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Abstract
A wet-bulb temperature of 35 ◦C is widely used as the threshold for human survivability, but the
wet-bulb temperature is not a particularly accurate metric for human heat stress. For a person in
the shade, a more accurate metric is the heat index, which is based on a model of human
thermoregulation that accounts for metabolic heat, radiation, respiratory ventilation, and finite
wind speeds. The heat index has two critical values: the highest heat index for which a healthy core
temperature can be maintained and the highest heat index that is survivable. It is shown here that a
wet-bulb temperature of 35 ◦C corresponds to conditions between these two critical values. For
example, in a world warmer than pre-industrial by 10 ◦C, about 30% of the world’s population
would be exposed once or more per year to a wet-bulb temperature above 35 ◦C, but the heat index
reveals that less than 2% would be exposed to fatal conditions while over 60% would be exposed to
conditions that would cause hyperthermia.

1. Introduction

A wet-bulb temperature of 308 K (35 ◦C, 95 ◦F) is
widely used as the threshold for human survivability
in the field of climate science (Sherwood and Huber
2010, Pal and Eltahir 2016, Schär 2016, Coffel et al
2017, Im et al 2017, 2018, Sherwood 2018, Monteiro
andCaballero 2019, Raymond et al 2020, Ramsay et al
2021, Rogers et al 2021, Saeed et al 2021). Despite its
use as a predictor of human heat stress, the wet-bulb
temperature is defined as the equilibrium temperat-
ure of a wetted thermometer in high winds. Since the
Lewis number of air is near one, the energy balance
of a wetted thermometer can be approximated math-
ematically as

σ
(
T4 −T4

rad

)
+ f(u)

{
cp (T−Ta)+ ρL

[
q∗v (T)− qa

]}
= 0 ,

(1)

where T is the temperature of the wetted thermo-
meter, Ta is the air temperature, qa is the specific
humidity, ρ is the air density, cp is the heat capacity
of air at constant pressure, Trad is the effective radiat-
ing temperature of the surrounding surfaces, L is the
latent heat of vaporization of water, q∗v is the saturated
specific humidity, u is the wind speed, and f(u) is an

effective mass flux of turbulent exchange between air
and the thermometer.When u is large, f(u) is large and
the turbulent enthalpy fluxes (sensible plus latent)
dominate the energy balance. In that special case, we
refer to the temperature T of the wetted thermometer
as the wet-bulb temperature Tw, which is defined by

cp (Tw −Ta)+ ρL [q∗v (Tw)− qa] = 0 . (2)

The reason Tw is potentially relevant to human heat
stress is because we can write the enthalpy fluxes off
of a human’s sweat-covered skin in terms of Tw. For
any u, if the sweaty skin has a temperature Ts, the tur-
bulent enthalpy flux from skin to the air is

F= f(u)
{
cp (Ts −Ta)+ ρL [q∗v (Ts)− qa]

}
(3)

= f(u)
{
cp (Ts −Tw)+ ρL

[
q∗v (Ts)− q∗v (Tw)

]}
, (4)

where equation (2) has been used in the second line
to eliminate Ta and qa in favor of Tw. In other words,
the air feels the same as saturated air at temperature
Tw. Equation (4) implies that whenever the wet-bulb
temperature Tw is greater than the skin temperature
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Ts, the net flow of sensible and latent heat is into the
skin.

For this reason, Sherwood and Huber (Sherwood
and Huber 2010, SH10 hereafter) argued that expos-
ure to Tw ≳ 308 K (35 ◦C, 95 ◦F) for more than a few
hours would be fatal. As the argument goes, with a
standard core temperature Tc = 310 K (37 ◦C, 98.6 ◦F)
and a basal metabolic rate of 50 W per square meter
of skin area (hereafter written as 50Wm−2), the body
will move heat from the core to the skin at that rate by
keeping the skin temperature Ts at 308 K or below. If
Tw ≳ 308K, the skin temperature must be greater than
308 K to release heat to the air, but then the body can-
not move metabolic heat from the core to the skin at
the needed rate. As the metabolic heat accumulates,
it heats up the body. If that heating were to continue
unabated, it would lead to death by hyperthermia at a
core temperature of ∼315 K. As we will now discuss,
however, this argument relies on assumptions that
can be described as either overly pessimistic (tending
to lower the predicted fatal Tw) or overly optimistic
(tending to raise the predicted fatal Tw), raising the
question of how accurate 308 K is as a threshold for
survivability.

The pessimistic assumption is that a skin temper-
ature higher than 308 K would be fatal. In reality,
the human body is capable of moving basal meta-
bolic heat from the core to the skin with a range of
core-skin temperature differences. The body accom-
plishes this by changing the effective thermal con-
ductivity between the core and skin by modulat-
ing the rate of core-to-skin blood flow. When the
human starts to experience heat stress, skin blood
flow increases, increasing the thermal conductance
between the core and the skin, which makes the skin
temperature approach the core temperature of 310 K
(Stolwijk and Hardy 1966). So, only at a skin tem-
perature close to 310 K is the core temperature guar-
anteed to rise. And even if the skin temperature is
raised above 310 K, this does not necessarily imply
heat death: it simply means the core temperature will
also equilibrate to a similar temperature (Stolwijk and
Hardy 1966, Gagge et al 1972, Rowell 1974). Fit indi-
viduals can survive a core temperature that is elev-
ated by a few degrees. It is when the core temperature
reaches about 315 K that the hyperthermia becomes
fatal (e.g. Ferris et al 1938, Bouchama and Knochel
2002, SH10). Thus, only a skin temperature near or
above 315 K is necessarily fatal.

On the other hand, SH10 made some assump-
tions that could be described as overly optimistic. The
first was the omission of radiative exchange between
the skin and the surroundings. SH10 justified this by
assuming what they called ‘gale-force winds,’ guar-
anteeing that the exchange of energy between the
skin and its surroundings is dominated by turbu-
lent fluxes. But, using ERA5 reanalysis (Hersbach et al

2020) and amap of world population (CIESIN 2018),
we find that an average of 98% of people are in

locations where the windspeed is less than 4 m s−1 at
any moment in time. This suggests that the exchange
of infrared radiation is an important consideration.
Since the radiating temperature only needs to exceed
the skin temperature of ∼308 K to be a net source of
radiative power to the body, the assumption of gale-
force winds is overly optimistic in very hot condi-
tions. Indeed, a recent experiment (Vecellio et al 2022)
demonstrates that when exercising in a chamber with
a low wind speed, even young, healthy adults start to
have elevated core temperatures at awet-bulb temper-
ature well below 308 K. Furthermore, SH10 assumed
that the humans who are outdoors have a resting
metabolic rate around 50 W m−2. This is an overly
optimistic assumption for most outdoor workers.

Given this mix of overly pessimistic and optim-
istic assumptions, it is not clear a prioriwhether a wet-
bulb threshold of 308K is an overestimate or underes-
timate of what is truly survivable. To properly account
for a finite wind speed, metabolic heat production,
and radiative exchange, we must use a physiological
model of thermoregulation, as provided by themodel
underlying the heat index (Steadman 1979a, Lu and
Romps 2022).

2. The heat index

For a given temperature and humidity, the heat index
is defined as the air temperature at a reference water-
vapor pressure of 1.6 kPa that would be experienced
in the same way by a healthy, acclimatized adult walk-
ing in the shade. The equivalence of experience is
defined via the heat index’s model of human ther-
moregulation, which uses a combination of physiolo-
gical and behavioral strategies to regulate the core
temperature at the standard value of 310 K (37 ◦C,
98.6 ◦F). In particular, two pairs of temperature and
humidity are equivalent from the human perspective
if the human naturally adopts the same behavior (e.g.
same choice of clothing) and physiological state (e.g.
same skin blood flow) in both.

Like the wet-bulb temperature, the heat index has
been widely used to assess the risk of humid heat
(Delworth et al 1999, Robinson 2001, Kim et al 2006,
Diffenbaugh et al 2007, Yip et al 2008, Smith et al 2013,
Wu et al 2014a, Oleson et al 2015, Opitz-Stapleton
et al 2016, Diem et al 2017, Lyon and Barnston 2017,
Modarres et al 2018, Tustin et al 2018, Xie et al

2018, Dahl et al 2019, Rao et al 2020, Rahman et al

2021, Amnuaylojaroen et al 2022, Perera et al 2022).
Compared to the wet-bulb temperature, however, the
heat index represents the next level of sophistication
and realism when it comes to representing heat stress:
it incorporates a realistic metabolic rate, infrared
radiation, and the body’s ability to alter its core-to-
skin conductance. As the heat index increases, a per-
son eventually runs out of options for regulating their
core temperature at 310 K, resulting in hyperthermia.
In such conditions, the heat index model predicts the
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new, higher temperature at which the core will equi-
librate, enabling an assessment of survivability.

SH10 treated hyperthermia and heat death as
closely related, but these two health outcomes occur
at distinctly different values of the heat index: 345 K
for hyperthermia and 366 K for heat death (Lu and
Romps 2022).4 When the heat index is less 345 K,
the human is able to regulate the core temperature
at 310 K, possibly with an elevated skin temperature.
When the heat index exceeds 345 K, the skin temper-
ature comes very close to the core temperature, and
the core temperature is forced to rise. While undesir-
able, a fit and healthy adult can still survive with an
elevated core temperature so long as it remains below
the fatal value of 315 K. Only with sustained exposure
to a heat index exceeding 366 K will the core temper-
ature rise to 315 K (see Lu and Romps 2022, for the
timescales involved).

Regarding Earth’s future habitability, there are
several uncertainties. For example, it is unknown
what time series of greenhouse-gas emissions human-
kind will generate, with any given emissions scenario
depending on multiple assumptions about socioeco-
nomic and technological developments (e.g. Taylor
et al 2012).5 Even if the future emissions scenario
were known, survivability can differ significantly
across populations. For instance, elderly individuals
(Deschênes andMoretti 2009, Carleton et al 2022) and
those suffering from obesity (Dervis et al 2016) or car-
diovascular disease (Gostimirovic et al 2020, Peters
and Schneider 2020) are particularly susceptible to
heat-related illnesses. Since people with different
underlying health conditions and adaptive capacities
will respond differently to the same climate (Vanos
et al 2020), future habitability will depend, in part,
on future demographics. In addition, the unknown
amount of future acclimatization (Schickele 1947,
Gubernot et al 2013, Arbury et al 2014, 2016, Folkerts
et al 2020) and behavioral adaptation, such as the pre-
valence of air conditioning (O’Neill et al 2005), adds
to the uncertainty.

To make progress in spite of these complexities,
we take the following approach. First, to sidestep the
uncertainty in future emissions, we study potential
health outcomes not as a function of time, but as a
function of globalmean temperature. For example, in
the RCP8.5 scenario, many climate models predict an
increase in global mean temperature of about+4 K in
2100 relative to the pre-industrial period. Of course,
some other models and scenarios reach +4 K earlier,
some reach +4 K later, and some reach +4 K never.
Rather than focusing on when, we focus on how hot and
study, e.g. the potential health outcomes of a +4 K
world, assuming that regional warming (and extreme

4 More precise values are 344.65 and 366.44 K, respectively.
5 Land use change can also add complexity to it due to, e.g. urban
heat island or irrigation effects (Mishra et al 2020, Guo et al 2022).

heat in particular) is, to good approximation, a func-
tion of the global mean temperature (e.g. Seneviratne
et al 2016, Wartenburger et al 2017).

Second, regarding demographics, we use the heat-
index model, which is specifically designed to model
the thermoregulation of fully acclimatized, young,
healthy adults. The heat-index model assumes that
these young, healthy adults can sweat profusely, can
maintain large core-to-skin blood flow, and have
an optimal (i.e. unabashed) approach to clothing.
Therefore, by construction, this approach gives an
upper limit on anyone’s ability to avoid hyperther-
mia and heat death. Despite its idealizations, the
heat-index model has recently been validated against
empirical data gathered from young and healthy
adults in a laboratory (Lu and Romps 2023): in the
experiment, young and healthy adults were put in
a climate chamber, and the temperature or humid-
ity was slowly increased until the subjects started to
experience hyperthermia (Wolf et al 2022). Lu and
Romps (2023) showed that the heat index of 345 K
(71.5 ◦C) accurately predicts the onset of hyperther-
mia in those experiments. Given this validated model
for the young and healthy, we do not attempt to
model future demographics or the impacts of high
heat and humidity on the elderly, those with underly-
ingmedical conditions, or those who are poorly accli-
matized. It must be borne in mind that those groups
will tend to suffer serious health impacts at lower
heat-index thresholds than are used in this study.

Third, we avoid the issue of air conditioning and
its uncertain availability in future decades by focusing
on the habitability of the outdoors. The pre-industrial
Earth was supremely habitable in the sense that a per-
son with appropriate clothing, water, and shade could
survive the combination of temperature and humid-
ity found anywhere on the planet. This made the out-
doors almost universally accessible for work, pleasure,
and exploration. In the future, this cannot be taken
for granted. Here, we apply the heat-index model to
outdoor temperature and humidity, which provides
a physiological assessment of an acclimatized, young,
healthy person outdoors in the shade.

3. Climate model results

As mentioned in the previous sections, a single value
of the wet-bulb temperature (Tw = 308K) is often used
as a threshold of survivability, while the heat index
has two thresholds: one for hyperthermia (HI= 345K)
and the other for heat death (HI= 366 K). We can
quantify the frequencies of these thresholds by look-
ing at a reanalysis and a global climate model. The left
panel of figure 1 shows the historical (from 1996 to
2005, inclusive) global population-weighted distribu-
tions of instantaneous temperature T (black), annual
maximum temperatureTmax (blue), annualmaximum

3



Environ. Res. Lett. 18 (2023) 094021 Y-C Lu and D M Romps

Figure 1. (left panel) The global population-weighted distribution of hourly temperature (black), yearly maximum temperature
(blue), yearly maximum wet-bulb temperature (red) and the yearly maximum heat index (orange) calculated using ERA5
reanalysis data over the entire globe during 1996–2005, inclusive. (middle panel) Same, but calculated using CNRM-CM5
3-hourly historical data during 1996–2005. (right panel) Same, but calculated using CNRM-CM5 simulation of the RCP8.5
scenario 3-hourly data during 2291–2300, which has a global mean temperature anomaly of+10 K relative to preindustrial. The
dashed vertical lines mark Tw = 308 K (SH10 proposal), HI= 345 K (hyperthermia), and HI= 366 K (heat death given
sustained exposure).

wet-bulb temperature Tw(max) (red), and annual max-
imum heat index HImax (orange) from ERA5 hourly
reanalysis (Hersbach et al 2020) and a map of world
population in 2005 (CIESIN 2018). Although using
ERA5 1996–2005 instead of ERA-Interim 1999–2008
as in SH10, the curves shown here qualitatively match
the curves shown in figure 1A of SH10, which also
used a 60S-to-60N land area weighting instead of the
population weighting used here. The middle panel
shows the same curves calculated from the histor-
ical (1996–2005)6 simulations of theCNRM-CM5 cli-
mate model (Voldoire et al 2013) from the CMIP5
archive (Taylor et al 2012).7 Its curves closely match
the curves calculated from the reanalysis, bolstering
confidence in the climate-model output. The right
panel shows the curves calculated from the CNRM-
CM5 simulation of the RCP8.5 scenario in the decade
2291–2300, during which the global mean temperat-
ure was 9.2 K higher than in the 1996–2005 historical
period and 10 K higher than the 1850–1900 prein-
dustrial period (henceforth referred to as the ‘+10
K world’). Following SH10, we use this worst-case
scenario to illustrate what would happen in extreme
warming. As in figure 1C of SH10, the distribution
of Tw(max) in this period of extreme warmth straddles
308 K (35 ◦C), marked by a dashed line.

As in SH10, the ERA5 reanalysis shows that
the historical climate has no wet-bulb temperatures
higher than 308 K and no heat index higher than
345 K. On the other hand, 26% of the world’s cur-
rent population lives in locations that would, in a
typical year, expose them to Tw > 308 K in a +10 K
world. We find, however, that only a small fraction
of those locations would be fatal for a young and

6 The period of 1996–2005 is chosen as the baseline because it cov-
ers the last ten years in the CMIP5 historical simulations.
7 CNRM-CM5, bcc-csm1-1, and IPSL-CM5A-LR are the only three
CMIP5 climate models for which we could obtain 3-hourly data
in the extended RCP8.5 scenarios. We use CNRM-CM5 to make
figures 1 and 2 because it has the highest spatial resolution. Later,
in figure 3 and in the sensitivity-test section, we will use all of the
three models and compare their results.

healthy person.Using the heat index, we find that only
1.7%of the current population lives in places inwhich
sustained walking in outdoors shade would be lethal
(HI> 366K) on some day of the year in a+10 Kworld.
But we find that a majority (62%) of people currently
live in places that will be intolerable in the sense that,
at some point during the year, a young, healthy adult
walking in the shade would not be able to maintain a
normal core temperature (HI> 345 K).

To reveal the spatial and temporal distributions
of these exceedances (Tw > 308 K, HI> 345 K, HI>
366 K), we plot the map of the return period of each
exceedance in figure 2 for the +10 K world. The
shortest return period for each exceedance is shown
at the bottom right of the map. SH10 used a climate
simulation with a slightly higher global-mean tem-
perature than shown here, but the locations of finite
return time in the left panel of figure 2 are approx-
imately the same locations with Tw(max) > 308 K in
figure 1F of SH10: large swath of Africa, Australia,
Arabia, India, South America, Eastern China, and
the Midwestern and Eastern United States. But the
maps of recurrence time of HI> 345 K and HI> 366 K,
shown in the middle and right panels of figure 2,
respectively, are qualitatively different. The places
predicted to be consistently (once or more per year)
fatal (HI> 366 K) to a young, healthy person tak-
ing a sustained walk in the shade are the Amazon
rainforest, the Sahara desert, the Congo Basin, and
the Arabian Peninsula. Other locations that become
marginally lethal include parts of eastern China from
Shanghai to Beijing and parts of the Midwest United
States. The hyperthermic locations (HI> 345K), how-
ever, are much more widespread than predicted by
the wet-bulb threshold. Those regions of hyperther-
mia cover the entire middle and lower latitudes, with
a shortest return period of 2 days. In the United
States, for example, the Midwest and East Coast see
a heat index of 345 K with recurrence times ranging
from a few years to a few months. Notably, some
of the shortest return periods for hyperthermia occur
among themost densely populated regions of the world,
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Figure 2. The return period for (left) wet-bulb temperature exceeding the widely used threshold value of 308 K, (middle) the heat
index exceeding the hyperthermic value of 345 K, and (right) the heat index exceeding the fatal value of 366 K, as calculated from
CNRM-CM5 RCP8.5 data during 2291–2300, which has a global mean temperature anomaly of+10 K relative to the preindustrial
mean. The subscript at the right bottom of each map shows the shortest return period in that particular map during 2291–2300.

Figure 3. The fraction of the 2005 world population experiencing three criteria: wet-bulb temperatures greater than 308 K (blue),
heat index greater than 345 K (hyperthermic; orange), and heat index greater than 366 K (fatal; purple) as functions of the
global-mean temperature anomaly relative to 1996–2005. The curves plot these fractions for the IPSL-CM5A-LR simulation of
RCP8.5 scenario from 2006–2300, inclusive. A ten-year-window averaging is applied to each year smooth the curves. The symbols
have the same meaning as the curves, but are calculated using the CNRM-CM5 (round) and the bcc-csm1-1 (triangle)
simulations, averaged over the last ten years of the 21st, 22nd and 23rd centuries. The light shadings and the thin error bars are
the spreads due to a range of metabolic rates of 50–300 Wm−2, and the dark shadings and thick error bars are the spreads due to
a range of windspeed of 1–4 m s−1. The floating ordinate shows the corresponding world population in 2005, and the floating
abscissa shows the global mean temperature anomaly relative to the pre-industrial period of 1850–1900.

e.g. Bangladesh and northern India. That results in
a significant proportion of the world’s population
experiencing hyperthermia.

To illustrate how much of the current (2005)
world population would be exposed to critical
thresholds at different global-mean temperature
anomalies, we use the RCP8.5 scenario in the IPSL-
CM5A-LR climatemodel (Dufresne et al 2013), which
has a coarser resolution than CNRM-CM5 but has a
3-hourly output for the entire period of 2006–2300.
The IPSL-CM5A-LR model also has a higher global
mean temperature anomaly of +12.3 K (relative to
preindustrial) during 2291–2300, compared to+10 K
for CNRM-CM5, allowing a wider temperature range
to be probed. The blue curve in figure 3 shows the
fraction of world population exposed to Tw > 308 K
at least once a year in IPSL-CM5A-LR. Similarly, the
orange and purple curves are the fractions of world

population exposed to a heat index higher than 345 K
and 366 K, respectively, at least once per year. These
sandwich the blue curve, delivering the same mes-
sage that the 308 K wet-bulb temperature threshold
underestimates the frequency of hyperthermia, but
overestimates the frequency of heat death. To smooth
the curves, a ten-year averaging window has been
applied.

On top of each curve, we plot the results from
two other global climate models, CNRM-CM5 and
bcc-csm1-1 (Wu et al 2014b), as round and triangle
symbols, respectively. Each symbol represents a ten-
year average of the annual fraction of world popula-
tion exposed to the given threshold during the last
ten years of the 21st, 22nd and 23rd centuries. Due
to their finer resolution, CNRM-CM5 and bcc-csm1-
1 do not output 3-hourly data over the entire exten-
ded RCP8.5 period of 2006–2300, and, therefore,
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we show the time intervals during which data are
available. Each symbol is horizontally located at its
ten-year mean temperature anomaly. Notice that the
three global climate models have different temperat-
ure anomalies at the end of each century in the exten-
ded RCP8.5 scenarios: for example, in 2291–2300, the
temperature anomalies are +12.3 K in IPSL-CM5A-
LR, +10 K in CNRM-CM5, and +8.7 K in bcc-csm1-
1. Although these models forecast different temperat-
ures for a given time interval, they predict very similar
population exposures at a given amount of warming.

Added to figure 3 is a floating ordinate showing
the correspondingworld population in 2005. Roughly
speaking, in a world warmer than pre-industrial by
10 K, around 30% of the world’s population (about
2 billion people) would be exposed once or more per
year to a wet-bulb temperature above 308 K, while
less than 2% (about 100 million people) would be
exposed to fatal conditions and over 60% (nearly
4 billion people) would be exposed to conditions that
would cause hyperthermia.

4. Sensitivity test

The heat index assumes a metabolic rate at
180 W m−2 and an overall wind speed of 1.5 m s−1.
This metabolic rate corresponds to a walking pace at
1.4 m s−1 (Steadman 1979b, Parsons 2014), and that
overall wind speed is converted from the heat transfer
coefficient of 12.3 W m−2 K−1 in Steadman’s model
(Steadman 1979a) using Churchill and Bernstein’s
relation (Churchill and Bernstein 1977). Here, we
will calculate how sensitive the hyperthermic and
fatal thresholds are to these assumptions.

Using the ERA5 wind speed and the roughness
length data, and assuming a log-profile wind struc-
ture, we find that, at any moment in time, 98% of
the population experiences wind speeds less than
4m s−1 at half of the assumed human height of 0.85m
(Steadman 1979a). To explore a range of plausible
wind speeds, we will therefore vary the wind speed
u in the heat index model from 1 to 4 m s−1, where
the lower bound of 1 m s−1 is chosen to represent the
wind induced by human motion and natural convec-
tion. Similarly, to explore different levels of physical
exertion,wewill use previously defined exertion levels
(Ainsworth et al 1993), which define a metabolic rate
of 50–150Wm−2 as light activity and 150–300Wm−2

as moderate activity. Any activity requiring a meta-
bolic rate beyond 300 W m−2 is considered vigor-
ous. We assume a person would have the freedom
and commonsense to avoid vigorous activity during
heat stress, and thus we vary themetabolic rateQ over
50–300 W m−2. Note that a resting metabolic rate of
50 W m−2 is included in our sensitivity test as the
lower bound.

To perform this sensitivity analysis, we must gen-
eralize the heat index to an apparent temperature
that takes two extra arguments (u and Q) besides

the air temperature and humidity. The procedure is
a straightforward modification of the heat index. In
particular, the apparent temperature for a given Ta,
pv, u, and Q is the air temperature at a pv0 = 1.6 kPa,
u0 = 1.5 m s−1, and Q0 = 180 W m−2 that would feel
the same in the sense of generating the same beha-
vior (choice of clothing) and same physiology (skin
blood flow, equilibrium core temperature). Because
the reference state (pv0, u0,Q0) is the same as in the ori-
ginal heat index, the apparent temperature generated
in this way has the same interpretation, e.g. an appar-
ent temperature of 345 K (366 K) is still the threshold
for hyperthermia (lethality).

The results of the sensitivity analysis are shown
in figure 3 as the shadings around the curves and
the error bars on the symbols. The dark shading and
bars show the spread due to varying u from 1 to
4 m s−1 and the light shading and bars show the
spread due to varying Q over 50–300 W m−2. The
wet-bulb temperature depends on neither u nor Q,
so adjusting those parameters has no effect on the
blue curve. We see that the plausible changes to the
metabolic rate or the wind speed effectively shift the
orange and purple curves left or right on the abscissa
by ∼1–2 K. For example, 10% of the world’s pop-
ulation would experience hyperthermic conditions
walking in the shade with about 5 K of additional
warming (relative to 1996–2005), but 10%of the pop-
ulation would experience hyperthermia performing
300 W m−2 of moderate work in the shade with
only 3 K of additional warming. Notably, even with
these variations in assumed parameters, the com-
monly used Tw threshold (blue curve) still overestim-
ates lethality and underestimates hyperthermia.

5. Discussion

We have shown that the commonly used wet-bulb-
temperature threshold of 308 K (35 ◦C) underestim-
ates the prevalence of hyperthermia and overestim-
ates the prevalence of fatalities. Implicit in the deriva-
tion of Tw = 308K as a critical threshold is the assump-
tion that a person is exposed to a wind speed equal
to a strong breeze or greater, which would enhance
the body’s evaporative cooling. In reality, people are
usually exposed tomuchmore stagnant winds and, in
hot conditions, they absorb infrared radiation from
surrounding surfaces that are hotter than their core
temperature. This leads to an onset of hyperthermia
at wet-bulb temperatures less than 308 K. On the
other hand, using Tw = 308 K as a fatal threshold is
too pessimistic because an elevated core temperature
is not necessarily fatal. Only when the core temper-
ature equilibrates at or above 315 K is heat death a
common outcome, and this occurs at wet-bulb tem-
peratures greater than 308 K. It is worth noting, how-
ever, that this hinges on the assumption of a typical
outdoor wind speed in the range of 1–4 m s−1. For a
person exerting themselves indoors, where the wind
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speed is measured in tens of centimeters per second,
fatal conditions are typically reached at wet-bulb tem-
peratures lower than 308 K (Lu and Romps 2023).

The three climate models studied here are in
broad agreement about the amount of warming that
leads to severe health outcomes for people outdoors
in the shade. Hyperthermia would start to be a reg-
ular occurrence at a global-mean warming of about
+3 K relative to preindustrial. For a higher warm-
ing of +4 K relative to preindustrial, a large number
of people, measured in tens of millions or hundreds
of millions, would be exposed to hyperthermic con-
ditions at least once per year. On the other hand, a
global-mean temperature anomaly of around +10 K
is needed to generate fatal conditions for ∼100 mil-
lion people every year. As mentioned in section 2, it
is important to note that these global-mean temper-
ature thresholds for hyperthermia and fatality would
be lower if considering people who are in the sun,
or people who are exerting themselves to a greater
degree, or people with underlying health conditions
or age-related declines in sweating capacity or cardi-
ovascular fitness.
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