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Short Warm Distribution Tails Accelerate the Increase of
Humid-Heat Extremes Under Global Warming

Yianna Bekris'? (), Paul C. Loikith! ), and J. David Neelin®

'Department of Geography, Portland State University, Portland, OR, USA, 2School of the Environment, Washington State
University Vancouver, Vancouver, WA, USA, *Department of Atmospheric and Oceanic Sciences, University of California
Los Angeles, Los Angeles, CA, USA

Abstract Humid-heat extremes threaten human health and are increasing in frequency with global
warming, so elucidating factors affecting their rate of change is critical. We investigate the role of wet-bulb
temperature (T, frequency distribution tail shape on the rate of increase in extreme T, threshold exceedances
under 2°C global warming. Results indicate that non-Gaussian T, distribution tails are common worldwide
across extensive, spatially coherent regions. More rapid increases in the number of days exceeding the
historical 95th percentile are projected in locations with shorter-than-Gaussian warm side tails. Asymmetry

in the specific humidity distribution, one component of T, is more closely correlated with T, tail shape

than temperature, suggesting that humidity climatology strongly influences the rate of future changes in 7',
extremes. Short non-Gaussian 7', warm tails have notable implications for dangerous humid-heat in regions
where current-climate 7', extremes approach human safety limits.

Plain Language Summary Extreme heat is more dangerous to humans when it is combined

with high humidity, so it is important to understand how the combination of heat and humidity will change
under continued global warming. We investigate how the current distribution of wet-bulb temperatures, a
heat-humidity measure, influences how future wet-bulb temperature extremes will increase. Results show

that locations with an asymmetrical wet-bulb temperature probability distribution, such that the warm side of
the distribution is shorter than if the distribution were normally shaped, are likely to see a faster increase in
extreme wet-bulb temperature days under the same warming compared with other locations. Results suggest
that the underlying humidity climatology is a more important driver of this distribution asymmetry compared to
the underlying temperature climatology.

1. Introduction

Anthropogenic global warming is amplifying extreme heat (IPCC, 2021; Perkins et al., 2012), one of the dead-
liest types of severe weather (Barriopedro et al., 2011; Buzan et al., 2015; Robine et al., 2008). Future warming
is confidently projected to further increase the frequency, severity, and extent of extreme heat events (Alexander
et al., 2006; Mora et al., 2017), even under a relatively modest 1.5°C warming above mean preindustrial temper-
ature (Dosio et al., 2018). In addition to high temperature, concurrent high humidity can enhance human heat
stress (Buzan & Huber, 2020; Davis et al., 2016; Sherwood & Huber, 2010; Wheeler, 1991), as demonstrated
by observed extreme humid-heat events with high death tolls (Barriopedro et al., 2011; Fischer & Knutti, 2013;
Karl & Knight, 1997; Raymond et al., 2020; Wehner et al., 2016). Extreme humid-heat is similarly projected to
increase in frequency, magnitude, and duration with global warming (Barnston et al., 2020; Coffel et al., 2017).

Wet-bulb temperature (T,) is a heat-humidity quantity defined as the lowest temperature achievable through the
saturation of water into an air parcel at constant pressure. Sherwood and Huber (2010) proposed that a T', of 35°C,
approximately human body temperature, is an unequivocal human adaptability threshold as evaporative cooling
through sweating becomes insufficient to regulate body temperature. The identification of this upper adaptabil-
ity limit has galvanized the study of extreme humid-heat (Buzan & Huber, 2020; Coumou & Robinson, 2013;
Matthews, 2018; Pal & Eltahir, 2016; Raymond et al., 2020; Y. Zhang et al., 2021). When the 35°C T, threshold
was introduced in 2010, climate models showed that it would likely not be reached until approximately 7°C global
warming (Sherwood & Huber, 2010). However, Raymond et al. (2020) discovered several instances exceeding
35°C T, in weather station data, and Matthews (2018) identified a maximum of 35.4°C T, at the hourly resolu-
tion in ERAS reanalysis.
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The 35°C T, threshold is specific to a still, naked human, possibly underestimating heat stress in real-world
conditions (Vanos et al., 2020). There is also scant experimental physiological research that substantiates this
theoretical limit, but a recent experiment found young, healthy subjects' body temperatures began to rise at
31°C T, and sometimes as low as 26°C T, (Vecellio et al., 2022). Furthermore, coincident high humidity and
heat has produced higher levels of morbidity and mortality in comparison to high heat alone, despite being
substantially below the theoretical adaptability limit (Fischer & Knutti, 2013; Mora et al., 2017; Schir, 2016).

Considering that climate change is already increasing the occurrence of dangerous T, extremes (Matthews, 2018;
Raymond et al., 2020), improving our understanding of their changing frequency and severity is prudent. Anthro-
pogenic temperature increases tend to be nonlinear and are not spatially uniform with respect to global mean
temperature changes (Friedrich et al., 2016; Huybers et al., 2014; Loikith et al., 2018; Seneviratne et al., 2016),
but 7, includes the added parameter of humidity, rendering the increase of T, more complex. Humidity affects the
partitioning of latent and sensible heat flux which impacts localized warming (Miralles et al., 2014; Seneviratne
et al., 2010; Skinner et al., 2018), and paradoxically increases in T, magnitude may differ from those of temper-
ature during local extreme heat events (Coffel et al., 2019). Atmospheric dynamics may temper an increase of 7',
extremes with global increases in temperature in the tropics (Sherwood & Huber, 2010; Y. Zhang et al., 2021),
with climate models projecting regional increases of approximately 1°C in T, per 1°C global increase in average
dry-bulb temperature (Y. Zhang et al., 2021). Rastogi et al. (2020) found that for heatwaves with anomalously
high values of the heat-humidity metric Apparent Temperature, there was an increase in temperature but rela-
tive humidity stayed the same, in contrast to relative humidity decreasing during dry heatwaves. There is also
evidence that humidity sources, such as soil moisture, can influence the shape of the temperature probability
density function (Berg et al., 2014; Zscheischler & Seneviratne, 2017). These inherent complexities confound the
projection of future increases in extreme 7',

Another complicating factor in the increase of T}, extremes is the shape of the T, probability distribution.
The non-Gaussian nature of temperature climatology is well-established (Catalano et al., 2021; Garfinkel &
Harnik, 2017; Linz et al., 2018; Perron & Sura, 2013; Simolo et al., 2010, 2011; B. Zhang et al., 2022), and
some physical explanations have been offered, generally related to underlying horizontal temperature gradients
(Catalano et al., 2021; Garfinkel & Harnik, 2017; Linz et al., 2018; Perron & Sura, 2013), but non-Gaussianity in
T, distributions has not been explored to our knowledge. Tail shape relative to a Gaussian strongly influences the
rate of changes in exceedances over a fixed extreme temperature threshold, and a shorter-than-Gaussian warm tail
can lead to a greater increase in extreme warm exceedances under global warming than if the tail were Gaussian
or longer (Loikith et al., 2018; Loikith and Neelin, 2015, 2019; Ruff & Neelin, 2012). We investigate the global
prevalence of T, temperature, and specific humidity (g) non-Gaussian tails and their influence on future T,
exceedances above the current-climate 95th percentile extreme threshold under 2°C global warming.

2. Data

We utilized 31 models contributing to the sixth phase of the Coupled Model Intercomparison Project (CMIP6;
Eyring et al., 2016; Table S1 in Supporting Information S1) which were validated against reanalysis from the
Modern-Era Retrospective analysis for Research and Applications, Version 2 (MERRA-2; Gelaro et al., 2017).
Models were selected based on the availability of the necessary meteorological variables (specific humidity,
dry-bulb temperature, and pressure) for 7', calculation, and MERRA-2 variables used for calculating 7', were
specific humidity, 2m temperature, and surface pressure. Scenarios from CMIP6 included the preindustrial
control (piControl), historical, and the highest emission scenario, ssp585. The first ensemble member of each
model was used when more than one was available. Both CMIP6 models and MERRA-2 data were regridded
from their native resolutions (CMIP6 model resolutions in Table S2 in Supporting Information S1; MERRA-2
native resolution is 0.5° latitude by 0.625° longitude) to a 2° latitude by 2° longitude resolution using bilinear
interpolation, and resampled from hourly values to a daily mean. Some results were also compared against the
ERAS reanalysis which is provided on a 0.25° latitude-longitude grid (Hersbach et al., 2020). All land masses
with the exception of Antarctica are included.

3. Methodology

T,, was calculated using a Python translation (Li, 2019) of a Matlab implementation (Kopp, 2016) of the
Davies-Jones (2008) method utilizing pseudoadiabats and employed by Buzan et al. (2015). This method is
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accurate up to 40°C T, (Davies-Jones, 2008). We compared historical multi-model ensemble mean (MMEM)
results with MERRA-2 data for 1985-2014. T, anomaly distributions for June—July—August (JJA) and December—
January—February (DJF) were created for each model for the historical period of 1985-2014 and the MERRA-2
dataset at each grid cell. Anomalies were constructed by subtracting the daily T, climatology computed over
the entire historical period from each day separately for each dataset. Gaussianity was assessed through a shift
ratio, which is obtained by shifting each distribution by 0.5 standard deviations (o), counting the increase in
days exceeding the pre-shifted 95th percentile, and dividing by the increase expected from an equivalently
shifted Gaussian distribution as detailed by Catalano et al. (2020). If the shift ratio is greater than one, the tail is
shorter-than-Gaussian, and longer if the shift ratio is less than one.

The expected increase in threshold exceedances from a Gaussian is computed by shifting a Gaussian distribution
0.50 10,000 times and finding the median of these shifts. A warm tail is deemed statistically significantly differ-
ent from Gaussian if the increase in exceedances after the shift falls above the 95th percentile of the 10,000 shift
values. The distribution is shifted by 0.5¢ instead of a fixed value to ensure the shift is proportional to the width
of the distribution This approach serves as a variant of the Kolmogorov—Smirnov/Lilliefors test for normality
(Loikith & Neelin, 2015) and differs from measuring skewness as it is applicable to more symmetrical distribu-
tions which have short or long tails on both sides of the distribution.

We computed a pre-industrial baseline global average temperature (1850-1900) to identify the initial 30-year
period in which each model simulates 2°C time-average warming of global mean surface air temperature (Table
S1 in Supporting Information S1), which acts as our future period. This helps compensate for differences in equi-
librium climate sensitivity, which is highly variable within CMIP6 (Zelinka et al., 2020), thus constraining the
range of warming magnitudes relative to the historical period. Any future warming scenario in which all models
reach a global warming of 2°C above the preindustrial mean could be used, however we used the ssp585 scenario
here. To assess the influence of historical tail shape on future extreme exceedances, we calculate a warming ratio
(as in Loikith et al., 2018) at each grid cell for each climate model using the following procedure:

1. Calculate the exceedances of the 1985-2014 95th percentile of T, for the future period.

2. Shift a Gaussian distribution by the simulated mean warming (in ¢) between the historical and future periods,
and calculate the exceedances of the pre-shifted 95th percentile.

3. Divide the value from step #1 by step #2 to obtain the warming ratio.

A warming ratio greater than one denotes a larger increase in extreme T, exceedances than expected from warm-
ing a Gaussian by the same amount. We note that models which warm faster are closer to the 2°C threshold above
the preindustrial baseline by the 1985-2014 reference period than models that warm slower. In all cases, warming
magnitude is relatively modest and realistic within the near future, allowing for a pragmatic illustration of the
effects of non-Gaussian warm side 7', tails under near-future warming.

4. Results
4.1. Global Analysis

As with temperature (Linz et al., 2018; Loikith et al., 2018; Loikith & Neelin, 2019; Ruff & Neelin, 2012), results
indicate extensive, spatially coherent regions of non-Gaussian 7', warm side tails worldwide in both CMIP6 and
MERRA-2 (Figure 1). Regions with short tails extend across both the northern and southern hemispheres in JJA
and DJF. For relevance to impacts, we focus primarily on short tail regions in the summer season in the extratrop-
ics, along with the tropics in both seasons. Some notable summer examples of short tailed regions in MERRA-2
(Figures 1a and 1b) are the southeastern United States, southern Europe and parts of Southeast Asia in JJA, and
central South America, southern Africa and northern Australia in DJF. Prior research on dry-bulb temperature
distributions suggests that short tails are expected to be most impactful on future increases in threshold exceed-
ances in regions with hotter 7', climatologies (Loikith et al., 2018; Loikith & Neelin, 2015; Ruff & Neelin, 2012),
such as the southeastern United States. Long tails are also prevalent across the Sahara in DJF and the Arabian
Peninsula in JJA, although these are not as widespread as short tails. A possible explanation for these long tails is
the close spatiotemporal relationship between precipitation and extreme humid-heat days in this region (Speizer
et al., 2022).

Comparison of MERRA-2 shift ratios with those of the CMIP6 MMEM (Figures 1c and 1d) reveals that the
MMEM realistically captures the reanalysis shift ratio patterns. For example, the short tails in the southeastern
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Figure 1. Wet-bulb temperature shift ratio maps for (a—b) MERRA-2 reanalysis and (c—d) the CMIP6 multi-model ensemble
mean (MMEM) based on distributions for 1985-2014. Values larger than one (red hues) indicate a short tail at high
temperatures and a larger number of exceedances than if the shifted distribution were Gaussian. Values less than one (blue
hues) signify a long tail and a lower number of exceedances than if the shifted distribution were Gaussian. White grid cells on
land in MERRA-2 represent a warm-tail that is not significantly different from a Gaussian. (e-f) Warming ratio maps for the
CMIP6 MMEM comparing CMIP6 projections at 2°C warming (see text) to a Gaussian shifted by the same mean warming
relative to the 1985-2014 historical period. Color conventions as for (a—d).

United States, across Europe, and throughout central America in JJA closely resemble reanalysis as do the short
tails in northern Australia and Central America in DJF. There are some locations with less agreement, such as
the long tails in the MMEM over India in JJA. Because the MMEM includes 31 models, some variability and
magnitude may be reduced compared to individual models. In a few regions, a broad area that is mostly Gauss-
ian according to MERRA-2 can appear non-Gaussian in the MMEM, such as across the Amazon basin and the
northern Sahara desert. Despite these caveats, the patterns of short and long tails are spatially similar between the
reanalysis and climate model data, including when comparing individual models (not shown).

Figure 1 (bottom row) shows maps of the CMIP6 MMEM warming ratio, with values greater than one indicating
a larger projected increase in extreme T, threshold exceedances than expected from shifting a Gaussian by the
same mean warming. The close correspondence between the shift and warming ratios in Figure 1 highlights
the important role tail shape plays in the rate of increase in extreme threshold exceedances. In general, regions
with shorter-than-Gaussian warm tails are projected to see faster-than-Gaussian increases in extreme warm 7',
threshold exceedances while regions with longer-than-Gaussian warm tails are projected to see a slower increase.
While the warming ratios have more variation between models comprising the MMEM than the shift ratios (not
shown), spatial patterns were mostly similar. There are some exceptions to the accordance between tail Gaussi-
anity and warming ratios, such as the central-western and southeastern coast of Australia in JJA and the south-
eastern United States in DJF. Elsewhere, there is only subtle incongruence between the shift ratio and warming
ratio, exemplified by their coincident extent across the entirety of North America in JJA, South America in DJF,
Australia in DJF, Africa in DJF, and Southeast Asia in JJA.

While short tails are projected to lead to a faster increase in the frequency of days that exceed the historical
extreme warm threshold, for areas with long tails, extreme threshold exceedances can be far above the mean,
and possibly dangerously high in some locations such as parts of the Arabian Peninsula or parts of India in JJA
(Im et al., 2017; van Oldenborgh et al., 2018). These locations may be the most at-risk of exceeding the 35°C
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Figure 2. A visual summary of the linear regression coefficients for the T, shift ratio, air temperature (T) shift ratio, and
specific humidity (g) shift ratio, and the 7', warming ratio, matched to each grid cell in each dataset. Each point represents
an individual CMIP6 model, and the black diamond represents the multi-model ensemble mean. All p-values are under 0.05.
Only grid cells on land for June—July—August in the northern hemisphere and December—January—February in the southern
hemisphere were included. A table of the values used to construct this figure are in Supporting Information S1 (Table S2 in
Supporting Information S1).

adaptability threshold under warming, even though the increase in exceedances frequency will be slower than
if the tail was Gaussian or shorter. Other long tailed locations may be exposed to extreme high T, that are so
anomalous that existing infrastructure is lacking in its ability to safely cool the population. In this sense, long tails
may assist in the identification of areas which are at risk of very rare, but very large, excursions from the mean.

To quantify the influence of the shift ratio on the projected change in exceedance frequency, we performed a series
of linear regressions between the shift ratio and warming ratio maps for each model, as well as the MMEM, and
similarly for shift ratio maps of the two primary components of T',, temperature and g (Figure 2). The correlation
between the shift ratio and projected exceedances is at its strongest when utilizing the T, shift ratio (r = 0.95;
Table S2 in Supporting Information S1), but the relative roles of temperature and g are also meaningful. While
the non-Gaussianity of T, sometimes follows the pattern of temperature non-Gaussianity (Figures S1 and S2 in
Supporting Information S1), our analysis suggests that g has a more direct influence on T, distribution shape than
temperature. This closer relationship between ¢ and T, is in accordance with prior work (Buzan & Huber, 2020;
Matthews et al., 2022; Raymond et al., 2017). The temperature shift ratio is only weakly correlated with the
T,, warming ratio (r = 0.25; Table S2 in Supporting Information S1), while the shift ratio for ¢ is more closely
correlated (r = 0.80; Table S2 in Supporting Information S1). There is some variability between models worth
noting. CNRM-CM6-1, CNRM-CM6-1-HR, CNRM-ESM2-1, and EC-Earth3 show a weak negative correlation
between the temperature shift ratio and the warming ratio, while CNRM-CM6-1 and CNRM-ESM2-1 also have a
weak negative correlation between temperature shift ratio and the T, shift ratio (Table S2 in Supporting Informa-
tion S1). All other models in our analysis exhibit similar patterns of correlation. It is reasonable to assume some
uncertainty in the ability of the models to simulate future changes in both temperature and humidity, especially
in places where changes in ¢ may result from complex interactions between the land and atmosphere (McKinnon
& Poppick, 2020). However, the fact that non-Gaussianity in the underlying ¢ distribution is a strong indicator
of future change in T, extremes is consistent with Clausius-Clapeyron scaling (Held & Soden, 2000; Santer
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Figure 3. Rigidly shifted MERRA-2 probability distributions of 1985-2014 T, with a Gaussian curve fit to the core, plotted on a log scale. In each subplot, the vertical
solid line indicates the historical 95th percentile, the vertical dashed line is the historical Gaussian 95th percentile, and points are histogram bin centers. Solid points
represent the warm-tail. Panel (a) is Ras Al Khaimah in the United Arab Emirates on the Persian Gulf coast in June—July—August (JJA), panel (b) is New Orleans,
Louisiana in the United States in JJA, panel (c) is Larkana, Pakistan in JJA, and panel (d) is Asuncién, Paraguay, in December—January—February.

et al., 2007; Willet et al., 2007), although g may not always be expected to scale with temperature increases
(Coffel et al., 2019). We find that the shift ratio spatial patterns for ¢ and T are similar between the MMEM and
MERRA-2 (Figures S1 and S2 in Supporting Information S1).

4.2. Regional Analysis

Historical and future T, distributions for four short tailed locations are shown in Figure 3 with Gaussian fits to
the core provided to visualize the departures from Gaussian in the tails (following Loikith & Neelin, 2015). The
historical (blue) distribution is from MERRA-2 for the grid cell closest to the indicated city. For comparison
with a higher resolution reanalysis, the same plots are provided using ERAS reanalysis in Figure S6 in Support-
ing Information S1 which qualitatively agree well with MERRA-2. This distribution is shifted by the MMEM
projected warming (in o) for that grid cell, computed between the historical and future periods (as in Figures S7
and S8 in Supporting Information S1). This is a uniform shift which assumes no changes in variance, skewness,
or kurtosis. This is consistent with the very little change seen in the shift ratios under 2°C warming as simulated
by the models (Figure S3 in Supporting Information S1).

We chose four locations to represent a range of climatological conditions, each with shorter-than-Gaussian warm
tails, and each with a 95th percentile 7', warmer than 25°C in the current climate. Ras Al Khaimah, United Arab
Emirates is within a narrow coastally confined region of short tails along the Persian Gulf and has the hottest
95th percentile. It represents a region where global warming may lead to dangerous T, extremes (Raymond
et al., 2020). New Orleans, United States, has a humid, hot summer climate, influenced by its proximity to the
Gulf of Mexico and is located within a broad region of short tails. Larkana, Pakistan is located along the Indus
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River, north of the Arabian Sea within a spatially small short tailed region, and Asuncién, Paraguay is an inland
location in subtropical South America within a region of notably short warm tails. While geographically diverse,
all four locations are within the subtropics with nearby or regional sources of moisture resulting in very warm T,
The presence of short warm tails is likely related to the proximity to large bodies of water for Ras Al Khaimah,
New Orleans, and Larkana, as the water bodies exert an upper limit on humidity and temperature. The short tail at
Asuncién may be related to warm and humid environments being conducive to convection in the region, limiting
T, excursions from the mean on the warm side, however this is only speculative.

Ras Al Khaimah displays a shift in extreme T, days translating to a substantial portion of the summer months
being of high risk to human heat stress, with a projected 58.4% of days over the historical 95th percentile thresh-
old of 27.3°C T, (Figure 3a). New Orleans, Larkana, and Asuncién, also are projected to see a large rise in
summer extreme humid-heat days (Figures 3b-3d). Their percentage of days over their current-climate 95th
percentiles (New Orleans: 26°C T',; Larkana: 25.9°C T,; Asuncion: 25.3°C T,) is projected to be 51.1%, 29%,
and 20.3%, respectively under this range of CMIP6 warming magnitudes benchmarked at the point when each
model simulates 2°C of global warming relative to the preindustrial baseline. These four locations can be viewed
as representative of their respective regions where a combination of short warm side tails and an underlying very
warm 7', climatology lead to a rapid increase in dangerous T, under relatively modest global warming.

In some locations, especially for those with relatively low T, variance (Figures S4 and S5 in Supporting Infor-
mation S1), the recent-climate 95th percentile will be exceeded most of the time under this relatively modest
amount of mean warming. In these locations, tail shape is not as relevant to the rate of increase because a small
amount of warming will shift most of the distribution to the right of the 95th percentile. Therefore, we have only
included examples of locations with sufficiently large variance (¢ greater than 1°C) for tail shape to influence
future increases in extreme threshold exceedances. To illustrate this effect for cases where warming will lead
to a very large number of days exceeding the historical extreme threshold, but where variance is small and the
influence of warm-tail shape is dampened, we provide some examples in Supporting Information S1 (Figure S7
in Supporting Information S1).

5. Discussion and Conclusions

Since the identification of a theoretical physiological upper limit of 7', (Sherwood & Huber, 2010), much atten-
tion has been paid to the intensification of humid-heat extremes under global warming (Matthews, 2018; Pal &
Eltahir, 2016; Raymond et al., 2020; Schir, 2016). Climate model studies analyzing future 7', extremes often
focus on global warming far above 2°C, such as 4°C (Schir, 2016), or even 7°C (Sherwood & Huber, 2010) rela-
tive to the preindustrial baseline, or during the 30-year period of 2071-2100 when some CMIP6 models simulate
a similarly high amount of warming under high-end emissions scenarios (Coffel et al., 2017; Pal & Eltahir, 2016).
There are also several studies which examine 7', at different emissions levels (Chen et al., 2022) and others
under 1.5°C, 2°C warming, and 3°C (Freychet et al., 2022; Saeed et al., 2021; X.-S. Wang et al., 2022). While
these studies have an emphasis on the adaptability threshold of 35°C, we emphasize areas that may be regularly
exposed to T, values which are considered extreme in the recent climatology. An overemphasis on the 35°C T,
threshold may overlook locations which are at high risk of dangerous humid-heat stress in the near future, even if
T, values may not approach the adaptability limit.

Some analyses of increases in humid-heat extremes assume Gaussianity of the underlying distributions at
each location, identifying significant shifts up to 3¢ in the time period of 2000-2012 in the tropics (Coumou
& Robinson, 2013). We find that this similarly applies to non-Gaussian T, distributions when ¢ is less than
about 1°C, since even a modest warming shifts the core of the distribution to the right of the pre-shifted 95th
percentile. We therefore focus our analysis on the subtropics and extratropics where T, distribution tail shape
is well-correlated with future extreme threshold exceedances. It is further theorized that within the tropics, 7',
warming may be limited to 1°C per 1°C tropical mean warming, possibly preventing extremes from reaching
the 35°C threshold (Y. Zhang et al., 2021), although this hypothesis is disputed in regional analyses (Raymond
et al., 2020, 2021). Even if 35°C may not be reached, a daily mean T, almost always above 26°C would create
substantial public health and infrastructure challenges as illustrated for Canctin, Mexico and Darwin, Australia
(Figure S6 in Supporting Information S1). In addition, our analysis utilizes a daily mean instead of a maximum
T,,, so a breach of the adaptability threshold cannot be ruled out. A very high daily mean 7', can also be sugges-
tive of high nighttime T, prolonging exposure to heat stress (Kravchenko et al., 2013). It is possible that in some
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cases, the prevailing meteorology that causes the short tails may also prevent 7', from becoming too high, such
as is seen with temperature distributions (Catalano et al., 2021).

The relative contributions of humidity and heat to the risk of human heat stress is still under active study
(Lutsko, 2021). Prior research suggests that latitude, topography (Raymond et al., 2022), or other geographic
and climatological factors (Buzan et al., 2015; Ivanovich et al., 2022; Raymond et al., 2017; P. Wang et al., 2019;
Zhao et al., 2015) can all be influential. Buzan and Huber (2020) found that T, generally aligned with extreme
humidity, but Heat Index and simple wet-bulb globe temperature aligned with temperature. In agreement with
Fischer and Knutti (2013), our analysis supports that heat and humidity combined provide a more robust assess-
ment of T',. We also find that specific humidity has a larger contribution to projected T', extremes than tempera-
ture when assessed using our shift ratio methodology. The physical mechanisms behind this are outside the scope
of this study, but a more thorough understanding of how specific humidity and temperature interact to produce
T,, extremes may benefit the accurate projection of their future occurrence.

This study effectively demonstrates that departures from Gaussianity on the warm side of the T, probability
distribution influence the projected rate of change in extreme threshold exceedances under future warming. Short
warm tails are of particular concern as they may indicate a very large number of future exceedances over the
current-climate 95th percentile. Although this analysis suggests that long tails result in a slower increase in
exceedances in comparison to Gaussian or shorter tails, long tails can still be impactful in areas unprepared for
extreme T, due to its relative rarity. While certain short tailed locations might endure persistently dangerous
T, during the warm season, it is possible that long tailed locations might experience 7', that the local populace
may be unprepared for (Guirguis et al., 2018). Insight into the changing probability of extreme T, and identify-
ing locations at risk of dangerous T's is essential in the adequate preparation for the human health and societal
consequences of extreme humid-heat under global warming.

Data Availability Statement

MERRA-2 data were obtained from the Goddard Earth Sciences (GES) Data and Information Services Center
(DISC) website (http://disc.sci.gsfc.nasa.gov/mdisc/) and CMIP6 were downloaded from the World Climate
Research Program (WCRP) website hosted by Earth System Grid Federation (ESGF) (https://esgf-node.llnl.gov/
projects/cmip6/). CMIP6 models analyzed are in Table S1 in Supporting Information S1. ERAS data are provided
at https://climate.copernicus.eu/climate-reanalysis. Code used to conduct the presented analysis can be found at:
https://github.com/yiabek/nongaussian_wetbulb_tails.
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