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Abstract

This study comprehensively assesses the effects of exposure to temperature extremes
on workplace health, safety, and economic outcomes. Using Japanese prefecture-level
data on work-related injuries and fatalities (2014-2019) combined with weather records,
we estimate that higher temperatures significantly increase work-related injuries and their
associated social costs. When exposed to temperature extremes, workers neither reduce
their working hours nor exit the labor force. Furthermore, testing the compensating wage
differential model reveals minimal wage increases for exposure to temperature extremes.
These findings highlight the need for effective policies to mitigate the adverse effects of
temperature extremes in the workplace.
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1 Introduction

Global warming is likely to significantly alter the climate environment within a relatively
short timeframe (Houghton (2009); Nordhaus and Boyer (2003)). According to Romanella
ef_all (2025), climate change negatively impacted global labor productivity in 2024, reducing
working hours by 640 billion and causing an estimated income loss of USD 1.09 trillion. While
reducing greenhouse gas emissions is a high priority, the understanding of how societies adapt
to climate change remains limited. This knowledge gap presents challenges in accurately
estimating climate-related costs and designing effective risk-mitigation strategies. Costella
ef_all (2009) and (Campbell-Lendrum et al] (2009)) emphasize that identifying adaptation
opportunities to reduce the human health costs of climate change should be recognized as a
global research priority for the 21st century.

Beyond health impacts, temperature extremes impose widespread negative effects, includ-
ing reduced labor productivity (Zhang et al] (2018); Burke ef-all (2015); Carleton and Hsiang
(2016)), impaired learning among children (Graff Zivin and Neidell (2014)), and increased
overall mortality rates (Bofzen efall (2019); Karlsson and Ziebarfhl (2018)). Building on
these findings, a growing body of research has examined the potential effects of temperature
extremes on workplace safety (Varghese et all (201R)) ©.

Japan’s average annual temperature in 2024 reached its highest level since record-keeping
began in 1898. According to the Japan Meteorological Agency, the 2024 average temperature
deviated from the historical norm by +1.48 degrees Celsius (°C'), exceeding the previous
record of +1.29°C' set in 2023. More broadly, Japan’s average annual temperature has
increased by 1.30°C' per century, with extremely high temperatures occurring more frequently
between 1901 and 2022. Consequently, assessing the impacts of climate extremes on health,
human capital, and welfare has become increasingly critical (Schlenker and Roberts (2009);

Hsiang et al] (2013)).

!Dillender (2021) systematically assessed the relationship between temperature and workplace injuries
for the first time using data from Texas, USA.



Therefore, this study comprehensively assesses the effects of temperature exposure on
workplace health and safety in Japan, expanding current estimates of the economic costs
associated with extreme temperatures. We address three key aspects of this issue.

First, we compile and analyze a Japanese prefecture-level dataset spanning 2014 to 2019,
detailing work-related fatalities and injuries requiring at least four days of absence. By
combining this dataset with daily weather records aggregated at the monthly prefecture
level, we estimate the impact of higher temperature exposure on workplace safety, measured
by the number of work-related injuries and fatalities.

Second, we account for potential endogenous bias arising from workers’ behavioral re-
sponses to temperature extremes. To address this concern, we estimate the effect of high
temperature exposure on average hours worked and prefecture-level employment. This ap-
proach reveals that failing to incorporate defensive investments—such as proactive measures
to mitigate heat exposure—may underestimate the true effect of exposure to high temper-
atures on occupational hazards. We hypothesize that, in the absence of such defensive
investments, workers may reduce their working hours, shift to jobs offering more favorable
working conditions, or exit the labor force entirely to avoid unsafe workplace environments.

Finally, we examine the effect of high-temperature exposure on average prefecture-level
wages using monthly data from the Basic Survey on Wage Structure published by Japan ’
s Ministry of Health, Labour and Welfare (MHLW). Specifically, we test Rosen ~ s (1986)
compensating wage differential hypothesis, which posits that firms may offer higher wages
to compensate workers for the extreme-temperature risks. Additionally, we calculate the
incremental costs firms incur when providing wage compensation due to this hazard.

Our analysis yields three key findings. First, exposure to temperature extremes adversely
affects workers’ health conditions and human capital. Our estimates indicate that each
additional day with a maximum daily temperature exceeding 35°C' increases monthly work-
related injuries by 3.145--3.968 at the prefecture level, totaling approximately 148--186 cases

nationwide. This translates to an estimated nationwide economic cost of JPY 51,505,184—



64,729,488 (USD 367,894-462,353) 2. Similarly, each additional day with a maximum daily
temperature of 30°C' or higher but below 35°C' increases monthly work-related injuries by
0.531—0.806 at the prefecture level, aggregating approximately 25—38 cases nationwide,
imposing an estimated national cost of JPY 8,700,200-3,224,304 (USD 62,144-94,459).

Interestingly, the relationship between the number of days with maximum ambient tem-
peratures and the risk of work-related injuries is not monotonically positive but U-shaped.
This relationship pattern emerges clearly when plotting the estimated temperature coeffi-
cients against daily maximum temperature intervals.

When analyzing work-related fatalities as the dependent variable, we find that exposure
to extreme temperatures correlates with increased fatality risk. However, the statistical
significance is weaker, and the magnitude of the effects is smaller compared to the analysis
using work-related injuries as the dependent variable. This discrepancy likely stems from
the limited number of recorded fatalities and substantial missing data in the fatality records.

Furthermore, the U-shaped relationship between maximum temperature days and work-
related injury risk persists across selected industries. Notably, this pattern is more pro-
nounced in industries dominated by outdoor occupations compared to those primarily in-
volving indoor work.

Second, when testing the hypothesis that workers decrease their labor supply in the
absence of defensive investments, we find that workers exposed to temperature extremes
neither exit the labor force nor significantly reduce their working hours. This result holds
even after controlling for prefecture, month, year, and other fixed effects. Consequently, we
conclude that workers do not necessarily adjust their labor supply, implying that they instead
rely on purchasing defensive goods to mitigate heat exposure. Thus, our estimated impact
does not accurately reflect the true biological effect of temperature extremes on occupational

injury and fatality rates.

2In 2023, the USD/JPY exchange rate moved between roughly JPY 127 and 152 per U.S. dollar. There-
fore, for the purpose of this study, we take the average and convert at an exchange rate of JPY 140 per U.S.
dollar.



Finally, examining the compensating wage differential model reveals that each additional
day exceeding 35°C' increases monthly earnings by just 0.51% (JPY 1,623 (USD 11.6) for
regular workers). Similarly, each additional day between 30°C" and 35°C' yields a mere
0.06% increase in monthly earnings (JPY 191 (USD 1.4) for regular workers). However,
the statistical significance diminishes after controlling for prefecture, month, year, and other
fixed effects. These findings suggest that the compensation for temperature-induced hazards
is negligible.

This study makes two distinct contributions to the existing literature. First, we expand
the research on the use of micro-level data to estimate marginal losses from climate change.
While previous studies have investigated the causal effects of temperature on health (Waffs
ef_all (2018); Hsiang et all (2017); Dell"ef-all (2014)), labor supply (Finger and Lehmann
(2012); Graff Zivin and Neidell (2014)), and cognitive performance (Graff Zivin et all (201R)),
our study—along with recent work by Dillender (2021) and Park_ef all (2021)—is among
the first to assess the potential impact of temperature on workplace safety. Furthermore,
we enhance the external validity of our findings by leveraging nationwide weather records,
which have not been utilized in prior studies on this topic®.

Second, we contribute to the literature valuing the social costs of temperature extremes.
Prior research has primarily examined the relationship between high temperatures and in-
come (Deryugina and Hsiang (2014); Garg et all (2020)) or economic output (Dell“efal
(2009)), both across countries and within specific regions (Caffaneo and Peri (2016); Heal
and Park (2013)). By contrast, our work quantifies the specific costs of absenteeism and
fatalities resulting from temperature-induced occupational accidents. Additionally, we con-

tribute to the literature on compensating wage differentials by analyzing wage responses to

prolonged exposure to temperature extremes. These findings align with those of Lavetfi

3Park_ef_all (2021) used administrative data on workplace injuries from the California Department of
Workers” Compensation to examine the relationship between temperature and workplace injuries, finding
that lower-income workers may be disproportionately affected. However, the broader applicability of this
conclusion, and that of Dillended (2021) remains unexplored.
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(2020)?.

The remainder of the paper is organized as follows. Section P presents the concep-
tual framework, including a physiological model linking temperature extremes to workplace
health. Section B outlines the data sources and summary statistics. Section @ details the
econometric specifications and estimation results. Section B explores the implications of the

compensating wage differentials model. Finally, Section B offers concluding remarks.

2 Conceptual Framework

2.1 Relationship between Temperature and Health

In extreme temperature environments, the human body relies on neural, endocrine, and
physiological mechanisms to thermoregulate and maintain its internal temperature within an
acceptable range. Thermoregulation primarily involves sweat gland secretion, skin vasodila-
tion, respiratory regulation, and neuromodulation ([Tansey and Johnson (2015); Romanovsky
(201R)). For instance, at high temperatures, the skin’s vasculature dilates, enlarging the
surface area for heat dissipation, thereby facilitating heat-loss from the body. The nervous
system plays a crucial role by monitoring changes in body temperature and regulating phys-
iological functions, such as sweat gland activity and vasoconstriction, via neurotransmitter
signals (Gonzalez=Alonsd (2017)). However, exposure to temperatures outside the normal
range or prolonged exposure to extreme temperature conditions poses serious risks to human
health (Patz_ef all (2005); Lim_ef all (200R)).

The direct relationship between temperature and human health is well-documented. For
example, prolonged exposure to extreme environments can increase cardiovascular risks,

such as ischemic heart disease, by altering blood pressure and heart rate (Huynen et al

4However, the findings are inconsistent with those of Kim and Lim (2017), who used data from the
Korean Working Conditions Survey to show higher wages for workers in the non-heat exposure group.
Nonetheless, the empirical literature has widely tested and debated the compensating wage differentials
hypothesis (Gertler_ef all (2005); Laveffi and Schmufid (P016)).



(2001); Basn and Osfrd (2008)). High temperatures also correlate with increased preva-
lence of respiratory and chronic diseases (Basu (2009); Kovats and Hajaf (2008)). Recent
studies further provide growing evidence that high temperatures significantly impact overall
mortality (Gosling et al] (2009); Deschénes and Greenstond (2011)).

Hot environments can also impair human performance in both work and sports (Gonzalez-
Alonso_ef_all (1999); Graff Zivin_ef all (2018)). For instance, elevated temperatures can
degrade cognitive functions, adversely influencing decision-making and its outcomes (IPilcher
ef—all (P2002); Hancock and Vasmaftzidis (2003); Cheema and Pafrick (2012); Heyes and
Saberian (2019)). Overall, extreme temperature conditions impact work efficiency and safety

by affecting both physiological and cognitive aspects. These mechanisms motivate our formal

model decomposing observed injury-temperature relationships.

2.2 Conceptual Framework

We develop a conceptual model to formalize these ideas and guide the empirical analysis.
We assume that a worker’s risk of injury by temperature extremes at the workplace or
during commuting, I(¢,a), depends positively on exposure time to temperature extremes t
and negatively on defensive investments a. Defensive measures that mitigate heat exposure,
such as installing air conditioning and using fan-equipped work outfits, can be adopted under
prolonged exposure to extreme temperatures.

A representative worker solves a utility-maximization problem max, ;, U(x,(, I) subject
to the budget constraint w(T —1— f(I)) > =+ pa, where x denotes a bundle of consumption
goods and services normalized to price 1, T total length of time available, [ leisure time, w
the wage per unit of time, f(I) the length of time absent from work due to a work-related
injury caused by exposure to temperature extremes, and p the price for purchasing defensive

goods that protect health from temperature extremes ®. The representative worker chooses

5In this conceptual framework, we assume that an increase in defensive investments mitigates the risk of
work-related injury I(.) directly and thereby affects leisure time I, which differs from the logic of compensating
wage differentials (Rosen ([98A)). In the compensating wage differential model, employers compensate



the optimal defensive investment level a*.
Following Park et all (2021) and [Deschenes et all (2017), the relationship between work-

related injury risk and temperature can be expressed as:

dl ol ol da
Pl (%E)' (1)

Eq( @) decomposes the total derivative of work-related injury risk with respect to exposure

to extreme temperatures (total effect) into the partial derivative in exposure time (biological

ol

effect) and the product of the partial derivative in defensive investments, 57, and the partial

derivative of defensive investments in exposure time, % (defensive effect). We assume that
defensive investments reduce work-related injury risk (% < 0). We then investigate whether
workers increase self-protective investments as the number of days with extreme temperatures
rises. When this condition holds, the inequality % < 0 implies that the defensive effect—the
second term on the right-hand side of Eq( 0)—is negative.

Most existing studies (e.g., Buief-all (2024)) focus on the total effect, 4, that is, the im-
pact of ambient temperature on overall work-related injury risk, rather than on the biological

effect (%). Empirically isolating the biological effect of temperature extremes on injury risk

requires controlling for variations in workers’ defensive investment decisions, which remains

dl
) de)

challenging in many settings. A focus solely on the total effect can therefore substan-
tially underestimate the biological effect of ambient temperature on work-related injury risk
if workers actively adopt defensive measures against heat. This decomposition guides our
empirical strategy distinguishing total from biological effects.

As another channel for reducing exposure to extreme temperatures, workers may adjust
labor supply by optimally cutting working hours, or in extreme cases, quitting their jobs.

However, flexible adjustment of working hours often remains impractical or infeasible as a

employees for worse working conditions ([LCavetfi (2023)), implying a trade-off between I(.) and the offered
wages. To focus on optimal defensive investments in protecting health from temperature extremes, we
simplify the model by treating the wage as exogenous. Lately, we teat the wage endogenous and explore the
validity of the compensating wage differential model.



response to heat exposure. When workers do not choose this option, they continue to work
in jobs involving prolonged exposure to extreme temperatures and instead rely on defensive
goods. This behavioral assumption underpins our later empirical design, where we estimate

the employment equation to test for such adjustments.

3 Data and Summary Statistics

Work-related Accidents—This study uses monthly prefecture-level data on work-related in-
juries collected by the Japanese MHLW from 2014 to 2019. According to the Labour Stan-
dards Act and the Occupational Safety and Health Regulations, employers must report
worker-related injuries requiring at least four days of leave immediately, and those requiring
shorter leave every quarter, to the nearest Labor Standard Inspection Office®. This compul-
sory reporting yields a more comprehensive and reliable description of workplace safety risk
than many publicly available datasets provide.

To assess the robustness of our results over a longer period, we also employ data on work-
related fatalities from 2007 to 2019. These data are released monthly at the prefecture level
by MHLW, although some months contain missing values, which makes the fatality series
less reliable than the injury series. Additionally, we exclude prefectures severely damaged by
the Great East Japan Earthquake in 2011, because numerous work-related injuries in those
areas arose from the earthquake and tsunami rather than from extreme temperatures.

Temperatures—We collected daily maximum temperature and average precipitation data
released by the Japan Meteorological Agency. Given that prefectures typically contain mul-
tiple meteorological stations, we use the average of the station-level maximum temperature
and precipitation within each prefecture. As the work-related injury data are monthly, we
count, for each month and prefecture, the number of days falling into each temperature range

based on daily maximum temperatures. Considering the nonlinear effects of temperature, we

SEmployers are required to participate in the Industrial Accident Compensation Insurance System, which
provides benefits to employees who are injured or become ill during work or while commuting and supports
their social reintegration. In principle, the employer bears the insurance premium.



divide daily temperatures into 5-degree Celsius intervals, forming nine temperature ranges
from below 0°C' to above 35°C: (1) below 0°C, (2) 0°C to below 5°C, (3) 5°C to below
10°C, (4) 10°C to below 15°C, (5) 15°C' to below 20°C, (6) 20°C' to below25°C', (7) 25°C to
below 30°C', (8) 30°C' to below 35°C', and (9) above 35°C.

Employment, Wages, Hours—The primary identification concern stems from endogenous
worker movements across industries or prefectures to avoid uncomfortable workplaces created
by extreme temperatures. To mitigate this bias (i.e., the influence of other potential variables
affecting workplace injuries), we construct a monthly prefecture-level dataset from the Basic
Survey on Wage Structure conducted by MHLW, spanning from 2007 to 2019. This dataset
includes prefectural data on hours worked per week, overtime hours, wages, and days of
attendance per week. We merge these labor-market data with the work-related injury and
meteorological data by prefecture and year-month to estimate the impact of temperature on
workplace injuries.

Summary Statistics—Table [ presents summary statistics for various variables, including
temperature, work-related injuries and fatalities, and labor outcomes at the prefecture level.
Across all sample periods, the number of days with maximum daily temperatures from 20°C
to below 25°C' is the largest among all temperature intervals, whereas days with tempera-
tures below 0°C' or above 35°C—considered extreme—occur much less frequently. Figure [
illustrates the distribution of yearly average days across all temperature intervals. The table
also summarizes work-related injuries by industry, using MHLW classifications, with partic-
ular focus on manufacturing, construction, and transportation. Work-related injuries and

fatalities concentrate heavily in these three industries.



4 Temperature and Work-Related Injuries

4.1 Econometric Specification

This subsection presents the empirical specification of the temperature response function.
Identification relies on random variations in temperature intervals defined in the previous

section at the provincial-level. The econometric specification is as follows:

Y;mt = Z 5]' : Temp@'mtj + v Xz'mt + 5mt + sz + Uimit, (2)
J

where Y;,,; denotes the number of work-related injuries in prefecture i, month m, and
year t. This specification also includes a full set of prefecture-monthly fixed effects (6;,,) and
year-monthly fixed effects (d,,;). The prefecture-month fixed effects are included to account
for seasonal fluctuations in the number of work-related injuries, while controlling for time-
invariant, unobserved factors that affect work-related injury rates across prefectures and
months. These fixed effects capture regional differences in seasonal employment patterns,
including variations in agricultural harvest seasons. Additionally, year-month fixed effects
are incorporated to control for macroeconomic shocks and broader macroeconomic trends
over the sample period.

The primary variables of interest in this study are the daily average temperature Temp;,,,;—
measured by prefectures, months, and years—defined as the number of days when the daily
maximum temperature falls within one of nine temperature intervals. In this specification,
one interval serves as the reference category, allowing the model to capture the additional ef-
fect of temperature within interval j relative to the reference interval. We use 20°C' to below
25°C' as the reference interval, which contains the largest number of days on with maximum
daily temperature. The actual temperature distribution for each prefecture-month pair nat-
urally varies across years, and therefore, is treated as an exogenous variable, forming the
basis for estimating temperature response function parameters (3;). The parameters show

the total effect, that is, the sum of the biological and defensive effects. Meanwhile, X includes
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control variables, such as precipitation and other region-specific labor-related variables(e.g.,
labor force participation and working hours), to account for potential effects on the outcome

variable.

4.2 Results

Table B presents the main results of Equation B. The table reports the coefficients for various
daily temperature intervals, using the 20 to below 25°C range as the reference interval. Each
coefficient captures the estimated impact of an additional day in temperature interval j on
monthly prefecture-level work-related injuries, relative to an additional day in the 20 to
below 25°C' interval. The results are displayed in columns 1-4, which differ in terms of
specifications that control for various fixed effects and employment outcomes by prefecture.
Due to space limitations, only statistically significant coefficients for the daily temperature
intervals appear in the table.

Across all columns of Table B, an additional day with a maximum daily temperature ex-
ceeding 35°C' increases monthly work-related injuries by 3.145-3.968 cases at the prefecture
level (approximately 148-186 cases nationwide calculated by multiplying by 47 prefectures),
at the 1% level of significance. Similarly, an additional day with a maximum daily tempera-
ture from 30°C' to below 35°C' increases monthly work-related injuries by 0.531-0.806 cases
at the prefecture level (approximately 25-38 cases nationwide). Importantly, these results
remain consistent and robust even after controlling for various fixed effects and employment
outcomes at the prefecture level.

According to MHLW data, injured workers (at the workplace or while commuting) take an
average of 41 days of leave. Under the Workers’” Accident Compensation Insurance system, an
injured worker receives 80% of their monthly earnings as compensation. The Basic Survey on
Wage Structure reports average 2023 monthly earnings for regular workers at JPY 318,300
(USD 2,274). The total compensation cost per injured worker can thus be calculated as

(41) x 318,300 x 0.8 = JPY 348,008(USD 2,486).

11



Applying these estimates from Table B, each additional day exceeding 35°C' generates
nationwide compensation costs of JPY 51,505,184-64,729,488 (USD 367,894-462,353). Sim-
ilarly, each additional day from 30°C' to below 35°C" imposes nationwide costs of JPY
8,700,200-13,224,304 (USD 62,144-94,459).

Figure B plots the column 4 coefficients from Table B with 95% confidence intervals. The
figure illustrates that the risk of work-related injuries peaks at temperatures exceeding 35°C'.
Exposure to cold temperatures also elevates risk: an additional day with a maximum daily
temperature below 0°C' increases monthly work-related injuries by 2.4 cases at the prefecture
level (approximately 113 cases nationwide), at the 5% level of significance. This U-shaped
relationship between the maximum temperature days and injury risk aligns with findings
from previous studies of temperature effects on mortality (Deschened (2014); Barreca ef al

(2016)) and workplace injuries Dillender (2019).

4.3 Robustness Test

To assess the robustness of the results presented in the previous section, we re-estimate
Equation B using daily minimum temperatures (instead of daily mazimum temperatures)
as the independent variable. Minimum temperature distributions differ markedly: days
with minimum temperatures exceeding 25°C' become rare, whereas days with minimum
temperatures below 0°C' increase proportionally. Unlike the approach in the previous section,
we utilize the minimum temperature interval from 10°C' to below 15°C' as the reference
category.

Table B presents the estimated results, where daily minimum temperature is used as
the independent variable. As columns 1-4 show, days falling within extreme temperature
intervals continue to significantly affect the incidence of prefecture-level work-related injuries.
An additional day with a daily minimum temperature exceeding 25°C' increases prefecture-
level work-related injuries by 1.570-2.336 cases (approximately 74-110 cases nationwide),

compared to the reference interval, at the 1% level of significance, generating nationwide
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costs of JPY 25,752,592—38,280,880 (USD 183,947-273,435). Similarly, an additional day
with a daily minimum temperature below -5°C' increases monthly prefecture-level work-
related injuries by 2.085-2.963 cases (approximately 98-139 cases nationwide), at the 1%
level of significance, generating additional nationwide costs of JPY 34,104,784-48,373,112
(USD 243,606-345,522) 2.

4.4 Work-related Fatalities

Longer exposure to extreme temperatures (¢) produces more severe worker outcomes. In this
subsection, we replace work-related injuries with work-related fatalities as the dependent
variable in Equation B. Unlike injury data, fatality data are available for a broader time
span, as summarized in Table 0, but contain many zero values. Therefore, we estimate using
the logarithmic transformation of fatality count (log(deaths + 0.01)).

Table @ reports temperature effects on fatality risk using monthly prefecture-level data
from 2007 to 2019. As column 4 shows (which excludes potentially noisy data of 2011),
an additional day with a daily maximum temperature from 30°C to below 35°C' increases
prefecture-level fatalities by 0.038 cases (1.786 cases nationwide), at the 5% level of signifi-
cance. The estimated temperature effects on fatalities are notably smaller and less precisely
estimated than effects on injuries. Furthermore, temperatures exceeding 35°C' show positive
but insignificant effects on fatalities. These patterns likely reflect sparse fatality data and

substantial missing observations.

4.5 Defensive Investments

As argued in Section B, the estimated results from Eq( B) reflect the total temperature ef-
fect on the risk of work-related injuries or fatalities, capturing both biological and defensive

effects. Consequently, these estimates likely underestimate the pure biological effect of tem-

"Consistent with the results in the previous section, the estimates demonstrate a significant U-shaped
relationship between minimum temperature days and work-related injury risk.

13



perature on work-related injury risk. Although empirically distinguishing between biological
and defensive effects is challenging, we can test whether workers adopt defensive behaviors
against prolonged extreme-temperature exposure. Recall from Eq( @) that the defensive ef-

fect is expressed as the product of the partial derivative of the risk of work-related injuries

with respect to defensive investments,%, and the partial derivative of defensive investments
with respect to peripheral temperatures, %. In this subsection, we investigate whether

workers adopt defensive behaviors to avoid extreme temperature exposure at the workplace.

The most effective defense against extreme temperatures—particularly those working
outdoors—involves purchasing protective equipment to minimize exposure to such condi-
tions. In the absence of such measures, workers may reduce working hours or quit entirely.
Both responses predict lower labor supply under extreme temperatures when defensive invest-
ments are unavailable. Firms often invest in workplace adaptations to enable to continued
work under extreme temperatures. For example, they may install air conditioning systems
for indoor workers during periods of high temperatures or heating systems during low tem-
peratures, allowing comfortable task performance despite adverse weather conditions. These
investments reduce workers’ need to cut hours or exit jobs when exposed to temperature
extremes.

To test the hypothesis that higher temperatures reduce labor supply, we apply the fixed-
effects framework from Equation B, replacing the dependent variable (number of work-related
injuries) with prefecture-level employee counts and average monthly hours worked. The
estimated results are presented in Tables H and B, respectively.

Columns 1-4 of Table B show no statistically significant effect of temperature intervals
on employee counts. Overall, these findings suggest that extreme temperatures do not nec-
essarily prompt workers to exit the labor force.

Table B presents the effects of temperature intervals on prefecture-level average monthly
hours worked. Results show that an additional day with a daily temperature from 0°C'

to below 5°C' reduces prefecture-level average monthly hours worked, after controlling for

14



prefecture and year-month fixed effects, at the 1% level of significance (column 1). This effect
persists even when the precipitation fixed effect is included in the specification, but weakens
to the marginal level of significance (column 2). These findings align with Graff Zivin_and
Neidell (2014), who examined temperature effects on the allocation of time to work and
leisure in the U.S. and found that workers in temperature-sensitive industries cut working
hours by up to one hour when daily maximum temperatures exceed 85°F'.

However, prefecture-month fixed effects and employment controls eliminate temperature
effects on average monthly hours worked, as shown in columns 3 and 4 of Table B. Combined
with Table B, these fully specified results suggest that workers neither exit the labor force
nor significantly reduce their working hours under extreme temperatures.

Therefore, workers exposed to extreme temperatures likely purchase defensive goods
rather than adjust labor supply. Sen-i News (2024/11/05), a newspaper specializing in the
textile industry, reports fan-equipped workwear shipments exceeding JPY 20 billion (USD
143 million) in 2024 * s record heat, up from approximately JPY 17.5 billion (USD 125 mil-
lion) in 2014 ® Furthermore, Yano Research Institute Ltd., a private economic and business
research organization, projects commercial air conditioning shipments growing from JPY
483 billion (USD 3,450 million) in 2023 to JPY 567 billion (USD 4,050 million) by 2030 ®
This gradual expansion in market size may reflect worsening workplace conditions caused by
prolonged exposure to extreme temperatures ™.

One approach to measuring defensive investments is to use electricity costs as a proxy for
electricity consumption (Deschenes (2027)), as air conditioning and other defensive equip-
ment typically increase power usage. However, this proxy has its limitations because factory
electricity costs are often affected by production capacity and order volumes, which obscures

the portion attributable to defensive investments. Consequently, we treat the estimated im-

pacts of extreme temperatures on work-related injuries and fatalities as the total effect that

8See https : //www.sen — i — news.co.jp/seninews/view/?article = 406498. (Japanese)
9See https : //www.yano.co.jp/press — release/show/press;d/3658.(Japanese)
10 As before, we will use the same exchange rate of JPY 140 per U.S. dollar for conversion in this paragraph.
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combines biological and defensive components. Notably, the nationwide compensation costs
per injured worker reported in Section 4.2 are therefore likely underestimated and should be

interpreted as a lower bound.

4.6 Heterogeneity Across Industries

Previous analyses assume uniform temperature effects across industries. However, this as-
sumption does not hold in many cases. For instance, workers in industries with predomi-
nantly outdoor occupations experience longer exposure times and therefore are more sensi-
tive to temperature extremes than those in industries with primarily indoor occupations. As
discussed in Section B, high temperatures impair human physiological health and decision
making. Consequently, in industries where workers are exposed to extreme temperatures
due to outdoor work, the adverse health effects of high temperatures are likely to be more
severe. In this subsection, using MHLW industry classification, we estimate Equation B sep-
arately for six selected industries: Manufacturing, Transportation, Construction, Commerce,
Education, and Services.

Using the same specification from column 4 of Table B, Figure 3 presents the results
illustrating the impact of days within specific temperature ranges on work-related injuries
by industries. All industries exhibit U-shaped relationships consistent with Figure 2: tem-
perature extremes (the ends of the horizontal axis) positively correlate with work-related in-
juries. Figures 3a (Manufacturing), 3b (Transportation), and 3c (Construction) show partic-
ularly strong effects from high temperatures. For instance, in the transportation industry—
dominated by outdoor work—an additional day with temperatures exceeding 35°C' increases
monthly work-related injuries by 1.37 cases at the prefecture level (approximately 64 cases
nationwide), at the 5% level of significance. Conversely, Figures 3d (Commerce), 3e (Educa-
tion), and 3f (Services), which represent predominantly indoor industries, show insignificant

temperature effects on the work-related injuries.
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5 Extreme Temperatures and Wages

5.1 Compensating Wage Differentials

Labor economics theory posits that workers demand higher wages to compensate for non-
monetary costs associated with certain jobs (e.g., occupational hazards, poor working con-
ditions), and in response to these demands, firms provide additional wages. Since Rosen’s
seminal work in 1986, which laid the foundation for the compensating wage differential
model, extensive theoretical and empirical research has examined compensating wage differ-
entials. Workers with identical productivity but heterogeneous risk preferences concerning
work-related injuries, sort into occupations balancing wages against injury risk.

As discussed in Section B, a representative worker ~ s utility level is determined by three
factors: consumption goods and services bundle, leisure time, and work-related injury risk.
Here, we adopt an alternative utility framework that focuses on two factors: wage and work-
related injury risk. Recall that the risk of work-related injuries is positively correlated with
exposure to temperature extremes and negatively correlated with defensive measures against
such extremes. For simplicity, we fix defensive investments a, assuming prohibitively high
costs for firms to improve workplace safety. The utility function can then be expressed as
U(w, I(t)), where w represents the wage, and I and ¢ denote work-related injury risk and
exposure to temperature extremes, respectively.

Based on utility function properties, worker indifference curves are convex and upward
sloping: higher injury risk requires higher wages to maintain utility levels. Therefore, risk-
averse workers tend to avoid working in firms that are more vulnerable to temperature
extremes and demand greater wage compensation.

Conversely, firms’ iso-profit curves are concave and upward sloping. Higher injury risk
necessitates higher wages, with compensation depending on the firm’s technological capacity
to create safer and more secure workplaces. Firms unable to cost-effectively improve safety

instead pay compensating differentials.
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The market-equilibrium difference curve, which represents the relationship between the
equilibrium wage and the risk of work-related injuries, is upward sloping. Here, the equi-
librium wage is defined as the wage at which workers’ indifference curves are tangent to
firm iso-profit curves for each specific level of work-related injury risk. Based on this, we
hypothesize that prolonged exposure to temperature extremes, which increases work-related

injury risk, leads to higher wages.

5.2 Results

To test whether workers receive compensating differentials for temperature extremes, we
estimate Equation 2 with the logarithm of monthly earnings (Japanese Yen) as the dependent
variable. Table [@ reports estimated results.

Column 1, which controls only for prefecture and year-month fixed effects, shows that
an additional day with a maximum daily temperature exceeding 35°C' increases monthly
earnings by 0.51%, at the 1% level of significance. An additional day with a maximum
daily temperature from 30° to below 35°C increases monthly earnings by 0.06%, at the
marginal level of significance. Column 2, which adds precipitation controls, yields nearly
identical estimates (0.50% and 0.06%), although the 30°-35°C" effect weakens to marginal
significance.

Recall that the average monthly earnings for regular workers in 2023 are estimated at JPY
318,300. Based on column 1 results, each additional day with a maximum daily temperature
exceeding 35°C' increases the monthly earnings for a regular worker by JPY 1,623 (USD
11.6). Similarly, each additional day with a maximum daily temperature from 30° to below
35°C' increases monthly earnings per regular worker by merely JPY 191 (USD 1.4). Thus,
the compensation for temperature hazards appears minimal.

Further controlling for prefecture-month fixed effects, employment variables, and average

hours worked renders all the coefficients of temperature intervals statistically insignificant.
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This aligns with Dell_ef all (2009) and Deryugina and Hsiang (2014)™. Prefecture-specific
seasonal industry patterns, rather than temperature extremes, likely drive differences in the

monthly earnings across prefectures.

6 Concluding Remarks and Discussions

Prolonged exposure to temperature extremes imposes substantial costs on individuals and
society. With extreme weather events expected to increase, understanding climate change
impacts on workplace health and safety grows increasingly critical —mot only due to lost
productivity from work-related injuries or fatalities but also because of mounting workers ’
accident insurance burdens (Wang et all (2017); Beniston et all (2007); Seneviratne ef all
(20271)).

Our findings indicate that exposure to temperature extremes adversely impacts workers’
health and human capital, particularly in outdoor-dominated industries. From a welfare
perspective, work-related injuries generate direct medical costs and reduce expected lifetime
earnings (Kranse ef all (2001)). Furthermore, work-related fatalities risk plunging families
into poverty. MHLW reports 764,558 nationwide work-related injuries and fatalities in 2022—
a record low, yet substantial.

These results suggest that governments should allocate greater resources to improving
workplace safety, particularly where benefits outweigh escalating social costs of temperature

extremes ™.
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Table 1: Summary Statistics

Statistic N Mean St. Dev. Min Max
Weather (°C)

Days above 30 6,862 3.39 7.01 0.00 31.00
Days [25,30] 6,862 5.93 7.23 0.00 30.00
Days [20,25] 6,862 6.04 7.02 0.00 29.00
Days [15,20] 6,862 4.44 5.63 0.00 25.00
Days [10,15] 6,862 4.43 5.96 0.00 29.00
Days [5,10] 6,862 4.04 6.30 0.00 28.00
Days [0,5] 6,862 1.84 4.51 0.00 29.00
Days below 0 6,862 0.35 2.05 0.00 31.00
Precipitation (mm) 6,862 159.55 115.71 0.50 1222.60
Injuries, Deaths

Injuries-All 3,384 214.88 185.11 27.0 1085.0
Injuries-Transportation 3,381 29.53 32 1.00 186.00
Injuries-Manufacturing 3,384 47.78 36.98 3.00 206.00
Injuries-Construction 3,384 27.63 21.31 2.00 157.00
Deaths-All 6,862 1.79 2.41 0.00 54.00
Deaths-Construction 6,862 0.57 0.98 0.00 10.00
Deaths-Transportation 6,862 0.22 0.54 0.00 5.00
Labor Force

Employment (1,000) 6,858 949.25 1193.27 167.60 8186.50
Working days (per week) 6,858 19.29 0.91 15.90 21.60
Wage (JPY) 6,858  295885.38  88030.46  203638.00  802422.00

Wage (Excluding bonuses) 6,858  244561.90  20289.01  200747.00  345648.00

Notes: We combined monthly data on work-related injuries and fatalities by prefecture, as
collected by the Ministry of Health, Labour and Welfare (MHLW), with daily maximum tem-
perature and average precipitation data published by the Japan Meteorological Agency for the
period from 2014 to 2019. We calculated the number of days in each month falling within
specific temperature ranges and derived their means and standard deviations.
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Table 2: Work-Related Injuries and Daily Maximum Temperature

Dependent variable:

Injuries
(1) (2) (3) (4)
Days above 35 3.755%*  3.968***  3.619"*  3.145"**
(0.919) (0.940) (1.090) (0.957)
Days [30,35] 0.531**  0.806***  0.629** 0.701**
(0.218) (0.226) (0.301) (0.272)
Days [0,5] 1.104**  0.681** 0.138 0.115
(0.263) (0.278) (0.619) (0.602)
Days below 0 4.301*  3.850*  2.413** 2.449*
(0.509) (0.520) (1.059) (1.049)
Region FE Y Y N N
Year X Month FE Y Y Y Y
Precipitation N Y Y Y
Month X Region FE N N Y Y
Employment controls N N N Y
Time dimension 72 72 72 72
Observations 3,384 3,384 3,384 3,384

Notes: Each coefficient represents the estimated impact of an additional
day within a given temperature range on the number of work-related
injuries at the prefecture level, relative to the impact of an additional

day within the 20-25°C' interval.

%5 <0.01.

It is noted that insignificant tem-
perature ranges are not shown but are included as controls in all esti-
mates. Heteroskedasticity robust standard errors are clustered by prefec-
ture and year-month and are presented in parentheses. *p<0.1; **p<0.05;
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Table 3: Work-Related Injuries and Temperature - Daily Minimum Temperature

Dependent variable:

Injuries

(1) (2) (3) (4)
Days above 25 2.336"* 2297 2,038  1.570"
(0.418)  (0.416)  (0.519)  (0.496)

Days [21,25] 0.966**  0.839**  0.023 0.030
(0.233)  (0.233)  (0.360)  (0.344)

Days [-5,0] -0.520%  -0.549**  0.567 0.725
(0.252)  (0.251)  (0.482)  (0.460)

Days below -5 2.109"*  2.085™*  2.776***  2.963**
(0.353)  (0.351)  (0.686)  (0.656)

Region FE Y Y N N
Year X Month FE Y Y Y Y
Precipitation N Y Y Y
Month X Region FE N N Y Y
Employment controls N N N Y
Time dimension 72 72 72 72
Observations 3,384 3,384 3,384 3,384

Notes: Each coefficient represents the estimated impact of an additional
day within a given temperature range on the number of work-related
injuries at the prefecture level, relative to the impact of an additional
day within the 10-15°C' interval. It is noted that insignificant tem-
perature ranges are not shown but are included as controls in all esti-
mates. Heteroskedasticity robust standard errors are clustered by prefec-
ture and year-month and are presented in parentheses. *p<0.1; **p<0.05;
**p<0.01.
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Table 4: Work-Related Fatalities and Temperature - Daily Maximum Temperature

Dependent variable:
log (Deaths + 0.01)
(1) (2) (3) (4)

Days above 35 0.0262  0.0325  0.0369  0.0316
(0.0543)  (0.0542)  (0.0545)  (0.0560)

Days [30,35] 0.0302**  0.0375**  0.0383**  0.0348*
(0.0152)  (0.0155)  (0.0156)  (0.0160)

Days [25,30] 0.0231**  0.0236"  0.0244™  0.0264**
(0.0116)  (0.0116)  (0.0116)  (0.0120)

Region FE Y Y Y Y
Year X Month FE Y Y Y Y
Precipitation N Y Y Y
Employment controls N N Y Y
Time dimension 146 146 146 134
Observations 6,862 6,862 6,862 6,298

Notes: Each coefficient represents the estimated impact of an additional
day within a given temperature range on the number of work-related fatali-
ties at the prefecture level, relative to the impact of an additional day within
the 20-25°C interval. It is noted that insignificant temperature ranges are
not shown but are included as controls in all estimates. Column 4 reports
the result obtained after excluding the potentially noisy data from 2011.
Heteroskedasticity robust standard errors are clustered by prefecture and
year-month and presented in parentheses. *p<0.1; **p<0.05; ***p<0.01.
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Table 5: Employment (x 1000) and Daily Maximum Temperature

Dependent variable:

Employment
(1) (2) (3) (4)
Days above 35 2.405 2.392 3.934 3.923
(2.120)  (2.124) (3.314)  (3.300)
Days [30,35] -0.304 -0.322 -0.578 -0.572
(0.596)  (0.616)  (1.002)  (0.998)
Days [0,5] 0.565 0.593 0.096 0.097
(0.713)  (0.753)  (1.896)  (1.889)
Days below 0 -0.428 -0.399 -1.095 -1.325
(1.053)  (1.084) (2.707) (2.700)
Region FE Y Y N N
Year X Month FE Y Y Y Y
Precipitation N Y Y Y
Month X Region FE N N Y Y
Employment controls N N N Y
Time dimension 72 72 72 72
Observations 3,384 3,384 3,384 3,384

Notes: Each coefficient represents the estimated impact of an addi-
tional day within a given temperature range on the number of employ-
ees at the prefecture level, relative to the impact of an additional day
within the 20-25°C interval. It is noted that insignificant tempera-
ture ranges are not shown but are included as controls in all estimates.
Heteroskedasticity robust standard errors are clustered by prefecture
and year-month and are presented in parentheses. *p<0.1; **p<0.05;

“*5<0.01.
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Table 6: Average Monthly Hours worked and Daily Maximum Temperature

Dependent variable:

Working hours

(1) (2) (3) (4)
Days above 35 -0.019 -0.031 0.071 0.073
(0.061) (0.061)  (0.083)  (0.083)

Days [30,35] 0.013  -0.003  0.038  0.038
(0.017)  (0.018)  (0.025)  (0.025)

Days [0,5] -0.062*  -0.038*  -0.008  -0.008
(0.016)  (0.021)  (0.047)  (0.047)

Days below 0 -0.041  -0.017  0.082  0.082
(0.031)  (0.031) (0.067)  (0.067)

Region FE Y Y N N
Year X Month FE Y Y Y Y
Precipitation N Y Y Y
Month X Region FE N N Y Y
Employment controls N N N Y
Time dimension 72 72 72 72
Observations 3,384 3,384 3,384 3,384

Notes: Each coefficient represents the estimated impact of an addi-
tional day within a given temperature range on the average monthly
hours worked at the prefecture level, relative to the impact of an ad-
ditional day within the 20-25°C" interval. It is noted that insignificant
temperature ranges are not shown but are included as controls in all
estimates. Heteroskedasticity robust standard errors are clustered by
prefecture and year-month and are presented in parentheses. *p<0.1;
**p<0.05; **p<0.01.
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Table 7: Monthly Earning and Daily Maximum Temperature

Dependent variable:

log (Wage)
(1) (2) (3) (4)
Days above 35 0.0051**  0.0050*** 0.0003 -0.0005
(0.0013) (0.0013)  (0.0014)  (0.0013)
Days [30,35] 0.0006* 0.0006 0.00006  -0.0002
(0.0003) (0.0004)  (0.0004)  (0.0004)
Days [0,5] -0.00002 0.00009 0.0001 0.0002
(0.0004) (0.0005)  (0.0008)  (0.0007)
Days below 0 0.0007 0.0009 0.0016 0.0011
(0.0007) (0.0007)  (0.0011)  (0.0011)
Region FE Y Y N N
Year X Month FE Y Y Y Y
Precipitation N Y Y Y
Month X Region FE N N Y Y
Employment controls N N N Y
Time dimension 72 72 72 72
Observations 3,384 3,384 3,384 3,384

Notes: Each coefficient represents the estimated impact of an additional
day within a given temperature range on the logarithm of monthly earning
(Japanese yen) at the prefecture level, relative to the impact of an additional
day within the 20-25°C' interval. It is noted that insignificant temperature
ranges are not shown but are included as controls in all estimates.
eroskedasticity robust standard errors are clustered by preference and year-

month and are presented in parentheses. *p<0.1; **p<0.05; ***p<0.01.
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Table 8: Temperature and Wage - Industrial

Dependent variable:

log (Wage)
(1) (2) (3) (4)
Days above 35 -0.0001 -0.0001 -0.0002  0.00007
(0.0020)  (0.0020)  (0.0016)  (0.0017)
Days [30,35] -0.0005 -0.0005 0.0017  0.0019*
(0.0004)  (0.0004)  (0.0009)  (0.0009)
Days [0,5] -0.0002 -0.0002 0.0007 0.0006
(0.0008)  (0.0008)  (0.0019)  (0.0019)
Days below 0 0.0009 0.0009 0.0142 0.0143
(0.0011)  (0.0012)  (0.0142)  (0.0142)
Region FE N N N N
Year X Month FE Y Y Y Y
Precipitation N Y N Y
Month X Region FE Y Y Y Y
Employment controls Y Y Y Y
Time dimension 72 72 72 72
Observations 2,736 2,736 648 648

Notes: Table B Table [@ presents estimates of the impact of temperature
on per capita wages at the provincial level in Japan for 2014-2019. Here,
the sample ranges in columns 3 and 4 contain the 10 regions with the
highest manufacturing output, and the estimates for the remaining regions
are shown in columns 1 and 2. The omitted category is the temperature bin
with daily maximum temperatures between 20 and 25° C. In this table, non-
significant temperature bands are not shown but are included as controls
in all estimates. Heteroskedasticity robust standard errors are clustered
by province and year-month and are presented in parentheses.

*p<0.05; ***p<0.01.
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Figure 1: Annual distribution of daily maximum temperature

Notes: Figure [ shows the annual distribution of daily maximum temperatures (°C) for the
period 2007 to 2019.
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Figure 2: Estimated temperature-injuries relationship

Notes: Figure B plots the temperature response function for monthly work-related injuries,
obtained by fitting Equation B. (estimates of coefficients for all variables in column 4 of
Table B). The core explanatory variable indicates the number of days in a month within
a certain temperature range. The coefficients can be interpreted as the increase in injury
incidence associated with one additional day in the current temperature range, relative to the
reference category. The reference category is the temperature interval with daily maximum
temperatures from 20 to below 25°C'. Heteroskedasticity-robust standard errors, clustered

by prefecture and year-month, underpin the 95% confidence intervals shown in gray.
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Figure 3: Estimated temperature-injuries relationship: by industry
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Notes: Figure B plots industry-specific temperature response functions for monthly work-
related injuries, estimated using Equation B. Industry classifications are based on MHLW’s
Industry Classification Standards. The reference category is the temperature interval with
daily maximum temperatures from 20 to below 25°C'. Heteroskedasticity-robust standard
errors, clustered by prefecture and year-month, underpin the 95% confidence intervals shown

in gray.
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Appendix A. All Temperature Intervals

In the Appendix, Tables B and @ report full coefficient estimates for all temperature intervals
omitted from Tables @ and B. Non-extreme temperature intervals show few significant effects
on injury risk. Figure B reveals an inverted U-shape pattern across all coefficients. This
finding differs from the results in Park et all (2021), likely because their analysis uses injury
data from a single region, whereas our estimates are based on nationwide prefecture-level
data, offering greater external validity.

Coincidentally, the inverted U-shaped relationship we find between temperature and
workplace injuries remains largely consistent with the findings of Barreca ef all (2016) and
Barreca et all (2015). Barreca et all (2015) focuses on temperature and mortality, using data

on the number of mortalities from all regions of the United States as the dependent variable.
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Table 9: Worked-Realted Injuries and Daily Maximum Temperature - Supplement for Table 2

Dependent variable:

Injuries

(1) (2) (3) (4)
Days above 35 3755 3.968***  3.619"*  3.145"
(0.919)  (0.940)  (1.090)  (0.957)

Days [30,35] 0.531*  0.806™*  0.629**  0.701**
(0.218)  (0.226)  (0.301)  (0.272)

Days [25,30] 0.026 0013  -0.038  -0.009
(0.169)  (0.169)  (0.241)  (0.229)

Days [15,20] 0.084  -0.249  -0.295  -0.277
(0.179)  (0.182)  (0.298)  (0.284)

Days [10,15] 0273 -0.434*  -0.361  -0.224
(0.199)  (0.201)  (0.420)  (0.400)

Days [5,10] 0120 -0.411*  -0.497  -0.447
(0.236)  (0.244)  (0.510)  (0.486)

Days [0,5] 1.104**  0.681**  0.138 0.115
(0.263)  (0.278)  (0.619)  (0.602)

Days below 0 4301 3.850"* 2413  2.449*
(0.509)  (0.520)  (1.059)  (1.049)

Region FE Y Y N N
Year X Month FE Y Y Y Y
Precipitation N Y Y Y
Month X Region FE N N Y Y
Employment controls N N N Y
Time dimension 72 72 72 72
Observations 3,384 3,384 3,384 3,384

Notes: It included both significant and insignificant coefficients in con-
trast with the estimation results for Table B showing only significant co-
efficients. *p<0.1; **p<0.05; ***p<%91.



Table 10: Work-Related Injuries and Daily Minimum Temperature - Supplement for Table B

Dependent variable:

Injuries

(1) (2) (3) (4)
Days above 25 2.336™** 2.297* 2,038  1.570***
(0.418) (0.416) (0.519) (0.496)

Days [21,25] 0.966**  0.839™*  0.023 0.030
(0.233)  (0.233)  (0.360)  (0.344)

Days [15,20] 0.439**  0.384*  -0.026  -0.0667
(0.167)  (0.166)  (0.246)  (0.235)

Days [5,10] -0.296*  -0.302*  0.011 0.014
(0.173)  (0.172)  (0.277)  (0.264)

Days [0,5] -0.659**  -0.668***  0.060 0.138
(0.187)  (0.186)  (0.374)  (0.358)

Days [-5,0] -0.520"  -0.549**  0.567 0.725
(0.252)  (0.251)  (0.482)  (0.460)

Days below -5 2.109%**  2.085***  2.776***  2.963"*
(0.353)  (0.351)  (0.686)  (0.656)

Region FE Y Y N N
Year X Month FE Y Y Y Y
Precipitation N Y Y Y
Month X Region FE N N Y Y
Employment controls N N N Y
Time dimension 72 72 72 72
Observations 3,384 3,384 3,384 3,384

Notes: It included both significant and insignificant coefficients in contrast
with the estimation results for Table B showing only significant coefficients.
*p<0.1; **p<0.05; ***p<0.01.
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