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SUMMARY

Over a billion outdoor workers live in the tropics, where nearly a fifth of all hours in the year are hot and humid
enough to exceed recommended safety thresholds for workers conducting heavy labor. Reviews have
focused on heat impacts on worker health, well-being, and productivity, but synthesis on how to increase
resilience to heat for outdoor workers is lacking. Here we assess current and future heat exposure in the tro-
pics and review four bodies of literature on heat impacts on workers. We also synthesize knowledge about
mitigation and adaptation uncertainties as well as the actions that can be taken to strengthen worker resil-
ience. We show that under an additional 1�C of warming, �800 million people in the tropics will live in areas
where heavy work should be limited for over half of the hours in the year. Our review provides primary, sec-
ondary, and tertiary solutions that will inform policies and practices as well as research that is needed to
bolster worker resilience and well-being.
INTRODUCTION

The harmful effects of global warming are already present for

many people in the tropics, where high temperatures and humid-

ity are often a feature of everyday life, especially for outdoor

workers.1–3 The human and economic costs are significant.

The cost of lost potential labor productivity for outdoor workers

from heat is already estimated at several hundred billion to

over 2 trillion dollars per year (in 2017 purchasing power parity

adjusted dollars).2 Reports on the health, adaptation strategies,

and well-being of outdoor workers to date indicate that impacts

are pervasive across the tropics.1,4 Given the world is projected

to warm approximately 3.0�C above pre-industrial levels by the

end of the century (5%–95%: 2.1�C–4.3�C),5 a future with

more extreme heat and more pronounced adverse impacts for

outdoor workers in the tropics is likely unless widespread adap-

tation measures are implemented. Perversely, these populations

are often the least resilient to climate-change impacts and have

contributed the least to greenhouse gas emissions.6 For the
One Earth 7,
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purposes of our review, we define the tropics as the geographic

region between 30� latitude north and south of the equator.

Although this geography includes diverse regions, including

dry deserts, coastal regions dotted with mangroves, and tropical

forests, it is a region generally characterized by relatively small

seasonal temperature variations and high humidity. Importantly,

the tropics are home to most of the world’s poor, many of whom

work in climate-exposed occupations.7 Several countries in the

tropics also have some of the highest population growth rates

in the world,8 increasing the future number of outdoor workers

that will be at risk.

A significant proportion of outdoor workers in the tropics faces

substantial exposure and is less resilient to environmental

stressors. In many low-latitude countries, around half of the

working-age population is engaged in outdoor occupations,

specifically in construction, agriculture, fisheries, and forestry

sectors.9 These estimates likely undercount the true population

working in hot environments because they do not account for

those engaged in manufacturing and informal household work,
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such as firewood and water collection, and because of the lack

of comprehensive, representative, and harmonized data on

workers. Nearly 60%–70% of the global labor force participates

in the informal economy,7,10 with approximately 67%and 90%of

workers older than 15 years in informal employment in emerging

and developing countries, respectively.11 A disproportionate

number of workers in the tropics participate in informal industries

(e.g., informal extractive operations) that lack entitlements and

formal protections. In addition to elevated heat exposure, risk

for outdoor workers in tropical countries is compounded by

limited adaptive capacity, stemming from factors such as inade-

quate infrastructure development (such as electricity and clean

piped water) as well as the absence of robust labor regulations

commonly observed in high-income countries.12 These dangers

are likely even more pronounced for those working in informal

sectors.13 For brevity, here and throughout our paper when we

mention ‘‘workers’’ we are referring to those workers in exposed

outdoor industries.

Several reviews have highlighted how warming has impacted,

and will impact, labor productivity14,15 and the health and well-

being of workers in the tropics.1,16–23 These reviews synthesized

impacts on workers (e.g., productivity, heat strain, labor supply),

establishing that both the scale and magnitude of impacts are

significant and growing. By some estimates the global number

of impacted workers is larger than the total population of Mexico

(e.g., global estimates based on 1.5�C warming suggest that by

2030 annual productivity losses will be equivalent to 80–136

million full-time jobs1,7), with the estimated annual global eco-

nomic impact being equivalent to the gross domestic product

(GDP) of Hungary.2 The largest per-capita heavy-labor produc-

tivity losses are found near the equator, regardless of the choice

of humid heat metric or assumptions about worker responses to

humid heat exposure.2,24 Yet we are unaware of efforts to syn-

thesize whether and how workers in the tropics can bolster resil-

ience in the face of further warming, either on their own or

through changes in policies that regulate land use, labor rights,

emissions, or other policies relevant to heat exposure.

Here we synthesize evidence across four bodies of literature

that align with our framework and are rarely fully integrated,

including examples of (1) public health literature assessing how

hot environments impact heat stress and illness,1 (2) physical

science literature summarizing drivers of increasing ambient

heat in the tropics,4,25–27 (3) heat impacts literature focused on

estimating large-scale humid heat impacts on workers,2,28,29

and (4) social science literature documenting the range of adap-

tations at various levels.30–32 Pulling from these diverse bodies of

evidence, the objective of our review is to synthesize what is

known about (1) the source, scale, and magnitude of deleterious

heat impacts and (2) how workers and relevant institutions are

adapting to increasing heat, thus advancing broader knowledge

about future directions for research and practice for mitigating

and adapting to heat. We find that nearly one-fifth of all hours

in the year already exceed safety thresholds for the average out-

door worker conducting heavy labor in the tropics, and that un-

der an additional 1�C of global warming nearly one-third of all

hours in the year exceed safety thresholds for heavy labor. We

also find that worker adaptations remain understudied, but at

the same time there are clear actions that can be taken by gov-

ernments, communities, households, and individual workers to
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increase their resilience to heat. More work is needed to under-

stand maladaptation, how multiple environmental stressors

impact workers in the tropics, and how all stakeholders can pro-

vide access to existing and new solutions to address adverse hu-

mid heat impacts.

Approach
Our review highlights the impacts of warming on worker well-

being in the tropics and focuses on modifiable factors that

would increase resilience for these workers (B and C in

Figure 1).33 Modifiable factors include: physical modifications

that directly reduce ambient heat exposure (e.g., air-condition-

ing); administrative factors that reduce metabolic heat genera-

tion or ambient heat exposure (e.g., rest breaks, reductions in

work pace, shifting work to cooler parts of the day); clothing

that allows for heat dissipation; structural factors (e.g., reducing

disincentives to take breaks or reducework pace)34; community-

or household-level adaptations; land-use planning; and built en-

vironments that facilitate lower heat exposure.35 We consider a

wide range of actions and include a diverse set of actors (individ-

uals, employers, households, and communities, as well as gov-

ernments) and timescales. We refine how modifiable factors are

conceptualized in the public health literature36–38 by clarifying

that these factors should be adjustable on a timescale relevant

to the specific needs of the actors involved. For example, an in-

dividual may not be able tomodify their chronic health conditions

on a short timescale but couldmodify heat adaptation behaviors,

particularly with complementary supportive actions at higher

levels (e.g., by employers or the government). We include emis-

sions reduction (e.g., rapid reductions in fossil fuel emissions) as

a modifiable factor in our review because this action is feasible

through government action. We aim to identify and highlight

modifiable factors because they represent areas in which further

research and policy can reduce vulnerability and bolster worker

resilience.

Our organizing framework is presented in Figure 1. It builds on

the Spector et al.35 framework, which links the hierarchy of con-

trols and social-ecological frameworks and aligns with other

frameworks on vulnerability and resilience.39,40 Our framework

articulates action types ranging from adaptation to mitigation

for moderating adverse heat impacts. The framework outlines

a systematic process for identifying who could realistically

implement each modifying factor and on what timescale and

identifies the limitations each actor may face in adopting such

modifications. To increase resilience, it is important to consider

the full range of modifying factors and how they align. For

workers in low- andmiddle-income countries, many possible ac-

tions (i.e., policies, regulations and plans, engineering, adminis-

trative controls and training, personal protective equipment) are

less likely to be implemented.41 Our framework allows for a

broad assessment of the limitations and challenges for facili-

tating reasonable adaptations to heat stress and can also be

used to explore potential tradeoffs that may influence resilience

at various temporal and spatial scales. For example, labor regu-

lations could increase safety protections across entire sectors in

the formal economy, but in emerging economies these regula-

tions may lead to non-trivial feasibility concerns for informal

sector employers and workers. The framework focuses our re-

view on potential solutions. We do so by first reviewing the



Figure 1. Heat impacts and modifiable factors for workers in the tropics
Three components affect worker well-being (D). Drivers of heat stress and sensitivity factors are shown in (A). Ambient drivers of heat stress include climate
change, deforestation, and urbanization, while individual drivers include factors such as physical exertion and barriers to internal body heat dissipation, which are
in turn influenced by individual factors such as socioeconomic status (e.g., may influence workload) and health conditions. Four nested levels of actors are
outlined in (B), and (C) represents the range of actions actors can take tomoderate heat impacts. These include actions that mitigate ambient drivers of heat, such
as land-use planning to prevent deforestation, reducing emissions, or restructuring labor, as well as adaptive actions that can moderate heat exposure and
sensitivity such as adjusting clothing, shifting work times, and acclimatization.
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four bodies of literature discussed above and then present pri-

mary, secondary, and tertiary solutions that can be enacted by

various actors. We close by highlighting critical research gaps

to advance science and practice for increasing worker resilience

in the tropics.

HEAT-EXPOSURE IMPACTS ON HUMAN HEALTH AND
PRODUCTIVITY

Heat has both near-term (i.e., acute) and longer-term (i.e.,

chronic) effects on human health (Figure 2). The human body

responds to heat by redistributing blood flow to the skin,

where heat is transferred to the environment through dilation

of blood vessels, or vasodilation, and through sweating and

evaporative heat loss.42 This thermoregulatory response in-

creases cardiac oxygen demand, which can outstrip supply

among those with underlying cardiac disease and ultimately

lead to cardiac ischemia, infarction, and collapse. Dehydration

decreases blood volume and can compound these effects.

Dehydration can also increase the risk of acute kidney injury.

When the thermoregulatory capacity of the body is exceeded,

the body temperature can no longer be maintained in a normal

narrow range, and body temperature rises and heat stroke can

develop.43 Although classical heat stroke occurs primarily in

the elderly, the very young, and those with physiological or

behavioral barriers to cooling, exertional heat stroke can occur
in young, otherwise healthy individuals who generate meta-

bolic heat from physical activity. Heat stroke can be fatal if

body cooling is not rapidly initiated. Heat can also contribute

to lung damage and pulmonary stress, particularly among

those with underlying lung disease.42 Heat and dehydration

can affect complex cognitive function and skilled motor perfor-

mance,44 which can increase the risk of traumatic injuries via

heat-induced fatigue and changes in balance, concentration,

and behavior (Figure 2).35,42

Heat can also affect work capacity and productivity through its

physiological effects. During the thermoregulatory response to

excessive heat, enhanced blood flow to the skin can reduce

the ability of muscles to perform physical work, and cardiopul-

monary limitations can lead to reducedwork pace.31,45 Dehydra-

tion can compound the effects of heat on work capacity, and

reductions in cognitive function and skilled motor performance

can affect the pace and quality of work. Studies in laboratory set-

tings suggest a 10% reduction in physical work capacity with

mild heat stress (wet bulb globe temperature [WBGT], 18�C)
and a 78% reduction with extreme heat (WBGT 40�C).46–49

Chronic health effects of heat exposuremay also affect the ability

of individuals to work. Acute heat-related traumatic injuries may

lead to permanent impairments. Chronic dehydration can lead to

scarring of the kidneys (fibrosis) andmay be a contributing cause

of chronic kidney disease of unknown etiology, which has been

reported inMesoamerica, India, and other parts of theworld,50,51
One Earth 7, March 15, 2024 3



Figure 2. Mechanisms of heat-stress impact on health and well-being outcomes
The multiple components of heat stress, the channels through which heat stress impacts the human body, and outcomes that can emerge from excess heat
stress. Heat-stress responses include normal physiological responses to maintain thermal equilibrium, which, when overwhelmed, can lead to tissue damage.
Potential outcomes include both acute and long-term effects. Long-term effects may result from high-severity acute effects (e.g., severe heat stroke can lead to
long-term organ damage; severe traumatic injury can lead to permanent impairment) or through repeated excess heat-exposure incidences (e.g., repeated
kidney injury could contribute to chronic kidney disease).
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necessitating renal replacement therapy (i.e., dialysis). Severe

heat stroke can cause persistent brain, heart, kidney, liver,

gastrointestinal, and lung damage, and an increased risk of sub-

sequent mortality.46

When workers cannot perform work in cooler environments,

health guidelines recommend decreasing work pace and inten-

sity to reduce heat stress.34,49,52 Additional recommended ad-

aptations include providing water, rest, shade, and physiological

acclimatization. Physiological acclimatization is an improvement

in heat tolerance resulting from repeated physical activity over

days to weeks in hot real-world settings (versus ‘‘acclimation’’

in laboratory settings).53 It involves a greater maximum sweat

rate, increased skin blood flow, reduced cardiovascular strain,

improved fluid balance, and lower body temperature. The

magnitude of acclimatization depends on the intensity, duration,

and frequency of physical activity in the heat and environmental

conditions.53,54 On average, acclimatization may protect from an

additional 2.5�C–3�C WBGT of exposure.49 There is individual

variability in heat acclimatization, but specific individual predic-

tors of this variability are not comprehensively understood,55

and the full extent of physiological adaptations in different pop-

ulations and work settings remain uncharacterized. In humid

environments, sweat evaporation is limited and may trigger

compensation to try to maintain thermoregulation: for example,

circulatory adaptations through a higher skin vapor pressure,

which requires a higher skin temperature and higher skin blood

flow, if cardiac capacity and hydration status allow.53 The contri-

bution of individual physiological acclimatization to net heat

adaptation among workers in the tropics is yet to be comprehen-

sively described but is expected to be bounded by human

physiological capacity, with some variability from individual to

individual.15

Assessing the heat impacts and the effectiveness of adapta-

tion strategies and health guidelines for people in diverse con-

texts and occupations in the tropics is challenging for several

reasons. First, there is a lack of studies performed in low- and

middle-income countries, particularly in areas that are both hot
4 One Earth 7, March 15, 2024
and humid.56 Second, there are discrepancies between labora-

tory studies, small-scale field studies, and population-based

epidemiologic studies. Human physiological studies in climate

chambers and energy-balance models indicate increased heat

stress through decreased sweat evaporation during exposure

to high humidity, using mass-based measures of the amount

of moisture in the air (e.g., specific humidity, dew-point temper-

ature, vapor pressure, absolute humidity). However, population-

scale epidemiologic studies, predominantly in higher-income

countries, have reported mixed results of the effect of humid

heat on health outcomes among general and non-occupational

populations. Rather than mass-based measures, epidemiologic

studies often use humidity variables with a thermal component

(e.g., relative humidity) or combined temperature/humidity

indices (e.g., heat index [a function of temperature and relative

humidity] or WBGT57). In addition to differences in humidity

metrics, populations, and geography, the discrepancy between

laboratory and epidemiologic findings may result from inade-

quate interpretations of the relationship between temperature

and humidity, sub-daily phenomena (e.g., rain) resulting in

biased results of studies based on daily data, and assessment

of populations with pre-existing impairments in sweating, inac-

tivity, or reduced hydration and, thus, sweating capacity.56

Methods underlying occupational heat health recommenda-

tions and research often are not derived from observations of

workers in the tropics. Researchmodeling impacts of heat expo-

sure and climate change on worker health and productivity

builds upon foundational laboratory research on safe heat-expo-

sure thresholds and observational studies of the relationship

between heat exposure and outcomes in other settings. For

example, WBGT thresholds for safe heat exposure in published

guidelines, such as the National Institute for Occupational Safety

and Health (NIOSH) heat criteria document and American Con-

ference of Governmental Industrial Hygienists Heat Stress

Threshold Limit Value, are based on studies of core body tem-

perature in laboratory participants who generally were not living

in the tropics.34,49 Small-scale field studies among workers
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typically assess key factors that are associated with physiolog-

ical effects of heat, including clothing, workload, environmental

heat exposure (i.e., air temperature, radiant heat, humidity, and

air movement, for example with a composite metric such as

WBGT), and acclimatization status. Furthermore, recent labora-

tory analyses,58 which involved physiological observations of

young, healthy adult participants in the northeastern United

States performing modest metabolic rate work, have challenged

‘‘first principles’’ physiology guidance for safe human upper-limit

wet bulb temperature (Tw) thresholds. Vecellio et al.58 identified

uncompensable heat stress in laboratory participants signifi-

cantly below the previously recommended 35�C Tw threshold,59

which varied significantly with humidity, showing that a single

threshold is insufficient. However, the study did not include accli-

matized participants from the tropics.3,58

A shortcoming of the existing body of research is the lack

of key insights into how humid heat impacts specific popula-

tions and occupational groups in the tropics. Furthermore,

there is limited research on whether existing guidelines are

applicable in all occupational settings in the tropics (for rele-

vant reviews see Flouris et al.15 and Ioannou et al;22). Howev-

er, a focus on general modifiable factors provides relevant in-

formation on potential actions that may increase adaptive

capacity, as well as decrease exposures and vulnerabilities,

across different contexts and occupations. These actions

can be further prioritized and refined as new and more directly

relevant research emerges.

CLIMATE AND LAND-USE CHANGE IMPACTS ON
HUMID HEAT

The planet is already experiencing the effects of approximately

1.3�C of global warming (relative to the pre-industrial era),60

and heat and humidity levels in the global tropics aremuch closer

to human tolerance thresholds than anywhere else on Earth.59

There are three main drivers of increasing temperatures in the

tropics: global climate change, local land-use change, and local

urbanization. Current trends for all three factors in the tropics

indicate that heat impacts will be exacerbated in the

future.3,4,27,61–63

According to worker safety standards,34,49,52,64 during many

daylight hours much of the tropics was already hot and humid

enough that thresholds for safe heavy work (metabolic rate of

�415 W; corresponding to threshold value of 26.5�C WBGT)

were surpassed during the last two decades. Consequently,

even acclimatized workers wearing light clothing should be

limiting their work time to a fraction of an hour (Figure 3A). Under

future global warming, temperature and specific humidity over

tropical land areas are projected to increase.2,68 Climate models

show local humid heat (e.g., Tw, WBGT) over tropical land areas

will increase at about 0.8�C–1.4�C per degree of global warm-

ing70,71 during all months of the year, regardless of warming sce-

nario (Figure S1; Parsons et al.68). Therefore, under even an addi-

tional 0.5�C–1�C of global warming, outdoor workers will be

affected by both the spatial expansion and increased proportion

of daylight (work) hours that exceed safe heat-exposure thresh-

olds (Figures 3B and 3C).

To quantify population exposure with�1�C of global warming,

we used 2001–2020 climate data and 2010 population statistics.
We estimated approximately 1% of the population (range due to

interannual climate variability: 0.06%–2.35%) resides in places

where heavy work needed to be restricted for over half of the

year’s hours (Figure 3D). This corresponds to approximately

8 million people (range: 3–141 million) with significant lost work

time in the last decade. Population exposure in the tropics sub-

stantially increases at�2�Cof global warming (assumingmoder-

ate population growth under Shared Socioeconomic Pathway

2 [SSP2] in 2050), with about 13% of the population (range due

to interannual variability: 8.4%–21.2%), or approximately 797

million people (range: 505–1,273 million), located in areas where

heavy work should be limited for over half of the hours in the year

(Figure 3D). Countries with particularly severe impact under

additional global warming include Bahrain, Cambodia, Pakistan,

Qatar, and the UAE, which are projected to lose up to 10%–15%

of labor productivity by about 3�C of global warming.72 In terms

of economic (GDP) losses, humid heat is projected to most

strongly impact countries in tropical West Africa and South

and Southeast Asia, with some countries showing losses equiv-

alent to 3%–5% of GDP.72

The most significant recent deforestation has occurred pre-

dominantly in the tropics.73 Tropical deforestation, driven pri-

marily by conversion of land for agricultural use,74 is a major

driver of increased local heat exposure. The conversion

warms the local land surface up to several degrees Celsius

due to the loss of cooling.25,30,75–78 As trees are lost, local

daytime temperatures rise, increasing the likelihood of out-

door workers losing safe working time during the day.3,4,27,30

Temperature increases are greater where forest loss is more

spatially extensive.25,79,80 Beyond local temperature changes

associated with deforestation, increases in maximum temper-

atures can be found up to tens of kilometers away from defor-

ested regions.79,80 Tropical deforestation is projected to

continue and even to intensify in many countries in the coming

decades (Figure 3A; Popp et al.81). Climate model simulations

from the Community Earth System Model82 indicate that

forest-to-cropland conversion will exacerbate humid heat

stress in most of these locations (hatching in shaded areas

in Figure 4A).

Tropical deforestation has also been shown to impact climate

beyond changing local temperatures; for example, influencing

rainfall.85,86 Removal and subsequent burning of biomass in

the tropics (i.e., tropical deforestation) increases atmospheric

CO2 levels, contributing to global warming. For example, tropical

deforestation constituted approximately 7%–14% of total

anthropogenic CO2 emissions from 2000 to 2005,87 and defores-

tation continues to be an important component of anthropogenic

emissions.88 Furthermore, complete deforestation of various

rainforests has also been shown to impact local and remote

climate in climate-modeling experiments.89,90

In addition to deforestation and global climate change, urban-

ization is exposing more people in the tropics to high tempera-

tures. Urban areas are characterized by impervious surfaces in

place of natural land cover and increased heat storage and

reduced cooling effects of vegetation from evapotranspiration

and shading.91–93 As a result, urban areas experience higher

temperatures compared to surrounding rural areas, a phenome-

non known as the urban heat island (UHI) effect.94 Urbanization

is expected to lead to large increases in urban areas in the
One Earth 7, March 15, 2024 5



Figure 3. Percent of time and total
population in locations where the wet bulb
globe temperature (WBGT) exceeds the limit
reference value, above which the
International Organization of Standardization
(ISO) suggests limiting the allowed heavy
working time to a fraction of each work hour
Percent of time refers to the average number of
hours per year that exceed the limit reference value
(WBGT of 26.5�C) for all days of the year.
(A) Percent of time for the years 2001–2020, a time
period with about 1�C of global warming relative to
the pre-industrial.
(B) Percent of time exceeding this threshold in a
world with 1.5�C of global warming (expected in
2030, 5%–95%: 2021–204065) relative to the pre-
industrial era.
(C) Percent of time exceeding this threshold in a
world with 2�C of global warming (expected in 2052,
5%–95%: 2037–208465) relative to the pre-indus-
trial era.
(D) Percent of population in the tropics in locations
where WBGT exceeds the 26.5�C threshold. Pop-
ulation data from 2010 are used to estimate histor-
ical exposure (2001–2020) at 1�C of global warming
relative to the pre-industrial era, and 2050 Shared
Socioeconomic Pathway 2 (SSP2) population pro-
jections for 2050 are used for estimating projected
exposure at 2�C of global warming. Shading around
the lines shows the range of impacts associated
with interannual climate variability around the
20-year mean, which is shown with a dark line.
WBGT is calculated from reanalysis data66 using
the method of Brimicombe et al.67 Climate model
monthly warming patterns (Figure S1) used to
assess future changes under 1.5�C and 2�C of
warming are from Parsons et al.68 A threshold
(limit reference value) of 26.5�C WBGT is used
here. Above a WBGT of �26�C–26.5�C, both the
ISO and NIOSH standards suggest that heavy
work (metabolic rate of �415 W) for acclimatized
workers wearing light work clothes should be
limited to a fraction of an hour.34,64,69.
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coming decades (Figure 4B), especially in countries in the

(already hot) tropics.95,96 The magnitude and even the direction

of the UHI effect varies across eco-climatic regions, with gener-

ally larger effects observed for cities in moist climates (e.g., for-

est biomes), smaller effects in drier climates, and very low or

even negative effects in desert cities,94,97,98 though only during

daytime.93 Globally, urbanization has resulted in large increases

in summer heat exposure that are compounded by climate-

change impacts on local temperatures,99–104 especially in the

tropics.102 Urbanization also has been found to contribute sub-

stantially to increases in the intensity of temperature extremes

and heat waves as well as to increased heat stress94,100 and hu-

mid heat stress, especially in wet climates and coastal areas.84

Continuing urbanization in the coming decades (Figure 4B) is ex-

pected to intensify UHI effects, leading to additional warming

similar in magnitude to that induced by future global climate

change, with the largest increases in UHIs in temperate and trop-
6 One Earth 7, March 15, 2024
ical regions.95 Shaded regions in Figure 4B

show where the SSP2 scenario projects

future urban expansion, with modeled

increases in daily average urban humid

heat stress shown in hatching. Regions
showing increases in urban humid heat stress and projected ur-

ban expansion include discrete areas in the Americas, portions

of sub-Saharan Africa, and large parts of South and East Asia

(Figure 4B).

A combination of factors, including background weather and

climate, land cover, and irrigation methods, can magnify or

reduce local heat stress in urban and more rural agricultural

areas. Specifically, irrigation can reduce local land surface tem-

peratures via enhanced evapotranspiration105–107 but increase

humid heat exposure.108 Irrigation in cities in dry climates can

make cities cooler than their surroundings,109 with about 60%

of urban areas in India experiencing a daytime urban cool island

effect. By contrast, in agricultural areas, although irrigation re-

duces land surface temperature during the crop-growing sea-

son,105,106 it increases soil moisture, which in turn enhances hu-

mid heat stress.108 In addition, irrigation also reduces

atmospheric aridity and increases soil moisture and relative



Figure 4. Projected mid-century primary
forest loss and urban land growth across the
tropics in SSP2 and associated changes in
humid heat stress
(A) Projected loss in primary forest cover between
2015–2025 and 2055–2065 with modeled increases
(hatching) and decreases (blue dots) in humid heat
stress associated with cropland conversion.
(B) Projected increase in urban area between 2015–
2025 and 2055–2065 with modeled increases
(hatching) and decreases (blue dots) in humid heat
stress associated with urban heat island effects.
Locations with less than 0.1 km2 of projected change
per�625 km2 are shown in gray. Projected land-use
and cover data on a 0.25� spatial grid are from the
University of Maryland Land Use Harmonization
(LUH-2) dataset used in the SSPs.81 According to
International Energy Agency estimates, SSP2 is
currently the scenario that aligns most closely with
pledged and projected emissions for the next
several decades.83 Modeled changes in urban heat
island humid heat stress are from Zhang et al.84

Modeled changes in humid heat stress associated
with cropland conversion are from Orlov et al.82
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humidity.110 In regions such as India, where humid heat stress

typically occurs during the pre-monsoon and monsoon seasons

(April–August), reducing irrigation-intensive crops (e.g., rice and

maize) could reduce humid heat stress in the region. Additionally,

improving the water-use efficiency of irrigation (e.g., sprinkler

and drip) could reduce humid heat stress and water use from

flood irrigation, a commonly employed irrigation method.111–113

HUMID HEAT AND OUTDOOR WORKERS IN THE
TROPICS

In the tropics, approximately 1.2 billion working-age (15–64

years old) people work in outdoor industries, such as agriculture,

forestry, fisheries, and construction, according to combined sta-

tistics from the International Labor Organization (ILO)114 and

global working-age population data.115 The large-scale changes

described in the previous section (global climate change and

local land-use changes) have already led to significant impacts

that will be further amplified over the century due to projected

population growth.

Inmuch of Africa, South Asia, and Southeast Asia, over 50%of

workers are in outdoor industries (Figure S2B) that are already

exposed to high heat, and future population growth will magnify

impacts in many countries, particularly in Africa. The majority of

workers are in agriculture, fisheries, and forestry in most of sub-

Saharan Africa, South and Southeast Asia, and Andean South

America, whereas similar or larger numbers work in construction

in several countries with higher per-capita GDP in the Middle

East, North Africa, and Brazil (Figures S2B–S2D). Many of the

countries with large dependence on agriculture, forestry, and

fisheries have large working-age populations, resulting in mil-

lions to hundreds of millions of exposed workers in some low-

latitude countries (Figure S2A). Several of these countries are

also likely to experience large population increases over the

next few decades, especially those in Africa (Figures 5 and
S2E). This combination of factors suggests that the impacts of

increasing humid heat (Figure S1) on outdoor workers will likely

affect the largest number of people in tropical Africa and Asia.

Both of these regions already experience among the highest

levels of humid heat exposure of any location, as illustrated by

annual average maximum WBGT (Figure S2F). Specifically in

Africa, countries with particularly high projected population

growth and outdoor worker humid heat exposure include Niger,

Malawi, Uganda, Liberia, Burkina Faso, and Nigeria (Figure 5). In

Asia, Bahrain, Pakistan, Bangladesh, India, the Philippines, and

Indonesia all show future positive population growth and current

high humid heat exposure (Figure 5). Although the estimated and

projected impacts of humid heat on outdoor workers in the tro-

pics are significant (e.g., Parsons et al.2 estimate up to 650 billion

hours per year of lost potential heavy labor productivity associ-

ated with humid heat in the shade in recent years), evidence

on exposure, adaptive capacity, and broader impacts remains

inconsistent.

The lack of heat-impact estimates for specific sectors high-

lights a key gap in existing syntheses of heat impacts on outdoor

workers in the tropics. ILO reports7 and other publications1 have

highlighted the potential impacts of heat on labor productivity

and wages, but they typically focus only on the agriculture, con-

struction, industry, and service sectors, likely because country-

level statistics from the ILO or World Bank are only available

for a limited number of sectors. Compared to terrestrial workers,

there is limited evidence on the impacts of humid heat exposure

on the health and productivity of fishery and aquaculture

workers116–119; even the ILO World Employment Report120

does not include fishery sector workers in their assessment.

Exposure to humid heat is exacerbated by direct sun expo-

sure121 and onboard temperatures that can be 10�C–20�C
warmer than the ambient environment.122 Additionally, coastal

and ocean environments bring unique compounding occupa-

tional and environmental health exposures alongside humid
One Earth 7, March 15, 2024 7



Figure 5. Country-level current humid heat
exposure for outdoor workers and projected
mid-century population growth
The number of working-age outdoor workers within
each tropical country where average annual
maximum WBGT exceeds 26.5�C. Country-level
population change projected in the year 2050 rela-
tive to the year 2020 in SSP2 (a mid-growth sce-
nario). The size of the circles corresponds to the
population-weighted average number of hours (at
present day) that exceed the 26.5�C WBGT
threshold discussed in the text. Larger circles and
darker colors highlight countries in which more
hours currently exceed this threshold. Note the log
scale on the x axis. WBGT 2001–2020 calculated
from hourly reanalysis data (Hersbach et al.66) using
themethod of Brimicombe et al.67 Above aWBGT of
�26�C–26.5�C, both ISO and NIOSH standards
suggest that heavy work (metabolic rate of �415
W) for acclimatized workers wearing light work
clothes should be limited to a fraction of an hour.
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heat, including tropical disease,123 harmful algal blooms,124

increasing storminess,125 and shifting and degrading fish

stocks that can create longer working shifts at sea and riskier be-

haviors.126,127 Of the estimated 113 million people worldwide

who are employed along small-scale fisheries value chains

or engaged in subsistence activities, the vast majority are

located in Asia (81.9%; primarily China and India) and Africa

(12.0%).128 Despite these risks, comparatively little research

measures and maps exposure, estimates health impacts, and il-

luminates the diversity of working conditions for non-terrestrial

outdoor workers.

Our own estimates indicate that currently (2001–2020 at�1�C
of global warming) about 0.1% of land and ocean area in the tro-

pics is hot and humid enough that standards suggest heavywork

for acclimatized workers wearing light work clothes should be

limited to a fraction of an hour for at least half of all hours (or

4,380 h) in the year (Figure 3A). Under just 1.5�C of global warm-

ing (expected in 2030, 5%–95%: 2021–204065), 1.1% of the tro-

pics exceed this threshold for over half of the hours in the year. At

�2�C of global warming (expected in 2052, 5%–95%: 2037–

208465), over 16% of the tropics exceeds this threshold for at

least half of all hours in the year (Figure 3C). In terms of popula-

tion-weighted average exposure to hours of unsafe work in the

tropics, our own estimates indicate that for the average person

in the tropics,�19%of all hours in the year exceed this threshold

currently. Under an additional 1�C of global warming, �28% of

all hours in the year exceed this threshold for the average person

in the tropics.

Large-scale and sectoral evidence of heat impacts masks the

way in which key demographic and identity traits influence the

working conditions, exposures, and impacts from humid heat.

Individual qualities, such as gender, age, and ethnicity, shape

physiological and behavioral responses to humid heat.22 Heat

dissipation may take longer for women as compared to

men,129 and exposure to humid heat stress can be further com-
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pounded by lower hourly wages and unhy-

gienic sanitation facilities that deter

women from taking breaks to rehy-

drate.130,131 Age also affects the impact
of heat exposure on workers, with the elderly and those with

chronic diseases having reduced heat tolerance and thermoreg-

ulatory responses.132–134 Minoritized communities may be less

likely to seek or have access to medical assistance to cope

with impacts from humid heat stress.135,136 Moving beyond an

assessment of humid heat impacts on different labor sectors re-

quires an assessment of how individual characteristicsmoderate

stress and behavior. Greater attention to heterogeneous impacts

is necessary, and field-based studies are particularly well posi-

tioned to advance understanding of how humid heat impacts

workers, accounting for contextual and individual factors.

ADAPTATION AND ADAPTIVE CAPACITY

A limitation of the impact-based studies reviewed above is that

they rarely identify or address worker adaptations to hot envi-

ronments in the tropics. In this section, we focus on two as-

pects of adaptation to heat at the individual level: (1) the range

of autonomous adaptations and (2) the drivers of adaptive

capacity.

One type of adaptation to working in hot environments is indi-

vidual adaptation, which is autonomous in nature,137 enacted

intuitively within a cultural context rather than learned through

institutional programs—so-called everyday adaptations.32 Indi-

viduals’ and households’ adaptation behaviors are primarily

driven by their perceptions rather than objective measures of

temperature.30,138–141 The adaptation literature documents a

spectrum of strategies (Figure 6), such as decreasing activities

that have increased heat exposure (e.g., Masuda et al.30), shift-

ing to new livelihood strategies,137 increasing reliance on remit-

tances from household members that have migrated,143–145

increasing labor mobility,146 and, more drastically, moving

the entire household to new geographies.147 Individuals, for

example, may intuitively adapt to heat by going to air-condi-

tioned spaces on hot days to cool off148 or by rotating work to



Figure 6. Spectrum of adaptation strategies
in response to extreme heat
Adaptation to extreme heat occurs across a spec-
trum. The first set of adaptations are coping stra-
tegies. These are strategies individual actors use to
reduce their exposure to extreme heat. Such stra-
tegies involve behavior changes that help in-
dividuals cope with extreme heat in themoment and
often occur as incremental changes. As extreme
heat becomes more common, individual and col-
lective actors enact adaptation strategies that not
only help them cope with extreme heat but also
reduce exposure to extreme heat over time. These
adaptations create systems change through adap-
tations to working patterns, resource management
(e.g., timing of planting crops, water management),
and/or workplace infrastructure changes (e.g.,
cooling stations). Transformational adaptation
strategies are radical interventions142 that strategi-
cally transform social and economic systems to
reduce long-term impacts of extreme heat over time
by reducing individuals’ vulnerability and exposure
to extreme heat. Each progressive set of adaptation
strategies across this spectrum requires higher
levels of adaptive capacity among individuals, col-
lectives, and institutions to be successfully and
sustainably enacted.
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balance the impacts ofmore strenuous tasks on hot days.149 The

subtleties of such autonomous adaptations are difficult to antic-

ipate and estimate through impact studies of temperature

changes and labor productivity, and whether adaptations are

maladaptive or improve resilience is often unpredictable.150

Individual factors such as gender and age constrain adaptation

options in addition to the constraints they place on physiological

and behavioral responses to heat discussed in the previous sec-

tion. Men and women in the same household often enact different

adaptations aligned with cultural and social norms.151 An intra-

household study in rural Kenya showed that wives more often

adoptcrop-relatedadaptationstrategieswhereashusbandsenact

livestock and agroforestry adaptation efforts.152 These adaptation

strategies align with gendered responsibilities within households.

For example, when Kenyan women are responsible for producing

food and ensuring nutrition for household members, they adapt

household habits in response to food insecurity.152 This and other

studies of rural farming households also find differences in how

men and women access capital; female farmers in Kenya have

moreaccess tosocialcapital than theirmalecounterparts,153while

male farmers more readily have access to financial capital (i.e.,

credit), given property rights and other legal or customary

rules.154–157 These individual factors can limit adaptation options

according tocultural norms.For example, inmanycountrieswhere

women lack inheritance rightsand landownership rights, theymay

be unable to obtain loans to engage in new livelihood strategies

that reduce heat exposure. Addressing suchdisparities thus holds

promise for promoting more equitable adaptation even when ac-

counting for the effects of individual factors on physiological and

behavioral responses to heat.

Overall, much of the documented evidence on adaptations

to heat in the tropics is based on studies of agricultural liveli-

hoods.137 Here, studies find that smallholder farmers have

adapted to multiple climate impacts via land management, irri-

gation, changing farming calendars, and water harvest-

ing152,158–161 as well as shifting the timing of farming activities
(e.g., planting), using more drought-tolerant and early-maturing

crop varieties and planting fruit trees that increase shade.162

In the absence of technical interventions at institutional, infra-

structural, and ecosystem levels and rapid reductions in emis-

sions, behavioral adaptive responses in specific contexts will

reach physiological limits.163 For example, a simple but effective

strategy to increase adaptive capacity is tominimize exposure to

hot work environments in some industries by shifting time of

work to cooler times of the day when possible. By the end of

the century, however, on average 5.7 h of work time will need

to be shifted from current daytime schedules to offset lost labor

during normal daytime hours.164 As global temperatures rise,

employers and workers will lose the ability to move labor to the

historically cooler early-morning hours of the day because these

hours also become too hot and humid for continuous work.68

The decline in productivity and income from having to work

less mean this strategy will ultimately reach its limit.

These adaptation limits can be stretched through actions

focusing on modifiable factors to increase the adaptive capacity

of workers and limit damage, particularly among workers with

low adaptive capacity.153 Improving access to and control over

natural and financial capital by private companies, non-govern-

mental organizations, and governments can improve individuals’

and households’ adaptive capacity.165,166 Indeed, land tenuring

can increase workers’ natural capital and thereby their adaptive

capacity167 because it can increase the agency of landowners,

such as through investment in alternative livelihoods, access to

credit, and less reliance on resources bought at markets (e.g.,

firewood).168–171 Individual-level adaptation limits could be

stretched through the mechanization of outdoor work. Models

show that autonomous mechanization of outdoor work in the

agricultural and construction sectors has the potential to

improve heat-induced reductions in worker productivity and,

thereby, economic losses.172

Additionally, adaptations at the level of governments and em-

ployers that incorporate the pre-existing daily habits and
One Earth 7, March 15, 2024 9



Table 1. Illustrative set of possible solutions by actors and types of solutions

Potential solutions

Actor Primary Secondary Tertiary

Government d policies focused on green-

house gas emissions reduc-

tions or increased CO2

sequestration, urban

greening, and those

supportive of sustainable and

resilient land uses (e.g.,

preventing further

deforestation, regulations

around sustainable irrigation

practices)

d public service campaigns to

support implementation of

policies and best practices to

recognize and appropriately

respond to workers with

symptoms caused by work-

place heat stress

d workers’ compensation,

rehabilitative, vocational, and

financial benefits (may also be

offered through private

workers’ compensation

systems)

d development and enforce-

ment of occupational safety &

health and labor regulations

that include provisions to

reduce worker heat stress and

enhance preventive measures

(e.g., shade, rest breaks,

work-shift timing, advance

awareness of weather condi-

tions, and written heat-stress

prevention plans)

d enforcement of occupational

policy provisions requiring

identification and response to

health effects of heat stress

d public service campaigns to

support implementation of

policies and best practices to

reduce worker heat stress and

enhance adaptive capacity

d reduction of barriers to

healthcare access for workers

suffering from symptoms

caused by workplace heat

stress

d grants to support employment

transitions for workers

seeking to reduce reliance on

work involving excess humid

heat exposure

Community and household d development and dissemina-

tion by community-based or-

ganizations of tailored worker

heat-stress prevention

training and tools to support

best practices for heat-stress

prevention and awareness of

rights for different work set-

tings and populations

d training and education by

community-based organiza-

tions for workers and com-

munity health workers about

recognition of, and response

to, symptoms of heat illness

and other health effects of

heat stress

d monetary or in-kind commu-

nity assistance to aid in basic

household needs for house-

holds with recovering workers

d assistance available through

informal networks or through

community groups, such as

community savings associa-

tions (e.g., microcredit loans)

to aid in transitioning to less

heat-exposed livelihoods

Employer d training, education, and

workplace policies for

workers and supervisors

covering recognition of, and

response to, symptoms of

heat illness and other health

effects of heat stress

d implementation of occupa-

tional heat policies and best

practices to reduce worker

heat stress and enhance

adaptive capacity (e.g., flex-

ible work schedules, rest

breaks, cooling stations)

d accommodation of medical

restrictions for workers

recovering from heat-related

illnesses and injuries

d paid time off, sick days, and

medical assistance if workers

fall ill or are injured from

excess heat exposure, when

workers’ compensation ben-

efits are not available

(Continued on next page)
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Table 1. Continued

Potential solutions

Actor Primary Secondary Tertiary

Individual d implementation of heat-stress

prevention best practices

(e.g., clothing options that are

least likely to retain heat,

adequate hydration),

following training and with

employer support

d implementation of training on

high-heat procedures,

including timely and appro-

priate identification, reporting,

and cooling of co-workers

suffering from health effects of

heat stress

d pursuit of opportunities to

shift to livelihood strategies

that eliminate or drastically

reduce heat exposures in the

future

These examples provide potential actions taken to adapt ormitigate heat impacts for outdoor workers and do not represent a comprehensive account-

ing of actions. Primary solutions are those that focus on actions that proactively reduce heat stress or enhance adaptive capacity; secondary solutions

focus on actions that can be taken during heat stress to reduce risks of impacts; and tertiary actions are those that can be taken after heat stress to

reduce the severity of impacts.
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routines of individuals within impacted communities will have a

higher likelihood of improving resilience and leading to greater

uptake.32,173 At times, formal adaptation strategies can disrupt

local everyday adaptation strategies by being contrary to cultural

preferences or livelihood routines, thereby reducing rather than

enhancing adaptive capacity.174 Support for autonomous adap-

tations, the most common responses to humid heat, are critical.

Strategies to support autonomous adaptations include social

protection programs,175 providing access to shaded or forested

work areas,30,176 and the strategic reduction of adaptation bar-

riers.177 Reducing structural barriers at work through regulations

or employer policies can also support autonomous adaptations.

These include anticipating heat events using appropriate met-

rics, addressing acclimatization, scheduling breaks, shifting

working hours, and encouraging a moderated work pace during

heat events.

The existing body of research on individual adaptation to

extreme heat lacks comprehensive categorization and quantifi-

cation of the diverse autonomous adaptation actions of outdoor

workers. Furthermore, research in outdoor work sectors beyond

agricultural livelihoods remains limited. However, this research

provides relevant information on how individual adaptations

are shaped by socioeconomic characteristics, gender, and

household dynamics, among other factors, that decrease expo-

sures in agricultural contexts that potentially apply in other con-

texts and occupations. These individual actions can be sup-

ported by and aligned with adaptation measures across scales

to reduce outdoor workers’ vulnerability and exposure to

extreme heat in a more targeted, and therefore effective,

manner.

TOWARD SOLUTIONS TO MITIGATE HEAT IMPACTS ON
WORKERS

The preceding sections provide grounding for insights on solu-

tions to mitigate humid heat impacts on workers in the tropics.

Modifiable factors vary by actors that operate along different

temporal and spatial scales (Figure 1), where each actor has

varying degrees of control over the type and range of actions

they can take tomitigate adverse worker impacts. Here, we build

on existing prevention frameworks from the public health litera-

ture to define primary, secondary, and tertiary solutions that

can be enacted by various actors.178 Primary solutions are ac-
tions that proactively reduce excess humid heat stress and

enhance adaptive capacity. Secondary solutions are actions

that aim to reduce risks of impacts during heat stress. Tertiary

solutions mitigate the severity of impacts after heat stress has

occurred and there are signs of adverse impacts. Within the

spectrum of adaptation tomitigation (Figure 1), primary solutions

can be seen as increasing adaptive capacity, while secondary

and tertiary solutions can be characterized as aiding in active

adaptation and mitigation of impacts. We provide an illustrative

set of solutions given the actor and solution type in Table 1.

All actors can take steps toward implementing primary solu-

tions across a broad spatial and temporal range. Primary solu-

tions to reduce humid heat stress and enhance adaptive capac-

ity align with the fundamental principle and right of workers to a

safe and healthy work environment.179 Governments in partic-

ular have an outsized role in fostering conditions that reduce

worker heat stress through numerous channels, as broad-scale

changes often rely on actions that are often outside the locus of

control for individual workers (Figure 1B). Governments may

enact ambitious emission-reduction targets that are supported

by subsidies to foster energy transitions or increase adoption

of climate-friendly agricultural practices, or they may impose

taxes that incentivize reductions in the consumption of fossil

fuels by businesses and consumers.106 For example, nationally

determined contributions are a focal point for ramping up ambi-

tions for greenhouse gas reductions.107 Such climate-change

mitigation actions would ultimately reduce increases in worker

heat exposure.

Government policies can also profoundly shape factors

driving land-use change that can exacerbate heat extremes.

For example, agricultural policies affect land-use choices, both

directly and indirectly. Directly, agricultural subsidies influence

crop and livestock choices, which in turn drive how much land

farmers clear and manage for agricultural production.180 Indi-

rectly, global food systems can create incentives for large-scale

land acquisitions (LSLAs) by investors and industrial agricultural

companies,181–184 which have been associated with significantly

higher rates of deforestation.185,186 In an analysis of carbon

emissions from LSLAs among just a subset of land deals in

80 countries between 2000 and 2016, LSLAs are estimated to

lead to up to 2.5 GtC of emissions.184 Moratoria, such as those

enacted in Indonesia,187 have been found to decrease land con-

version, highlighting the importance of government actors in
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shaping broader land-use changes. Similarly, city leaders and

planners determine urban density and expansion through

zoning, infrastructure development, and other choices.188

Government actors can also advance primary solutions for

working populations through workplace occupational safety

and health and labor regulations. Regulations can include provi-

sions to reduce worker heat stress, for example through shade

and cooling stations, rest breaks, work-shift timing (i.e., avoid-

ance of work during the hottest periods of the day), advance

awareness of weather conditions, and documented heat-stress

prevention plans. Effective policy implementation requires

employer action, including support for supervisors and others

responsible for day-to-day decision-making that affects worker

health and safety, and appropriate policy enforcement.

Competing policies should also be considered, such as those

that disincentivize workers from taking breaks or reducing

work pace (e.g., piece-rate payment schemes). Occupational

health considerations should also be incorporated into jurisdic-

tional heat action plans,178 designed to outline strategies to

reduce health impacts before, during, and after extreme heat

events.

Communities and individual workers can additionally enact

primary solutions. In addition to workplaces and governments,

community and other non-governmental organizations can

develop and disseminate worker heat-stress prevention training

and tools that can be adapted to specific work settings and de-

mographics of the workforce, along with information about how

workers can exercise their rights. Following training and with

employer support, workers can implement heat-stress preven-

tion best practices, for example through selection of clothing

options that are least likely to retain heat and through adequate

hydration. Workers may also choose to work with their house-

holds and communities to pursue opportunities to decrease reli-

ance on livelihoods that have disproportionate risks of excess

exposure to humid heat. These opportunities could include

assistance available through informal networks or through com-

munity groups, such as community savings associations (e.g.,

microcredit loans) to aid in transitioning to less heat-exposed

livelihoods and government grants to support employment

transitions.

Secondary solutions reduce heat impacts during excess

heat stress. Governments, workplaces, and communities can

advance secondary solutions by providing required and best

practices training and education campaigns for workers, their

supervisors, and community health workers focused on recogni-

tion of and response to symptoms of heat illness and other health

effects of heat stress. Following implementation of primary solu-

tions, including training and workplace heat-stress prevention

plans, workplaces and workers can execute procedures that

include timely and appropriate identification, reporting, and

cooling of workers suffering from health effects of heat stress

such as heat exhaustion and heat stroke. Governments should

appropriately enforce required workplace heat-policy provi-

sions, including identification and response to health effects of

heat stress. Disproportionately affected communities may

require greater outreach and structural changes (e.g., better

healthcare access and elimination of discriminatory policies) to

reduce barriers to seeking medical assistance when experi-

encing symptoms of heat stress.
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Tertiary solutions mitigate the severity of heat impacts after

heat stress and are relevant to all actors. Although worker bene-

fits are likely rare or unavailable in low- andmiddle-income coun-

try settings, these tertiary solutions are particularly urgent given

the need to elevate worker rights and defenses against heat.

Government and private workers’ compensation systems may

provide rehabilitative, vocational, and financial resources for

those that may be unable to work at their prior capacity due to

permanent impairments or during recovery from heat illness or

other health effects of occupational heat stress. Employers

may also provide support in the form of paid time off, sick

days, and medical assistance if workers fall ill or are injured

from excess heat exposure. Employer accommodation of

worker medical restrictions (e.g., light-duty work in a less hot

environment) as they recover may also reduce the risk of long-

term work disability.189 Communities and households likely

play an especially critical role in tertiary solutions in settings

without strong worker rights or for workers in informal employ-

ment. They may leverage informal social networks and capital

to receive assistance, such as other household members joining

the labor force, or using shared community resources while a

worker recovers from heat illness or injury. Workers may shift

to livelihood strategies that eliminate or drastically reduce heat

exposures in the future, although this presumes sufficient capital

and technical knowledge that may not be readily available. The

core aim of tertiary solutions is to soften the long-term impacts

that stem from excess heat stress, which may range from health

impacts (e.g., heat illness, heat-related traumatic injury, kidney

injury), financial impacts (e.g., reduced productivity and in-

comes), or other adverse impacts.

Ideal solution packages will span primary, secondary, and ter-

tiary categories. For example, information about climate-change

impacts and adaptation choices could, if presented in an acces-

sible manner, enhance workers’ adaptive capacity by laying the

foundation for informed action, supporting adaptation as heat

exposure is occurring and mitigating damages that have

occurred. Shrimp farmers in coastal Bangladesh have more ac-

curate short-term perceptions of climate impacts than long-

term.190 In this case, providing objective climate information to

workers could improve adaptive capacity by addressing cogni-

tive biases and limitations, thus avoiding sole reliance on

perceptions when making choices about adaptive behav-

iors.162,191,192 Technical assistance and access to financial and

other resources to aid in diversifying livelihoods can occur

before, during, and after heat-exposure impacts. Ultimately, if

the aim is to safeguard and bolster worker health and well-being

(which includes outcomes beyond just a worker’s physical

health), simultaneously implementing primary, secondary, and

tertiary solutions is necessary for reducing heat impacts.

FUTURE RESEARCH DIRECTIONS

Our synthesis of the current and future impacts of heat reinforces

findings that, in the absence of rapid reductions in greenhouse

gas emissions and changes in land use, there are likely substan-

tial limits to bolstering worker resilience to hot environments

despite the variety of creative solutions that various actors can

adopt. As the world warms and the frequency and intensity of

extreme heat events increase, three key considerations warrant
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further study. First is that a worker’s overall adaptive capacity

supports (and is supported by) his or her household, and more

work is needed to understand how factors outside a worker’s

own needs drive adaptation. For example, adaptations to heat

impacts on agricultural households, such as temporary migra-

tion and adopting climate-resilient livelihoods, are likely informed

by overall household needs and are not solely a response to

working in hot environments.193 At the same time, social policies

that provide free childcare or education to children of outdoor

workers would mitigate exposure to excessive heat by reducing

the immediate financial pressure on families. Greater options

and reduced financial pressure during extreme heat increase

workers’ adaptive capacity and, thereby, resilience. Further

work should examine how intra-household dynamics shape

worker choice and behavior as they relate to worker well-being

and how such choices can be integrated into models that esti-

mate heat impacts at large scales.

Second, more work is needed to understand broader worker

impacts and adaptations in the face of multiple climate stressors

(i.e., droughts, floods, wildfires, tropical cyclones) and broader

environmental change (e.g., habitat and biodiversity loss), and

whether and how adaptation strategies available to workers

and other actors are severely constrained by compounding

threats. Recent reviews, for example, have found that each

climate impact presents additional challenges to workers and

households.137 We are unaware of analyses of co-exposures

among representative populations (e.g., fishers, farmers, con-

struction workers) in the tropics, which others have highlighted

as needing further study.17,194 Furthermore, questions remain

about the physiological effects of multiple climate stressors on

workers, how best to anticipate and monitor for them, quanti-

fying whether there are tradeoffs or synergies in adaptation stra-

tegies to various stressors (e.g., wearing non-breathable

clothing to protect against pesticide exposure but increasing

risk of humid heat impacts), and the various interactions that

co-exposures (e.g., heat and air pollution) may have on worker

health and productivity in the tropics.

Finally, more work is needed on maladaptation, i.e., unin-

tended adverse consequences stemming from adaptation

choices.150,195–198 Maladaptation is best conceptualized as a

spectrum150 and results from both intentional and autonomous

adaptive choices taken by all actors. For example, workers

may migrate to areas less prone to hot and humid work environ-

ments (e.g., moving from agricultural work in low-lying areas to

forestry work done at higher elevations), but do so in exchange

for new climate and socioeconomic vulnerabilities such as land-

slide risk at higher elevations or fewer livelihood opportunities in

new locations. Employers may enact policies to shift work to

cooler hours but simultaneously introduce hazards related to

poor lighting or insufficient sleep. Governments may mandate

employers to cease working during extreme heat events, but

this may drive workers supporting households with immediate

needs to the informal sector where there may be fewer formal

rights and protections. Maladaptations can also occur across

scales. Increasing demand for air-conditioning, for example,

will generate greater energy demand, which may lead to more

greenhouse gas emissions,199,200 ultimately exacerbating a key

driver of ambient heat (Figure 1). Systematic documentation of

maladaptations by workers, households, communities, em-
ployers, and governments is lacking, suggesting that this is a

particularly high-need research area, as a confluence of interests

has increasingly highlighted the importance of bolstering the re-

silience of workers and communities in the tropics.201–205 It may

also be possible to mitigate potential adverse effects of malad-

aptations, thus rendering them viable options.

DISCUSSION

Ambient humid heat in the tropics is already a widespread prob-

lem for outdoor workers (Figures 3A and 3D), and projected land-

use change (Figure 4) and population growth in this region

(Figure 5) will likely exacerbate risks. Focusing on modifiable

factors to reduce worker vulnerability and resilience to heat

can help reorient discussions to specific actions as well as to

the many uncertainties that still exist around how to mitigate

and adapt to humid heat. Our framework (Figure 1 and Table 1)

captures a broad range of actions, which can range from

reducing fossil fuel emissions and adopting sustainable land

uses, to employer-specific actions such as providing more rest

breaks, to worker-specific actions such as adopting new liveli-

hoods with less heat exposure, if practical and possible. This

broad perspective differs from other reviews (e.g., Ioannou

et al.22 and Morris et al.206) that focused on workers and/or em-

ployers by emphasizing the actors and timescales most likely to

successfully implement these actions.

Ideally, multiple primary, secondary, and tertiary actions can

simultaneously be implemented to optimize worker health and

well-being. For instance, governments could institute early-

warning systems for heat events as part of heat action plans

and regulations to mandate employers to provide cool-down

rest areas or cooling stations, sufficient rest breaks, flexible

work schedules, schedules to acclimatize new workers, and

stop work activities during extreme heat events. Households

could diversify income streams to reduce reliance on jobs with

significant exposures to hot environments. If supported by work-

place and government policies, workers could be educated on

a broader suite of strategies when working in hot environ-

ments.206 Further work is needed to evaluate specific strategies

in real-world settings characterized by humid heat, as these

approaches may differ from those recommended in dry heat

settings, to inform prioritization of the most promising ap-

proaches.56 A key question that remains underexplored is the

relative effectiveness of different adaptive actions in the tropics,

whether their effectiveness varies by population, and the com-

plementary actions that can be taken by various actors to bolster

workers’ immediate and long-term resilience to heat. In the me-

dium and long term, however, themost effective action would be

to rapidly reduce greenhouse gas emissions to slow global

warming, as this is the underlying large-scale driver of increasing

heat exposure for workers in the tropics. Furthermore, at subna-

tional scales, stopping large-scale tropical deforestation will be

critical for preventing immediate local heat extremes.3,4,25,26,78

Even in pro-labor contexts, workers often face constraints to

employ even a subset of actions to support heat health best prac-

tices. An obvious barrier hinderingworkers’ agency is the uneven

power dynamics between employers and employees. Raising

awareness about heat health practices will do little to ameliorate

heat stress if workers are worried about stable employment or
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retaliation. Employers often dictate the timing and duration of

work and breaks, and employers can indirectly pressure em-

ployees to work longer and at higher intensities due to inherent

power imbalances.207 Power dynamics depend on context and

employment structure—self-employed or subsistence workers

may possess greater agency than workers in formal contexts.

For instance, on family farms, evenwhenworkers are incentivized

to work longer and at a higher intensity, theymay choose to work

more slowly and reduce productivity or shift their work schedule

because they havegreater agency (i.e., adaptive capacity) than in

industrial farm settings to adjust their work behavior in response

to hot environments.30,31 Another constraint is that choices are

inherently limited by cost, sustainability, and other factors.206

Providing individual shadeandcooling devices toworkers in agri-

cultural fieldsmay be technically possible, but they are unlikely to

be implemented at large scales if they are cost-prohibitive or

otherwise unfeasible. Another complicating factor arises when,

even if employers and employees agree on reducing heat im-

pacts, they may have contrasting preferences regarding priority

heat defenses.206 Future efforts to coordinate and harmonize ac-

tions by various actors should be cognizant of the financial trade-

offs, diverse interests, varying incentives, and limits each actor

has in the types of actions they can take to support the reduction

of heat impacts on workers in the tropics.
CONCLUSION

Throughout our review, a common theme across the four bodies

of evidence is that workers in the tropics face a dire future of

increased exposure, higher sensitivity, and limited adaptive ca-

pacity. Addressing modifiable factors can directly reduce

ambient heat exposure (e.g., air-conditioning, adjusting work

timing to cooler parts of the day, land-use planning, and bet-

ter-planned built environments), reduce internal heat generation

(e.g., rest breaks, reductions in work pace), allow for heat dissi-

pation (e.g., use of breathable clothing), and create structural

factors that support workers (e.g., reducing disincentives to

take breaks or reducework pace).34Workers are a key pillar sup-

porting households and communities. Alongside rapid emis-

sions reduction, mobilizing policy and research to identify the

extent to which modifiable factors can bolster the resilience of

workers across sectors, demographic groups, and locations in

the tropics is urgent.
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