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Deforestation and climate change are projected to
increase heat stress risk in the Brazilian Amazon
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Land use change and deforestation can inﬂuence local temperature and climate. Here we use
a coupled ocean-atmosphere model to assess the impact of savannization of the Amazon
Basin on the wet-bulb globe temperature heat stress index under two climate change scenarios (RCP4.5 and RCP8.5). We ﬁnd that heat stress exposure due to deforestation was
comparable to the effect of climate change under RCP8.5. Our ﬁndings suggest that heat
stress index could exceed the human adaptation limit by 2100 under the combined effects of
Amazon savannization and climate change. Moreover, we ﬁnd that risk of heat stress
exposure was highest in Northern Brazil and among the most socially vulnerable. We suggest
that by 2100, savannization of the Amazon will lead to more than 11 million people will be
exposed heat stress that poses an extreme risk to human health under a high emission
scenario.
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lobal warming is causing heat stress conditions that are
becoming more frequent and intense in many tropical
and subtropical regions of the world1,2. In 2020, the
warmest September in history was recorded, with several locations in Europe and South America breaking record-high
temperatures3, while the high temperatures in Midwestern and
Northern Brazil posed a risk for death by hyperthermia4. A recent
study found that these two regions have the largest projected air
temperature changes driven by a global warming scenario in the
Eta atmospheric regional model nested in global climate models
(HadGEM-ES and MIROC)5.
The recent extreme heat exposure in Brazil occurred during a
period marked by forest ﬁres and growing deforestation rates in
several biomes, especially in the Brazilian Amazon6,7. Between
August 2019 and July 2020, total deforestation in the Brazilian
Amazon experienced the single highest year-to-year increase
since 2010 (nearly 1000 km²)6. Increased deforestation is an
important sign of non-compliance with the goals established by
the 2015 Paris Agreement (which were intended to limit global
warming to 1.5–2.0 °C). To achieve this established goal, greenhouse gas emissions should reach zero by 2050 in industrialized
countries and by 2100 in the rest of the world, assuming that
natural carbon sinks are preserved, which has not been observed
in recent years. The deforested area reached in 2020 is much
larger than the commitment speciﬁed in Brazil’s National Policy8,
which sought an 80% decrease in deforestation in the Amazon
compared with the average veriﬁed deforestation levels from 1996
and 2005. That is, the target deforestation rate in 2020 should be
3925 km² instead of the actual 2020 rate of 11,022 km².
The Amazon rainforest is one of the most biodiverse regions in
the world9,10, and its progressive deforestation may result in
abrupt and profound changes in the regional climate and intensiﬁcation of extreme climate events11,12. Nobre et al.13 predicted a
nearly 60% rainfall reduction and a 2 °C increase in the nearsurface air temperature over the Amazon based on a scenario of
Amazonian deforestation incorporating ocean–atmosphere coupling. Such profound climatic changes over the Amazon along
with large-scale projected deforestation scenarios will aggravate
the effects of heat exposure on human adaptation, work activities,
leisure, and sports practice14, especially for vulnerable social
groups. In this study, we carried out numerical climate modeling
experiments using the Brazilian Earth System Model (BESM2.5)15–17 to assess the effects of two major climate stressors, i.e.,
Amazon savannization and global climate change, on the risk of
exposure to heat stress conditions with respect to the potential
impact on human health.
Excessive heat-related morbidity and mortality are linked to
the body’s ability to maintain a stable internal temperature18.
Under unfavorable environmental conditions that include high
temperature and humidity exposure, the body’s cooling capabilities are weakened, resulting in increased body temperature.
Sustained exposure to such conditions results in dehydration and
exhaustion, and in more severe cases, tension and collapse of vital
functions, which can lead to death19. In addition, heat stress
affects mood and mental illness and reduces physical and psychological performance20.
Increased body temperature due to heat stress is an unbalanced
condition in which heat production or gain outpaces heat loss.
This condition depends on interactions between at least four climatic variables: air temperature, relative humidity, solar radiation,
and wind speed. In environments with air temperatures above
35 °C, transpiration/evaporation is the body’s main cooling process; in environments with high humidity (and low wind speeds),
this mechanism is less effective and the body’s heat balance can be
compromised. Outside of environmental factors, clothing, physical
activity, and acclimatization can also affect heat stress21,22.
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There are various heat exposure stress indices that can be
measured, including rational indices (via calculations involving
heat balance equation), empirical indices (based on objective and
subjective strain), and direct indices (involving direct measurement of environmental variables)19. Direct indices are more
applicable, as these indices are based on monitoring environmental variables. Among these indices, the wet-bulb globe temperature (WBGT) is the most used, especially in military training,
work safety, sports medicine, and leisure activities22–24.
The WBGT heat index incorporates the natural wet-bulb
temperature (Tnwb), the black globe temperature (Tg), and air
temperature (Ta), which can be calculated using standard
meteorological observations (temperature, humidity, wind speed,
and solar radiation) for both in-shade environments (without
solar radiation exposure) and outdoor environments (with solar
radiation exposure). This index is properly adjusted for actions in
work environments based on various metabolic rates deﬁned in
international22 and national25,26 standards, which recommend an
hourly rest period during heavy work when the WBGT exceeds
26 °C and suspension of work activities when the WBGT reaches
34 °C. Under more extreme conditions, e.g., a WBGT >40 °C,
exposure may compromise survivability in heat-vulnerable
groups2,27.
Results and discussion
Amazon savannization and heat stress. The results of our
Amazon Basin savannization simulations, which examined the
worst-case scenario, i.e., that the entire Amazon rainforest is
replaced with savannah, revealed increased air temperatures and
decreased relative humidity and precipitation, especially in the
Amazon Basin (Supplementary Figs. 1–3). Such climatic conditions were enhanced when the savannization experiments were
computed in tandem with the atmospheric radiative forcing of
the representative concentration pathways (RCP) 4.5 and 8.5
(Supplementary Fig. 1). The various model experiments were
explicitly named using the following legend: greenhouse gas
scenario (H – Historical, 45 – Representative Concentration
Pathways 4.5 – RCP4.5, and Representative Concentration
Pathways 85 – RCP8.5); and land-use scenarios (F – Forested, S –
Savannah). For instance, HS represents the historical greenhouse
gas scenario with the savannah land use pattern and 85F indicates
the RCP8.5 greenhouse gas scenario run with the forested land
use pattern.
Regarding heat stress conditions, computation of the WBGT
index for these simulations revealed the most dramatic effects of
Amazon savannization on the regional scale. In the hottest
month, the average daily maximum in-shade WBGT values
exceeded the limit associated with the extreme risk to human
health (i.e., WBGT ≥ 34 °C), reaching maxima of 37 and 41 °C for
the 45S and 85S simulations, respectively (Fig. 1). The distribution of in-shade WBGT values showed that a large majority of the
Amazon Basin region reached 34 °C, with some areas reaching
41 °C in the 85 S simulation. Such high WBGT values were not
obtained in forested simulations, even under the most extreme
85F simulation (Fig. 1). For outdoor conditions, the maximum
daily average of the WBGT in the hottest month reached 46 °C
for the 85S simulation (Supplementary Fig. 4).
In a simulation under historical atmospheric conditions (i.e.,
the present conditions), Amazon savannization led to 1–5 °C
increases in the average daily highest in-shade WBGT values
during the hottest month over the Amazon (Fig. 1, difference of
HS − HF). In the climate change scenarios, the increase in
WBGT reached 7.5 °C with more robust effects in the
RCP8.5 scenario (Fig. 1; difference of 85S − 85F). On the
regional scale, deforestation also increased the average values of
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Fig. 1 Average daily maxima of the in-shade WBGT (in °C) for the warmest months. Average daily maxima of the in-shade WBGT (in °C) for the
warmest months according to global climate change scenarios for the historical (1980–2010) and RCP4.5 and RCP8.5 (2073–2100) periods, and land-use
scenarios. Global warming scenarios (Historical – H, RCP4.5 – 45, RCP8.5 – 85) and land-use scenarios (Forested – F and Savannah – S).
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the daily maximum in-shade WBGT by 0.5 °C over the Andean
and South and Southeastern Brazilian regions in the
RCP8.5 scenario (Fig. 1; difference of 85S − 85F).
The combined effects of the deforestation and global warming
scenarios contributed to extreme levels of in-shade WBGT heat stress
risk in most of the Amazon region, showing an increase of up to
11.5 °C under the RCP8.5 scenario (Fig. 1, difference of 85S − HF) by
the end of the twenty-ﬁrst century relative to the present conditions,
as shown in Fig. 1. On the regional scale for most of South America
(except for the Amazon Basin region), the average maximum daily
in-shade WBGT values were projected to increase by 2–5.5 °C during
the hottest months for 2073–2100 compared with the historical
period without deforestation. Similar effects were observed for the
outdoor conditions (Supplementary Fig. 4).
Regarding the effects on human health, elevated heat stress
exposure due to deforestation could be extremely dangerous to
humans, including increased risk of intolerable conditions for inshade working activities23 and intensiﬁed risk of heat-related
illness28. Furthermore, increased heat stress exposure might
increase morbidity and mortality in heat-vulnerable populations,
including children, the elderly, and those with underlying health
conditions29,30.
Figure 2 shows histograms of the distributions of the daily
maximum in-shade and outdoor WBGT values, highlighting the
heat stress exposure risk thresholds (dashed lines), as inﬂuenced
by savannization and the climate change scenarios in the Amazon
Basin. The data show that under in-shade conditions, replacement of the current forest cover with savanna-type vegetation
during the baseline/historical period could lead to a daily
maximum WBGT distribution equivalent to that predicted by
the RCP8.5 climate scenario at the end of the century. Thus,
Amazon rainforest deforestation has a local effect on heat stress
exposure equivalent to that of the most severe effect of climate
change, magnifying the frequency and intensity of extreme
in-shade WBGT values. The distribution of the maximum daily

in-shade WBGT values shows a shift in the warming values for
the RCP4.5 and RCP8.5 scenarios, with the most frequent values
near 32 °C for 45S and 34 °C 85S simulations. In the latter
scenario, this means that the daily maximum in-shade WBGT
might exceed 34 °C on 42% of the days in each year at the end of
this century.
In outdoor environments, the most notable effects of
savannization and climate change are on the threshold of
survivability. Under the 85 S simulation, the distribution of the
daily maximum WBGT values reached values greater than 40 °C
on 7% of days (i.e., 25 days per year) at the end of this century in
the Amazon Basin region (Fig. 2). On some days, the WBGT
exceeded the daily maximum value of 46 °C, highlighting the
alarming possibility of deadly heat stress levels resulting from the
combined effects of deforestation and climate change. Although
climatic models, including the BESM model used here, present
uncertainties in their projections, our ﬁndings suggest that the
limits of human adaptation could be exceeded in this region if
current trends in Amazon rainforest deforestation and global
climate change continue to increase. In the 85S simulation, it
would be impossible to perform heavy outdoor activities for at
least 1 h/day22 in 42% of the days studied (relative to WBGT ≥
34 °C). If this scenario occurs, new occupational health
initiatives, preventive measures, and shifts to safer behaviors will
be required to reduce the impact of heat stress exposure.
In the context of human health impact, the combined effects of
global climate change and Amazon rainforest savannization could
represent an exposure of more than six million people to
conditions of extreme risk to human health (WBGT ≥ 34 °C) in
45S and more than eleven million people in 85S (relative to the
no-savannization) for in-shade environments during the historical period (in which such heat stress conditions did not occur).
For instance, these populations would be exposed to a high risk of
WBGT (≤34 °C) for at least 1 h/day based on the monthly
climatology of the daily maximum values. Of the people impacted

Fig. 2 Distribution of daily maximum in-shadow and outdoor WBGT values (°C). Distribution of daily maximum in-shadow and outdoor WBGT values
(°C), according to Amazon rainforest savannization and global climate change scenarios for historical conditions (1980–2010), RCP4.5, and RCP8.5 at the
end of the century (2071–2100). Global warming scenarios (Historical – H, RCP4.5 – 45, RCP8.5 – 85) and land-use scenarios (Forested – F and Savannah –
S). Risk of heat stress: WBGT ≥ 26 °C and < 30 °C: moderate risk to human health (dashed yellow line); WBGT ≥ 30 °C and <34 °C: high risk to human
health (dashed orange line); WBGT ≥ 34 °C: extreme risk to human health (dashed red line); and WBGT ≥ 40 °C: risk to survivability (dashed dark
red line).
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Fig. 3 Combined effects of climate change and deforestation on the number of people under heat stress. Additional numbers of people exposed to heat
stress above the extreme risk to human health thresholds due to Amazon rainforest deforestation, according to historical period (1980–2010) and global
warming scenarios (2073–2100).

in the RCP8.5 climate change scenario in Brazil, 50% live under
conditions of high social vulnerability, with the equivalent of
about 5.7 million people exposed (Fig. 3; see in-shade WBGT).
For outdoor conditions and survivability threshold (WBGT >
40 °C), the combined effects of climate change and deforestation
could impact a total of ﬁve million people by the end of the
present century, among whom two million are highly vulnerable.
In our estimates, we did not consider population growth or
changes in demographic structure, or life expectancy. Thus, these
results reﬂect the isolated effects of climate change and
savannization and can be interpreted to represent the effects that
would be observed if the current population was exposed to the
projected heat stress distributions (Fig. 3; see outdoor WBGT).
The vulnerability of the exposed population was assessed via
the Social Vulnerability Index (IVS) of the Brazilian
municipalities31. This index is based on 16 indicators that reﬂect
fragilities in the health and education system (human capital),
urban infrastructure, and income and work31. This indicator can
be classiﬁed as very low or low social vulnerability (SVI less than
0.300), medium social vulnerability (SVI between 0.301 and
0.400), high social vulnerability (SVI between 0.401 and 0.500),
and very high social vulnerability (SVI between 0.501 and
1.000)31.
Of the total of 5565 Brazilian municipalities, 16% (887,
inhabited by 30 million people) might be impacted (i.e., increase
higher than 0.2 of in-shade WBGT in the hottest month) by the
savannization of the Amazon Forest in the RCP8.5 scenario
(Fig. 4). Of the impacted population, 42% reside in the northern
region of Brazil, which is dominated by municipalities with low
population density (with the exception of Manaus, which has a
population of more than two million people) and very high social
vulnerability. Of the impacted population in the northern region
(12 million), 50% live in areas with low resilience and high social
vulnerability (IVS ≥ 0.400), reﬂecting a low capacity to respond
and adapt to the combined effects of climate change and
deforestation (the impacts of outdoor conditions are presented in
the Supplementary Fig. 5).
Conclusions
Based on the results of a numerical climate modeling experiment
designed to gauge the effects of Amazon savannization and global
climate change scenarios on heat stress, our results suggest that
large-scale deforestation of the Amazon rainforest will greatly
magnify the risk of exposure to extreme heat associated with
climate change on local and regional scales. These heat levels,

which will be physiologically intolerable to the human body, will
profoundly affect highly vulnerable regions. The heat extreme
conditions induced by deforestation could have negative and
signiﬁcantly long-lasting effects on human health, including
decreased workability21,27,28 and increased heat-related morbimortality associated with cardiovascular disease29,30, psychological outcomes20, and acute kidney diseases32. In Brazil, the
combined effects of deforestation and climate change are already
being reported based on observational data, with the most
extreme warming values reported in large deforested areas from
2003 to 201833.
Additionally, increased heat stress exposure might impact
several areas of the economy via effects on labor productivity, as
workers will be exposed to fatal thermal conditions. In Brazil,
outdoor workers are already exposed to heat stress, and the
projections indicate increasing high-risk exposure over the next
decades34,35. The 1.5 °C increase in the global average temperature based on the projections of HadGEM2 and GFDL-ESM2M
climate models could represent 0.84% of losses in working hours
by 2030, the equivalent of 850,000 full-time jobs, especially in the
agricultural and construction sectors36. Particularly in agriculture,
the high risk associated with intense work and thermal overload
has already been observed among Brazilian sugarcane cutters37,38.
In our projections, the combination of land-use change and
global warming could further magnify the occupational risks.
Moreover, human-induced factors responsible for Amazon
savannization, such as increased numbers of forest ﬁres as well as
expansion of agricultural areas and mining activities, tend to be
characterized by unplanned urbanization, lack of basic sanitary
infrastructure, and more frequent informal work39–41. These
factors link the deforestation process to increased inequality and
vulnerability, which act synergistically with the effects of climate
change, to further increase the demand for health and social
protection services in the Brazilian Amazon region.
The expected effects of heat stress on human health depend on
interactions between multiple factors, including the severity and
frequency of these events as well as the biological and social
vulnerability of the exposed populations. Our results suggest that
the deforestation effects on heat stress will most severely affect the
Amazon region, which is home to precarious human developments (with respect to health, infrastructure, and income); furthermore, the severity of these effects are enhanced by the limited
ability of these regions to respond to the health challenges
induced by the combined effects of climate change and deforestation. During the COVID-19 pandemic, the ﬁrst health
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Fig. 4 Municipalities impacted by Amazon savannization RCP8.5 global warming scenario (2073–2100). Municipalities impacted by Amazon
savannization RCP8.5 global warming scenario (2073–2100), according to the social vulnerability index (SVI) components. Legend: The impacted
municipalities were deﬁned as those with a difference between the average daily maximum of the in-shade WBGT in the hottest month (85S – 85F
scenarios) higher than 0.2. The SVI was classiﬁed: 0.3–0.4: moderate vulnerability (dashed yellow line); 0.4–0.5: high vulnerability (dashed orange line);
greater than 0.5: very high vulnerability (dashed red line). The impacted population comprised 29,648,362 people, of which 42% reside in the northern
region, 35% in the southern region, 16% in the southeastern region, and 7% in the midwestern region.

services to collapse in Brazil were in the Amazon region, stressing
the synergistic effects of health stressors and the lack of infrastructure in the region.
Finally, our study reveals that the combined effects of Amazon
savannization and climate change are signiﬁcantly associated with
threats to human health and well-being, emphasizing the urgent
need for coordinated steps to avoid negative effects on vulnerable
populations. The local effects of land-use changes are directly
linked to forest sustainability policies and strategies, and changes
in these areas are within society’s reach. In these areas, the health
sector could be an important avenue for proposing integrative
policies to mitigate risk and vulnerability.

and maintains constant wind speed, and excludes the effects of solar radiation.
Both methods were recommended by Lemke and Kjellstrom46 for measuring the
effects of climate change on occupational heat stress at the population level. The
equations used to calculate the in-shade and outdoor WBGT are given below:

Methods

Where Tpwb represents the psychrometric wet-bulb temperature
In this study, to describe the spatial distribution of heat stress condition, the
daily risks of heat exposure are deﬁned as moderate (WBGT ≥ 26 °C and < 30 °C),
high (WBGT ≥ 30 °C and <34 °C), and extreme (WBGT ≥ 34 °C) for work activities
(workability), sports, and leisure practices22. These tolerance values are similar to
the permitted limits of labor scale (work/rest) for intense occupational activities22
and international sports training24 in non-cooled places. Under more extreme
conditions, exposure to WBGTs greater than 40 °C might compromise survivability
in heat-vulnerable groups2,27.

Meteorological data and WBGT bias correction. The observational data used in
this study were from the reanalysis of the European Centre for Medium-Range
Weather Forecasts (ECMWF) ERA542. Hourly data ﬁelds (i.e., temperature,
humidity, solar radiation, and wind speed) were linearly interpolated to match the
spatial resolution of the BESM model. Historical period data from 1981 to 2010 was
used for the indoor and outdoor environment WBGT calculations and as the
current conditions for the bias correction of the model outputs. Observational
hourly WBGT values from the reanalysis were used for comparisons with the
simulation of the forested Historical period and bias correction procedures. The
method used to correct the WBGT bias was based on variable normalization. The
standard normal deviate-based scaling used in the experiment is a simple approach
that matches only the ﬁrst and second moments of the observations and model
distributions43. The correction was applied separately for each time and month to
account for possible seasonal and daily cycle changes in the climatological differences. For a given calendar month and time k and a given grid cell i, the scaling
parameters are the WBGT (evaluated by 30 years) mean (Mmi,k and Moi,k for
model and observations, respectively) and the standard deviation (Smi,k and Soi,k
for model and observations, respectively). For each model WBGT Ti from a particular month and hour (time subscript omitted), the scaled model Ti′ is then given
by Ti′ = (Ti − Mmi,k)Soi,k/Smi,k + Moi,k. The means and standard deviations of the
forested Historical experiment and the reanalysis were used to correct the computed WBGT bias for the deforestation and RCP experiments. The use of the
forested Historic parameters to correct for bias in the deforestation and RCPs
experiments is valid as the experimental boundary conditions, although the physics
and dynamics of the model were not altered (Supplementary Fig. 6).
Wet-bulb globe temperature estimate. The wet-bulb globe temperature
(WBGT) index was calculated for outdoor environments using the method
described by Liljegren et al.44, which considers the effects of temperature, humidity,
solar radiation, and wind speed. The in-shade WBGT index was calculated using
the method described by Bernard45, which considers temperature and humidity
6

(1) outdoor conditions44:
WBGT outdoor ¼ 0:7Tnbw þ 0:2Tg þ 0:1Ta
Where Tnwb represents the natural temperature of the wet bulb, Tg is the
temperature of the black globe, and Ta is the air temperature. Tnwb and Tg
were estimated using air temperature, relative humidity, wind speed, and
incident radiation.
(2) in-shade conditions45:
WBGT indoor ¼ 0:7Tpwb þ 0:3Ta

Population analysis. Bias-corrected WBGT indices were used to calculate indicators of extremes, such as mean daily highs. Thus, from the WBGT hourly data,
the maximum daily values were selected, forming a series of 10,266 days for each
experiment. From this series, the monthly climatology of the WBGT daily maximums was calculated. The warmest month of this climatology was linearly
interpolated for the reference geographic location of the 5565 municipalities in
Brazil and related to their populations, according to the number of inhabitants in
each municipality as reported for 2019. The vulnerability of Brazilian municipalities and their populations exposed to heat stress conditions was evaluated using
the Social Vulnerability Index (SVI)31. This index combines 16 indicators to deﬁne
multiple dimensions of vulnerability, i.e., human capital, urban infrastructure, and
income and work, thereby providing a scientiﬁc basis for understanding the vulnerability of Brazilian municipalities. Each indicator is represented by a normalized
value on a scale that varies between 0 and 1, where 0 corresponds to the ideal or
desirable situation. The SVI and its components can be categorized as follows: low
or moderate social vulnerability (SVI: < 0.400), high social vulnerability (SVI: 0.401
− 0.500), and very high social vulnerability (SVI: 0.501 − 1.000)31.
Coupled ocean–atmosphere land ice model. The deforestation and warming
scenario simulations were performed using the Brazilian Earth System Model,
version 2.5 coupled ocean–atmosphere model (BESM-OA2.5), developed at the
Brazilian National Institute for Space Research (INPE). BESM-OA2.5 comprises
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the Brazilian Global Atmospheric Model (BAM) of the Center for Weather
Forecasting and Climate Studies (CPTEC/INPE) and the Geophysical Fluid
Dynamics Laboratory (GFDL) Modular Ocean Model version 4p1 (MOM4p1) of
the National Oceanic and Atmospheric Administration (NOAA). More details can
be found in Veiga et al.16 and Capistrano et al.17. The BAM atmospheric component, described by Figueroa et al.47, adopted the horizontal grid resolution
truncated at triangular wavenumber 62 (~1.875 × 1.875 degrees of resolution at the
Equator) and 28 sigma vertical levels. The surface model SSib48 was used for heat
ﬂux and soil condition calculations. SSib is a static vegetation surface model in
which the surface and soil characteristics are seasonally parameterized and spatially
distributed using a map with 13 types of earth surface covers. Regional cover type
changes in this map allow simulation of changes in surface characteristics, e.g.,
Amazon basin deforestation.
Experimental design. The numerical experiments were performed with the BESMOA2.5 using two surface cover boundary conditions: (1) the original SSib vegetation
map49, where the Amazon basin cover corresponds to the biome “Broad-leaf evergreen
trees” (tropical rainforest, hereinafter referred to as Forested); and (2) an alternative
map in which the Amazon basin region cover is substituted with “Broad-leaf trees with
ground cover” (savanna, hereinafter referred to as Deforested). The model simulations
follow the CMIP5 experimental design protocol50. Three sets of experiments were
performed: one Historical run, over the period 1981–2010 (30 years), forced by the
observed historical atmospheric equivalent CO2 concentration (greenhouse gas only),
and two global warming scenarios over the period 2071–2100 (30 years), forced by
time-dependent changes in greenhouse gas levels projected by the Representative
Concentration Pathways 4.5 and 8.5 (RCP4.5 and RCP8.5, respectively)50. These three
global radiative forcing experimental sets were run with the two surface conditions, i.e.,
Forested and Deforested Amazon Basin, totaling 6 experiments in all. For all six
experiments, 30 years of hourly outputs were processed to calculate the WBGT indices.

Data availability
The data sets that support the ﬁndings of this study are available at https://ﬁgshare.com/
s/a6022896434f1d2ffddd. The inhabitant’s number of Brazilian municipalities is openaccess data available in https://www.ibge.gov.br/estatisticas/sociais/populacao/9103estimativas-de-populacao.html?edicao=25272&t=resultados. The data that support the
vulnerability analysis of Brazilian municipalities are openly available in http://
ivs.ipea.gov.br/index.php/pt/planilha.

Code availability
The code used for calculating the outdoor and in-shade WBGT is open-access produced
by A. Casanueva, and it is available on GitHub at the following address: https://rdrr.io/
github/anacv/HeatStress/src/R/wbgt.Liljegren.R. The codes of all ﬁgures are available at
https://ﬁgshare.com/s/a6022896434f1d2ffddd.
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