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Abstract

Large increases in joint heat-humidity extremes are a robust feature of climate projections, more so than increases in either
variable independently. The wet-bulb temperature threshold of 35°C is considered particularly important, corresponding to the
level at which it is impossible for the human body to maintain homeostasis. Our analysis of more than 7500 global weather
stations from HadISD reveals that instances of 35°C have already been briefly but reliably recorded in some cities of the coastal
Middle East. Additionally, South Asia and coastal areas throughout the subtropics regularly experience values perilously close to
this threshold. Station and ERA-Interim reanalysis data both indicate that the most extreme heat-humidity combinations have
increased significantly over the 1979-2017 period. We develop and employ a generalized-extreme-value model to estimate that the
30-year return value of global-maximum wet-bulb temperature at ERA-Interim resolution will exceed 35°C when global-mean
temperature has risen between 1.5°C and 2.0°C above the pre-industrial, masking even higher values at smaller spatial scales.
The occurrence in the coming decades of such severe heat and humidity over large populated regions represents a situation
never before experienced. We also present observational evidence that these wet-bulb temperature extremes are fostered by
locally high SSTs as well as modulated by regional dynamics such as monsoons. Large-scale climate modes of variability, such
as ENSO, lead to highly correlated interannual variability between the number of global exceedances of different wet-bulb
temperature thresholds. Overall, our results show that the wet-bulb temperature ‘safety margin’ between currently reported
values and 35°C is both smaller than previously understood and rapidly shrinking, presenting a serious challenge to human

survival in the hottest and most humid places on Earth.
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One Sentence Summary: Extreme humid heat is closer to humans’ physiological limit than
previously reported, and the margin is being cut more rapidly than models project.
Abstract:

Humans' ability to efficiently shed heat has enabled us to range over every continent, but
a wet-bulb temperature of 35°C marks our upper physiological limit, and severe health and
productivity impacts occur at lower values. Climate models first project 35°C occurrences only
late this century under high-end emissions scenarios. Conducting a comprehensive observational
evaluation, we show the first evidence that some subtropical locations have already reached
35°C, and that occurrences of extreme humid heat overall have more than doubled since 1979.
Our results shift earlier by decades the projected period when global-maximum TW values
regularly exceed 35°C. We also discover strong relationships with sea-surface temperatures,
which are themselves approaching dangerously high values. Our findings underscore the
exceptional challenge posed to society by extreme humid heat.

Main Text:

Humans’ bipedal locomotion, naked skin, and sweat glands are constituents of a
sophisticated cooling system (7). Despite these thermoregulatory adaptations, extreme heat
remains one of our most dangerous natural hazards (2), with tens of thousands of fatalities in the
deadliest events so far this century (3,4). The combined impacts of heat and humidity are well-

established and extend beyond direct health outcomes to include reduced individual performance
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across a range of activities, as well as larger-scale economic impacts (5-7). Heat-humidity impacts
have prompted decades of study in military, athletic, and occupational contexts (8,9). However,
consideration of TW from a climate perspective only began more recently (10,11).

While some heat-humidity impacts can be avoided through acclimation and behavioral
adaptation (72), there exists a hard upper limit for survivability, even under idealized conditions
of perfect health, total inactivity, full shade, absence of clothing, and unlimited drinking water
(9,10). Our normal internal body temperature of 36.8 + 0.5°C requires skin temperatures of around
35°C to maintain a gradient directing heat outward from the core (70, 13). Once the air (dry-bulb)
temperature rises above this threshold, metabolic heat can only be shed via sweat-based latent
cooling, and at TW exceeding 35°C, this cooling mechanism loses its effectiveness altogether.
Because the ideal assumptions are almost never met, severe impacts occur at much lower values
— for example, most regions affected by the deadly 2003 European and 2010 Russian heatwaves
experienced TW no greater than 28°C (Fig. S1). In the literature to date, there have been no
observational reports of TW exceeding 35°C, and few reports exceeding 33°C (9,11,14,15). The
awareness of a physiological limit has prompted modeling studies to ask how soon it may be
crossed. Results suggest that, under a business-as-usual RCP8.5 warming scenario, TW could
exceed 35°C in South Asia and the Middle East by the end of the century (74-16).

Here, we use quality-assured station observations (7/7,18) and high-resolution reanalysis
data (19,20) to establish the baseline values and geographic patterns of TW, and to use recent
trends in TW and in SSTs to provide observationally based constraints on future TW projections
as climate change continues.

In contrast to these earlier studies, we find large numbers of TW exceedances of 31°C and

33°C, and that three stations in the dataset have recorded multiple daily-maximum TW values
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already exceeding 35°C. These are exceptional conditions, beyond prolonged human tolerance.
The three aforementioned stations are Dhahran/Dammam (Saudi Arabia, population 1.1 million);
Doha (Qatar, population 1.75 million); and Ras Al Khaimah (UAE, population 0.3 million), all
located on the southern Persian Gulf, which is known to reach extraordinarily high SSTs in late
spring and summer and consequently favor the occurrence of extreme humid heat (2,7/4). These
conclusions are supported by regionally coherent observational evidence: of the stations in the
Persian Gulf area with at least 90% data availability, all have a historical 99.9" percentile of TW
(the value exceeded roughly 14 times in the 39 years studied) above 31°C (Fig. 1; see Fig. S1 for
the all-time maximum observed TW). In ERA-Interim, the highest values are also confined to the
southern fringe of the Persian Gulf (Fig. S2). Its global highest TW has come very close to, but
not yet reached, the 35°C threshold (Fig. 2).

Other >31°C hotspots emerge through the 99.9" percentile metric: eastern coastal India,
northwestern India, Pakistan, northwestern Australia, and the shores of the Red Sea, Gulf of
California, and Gulf of Mexico (Fig. 1). All are situated in the subtropics, along coastlines (often
with a semi-enclosed gulf or bay of shallow depth, limiting ocean circulation and facilitating
high SSTs), and in proximity to sources of continental heat, which along with the maritime air
seem to be the necessary ingredients for truly extraordinary TW values to occur (/7). The
exception to the coastline rule is western South Asia, perhaps due to the efficient inland transport
of humid air by the summer monsoon in combination with large-scale irrigation (15,21).
Tropical-forest and maritime areas generally experience TW no higher than 31-32°C, likely
because of the high evapotranspiration potential and cloud cover, along with the greater
instability of the tropical atmosphere. However, more research is needed on the thermodynamic

mechanisms that prevent these areas from reaching higher values.
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Steep and statistically significant upward trends in extreme TW frequency (exceedances
of 27°C, 29°C, and 31°C) and magnitude are present in HadISD and ERA-Interim, coincident
with the rise in global-mean air temperature (Fig. 2). Each of the frequency trends represents
more than a doubling of occurrences of the corresponding threshold between 1979 and 2017. We
also find a sharp peak in the number of global TW extremes for many thresholds during the
strong El Nifo events of 1998 and 2016. Detrending reveals that this El Nifio-Southern
Oscillation [ENSO] correlation is largest for TW values that are high but not exceptional across
the tropics and subtropics — for instance, 27°C and 29°C (Fig. S3). This phenomenon may be
related to the effect of ENSO on hydrological extremes at the global scale, on tropospheric-mean
temperatures, or on SSTs in particular basins, but further work is necessary to test these new
hypotheses (22,23). At the regional scale, we find that for the hotspot basins of the Bay of
Bengal and the Gulf of Mexico, summer average SSTs correlate well (r>0.7) on a detrended
interannual basis with the count of extreme-TW occurrences on the surrounding coasts. This
modulation of extreme TW by SSTs is consistent with previous assessments along the United
States coast (24).

Modulation is also seen in the seasonal cycle of TW extremes. As a joint function of
temperature and humidity, TW has a seasonal cycle in its extremes distinct from that of
temperature alone, and this is seen most clearly in monsoonal regions. For South Asia, the timing
of peak TW varies with the advance of the summer monsoon (715). Splitting South Asia into
‘early monsoon’ and ‘late monsoon’ subregions, we find that the number of TW extremes is
largest just prior to the local climatological monsoon onset date (Fig. S4). While equivalent
extreme values of TW are possible before, during, and after the monsoon rains in any given year,

they are of a different character: low relative humidity before the monsoon starts, and then
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become progressively moister as summer progresses. This result emphasizes the variations in the
circumstances that can lead to extreme humid heat even in the same location, and suggests that
impacts-mitigation strategies may benefit from taking this distinction into account.

The aforementioned significant correlation between annual TW maxima and global-mean
air temperature (series plotted in the bottom two panels of Figure 2; r=0.53; p=0.001) enables
fitting a non-stationary generalized extreme value [GEV] distribution to model the 30-year return
value for global maximum TW as a function of global-warming amount. Relative to pre-industrial,
30-year maximum TW at the ERA-I resolution has increased by almost 1°C. By the time global
warming reaches 1.9°C, our GEV projection's central estimate suggests that the 30-year global
return value will exceed the 35°C limit (Fig. 3). These observationally-constrained analyses
therefore suggest relatively large-scale exceedances of this critical value should be expected
between the Paris targets of 1.5°C and 2°C of global warming.

To assess the physical realism of our GEV extrapolation, we also examine independent
maximum monthly SSTs. An atmospheric boundary layer fully equilibrated with the ocean surface
would be at saturation and have the same temperature as the underlying SSTs, meaning that in
principle 35°C is the lowest SST that could sustain the critical 35°C value of TW in the air above.
In reality, equilibrium will not be achieved if air-mass residence times over extreme SSTs are too
short, which may be more likely if strong surface heating triggers deep convection (/0). Current
SSTs provide some guidance as to whether projections of TW above 35°C are physically plausible
in marine and coastal environments. In this context, we find that SSTs have already exceeded 35°C
in the Persian Gulf, reaching 35.2°C in 2017 (Fig. S5). The extraordinary 2017 SSTs are, however,
an outlier to the preceding timeseries, so we exploit the correlation between SSTs and global-mean

temperature to investigate the amount of climate warming required before such exceedances could
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be the norm. The results provide physically based support to the GEV analysis, predicting
maximum monthly-mean SSTs will routinely reach 35°C for about 2.1°C of warming from pre-
industrial (1.5-3.0°C; 95% confidence interval) (Fig. 3).

Our findings indicate that occurrences of extreme TW have increased rapidly at weather
stations and in reanalysis data over the last four decades, and that parts of the planet are very close
to the 35°C survivability limit, which may have already been reached near the shores of the Persian
Gulf. The trends we describe indicate with new clarity that, for significant areas of the world, the
buffer between current observations and 35°C has been reduced considerably by the global
warming to date. TW exceeding 35°C has not yet been realized at the larger spatial scale of
reanalysis data, but according to our assessment, this is possible with around 2°C of warming since
pre-industrial, rather than requiring more severe warming scenarios as postulated in prior work
(10,14-16).

Taken together, our work underlines that the planet is in the process of transitioning to a
climate state featuring extremes well outside the range of past natural variability in which our
physiology evolved (25). Beyond 2°C of global warming from pre-industrial, this transition will
be largely complete (26). The deadly heat events already experienced in recent decades are

indicative of the growing societal challenges resulting from extreme humid heat.
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Fig. 1. Observed global extreme humid heat. Color symbols represent the 99.9% percentile of
observed daily-maximum TW for 1979-2017, for HadISD stations with at least 90% data

5 availability over this period. Note that marker size is inversely proportional to station density.
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Fig. 2. Global trends in observed extreme TW. (A-D) Counts of TW exceedance (units are total
annual station-days) above the thresholds labeled on the respective panel. We consider only
stations with at least 90% data availability over 1979-2017. (E) Annual global maximum TW in
the ERA-Interim reanalysis (18). (F) The line plot shows global mean annual temperature
anomalies (relative to 1850-1879) according to HadCRUT4 (27); circles mark the rare station

occurrences of TW exceeding 35°C, with radius linearly proportional to frequency.
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Fig. 3. Projections of most-probable global-mean warming associated with recurring exceedances

of 35°C for global-maximum TW and SST. (A) Black line and gray shading show 30-year return

periods of global-maximum TW predicted by the GEV model for the values of global warming

since pre-industrial shown on the abscissa. Magenta circle is the empirical return period for the

last 30 years (0.73°C); the dotted green line provides the corresponding GEV-based estimate.

Red line denotes the amount of warming at which the GEV model predicts a maximum TW of

35°C. (B) Global-mean temperature anomaly over climate-normal periods and corresponding

global-mean maximum SST. The fitted regression function is dotted, with goodness of fit

annotated. The 95% prediction interval is enclosed within the shaded region, and the central

estimate for when mean maximum SST rises above 35°C is denoted by the red lines.
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