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Section S1. Supplementary methods 105 

Estimating temperature impacts on wheat yields in USA with county –level 106 
statistical regression  107 

County-level wheat yield data from 1990 to 2010 were collected from the 108 
National Agricultural Statistics Service of United States Department of Agriculture 109 
(USDA)1. Yield data from 1174 and 262 counties in 18 major wheat production states, 110 
which produced more than 95% US total wheat production, were analyzed for winter 111 
wheat and spring wheat, respectively (Fig. S8, Regression_E). A linear mixed 112 
regression model was used to determine the temperature impacts on wheat yields (Eq. 113 
(S1)): 114 

 Log(Yield) Year T P T P + 
T P T PYear County     


              (S1) 115 

In this model, the natural logarithm of reported yield was used (Log(Yield)), 116 
similar with previous statistical regression models 2, 3. Year term was used to de-trend 117 
the wheat yield to exclude the no-climatic trends including improvements in cultivars, 118 
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management, and increase in CO2 concentration during the study period. T and P were 119 
the average temperature and precipitation during the 90 days period before maturity. 120 
Because wheat is dormant and insensitive to weather through most of the winter 121 
season, 90 days period prior to maturity were usually the most critical period for 122 
wheat growth. Also, the interaction between temperature and precipitation was taken 123 
into account with βTxP . βCounty was the county effect term on wheat yields, and the 124 
regression results were similar when βCounty was treated either as fixed effects or 125 
random effects. ε was an error term. The temperature and precipitation data used in 126 
the regression came from the AgMERRA dataset 4, which is a global surface climate 127 
dataset with an resolution of 0.25*0.25o from 1980-2010. The maturity data was the 128 
average maturity date during the last 10 years for each state, which were collected 129 
from the crop progress reports of USDA.  130 

Two separate models were built for winter wheat and spring wheat. Sample size 131 
for each model were 22560 (winter wheat) and 5085 (spring wheat). Significant 132 
negative relationships between temperature and wheat yield were found in winter 133 
wheat and spring wheat (p<0.001), and R2 for winter and spring wheat model were 134 
0.64 and 0.73. The total temperature impact on wheat yields in the USA was the 135 
weighted sum of temperature impacts on winter and spring wheat yields.  136 

5 
 

Section S2: Supplementary tables and figures 137 

Table S1. Details of different approaches used to estimate yield impacts with 1oC global temperature increase for global wheat and the 138 

top five wheat producing countries. Studies with +2oC where adjusted to +1oC by halving the impacts, assuming a linear change in 139 

impact with increasing temperature to +2oC (5). Note, estimates in which local temperature change were used were adjusted to the 140 

impact of global temperature change by a factor (∆T) following the procedure described by Ref. 5. 141 

 142 
Scale Methods Approaches Spatial resolution Period Source ∆Ta 
Global Grid-based 7 global gridded models ensemble 0.5 x 0.5o grid size Baseline (1980-2009), (2029-2058)b Ref 6 na 

 Point-based 
30 wheat models ensemble, including 
one statistical regression model 

30 global representative high 
rainfall/irrigated locations 

Baseline (1981-2010), Baseline+2oC Ref 5 
na 

 Regression_A Statistical regression model Country scale 1980-2008 Ref 2 1.179 
 Regression_B Statistical regression model Global scale 1961-2002 Ref 7 1.179 
China Grid-based 7 global gridded models ensemble 0.5 x 0.5o grid size Baseline (1980-2009), (2029-2058)b Ref 6 na 

 Point-based 
30 wheat models ensemble, including 
one statistical regression model 

3 representative locations Baseline (1981-2010), Baseline+2oC Ref 5 
1.375 

 Regression_A Statistical regression model Country scale 1980-2008 Ref 2 1.375 
 Regression_Cc Statistical regression model 0.5 x 0.5 grid size 1981-2006 Ref 8 1.375 
 Regression_Dd Statistical regression model County scale 1980-2008 Ref 9 1.375 
India Grid-based 7 global gridded models ensemble 0.5 x 0.5o grid size Baseline (1980-2009), (2029-2058)b Ref 6 na 

 Point-based 
30 wheat models ensemble, including 
one statistical regression model 

3 representative locations Baseline (1981-2010), Baseline+2oC Ref 5 
1.125 

 Regression_A Statistical regression model Country scale 1980-2008 Ref 2 1.125 
Russia Grid-based 7 global gridded models ensemble 0.5 x 0.5o grid size Baseline (1980-2009), (2029-2058)b Ref 6 na 

6 
 

 Point-based 
30 wheat models ensemble, including 
one statistical regression model 

1 representative locations Baseline (1981-2010), Baseline+2oC Ref 5  
1.125 

 Regression_A Statistical regression model Country scale 1980-2008 Ref 2 1.125 
USA Grid-based 7 global gridded models ensemble 0.5 x 0.5o grid size Baseline (1980-2009), (2029-2058)b Ref 6 na 

 Point-based 
30 wheat models ensemble, including 
one statistical regression model 

3 representative locations Baseline (1981-2010), Baseline+2oC Ref 5 
1.375 

 Regression_A Statistical regression model Country scale 1980-2008 Ref 2 1.375 

 Regression_E Statistical regression model County scale 1990-2010 
Our own 
study 

1.375 

France Grid-based 7 global gridded models ensemble 0.5 x 0.5o grid size Baseline (1980-2009), (2029-2058)b Ref 6 na 

 Point-based 
30 wheat models ensemble, including 
one statistical regression model 

2 representative locations Baseline (1981-2010), Baseline+2oC Ref 5 
1.125 

 Regression_A Statistical regression model Country scale 1980-2008 Ref 2 1.125 
a. To adjust local or country temperature changes to global temperature change, temperature factors (∆T) were calculated (weighted by the production represented by each 143 
location) of the 30 locations in the point-based simulations, “na” indicates that data were already presented at global temperature change. The temperature factor for the 144 
global regression_A and regression_B was calculated with the average temperature factor (weighted by the production represented by each location) of the 30 locations in 145 
point-based simulations. For grid-based simulations global temperature was already applied in this study.  146 
b The future period represent Baseline (1980-2009) +2oC.  147 
c We translated the absolute national yield reduction number from the national level regression in this study into yield impacts per degree local warming with an average 148 
national wheat yield from 1981-2006 (from FAO reports). The local warming impact was then corrected to global temperature change. 149 
d. Two different regression methods were applied to same datasets in this study. We used the average value of these two methods here.  150 
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Table S2 Regression parameters of simulated wheat yields and estimated yield 151 

impacts with 1oC global temperature increase between grid-based simulations 152 

(0.5 x 0.5o) with cells centered around the locations of the point-based method 153 

(from Ref. 6) and the 30 locations of the point-based simulations (from Ref. 5). 154 

 155 
Model ensemble Category Period Slope Intercept R2 

Median Absolute yield Baseline 0.69±0.14 -1.07±0.99 0.46*** 
  Baseline+1oC 0.70±0.12 -1.03±0.84 0.52*** 
 Temperature impacts Baseline+1oC 1.74±0.23 0.04±0.02 0.66*** 
Mean Absolute yield Baseline 0.75±0.11 -1.22±0.79 0.62*** 
  Baseline+1oC 0.75±0.10 -1.10±0.69 0.64*** 
 Temperature impacts Baseline+1oC 1.69±0.18 0.04±0.02 0.75*** 
*** indicates significance at p<0.001 156 

 157 

  158 

8 
 

Table S3 Comparison of model inputs of point-based simulations (Ref. 5) and 159 

grid-based simulations (Ref. 6). 160 

 161 
Category Point-based simulation Grid-based simulation 
Model LPJmL, CERES-Wheat, EPIC, and 

other 27 models, including one 
statistical model after Lobell et al. 
(2011) 

EPIC, GEPIC, IMAGE, LPJmL, LPJ-
GUESS, CERES-Wheat (pDSSAT), 
PEGASUS 

Climate Baseline: AgCFSR climate dataset 
Baseline+2oC: 

Temperature: Baseline+2oC 
Radiation: no change 
Precipitation: no change 

HadGEM2-ES RCP8.5 (bias corrected, 
see ref. 10) 

CO2 concentration No CO2 effects No CO2 effects 
Cultivar Region-specific, same cultivar during 

two periods 
Model-specific, region-specific, static in 
time for all except LPJ-GUESS and 
PEGASUS 

Sowing date Fixed for each location Model-specific, pixel-specific, fixed for 
all except PEGASUS and GEPIC 

Soil condition Type characteristics, initialization 
every year (no impact as water stress 
and N stress were switched off) 

Model-specific, pixel-specific 

Water management Fully irrigation and high rainfall, no 
water stress 

Fully irrigated 

Nitrogen 
management 

No nitrogen stress Actual (national) fertilizer data for those 
that account for N stress. National 
intensity calibration for LPJmL, no 
calibration for LPJ-GUESS, national 
management factors for IMAGE 

Adaptation No adaptation Adaptation through cultivars in LPJ-
GUESS and PEGASUS and sowing dates 
in GEPIC, and PEGASUS; IMAGE is 
based on the length of the growing season 
(T and soil water limited) and thus 
explicitly assumes perfect adaptation. 

 162 
 163 

  164 
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9 
 

Table S4 Baseline and baseline+2oC period for the 30 grids where the 30 global 165 

locations in point-based simulations centered in grid-based simulations and 166 

temperature differences (Tdiff) between point-based and grid-based simulations. 167 

Number Location 
Baseline Baseline+2oC 
Period Tdiff Period Tdiff 

1 Maricopa, USA 1980-2009 -0.14 2017-2046 0.00 
2 Obregon, Mexico 2021-2050 0.00 2052-2081 -0.01 
3* Toluca, Mexico 1980-2009 -2.88 1980-2009 -0.88 
4 Londrina, Brazil 1980-2009 -0.44 2017-2046 -0.01 
5 Aswan, Egypt 1992-2021 0.00 2030-2059 0.02 
6 Wad Medani, Sudan 1981-2010 -0.01 2012-2041 0.00 
7 Dharwar, India 1980-2009 -0.54 2021-2050 0.00 
8 Dinajpur, Bangladesh 2029-2058 0.01 2063-2092 -0.03 

9 
Wageningen, The 
Netherlands 

1990-2019 0.02 2034-2063 -0.04 

10 Balcarce , Argentina 2007-2036 -0.01 2059-2088 -0.01 
11 Ludhiana, India 2000-2029 0.03 2036-2065 0.01 
12 Indore, India 2002-2031 -0.02 2034-2063 0.00 
13 Madison, USA 2053-2082 0.07 2070-2099 0.57 
14 Manhattan, USA 2009-2038 -0.02 2032-2061 0.03 
15 Rothamsted, UK 1982-2011 -0.03 2030-2059 -0.02 
16 Estrées-Mons, France 1988-2017 -0.02 2030-2059 -0.03 
17 Orleans, France 1985-2014 -0.01 2024-2053 -0.02 
18 Schleswig, Germany 1985-2014 -0.03 2030-2059 0.03 
19 Nanjing, China 1998-2027 0.00 2032-2061 0.00 
20 Luancheng, China 2003-2032 -0.03 2033-2062 -0.02 
21 Harbin, China 2001-2030 0.01 2034-2063 0.02 
22 Kojonup, Australia 1980-2009 -0.06 2040-2069 0.02 
23 Griffith, Australia 2003-2032 0.00 2043-2072 -0.01 
24 Karaj, Iran 2047-2076 -0.02 2070-2099 0.34 
25 Faisalabad, Pakistan 2008-2037 0.00 2038-2067 0.00 
26* Karagandy, Kazakhstan 1980-2009 -4.11 1980-2009 -2.11 
27 Krasnodar, Russia 1981-2010 0.00 2017-2046 0.01 
28 Poltava, Ukraine 1980-2009 -0.12 2011-2040 -0.03 
29 Izmir, Turkey 1990-2019 0.03 2033-2062 0.01 
30 Lethbridge, Canada 2008-2037 0.04 2034-2063 0.05 

* In these locations, large temperature differences occurred due to temperature in point-168 

based simulations was much higher than that in grid-based simulations. 169 
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 180 

 181 
Figure S2. Comparison of average temperature (oC) during 90 days period 182 

before the maturity day for 30 locations from the grid-based simulations (from 183 

Ref. 6) versus the data from the point-based simulations (from Ref. 5) during 184 

baseline (a) and baseline+1oC (b) period. Each symbol is average over 30 years.   185 

12 
 

 186 

Figure S3. Comparison of average daily radiation (MJ.m-2.d-1) during the 90 187 

days period before the maturity day for 30 locations from the grid-based 188 

simulations (from Ref. 6) versus data used in the point-based simulations (from 189 

Ref. 5) during baseline (a) and baseline+2oC (b) period. Each symbol is average 190 

over 30 years. 191 
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 193 

Figure S4. Simulated yields (mean of 30 years) for baseline (a) and baseline+2oC 194 

(b) period from point-based simulations with all 30 models (whisker plots) (Ref. 195 

5) and the 3 models (CERES-Wheat, EPIC, LPJmL) (black symbols) from the 196 

Ref. 5 which were also used in the grid-based simulations (in the study of Ref. 6) 197 

for each high rainfall/irrigated location (1-30). Summary of 30 models (open 198 

whisker plots) and three models (grey whisker plots) for all 30 locations is shown 199 

in panels on right. Horizontal red line in each box shows ensemble mean, 200 

horizontal black line in the box indicates ensemble median. Edges of box are 75 201 

and 25 %-tiles, the whiskers of box indicate 90 and 10 %-tiles. 202 

 203 
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 205 
Figure S5. Change of 30-years global mean temperature (GMT) during 1980-206 

2099 in grid-based simulations. 207 
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 209 

Figure S6. The annual radiation for the 30 grids centered around the 30 global 210 

representative locations from the point-based method during 1980-2099 under 211 

RCP8.5 scenario with HadGEM2-ES in grid-based simulations. The trends were 212 

the slopes of simple linear regression between radiation and year. 213 
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 215 

 216 
Figure. S7 Comparison of temporal variability for simulated yield and average 217 
temperature (oC) during 90 days period before the maturity day for the 30 218 
locations between grid-based and point-based simulations. Coefficient of 219 
variation (%) for simulated grain yields according to year variability for baseline 220 
period (a) and baseline+1oC (b). Coefficient of variation (%) for average 221 
temperature (oC) during 90 days period before the maturity day according to 222 
year variability for baseline period (c) and baseline+1oC (d).  223 
 224 
 225 
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 227 

 228 
Figure S8. Map of counties used in the county-level statistical regression between 229 
temperature and wheat yields for US wheat. Color of circle indicates the wheat 230 
type. Green: winter wheat, red: spring wheat, blue: winter wheat and spring 231 
wheat  232 

18 
 

 233 

 234 

Figure. S9. Comparison of impacts of (a) 2oC and (b) 3oC global temperature 235 
increase on global wheat yield estimated by different assessment methods.  236 
Note: The original point-based and grid-based simulations were done for a 2°C warming 237 
compared to baseline. The effect of 1°C warming in the main text was obtained by halving the 238 
simulated effect of 2°C. The grid-based simulation study included the effect of baseline+3oC 239 
(attained in the period 2047-2076). The point-based simulation study included baseline+4oC. The 240 
impact at +4°C was multiplied by ¾ to estimate the effect of 3oC global warming. 241 

Since Regression_B is a linear regression model, yield impact is simply proportional to 242 
temperature increase. As country temperature was used in Regression_A, we applied the 243 
regression model for 2°C and 3°C increase in country temperature, and then adjusted the impacts 244 
by a global temperature factor in Table S1. 245 
  246 
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 247 

 248 
Figure. S10. Impacts of 1oC global temperature increase on global wheat yield 249 

estimated by different assessment methods. Same as Figure 1 except for the 250 

results from grid-based method. Temperature impacts from two kinds of models 251 

(with or without adaptation, see in Table S3) in the grid-based method were 252 

aggregated separately. Models with adaptation were: GEPIC, IMAGE, LPJ-253 

GUESS, and PEGASUS, and models without adaptation were EPIC, LPJmL, 254 

and CERES-Wheat (pDSSAT). The error bars indicate the 95% confidence 255 

intervals based on multi-model ensembles in the simulations. 256 
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20 
 

 258 

Figure.S11. Relationship between yield changes with 1oC global temperature 259 

increase for 97 wheat producing countries and wheat growing season 260 

temperature. Yield impacts were estimated with (a) Median simulations of a 261 

grid-based (0.5o × 0.5o) ensemble of seven models (after Ref. 6) and (b) Median 262 

simulations of a point-based (30 locations over 30 years) ensemble of 30 models 263 

(after Ref. 5) The wheat growing season temperature for 97 countries came from 264 

Ref. 2. 265 
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 267 

Figure.S12 Same as Figure 2a, except results for the top 20 wheat producing 268 

countries are shown only. 269 
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