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TEXT S1. MODELS USE IN STUDY AREA      
S1.1 Agricultural Production Systems Simulator (APSIM) 

The Agricultural Production Systems Simulator (APSIM) for wheat is a wheat model 
based on Australia with the capability to pretend the soil transformation such as nitrogen, water, 
crop rest, crop growth, development and their interaction. It is a software tool that enables sub-
models (or modules) to be linked to simulate agricultural systems (Keating et al., 2003; McCown 
et al., 1996). The APSIM-Wheat module simulates the growth and development of a wheat crop 
on a daily time-step on an area basis (per square meter, not a single plant). APSIM module 
required inputs including weather, soil and crop data along with management option. The wheat 
growth and development respond to weather (radiation, temperature), soil water and soil 
nitrogen, and management practices (Zheng et al., 2014).  

The module sends daily information on its groundwater and nitrogen consumption to the 
Soilwat and SoilN modules to reset these systems. Crop coverage information will also be 
provided to the Soilwat module to calculate evaporation rates and releases. Wheat stover and 
root residues were ‘passed' from wheat to the surface Residue and SoilN module respectively at 
harvest of the plant crop. The SoilWater module is a cascading water balance model that owes 
much to its precursors in CERES (Jones et al., 1986) and PERFECT (Littleboy et al., 1992). 
SoilWater in APSIM is on a daily basis, and typical of such models the various processes are 
calculated consecutively. The SoilN module describes the dynamics of both carbon and nitrogen 
in soil. The APSIM Met module provided daily meteorological information to all modules within 
an APSIM simulation. 

APSIM Wheat consists of 11 stages of development, which are determined by the 
accumulation of thermal time and other factors (such as vernalization, photoperiod, and N from 
emergence to terminal spikelet) (Chen et al., 2010). 
S1.2 DSSAT (Decision Support System for Agro Technology) 

The crop simulation model DSSAT (decision support system for agricultural 
technologies) was chosen because it has been used successfully in various circumstances and 
worldwide for multiple purposes: as a crop management tool. In addition, the suitability of 
CERES-Wheat has been tested in extensive field trials (Xiong et al., 2014). Over 18 different 
crops simulated with CSM, including Soybean, wheat, rice, barley, sorghum, millet, soybean, 
peanut, dry bean, chickpea, cowpea, faba bean, velvet bean, potato, tomato, bell pepper, cabbage, 
Bahia and brachiaria, and bare fallow. 

The Decision Support System for Agro-Technology (DSSAT) is a software that contains 
many process-based, mechanistic and management-oriented crop modules (Hoogenboom et al., 
2010; Jones et al., 2003). CERES-Wheat is one of the process-oriented management-level 
models integrated in DSSAT, with the capability to simulate the daily growth, development and 
yield of wheat genotypes in different environments (Ritchie et al., 1998). The model follows a 
balanced approach to emphasize the biophysics of crop growth and development, including the 
effects of temperature, precipitation, and radiation on phenology, and the effects of water and 
nitrogen stress on growth. overall. 



Supplement to Munir et al. (2022) – Clim Res 87: 13–37  –  https://doi.org/10.3354/cr01678 
 

 2 

The input files of the DSSAT program require experiment data files, weather data files, 
soil data files, and genotype data files. 
S1.2.1 Weather data file 

The model requires daily weather data during the growing season. The minimum data 
required for the above two models are solar radiation, minimum and maximum air temperature 
and rainfall(Panda et al., 2003).   
S1.2.2 Soil data file 

Used data on soil profile, soil moisture, soil nitrogen and root growth characteristics, 
taxonomic classification of soil, soil texture and other descriptive data from the experimental site 
to develop soil file for the experimental station. 
S1.2.3 Experimental details file or Management information 

Examples are field characteristics, soil analysis data, initial soil water, irrigation and 
water management, fertilizer management, agriculture activities, environmental adjustment, crop 
management and simulation controls. Details of irrigation events for all the experiments.   
S1.2.4 Genotype data file 

Farmers can change varieties in order to maximize yield. The DSSAT crop models also 
have the possibility to take this source of variability into account. The variety has a specific set 
of genetic coefficients for each model. These coefficients represent the genetic potential of each 
genotype and are not affected by all environmental restrictions: soil; by simulating the yield of 
different varieties under different conditions, one or more of the best available resources can be 
selected. 
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TEXT S2. MODEL EVALUATION 

During the evaluation process, CERES-Wheat projected the days to anthesis and maturity of 
Galaxy 2013 in good agreement as indicated by several statistical indexes (-0.30 < ME < -0.26, 2.1 days < 
RMSE < 2.9 days, 0.2 < d < 0.30, 1.26% < MPD < 1.45%, and 1.3 days < MAE < 2.0 days) (Table S5). 
The CERES-Wheat model predicted 109days from sowing time to anthesis which are approximately 1 
days late than the observed days to anthesis (108 days; Table S5). The positive value of MPD indicates 
the over-prediction of days from sowing to anthesis and maturity of Galaxy 2013. Similarly, the APSIM-
Wheat simulated the days to anthesis and maturity of wheat cultivar Galaxy 2013 in good agreement with 
the measurements which is clearly revealed by many statistical indices (2.08 days < RMSE < 2.64 days; 
0.97% < MPD < 1.26%; -0.30 < d < -0.10; -0.30 < ME < -0.02 and MAE at 1.33 days). The APSIM-
Wheat model simulated the 109.0 days from sowing to anthesis which is 01 days late relative to the 
observed days to anthesis (108.0 days; Table S5).   

In terms of maximum LAI, CERES-Wheat model simulated values are in an excellent agreement 
with the observed one as the d-index was at 0.99, the calculated RMSE at 0.25, ME at 0.94, and MPD and 
MAE were varied at -7.22 and -0.22, respectively. Likewise, the APSIM-Wheat model predicted the LAI 
in an excellent agreement with measured values of LAI. The index of agreement was at 0.91, the 
computed RMSE at 0.58, ME at 0.67, and MPD and MAE were ranged from -12.93 and -0.44, 
respectively.  Subsequently, CERES-Wheat model simulated final grain yield and tops weight at maturity 
also in very good agreement as indicated by several statistical indexes (0.98 < d < 0.99, 368.54 kg ha-1 < 
RMSE < 625.44 kg ha-1, 0.90 < ME < 0.95, -9.96% < MPD < -0.81%, and -145.67 kg ha-1 < MAE < 
179.83 kg ha-1). The CERES-Wheat model projected the annual grain yield of 3051.6 kg ha-1 against the 
observed value of 3349.7 kg ha-1 under all rest of treatments except those which was used in calibration 
process. The CERES-Wheat model predicted the tops weight at maturity of 7368.50 kg ha-1 against the 
observed value of 7566.33 kg ha-1 (Table S5). In the case of the APSIM-Wheat model, the projected grain 
yield and tops weight at the time of harvest were also in a good agreement with the measurements which 
was exhibited by several statistical indices (215.27 kg ha-1 < RMSE < 603.98 kg ha-1; 0.96 < ME < 0.97; 
5.86% < MPD < 6.99%; 124.62 kg ha-1 < MAE < 313.12 kg ha-1 and d-index at 0.99). The APSIM-Wheat 
model captured the trends in grain yield of Galaxy 2013 as the simulated mean yield was 3465.55 kg ha-1 
against the measured yield i.e. 3349.67 kg ha-1 under all the evaluated treatments excluding the treatment 
on which the model operated during the calibration process. Further, the APSIM-Wheat model also 
captured the trends in tops weight of wheat at harvesting time, which was the mean tops weight of 
7608.82 kg ha-1 relative to the measurements (mean yield of 7566.33 kg ha-1; Table S5).  

For CERES-Wheat, the regression analysis between projected and observed grain yield of wheat 
was also significant with very high value of R2 which was 0.98 (p < 0.01), and the intercept at 627.34 kg 
ha-1 (p < 0.05) and slopes was at 1.09 (p < 0.05; Figure 7a). For APSIM-Wheat model, the regression 
analysis between modeled and observed grain yield of wheat cultivar Galaxy 2013 was also significant 
with very high value of R2 which was 0.98 (p < 0.01), and the intercept at 412.7 kg ha-1 (p < 0.05) and 
slopes was at 0.911 (p < 0.05; Figure 7b). Likewise, the regression relationship between predicted and 
observed tops weight at maturity of wheat cv. Galaxy 2013 was also significant with R2 at 0.96 (p < 0.01), 
and the intercept at 118.76 kg ha-1 (p < 0.05) and slope was at 0.98 (p < 0.05; Figure.7c) for CERES-
Wheat model. Similarly, for APSIM-Wheat, the regression relationship between modeled and measured 
tops weight of wheat at maturity of wheat was found to be significant with R2 at 0.97 (p < 0.01), and the 
intercept at 1244.1 kg ha-1 (p < 0.05) and the slope was at 0.84 (p < 0.05; Fig. 7d). 
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Table S1 Ceres -Wheat Genetic coefficients and definition 

Source (Jones et al., 2003b) 
 

Table S2 Crop genetic co-efficient of wheat cultivar Galaxy 2013 

 

  

Coefficients  Definition 

P1V Days at optimum vernalizing temperature required to complete vernalization. 

P1D 
Percentage reduction in development rate in a photoperiod 10 hour shorter than the 

threshold relative to that at the threshold. 

P5 Grain filling (excluding lag) phase duration (°C.d). 

G1 Kernel number per unit canopy weight at anthesis (#/g). 

G2 Standard kernel size under optimum conditions (mg). 

G3 Standard, non-stressed dry weight (total, including grain) of a single tiller at maturity (g). 

PHINT 
Phylochron interval; the interval in thermal time (degree days) between successive leaf tip 

appearances. 

Parameter Model tested range calibrated value
P1V 0-5 2

P1D 40-100 70

P5 500-700 600

G1 10-30 20

G2 35-60 46

G3 0.5-2 1.5

PHINT 60-100 85

potential_grain_filling_rate 0.01-0.03 0.0289

grains_per_gram_stem 20.-25 23.1

tt_end_of_juvenile 400-500 445

tt_floral_initiation 500-650 595

tt_flowering 250-400 319

tt_start_grain_fill 300-400 360

max_grain_size 0.1-0.7 0.0527

vern_sens 1.0-4.0 2.16

photo_sens 2.0-5.0 3.25

DSSAT

APSIM
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Table S3 Relative Sensitivity of grain yield of wheat to genetic co-efficient 

Parameter % change 
Simulated Yield (kg ha-1)   Relative Sensitivity (%) 

N0 N30 N60 N90 N120 N150 N180   N0 N30 N60 N90 N120 N150 N180 

P1V 
+5% 611 2172 3306 4501 4841 4197 3520   0.16 0.00 0.00 0.00 0.02 0.02 0.03 

-5% 612 2172 3306 4501 4843 4199 3522   0.00 0.00 0.00 0.00 -0.02 -0.02 -0.03 

P1D 
+5% 670 2155 3273 4434 5062 4424 3776   -9.48 0.78 1.00 1.49 -4.54 -5.38 -7.24 

-5% 556 2152 3311 4324 4678 3976 3311   9.15 0.92 -0.15 3.93 3.39 5.29 5.96 

P5 
+5% 612 2190 3330 4525 4842 4198 3522   0.00 -0.83 -0.73 -0.53 0.00 0.00 -0.03 

-5% 611 2137 3285 4467 4842 4198 3521   0.16 1.61 0.64 0.76 0.00 0.00 0.00 

G1 
+5% 642 2172 3292 4508 5084 4408 3698   -4.90 0.00 0.42 -0.16 -5.00 -5.00 -5.03 

-5% 581 2172 3300 4300 4600 3988 3345   5.07 0.00 0.18 4.47 5.00 5.00 5.00 

G2 
+5% 642 2172 3292 4508 5084 4408 3698   -4.90 0.00 0.42 -0.16 -5.00 -5.00 -5.03 

-5% 581 2172 3300 4300 4600 3988 3345   5.07 0.00 0.18 4.47 5.00 5.00 5.00 

G3 
+5% 611 2172 3306 4501 4842 4198 3521   0.16 0.00 0.00 0.00 0.00 0.00 0.00 

-5% 612 2172 3306 4501 4842 4199 3522   0.00 0.00 0.00 0.00 0.00 -0.02 -0.03 

PHINT 
+5% 623 2171 3313 4516 4887 4244 3565   -1.80 0.05 -0.21 -0.33 -0.93 -1.10 -1.25 

-5% 601 2151 3295 4483 4810 4161 3479   1.80 0.97 0.33 0.40 0.66 0.88 1.19 
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Table S4 Calibration of CERES-Wheat and APSIM-Wheat models for wheat cv. Galaxy 2013 at 120 kg N 
ha-1 treatment 

  DSSAT(CERES-Wheat) APSIM-Wheat 

Parameters Simulated Observed PE (%) Simulated Observed PE (%) 

Days to Anthesis 109 109 0 109 109 0 

Days to Maturity 142 142 0 141 142 -0.7 

Grain yield (kg ha-1) 4842 5021 -3.57 4903.7 5021 -2.34 

Tops weight at maturity (kg ha-1) 10997 11109 -2.38 4.068 4.2 -3.14 

Leaf area index 4.1 4.2 -1.01 11272.5 11109 1.47 

 

 

Table S5 The statistical indices for evaluating the model simulations’ performance during model 
calibration 

aThe units of both MAE and RMSE are same as that of the particular traits N, no observations, RMSE, 
root mean square error; MAE, mean absolute error; d, index of agreement; MPD, mean percent 
difference; ME, modelling efficiency 

 

 

 

 

 

Trait Model Observed Simulated N aRMSE d-index aMAE MPD ME

Days to Anthesis 108 109 6 2.08 0.3 1.33 1.26 -0.3

Days to Maturity 140.67 142 6 2.94 0.23 2 1.45 -0.26

Grain yield (kg ha-1) 3349.67 3051.67 6 368.54 0.98 -145.67 -9.96 0.9

Tops weight at maturity (kg ha-1) 7566.33 7368.5 6 625.44 0.99 179.83 -0.81 0.95

Leaf area index 2.7 2.55 6 0.25 0.99 -0.02 -7.22 0.94

Days to Anthesis 108 109 6 2.08 -0.3 1.33 1.26 -0.3

Days to Maturity 140.67 141 6 2.64 -0.1 1.33 0.97 -0.02

Grain yield (kg ha-1) 3349.67 3465.55 6 215.27 0.99 124.62 5.86 0.97

Tops weight at maturity (kg ha-1) 7566.33 7608.82 6 603.98 0.99 313.12 6.99 0.96

Leaf area index 2.7 2.25 6 0.58 0.91 -0.44 -12.93 0.67

DSSAT

APSIM
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Table S6 The statistical indices for evaluating the model simulations’ performance during model 
validation

 

 

 

 

Figure S1 Flow chart for RCM bias correction and future climate projection  

 

  

Trait Model Observed Simulated N aRMSE d-index aMAE MPD ME

Days to Anthesis 114.57 116 7 3.63 0.21 2.29 2.05 -0.18

Days to Maturity 145.86 150 7 5.03 0.33 3.86 2.69 -2.11

Grain yield (kg ha-1) 3817 3249.71 7 621.36 0.95 -406.14 -14.87 0.78

Tops weight at maturity (kg ha-1) 8816.71 8631.14 7 580.59 0.99 138.14 -0.63 0.97

Leaf area index 3.01 2.71 7 0.33 0.98 -0.16 -9.71 0.91

Days to Anthesis 114.57 114 7 2.56 0.15 2 1.71 -0.14

Days to Maturity 145.86 148 7 2.39 0.64 1.72 1.18 -0.2

Grain yield (kg ha-1) 3817 3610.5 7 377.79 0.94 -33.5 -0.13 0.83

Tops weight at maturity (kg ha-1) 8816.71 7995.04 7 1094.83 0.9 303.1 2.37 0.74

Leaf area index 3.01 2.07 7 1.06 0.42 -0.17 -7.92 -1.5

DSSAT

APSIM
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Figure S2 Mean annually and monthly Precipitation, maximum and minimum temperature distribution in 
the study area for the period (1980-2010).  
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Figure S3 Relationship between modeled and measured grain yield for CERES (a)ASPIM (b) and tops weight (c for 
CERES and d for ASPIM) at maturity during model Calibration. 

  

Figure S4 Relationship between modeled and measured grain yield for CERES (a) ASPIM (b) and tops weight (c for 
CERES and d for ASPIM) at maturity during model Validation. 

(b) 

(b) 

(c) 
(d) 

(d) 
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