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Climate warming is driving more frequent and intense heat extremes. Yet,
changesin heat stress, the leading cause of weather-related mortality,
remain poorly quantified at the global scale. Here, using the Universal
Thermal Climate Index, we assess heat stress globally since 1950, examining
daytime extremes, nocturnal heat and compound daytime-nighttime
events, revealing a pronounced, multidimensional intensification. Extreme
‘feels-like’ temperatures have become more frequent on every continent,
and the spatial footprint of hazardous heat has expanded, exposing
previously unaffected regions. Heat stress days and tropical nights have
increased, with some regions experiencing up to 50 additional heat stress
days annually and an extended heat stress season. The hottest nights of the
year are warming faster (0.32 °C per decade) than the hottest days (0.27 °C),
and compound events are more frequent, severe and prolonged. Population
exposure to dangerous heat has increased markedly, driven by intensifying

heat stressin addition to population growth.

Heat is the leading cause of weather-related mortality worldwide and
exacerbates underlying illnesses such as cardiovascular, respiratory
and mental health conditions’. As global warming intensifies, heat-
waves are becoming more frequent, longer and more severe” ™, further
increasing the risk of heat-related illness and death®. One quarter of
heatwaves between 2000 and 2019 were virtually impossible without
climate change®. Yet, while trends in heatwaves are well documented,
many people worldwide are exposed to chronic heat’, and less is known
about how these changes translate into trends of heat as experienced
by the human population, particularly at the global scale.

Thermal stress indices quantify heat stress, defined as the net
heatload onanindividual, accounting for environmental and personal
parameters®. Due to the nonlinearity of these indices, whereby equal
warming at higher temperaturesleads toagreaterincrease in thermal
indices, perceived temperatures are rising faster than air temperature’.
Here, we use the Universal Thermal Climate Index (UTCI), a widely
adopted biometeorological thermal stress index' accounting for

temperature, humidity, wind and radiation, alongside modelling how
the humanbodyrespondstothe environment. Expressed as a ‘feels-like’
temperature (°C), the UTCl classifies ten categories of cold to extreme
heat stress, based on impacts on the human body".

The ERAS-HEAT reanalysis™" provides globally consistent UTCl data
from1940tothe present, enablinglong-term, transboundary assessment
of trends. Recent analysis* revealed mean UTClincreases of upto 2.5 °C
across North America, Europe and Asia in 1991-2020 compared with
1941-1970"". These patterns highlight the need for a comprehensive
global assessment of evolving heat stress extremes, including their
intensity, frequency and duration, which is addressed in this work.

Using ERA5-HEAT, we examine changes in heat stress across the
globe from 1950 to 2024 and contrast recent conditions (2015-2024)
with the 1970s, the point from which heat stress indicators have risen
markedly at the global scale. We assess trends in maximum and mini-
mum feels-like temperatures on the hottest days of each year and quan-
tify the occurrence of strong (UTCI =32 °C), very strong (UTCI =38 °C)
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Fig.1|Changesinfeels-like temperatures, heat stress days and tropical
nights over time. Maps show the difference between the 1970s and the last

10 years (2015-2024) for indicators of heat stress, based on decadal averages
of: the 10 highest daily maximum feels-like temperature values per year (UTCI,
°C), the 10 highest daily minimum feels-like temperature values per year (UTCI,
°C), the annual number of days with at least strong (UTCI 232 °C), very strong

(UTCI 238 °C) and extreme (UTCI 246 °C) heat stress, and annual number of
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tropical nights (minimum temperature >20 °C). Line charts show the global
average for each indicator for each year from1950 to 2024. Trends per decade
since the1970s (1970-2024) are indicated above each chart, with 95% confidence
intervals. All trends are statistically significant (P < 0.001). Trends were estimated
using ordinary least-squares regression with HAC errors; Pvalues are based

on two-sided tests of the slope. No adjustment for multiple comparisons was

applied. Basemap data from Natural Earth (https://www.naturalearthdata.com).

and extreme (UTCI 246 °C) heat stress. Because high nighttime tem-
peratures amplify health risks by limiting recovery and increasing
mortality’’, we also analyse the evolution of tropical nights (minimum
temperature >20 °C). We characterize tropical nights by severity of

nocturnal heatstress, and investigate compound events®” that couple
daytime and nighttime heat.

Tolink physical trends to societalimpacts, we combine UTCI data
with global demographic data'® to quantify population exposure to
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Fig.2|Frequency distribution of feels-like temperatures (UTCI) for each
continent and increase from the 1970s to the last 10 years. Frequency is
defined as the total number of occurrences, calculated as the sum across all
grid cells and days within 2 periods: the 1970s and the last 10 years (2015-2024).
Thresholds for strong (32 °C), very strong (38 °C) and extreme (46 °C) heat
stress are highlighted, together with multiplication factors showing how

much more often these thresholds were exceeded in 2015-2024 thanin the
1970s. Statistical significance is indicated by the dots: P < 0.001 (+s+), P< 0.01
(¢), P<0.05(+). An open circle indicates P> 0.05. Statistical significance was
assessed using a two-sided paired t-test comparing per-bin frequency counts

above each threshold between the 1970s and the last 10 years (paired across
temperature bins). Multiplication factors are computed from the summed
counts above each threshold. No adjustment for multiple comparisons was
applied. All but 3 values are statistically significant (P < 0.05), and 6 are highly
statistically significant (P < 0.001). As the distributions represent aggregated
counts over large, gridded regions, absolute values are complex and not
directly interpretable; the focus is on the shape and shift of the distributions
over time, and the y axis is therefore omitted. A version with the y axis included
is provided in Extended Data Fig. 2. The shaded areas highlight the shift of the
distributions towards more extreme values.

heat stress and how the number of people experiencing hazardous
thermal conditions has evolved. We further attribute changes in expo-
sure to the relative influences of population growth versus changes in
heat stress.

Our analysis reveals a multidimensional intensification of heat
stress worldwide, with implications for human exposure.

Heat stress trends at the global scale

Global average indicators of feels-like temperatures, heat stress days
and tropical nights have all risen markedly since the1970s (Fig.1). The
maximum feels-like temperature on the ten warmest days of the year
has increased by 0.27 + 0.05 °C per decade since the 1970s, while the
ten warmest nighttime minimahaveriseneven faster,at 0.32 + 0.05 °C
per decade. These trends translate to an additional two days per decade
with atleast strong heat stress, one with atleast very strong heat stress
and two additional tropical nights.

Building on these trends, we map changes across the globe, com-
paring the most recent decade (2015-2024) with the 1970s to capture
the magnitude of change (Fig. 1).

Daily maximum feels-like temperatures on the ten warmest days
of the year have increased across most regions, with the strongest
warming in Europe, northern Africa and the Arabian Peninsula—up
to 4 °C, and locally 5 °C—warmer in the last 10 years thanin the 1970s.
Elsewhere, increases of 2-3 °C dominate, although small areasin Green-
land, coastal southwestern Australia and parts of India and Pakistan
show decreases of 1-3 °C. Research supports the decreasing trend
in the UTCI in parts of India'~*%. The warmest nighttime minima have
risenalmost everywhere, including regions with slight daytime cooling.

Thelargestincreases occur in the northern extratropics: up to 6 °Cin
northwestern North America and northern Canada, 5 °Cin northern
Africa,and 4 °Cin Europe and the Arabian Peninsula.

Heat stress days and tropical nights have proliferated globally.
The spatial footprint of heat stress has also expanded, meaning that
regions previously untouched by extreme heat are now affected
(Extended Data Fig. 1). Subtropical regions, including in southern
North America, southern Europe, northern and southern Africa, and
South America, now experience up to 50 more days per year with at
least strong heat stress. Many of these areas also see more days with
very strong heat stress, and some places, such as in northern Africa,
the Arabian Peninsula, Australia and parts of western North America
have also seen an increase in extreme heat stress days. In the tropics,
strong heat stress typically remains nearly year-round, but there are
shifts towards the more severe categories. Exceptionsinclude parts of
India, Pakistan and coastal southwestern Australia, where heat stress
days have declined, although India and Pakistan are experiencing more
tropical nights.

Changes in the frequency and duration of heat
stress

On every continent, feels-like temperatures are more frequently
exceeding thresholds for very strong and extreme heat stress in our
current climate (2015-2024) compared with the 1970s (Fig. 2). Extreme
heat stress, at which point urgent actionis required to prevent severe
healthimpacts", now occurs 2.5 times more often in Europe and South
America, twice as oftenin North Americaand1.8,1.7and 1.2 times more
oftenin Africa, Oceania and Asia, respectively. Extended Data Table 1
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Fig.3|Changein the duration of the heat stress season. For each continentin
the Northern Hemisphere, the average earliest and latest heat stress day of the
year, for four heat stress thresholds (moderate (=26 °C UTCI), strong (232 °C
UTCI), very strong (=38 °C UTCI) and extreme (>46 °C UTCI) heat stress), in the
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1970s and in the last 10 years (2015-2024). Due to the year-round presence of
lower categories of heat stress in the tropics and less defined seasonality, the
tropics are excluded from this analysis.

provides the equivalent frequency changes for the Intergovernmental
Panel on Climate Change Sixth Assessment Report reference regions.

Although extreme heat stress remains rare in Europe, affecting
0.2% of days and locations in the last 10 years, this represents a 138%
relative increase from 0.08% in the 1970s. In Africa, the frequency has
risen from 4.1% to 7.4%, the highest of any continent. Africaalso records
the greatest overall heat stress burden, with a strong heat stress fre-
quency of 70% inthe past decade, compared with 63%in South America,
55%in Oceania, 24% in Asia, 15% in North America and 9% in Europe.

Across all continents, the largest relative increases in frequency
occur in the most severe heat stress categories.

Inthe Northern Hemisphere, the season during which heat stress
is experienced has increased in duration (Fig. 3). Averaged across
the northern extratropics, the first and last days with moderate heat
stress now span a season 15 days longer than in the 1970s. For strong
heat stress, the season is an average of 12 days longer; for very strong,
9 days; and for extreme, 6 days.

Europe and Africa (Northern Hemisphere) show the longest
season extensions. In Europe, moderate heat stress now begins
on average in mid-May rather than early June and persists until
nearly October, while strong heat stress starts in June instead of
July. For these levels of heat stress, the shortest heat stress season
in the last 10 years was longer than the longest season in the 1970s
(Extended Data Fig. 3). Similar, although less pronounced, trends
occur in Africa, North America and Asia. In Africa, the extreme
heat stress season has lengthened by 28 days—the largest increase
observed, with the shortest extreme heat stress season in the last
10 years lasting 11 days longer than the longest season in the 1970s
Elsewhere, the extreme heat stress season remains similar in dura-
tion but shifts later, most notably in North America, where it begins
10 days later and ends 7 days later than in the 1970s.

Compound heat stress days and tropical nights
Rising nighttime feels-like temperatures underscore the need to assess
notonly the occurrence of tropical nights but also the intensity of heat
stress they impose. Here, we classify tropical nights by the heat stress
category of their minimum overnight UTCI (Fig. 4).

Thereisadecreasingtrendinthe number of tropical nights with no
heat stress (UTCI <26 °C) since the1970s, accompanied by anincreasing
trend in the number of tropical nights with moderate or strong heat
stress. The proportion of tropical nights with moderate heat stress
peaked at 11.4% in 2024, the warmest year on record for the globe, up
fromaminimum of2.2% in1965. Before 1998, astrong EI Nifio year®***,
the share never exceeded 5.8%.

Strong heat stress on tropical nights was virtually absent before
1998 (<0.02%) and remained at or below 0.04% until 2023, but rose
t0 0.08% in 2024. No tropical nights have yet recorded very strong or
extreme heat stress.

More frequent heat stress days and tropical nights are driving
an increase in compound heat events (Fig. 5), which globally have
become more frequent and prolonged, especially in Europe, Africa
and North America.

In Europe, the occurrence of single-day compound events (one
heat stress day followed by one tropical night) has increased by 73%
since the 1970s. Events lasting 15-30 days are now 3.4 times more
common, and the longest observed durations—up to 120 consecutive
days—have almost doubled in frequency.

In Africa (Northern Hemisphere), shorter-duration compound
events (1-90 days) have declined as sequences of up to a full year
(271-365 days) have increased by a factor of 2.8. In the South-
ern Hemisphere, Africa has seen increases across all durations,
with the longest events (181-270 days) now occurring 2.8 times
more frequently. Asia and Oceania exhibit smaller changes, with
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Fig. 4| Severity of heat stress on tropical nights, from 1950 to 2024. Globally,
the annual percentage of tropical nights with no heat stress (<26 °C UTCI),
moderate heat stress (26-32 °C UTCI) and strong heat stress (32-38 °C UTCI),
based on the daily minimum UTCI during the tropical night.

modest increases for most durations and larger increases for the
longest events.

Population exposure to heat stress

Population exposure to heat stress has increased in recent decades,
drivenbyrising frequency, intensity and duration of heat stress along-
side population growth and redistribution (Fig. 6). Comparing expo-
sure by heat stress severity and durationin the last 10 years (2015-2024)
with the 1970s reveals that increases are steepest for the most severe
categories and longest durations, meaning more people are exposed,
for more days, and to more intense heat stress.

In the 1970s, 55% of the global population experienced at least
90 days of strong heat stress annually; this has risen to 70%in our cur-
rent climate. Exposure to at least one day of extreme heat stress has
grown from16% to 22%; accounting also for the increase in population,
this represents an additional one billion people. For most categories,
the increase in exposure caused by changes in heat stress is equal to
or larger than the increase caused by population growth and redis-
tribution. This may be further amplified by the spatial variability of
population growth, with some of the largest increases occurring in
regions with hot climates®.

Mapping annual person-days of exposure to very strong heat
stress in the last 10 years (Extended Data Fig. 4) identifies regions of
greatest population exposure, including sub-Saharan Africa, South
and Southeast Asia, the Arabian Peninsula and the Mediterranean.

Given ERAS-HEAT limitations in capturing extremes and micro-
climates such as urban heat islands®, these estimates are likely to be
conservative, particularly for cities. They alsodraw onahybrid gridded
population dataset that, while providing long-term coverage, carries
uncertainties in early-period and regional population distributions.

Discussion and conclusions

This study provides insights into changes in the frequency, severity
and duration of heat stress with climate change, and acomprehensive
global-scale analysis of not only daytime extremes but also nocturnal
heat and compound daytime-nighttime events. Our analysis is based
on the UTCI; by incorporating the combined effects of temperature,
humidity, wind and radiation, and how the human body responds to
the thermal environment, the UTCI offers a physiologically relevant
measure of thermal stress. We demonstrate a clear and accelerating
climate-drivenintensification of heat stress since the 1970s, with impli-
cations for the health of billions of people worldwide.

Feels-like temperatures have risen markedly, with nighttime min-
imaincreasing faster (global average of 0.32 + 0.05 °C per decade since
the 1970s) than daytime maxima (0.27 £ 0.05 °C per decade). These
changestranslateinto more frequent and severe heat stress days and,
in the Northern Hemisphere, a prolonged heat stress season. Impor-
tantly, the most dramatic shifts often occur at the highest thresholds
of heat stress, where health risks are greatest. The spatial footprint of
hazardous heat stress has expanded, exposing previously unaffected
regions and posing adaptation challenges not only in areas where heat
stressis becoming more extreme, but also in those where it has histori-
cally not been experienced.

Population exposure hasincreased across all categories and dura-
tions of heat stress, compounded by population growth. Inthe1970s,
55% of the global population experienced at least 90 days of strong heat
stress annually; this has risen to 70% in our current climate. Exposure
to at least one day of extreme heat stress has increased from 16% to
22%, representing an additional one billion people who now experi-
ence extreme heat stress annually compared with the 1970s. In the
future, exposure to heat stress will continue toincrease, with the larg-
est absolute increases in low-latitude regions, and the largest relative
increasesin high-latitude regions”. A recent United Nations Children’s
Fund report®® highlights that around 559 million children are already
exposed to high heatwave frequency, and that virtually every child
on Earth is forecast to face more frequent heatwaves by 2050, even
if global warming is kept below 2 °C above the pre-industrial level, as
agreed inthe 2015 Paris Agreement. Extreme heat can be particularly
life-threatening toyoung children, asthey areless able to regulate their
body temperature®,

Our findings also reveal previously unquantified aspects of heat
stress at the global scale, focussing on changes in compound heat
stress days and tropical nights. Periods of heat stress during the day
with little relief overnight can have severe implications for health and
mortality, and the evidence indicates that the duration of exposure to
heatstress is animportant factor for human health?. We demonstrate
that the number of tropical nights with no heat stressis declining, due
toanincreasing proportion of nightsin which feels-like temperatures
still exceed heat stress thresholds.

We show that compound events combining consecutive heatstress
days and tropical nights have become more frequent and prolonged
on every continent, with the most dramatic changes in Europe and
Africa. These patterns underscore the growing importance of heat
stress dynamics beyond just daytime extremes.

The observed rise in compound events aligns with emerging evi-
dence that concurrent daytime and nighttime heat poses dispropor-
tionate health risks due to the absence of nocturnal cooling®®*'. Our
classification of tropical nights by heat stress severity adds further
insight to this understanding, revealing that nocturnal heatis not only
more frequent but also more intense.

Our findings complement previous work on heatwave trends
under anthropogenic warming>**?* and extend our understanding
by using the UTCl and considering heat stress year-round rather than
confined to specific events, given the exposure of many people world-
wide, predominantly in the tropics, to chronic heat’. While most global
assessments focus on air temperature, our use of the UTCl reveals
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Fig. 5| Changeinfrequency of consecutive compound heat stress days and
tropical nights between the1970s and the last 10 years (2015-2024). Based
on the multiplication factor, indicating how many times greater the frequency
was inthelast 10 years compared with the 1970s. Changes are indicated fora
range of periods of consecutive heat stress days and tropical nights, from1 (1 day
and 1 night) to 271-365. Longer periods are omitted when no compound events
ofthatlength are recorded. Values >1 (red) indicate an increased frequency in the
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last 10 years compared with the 1970s, and values <1 (blue) indicate a decreased
frequency. Uncertainty increases for longer compound event durations due to
smaller sample sizes. The 95% Cl around the multiplication factors therefore
widenwith increasing duration. The confidence intervals for the shortest and
longest duration for each continent are noted, and a table of confidence intervals
for each event durationis provided in Extended Data Table 2. Heat stress days are
defined as those with at least strong heat stress (=32 °C UTCI).

additional dimensions driven not only by changes in temperature but
also by changes in humidity, wind and radiation. This distinction is
critical: recent studies”*° show that the nonlinearity of thermal indices
means they change at a different rate than air temperature alone and,
insome cases, may diverge from temperature trends—for example, in
parts of India, where daytime feels-like temperatures have decreased
since the 1970s while nighttime minima have increased.

Increasing heat stress and exposure has profound implications
for climate adaptation and public health. Heat stress is already the
leading cause of weather-related mortality***¢, and our results
show that the dangers continue to increase. Adaptation strategies

must address both daytime and nighttime heat. Heat-health action
plans, early warnings systems and urban cooling interventions
are essential to reduce exposure. Integrating heat stress metrics
into climate risk assessments and adaptation strategies is vital, as
temperature-based thresholds may underestimate risk in humid or
low-wind environments. At present, adaptive capacity varies across
regions and populations, but such adaptation strategies may help
to reduce vulnerability.

While this study focuses on historical trends to understand how
our current climate differs from that of recent decades, projections
under different emissions scenarios are urgently needed to inform
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Percentage of the global population exposed to heat stress in the 1970s

I Increase caused by population growth from the 1970s to the last 10 years (2015-2024)

B Increase caused by changes in heat stress from the 1970s to the last 10 years (2015-2024)
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At least 1 extreme heat stress day 15.9%
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At least 90 extreme heat stress days I 0.3% | 0.3% | 0.4%

Fig. 6 | Increasein the percentage of the global population exposed to

heat stress from the1970s to the last 10 years (2015-2024). For strong
(UTCI232°C), very strong (UTCI 238 °C) and extreme (UTCI 246 °C) heat stress
thresholds, and durations of at least 1,30 and 90 days of each level of heat stress,
the percentage of the population exposed to each threshold and duration of
heatstressinthe1970s is indicated (grey bars), alongside the increase caused

21.9%

3.9%

1.0%

by population growth from the 1970s to the last 10 years (light-blue bars) and
theincrease caused by heat stress changes (teal bars). The total percentage of

the population exposed to each threshold and duration of heat stress in the last
10 yearsisindicated on the right. Based on a total global population of 4.06 billion
peoplein1975and 7.77 billion in 2020.

long-term adaptation planning. At present, consistent global climate
projections for the UTCI do not exist; future work should endeavour
to produce and assess such projections. Recent researchinto exposure
to wet-bulb temperature found that humanity is more vulnerable to
moist heat stress than had previously been proposed, and that in the
future, moist heat extremes will lie outside the bounds of human experi-
ence and beyond current mitigation strategies for billions of people®.
High-resolution datasets will also be critical for quantifying urban heat
stress for example. While current state-of-the-art reanalyses such as
ERAS-HEAT have been found to be suitable and useful for climate and
healthstudies®, they cannot fully resolve microclimates such as urban
heat islands. Our estimates may therefore underrepresent extremes
and population exposure, particularly for cities. Inaddition, the UTCI
models thermal stress for astandardized reference individual and does
notaccount forindividual variability, including differencesin age, body
composition or acclimatization.

Overall, our findings reveal a multidimensional intensification
of heat stress, and an increase in exposure that exceeds the effect of
population growth alone. Exposure is increasing across all severity
thresholds, as the magnitude, frequency and duration of heat stress
all increase, both during the day and at night. These changes pose
escalating threats to health, livelihoods and economic productivity
worldwide. Without urgent mitigation and adaptation, billions more
people may face dangerous heat stress conditions in the coming dec-
ades. These comprehensive results representimportant considerations
for climate policy and planning that are essential to safeguard human
healthinawarming world.
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Methods
Data
Reanalyses of temperature and thermal stress. Reanalysis datasets
combine observational data with state-of-the-art models to ‘fill in
the gaps’ where observations are scarce or absent, providing glob-
ally consistent datasets of past weather and climate. The ERA5”**
and ERAS-HEAT"" reanalyses are used here to allow long-term and
transboundary assessment of thermal stress trends. They provide
global (excluding Antarctica, for ERA5-HEAT) hourly data from 1940
tonear-real time ata0.25° grid resolution. The variables used are 2-m
air temperature from ERAS, and the UTCI from ERAS-HEAT. ERA5S-HEAT
combinesairtemperature, wind speed, radiationand dewpoint temper-
ature (which, together with the air temperature, represents the humid-
ity) from ERAS5, and for any combination of these, the UTCl is defined
astheairtemperature of areference outdoor environment that would
elicit in the human body the same physiological model’s response
(sweat production, shivering, skin wettedness, skin blood flow and
rectal, mean skin and face temperatures) as the actual environment™2.,
Ittherefore represents a feels-like temperature in degrees Celsius.
The UTCI categorizes thermal stress on the basis of the feels-like
temperature and corresponding physiological responses. Throughout
this study, we use these established thresholds for at least moderate
(26 °C), strong (32 °C), very strong (38 °C) and extreme (46 °C) heat
stress. These physiologically based thresholds are designed to be glob-
ally applicable, enabling a consistent and interpretable assessment of
heat stress and trends globally, with direct relevance for heat-health
applications and planning. The UTCI models thermal stress for a stand-
ardized reference individual, however, and does not account for indi-
vidual variability, including differences in age, body composition
or acclimatization.

Population data. The dataset used for the population exposure analy-
sis presented here is the ‘Hybrid gridded demographic data for the
world,1950-2020’ dataset’, which provides 5-year population bands
ata 0.25° grid resolution. This dataset is chosen due to its consist-
ent temporal and spatial coverage with the ERAS5 dataset; the 0.25°
resolution release of this dataset was designed explicitly for the pur-
pose of matching ERAS. It combines the National Aeronautics and
Space Administration (NASA) Socioeconomic Data and Applications
Center (SEDAC) Gridded Population of the World version 4 dataset
for 2000-2020 with the ISIMIP Histsoc gridded population data for
1950-1999 and the United Nations World Population Program demo-
graphic modelling data.

Methodology

Heat stress trends at the global scale. To conduct acomprehensive
analysis of global heat stress trends, a range of heat stress indicators
were defined: (1) the average daily maximum UTCl on the 10 days with
the highest daily maximum UTCI per year, (2) the average daily mini-
mumUTClonthe10 days withthe highest daily minimum UTCl per year,
(3) counts of heat stress days for different categories of heat stress, and
(4) counts of tropical nights.

For (1) and (2), the daily maximum and minimum UTCI were
extracted from the ERAS-HEAT dataset for each grid cell. Foreachyear
from 1950 to 2024, the ten highest daily maximum values and the ten
highest daily minimum values were identified, and their means were
calculated to produce annual metrics representing the hottest days
and nights. This approach enables a more robust characterization of
changesinextreme UTCI conditions by increasing the sample size and
reducing sensitivity to single-day anomalies, compared with using only
the single hottest day or night of each year.

For (3), the daily maximum UTCl for each day of the year was com-
pared with the thresholds for at least strong (=32 °C), very strong
(=38 °C) and extreme (=46 °C) heat stress in order to count the num-
ber of days per year exceeding these thresholds at each grid cell. This

process was repeated for each year from 1950 to 2024. The methodol-
ogy for (4) is similar. The daily minimum air temperature was extracted
from ERAS5for each day and compared withthe 20 °C threshold used to
defineatropical night. The number of days per year on which the daily
minimum temperature did not fall below 20 °C was counted.

Allindicators are based on the maximum or minimum of the data
during each 24-h period from 00:00 t023:59 UTC; adjustments are not
made for local time zones.

Toproduce aglobal annual time series for each indicator, the mean
over all land grid cells was computed. The global trends indicated in
Fig.1were estimated using least-squares linear regression of the annual
values from1970t0 2024, applied to eachindicator, and multiplied by
tento express changes per decade.

Epochal differences. Based on theindicators described above, global
maps of the differences between the 1970s and the most recent decade
were created. The 1970s were chosen as the reference period because
this marks the onset of a clear and sustained global trend in all indica-
tors. The comparison between these two decades is therefore contin-
ued throughout the study.

To quantify the change in key heat stress indicators between the
1970s and the most recent decade, the decadal mean for the 1970s
(1970-1979) and for the last 10 years (2015-2024) was calculated for
eachgrid cell, and the former subtracted from the latter to obtain the
spatial pattern of change.

This epochal differences approach provides a direct and tempo-
rally transparent measure of change. By contrasting two multiyear
periods, itavoids the assumptions of linearity and temporal homoge-
neity inherent in long-term trend fitting, while suppressing the influ-
ence of interannual variability associated with the El Nifio Southern
Oscillation and other short-lived perturbations. In addition, because
the method produces spatial fields representing concrete, absolute
changes between two well-defined periods, it offers an intuitive and
accessible way to convey changesin heat stressindicators thatisboth
useful for scientific analysis and for communicating findings to a
broad audience.

Changes in the frequency of heat stress. To examine changesinthe
frequency of occurrence of heat stress conditions for each continent,
frequency distributions of daily maximum feels-like temperatures were
computed using the UTCI. For all land grid cells within each continental
domain, daily maximum UTCI values were extracted for two periods:
the 1970s and the most recent decade (2015-2024). For each period,
the total number of occurrences within successive1 °CUTCl bins were
calculated by summing counts across all grid cells and all days within
each decade. This yields frequency distributions characterizing the
frequency of the full range of feels-like temperatures experienced on
each continent for each of the two decades considered.

To quantify changes in extreme heat, we computed the frequency
withwhich the UTCl exceeds established thresholds for at least strong
(32°C), very strong (38 °C) and extreme (46 °C) heat stress. For each
threshold and continent, the multiplication factor is defined as the
ratio of exceedance frequenciesin thelast 10 yearsrelative to the 1970s.

The continental domains used in this study are as follows: Europe
35-70°N, 25° W-45°E; North America 15-70° N, 170-50° W; Africa
35°S-38°N,20° W-55° E; South America 60° S-15° N, 90-30° W; Asia
5-80°N, 45-180° E; Oceania 50° S-10° N, 110-180° E.

Changes in the duration of heat stress. To expand on the analysis of
the changing frequency of heat stress, we assessed how both the tim-
ing and duration of heat stress have changed by analysing the length
of the ‘heat stress season’ for each continent in the 1970s and in the
most recent decade. The heat stress season is defined as the inter-
val between the first and last days in a year on which UTCI exceeds
thresholds for heat stress. For each year and for four UTCI thresholds
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representing at least moderate (>26 °C), strong (=32 °C), very strong
(=38 °C) and extreme (>46 °C) heat stress, we identified the earliest
and latest exceedance dates for each grid cell.

Because seasonal cycles differ between hemispheres, exceed-
anceswere evaluated from January to December in the Northern Hemi-
sphere and fromJuly toJunein the Southern Hemisphere. The tropics
(20° N-20°S) were excluded because heat stress occurs throughout
much of the year in tropical regions, meaning that a distinct season
cannot be reliably defined.

For each continent, extratropical land grid cells were averaged to
obtain the decadal mean onset and end dates for the heat stress season
inthe1970s and inthe last 10 years (2015-2024). Season duration was
then calculated as the difference between these mean onset and end
dates, allowing comparison of how the period of the year affected by
different levels of heat stress has evolved over time.

Compound heat stress days and tropical nights. /ntensity of heat
stress on tropical nights. A key objective of this study was to assess
changes notonly in daytime heat extremes, butalsoin nocturnal heat,
given that high nighttime temperatures amplify health risks by limiting
recovery and increasing mortality™. To investigate this, we first classify
tropical nights according to the severity of heat stress experienced.

Foreachdayinthe period from1950 to 2024, ERA5 daily minimum
air temperature was extracted and used to generate a binary mask
identifying whether each land each grid cell experienced a tropical
night (minimum temperature >20 °C).

Daily minimum UTCIfrom ERA5-HEAT was then extracted for the
same period. For each day, the tropical night mask was applied to the
UTClfield, retaining only those grid points that experienced a tropical
night. For each year, the number of grid-cell-days (that s, all land grid
cells across all days) falling within each UTCI heat stress category (no
heat stress <26 °C, moderate 26-32 °C, strong 32-38 °C, very strong
38-46 °C and extreme =46 °C) was counted. These counts were then
normalized by the total number of grid-cell-days with tropical nights
inthatyear, producing the percentage of tropical nights during which
minimum UTCl still exceeded thresholds for heat stress.

Thisapproachallows characterization of the severity of nighttime
heat conditional on tropical night occurrence, rather than conflating
changes in overall tropical night frequency with changes in noctur-
nal heat stress intensity, and provides a clear measure of how often
nights that are already warm also impose physiologically meaningful
heatstress.

While the UTCI provides a physiologically based assessment of
heatstress, the categories were originally developed for daytime con-
ditions under typical solar and metabolic loads. As a result, applying
these categories to nocturnal minimum UTClintroduces some limita-
tions. At night, the absence of solar radiation, reduced activity levels
and altered thermoregulatory dynamics mean that human heat strain
may not correspond directly to the same UTCl threshold ranges used
during the day. Consequently, the categorization applied here should
beinterpretedas anindicative measure of relative nocturnal heat stress
severity for assessing changes in the intensity of warm nights. Future
work should endeavour to evaluate the most appropriate physiologi-
cally relevant thresholds for nocturnal heat stress, an emerging focus

inrecentstudies*.

Frequency and duration of compound events. Having considered both
daytime and nighttime heat stress thus far, the next component of the
analysis focuses on changes in the frequency and duration of com-
pound events, defined here as sequences of consecutive heat stress
days and tropical nights.

Toidentify such events, we used the tropical night masks described
above for the1970s and the most recent decade (2015-2024). In paral-
lel, we constructed daily masks for strong heat stress days, retaining
only land grid cells where the daily maximum UTCI reached at least

32 °C. For each day, these two masks were combined to isolate grid
cellsexperiencing both strong daytime heat stress and a tropical night
within the same 24-h period.

For each decade (the 1970s and 2015-2024), and for each land
grid cell, sequences of consecutive days meeting this compound event
criterion were identified, and the duration (in days) of each sequence
was recorded. Compound events were then aggregated into duration
bins ranging from 1 day (that is, 1 day and 1 night) to up to a full year
(271-365 days), yielding the total frequency of events of different
durations across all days and all land grid cells within each continent,
and for the globe as a whole. To account for hemispheric differences
in seasonality, results for Africa were calculated separately for the
northern and southern hemispheres. For each region and compound
event duration bin, a multiplication factor was derived as the ratio of
event counts in the most recent decade to those in the 1970s.

Population exposure to heat stress. To quantify changes in popu-
lation exposure to heat stress over time, we combined ERA5-HEAT
UTCI data with the ‘Hybrid gridded demographic data for the world”
dataset'®, again comparing the most recent decade (2015-2024) with
the 1970s. As the population dataset is available in 5-year intervals,
data from 1975 were used to represent the population in the 1970s,
and data from 2020 to represent the most recent decade. The total
populationacross all age bands was used. The total global population
statistics arenoted in Fig. 6 for1975and 2020, and agree well with other
sources and datasets.

Population exposure was quantified through two complemen-
tary metrics. First, the total person-days of heat exposure were cal-
culated for each grid cell by multiplying the decadal average annual
number of heat stress days by the population in the corresponding
grid cell, and summing globally. This was done for both the 1970s and
the last 10 years (2015-2024), and for three heat stress thresholds;
at least strong (=32 °C), very strong (=38 °C) and extreme (=46 °C).
The results for the most recent decade (2015-2024) are mapped in
Extended DataFig. 4.

Second, to assess the scale of exposure to sustained heat, we
evaluated the number of people living in locations that exceeded a
minimum number of heat stress days per year, in the 1970s compared
with the last 10 years (2015-2024). For each threshold of >1, >10, >14,
>30and >90 days, abinary mask was applied to identify grid cells where
the decadal average annual number of heat stress days exceeded the
specified count of heat stress days, again for the same three heat stress
thresholds. The exposed population was then computed by summing
the population across those grid cells and normalizing by the total
global population for the corresponding decade.

As part of this analysis, the increase in exposure to heat stress
betweenthe1970s and thelast10 years (2015-2024) was decomposed
intotheincrease caused by population growth (and redistribution)
and the increase caused by changes in heat stress. This was done
using counterfactual decomposition. First, the exposure in the 1970s
was computed as outlined above, combining the population and heat
stress days data for the 1970s. Second, a counterfactual scenario
was computed, combining the population in 2020 with the heat
stress days data for the 1970s, to assess the exposure if the climate
had remained the same but population growth and redistribution
had occurred as observed. Comparing these gives the increase in
exposure due to population growth. Finally, the exposure in the last
10 years was computed, combining the population and heat stress
days data for 2015-2024. Comparing this with the counterfactual
scenario gives the increase in population exposed due to changes
in heat stress.

Expressing exposure as a proportion of the total population at
the time, rather than as an absolute number, reduces the influence of
populationgrowth over time, as absolute exposed populationinevita-
blyincreases with global population growth; percentage exposure, by

Nature Climate Change


http://www.nature.com/natureclimatechange

Article

https://doi.org/10.1038/s41558-026-02670-5

contrast, reflects the share of the population experiencing hazardous
heatand is therefore more indicative of climate-driven changes in heat
stress exposure.

Several limitations should be acknowledged wheninterpreting the
exposure estimates produced by this analysis. The method relies on
gridded population snapshots taken atasingle reference year for each
decade, which cannot capture intradecadal demographic changes,
such as migration or urbanization. The exposure metrics are also sensi-
tiveto the spatialand temporal resolution of the underlying datasets.
Given ERAS-HEAT limitations in capturing extremes and microclimates
such as urban heat islands, the exposure estimates are likely to be
conservative. Historical population reconstructions, particularly in
earlier decades, may depend on sparse or inconsistent census inputs,
introducing additional uncertainty when comparing population expo-
sure across decades. Finally, while expressing exposure as a percent-
age of the global population helps to separate population growth
from climate-driven changes, it cannot completely disentangle the
combined effects of spatial population redistribution and growth, and
changing patterns of heat stress.

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

Data availability

All datasets used in this study are freely and openly available. ERAS
reanalysis datacan be downloaded from the Copernicus Climate Data
Store (https://cds.climate.copernicus.eu). The ERAS daily minimum
2-m air temperature data are available at https://cds.climate.coper-
nicus.eu/datasets/derived-era5-single-levels-daily-statistics, and the
ERAS5-HEAT UTCI hourly data alongside postprocessed statistics such
as daily/monthly/seasonal/annual maximum and minimum values
and counts of heat/cold stress days are available at https://cds.climate.
copernicus.eu/datasets/derived-utci-historical. These data can also
beexploredinteractively using Thermal Trace (thermaltrace.climate.
copernicus.eu). The ‘Hybrid gridded demographic datafor the world,
1950-2020'(ref. 18) dataset (0.25° resolution) is available via Zenodo
athttps://zenodo.org/records/6011021 (ref. 18).

Code availability

ThePythonandbash scripts (whichmake use of Climate Data Operators
(CDO)) usedinthe data analysis are available from the corresponding
author uponreasonable request.
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Extended Data Fig. 1| The expanding footprint of heat stress. Coloured areas heat stress: at least strong (UTCI > 32 °C), very strong (UTCI > 38 °C) and extreme
indicate locations that had an average of zero heat stress days or tropical nightsin ~ (UTCI>46 °C), and for tropical nights (minimum temperature > 20 °C). Basemap
the 1970s, but thatin the last ten years (2015-2024) recorded a non-zero average data from Natural Earth (https://www.naturalearthdata.com).

annual number of such days or nights. Results are shown for three categories of
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Extended Data Fig. 2| Frequency distribution of feels-like temperatures (2015-2024). The counts displayed are therefore shown in grid-cell-days. The
(UTCI) for each continent in the 1970s and the last ten years (2015-2024). red shaded areas highlight the shift of the distributions towards more extreme
Frequency is defined as the total number of occurrences, calculated as the sum values.

across all grid cells and days within two periods: the 1970s and the last ten years
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Extended Data Fig. 3| Variability in the duration of the heat stress season. For
each continentin the northern hemisphere, the duration in days of the shortest
and longest heat stress season in the 1970s and in the last ten years (2015-2024),
for four heat stress thresholds (moderate (=26 °C UTCI), strong (=32 °C UTCI),

very strong (=38 °C UTCI) and extreme (= 46 °C UTCI) heat stress). Due to the
year-round presence of lower categories of heat stress in the tropics and less
defined seasonality, the tropics are excluded from this analysis.
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Extended Data Fig. 4| Annual person-days of exposure to heat stress in the last ten years. Annual person-days (number of days x exposed population) of exposure
to atleast very strong (=32 °C UTCI), very strong (=38 °C UTCI) and extreme (=46 °C UTCI) heat stress in the last ten years (2015-2024). Basemap data from Natural
Earth (https://www.naturalearthdata.com).
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Extended Data Table 1| Changes in the frequency of heat stress for the IPCC AR6 WGI reference regions

Change in frequency of strong, very strong and extreme heat stress
from the 1970s to the last ten years (2015-2024)
For the IPCC AR6 WGl reference regions
MF UTCI MF UTCI MF UTCI
Continent Region Region name >32°C >38°C >46°C
wope
EEU E.Europe 1.5 2.5 7.8 .
NEU N.Europe 2.1 . 7.7
WCE Western&Central-Europe 2.8 14.5
MED Mediterranean 13 1.6 2.1
pica .|
CAF Central-Africa 1.0 X 2.0 - 23 .
ESAF E.Southern-Africa 1.2 1.8 9.8 X
NEAF N.Eastern-Africa 11 X 1.5 3.4
SEAF S.Eastern-Africa 1.2 1.5
WAF Western-Africa 1.0 X 13 22
WSAF W.Southern-Africa 1.2 1.9 6.1 X
MDG Madagascar 1.1 o 2.0
SAH Sahara 11 X 11 - 1.8
0. |
EAS E.Asia 12 1.6 1.2 .
ECA E.C.Asia 1.2 1.5 3.0
SAS S.Asia 1.0 1.1 .- 0.9
WCA W.C.Asia 1.1 12 1.5
ARP Arabian-Peninsula 1.1 - 1.1 1.5
TIB Tibetan-Plateau 1.1 .- 11 X 0.6
RFE Russian-Far-East 1.8 . 38 X
RAR Russian-Arctic 19 . 02 X
ESB E.Siberia 1.9 4.0
WSB W.Siberia 1.4 1.7 3.0
SEA S.E.Asia 1.0 X 1.5 - 5.1 X
1
CAU C.Australia 1.1 12 1.7
EAU E.Australia 1.2 1.6 37
NAU N.Australia 1.1 . 1.2 1.8
SAU S.Australia 11 12 1.8
Nz New-Zealand 1.6 . 0.5 X
e
NCA N.Central-America 12 1.5 1.7 .
NES N.E.South-America 1.1 X 2.2
NSA N.South-America 1.0 X 27 . 40.0 X
NWS N.W.South-America 11 X 25 20.8 X
SAM South-American-Monsoon 1.0 X 22 - 87.4 X
SCA S.Central-America 11 . 1.9 - 4.8
SES S.E.South-America 1.2 1.7 2.4
SSA S.South-America 1.5 20 - 16 X
SWS S.W.South-America 1.7 . 2.4 . 2.3 X
wooeic .|
CNA C.North-America 12 1.6 48.5 X
ENA E.North-America 12 1.6 - 0.4 X
NEN N.E.North-America 1.7 . 1.9 X
NWN N.W.North-America 23 . 76
WNA W.North-America 13 1.7 24
CAR Caribbean 1.1 . 2.4
Multiplication factor (MF): how many times greater the frequency is in the last ten years, relative to the 1970s.
Pots indicate the statistical significance of the multiplication factors: p < 0.001 (+++), p < 0.01 (++) p<0.05 (-), p>0.05 (X)

Change in frequency of heat stress for each of the IPCC AR6 WGI reference regions, based on the daily maximum Universal Thermal Climate Index (UTCI) exceeding thresholds for strong
(232°C), very strong (>38°C), and extreme (246°C) heat stress. Change in frequency is indicated by the multiplication factor (MF), showing how much more often these thresholds were
exceeded in 2015-2024 than in the 1970s. The statistical significance is indicated by the dots: p<0.001 (s+¢), p<0.01 (++), p<0.05 (). An X indicates p>0.05. Statistical significance was assessed
using a two-sided paired t-test comparing per-bin frequency counts above each threshold between the 1970s and the last ten years (paired across temperature bins). Multiplication factors are
computed from the summed counts above each threshold. No adjustment for multiple comparisons was applied. Ocean regions, Antarctica and Greenland are not included.
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Extended Data Table 2 | Changes in the frequency of compound heat stress days and tropical nights

Africa Africa
Compound event (northern (southern North South

duration (days) Global Europe hemisphere) hemisphere) America America Asia Oceania
1 0.99 +0.001 1.73+0.014 0.76 +0.002 1.19+0.004 1.1810.004 0.91 +0.002 1.06 £ 0.003 1.08 +0.003
2 1.00£0.002 1.8110.022 0.81+0.003 1.21+0.006 1.16 £ 0.007 0.95+0.004 1.07 £0.004 1.06 +0.005
3 1.01+0.002 1.84+0.031 0.85+0.003 1.21+0.007 1.19+0.009 0.94 +0.005 1.06 £ 0.005 1.05+0.006
4-7 1.0110.002 2.15+0.030 0.85+0.003 1.24 +0.006 1.2310.007 0.93 +0.003 1.09 £0.004 0.99 + 0.004
8-14 1.0310.002 2.59 +0.059 0.89 + 0.004 1.27+£0.008 1.1810.010 0.94 +0.004 1.16 £ 0.006 1.03 +0.006
15-30 1.06+0.003 3.37+0.144 0.92 +0.005 1.4110.012 1.1410.013 1.00 +0.005 1.1910.007 1.02+0.007
31-90 1.1210.004 2.35+0.131 0.92 +0.006 1.57+0.018 1.4010.020 1.10 £ 0.006 1.16 £ 0.009 1.17+0.010
91-120 1.17£0.008 1.79+0.155 1.1210.012 1.6510.056 1.5010.055 1.0610.017 1.25+0.021 1.11+0.026
121-180 1.36+0.009 - 1.39+0.011 1.76 £0.072 1.74 £0.082 1.35+0.020 1.0410.015 1.05+0.028
181-270 1.6410.016 - 2.14+0.031 1.85+0.116 3.45+0.399 1.05+0.019 2.40 +0.062 1.53+0.069
271-365 1.70+0.038 - 2.82+0.133 2.84+0.499 - 1.50+0.045 1.48+0.168 1.13+0.084

This table supports Fig. 5. Varying durations of compound heat stress days and tropical nights are indicated, together with multiplication factors showing how much more often these
durations of compound events occurred in 2015-2024 than in the 1970s, for the globe and each continental region. Values>1indicate an increased frequency in the last ten years compared to
the 1970s, and values<1indicate a decreased frequency. 95% confidence intervals are provided for each multiplication factor.
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