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The hottest boreal summer on record has driven widespread humid heat mortality across
every continent of the northern hemisphere. With critical physiological limits to human
heat tolerance drawing ever closer, this Comment highlights the urgent need to limit

further climate warming and emphasises the adaptation challenge ahead.

Sufficiently high combinations of air temperature and humidity (levels of “humid heat”) can be
lethal to humans. Most heat-related mortality occurs in older adults and those with existing
disease, via cardiovascular and respiratory pathways’. However, thermodynamic laws mean
that there are upper limits to the levels of humid heat that even the healthiest can tolerate?. Our
highly sophisticated thermoregulatory strategies — not least sweating — simply cannot prevent
overheating once air temperature and humidity exceed critical thresholds. If such
‘uncompensable heat’ is sufficiently long-lasting, lethal increases in internal body (‘core’)

temperature can result?,

The stark reality of an immutable upper limit to humid heat tolerance was highlighted in a
landmark 2010 paper?, but only recently have laboratory studies identified levels of humid heat
above which core temperature cannot be held-at a safe level for scenarios of minimal activity
(e.g., standing and talking). These ‘uncompensable thresholds’ differ significantly across ages,
corresponding to wet-bulb temperatures of ~25 to 31°C for younger adults®, and ~23 to 28°C
for older adults®. Physiological modelling studies have been able to reproduce these limits®,
allowing uncompensable thresholds to be defined across a broad range of air temperatures and

relative humidities (Box Fig. 1b).

Around 4% of global weather stations have already recorded at least one six-hour period of
uncompensable heat®. These crossing events have occurred in the tropics and subtropics, where
in the most impacted regions — for example, around the Persian/Arabian Gulf, across the Indo-
Gangetic Plain, and in Southeast Asia — there may already be multiple uncompensable heat
events each year®. Ongoing human-caused climate warming and increasing humidity will
intensify these potentially lethal humid heat risks®’, with rapid escalation anticipated even for
relatively limited additional warming. Analysis from Powis et al.®, for example, indicates that
the fraction of weather observing sites in Europe experiencing at least one six-hour
uncompensable episode per-century could rise almost ten-fold (from 2.9 to 24.5 %) if warming
increases from 1°C to 2°C above preindustrial. In North America, once-per-decade
uncompensable heat events would become almost as widespread for the same change in

warming level, with the proportion of weather observing sites affected rising from 7 to 20.9 %.
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Challenges in using uncompensable heat to infer mortality

Whilst the importance of uncompensable heat as a potential inflection point in health
consequences is clear, key knowledge gaps currently preclude being able to quantify the lethal
impacts of uncompensable heat. First, there is not one uncompensable threshold even within
age groups, but a range depending on individual characteristics, such as levels of
acclimatisation to humid heat, and the presence of co-morbidities®. Second, uncertainty in the
relationship between uncompensable and unsurvivable heat remains._ understudied. By
definition, conditions above the uncompensable threshold unavoidably lead to metabolic heat
accumulation in the body, but how inevitably and how quickly that translates. into fatal

overheating is less clear®.

Even perfect physiological understanding cannot presently be translated into accurate mortality
projections due to tightly coupled unknowns in human behaviour and exposure to extreme
humid heat. Behaviourally, for example, greater clothing coverage can reduce heat tolerance,
whereas dousing or immersion in cool water can increase it!%. Moreover, access to cool (e.g.,
air conditioned) refugia can cause individually experienced conditions to be compensable, even
when the outdoor environment is not. On the other hand, for those without such access, the
outlook is more concerning — not least because humid heat, both indoors and outside, is often

more extreme in urban environments than is recorded at official weather stations?.

These seemingly intractable challenges of generating physiology-based mortality projections
have led to statistical approaches being used to link excess mortality to extreme temperatures
and humidity levels. However, such measures are poorly equipped to quantify the lethal
consequences of overstepping physiological limits in a future climate far beyond the reference

of human history.
Widespread mortality during the hottest summer on record

From North America, across Sahelian Africa, Mediterranean Europe and the Middle East,

through to Southeast Asia, significant heat-related mortality during the warmest boreal summer

on record highlighted the deadly threat from rising global temperature and humidity. However,
what these events can tell us about the lethal potential of uncompensable heat is less clear.
First, the scale of mortality impacts is challenging to establish due to well-known limitations
in health surveillance data'?. Second — and for the reasons outlined above — considerable

uncertainty in individuals’ behaviour and exposure limits our ability to draw conclusions about
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the extent to which uncompensable heat was encountered during these lethal episodes.
However, one mortality event stands out as an exception. The annual Hajj pilgrimage to Mecca

saw over 1,300 reported fatalities in an event during which temperature and humidity exposure

could also be determined with reasonably high confidence, and where behavioural variations
were heavily constrained. It provided rare insight and an unambiguous warning of the threat

from uncompensable heat (Box 1).
A warning of things to come

The mass mortality events that occurred in Mecca and across the Northern-Hemisphere this
year may be dwarfed under further climate warming. To illustrate, Vecellio et al.” find that, if
global warming reaches 2°C above preindustrial, mega-city Delhi (India) — with a population
of over 30 million people and climbing — is projected to experience approximately 40 hours
each year when temperature and humidity combinations would reach uncompensable levels for
young adults®. If warming reached 4°C, Delhi could expect over 550 hours of uncompensable
heat, and the most frequently impacted regions on Earth (e.g., around the Red Sea) could endure

over 300 days per year in which daytime conditions are continuously uncompensable.

We view the mass mortality event in Mecca, during the hottest summer on record, as a stark
illustration of the lethal impacts of humid heat at levels that human physiology cannot endure.
We therefore urge that mitigating global warming through radical reductions in greenhouse gas
emissions, especially from fossil fuel use, remains a vital pathway for blunting the deadly threat
posed by rising temperature and-humidity. Societal adaptation is also critical given the
unavoidable escalation in heat stress within even our near-term future. In particular, efforts
must urgently address how to provide protection from humid heat beyond human physiological
tolerance. These measures must be accessible to all populations; continue to function
effectively despite.insecurities or disruptions in energy infrastructure caused by extreme
weather events'3 or other challenges; and, wherever practicable, must not contribute to driving
up greenhouse gas concentrations. The mitigation and adaptation challenges are high, but the

penalty of inaction from humid heat threatens to be far higher.
Box 1: Extreme humid heat meets high exposure and vulnerability in Mecca

The 2024 Hajj pilgrimage took place between 14-19 June, with over 1,300 fatalities reported

amid extreme humid heat and a lack of universal access to reliable air conditioning. Data from

a nearby weather station reveals that temperature and humidity combinations crossed the
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uncompensable threshold for older adults during four periods of six or more continuous hours,
even without accounting for sun exposure (Box Fig. 1). The uncompensable threshold for

younger adults was also breached for two hours on 18 June (Box Fig. 1a).

Physiological understanding predicts that, even if in the shade, well hydrated and resting, a
potentially lethal rise in core body temperature would, at times, have been expected during the
2024 Hajj for both the elderly and young. As many of the pilgrims would have been in direct
sunlight, undergoing exertion and possibly dehydrated, susceptibility to heat stress was likely
greatly magnified®. Additional factors such as comorbidities, and a lack of acelimatisation to
the severity of the local conditions for visitors from abroad, would have further increased risks

of mortality from the extreme combinations of temperature and humidity.**

This tragedy is a present-day example of the limitations of adaptation incombating the growing
risk of uncompensable heat under climate warming. Analogous to the pilgrims who lacked
permits to access official air conditioned shelters, many of the world’s most vulnerable simply
cannot afford to install or operate air conditioning®. Second, relying on air conditioning is
precarious because widespread power outages, already common in many vulnerable regions,
are more likely to occur during extreme humid heat episodes®®. Third, unless energy generation
transitions rapidly to renewable sources, continued widespread uptake of air conditioning will
drive further increases in greenhouse gas emissions and, subsequently, heat stress in a vicious

cycle.
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Box Fig. 1. Temperature and humidity combinations surpassed uncompensable
thresholds during the 2024 Hajj. (a) Hourly wet-bulb temperature calculated from dry-bulb
temperature and relative humidity observed at the nearest weather station (Mount Arafat,
located about 20 km southeast of Mecca, with a mean surface air pressure of 980 hPa) retrieved
from the lowa Environmental Mesonet archive. Coloured points indicate when the
uncompensable thresholds were breached for older (red) and younger (purple) adults. Shaded
regions show periods where the threshold for older adults was breached for six or more
continuous hours. (b) Points indicate hourly values in (a) (14-20" June, 2024) plotted in
temperature-relative humidity space, with size proportional to the number of hours
experiencing that combination (see legend). Coloured points indicate when the uncompensable
thresholds were breached for older (red) and younger (purple) adults. Uncompensable
thresholds (colored lines) are taken from physiological models® for healthy adults, assuming
indoor or shaded conditions and minimal activity (~1.8 metabolic equivalents).
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