
Abstract  
Extreme heat events cause significant societal impacts, prompting much concern and research 
about possible changes to their frequency and intensity as the climate warms. However, to 
date, extremes in air temperature have been emphasised at the expense of ‘heat-humidity’ 
indices, measures which incorporate the effect of atmospheric latent heat content on heat 
stress and provide a more complete picture of the thermal environment for human 
thermoregulation. This progress report restores balance by reviewing recent developments in 
the understanding of how heat-humidity indices have changed, and may continue to, as the 
climate warms further. The literature indicates that a concurrent rise in temperature and 
absolute humidity has already increased the frequency of potentially deadly conditions, and 
has reduced labour potential worldwide. More serious consequences may result if mitigation 
efforts are unsuccessful. The energetic basis of a heat-humidity perspective has permitted 
researchers to identify, for example, that by the end of the century, substantial parts of the 
Earth’s surface may be too hot and humid for human thermoregulation. Such consequences 
are avoided for less pessimistic scenarios of climate warming, but the societal impacts may 
still be very severe, as densely-populated low-latitude environments emerge as particularly at 
risk when a humid heat perspective is adopted. Counter to air temperature, changes in mean 
heat-humidity indices are actually amongst the largest worldwide at lower latitudes, where 
only small increases in the mean may be required to substantially enhance the frequency of 
dangerous conditions. The report concludes by outlining areas requiring improved process 
understanding, and it highlights the urgent role for societal adaptation if the worst impacts 
from rising humid heat are to be avoided. 

I Introduction 
Global air temperatures have risen since the Industrial Revolution, driving more frequent and 
intense extreme heat events (Fischer and Knutti, 2015; Seneviratne et al., 2014). This trend is 
projected to persist as global mean air temperatures continue to climb (Sillmann et al., 2013), 
which is of concern due to the impacts of extreme heat on human health (Hajat and Kosatky, 
2010) and economic productivity (Kjellstrom et al., 2016).  
 
The occurrence of heat extremes in the context of climate change has accordingly received 
much attention, and comprehensive reviews addressing physical processes, trends, future 
projections, and societal impacts have been compiled (Horton et al., 2016; Kjellstrom et al., 
2016; Sheridan and Allen, 2015). However, from a process perspective, the focus has been 
primarily on the sensible heat content of the air, through analysis of the dry bulb temperature 
(hereafter simply ‘air temperature’). Far less attention has been afforded to combined heat-
humidity extremes. This is addressed in the current Progress Report, because integrating 
humidity into assessments of extreme heat permits more complete characterisation of the 
environmental conditions influencing human heat exchange. In what follows, the energetic 
basis underpinning this assertion is first provided (Section II), before recent research on 
observed changes in heat-humidity variables is summarised (Section III). Future projections 
for these quantities are then assessed in Section IV, and the implications of these findings in 
the context of societal impacts are discussed in Section V. Finally, a synthesis and future 
outlook is provided in Section VI. 

II Energetics and Heat-Humidity Indicators 



A comprehensive exposition of the physics of heat exchange between humans and their 
environment is provided by Gagge and Gonzalez (2010), whilst Davis et al. (2016) focus 
specifically on the role of atmospheric humidity. Here, these fundamentals are synthesised to 
underline the importance of integrating humidity into assessments of heat extremes in a 
changing climate.  
 
The energy balance of the human body can be written (e.g. Oke, 2009): 
 
𝑞𝑞𝐻𝐻 + 𝑞𝑞𝐿𝐿 + 𝑞𝑞𝐺𝐺 + 𝑞𝑞𝑆𝑆 + 𝑞𝑞𝐿𝐿𝐿𝐿 + ∆𝑞𝑞 = 0  Eq. 1 
 
where 𝑞𝑞𝐻𝐻 and  𝑞𝑞𝐿𝐿 are the sensible and latent (turbulent) heat fluxes;𝑞𝑞𝐺𝐺 is the conductive heat 
flux; 𝑞𝑞𝑆𝑆 and 𝑞𝑞𝐿𝐿 are the net shortwave and longwave (radiative) heat fluxes; and ∆𝑞𝑞 is the heat 
storage term. If overheating is to be avoided, ∆𝑞𝑞 should balance the body’s rate of metabolic 
heat production.  
 
The atmospheric humidity influences 𝑞𝑞𝐿𝐿, which in turn plays a critical role in human 
thermoregulation. To illustrate, consider energy transfer from a 1 m2 wet (sweat-saturated) 
patch of skin. The sensible heat flux is a function of the temperature gradient between the 
ambient air (𝑇𝑇𝐴𝐴; K) and skin (𝑇𝑇𝑆𝑆𝑆𝑆; K) temperatures, and the convective heat transfer 
coefficient (ℎ𝑐𝑐; W m-2 K-1 ): 
 
𝑞𝑞𝐻𝐻 = ℎ𝑐𝑐(𝑇𝑇𝐴𝐴 − 𝑇𝑇𝑆𝑆𝑆𝑆)  Eq. 2 
 
Analogously, the latent heat flux is given by the difference in vapour pressure between the 
ambient air (𝑃𝑃𝐴𝐴; Pa) and immediately above the saturated skin surface (𝑃𝑃𝑆𝑆𝑆𝑆; Pa): 
 
𝑞𝑞𝐿𝐿 = ℎ𝑚𝑚(𝑃𝑃𝐴𝐴 − 𝑃𝑃𝑆𝑆𝑆𝑆)  Eq.3 
 
Making use of the Lewis Relation (𝐿𝐿𝐿𝐿; K Pa-1), which provides the ratio ℎ𝑚𝑚/ℎ𝑐𝑐, equations 2 
and 3 can be combined:  
 
𝑞𝑞𝐻𝐻 + 𝑞𝑞𝐿𝐿 = ℎ𝑐𝑐[(𝑇𝑇𝐴𝐴 + 𝐿𝐿𝐿𝐿 ∙ 𝑃𝑃𝐴𝐴) − (𝑇𝑇𝑆𝑆𝑆𝑆 + 𝐿𝐿𝐿𝐿 ∙ 𝑃𝑃𝑆𝑆𝑆𝑆)]  Eq. 4 
 
For a Lewis Number (ratio of Schmidt to Pradtl numbers) equal to unity, the term 𝑇𝑇𝐴𝐴 +
𝐿𝐿𝐿𝐿 ∙ 𝑃𝑃𝐴𝐴corresponds directly to the equivalent temperature defined in the climatological 
literature (Fischer and Knutti, 2013), and when multiplied by the specific heat capacity of the 
air, it is the moist enthalpy, also referred to by others as the heat content and the moist static 
energy (Peterson et al., 2011; Pielke et al., 2004).  
 
Humans must sustain their core body temperature within a narrow range (about ± 1.5°C) of 
36.8°C to maintain normal metabolic and organ functioning (Hanna and Tait, 2015). If core 
temperature rises beyond this, death may result via numerous physiological pathways (see 
Mora et al., 2017a). Heat produced internally must therefore be dissipated to the environment 
if negative health outcomes are to be avoided (cf. Equation 1), which in turn requires a skin 
temperature of around 35°C to ensure metabolic heat is conducted from the core (Sherwood 
and Huber, 2010). This skin temperature can be substituted into Equation 4 to identify a 
thermodynamic limit beyond which turbulent heat dissipation to the environment is not 
possible. The hatched area in Fig. 1 highlights this area, which is approximately bounded by 
wet bulb temperature (𝑇𝑇𝐿𝐿) = 𝑇𝑇𝑆𝑆𝑆𝑆 = 35°C (note that it is only approximately  bounded because 
the assumption of a Lewis Number equal to unity has been relaxed; see Gagge and Gonzalez, 



2010, for the parameterization of LR). The other terms in Equation 1 may also influence the 
maximum moist enthalpy that can be tolerated. Solar radiation would increase the heat load, 
whilst the longwave term may be heat sink or source, depending on the geometry, 
temperature and emissivity of the surroundings. For completeness, the orange curve in Fig. 1 
provides an optimistic assessment of the upper limit of temperature and relative humidity that 
may be tolerated indoors if these fluxes are considered (assuming no solar radiation, modest 
air motion, uniform surroundings with surfaces temperature equal to air temperature, and 
ignoring 𝑞𝑞𝐺𝐺; see Fig. 1. caption).  
 
Although not directly observed, it is straightforward to calculate moist enthalpy (𝑄𝑄) from 
common meteorological quantities:  
 
𝑄𝑄 = 𝑄𝑄ℎ + 𝑄𝑄𝑙𝑙 = 𝑐𝑐𝑝𝑝𝑇𝑇 + 𝜔𝜔𝐿𝐿𝑣𝑣  Eq. 5 
 
where enthalpy and latent heat are denoted by 𝑄𝑄ℎ and 𝑄𝑄𝑙𝑙, respectively. The former is a 
product of air temperature (T; K) and the specific heat capacity of air (𝑐𝑐𝑝𝑝, whilst the latter is a 
product of the specific humidity (𝜔𝜔; grams of water vapour per gram of air) and the latent 
heat of vaporization (𝐿𝐿𝑣𝑣; J kg-1).  
 
Fig. 2 illustrates the result from applying Equation 5 to the European Centre for Medium 
Range Reanalysis ERA5 (available 2010-2016), using 𝑐𝑐𝑝𝑝 =1005 J kg-1× (1+0.84 × r) (in 
which r is the mixing ratio) and the expression of Henderson-Sellers (1984) to parameterize 
𝑄𝑄𝑙𝑙. According to these data, moist enthalpy reaches its greatest extent around the Persian 
Gulf and in South Asia, where contributions from latent heat are particularly enhanced. This 
pattern is reproduced globally, with Fig. 2D highlighting a greater latent heat partitioning for 
those places experiencing higher moist enthalpy. Note that the peak temperatures do not 
generally indicate the periods of maximum moist enthalpy, providing practical illustration of 
the need to characterise the thermal environment using total energy content, rather than just 
sensible heat (cf. Pielke et al., 2004).  
 
Sherwood and Huber (2010) concluded that 𝑇𝑇𝐿𝐿 has not exceeded 35°C over land during the 
period of modern observations. This is not supported by the more recent, more frequent 
(hourly), and higher-resolution (~0.28°×0.28°) ERA5, which shows a maximum 
instantaneous 𝑇𝑇𝐿𝐿 of 35.4°C (Fig. 2D), suggesting thermal conditions beyond the 
physiological limit of humans may have (albeit very rarely) occurred on Earth. Nevertheless, 
maximum air temperatures exceed 35°C far more widely, with ERA5 indicating recent 
exposure for more than 5.4 billion people (almost 80% of the 2010 world population; Fig. 3). 
Above this threshold, heat must be dissipated by sweating, highlighting the importance of 
latent heat transfer in greatly extending the range of climates tolerable to humans.  
 
In reality, though, determining human heat stress is more complex than alluded to above. 
Whilst heat dissipation to the environment may theoretically be possible for 𝑇𝑇𝐿𝐿  up to 35°C, 
it must occur at a rate sufficient to balance internal production if potentially deadly heat 
storage is to be avoided. Dangerous heat can therefore be apparent for temperature and 
humidity combinations well before 𝑇𝑇𝐿𝐿  exceeds 35°C. Indeed, the potential for heat stress 
depends as much on behavioural factors (clothing and metabolic activity levels) as 
environmental conditions. So called “direct” indices emphasize the latter, typically 
parameterizing potential heat stress as a function of only air temperature and moisture content 
(e.g. Roghanchi and Kocsis, 2017). In the climate change research literature, the apparent 



temperature (AT; Steadman, 1979) Humidex (HD; Masterton and Richardson, 1979), Wet 
Bulb Globe Temperature [WBGT; and in particular it’s simplified version: SWBGT (ACSM, 
1984; Yaglou and Minard, 1957)] have perhaps been employed most frequently, whilst the 
comprehensive Universal Thermal Climate Index (UTCI; Bröde et al., 2012; Fiala et al., 
2012) was recently proposed as the standard in human biometeorology. Of these, AT, HD 
and UTCI are scaled to provide a ‘feels-like’ temperature. All indices are associated with 
advisory thresholds (Table 1 and Fig. 1) to inform public safety. Once AT is forecast to reach 
above 41°C, for example, the US National Weather Service may initiate heat alert procedures 
(http://www.nws.noaa.gov/om/heat/heat_index.shtml).  
 
Although there is considerable variety in the formulation of the heat indices (see Blazejczyk 
et al., 2012), the energetic basis of human-atmosphere heat exchange means they all behave 
similarly to moist enthalpy, particularly for combinations of high temperature and humidity 
(as evidenced by the nearly coincident isolines in Fig. 4). The discrepancy for AT and UTCI 
for lower air temperature and humidity combinations reflects the more sophisticated energy-
balance origins of these indices; for example their inclusion of the cooling effect from 
reducing clothing extent (Fiala et al., 2012; Steadman, 1979). Because of this similarity, 
moist enthalpy/equivalent temperature are generally included in the aggregate term ‘heat-
humidity indices’ hereafter.  
 
Consideration of the physics of heat exchange in the context of climates encountered by 
society has underlined the importance of latent heat transfer in human thermoregulation. 
There is hence a strong precedent, adopted by this review, for assessing climate change and 
heat stress using these combined heat-humidity indices.   
 

III Observed changes in heat-humidity indices 
As global mean air temperatures have risen, global mean relative humidity has stayed 
approximately constant (Dai, 2006; Simmons et al., 2010; Willett et al., 2014), in line with 
theory and modelling studies (Byrne and O’Gorman, 2016; Held and Soden, 2000; Joshi and 
Gregory, 2008). Under these conditions, it follows that means in heat-humidity indices may 
also have risen. Yet, this is not entirely self-evident, as such aggregated statistics may 
obscure the spatial variation in the joint evolution of temperature and humidity trends (Buzan 
et al., 2015). Studies explicitly addressing changes in heat-humidity indices have, however, 
also reported widespread increases in equivalent temperature, WBGT and AT, with the trends 
in heat-humidity indices generally steeper than in air temperature alone (Fall et al., 2010; 
Jacobs et al., 2013; Schoof et al., 2015), or achieving a higher signal-noise ratio and thus 
greater statistical detectability (Knutson and Ploshay, 2016). Rising heat-humidity indices are 
not universal, though. For example, negative trends attributed to regional drying have been 
reported for parts of Australia (Hyatt et al., 2010; Peterson et al., 2011).  
 
Other authors have assessed regional changes in the frequency of extreme values in heat-
humidity indices (Desai and Dhorde, 2017; Grundstein and Dowd, 2011; Kjellstrom et al., 
2013; Mekis et al., 2015), and have mainly found significant increases in the number of 
threshold exceedances over the latter half of the twentieth century. The few global-scale 
assessments conclude widespread increases in the frequency of potentially dangerous values 
have occurred (Willett and Sherwood, 2012), which may have decreased labour capacity 
worldwide (Dunne et al., 2013), and increased the fraction of the land surface exposed to 
potentially deadly conditions (Mora et al., 2017b).    

http://www.nws.noaa.gov/om/heat/heat_index.shtml)


 
Research exploring the processes driving observed extremes in heat-humidity indices has 
been limited, with studies instead focussing on temperature extremes in the mid-latitudes 
(e.g. Fischer, 2014; Miralles et al., 2014). However, Wehner et al. (2016) assessed AT during 
two contrasting heatwaves in Karachi (Pakistan) and Hyderabad (India) during 2015. They 
highlighted that, due to high humidity, Karachi AT was much greater than the air temperature 
during the heatwave; in Hyderabad this difference was more muted. Whist adding little 
process understanding, these findings underscore the need to assess historic heatwaves using 
heat-humidity indices if their severity is to be characterised accurately.  

IV Projections 
Since the early projections of AT under climate change by Delworth et al. (1999), Fischer 
and Knutti (2013) have illustrated that climate model projections of such combined indices 
are more robust than those focusing on humidity or temperature alone. More studies have 
since followed (see Buzan et al., 2015), but not in great number compared to projections of 
air temperature (see Horton et al., 2016). However, the limited research to date has been 
consistent in its conclusions. Changes in mean and extreme values in the heat-humidity 
indices are generally expected to be larger than for air temperature alone (Delworth et al., 
1999; Matthews et al., 2017; Oleson et al., 2015; Zhao et al., 2015), resulting from the 
additive effect of projected increases in both atmospheric moisture and air temperature 
(Collins et al., 2013). Projections have also highlighted the tendency for much larger 
increases in heat-humidity indices than in air temperature for climates that are already warm 
and humid. This agrees with observed changes, and can be understood through consideration 
of energy partitioning. Locations with the highest moist enthalpy are characterised by greater 
partitioning to the latent heat term (Section II); a larger component of the additional heat 
input from radiative forcing is therefore used to evaporate surface waters than to raise the 
sensible heat content of the air, meaning that specific humidity rises faster than air 
temperature (Peterson et al., 2011). 
  
It follows from the above that some of the well-established patterns in warming rates 
associated with anthropogenic climate change do not apply to heat-humidity indices. For 
example, under continued anthropogenic climate change, mean air temperatures are 
anticipated to warm more over land, with greater rates of increase expected for higher 
northern latitudes (Diffenbaugh and Field, 2013; Sutton et al., 2007). Where global-scale 
assessments of projected heat-humidity indices have been pursued, however, the literature 
indicates comparable changes in mean conditions between land and ocean as global mean air 
temperatures rise (Delworth et al., 1999). This is consistent with the observation that 
projected changes to equivalent temperature are almost zonally uniform under climate 
change, with larger increases in the tropics than mid-latitudes (Byrne and O’Gorman, 2013). 
 
Fig. 5 explores this behaviour in more detail, applying Equation 5 to monthly mean model 
output from 23 climate models employed in the historical and Representative Concentration 
Pathway (RCP) 8.5 experiments (Taylor et al., 2011; Vuuren et al., 2011; see Table S1 in 
Supplementary Material for an inventory of the models used). The increase in moist enthalpy 
between the end of the 20th (1986-2005) and 21st (2081-2100) centuries is greatest in extreme 
northern latitudes, but the change seen in the deep tropics comes a close second. Maximum 
increases in moist enthalpy at these latitudes are a consequence of the strong climate change 
feedbacks operating here, with reductions in surface albedo being of prime importance in the 
Arctic (Taylor et al., 2013), and the water vapour feedback acting at low latitudes (Colman 



and McAvaney, 2009). The increase in moist enthalpy is realised more though sensible 
(latent) heat in the high (low) latitudes (Fig. 5, bottom). It is this enhanced latent heating of 
the low latitude atmosphere that shallows the lapse rate and leads to the well-known strong 
sensible heating of the upper tropical atmosphere (Allen and Sherwood, 2008). At the 
surface, however, this increase in latent heat means that the rise in temperature is limited, 
which can obscure the fact that changes to moist enthalpy (and hence to potential heat stress: 
Section II) are so large.  
 
The extent to which the changes in means shown in Fig. 5 extend to changes in extremes 
appears less straightforward and is underexplored. Zhao et al. (2015) reported near 
meridional-homogeneity in the amount that extremes (defined as the mean of the top 5% of 
values) in heat-humidity indices (AT, SWBGT and HD) may rise by the end of the century 
under RCP 8.5. From Fig 5. this implies a relatively greater amplification of extremes in the 
mid-latitudes, which is in line with assessments of projected air temperature change that have 
indicted widening of statistical distributions there as the climate warms (Schär et al., 2004; 
Scherrer et al., 2005). From a process perspective, this may be explained by the dynamics of 
extreme mid-latitude heat events, where the role of land-atmosphere coupling under 
extratropical anticyclones in amplifying boundary-layer heat content has been highlighted 
(Miralles et al., 2014). Whilst not directly comparable with (Zhao et al., 2015), due to 
differences in definition of AT and spatial sampling, Matthews et al. (2017) noted that the 
99.9thth percentile in AT increased more in megacity locations with higher observed values 
for the 99.9th percentile, suggesting that extremes in this indicator are amplified more under 
climate warming in the lower latitudes (Section II).  
 
Although little research has assessed the amount that extreme values in heat-humidity indices 
may rise as the climate warms, there has been greater focus on the frequency with which 
potentially dangerous thresholds may be exceeded (Diffenbaugh et al., 2007; Fischer et al., 
2012; Fischer and Schär, 2010; Matthews et al., 2017; Mora et al., 2017; Willett and 
Sherwood, 2012; Zhao et al., 2015). The results of these investigations indicate that it is the 
tropics and subtropics, where high heat stress is already encountered, that will generally 
witness the largest increases in the frequency of the most severe conditions. This trend can be 
understood as being a result of the climatological distribution of heat-humidity indices in the 
lower latitudes, where a high proportion of time is already spent in close proximity to critical 
thresholds. Thus, even a small increase in the mean can cause a relatively large increase in 
the frequency with which critical thresholds are crossed (Fischer et al., 2012; Mora et al., 
2017b; Willett and Sherwood, 2012). Moreover, changes in the mean state of humidity-heat 
indices are likely to be amongst the largest in lower latitudes, adding to the tendency for the 
frequency of threshold exceedances to increase most there.  
 

V Impacts  
The potential impacts of extreme heat in general have been thoroughly addressed in the 
literature (Sheridan and Allen, 2015). Here, focus is directed to those issues that become 
particularly notable when a humid-heat perspective is adopted. In this context, Section II 
outlined that, in the present climate, heat dissipation by humans to the environment is 
possible for almost all land areas on Earth. Assessments of heat-humidity indices have 
highlighted, however, that this may no longer be true under sustained climate warming, with 
wet bulb temperatures exceeding 35°C projected for parts of the Middle East and South Asia 
by the end of the century under RCP 8.5 (Im et al., 2017; Pal and Eltahir, 2016). These 



findings emphasise that there is an adaptability limit for humans in the context of climate 
change and heat stress, but it is important to note that negative health consequences are 
possible for wet bulb temperatures much lower than 35°C, which is reflected in the advisory 
levels of heat-humidity indices (Table 1). Some authors have therefore attempted to quantify 
the number of people that may be exposed regularly to dangerous combinations of 
temperature and humidity if the climate continues to warm. For example, Im et al. (2017) 
found that by 2100 under RCP 8.5 around 4% of South Asia’s population may be exposed 
annually to wet bulb air temperatures exceeding the 35°C threshold, but up to 75% of people 
may be exposed to values dangerous to human health. In possibly the most comprehensive 
assessment to date, Mora et al. (2017) assessed 783 incidents of mortality documented in the 
research literature to identify heat-humidity conditions that have been deadly in the past (see 
Fig. 1). They concluded that around 30% of the current population is already regularly 
exposed to deadly heat (experiencing at least 20 days per year), with this figure climbing as 
high as 74% by the end of the century under RCP 8.5. Even if the most ambitions climate 
change mitigation targets are met (a scenario consistent with RCP 2.6), Mora et al. (2017) 
caution that 48% of the world’s population could be at risk by 2100.  
 
Matthews et al. (2017) framed their impacts projections differently, referring to amounts of 
climate warming, rather than RCPs, to communicate the potential societal consequences from 
increasing humid heat. Using exceedances of 40.6°C in the National Weather Service’s 
formulation of AT (Rothfusz, 1990), they found that, by 2050, even if global warming was 
limited to 1.5°C above pre-industrial levels, more than 350 million extra people living in the 
world’s largest cities could be regularly exposed (experiencing at least 1 day per year) to 
deadly conditions.  
 
Such steep increases in the number of people exposed to deadly heat result from some 
unfortunate coincidences. First, as noted by Jendritzky and Tinz (2009), places already heat 
stressed tend to have higher population densities, and extreme thresholds may be passed more 
readily for little warming in such climates (Section IV). Second, population growth over the 
rest of the 21st Century is projected to be fastest in the lower latitudes, spatially coincident 
with the greatest increase in potential heat stress (Fig. 6).  
 
Beyond challenges to human health, research has assessed the potential impacts on economic 
productivity, making use of the fact that clear guidelines exist for moderating physical work 
depending on values of the WBGT (Parsons, 2006). For example, using projections from the 
HadCM3 climate model, Kjellström et al. (2009) concluded that under the A2 climate 
scenario, peak reductions in labour capacity could reach 27% by the 2080s, with the biggest 
losses occurring in Southeast Asia, Central and Southern America, and the Caribbean. In a 
globally-aggregated study, Dunne et al. (2013) used projections from the ESM2M model 
under RCP 8.5 to suggest that population-weighted labour production could decrease by 
almost 40% in the hottest months by 2100, and by more than 60% by 2200.   

VI Synthesis and Future Outlook 
Research from observations and projections indicate concurrent increases in sensible (from 
increasing air temperature) and latent (through rising humidity) heat in response to 
anthropogenic greenhouse gas forcing of the climate. This drives greater increases in moist 
enthalpy and potential heat stress than may be inferred from rising temperatures alone, 
underlining the importance of integrating humidity changes into heat-related climate impacts 
assessments.  



 
Studies adopting this perspective have shown the largest increase in the frequency of 
dangerous conditions should generally be expected in lower latitude climates already 
experiencing a high proportion of time proximate to critical thresholds. This largely concurs 
with temperature-only studies, which find the greatest increase in the frequency of extremes 
in the tropics (Harrington et al., 2016; Herold et al., 2017). However, important differences 
emerge when the role of rising humidity is acknowledged. Heat-humidity indices indicate 
that more frequent tropical extremes are likely to be accompanied by amongst the largest 
increase in mean values seen worldwide. Thus, in terms of humid-heat, it is not just the signal 
(change) to noise (natural variability) ratio which is amplified in the tropics, but the absolute 
change itself. There is not yet a clear consensus as to whether this tropical amplification 
applies equally to the warm tail. Exploring this in more detail should be a priority for future 
research, as there is a need to quantify changes to the intensity (rather than just the frequency) 
of heat extremes under sustained climate warming. Enhancing understanding of the physical 
processes driving extreme low-latitude heat-humidity events may be a valuable contribution 
in this regard. 
 
The increasing risk of extreme heat-humidity in the low latitudes is in general spatially 
coincident with the largest rise in vulnerability due to rapid population growth. Accordingly, 
research has identified that continued climate change could lead to hundreds of millions more 
people regularly exposed to deadly heat, even if ambitious mitigation strategies succeed. It is 
possible that human populations may acclimatize somewhat in response to the more frequent 
stress from extreme temperatures, but scope for this is limited. First, optimum core body 
temperature should be regarded as immutable because basic components of human 
physiology (e.g. proteins) are highly temperature sensitive (Somero, 2010). Thus, 𝑇𝑇𝐿𝐿 = 35°C 
should be considered a hard and absolute upper limit for human heat tolerance that will not 
change over the (decadal to centennial) timescales considered here. Second, whilst 
individuals’ ability to cope with heat below this threshold may improve with increased 
thermoregulatory efficiency (for example, through earlier onset of sweating), it will still 
encounter limits set by human physiology (for example, maximal sweat rates) (Hanna and 
Tait, 2015).  
 
Mindful of the limits to human acclimatization, there is a strong incentive to limit exposure to 
dangerous heat where possible. Because heat stress is a phenomena that has been, and will 
continue to be, experienced mainly in cities (Fischer et al., 2012), there is much scope to 
achieve this through physical modification of urban environments (Ahmadi Venhari et al., 
2017; Taleghani, 2017). However, it is critical that studies exploring this prospect do so using 
heat-humidity indicators in place of air temperature; ‘greening’ cities through the 
introduction of more vegetation may well reduce the latter, but its influence on the former is 
unclear (Hass et al., 2016).  
 
Alternatively, Heat Health Early Warning Systems (Lowe et al., 2011) generally aim to elicit 
behavioural changes that minimize impacts from extreme heat. To date, their implementation 
has been restricted mainly to Europe and North America (Boeckmann and Rohn, 2014), so 
there is much scope for their wider use across the most at-risk low latitudes (Knowlton et al., 
2014). In this context, though, economic barriers must be acknowledged due to the generally 
reduced adaptive capacity of developing (often low latitude) countries. For example, cost 
may limit access to private air conditioning (see Gronlund, 2014), whilst lower-income 
workers may not feel able to afford avoiding strenuous work during periods of dangerous 
heat (Das, 2015). Addressing the growing challenge of deadly heat therefore requires 



innovations that simultaneously respect humans’ physiological limits, yet remain practical for 
widespread deployment.     
 
In closing, it is reiterated that integrating humidity into climate change assessments provides 
more complete insight into evolving thermal stress than provided by air temperature alone, 
but it must be acknowledged that, on their own, these variables incompletely characterise the 
outdoor environment for the purposes of human heat exchange. Wind speed and insolation 
are also critical in this regard, and both are projected to change as the climate warms (Ma et 
al., 2016; Wild et al., 2015). Going forward, trends in these quantities should therefore be 
assessed for better understanding of heat stress and climate change, not least for the outdoor 
workers who can comprise a large fraction of the workforce in vulnerable low latitudes 
regions.    
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Figure and Table Captions 
Figure 1. Enthalpy potential (the term in square brackets in Equation 4) expressed in °C for 
LR = 16.5 K kPa-1 (Gagge and Gonzalez, 2010). Negative values indicate cooling potential, 
as the gradient is directed from the skin to the environment. The hatched area highlights 
positive values; red line marks 𝑇𝑇𝐿𝐿= 35°C. The orange line highlights temperature and 
humidity combinations for which heat dissipation to the environment is not possible using 
equations 1-3, with qS = 0, qG = 0, hc = 5.8 W m-2 K-1 (appropriate for sea-level and ambient 
air velocity of 0.25 m s-1:Gagge and Gonzalez, 2010), and qLw  determined from 𝜎𝜎𝜀𝜀𝐴𝐴𝑇𝑇𝐴𝐴4 −
𝜎𝜎𝜀𝜀𝑆𝑆𝑆𝑆𝑇𝑇𝑆𝑆𝑆𝑆4, with 𝜎𝜎 the Stefan Boltzmann constant, and emissivity (𝜀𝜀) of the surrounding 
surfaces (subscript A) and skin (SK) assigned values of 0.95 (Kántor and Unger, 2011) and 
0.9, respectively. The latter can be considered appropriate for an urban environment (Oke, 
2009). For all calculations, TSK = 35°C. Dotted lines mainly indicate the onset of the “strong” 
heat stress class according to different heat-humidity indices (see Section II and Table 1).  
UTCI was computed with a 3.3 m s-1 wind, and mean radiant temperature equal to the air 
temperature). The “Mora et al. (2017b)” line highlights a global-scale empirically-derived 
threshold for identifying deadly heat (see Section V).  
Figure 2. All time maximum 2-metre moist enthalpy (Q) at each grid point in the hourly 
ERA5 dataset, along with concurrent sensible (Qh) and latent (Ql) contributions. (D) is the 
bivariate distribution of Q and the ratio Ql/Qh, highlighting higher contributions of Ql to Q as 
Q increases. The green points show the top-ten values, with the wet-bulb temperature of the 
highest value annotated. The red distribution and scatter points displays the same 
information, but for energy content during conditions associated with the all-time maxima in 
hourly air temperatures at each grid point.  
Figure 3.Area-weighted histograms of maximum temperature at each grid point in the hourly 
ERA5 dataset. Densities of the 2010 population (Jones and O’Neill, 2016) are calculated as 



function of air temperature. The magenta line indicates the number of people to have 
experienced a (dry-bulb) air temperature at least as high as that indicated on the x-axis; the 
red, vertical line highlights the 35°C coordinate. Note that the x-axis denotes wet- or dry-bulb 
temperature, depending on the units of the series plotted.  
Figure 4. Common heat-humidity indices (dotted lines), compared to moist enthalpy (solid 
lines) as a function of air temperature and relative humidity. See text for abbreviations, and 
note that the UTCI was computed assuming a mean radiant temperature equal to air 
temperature, and a 10-metre wind speed of 3.3 m s-1.  Note that the grey region corresponds 
to the hatched area in Fig. 1. 
Figure 5. Top: ensemble mean change in mean moist enthalpy by the end of the century 
(2081-2100), relative to 1986-2005 according to RCP 8.5. Note that all model output were 
interpolated to a common 1°×1° grid for plotting. Bottom: zonal mean summary of the 
enthalpy change, with shading spanning ± one standard deviation of the 23 CMIP5 ensemble 
members.   
Figure 6. Zonal mean change in population and heat stress. Population changes are shown as 
the zonal-mean increases in population between 2050 and 2010, averaged across the Shared 
Socioeconomic Pathways (SSPs) provided by Jones and O’Neill (2016); shading spans ± one 
standard deviation across these SSPs. Change in the frequency of dangerous AT is taken from 
(Matthews et al., 2017), and represents the zonal mean change in the number of days with AT 
≥ 40.6°C in a climate 2°C warmer than preindustrial, relative to the climate of the recent past 
(1979-2005).  
Table 1. Thresholds in commonly-employed heat-humidity indices. Note that these values 
are indices only but can be interpreted as having units of °C for comparative purposes.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
 
 
 
 
 
 



 


