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S1. Carbon fluxes in CLM5 for C3 crops 
Photosynthesis in C3 plants is based on the model of Farquhar et al. (1980). In its simplest form, leaf net 

photosynthesis after accounting for dark respiration (𝑅𝑑 ) is: 
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where 𝐴𝑐 (𝜇 mol CO2 m-2 s-1) is the RuBP carboxylase (Rubisco) limited rate of carboxylation, 𝐴𝑗 (𝜇 mol CO2 m-

2 s-1) is the maximum rate of carboxylation allowed by the capacity to regenerate RuBP (i.e., the light-limited 

rate), and 𝐴𝑝 (𝜇 mol CO2 m-2 s-1) is the product-limited rate of carboxylation for C3 plants. In these equations, 𝑐𝑖 

is the internal leaf CO2 partial pressure (Pa), and 𝑜𝑖 = 0.20𝑃𝑎𝑡𝑚 is the O2 partial pressure (Pa). 𝐾𝑐 and 𝐾𝑜 are the 

Michaelis-Menten constants (Pa) for CO2 and O2. Γ (Pa) is the CO2 compensation point. 𝑉𝑐 max is the maximum 

rate of carboxylation (μmol m-2 s-1), and 𝐽𝑥 is the electron transport rate (μmol m-2 s-1). 𝑇𝑝 is the triose phosphate 

utilization rate (μmol m-2 s-1), taken as 𝑇𝑝 = 0.167𝑉𝑐 max so that 𝐴𝑝 = 0.5𝑉𝑐 max for C3 plants (as in Collatz et al. 

1992). For more details on the calculation of 𝑉𝑐max, 𝐽𝑥,	𝑇𝑝,	Kc,	Ko,	and	Γ at various temperatures, please refer to 

CLM5 Tech Note: Chapter 9, and for information on respiration, refer to CLM5 Tech Note: Chapter 17 (Lawrence 

et al., 2018). 

 

 

S2. Improvement of Indian crop physiology in Reddy et al. (2025) 

For example, the bias in the LAI simulation was 0.81 and 0.66 for wheat and rice in the default model. The bias 

in LAI reduced in the improved model to 0.43 and 0.34 for wheat and rice (Reddy et al., 2025). The largest 

improvement in crop simulation was observed in wheat growing season length, RMSE improved from 63 days in 

the default case to 15 days in CLM5_Mod2 (Reddy et al., 2025). The site scale observation data from 2000 to 

2014 was used for comparing the crop physiology simulation by various versions of the CLM5 model in Reddy 

et al. (2025).   

 

 
 
 
 
 
 



 

 
Figure S1: The spinup of the CLM5 model for 200 years in the accelerated mode and the evolution to reach 
equilibrium for variables: TOTECOSYSC- Total Ecosystem Carbon, TOTSOMC- Total Soil Carbon 
Organic Matter, and TOTVEGC- Total Vegetative Carbon. 
 
 
 
 
 
 

 
Figure S2: Comparison of yield simulated by CLM5 for major Indian crops (a) Rice and (b) Wheat against 
the FAO observations 

 
 
 



 
Figure S3: Mean seasonal cycles of carbon and energy fluxes simulated by CLM5 and fluxes from 
observations. Panels show the climatological annual cycles of (a) gross primary production (GPP), (b) total 
ecosystem respiration (TER), and (c) net ecosystem production (NEP) for the period 2001–2014, and of (d) 
sensible heat flux (SH) and (e) latent heat flux (LH) for the period 1970–2014. Solid lines indicate monthly 
means simulated by CLM5 and derived from FLUXCOM observations. Shaded envelopes represent ±1 
standard deviation of the monthly fluxes for CLM5 and observations. 
 

 

 
Figure S4: (a) Latent Heat, and (b) Sensible Heat from (i) FLUXCOM data, and (ii) The difference between CLM5 and 
FLUXCOM data. All plots are for the rice-growing regions (grid cells with more than 10% of land area covered by 
rice crop) and the mean of the data growing season (July to October). All fluxes are monthly means over the period 
1970 to 2014. 



 

 
Figure S5: (a) Latent Heat, and (b) Sensible Heat from (i) FLUXCOM data, and (ii) The difference between CLM5 and 
FLUXCOM data. All plots are for the wheat-growing regions (grid cells with more than 10% of land area covered by 
wheat crop) and the mean of the growing season (December to March). All fluxes are monthly means over the period 
1970 to 2014. 



 
Figure S6: Comparison of monthly water and energy fluxes simulated by CLM5 CTRL run against the FLUXCOM 
data during the rice growing season, July to October. The area shown here is a region with more than 10% of the land 
area covered by rice. The second and fourth columns show the difference between CLM5 and FLUXCOM latent and 
sensible heat, respectively. The monthly mean fluxes over the period 1970-2014 are shown here. Pearson r in the plots 
is tested for significance, and values that are significant have an asterisk ‘*’.  



 
Figure S7: Comparison of monthly water and energy fluxes simulated by CLM5 CTRL run against the FLUXCOM 
data during the wheat growing season, December to March. The area shown here is a region with more than 10% of 
the land area covered by wheat. The second and fourth columns show the difference between CLM5 and FLUXCOM 
latent and sensible heat, respectively. The monthly mean fluxes over the period 1970-2014 are shown here. Pearson r 
in the plots is tested for significance, and values that are significant have an asterisk ‘*’. 



 
Figure S8: Spatial trend observed in carbon fluxes (a.) GPP, (b.) AR, and (c.) NPP in rice-growing regions in the (i) 
CTRL simulation. (ii) to (v) show the impact of each driver. Regions stippled implies the trend is statistically significant 
at p<0.05.  

 
 

 
Figure S9: Spatial trend observed in carbon fluxes (a) GPP, (b) AR, and (c) NPP of wheat-growing regions in the (i) 
CTRL simulation. (ii) to (v) show the impact of each driver. Regions stippled implies the trend is statistically significant 
at p<0.05. 



 
Figure S10: Spatial trend observed in (a) max. LAI, (b) Yield, and (c) Dry Matter of rice-growing regions in the (i) 
CTRL simulation. (ii) to (v) shows the impact of each driver. Regions stippled implies the trend is statistically significant 
at p<0.05.  

 
 

 
Figure S11: Spatial trend observed in (a) max. LAI, (b) Yield, and (c) Dry Matter of wheat-growing regions in the (i) 
CTRL simulation. (ii) to (v) shows the impact of each driver. Regions stippled implies the trend is statistically significant 
at p<0.05.  

 



 
Table S1: Comparing GPP simulated by CLM5 for rice and wheat against other studies 

 Location GPP (gC/m2) AR/GPP Reference 

Rice 

International Rice Research Institute, Philippines 1192 
1464 0.67 Alberto et 

al., 2009 

Mase paddy site, Japan 1140 0.65 Saito et al., 
2005 

Central Rice Research Institute, Cuttak, India 811 0.44 Bhattacharya 
et al., 2013 

Bangladesh Agricultural University Farmland, 
Dhaka, Bangladesh 

1312 
1574 

0.58 
0.52 

Hossen et 
al., 2011 

North China Plain, China 987 
966 

0.56 
0.56 

Chen et al., 
2015 

Indian Agricultural Research Institute, New Delhi, 
India 753 0.51 Kumar et al., 

2021 
Rice growing region of India 1528.3 ± 561 0.53 ± 0.05 This study 

Wheat 

Selhausen test site, Germany (First Year) 1304 0.51 Schmidt et 
al., 2012 

Selhausen test site, Germany (Second Year) 1067 0.49 Schmidt et 
al., 2012 

North China Plain, China 
1220 
1135 
859 

0.52 
0.54 
0.53 

Chen et al., 
2015 

Saharanpur, India 1024 - Patel et al., 
2021 

Indian Agricultural Research Institute, New Delhi, 
India 888 0.34 Kumar et al., 

2021 
Wheat growing regions of India 862.6 ± 438.6 0.42 ± 0.04 This study 
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