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% Check for updates The exposure to extreme heat at workplaces poses substantial threat to human

effort and manual labour. This becomes more prominent due to the global
dispersion of labour-intensive production activities via trade. We combine a
climate model with an input-output model to quantify the risks associated
with trade-related occupational extreme heat exposure. Here we show an 89%
surge in trade-related labour exposure to extreme heat, escalating from 221.5
to 419.0 billion person-hours between 1995 and 2020. Lower-middle-income
and low-income economies constituted 53.7% and 18.3% of global exposure
but only 5.7% and 1.0% of global labour compensation. In countries highly
susceptible to extreme heat conditions, workers perform tasks in heated
conditions for up to about 50% of their working hours. The disproportionate
trade effects in redistributing global benefits and costs leads to the inequality
in heat exposure between developed and developing economies. In striving
for equitable and safe work conditions, workers vulnerable to heat extremes in
developing economies should be protected by climate adaptation infra-
structure, given their critical roles in the global production system.

development of global trade has led to the redistribution of both
production and job opportunities'>. Due to lower labour costs, labour

Climate change has resulted in extreme heatwaves in more regions,
where more populations are exposed to such adverse conditions™.

Extreme temperature events have increased by 232% and caused 13% of
all disaster deaths worldwide during the past two decades’, which is a
major risk to global sustainable development?®. In particular, heatwaves
caused over 70000 excess deaths in Europe during the summer of
2003 and over 55000 excess deaths in Russia in 2010”%, To date,
extreme heat waves have become a huge threat to the global labour
force®'°. Billions of workers are exposed to unsafe heat, many of whom
are working in the poorest and warmest regions". Meanwhile, the rapid

in developing economies is encountering new job opportunities;
however, they are also facing unprecedented risks associated with
occupation heat exposure, especially those living in the most vulner-
able regions'. Such exposure leads to significant adverse impacts,
such as heightened health risks"', increased mortality rates”$, and
reduced labour productivity®?°. The exposure to extreme heat at
workplaces poses a substantial threat to the achievement of Sustain-
able Development Goals (SDG), especially SDG8 (decent work and
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economic growth), SDGI1O0 (reduced inequalities), and SDG13 (climate
action).

Understanding the vulnerability of the global labour force to
extreme heat is crucial for devising effective adaptation strategies.
Existing studies have made significant progress in quantifying
workplace heat exposure®*?, estimating labour productivity and
economic loss®?, measuring heat-related morbidity and
mortality”’°, and projecting future costs and losses based on var-
ious climate scenarios®*’. However, it is still unclear how interna-
tional trade contributes to the distribution and extent of extreme
heat exposure among the global labour force. From the production
side, a country’s vulnerability to extreme heat is shaped by its
domestic production activities and its role in the international trade
system®, especially the climate risks faced by its labour force in
producing traded goods*. From the consumption side, consumers
should recognise the externalities of their demand, including the
impact beyond local labour to foreign workers exposed to extreme
heat challenges through international trade®, to foster a more
equitable understanding of the true costs of their consumption. This
study aims to enrich the existing literature by uncovering the nexus
between international trade and exposure to extreme heat among
the global labour force.

We propose a comprehensive analytical framework that inte-
grates a high-resolution global climate model*®, socio-economic and
demographic information, and a global multi-regional input-output
model to quantify the occupational extreme heat exposure among
the labour force from 1995 to 2020 (Supplementary Figs. 1, 2).
Using an extended multi-regional input-output model with a
labour satellite account, we estimate labour employment embodied
within the global production networks, which was downscaled to the
grid level using gridded population datasets. High-resolution climate
data enabled the identification of annual extreme heat hours for each
grid cell. Incorporating country-specific working hours from the
Penn World Table, we obtain the number of hours an average
labourer was exposed to extreme heat at each grid cell per year.
Linking labour embodied in production networks with extreme heat
exposure, we quantify occupational heat exposure within the
global production system with both spatial and temporal dimen-
sions. We find that trade accounts for nearly one-quarter of the
global labour force’s total exposure to extreme heat, with a large flux
of heat exposure transferred from developed economies to
developing economies (Supplementary Table 1)¥. These results
indicate a high level of inequality between who causes climate
change through historical emissions and who bears its negative

consequences®™*.

(billion person-hour) a. total exposure

2000 100% 3500

(million person)

b. total labour

Results

Increasing heat exposure of labour force

Over the past three decades, heat exposure of the global labour force
has increased substantially due to the changing climates™*, sustained
long working hours*, and increased international trade. The out-
sourced production via trade in labour-intensive sectors usually hap-
pens in countries with abundant labour force already subject to high
ambient temperatures. Figure 1 illustrates the evolution of global heat
exposure, categorised by production types—purely domestic produc-
tion, where goods are produced and consumed within the same
country, and via international trade, where goods are produced in one
country and consumed in another*”. The total heat exposure has
surged by 60%, growing from 1142.3 billion person-hours in 1995 to
1826.2 billion person-hours in 2020. This equates to an annual rise of
27.3 billion person-hours, which would place such an increase among
the top fifteen countries globally in terms of heat exposure if it were a
country.

Trade-related exposure played a significant role, which increased
from 221.5 billion person-hours to 419.0 billion person-hours during
this study period (increased by 89%). Such rapid trade-related expo-
sure growth has even outpaced the expansion in trade-related labour
employment, with a 52% increase over this study period. The global
average per capita working hours in heat-exposed conditions expan-
ded from 485.6 h in 1995 to 578.1h in 2020, meaning a substantial
increase of 19.1%. To be more specific, the per capita exposed working
hours for pure domestic production increased from 489.0 hours in
1995 to 575.4 hours in 2020, while such a figure for international trade
increased from 471.7 hours in 1995 to 587.3 hours in 2020. The rapid
increase in exposure per capita underscores the significant impact of
climate change during the past three decades, potentially leading to
even more severe risks associated with occupational heat exposure
over this century under various Shared Socioeconomic Pathways (SSP)
scenarios (Supplementary Figs. 3-6). Using the structural decom-
position analysis (SDA)*, we found that climate change, trade-related
production structure, and trade-related final demand structure effect
account for 102, 347, and 134 billion person-hours of the total increase
(Supplementary Fig. 7).

Exposure to extreme heat is highly unequal, with production-side
exposure more concentrated in developing economies. Trade plays
disproportionate roles in redistributing global benefits and costs by
generating more exposure than value-added or labour compensation
(Fig. 2). In 1995, trade accounted for 18.9% of the global exposure,
19.9% of global labour employment, 13.8% of the global labour com-
pensation, and 14.8% of the global value-added. However, the share of
trade in the global labour compensation and value-added was still less
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Fig. 1| Global trends of labour and working hours exposed to heat stress.

a World's total exposure to heat stress classified by domestic production and inter-
national trade. The connected lines represent percentage change compared to the
base year 1995. b World’s total labour employment is classified by domestic

0% 0
2020 1995 2000 2005 2010 2015 2020

production and international trade. The connected lines represent the percentage
change compared to 1995. ¢ The average annual exposure per capita for domestic
production-related and trade-related workers. The connected lines represent the
percentage change compared to 1995. Source data are provided as a Source Data file.
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Fig. 2 | Unequal exchanges in labour, exposures, compensation, and value- exposure, (f) labour employment, (g) labour compensation, and (h) value-added.
added. a-d The share of (a) exposure, (b) labour employment, (c) labour com- i-1 Global flows between high-income, upper-middle-income, lower-middle-
pensation, and (d) value-added that is transferred embodied in trade compared to  income, and low-income economy groups in 2020 for (i) exposure, (j) labour
the global total value. e-h Global flows between high-income, upper-middle- employment, (k) labour compensation, and (I) value-added. Source data are pro-
income, lower-middle-income, and low-income economy groups in 1995 for (e) vided as a Source Data file.
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than that in the global exposure by the end of 2020. Following the
World Bank’s method for classifying economies based on Gross
National Income (GNI) per capita®, this study classifies all economies
into four income groups: high-income, upper-middle-income, lower-
middle-income, and low-income groups (Supplementary Table 1), with
the latter three categories encompassing developing economies.
Despite the changes in economic classification for some countries over
time, this study abstracts from such shifts and uses a consistent cate-
gorisation to minimise bias associated with changes in group mem-
bership (Supplementary Table 1). This approach ensures that the
analysis remains robust and comparable across different time periods.
Figure 2e-1 shows the inequitable exchange of heat exposure and
socio-economic benefits between different income groups. The left
side represents the production-based amount—the heat exposure
borne by the labour within the territories and the right side represents
the consumption-based amount—the relative footprint generated by
their consumption of goods and services. From the production side,
the high-income group accounted for an extremely small portion of
global heat exposure (5.9%) and labour supply (17.8%) but a sig-
nificantly larger share in global labour compensation (68.5%) and
value-added (61.0%) in 2020. On the contrary, the lower-middle-
income and low-income groups constituted the majority of global
exposure (53.7% and 18.3%), and labour supply (32.6% and 13.0%), but
their shares in global labour compensation (5.7% and 1.0%) and value-
added (8.7% and 1.3%) were markedly low. Specifically, within the 5.9%
of global exposure attributed to the production of high-income
groups, 5.4% was for their own consumption and 0.5% was for exports.
However, the goods and services they consumed resulted in 19.4% of
the global total exposure. Of this, only 5.4% occurred within their own
territories, with 2.8%, 7.0%, and 4.2% in upper-middle-income, lower-
middle-income, and low-income groups, respectively. International
trade has greatly improved global economic growth, but it is coupled
with unequal resource, environmental and labour exchanges.

Huge exposure disparities across economies
Unequal exposure to extreme heat is stark across countries (Fig. 3 and
Supplementary Figs. 8-15), with developing economies facing sig-
nificantly higher exposure for their production activities (Supple-
mentary Figs. 16, 17, 20). India, China, Indonesia, Nigeria, and
Bangladesh were the top five countries in terms of total exposed hours
in 2020, accounting for 24.7,13.4, 7.3, 4.3, and 4.2% of the global total,
respectively. These countries are labour-intensive, contributing to the
global labour force with respective shares of 14.1, 22.8, 4.1, 2.0, and
2.1%, totalling 45.2%. In addition, they are highly susceptible to heat-
exposed conditions. For instance, in Nigeria, an average worker might
perform their tasks under heat stress for up to 1186.8 hours, or 59.4% of
their working hours, during the year of 2020. Comparable figures for
India, China, Indonesia, and Bangladesh are 47.6, 15.6, 50.8, and 48.4%,
respectively. Wealthier economies (dark blue distributed on the left
side) had fewer per capita working hours exposed to extreme heat
compared to developing economies (light blue on the right side). High,
upper-middle, lower-middle, and low-income economy groups were
subject to 192.5, 348.5, 952.1, and 814.2 hours of heat exposure per
capita. In particular, south-east Asia and Africa had the highest expo-
sure rates. For instance, the average per capita exposed hours were
1319.5 in Thailand and 1186.8 in Nigeria in 2020, while the average per
capita exposed hours were only 28.1 in Germany and 260.9 in the
United States in 2020. More exposure hours in developing economies
mean that those workers have to work longer under adverse climate
conditions than their counterparts in developed economies.
Compared with production side exposure, the distribution of
consumption side exposure is different as exposure is shifted from
developing to developed economies (Supplementary Figs. 18, 19, 21).
The consumption side exposure in the United States accounted for
6.2% of the global total exposure in 2020, which is nearly three times

their production side exposure (only 2.2%). The per capita exposure
hours in high, upper-middle, lower-middle, and low-income economy
groups were 389.0, 384.6, 931.3, and 847.0 h in 2020. In general, the
consumption side exposure rate in the high-income group is twice as
much as their production side exposure rate, indicating that they
should take higher associated environmental costs.

The socio-economic characteristics play an essential role in such
disparities, such as economic development level, industrial structure,
average labour working hours, and trade patterns (Supplementary
Fig. 22). Normally, a lower per capita Gross Domestic Product (GDP) is
often related to a higher share of heavy work and longer annual per
capita working hours, which all contribute to regional disparities. The
per capita net exposure rate-measured as the difference between
consumption-based exposure footprint and production-based
exposure-is positive in wealthier economies, but negative in devel-
oping economies, indicating that developed economies have out-
sourced their environmental burdens (in this case, heat exposure) to
developing economies via international trade. Such disparity is
underscored by the significant differences in heat exposure per unit of
value-added embodied in exports and imports across countries (Sup-
plementary Figs. 23-28), highlighting the uneven distribution of costs
borne by various labour forces engaging in global trade.

Trade redistributes global exposure

Figure 4 shows top exposure flows embodied in trade (Supplementary
Fig. 29). Economies shaded in red have net exposure transferred to
other places, such as those in North America and Europe; while
economies shaded in blue have net exposure transferred from other
places, such as those in South America, Africa, and Asia. The United
States had the largest net exposure import embodied in trade from
2000 to 2020, from 29.2 billion person-hours in 1995 to 73.2 billion
person-hours in 2020. China experienced a decrease in its net expo-
sure export, from being the largest exporter (30.7 billion person-
hours) in 1995 to only 0.3 billion person-hours in 2020. India was the
largest net exposure exporter in 2020 (46.6 billion person-hours),
followed by Vietnam, Indonesia, Bangladesh, and Ethiopia. During the
past three decades, more developing economies have experienced an
increase in their heat exposure, meaning that their workers have to
take more public health consequences induced by climate change.

Exposure embodied in trade is closely related to the industrial
structure in each economy. Figure 5a, b presents industry-specific
exposure to extreme heat embodied in both exports and imports for
the top twenty economies from 1995 to 2020 (Supplementary Fig. 30).
The agriculture sector, characterised by labour-intensive activities
conducted predominantly in non-sheltered settings, has a pivotal role
in the global dispersal of vulnerability to extreme heat conditions. For
instance, India recorded an alarming 59.8 billion person-hours of
export-embodied exposure in 2020, of which 19.0 billion person-hours
originated from its agricultural sector, accounting for 31.9% of its total
exported exposure. The petroleum, chemical, and non-metallic
mineral products and the retail sector followed this agriculture sec-
tor, but with figures of only 6.2 and 4.6 billion person-hours, respec-
tively, which accounted for 10.4% and 7.7% of India’s total export-
embodied exposure.

Figure Sc, d illustrate the structural compositions of trade-
embodied exposure, categorised by both sector and exporting/
importing economy for 1995 and 2020, respectively. The agriculture
sector was the dominated sector for trade-related exposure in 1995,
with a figure of 121.9 billion person-hours and accounting for 55.0% of
the global total, followed by both retail and wholesale sectors with
figures of 9.7 and 9.2 billion person-hours and accounting for 4.4% and
4.2% of the global total. After three decades of globalisation, this
agriculture sector remained its dominance, with a figure of 165.1 billion
person-hours in 2020, but only accounting for 39.4% of the global total
in 2020. Conversely, both retail and wholesale sectors increased their

Nature Communications | (2025)16:537


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55483-5

a. Exposure and labour on the production side

b. production side

2000
GDP per capita ($)
50000 1500—
20000
1500 10000 Thailand
5000 Nigeria \
2000 Banglades
1000 Vietnam

1000 lower-middle income = 952.1 hours

Exposure per Capita (Hour

1000—

India Indonesia

Exposure per capita (hour)

500—
500
pper-middle inc 48.5 ho
hi]i'l‘!‘,c,‘?'?‘ﬁ =1925hoyrg
07
0 \ S \ \ |
0 50 75 100 1000 5000 50000
Total Labour (%) GDP per capita ($)
2000 c. Exposure and labour on the consumption side d. consumption side
1600 o o o@ 100 billion
[ ]
e® e .400 billion
[ ]
1500 Thailand
= 1200

1000 lower-middle income = 931.3 hours

low income = 847.0 hours

world average = 578.1 hours

Exposure per Capita (Hour

50
Total Labour (%)

Fig. 3 | Working hour heat exposure in 2020 on both production and
consumption sides. a, ¢ Exposure rate per capita and their share in the global
labour employment on (a) production side and (c) consumption side. b, d Negative
relationship between exposure rate per capita and GDP per capita on (b) produc-
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indicates the total heat exposure of the country’s labour. The colour intensity of the
bubbles represents the exposure per capita. The blue line represents the mean
regression prediction, which estimates the expected exposure level for each value
of GDP per capita. The shaded area indicates the 95% confidence interval around
these mean predictions. Source data are provided as a Source Data file.

exposure hours, with figures of 28.92 and 28.21 billion person-hours,
collectively contributing to 13.6% of the global total. China’s agri-
cultural sector, which was responsible for 6.4% of the global exposure
trade in 1995—second only to India at 7.0%—experienced a significant
decline to 1.7% in 2020 due to its gradual industrial transition toward
manufacturing and services.

Discussion

In this study, we investigate the global exposure to extreme heat at
work using an integrated framework combined with world climate
derived from the fifth-generation European Centre for Medium-Range
Weather Forecasts (ECMWF) reanalysis for the global climate and
weather (ERAS), a multi-regional input-output model to link interna-
tional production and consumption, as well as socioeconomic and

demographic information (Supplementary Figs. 1, 2). Our study builds
on previous studies on population-weighted heat exposure**, to
advance our understanding of the nexus between labour, trade, and
climate change. The result that global trade has led to unequal labour
heat exposure is consistent with the asymmetric effects of heat stress,
where developing countries disproportionately suffer from health
losses and labour productivity losses®. The results reveal a substantial
human cost: in some countries, labour may work nearly half of their
time under heat stress and such burden has increased by 89% globally.
The rapidly increasing risks associated with occupational heat expo-
sure align with the significant human cost of global warming—especially
in countries like India, Indonesia, and Nigeria**—such as the nearly
200% stark increase in global urban exposure from 1983 to 2016*” and
the multifold population heat exposure in the rest of this century*®*,
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The results indicate an unequal burden of climate change, parti-
cularly across different countries, genders, and vulnerable groups®.
Labour force in tropical and impoverished regions have to work under
extreme heat conditions to struggle for a living, but neither their input
nor their losses are adequately compensated® . The insufficient
adaptation infrastructure further increased their risks and losses, espe-
cially for those most at-risk regions*°. Without a concerted global
effort, labour working in worse conditions may suffer from associated
health risks, which may lead to reduced productivity of the global labour
force. Gender also plays a crucial role in the unequal distribution of
climate change effects”. In 2020, women'’s per capita working hours in
heat-exposed conditions exceeded those of men (Supplementary
Fig. 31). Women are particularly vulnerable due to their involvement in
labour-intensive sectors, such as agriculture, Southeast Asian textile
industries, and African artisanal mining. Social norms and gender wage
gaps may limit women'’s access to adaptation resources, worsening their
vulnerability to climate change. Also, despite SDGS8 targets to end child
labour in all its forms by 2025, there were 160 million children in child
labour in 2020%, constituting a substantial share of the global workforce
and heat-exposed workers. The child labour—often in impoverished
tropical regions—are especially vulnerable to heat exposure, bearing
significant challenges to their health status and educational attainment.
Moreover, the lack of governance in vulnerable countries may aggravate
such risks®*, Other factors, such as the lack of public awareness or
backward medical conditions, further contribute to reduced labour
productivity and increased economic losses®®, especially those enga-
ging in labour-intensive tasks (Supplementary Figs. 31-34).

Economic instruments are essential for mitigating the risks faced
by the labour force due to extreme heat. A primary policy should be the

collection and expansion of climate change funds, ensuring sufficient
resources to assist developing economies and enhancing their climate
adaptation infrastructure®. The disproportionate impact of climate
change on developing economies necessitates a dedicated fund to
compensate for climate-related losses and damages. To alleviate the
financial burden, revenues from carbon pricing or tariffs could be
allocated to reimburse the Loss and Damage funds to offset the costs of
climate adaptation, mitigate the climate change losses, and internalise
the environmental and health externalities. Dialogues between devel-
oped and developing economies should be initiated so that all the
stakeholders can seek potential solutions through integrated efforts.

Fostering sustainable supply chains is another key measure to
ensure the co-achievement of SDG8, SDG10, and SDGI3%. In many
developing economies, weak workplace safety regulations leave workers
exposed to climate-related hazards, especially in sectors like agriculture
and manufacturing that are critical for trade. Profit-driven supply chains
may “race to the bottom” by outsourcing production to regions with the
least regulations and lowest labour costs, thereby exacerbating the risks
for workers. Therefore, it is crucial to establish global standards that
protect workers’ rights and safety. Such measures not only safeguard the
labour force but also contribute to the broader goals of decent work,
reducing inequalities, and combating climate change.

Methods

Analytical framework

This study uses a multi-regional input-output model with a labour
satellite account to estimate labour hours embodied in the global pro-
duction networks, which is further combined with the gridded popula-
tion to obtain grid-level labour in production networks. By combining
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this with a climate model that provides grid-level heat exposure, as well
as with other data such as average working hours, labour’s exposure to
heat stress can be accounted for. How these modules are integrated is
illustrated in Supplementary Information (Supplementary Figs. 1, 2).

Labour embodied in trade

The input-output (I0) model has been widely adopted to investigate
the interconnections between different sectors. By applying multi-
regional input-output (MRIO) models, researchers can uncover how
countries/regions are connected bilaterally through trade. These
MRIO models can be extended with satellite accounts to trace emis-
sions, resources, pollution, water, land, as well as many other aspects
transferred through the international production system*>**“°, Here,
we use a global multi-regional input-output model to trace labour
hours embodied in trade. Assuming that there are m regions and n
sectors involved in international trade, the equilibrium between pro-
duct supply and demand can be expressed in Eq. (1).

AX+Y=X @)

where, A is a direct input coefficient matrix, X is the total output
matrix, and Y is the final demand matrix. The Leontief model links final
demand with gross outputs, which is shown in Eq. (2).

X=(1-A)Y=BY 2)

where B is the Leontief inverse matrix. Denote the labour intensity

matrix by E, which is a diagonalized matrix representing labour

employment per unit of gross output for each region-sector, we can
get Eq. (3).

L=EBY (3)

L, xmn is the global labour employed, in which its element /g;, is

the labour employment in region i sector s created by region sector r.

Thus, by summing the matrix L by rows, we obtain production side

labour employment of each region-sector; summing the matrix L by

columns, we obtain consumption side labour induced by each region-
sector.
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Matching labour employment data to MRIO

There are 26 sectors in the Eora multiregional input-output tables, and
14 economic activities in the International Labour Organisation (ILO)
labour employment database. To match the labour employment
categories with Eora economic sectors we follow a widely adopted
approach, namely matching these two data sources by using a con-
cordance table (Supplementary Table 2).

Measuring extreme heat exposure hours

To measure labour force exposure hours to extreme heat, we combine
climate models with socio-economic information. The climate model is
based on the ERAS®, from which researchers have developed the uni-
versal thermal climate index (UTCI)*. UTCI is a human biometeorology
parameter—an equivalent temperature (°C)—that measures human
physiological response to the thermal environment. By considering how
the human body experiences atmospheric conditions (air temperature,
humidity, wind, and radiation), the UTCI describes synergistic heat
exchanges between the thermal environment and the human body.
Four variables from the ERAS are necessary to build the UTCI index,
including 2 m air temperature, 2 m dew point temperature (or relative
humidity), wind speed at 10 m above the ground level and mean radiant
temperature (MRT). There are 10 UTCI thermal stress categories that
correspond to specific human physiological responses to the thermal
environment. The categories related to UTCI degree Celsius (°C) are as
follows: above +46: extreme heat stress; + 38 to +46: very strong heat
stress; + 32 to + 38: strong heat stress; + 26 to + 32: moderate heat stress;
+9 to +26: no thermal stress; +9 to O: slight cold stress; O to —13:
moderate cold stress; —13 to — 27: strong cold stress; —27 to — 40: very
strong cold stress; below —40: extreme cold stress (Supplementary
Table 3). Thus, working hours each day can be classified into different
heat stress levels (Supplementary Figs. 35-222). Defining the exposure
to heat exposure as the number of hours exposed to extreme/very
strong/strong heat stress, the UTCI index can be converted to a binary
heat exposure indicator, which is shown in Eq. (4).

Hgy

0, UTCE, 4, <32
dh = { & “)

1,UTCIS, 4 > 32

where UTCI,, is the converted UTCl index for the gth grid on hour h
in day d of year y, by subtracting 273.15 from the original UTCI index
stored in Kelvin (K). Then we make two assumptions. First, following
the idea of 12 h exposure time in previous studies, we set the maximum
daily working hour to be 12 h, which is equivalent to 2400 annual
working hours for 200 work days/year and 3000 annual working hours
for 250 work days/year. Second, as different grids may differ in annual
work hours and average daily work hours, we assume that the annual
work hours are evenly distributed throughout the 12 h available work
time per day. Then, the daily and annual heat exposure cap can be
summed by using Eq. (5).

(&)

Hoyans H <12
Ho = Zh gydh Zh gydh H =Z H a
24712, SpHayan>12 71T Lad e

Thus, the average exposed work hours to heat can be obtained by
using Eq. (6).

- Wy
Yoy =Ho > 175365 ©
where wy, is the average work hours of the labour force in gth grid for
year y, which is obtained from region-specific database and estimation.

Linking grid cell labour embodied with grid cell exposure
We use a population density module to link the interregional embo-
died labour flow with grid cell annual average per capita work hours

exposed to extreme heat. Thus, the labour force within each grid cell
can be linked from a production network perspective, which is shown
in Eq. (7).

Pgy > dg

[ . :l. X =2 2
isjr
2 geGPey* Ag

gyr

@)

where p,, is the population density of the gth grid in year y, a, is the
area of the gth grid, and G; is all grid cells in country/region i. Then the
labour force exposure to extreme temperatures (LET) linked with the
production network on the grid cell level and country/region level can
be expressed in Egs. (8, 9).

DPgy*xa
“w gy~ Ye

LET,.; xl. X ——& &
8y tiygr decipgy x ag

8yr

®

Pgy > g

X X
« Po*dg | YigeoWey*Pey* g
2 geG,Pey X ag

eGPy X g

LETi5r = e ey ligr =ligr

©)

Here, LET;;, represents the embodied heat exposure of the labour
force, [, represents the embodied labour employment, and
deo,. Wey > Py * g

decipgy Xag
by i and s, we obtain the total heat exposure induced by sector r in
region j, which is a consumption side exposure; while summing LET by
Jj and r, we obtain the total heat exposure induced by sector s in region
i, which is a production side exposure.

reflects the average per capita exposure. Summing LET

Structural decomposition analysis

We use an SDA to attribute the role of each driving factor in the total
changes in labour force heat exposure (Supplementary Method 1).
Based on Egs. (3) and (9), we quantify LET based on the input-output
framework in a matrix form,

LET =HEBY, Y, (10)
where H is the diagonal matrix for average heat exposure index per
labour employed in each country, E is a diagonal matrix for labour
intensity per gross output for each country-sector, B is the Leontief
inverse matrix representing the production structure, Y is a mnxm
matrix with the sum of all elements equal to 1, representing the final
demand structure, and Y, is the diagonal matrix with all diagonal ele-
ments as the same value—the deflated global total demand. Thus, the
changes LET can be attributable to its driving factors, including the
climate change effect AH, the labour intensity effect AE, the produc-
tion structure effect AB=AB? + AB?, the final demand structure effect
AY =AY, Y +Y¢, and the total final demand growth effect AY,,

ALET=AH+AE+AB+AY +AY, (11)

Then, we apply the SDA method on constant price input-output

tables obtained by taking the Producer Price Indices (PPIs) as deflators

and the Logarithmic Mean Divisia Index (LMDI) approach to estimate

the role of each driving factor between time periods (Supplemen-
tary Fig. 7).

Robustness analysis

To test the robustness of the results, this study further conducts sev-
eral sensitivity analyses. First, a comparison between this study and
previous studies was conducted (Supplementary Table 4). Second, we
use alternative data sources by replacing the input-output table from
Eora with Inter-Country Input-Output tables compiled by the
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Organisation for Economic Co-operation and Development (OECD-
ICIO), which consists of 67 economies and 45 sectors from 1995 to
2018. The results drawn from these two data sources are compared on
the global and national levels both on the production and consump-
tion sides from 1995 to 2015 (Supplementary Figs. 223-225). Third, we
also use Monte Carlo simulation to test the robustness of the original
heat exposure estimation, based on whether it falls within the expec-
ted range of values derived from the simulations. We conduct 1000
Monte Carlo simulations, where the heat stress drawn from the ERAS is
set to a normal distribution with a mean equal to the baseline values
and a standard deviation set to 10% of each respective baseline value.
The results indicate that the original estimation falls well within the
range of expected values generated by these simulations, and the
global labour force’s total heat exposure remain robust from 1995 to
2020 when heat stress varies within an acceptable level (Supplemen-
tary Figs. 226-228).

Data

Multiregional Input-output tables. To measure trade flows between
countries/regions, we need to use information from MRIO tables.
There are several available MRIO databases, including Eora®’, World
Input-Output Database (WIOD)®®, OECD-ICIO®, and Exiobase’, as well
as other newly emerging databases. In this study, the global MRIO table
is collected from the Eora global supply chain database. Eora provides
high-resolution multiregional 10 tables with matching environmental
and social satellite accounts for 190 economies and 26 sectors. Its full
geographical coverage, especially with detailed information on tropi-
cal and low-income economies, allows all the global labour employ-
ment to be analysed. In addition, it has a long temporal coverage,
which helps uncover the trends and compare them across different
time periods.

Labour employment. Labour employment data were drawn from
the International Labour Organisation (ILO) via ILOSTAT explorer. The
ILO-modelled estimates provide a complete set of internationally
comparable labour statistics, which is a balanced panel data set with
consistent country/region coverage. The data is mainly based on
nationally reported observations, and the missing data is imputed
using the ILO model. ILO evaluates existing self-reported data, selects
only those observations deemed sufficiently comparable across
countries/regions and runs the model to obtain the ILO-modelled
estimates. For the working-age population who is at least 15 years old,
the labour employment data from ILO provides a breakdown of total
employment by economic sector and gender. The economic activity
classification is based on the International Standard Industrial Classi-
fication (ISIC) Rev.4, which includes 14 sectors.

Working Hours. The average number of annual working hours for
the labour force in each country/region is originally obtained from
Penn World Table version 10.01. Penn World Table is a database with
information on relative levels of income, output, input and pro-
ductivity, covering 183 countries/regions between 1950 and 2019"". We
use variable avh in the database—average annual work hours by labour
engaged—as the work hours for each country/region. For those
countries that have missing data for a given year, we use the random
forest to fill in the missing values (Supplementary Method 2 and
Supplementary Fig. 229). For the year 2020, the relevant data from
2019 was applied in the analysis.

Gridded population density data. To capture heterogeneous
levels of exposure to extreme heat geographically, we need to split
those country-level employment data to the grid level. To do this, we
use the population density in each grid from the fourth version of the
Gridded Population of the World data (GPWv4). In GPWv4, population
input data were collected at the detailed spatial resolution available
from the results of the 2010 round of Population and Housing Cen-
suses and then extrapolated to produce population estimates for years
2000, 2005, 2010, 2015, and 2020. For the year 1995, which is not

covered by GPWv4, the population density of the year 2000 is used
instead. The population density raster data sets are gridded with an
output resolution of 30 arc-seconds (- 1km at the equator).

Climate data. To obtain gridded extreme heat exposure, we draw
climate data from the ECMWF ERAS reanalysis. The ERAS provides UTCI
—an equivalent temperature that measures human physiological
response to the thermal environment. To obtain the daily extreme heat
hours in each grid, we separate the UTCI index by categories: (1) above
+46: extreme heat stress; (2) +38 to +46: very strong heat stress;
(3) + 32 to + 38: strong heat stress; (4) + 26 to + 32: moderate heat stress;
(5) +9 to +26: no thermal stress; (6) +9 to O: slight cold stress; (7) O to
-13: moderate cold stress; (8) —13 to - 27: (9) strong cold stress; (10)
- 27 to —40: very strong cold stress; below —40: extreme cold stress.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Multiregional input-output tables were collected from the Eora global
supply chain database, which is accessible on https://worldmrio.com
with a valid license. Labour employment data were drawn from ILO.
The data for labour employment can be accessed at https://webapps.
ilo.org/ilostat-files/WEB_bulk_download/html/bulk_indicator.html.
The average annual work hours in different countries were obtained
from the Penn World Table (version 10.01). The Penn World Table can
be accessed at https://dataverse.nl/dataset.xhtml?persistentld=doi:10.
34894/QT5BCC. Climate data and gridded extreme heat exposure data
were drawn from the ECMWF ERAS reanalysis. The ERAS data can be
accessed at https://climate-adapt.eea.europa.eu/en/metadata/
indicators/thermal-comfort-indices-universal-thermal-climate-index-
1979-2019). Gridded population density data were obtained from
GPWv4. The GPWv4 data can be accessed at https://sedac.ciesin.
columbia.edu/data/collection/gpw-v4. The country boundaries data is
from Esri, Garmin International, the US Central Intelligence Agency,
and the National Geographic Society. World Countries (Generalised).
The country boundaries data was downloaded from https://hub.arcgis.
com/datasets/esri:world-countries-generalized. The data generated in
this study are provided in the Source Data file. Source data are pro-
vided in this paper.

Code availability
The code necessary to replicate this study can be accessed at Figshare
(https://doi.org/10.6084/m9.figshare.25624338.v1).
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