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Abstract 25 

The effects of heat stress are spatially heterogeneous owing to local variations in climate 26 

response, population density, and social conditions. Using global climate and impact models from 27 

the Inter-Sectoral Impact Model Intercomparison Project, our analysis shows that the frequency 28 

and intensity of heat events increase, especially in tropical regions (geographic perspective) and 29 

developing countries (national perspective), even with global warming held to the 1.5°C target. 30 

An additional 0.5°C increase to the 2°C warming target leads to more than 15% of global land area 31 

becoming exposed to levels of heat stress that affect human health; almost all countries in Europe 32 

will be subject to increased fire danger, with the duration of the fire season lasting 3.3 days longer; 33 

106 countries are projected to experience an increase in the wheat production-damage index.  34 

Globally, about 38%, 50%, 46%, 36%, and 48% of the increases in exposure to health threats, 35 

wildfire, crop heat stress for soy, wheat, and maize could be avoided by constraining global 36 

warming to 1.5°C rather than 2°C. With high emissions, these impacts will continue to intensify 37 

over time, extending to almost all countries by the end of the 21st century: more than 95% of 38 

countries will face exposure to health-related heat stress, with India and Brazil ranked highest for 39 

integrated heat-stress exposure. The magnitude of the changes in fire season length and wildfire 40 

frequency are projected to increase substantially over 74% global land, with particularly strong 41 

effects in the United States, Canada, Brazil, China, Australia, and Russia. Our study should help 42 

facilitate climate policies that account for international variations in the heat-related threats posed 43 

by climate change. 44 

 45 
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 48 

1 Introduction 49 

The Paris Agreement has responded to the risks from climate change by setting a global 50 

collective goal “to hold warming well below 2 degrees, with efforts to limit warming to 1.5 degrees” 51 

above pre-industrial averages. Wide ranging, sound scientific analysis of the impact of different 52 

levels of warming on the local climate in different regions is crucial for multi-level decision-53 

making processes. Recently, several studies have quantitatively analyzed the risks and impacts of 54 

different levels of warming on different sectors (AghaKouchak et al., 2014; Barker et al., 2018; 55 

Cai et al., 2018; Kharin et al., 2018; King and Harrington, 2018; King et al., 2017; Schleussne et 56 

al., 2016). For instance, dryland areas are the most sensitive and vulnerable to global warming, 57 

with ∼44% more warming likely to occur in dry regions than in humid regions under 2.0°C global 58 

warming, and increased risks of adverse agricultural, hydrological, drought-related, and health-59 

related impacts in drylands if global warming were to rise from 1.5°C to 2.0°C (Huang et al., 2017). 60 

Drought risk increases more significantly in Mediterranean areas and central Europe than in the 61 

southwest and Central Great Plains regions of the U.S. for both 1.5°C and 2.0°C warming targets, 62 

with the additional 0.5°C leading to substantially higher risk (Lehner et al., 2017). In terms of 63 

extreme precipitation, Zhang et al. (2018) reported that 0.5°C less warming (i.e. 1.5°C versus 64 

2.0°C) could lead to an 18–41% reduction in changes in areal exposures to dangerous extreme 65 

precipitation events, and a 36% (22–46%) reduction in changes in population exposure. To 66 

preserve more than 10% of the coral reefs worldwide, it is believed that the global mean 67 

temperature change must be kept below 1.5°C; under global warming of more than 2.0°C, coral 68 

reefs will no longer form a prominent part of coastal ecosystems (Frieler et al., 2013). Many 69 



previous studies have made great efforts to understand the different climatic impacts of the two 70 

warming levels at regional scale. In Australia (King et al., 2017), Europe (King and Karoly, 2017), 71 

the Middle East, Africa (Ahmadalipour and Moradkhani, 2018; Nangombe et al., 2018), and East 72 

Asia (Li et al., 2018a, b; Zhou et al., 2018 a, b; Wang et al., 2017), the likelihood of experiencing 73 

record-breaking, high-impact extreme climate events is predicted to increase considerably with 74 

1.5°C and 2.0°C increases in the global mean temperature.  75 

Higher average temperatures generally result in increased heat stress (AghaKouchak et al., 76 

2015; Fischer and Knutti, 2015; Sun et al., 2017; Ahmadalipour et al., 2017). Constraining global 77 

warming to 1.5°C, rather than 2°C, would benefit many regions (Russo et al., 2019; Zhou et al., 78 

2018; Wang et al., 2017; Xu et al., 2017). In Africa, stabilizing global warming below 1.5°C would 79 

lead to a one-fifth reduction in the occurrence of extreme high-temperature events (Nangombe et 80 

al., 2018). In East Asia, 35%–46% of the increases in extreme high-temperature events could be 81 

avoided if global warming is kept beneath 1.5°C (Li et al., 2018). In China, more than 6% of the 82 

increase in summer days and 11% of the increase in tropical nights could be avoided, particularly 83 

in north China (Li et al., 2018). The risk of heatwaves and the exposure to heatwaves could be 84 

significantly reduced in both the low and very high human development countries defined by the 85 

Human Development Index if warming is limited to 1.5°C instead of 2°C (Russo et al., 2019). 86 

However, most of these previous studies focused mainly on changes in heatwaves and other high-87 

temperature events. High heat stress occurring simultaneously with other extreme weather 88 

conditions leads to severe consequences for a range of sectors, exacerbating risks to human health 89 

and economic productivity. For instance, extremely high temperatures in combination with high 90 

relative humidity raise human morbidity and mortality rates (Fischer and Schar, 2010; Matthews 91 

et al., 2017). Concurrence of heatwaves and drought increases the risk of wildfires (Willians et al., 92 



2013). Extreme heat stress during the crop reproductive period is detrimental to crop productivity 93 

(Deryng et al., 2014; Teixeira et al., 2013). Analysis of the change in the impact of heat stress on 94 

multiple sectors under 1.5ºC and 2.0ºC warming scenarios is necessary to enable more precise risk 95 

assessments. Furthermore, the effects of heat stress are likely to exhibit regional variations within 96 

a country, owing to spatial heterogeneity of the climate response, non-uniform population density, 97 

and variations in social conditions. Heavily populated regions are particularly susceptible to the 98 

threat posed to human well-being by extreme heat events (Diffenbaugh et al., 2007). Quantification 99 

of the potential spatial heterogeneity in climate-related exposure to heat stress at the country level 100 

is required to identify where and to what extent lives and livelihoods will be at risk in the future, 101 

and to facilitate more reasonable mitigation of international climate change.  102 

Therefore, our study aims to provide a spatially explicit assessment of changes in heat stress 103 

across multiple sectors under 1.5°C and 2.0°C global warming, using global climate and impact 104 

models from the Inter-Sectoral Impact Model Intercomparison Project (ISI-MIP), and identify 105 

national variations in climate-related exposure by combining hazard impacts with non-climate 106 

factors. 107 

 108 

2 Materials and Methods 109 

2.1 Climate models 110 

In this study, we assessed the impact of the 1.5ºC and 2.0ºC warming targets on three sectors: 111 

health, agriculture, and wildfires. Climate datasets were based on projections drawn from the ISI-112 

MIP Fast Track database. Climate simulations were drawn from five global climate models: 113 

GFDL-ESM2M, HadGEM2-ES, IPSLCM5A-LR, MIROC-ESM-CHEM, and NorESM1-M. The 114 

data from these five models are bi-linearly interpolated into a 0.5º × 0.5º spatial grid, and the 115 



models cover temporal ranges from 1981 to 2005 (historical simulations) and 2006 to 2099 [future 116 

projections under Representative Concentration Pathway (RCP) 8.5] (Hempel et al., 2013). There 117 

are several reasons why we selected these five ISI-MIP models. First, the climate model data are 118 

corrected using a trend-preserving statistical bias-correction method, which adjusts the monthly 119 

mean and daily variability of the simulated climate data to the observations to ensure long-term 120 

statistical agreement with the observation-based forcing data. By comparing global maps of 121 

different statistical quantities of uncorrected and bias-corrected GCM data for the period from 122 

1980 to 1999, Hempel et al. (2013) demonstrated that this approach performs well when adjusting 123 

the probability distribution over the reference period. Second, the climate sensitivities of the 124 

climate models are retained, and the projected trends in all other variables are preserved (Hempel 125 

et al., 2013). Lastly, the ISI-MIP data have been used for many impact projections (Rosenzweig et 126 

al., 2014) at different projected levels of global warming.  127 

We used 20-year time slices for 1.5ºC and 2.0ºC global warmings identified for the RCP 8.5 128 

scenario by Schleussner et al. (2016). Time slices for the individual GCMs are given in Table 1. 129 

The timings of the 1.5°C and 2°C warming scenarios above pre-industrial levels are determined 130 

using the 20-year running average global mean surface air temperature separately for each model. 131 

Warming levels are derived relative to the reference period 1986-2005 [this reference period is 132 

0.6°C warmer than pre-industrial levels (1850–1900)], and translate to warmings of 0.9°C and 133 

1.4°C above reference period levels for the 1.5°C and 2°C limits, respectively. The 1.5°C and 2°C 134 

warming periods are then aggregated from 20-year windows centered on years when the 20-year 135 

running mean exceeded the respective warming levels. In addition to the time slices for 1.5ºC and 136 

2.0ºC global warmings, we also assessed the changes in extreme events at the end of the 21st 137 

century (2080–2099). For each sector, we estimated the related changes and impacts derived from 138 



the simple arithmetic ensemble mean of the five models. We used Student’s t-test to assess the 139 

significance of the changes at the 1.5°C and 2°C warming levels. 140 

 141 

2.2 Health sector 142 

Apparent temperature represents heat stress on the human body by accounting for the effects 143 

of environmental factors in addition to temperature, such as humidity, and by representing the 144 

nonlinear nature of heat stress. We used the health heat index (HHI) as a measure of apparent 145 

temperature (AT). This index is calculated from daily temperature and relative humidity (RH) 146 

values obtained from the five climate models in the ISI-MIP datasets. Computation of HHI 147 

involves a refinement of the multiple regression analysis carried out by Rothfusz (1990), as follows: 148 

HHI = c1 + c2 × T + c3 × T2 + RH × (c4 + c5 × T + c6 × T2) + RH2 × (c7 + c8 × T + c9 ×149 

T2)                                                                                                                                (1) 150 

where c1= −42.379, c2   2.04901523, c3   −6.83783×10
−3, c4   10.14333127, c5   −0.22475541, 151 

c6   1.22874×10
−3, c7   −0.05481717, c8   8.5282×10

−4, c9   −1.99×10
−6, T is temperature in 152 

degrees Fahrenheit, and RH is a percentage. However, if RH > 13% and T is between 80ºF and 153 

112 ºF, then HHI is adjusted by subtracting the following value: 154 

 Adjustment = [(13 − RH)/4] × √(17 − |T − 95|)/17                                    (2) 155 

If RH > 85% and T is between 80ºF and 87 ºF, the following value is added to HHI: 156 

Adjustment = [(RH − 85)/10] × [(87 − T)/5]                                    (3) 157 

If HHI < 80ºF, then HHI is recalculated as follows: 158 

HHI = 0.5 × [T + 61 + (T − 68) × 1.2 + 0.094 × RH]                             (4)              159 

Details of the HHI calculation are given on the website of the National Weather Service - 160 

Weather Prediction Center (http://www.wpc.ncep.noaa.gov/html/heatindex_equation.shtml). In 161 



our study, we calculated the total number of days with an HHI >105°F (equivalent to 40.6°C, 162 

hereafter referred to as AT105F). Above this threshold, heat conditions become dangerous or 163 

extremely dangerous for at-risk groups (https://www.weather.gov/safety/heat-index) and heat 164 

disorders such as heat stroke and heat exhaustion become likely (NOAA 1985; Fischer and Schar, 165 

2010). AT105F is the threshold at which the United States National Weather Service issues heat 166 

advisories, (https://www.weather.gov/dmx/dssheat). We used the threshold of AT105F for the 167 

entire land area.   168 

 169 

2.3 Ecological sector 170 

We used the McArthur Forest Fire Danger Index (FFDI) (Noble et al., 1980) to measure the degree 171 

of wildfire danger. The FFDI was calculated from the mean temperature, maximum temperature, 172 

precipitation, relative humidity, and wind data. FFDI is computed as follows: 173 

FFDI = 2.0 × e(−0.450+0.987 ln DF−0.0345RH+0.0338T+0.0234U)                (5) 174 

where RH is the relative humidity (%), T is the surface air temperature (ºC), U is the wind speed 175 

(km/h), and DF is the drought factor. The drought factor is based on the soil moisture deficit 176 

derived from the Keech-Byram drought index (KBDI, Keeth and Byram 1968):  177 

DF = 0.191 × (K + 104) × (N + 1)1.5/[3.52 × (N + 1)1.5 + P − 1]                (6) 178 

in which N is time since rain (days), P is amount of precipitation (mm). K is the KBDI, 179 

calculated as: 180 

KBDIt = KBDIt−1 +
[203.2−(KBDI(t−1)−Pt)]×[0.968e(0.0875T+1.5552)−8.30)]

(1+10.88e−0.001736Pa)
× 10−3                (7) 181 

where t is the time interval of 1 day, Pt is the precipitation for day t (mm), and Pa is the mean 182 

annual precipitation (mm). Then, daily FFDI values were normalized in each grid cell as 183 

described by Jolly et al. (2015): 184 

https://www.weather.gov/safety/heat-index


FFDINormij
=

FFDIij−FFDIMin

FFDIMax−FFDIMin
∗ 100                                      (8) 185 

where FFDINormij
 is the normalized daily FFDI, which ranges from 0 to 100, FFDIij is the daily 186 

FFDI for a given grid for day i of year j, and FFDIMin  and FFDIMax  are the historical daily 187 

minimum and maximum FFDI for the grid. Fire season length was defined as the number of days 188 

when the normalized daily fire danger index was above a threshold value of 50, following Jolly et 189 

al. (2015). We determined fire frequency using a simulation from the Vegetation Integrative 190 

SImulator for Trace Gases (VISIT), a model for simulating atmosphere–ecosystem 191 

biogeochemical interactions. We assessed changes in fire season length and fire frequency over 192 

different terrestrial ecoregions of the world. A map of terrestrial ecoregions, from Terrestrial 193 

Ecoregions of the World (TEOW) (Olson et al., 2001), was used to represent the biogeographic 194 

regionalization of the Earth's terrestrial biodiversity, which includes 867 terrestrial ecoregions 195 

classified into 14 different biomes such as forests, grasslands, or deserts (Fig. S1).   196 

 197 

2.4 Agricultural sector 198 

Crops are sensitive to heat stress during the reproductive phase, termed the thermal-sensitive 199 

period (TSP) which depends on species and cultivar. We defined the thermal-sensitive period as 200 

the period from anthesis to maturity, using dates estimated from a global crop model, PEGASUS 201 

provided by ISIMIP (Rosenzweig et al., 2014). When daily effective temperature (Teff) exceeds a 202 

critical temperature threshold (Tcr), damage to crop yields may occur; maximum impact occurs if 203 

Teff exceeds the limit temperature threshold (Tlim). We calculated the daily anthesis heat stress 204 

(AHSd) during the reproductive phase as follows: 205 

AHSdij = {

 1                              if Teff < Tcr

1 −
Teff−Tcr

Tlim−Tcr
              if Tcr ≤ Teff < Tlim

0                           if  Teff ≥ Tlim

                          (9) 206 



where Teffij
 is defined as the mean of the daily mean and maximum temperatures for a given grid 207 

cell on day i during the reproductive phase of year j. Tcr and Tlim for each crop were adapted from 208 

Teixeira et al. (2013), as described in Table 2. AHSd during the thermal-sensitive period was 209 

accumulated and averaged to calculate the anthesis heat stress (AHS) from  210 

AHSj =
∑ (AHSd)

LTSPj
t=1

LTSPj

                                                           (10) 211 

The value of AHS reflects heat stress events experienced during the thermal-sensitive period 212 

of crop growth. LTSPj
 is the length of the thermal-sensitive period in year j, and t (1, 2, 3, …, l) is 213 

the number of days in the thermal-sensitive period. The AHS was categorized as: very low (AHS 214 

  0.0), low (AHS < 0.05); medium (0.05 ≤ AHS < 0.15); high (0.15 ≤ AHS ≤ 0.30); and very high 215 

(AHS > 0.30) stress intensity. We calculated the AHS for soybean, maize, and wheat over their 216 

corresponding suitable areas, identified according to the Global Harvested Area and Yield for 175 217 

Crops dataset (Monfreda et al., 2008). Grid cells within harvested areas were defined as suitable 218 

areas for the corresponding crops (Fig. S2). We then calculated the normalized agricultural 219 

production damage index (NPDI) to estimate the magnitude of agricultural produce losses caused 220 

by heat stress. The production damage index for year j (PDIj) at each grid cell was calculated as a 221 

product of attainable production Patt (crop yield times harvested area) and AHSj. The PDIj was then 222 

aggregated over each country and normalized by the maximum country-aggregated PDIj during 223 

the 1981-2099 period, yielding the normalized agricultural production damage index (NPDIj). 224 

 225 

2.5 Exposure 226 

For each sector, we constructed a country-level socio-climatic exposure index to estimate the 227 

level of threat faced by different countries from interactions between the regional climatic changes 228 



and relevant socio-economic factors. We consider integrated exposure to health-related heat stress, 229 

wild fire, and crop-related heat stress (Table 3). Exposure to events was estimated following well-230 

established procedures described by Lung et al. (2013). First, for each 20-year time window, the 231 

individual input climatic and socio-economic indicators of exposure (defined in Table 3) were 232 

transformed into a dimensionless unit by dividing by the maximum values obtained for each 233 

indicator during the baseline period (1981–2000). Then, the dimensionless values were combined 234 

into a standardized, composite (impact) indicator via geometric aggregation (i.e. the product of 235 

weighted indicators) to achieve the following integrated exposure index (IEI): 236 

IEI = (∏ Ii
win

i=1 )
1

n                                                      (11) 237 

where { 𝐼1, 𝐼2, … , 𝐼𝑛   are the normalized individual input indicators. During the aggregation 238 

procedure, w is the weight for each individual input indicator; in this study, the individual 239 

indicators were given equal weight. 240 

Populations exposed to extreme events were calculated from the “Global dataset of gridded 241 

population scenarios” (Murakami and Yamagata, 2016). We used population data from “The 242 

marker quantification of the Shared Socioeconomic Pathway 2: A middle-of-the-road scenario for 243 

the 21st century.” Population data for the 2000s, 2020s, 2030s, and 2090s (Fig. S3) were used to 244 

estimate population exposure during the baseline period (1981–2000), with 1.5 ºC and 2.0 ºC 245 

global warming targets, and at the end of 21st century. The analysis here focuses on the SSP2 246 

middle-of-the-road scenario (Fricko et al. 2017), which predicts a global population of nine billion 247 

by 2100. 248 

 249 

2.6 Avoided impacts 250 

The proportion of impacts avoided with warming of 1.5°C compared with warming of 2.0°C 251 



was quantified using the function defined by Li et al. (2018): 252 

AI =
E2.0−E1.5

E2.0
× 100%                                                     (12) 253 

where AI is the avoided impacts for exposure to different heat-related indictors. E1.5 and E2.0 are 254 

the changes in the 1.5°C and 2°C warming climate compared with the baseline period (1981–2000).   255 

3 Results 256 

3.1 Changes in health heat stress 257 

Extreme high temperature is one of the greatest global natural hazards to human health. The 258 

risk of human illness and mortality increases on hot days, compounded by attendant increases in 259 

humidity, which restricts people’s ability to dissipate heat. Many organizations use the health heat 260 

index (HHI) to represent apparent temperature and thus identify episodes of extreme heat. 261 

According to a chart from the United States National Weather Service that indicates the risk of 262 

heat disorders at different heat-index values, days with HHI > 105°F (AT105F) are dangerous or 263 

extremely dangerous for at-risk groups (https://www.weather.gov/safety/heat-index). In tropical 264 

regions, including large parts of India, Africa, and northern South America, the projected 265 

simultaneous increases in daily temperature and relative humidity promote more frequent 266 

occurrences of dangerous heat levels under all warming scenarios considered (Fig. 1). Increases in 267 

the AT105F are also projected for eastern China, Southeast Asia, Australia, and the southeastern 268 

United States (Fig. 2). In these regions, relative humidity tends to decrease, but the elevated 269 

temperatures nevertheless cause increased heat stress. Compared with the changes under 1.5°C 270 

warming, global warming at the 2.0°C limit set by the Paris agreement results in a further rise in 271 

the frequency of danger heat conditions and expansion of affected areas. The total area affected 272 

under 2.0°C warming is predicted to be about 15.6% larger than that under 1.5°C warming.  273 

AT105F over the affected areas is 1.6 times and 2.3 times higher under 1.5°C and 2.0°C than under 274 



the current climate. Under the RCP 8.5 emissions scenario, even larger areas (79.3% of the total 275 

land area covered) – including regions at high latitudes –  become subject to dangerous levels of 276 

heat stress by the end of the century (Fig. 2c). Moreover, the population in tropical regions will be 277 

subjected to dangerous heat conditions more frequently, since the HHI in these regions will exceed 278 

105°F for more than one in three years.  279 

 280 

<Figure 1> 281 

<Figure 2> 282 

 283 

We created an aggregate measure of each nation’s overall exposure to extreme events by 284 

taking into consideration the degree of health heat stress, the area of land affected, and the relative 285 

size of the affected population (Fig. S3). If a country contains a grid cell with HHI > 105°F for at 286 

least one day during the period of interest, the country is judged to be exposed to heat stress. The 287 

results for the baseline period (1981–2000) show that India and China experience the greatest 288 

threat from dangerously high levels of heat, owing to their high population intensity, followed by 289 

Brazil and several countries located in central Africa (Fig. 3). Future projections under 1.5°C and 290 

2.0°C warming show that the number of countries exposed to heat stress will increase to 129 and 291 

135 respectively, compared with the 109 heat-stressed countries in the baseline period. Newly 292 

affected regions will arise in the United States, Indonesia, and Australia. Developing countries are 293 

projected to remain the most vulnerable, with a higher exposure index and the least-developed 294 

infrastructure. About 26 and 54 countries will be subjected to more than double the HHI integrated 295 

heat stress exposure than that in the baseline period, under 1.5°C and 2.0°C warming, respectively. 296 

Current temperature and population trends are likely to impose significant additional health risks 297 



on low income, less developed countries. By the end of the 21st century, more than 95% of 298 

countries will face exposure to health heat stress. The increase in HHI integrated exposure index 299 

will also affect highly developed nations, such as the United States, which is expected to be under 300 

threat from severe heat stress by 2100. India and Brazil rank highest for HHI integrated exposure, 301 

and will experience a more than doubling of heat-related health stress by the end of the 21st century, 302 

owing to increased severity of natural hazards and ongoing population growth (Fig. 3d). 303 

  304 

<Figure 3> 305 

 306 

3.2 Changes in wildfire risk 307 

Wildfire is a vital component of terrestrial ecosystems, shaping the composition and 308 

functioning of terrestrial ecosystems and affecting the global carbon cycle. In recent years, 309 

increased occurrences of extremely destructive fires have been observed worldwide, triggering 310 

substantial socio-economic costs. Climate and weather, including temperature, humidity, 311 

precipitation, and wind speed, are the most important determinants of forest fire danger. We used 312 

the McArthur Forest Fire Danger Index, which unites these weather variables into a single metric, 313 

to measure the danger of fire and changes in the length of the fire season for diverse terrestrial 314 

ecosystems (Fig. S1, see Materials and Methods section) under different global warming levels. 315 

Compared with the current climate state, the length of the fire season is expected to increase in the 316 

western United States, the Amazon Plain, northern China, Australia, and Central Asia under both 317 

1.5°C and 2.0°C global warming targets (Fig. 4). The additional 0.5°C warming between 1.5°C 318 

and 2.0°C appears to contribute mainly to increases in fire season length in the affected areas. The 319 

regional mean fire season length increases by 6.2 days and 9.5 days under 1.5°C and 2.0°C 320 



warmings, relative to the baseline period. Ecological model simulation further demonstrates that 321 

an increase in the frequency of wildfires is likely to occur in the western United States, Central 322 

Asia, and Australia under the 2.0°C warming target, while there is no increase in fire frequency 323 

over large regions of the Amazon Plain. A comparison of the distribution of fire season length 324 

across the world's biomes under different warming states shows that tropical and subtropical 325 

forests, tropical and subtropical grasslands, Mediterranean forests, and desert biomes are more 326 

sensitive to climate fluctuations than other biomes, and exhibit increased threat from fires with 327 

global warming (Fig. 5). The median fire season length in these six biomes is projected to be longer 328 

than 50 days by the end of the 21st century. Large areas of forest are distributed as tropical and 329 

subtropical forest, and Mediterranean forest biome regions; therefore, increased fire season length 330 

with global warming may promote more frequent wildfires and bring about increases in tree 331 

mortality in these areas, with subsequent impact on the carbon cycle. Except for the tropical and 332 

subtropical grasslands, tundra, deserts and xeric shrublands, most biomes exhibit increases in fire 333 

frequency with global warming, as calculated by the Vegetation Integrative SImulator for Trace 334 

Gases (VISIT) model (see Methods). Biomes experiencing the greatest change in fire frequency 335 

are the tropical and subtropical coniferous forests and the Mediterranean forests (Fig. 5).  336 

 337 

<Figure 4> 338 

<Figure 5> 339 

 340 

We calculated the relative magnitude of integrated exposure to wildfires at the country level 341 

by taking into consideration the biome area affected by wildfire and the frequency of wildfires. 342 

Over the baseline period, Australia and China have relatively greater exposure to wildfires than 343 



other countries (Fig. 6). The United States, Brazil, India, and Russia are other major countries 344 

threatened by wildfire. Under the 1.5°C and 2.0°C global warming targets, the exposure index in 345 

these countries increases, showing that wildfires are likely to worsen considerably in these 346 

countries. Moreover, almost all European countries are predicted to face worsening fire risk with 347 

a 2.0°C increase in global mean temperature. Under the RCP 8.5 scenario, fire risk substantially 348 

increases by the end of the 21st century over 74% of global land, in particular in the United States, 349 

Canada, Brazil, China, Australia, and Russia (Fig. 6d). The increase in the number of extremely 350 

destructive fires will pose a severe threat to ecological systems, possibly resulting in the extinction 351 

of tree species and disrupting the global biology cycle.  352 

 353 
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 355 

3.3 Changes in anthesis heat stress 356 

Heat stress poses an important threat to agricultural production and global food security. 357 

Crops are especially vulnerable to high temperature episodes during their reproductive period. We 358 

calculated heat stress during the reproductive phase of development – anthesis heat stress (AHS) 359 

– to assess the potential damage to crop growth under different levels of global warming. Wheat 360 

shows high AHS levels even in the baseline climate, particularly in South Asia, southern North 361 

America, sub-Saharan Africa, and southeastern China: 19.8%, 31.6%, 37.3%, and 69.3% of all 362 

grids suitable for wheat (Fig. S2) are affected by high or very high (AHS index > 0.15) stress 363 

intensity during the baseline period, 1.5°C warming, 2.0°C warming, and at the end of 21st century 364 

under RCP 8.5 (Fig. S4). Significant increases in AHS for wheat under 1.5°C and 2.0°C global 365 

warmings occur in the central United States, northwestern South Asia, and northern China. Areas 366 



with high AHS levels are projected to cover the Mediterranean region and extend into Central Asia 367 

under 2.0°C global warming. By the end of the 21st century, almost all suitable cropping areas are 368 

likely to experience an increased number of high temperature episodes, resulting in very high AHS 369 

intensity. By contrast, maize, and soybean exhibit low AHS intensity in the baseline climate. 370 

Soybean and maize areas affected by high AHS intensity remain unaltered under 1.5°C and 2.0°C 371 

warming, owing to their higher critical temperature thresholds (Table 2). With global warming, the 372 

main heat stress hot-spots for soybean and maize are predicted to occur in northwestern India and 373 

the southern United States, where AHS intensity is projected to increase to high or very high levels 374 

at certain grid locations. Consistent with the patterns of AHS shown in Fig. S4, Fig. 7 shows that 375 

crops in Iran, Pakistan, India, the United States, and countries in northern sub-Saharan Africa are 376 

more likely to be affected by high temperature episodes. In general, countries in tropical regions 377 

experience greater levels of exposure than other regions during the baseline period. With global 378 

warming, increasing numbers of countries become subject to more frequent, more severe high-379 

temperature episodes, threatening agricultural production and food security. 380 

 381 
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 383 

Fig. S5 shows the projected changes in the production of soybean, maize, and wheat based 384 

on simulations by the PEGASU model, which predicts crop yields in response to heat stress. Under 385 

1.5°C global warming, the production of all crops is expected to decrease in tropical regions but 386 

increase in many high-latitude countries, especially Russia and European countries. Warmer, 387 

wetter climate states in high-latitude regions are conducive to crop development and result in more 388 

areas becoming suitable for agriculture, leading to increased production. In our study, we did not 389 



take CO2-fertilization into consideration; the results obtained by Schleussner et al. (2016) 390 

suggested that the positive effects of CO2-fertilization may counteract the negative effects of 391 

climate change, resulting in an overall increase in yields for soy and wheat and a slightly smaller 392 

reduction for maize under 1.5°C and 2.0°C warmings. Moreover, the increase in crop production 393 

at high latitudes under 1.5°C warming (for example, wheat production in Russia and 394 

Mediterranean countries) may vanish at the end of the 21st century if climate warming is not limited. 395 

The regional average wheat production is predicted to decrease by 20% by the end of the 21st 396 

century, relative to the baseline period. More marked downward trends in crop production with 397 

increases in global warming can be seen in tropical countries, particularly in Africa, southern Asia, 398 

and South America, which are generally consistent with results presented by Challinor et al., (2013) 399 

and Asseng et al. (2015). At higher warming levels, the critical temperatures can be exceeded 400 

during the growing season, as shown in Fig. 7, resulting in diminished yields (Schauberger et al., 401 

2016).  402 

The normalized agricultural production damage index over the tropical regions is larger than 403 

that in other regions for all crops. Owing to the different critical temperatures for crops, soy and 404 

maize showed a lower normalized damage index with 1.5°C and 2.0°C warmings, but production 405 

of wheat suffered greater heat stress, with a higher normalized agricultural production damage 406 

index predicted for all climate scenarios. Decreased wheat production is predicted for 76, 90, and 407 

115 countries under 1.5°C warming, 2.0°C warming, and in the 2080–2099 RCP 8.5 period. 408 

Increased normalized agricultural production damage index for wheat is projected for 106 409 

countries. Under the RCP 8.5 scenario, almost all counties are predicted to suffer higher production 410 

damage and reductions in wheat production by the end of the 21st century, except Mongolia, 411 

Norway, and Sweden (Fig. S5, Fig. 8). It also should be noted that the normalized damage to 412 



soybean production is predicted to increase significantly by the end of the 21st century, especially 413 

in Russia, China, and the United States, driven mainly by the expansion of affected areas in these 414 

countries (Fig. 7; Fig. 8). Teixeira et al. (2013) also predict a large relative increase in agricultural 415 

production damage for soybean between the baseline period and the end of the 21st century. The 416 

relatively large increase in the effect of heat stress on soybean crops may be because only a small 417 

area is at risk under the baseline climate condition but, under future climate warming, there is a 418 

large increase in both the area affected by heat stress and the intensity of the heat stress. 419 

 420 
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 422 

3.4 Global warming of 2.0°C: avoided impacts of the additional 0.5°C increase in mean global 423 

temperature 424 

Fig. 9 shows the proportion of impacts that are avoided under 1.5°C warming as opposed to 425 

2.0°C warming. Globally, about 38%, 50%, 46%, 36%, and 48% of the increased exposure to 426 

health threats, wildfire, crop-related heat stress for soybeans, wheat, and maize could be avoided 427 

if global warming were to be restricted to 1.5°C rather than 2°C (based on the median values of 428 

the avoided impacts). In terms of exposure to health threats, constraining global warming to 1.5°C 429 

instead of 2°C would allow countries in tropical regions, including India and countries in Africa, 430 

to avoid many of the adverse effects of heat on health (Fig. 9a). Canada, Russia, Turkey, India, 431 

and countries in the Amazon basin and Mediterranean are relatively sensitive to the effects of 432 

climate warming on wildfires (Fig. 9b), which may have a significant impact on forests in these 433 

regions. Half a degree less warming (i.e. the 1.5oC target) would help these countries avoid more 434 

than 50% of the increased exposure to wildfire predicted to occur under 2°C warming. Major food-435 



producing countries, including the United States, China, and India, are vulnerable to enhanced 436 

crop heat stress associated with the additional 0.5°C warming. With 2.0°C global warming, food 437 

crises will continue to occur, and acute hunger is likely to intensify in certain food-deficient 438 

counties, such as in the Middle East and Africa. Larger impacts of heat stress are avoided for 439 

soybean and maize. It should be noted that there is a visual amplification of minor absolute changes 440 

for regions with low present-day exposure, in particular in the high northern latitudes.  441 

 442 
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 444 

4 Discussion and conclusions 445 

We assessed changes in heat-related extremes for health, wildfire, and agricultural sectors 446 

under 1.5°C and 2°C global warmings. Relative magnitudes of climate and societal exposures were 447 

evaluated at the country level to identify hot-spot countries that respond the most to climate change. 448 

The results show that, even in a climate held to the 1.5°C target, increases in the frequency and 449 

intensity of heat events should be expected. Under global warming, the increased daily temperature 450 

and associated changes to other weather variables will lead to more frequent, intense, and 451 

widespread heat-related extremes. First, heat-stress metrics that integrate the effects of rising 452 

humidity indicate that the risk of life-threatening heatwaves will increase (Im et al., 2017; 453 

Matthwes et al., 2017). The additional 0.5°C increase in mean global warming associated with the 454 

2.0°C target (compared with the 1.5°C target) makes a significant difference to the extent of the 455 

area and the population exposure to extreme events. In a world with 1.5oC global warming, 129 456 

countries will be exposed to heat stress, and that number will rise to 135 with 2°C global warming. 457 

Considering both the population and the areas exposed to heat stress, about 26 countries will be 458 



subjected to more than double the health-related heat integrated exposure under 1.5°C global 459 

warming relative to the baseline period, and this increases to 54 countries under 2°C warming. 460 

This will present a major challenge to developing countries, such as India, China, and Brazil. Over 461 

global land, about 38% of the increase health-related heat exposure can be avoided with 1.5°C 462 

warming versus 2°C warming. 463 

In terms of the wildfire sector, previous studies have suggested that temporal inequality in the 464 

annual distribution of precipitation will increase in many regions with global warming, along with 465 

increases in the frequency of dry spells and dry days (Sillmann et al., 2013; Singh et al., 2014; Sun 466 

et al., 2018). The concurrence of hot, dry, and windy conditions is conducive to wildfires (Jolly et 467 

al., 2015). The fire danger index combines temperature, precipitation, and wind and confirms the 468 

lengthening of the fire season under global warming across almost all of the major vegetated 469 

regions in the world. Persistent lengthening of the fire season will likely lead to more frequent 470 

destruction of ecosystems by fire and an increase in the area burned, shortening the fire return 471 

intervals and threatening biodiversity. The additional 0.5°C warming at 2.0°C contributes mainly 472 

to increases in the duration of the fire season in the affected areas. The average length of the fire 473 

season over global land is projected to last 3.3 days longer with 2.0°C warming than with 1.5°C 474 

warming. A clear increase in the frequency of wildfires is projected to occur in the western United 475 

States, Canada, Mediterranean countries, Central Asia, and Australia under 2.0°C warming; the 476 

biomes experiencing the greatest change in fire frequency are tropical and subtropical coniferous 477 

forests and Mediterranean forests. Previous studies (Moritz et al., 2012; Romero-Lankao et al., 478 

2014) together with the IPCC Special Report on the impacts of global warming of 1.5°C above 479 

pre-industrial levels (Hoegh-Guldberg et al., 2018) also indicate that the frequency of wildfires  is 480 

projected to increase in over 37.8% of the global land area, with the risk of wildfire under 2°C 481 



warming becoming particularly high in Canada, the United States, and Mediterranean countries. 482 

Globally, 0.5°C less warming (i.e. the 1.5°C target) would help avoid more than 50% of the 483 

increased exposure to wildfire predicted to occur under 2°C warming. By the end of the 21st century, 484 

the length of the fire season and the frequency of wildfires are projected to increase substantially. 485 

In terms of the agricultural sector, crops, particularly wheat, are likely to experience a greater 486 

number of high-temperature episodes during their reproductive period, posing a threat to crop 487 

production. The area suffering from high-intensity heat stress during the wheat reproductive phase 488 

is predicted to increase by 37.3% with 2.0°C warming, covering the Mediterranean region and 489 

stretching into Central Asia. Moreover, the agricultural benefits of global warming in high-latitude 490 

regions may reduce or even disappear altogether with 2.0°C warming. If specific climate-change 491 

mitigation targets and climate policies are not followed, and the RCP 8.5 emissions trajectory 492 

becomes reality, most regions of the world will be threatened by high-impact heat extremes by the 493 

end of the 21st century.  494 

To identify hot-spot regions vulnerable to global warming, we compared the relative impact 495 

of heat-related extremes in the health, wildfire, and agricultural sectors across the world. It is not 496 

surprising that developing countries are likely to experience greater exposure to more serious heat 497 

extremes across multiple sectors than developed countries, a finding that is in agreement with 498 

recent studies. King and Harrington (2018) find that the poorest people would be subjected to the 499 

greatest changes in climate with a shift from 1.5°C global warming to 2°C global warming, and so 500 

propose greater support for climate adaptation to prevent poverty growth. Russo et al. (2019) 501 

suggest that exposure to heat hazards increases most in countries at lower levels of development, 502 

owing to larger increases in both the population growth and the risk of heatwave. Our predictions 503 

show that poorer countries are the most vulnerable, facing greater mortality, decreased food 504 



security, and increased forest fires, owing to their large populations and insufficient economic 505 

carrying capacity to resist the high risks associated with climate extremes. For instance, India is a 506 

large agricultural country with high population density and rich forests; it exports agricultural 507 

products to many nations. Our findings indicate that India will suffer multiple negative effects 508 

from climate change, including an increase in heat-related mortality, a marked decline in 509 

agricultural production, and an increased risk of forest fires, which not only threatens India’s own 510 

security and income (Carleton, 2017) but also potentially affects food security and the carbon cycle 511 

across the world. Moreover, it should be noted that certain developed countries will also be affected 512 

adversely by severe heat stress under constantly rising temperatures: for example, health-related 513 

heat exposure in the United States and the risk of forest fires in Russia both increase under 2.0°C 514 

global warming. Thus, according to both the avoided impacts index and previous studies that took 515 

different pathways for future societal development into account (King and Harrington, 2018; 516 

Russo et al., 2019), although the degree of response to global warming differs in different regions, 517 

both developing and developed countries will benefit greatly if global warming is stabilized below 518 

1.5°C.  519 

It should be noted that our assessment of the changes in heat-related extremes at different 520 

levels of global warming is mainly based on climate model simulations, assisted by global impact 521 

models. Although uncertainty is associated with the projections, this study finds a consistent 522 

increase in risk with global warming, and so supports appeals for immediate mitigation measures 523 

to be implemented. International variations in the threat posed by climate change require that 524 

measurement indices account for the potential heterogeneity in socio-climatic factors. 525 

 526 
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Table 1. ISI-MIP models used in the projections, with respective 20-year time slices for 1.5ºC and 705 

2.0ºC warmings. 706 

Model 1.5 ºC 2.0 ºC 

GFDL-ESM2M 2028, 2047 2044, 2063 

HadGEM2-ES 2010, 2029 2022, 2041 

IPSL-CM5A-LR 2016, 2035 2029, 2048 

MIROC-ESM-CHEM 2010, 2029 2022, 2041 

NorESM1-M 2022, 2041 2038, 2057 

707 



Table 2. Parameters used to calculate anthesis heat stress. 708 

Crop Tcr (ºC)  Tlim (ºC) 

Maize 35 45 

Soybean 35 40 

Wheat 27 40 

  709 



 710 

Table 3. Input data used to construct indicators for health heat stress, wildfire risk, and crop heat 711 

stress. 712 

Indicator Component Description 

HHI integrated exposure Health heat index (HHI) Number of days with HHI > 

40.6°C 

HHI area exposure Total area with HHI > 40.6°C 

HHI population exposure  Population density within areas 

experiencing HHI  > 40.6°C 

Integrated exposure to 

wildfire 

Fire frequency Number of days with fire events 

Fire area exposure Total area with fire events 

Integrated exposure to 

crop-heat stress 

Anthesis heat stress (AHS) High-temperature event occurs 

when the daily effective 

temperature (Teff) exceeds a 

critical temperature (Tcr) threshold 

within the crop reproductive 

period 

Area under risk of AHS Percentage of harvested area with 

AHS > 0.05 

 713 

 714 

  715 



Figure Captions 716 

Fig. 1. Average changes in temperature and relative humidity (RH) relative to the baseline period 717 

(1981–2000). Average changes for (a) 1.5ºC and (b) 2.0ºC global warming time slices; and (c) the 718 

2080–2099 period (RCP 8.5 scenario). 719 

 720 

Fig. 2. Changes in number of days with HHI greater than 40.6ºC (105ºF) relative to the baseline 721 

period (1981–2000) for (a) 1.5ºC and (b) 2.0ºC global warming time slices; and (c) the 2080–2099 722 

period (under the RCP 8.5 scenario). Stippling indicates locations where the degree of change was 723 

statistically significant at the 95% confidence level. 724 

 725 

Fig. 3. Integrated exposure to dangerous heat stress during different global warming periods. 726 

Country-level average HHI-integrated exposure index values (dimensionless) for (a) the baseline 727 

period 1981–2000, (b) the 1.5°C warming target, (c) the 2.0°C warming target, and (d) the 2080–728 

2099 RCP 8.5 period. Stippling in (b, c, d) indicates locations where the degree of change during 729 

different global warming periods, relative to the baseline period (a), was statistically significant at 730 

the 95% confidence level. 731 

 732 

Fig. 4. Changes in fire season length and wildfire frequency. Changes in the average length of the 733 

fire season (days) under (a) 1.5°C warming, (b) 2.0°C warming, and (c) during the 2080–2099 734 

period, relative to the baseline period 1981–2000. Changes in the frequency of wildfires under (d) 735 

1.5°C warming, (e) 2.0°C warming, and (f) during the 2080–2099 period, relative to the baseline 736 

period 1981–2000. Stippling indicates locations where the degree of change was statistically 737 

significant at the 95% confidence level. 738 



 739 

Fig. 5. Regional average fire frequency and distribution of fire-season length across the world's 740 

biomes. Fire frequency and fire-season length are shown for the baseline period 1981–2000 (blue), 741 

the 1.5°C warming target (green), the 2.0°C warming target (magenta), and the 2080–2099 period 742 

(red). Violin plots represent the probability distribution function for the fire season length in the 743 

different biomes. Circles indicate the median fire season length. 744 

 745 

Fig. 6. Integrated exposure to wildfire during different global warming periods. Country-level 746 

wildfire exposure index for (a) the baseline period 1981– 2000, (b) the 1.5°C warming target, (c) 747 

the 2.0°C warming target, and (d) the 2080–2099 RCP 8.5 period. Stippling in (b, c, d) indicates 748 

locations where the degree of change during different global warming periods, relative to the 749 

baseline period (a), was statistically significant at the 95% confidence level. 750 

 751 

Fig. 7. Normalized agricultural production damage index during different global warming levels. 752 

Country-level normalized agricultural production damage index for (a) soybean, (b) maize, and (c) 753 

wheat during the baseline period (1981–2000); (d) soybean, (e) maize, and (f) wheat for the 1.5°C 754 

global warming target; (g) soybean, (h) maize, and (i) wheat for the 2.0°C global warming target; 755 

and (j) soybean, (k) maize, and (l) wheat for the 2080–2099 (RCP 8.5) period. Stippling in (b-d, f-756 

h, j-l) indicates locations where the degree of change during different global warming periods, 757 

relative to the baseline period (a, e, i), was statistically significant at the 95% confidence level. 758 

 759 

Fig. 8. Integrated exposure to crop heat stress during different global warming periods. Country-760 

level crop-related exposure index for: (a) soybean, (b) maize, and (c) wheat during the baseline 761 



period (1981–2000); (d) soybean, (e) maize, and (f) wheat for the 1.5°C global warming target; (g) 762 

soybean, (h) maize, and (i) wheat for the 2.0°C global warming target; and (j) soybean, (k) maize, 763 

and (l) wheat for the 2080–2099 (RCP 8.5) period. Stippling in (b-d, f-h, j-l) indicates locations 764 

where the degree of change during different global warming periods, relative to the baseline period 765 

(a, e, i), was statistically significant at the 95% confidence level. 766 

 767 

Fig. 9. Proportion of heat-related exposures avoided through 1.5°C warming instead of 2°C 768 

warming. (a) Health, (b) wildfire, (c) soybean, (d) wheat, and (e) maize sectors. Stippling indicates 769 

locations where the difference between the two levels was statistically significant at the 95% 770 

confidence level. 771 



 772 

Fig. 1. Average changes in temperature and relative humidity (RH) relative to the baseline period 773 

(1981–2000). Average changes for (a) 1.5ºC and (b) 2.0ºC global warming time slices; and (c) the 774 

2080–2099 period (RCP 8.5 scenario). 775 

  776 



 777 

 778 

Fig. 2. Changes in number of days with HHI greater than 40.6ºC (105ºF) relative to the baseline 779 

period (1981–2000) for (a) 1.5ºC and (b) 2.0ºC global warming time slices; and (c) the 2080–2099 780 

period (under the RCP 8.5 scenario). Stippling indicates locations where the degree of change was 781 

statistically significant at the 95% confidence level. 782 



 783 

 784 

Fig. 3. Integrated exposure to dangerous heat stress during different global warming periods. 785 

Country-level average HHI-integrated exposure index values (dimensionless) for (a) the baseline 786 

period 1981–2000, (b) the 1.5°C warming target, (c) the 2.0°C warming target, and (d) the 2080–787 

2099 RCP 8.5 period. Stippling in (b, c, d) indicates locations where the degree of change during 788 

different global warming periods, relative to the baseline period (a), was statistically significant at 789 

the 95% confidence level. 790 



 791 

Fig. 4. Changes in fire season length and wildfire frequency. Changes in the average length of the 792 

fire season (days) under (a) 1.5°C warming, (b) 2.0°C warming, and (c) during the 2080–2099 793 

period, relative to the baseline period 1981–2000. Changes in the frequency of wildfires under (d) 794 

1.5°C warming, (e) 2.0°C warming, and (f) during the 2080–2099 period, relative to the baseline 795 

period 1981–2000. Stippling indicates locations where the degree of change was statistically 796 

significant at the 95% confidence level. 797 

 798 



 799 

 800 

Fig. 5. Regional average fire frequency and distribution of fire-season length across the world's 801 

biomes. Fire frequency and fire-season length are shown for the baseline period 1981–2000 (blue), 802 

the 1.5°C warming target (green), the 2.0°C warming target (magenta), and the 2080–2099 period 803 

(red). Violin plots represent the probability distribution function for the fire season length in the 804 

different biomes. Circles indicate the median fire season length. 805 

  806 



 807 

Fig. 6. Integrated exposure to wildfire during different global warming periods. Country-level 808 

wildfire exposure index for (a) the baseline period 1981– 2000, (b) the 1.5°C warming target, (c) 809 

the 2.0°C warming target, and (d) the 2080–2099 RCP 8.5 period. Stippling in (b, c, d) indicates 810 

locations where the degree of change during different global warming periods, relative to the 811 

baseline period (a), was statistically significant at the 95% confidence level. 812 

  813 



 814 

Fig. 7. Normalized agricultural production damage index during different global warming levels. 815 

Country-level normalized agricultural production damage index for (a) soybean, (b) maize, and (c) 816 

wheat during the baseline period (1981–2000); (d) soybean, (e) maize, and (f) wheat for the 1.5°C 817 

global warming target; (g) soybean, (h) maize, and (i) wheat for the 2.0°C global warming target; 818 

and (j) soybean, (k) maize, and (l) wheat for the 2080–2099 (RCP 8.5) period. Stippling in (b-d, f-819 

h, j-l) indicates locations where the degree of change during different global warming periods, 820 

relative to the baseline period (a, e, i), was statistically significant at the 95% confidence level. 821 

  822 



  823 

Fig. 8. Integrated exposure to crop heat stress during different global warming periods. Country-824 

level crop-related exposure index for: (a) soybean, (b) maize, and (c) wheat during the baseline 825 

period (1981–2000); (d) soybean, (e) maize, and (f) wheat for the 1.5°C global warming target; (g) 826 

soybean, (h) maize, and (i) wheat for the 2.0°C global warming target; and (j) soybean, (k) maize, 827 

and (l) wheat for the 2080–2099 (RCP 8.5) period. Stippling in (b-d, f-h, j-l) indicates locations 828 

where the degree of change during different global warming periods, relative to the baseline period 829 

(a, e, i), was statistically significant at the 95% confidence level.   830 



 831 

Fig. 9. Proportion of heat-related exposures avoided through 1.5°C warming instead of 2°C 832 

warming. (a) Health, (b) wildfire, (c) soybean, (d) wheat, and (e) maize sectors. Stippling indicates 833 

locations where the difference between the two levels was statistically significant at the 95% 834 

confidence level. 835 
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This supplemental information section includes tables and figures that support the results discussed 859 

in the main text.860 



Table S1. Variables used in present study. Check marks indicate variables used in calculation of 861 

sector indices. 862 

Variables Units Health Ecological Agricultural 

Near surface air mean temperature °C ✓ ✓ ✓ 

Near surface relative humidity % ✓ ✓  

Near surface air maximum temperature °C   ✓ 

Precipitation kg m-2 s-1  ✓  

Near surface wind speed m s-1  ✓  

 863 

  864 



 865 

 866 

Fig. S1. Map of terrestrial ecoregions. Text in the legend describes the abbreviations used. 867 

  868 



 869 

Fig. S2. Crop areas for (a) soybean, (b) maize, and (c) wheat. The maps show grids corresponding 870 

to crop harvests. The metadata are from the “Global Harvested Area and Yield for 175 Crops” 871 

dataset.   872 



 873 

Fig. S3. Population maps for (a) 2000s, (b) 2020s, (c) 2030s, and (d) 2090s. 874 



 875 

Fig. S4. Anthesis heat stress (AHS) index under different levels of global warming for areas suited 876 

to different crops. Suitable crop areas were obtained from the “Global Harvested Area and Yield 877 

for 175 Crops” dataset (Monfreda et al., 2008). AHS values in areas suitable for: (a) soybean, (b) 878 

maize, and (c) wheat during the baseline period (1981–2000); (d) soybean, (e) maize, and (f) wheat 879 

for the 1.5°C global warming target; (g) soybean, (h) maize, and (i) wheat for the 2.0°C global 880 

warming target; and (j) soybean, (k) maize, and (l) wheat for the 2080–2099 (RCP 8.5) period. 881 



 882 

Fig. S5. Relative change (%) in crop production under different climate states relative to the 883 

baseline period (1981–2000). Changes in the country-level aggregate production for: (a) soybean, 884 

(d) maize, and (g) wheat for the 1.5°C global warming target; (b) soybean, (e) maize, and (h) wheat 885 

for the 2.0°C global warming target; and (c) soybean, (f) maize, and (i) wheat for the 2080–2099 886 

(RCP 8.5) period. 887 


