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Anthropogenic climate change drives rising
global heat stress and its spatial inequality
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Global heat stress is intensifying under climate change, yet the relative roles of
natural and anthropogenic forcing remain insufficiently quantified. Here, we
show that global heat stress trend, assessed with the Universal Thermal Cli-
mate Index, increases markedly over the past four decades, with 52% of land
area experiencing rises in mean heat stress intensity and 67% showing
increases in extreme heat stress days. We find that anthropogenic climate
change overwhelmingly dominates these trends, with the land area it dom-
inates nearly twice as large as that dominated by natural climate change.
Anthropogenic climate change also results in pronounced spatial inequality in
heat stress trends across different economies, with low-income economies
experiencing a growth rate two to three times higher than that of high-income
economies. These findings demonstrate that human-induced climate change is

M Check for updates

amplifying global heat stress while deepening existing spatial inequalities,
underscoring the urgency of equitable climate change adaptation.

Global heat stress is escalating, with extreme high temperatures and
prolonged heat waves becoming increasingly frequent, intense, and
persistent, resulting in severe consequences for human health and
socioeconomic stability"”. This increase in heat stress is largely driven by
climate change, which is intensifying climatic extremes across a growing
number of regions, particularly within tropical and subtropical climates’.
In these regions, the combined effects of high temperatures and high
humidity are pushing ambient heat levels dangerously close to human
survival thresholds®. Additionally, evidence highlights the growing
unevenness in how climate change impacts heat stress, dis-
proportionately burdening low- and middle-income economies,
exacerbating international disparities, and intensifying global environ-
mental injustice’. As global temperatures rise, inequalities in heat stress
exposure are projected to widen, necessitating immediate and informed
interventions to ensure equitable climate change adaptation. Compre-
hensive assessments of heat stress under climate change provide the
theoretical and practical foundations necessary for effective mitigation,
which are also essential for informing policies aimed at safeguarding
vulnerable populations and promoting environmental justice.

Recent studies have increasingly emphasized the importance of
moving beyond conventional temperature-based analyses to evaluate
human thermal comfort more comprehensively®’. Metrics such as the
Universal Thermal Climate Index (UTCI), wet-bulb temperature, and
net effective temperature have emerged as critical tools for capturing
complex interactions between temperature, humidity, radiation, and
wind, providing a more accurate assessment of thermal comfort and
human health®’. Despite these advancements, critical research gaps
remain. In particular, existing studies have predominantly investigated
heat stress using simple temperature-based indices'®", with limited
exploration of historical variability and spatial inequality using human-
perceived thermal stress indicators. Furthermore, although there is a
broad consensus on climate change’s general role in intensifying heat
stress, the precise contributions and relative importance of anthro-
pogenic versus natural climate change remain inadequately quantified,
particularly in terms of their differential impacts across socio-
economically diverse regions’.

Recent literature has underscored that heat stress impacts are
intricately linked with socioeconomic vulnerabilities’, and has stressed
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the need to evaluate spatial inequality in heat stress trend across
economies by considering both anthropogenic and natural climate
change®. Studies have indicated pronounced disparities in adaptive
capacities and vulnerability to heat stress, particularly in South Asia,
Africa, and South America, where extreme heat events have increas-
ingly threatened economic stability and public health®”. Thus, a com-
prehensive global assessment of heat stress trends, their climatic
drivers, and associated spatial inequality across economies is essential
for formulating targeted mitigation strategies and effective adaptation
policies.

Addressing these research gaps requires an examination in three
key issues: (1) detailed characterization of the spatial and temporal
dynamics of global heat stress using indicators reflective of human
thermal comfort; (2) rigorous attribution of heat stress trend to
anthropogenic and natural climatic change; and (3) an explicit analysis
of spatial inequality in heat stress trend across economies differing in
socioeconomic development. Addressing these issues will advance the
understanding of global heat stress patterns, inform policy-making
targeted at reducing spatial inequality, and strengthen adaptive
capacity where it is most urgently needed.

In this study, we employ the UTCI to quantify global heat stress
trends from 1981 to 2020. Using statistical and machine-learning
approaches, including the Theil-Sen estimator, Mann-Kendall trend
analysis, and the Light Gradient Boosting Machine (LightGBM), we
attribute heat stress trend to anthropogenic and natural climate dri-
vers. We further assess how these contributions vary across economies
classified by the World Bank as high-income (H), upper-middle-income
(UM), lower-middle-income (LM), and low-income (L) groups™. Toge-
ther, this framework identifies the distinct roles of anthropogenic and
natural climate change in shaping global heat stress intensification and
quantifies the extent to which these drivers differentially affect
economies at varying levels of socioeconomic development, thereby
informing assessments of climate-related environmental justice.

Results
Global mean heat stress intensity and extreme heat stress days
We quantified the mean heat stress intensity and extreme heat stress
days using UTCI data, applying the Theil-Sen estimator combined with
the Mann-Kendall trend test to calculate global heat stress trend from
1981 t0 2020 (Table 1). We also compared the differences in trends for
each two-decade period to identify land area and regions where heat
stress increased (Figs. 1 and 2). Regions were defined using the IPCC
ARG6 reference land regions (Supplementary Fig. 1). The results showed
that the border areas of Eurasia and North Africa exhibited a higher
increasing trend in mean heat stress intensity (Fig. 1a). Approximately
52% of global land area showed a significant increase in mean heat
stress intensity (Fig. 1b), with an overall trend of 0.012 °C- yr™ (Fig. 1c).
Notably, the annual trend in mean heat stress intensity increased over
time, with a trend of 0.017 °C- yr™ from 2001 to 2020, more than twice
the trend from the preceding period of 1981-2000 (Table 1). A com-
parative analysis of regional trends over time (Fig. 1d and Supple-
mentary Table 1) revealed that 37 regions experienced a higher pace of
increase during 2001-2020 compared to 1981-2000. Eastern Australia
and northern Australia, in particular, experienced the most dramatic
increases in mean heat stress intensity, with trend increases for
2001-2020 of 0.082°C-yr* and 0.071°C- yr relative to 1981-2000,
respectively. Comparable surges were evident in western Southern
Africa (trend rising from O to 0.031°C-yr™?) and eastern Southern
Africa (from —0.006 to 0.021 °C- yr™). In north-eastern South America,
the trend accelerated from 0.011 to 0.030 °C- yr, and in north-western
South America, it increased from 0.001 to 0.021°C- yr™, underscoring
that Africa and South America were experiencing increases on par with
those in Australia.

The increasing trend of extreme heat stress days was notably
higher in the land area between the 30° north and south latitudes

(Fig. 2a). Approximately 67% of global land area showed a significant
increasing trend in extreme heat stress days (Fig. 2b), with a trend of
about 0.429 days: yr (Fig. 2c). Moreover, the annual trend in extreme
heat stress days increased over time, with a trend of 0.772 days- yr™
from 2001 to 2020, nearly three times the trend observed between
1981 and 2000 (Table 1). A comparison of regional trends over time
(Fig. 2d and Supplementary Table 2) revealed that 40 regions experi-
enced a higher pace of increase in the latter period. Northern Australia
experienced the largest increase, with the trend increase of
2.248 days- yr! for 2001-2020 relative to 1981-2000. The low-latitude
tropics recorded similarly steep rises. For example, Central Africa
reached +2.029 days: yr, with North-Eastern Africa +1.494 days-yr™,
and Madagascar +1.444 days- yr.. Similarly, pronounced surges were
observed across tropical South America. The North South America
sub-region showed an increment of +1.584 days-yr™, and the South
American Monsoon zone rose by +1.334 days-yr”, with the North-
Eastern South America by +1.323 days: yr’. These values confirmed
that the rapid escalation in extreme heat stress days was also occurring
across equatorial Africa as well as tropical South America. Additionally,
the increasing trend in extreme heat stress days globally was more
pronounced than that of the trend in mean heat stress intensity, sug-
gesting that future climate change may lead to disproportionately
severe impacts from extreme heat.

Impacts of natural and anthropogenic climate change on global
heat stress trend

We employed LightGBM to investigate the relationship between cli-
mate change and heat stress trend. Then, using counterfactual analy-
sis, we constructed three scenarios of historical scenario (ALL),
natural-only scenario (NAT), and anthropogenic-only scenario
(Anthro), to quantify the relative contributions of natural and
anthropogenic climate change to heat stress trend, thereby distin-
guishing their effects.

Increasing temperatures were the primary factor affecting heat
stress trend, with temperature trends explaining 28% and 35% of the
variation in global mean heat stress intensity and extreme heat stress
days, respectively. Furthermore, the impact of anthropogenic climate
change on heat stress trend was found to be much greater than that of
natural climate change (Fig. 3). For the period 1981-2000, the trends
attributable to anthropogenic climate change were 0.012°C-yr~! for
mean intensity and 0.267 days: yr-! for extreme heat stress days. These
values exceeded the trends due to natural climate change by 0.017 °C-
yr 1 and 0.302 days- yr~1, respectively. From 2001 to 2020, the anthro-
pogenic trends increased to 0.015 °C- yr~! and 0.491 days: yr-1, exceed-
ing the natural trends by 0.014 °C-yr~1 and 0.316 days-yr-1. Regions
such as Northeastern South America, Central Africa, and Northern Aus-
tralia experienced both higher mean heat stress intensity and extreme
heat stress days under anthropogenic climate change (Fig. 3).

Moreover, the increases in global heat stress were predominantly
driven by anthropogenic climate change, while regions with decreas-
ing heat stress trends were largely influenced by natural climate
change (Fig. 4). Notably, the geographical area experiencing increases
driven by anthropogenic climate change was approximately twice as
large as the area affected by natural climate change and was pre-
dominantly located between 30° north and south latitude. Within this
latitudinal band, regions such as Brazil and many parts of equatorial
Africa showed a particularly strong anthropogenic signal. Conversely,
areas dominated by natural climate change-related decreases in heat
stress were about two to seven times larger than those affected by
anthropogenic climate change, which were mostly situated at high
latitudes, such as northern North America and the Russian Arctic.

Spatial inequality in global heat stress trend across economies
To investigate the spatial inequality in global heat stress trend, we
analyzed the differences in heat stress trend among economies with
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Table 1| Trends in mean heat stress intensity and extreme
heat stress days

Global heat stress 1981-2020 1981-2000 2001-2020
Mean heat stress intensity (°C-yr")  0.012™ 0.008™ 0.017™
Extreme heat stress days 0.429™ 0.260™ 0.772™"
(days-yr™)

“p<0.001

varying levels of socioeconomic development (Fig. 5a), under three
scenarios (ALL, NAT, and Anthro). This was conducted at the economy
level using the concentration index to quantify spatial inequality.

Heat stress trend showed divergent patterns across economies,
dependent on their level of socioeconomic development. Under
Anthro scenario, low-income and lower-middle-income economies
experienced higher trends in the increase of heat stress compared to
high-income and upper-middle-income economies. Specifically, low-
income economies showed increases approximately two to three
times greater than those in high-income economies (Fig. 5Sb-e). Fur-
thermore, the concentration index for heat stress trend under the
Anthro scenario was positive, whereas that under NAT scenario was
negative (Fig. 5f, g). These results indicated that anthropogenic climate
change was the primary driver of spatial inequality in heat stress trend
across economies. In contrast, natural climate change tended to par-
tially offset this spatial inequality.

Moreover, under Anthro scenario, spatial inequality in heat stress
trend across economies had intensified between 2001 and 2020, and
spatial inequality across economies in extreme heat stress days was
higher than that in mean heat stress intensity, with the concentration
index for extreme heat stress days being about two to four times that
of mean heat stress intensity. Under ALL scenario, which combined
both natural and anthropogenic climate change, mean heat stress
intensity trend did not show significant spatial inequality at the global
economy level. By contrast, extreme heat stress days trend revealed
substantial spatial inequality across economies. This contrast indicates
that extreme heat stress days have more adverse impacts on low-
income economies than changes in mean heat stress intensity.

Discussion

Amidst global warming, human thermal stress is intensifying, impact-
ing economies worldwide in increasingly uneven ways”. A compre-
hensive global assessment of heat stress trends under climate change
is crucial for providing both theoretical and practical support to
mitigate heat stress. Moving beyond studies that focused on air tem-
perature extremes, this study emphasized human thermal comfort,
more directly linked to human health. We quantified global heat stress
using human comfort indicators, i.e., mean heat stress intensity and
extreme heat stress days. A pervasive rise in heat stress has occurred
across every inhabited continent over the past four decades, as evi-
denced by increases in the annual hours above UTCI 32 °C in regions
ranging from Europe (1979-2019)", to the Caribbean and subtropical
Atlantic'®, South America”, and even high-latitude Beringia'®. Our
findings that 52% and 67% of global land area showed a significant
increase in mean heat stress intensity and extreme heat stress days,
respectively, are consistent with a broad empirical consensus. This
trend is projected to intensify, which was reported that even under
2°C warming scenarios, exposure to dangerous heat stress levels
might increase dramatically in the tropics and midlatitudes, with a
tenfold increase likely in many areas by 2100%.

We quantified the differential impacts of natural and anthro-
pogenic climate change on heat stress trend and spatial inequality in
heat stress trend across economies. A key finding is that anthro-
pogenic climate change exerted a greater influence than natural cli-
mate change on both mean and extreme heat stress, underscoring its

dominant role in reshaping global heat stress patterns. Additionally,
the effect of anthropogenic climate change on extreme heat stress
days was particularly pronounced. This phenomenon indicates that
anthropogenic climate change is elevating the frequency and intensity
of extreme weather events, which implicates far-reaching impacts on
human health, ecosystems, and socioeconomic systems. Studies have
shown that specific populations, including migrants, pregnant women,
and outdoor laborers, are more vulnerable to heat stress due to
combined physiological and occupational exposure’®”. In India’s
coastal cities, for example, a rising Steadman Heat Stress Index indi-
cates a substantial decline in work performance in future decades,
especially under higher Shared Socioeconomic Pathways (SSP)
scenarios™. At the global level, more than 70% of the workforce is
currently exposed to severe heat risk, underscoring the critical need
for global labor protection strategies under rising temperatures®.

We found clear inequalities in the impact of climate change on
global heat stress trend, particularly affecting low- and lower-middle-
income economies, which experienced substantially higher increases
in heat stress compared to high- and upper-middle-income economies.
This disparity, primarily driven by anthropogenic climate change,
poses a severe threat to the socioeconomic development and liveli-
hoods of people in these developing countries. Many low-income and
lower-middle-income economies exhibited a higher anthropogenic
contribution to heat stress (e.g., Brazil and sub-Saharan African
countries). This higher anthropogenic contribution is likely to trans-
late into more severe impacts in low-income economies, because,
unlike in high-income economies where adaptation measures such as
widespread cooling access and health infrastructure can mitigate the
impacts, low-income economies lack such protections. The urban
areas in low-income economies often expand rapidly without climate-
resilient planning, and labor forces are concentrated in climate-
sensitive outdoor sectors, allowing the anthropogenic signal to man-
ifest more directly and intensely***. This observation is consistent with
recent regional studies demonstrating inequality in heat-related mor-
tality and productivity. For example, in South Africa, inequality
increases sharply at higher temperatures, especially affecting agri-
cultural workers and poorer households with lower adaptive
capacity®. In African equatorial regions, cooling demand is projected
to become infeasible with traditional infrastructure, placing significant
stress on energy and health systems?. In Brazil, studies show that heat-
related excess mortality is disproportionately concentrated among
older adults, historically marginalized racial groups, and low-
education populations®, Similarly, across Latin American cities, pov-
erty and segregation are key factors exacerbating heat-related mor-
tality risks”. In Europe, regional economic damages from extreme heat
have already exceeded 1% of GDP in vulnerable areas and are projected
to rise without additional mitigation and adaptation®®. Therefore,
enhancing climate adaptation in low-income economies is a crucial
direction for global climate policy. Specific measures to achieve this
target may include increasing international financial support and
promoting localized adaptation strategies. These policy recommen-
dations aim to improve the heat stress adaptation capacity of low-
income economies, thereby reducing the adverse impacts of global
heat stress.

There are also several limitations to this study that require noting.
Firstly, there is a need for deeper exploration of the mechanisms by
which anthropogenic climate change affects heat stress trend. Speci-
fically, heat stress trend in urban areas are driven by a combination of
large-scale factors and localized urbanization effects®*2. Moreover,
urban residents are more severely threatened by extreme heat stress
due to the intensification of the urban heat island effect and the con-
tinuous expansion of urban area®**, Future research is recommended
to differentiate between urban and rural areas, focus on the con-
tribution of urbanization to the increase in heat stress, and explore the
impacts of various anthropogenic activities, such as urbanization
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Fig. 1| Trends in global mean heat stress intensity during 1981-2020: a spatial patterns (black crosses indicate significant at 0.05 level); b proportions for significant
increase and decrease trends; ¢ global annual trend; and d trends in different regions and periods.

processes and anthropogenic heat emissions, on heat stress trend.
Secondly, while the 0.25° resolution of ERAS-HEAT provides robust
global coverage, it cannot resolve microscale phenomena such as
urban heat islands, fine-scale land cover heterogeneity, or localized
shade effects. As a result, our findings primarily reflect broad regional
trends, and caution is warranted when interpreting results for indivi-
dual cities or suburban locales in low- and middle-income economies.

We recommend future work to employ high-resolution downscaled
UTCI products or station networks to capture intra-urban variability.

Thirdly, our analysis focused solely on spatial inequality in heat
stress trend across economies, but different populations within the same
geographical area may have varied adaptations to heat stress due to
physiological and socioeconomic differences, resulting in differing vul-
nerabilities when facing the same heat stress”. Future research may
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consider differentiating among various vulnerable groups within
economies or subnational areas, such as different ethnicities, age groups,
occupational groups, and educational groups>*. This would allow for a
more nuanced assessment of spatial inequality in heat stress trend by
considering the specific vulnerabilities and adaptation capacities of dif-
ferent population groups. Lastly, in line with recent IPCC ARG findings”,
it is increasingly evident that heat stress does not operate in isolation.

Regions facing rapid warming also experience compound and cascading
climate risks, such as the co-occurrence of heatwaves with drought,
wildfire, or extreme rainfall. These intersecting hazards, often reinforced
by weak governance or infrastructure, intensify vulnerability across
multiple sectors. For instance, South Asia and West Africa have reported
simultaneous exposure to heat extremes and rainfall anomalies that
overwhelmed coping systems®?’. Understanding spatial inequality in
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¢, d trend of mean heat stress intensity under NAT and Anthro scenarios during

during 1981-2000; and g, h trend of extreme heat stress days under NAT and
Anthro scenarios during 2001-2020.

heat stress trend must therefore be placed within a broader multi-hazard
perspective that reflects the full spectrum of climate-related threats.

Methods

To quantify and attribute global heat stress trend, we implemented a
five-step workflow. Firstly, we extracted daily maximum UTCI values
from the ERAS-HEAT reanalysis (1981-2020) to compute yearly mean
heat stress intensity and extreme heat stress days. Secondly, we
quantified temporal trends using the robust Theil-Sen slope estimator
paired with the Mann-Kendall non-parametric test to assess statistical
significance. Thirdly, we trained a LightGBM model, chosen for its
speed, scalability, and high accuracy in nonlinear regression, to link
local trends in temperature and humidity, as well as geographical
coordinates to observed heat stress trend. Fourthly, we disentangled
anthropogenic from natural climate change by constructing NAT and
Anthro scenarios using counterfactual analysis. Finally, we assessed

spatial inequality in heat stress trend across economies by ranking
economies according to 2020 GDP per capita and computing con-
centration index under ALL, NAT, and Anthro scenarios.

Data preprocessing

The UTCI has been widely used to quantify changes in heat stress and
human heat exposure®*’. UTCI is a thermophysiological index
designed to reflect human thermal comfort by incorporating air tem-
perature, humidity, wind, and radiation into a biophysical heat-
exchange model calibrated on human physiology*"*>. ERAS-HEAT is
the first set of global historical UTCI raster data, which is based on
ERAS5 meteorological reanalysis data*, and offers a temporal resolu-
tion of hour-by-hour and a spatial resolution of 0.25°**. We selected 40
years of ERAS-HEAT data, spanning 1981 to 2020. From this dataset, we
extracted daily maximum UTCI values from the hour-by-hour data to
characterize heat stress.
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d, e trends of extreme heat stress days under three scenarios for the four categories
of economies for 1981-2000 and 2001-2020, respectively; f concentration curves
of trends in mean heat stress intensity for the three scenarios during 1981-2000

and 2001-2020, respectively; and g concentration curves of trends in extreme heat
stress days for the three scenarios during 1981-2000 and 2001-2020, respectively.

Meteorological data were obtained from the ERA5-Land and ERAS
reanalysis datasets produced by the European Centre for Medium-
Range Weather Forecasts. We selected temperature and relative
humidity data from the period 1981-2020, both with an hour-by-hour
temporal resolution. Temperature data were sourced from the ERA5-
Land dataset, which has a spatial resolution of 0.1°. From this dataset,

daily mean temperature values were extracted to calculate annual
mean temperatures, which were then resampled to a 0.25° spatial
resolution. Relative humidity data were obtained from the ERAS rea-
nalysis dataset, which has a spatial resolution of 0.25°. Daily mean
relative humidity values were extracted to calculate annual mean
humidity.
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Model data were sourced from the Coupled Model Inter-
comparison Project Phase 6 (CMIP6). The Detection and Attribution
Model Intercomparison Project (DAMIP), a component of CMIP6, was
utilized to assess the contributions of various factors to global climate
change. DAMIP provides four sets of experiments: historical simula-
tion, natural-forcing historical simulation, greenhouse-gas-forcing
historical simulation, and aerosol-forcing historical simulation. The
historical simulation data spans from 1961 to 2014, while the natural-
forcing historical simulation, greenhouse-gas-forcing historical simu-
lation, and aerosol-forcing historical simulation data cover the years
from 1961 to 2020. We selected the historical simulation and natural-
forcing historical simulation data from nine different climate models
within DAMIP (Supplementary Table 3). Additionally, future climate
projections based on the SSP and Representative Concentration
Pathways (RCP) are provided by the CMIP6 Scenario Model Inter-
comparison Projection (ScenarioMIP). We chose the SSP2-4.5 (Medium
Development with Medium Radiative Forcing), which is considered a
continuation of the historical scenario®, for the period of 2015-2020
to complement the historical climate data.

Definition of heat stress

We identified heat stress days and extreme heat stress days using daily
maximum UTCI values. Researches have consistently demonstrated
that when the UTCI exceeds 26 °C, the human body experiences sig-
nificant physiological responses, such as an increased sweating rate
and elevated core body temperature, which can lead to discomfort,
illness, and even death*®. Consequently, we defined heat stress days as
those with a daily maximum UTCI greater than 26 °C. We emphasized
that although this threshold may frequently be exceeded in tropical
zones, our focus lies on analyzing temporal changes in heat stress
intensity and frequency over time rather than absolute values. Addi-
tionally, extreme heat stress can have more severe effects on human
health”, and thus, we further identified extreme heat stress days using
a relative threshold approach. While the official UTCI classification
designates >46 °C as ‘Extreme Heat Stress’, this absolute threshold
does not account for local acclimatization or climate variability.
Therefore, we employed a grid-specific and time-adaptive relative
threshold, defined as the 90th percentile of daily maximum UTCI
values calculated within a 15-day moving window*®,

We assessed heat stress by examining both mean heat stress
intensity and extreme heat stress days. (1) Mean heat stress intensity:
This is characterized by the average daily maximum UTCI of heat stress
days. Higher mean daily UTCI values indicate greater heat stress,
suggesting that human societies are exposed to higher heat stress. (2)
Extreme heat stress days: This is characterized by the number of days
experiencing extreme heat stress. Since extreme heat stress can have
more severe impacts on human health and society*’, an increase in the
number of extreme heat stress days implies a higher risk of mortality*’.
The number of days was chosen to represent extreme heat stress
because the mean UTCI values for extreme heat stress days tend to
show less variability and are not as indicative of the overall impact as
the extreme heat stress days®. We employed Theil-Sen estimator, a
robust non-parametric method for estimating linear trends, combined
with the Mann-Kendall test, a non-parametric significance test for
trend detection, to quantitatively analyze the temporal trends in both
mean heat stress intensity and extreme heat stress days from 1981 to
2020,

Linking climate change to heat stress trend

To relate climate change to heat stress trend, we employed a LightGBM
model. We selected LightGBM, a histogram-based Gradient Boosting
Decision Tree (GBDT) implementation, because it delivers sta-
te-of-the-art accuracy, exceptional training speed (up to 20x faster
than traditional GBDT)®, and efficient handling of large datasets with
high feature dimensions™. The model is built upon a gradient boosting

framework as Eq. (1).

K
F(X)=F GO+ 1Y Vil (X € Rigg) @
k=1
where F,,(x) is the ensemble prediction after adding the m-th tree.
F,,_1(x) is the prediction from the previous boosting iteration. v is the
learning rate. K is the number of terminal leaves in the m-th tree, y,,;; is
leaf weight, and R, is the corresponding input region (leaf partition)
in the feature space defined by the splits of the m-th tree./(x € R, ) is
an indicator function that equals 1 if the sample x falls into region R,
and O otherwise.

We used this model to estimate the trends in mean heat stress
intensity and extreme heat stress days as response variables. Pre-
dictors included: trends in temperature and humidity, their climato-
logical means, and geographical coordinates™. Model validation was
performed via 10-fold cross-validation. The R? for test sets was 0.865
(mean heat stress intensity) and 0.917 (extreme heat stress days).
Feature importance results indicated that temperature trend (28%)
and longitude (22%) were most important for mean heat stress inten-
sity change, while temperature trend alone dominated changes
in extreme heat stress days change (35%).

Counterfactual analysis

To construct the climate series under the counterfactual condition, we
applied a delta bias correction approach***. Specifically, we calculated
temperature and relative humidity under the counterfactual condition
using Egs. (2) and (3).

Tcounterfactual(t) = TERAS(t) - [TDAMIP_historicaI(t) - TDAM[P_nat(t)} (2)

RHcounterfactual (t) = RHERAS (t) - [RHDAMIP,historicaI(t) - RHDAMIP,nat(t)]
3

Where, Tcounterfactual(t) and RHcounterfactual(t) are the temperature and
relative humidity series under counterfactual condition at time ¢;
Teras(®) and RHppas(t) are daily values from ERAS-Land and ERAS
reanalysis datasets; T pavip_nistorical (£) @1d RHpaip _nistorical (£) are ensem-
ble mean DAMIP historical simulation; and Tpayp nac(6) and
RHpamip_nac(f) are ensemble mean DAMIP natural-forcing historical
simulation. The temperature and relative humidity series of counter-
factual condition were not used to recalculate synthetic UTCI directly,
but were used as inputs to the trained LightGBM model to predict heat
stress trend under counterfactual condition.

To distinguish the contributions of natural and anthropogenic
climate change to heat stress trends, we defined three scenarios as
follows:

ALL scenario: heat stress trends driven by the factual climate
change, incorporating both natural and anthropogenic climate
change, as represented by ERA5-HEAT.

NAT scenario: heat stress trends driven by natural climate change
alone, predicted under the counterfactual natural-only climate series.

Anthro scenario: heat stress trends attributable solely to anthro-
pogenic climate change, estimated by removing the NAT scenario
component from the ALL scenario component.

Spatial inequality assessment

We assessed spatial inequality in heat stress trend across economies
with various levels of socioeconomic development by plotting con-
centration curves for economy under three scenarios (ALL, NAT, and
Anthro). These concentration curves illustrate how heat stress trend is
distributed across economies with various socioeconomic statuses.
For low-income economies, lower levels of socioeconomic develop-
ment generally correspond to a reduced capacity to cope with heat
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stress, meaning these countries have lower adaptive capacity. As a
result, increases in heat stress pose a greater risk to these countries,
exacerbating their vulnerability to heat-related impacts. Therefore,
increase in heat stress that disproportionately affects economies with
lower socioeconomic development is considered indicative of growing
spatial inequality in global heat stress.

Specifically, to measure spatial inequality in heat stress trend
across economies, we ranked 157 economies in order of GDP per capita
and plotted concentration curves based on the cumulative change in
heat stress corresponding to the cumulative percentile of the number
of economies, ordered from the poorest to the richest. Concentration
index (CI) serves as a measure of spatial inequality in heat stress trend
whichis calculated using Eq. (4), through dividing the area between the
concentration curve and the line of equality by the area above the line
of equality®.

1
Cl=2 / . [L(p) — pldp 4

Where L(p) is the concentration curve and p is the cumulative pro-
portion of economies. CI ranges from -1 to 1, with positive values
indicating that the curve is above the line of equality and negative
values indicating it is below. A concentration index closer to 1 signifies
greater spatial inequality in heat stress trend across economies, with a
special threat to low-income economics. Because the concentration
curve requires non-negative variables, we applied the
maximum-minimum normalization method to normalize the trends
in mean heat stress intensity and extreme heat stress days to the range
of [0-1]. Under this context, the diagonal line represents a uniform
distribution of heat stress trend across economies, indicating absolute
equality. If the concentration curve lies above the diagonal, it suggests
that poorer economies have experienced more intense trends in heat
stress. Conversely, if the curve is below the diagonal, it indicates that
richer economies have experienced more intense trends in heat stress.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

We used the data from the following sources in our analysis. The UTCI
data were derived from the ERAS-HEAT dataset (https://cds.climate.
copernicus.eu/cdsapp#!/dataset/derived-utci-historical). = Tempera-
ture data were derived from the ERAS-Land dataset (https://cds.
climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-land). Rela-
tive humidity data were derived from the ERAS reanalysis dataset
(https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-eras-
pressure-levels). The SSP2-4.5 scenario data were derived from the
CMIP6. Source data are provided with this paper.

Code availability

The codes generated in this study have been deposited in the following
GitHub repository: https://github.com/YZW-D/anthropogenic-climate-
change.
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