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 2 

Trends in surface air temperature (SAT) is a common metric for global warming1,2. Using 23 

observations and observationally driven models, we show that a more comprehensive 24 

metric for global warming and weather extremes is the trend in surface equivalent 25 

potential temperature, Thetae_sfc, since it also accounts for the increase in atmospheric 26 

humidity and latent energy. From 1980 to 2019, while SAT increased by 0.79 °C, 27 

Thetae_sfc increased by 1.48 °C globally and as much as 4 °C in the tropics. The increase in 28 

water vapor is responsible for the factor of 2 difference between SAT and Thetae_sfc 29 

trends. Thetae_sfc increased more uniformly (than SAT) between the mid latitudes of the 30 

southern hemisphere and the northern hemisphere, revealing the global nature of the 31 

heating added by greenhouse gases (GHGs). Trends in heat extremes and extreme 32 

precipitation are correlated strongly with the global/tropical trends in Thetae_sfc. The 33 

tropical amplification of Thetae_sfc is as large as the arctic amplification of SAT, 34 

accounting for the observed global positive trends in deep convection and a 20% increase 35 

in heat extremes. With unchecked GHG emissions, while SAT warming can reach 4.8 °C by 36 

2100, the global mean Thetae_sfc can increase by as much as 12 °C, with corresponding 37 

increases of 12 °C (median) to 24 °C (5% of grid points) in land surface temperature 38 

extremes, a 14 to 30-fold increase in frequency of heat extremes, a 40% increase in the 39 

energy available for tropical deep convection, and up to 60% increase in extreme 40 

precipitation. 41 

 42 

Significance statement 43 

The Earth has warmed up by 1.2 ± 0.1 °C since the pre-industrial era. The most common metric 44 

to measure the ongoing global warming is surface air temperature since it has long and reliable 45 
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observational records. However, surface air temperature alone does not fully describe the nature 46 

of global warming and its impact on climate and weather extremes. Here, we show that surface 47 

equivalent potential temperature, which combines the surface air temperature and humidity, is a 48 

more comprehensive metric not only for the global warming but also for its impact on climate 49 

and weather extremes including tropical deep convection and extreme heat waves. We 50 

recommend that it should be used more widely in future climate change studies. 51 

 52 

The planet has warmed by 1.2 ± 0.1 C from its pre-industrial values1,2,3, three quarters of which 53 

occurred in the past 40 years mostly due to anthropogenic emissions of greenhouse gases 54 

(GHGs). Some extreme weather events in recent years have been attributed to this anthropogenic 55 

warming4. Attributing weather extremes to global warming is one of the major new 56 

developments in climate science4. In fact, the Bulletin of American Meteorological Society 57 

concluded in 20175 that “we're experiencing new weather, because we've made a new climate.” 58 

Weather extremes connect global warming directly to human health. More than 80% of the 59 

world’s land regions are experiencing increased heat extremes due to human-induced greenhouse 60 

gas forcing1. According to UN data6, from 1995 to 2015, 90% of disasters were weather related, 61 

resulting in about 606,000 loss of lives and 4.1 billion people injured and left homeless, among 62 

other adverse impacts. The number of weather disasters doubled during 2005 -2014 compared 63 

with 1985-1994 while global warming is happening faster than the warming projected even a few 64 

years ago7.  65 

Surface air temperature (SAT) has been a widely accepted climate variable used to evaluate 66 

global warming. However, SAT by itself does not fully reflect the effect of global warming on 67 

climate and weather extremes. The radiative heating of the surface and the atmosphere by 68 
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greenhouse gases (GHGs) forcing increases both air temperature, i.e., atmospheric internal 69 

energy, and humidity, i.e., latent energy. Two factors contribute to the humidity increase: 1) 70 

Increase in surface temperature, SAT, by GHGs increases evaporation of water vapor from the 71 

surface, and 2) a warmer atmosphere can hold more water vapor because of the exponential 72 

increase of saturation vapor pressure, es, with temperature. Both the increase in surface 73 

evaporation with SAT and the increase in es result from the Clausius-Clapeyron equation for 74 

saturation vapor pressure, es, which dictates that es increases by about 6% to 15% (depending on 75 

the temperature, Supplement Text 1) per degree of warming. 76 

One of the most robust findings of most if not all climate model studies is that increase in SAT 77 

leads to increase in humidity1. This was shown first in a climate model study8. It was 78 

subsequently shown with humidity and temperature observations9,10 that spatial (latitudinal) as 79 

well as temporal (seasonal to interannual) variations in the observed humidity also follow the 80 

temperature dependence dictated by the Clausius-Clapeyron equation. Thus, the humidity 81 

increase with temperature, known as the water vapor- temperature feedback, is a fundamental 82 

property of the climate system and it influences climate change in three major ways:  83 

First, it amplifies the warming by a factor of 1.5 to 28,10,11. The humidity increase with 84 

temperature is just as important, if not more so, in determining the magnitude of global warming. 85 

Since water vapor is the dominant greenhouse gas in the atmosphere, the water vapor- 86 

temperature feedback amplifies the water vapor greenhouse effect which in turn amplifies the 87 

warming significantly.  88 

Second, the latent heat released in the atmosphere, which is a primary driver of tropical 89 

convection and the general circulation, also increases with the warming because of the 90 

exponential increase of saturation vapor pressure with temperature.  91 
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Third, as shown in more detail in this study, the humidity increase with global warming and the 92 

associated increase in latent energy of the atmosphere play a major role in determining weather 93 

extremes. It has also led to more frequent and stronger extreme events such as heatwaves, 94 

hurricanes, convection storms and flash floods12-15. 95 

In summary, the increase in humidity and latent energy with temperature is a fundamental 96 

property of both climate and climate change. Thus, a more comprehensive metric of climate 97 

change is the change in the surface equivalent potential temperature Thetae_sfc, which is an 98 

integrated metric of both temperature and humidity changes. When multiplied by CP, the specific 99 

heat of air at constant pressure (Supplement Text 2), Thetae_sfc is equivalent to a fundamental 100 

energy quantity called moist enthalpy, which is the sum of the internal (CPT) and latent energy 101 

possessed by surface air. At the surface, moist enthalpy is also referred to as moist static energy. 102 

We prefer the variable Thetae_sfc (instead of enthalpy or moist static energy) since it can be 103 

readily compared with SAT in temperature units.  104 

Thetae_sfc is also a governing parameter for atmospheric convective instability, the depth of 105 

penetration of convective clouds, the depth of the tropical troposphere, the severity of heatwaves, 106 

and the onset of tropical rainfall, and it has been widely used to predict the location of monsoon 107 

rainfall16-17.  108 

Both SAT and humidity increases also play a major role in how the warming translates into 109 

public health effects. For example, a useful predictor of health impacts associated with 110 

heatwaves is the surface wet-bulb globe temperature (WBGT), which is a measure of heat stress 111 

a human body can endure18-20. A simplified WBGT that accounts for both the effect of 112 

temperature and humidity (see Methods) is highly correlated (99%) with the surface equivalent 113 

potential temperature Thetae_sfc (Supplement Fig. 1).  114 
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In spite of the importance of Thetae_sfc, to our knowledge, it has not received much attention 115 

outside the meteorology community; only one previous study examined its historical change 116 

during 1973-2003 based on observational datasets21. Here, we examine global warming and its 117 

related weather and climate extremes through the lens of Thetae_sfc, a more comprehensive 118 

thermodynamic measure of global warming. 119 

Results 120 

Thetae_sfc (See Methods for the calculation) is derived from independent data sets, including 121 

HadCRU22-24, NCEP125, ERA526, MERRA227 and JRA5528 (see Methods for additional details of 122 

the datasets). We focus on the common period of 1980-2019, since most reanalysis data are 123 

available during this period and the bulk of the observed SAT and Thetae_sfc trends since the 124 

pre-industrial era occurred during this period (Supplementary Fig. 2). Among them, HadCRU is 125 

derived directly from observations of SAT and surface humidity. The other four datasets are 126 

reanalysis products that assimilate observed SAT as well as observed atmospheric temperature 127 

and pressure in dynamical models to simulate water vapor and other variables. NCEP1 and 128 

MERRA2 are reanalysis datasets from the U.S., ERA5 is a recent European (ECMWF) 129 

reanalysis dataset and JRA55 is a Japanese reanalysis dataset.  130 

The four reanalysis datasets have similar time evolution in SAT and Thetae_sfc to the 131 

observations (HadCRU). The observations have a trend of 0.79 C over the 40-year period, while 132 

the trends range from 0.56 to 0.76 C in the four reanalysis datasets (Fig 1a). The magnitude of 133 

the Thetae_sfc trends is significantly different from that of SAT. Thetae_sfc has much larger 134 

temporal variations than SAT and the linear trend (1.48 C) is roughly double that of SAT (0.79 135 

C) in the observations. Similar magnitudes have also been captured in the four reanalysis 136 

datasets. Thetae_sfc variations consist of contributions from temperature and moisture (θe_𝑇 and 137 
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θe_𝑀, respectively; See Eqs. (2) and (3) in Method), which contribute about equally to the 138 

Thetae_sfc trends (Supplementary Fig. 3).  139 

The geographical pattern of warming in terms of the SAT trend during 1980-2019 shows three 140 

prominent features: larger warming in northern hemisphere (NH) than southern hemisphere 141 

(SH), much larger mid-latitude to polar warming than tropical warming in NH, and enhanced 142 

warming over land relative to oceans (Fig. 2; Supplementary Fig. 4), all of which have been well 143 

documented1,2. However, all of these three warming contrasts are significantly weakened when 144 

measured in Thetae_sfc (Fig. 2). In other words, the Earth is heated more uniformly when 145 

measured by Thetae_sfc. In Table 1, we quantify these differences of SAT and Thetae_sfc by 146 

showing the warming ratios between NH and SH, between land and ocean, and between tropical 147 

and NH polar region. The warming trend in NH and land is roughly twice (2.19 and 1.91 148 

respectively) as much as that in SH and in oceans in the observations measured by SAT. But the 149 

NH-SH contrast and land-ocean contrast in Thetae_sfc trend is reduced to 1.58 and 1.24, 150 

respectively. When measured by SAT, the tropical warming is only 31% of the NH polar 151 

warming, known as the Arctic amplification phenomenon, but Thetae_sfc trend in the tropics is 152 

more than half of that in the Arctic. All these features are well captured in the reanalysis datasets 153 

and climate models forced by observed sea surface temperature. Note that the NH/SH ratio in 154 

observations is quite different from reanalysis datasets and AMIP simulations. This is likely due 155 

to more missing values in SH than NH in observations. For future changes, the tropical 156 

amplification of the Thetae_sfc trends is nearly comparable to the polar amplification of SAT in 157 

NH (Table S1).  158 

Partitioning the Thetae_sfc trends in terms of the temperature trends and moisture trends shows 159 

that the tropical and subtropical Thetae_sfc trend is mainly contributed by the moisture 160 
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component (θe_𝑀; Supplementary Fig. 5), which is due to the much larger increase of moisture. 161 

Most of the tropical and subtropical Thetae_sfc increase occurs over ocean and tropical forests, 162 

including Amazon, Congo, and Maritime Continent, where there is abundant moisture.  163 

Because surface humidity observations are not regionally uniform, particularly over the oceans 164 

and in the southern hemisphere, we examine correlative satellite data (Fig. 3) to confirm the 165 

spatial patterns of the Thetae_sfc trends. In addition, comparison with cloudiness and 166 

precipitation data from satellites reveals their direct link with the trend patterns of Thetae_sfc. 167 

More specifically, the Thetae_sfc trends illustrated by both the observations and reanalysis 168 

datasets are consistent with the trends in convection and cloud depth revealed by independent 169 

satellite datasets (Fig. 3). Corresponding to the maximum increase of nearly 4 C in Thetae_sfc 170 

over tropical marine locations and tropical forests, there is a decrease in outgoing longwave 171 

radiation at the top of the atmosphere due to increase in cloud top altitudes from deeper 172 

convection (Fig. 3b), an increase in precipitation (Fig. 3c) and an increase in cloud radiative 173 

forcing (Supplementary Fig.6a-b). These change patterns are well captured by climate models 174 

forced with observed sea surface temperatures (Supplementary Fig. 6c-f, Supplementary Fig. 7). 175 

The trends in convective available potential energy (CAPE) and the altitudes of convective cloud 176 

tops estimated from the reanalysis data (Supplementary Fig. 8) are consistent with the changes in 177 

outgoing longwave radiation, cloud radiative forcing and precipitation.  178 

Besides the annual-mean precipitation change, during the satellite period another significant 179 

change in tropical rainfall is the emergence of its seasonal delay over land, with decreased 180 

rainfall in the spring and increased rainfall in the fall29 (Supplementary Fig. 9a). The delayed 181 

onset of tropical rainfall annual cycle is a robust feature under global warming and is found to be 182 

linearly related to global warming30-32. However, it is not well represented by the annual cycle of 183 
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SAT trend (Supplementary Fig. 9b). On the other hand, Thetae_sfc trend shows a clear 184 

correspondence to the rainfall delay, with cooling during spring and warming during fall 185 

(Supplementary Fig. 9c). In short, the Thetae_sfc trends are not only consistent among different 186 

observations and observationally constrained products and model simulations, but they also 187 

capture the global hydrological cycle changes much better than the SAT trends.  188 

With unchecked emissions of greenhouse gases, the future changes of Thetae_sfc can be even 189 

more pronounced. Here, we examine the Thetae_sfc changes under the Representative 190 

Concentration Pathways 8.5 (RCP85) scenario based on 20 CMIP5 models (Supplementary 191 

Table 2).  The ensemble average of SAT increases almost linearly with time, to 2 C higher than 192 

the SAT for the pre-industrial era by 2039, and 4.8C higher at the end of the 21st century (Fig. 193 

4a). The extreme WBGT, which is defined as the 95th percentile of daily WBGT temperature 194 

(see Methods), in both tropical land and global land increase by close to 7C by the end of the 195 

century relative to the pre-industrial era. Thetae_sfc increases at an increasingly faster rate, 196 

reaching 4.9 C and 12.5 C higher than the pre-industrial era Thetae_sfc by 2039 and the end of 197 

the 21st century, respectively. Similar to the linear trend pattern during 1980-2019 (Fig. 2a), 198 

future SAT warming also exhibits polar amplification and enhanced land-sea contrast 199 

(Supplementary Fig. 10a). In contrast, Thetae_sfc warming is more uniform between land and 200 

ocean and subject to both polar and tropical amplifications (Fig. 4b), with the former dominated 201 

by the temperature component θe_T and the latter dominated by the moisture component θe_M 202 

(Supplementary Fig. 10). The regional changes by the end of the century can be as much as 16 203 

C in both the tropics and NH polar regions (Fig. 4b). 204 

Implications for Extreme Weather 205 
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Examining climate change with the Thetae_sfc lens provides more insights into the links 206 

between warming and extreme weather. With unchecked emissions, global mean Thetae_sfc can 207 

increase by 12.5 C in 2100 relative to the pre-industrial era. What do the huge increases in 208 

Thetae_sfc mean for extreme weather events? We describe three types of extremes below: 209 

Deep Convection and tropical dynamics: Thetae_sfc has already been shown to be a good metric 210 

for deep convection (Fig. 3), as also demonstrated by much higher correlation with precipitation 211 

and CAPE than SAT (Supplementary Fig. 11 and 12), especially over land regions. More 212 

importantly, Thetae_sfc is much more tightly linked to extreme precipitation than SAT from both 213 

observations and climate model simulations over land (Fig. 5 and Supplementary Fig. 13), where 214 

most of the human activities take place. By the end of the century, with unchecked global 215 

warming, the intensity of model projected extreme precipitation can increase by 40 to 60% 216 

relative to current extreme precipitation (Supplementary Fig. 14). As extreme precipitation has a 217 

profound societal impact, this once again demonstrates the importance of using Thetae_sfc as a 218 

better metric for evaluating the impacts of global warming. Deep convection and the associated 219 

mesoscale and cirrus anvil cloud systems are the primary mechanisms by which latent heat is 220 

released to drive the large-scale tropical atmospheric circulation. They are linked to monsoon 221 

circulation, tropical hurricanes, and extensive high-level cirrus clouds33-34. With increased 222 

Thetae_sfc, the atmosphere is more convectively unstable, as measured by CAPE, and the 223 

maximum altitude a convective parcel from the surface can reach, a proxy for cloud top altitudes 224 

of convective clouds35-36, is higher (Supplementary Fig. 8). The tropical average (30°S-30°N) 225 

increases of CAPE and convection top height are 47 J/kg and 102 m during 1980-2019, 226 

respectively. These represent an 8.8% increase for CAPE and 1.4% increase for convection top 227 

height, relative to the climatological values of 1980-1999. By 2100, the 16 C increase in 228 



 11 

tropical Thetae_sfc can increase CAPE by more than 200 J/kg, over 30% increase relative to 229 

1980-1999 (Supplementary Fig.15). The increase of CAPE in both observations and projected 230 

future climate can partly explain the increased rainfall extremes and severe thunderstorms37-40.  231 

Extreme Heat Waves: Heatwaves, as measured by extremes (hottest 5% in daily mean values) in 232 

WBGT, are highly correlated with the tropical mean Thetae_sfc (Supplementary Fig. 17). In the 233 

past twenty years, the latest decade is warmer than the prior decade. Correspondingly, there is 234 

more extreme WBGT and higher tropical mean Thetae_sfc than the prior decade. The 235 

relationships between WBGT and tropical mean Thetae_sfc are very well captured by GCMs for 236 

both current and projected future climates (Supplementary Fig. 16b-c). For every 1C change in 237 

tropical mean Thetae_sfc, there is a 0.4 to 0.5C change in extreme WBGT, as inferred from the 238 

slopes in Supplementary Fig. 16. The ratio of the trend in WBGT extremes over land to that of 239 

the global mean Thetae_sfc is also highly concentrated at 0.5 for both current and future 240 

climates, more so for the latter (Supplementary Fig. 17). During 1980-2019, the relationship with 241 

the extreme WBGT trend is considerably higher in the mean Thetae_sfc trend than the mean 242 

SAT trend (with a correlation of 0.73 vs. 0.59; Fig. 6). As the global mean Thetae_sfc increases 243 

(Fig. 3a), future heat extremes become more severe (Supplementary Figs. 18 and 19). The 244 

extreme summer daily mean WBGT in different parts of the world (India, northern China, North 245 

America, and Europe) can increase by as much as 6 C by the end of the 21st Century compared 246 

with the heat extremes in the current climate. Presently, extreme WBGT in many parts of the 247 

world (India, eastern China, eastern US and northern Australia, Supplementary Fig. 18) has 248 

already reached 32 C, an extreme level of risk for outdoor activities20. An increase in WBGT 249 

extremes by another 6 C beyond the current extremes would be debilitating, particularly for the 250 

vulnerable population of 3 billion or more and for many ecosystems, as extreme WBGTs 251 
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exceeding 35 C (approximately equal to human skin temperature) pose hazardous levels of risks 252 

to human health20. The occurrence frequency of WBGT extremes exceeding 35 C increases by 253 

14 folds over India and southern China, 30 folds over northern China, 22 folds over North 254 

America and 23 folds over Europe by 2100 (Supplementary Fig. 19).  255 

Concluding remarks 256 

Thetae_sfc is often known as a measure of convective instability and the potential for 257 

atmospheric convection, but it has not yet been used to gauge global warming. In this study we 258 

showed that Thetae_sfc can be used as a metric, complementary to the widely used SAT, to 259 

measure global warming and its impact. SAT has the largest signal of global warming in high 260 

latitudes due to polar amplification. On the other hand, there are pronounced increases of 261 

Thetae_sfc in both the tropics and high latitudes as the Earth becomes warmer in observations 262 

and climate projection, owing to its inclusion of both temperature and moisture changes. The 263 

trends in Thetae_sfc match the trends in convection and cloud radiative forcing. More 264 

importantly, trends in mean Thetae_sfc are highly correlated with heatwave extremes both in the 265 

past and in future climate projection by models. Thetae_sfc is also tightly linked to extreme 266 

precipitation in both observations and global climate models. These findings suggest that 267 

Thetae_sfc complements SAT as a comprehensive metric of weather extremes caused by global 268 

warming and should be used more widely in future climate change studies. 269 

 270 
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Method 292 

1. Observational and reanalysis datasets 293 

In this study, monthly surface air temperature (SAT) from HadCRUT422 is used to represent the 294 

observed SAT, while monthly surface specific humidity and air temperature from 295 

HadISDH.blend version 1.1.1.2020f23-24 are used to calculate the surface equivalent potential 296 

temperature Thetae_sfc (θe) based on the method shown in the Section 3. We refer to the SAT 297 

and θe as HadCRU, as both SAT and specific humidity are developed by the Climatic Research 298 

Unit (University of East Anglia) and the Hadley Centre (UK Met Office). We also use monthly 299 

SAT, surface specific humidity and surface pressure from the National Center for Environmental 300 

Prediction (NCEP)/National Center for Atmospheric Research (NCAR) reanalysis 1 (NCEP1)25, 301 

ERA526, MERRA227 and JRA5528 to calculate θe. For θe calculation in HadCRU, surface 302 

pressure is from NCEP1. Daily SAT and surface specific humidity from ERA5 during 1980-303 

2019 are also used. The outgoing longwave radiation (OLR) from NOAA is used for the period 304 

of 1980-2019, which combines several satellite datasets41. The precipitation from GPCP is used 305 

for the period of 1980-201942. The shortwave and longwave cloud radiative forcing (SWCRF 306 

and LWCRF, respectively) from ISCCP is used for the period 1984-200743. The reference period 307 

is chosen as 1980-1999 throughout the study to calculate the monthly anomalies, unless stated 308 

otherwise. 309 

2. Model simulations 310 

To obtain the future changes of θe, monthly mean outputs of SAT, surface specific humidity and 311 

surface pressure from historical and RCP8.5 simulations of 20 Coupled Model Intercomparison 312 

Project phase 5 (CMIP5; Ref. 44) models are used (see Supplementary Table 2). Except CESM1-313 
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CAM5, daily mean outputs of SAT, surface specific humidity and surface pressure from 314 

historical and RCP8.5 simulations of these 20 models are also used. To assess the models’ ability 315 

in capturing the current linear trends of convection, AMIP-type simulations from two models 316 

(CCSM4 and HadGEM2-A) are also used.  317 

3. Calculation of surface equivalent potential temperature 318 

We use the following simple formula based on Taylor expansion to calculate θe45: 319 

𝜃𝑒 ≈ (𝑇 + 𝐿𝑣𝐶𝑝 𝑟) (𝑝0𝑝𝑠)𝑅𝑑𝐶𝑝                                                                                                                (1) 320 

Here, 𝑇 is the surface air temperature Tas, 𝐿𝑣 is latent heat of vaporization (here it is taken as 321 

2500 kJ kg-1), 𝐶𝑝 is specific heat of dry air at constant pressure (here it is taken as 1005.7 J K-1 322 

kg-1), 𝑟 is the mixing ratio, which is roughly equal to specific humidity 𝑞 (it should be 𝑟 = 𝑞1−𝑞 to 323 

be exact), 𝑝0 is reference pressure (1000 hPa), 𝑝𝑠 is surface pressure, 𝑅𝑑 is specific gas constant 324 

for air (287.04 J K-1 kg-1). We can also divide 𝜃𝑒 into two components: one is linearly related to 325 

temperature (𝜃𝑒_𝑇) and the other is related to moisture (𝜃𝑒_𝑀). The two components are 326 

expressed as: 327 

𝜃𝑒_𝑇 ≈ 𝑇(𝑝0𝑝𝑠)𝑅𝑑𝐶𝑝                                                                                                                          (2) 328 

𝜃𝑒_𝑀 ≈ 𝐿𝑣𝐶𝑝 𝑟(𝑝0𝑝𝑠)𝑅𝑑𝐶𝑝                                                                                                                       (3) 329 

Although 𝜃𝑒_𝑀 is quite small compared to 𝜃𝑒_𝑇 in terms of absolute values (50 K vs. 300 K), 330 

here, what matters is the temporal changes, which are comparable. According to the Clausius-331 

Clapeyron equation and the relationship between saturation specific humidity and saturation 332 

vapor pressure, we can easily obtain the relationship between 𝑟 and 𝑇 as follows: 333 
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 𝑟 = 𝜖𝑅𝑒𝑠0𝑝 𝑒 𝐿𝑣𝑅𝑣( 1𝑇0−1𝑇)
                                                                                                                      (4) 334 

Here, 𝜖 is the ratio of the gas constants for dry air and water vapor (287 and 461 J K-1 kg-1, 335 

respectively), 𝑅 is relative humidity, 𝑒𝑠0 is vapor pressure at reference temperature 𝑇0 (273.15 336 

K), and 𝑅𝑣 is gas constant for water vapor (461 J K-1 kg-1). Hence, 𝜃𝑒_𝑀 can also be written as: 337 

𝜃𝑒_𝑀 ≈ 𝐿𝑣𝜖𝑅𝑒𝑠0𝐶𝑝𝑝 𝑒 𝐿𝑣𝑅𝑣( 1𝑇0−1𝑇)(𝑝0𝑝𝑠)𝑅𝑑𝐶𝑝                                                                                                  (5) 338 

In this form, 𝜃𝑒_𝑀 is nonlinearly related to surface air temperature and increases faster with 339 

temperature at warmer temperatures. 340 

4. Wet bulb globe temperature 341 

The wet bulb globe temperature (WBGT) is a measure of heat stress in direct sunlight; it has 342 

been used by several western countries to provide guidance for military training and heavy labor 343 

activities in summer. The definition of WBGT involves sunlight incidence, wind speed, 344 

temperature and humidity, some of which are not available in archived observational data. 345 

Therefore, we use the simplified form from ref. 20: 346 

𝑊𝐵𝐺𝑇 = 0.567𝑇 + 0.393𝑒 + 3.94                                                                              (6) 347 

where T is temperature in Celsius, e is the vapor pressure of the air in hPa. The WBGT values at 348 

28, 32, and 35 °C correspond to high, very high, and extreme risk to health20. 349 

5. Data availability 350 

The data that support the findings of this study are available from the corresponding authors 351 

upon request. All data analyzed in the study are publicly available. HadCRUT4 dataset can be 352 

downloaded from the following website: https://crudata.uea.ac.uk/cru/data/temperature/#datdow. 353 
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HadISDH-blend version 1.1.1.2020f dataset can be downloaded from the following website: 354 

https://www.metoffice.gov.uk/hadobs/hadisdh/downloadblend1112020.html. The NCEP1 355 

reanalysis dataset is available at https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html. The 356 

ERA5 reanalysis dataset can be downloaded from the following website: 357 

https://cds.climate.copernicus.eu/#!/search?text=ERA5&type=dataset. The MERRA2 reanalysis 358 

dataset is available from https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/data_access/. The 359 

JRA55 is available from https://climatedataguide.ucar.edu/climate-data/jra-55. The GPCP 360 

precipitation dataset can be downloaded from the following website: 361 

https://psl.noaa.gov/data/gridded/data.gpcp.html. The NOAA OLR dataset can be downloaded 362 

from the following website: https://www.esrl.noaa.gov/psd/data/gridded/data.interp_OLR.html. 363 

The ISCCP dataset can be downloaded from the following website: 364 

https://eosweb.larc.nasa.gov/project/isccp/isccp_table. The global climate model outputs can be 365 

obtained from the CMIP5 archive accessed through the following website: http://www.ipcc-366 

data.org/sim/gcm_monthly/AR5/Reference-Archive.html.  367 

  368 

https://www.esrl.noaa.gov/psd/data/gridded/data.interp_OLR.html
http://www.ipcc-data.org/sim/gcm_monthly/AR5/Reference-Archive.html
http://www.ipcc-data.org/sim/gcm_monthly/AR5/Reference-Archive.html
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Table 1 The ratio of linear trend of SAT and Thetae_sfc in the observation, average of four 489 

reanalysis datasets and average of two AMIP runs during 1980-1999. 490 

Data Land/Ocean ratio NH/SH ratio Tropics/NH Polar ratio 

SAT Thetae_sfc SAT Thetae_sfc SAT Thetae_sfc 

OBS 1.91 1.24 2.19 1.58 0.31 0.53 

REA 2.17 1.68 2.94 2.80 0.24 0.42 

AMIP 2.08 1.59 2.39 2.11 0.34 0.79 

 491 
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 492 
Figure 1 Time evolution of global mean surface air temperature (SAT; unit: C) and 493 

surface equivalent potential temperature (Thetae_sfc; unit: C). Annual-mean time series of 494 

(a) SAT anomalies and (b) Thetae_sfc anomalies from HadCRU (black line), NCEP1 (blue line), 495 

ERA5 (red line), MERRA2 (purple line) and JRA55 (orange line). The anomalies are with 496 

respect to 1980-1999 mean. The numbers in HadCRU and Reanalysis legends show the total 497 

warming during 1980-2019.  498 



 26 

 499 
Figure 2  Global map of warming pattern in SAT and Thetae_sfc during 1980-2019. Linear 500 

trend of (a) SAT in OBS, (b) Thetae_sfc in OBS, (c) SAT in Reanalyses and (d) Thetae_sfc in 501 

Reanalyses. The trend has been normalized by the global mean value shown in the title of each 502 

panel. Results in the Reanalyses are obtained by averaging over all four reanalysis datasets 503 

(NCEP1, ERA5, MERRA2 and JRA55). 504 
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 505 

 506 
Figure 3 Changes of surface equivalent potential temperature (Thetae_sfc) in the tropics 507 

and its implication for convection. The spatial pattern of linear trend of annual-mean (a) 508 

Thetae_sfc (unit: C) from the mean of four reanalysis datasets (NCEP1, ERA5, MERRA2 and 509 

JRA55), (b) outgoing longwave radiation (OLR; unit: W m-2) from NOAA and (c) precipitation 510 

(unit: mm day-1) from GPCP during 1980-2019. The stippled areas indicate that the linear trend 511 

is significant at the 5% level. 512 
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 513 
Figure 4 Future changes of surface air temperature (SAT) and surface equivalent potential 514 

temperature (Thetae_sfc). Annual-mean time series of (a) SAT (red line; unit: C), Thetae_sfc 515 

(blue line; unit: C), extreme WBGT over global land (orange line; unit: C) and extreme WBGT 516 

over tropical land (purple line; unit: C) anomalies relative to 1980-1999 mean and the future 517 

change patterns of (b) θe between future climate (2080-2099) and current climate (1980-1999). 518 

The shading indicates inter-model spread among 20 CMIP5 models.  519 

 520 

  521 
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 522 
Figure 5 Relationship between annual maximum precipitation and annual mean SAT and 523 

Thetae_sfc over tropical land (30ºS-30ºN) during 1980-2019. The precipitation data is from 524 

NOAA Climate Prediction Center (CPC) gridded, gauge-based daily observations and SAT and 525 

Thetae_sfc are from ERA5 reanalysis. Each point represents a bin average of data from all land 526 

grid points in the latitude belt. The correlation coefficient is given in the parentheses at the top of 527 

each frame. 528 

 529 

 530 

 531 
Figure 6 The extreme WBGT trend is highly correlated with mean Thetae_sfc trend over 532 

tropical land (30°S-30°N) during 1980-2019 in ERA5.  Each data point represents one 533 

location. 534 

 535 
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