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Heat stress limits for human survivability have been previously defined by a
6-hour exposure to a wet-bulb temperature of 35°C. However, the recently
developed physiology-based HEAT-Lim model demonstrates that environ-
mental heat stress thresholds may be cooler and drier than previously
thought. We employ HEAT-Lim to determine whether non-survivable
thresholds were surpassed during six historical events where conditions
were climatologically extreme and/or high heat-related mortality was
reported. Our results show that non-survivable conditions are occurring
during present-day heat events, all of which are below 35°C wet-bulb tem-
perature. Of concern is regular exceedances of deadly thresholds for older
people directly exposed across all events. Moreover, extremely hot yet dry
conditions are found to be just as deadly as hot and humid conditions. For
future climatological assessments, we emphasise the importance of
employing increasingly accurate physiology-derived methods to assess the
risk of potentially deadly heat stress.

Heatwave intensity, frequency and duration have increased almost
everywhere since at least the 1950s"?, with trends accelerating in recent
decades'. Coincident is the increasing occurrence of record-shattering
heatwaves®, breaking previous records by large margins* . Recent
heatwaves have inflicted high human mortality rates™* dis-
proportionately  impacting low-latitude and/or developing
countries”'*°?° underlining the inequity of extreme weather and
climate events. Additionally, adverse health impacts are dis-
proportionately visited upon physiologically vulnerable groups such
as the elderly?, pregnant people?” and younger children®, those with
underlying chronic diseases®*, and those who cannot access ade-
quate cooling because of economic limitations** %,

Epidemiological studies show that high temperatures and
extreme heat events cause a rise in heat-related mortality, both in the
historical period and under contemporary anthropogenic climate

change®*~¢, While these studies are important for determining base-
line influences of temperature on mortality, they commonly do not
account for the crucial role humidity plays in determining how survi-
vable extreme heat events can ultimately be”*°. When humidity is
high, it is progressively difficult for the human body to shed excess
heat via the evaporation of sweat from the surface of the skin**. When
humidity is low, the maximum capacity of humans to produce sweat in
the first place limits their ability to keep cool®’; thus, accounting for all
levels of atmospheric moisture in modelling the human tolerance to
extreme heat is vital. As internal body temperatures rise, the risk of
advanced heatstroke climbs until it becomes almost inevitable at a
human core temperature of 43 °C. The combinations of temperature
and humidity required for heatstroke to occur depend on exposure
duration as well as the ability of the person to sweat. Standard mea-
surements of ambient temperature are done under conditions that
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protect instruments from direct radiant thermal load (e.g., sun radia-
tion) while allowing air to flow through to avoid overheating from
stagnant air. However, sun exposure further increases human heat
stress risk, and its inclusion in heat stress modelling through the esti-
mation of mean radiant temperature® conveys more realistic expo-
sures for heat risk in outdoor environments. Accounting for thermal
radiation from sunlight is therefore crucial.

Wet bulb temperature (T,) is one of a number of meteorological
metrics*? employed to assess how humans may be impacted by various
combinations of ambient temperature and humidity. A seminal study,
Sherwood and Huber 2010*, theorised that exposures become non-
survivable at a T,, of 35 °C sustained for 6 h due to the elimination of
sensible and latent heat dissipation from the skin surface of humans. It
is important to emphasise that this study proposed T,, of 35°C as a
fundamental limit, survivable only via access to air conditioning. Over
the past decade, numerous climate-led assessments have adopted the
T,, of 35 °C limit to understand historical and future changes in human
survivability due to heat stress***°. However, despite its strong bio-
physical rationale, the T,, 35 °C model does not impose any limits to
important physiological mechanisms, such as evaporative cooling via
sweating’®>2, Recently, the Arizona State University /University of
Sydney Human/Environmental Adaptation and Threshold Limits
Model (hereafter HEAT-Lim; Vanos et al*®) proposed a revised model of
physiological limits incorporating key human physiological principles.
In HEAT-Lim, the human heat stress limits for survival due to heat
stroke are much lower than T, 35°C***°**!, which can be further
categorised by age and access to shade®. The difference between
these critical combinations of temperature and humidity for human
survival and the traditional T,, 35 °C become progressively greater at
high temperatures with low humidity (Fig. 1) and when sun-exposed.
This disparity between models widens further for adults aged
>65 years compared to younger adults aged 18-35 years (Fig. 1) due to
age-related sweating decrements.

In this study, we investigate whether physiology-based heat stress
limits determined using HEAT-Lim have already been breached during
record-breaking heatwaves across the world?""**>>°, many of which
resulted in high mortality rates>"'5%¢° yet did not yield sustained T,,
35°C conditions. Comprehensive epidemiological evidence demon-
strates that heat-related mortality has repeatedly occurred without T,,
35°C being breached or sustained” 723041 and we demonstrate
here that deaths associated with six historical heatwaves coincide with

exceedances of the HEAT-Lim thresholds, whereas T,, 35°C fails to
predict deadly conditions accurately (i.e., falling into the yellow sec-
tions of Fig. 1). Furthermore, while T,, values close to 35 °C have pre-
viously, yet briefly, been recorded at local meteorological sites®, no
study has yet investigated whether deadly combinations of heat and
humidity—including those below and/or drier than the often-cited
35°C T, threshold—have persisted long enough for heat stroke to
evolve and be fatal***"*°,

Results

Observed heatwaves in the context of non-survivability for
older people

As climate change intensifies, heatwaves are occurring more often and
becoming more extreme'?, providing a larger sample from which to
draw case studies. We focus our analysis on six events, chosen due to a
combination of the following factors: 1) high rates of reported all-cause
mortality, 2) intense and persistent extreme heat, and 3) climatologi-
cally extreme temperatures, often record-breaking, at the time of
occurrence. Table 1 lists these events, the regional boundaries and
dates over which they were assessed, as well as meteorological sta-
tistics and reported deaths. With the exception of Australia, most
events are associated with at least 1000 deaths, and with the exception
of Europe, most events persisted for at least three weeks" . We
include Australia in our study due to the record-breaking nature of
intense and widespread heat®, and include Europe for both its record-
breaking temperatures and extremely high associated mortality>.
Moreover, all events did not exceed T,, 35°C despite high reported
rates of heat stroke, thereby providing a basis to determine whether
HEAT-Lim limits®* were indeed breached.

Each event presents a unique signature in terms of non-survivable
days as defined by HEAT-Lim* for older people situated in direct sun
(i.e., in direct sunlight without shade)* overlaid with the respective
demographic population density per square kilometre (Fig. 2). People
over 65 y faced an extremely high risk of physiological heat stress
should they have not sought shade or cooling during the examined
historical heatwaves over the Middle East, Southern Asia, Central
America, Australia and India/Pakistan (Fig. 2b-f). All but one event
analysed (Europe 2003, Fig. 2g) experienced large areas where the
proportion of non-survivable days for people over 65y was at least
25%, and regularly over 50%. Over the Middle East (2b), Central
America (2 d) and Australia (2e), while the non-survivability for people
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Fig. 1| Comparison of non-survivable heat stress thresholds. Limits of surviva-
bility based on the combination of temperature and humidity produced by the
physiology-based model (HEAT-Lim*’) and the traditional T, 35 °C* model for
younger adults (left) and older adults (right) for 6 h of continuous exposure (in
shade). The green area (on the left-hand side of each graph) indicates conditions
are survivable with both models. The red area (on the right-hand side of each graph)

Air temperature (°C)

indicates conditions are non-survivable for both models. The yellow area indicates
the difference between the two—-i.e., conditions modelled to be non-survivable
with the physiology-based model*, but considered survivable with the T, 35°C
model®. Note: the difference (yellow area) expands at higher ambient tempera-
tures with lower relative humidity, and with age.

Nature Communications | (2026)17:2590


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-70485-1

Table 1| Information on each historical heat event analysed

Region City/ population Dates Highest Dry-bulb Temperature (°C) Highest Wet-bulb Tem- Reported Deaths
& corresponding humidity (%) perature (°C)

Middle East Mecca: June- 44.61; 18.37 29.47 (19/06/2024) During Hajj (the 14"-19" June), over
21.42°N; 39.18°E July 2024 (05/06/24) 1300 deaths related to heat were
Population 21M reported®’.

SE Asia Bangkok: April 2024 41.66; 28.73 (27/04/24) At least 1473 deaths in Southeast Asia,
13.76°N; 100.5°E 43.71 around 60 deaths in Thailand'.
Population 11.2M (27/04/24)

USA/Mexico Phoenix: June/ July 46.72; 24.32 (16/07/23) In 2023, 2325 died from heat stress in
33.45°N; 112.07°W 2023 10.46 the USA®.
Population 1.66 M (21/07/23) Around 250 deaths in Mexico during

June/July®.

Australia Mount Isa: 20.72°S; January 2019  41.53; 25.08 (11/01/19) None reported
139.49°E 12.01
Population 18,000 (24/01/19)

India/ Larkana: June 46.68; 30.85 (20/06/2015) Estimated 2000 deaths in Pakistan®’,

Pakistan 27.55°N; 68.2°E 2015 18.26 estimated 2500 deaths in India®.
Population (district) (20/06/2015)
1.7M

Europe Seville: 37.39°N; July 42.62; 26.23 (02/08/2003) Estimated 70,000 deaths throughout
5.98°W August 20.48 Europe™.
Population 700,000 2003 (01/08/03)

For each event, we provide the timing of the event, reported mortality, the name and location of the example city chosen to represent the event’s meteorology and its population, as well as the
maximum 6-hourly mean air temperature and corresponding 6-hourly relative humidity, and maximum 6-hourly mean wet-bulb temperature over each city during the event. All meteorological

values are extracted from ERA5 (“Methods”).

in direct sun over 65y was reasonably high (between 25-75% of all six-
hourly windows), the corresponding population density for the same
age group was consistently less than five people/km? However, the
opposite was true during the Southern Asia and India/Pakistan events
(Fig. 2¢, f), where the density of people over 65y is consistently over 10
people/km?, with large regions of 50-100 people/km?. Coupled with
high percentages of non-survivable days, these events were extremely
deadly for older people in direct sun, no doubt contributing to
reported elevated death tolls formally associated with these
events'>'7'8555¢58 (Table 1). While the 2024 Middle Eastern event
(Fig. 2b) was not associated with a high permanent population density
of older people, non-survivable days for the demographic were largely
in excess of 75%. This finding is pertinent given the performance of Hajj
aligning with the heatwave®*¢!, a multi-day Muslim pilgrimage to
Mecca that is attended by older generations in high numbers®°', with
pilgrims crossing large distances over the Middle East, Africa and West
Asia to attend®**. Despite meticulous planning to mitigate against
heat-related impacts during this event®, a relatively high number of
deaths still occurred due to a combination of the sheer volume of
people attending and the levels of inevitable heat exposure. Indeed,
without this noteworthy effort, recorded heat exposure cases during
Hajj in 2024 could have undoubtedly been much higher.

In contrast, the European 2003 event (Fig. 2g) consisted of only
small regions where non-survivable days for older people in direct sun
were up to 25% and were coupled with low population density of the
same age group. Initially, this finding is surprising, particularly given
the 70,000+ excess deaths associated with the event, with France
recording the highest national death toll'>**, While a measure of excess
mortality is not straightforward to compare to the more specific
interaction of heat stress on mortality’’, the demographic most
affected during the European 2003 heatwave was older people®® for
which there was a 70% and 120% increase in excess deaths for the
75-94 years and over 94 years age groups, respectively®’. Most deaths
during the 2003 European event were likely cardiovascular- or
respiratory-related, which often occur below a core body temperature
of 43°C (e.g., in France 2003, 30% of excess deaths were cardiovas-
cular/respiratory-related, while 11.5% were heatstroke or
hyperthermia)®’. HEAT-Lim assumes that a core temperature of 43 °C is
what results in death (i.e., heatstroke); thus, we are modelling heat
stroke deaths only, and not those caused by other conditions that may

be brought on by the extreme conditions®. Moreover, HEAT-Lim does
not include a cumulative factor; that is, it assumes that individuals are
normothermic at the start of each six-hour exposure window. Con-
tinuous exposure to ambient conditions likely instead elevates core
body temperature above the starting value used in the model (36.8 °C).
For example, core temperature elevations of 0.5-1.0°C have been
observed after 3-h exposure to 45° °C with 15% relative humidity®®, the
temperature/humidity thresholds required to induce heat stroke could
therefore likely be cooler and drier than in our analysis. This is another
possible factor that was at play during the 2003 European heatwave.

Additionally, the meteorological signature during the 2003 Eur-
opean heatwave included a stubborn blocking high-pressure system,
permitting persistently hot yet very dry conditions for over a week®,
thus reducing the humidity component in determining physiological
stress, resulting in corresponding T,, values well below 35 °C. ERAS’s
assimilation, which relies on non-urban in-situ records, can result in
heatwaves over European cities being 5-7 °C cooler relative to local
observations®’, suggesting that city-scale temperatures during the
2003 event were higher in reality than in ERAS. Therefore, if consistent
values of relative humidity occurred, higher local temperatures may
have driven more occurrences of non-survivable conditions across
European urban areas than what ERAS predicts. We test this by com-
paring the physiology-based HEAT-Lim thresholds during the 2003
European heatwave for the ERAS gridcell over Seville and the corre-
sponding in-situ station that contributes to the Integrated Surface
Dataset’” (ISD, “Methods”; see Supplementary Information). We find
that ERAS underestimates daily extreme temperatures in Seville during
the 2003 heatwave by up to 3 °C. This results in a discrepancy of non-
survivable conditions for older people in direct sun, with more days
experiencing non-survivable conditions during the most extreme
period per day when assessed using the ISD local station (Fig. SIf) vs
ERAS (Fig. 3f). Thus, the likely hotter conditions over all affected Eur-
opean urban environments—which is where the vast majority of people
live and work—could have contributed to increased heat stress con-
ditions during the 2003 event.

We emphasise that just one 6-hour period above a physiological
survivability heat threshold® (“Methods”) inflicts truly detrimental and
irreversible damage, even when the outcome is not fully realised for
multiple days. The physiological thresholds used in this study from
HEAT-Lim are grounded in human heat balance modelling and the
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Fig. 2 | Non-survivable conditions for older people in direct sun. The proportion
of non-survivable conditions during historical and extreme heat waves for older
people (65+) in direct sun computed from ERAS, combined with estimated popu-
lation density for the same age group computed from WorldPop; a the location of
each historical event analysed; b the Middle East heat wave during June 2024; c the
South Asian heatwave of April 2024; d the North and Central American heat wave
during July 2023; e the Australian heatwave during January 2019; f the Indian
heatwave during June 2015; and g the European heatwave during August 2003.
Yellow indicates combined low population (<5 persons/km?) and proportion of
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non-survivable days (<25%), whereas black indicates combined high population
(50-100 persons/km?) and proportion of non-survivable days (>75%). All other
colours indicate a progressive and increasing combination of the two variables,
reaching darker shades when variable values increase. The location of each city
examined in greater detail for the observed event and future projections is indi-
cated by the magenta dot. For specific details of each event, its location, and
corresponding city, please see Table 1. Please see “Methods” for details regarding
ERAS, WorldPop, and non-survivability calculations.
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Fig. 3 | Six-hourly temperature time series for each heatwave studied. Time
series of six-hourly temperature for each historical heatwave from ERAS for each
city when non-survivable conditions identified by HEAT-Lim occurred: a Mecca
during June 2024; b Bangkok during April 2024; ¢ Phoenix during July 2023;

d Mount Isa during January 2019; e Karachi during May and June 2015; f Seville
during August 2003. Based on the corresponding relative humidity, each plot
depicts whether conditions were physiologically survivable for all (blue), non-

survivable for older people in direct sun (yellow), non-survivable for younger
people in direct sun (orange), non-survivable for older people seeking shade(red),
or non-survivable for younger people seeking shade (purple). Should purple be
visible, conditions were non-survivable for all people, whether they are seeking
shade or fully exposed. For more details on ERAS and the computation of physio-
logical heat stress thresholds, please see “Methods”. For more details on the
respective historical events, please see Table 1.
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associated transfer of heat from the body into the broader environ-
ment, and the physiological level of heat strain (core temperature) that
causes fatal heat stroke**"*°. Additionally, contemporary reanalysis
products such as ERAS (“Methods”) now provide data on appropriate
temporal and spatial scales with higher accuracy than previous
generations®. Our analysis, therefore, provides far greater precision in
predicting the impact of heat stress than previous methods could
achieve®® %3,

This notable increase in accuracy and confidence in both clima-
tological and physiological methods is important for multiple reasons.
First, it suggests that historical heat stress mortality in densely popu-
lated, low-latitude, and developing locations is undoubtedly and ser-
iously underreported’. Second, it explains previously reported heat-
related deaths, particularly those in older demographics, despite
associated conditions being well under sustained T,, 35 °C conditions
(Fig. 4). Third, extreme and deadly conditions for a considerable
amount of the global population are already occurring across various
geographic locations at our current global warming level (1.1°C)—a
fraction of the warming that previous estimates suggested could be
problematic for widespread heat stress mortality**. While the majority
of adverse conditions displayed in Fig. 2 can be adapted to by seeking
shade”* or by simple mechanical”® cooling practices, we stress the
importance of guaranteeing universal access to such resources and
understanding specific contexts that may prevent people from using
them. We therefore argue that to best understand the overall risk of
deadly heat stroke, outdoor exposure must always be considered.

The consideration of adaptation can be examined by exploring
non-survivable thresholds of people seeking shade**”>’*, Should older
people have been able to seek shade during the six observed heat-
waves studied, the exposure to non-survivable conditions is con-
siderably reduced in all cases (Fig. 4). Over The Middle East (Fig. 4b),
non-survivable conditions for people over 65y drop markedly to no
more than 50% of days, half the amount when full sun exposure to
outdoor conditions is considered (Fig. 2b). Similarly for the Asian
(Fig. 4c) and India/Pakistan (Fig. 4f) events, there is a reduction of non-
survivable conditions for older people to no more than 50% of days,
but largely to 25%, down from 75-100% of days should the demo-
graphic be fully exposed (Fig. 2c, f, respectively). Both the Central
American (Fig. 4d) and Australian (Fig. 4e) events were associated with
no more than 25% of days considered non-survivable for older people
seeking shelter, and the European event (Fig. 4g) was associated with
barely any non-survivable conditions for this demographic when
seeking shade. These results critically highlight the imperative role of
adaptation—by seeking shade and/or introducing effective beha-
vioural adaptation strategies®*”>”°, exposure to deadly heat stroke can
be dramatically reduced, and therefore has a substantial impact on the
number of lives lost. An alternative viewpoint is, should less shade or
behavioural cooling mechanisms have been available during any of
these historical events (in some cases, access to such mechanisms was
already limited”), the death toll of those over 65y could have been
much higher than what occurred, because of the physiological effects
of sustained exposure to high ambient temperature and/or humidity.

City-scale survivability

We now focus on exceedances of non-survivable physiology-based
thresholds over cities during each of the case study events computed
from the corresponding grid cell in ERAS (Figs. 3, 5; “Methods”). We
also replicate these calculations using the ISD’ in-situ local stations
(“Methods”), which are presented in Fig.S1 in the Supplementary
Information, along with a comparison across the two datasets. Analo-
gous to Figs. 2, 4, each examined city also experienced multiple and
often regular occurrences of deadly conditions for older people in
direct sun during the corresponding heatwave. For the 65y demo-
graphic in direct sun, all cities experienced deadly conditions accord-
ing to HEAT-Lim thresholds at some point during the respective

heatwave. The highest frequency of deadly conditions occurred in
Phoenix during July 2023 (Figs. 3c, 5¢, Slc), with conditions exceeding
the corresponding physiological survivability threshold for 24% (28%
based on station data) of rolling 6-h periods during the month-long
event. This is an important finding since it highlights that extremely hot
and dry conditions can be just as deadly as hot and humid conditions, a
consideration that is just beginning to be examined in climate studies in
understanding human physiological tolerance to extreme ambient
conditions™’¢, During this event, there was a single six-hourly period
where conditions were non-survivable for older people seeking shade.
Mortality data from the summer of 2023 in the region” report that
~60% of heat-related deaths (365 deaths) were among those 50 years or
older, with 89% of those deaths occurring indoors. Moreover, while
younger people were not exposed to non-survivable heat stress during
this Phoenix event, it is very likely that their physiological liveability
estimated by HEAT-Lim* (i.e., the capacity to carry out everyday
activities without elevated heat stress risk) was challenged.

Larkana experienced similarly stark conditions during May/June in
2015 (Figs. 3e, 5e, Sle), with 18% (13% based on station data) of rolling
6-hourly blocks above the survivable limits for older people in direct
sun. There was also a 6-hourly period where conditions were non-
survivable for older people accessing shade, as well as an 18-hour win-
dow towards the end of the event where younger people in direct sun
were also at risk. Over Mecca in June 2024 (Figs. 3a, 5a, Sla), 12% (10%
based on station data) of all rolling 6-hourly blocks over the 30-day
period were deadly to older people in direct sun. It is worth reempha-
sising that just one 6-hourly period where HEAT-Lim thresholds are
exceeded can be deadly for a normothermic individual, and Phoenix
(Figs. 3c, 5¢, Slc), Larkana (Figs. 3e, Se, Sle) and Mecca (Figs. 3a, 5a, Sla)
all experienced conditions that were consistently dangerous during
daytime for an entire month, potentially driving the majority of
reported and also unreported deaths caused by these events. In order
to illustrate more nuanced temporal effects that capture cumulative
heat strain over longer exposure times, future research studies could
utilise other existing physiological models such as the Gagge 2-node
model or the Predicted Heat Strain model”. However, these models
should be applied with caution under extreme heat and humidity con-
ditions, as they have been developed for, and thus far validated in,
participants reaching core temperatures of <39 °C. Existing data sup-
porting these models in older adults is also currently sparse.

A similar situation was also apparent over Bangkok in April 2024
(Figs. 3b, 5b, S1b), Mount Isa in January 2019 (Figs. 4d, 5d, S1d) and
Seville in August 2003 (Figs. 3f, 5f, S1f), where older people in direct
sun were at serious risk yet at a lower frequency than Mecca (Figs. 3a,
5a, Sla), Phoenix (Figs. 3e, Se, Sle) and Larkana. For these heatwaves,
younger people were not subject to non-survivable conditions,
although their functioning at liveable thresholds could have been
considerably challenged®. It is worth noting that for all events crossing
non-survivable thresholds mainly occurred during the day, with
nighttime reprieves evident throughout each event. Over Seville
(Figs. 3f, 5f, SIf), there were fewer occurrences of non-survivable limits
overall, however, according to ERAS (Fig. 3f), there were multiple days
where the worst daytime and nighttime conditions were dangerously
close to non-survivable heat stress levels for older people in direct sun,
one of the likely drivers of the high numbers of casualties associated
with this event'®". Indeed, the total number of non-survivable periods
for older people outdoors was higher in ERAS (1%) compared to the
local ISD station (0.5%), despite the presence of a cool bias in ERAS in
daytime maximum temperatures (Figs. 3f, SIf).

Also evident from Figs. 3, 5, and Sl are the different combinations
of temperature and humidity resulting in each physiological threshold
either being exceeded or not. For example, 6-hourly blocks over
Bangkok (Figs. 5b, S1b) are more humid yet mostly cooler than over
Phoenix (Figs. 5c, Sic); however, both cities have numerous instances
of non-survivable conditions for older people in direct sun according
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Fig. 4 | Non-survivable conditions for older people seeking shade. The pro-
portion of non-survivable conditions during historical and extreme heat waves for
older people (65+ years) seeking shade computed from ERAS, combined with
estimated population density for the same age group computed from WorldPop; a
the location of each historical event analysed; b the Middle East heat wave during
June 2024; ¢ the South Asian heatwave of April 2024; d the North and Central
American heat wave during July 2023; e the Australian heatwave during January
2019; f the Indian heatwave during June 2015; and g the European heatwave during
August 2003. Yellow indicates combined low population (<5 persons/km?) and
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proportion of non-survivable days (< 25%), whereas black indicates combined high
population (50-100 persons/km?) and proportion of non-survivable days (> 75%).
All other colours indicate a progressive and increasing combination of the two
variables, reaching darker shades when variable values increase. The location of
each city examined in greater detail for the observed event and future projections is
indicated by the magenta dot. For specific details of each event, its location, and
corresponding city, please see “Methods” and Table 1 in the Supplementary
Information. Please see “Methods” for details regarding ERAS WorldPop and non-
survivability calculation.
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Fig. 5 | Peak six-hourly combinations of temperature and relative humidity
during the day (6am-6pm local time) and night (6pm-6am local time). Each
nighttime (blue star) and daytime (black dot) value is extracted from all rolling
6-hourly periods computed from 1-hourly data that fall within each time window,
extracted from ERAS for six historical heatwaves over affected cities (see Table 1); a
Mecca during June 2024; b Bangkok during April 2024; ¢ Phoenix during July 2023;
d Mount Isa during January 2019; e Karachi during May and June 2015; f Seville
during August 2003. Each plot also depicts the physiologically-derived non-survi-
vable thresholds for older people in direct sun (yellow), younger people in direct

Temperature (°C)

sun (orange), older people seeking shade (red), and younger people seeking shade
(purple), as well as the wet-bulb threshold of 35 °C. Should the purple line be
crossed by a given black star or blue dot, the associated conditions during that 6-h
window are non-survivable for all people, whether they are seeking shade or fully
exposed. Also note that the threshold for all non-survivable conditions at nighttime
follows the corresponding shade-based threshold due to the absence of direct
sunlight. For more details on ERAS and the computation of physiological heat stress
thresholds, please see “Methods”. For more details on the respective historical
events, please see Table 1.

to ERAS. It is important to again emphasise that even extremely hot yet
very dry conditions can exceed physiological limits of survivability,
which are conditions not recognised by the theoretically-based T,
35°C. This fact is especially evident over Phoenix (Figs. 3¢, 5c, Slc),
where the vast majority of non-survivable periods occur at high tem-
peratures yet relative humidity levels at or below 20%. Furthermore,

while the local climate strongly influences how heat stress is appor-
tioned by temperature and humidity, ascribing deadly conditions
based on temperature alone likely underestimates the risk profile over
humid locations®, since humidity inhibits the human body’s primary
cooling mechanism (evaporation of sweat). Accordingly, different
temperatures can be considered either survivable or non-survivable,
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based on the humidity levels. For example, temperatures of 39 °C in
Bangkok on the 23rd and 24th April 2024 (Fig. 5b), accompanied by a
relative humidity of ~-50% (Fig. 3b), were non-survivable for the older
population in direct sun, whereas 39 °C on the 17th April fell just shy of
the respective non-survivable threshold as relative humidity was closer
to 40%. While unlikely to cause heat stroke, the latter conditions could
still have been physiologically stressful on older people in direct sun-
light. Knowing the apportionment of temperature and humidity can
help inform adaptation strategies to reduce exposure. There are viable
and low-cost options that increase comfort during high humidity that
may not be as optimal when the air temperature is instead extremely
high, such as the humble fan””°,

Across all city-scale events assessed, no six-hourly period excee-
ded, or even came close to, T,, 35°C. Deadly heat stress events are
occurring under conditions and during a time period that was origin-
ally considered to be near impossible*’, and in some locations, when
humidity is very low. The incorporation of human physiology into heat
stress limits explains heat-related death tolls better than the T,, 35°C
threshold could. Our results underscore the vulnerability of humans to
extreme conditions that will become all the more frequent as global
warming continues.

Discussion

By employing physiologically relevant heat stress survivability
thresholds® from HEAT-Lim, our study determined that sustained non-
survivable heat stress conditions have already occurred during severe
recent heatwaves. While previous research suggested a single dangerous
T,, threshold®”, our study employs upper T,, limits that become lower
with increasing ambient temperature due to physiological restrictions to
maximal sweat production®*, While similar to the T,, 35 °C threshold at
high temperature and humidity, differences become progressively
greater at high temperatures with low humidity (Fig. 1), and even greater
when accounting for solar radiation and age. Thus, the thresholds
employed here are markedly lower than the original theorised surviva-
bility limit of 35°C, especially for low humidity conditions, and were
used to assess the overall heat stress exposure of different personal
vulnerability profiles during six historical heatwave case studies.

We find that older people in direct sun were repeatedly exposed
to deadly conditions across all events, older people in shade were
briefly exposed during Phoenix 2023 and Larkana 2015, and younger
people in direct sun were also exposed towards the end of the latter
event. Indeed, local populations were exposed most or all days during
Mecca 2024, Phoenix 2023 and Larkana 2015, events that were asso-
ciated with very high reported mortality rates®’® (See Table 1).
Moreover, our analysis of Phoenix 2023 and Mecca 2024 reveals the
danger of extremely high temperatures even when the associated
humidity is very low. By employing the HEAT-Lim survivability model
by Vanos et al*. we demonstrate the event-specific temperature and
humidity combinations that likely instigated deaths and when they
occurred and provide physiologically-based evidence that older peo-
ple were indeed at far greater risk.

While the 2003 European heatwave was the region’s hottest at the
time of occurrence, multiple events since have set more recent cli-
matological records”, but are systematically associated with lower
mortality rates" due to enhanced preparedness and adaptations.
Indeed, the 2003 European heatwave caught the region unaware, with
little knowledge or mechanisms to mitigate against the adverse
impacts of prolonged and extreme heat. Since 2003, considerable
developments in local public education, early warning systems, and
accessible mitigation strategies have considerably reduced death
tolls’*#° despite larger potential exposure due to enhanced climato-
logical and meteorological factors, a lesson that bodes well for future
adaptation against extreme heat events.

Given the exceptional conditions across the Middle East, India/
Pakistan, and South Asia events, we provide physiological evidence

that the true mortality rate was very likely much higher than reported.
We make clear that HEAT-Lim only accounts for physiologically-based
heat stroke mortalities, therefore not including accidental deaths,
those related to poor mental health, or other excess mortality occur-
rences associated with the extreme conditions (e.g., cardiovascular
and respiratory). Moreover, the physiological model gives information
on the exposure to potentially lethal conditions rather than certain
mortality. That is, if a given individual is able to access shade and/or
appropriate cooling mechanisms during deadly heat stress conditions,
their likelihood of perishing reduces considerably, as Fig. 3 strongly
indicates. However, taking into account high population densities
(Figs. 2, 4), noteably reduced access to effective cooling strategies™ ",
lack of resources to accurately record heat stress-related mortality™ ™",
and/or important local cultural celebrations that result in a temporary
large influx of people'”, the total mortalities reported in Table 1 may
severely underrepresent the true mortality signal of these extra-
ordinary historical heatwaves. Due to the underreporting of heat-
related mortality, such a hypothesis is very difficult to test, but could
be an important investigation in future research. We emphasise that
the non-survivable environmental conditions and the resulting mor-
talities are preventable with adequate infrastructure, accessible public
education, and early warning systems, but many people in these
regions lack access to these critical adaptations. Without adaptation,
higher numbers of heat stress-associated deaths are not only
observed, but will continue to increase with a warmer climate®, with
underreporting of mortality also likely to propagate into the future.

Additionally, while substantial epidemiological research has for-
mulated links between elevated temperatures and mortality>*™’, we
demonstrate that different local combinations of heat and humidity
have resulted in similar heat stress conditions. In tropical regions, heat
stress limits occur at lower temperatures when relative humidity is
higher (yet still nowhere near a threshold of T,, 35 °C). Such important
information is likely missed when assessing heat stroke risk based on
ambient temperature alone®. Moreover, our analysis is based on sus-
tained conditions over a six-hour period, enough time for overheating
to instigate non-reversible physiological changes resulting in multiple
organ failure and death*”’. Sustained exposure to such physiological
limits initiates a chain of events that is almost impossible to reverse
once begun, even when expert medical care and resources are
available®. Therefore, adaptation initiatives against extreme heat and
humidity are very likely to be most effective in the lead-up to an
extreme event (e.g., increased access to shade, green cities, cooling
considerations in building design, community cohesion)®* % and for its
duration (e.g., appropriate use of fans, and interventions such as skin
wetting)”>’%"° to reduce overall exposure, thereby also reducing strain
on finite medical infrastructure.

We emphasise that the environmental limits for human surviva-
bility due to heat stress* employed in the present analysis represent a
conservative interpretation of heat stress risk. Recent research by
other physiologists has confirmed that T,, values at which humans
transition into an uncompensable heat stress state, whereby core
temperature can no longer be held at a steady, unchanging level, are
much lower than 35° °C**%, However, this threshold definition does
not allow the core temperature to rise to hyperthermic levels, and our
group has chosen to use this as a characterisation of “liveability™’. It is
known that some humans can safely elevate their core temperature to
~39° °C or even 40 °°C often without any ill effects®. Our approach
permits core temperature to rise and defines the critical temperature
and humidity thresholds as those under which core temperature
increases within a 6-h exposure window to 43° °C, which could be
highly likely to result in heat stroke death®. Future studies could
attempt to use full thermoregulation models to explore more dynamic
responses of the human body over time, yet the computational needs
and complexity are important considerations when bridging the
thermoregulation models with large amounts of climate data®*°.
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In summary, via the application of the contemporary physiology-
derived HEAT-Lim, this study provides clear evidence that sustained
periods of non-survivable heat stress have already occurred during
recent events across multiple regions. Such occurrences have occurred
well below the originally theorised fundamental limit of T,, 35°C and
have mainly affected older people in full sun exposure of adverse
ambient conditions for at least six hours. Indeed, by comparing exposed
(outdoor) and shaded (closer to indoor) limits, we demonstrate that
simple adaptation strategies such as seeking shade can drastically
reduce heat stress risk, at least under current climate conditions. While
reaching human heat stress limits was once thought impossible at the
current level of global warming, brief occurrences close to the originally
theorised Ty, 35°C threshold have recently been recorded®. Our ana-
lysis provides the next crucial step in contemporary knowledge on the
emergence of deadly heat stress by applying physiologically-determined
thresholds to observed climate data. We demonstrate that deadly con-
ditions have already placed hundreds of millions of people at grave risk,
in both humid and dry climates, especially older people with no access
to shade, and provide a physiological basis for the deadly ambient
conditions that underpinned corresponding epidemiological
assessments" 72024303 In facilitating further breakthroughs in this
space, future research could focus on projections of physiologically
relevant heat stress conditions, disentangling the dynamics of such
conditions across time, greater accuracy in the simulation of the most
extreme and deadly events, and understanding the interactions of local-
scale urban effects in both amplifying and mitigating against future non-
survivable conditions. For this progress to successfully occur, it must be
underpinned by consistent interdisciplinary collaboration, as well as
understanding the nuances of specific cultural behaviours that influence
an individual’s exposure to the adverse effects of extreme heat.

Methods
Historical Data
The analysis of six historical heatwaves is underpinned by the Eur-
opean Centre for Medium-Range Weather Forecasts (ECMWF) Reana-
lysis version 5 (ERAS)”. ERAS is a high-resolution global reanalysis
dataset that outputs hourly data at a 31 km horizontal resolution. The
variables used were six-hourly averaged temperature and dewpoint
temperature. These variables were used to calculate relative humidity
using the equation:

RH = (e/es) x 100

(1) Where e (vapour pressure)=6.112 x exp((17.67*Td)/
243.04 +Td));

and

(2) es (saturation vapour pressure)=6.112xexp((17.67 x T)

/(243.04 +T))

ERAS integrates observational data with the ECMWF Integrated
Forecasting System weather model to create a comprehensive and
consistent climate record, making it widely used for weather and cli-
mate research, historical analysis, and model validation. It provides a
distinct advantage over in-situ and gridded observational products
since it is consistent in space and time from 1940 to the present. Most
recent years generally consist of more observations; for example,
around 24 million observations per day were incorporated by 2019, a
notable increase from 0.75 million per day in 1979. From 1979-2019,
about one billion surface observations were used for each of tem-
perature and relative humidity. Observations assimilated by ERAS are
recorded by over 200 satellite instruments and many types of con-
ventional datasets. For specific details regarding the historical heat-
waves assessed using ERAS, please see Table 1.

City and station analysis

As part of our analysis, we investigate the daytime and nighttime
maximum 6-hourly mean temperature and associated humidity, as
well as the time evolution of each heatwave within a city affected by the

Table 2 | Co-ordinates for in-situ observations used as a
comparison against reanalysis data

Station Latitude Longitude
Mecca 21.41°N 39.78°E
Bangkok 13.73°N 100.57°E
Phoenix 33.43°N 112.00°W
Mount Isa 20.73°S 139.48°E
Larkana 27.56°N 68.21°E
Seville 37.37°N 6.00°W

respective event. Cities were chosen because of their proximity to the
highest temperatures and/or humidity values of the corresponding
heatwave, as well as their populations, inferring high exposure in the
absence of cooling strategies. Mecca, Bangkok, Phoenix, Mount Isa,
Larkana and Seville were chosen to represent the heatwaves over the
Middle East, Southern Asia, Central America, Australia, India/Pakistan,
and Europe. For city-scale analysis in the main text, the corresponding
grid box was selected from ERAS.

To complement the analysis of city-scale heatwaves from ERAS,
we also analyse survivable limits based on station data from the Inte-
grated Surface Database’® (ISD), managed by the National Oceanic and
Atmospheric Administration (NOAA). ISD is a comprehensive collec-
tion of meteorological observations collected from weather stations
worldwide. The variables used were hourly temperature and relative
humidity, which were analyzed in the same as the ERAS variables (see
above) and were available at nearby stations (coordinates below) for
the entirety of each of the heatwaves included in this study. See Table 2
for station coordinates.

Population statistics

Data to determine the population density of people within the 65+
group were taken from the WorldPop dataset®>. WorldPop data gives
an estimate of the number of people per kilometre per year, separated
by sex and five-year age groupings from 2000 to 2020. These statistics
were aggregated to include both men and women, with all ages 65 and
over, and coarsened using linear interpolation to match the resolution
of the ERAS data in order to consider population and heat stress
thresholds at the same resolution. Population density was also
weighted by the latitudinal cosine to ensure correct density spread.
Estimates of population densities past 2020 are not available, and so
the 2020 estimates were used for the more recent years.

Calculation of wet-bulb temperature

Wet-bulb temperature (T,,) was calculated using the Davies-Jones
method®, based on temperature and relative humidity values. T,, was
computed for all six hourly ERAS data per region and events in Table 1.

Computing physiological non-survivable heat stress limits
The survivability limits -- determined by the possibility of death as a
result of heat stroke using a whole-body human heat exchange model—
were calculated from the physiological-based HEAT-Lim model
(Human/Environmental Adaptation and Threshold Limits Model)
proposed by Vanos et al*’, with the corresponding code freely available
in Guzman-Echavarria and Vanos®*. This model estimates whether or
not a human will survive during extreme heat exposure by calculating
core temperature increases under constant thermal exposure. It
assumes a person can store up to 17.88 kJ/kg of heat before reaching a
critical core body temperature of 43 °C, the threshold for fatal heat
stroke. The model assesses heat storage rates depending on 3- and 6-h
exposures at resting metabolic rate and no clothing, matching past
survivability assumptions.

HEAT-Lim accounts for three key restrictions to heat loss: envir-
onmental humidity, the skin’s ability to evaporate sweat, and
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maximum sweat production. Based on these factors, the model
determines if an individual can survive the heat exposure, and if not,
for what reason(s), by combining the environmental and physiological
conditions. The model currently can be run for an average older (or
more vulnerable) group (ages 65+) and an average younger adult
group (ages 18-40). The main physiological differences incorporated
across these profiles are lower sweat rate and the ability to wet the skin
(and thus cool via evaporation) in the older age group. If able to seek
shade, the mean radiant temperature (MRT) is assumed to equal the
ambient temperature; however, if sun-exposed, the MRT is +15°C
above the ambient temperature as an average daytime estimate®. The
MRT is then incorporated with the restrictions surrounding heat loss
as described above. Please see Vanos et al 2023* and Guzman-
Echavarria & Vanos 2023 for specific details and formulae for HEAT-
Lim. Figure 3 displays all four heat stress thresholds in each panel, as
well as the original T,, 35 °C threshold. Note that the physiologically-
based thresholds are not a constant T,, value. For older people in direct
sun and seeking shade, respective dry bulb temperatures of above
40 °C are largely deadly regardless of humidity; however, for younger
people, dry bulb temperature dominates physiological heat stress at
high temperatures, about 45°C and 50 °C, respectively. Moreover,
physiological limits during nighttime follow shade-based thresholds,
as there is no influence from the sun. Although ambient shade-based
conditions are likely not identical to temperature and humidity values
indoors, they provide a closer comparison to the thresholds that need
to be exceeded for heat stroke to occur indoors than the thresholds for
full exposure, especially for dwellings with natural cross-ventilation
and high thermal mass.

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

Data availability

No new data were created or generated in this study. All data analysed
are publicly available from online repositories. The reanalysis data used
for heatwave analysis are available from the ERAS dataset via the
Copernicus Climate Data Store (https://cds.climate.copernicus.eu/). The
station-based meteorological data are available from the NOAA Inte-
grated Surface Database (https://www.ncei.noaa.gov/products/land-
based-station/integrated-surface-database). Population density data
are available from the WorldPop dataset (https://hub.worldpop.org/).

Code availability
The code used to generate the results and figures in this study is
available at https://github.com/CatherineGregory/Heatwaves.

References

1. Perkins-Kirkpatrick, S. E. & Lewis, S. C. Increasing trends in regional
heatwaves. Nat. Commun. 11, 3357 (2020).

2. Domeisen, D. I. et al. Prediction and projection of heatwaves. Nat.
Rev. Earth Environ. 4, 36-50 (2023).

3. Fischer, E.M,, Sippel, S. & Knutti, R. Increasing probability of record-
shattering climate extremes. Nat. Clim. Change 11, 689-695 (2021).

4. Fischer, E. M. et al. Storylines for unprecedented heatwaves based
on ensemble boosting. Nat. Commun. 14, 4643 (2023).

5. White, R. H. et al. The unprecedented Pacific Northwest heatwave
of June 2021. Nat. Commun. 14, 727 (2023).

6. McKinnon, K. A. & Simpson, |. R. How unexpected was the 2021
Pacific Northwest heatwave? Geophys. Res. Lett. 49,
€2022GL100380 (2022).

7. Philip, S. Y. et al. Rapid attribution analysis of the extraordinary heat
wave on the Pacific coast of the US and Canada in June 2021. Earth
Syst. Dyn. 13, 1689-1713 (2022).

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Zhang, B. & Xie, Z. Mechanism of the record-breaking heatwave
event dynamics in South America in January 2022. Atmosphere 14,
1326 (2023).

Xu, P., Wang, L., Liu, Y., Chen, W. & Huang, P. The record-breaking
heat wave of June 2019 in Central Europe. Atmos. Sci. Lett. 21,
€964 (2020).

Gonzalez-Herrero, S., Barriopedro, D., Trigo, R. M., Lopez-Bustins, J.
A. & Oliva, M. Climate warming amplified the 2020 record-breaking
heatwave in the Antarctic Peninsula. Commun. Earth Environ. 3,
122 (2022).

Ballester, J. et al. Heat-related mortality in Europe during the sum-
mer of 2022. Nat. Med. 29, 1857-1866 (2023).

Garcia-Herrera, R., Diaz, J., Trigo, R. M., Luterbacher, J. & Fischer, E.
M. A review of the European summer heat wave of 2003. Crit. Rev.
Environ. Sci. Technol. 40, 267-306 (2010).

Dimitrova, A. et al. Association between ambient temperature and
heat waves with mortality in South Asia: systematic review and
meta-analysis. Environ. Int. 146, 106170 (2021).

Zhao, Q. et al. Global, regional, and national burden of heatwave-
related mortality from 1990 to 2019: a three-stage modelling study.
PLoS Med. 21, 1004364 (2024).

Nori-Sarma, A. et al. The impact of heat waves on mortality in
Northwest India. Environ. Res. 176, 108546 (2019).

Azhar, G. S. et al. Heat-related mortality in India: excess all-cause
mortality associated with the 2010 Ahmedabad heat wave. PloS one
9, €91831 (2014).

Malik, P., Bhardwaj, P. & Singh, O. Heat wave fatalities over India:
1978-2014. Curr. Sci. 120, 1593-1599 (2021).

Memish, Z. A., Zumla, A. & Parker, S. Heat-related deaths
during the 2024 Hajj pilgrimage. J. Travel Med. 31, taae096
(2024).

Haghani, M. Hajj pilgrims suffer from climate extremes. Science
385, 1426-1426 (2024).

Howard, J. T., Androne, N., Alcover, K. C. & Santos-Lozada, A. R.
Trends of Heat-Related Deaths in the US, 1999-2023. JAMA 332,
1203-1204 (2024).

Ryti, N. R. and Jaakkola, J. J., Heat exposure and elderly health. In
Heat Exposure and Human Health in the Context of Climate Change.
83-108. (Elsevier, 2023).

Rekha, S. et al. Heat stress and adverse pregnancy outcome: Pro-
spective cohort study. BJOG: Int. J. Obstet. Gynaecol. 131,
612-622 (2024).

Fujii, N. and Honda, Y., Heat exposure and child health. In Heat
Exposure and Human Health in the Context of Climate Change.
69-82 (Elsevier, 2023).

Ebi, K. L. et al. Hot weather and heat extremes: health risks. Lancet
398, 698-708 (2021).

Thomson, H., Simcock, N., Bouzarovski, S. & Petrova, S. Energy
poverty and indoor cooling: An overlooked issue in Europe. Energy
Build. 196, 21-29 (2019).

Sampson, N. R. et al. Staying cool in a changing climate: Reaching
vulnerable populations during heat events. Glob. Environ. Change
23, 475-484 (2013).

Mayrhuber, E. A. S. et al. Vulnerability to heatwaves and implica-
tions for public health interventions-a scoping review. Environ. Res.
166, 42-54 (2018).

Fatima, S. H., Rothmore, P., Giles, L. C., Varghese, B. M. & Bi, P.
Extreme heat and occupational injuries in different climate zones: a
systematic review and meta-analysis of epidemiological evidence.
Environ. Int. 148, 106384 (2021).

Razu, S. R. et al. “While we work in extreme heat, our bosses work in
air-conditioned rooms.” Exploring the health and safety of garment
workers in factories in Bangladesh. Int. Public Health J., 14,

121-30 (2022).

Nature Communications | (2026)17:2590


https://cds.climate.copernicus.eu/
https://www.ncei.noaa.gov/products/land-based-station/integrated-surface-database?utm_source=chatgpt.com
https://www.ncei.noaa.gov/products/land-based-station/integrated-surface-database?utm_source=chatgpt.com
https://hub.worldpop.org/
https://github.com/CatherineGregory/Heatwaves
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-70485-1

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42.

43.

44.

45,

46.

47.

48.

49.

50.

51.

Gasparrini, A. et al. Mortality risk attributable to high and low
ambient temperature: a multicountry observational study. Lancet
386, 369-375 (2015).

Gasparrini, A. et al. Temporal variation in heat-mortality associa-
tions: a multicountry study. Environ. Health Perspect. 123,
1200-1207 (2015).

Guo, Y. et al. Heat wave and mortality: a multicountry, multi-
community study. Environ. Health Perspect. 125, 087006
(2017).

Vicedo-Cabrera, A. M. et al. The footprint of human-induced climate
change on heat-related deaths in the summer of 2022 in Switzer-
land. Environ. Res. Lett. 18, 074037 (2023).

Lo, Y. E., Vosper, E., Higgins, J. P. and Howard, G., 2024. Heat impacts
on human health in the Western Pacific Region: an umbrella review.
The Lancet Regional Health-Western Pacific, 42 (2024).

Lo, Y. E., Mitchell, D. M., Thompson, R., O'Connell, E. & Gasparrini, A.
Estimating heat-related mortality in near real time for national
heatwave plans. Environ. Res. Lett. 17, 024017 (2022).
Vicedo-Cabrera, A. M. et al. The burden of heat-related mortality
attributable to recent human-induced climate change. Nat. Clim.
change 1, 492-500 (2021).

Baldwin, J. W. et al. Humidity’s role in heat-related health outcomes:
a heated debate. Environ. Health Perspect. 131, 055001 (2023).
Vanos, J. K., Baldwin, J. W., Jay, O. & Ebi, K. L. Simplicity lacks
robustness when projecting heat-health outcomes in a changing
climate. Nat. Commun. 11, 6079 (2020).

Vanos, J. et al. A physiological approach for assessing human sur-
vivability and liveability to heat in a changing climate. Nat. Com-
mun. 14, 7653 (2023).

Sobolewski, A., Mtynarczyk, M., Konarska, M. & Bugajska, J. The
influence of air humidity on human heat stress in a hot environment.
Int. J. Occup. Saf. Ergon. 27, 226-236 (2021).

Guzman-Echavarria, G., Middel, A., Vecellio, D. J. & Vanos, J. 2024.
The development of an adaptive heat-stress compensability clas-
sification applied to the United States. Int. J. Biometeorol. 69,
2855-2869 (2025).

Buzan, J. R., Oleson, K. & Huber, M. Implementation and compar-
ison of a suite of heat stress metrics within the Community Land
Model version 4.5. Geosci. Model Dev. Discuss. 7, 4 (2014).
Sherwood, S. C. & Huber, M. An adaptability limit to climate
change due to heat stress. Proc. Natl. Acad. Sci. 107, 9552-9555
(2010).

Sherwood, S. C. & Ramsay, E. E. Closer limits to human tolerance of
global heat. Proc. Natl. Acad. Sci. 120, €2316003120 (2023).
Coffel, E. D., Horton, R. M. & De Sherbinin, A. Temperature and
humidity-based projections of a rapid rise in global heat stress
exposure during the 21st century. Environ. Res. Lett. 13,

014001 (2017).

Im, E. S., Pal, J. S. & Eltahir, E. A. Deadly heat waves projected in the
densely populated agricultural regions of South Asia. Sci. Adv. 3,
e1603322 (2017).

Im, E. S., Kang, S. & Eltahir, E. A. Projections of rising heat stress over
the western Maritime Continent from dynamically downscaled cli-
mate simulations. Glob. Planet. Change 165, 160-172 (2018).

Pal, J. S. & Eltahir, E. A. Future temperature in southwest Asia pro-
jected to exceed a threshold for human adaptability. Nat. Clim.
change 6, 197-200 (2016).

Rogers, C. D. et al. Recent increases in exposure to extreme humid-
heat events disproportionately affect populated regions. Geophys.
Res. Lett. 48, €2021GL094183 (2021).

Kenney, W. L. & Munce, T. A. Invited review: aging and human
temperature regulation. J. Appl. Physiol. 95, 2598-2603 (2003).
Saeed, F., Schleussner, C. F. & Ashfag, M. Deadly heat stress to
become commonplace across South Asia already at 1.5 °C of global
warming. Geophys. Res. Lett. 48, €2020GL091191 (2021).

52.

53.

54.

55.

56.

57.

58.

50.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Smallcombe, J. W. et al. Thermoregulation and dehydration in
children and youth exercising in extreme heat compared with
adults. Br. J. Sports Med. 59, 1151-1159 (2025). Jul 31.
Barriopedro, D., Fischer, E. M., Luterbacher, J., Trigo, R. M. &
Garcia-Herrera, R. The hot summer of 2010: redrawing the
temperature record map of Europe. Science 332, 220-224
(2011).

Australian Bureau of Meteorology (2019) Special Climate Statement
68-widespread heatwaves during December 2018 and January
70pp. © Commonwealth of Australia 2019 Published by the Bureau
of Meteorology. http://www.bom.gov.au/climate/current/
statements/scs68.pdf 2019.

Pattanaik, D. R., Mohapatra, M., Srivastava, A. K. & Kumar, A. Heat
wave over India during summer 2015: an assessment of real-time
extended range forecast. Meteorol. Atmos. Phys. 129,

375-393 (2017).

Radcliffe, R., A wave of exceptionally hot weather scorches south
and south-east Asia. The Guardian. https://www.theguardian.com/
world/2024/apr/26/asia-heatwaves-philippines-bangladesh-

india (2024).

World Weather Attribution, 2023. Extreme heat in North America,
Europe and China in July was made more likely by climate change.
https://www.worldweatherattribution.org/extreme-heat-in-north-
america-europe-and-china-in-july-2023-made-much-more-likely-
by-climate-change/ (2023).

De Liberto, T., Indian heat wave kills thousands.https://www.
climate.gov/news-features/event-tracker/india-heat-wave-kills-
thousands (2015).

Musa, N. and Ghazali, S., Health Problems and the Desire To Perform
Hajj Amongst Malaysian Elderly. European Proceedings of Social
and Behavioural Sciences. https://doi.org/10.15405/epsbs.2020.
10.02.39 (2023).

Mardhatillah, M. Specific treatment of elderly pilgrims on hajj
according to the hadith; the approach of mukhtalif ahadis. AL-
IHKAM: J. Huk. Pranata Sos. 14, 99-123 (2019).

Raymond, C., Matthews, T. & Horton, R. M. The emergence of heat
and humidity too severe for human tolerance. Sci. Adv. 6,
eaaw1838 (2020).

Brower, B. C., The Haijj by land. The Hajj: Pilgrimage in Islam, 1,
87-112 (2015).

Ridda, I., Mansoor, S., Briggs, R., Gishe, J. & Aatmn, D. Preparedness
for mass gathering during Hajj and Umrah. Handbook of healthcare
in the Arab World, 1, 1215-1235 (2021).

Khan, A. A. et al. Guidelines for management of heat illness during
Hajj. https://ghhin.org/resources/guidelines-for-management-of-
heat-illnesses-during-haijj/ (2024).

Bouchama, A. The 2003 European heat wave. Intensive Care Med.
30, 1-3 (2004).

Vandentorren, S. et al. August 2003 heat wave in France: risk fac-
tors for death of elderly people living at home. Eur. J. Public Health
16, 583-591 (2006).

Fouillet, A. et al. Excess mortality related to the August 2003

heat wave in France. Int. Arch. Occup. Environ. health 80,

16-24 (2006).

Chaseling, G. K. et al. Thermal and perceptual responses of
older adults with fan use in heat extremes: a secondary ana-
lysis of a randomised clinical trial. JAMA Netw. Open 8,
2523810 (2025).

Nogueira, M. et al. Assessment of the Paris urban heat island in ERA5
and offline SURFEX-TEB (v8. 1) simulations using the METEOSAT
land surface temperature product. Geosci. Model Dev. 15,
5949-5965 (2022).

Smith, A., Lott, N. & Vose, R. The Integrated Surface Database:
Recent Developments and Partnerships. Bull. Am. Meteorol. Soc.
92, 704-708 (2011).

Nature Communications | (2026)17:2590

12


http://www.bom.gov.au/climate/current/statements/scs68.pdf
http://www.bom.gov.au/climate/current/statements/scs68.pdf
https://www.theguardian.com/world/2024/apr/26/asia-heatwaves-philippines-bangladesh-india
https://www.theguardian.com/world/2024/apr/26/asia-heatwaves-philippines-bangladesh-india
https://www.theguardian.com/world/2024/apr/26/asia-heatwaves-philippines-bangladesh-india
https://www.worldweatherattribution.org/extreme-heat-in-north-america-europe-and-china-in-july-2023-made-much-more-likely-by-climate-change/
https://www.worldweatherattribution.org/extreme-heat-in-north-america-europe-and-china-in-july-2023-made-much-more-likely-by-climate-change/
https://www.worldweatherattribution.org/extreme-heat-in-north-america-europe-and-china-in-july-2023-made-much-more-likely-by-climate-change/
https://www.climate.gov/news-features/event-tracker/india-heat-wave-kills-thousands
https://www.climate.gov/news-features/event-tracker/india-heat-wave-kills-thousands
https://www.climate.gov/news-features/event-tracker/india-heat-wave-kills-thousands
https://doi.org/10.15405/epsbs.2020.10.02.39
https://doi.org/10.15405/epsbs.2020.10.02.39
https://ghhin.org/resources/guidelines-for-management-of-heat-illnesses-during-hajj/
https://ghhin.org/resources/guidelines-for-management-of-heat-illnesses-during-hajj/
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-70485-1

71.  Luo, B. et al. Increased summer European heatwaves in recent
decades: contributions from greenhouse gases-induced warming
and Atlantic multidecadal oscillation-like variations. Earth’s. Future
1, e2023EFO03701 (2023).

72. Salagnac, J. L. Lessons from the 2003 heat wave: a French per-
spective. Build. Res. Inf. 35, 450-457 (2007).

73. Wang, C., Wang, Z. H., Wang, C. & Myint, S. W. Environmental
cooling provided by urban trees under extreme heat and cold
waves in US cities. Remote Sens. Environ. 2217, 28-43 (2019).

74. Jay, O. et al. Reducing the health effects of hot weather and heat
extremes: from personal cooling strategies to green cities. Lancet
398, 709-724 (2021).

75. Jay, O. et al. Fanning as an alternative to air conditioning-a sus-
tainable solution for reducing indoor occupational heat stress.
Energy Build. 193, 92-98 (2019).

76. Vecellio, D. J., Kong, Q., Kenney, W. L. & Huber, M. Greatly
enhanced risk to humans as a consequence of empirically deter-
mined lower moist heat stress tolerance. Proc. Natl. Acad. Sci. 120,
2305427120 (2023).

77. Marcopia County Department of Public Health, 2024 Heat-Related
Deaths Report. 24 https://www.maricopa.gov/ArchiveCenter/
ViewFile/ltem/5934 (2025).

78. Jay, O., Vanos, J., Gagnon, D. & Tartarini, F. To save lives in heat-
waves, focus on how human bodies work. Nature 644,

35-38 (2025).

79. Chaseling, G. K. et al. Simple strategies to reduce cardiac strain
in older adults in extreme heat. N. Engl. J. Med. 391, 1754-1756
(2024).

80. Casanueva, A. et al. Overview of existing heat-health warning sys-
tems in Europe. Int. J. Environ. Res. Public Health 16, 2657 (2019).

81. Luthi, S. et al. Rapid increase in the risk of heat-related mortality.
Nat. Commun. 14, 4894 (2023).

82. Gabbe, C. J., Pierce, G., Petermann, E. & Marecek, A. Why and how
do cities plan for extreme heat? J. Plan. Educ. Res. 44,

1316-1330 (2024).

83. Chakrabortty, R. et al. Mitigating urban heat islands in the Global
South: Data-driven approach for effective cooling strategies. Earth
Systems and Environment 9, 1-28 (2024).

84. Guardaro, M. et al. HeatReady neighbourhoods: a planning rubric
for extreme heat. Journal of the American Planning Association 91,
1-15 (2024).

85. Vecellio, D. J., Wolf, S. T., Cottle, R. M. & Kenney, W. L. Evaluating
the 35 °C wet-bulb temperature adaptability threshold for young,
healthy subjects (PSU HEAT Project). J. Appl. Physiol. 132,
340-345 (2022).

86. Racinais, S. et al. Core temperature up to 41.5 °C during the UCI
road cycling world Championships in the heat. Br. J. Sports Med. 53,
426-429 (2019).

87. Bouchama, A. et al. Classic and exertional heatstroke. Nat. Rev. Dis.
Prim. 8, 8 (2022).

88. Takahashi, Y. et al. Thermoregulation model JOS-3 with new open-
source code. Energy Build 231, 110575 (2021).

89. Joshi, A., Twidwell, B., Park, M. & Rykaczewski, K. Comparative
analysis of thermoregulation models to assess heat strain
in moderate to extreme heat. J. Therm. Biol. 127, 104035
(2025).

90. Fiala, D., Havenith, G., Brode, P., Kampmann, B. & Jendritzky, G.
UTCI-Fiala multi-node model of human heat transfer and tempera-
ture regulation. Int. J. Biometeorol. 56, 429-441 (2012).

91. Hersbach, H. et al. The ERA5 global reanalysis. Q. J. R. Meteorol.
Soc. 146, 1999-2049 (2020).

92. Lloyd, C.T. et al. Global spatio-temporally harmonised datasets for
producing high-resolution gridded population distribution data-
sets. Big Earth Data 3, 108-139 (2019).

93. Davies-Jones, R. An efficient and accurate method for computing
the wet-bulb temperature along pseudoadiabats. Mon. Wea. Rev.
136, 2764-2785 (2008).

94. Guzman-Echavarria, G. & Vanos, J. K. PyHHB: Physiological-based
estimations of human survivability and liveability to heat in a
changing climate. Zenodo https://zenodo.org/records/

15642387 (2023).

95. Guzman-Echavarria, G., Middel, A. & Vanos, J. Beyond heat expo-
sure—new methods to quantify and link personal heat exposure,
stress, and strain in diverse populations and climates: The journal
temperature toolbox. Temperature 10, 358-378 (2023).

96. SCMP, Record heat wave in Thailand kills 61 people since start of
2024, more than all of 2023 https://www.scmp.com/news/asia/
southeast-asia/article/3262176/heatstroke-thailand-kills-61-people-
start-2024-more-all-2023?module=perpetual_scroll_ 0&pgtype=
article (2024).

97. Alvarado, A., Extreme heat has killed more than 200 in Mexico since
March. CNN. https://edition.cnn.com/2023/07/27/americas/
extreme-heat-kills-over-200-mexico-intl-hnk/index.html (2023).

98. Masood, |., Majid, Z., Sohail, S., Zia, A. & Raza, S. The deadly heat
wave of Pakistan, June 2015. Int. J. Occup. Environ. Med. 6,

247 (2015).

99. Dodla, V. B., Satyanarayana, G. C. & Desamsetti, S. Analysis and
prediction of a catastrophic Indian coastal heat wave of 2015. Nat.
Hazards 87, 395-414 (2017).

Acknowledgements

This research was supported by the following grant numbers: Aus-
tralian Research Council grant number CE230100012 (S.E.P.-K.);
Australian Research Council grant number CE170100023 (C.H.G.);
National Health and Medical Research Council grant number 2021/
GNT2009507 (O.J). National Science Foundation grant numbers
CMMI-2045663 and OISE-2330587 (J.K.V. and G.G.-E.); NOAA's
Climate Programme Office’s Modelling, Analysis, Predictions, and
Projections Programme, through funds from the Inflation Reduction
Act Forward Looking Projections initiative grant number
NA230AR4310599 (J.W.B. and H.S.).

Author contributions

All authors conceived the study. S.E.P.-K. led the research and manu-
script writing, with regular input from O.J., C.H.G., JW.B., J.V., H.S. and
G.G.-E. C.H.G. performed the technical analyses. All authors contributed
to writing and reviewing the manuscript.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-026-70485-1.

Correspondence and requests for materials should be addressed to
Sarah E. Perkins-Kirkpatrick.

Peer review information Nature Communications thanks the anon-
ymous reviewers for their contribution to the peer review of this work. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Nature Communications | (2026)17:2590

13


https://www.maricopa.gov/ArchiveCenter/ViewFile/Item/5934
https://www.maricopa.gov/ArchiveCenter/ViewFile/Item/5934
https://zenodo.org/records/15642387
https://zenodo.org/records/15642387
https://www.scmp.com/news/asia/southeast-asia/article/3262176/heatstroke-thailand-kills-61-people-start-2024-more-all-2023?module=perpetual_scroll_0&pgtype=article
https://www.scmp.com/news/asia/southeast-asia/article/3262176/heatstroke-thailand-kills-61-people-start-2024-more-all-2023?module=perpetual_scroll_0&pgtype=article
https://www.scmp.com/news/asia/southeast-asia/article/3262176/heatstroke-thailand-kills-61-people-start-2024-more-all-2023?module=perpetual_scroll_0&pgtype=article
https://www.scmp.com/news/asia/southeast-asia/article/3262176/heatstroke-thailand-kills-61-people-start-2024-more-all-2023?module=perpetual_scroll_0&pgtype=article
https://edition.cnn.com/2023/07/27/americas/extreme-heat-kills-over-200-mexico-intl-hnk/index.html
https://edition.cnn.com/2023/07/27/americas/extreme-heat-kills-over-200-mexico-intl-hnk/index.html
https://doi.org/10.1038/s41467-026-70485-1
http://www.nature.com/reprints
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-70485-1

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if you modified the licensed
material. You do not have permission under this licence to share adapted
material derived from this article or parts of it. The images or other third
party material in this article are included in the article’s Creative
Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons
licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2026

Nature Communications | (2026)17:2590

14


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.nature.com/naturecommunications

	Deadly heat stress conditions are already occurring
	Results
	Observed heatwaves in the context of non-survivability for older people
	City-scale survivability

	Discussion
	Methods
	Historical Data
	City and station analysis
	Population statistics
	Calculation of wet-bulb temperature
	Computing physiological non-survivable heat stress limits
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




