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Projected productivity losses and
economic costs due to heat stress
under climate change scenarios in
Brazil
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Working under extreme heat conditions threatens health and well-being, which is aggravated by
climate change. This study estimated the impact of an increase in global temperature on workability

in the Brazilian population and its respective economic costs, under two climate change scenarios,
projected over the 21st century. Using daytime Wet Bulb Globe Temperature (WBGT) projections from
Coupled Model Intercomparison Project (CMIP6) climate models (SSP2-4.5 and SSP5-8.5 scenarios), we
estimated productivity losses in the country’s principal labour activities: agriculture, civil construction,
the manufacturing industry, services, and informal labour. The economic cost was obtained from daily
wages, number of workers and productivity loss. Our results indicate that the North, Northeast and
Central-West regions face significant increases in daytime WBGT, frequently surpassing 34 °C in the
SSP5-8.5 scenario, which may exacerbate the effects of outdoor activities as they are currently carried
out. In agriculture and civil construction, productivity could fall by 90%. Daily economic losses for
regulated labour activities could reach USD 228 million under SSP2-4.5 and up to USD 353 million in
SSP5-8.5. To reduce these impacts, global mitigation action to curb the increase of global temperature
must be implemented, while national public policies that protect workers, such as creating cool spaces,
providing regular breaks, adjusting working hours and encouraging hydration, must be adopted and
reinforced.
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We are living in the hottest decade in recorded history. In 2024, the average global near-surface temperature
was 1.6 °C higher than the preindustrial average, making it the hottest year in 175 years of meteorological
records and, for the first time, the annual average surpassed the 1.5 °C of the Paris Agreement'. Although global
mitigation efforts are underway, they remain in early stages, reinforcing the urgency to accelerate actions that
address the growing impacts of climate change. The scientific community has warned of the impacts of global
warming over 1.5 °C, which include more intense climate change and more frequent extreme weather events>>.

The 2024 report of The Lancet Countdown warns that accelerated climate change represents unprecedented
threats to health and human survival on a global scale. Increased exposure to extreme heat compromises
physical activity, sleep and mental health?. In 2023, moderate risk of heat stress during light outdoor exercise
increased by 27.7% compared to 1990-1999, hitting record levels*. In Latin America, the rise in temperature has
intensified extreme climate risks: between 2013 and 2022, exposure to heatwaves rose by 248% for babies and
271% for the elderly compared to 1986-2005. Over the same period, an increase of 256 and 189 annual hours of
environmental heat was recorded; this is associated with moderate to high risk of heat stress>®.

Heat stress conditions, driven by air temperature, humidity, solar radiation, and wind, influence workability
— the capacity to perform labour activities under extreme heat - and productivity loss, which reflects the
portion of the working day compromised by heat stress”®. This decline in physical and cognitive performance
during manual activities has already contributed to global productivity losses approaching 10%°. Projections
indicate that, under scenarios of high fossil fuel consumption, these losses could escalate to 30-40% by the
end of the century®. In 2023, extreme heat resulted in a record loss of 512 billion working hours, equivalent to
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USD 835 billion in potential income losses®. In Brazil, it is estimated that, by 2100, the economic costs—which
corresponds to the financial impact of reduced productivity'?, will represent approximately 2% of the Gross
Domestic Product (GDP)!!!. Workers in high intensity activities and exposed to the open-air environments are
more affected, facing losses of income and employment, an increased cost of living, difficulties in adapting and
aggravated health problems!>~14,

The global workforce is composed of approximately 3.3 billion people, 2.4 billion (71% of workers) of
whom are exposed to excessive heat!®. Of these, workers who undertake external economic activities, such as
agriculture, civil construction and extractivism, are more vulnerable to heat stress, due to prolonged exposure to
extreme heat and inappropriate working conditions!®. Despite progress in understanding the impacts of heat on
occupational health, significant gaps remain. In particular, there is a lack of comprehensive studies that explore
the impact of climate change on workability and the economic losses associated with specific regional contexts,
such as Brazil, a country with high exposure to extreme heat and a strong dependency on outdoor work activities
and/or those with limited access to adequate rest areas with milder temperatures.

Our study therefore seeks to fill this gap, providing a detailed analysis of the impacts of global warming
on the workability of the Brazilian population and its respective economic costs, under two climate change
scenarios, one based on an intermediate development trajectory and another driven by fossil fuels. As a thermal
stress indicator, we used the daily Wet Bulb Globe Temperature (WBGT),_ ), which combines air temperature,
humidity, solar radiation, and wind speed to estimate the heat load 1mposedy on the human body during outdoor
activities. This index is widely adopted in occupational health standards and climate impact assessments because
it provides a comprehensive representation of environmental heat stress. In this study, WBGT, _was estimated
through the end of the century, followed by the calculation of the expected reduction in workability and probable
the associated economic costs, providing data to support public policy planning and adaptation strategies.

Materials and methods

Study area

Brazil is the fifth largest country in the world in terms of territory, occupying approximately 8,510,417.771 km?,
and the seventh in terms of its population, which is over 203 million. Approximately 84.72% of this population
lives in urban areas, with 12.4% in rural areas!’. The country is divided into 5570 municipalities, 26 administrative
units and one federal district, and is composed of five large regions (Fig. 1). The heterogeneous topography of its
territory, with its mountains, plateaus and plains, has a strong influence on wind circulation and climate systems,
contributing to the formation of varied climate zones and meteorological conditions®.

Brazil’s five macro-regions exhibit diverse climatic characteristics, encompassing three major Koppen climate
zones - tropical (A), dry (B), and subtropical (C) - are present, which are further subdivided into nine distinct
climate types across the country. The North region is predominantly classified as tropical rainforest (Af) and
monsoon (Am), with high annual rainfall and little temperature variation, especially in the Amazon Basin. The
Northeast presents sharp climatic contrasts, ranging from tropical savanna (Aw) and monsoon (Am) along
the coast to semi-arid (BSh) conditions in the interior, making it one of the driest areas in the country. In the
Central-West, the dominant climate is tropical savanna (Aw), characterised by a pronounced dry winter and
wet summer, although monsoon (Am) conditions also occur in the northwest. The Southeast includes a mix of
tropical (Aw, Am) and subtropical (Cwa, Cwb, Cfa, Cfb) climates, influenced by variations in elevation and its
transitional position between climatic zones. Finally, the South is characterised by subtropical humid climates
(Cfa and Cfb), with more defined seasons and cooler temperatures, particularly in the highlands!-2.

Projected data in the climate change scenarios

Meteorological data

Historical and simulated data from the SSP2-4.5 and SSP5-8.5 Shared Socioeconomic Pathways (SSPs) were
used, based on 18 climate models (Table 1) obtained from the NASA Earth Exchange Global Daily Downscaled
Projections (NEX-GDDP-CMIP6) dataset??. These models were selected for their strong performance in recent
studies for Brazil®*=2°, The SSPs were produced by the sixth phase of the Coupled Model Intercomparison
Project (CMIP6) and represent potential socio-economic trajectories over the 21 st century, each associated with
different levels of greenhouse gas emissions (GGEs) and changes to land use, with the SSP2-4.5 representing an
intermediary development scenario and the SSP5-8.5 a fossil-fuel dependent one?®. The NEX-GDDP-CMIP6
data has a daily temporal and spatial resolution of 0.25° x 0.25° with built-in bias correction. This ensures that
the data is suitable for regional- and local-level studies, capturing the spatial-temporal patterns of the climate
variables, enabling us to assess the future impacts of climate change associated with the two scenarios?2.

The NEX-GDDP-CMIP6 dataset provides bias-corrected and downscaled climate projections that incorporate
meteorological station observations during the calibration process. The reliability of this dataset for regional
climate impact assessments in Brazil has been demonstrated in previous validation studies®”?%.

Meteorological variables used in this study included relative humidity (RH, %), short-wave radiation (R, W/
m?), average (T,, °C) and maximum (T, °C) near-surface air temperature, and wind speed at 10 m (V, m/s),
extracted from the NEX-GDDP-CMIP6 dataset These variables were selected to calculate the daytime Wet Bulb
Globe Temperature (WBGT ay) a composite index that integrates multiple environmental stressors to assess
occupational heat stress more accurately than temperature alone. The use of WBGT day allows for a more realistic
evaluation of heat exposure during typical working hours, particularly in outdoor environments.

For each variable, an ensemble mean was calculated from the 18 climate models for both the historical
baseline (1981-2014) and future projections (2025-2099), which were divided into three time intervals: short-
term (2025-2049), medium-term (2050-2074), and long-term (2075 to 2099).

Wind speed data simulated at 10 m were adjusted to 2 m following the Food and Agriculture Organization
(FAO)? guidelines for short grass surfaces, as required for accurate WBGT calculation:
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Fig. 1. Topographic map of Brazil showing regional boundaries. Data derived from HydroSHEDS (https://ww
w.hydrosheds.org/hydrosheds-core-downloads).

Total 18 models: ACCESS-ESM1-5, CanESM5, CMCC-CM2-SR5,
CMCC-ESM2, CNRM-CM6-1, MIROCS6, EC-Earth3, FGOALS-g3,
Model GFDL-ESM4, GISS-E2-1-G, HadGEM3-GC31-LL, HadGEM3-GC31-
MM, INM-CM4-8, IPSL-CM6A-LR, MPI-ESM1-2-HR, MRI-ESM2-0,
NorESM2-MM, and UKESM1-0-LL.

Simulation Historical (1981-2014), SSP2-4.5 (2025-2099), and SSP5-8.5 (2025-2099)
Variable RH?, RP, VF, Tad, and T o

Temporal Resolution | Daily

Spatial Resolution 0.25° x 0.25°

ISIMIP
Product Type Projection for SSPs (2025-2099).
Variable Number of people

Temporal Resolution | Annual

Spatial Resolution 1/24°x 1/24°

Table 1. Information about the study’s climate projection data. *Near-surface relative humidity (%). "Surface
downwelling shortwave radiation (W/m?). “Near-surface wind speed (m/s). “Near-surface air temperature (°C).
*Maximum Near-Surface Air Temperature. ‘Number of people (unit).
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Uz = wind speed 2 m above ground surface (m/s); U. = measured wind speed z m above ground surface
(m/s); z = height of measurement above ground surface (m).

Calculation of the wet bulb globe temperature (WBGT)
The WBGT is widely used in occupational®® and sports health®!. It combines certain meteorological variables in
order to simulate the environmental conditions*? during intense physical activity®33.

The WBGT index combines three key environmental variables: natural wet bulb temperature (T, ,), which
reflects the effects of humidity, wind speed, and air temperature on evaporative cooling; globe temperature (T ),
which accounts for radiant heat from solar exposure; and air temperature (T,), representing the ambient dry bulb
temperature. Together, these variables simulate the external environmental heat load and are used to estimate
WBGT values under different climate conditions.

The meteorological data (Table 1) obtained from the simulations was used to calculate the external WBGT
under the SSP2-4.5 and SSP5-8.5 scenarios. The external WBGT is calculated as the weighted average of the T .
T, and T, according to the following equation:

WBGT = 0.7Tw, + 02T + 0.1T, (2)
We applied empirically derived equations based on previous studies to obtain the estimates for T, and T,. The

equation used to calculate the globe temperature (Tg)34 was based on air temperature (T,) and incident solar
radiation (R) data, resulting in the following formula:

T, = (1.3897T, — 5.4421) (0.03841n (R) + 0.7935) 3)

This method was validated by its authors, using three years of field data from the Brazilian Northeast and showed
high accuracy under daytime outdoor conditions (R* = 0.91). Although the equation does not include wind
speed, it performs well in tropical environments and suits large-scale applications. This simplification may cause
small deviations, but its impact on WBGT is limited due to the lower weight of T  in the final index.

The natural wet-bulb temperature (T ) is the appropriate input for WBGT calculations, but its direct
estimation is limited by data availability in local-scale climate projections. To address this, T _, was approximated
using the psychrometric wet-bulb temperature (prb)35’36, based on previously established equations. According
to these equations, if Ty — T, < 4:

anb - Ta -C (Ta - prb) (4)

where C is a constant that depends on wind speed V (m/s) and
C =0.85 forV < 0.03m/s
C=1.0 forV >3.0m/s
C = 0.96 4 0.069log,,V for0.03 < V < 3.0m/s.

when T, — T, > 4, we incorporate the effect of radiant heat, as described below:

Trwy = prb + 0.25 (Tg — Ta) +e (5)

where e is given by:
e=1.1forV <0.1m/s
e=—0.1forV=1.0m/s
e=0.1/V'"" =02 for01< V< 1.0m/s

The T, equation is described as:
pwl

Tpuws = 0.376 4+ 5.79¢, + (0.388 — 0.0465¢4) Ta (6)

To obtain the vapour pressure, a previously developed equation was applied**:

RH 17.27T,
Ca = (ﬁ) (0'61076‘”7 [Ta n 237.3D @

Although T, and prb differ in their physical basis, the prb based method applied in this study produces WBGT
estimates with acceptable accuracy for large-scale climate analyses®. Linear regressions show strong agreement
between calculated and observed T, | values (R* > 0.95)*. The authors who developed and applied this equation
to estimate WBGT reported biases ranging from — 0.44 to 0.11, depending on the location, indicating minimal
deviation and acceptable accuracy for regional-scale applications.
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No interpolation method was applied in the spatial representation of the WBGT. Instead, calculations
were performed directly at each grid point of the NEX-GDDP-CMIP6 dataset, preserving the original spatial
resolution of 0.25° x 0.25°. This procedure ensured that the WBGT values reflected the localized climatic
conditions simulated by each model, maintaining consistency with the bias-corrected and downscaled data used
throughout the analysis.

Population data

The exposed population in Brazil under both socio-economic development scenarios was calculated using the
ISIMIP2b protocol from the Inter-Sectoral Impact Model Intercomparison Project (ISIMIP), which provides
population density data (per km?) a 1/24 spatial resolution®”. The population affected by the heat conditions that
impact on workability was estimated for the 2075 to 2099 period.

The SSP2-4.5 projections suggest a reduction in Brazil’s population density across almost the entire nation,
with the most significant drop (low fertility) in the coastal states between Pard and Rio Grande do Sul*®. Moderate
growth with balanced urbanization and spatial development is observed in large metropolitan regions, which
represent exceptions to the general trend. The SSP5-8.5 scenario suggests that, even with economic optimism
and greater investment in education and health, Brazil will maintain a population density similar to that of the
SSP2-4.5 with accelerated urbanization in its metropolitan regions’®.

The quarterly average of the 2022 working population, available from the System of Automatic Recovery
(Sistema IBGE de Recuperagio Automdtica: SIDRA) of the Brazilian Institute of Geography and Statistics
(Instituto Brasileiro de Geografia e Estatistica: IBGE’s) (SIDRA/IBGE) (https://sidra.ibge.gov.br/tabela/5434
and https://sidra.ibge.gov.br/tabela/8517), was used as a reference for the number of workers in each sector.
Based on this information, the proportion of the population employed by each sector within each region was
calculated. In 2022, Brazil had an approximate total of 99 million active workers, of which 39% (38.8 million)
were working informally, according to the SIDRA/IBGE data. This level of informal labour is particularly high
in the North and Northeast regions, reflecting greater worker vulnerability in these areas. Approximately 8.7%
of the national workforce is employed in agriculture, 7.42% in civil construction and 12.7% in industry. The
service sector accounts for the highest proportion, at 50.7%. However, sectoral distribution varies significantly
between regions: agriculture continues to represent an important source of employment in the Northeast, while
the services and industry dominate in the Southeast.

To estimate the future proportion of active workers, the 2022 sectoral workforce in each Brazilian region
was divided by the total regional population from the 2022 census'’. This proportion was then multiplied by
the projected population under each development scenario. This allowed us to estimate the number of workers
employed in each sector and region in Brazil in the final quarter of the century (2075 to 2099), taking account of
the same sector/economic activity distribution. Although this assumption does not capture potential structural
labour market shifts, such as those driven by automation or public policies, it enables the isolation of climate
change effects on current labour structures, ensuring comparability across scenarios. These estimates were then
used to estimate the potential economic costs that each may incur under the two climate change scenarios.

Labour loss estimates

An established method™ to calculate daily WBGT (WBGTday) and thus estimate workability and productivity

losses under the climate change scenarios for Brazil’s five regions was applied. In this method, the WBGT,,,

follows the “4 + 4 + 4” formula, which represents the 12 h of daylight, where the sets of 4 h correspond to the

daily average (WBGT,,)), the maximum daily value (WBGT, ) and the average between the two (WBGT) )
4 4 4

WBGTaay = (13 ) WBGT1ae + (13 ) WBGTtarmas + (35 ) WBGT bty (8)

The applicability of this method to daily data was verified’’, demonstrating that the difference between this and
hourly data was less than 5%. The methodology assumes a 12-hour workday (6 a.m. to 6 p.m.) to represent the
total period of potential daytime exposure to heat. Although the typical Brazilian workday usually spans from 7
a.m. to 5 p.m., this simplification follows the standard adopted in previous studies*’ to reflect average daylight
availability. As a result, the estimated labour losses may be slightly overestimated; however, this approach ensures
consistency with the WBGT day calculation and allows for comparative analyses under different climate scenarios:

)

Loss Fraction = % {1 +erf (WBGTday — WBGTaver )]

WBGT s1aV/2

The error function (erf) is used to report the decline in labour productivity due to heat exposure, accounting for
different levels of work intensity. WBGT, , and WBGT, , are fixed reference parameters for workers engaged in
varying activity levels*!, as shown in Table 2. This function generates values in the range of -1 to 1. To normalize
these values in the [0, 1] range, add 1 to the result and divide by 2. To convert the Loss Fraction result into a
percentage, multiply the value by 100.

The variables WBGT, . and WBGT,, correspond to the average WBGT and its standard deviation,
respectively, for each level of work intensity (light, moderate, and high). These values are not exposure
limits per se, but parameters used in the exposure-response function (ERF) to estimate productivity losses.
WBGT,,, represents the threshold around which productivity losses begin to occur, while WBGT,_, accounts
for the variability in tolerance to heat stress, enabling a probabilistic estimation of impacts across the working
population®®41,

Scientific Reports |

(2025) 15:39775 | https://doi.org/10.1038/s41598-025-23487-w nature portfolio


https://sidra.ibge.gov.br/tabela/5434
https://sidra.ibge.gov.br/tabela/8517
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

5°N

0"/

5°S

10°S

SSP2-4.5

5°N

0

5°S

10°S

SSP5-8.5

Light (200 W) 35.533 3.948
Moderate (300 W) | 33.492 3.948
High (400 W) 32.465 4.1607

Table 2. Work intensity and associated constants.

Agriculture High 21.79
Construction | High 25.27
Informal High 17.82

Manufacturing | Moderate | 34.15
Services Moderate | 30.34

Table 3. Intensity and daily wage for economic activities, at an exchange rate of BRL 5.80.
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Fig. 2. Daytime WBGT projections (WBGT,, ) under the SSP2-4.5 (top) and SSP5-8.5 (bottom) scenarios
over the short (2025-2049), medium (2050—26’74) and long term (2075-2099). Maps were generated using
Python 3.11.3 (https://www.python.org/) with the libraries NumPy 2.1.2, Xarray 2024.10.0, Matplotlib 3.9.2,
Cartopy 0.24.1, and Colorcet 3.1.0.

The Loss Fraction was calculated for labour activities that employ the largest share of the Brazilian workforce:
agriculture, civil construction, manufacturing, services, and informal labour across all sectors. To classify the
intensity level of each activity, this study adopted thresholds for light (= 200 W), moderate (= 300 W), and high
(= 400 W) work based on international standards ISO 7243 (2017) and ACGIH (2015)*2. These metabolic rates
reflect typical activity types: light work includes seated or administrative tasks; moderate work includes standing
or machine-based tasks; and high work refers to physically demanding tasks such as construction or manual
field labour. Based on this classification, manufacturing and services were categorized as moderate intensity,
while agriculture, civil construction, and informal labour were classified as high intensity. These classifications
supported the estimation of productivity losses presented in Table 3.

Results

The WBGT,_ projections to assess daytime workability indicate a progressive increase in heat stress over the
coming decades, particularly under the SSP5-8.5 high emission scenario (Fig. 2) compared to the historical
period (1981-2014) (Figure S1). Thermal sensation of extreme heat stress is more intense in the North, Central-
West and Northeast regions under both scenarios.
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Light-intensity activities were not considered in this analysis, as they are generally associated with indoor,
air-conditioned environments and therefore less exposed to outdoor heat stress conditions. Productivity loss in
moderate activities, such as the manufacturing industry and services, is presented in percentage terms in Fig. 3.
We identified losses ranging from 0 to 65%, 81% and 93% in the short, medium and long term, respectively. The
Southern region, which includes areas with subtropical climates, appears to be the least affected by productivity
losses arising from heat stress. In contrast, the scenarios project the greatest losses in Brazil’s Northern region,
characterized by an equatorial climate, with values exceeding 90% under the SSP5-8.5 scenario during the final
quarter of the century.

Figure 4 shows the areas experiencing the greatest productivity loss in high intensity activities, such as
agriculture and civil construction, as well as for informal workers in Brazil. These losses can reach up to 73%,
86% and 95% over the short, medium and long term. A significant increase in productivity loss is observed
compared to moderate intensity activities, with values exceeding 50% between 2050 and 2074 in areas semi-arid
and tropical savanna climates, particularly in parts of the Northeast and Central-West regions, where such losses
had not been previously recorded (Fig. 3). Without substantial adaptation of work environments, heat stress is
expected to further intensify the impacts on outdoor labor by the end of the century.

Figure 5 demonstrates the daily economic costs (in USD million), for each of Brazil’s regions by the end of the
century (2075-2099), associated with productivity losses in each of the work activities (agriculture, construction,
industry and services) and in informal work, according to estimates under the SSP2-4.5 and SSP5-8.5 scenarios.
Since data for informal work also include activities that are not part of this analysis, we chose to present them
separately (bottom row), thereby avoiding duplication or overestimation of the total economic cost.

When we compared the two scenarios, we noted that the economic losses in the moderate emission scenario
(SSP2-4.5) were lower than those in the high emission one (SSP5-8.5). Total daily losses could reach USD
228 million in the first scenario and USD 353 million in the second, while those in the informal sector are
USD 116 million and USD 160 million respectively. In both scenarios, the highest economic costs are found
in the service sector, due to the high number of active workers in it. This is followed by the informal sector,
which includes workers without formal employment contracts working in all of Brazil’s economic sectors. This
is followed by industry, civil construction and agriculture.

In our regional analysis, the Southern region records the lowest total economic costs: USD 11.6 million in
scenario SSP2-4.5 and USD 21.8 million in scenario SSP5-8.5. For the informal sector, these costs are USD
4.6 million and USD 7.9 million, respectively. The Central-West has costs of USD 29.2 million and USD
40.4 million, with USD 11.6 million and USD 14.8 million in the informal sector. In the Northern region, these
costs represent USD 36.4 million and USD 45.9 million, while the informal sector experiences losses of USD
22.2 million and USD 25.8 million. Costs in the Northeast are USD 66 million and USD 94.6 million, with the
informal sector at USD 41.9 million and USD 55 million. Finally, the Southeast ranks first in terms of economic
costs, reaching USD 84.6 million and USD 150.8 million for the principal work activities, and USD 35.5 million
and USD 56.4 million in the informal sector. Additional details about economic losses by state can be found in
the Supplementary Material (see Supplementary Fig. S2 and S3 online).
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Fig. 3. Loss of productivity in moderate intensity activities under the SSP2-4.5 (top) and SSP5-8.5 (bottom)
scenarios over the short (2025-2049), medium (2050-2074) and long term (2075-2099). Maps were generated
using Python 3.11.3 (https://www.python.org/) with the libraries NumPy 2.1.2, Xarray 2024.10.0, Scipy 1.14.1,
Matplotlib 3.9.2, Cartopy 0.24.1, and Colorcet 3.1.0.
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Fig. 4. Loss of productivity in high intensity activities under the SSP2-4.5 (top) and SSP5-8.5 (bottom)
scenarios over the short (2025-2049), medium (2050-2074) and long term (2075-2099). Maps were generated
using Python 3.11.3 (https://www.python.org/) with the libraries NumPy 2.1.2, Xarray 2024.10.0, Scipy 1.14.1,
Matplotlib 3.9.2, Cartopy 0.24.1, and Colorcet 3.1.0.

Discussion

Regional disparities and projected impacts

Our results suggest that, by the end of the century, the North, Central-West and Northeast regions will be the
most impacted, with productivity losses of over 90% in physically intense labour activities, such as agriculture
and civil construction, particularly under the SSP5-8.5 scenario. The greatest economic costs were associated
with the service sector and informal labour, with an emphasis on the Southeast, which will experience the
greatest impact, due to its population density and intense economic activities, while the South will experience
the least, reflecting its milder climate conditions.

In both scenarios, we observed a consistent increase in WBGTG1 ay OVEr all the periods, with the SSP5-8.5
scenario presenting the most significant and comprehensive increases over the long term. A WBGT,, of 34 °C
is considered the critical limit for occupational safety®, suggesting that, in the high emission scenarlos outdoors
activities, as they are currently performed, will be compromised in the Northern region and in parts of the
Central-West and Northeast during a significant part of the year. In the SSP2-4.5 scenario, the minimum and
maximum WBGT,, values increased by 1.88 °C and 3.87 °C respectively, while in the SSP5-8.5 scenario, these
increases were even "more significant, reaching a minimum of 3.52 °C and a maximum of 7.70 °C. These results
are in line with the recent work®?, who reported an increased WBGT of 4 °C and 7 °C for Brazil under similar
scenarios. The projected impact for Brazil reflects the global trends of increased WBGT observed in tropical
regions, such as Sub-Saharan Africa, Asia, Oceania, Central America, the Caribbean and South America, where
it frequently exceeds the safety limits for outdoor labour**-4°.

Occupational risks and socioeconomic inequality

An increase in extreme temperatures could expose a significant portion of the working class to unhealthy
conditions, particularly in regions more susceptible to intense heat events, such as the North and Northeast*”#.
In these areas, lower levels of schooling®® and high levels of informal labour, activities that demand physical
effort, such as agriculture and extractivism, increase worker exposure to heat stress. The growing trend of such
exposure to extreme temperatures has serious implications for public health and labour productivity>*->2. In
the Central-West, despite advances in agricultural mechanization, small-scale farmers continue to experience
difficulties due to extreme climate conditions and a lack of subsidies. In the South and Southeast, sectors such
as civil construction and agriculture also experience the severe impacts of intense heat, particularly among the
low income population!®>%>4,

An absence of adequate infrastructure to mitigate the effects of extreme heat raises the incidence of heat
exhaustion, sunstroke and other heat-related conditions™, forcing workers to reduce their active working hours.
In order to minimize such impacts, rest breaks must be provided, preferably in shaded areas where seating is
provided®*, while hydration must be maintained. Adjusting work schedules to cooler periods of the day or
considering night shifts may also help reduce heat exposure and protect worker health. However, given the
projected increases in extreme temperature, these measures may not be sufficient to eliminate the risks associated
with heat stress. It is therefore crucial to invest in work environment technologies, such as substituting physically
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Fig. 5. Daily economic cost (USD million), associated with heat stress for each economic sector (agriculture,
construction, industry and services) and for the informal sector, estimated under the SSP2-4.5 and SSP5-8.5
scenarios for each of Brazil’s regions, in the final quarter of the century (2075-2099).

demanding activities for lighter tasks, whenever possible, as well as adopting personal protective equipment
(PPEs) designed to cool the body. Such initiatives can help to reduce the impacts of heat stress, which both
compromises working conditions and represents a significant risk to health, not only affecting high intensity
activities but also moderate or low intensity tasks, impacting activities such as transport and trade.

Formal workers who undertake outdoor activities, such as postmen and women, drivers, garbage collectors
and members of the public security forces, have some level of collective and individual protection, such as
appropriate uniforms, planned breaks and access to drinking water. Informal workers, on the other hand, such
as temporary agricultural workers, street vendors, delivery drivers and recycled-waste collectors, face even more
precarious conditions. Without access to worker benefits or adequate protection measures, such workers are
much more susceptible to extreme heat®’, accentuating the social and economic inequalities arising from climate
change. Further, since they depend directly on their daily production efforts to guarantee their living, they very
often ignore the natural warning signs of their bodies in response to excessive heat, intensifying physical efforts
and exposing themselves to even greater risks.

Economic implications under different climate change scenarios

The economic losses associated with heat stress varied significantly between the scenarios. The daily economic
losses in scenario SSP2-4.5 were USD 228 million, while in the SSP5-8.5 one they reached USD 353 million,
representing an increase of almost 55%. These numbers highlight how political decisions and the population’s
habits can substantially reduce future economic impacts. From this viewpoint, the implementation of mitigation
measures, such as the reduction of GGEs and investment in adapted infrastructure, could limit the financial
losses and protect the most sensitive sectors, particularly in a country such as Brazil, which has such marked
regional differences.

Regional analyses reveal important inequalities. The greatest economic losses occurred in the Southeast and
Northeast regions, reflecting their population density, climate vulnerability and occupational characteristics.
Informal work, with losses of up to USD 160 million in SSP5-8.5, highlight the vulnerability of workers with
no formal protections. On the other hand, the South experiences the lowest costs, indicating more favorable
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economic and climate features. These results support the assertion that immediate decisions could lead to fairer
social and economic trajectories®®. The SSP2-4.5 scenario demonstrates that efforts to reduce emissions, such as
the Paris Agreement, are economically viable and effective. In contrast, the SSP5-8.5 scenario exposes the high
costs of inaction, particularly for those sectors most dependent on the human workforce, such as agriculture,
construction and other forms of informal labour.

We observed that climate change could represent an imminent crisis for Brazil’s production capacity, with
serious long-term social and economic repercussions. The relationship between heat discomfort and economic
losses is increasingly evident* and requires immediate action from decision-makers. In the Amazon, sustainable
economic activities, preserving the forest and developing agroforestry systems, are viable alternatives, with
the potential to generate seven times more profit than exploration activities and to mitigate climate impacts™.
Formalizing work, investing in resilient infrastructure and low carbon policies are examples of the action
required for a more sustainable and equitable future.

Study limitations

We should consider some of the study’s limitations. First, the database does not encompass the ethnic and age
diversity of the Brazilian population, due to a lack of detailed information in the climate scenarios’ population
projections. As a result, our analysis does not reflect variations in heat vulnerability associated with these
factors known to exacerbate the effects of heat exposure. This limitation likely leads to an underestimation
of productivity and economic losses, particularly among marginalised or underserved groups, as population
averages may conceal disproportionately higher impacts experienced by those more vulnerable to heat stress.

Second, the classification of labour activities into moderate and high intensity follows official guidelines but
does not capture intra-sectoral variability, such as distinctions between mechanised and manual tasks or between
administrative and physical roles. The data on informal labour also aggregates activities beyond those analysed
in detail, which may lead to further approximation. Moreover, the analysis assumes a static labour distribution
based on 2022 census data. While this enables comparability across climate scenarios, it does not reflect potential
shifts in employment structure driven by automation, economic development, or public policy, due to the absence
of integrated projections for Brazil. Additionally, when calculating economic costs, we assumed that all active
workers perform their tasks in environments without access to cooling infrastructure, which may not accurately
reflect conditions in certain regions or sectors. Our model also does not account for potential future adaptations,
such as adjustments to working hours, the implementation of protective technologies, or behavioural changes,
that could reduce heat exposure and mitigate productivity losses over time.

Third, applying uniform heat stress thresholds across a climatically diverse country like Brazil adds
uncertainty to our estimates. Although 92% of the territory lies within the intertropical zone, the remaining
8% falls south of the Tropic of Capricorn, where populations may be less physiologically adapted to high heat
exposure. As a result, using a single threshold may underestimate heat-related productivity losses in these
regions. Nonetheless, we adopted this approach to ensure comparability across regions and climate scenarios,
following widely accepted international guidelines'**2. Moreover, the lack of region-specific WBGT thresholds
derived from physiological data for most parts of Brazil hindered the application of more locally sensitive values.

Finally, although WBGT is widely recognised for bioclimatic evaluations, its application in population
studies presents significant challenges, including the lack of a database and the limited availability of specialised
operational equipment®. Although we did not conduct a specific validation of the WBGT estimates for this
study, previous research has validated the performance of the CMIP6 models for Brazil**** and applied
established methodologies based on simulated meteorological variables!®34-36:3%404243 " However, CMIP6
models have known uncertainties in spatial resolution and bias correction?>61-63, which may affect the accuracy
of WBGT estimates. Moreover, the empirical equations used to estimate WBGT components simplify complex
heat exchange processes and introduce errors; validation studies report strong correlations but also biases that
vary by location3436:39-41,

Despite these limitations, this approach provides reliable insights for large-scale assessments and is
particularly useful for comparing impacts across intermediate and high-emission scenarios. Nonetheless,
caution is warranted when interpreting results at finer regional or demographic levels. Future studies could
build upon the current work by incorporating more detailed socioeconomic and demographic information,
such as age, ethnicity, income, and education levels, to better capture heterogeneity in heat vulnerability and
labour capacity, provided that projections with this level of detail become available. Integrating projections of
employment structure, informal labour distribution, and regional adaptation measures would allow for more
precise estimates of productivity losses under climate change scenarios. Further research could also examine
sector-specific responses, behavioral adaptations, and the effectiveness of protective interventions, providing
more nuanced insights to guide public policy and public health strategies aimed at mitigating heat-related
economic and health impacts.

Strengths and implications
This study offers an interdisciplinary contribution by integrating climate, labour and economic analyses,
highlighting regional variations and the urgent need for public policies to protect workers and reduce the
economic impacts associated with heat stress. By quantifying the potential economic impacts associated with
productivity, taking account of both the percentage of lost hours due to the need for worker rest and hydration,
and the associated economic cost, our results provide valuable insights into the potential economic consequences
of climate conditions according to developmental trajectories and climate scenarios.

The ongoing monitoring of heat exposure is crucial for protecting the populations health throughout the
year®%. Despite the existence of Brazilian legislation to protect workers against extreme heat, there remains a
need to improve monitoring systems, promote more efficient interventions and implement innovative public
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policies®. It is therefore essential to connect public policies with private initiatives in order to adopt measures
for worker protection, such as creating cool spaces, guaranteeing regular breaks, adjusting worker hours and
encouraging adequate hydration. Such initiatives are essential to strengthening adaptation and resilience to
extreme heat, ensuring the health and safety of the workforce in an increasingly intense climate change scenario.

Conclusion

We estimated the impacts of climate change on workability and on the economic costs to the Brazilian population
up to the end of the 21st century. Our results suggest that the North, Central-West and Northeast will face
extreme heat conditions (WBGTday > 34 °C) for most of the year, particularly under the SSP5-8.5 scenario,
compromising outdoor activities. In contrast, the South and Southeast regions will experience more moderate
impacts, with some areas avoiding extreme heat conditions.

Work activities related to services will experience the highest economic costs, followed by informal labour,
agriculture and civil construction. The Southeast and Northeast regions will experience the highest total costs,
while, despite high productivity losses. In the most pessimistic scenario, productivity losses in high intensity
activities could exacerbate the effects of outdoor activities in several parts of the North and Northeast.
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