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Abstract

Human-caused climate change has increased the average temperature of the Earth by over 1°C 

since the 19th century with larger increases expected by 2100 due to continued human influence. 

This change in mean ambient temperature has had nonlinear effects, resulting in more high 

temperature extremes, i.e., heat waves, that have increased in frequency, duration, and magnitude. 

Additional occurrences of humid heatwaves have significantly affected human health due to 

the physiological strain associated with a relative inability for evaporative cooling. Inability 

to efficaciously cool the body, whether during passive heat exposure or physical activity, not 

only leads to elevated core temperatures but also places strain on the cardiovascular system, 

often exacerbating age-related co-morbidities. As part of the PSU HEAT (Pennsylvania State 

University – Human Environmental Age Thresholds) Project, a progressive environmental strain 

protocol has been developed to determine critical environmental limits – combinations of ambient 

temperature and humidity -- associated with uncompensable heat stress and intractable rises in 

core temperature (Tc). These human heat balance thresholds, well below those originally theorized 

by climatologists, have been surpassed in recent heatwaves and be exceeded on a more regular 

basis in the future, providing additional impetus to the urgency of adaptative measures and climate 

change mitigation.
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Introduction

Earth’s average temperature has increased ~1.1°C since 1900 and is projected to further rise 

by 1.4 – 4.4°C by 2100 given continued human-caused climate change (1). While regional 

heterogeneity exists in the magnitude of temperature increase across the globe, the majority 

of land areas on Earth have experienced new heat extremes due to human-induced impacts 

of elevated greenhouse gas emissions and associated radiative forcing (1). The increase in 

global temperature is not simply relegated to the mean but occurs throughout the entire 
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distribution range of temperatures. This temperature distribution shift not only increases 

the probability of extreme heat due to a rightward shift of the temperature distribution, but 

also, nonlinear effects may further exacerbate extreme heat events (2). Extreme heat events, 

or heatwaves, have increased in frequency, duration, and magnitude over the observational 

record (3) and will continue to increase in the future (4) (Figure 1). Other research has 

shown that these heatwaves are occurring earlier which cuts down on heat acclimatization 

time (5).The relatively new and emerging field of climate attribution has proven useful in 

linking climate change to singular heatwave events. For example, the heatwave that engulfed 

the Pacific Northwest of the United States and Canada in 2021 would not have been possible 

without the influence of climate change (6). Similarly, the April – May 2022 heatwave 

that devastated Pakistan and India was made 30 times more likely to occur because of 

human-induced climate change (7).

Climate impacts on health

Climate change is the largest threat to planetary health (8). One direct and specific 

impact it will have on humans is the rise in warm season temperatures and heat extremes 

and their subsequent influence on health. Heat is the number one weather-related killer 

in the United States (9) and contributes to a significant number of deaths across the 

world. Several epidemiological studies have shown that heatwaves exacerbate direct heat-

related morbidity and mortality (10) and are also associated with increased cardiovascular, 

respiratory, and renal illnesses (11). This risk is heightened in vulnerable populations such as 

young children, the elderly, pregnant women, and outdoor laborers whose physiological 

dysfunction, generalized lack of behavioral adaptation, forced exposure duration, or 

combinations thereof, present roadblocks to remaining heat-healthy (12). These detrimental 

heat-health effects most often result from heat production plus heat gain in excess of heat 

loss, resulting in increased body heat storage and elevated Tc. Past heatwaves, such as 

the 1995 Chicago, USA, 2003 European, 2010 Russian, 2015 India, and 2021 Pacific US 

and Canadian Northwest, have illustrated that prolonged exposure to heat, even in the 

absence of overt physical activity, can be deadly given the ambient environment’s impact on 

physiological strain on the body (13).

Humans can maintain thermal homeostasis in many environments of extreme heat via their 

tropically evolved thermoregulatory capabilities (14) (Figure 2). As heat builds in the body 

core, either through passive exposure to a hot environment or an increased metabolic rate 

(i.e., manual labor, exercise, etc.), there is an increase in blood flow directed to the skin. 

Secondary to an increased cardiac output coupled with redistribution of blood flow from 

renal and splanchnic vascular beds, blood is transferred toward the surface, and heat can be 

dissipated to the ambient environment via conduction and convection (dry heat loss). This 

process increases cardiorespiratory strain as cardiac output must increase in the absence of 

maintained or increased preload. The second, more efficient mechanism of cooling the body 

is through the activation of eccrine sweat glands to produce sweat and excrete it onto the 

surface of the skin. If that sweat is evaporated, the latent heat of vaporization cools the 

skin, provided that there is an adequate water vapor pressure gradient between the wetted 

skin surface and the ambient environment. However, fluid loss through sweating results in 
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dehydration which can limit evaporative cooling and lead to increase cardiac strain and renal 

dysfunction if fluids are not adequately replenished (15).

Critical environmental limits

A wet-bulb temperature (Twb) of 35°C has been proposed as the theoretical physiological 

limit for human adaptability. This threshold was based on the fact that there would be no 

evaporative cooling possible from fully wetted skin which has a temperature of 35°C at 

Twb = 35°C (16). Only recently have wet-bulb temperatures exceeded this theoretical 35°C 

adaptability limit, but even then a Twb of 35°C been limited to just a few hours in extremely 

humid regions of South Asia and the Middle East (17). However, climate models have 

shown that this part of the world will experience prolonged periods of uncompensable humid 

heat stress in the future under “business-as-usual” climate forcing (18).

While the 35°C limit has become popular in the scientific literature and media over 

the past decade, it lacks physiological accuracy due to its assumptions and lack of 

incorporation of physiological principles such as evaporative efficiency. Moreover, it has 

not been empirically validated until recently. As part of the Pennsylvania State University 

- Human Environmental Age Thresholds (PSU HEAT) project, critical environmental limits 

-- combinations of dry-bulb temperature (Tdb) and ambient water vapor pressure (Pa) 

above which heat stress becomes uncompensable and a Tc equilibrium can no longer be 

maintained -- were determined from a large cohort of young, healthy men and women using 

a programmable environmental chamber with controlled temperature and humidity (19, 20).

In warm, humid environments characterized by Tdb ranging from 34°C to 40°C and 

relative humidity (RH) values above 50%, a mean critical Twb of ~31°C was found for 

metabolic heat production that mimicked the minimal activities of daily life (e.g., fidgeting, 

brushing teeth, self-care, etc.). This value was much lower than the theoretical 35°C limit of 

Sherwood and Huber (Figure 3). When metabolic rates were increased to those associated 

with light ambulatory activities (e.g., gardening, washing dishes, gentle walks), the mean 

critical Twb decreased further, to 27 – 28°C in the same ambient environments (not shown). 

Hotter and drier environments were found to have even lower critical wet-bulb temperature 

limits, though the ambient conditions needed to reach these critical limits (Figure 4) are 

much less common in our current climate. Based on previous research, one would expect 

these critical limits to continue to decrease as metabolic activity continues to increase (21).

Current status and future implications

It is important to note that the exceedance of these critical environmental limits does not 

directly relate to increased probability or certainty of heat-related morbidity or mortality. 

Within the PSU HEAT experiments, at the time of core temperature inflection representative 

of uncompensable stress, Tc was still well below those associated with heat-related illness 

(i.e., heat stroke). In such warm-humid environments that exceed the critical environmental 

limits, it is projected that it would still take multiple hours of prolonged exposure without 

intervention for core temperatures to exceed temperatures typically associated with heat 

illnesses (22). However, in vulnerable populations based on exposure and heat load (i.e., 
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outdoor workers, homeless persons, athletes) or in the presence of co-morbidities or other 

physiological or behavioral impairments, critical environmental limits are likely shifted 

downward to lower combinations of temperature and humidity, as has been shown in a group 

of active older women (23), and the rate of core temperature increase after inflection may 

accelerate, causing health to deteriorate more quickly (24).

In the spring of 2022, an early-season heatwave enveloped the majority of India and 

Pakistan, delivering record-breaking temperatures coupled with high humidity over a 

prolonged period. On May 14th, the city of Jacobabad, Pakistan experienced a daily 

maximum Twb of 33.6°C, well above the thresholds shown in Figure 2 and approaching 

the 35°C upper limit previously theorized in the literature (16). Many other observing sites 

in the region registered maximum hourly Twb above 30°C (Figure 5) and did so multiple 

times over the duration of the heat event. This is becoming an ever-increasing occurrence 

(17, 25) and should be a signal to all that climate change is not simply a future health 

problem that we can continue to incrementally prepare for, but rather a current one that 

requires immediate attention, both in terms of adaptation and mitigation, for the well-being 

of people everywhere (12).

Conclusion

As the climate continues to warm, environmental conditions will push the limits of 

human thermoregulatory capacity. Recent laboratory tests revealed a downward shift of 

the heat stress compensability regime in young, healthy, yet unacclimatized adults from the 

previously theorized threshold of a wet-bulb temperature of 35°C. These updated empirical 

thresholds were exceeded in a recent heatwave in South Asia, highlighting that climate 

change is a clear and present danger to human health. Continued work should be done to 

determine how these thresholds are altered with respect to individual characteristics such 

as age and health condition. In addition, given the importance of heat exposure in the 

acclimatization process, these experiments should be repeated with populations living in 

warmer climate regimes, both in humid and dry conditions, to determine how longitudinal 

subjection to heat might improve physiological resilience to these extreme events.
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Figure 1. 
Schematic representation of changing temperature distributions with climate change and its 

effect on extreme heat events.
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Figure 2. 
Simplified schematic of heat exchange between humans and their environment. Net 

metabolic heat production (Mnet) is the combination of resting heat production plus that 

associated with physical activity, minus any external work being performed. Dry heat 

exchange (R+C) is determined by the gradient between mean skin temperature (Tsk) and 

ambient dry-bulb temperature (Tdb) unless there is a significant source of radiant heat that 

elevated mean radiant temperature (Tr). Dry heat exchange is bidirectional. Evaporative 

heat exchange (E), on the other hand, is unidirectional (loss only) and is determined by 

the gradient between the water vapor pressure of the skin (Psk) and the ambient water 

vapor pressure (Pa). The sum of Mnet ± (R+C) − E determines heat storage, which in turn, 

determines core temperature (Tc).
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Figure 3. 
Empirically derived critical wet-bulb temperatures above which heat balance cannot be 

maintained (uncompensable heat stress) during minimal activity experiments performed by 

a sample of 48 young (18–34 yrs) men and women in warm, humid environments. The 

subject sample included a wide range of body weights, surface areas, and fitness levels (20). 

The critical wet-bulb temperature was relatively consistent across this range of hot, humid 

environments but well below the theorized Twb threshold of 35°C.
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Figure 4. 
A simple psychrometric chart showing environments of compensable (green) and 

uncompensable (red) heat stress for young, healthy adults in minimal activity scenarios. 

Dots represent mean values of study participants. Dry-bulb temperature is on the x-axis 

and ambient water vapor pressure on the y-axis. Wet-bulb temperature is read on the solid 

diagonal lines from upper left to lower right and relative humidity (RH) on the dashed 

curved lines from lower left to upper right. The unshaded area is the lower 95% confidence 

interval associated with the uncompensable limit line (solid line and data points).
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Figure 5. 
Maximum recorded surface wet-bulb temperatures for the period March 1 – June 1, 2022 

in India and Pakistan. Bolded values signify wet-bulb temperatures over the compensability 

thresholds found in the PSU HEAT Project. Red values are those over 30.5°C, the moist 

heat stress critical value, while black values with asterisks represent values associated with 

threshold exceedance in the drier parts of the Tdb – RH distribution. Data from the Hadley 

Centre’s Integrated Surface Dataset (HadISD).
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