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Abstract Changes in the thermal comfort condition of the living environment of human beings are one of
the main concerns related to global warming. While previous studies largely focused on mean temperature and
warm/cold extremes, changes in thermal comfort conditions (both comfort and discomfort conditions) have
not been adequately revealed. Based on climate projections from the Coupled Model Intercomparison Project
phase 6 (CMIP6), future thermal comfort conditions over global land using net effective temperature index that
considers the aggregate effects of temperature, relative humidity, and wind on human thermal perception were
investigated. The focus was on the projected changes in thermal comfort conditions in different regions based
on gross domestic product per capita, an indicator of adaptive capacity. An inequitable impact of escalating
global warming on thermal comfort conditions emerges: in high-income regions (mostly distributed in cool
mid-high latitudes), a diminishing number of cold-uncomfortable days and an increasing number of comfort
days collectively would contribute to an improvement in thermal comfort conditions; however, in low-income
regions (mostly distributed in warmer low latitudes), thermal comfort conditions are expected to worsen as a
result of a dramatic increase in the number of warm-uncomfortable days that greatly exceeds the decrease in
the number of cold-uncomfortable days and a decrease in the number of comfortable days. Moreover, analysis
accounting for population exposure suggests that the overall impact of future changes in thermal comfort
conditions on the global population is negative. Therefore, prioritized support for climate mitigation and
adaptation to developing nations is justified and urgently needed.

Plain Language Summary In the context of global warming, the number of warm-uncomfortable
(cold-uncomfortable) days is expected to increase (decrease). There are various possibilities in the direction
of changes in the number of comfortable days, as days that were previously comfortable may become hotter
and thus uncomfortable, while days that were previously cold may become comfortable, which motivates
in-depth studies. There is also an expectation that cool regions tend to benefit in a warmer world (become
more comfortable), while warmer regions are harmed (become too hot). Here we demonstrate that in presently
cool mid-high latitudes, a diminishing number of cold-uncomfortable days and an increasing number of
comfort days collectively contribute to an improvement in thermal comfort conditions; however, in the warm
low latitudes, thermal comfort conditions are expected to worsen as a result of a dramatic increase in the
warm-uncomfortable days that greatly exceeds the decrease in the number of cold-uncomfortable days and a
decrease in the number of comfortable days. Given that today the wealthiest regions of the world tend to be
located in mid-high latitudes, while many of the world's poorest people live in tropical regions. Such changes in
thermal comfort conditions are inequitable.

1. Introduction

The thermal environment is related to a range of meteorological factors such as air temperature, humidity, wind,
and radiation. The ever-changing thermal environment in the real world, determined by a range of meteorologi-
cal factors such as air temperature, humidity, and wind, challenges the human body's ability to maintain its core
temperature within the range required for optimal comfort, performance, and health (Kjellstrom et al., 2016).
Exposure to an extreme thermal environment can lead to the failure of this thermoregulatory mechanism. In a hot
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environment, for instance, the human body may produce or absorb more heat than it dissipates, thus increasing
its core temperature to values that can potentially cause discomfort, heat-related illnesses, and ultimately death
(Kovats & Hajat, 2008; Sailor et al., 2019). Furthermore, mild weather, which describes a condition that is neither
too cold nor too hot (i.e., comfortable), is also of great societal significance; for example, human outdoor activi-
ties such as tourism, sports, building construction, and transport can benefit from mild weather (Lin et al., 2019;
van der Wiel et al., 2017; Zhang, You, Ren, et al., 2022).

Previous studies have developed a few biometeorological indices that describe the human perception of heat and
cold based on a combination of meteorological elements, and these indices provide a more reasonable solution for
quantifying past and future changes in the thermal comfort conditions as opposed to simply using air temperature
alone (de Freitas & Grigorieva, 2015; Schwingshackl et al., 2021).

The earth has been experiencing unprecedentedly rapid warming since the 20th century, and this trend is projected
to continue in the coming decades (IPCC, 2021). Thermal comfort conditions are expected to change accordingly
in the context of warming. An increase in the number of hot days and simultaneously a decrease in the number of
cold days is not surprising under future global warming, although asymmetries in magnitude may be evident (J.
Lietal., 2018). However, there are multiple possibilities for changes in mild weather, as days that were previously
comfortable may become hotter, while days that were previously cold may become comfortable. Thus, future
changes in overall thermal comfort conditions may exhibit remarkable differences across regions and should be
examined in a closer inspection.

According to previous studies, the potential for compound heat-humidity extremes to cause unprecedented
discomfort conditions under a warming climate is an issue of growing concern (e.g., Luo & Lau, 2021; Raymond
et al., 2020; Sherwood & Huber, 2010; Sylla et al., 2018; F. Wang & Zhang, 2019). The number of cold discom-
fort days is projected to decrease (Gao et al., 2018; J. Li et al., 2018; W. Li et al., 2022; Zhang, You, Ren,
et al., 2022; Zhang, You, Wu, et al., 2022), although extreme cold events are likely to persist across continents
even under the 21st-century warming scenarios (Kodra et al., 2011; Zhu et al., 2019). Besides, compared with
the efforts focused on the change of mean climate state and climate extremes, less attention has been paid to the
behavior of mild weather. Only a few studies have shown a slight global mean decrease in the annual number
of mild days projected in the future, but with divergent responses at regional scales (van der Wiel et al., 2017,
Zhang, Ren, & You, 2022; Zhang, You, Wu, et al., 2022). Although the above studies project changes in thermal
comfort conditions in a warmer future from various perspectives, how thermal comfort conditions across the
globe respond to elevating global warming has not yet been quantified within a unified framework. For example,
a common view is that the presently cool regions tend to benefit in a warmer world (become more comfortable),
while the warm regions are harmed (become too hot), but this view has yet to be confirmed. Such information is
essential for climate change adaptation planning but is currently limited.

The inequality of climate change is also of particular concern. There is growing evidence that poorer countries
are more negatively affected by a changing climate, either because they will experience greater changes in local
climate and/or because they are less able to adapt to climate change (Ahmadalipour et al., 2019; Diffenbaugh &
Burke, 2019; King & Harrington, 2018; Shiogama et al., 2019). Given that developed countries are responsible
for the vast majority of historical greenhouse gas emissions, any clear evidence of inequality in the impacts of
climate change raises critical international justice issues. The wealthiest regions of the world are concentrated
in mid-high latitudes, while many of the world's poorest people live in tropical regions. Multiple studies prove
that the most perceptible climate changes in the future would generally occur in tropical regions, based on the
signal-to-noise ratio approach (King et al., 2015; Mahlstein et al., 2011; Schleussner et al., 2016). Other studies
have also shown that low-income regions are expected to face significantly higher risks of facing extreme heat
events compared to high-income regions (Alizadeh et al., 2022; Harrington et al., 2016; Lee et al., 2021; Ullah
et al., 2022; F. Wang et al., 2022). These results highlight the negative impacts of climate change, such as severe
losses of labor productivity (Kjellstrom et al., 2009; Orlov et al., 2020) and increasing morbidity and mortality
from heat-related illness (Ahmadalipour et al., 2019; Mora et al., 2017), may fall mostly on low-income popu-
lations that are least capable of adapting. It has also been suggested that some high-income countries in cool
regions could benefit from additional warming, while most low-income countries are likely to suffer, based on the
combination of empirical evidence and projections of future climate change (Burke et al., 2015; Diffenbaugh &
Burke, 2019). An accompanying reasonable hypothesis is that high-income countries in cool regions will benefit
from an improvement in thermal comfort conditions in a warmer future, but vice versa for low-income countries
in the tropics. However, this hypothesis about the inequality of climate change has yet to be proven.
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;Z}v)zlce Iizformation on the Five Global Climate Models Adopted in the Present Study

Model name Modeling center Reference
GFDL-ESM4 Geophysical Fluid Dynamics Laboratory, Princeton (USA) Dunne et al. (2020)
IPSL-CM6A-LR Pierre Simon Laplace Institute (France) Boucher et al. (2020)
MPI-ESM1-2-HR Max Planck Institute for Meteorology (Germany) Miiller et al. (2018)
MRI-ESM2-0 Meteorological Research Institute (Japan) Yukimoto et al. (2019)
UKESM1-0-LL Met Office Hadley Center (UK) Sellar et al. (2019)

Given the context, the present study aims to quantify future changes in the numbers of comfortable and
warm/cold-uncomfortable days over the global land within a unified framework, based on projections from an
ensemble of the latest generation of global climate models (GCMs). Whether the hypothesis that cool regions
become more comfortable and warmer regions become more uncomfortable holds in a warmer future will be
examined. In addition to investigating spatiotemporal patterns, special attention is given to the potential rela-
tionship between changes in thermal comfort conditions and wealth, which may imply inequality. Given that
the change in thermal comfort conditions is primarily relevant to the human habitat, our analysis also accounts
for exposure as measured by distributed population amount scenarios. To the best of our knowledge, the present
study is an early attempt to reveal a holistic image of the response of changes in thermal comfort conditions to
future global warming, and the results are expected to be instructive for climate change mitigation and adaptation
planning.

2. Data and Methods
2.1. Data Description

Daily climatic data during the historical (1850-2014) and future periods (2015-2100) were obtained from five
GCMs (Table 1) precipitating in the Coupled Model Intercomparison Project phase 6 (CMIP6; Eyring et al., 2016;
O’Neill et al., 2016). The raw outputs from the first realization of the five GCMs have been downscaled and
bias-corrected by Lange (2019), with a uniform spatial resolution of 0.5° X 0.5°. The models were chosen with
due consideration to process representativeness, structural independence, climate sensitivity, and performance in
the historical period (Lange, 2021). The bias adjustment and statistical downscaling method successfully adjust
the simulated data to match the observation more closely than the raw GCM data, but still preserves the global
warming trend and the climate sensitivities of the GCMs, which ensures the credibility of the simulated data
(Hempel et al., 2013; Lange, 2019). Historical simulations and future projections under Shared Socioeconomic
Pathway (SSP) 1-2.6, 3-7.0, and 5-8.5 scenarios are available.

Spatially explicit global population and gross domestic product (GDP) data during 2010-2100 under SSP1-3
scenarios were derived from Jiang et al. (2022), with a spatial resolution of 0.5° X 0.5° (Figures S1 and S2 in
Supporting Information S1). This includes population and GDP projections from the International Institute for
Applied Systems Analysis (K¢ & Lutz, 2017) and the Organization for Economic Cooperation and Develop-
ment (Dellink et al., 2017), respectively. Note that the above results are biased in the estimation of population
and GDP in China, according to the new fertility policy and new parameters from the latest Chinese census.
Hence the results about China are replaced by the projections from Huang et al. (2019). The assumptions for
SSP1-3 scenarios are summarized as follows: SSP1 envisions a society with low population growth and rapid
social and economic development, whereas SSP3 corresponds to a society with low-income growth and rela-
tively high population growth rates in the currently high fertility countries. SSP2 describes a world assuming that
demographic outcomes are consistent with middle-of-the-road expectations about population growth and spatial
patterns of development (Jones & O'Neill, 2016).

2.2. Thermal Comfort Metrics

In the present study, thermal comfort conditions were quantified using net effective temperature (NET), which
originates from the ET first introduced by Houghten and Yaglou (1923). The original ET seemed exclusively
appropriate for hot weather conditions. Further modifications included the effect of winds and extended its use
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to cold conditions (Hentschel, 1987; Li & Chan, 2000). The presently well-established formula for NET is as
follows (Gao et al., 2018; Juzbasié et al., 2022; Wu et al., 2017):

NET = 37 — ST=T 0297(1-0.01RH) W
0.68 — 0.0014RH +

1.76+1.4007

where T, RH, and v are daily mean near-surface temperature (°C), relative humidity (%), and wind speed (m/s),
respectively. NET considers the aggregate effects of temperature, relative humidity, and wind on human thermal
perception. NET has been successfully applied in different regions of the world and several evaluation criteria
have been proposed, here we adopted a commonly used classification of thermal comfort based on the NET
values, see Table S1 in Supporting Information S1 (Blazejczyk et al., 2012; Wu et al., 2017). In the present
study, a comfortable day is defined when the NET is between 9°C and 23°C; a warm (cold)-uncomfortable day
is defined when the NET is above 27°C (below 1°C). We mainly considered the most comfortable and least
comfortable parts, which are the most important for the human habitat, while the transition parts were not consid-
ered (Zhang, Ren, & You, 2022; Zhang, You, Wu, et al., 2022).

NET is a choice with a balance of accuracy and feasibility. Of the many metrics tested to quantify thermal comfort
conditions, NET is found to be the most suitable for operation purposes (Li & Chan, 2000). It is applicable in
both hot and cold situations and displays similar sensitivity as wind chill equivalent temperature (Osczevski &
Bluestein, 2005) and apparent temperature (Steadman, 1984), the two commonly used indices for cold and hot
weather respectively. Moreover, it can be calculated directly from the standard outputs of the climate models. We
recognize that mechanistic indicators based on the human heat exchange model are expected to give more accu-
rate results for human thermal comfort conditions due to their rigorous physical basis (Jendritzky et al., 2012);
however, the calculation of mechanistic indicators involves many non-conventional meteorological variables
(e.g., mean radiation temperature and mean body wind speed), which are computationally expensive and typi-
cally cannot be calculated from climate model outputs. If these variables are parameterized uniformly, additional
uncertainty may be introduced in the results (Zhang, Ren, & You, 2022; Zhang, You, Wu, et al., 2022). Never-
theless, to test the sensitivity of results to the choice of thermal comfort indicators, we have also reperformed
an analysis based on the simplified universal thermal climate index (UTCI; Brode et al., 2012; Schwingshackl
et al., 2021). Detailed information can be found in Text S1 and Table S2 in Supporting Information S1.

To assess the possible effects of individual variables (i.e., temperature, relative humidity, and wind speed) on the
changes in thermal comfort conditions, the comfortable/uncomfortable days were recomputed using a method
similar to the “factor separation method” (Lin et al., 2019; Wu et al., 2017; Zhang, You, Ren, et al., 2022). In each
computation, we allowed one variable to evolve across the time but keep others at the climatological levels (i.e.,
the mean over the reference period of 1995-2014). Then the change from this new computation can be considered
as the contribution of the corresponding variable to the change of comfortable/uncomfortable days.

2.3. Scenarios

In contrast to traditional approaches that presuppose ideal emission scenarios (e.g., Representative Concen-
tration Pathways; van Vuuren et al., 2011), one may be more concerned with how different characteristics of
regional climate change relative to mean global warming (James et al., 2017; Seneviratne et al., 2016; J. Zhang
& Wang, 2022; W. Zhang & Zhou, 2020; You et al., 2022). Therefore, here we did not directly investigate
climate change under the CMIP6 SSP emission scenarios. Instead, we investigate changes in thermal comfort
conditions with 2°C, 3°C, and 4°C global warming levels based on CMIP6 simulations. Among them, 2°C
warming is the long-term temperature control target set out in the Paris Agreement (United Nations, 2015),
and 3°C warming is similar to late-century warming projected based on current mitigation policies (Raftery
et al., 2017; J. Zhang et al., 2020), and 4°C warming is closer to the “business-as-usual” scenario (X. Wang
et al., 2018). Following the recommendation of King et al. (2017), we determined the scenario of 2°C global
warming above the pre-industrial baseline for all years within decades in the SSP3-7.0 and SSP5-8.5 simula-
tions when decadal-average temperatures are between 1.8°C and 2.2°C warmer than the pre-industrial baseline
(1861-1880). The scenarios of 3°C and 4°C global warming levels can also be determined similarly but for
decadal-average temperatures at 2.8°C—3.2°C and 3.8°C—4.2°C above the pre-industrial baseline, respectively
(Figure S3 in Supporting Information S1). The reference period in the present study is 1995-2014. Given that
many climate indicators scale linearly with global mean temperature (GMT; Seneviratne et al., 2016), our analy-
sis also accounts for changes in global and regional thermal comfort conditions as a function of GMT, following
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Figure 1. Spatial pattern of the climatology of the numbers of warm-uncomfortable, cold-uncomfortable, and comfortable days for the reference period (a—c), and their
future changes (d-1) associated with 2°C, 3°C, and 4°C global warming levels relative to the reference period (1995-2014). Zonal averages are presented as the curves
to the right of each panel, where the solid line and shading indicate the multi-model mean and + one standard deviation range, respectively. The statistical significance
of changes in the number of comfortable/uncomfortable days is evaluated using Wilcoxon's rank-sum test imposing p < 0.05. The signal of the multi-model ensemble
mean is the mean signal of the five ensemble members. If at least one significant individual signal differs in the sign of the projected change, it is considered uncertain
(hatching with backslash “\”); else if the uncertainty condition is not fulfilled and less than half of the individual signals are significant, it is considered as negligible
(hatching with forward-slash “/”); otherwise, the ensemble mean signals are referred to as robust. The definition of the 26 SREX regions in panel (a) refers to Table S3

in Supporting Information S1.

the method of Schwingshackl et al. (2021). Note that our results regarding specific global warming levels repre-
sent a transient response, which is different from the stabilized response at the same global warming level (King
et al., 2020; Zhang, You, Wu, et al., 2022; You et al., 2022).

We employed GDP per capita for the reference year 2010 as an indicator of adaptive capacity, to analyze the
heterogeneity of potential changes in thermal comfort conditions in regions for different levels of wealth. The
relative percentile of GDP per capita for each grid point (Figure S1b in Supporting Information S1) is assumed to
be fixed into the future, as in Lee et al. (2021). Our analysis also accounts for exposure as measured by distributed
population amount scenarios. According to Jones et al. (2015), population exposure to different thermal comfort
conditions (i.e., comfortable/uncomfortable weather) is defined as the product of population counts with comfort-
able/uncomfortable days at each grid cell. Following previous studies (Z. Liu et al., 2017; Y. Liu et al., 2020;
F. Wang et al., 2022), a low, moderate, and high GHG concentration scenario is paired with SSP1, SSP2, and
SSP3, respectively. The 2°C, 3°C, and 4°C global warming scenarios generally correspond to low, moderate, and
high GHG concentration scenarios, respectively. The combination of 2°C global warming and SSP1 represents
the most sustainable future projection. By contrast, the combination of 4°C global warming and SSP3 repre-
sents the worst projected climatic and socioeconomic conditions. The combination of 3°C global warming and
SSP2 reflects an intermediate pathway between 2°C global warming-SSP1 and 4°C global warming-SSP3. In
addition to examining changes in the number of comfortable/uncomfortable days and their population exposure,
we characterized regional features of changes in thermal comfort conditions in 26 regions (Figure 1a and Table
S3 in Supporting Information S1) as defined by Intergovernmental Panel on Climate Change Special Report on
Extreme Events (SREX; Seneviratne et al., 2012), nine of which were highlighted (Figure 1a; Schwingshackl
et al., 2021): the five most populated regions in the world (southern Asia [SAS], EAS, and SEA in Asia, WAF,
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and EAF in Africa) and the two most populated regions in Europe (MED and CEU) and America (CAM and
ENA).

3. Results
3.1. Changes in the Number of Comfortable/Uncomfortable Days Relative to the Reference Period

Before projecting future changes, the climatology of thermal comfort conditions in the reference period
(1995-2014) was investigated. The spatial pattern of annual warm-comfortable, cold-uncomfortable, and
comfortable days in the reference period are displayed in Figures 1a—1c. Cold-uncomfortable weather is widely
distributed in the area of mid-high latitudes and high altitudes, such as the Tibetan Plateau and the Andes, while
warm-uncomfortable weather is only sporadically distributed in low latitudes. The spatial pattern of comfortable
weather is relatively complex, with the highest frequency located in parts of sub-Saharan Africa, Central and
South America, southeastern Asia (SEA), and Australia, and the highest frequency located in high latitudes and/
or high altitudes. In terms of zonal averages, the numbers of comfort days in low latitudes are generally higher
than those in mid-high latitudes, but they are relatively low near the equator.

The signals of an increase in the number of warm-uncomfortable days and a decrease in the number
of cold-uncomfortable days are projected to significantly enhance in a warmer future. The number of
warm-uncomfortable days in the future is expected to substantially increase, especially in low latitudes
(Figures 1d-1f). A robust increase in the number of warm-uncomfortable days is projected in western, south-
ern, and SEA, parts of eastern Asia, and most regions of Africa, South America, and Australia, based on the
multi-model ensemble. However, the characteristics of changes in the number of cold-uncomfortable days are
considerably different from those of warm-uncomfortable days. Under future scenarios, a wide area above 25°
latitude is projected to experience a robust decrease in the number of cold-uncomfortable days, and this change
is less spatially heterogeneous relative to the change in warm-uncomfortable days (Figures 1g—1i). Changes in
the number of warm-uncomfortable days are characterized by a greater magnitude (up to more than 160 days
near the equator under the scenario of 4°C global warming) but a narrower distribution, while changes in
cold-uncomfortable days are characterized by a smaller magnitude (typically up to no more than 60 days under
the same scenario) but a wider distribution (Figures 1d—1i). This asymmetry has a clear impact on the overall
change in thermal comfort conditions.

Changes in the number of comfortable days are a little more complicated. The global average number of
comfortable days is projected to decrease slightly in a warmer future, but changes vary markedly across regions
(Figures 1j—11). In terms of zonal averages, a moderate increase in the number of comfortable days is expected
north or south of 30° for the northern and southern hemispheres, respectively, while a remarkable decrease in the
number of comfortable days is expected in lower latitudes. Except for a few high-latitude, high-altitude areas, and
transition regions, changes in the number of comfortable days are robust, based on the multi-model ensemble. A
noteworthy result is that the areas of increasing numbers of warm-uncomfortable days and decreasing numbers
of comfortable days are roughly coincident, for example, large areas in South America, Africa, and low latitude
regions of Asia experiencing a sharp decrease in the number of comfortable days (up to more than 150 days under
the scenario of 4°C global warming). Such a phenomenon highlights the worsening of thermal comfort conditions
in low latitudes.

The multi-model mean evolution of changes in the number of comfortable/uncomfortable days as a function of
GMT for the global and the nine selected SREX regions is shown in Figure 2. In the GMT range covered by
all models in the period 1995-2100 (see solid lines), the increase in the number of warm-uncomfortable days
accelerates as global warming intensifies, with this phenomenon most prominent in SEA, but the decrease in
the number of cold-uncomfortable days with increasing GMT is quasi-linear for both global and regional aver-
ages. In addition, the global average number of comfortable days is projected to decrease quasi-linearly with
increasing GMT, but changes markedly across regions. At very high GMT changes (see dashed lines), there are
large differences in the changes in the number of comfort/uncomfortable days in several regions, which can be
attributed to the diverging trends in different models and the decreasing model number toward higher GMT levels
(Schwingshackl et al., 2021). Note that the results displayed in Figure 2 are derived from SSP5-8.5 simulations,
but similar results can be obtained from SSP3-7.0 simulations (Figure S4 in Supporting Information S1), which
supports our findings. This phenomenon that the GMT-based response is broadly independent of the emissions
scenarios has also been reported in previous studies (e.g., Seneviratne & Hauser, 2020; W. Zhang & Zhou, 2020).
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Figure 2. Changes in global and regional numbers of warm-uncomfortable, cold-uncomfortable, comfortable days, and
overall comfort index (defined as comfortable days minus the sum of warm- and cold-uncomfortable days) relative to

the reference period as a function of global mean temperature rise above pre-industrial baseline (AGMT). The above

results are derived from SSP5-8.5 simulations and are based on the multi-model means. Solid lines indicate the evolution
of comfortable/uncomfortable days in the AGMT range for which all models are available, and dashed lines indicate a
reduced model set. Meaning of the abbreviations in legend: SAS = southern Asia, EAS = eastern Asia, SEA = southeastern
Asia, WAF = West Africa, EAF = East Africa, MED = southern Europe/the Mediterranean, CEU = Central Europe,

CAM = Central America, ENA = eastern North America.

In summary, there is a moderate decrease in the number of cold-uncomfortable days in most regions, a prominent
increase in the number of warm-uncomfortable days concentrated in low latitudes, and a general decrease in the
number of comfortable days in low latitudes but an increase in mid-high latitudes. The above results suggest a
relationship between changes in the number of comfortable/uncomfortable days and the local climatology mean
temperature. To illustrate this phenomenon more clearly, we select several regions as typical cases and investigate
the shift of probability distribution curves of NET in these regions between the reference period and a warmer
future (Figure S5 in Supporting Information S1). In cool regions, such as Central Europe (CEU) and eastern
North America (ENA), NET rarely reaches the warm discomfort threshold even under future warming scenarios,
but a decrease in the number of cold-uncomfortable days and an increase in the number of comfortable days
are evident. However, in warmer regions, such as SAS, the increase in the number of warm-uncomfortable days
greatly exceeds the decrease in the number of cold-uncomfortable days (in fact, cold-uncomfortable days are
already rare in the reference period); the number of comfortable days decreases too, dominating the worsening of
the thermal comfort conditions.

Given that NET is a function of temperature (7), humidity (RH), and wind speed (V), we also evaluate the relative
contribution of individual variables including 7, RH, and V at the global and regional levels (Figures S6-S8 in
Supporting Information S1) to further investigate the dominant factor of changes in thermal comfort conditions.
It is found that, at both global and regional levels, T is the dominant factor contributing to the change of comfort-
able/uncomfortable days, while the contributions of RH and V were generally very small.

We further define an overall comfort index as comfortable days minus the sum of warm- and cold-uncomfortable
days, and the change of this index can approximate the change in overall thermal comfort conditions (Zhang,
Ren, You, 2022; Zhang, You, Wu, et al., 2022). Changes in the number of comfortable days, warm- and
cold-uncomfortable days, as well as changes in the overall comfort index in all 26 SREX regions under the
scenarios of 2°C, 3°C, and 4°C global warming levels, are displayed in Figure 3. Generally, in areas where the
number of warm-uncomfortable days increases remarkably, the number of comfortable days decreases remark-
ably; in areas where the number of cold-uncomfortable days decreases remarkably, the number of comfortable
days increases in varying degrees. Such coincidences lead to a strong contrast in overall comfort index changes
across regions, with the most prominent reductions in warmer tropical regions, such as Amazon (AMZ), North-
east Brazil (NEB), SEA, West Africa (WAF), and East Africa (EAF), and a remarkable increase in cool mid-high
latitude regions such as northern Europe (NEU), CEU, northern Asia (NAS), western North America (WNA),
and southern Australia/New Zealand (SAU).
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Figure 3. Changes in regional average numbers of warm-uncomfortable days, cold-uncomfortable days, comfortable days,
and overall comfort index (defined as comfortable days minus the sum of warm- and cold-uncomfortable days) in 2°C, 3°C,
and 4°C warming futures relative to the reference period, based on the multi-model mean. The definition of the 26 regions
refers to Table S3 in Supporting Information S1.

3.2. Population Exposure to Comfort/Uncomfortable Weather

In terms of global averages, in the reference period, comfortable weather is the most frequent, followed by cold-
and warm-uncomfortable weather. This difference is more evident in the corresponding population exposure,
which suggests that most people generally live in comfortable condonations in the current climate (Figures 4a
and 4b). However, this pattern is likely to be broken under future scenarios. As noted earlier, some regions are
expected to benefit from an increase in the overall comfort index, while others are not. So, will the overall impact
of future change on the global population be positive or negative? Here the analysis of future changes in popula-
tion exposure is performed in two steps (Harrington & Otto, 2018; F. Wang et al., 2022): first, we use the same
population (i.e., the reference year 2010) for all warming levels, to show the climatic effect alone (excluding the
effect of population growth on exposure changes), and then we use projected population for 2100 under SSP1-3
scenarios to pair the scenarios of 2°C, 3°C, and 4°C global warming levels, respectively (see Section 2.3), to show
the combined effect of climate and population changes.

An increase (decrease) in population exposure to warm-uncomfortable (cold-uncomfortable) weather is not
surprising, but the asymmetry between them needs further investigation. Changes in the numbers of global aver-
age warm- and cold-uncomfortable days in 2, 3, and 4°C warming futures relative to the reference period are 9.9
(—8.9), 25.5 (—15.4), and 47.3 (—21.7) days, respectively, based on the multi-model mean. However, the inclu-
sion of population exposure strongly modulates the climate-only signal. Specifically, if the population is fixed at
the 2010 level, the corresponding changes in population exposure are 105.6 (—50.9), 258.7 (—88.9), and 451.5
(—124.4) billion person-days, respectively, that is, the increase of warm-uncomfortable “person-days” is ~3 times
greater than the decrease in cold-uncomfortable “person-days” (Figure 4b). This asymmetry is expected to reach
a maximum of ~8 times when future population changes are further considered (Figure 4c). The reason for such
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Figure 4. (a) Changes in global average numbers of warm-uncomfortable, cold-uncomfortable, and comfortable days in 2°C, 3°C, and 4°C warming futures relative to
the reference period. (b) Changes in global aggregated population exposure to warm-uncomfortable, cold-uncomfortable, and comfortable weather in 2°C, 3°C, and 4°C
warming futures relative to the reference period, calculated based on fixed population (2010). (c) Similar to (b), but global aggregated population exposure under future
scenarios is calculated based on the projected population (2100) under SSP1-3 scenarios (see Section 2.3). Bars and shadings indicate the multi-model mean and + one
standard deviation range, respectively.

asymmetry is that in low latitudes, the strongly nonlinear increase in warm-uncomfortable days and the rapid
population growth (Figure S2 in Supporting Information S1) combine to exacerbate population exposure to warm
discomfort conditions, especially at higher levels of warming and under the SSP3 (regional rivalry pathway)
scenario; in contrast, the decrease in the number of cold-uncomfortable days is quasi-linear and the population
change in mid-to-high latitudes is moderate, which results in a limited decrease in population exposure to cold
discomfort conditions.

Although the asymmetry between changes in warm and cold discomfort conditions has been reported in previ-
ous studies. As examples, J. Li et al. (2018) point out that the summertime increases in thermal discomfort are
expected to outpace the wintertime decreases in thermal discomfort in mid-low latitudes, and J.-T. Zhang, Ren,
and You (2022) indicated that the increase in the number of warm-uncomfortable days will outweigh the decrease
in cold-uncomfortable days in southeastern China in the late 21st century relative to the current level. However,
the impact of future changes in warm/cold discomfort conditions on the population on a global scale was not
dealt with in these studies. Here we first present an asymmetry between changes in warm and cold discomfort
conditions, where the increase in the former is mainly concentrated in low latitudes and is greater in magnitude,
while the decrease in the latter is widely distributed and moderate in magnitude; we then find that the asym-
metry of the effect of warm/cold discomfort conditions changes on population is more pronounced. Although
climate warming is expected to improve the thermal comfort conditions in cold mid-high latitudes, where typi-
cally sparsely populated (even under future scenarios), the benefit from warming in cold regions will not be felt
by large segments of the population (Figure 1g—1i and Figure S1 in Supporting Information S1). On the contrary,
a considerable population lives in warm regions, which will undergo a substantial worsening of thermal stress,
especially under future scenarios with delayed mitigation action and regional rivalry development (Figure 1d—1f
and Figure S2 in Supporting Information S1).

The characteristics of future population exposure to comfortable days are a little more complicated. Changes in
global average comfortable days in 2°C, 3°C, and 4°C warming futures relative to the reference period are —14.3,
—24.8, and —33.5 days, respectively, based on the multi-model mean. If the population is fixed at the 2010 level,
the corresponding changes in population exposure are —109.3, —193.4, and —276.3 billion person-days (i.e.,
—9.2%, —16.2%, and —23.2% of the reference period level), respectively. However, if future population changes
are considered, the corresponding changes would be much different, —51.7, 194.2, and 546.6 billion person-days,
respectively. Although the comfort conditions respond differentially to the projected warming, the above results
(based on the fixed population counts) imply that the global population-weighted changes in comfortable days in
a warmer future are still negative. Some of the results showing an increase in the population exposure to comfort-
able weather when considering future population changes can be explained by the dramatic population growth
under these scenarios overwhelming the decrease in the number of comfortable days (Figure 1j—11 and Figure S2
in Supporting Information S1).

In summary, the increase in population exposure to warm-uncomfortable weather is projected to overwhelm the
decrease in population exposure to cold-uncomfortable weather, especially under the scenario of higher levels of
warming and accompanied by sharp population growth. Changes in population exposure to comfortable weather
are generally decreasing moderately, and in some cases considering future population changes, population

ZHANG ET AL. 9of 15

85U80| SUOWILLOD) BAIERID) 3{ed!jdde 38U} Aq peuLA0B 818 SB[ ILE WO ‘88N 4O SBIN. 0} A%iq 1T 3UIIUO AB]IA UO (SUOIPUOD-PUE-SWBILIOD A8 1M ARe1d 1]BUIIUO//SHRY) SUOIIPUOD PUe SWIS L 8U) 89S *[£202/20/20] Uo A%eiqi8ulluo A81IM ‘NV.LS IV - I4VNIH/CES VNI Aq 60TE00432202/620T 0T/I0p/L00"A3|1mAreiqijeu|uo'sandnfe//sdny Wwoly papeojumoq ‘g ‘€20z *L.2v8Zee



A"'l

N\\JI Earth’s Future

ADVANCING EARTH
AND SPACE SCIENCE

10.1029/2022EF003109

(a) Warm-uncomfortable days

4°C 1 15 10 O 13
3°C | 38 20 20 0 9 5 0 7

2°C {16 19 7 17 7 0 5 2 0 3

0 10 20 30 40 50 60 70 80 90 100

(b) Cold-uncomfortable days

4°C| -5 -9 -20 -12 -21 -38 -33 -33 -38 -38

3°C|{ -3 -6 -14 -9 -15 -27 -24 -23 -26 -27

2°C| 2 4 -8 -5 -9 -16 -14 -13 -15 -15

0 10 20 30 40 50 60 70 80 90 100

(c) Comfortable days

4°C
3°C
2°C

-27 34 19 15 35 12

-19 24 14 11 25 10

=31 -18 ' =34 -11 14 8 6 14 7

0 10 20 30 40 50 60 70 80 90 100

(d) Overall comfort index

4°C
3°C

-46 71 37 38 | 73 36
28 29 51 30

2°C [ -58 -46 -17 -46 -9 17 28 20

0 10 20 30 40 50 60 70 80 90 100

GDP per capita percentile

Figure 5. Changes in global average warm-uncomfortable, cold-uncomfortable,

comfortable days, and overall comfort index in 2°C, 3°C, and 4°C warming
futures relative to the reference period, binned by the percentile of gross
domestic product per capita, based on the multi-model mean.

exposure to comfortable weather is expected to increase. However, changes
in population exposure to comfort conditions are not sufficient to offset the
negative effects of the asymmetric change in population exposure to warm/
cold discomfort conditions (Figures 4b and 4¢). As a result, the overall impact
of future changes in thermal comfort conditions on the global population is
negative. This result also illustrates the importance of including exposure
(measured here by the population amount) in analyses of impacts.

3.3. Inequality of Global Thermal Comfort Conditions Changes

As noted earlier, the response of thermal comfort conditions to climate
warming varies across latitudinal zone (see Section 3.1). Moreover, the
high-income regions tend to be located in mid-high latitudes, while many of
the low-income regions are located in tropical regions (Figure S1 in Support-
ing Information S1). A question that arises is how changes in thermal comfort
conditions depend on wealth. This issue is important because adaptation to
non-stationary climate risks (such as the worsening thermal comfort condi-
tions) is generally more rapid in societies with higher levels of wealth.

To address this issue, changes in the number of comfortable days, warm-
and cold-uncomfortable days, as well as the overall comfort index, are
grouped into 10 socioeconomic clusters based on the GDP per capita in 2010
(Figure 5). We find that changes in overall comfort index are positive above
the 50th percentile of GDP per capita, while those below the 50th percentile
of GDP per capita are negative. Further analysis of the causes shows that a
remarkable increase in the number of warm-uncomfortable days and a limited
decrease in cold-uncomfortable days, as well as a remarkable decrease in the
number of comfortable days, dominate the decrease in overall comfort index
in the poorest 50%, while a remarkable decrease in the cold-uncomfortable
days and a slight decrease in the number of warm-uncomfortable days, as well
as a clear increase in the number of comfortable days, dominate the increase
in overall comfort index in the wealthiest 50%. The above results indicate that
in a warmer future, the thermal comfort conditions would worsen in hot, poor
countries—but improve in many cool, wealthy countries.

We recognize that the inequitable impact of projected climate change on
heat stress in poor and rich areas has been demonstrated by previous stud-
ies. On the one hand, due to geographical differences, heat wave indicators
may increase at a greater rate in low-income areas compared to high-income

areas. On the other hand, economic factors, which govern access to forecasts of extremes and air conditioning
and healthcare facilities, can play a critical role in the translation of heat stress-induced mortality risk into actual
mortality occurrence. Lee et al. (2021) reported that the increase in “deadly days” (daily maximum wet bulb
temperature exceeding 26°C) and “tropical nights” (daily minimum temperature exceeding 25°C) is broadly
greater in lower GDP regions worldwide. Another study focused on the Middle East and North Africa further
suggested that the mortality risk from heat stress (measured by risk ratio) is higher in the poorest countries
(Ahmadalipour et al., 2019). The projected results of heat stress exposure indicate that areas with the greatest
population exposure all have relatively low GDP per capita, except for a sustainable scenario via highly mitigated
GHG emissions and low population growth (F. Wang et al., 2022). Alizadeh et al. (2022) further emphasize that
the difference in the rate of increase in heatwave exposure in the poorest regions compared to the richest regions

will be magnified if macroscopic societal efforts to adapt to thermal impacts are assumed to be proportional to

GDP per capita in terms of the rate of adaptation to changing environmental conditions. However, the above stud-

ies are limited to warm discomfort conditions. Here we extend it to thermal comfort conditions (both comfort and

discomfort conditions). Based on an ensemble of bias-adjusted high-resolution climate projections, we find that

there is a substantial increase in the number of warm-uncomfortable days in regions with lower GDP per capita,

along with a notable decrease in the number of comfortable days; on the contrary, in regions with higher GDP
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per capita, a remarkable decrease in cold-uncomfortable days coincides with an increase in comfortable days.
Simultaneously, the changes in cold-uncomfortable (warm-uncomfortable) days are comparatively negligible in
poorer (wealthier) regions. The overall thermal comfort index is further introduced to quantify the overall effect
of the above change (see Figure 5d). Our results highlight that under conceivable scenarios for socioeconomic
development over the next few decades the poorest parts of the world will experience more unfavorable changes
in thermal comfort than the wealthiest areas. Given the very limited adaptive capacity for uncomfortable weather
(e.g., limited access to air conditioning, underdeveloped infrastructure, and less-effective public health systems),
the adverse effects of warming on low-income countries will likely be further exacerbated.

Compared to earlier industrialized countries that already emitted a large amount of greenhouse gases, less devel-
oped countries with much lower cumulative greenhouse gas emissions are expected to experience greater changes
in local mean climate states and disasters, such inequality has been reported (Alizadeh et al., 2022; King &
Harrington, 2018; Lee et al., 2021; Shiogama et al., 2019; F. Wang et al., 2022). Building on previous efforts, this
study further identifies a link between changes in thermal comfort conditions and inequality. Our results show
that, in addition to the direct benefits of fossil fuel use, wealthy countries will likely benefit from the improve-
ment of thermal comfort conditions, but the opposite is true for poor countries. If further mitigation action is
not taken to meet the Paris Agreement goals (Raftery et al., 2017; F. Wang et al., 2022), then the most serious
negative impact of worsening thermal comfort conditions will be borne by the poorest. In previous studies of
equitable mitigation efforts, “GDP per capita” has been used as an indicator of the “Respective Capabilities”
(i.e., countries with higher per capita GDP have greater mitigation capability) principles of the United Nations
Framework Convention on Climate Change (Clarke et al., 2014; Shiogama et al., 2019). Therefore, our results
highlight the importance of developed countries assuming greater responsibility in addressing climate change,
as is outlined in the Paris Agreement. Meanwhile, support for climate mitigation and adaptation in developing
countries is urgently needed to avoid the worst impacts of climate change and to maintain economic development
in these countries.

4. Discussion and Conclusion

Based on statistically downscaled and bias-corrected CMIP6 climate projections, the present study reveals a
holistic image of global thermal comfort conditions changes in response to escalating warming, using index
NET that considers the combined effects of temperature, relative humidity, and wind speed on human thermal
perception.

This study provided strong evidence that cool regions tend to benefit in a warmer world (become more comfort-
able), while warmer regions are harmed (become too hot). Specifically, we show a quasi-linear decrease in
the number of cold-uncomfortable days in most regions and a nonlinear accelerated increase in the number
of warm-uncomfortable days in low latitudes as the global average temperature increases. The number of
comfortable days in different regions exhibits divergent responses to escalating global warming. There is a clear
spatial mismatch in the change of the numbers of comfortable/uncomfortable days: a diminishing number of
cold-uncomfortable days and an increasing number of comfort days collectively contribute to an improvement in
the overall thermal comfort conditions in mid-high latitudes. Meanwhile, a dramatic increase in the number of
warm-uncomfortable days that greatly exceeds the decrease in the number of cold-uncomfortable days, as well
as a decrease in the number of comfortable days, would worsen the overall thermal comfort conditions in low
latitudes. We further show that changes in thermal comfort conditions are dominated by rising temperatures in
the context of warming, with little contribution from relative humidity and wind speed.

Uneven changes in thermal comfort conditions in different regions associated with socioeconomic development
are further emphasized in the present study. Since the wealthiest regions of the world tend to be located in
mid-high latitudes, while many of the world's poorest people live in low latitudes, the spatial pattern of global
thermal comfort conditions changes presented above represents an inequality, as the most severe negative impacts
of climate change on thermal comfort conditions is expected to fall mostly on low-income populations that are
least capable of adapting. In particular, the dramatic increase in the occurrence of warm-uncomfortable weather
coincides with rapid population growth, exacerbating the negative impact of escalating global warming in low
latitudes. Moreover, our analysis also accounts for exposure as measured by distributed population amount
scenarios, and the results show that the overall thermal comfort conditions are deteriorating from the perspective
of population exposure, regardless of the scenarios.
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Here we investigate future changes in thermal comfort based on NET, a well-established metric; however, we also
recognize that the extent to which the main findings are dependent on the choice of thermal comfort metric needs
to be assessed. Given this, we have reperformed our analysis based on UTCI and the main results are consid-
erably consistent with that based on NET, and this consistency adds more confidence to our findings (Figures
S9-S11 in Supporting Information S1). While the present study aims to estimate changes in thermal comfort
conditions in a consistent way across broad expanses of the globe, we recognize that the thresholds of NET for
the different comfort categories should probably be adjusted in different regions because populations in different
climate zones have different adaptations to heat/cold stress (Gao et al., 2018). Subject to the coarse resolution
of the GCM, the urban heat island effect is also not considered here, which may have a significant impact on
human thermal comfort because many people live in large megacities (Ren et al., 2022; P. Wang et al., 2021; Zhao
et al., 2021). Another limitation of the present study is the use of climate projections from a limited number of
CMIP6 GCMs. While the use of a subset of high-resolution climate model output is consistent with many climate
change impact studies (e.g., Jones et al., 2015; Y. Liu et al., 2020; F. Wang et al., 2022), we recognize that five
models cannot fully represent the range of outcomes (potentially) present in the full suite of CMIP6 GCMs (Ito
et al., 2020; McSweeney & Jones, 2016), although as noted we find the pattern of changes in thermal comfort
conditions, and the relationship between changes in thermal comfort conditions and GDP per capita, are similar
across all five models (Figures S12 and S13 in Supporting Information S1), suggesting that the overall results
presented here are robust to the inclusion of a larger suite of models.

Despite some uncertainties, our work demonstrates that the stress associated with climate warming can pose a
serious threat to humans, especially those in low-income countries. Effective measures taken for adapting to and
mitigating global climate warming can considerably avoid the adverse impact of these projected changes.

Data Availability Statement

The statistically downscaled and bias-corrected climatic data from GCMs are available online (https://data.
isimip.org/search/simulation_round/ISIMIP3b/product/InputData/climate_scenario/historical/climate_scenario/
ssp370/climate_scenario/ssp585/climate_forcing/gfdl-esm4/climate_forcing/ipsl-cm6a-1r/climate_forcing/
mpi-esm1-2-hr/climate_forcing/mri-esm2-0/climate_forcing/ukesm1-0-1l/climate_variable/tas/climate_variable/
hurs/climate_variable/sfcwind/). The population and GDP data under SSP scenarios are available online (https://
doi.org/10.57760/sciencedb.01683).
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