● Land Management, Forestry 

● Urban and Applied Environmental Research

● Policy (eg. MRT)
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Autotrophic 
respiration

Photosynthesis
Heterotrophic 

respiration Disturbances

Key ecosystem processes
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Key ecosystem processes
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Key ecosystem processes
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Drivers

Díaz et al 2022 Scientific reports

1. Environmental Drivers

Light

Temperature

Rainfall and soil moisture

Climate Change and extremes

2. Biological and Structural Drivers 

Phenology

Structural and functional traits
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Drivers

Emmel et al. 2020 - GCB

Light

● GPP does not increase linearly with 
light; it saturates at high irradiance 
levels -> not as simple as first thought

● Photosynthetic efficiency improves 
under diffuse light (e.g., clouds, 
aerosols).
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Drivers

Temperature

● Photosynthesis peaks at specific 
temperatures and acclimates to local 
conditions.

● Respiration increases with temperature 
(Q10 ~ 1.4) but is modulated by phenology, 
LAI, and water availability.
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Drivers

Grossiord et al 2019 New Phytologist

Atmospheric and Soil Moisture

● Water scarcity limits GPP and Reco (via 
stomatal closure and microbial stress).

VPD (kPa) VPD (kPa)
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Drivers

Korner et al 2023 Ecology letters

Phenology

● The length of the growing season is a 
determinant of the total annual C sink

Lv et al 2023 Forests
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 2008            2010           2012             2014             2016            2018           2020            2022 

Half-hourly data
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GRASSLAND

FOREST
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How ecosystem metabolism responds to a wide range of 
biophysical drivers, including:

○ Light, temperature, rainfall, soil moisture, 
atmospheric CO₂

○ CUE, WUE

○ Phenology and seasonal dynamics

Understanding Ecosystem Metabolism

Reichstein et al. 2014 - PnasMigliavacca et al. 2021 - Nature
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Understanding Ecosystem Metabolism

How ecosystem metabolism responds to a wide range of 
biophysical drivers, including:

○ Light, temperature, rainfall, soil moisture, 
atmospheric CO₂

○ CUE, WUE

○ Phenology and seasonal dynamics

Luo et al. 2025 - Nature Ecology and Evolution
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Understanding Ecosystem Metabolism

Pastorello et al 2020 - Scientific data

How ecosystem metabolism responds to a wide range of 
biophysical drivers, including:

○ Light, temperature, rainfall, soil moisture, 
atmospheric CO₂

○ CUE, WUE

○ Phenology and seasonal dynamics
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Long-term flux records (decadal scale) are key to 
understanding how ecosystems respond to trends in 
the environment:

○ Rising CO₂ and global warming 

○ Changes in precipitation and soil water 
availability

○ Nitrogen deposition

○ Shifts in phenology 

○ Land-use change and management practices

Tracking Long-Term Environmental Change

Keenan et al. 2014 - Nature Climate Change



29Training current RIS staff and user communities: "Eddy Covariance theory and practice: from sensors setup to preliminary data processing", Montelibretti (Roma), 28-30/07/2025

Long-term flux records (decadal scale) are key to 
understanding how ecosystems respond to trends in 
the environment:

○ Rising CO₂ and global warming 

○ Changes in precipitation and soil water 
availability

○ Nitrogen deposition

○ Shifts in phenology 

○ Land-use change and management practices

Tracking Long-Term Environmental Change



30Training current RIS staff and user communities: "Eddy Covariance theory and practice: from sensors setup to preliminary data processing", Montelibretti (Roma), 28-30/07/2025

Tracking Long-Term Environmental Change

Curtis et al. 2018 - New Phytologist

○ Land-use change 
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Continuous measurements allow detection of short-term disturbances like: heatwaves, droughts, 
storms, insect and parasite outbreaks offering insights into ecosystem resilience and recovery.

Capturing Extreme Events
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Extreme weather events will become more 
frequent and more intense

- Different ecosystem have different 
- resistance and resilience potential 

- Timing and phenology have a crucial role 

Sippel et al. (2016) Proceedings of the National Academy of Sciences

Capturing Extreme Events
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2017-2022 warm 
and dry years

2013 cold and 
wet years.

GRASSLAND

FOREST

During warm/drier 
years:

Forest: 
higher CO2 uptake 

Grassland: 
Lower CO2 uptake

Capturing Extreme Events
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Needle elongation Full needle formation Senescence Growing phase Decreasing phase

GRASSLAND FOREST

2013

2017:
VPD + 25 %
TA + 0.6 °C

2022:
VPD + 11 %
TA + 1.5 °C

Capturing Extreme Events
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Capturing Extreme Events

20172022 20172022

GRASSLAND FOREST

Jun                  Jul                 Aug               Sep                  Oct Jun                  Jul                 Aug               Sep                  Oct

2022 has lower 
SWC values 
compared to 2017
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Experimental Applications

When combined with other methods, 
control/treatment designs or along environmental 
gradients, flux measurements can be used to test 
specific hypotheses related to:

○ Carbon pools 

○ Soil dynamics

○ Nitrogen

○ Biodiveristy

○ …..
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Experimental Applications
Discrepancies between inventories and flux measurements 
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Experimental Applications
Discrepancies between inventories and flux measurements 

2017
-17 %
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Smart Agriculture

Understanding and managing water use, carbon 
sequestration, and greenhouse gas emissions:

○ Optimizing Irrigation

○ Field productivity

○ Greenhouse gas emissions
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Smart Agriculture

FLUXES 2022
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Smart Agriculture

Improve estimation of evapotranspiration 
(ET) by using direct measurements, 
enhancing the modeling of Irrigation Water 
Requirements (IWR) vs. FAO-56 . 

This supports efficient water use in 
agriculture, irrigation planning, drought 
monitoring, and satellite data validation
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Urban fluxes

Stagakis et al. 2023 - STOTEN
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- Multiple spatial scales 
- Multiple temporal scales

Validating and parameterizing models
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Large networks of flux towers, covering diverse 
biomes and climate zones, provide benchmark 
data to:

○ Validate and calibrate global models

○ Train machine learning models to 
generate spatially explicit maps of 
carbon and water fluxes

Validating and parameterizing models

Nelson et al. 2024 - BG
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● To provide the best available 

knowledge to society

● To inform policy-making, individual 

decision-making, and public 

discourse about fundamental 

challenges to the environment and 

society

● To provide the best available 

knowledge to society

● To inform policy-making, individual 

decision-making, and public 

discourse about fundamental 

challenges to the environment and 

society

Why do we measure?
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- Balance between anthropogenic 
emissions by sources and 
removals by sinks (net-zero) by 
2050

- Prerequisite: accurate estimation 
of both large fluxes

- Regulation (EU) 2023/839: GHG 
inventories need to provide “near 
real time” estimate also for 
LULUCF

Climate Policy
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% Sinks/Sources

The role of LULUCF 

Italy (2021):
Sources: 417 MtCO2/anno
Sinks: 27 MtCO2/anno
LULUCF = ~7% 

Europe (2021):
Sources: 3471 MtCO2/anno
Sinks: 229 MtCO2/anno
LULUCF = ~7% 

Inform Policy
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Forest sink decline
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Opportunity in using eddy covariance to estimate 
IPCC emissions factors (ecosystem carbon uptake)

● 2000 site years of direct flux estimates suggest 
there is MORE carbon being taken up and 
stored in forests than default IPCC emission 
factors

● Eddy covariance can estimate sensitivity of ΔC 
to change more effectively than less frequently 
measured C stocks

● Eddy covariance can estimate ΔC in non-forest 
ecosystems effectively
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Inform Policy
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Net Ecosystem Exchange 
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Max altitude: 4810m asl
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Inform Policy

Giacomo Grassi (JRC) - ICOS Italy - September 2022
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Inform Policy

Which could be 
the role of a flux 
scientist into the 
policy cycle?

Training current RIS staff and user communities: "Eddy Covariance theory and practice: from sensors setup to preliminary data processing", Montelibretti (Roma), 28-30/07/2025



THANKS!

Have Fun!
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Drivers

Tyagi 2024. Plant Functional Trait: Concept and Significance

Structural and Functional Traits

● LAI, leaf lifespan, nitrogen content, and 
photosynthetic traits influence GPP and 
Reco.

● WUE (Water Use Efficiency) and CUE 
(Carbon Use Efficiency) vary across 
ecosystems 



1. Why measure ecosystem fluxes?

2. Key ecosystem processes (carbon cycle, NEE, Reco, GPP) and drivers
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6. Policy



NETWORKS



Open data policy e Trasparenza

UNESCO 
https://doi.org/10.54677/UTCD9302
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Inform Policy
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Monitoring, reporting, and verification:

● Timely information for country inventories and reporting of net CO₂ fluxes
○ Timeliness
○ Country level to regional (Tier 3 approach)

● Carbon removal and carbon farming: tools for quantification of “carbon removals” 
from land and carbon projects (parcel scale);

○ Forests, Croplands, Peatlands
○ Management/site history 

Understanding and quantifying climate-driven vs anthropogenic (management) 
driven CO₂ sink reduction.

How EC can support EU policies?


