
Housen Chu1, 
Xiangzhong Luo2, 
Zutao Ouyang3, 
Patty Oikawa4,
AmeriFlux Management Project and Site Teams5

1Lawrence Berkeley National Laboratory, Berkeley, CA
2National University of Singapore, Singapore
3Stanford University, Stanford, CA
4Cal State University, East Bay, Hayward, CA
5To be added

Footprint-Aware Approaches for Model-Data 
Benchmarking across AmeriFlux Sites

17th US-China Carbon Consortium Annual Meeting (USCCC) 



Acknowledgements
AmeriFlux Sites

We acknowledge 200+ participated sites 

for sharing data and metadata with the 

AmeriFlux network.

Funding 
AmeriFlux Management Project is funded by U.S. 

Department of Energy’s Office of Science.

Chu, H., X. Luo, Z. Ouyang, S. Chan, S. Dengel, S. C. Biraud, M. Torn, S. 

Metzger, J. Kumar, M. A. Arain, T. J. Arkebauer, D. Baldocchi, C. Bernacchi, 

D. Billesbach, T. A. Black, P. Blanken, G. Bohrer, R. Bracho, S. Brown, N. 

Brunsell, J. Chen, X. Chen, K. Clark, A Desai, T. Duman, D. Durden, E. 

Humphreys, S. Fares, I. Forbrich, J. Gamon, C. Gough, T. Griffis, D. 

Hollinger, M. Helbig, H. Ikawa, H. Iwata, Y. Ju, J. F. Knowles, S. Knox, H. 

Kobayashi, T. Kolb, B Law, X. Lee, M. Litvak, H. Liu, J. W. Munger, A 

Noormets, K. Novick, S. Oberbauer, W. Oechel, P. Oikawa, S. Papuga, E. 

Pendall, P. Prajapati, J. Prueger, W. L Quinton, A. D. Richardson, E. 

Russell, R. L. Scott, G. Starr, R. Staebler, P. Stoy, E. Stuart-Haëntjens, O. 

Sonnentag, R. Sullivan, A. Suyker, M. Ueyama, R. Vargas, J. D. Wood, and 

D. Zona. (2021) Representativeness of eddy-covariance flux footprints 

for areas surrounding AmeriFlux sites. Agricultural and Forest 

Meteorology. 301-302, 108350, DOI:10.1016/j.agrformet.2021.108350.



deciduous
forest

developed 

pasture

mixed 
forest

shrub

(e) Fixed extent over land cover

Area-average predictor

What models think?

<Xnij (t)>

Flux(t)

<X1ij (t)>

(f) Fixed extent over vegetation indices

deciduous
forest

developed 

pasture woody 
wetland

mixed 
forest

(c) Footprint over land cover

(d) Footprint over vegetation indices(b) Spatial-dynamic flux data

80%

60%

80%

60%
80%

60%

80%

60%

80%

60%

80%

60%

footprint 
at time 1

footprint 
at time 2

(a) Time-series flux data

Flux at 
time 1

Flux at 
time 2

What flux towers see?

time

fl
u

x

Flux tower

Flux’(t): footprint-aggregated flux at time t
Flux(t): area-averaged flux at time t
Xnij (t) : pixel-wise predictor n at time t
<>: spatial average

Flux’(t2) 

Background

(Chen et al., 2012; Gockede et al., 2008; Rebmann et al., 2005; Wang et al., 2016)



Footprint climatology
• Flux Footprint Prediction model 

(Kljun et al 2015)
• zm: effective measurement 

height
• z0: roughness length
• V_SIGMA: std of lateral wind 

velocity
• WS: wind speed
• PBL: boundary layer height

• Nieuwstadt 1981; Batchvarova
& Gryning 1991

• MO_LENGTH: Obukhov length
• USTAR: friction velocity
• WD: wind direction

• 214 AmeriFlux sites 
• 1-8 years per site, 712 years in 

total
• Monthly day/night climatology

Land surface characteristics
• Land cover type 

• NLCD (US): 2001-2016  
• Land Cover of Canada: 2010 
• 30 m resolution

• Enhanced Vegetation Index (EVI)
• Landsat 5: 1985-2013 
• Landsat 8: 2013-2019
• Cloud-free (<1%)
• 30 m resolution

• Google Earth Engine
• Preprocessed/quality-controlled
• Site-specific cutouts 

• 200+ land cover maps
• 3000+ EVI maps

Representativeness analysis
• Target area

• 250m, 500m, 1000m, 1500m, 
2000m, 3000m radius around 
tower

• Representativeness Index
• Footprint-weighted vs Target-

area
• Land cover composition
• EVI (Enhanced Vegetation 

Index)

 Evaluate representativeness of flux footprints to target areas – flux surrogates
 Representativeness indices for footprint-to-target-area representativeness

(Chu et al. 2021)

Objectives



representativeness

Representativeness based on land cover composition

(Chu et al. 2021)
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Example case – limited representativeness

US-Vcp site
An evergreen forest  located  within  
a  forest-shrub-grassland  landscape

Daytime 
footprint 

Nighttime  
footprint 

Flux tower



Example case - contrasting representativeness

US-Ro6 site
A cropland located in an agricultural 
landscape dominated with corn/soybean 
rotation — was planted with wheat, clover, 
and corn 

Flux tower
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Flux’(t): footprint-aggregated flux at time t
Flux(t): area-averaged flux at time t
Fluxij(t): pixel-wise flux at time t
Xnij (t) : pixel-wise predictor n at time t
<>: spatial average

(Chen et al., 2010; Fu et al., 2014; Ran et al., 2016)

A fine-grid modeling approach

(e) fine-grid modeling



Footprint climatology
• Flux Footprint Prediction model 

(Kljun et al 2015)
• zm: effective measurement 

height
• z0: roughness length
• V_SIGMA: std of lateral wind 

velocity
• WS: wind speed
• PBL: boundary layer height

• Nieuwstadt 1981; Batchvarova
& Gryning 1991

• MO_LENGTH: Obukhov length
• USTAR: friction velocity
• WD: wind direction

• 58 AmeriFlux sites 
• 403 years in total

• Daily daytime climatology

Land surface characteristics
• Land cover type 

• NLCD (US): 2001-2016  
• Land Cover of Canada: 2010 
• 30 m resolution

• Vegetation Indices
• EVI, LSWI, LAI, fPAR, NDVI
• Landsat 5: 1985-2013 
• Landsat 8: 2013-2019
• Cloud-free (<1%)
• 30 m resolution

• Google Earth Engine
• Preprocessed/quality-controlled
• Site-specific cutouts 

• 1900+ VI stack maps

Representativeness analysis
• Target area

• 250m, 500m, 1000m, 1500m, 
2000m, 3000m radius around 
tower

• Gridded GPP modeling 
• MODIS GPP model (Running et 

al., 2004)
• fPAR, land cover type, met

• VPM (Xiao et al. 2010)
• EVI, LSWI, land cover type, 

met
• P-model (Stocker et al. 2020)

• fPAR, land cover, met

• Tower meteorological variables
• Daily GPP +/- 3 days VI retrieval

 Evaluate representativeness of flux footprints to target areas – modeled fluxes
 Test a footprint-aware data-model benchmarking framework

(Chu et al. in prep)

Objectives



Example GPP maps + footprints
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(Chu et al. in prep)



Footprint-weighted vs Target-area GPP (all sites)

Footprint-weighted GPP (gC m-2 d-1)
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Footprint-weighted vs Target-area GPP (by ecosystem types)
Site-specific regression
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(Chu et al. in prep)

~10-15% sites > ±10% bias

~8% sites > ±10% bias

MODIS GPP-model VPM P-Model

3000 m target area

~60-65% sites > ±10% bias

~50-60% sites > ±10% bias

~28-33% sites > ±10% bias

~33-60% sites > ±10% bias
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What models think?What flux towers see?

(Wang et al., 2006; Xu et al., 2017; Duman et al. 2018; Levy et al., 2020)

A footprint-informed decomposition approach

(f) Land cover flux decomposition

Fluxk(t) 
Land cover-specific response function

Flux’(t): footprint-aggregated flux at time t
Fluxk(t): land cover-specific flux at time t
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(e) Land cover response function



𝑭𝒙 ~ 𝑁(𝜇𝑥 , 𝜎𝑥
2)

E0_k

Km_k

Rref_k

Amax_k

𝜃𝑘 ~ 𝑁 𝜇𝜃 , 𝜎𝜃
2 ; 𝜃𝑘 ∈ 𝐿𝜃 , 𝑈𝜃

land cover specific 
parametersGs_ref_k

Mk

β0_k

β1_k

Footprint-informed flux decomposition

𝜇𝜃

𝜃1 𝜃2 𝜃𝑘

𝝁𝑭𝑪 = 

𝑘=1

𝐾

𝝋𝒌 ∙ (Reco𝑘 − 𝐼 𝑑𝑎𝑦/𝑛𝑖𝑔ℎ𝑡 ∙ 𝐺𝑃𝑃𝑘 )

𝑅𝑒𝑐𝑜𝑘 = 𝑹𝒓𝒆𝒇_𝒌 ∙ exp 𝑬𝟎_𝒌
1

𝑇𝑟𝑒𝑓 − 𝑇0
−

1

𝑻𝒂 − 𝑇0

𝐺𝑃𝑃𝑘 = 𝑨𝒎𝒂𝒙_𝒌 ∙
𝑹𝒈

𝑹𝒈+𝑲𝒎_𝒌

𝐺𝑠_𝑘 = 𝑮𝒔_𝒓𝒆𝒇_𝒌(1 −𝒎𝒌 ∙ 𝑙𝑛(𝑽𝑷𝑫))

𝝁𝑳𝑬 = 

𝑘=1

𝐾

𝝋𝒌 ∙
Δ ∙ 𝑨 + 𝜌 ∙ 𝐶𝑝∙ 𝑽𝑷𝑫 ∙ 𝒈𝒂

𝛾 𝒈𝒂
𝐺𝑠𝑘

+ Δ + 𝛾
= 𝝋𝒌 ∙ 𝑓(𝐺𝑠𝑘) ∙ 𝐿𝐸𝑝𝑜𝑡(𝑨, 𝑽𝑷𝑫,𝒈𝒂)

𝝁𝑯 = 

𝑘=1

𝐾

𝝋𝒌 ∙ (𝜷𝟎_𝒌 + 𝜷𝟏_𝒌 ∙ 𝑹𝒈)

Footprint weights

Potential LE

x: flux variable

k: land cover type

k: land cover type

θ: parameter



Testing cases

Seasonal 
wetland
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Concord grazed grassland (US-CGG)

(Chu et al. in prep)

Eden Landing tidal wetland (US-EDN)
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Land cover-specific response functions (Concord grassland)
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Land cover-specific response functions (Eden Landing wetland)
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• Footprint representativeness of AmeriFlux sites

• Future work – footprint-informed flux decomposition
• Improve model structures, MCMC settings
• Expand tests to sites with degrees of patchiness & heterogeneity
• Sensitivity tests of footprint models 

Summary

• Large-scale eddy-covariance flux datasets need to be used with footprint-awareness
• Using a fixed-extent target area across sites can bias model-data integration
• Most sites do not represent the dominant land-cover type at a larger spatial extent
• A representativeness index provides general guidance for site selection and data use

Chu et al. (2021) Agric. For. Meteorol. 301-302, 108350, DOI:10.1016/j.agrformet.2021.108350
Supplementary Dataset at Zenodo https://doi.org/10.5281/zenodo.4015350
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