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S1. Main input datasets used in PCR-GLOBWB 2  1 

Table S1. Main input datasets used in PCR-GLOBWB 2 modules are described below: 2 

S.No Datasets Source 

1. Weather variables 

- temperature 

- precipitation 

- reference potential 

evaporation  

ERA-Interim (Dee et al., 2011) 

2. Soil parameters (upper 

and lower layer) 

- soil thickness 

- residual soil moisture 

content 

- soil moisture at 

saturation 

 

FAO (2007) soil map;  

Van Beek and Bierkens (2009) 

3.  Land cover fractions 

Land cover area 

MIRCA2000 dataset (Portmann et al., 2010);  

 3 

For detailed information, refer to Sutanudjaja et al.,( 2018).   4 

S2. Cultivars calibration 5 

Cultivars for each crop, namely maize, soybean, and wheat, were meticulously chosen by 6 

analyzing the cultivars present in the WOFOST crop parameter dataset against reported yield 7 

statistics. The selection process aimed to identify cultivars that closely matched the reported 8 

data, ensuring a representative and reliable set for inclusion in the study as presented for 9 

irrigated and rainfed maize (Fig. S1), soybean (Fig. S2) and wheat (Fig. S3). 10 

 11 
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Maize Irrigated 22 
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Maize Rained 25 

 26 

Figure S1: Reported yield and simulated yield of cultivars for irrigated and rainfed maize.  27 
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Soybean Irrigated 38 

 39 

Soybean Rainfed 40 

 41 

Figure S2: Reported yield and simulated yield of cultivars for irrigated and rainfed soybean. 42 
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Wheat Irrigated 53 

 54 

Wheat Rainfed 55 

 56 

Figure S3: Reported yield and simulated yield of cultivars for irrigated and rainfed wheat. 57 

  58 



S3. Soil hydrology and crop yield 59 

Simulations with WOFOST Stand-Alone (SA) and the coupled varieties in which information 60 

is exchanged between PCR-GLOBWB 2 with WOFOST (one-way coupled, OW), and back 61 

(two-way coupled, TW; Fig. 3) give different yields as a result of the influence of soil moisture 62 

availability on transpiration. In case soil moisture availability is too low, water stress will occur 63 

and assimilation and biomass accumulation in the different plant compartments, including the 64 

storage organs (crop yield) will be affected. This explains the different crop yields of Fig. 4 65 

and Fig. 5 in the main text. 66 

Here, we investigate the effect of soil hydrology and crop yield in our models in detail by 67 

evaluating the development of soil moisture, evapotranspiration and biomass over time for 68 

rainfed and irrigated maize at two contrasting locations in the USA, being a cell in Georgia 69 

(32.79° N, 83.79° W) and one in the High Plains (33.29° N, 98.88° W). These locations receive 70 

different rainfall amounts, Georgia experiencing less water stress than the High Plains as a 71 

result. Furthermore, to increase the contrast, two years were selected being 2009 and 2012, a 72 

normal and a drier year, respectively.   73 

Table S2: Seasonal rainfall during the crop growing period at the two locations for the years 2009 74 

and 2012. 75 

Locations  Rainfall (mm) over a growing season  

2009 (normal year) 2012 (dry year) 

Georgia –  

32.79° N, 83.79° W 

612.0 244.1 

High Plains – 

33.29° N, 98.88° W 

278.2 234.2 

 76 

S3.1. Biomass accumulation and yield 77 

The effect of water stress on the final biomass accumulation in the plant compartments is shown 78 

in Fig. S4-S5. In case of irrigation, water stress is largely avoided by applying water, and the 79 

accumulated biomass, including the crop yield (storage organs), is almost the same per location 80 

and year for all three model variants (SA, OW, TW). Only for the two-way coupled model 81 

version, the values are sometimes lower as irrigation scheduling in PCR-GLOBWB 2 can be 82 

sub-optimal, whereas in WOFOST, water stress does not occur by keeping the soil moisture at 83 

optimal levels. The total biomass differs for the two locations for the two years, the total 84 

biomass being greater for the drier year 2012 than for the normal year 2009. The reason for 85 

this higher biomass is the fact that in the drier year, more shortwave radiation is available to 86 

sustain photosynthesis, and no water stress is incurred as any soil moisture deficit is replenished 87 

by irrigation. The subdivision of the accumulated biomass into the different biomass 88 

compartments varies between locations and years. This is mostly the result of the higher 89 

temperatures in the drier year that shift the moments the different growth stages are reached in 90 

WOFOST due to the accumulated growth temperature (e.g., anthesis). In particular, for 91 

Georgia, the increase in yield is higher in the drier year than in the normal year. In contrast, the 92 



increase in total biomass is not so large, and the totals are similar for both years 2009 and 2012 93 

and both locations (15 – 17 ∙103 kg /hectare per year). 94 

For the rainfed conditions, the differences in biomass components are larger. First, the total 95 

biomass and yield are the same for Georgia in the normal year 2009, in which no water stress 96 

occurs. When water stress occurs, the values are different. At the High Plains location water 97 

stress occurred already in 2009, and the yields differed between the model variants, the stand-98 

alone (SA) version giving the lowest yield, followed by the two-way coupled version (TW), 99 

then the one-way coupled version (OW). This pattern is similar for the drier year 2012 at both 100 

Georgia and the High Plains. For this year, the yields fall strongly, and this reduction appears 101 

to be stronger than for the other plant compartments, which suggests that water stress occurs 102 

later in the growing season, when the other plant compartments (roots, stems and leaves) are 103 

already largely set. For rainfed crops, the higher yields for the one-way coupled model version 104 

are also found here. A remarkable point here is that the crop yield at the location in Georgia 105 

for 2012 exceeds all other yields, including the ones under irrigation. The explanation for this 106 

is that the two cultivation types (irrigation, rainfed) consider different crop types or cultivars 107 

for maize (see section S2) and that, as a result rainfed maize has a slightly larger growing 108 

season and, as a result can accumulate storage organs longer and to a higher amount than 109 

irrigated maize. 110 

 111 

Figure S4: Biomass components (Roots, Stems, Leaves, Storage Organs/Yield) for three model 112 

approaches, Stand-alone, One-way and Two-way coupling during normal year (2009) and dry 113 

year (2012) for rainfed maize in the Georgia (32.79° N, 83.79° W) and High Plains (33.29° N, 114 



98.88° W). The value given at the top of each bar is the accumulated mass of storage organs at 115 

the end of the growing season (crop yield) 116 

 117 

Figure S5: Biomass components (Roots, Stems, Leaves, Storage Organs/Yield) for three model 118 

approaches, Stand-alone, One-way and Two-way coupling during normal year (2009) and dry 119 

year (2012) for irrigated maize in the Georgia (32.79° N, 83.79° W) and High Plains (33.29° N, 120 

98.88° W). The value given at the top of each bar is the accumulated mass of storage organs at 121 

the end of the growing season (crop yield).  122 

S3.2. Soil hydrology, water stress and crop growth 123 

We evaluated the influence of the soil hydrology on the crop growth over the growing season 124 

for the three model variants (SA, OW, TW) for the two locations (Georgia, High Plains) and 125 

the normal year 2009 and drier year 2012. In all cases, the assimilation in WOFOST is 126 

dependent on the transpiration that is derived from a single root zone that can span the two soil 127 

layers in PCR-GLOBWB 2. The transpiration in WOFOST occurs over the part of the surface 128 

covered by the crop canopy and is limited by the potential rate, with the remainder of the 129 

potential evapotranspiration passed to the bare-soil evaporation. In WOFOST, transpiration 130 

and bare soil evaporation are reduced depending on soil moisture availability. For transpiration, 131 

this is based on the soil moisture directly; and for the bare soil evaporation, the rate decreases 132 

asymptotically to zero as a function of the number of days since the last rain. Water stress in 133 

WOFOST reduces assimilation and thus crop growth. It is defined as the ratio of the actual 134 

transpiration over the potential transpiration and occurs only if the soil moisture in the root 135 

zone is below a threshold of the depletion factor. Thus, lower than potential transpiration rates 136 



are not limiting for rainfed crops at the start of the growing season when soil moisture is still 137 

high; only later on, when the soil moisture falls below the depletion factor, does water stress 138 

occur. In the case of irrigated crops, water stress is generally avoided, as the soil moisture is 139 

kept at levels that sustain transpiration at the optimum rate. In WOFOST stand-alone (SA), this 140 

is achieved by setting the soil moisture at field capacity throughout the simulation. In PCR-141 

GLOBWB 2, the FAO guidelines (Allen et al., 1998) are used that replenish the soil moisture 142 

whenever it falls below a given threshold, based on the aforementioned depletion factor. 143 

Overall, the effect is the same, except that the soil moisture in PCR-GLOBWB 2 under 144 

irrigation still varies over time and irrigation occurs at variable moments of time, mimicking 145 

irrigation scheduling in real life. Under rainfed cultivation, the soil moisture can vary freely, 146 

and it depends on the values that are simulated in WOFOST Stand-Alone (SA) or in PCR-147 

GLOBWB 2 (one-way, OW, and two-way, TW, coupling) and how this is passed to WOFOST 148 

to simulate crop growth. 149 

Figures S6-S9 show in detail how soil hydrology and crop growth (biomass) develop over time. 150 

All figures follow the same format, with the normal year 2009 being plotted to the left and the 151 

drier year 2012 to the right. The first row shows the biomass accumulation for the three model 152 

variants (SA, OW, TW) and root depth relative to the thickness of the soil layers of PCR-153 

GLOBW 2 (horizontal line showing the limit of the top layer of 30 cm thick). Note that the 154 

root depth develops over time at a fixed rate until the maximum depth is reached. This shows, 155 

however, that for most of the time, the crop has access to the soil moisture in the second soil 156 

layer of PCR-GLOBWB 2 (after ~10 days) and that this at its maximum after ~40 days of the 157 

growing season for the rainfed crops. So, for most of the time, the crop has access to the 158 

moisture of the first and second soil layers of PCR-GLOBWB 2. For irrigated cultivation, a 159 

different cultivar is used with a greater maximum root depth, meaning the roots reach the 160 

maximum depth slightly later and more of the second layer is penetrated. With the different 161 

cultivars and depending on the soil moisture conditions, sowing dates and growing season 162 

lengths can vary slightly but do not vary appreciably between locations, treatments and years. 163 

Hence, all plots use the same horizontal axis for time, spanning the growing season in terms of 164 

Julian days. Also, different model variants are shown with consistent colours, being blue for 165 

WOFOST stand-alone (SA), green for one-way coupled version (OW) and red for two-way 166 

coupled version (TW). 167 

To show the evaporative fluxes by means of a stacked bar chart, the growing season has been 168 

broken down into a total of five 20-day periods to show totals for all the model variants, and a 169 

comparison between the WOFOST fluxes and the PCR-GLOBWB 2 ones have been made 170 

when possible. Hence, two stacked columns are shown for OW and TW with matching colours. 171 

The WOFOST values amount to the potential evaporation per 20-day period and have been 172 

broken down into the bare soil evaporation, the transpiration -the effective evaporative flux 173 

contributing to crop growth- and the remainder, which is the amount of the atmospheric 174 

demand that cannot be met. As mentioned above, this is not directly affecting crop growth, 175 

provided the soil moisture does not fall below a preset level in the root zone of WOFOST. This 176 

is shown in the first panel, second row of Fig. S6, where there is no water stress (first panel, 177 

third row), but the atmospheric demand is consistently not met. Note that in all bar plot graphs 178 



(Fig. S6-S9), the total column height of the WOFOST bars match as they depend on the 179 

imposed meteorological forcing, but the subdivision into the actual components can vary.  180 

The third row shows the water stress (1 in the case water is abundant and there is no stress, 0 181 

in the case there is no water and stress completely limits growth). The water stress develops in 182 

line with the soil moisture content, which is plotted on the bottom row. Solid lines represent 183 

the volumetric moisture content (VMC) of the root zone (first panel) for the three variants that 184 

allow direct comparison. However, the soil moisture content as water slice is given for the two 185 

PCR-GLOBWB 2 models (top layer 1 extending 30 cm below the surface, the bottom layer 2 186 

120 cm below this). Since this is total soil moisture storage, the absolute values are different, 187 

as the one layer is four times thicker than the other. Considering a typical porosity of 0.4, full 188 

saturation would be 0.12 [m] for the top layer and 0.48 for the bottom layer, which is fairly 189 

consistent with the unsaturated conditions depicted for all simulations. Note that the plotted 190 

volumetric moisture contents are based on the harmonized soil hydrological properties that are 191 

passed from PCR-GLOBWB 2 to WOFOST, which does not consider the residual moisture 192 

content of the soil. For irrigation (Fig. S8-9), when the water stress is repressed automatically 193 

in WOFOST SA, its soil moisture content is not given, as it is fixed at field capacity and no 194 

water stress occurs. 195 

A first observation from Fig. S6-S9 is that the accumulated biomass is the same and the 196 

subdivision into the different evapotranspiration fluxes is the same if no water stress occurs. 197 

However, the volumetric moisture contents can vary between the model variants. Evidently, 198 

water stress is virtually absent in the case of irrigated agriculture (Fig. S8-S9), and the yields 199 

are higher for the drier year 2012 because of the improved growing conditions (radiation, 200 

growth temperature) if water stress is removed (see also Fig. S5). 201 

At the same time, it is evident that when water stress occurs, the growth becomes impaired and 202 

that the subdivision into the different evapotranspiration changes. Generally, water stress 203 

occurs longer and more intense at the High Plains than at the Georgia location under rainfed 204 

cultivation and particularly in the dry year (2012). Among the model versions, the SA model 205 

is more sensitive to water stress than the coupled versions, and the volumetric moisture content 206 

over the root zone is lower than that of the PCR-GLOBWB 2 based versions, which is 207 

computed from the layer-specific moisture contents. For rainfed crops, the water stress in 208 

WOFOST stand-alone (SA) is correspondingly larger than in the coupled versions. For the 209 

coupled versions, the two-way coupling (TW) still shows water stress, whereas the one-way 210 

coupling (OW) shows hardly any water stress (except for 2012 for the High Plains, Fig. S8). 211 

The water stress for rainfed crops (Fig. S6-S7) develops later in the growing season when the 212 

available soil moisture falls. Water stress only depends on the ratio of the actual transpiration 213 

and the potential transpiration and the available soil moisture content. When water stress 214 

occurs, less biomass is accumulated as can be observed in the graphs for the increase in biomass 215 

for stand-alone (SA) to two-way coupling (TW) to one-way coupling (OW) versions when 216 

stress occurs. The accumulation of biomass also feeds back into the evapotranspiration fluxes 217 

of the model variants, as more (less) biomass leads to more (less) leaves and greater canopy 218 

closure. With more canopy closure, more of the potential evapotranspiration becomes potential 219 

transpiration, and if this potential transpiration can be met by the available soil moisture, this 220 



leads to more growth. Consequently, the subdivision into the evapotranspiration fluxes changes 221 

when water stress occurs (e.g., Fig. S6 for 2012, Fig. S7 for 2009 and 2012). In principle, higher 222 

actual transpiration does not directly lead to more biomass accumulation in WOFOST, as this 223 

is dependent on the assimilation, which is light dependent. However, more leaf area leads to 224 

more photosynthesis and, therefore, larger growth. As the OW coupled version experiences 225 

hardly any water stress, this effect is more prominent in this case than in the case of the TW 226 

coupled version of PCR-GLOBWB 2-WOFOST. 227 

In summary, the simulated hydrology and crop growth for the model variants are dependent on 228 

the following aspects: 229 

• Subdivision into evapotranspiration fluxes on canopy closure; 230 

• The scaling of potential transpiration to actual transpiration based on water stress. 231 

Both are dependent on the way how soil moisture is passed from PCR-GLOBWB 2 to 232 

WOFOST for OW and TW coupling and how actual soil evaporation and actual transpiration 233 

are passed from WOFOST to PCR-GLOBWB 2 in the two-way coupling (TW). The first also 234 

depends on the consistency of the coupling with the phenology. 235 

S3.3. Difference between one-way (OW) and two-way (TW) coupling 236 

In the case of the one-way coupling (OW), only the soil moisture is passed from PCR-237 

GLOBWB 2 to WOFOST (Fig. 3). The volumetric moisture content is the weighted average 238 

over the root zone of WOFOST from the two soil layers from PCR-GLOBWB 2. The 239 

evapotranspiration fluxes are not passed from WOFOST to PCR-GLOBWB 2 and as a 240 

consequence, soil moisture depends on the evapotranspiration fluxes that are computed in PCR-241 

GLOBWB 2. A key issue that arises is that this ignores the actual crop growth, and the fluxes 242 

depend on the prescribed -fixed- phenology of PCR-GLOBWB 2 only. The amount of potential 243 

bare soil evaporation is proportional to the minimum crop factor (kcmin = 0.20) and this leads 244 

to a deviation between the evapotranspiration considered in WOFOST and those in PCR-245 

GLOBWB 2 (see the different height of the stacked bar of OW on the second row for S6 for 246 

2012 and S7 for 2009 and 2012). Moreover, the potential transpiration in PCR-GLOBWB 2 is 247 

partitioned over the two soil layers based on the layer thickness and the root content that is 248 

constant in time. This has two major consequences that lead to higher soil moisture contents in 249 

the later part of the growing seasons that are beneficial to the simulated crop growth: (i) 250 

initially, due to a faster development of crop biomass in the beginning of the growing season 251 

in WOFOST compared to the standard phenology in PCR-GLOBWB 2, the amount of 252 

evapotranspiration in WOFOST is higher than in PCR-GLOBWB 2 OW, which leads to a 253 

lower decrease in soil moisture in PCR-GLOBWB 2 OW that remains available for later in the 254 

season; (ii) the transpiration is taken from a relatively large reservoir in the second soil layer 255 

(which also contains moisture below the active root zone), while the soil evaporation only 256 

affects the upper layer. Once averaged over the root zone and passed to WOFOST, this leads 257 

to a higher average soil moisture over the WOFOST root zone and, therefore, less water stress. 258 

These two differences favour more growth in the later part of the growing season compared to 259 

SA and TW as these model versions experience water stress. 260 



In the two-way coupling (TW), more consistency is reached in the coupling of the soil 261 

hydrology and the crop growth. While the soil moisture content is computed again as a 262 

weighted average over the extent of the root zone in WOFOST in the two soil layers of PCR-263 

GLOBWB 2, now the actual bare soil evaporation and actual transpiration from WOFOST are 264 

passed back to PCR-GLOBWB 2 (Fig. 3). These fluxes are in line with the canopy closure, 265 

thus reflecting the phenology, and match the reduction of the potential to the actual 266 

evapotranspiration in WOFOST (see the matching height of the stacked bar of TW on the 267 

second row for S6 and S7 for all years). With the two-way coupling (TW), further steps have 268 

to be incorporated to exchange the actual bare soil evaporation and actual transpiration from 269 

WOFOST to PCR-GLOBWB 2. The actual bare soil evaporation from WOFOST is passed 270 

directly to the topsoil of PCR-GLOBWB 2, which is directly consistent with the PCR-271 

GLOBWB 2 conceptualization (Fig. 3). To incorporate the actual transpiration, some 272 

additional steps have to be taken: first, the depth of the root zone is passed from WOFOST to 273 

PCR-GLOBWB 2, and with it the potential transpiration in PCR-GLOBWB 2 is partitioned 274 

over the two soil layers; second, the potential transpiration is then reduced on the basis of the 275 

soil moisture availability to get the actual transpiration for each of the two layers. This 276 

transpiration per layer is then used to subdivide the actual transpiration from WOFOST over 277 

the two layers. Next, in PCR-GLOBWB 2, the soil moisture of each PCR-GLOBWB 2 layer 278 

is reduced by the actual transpiration derived from WOFOST. The fact that the transpiration is 279 

partitioned on the basis of the increasing root depth, leads to a better approximation of the 280 

dynamics as initially all transpiration is taken out of the first layer and only later from the 281 

second layer (see e.g., Fig. S6, row 2, panel 1). As a consequence, the weighted volumetric 282 

moisture content over the root zone of TW is more similar to the SA values for the rainfed 283 

crops (Fig. S6-S7), and also, the change in the total soil moisture for the two layers is different 284 

in TW compared to OW. In TW, the lower soil moisture leads to water stress, albeit it is lower 285 

than in the SA version, where the water balance is evaluated over the entire root zone. When 286 

comparing the response in the two soil layers for OW and TW, respectively, it can be observed 287 

that the TW version experiences a greater reduction in the soil moisture in the deeper, second 288 

layer than the OW version, whereas the soil moisture in the top layer remains more similar. 289 

This is the result of the upward flux from the second layer to the top layer when the latter dries 290 

out. Later on, as the deeper layer gets drier, this leads to a reduced response with depth, with 291 

more of the precipitation of irrigation water (see below) ending up in the top soil, which 292 

explains the more similar response of the top layer for both the OW and TW versions of the 293 

model for the normal year 2009. It should be mentioned that in PCR-GLOBWB 2, the soil 294 

moisture can also be maintained by capillary rise from the underlying groundwater reservoirs, 295 

although that in the presented cases would probably only have a marginal influence. 296 

For rainfed crops, these different approaches lead to different soil moistures, evapotranspiration 297 

fluxes, and biomass accumulation. For irrigated crops (Fig. S8- S9), the water stress in 298 

WOFOST SA disappears completely and is virtually absent for the coupled versions. As a 299 

result, the WOFOST evapotranspiration fluxes are the same for all versions. Due to the two-300 

way coupling, the TW version has the same actual evapotranspiration fluxes for PCR-301 

GLOBWB 2. However, the fluxes of the OW version are very different because the 302 

evapotranspiration fluxes of WOFOST are not passed to PCR-GLOBWB 2. Consequently, the 303 



two coupled model versions have different soil moisture contents (see also above), especially 304 

during the drier year 2012, but experience hardly any water stress. Only in the TW version, 305 

sub-optimum irrigation scheduling can lead to small periods of water stress (Fig. S8-S9). This 306 

has a negligible impact on the growth as reflected by the lower reported yields for TW 307 

compared to SA and OW in Fig. S5. 308 

S3.4. Difference between two-way (TW) coupling and stand-alone WOFOST (SA) 309 

All-in-all, the coupled versions lead to a different response than WOFOST stand-alone. In the 310 

case of TW, the withdrawal of the actual transpiration for the second layer from the entire soil 311 

moisture storage is slightly inconsistent but at the same time, the total soil water balance is 312 

evaluated consistently. In addition, the penetration of the root zone into the soil is simulated 313 

consistently and gradually adds part of the second layer once the root zone extends below the 314 

top soil. The weighted soil moisture content in TW approaches that of the single-layer value of 315 

SA, although it remains a bit higher leading to less stress. 316 

In comparison with TW, the stand-alone WOFOST SA uses a simplified single-layer soil 317 

moisture approach, where soil moisture availability is updated directly based on root extension, 318 

evapotranspiration losses, and soil moisture redistribution. As the root depth increases, soil 319 

moisture from the lower zone gradually becomes available to the expanding root system. 320 

However, in the WOFOST stand-alone version: a) evaporation comes out of the entire root 321 

zone layer which compromises average soil moisture later in the season compared to TW as in 322 

PCR-GLOBWB 2 the lower soil compartment is not affected; b) roots cannot tap into the soil 323 

moisture stored in PCR-GLOBWB 2 layer 2 below the root zone, while this is possible in PCR-324 

GLOBWB 2;  c)  lacks a representation of capillary rise that could supply moisture from the 325 

second to the upper soil layer and from groundwater to the lower soil layer. These differences 326 

(a-c) between the SA and TW makes that soil moisture of the TW is generally a slightly higher 327 

under stressed conditions leading to larger yields.   328 

 329 



 330 

Figure S6: Responses in hydrological variables (evapotranspiration, water stress, soil moisture) 331 
for rainfed maize in Georgia during a normal (2009) and dry (2012) year.  332 

 333 

 334 



 335 

Figure S7: Responses in hydrological variables (evapotranspiration, water stress, soil moisture)  336 
for rainfed maize in Greater high plains during a normal (2009) and dry (2012) year. For legend, 337 
we refer to Fig. S6. 338 

 339 



 340 

 341 

Figure S8: Responses in hydrological variables (evapotranspiration, water stress, soil moisture) 342 
for irrigated maize in Georgia during a normal (2009) and dry (2012) year. For legend, we refer 343 
to Fig. S6. 344 



 345 

Figure S9: Responses in hydrological variables (evapotranspiration, water stress, soil moisture) 346 
for irrigated maize in Greater high plains during a normal (2009) and dry (2012) year. For legend, 347 
we refer to Fig. S6. 348 

 349 



S4. Model performance metrics 350 

The below Table S3 presents model performance metrics from the spatial analysis.  351 

Table S3: Model performance metrics (i.e. correlation, normalized RMSE and normalized bias) 352 
for simulated irrigated and rainfed maize, soybean, and wheat.  353 

S.NO Metrics Maize Soybean Wheat 

Irrigated crops Stand 

alone 

One-

way 

Two-

way 

Stand 

alone 

One-

way 

Two-

way 

Stand 

alone 

One-

way 

Two-

way 

1 Correlation 0.24 0.27 0.28 0.28 0.35 0.35 0.73 0.74 0.65 

2 Normalized 

RMSE 

0.14 0.14 0.14 0.20 0.18 0.18 0.25 0.25 0.23 

3 Normalized 

Bias 

-0.01 -0.01 -0.01 0.12 0.09 0.09 0.10 0.10 0.00 

Rainfed crops 

1 Correlation 0.68 0.80 0.80 0.81 0.59 0.62 0.41 0.47 0.49 

2 Normalized 

RMSE 

0.34 0.50 0.35 0.74 1.00 0.91 0.66 1.17 0.59 

3 Normalized 

Bias 

0.06 0.44 0.27 0.73 0.97 0.86 0.36 1.00 0.37 

 354 
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S5. Relative difference maps  369 

 370 

 371 

Figure S10: Relative difference in 1979-2019 mean between two-way and one-way coupling for 372 
irrigated and rainfed maize, soybean, and wheat crops. 373 

 374 



 375 
Figure S11: Relative difference in 1979-2019 Coefficient of variance (CV)  between two-way and 376 
one-way coupling for irrigated and rainfed maize, soybean, and wheat crops. 377 



 378 

Figure S12: Relative difference in 1979-2019 mean between two-way coupling and stand-alone 379 
for rainfed maize, soybean, and wheat crops. 380 

 381 

 382 



 383 

Figure S13: Relative difference in 1979-2019 Coefficient of variantion (CV)  between two-way 384 
coupling and stand-alone for rainfed maize, soybean, and wheat crops. 385 

 386 
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