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S1. Relationship between partial sensitivity functions and site-specific properties 7 

To analyze the relationship between the sensitivities of GPP and the site-specific biotic and abiotic traits, we 8 

predicted the average partial sensitivity functions and calibrated parameters of the global best model using the 9 

site-specific properties collected in section S8. The random forest regression method (Breiman, 2001), which is 10 

good at dealing with high-dimensional data and robust to outliers and nonlinear data, was used (regression tree 11 

number was 500) to fit each parameter and average partial sensitivity per site according to leave-one-out strategy. 12 

In other words, we predicted the parameter or partial sensitivity of the target site (site=i) using the regression 13 

model fitted based on all the other sites (site≠i). To reduce the deviation caused by uncertain parameters, we 14 

weighted the model parameters using the reciprocal of parameter uncertainties (defined in section S5). 15 

Furthermore, we sorted all the site-specific properties, i.e., predictors, according to the estimated importance by 16 

‘predictorImportance’ tool in MATLAB2019. It defines the sum of mean squared errors reduction due to 17 

regression tree splits on every predictor divided by the number of branches as the importance of predictor 18 

(Breiman, 2002). 19 

The result showed that the average fT, fW could be predicted based on the site-specific properties (Figure S 19). 20 

The cross-validated R2 was 0.56 and 0.44, respectively. According to the predictor importance, the spatial pattern 21 

of temperature effect on GPP is mainly related to the climate classification and plant functional types. The soil 22 

properties also contribute to some extent. Furthermore, the soil properties were the most critical traits for 23 

controlling the spatial pattern of the soil water effect. The climate classification was significant as well. However, 24 

the plant functional types and other vegetation traits were not as meaningful as soil properties and climate 25 

classification for predicting fW. The fVPD, fL and fCI could not be fitted based on currently collected traits. The 26 

cross-validated R2 was all smaller than 0.25.  27 

None of the model parameters in the global best model, model #1, could be predicted. The R2 were all smaller 28 

than 0.12. The uncertainties, represented by the standard deviation of the parameters, were considerable in some 29 

calibrated parameters (e.g., Figure S 20a). The parameters with considerable uncertainty were typically the 30 

outliers in the fitted parameters (e.g., Figure S 20b). The parameter uncertainties were possibly caused by the 31 

correlations between the environmental factors and partial sensitivity functions (Figure S 11). To investigate the 32 
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spatial pattern of model parameters and environmental sensitivities of GPP, it is necessary to reduce the 33 

correlated parameters. 34 

  35 
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Figures 36 

 37 

Figure S 1. Distribution map of the EC sites (total: 196 sites) 38 
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 39 

Figure S 2. Distribution of global Nash-Sutcliffe model Efficiency (NSE) of different model calibration 40 
experiments: Full (optimize the WAI parameters and LUE model parameters jointly under all condition), Fix 41 

(fix the WAI parameters and optimize LUE model parameters under all condition), IDP (optimize the WAI 42 
parameters independently and optimize LUE model parameters under all condition), Sup (optimize the WAI 43 

parameters and LUE model parameters jointly under supply-limited condition), SupFix (fix the WAI 44 
parameters and optimize LUE model parameters under supply-limited condition), SupIDP (optimize the WAI 45 

parameters independently and optimize LUE model parameters under supply-limited condition) 46 
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 47 

Figure S 3. The likelihoods of all the LUE models using Root Mean Squared Error (RMSE) in the site-48 
sampling method. (a) P1 represents local goodness of a model for each site-year. (b) P2 represents overall 49 
goodness of a model for all site-years. Yellow asterisk represents the best model selected based on Nash-50 

Sutcliffe model efficiency (model #1), which is also the best model selected based on RMSE. The rankings of 51 
Model #1 are the highest according to both P1 and P2. 52 
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 53 

Figure S 4. The likelihoods of all the LUE models in the ensemble based on different thresholds (θ0) to 54 
select the best models. Yellow asterisk is the best model selected according to θ0=1% (model #1), which is 55 
also the best model using θ0=2%, 3%, 4%, 5%, 10%. The rankings of model #1 are higher (i.e., smaller) than 56 

the seventh using different thresholds (a-e) according to P1, and are the highest using different thresholds 57 
according to P2 (f-j). The sum of the rankings of model #1 according to P1 and P2 are always the highest. The 58 

likelihoods of published models, represented by blue asterisks, are all zero except when using θ0=10% (j) 59 
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 60 

Figure S 5. The LUE models sorted according to pair-wise KS hypothesis test, global NSE and spatial 61 
NSE (the blue color bar represents the percentage of models than which a model is statistically larger. The 62 

white space between blue and orange color represents the percentage of models to which a model is 63 
statistically equal. The orange color bar represents the percentage of models than which a model is statistically 64 
smaller. The yellow asterisk is the global best model selected according to site-sampling method (model #1), 65 

which is the 13th best model here. Blue asterisks are the published model. An example to read the figure is that 66 
the global best model is larger than 78% of models, equal to 22% of models and smaller than 0% of models. 67 

The percentages are averaged over daily, weekly, monthly and annual scales.) 68 
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 69 

Figure S 6. The model rank of all the LUE models based on the likelihood derived from approximate 70 
Bayesian computation scheme, which can represent the goodness of a model across bootstrapped sites, 71 

parameters and model fitness thresholds. The yellow asterisk is the global best model selected according to 72 
site-sampling method (model #1), which is the second-best model here. Blue asterisks are the published 73 

models of which the likelihoods are all zero. 74 
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75 

 76 

Figure S 7. The time series GPP from EC sites (GPPobs), GPP simulated using the global best model 77 
(GPPglo), the site-best models (GPPloc) and the best machine learning model (GPPML) at a) CN-Ha2 (the 78 
largest NSE), b) CA-Ca2 (the NSE median), c) DK-Ris (the NSE at the 25th percentile), and d) FR-Lq1 79 
(the smallest NSE). The transparent green area represents the period with the good-quality forcing data and 80 

GPPobs (QAgood), the NSEloc and NSEglo are the NSE of GPPloc against GPPobs and GPPglo against GPPobs within 81 
QAgood period at the daily scale, the plant functional types (PFT) of a-d were wetland (WET), evergreen 82 

needleleaf forest (ENF), cropland (CRO) and grassland (GRA). 83 
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 84 

Figure S 8. Differences between NSE of the site-best machine learning models and site-best LUE models 85 
(LUEloc) and differences between NSE of the site-best machine learning models and the global best LUE 86 

model (LUEglo) at a daily scale. NSEML and NSEloc/glo represent the NSE of the site-best machine learning 87 
models, and LUEloc and LUEglo. 88 

 89 

Figure S 9. The time series GPP from EC sites (GPPobs), GPP simulated using the global best model 90 
(GPPglo), and the best machine learning model (GPPML) at a) CA-Ca2, b) CA-TP4: the transparent 91 

green area represents the period with the good-quality forcing data and GPPobs (QAgood), the NSEML and 92 
NSEglo are the NSE of GPPML against GPPobs and GPPglo against GPPobs within QAgood period at the 93 

daily scale. 94 
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 95 

 96 

Figure S 10. Likelihood of partial sensitivity functions in the best 1% models according to the average P1 97 
and P2, for: arid forest (AridF), arid grassland (AridG), boreal forest (BorealF), boreal grassland 98 

(BorealG), polar vegetation (Polar), temperate forest (TemperateF), temperate grassland (TemperateG), 99 
tropical forest (TropicalF) and tropical grassland (TropicalG) 100 
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 101 

Figure S 11. Correlation matrix between environmental factors and partial sensitivity functions derived 102 
from the global best model. The left and lower half matrix represent the average correlation coefficient (R) 103 
between temperature (T), vapor pressure deficit (VPD), soil water supply (W), absorbed photosynthetically 104 
active radiation (APAR) and cloudiness index (CI) of all sites. The right and upper half matrix represent the 105 
average R between the partial sensitivity functions of T (fT), VPD (fVPD), W (fW), light saturation (fL) and 106 
CI (fCI) of all sites. The gray area is empty. The red and blue colors represent high correlations between the 107 

variables (e.g, T and VPD, T and APAR, CI and APAR, fT and fVPD, fT and fL, fCI and fL).  108 
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 110 

 111 

Figure S 12. The comparison between the global best model with full factors (the wide orange bar) and 112 
the best model ignoring T (narrow bar in a), VPD (narrow bar in b, here the wide bar represent the best 113 
model with only T, VPD, W, L and CI effects and without CO2 effect), W (narrow bar in c), L (narrow 114 

bar in d), CI (narrow bar in e) and CO2 (narrow bar in f) effect at the daily scale. The differences 115 
between the bars represent the reduced model efficiency due to ignoring the variability of a climatic 116 

factor.  117 

 118 

Figure S 13. Likelihood of different fVPD and fL combinations in the best 1% models 119 
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 120 

Figure S 14. Environment sensitivities in the site-best models across different climate-vegetation types: 121 
(a) Site fraction of the major driving factor and (b) relative contribution of each environmental factor. T 122 
(orange) is temperature, VPD (sky blue) is vapor pressure deficit, W (dark blue) is soil water supply, L(yellow) 123 

is light saturation and CI (gray) is cloudiness index in both figures. ‘Major driving factor’ represents the 124 
environmental factor that has the strongest effect on LUE at site-level. ‘Relative contribution’ is a measure of 125 

the contribution of an environmental factor to the total limitation on LUE at site level and is averaged per 126 
climate-vegetation type.127 
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 128 

  129 

Figure S 15. Driving factors of different climate-vegetation types according to the observations: (a) Site 130 
fraction of the environmental factors with the maximum absolute correlation coefficient (R) with GPPobs; (b) 131 
average R between GPPobs and environmental factors; (c) Site fraction of the environmental factor with the 132 

maximum absolute R between LUEobs and environmental factors; (d) average R between LUEobs and 133 
environmental factors 134 
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 135 

Figure S 16. Environment sensitivities of LUE in the site-best models under extreme conditions across 136 
different climate-vegetation types: site fraction of each ‘major driving factor’ (indicated by the size of the 137 
squares) and ‘relative contribution’ of each environmental factor (indicated by the color of the squares). X-138 

axis represents the environmental factors: temperature (T), vapor pressure deficit (VPD), soil water supply 139 
(W), light saturation (L), cloudiness (CI). ‘Co-occur’ represents the environmental condition at site level when 140 

T≥90th percentile, VPD≥90th percentile, W≤10th percentile, APAR≥90th percentile, and CI≤10th percentile. 141 
There are no ‘Co-occur’ points at tropical sites (h and i). CI≤P10, APAR≥P90, W≤P10, VPD≥P90, T≤P10 and 142 

T≥P90 represent the environmental conditions that CI≤10th percentile (clear skies), APAR≥90th percentile 143 
(intense light), W≤10th percentile (low soil water availability), VPD≥90th percentile (high atmospheric water 144 
demand), T≤10th percentile (low temperature), and T≥90th percentile (high temperature), respectively. The 145 

larger a square is, the more sites at which an environmental factor has the strongest effect on LUE. The more 146 
bright (yellow and red color) a square is, the larger the relative contribution of an environmental factor to the 147 

total limitation on LUE is. 148 
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 150 

Figure S 17. Distribution of values of the lag parameter (α) of fTHorn (a) and fWHorn (b) in the global best 151 
model and α of fVPDHorn (c) in another LUE model with the highest rank among the models with 152 

fVPDHorn(α represents the degree of the delayed response of LUE to the variations in temperature, soil water 153 
supply or vapor pressure deficit; the blue box represents the interquartile range of α, the black target refers to 154 

the median and the red asterisk is the mean; α close to 0.9 indicates an apparent delay process to the triggering 155 
variable.)  156 
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 157 

Figure S 18. Scatters of site-averaged fL against site-averaged NDVI, colored by plant functional type 158 
(PFT). The black line (-.) is the trend between bin-averaged fL and NDVI (the bins are NDVI=0.2-0.25,0.25-159 
0.3,0.3-0.35,0.35-0.4,0.4-0.45,0.45-0.5,0.5-0.55,0.55-0.6,0.6-0.65,0.65-0.7,0.7-0.75,0.75-0.8, and 0.8-0.85). 160 
The correlation coefficient (R1) between site-average fL and NDVI (i.e., the colorful scatters) is -0.31. The R 161 

between the bin-averaged fL and NDVI (i.e., the black line), R2, is -0.74. 162 

 163 

(a)                                                                                     (b) 164 

Figure S 19. Fitted site-averaged fT and fW using site-specific properties based on random forest 165 
method against the original fT (a) and fW (b) of the global best calculated using calibrated parameters 166 
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  167 

(a)                                                                                     (b) 168 

Figure S 20. Two examples of the fitted parameters, εmax (a) and kT (b), in the global best model. The 169 
color represents the logarithm of parameter uncertainties estimated using the standard deviation of parameters. 170 

 171 

 172 
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Tables 173 

Table S 1. The names and partial sensitivity functions of published models 174 

Model 

Name 
fT fVPD fW fL fCI Reference 

CFlux fTMOD17 fVPDMOD17 fWCFlux fLnone fLCFlux (Turner et al., 2006) 

Horn fTHorn fVPDnone fWHorn fLnone fLnone (Horn et al., 2011) 

Horn1 fTHorn fVPDHorn fWnone fLnone fLnone As above 

MODIS fTMOD17 fVPDMOD17 fWnone fLnone fLnone 

(Running et al., 

2004) 

P fTP fVPDP fWP fLnone fLnone 

(Stocker et al., 

2020) 

P0 fTP fVPDP0 fWP fLnone fLnone As above 

PRELES fTTAL fVPDPRELES fWPRELES fLTAL fLnone 

(Kalliokoski et al., 

2018) 

TAL fTTAL fVPDTAL fWTAL fLTAL fLnone 

(Mäkelä et al., 

2008) 

TAL1 fTTAL fVPDTAL fWTAL1 fLTAL fLnone As above 

VPM fTVPM fVPDnone fWVPM fLnone fLnone (Xiao et al., 2004) 

Wang fTCASA fVPDWang fWWAI fLnone fLWang (Wang et al., 2018) 

Table S 2. Eddy covariance site list used in this study (PFT: plant functional type) 175 

SiteID Lat Lon 

Data 

start 

(year) 

Data 

end 

(year) 

PFT 
Climate 

type 
Elevation(m) Reference 

AR-SLu -33.5 -66.5 2010 2011 MF BSh 506*e 
(Ulke et al., 

2015) 

AT-Neu 47.1 11.3 2002 2012 GRA Dfc 970 
(Wohlfahrt et 

al., 2008) 

AU-

ASM 
-22.3 133.3 2010 2014 ENF BWh 606*b 

(Cleverly et al., 

2013) 

AU-Cpr -34.0 140.6 2010 2014 SAV BSk 62*e 

(Bloomfield et 

al., 2018; Meyer 

et al., 2015) 

AU-

Cum 
-33.6 150.7 2012 2014 EBF Cfa 20 

(Renchon et al., 

2018) 

AU-DaP -14.1 131.3 2009 2013 GRA Aw 71*e 
(Hutley et al., 

2011) 
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AU-DaS -14.2 131.4 2010 2014 SAV Aw 110 
(Hutley et al., 

2011) 

AU-Dry -15.3 132.4 2008 2014 SAV Aw 175 
(Hutley et al., 

2011) 

AU-Emr -23.9 148.5 2011 2013 GRA BSh 170 (Schroder, 2014) 

AU-Gin -31.4 115.7 2013 2014 WSA Csa 51 
(Beringer et al., 

2016) 

AU-

GWW 
-30.2 120.7 2011 2014 SAV BSh 450 

(Beringer et al., 

2016) 

AU-

How 
-12.5 131.2 2001 2014 WSA Aw 64 

(Beringer et al., 

2003) 

AU-

RDF 
-14.6 132.5 2011 2013 WSA Aw 188*e 

(Bristow et al., 

2016) 

AU-Rig -36.7 145.6 2011 2014 GRA Cfa 152 
(Beringer et al., 

2016) 

AU-Stp -17.2 133.4 2008 2014 GRA BSh 250*b 
(Hutley et al., 

2011) 

AU-

TTE 
-22.3 133.6 2012 2014 OSH BWh 553 

(Cleverly et al., 

2016) 

AU-

Tum 
-35.7 148.2 2001 2014 EBF Cfb 1200 

(Leuning et al., 

2005) 

AU-

Wom 
-37.4 144.1 2010 2014 EBF Cfb 705 

(Griebel et al., 

2016) 

AU-Ync -35.0 146.3 2012 2014 GRA BSk 126*e 
(Yee et al., 

2015) 

BE-Bra 51.3 4.5 2000 2014 MF Cfb 16*a 
(Carrara et al., 

2004) 

BE-Lon 50.6 4.8 2004 2014 CRO Cfb 167 
(Aubinet et al., 

2009) 

BE-Vie 50.3 6.0 2000 2014 MF Cfb 450*a As above 

BR-Ban -9.8 -50.2 2003 2006 EBF Aw 120 
(Da Rocha et al., 

2009) 

BR-Sp1 -21.6 -47.7 2001 2002 WSA Aw 690 As above 

BW-

Ma1 
-19.9 23.6 2000 2001 WSA BSh 950 

(Veenendaal et 

al., 2004) 

CA-Ca1 49.9 -125.3 2000 2005 ENF Cfb 300 
(Humphreys et 

al., 2006) 

CA-Ca2 49.9 -125.3 2000 2005 ENF Csb 300 As above 

CA-Ca3 49.5 -124.9 2001 2005 ENF Csb 300 As above 

CA-Gro 48.2 -82.2 2003 2014 MF Dfb 340 
(Pejam et al., 

2006) 

CA-Let 49.7 -112.9 2000 2005 GRA BSk 960 
(Flanagan et al., 

2002) 

CA-Mer 45.4 -75.5 2000 2005 WET Dfb 70 
(Lafleur et al., 

2003) 



22 
 

CA-NS2 55.9 -98.5 2002 2005 ENF Dfc 260 
(Beringer et al., 

2011) 

CA-NS3 55.9 -98.4 2001 2005 ENF Dfc 260 As above 

CA-NS4 55.9 -98.4 2002 2005 ENF Dfc 260 As above 

CA-NS5 55.9 -98.5 2002 2005 ENF Dfc 260 As above 

CA-NS6 55.9 -99.0 2001 2005 OSH Dfc 244 As above 

CA-NS7 56.6 -100.0 2002 2005 OSH Dfc 297 As above 

CA-Oas 53.6 -106.2 2000 2010 DBF Dfc 530 
(Black et al., 

1996) 

CA-Obs 54.0 -105.1 2000 2010 ENF Dfc 628.94 
(Jarvis et al., 

1997) 

CA-Ojp 53.9 -104.7 2000 2005 ENF Dfb 579 
(Baldocchi et al., 

1997) 

CA-Qcu 49.3 -74.0 2001 2006 ENF Dfb 392.3 
(Giasson et al., 

2006) 

CA-Qfo 49.7 -74.3 2004 2010 ENF Dfc 382 
(Bergeron et al., 

2007) 

CA-SF1 54.5 -105.8 2003 2006 ENF Dfc 536 
(Mkhabela et al., 

2009) 

CA-SF2 54.3 -105.9 2001 2005 ENF Dfc 520 As above 

CA-SF3 54.1 -106.0 2001 2005 OSH Dfc 540 As above 

CA-SJ1 53.9 -104.7 2001 2005 ENF Dfb 580 
(Howard et al., 

2004) 

CA-SJ2 53.9 -104.7 2003 2005 ENF Dfc 580 
(Coursolle et al., 

2012) 

CA-TP1 42.7 -80.6 2008 2014 ENF Dfb 265 
(Peichl et al., 

2007) 

CA-TP3 42.7 -80.4 2008 2014 ENF Dfb 184 As above 

CA-TP4 42.7 -80.4 2008 2014 ENF Dfb 184 
(Arain et al., 

2005) 

CA-

TPD 
42.6 -80.6 2012 2014 DBF Dfb 260 As above 

CA-

WP1 
55.0 -112.5 2003 2005 WET Dfc 540 

(Syed et al., 

2006) 

CH-Cha 47.2 8.4 2005 2014 GRA Cfb 393 
(Merbold, Lutz 

et al., 2014) 

CH-Dav 46.8 9.9 2000 2014 ENF ET 1639 

(Wolf et al., 

2013; Zielis et 

al., 2014) 

CH-Fru 47.1 8.5 2005 2014 GRA Cfb 982 
(Imer et al., 

2013) 

CH-Oe1 47.3 7.7 2002 2008 GRA Cfb 450 
(Ammann et al., 

2009) 

CN-Cha 42.4 128.1 2003 2005 MF Dwb 738 
(Zhang et al., 

2006) 
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CN-Cng 44.6 123.5 2007 2010 GRA BSk 171*d 
(Pastorello et al., 

2020) 

CN-Dan 30.5 91.1 2004 2005 GRA Dwc 4286 (Shi et al., 2006) 

CN-Du2 42.1 116.3 2006 2008 GRA Dwb 1350*b 
(Chen et al., 

2009) 

CN-Ha2 37.6 101.3 2003 2005 WET Dwc 3357 
(Pastorello et al., 

2020) 

CN-Xfs 44.1 116.3 2004 2006 GRA BSk 1250 
(Chen et al., 

2009) 

CZ-BK1 49.5 18.5 2004 2014 ENF Dfb 908*a 
(Krupková et al., 

2017) 

CZ-BK2 49.5 18.5 2009 2012 GRA Dfb 855 
(Acosta et al., 

2013) 

CZ-wet 49.0 14.8 2007 2014 WET Cfb 426 
(Dušek et al., 

2012) 

DE-Geb 51.1 10.9 2001 2014 CRO Cfb 161.5 
(Anthoni et al., 

2004b) 

DE-Gri 51.0 13.5 2004 2014 GRA Cfb 385 
(Prescher et al., 

2010) 

DE-Hai 51.1 10.5 2000 2009 DBF Cfb 430*a 
(Knohl et al., 

2003) 

DE-Har 47.9 7.6 2005 2006 ENF Cfb 201 
(Pastorello et al., 

2020) 

DE-Kli 50.9 13.5 2004 2014 CRO Cfb 478 
(Prescher et al., 

2010) 

DE-Lnf 51.3 10.4 2002 2012 DBF Cfb 451 
(Anthoni et al., 

2004a) 

DE-Meh 51.3 10.7 2003 2006 MF Cfb 293*a 
(DON et al., 

2009) 

DE-Obe 50.8 13.7 2008 2014 ENF Cfb 734 
(Pastorello et al., 

2020) 

DE-SfN 47.8 11.3 2013 2014 WET Cfb 590 
(Hommeltenberg 

et al., 2014) 

DE-Tha 51.0 13.6 2000 2014 ENF Cfb 380*a 
(Bernhofer et al., 

2003) 

DE-Wet 50.5 11.5 2002 2006 ENF Cfb 785*a 
(Rebmann et al., 

2010) 

DK-Ris 55.5 12.1 2004 2005 CRO Cfb 10 
(Pastorello et al., 

2020) 

DK-Sor 55.5 11.6 2000 2014 DBF Cfb 40*a 
(Pilegaard et al., 

2020) 
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ES-Amo 36.8 -2.3 2000 2014 OSH BSh 58 

(López-

Ballesteros et 

al., 2017) 

ES-ES1 39.4 -0.3 2007 2012 ENF Csa 5*a 
(Sanz M J, 

2004) 

ES-ES2 39.3 -0.3 2000 2006 CRO Csa 10 As above 

ES-LgS 37.1 -3.0 2004 2006 OSH Csb 2267 
(Reverter et al., 

2010) 

ES-LJu 36.9 -2.8 2005 2011 OSH Csa 1600 
(Serrano-Ortiz et 

al., 2009) 

ES-LMa 39.9 -5.8 2004 2006 SAV Csa 258*a 
(Perez-Priego et 

al., 2017) 

ES-

VDA 
42.2 1.5 2007 2009 GRA Cfb 1765*a 

(Pastorello et al., 

2020) 

FI-Hyy 61.9 24.3 2004 2006 ENF Dfc 181*a 
(Suni et al., 

2003) 

FI-Kaa 69.1 27.3 2000 2014 WET Dfc 155 

(AURELA, 

MIKA et al., 

2007) 

FI-Let 60.6 24.0 2000 2006 ENF Dfb 111 
(Koskinen et al., 

2014) 

FI-Lom 68.0 24.2 2009 2012 WET Dfc 269*a 
(Aurela, M. et 

al., 2015) 

FI-Sod 67.4 26.6 2007 2009 ENF Dfc 180*a 
(Thum et al., 

2007) 

FR-Fon 48.5 2.8 2008 2014 DBF Cfb 92*a 
(Michelot et al., 

2011) 

FR-Gri 48.8 2.0 2005 2013 CRO Cfb 125 
(Loubet et al., 

2011) 

FR-Hes 48.7 7.1 2004 2014 DBF Cfb 300*a 
(Granier et al., 

2000) 

FR-LBr 44.7 -0.8 2000 2006 ENF Cfb 61*a 
(Berbigier et al., 

2001) 

FR-Lq1 45.6 2.7 2000 2008 GRA Cfb 1040 
(Pastorello et al., 

2020) 

FR-Lq2 45.6 2.7 2004 2006 GRA Cfb 1040 
(Pastorello et al., 

2020) 

FR-Pue 43.7 3.6 2004 2006 EBF Csa 270*a 
(Rambal et al., 

2004) 

GL-ZaH 74.5 -20.6 2000 2014 GRA ET 48 
(Lund et al., 

2012) 

HU-Bug 46.7 19.6 2002 2006 GRA Cfb 111*a 
(Pastorello et al., 

2020) 
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IL-Yat 31.3 35.1 2001 2006 ENF Csa 650 
(Tatarinov et al., 

2016) 

IT-Amp 41.9 13.6 2002 2006 GRA Cfb 884*a 
(Papale et al., 

2015) 

IT-BCi 40.5 15.0 2004 2012 CRO Csa 20 
(Vitale et al., 

2016) 

IT-CA1 42.4 12.0 2011 2014 DBF Csa 200 
(Sabbatini et al., 

2016) 

IT-CA2 42.4 12.0 2011 2014 CRO Csa 200 
(Sabbatini et al., 

2016) 

IT-CA3 42.4 12.0 2011 2014 DBF Csa 197 
(Sabbatini et al., 

2016) 

IT-Col 41.9 13.6 2004 2014 DBF Cfb 1560*a 
(VALENTINI et 

al., 1996) 

IT-Cpz 41.7 12.4 2000 2008 EBF Csa 68 
(Tirone et al., 

2003) 

IT-Isp 45.8 8.6 2013 2014 DBF Cfa 210 
(Ferréa et al., 

2012) 

IT-Lav 46.0 11.3 2004 2014 ENF Cfb 1353 
(Marcolla, B. et 

al., 2003) 

IT-Lec 43.3 11.3 2005 2006 EBF Csa 314 
(Pastorello et al., 

2020) 

IT-MBo 46.0 11.1 2003 2013 GRA Dfb 1550*a 

(Marcolla, 

Barbara et al., 

2005) 

IT-Noe 40.6 8.2 2004 2014 CSH Csa 25 
(Papale et al., 

2015) 

IT-Non 44.7 11.1 2001 2006 MF Cfa 25*c (Nardino, 2002) 

IT-PT1 45.2 9.1 2002 2004 DBF Cfa 60 
(Migliavacca et 

al., 2009) 

IT-Ren 46.6 11.4 2002 2013 ENF Dfc 1730*a 

(Marcolla, 

Barbara et al., 

2005) 

IT-Ro1 42.4 11.9 2000 2008 DBF Csa 235 
(Rey et al., 

2002) 

IT-Ro2 42.4 11.9 2002 2012 DBF Csa 224*a 
(TEDESCHI et 

al., 2006) 

IT-SR2 43.7 10.3 2013 2014 ENF Csa 4 
(Pastorello et al., 

2020) 

IT-SRo 43.7 10.3 2000 2012 ENF Csa 4*a 
(Chiesi et al., 

2005) 

IT-Tor 45.8 7.6 2008 2012 GRA ET 2160 
(Galvagno et al., 

2013) 

NL-Ca1 52.0 4.9 2003 2006 GRA Cfb 0.7 
(Jacobs et al., 

2007) 
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NL-Loo 52.2 5.7 2000 2014 ENF Cfb 25*a 
(Dolman et al., 

2002) 

PT-Cor 39.1 -8.3 2010 2017 EBF Csa 170*c 
(Pastorello et al., 

2020) 

PT-Esp 38.6 -8.6 2002 2006 EBF Csa 95*a 
(Rodrigues et 

al., 2011) 

PT-Mi1 38.5 -8.0 2003 2005 EBF Csa 264*a 
(Pereira et al., 

2007) 

PT-Mi2 38.5 -8.0 2004 2006 GRA Csa 190 
(Pereira et al., 

2007) 

RU-Fyo 56.5 32.9 2002 2014 ENF Dfb 265*a 
(Kurbatova et 

al., 2008) 

RU-Ha1 54.7 90.0 2002 2004 GRA Dfb 446 

(Belelli 

Marchesini et 

al., 2007) 

RU-Zot 60.8 89.4 2002 2004 ENF Dfc 90 
(Arneth et al., 

2002) 

SD-

Dem 
13.3 30.5 2007 2009 SAV BWh 500 

(Ardö et al., 

2008) 

SE-Deg 64.2 19.6 2001 2005 WET Dfc 270 
(Sagerfors et al., 

2008) 

SE-Fla 64.1 19.5 2000 2002 ENF Dfc 226*c 
(Valentini et al., 

2000) 

US-AR1 36.4 -99.4 2009 2012 GRA Cfa 611 
(Billesbach D, 

2016) 

US-AR2 36.6 -99.6 2009 2012 GRA Cfa 646 
(Billesbach D, 

2016) 

US-ARb 35.6 -98.0 2003 2012 GRA Cfa 424 
(Pastorello et al., 

2020) 

US-ARc 35.6 -98.0 2005 2006 GRA Cfa 424 
(Pastorello et al., 

2020) 

US-

ARM 
36.6 -97.5 2005 2006 CRO Cfa 314 

(Pastorello et al., 

2020) 

US-Atq 70.5 -157.4 2003 2008 WET ET 15 
(Pastorello et al., 

2020) 

US-Aud 31.6 -110.5 2002 2006 GRA BSk 1469 
(Pastorello et al., 

2020) 

US-Bar 44.1 -71.3 2004 2005 DBF Dfb 272 
(Ouimette et al., 

2018) 

US-Bkg 44.4 -96.8 2004 2006 GRA Dfa 510 
(Gilmanov et al., 

2005) 
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US-Blo 38.9 -120.6 2000 2007 ENF Csb 1315 
(Goldstein et al., 

2000) 

US-Bo1 40.0 -88.3 2000 2007 CRO Cfa 219 
(Pastorello et al., 

2020) 

US-Bo2 40.0 -88.3 2004 2006 CRO Cfa 219 
(Pastorello et al., 

2020) 

US-Cop 38.1 -109.4 2011 2013 GRA BSk 1520 (D., 2016) 

US-

CRT 
41.6 -83.4 2001 2007 CRO Dfa 180 

(Pastorello et al., 

2020) 

US-Dk1 36.0 -79.1 2001 2005 GRA Cfa 168 
(Pastorello et al., 

2020) 

US-Dk3 36.0 -79.1 2001 2005 ENF Cfa 163 
(Pastorello et al., 

2020) 

US-Fmf 35.1 -111.7 2000 2006 ENF Csb 2160 
(Pastorello et al., 

2020) 

US-FPe 48.3 -105.1 2004 2006 GRA BSk 634 
(Pastorello et al., 

2020) 

US-FR2 30.0 -98.0 2005 2006 WSA Cfa 271.9 
(Heinsch et al., 

2004) 

US-Goo 34.3 -89.9 2002 2006 GRA Cfa 87 (T., 2016) 

US-Ha1 42.5 -72.2 2000 2012 DBF Dfb 340 
(Urbanski et al., 

2007) 

US-Ho1 45.2 -68.7 2000 2004 ENF Dfb 60 
(Hollinger et al., 

1999) 

US-IB1 41.9 -88.2 2005 2007 CRO Dfa 226.5 
(Pastorello et al., 

2020) 

US-IB2 41.8 -88.2 2004 2011 GRA Dfa 226.5 
(Pastorello et al., 

2020) 

US-Ivo 68.5 -155.8 2004 2007 WET ET 568 
(Epstein et al., 

2004) 

US-KS2 28.6 -80.7 2003 2006 CSH Cfa 3 
(Powell et al., 

2006) 

US-Los 46.1 -90.0 2000 2014 WET Dfb 480 
(Sulman et al., 

2009) 

US-Me2 44.5 -121.6 2000 2014 ENF Csb 1253 

(Kwon et al., 

2018; Thomas et 

al., 2009) 
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US-Me3 44.3 -121.6 2004 2006 ENF Csb 1005 
(Vickers et al., 

2012) 

US-Me5 44.4 -121.6 2002 2014 ENF Csb 1188 

(Law et al., 

2001; Williams 

et al., 2001) 

US-Me6 44.3 -121.6 2004 2009 ENF Csb 998 
(Ruehr et al., 

2014) 

US-

MMS 
39.3 -86.4 2000 2002 DBF Cfa 275 

(Roman et al., 

2015) 

US-

MOz 
38.7 -92.2 2010 2014 DBF Cfa 219.4 (Gu et al., 2016) 

US-Myb 38.1 -121.8 2011 2014 WET Csa -1 
(Pastorello et al., 

2020) 

US-NC1 35.8 -76.7 2005 2006 OSH Cfa 5 
(Noormets et al., 

2012) 

US-NC2 35.8 -76.7 2005 2006 ENF Cfa 5 
(Pastorello et al., 

2020) 

US-Ne1 41.2 -96.5 2000 2014 CRO Dfa 361 
(Pastorello et al., 

2020) 

US-Ne2 41.2 -96.5 2001 2013 CRO Dfa 362 
(Pastorello et al., 

2020) 

US-Ne3 41.2 -96.4 2001 2013 CRO Dfa 363 
(Pastorello et al., 

2020) 

US-NR1 40.0 -105.6 2001 2013 ENF Dfc 3050 
(Monson et al., 

2002) 

US-Oho 41.6 -83.8 2004 2013 DBF Dfa 230 
(DeForest et al., 

2006) 

US-Prr 65.1 -147.5 2011 2014 ENF Dfc 210 

(Ikawa et al., 

2015; Nakai et 

al., 2013) 

US-SO2 33.4 -116.6 2004 2006 CSH Csb 1394 
(Lipson et al., 

2005) 

US-SO3 33.4 -116.6 2001 2006 CSH Csb 1429 
(Lipson et al., 

2005) 

US-SO4 33.4 -116.6 2004 2006 CSH Csb 1429 
(Lipson et al., 

2005) 

US-SP2 29.8 -82.2 2000 2004 ENF Cfa 50 
(Clark et al., 

1999) 

US-SP3 29.8 -82.2 2000 2004 ENF Cfa 50 
(Clark et al., 

1999) 

US-SRC 31.9 -110.8 2008 2014 OSH BSh 991 
(Pastorello et al., 

2020) 
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US-

SRG 
31.8 -110.8 2008 2014 GRA Csa 1291 

(Scott et al., 

2015) 

US-

SRM 
31.8 -110.9 2004 2014 WSA BSk 1120 

(Scott et al., 

2009) 

US-Syv 46.2 -89.4 2001 2014 MF Dfb 540 
(Desai et al., 

2005) 

US-Ton 38.4 -121.0 2001 2014 WSA Csa 177 (Ma et al., 2016) 

US-Twt 38.1 -121.7 2009 2014 CRO Csa -7 
(Pastorello et al., 

2020) 

US-

UMB 
45.6 -84.7 2000 2014 DBF Dfb 234 

(Gough et al., 

2008) 

US-Var 38.4 -121.0 2000 2014 GRA Csa 129 (Ma et al., 2011) 

US-

WCr 
45.8 -90.1 2000 2014 DBF Dfb 520 

(Cook et al., 

2004) 

US-Whs 31.7 -110.1 2011 2013 OSH BSk 1370 
(Pastorello et al., 

2020) 

US-Wi4 46.7 -91.2 2007 2014 ENF Dfb 352 
(Noormets et al., 

2007) 

US-Wi9 46.6 -91.1 2002 2005 ENF Dfb 350 
(Noormets et al., 

2007) 

US-

Wkg 
31.7 -109.9 2004 2005 GRA BSk 1531 (Scott, 2010) 

US-

WPT 
41.5 -83.0 2004 2014 WET Cfa 175 

(Pastorello et al., 

2020) 

US-Wrc 45.8 -122.0 2000 2006 ENF Csb 371 
(Wharton et al., 

2012) 

ZA-Kru -25.0 31.5 2000 2012 SAV BSh 359 
(Archibald et al., 

2009) 

ZM-

Mon 
-15.4 23.3 2007 2009 WSA Aw 1053 

(Merbold, L. et 

al., 2009) 
*a: collected from (Flechard et al., 2020). 

*b: collected from (Hao et al., 2019). 

*c: collected from (Tang, B. et al., 2018). 

*d: collected from (Tang, X. et al., 2020). 

*e: extracted from google earth. 

Other elevation data were collected from https://fluxnet.org/, http://www.europe-fluxdata.eu/, 

http://www.ozflux.org.au/, https://ameriflux.lbl.gov/, http://www.asiaflux.net/, http://www.chinaflux.org/, and 

ancillary information of LaThuile dataset (https://fluxnet.org/data/la-thuile-dataset/). 
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Table S 3. Model calibration experiments (εmax and parameters of fX are LUE model parameters, AWC 177 
and are WAI parameters, the equations of cost function cf1, cf2 and cf3 are shown in the equation 12-14 in 178 

the main manuscript, ET and PET denote evapotranspiration and potential evapotranspiration, 179 
respectively) 180 

Name εmax and parameters of fX AWC and θ Cost function 

Full Optimized Optimized cf1 + cf2 + cf3 

Sup Optimized Optimized 
cf1 + cf2 + cf3, when ET<PET; 

0, when ET=PET 

Fix Optimized 
Fixed, AWC=150mm and 

θ=0.05 
cf1 + cf3 

SupFix Optimized 
Fixed, AWC=150mm and 

θ=0.05 

cf1 + cf3, when ET<PET; 

0, when ET=PET 

IDP Optimized Optimize individually cf2 

SupIDP Optimized Optimize individually 
cf2, when ET<PET; 

0, when ET=PET 

Table S 4.  Parameters initials and Ranges 181 

fX 
Paramete

r 
Initial Range fX 

Paramete

r 
Initial Range 

- εmax 1 [0.01,7] fVPDP c* 0.41 [0.31,0.51] 

fTCASA 

Topt 25 [20,35] fVPDP 

fVPDTAL 

Β 146 [118.4,291.6] 

Ta 0.2 [0.001,1] Κ -0.005 [-1,-0.001] 

Tb 0.3 [0.001,1] 
fVPDWan

g 
D0 15 [1,500] 

fTHorn 

Topt 10 [5,35] fWCFlux WHCmax 0.8 [0.1,1] 

kT 2 [1,20] fWCFlux 
fWHorn 

WHCmin 0.5 [0.01,0.9] 

α 0.29 [0,0.9] WI 0.4 [0.01,0.99] 

fTMOD17 
TMINmax 25 [5,30] 

fWHorn 

fWP 

kW -10 [-30,-5] 

TMINmin 15 [-25,25] Α 0.29 [0,0.9] 

fTP 

A 0.352 [0,1] Q -1 [-20,-0.5] 

B 0.022 [0,1] 
fWP 

fWPRELES 

θ* 0.6 [0.1,1] 

C 
0.0003

4 
[0,0.01] ρ 

0.44897

5 
[0.1,1] 

fTTAL 

Smax 15 [5,35] fWTAL α 1.062 [0.1,1.3] 

X0 -10 [-22,-8] fWTAL 

fWTAL1 

v 11.27 [0.1,20] 

Τ 13.75 [1,60] α 15 [1,30] 

fTVPM 

Topt 0.5 [0,1] fWTAL1 

fWVPM 

v 2 [1,20] 

Tmax 30 [15,40] LSWImax 0.41 [0.01,1] 

Tmin 5 [0,15] fWWeibull K 1.5 [0.05,20] 

fVPDHorn WI 5 [0.1,58] fWWeibull Λ 0.9 [0,2] 
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kW 5 [0.01,30] fLTAL Γ 0.04 [0,1] 

Α 0.29 [0,0.9] fCIEXP Μ 5 [0.001,30] 

fVPDMOD17 
VPDmax 20 [10,50] fCIHorn Ropt 0.5 [0,1] 

VPDmin 10 [2,40]  kC 0.5 [0.01,5] 

fVPDPRELES 

Κ -0.005 [-1,-0.001] fCIWang Μ 0.46 [0,1] 

cΚ 0.4 [-50,10] WAI AWC 1 [1,1000] 

Ca0 380 [340,390]   θ 0.05 [0.001,0.2] 

cm 2000 
[100,4000

] 
    

Table S 5. List of bioclimatic variables (Xu et al., 2011) and vegetation index features according to the 182 
algorithms of BIO1-BIO11  183 

Variables Definitions 

BIO1 Annual Mean Temperature 

BIO2 
Mean Diurnal Range (Mean of monthly maximum temperature minus minimum 

temperature) 

BIO3 Isothermality (BIO2 divided by BIO7 and 100) 

BIO4 Temperature Seasonality (standard deviation of temperature multiply with 100) 

BIO5 Max Temperature of Warmest Month 

BIO6 Min Temperature of Coldest Month 

BIO7 Temperature Annual Range (BIO5 minus BIO6) 

BIO8 Mean Temperature of Wettest Quarter 

BIO9 Mean Temperature of Driest Quarter 

BIO10 Mean Temperature of Warmest Quarter 

BIO11 Mean Temperature of Coldest Quarter 

BIO12 Annual Precipitation 

BIO13 Precipitation of Wettest Month 

BIO14 Precipitation of Driest Month 

BIO15 Precipitation Seasonality (Coefficient of Variation) 

BIO16 Precipitation of Wettest Quarter 

BIO17 Precipitation of Driest Quarter 

BIO18 Precipitation of Warmest Quarter 

BIO19 Precipitation of Coldest Quarter 

VIF1 Annual mean EVI (enhanced vegetation index) 

VIF2 Mean monthly EVI range 

VIF3 Mean EVI variability (VIF2 divided by VIF7) 
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VIF4 EVI seasonality (standard deviation of EVI) 

VIF5 Max EVI of Warmest Month 

VIF6 Min EVI of Coldest Month 

VIF7 Annual EVI Range (BIO5 minus BIO6) 

VIF8 Mean EVI of Wettest Quarter 

VIF9 Mean EVI of Driest Quarter 

VIF10 Mean EVI of Warmest Quarter 

VIF11 Mean EVI of Coldest Quarter 

Table S 6. List of soil properties 184 

Name Definition 

BDRICM Depth to bedrock (R horizon) up to 200 cm 

BDRLOG Probability of occurrence (0-100%) of R horizon 

BDTICM Absolute depth to bedrock (in cm) 

BLDFIE Bulk density (fine earth) in kg/m3 at depth 0.00 m 

CECSOL Cation exchange capacity of soil in cmol/kg at depth 0.00 m 

CLYPPT Clay content (0-2 micro meter) mass fraction in % at depth 0.00 m 

CRFVOL Coarse fragments volumetric in % at depth 0.00 m 

ORCDRC Soil organic carbon content (fine earth fraction) in g/kg at depth 0.00 m 

PHIHOX Soil pH*10 in H2O at depth 0.00 m 

PHIKCL Soil PH (mulity with 10) in KCl at depth 0.00 m 

SLTPPT Silt content (2-50 micro meter) mass fraction in % at depth 0.00 m 

SNDPPT Sand content (50-2000 micro meter) mass fraction in % at depth 0.00 m 

AWCh1 
Derived available soil water capacity (volumetric fraction) with FC = pF 2.0 for depth 0 

cm 

AWCh2 
Derived available soil water capacity (volumetric fraction) with FC = pF 2.3 for depth 0 

cm 

AWCh3 
Derived available soil water capacity (volumetric fraction) with FC = pF 2.5 for depth 0 

cm 

WWP 
Derived available soil water capacity (volumetric fraction) until wilting point for depth 0 

cm 

AWCtS Derived saturated water content (volumetric fraction) teta-S for depth 0 cm 
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