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Abstract Climate change increases workers’ exposure to heat stress. To prevent heat-related illnesses,
according to occupational-health recommendations, labor capacity must be reduced. However, this
preventive measure is expected to be costly, and the costs are likely to rise as the scale and scope of climate
change impacts increase over time. Shifting the start of the working day to earlier in the morning could be
an effective adaptation measure for avoiding the impacts of labor capacity reduction. However, the
plausibility and efficacy of such an intervention have never been quantitatively assessed. Here we investigate
whether working time shifts can offset the economic impacts of labor capacity reduction due to climate
change. Incorporating a temporally (1 hr) and spatially (0.5° × 0.5°) high-resolution heat exposure index into
an integrated assessment model, we calculated the working time shift necessary to offset labor capacity
reduction and economic loss under hypothetical with- and without-realistic-adaptation scenarios. The results
of a normative scenario analysis indicated that a global average shift of 5.7 (4.0–6.1) hours is required,
assuming extreme climate conditions in the 2090s. Although a realistic (<3 hr) shift nearly halves the
economic cost, a substantial cost corresponding to 1.6% (1.0–2.4%) of global total gross domestic product is
expected to remain. In contrast, if stringent climate-change mitigation is achieved, a realistic shift limits the
remaining cost to 0.14% (0.12–0.47%) of global total gross domestic product. Although shifting working
time is shown to be effective as an adaptation measure, climate-change mitigation remains indispensable to
minimize the impact.

Plain Language Summary Outdoor workers are exposed to excessive heat stress particularly in hot
seasons and its impact is expected to increase as a result of climate change. This will reduce the capability of
labor and eventually cause economic loss. Shifting working time to earlier morning, when it is cooler
than during midday, can be an effective way to reduce the effect of heat stress. In this study, we investigated
the effectiveness and plausibility of a working time shift as an adaptation measure to climate change.
Although a working time shift was shown to be effective to reduce the effect of heat stress, the required
amount of shift was beyond the realistic range unless stringent climate-change mitigation was achieved. If
society tries to avoid the economic impacts of climate change on outdoor labor only by working time
shifts, outdoor workers in many regions will need to start working well before dawn. Climate-change
mitigation and other adaptation measures (e.g., mechanization of work, body cooling, etc.) are also inevitable
to minimize the impact of climate change.

1. Introduction

Heat exposure limits the capability of physical activity in working sites considering the risk of heat-related ill-
nesses (International Organization for Standardization, 1989; National Institute for Occupational Safety and
Health [NIOSH], 2016). This means that the per-hour time that workers are allowed to engage in labor (labor
capacity) must be limited depending on the environmental heat exposure level. Limited labor capacity will
result in lower output of economic activities, and thus, economic loss will be evoked. This economic loss
can be interpreted as the occupational-health cost for preventing heat-related illnesses by limiting the
labor capacity. This situation will be worsened by climate change (Dunne et al., 2013; Kjellstrom et al.,
2009; Suzuki-Parker & Kusaka, 2016), and the associated economic loss is expected to be enormous
(Kjellstrom, 2016; Roson & Van der Mensbrugghe, 2012; Takakura et al., 2017; Wenz & Levermann, 2016). A
recent study (Takakura et al., 2017) projected that the global economic loss associated with labor capacity
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reduction due to climate change will be 2.6 to 4.0% of global total gross domestic product (GDP) at the end of
this century under the worst climate-change case.

The members of the Conference of the Parties countries agreed to keep the temperature change well below
the 2 °C goal adopted in the Paris Agreement in 2015 (United Nations Framework Convention on Climate
Change, 2015) while the 2 °C target had already existed for approximately two decades. However, whether
achieving this goal is possible remains uncertain because of the requirement for long-term continuous miti-
gation efforts. Moreover, even if the temperature increase remains below 2 °C, a nonnegligible economic loss
(nearly 0.5% of global total GDP) is still expected due to labor capacity reduction (Takakura et al., 2017). Thus,
in addition to climate-change mitigation, adaptation measures are also needed in order to minimize the
impact of climate change.

Air conditioning is an effective adaptation measure for indoor work. Although it can be somewhat costly
(Hasegawa et al., 2016) and can increase energy demand (Waite et al., 2017), the labor capacity reduction
of indoor work due to climate change is expected to become negligible by the late 21st century due to
the spread of the use of air conditioning. In contrast, economic losses associated with outdoor work will make
up a large portion of total economic losses (Takakura et al., 2017). Therefore, adaptationmeasures for outdoor
work are needed. One practical way to avoid heat exposure in outdoor work can be working during the early
morning or at night. Since the extent of heat exposure is higher during midday and lower in the early morn-
ing, the daily average labor capacity would increase if the working time were shifted earlier. Such working
time practices (start working from just after sunrise; Crowe et al., 2010) have already been adopted in some
workplaces exposed to excessive heat stress and have been suggested to be effective in reducing worker’s
heat exposure (Occupational Safety and Health Administration, 2014), but its effectiveness has not been
assessed on a global scale. In order to efficiently manage the risk of labor capacity reduction, it is necessary
to quantitatively evaluate the feasibility and effectiveness of the adaptation measure.

In the present study, we first quantify the working time shift in hours that will be required in the future to off-
set the labor capacity reduction. Then, using an integrated assessment model (IAM) framework, we evaluate
the degree of economic loss that will remain if either climate mitigation or adaptationmeasures, or both, can-
not completely offset the labor capacity reduction. We estimate labor capacity and required working time
shift based on the climate data of general circulation models (GCMs) and the recommendation (NIOSH,
2016) of labor capacity limitation. We explore four climatic conditions associated with representative concen-
tration pathways (RCPs; van Vuuren et al., 2011) RCP2.6, RCP4.5, RCP6.0, and RCP8.5 in conjunction with five
different GCMs (Hempel et al., 2013). Here labor capacity represents the proportion of time allowed to engage
in labor. For example, if the labor capacity is 0.75, workers can work 75% of time, but must rest 25% of the
time in order to reduce the risk of heat-related illness. The baseline (without adaptation) working time is
assumed to be from 9:00 AM to 5:00 PM. Due to unavailability of worldwide statistics on working time prac-
tices, we adopted this simple assumption in the normative scenario analysis and conducted sensitivity ana-
lysis for this assumption. The required working time shift (required shift) is calculated as the amount of shift
required to keep the yearly labor capacity at approximately the same level (no less than 95%) as that during
the base period (2001–2010). For example, if the required shift is 3 hr, then the shifted working time is from
6:00 AM to 2:00 PM. The required shift is determined each year for each country. The economic loss is mea-
sured as the percentage change in GDP compared to the level of the no-climate-change (NoCC) condition.
We calculate the GDP by the Asia-Pacific integratedmodel/computable general equilibrium (AIM/CGE) model
(Fujimori et al., 2012).

The scenario analysis of the present study is hypothetical and conceptual, and the main purpose of the pre-
sent study is to provide general insight that can contribute to adaptation and mitigation strategies rather
than to accurately estimate the actual economic loss.

2. Materials and Methods
2.1. Hourly WBGT Estimation

In order to quantify the hourly labor capacity, we estimated the hourly wet bulb globe temperature (WBGT),
which is an environmental heat exposure index that is widely used for the purpose of preventing heat-related
illness (Budd, 2008). The framework for estimating hourly resolution WBGT was developed in a previous study
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(Takakura et al., 2017), and a small modification was performed in order to better describe the diurnal varia-
tion of the WBGT. Hourly outdoor (nonshaded) and indoor (shaded, without natural wind) WBGT can be cal-
culated if hourly standard meteorological observational variables (air temperature, humidity, solar radiation,
wind speed, and air pressure) are available (Bernard & Pourmoghani, 1999; Lemke & Kjellstrom, 2012;
Liljegren et al., 2008). As of today, however, future global projections of such meteorological variables are sel-
dom available at hourly intervals. In order to resolve this problem, a two-step procedure is adopted. The first
step is to calculate the hourly WBGT from hourly basis terrestrial meteorological observational data. A statis-
tical relationship between daily representative meteorological variables, which are available from GCMs, and
the WBGT of each hour is then extracted. For this purpose, we used terrestrial weather station data
(Integrated Surface Database of the NOAA) and solar radiation data (SSE Daily Data of the NASA Langley
Research Center Atmospheric Science Data Center) corresponding to the weather stations. A total of
292,380 data (collected at 572 terrestrial stations worldwide [Figure S1 in the supporting information]
between 1 January 1996 and 30 June 2005) were used. Each data set includes hourly temperature, relative
humidity, wind speed, and air pressure. Since the available solar radiation data were daily data, they were dis-
aggregated to hourly data considering the solar zenith angle at each hour. The 572 stations were selected so
that their spatial distribution was as uniform as possible and covered all climate zones. The hourly outdoor
(Liljegren et al., 2008) and indoor (Bernard & Pourmoghani, 1999; Lemke & Kjellstrom, 2012) WBGT are esti-
mated based on the hourly weather station data and hourly disaggregated solar radiation data, respectively.
At the same time, daily representative values (daily mean temperature, daily maximum temperature, daily
minimum temperature, daily mean relative humidity, daily mean wind speed, daily mean air pressure, and
daily mean solar radiation), which are available from the GCMs, are also calculated. At this stage, we have
obtained pairs of daily representative values and hourly WBGT. By applying a statistical machine learning
technique to these data pairs, we obtain the regressors, by which we can estimate the hourly WBGT from
daily representative values. Formally, the regression formula can be expressed as follows:

WB̂GTd;hh;io ¼ f hh;io xd�1; xd; xdþ1; rdð Þ (1)

where xd = (xd,1, xd,2, …, xd,7), rd = (rd,00, rd,01, …, rd,23), in which xd,1 through xd,7 are, respectively, the daily
mean temperature, daily maximum temperature, daily minimum temperature, daily mean relative humid-
ity, daily mean wind speed, daily mean air pressure, and daily mean solar radiation, and rd,hh = xd,7cosθd,hh,
with θd,hh being the solar zenith angle at time hh of day d (if cosθd,hh < 0, rd,hh = 0). The workplace loca-
tion is indicated as indoor or outdoor by the subscript io, respectively. Therefore, we used a total of 48
regressors (24 for indoor and 24 for outdoor) to estimate the hourly WBGT. As the regressors, support vec-
tor regression of LIBLINEAR (Fan et al., 2008) is used, considering the performance and computational cost.
In the first version of the regressors (Takakura et al., 2017), all of the variables were used to estimate the
WBGT. In general, however, selecting a subset of variables can improve the performance of the estimation.
We selected variables by a stepwise procedure to minimize root-mean-square errors (RMSEs) of the esti-
mates for each regressor.

The accuracy of estimation was then evaluated by the cross-validation strategy so as to assure the feasibility
of spatial generalization. Here spatial generalization refers to the regressors’ performance being maintained,
even if the regressors are applied to data from locations other than that where the training data was
obtained. The data set of the present study consists of 292,380 samples from 572 stations, which are divided
into four groups (Figure S1). Three-quarters of the station data are used to train the regressors, and the accu-
racy of the trained regressors is evaluated by the remaining station data. This procedure is repeated four
times by changing the group to be evaluated. Comparisons between the actual hourly WBGT and the esti-
mated hourly WBGT based on the machine learning technique are shown in Figures S2 and S3. Although sud-
den fluctuations in the actual WBGT were difficult to predict, general tendencies in the diurnal variations
could be reproduced. The correlation coefficient, RMSE, and systematic error (bias) for all data are shown in
Table S1. We checked whether these errors could affect the result of the subsequent analysis. We calculate
labor capacity for each hour based on the estimated WBGT, and values aggregated for a year are used in
the subsequent analysis (explained in section 2.2 in detail). The day-to-day errors (RMSEs) in the estimated
WBGT may not be negligible and are approximately 2 °C at maximum (Table S1). The maximum
ΔCapacity/ΔWBGT(°C) is approximately 0.045 for 400 W of work (Figure S4). Thus, day-to-day hourly labor
capacity error is expected to be around 0.09 (9%) on average. However, since the biases are negligible
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(they are less than the resolution of the WBGT bins (0.1 °C) we used in the present study), as shown in
Table S1, aggregation (averaging) can reduce the effect of random error by a factor of N�1/2, where N is the
number of aggregated data. Thus, expected error is 0.09 × 365–1/2 = 0.0047 (0.047%), which is substantially
smaller than the uncertainty caused by other factors (e.g., uncertainty caused by differences in GCMs).
Therefore, it was judged the overall agreement was sufficient to capture the tendencies of diurnal
variations and to calculate the yearly aggregated labor capacity used in the present study.

After the cross-validation procedure was completed, all of the data were used to train the regressors. We then
applied these regressors to bias-corrected GCM data (Hempel et al., 2013) and obtained the future hourly
WBGTs with a spatial resolution of 0.5° × 0.5° globally for both outdoor and indoor workplaces. (The indoor
WBGT is used for workplaces without air conditioning.) The framework of the procedure used to estimate
the hourly WBGT used in the present study is shown in Figure 1. Note that regressors were trained and vali-
dated for station data, not for gridded data. This may produce some biases in the estimation of the WBGT but
will not seriously affect the main results of the present study for following reasons: (i) bias correction of the
GCM data was conducted so that the statistical characteristics of these data match those of terrestrial obser-
vations; (ii) the spatial generalization ability of regressors is high, as demonstrated by the cross validation
procedure; and (iii) even if biases exist in the estimated WBGT, the estimated WBGT will produce biases both
for current and future labor capacities, which will cancel each other out because we focus primarily on the
relative change from current value.

Figure 1. Framework of the hourly WBGT estimation from daily resolution GCM data. Rectangles represent processes and
rectangles with rounded corners represent data or parameters. WBGT = wet bulb globe temperature; GCM = general
circulation model.
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More local-scale phenomena, such as urban heat island effects, are not considered, because our goal is to
quantify the effect of global climate change.

2.2. Labor Capacity and Required Shift in Working Time

The proportion of the time allowed to engage in labor (labor capacity) is determined based on the WBGT
and the intensity of the work (International Organization for Standardization, 1989; NIOSH, 2016). In general,
as the environment becomes hotter or the work intensity increases, workers should rest longer in order to
maintain their core body temperatures. The value of labor capacity is determined considering the human
heat balance needed to maintain the core body temperature within the safe range. In the present study,
we used the recommendation of NIOSH (2016), in which the required break time is indicated discretely.
We interpolated the recommendation linearly and obtained a continuous value of labor capacity correspond-
ing to the WBGT and work intensity (Figure S4). Labor capacity is calculated for each grid cell (0.5° × 0.5° reso-
lution) and for every hour. Here the 1-hr labor capacity is represented by CAPg,y,d,hh, where g, y, d, and hh
denote the grid cell, year, day, and hour of day (local solar time of each grid cell), respectively. The daily
and yearly labor capacities are, respectively, calculated as follows:

Cap
WTc;y
g;y;d ¼ 1

Hd
∑

hh∈WTc;y

Capg;y;d;hh (2)

Cap
WTc;y
g;y ¼ 1

Dy
∑
d

Cap
WTc;y
g;y;d (3)

whereWTc,y is the working time of country c in year y, Hd is the total number of working hours for a day, and
Dy is the total number of working days in year y. The baseline working time is set as being from 9:00 AM to
5:00 PM (WTc,y = {09, 10, …,16}). The calculated yearly labor capacity of each grid cell is averaged for each
country weighted by population distribution (Jones & O’Neill, 2016), and we obtain the annual labor capacity
for each country as follows:

Cap
WTc;y
c;y ¼

∑
g∈Gc

pg;yCap
WTc;y
g;y

∑
g∈Gc

pg;y
(4)

where pg,y is the population of grid cell g in year y, and Gc is the set of grid cells belonging to country c.
When calculating the effect of working time shift, the assumed starting/closing time for working is shifted
earlier while keeping the total number of working hours constant (8 hr). In order to estimate the required
shift in working time, the average labor capacity for outdoor heavy (metabolic rate of 400 W) work during
the base period (2001–2010) is calculated for each country and is used as the target labor capacity. In gen-
eral, as the shift increases, the labor capacity increases. The required shift is defined as the minimum shift in
working time by which the labor capacity is no less than 95% of the target labor capacity. The resolution of
WTc,y is 1 hr, but when calculating the required shift, the result is interpolated and treated as a continuous
value. In the present study, WTc,y is assumed to be uniform within each country and each year, whereas the
optimal and required working time shift can differ depending on the season of the year, particularly in mid-
latitude or high-latitude countries. For example, in midlatitude or high-latitude countries, almost all labor
capacity reduction occurs during the summer (Figure S5). Thus, the assumption that worktime shift is imple-
mented only during the summer is more realistic (just like daylight saving time). However, when no working
time shift is required, the daily labor capacity is 1.0 (or approximately 1.0) regardless of the working time
assumption. Therefore, this seasonally uniform assumption would not affect the calculation of the labor
capacity or the required shift. The calculated required shift can be interpreted as the amount of shift during
the hot season of the year.

For the climatic conditions, RCP2.6, RCP4.5, RCP6.0, and RCP8.5 were considered (van Vuuren et al., 2011).
RCP2.6 corresponds to the very stringent climate-change mitigation target, by which the 2 °C goal will be
achieved. RCP8.5 corresponds to the case in which greenhouse gas emissions continue to grow. RCP4.5
and RCP6.0 are intermediate conditions. Corresponding values of radiative forcing at the end of the 21st cen-
tury are 2.6, 4.5, 6.0, and 8.5 W/m2, respectively. Note that mid-century radiative forcing under RCP4.5 is larger
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than that under RCP6.0, and thus, expected temperature rises under these two RCPs are similar during the
21st century. Five different bias corrected GCMs (Hempel et al., 2013; input data of ISIMIP), namely, GFDL-
ESM 2M, HadGEM2-ES, IPSL-CM5A-LR, MIROC-ESM-CHEM, and NorESM1-M, are used. The distribution of
the population and the working-age population of each country is based on the shared socioeconomic path-
way (SSP; O’Neill et al., 2013). Among the SSPs, we used SSP2, which is considered to be the “middle of the
road” pathway.

2.3. Economic Analysis

We also conduct an economic analysis in order to quantify the reduction in economic impact by implement-
ing the adaptation measure. The AIM/CGE model (Fujimori et al., 2012) was used for this purpose. The
AIM/CGE model is a 1-year-step, recursive, general-equilibrium-theory-based economic model that divides
the world into 17 regions, each of which includes 44 industrial sectors and one aggregated household sector.
(See Table S2 for a list of regions and Table S3 for a list of industrial sectors.) The parameters in the model
were calibrated based on the social accounting matrix (Dimaranan, 2006) and energy balance table
(International Energy Agency, 2013a, 2013b) in the base year and were updated every year recursively. The
AIM/CGE model has been widely applied in global-scale mitigation and impact studies (Fujimori et al.,
2017; Hasegawa et al., 2016; Hasegawa, Park, et al., 2016; Masui et al., 2011; Takakura et al., 2017). The produc-
tion of each industrial sector is represented by a multinested production function, with labor as one of its
inputs multiplied by a labor productivity coefficient. The value added VAr,s,y produced by the inputs QFr,f,s,y
in year y is represented as

VAr;s;y ¼ αr;s;y ∑
f∈F

δr;f ;s kr;f ;s;yQFr;f ;s;y
� ��ρr;s

 !� 1
ρr;s

(5)

where αr,s,y is the efficiency parameter, δr,f,s is the share parameter, kr,f,s,y is the coefficient of input factors, and
ρr,s is the substitution parameter. The subscript r corresponds to one of 17 regions, s corresponds to one of 44
industrial sectors, and f represents an input factor. Moreover, F is the set of input factors, and F = {labor, capi-
tal, land}. Thus, the labor productivity coefficient in region r in year y for industrial sector s is kr,labor,s,y. The
calculated labor capacity is aggregated for 17 regions weighted by the working-age population (Kc & Lutz,
2017) of each country c and used as the labor productivity coefficient of region r. Different assumptions on
the workplace and the work intensity are applied sector by sector, and thus, labor capacities also differ
among sectors. The decision to assign the workplace and the work intensity was made based on the classi-
fication of industrial sectors in the economic model (Table S3), the characteristics of each industrial sector,
and consistency with the previous studies. As pointed out in previous studies, agriculture (primary industry
sectors) and construction sectors will suffer from heat exposure because their work mainly involves outdoor
labor and air conditioning cannot be used (Kjellstrom et al., 2009). Therefore, the workplaces of primary
industrial sectors and the construction sector are assumed to be outdoors, whereas the workplaces of other
manufacturing sectors and the service sector are assumed to be indoors. The work intensity represented by
the metabolic rate is assumed to be 400 W for the primary industry sector and the construction sector, 300 W
for other manufacturing sectors, and 200 W for the service sector, considering the intensity of physical activ-
ity of each industry (Ainsworth et al., 2011) and consistency with previous studies (Kjellstrom et al., 2009;
Takakura et al., 2017). For a detailed correspondence for the 44 sectors, see Table S3. Although the intensity
of the work may be lowered in the future due to mechanization and automation, such a reduction would be
quite difficult to predict quantitatively. In the present study, we applied the constant-work-intensity assump-
tion throughout the simulation period, while the increased total factor productivity (TFP) of each industrial
sector and labor and capital substitution are assumed to be consistent with the SSP storyline. In order to
make the model parameters consistent with the SSP storylines, a two-step procedure was conducted. In
the first step, we adjusted the TFPs of the baseline scenarios as an adjustment variable to obtain exactly
the same GDP outcomes as assumed in the SSP storyline. The calculated TFPs in the baseline scenarios are
then applied to the scenario analyses (Fujimori et al., 2017). For indoor work, the availability of air condition-
ing devices is also considered. If air conditioning devices are available, the labor capacity will not be affected.

In the analysis for the condition without adaptation, the working time is assumed to be from 9:00 AM to
5:00 PM throughout the simulation periods. For the condition with adaptation, the working time is shifted
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if the yearly average labor capacity of each region is lower than the base-
period level. In calculating the shifted yearly average labor capacity, we
assumed the maximum shift to be 3 hr, that is, a start time of working
not earlier than 6:00 AM, but overcompensation is not assumed, as follows:

Capc;y shiftedð Þ ¼
CapWTshifted3

c;y CapWTnormal
c;ybase

≥ CapWTshifted3
c;y

� �
CapWTnormal

c;ybase
CapWTnormal

c;ybase
< CapWTshifted3

c;y

� �
8><
>: (6)

where WTnormal = {09, 10, …,16} and WTshifted3 = {06, 07, …,13}. A maxi-
mum shift of 3 hr is decided considering the sunrise time. In low-latitude
countries, labor capacity reduction occurs throughout the year, and the
sunrise time is approximately constant (around 6:00 AM) throughout the
year. In midlatitude or high-latitude countries, most labor capacity reduc-
tion occurs during the summer (between the March equinox and the
September equinox in the Northern hemisphere, or between the
September equinox and the March equinox in the Southern hemisphere,
as shown in Figure S5). Thus, a shift in working time is required only during
the summer, when the sunrise time is earlier than 6:00 AM. Therefore, a
shift of 3 hr is possible when required globally. The working time shift is
applied only for outdoor work.

The penetration rate of air conditioning devices is estimated based on cli-
matic and socioeconomic conditions (Hasegawa, Park, et al., 2016). The

maximum potential demand (P) of air conditioning devices is determined by the number of degree-days.
The affordability of air conditioning devices (A) is determined by per capita GDP. Then the penetration rate
of air conditioning devices is calculated as P × A (Isaac & van Vuuren, 2009). This calculation is conducted
for 17 regions each year. The cost of air conditioning devices is represented in the AIM/CGE model but is
excluded from the calculation of economic loss, because air conditioning is regarded as a normal economic
activity (autonomous adaptation) in the present study.

The cost of climate-change mitigation can also be estimated using the AIM/CGE model. However, in the pre-
sent study, we run the economic simulation under the “business as usual” condition, in which no mitigation
measures are taken, in order to evaluate the impact of the climate change independent of the cost of the
climate-change mitigation.

The economic simulation was conducted from the base year (2005) to the end of this century under four RCPs
and five GCMs, as described above. In addition to these four RCP scenarios, we also considered the NoCC con-
dition. In the NoCC condition, the climate is fixed at the 2005 level, which is the base year of the AIM/CGE
model. The socioeconomic condition is based on the SSP2 scenario. The economic loss is measured by the
percentage change in GDP from the level of the NoCC condition.

Before executing the future economic simulation by the AIM/CGE model, a calibration procedure was con-
ducted so that the output of themodel matches the observed economic indicators and the labor productivity
coefficients in the base year was set to unity. Because of this procedure, only the relative change (not the
absolute value) in the labor productivity coefficient (labor capacity) from the base year can affect the results
of the economic simulation. An overview of the economic analysis is shown in Figure 2.

2.4. Sensitivity Analysis for Base-Period Working Time

In the normative scenario analysis, the working time during the base period (2001–2010) is assumed to be
from 9:00 AM to 5:00 PM. However, some regions are already affected during the base period, and so it is
possible that working time shift may already be adopted as an adaptation measure in these regions.
Unfortunately, no reliable statistics on the current working time are available globally. Therefore, in this
analysis, we adopted a hypothetical rule-based determination of working time because the purpose of this
sensitivity analysis is to investigate the sensitivity of our simulation results to the baseline working time
assumption, rather than to improve the accuracy of the simulation. In this analysis, we assumed that if the

Figure 2. Framework of the economic analysis using the AIM/CGE model.
Rectangles represent a model or a process, and rectangles with rounded
corners represent data or variables. Variables are aggregated for 17 regions
(Table S2) before being fed into the AIM/CGE model. AIM/CGE = Asia-Pacific
integrated model/computable general equilibrium; GDP = gross domestic
product; RCP = representative concentration pathway.
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base-period outdoor labor capacity is reduced by more than 15%, then the country has already adopted
working time shifting (baseline adaptation). Both during and after the base period, the maximum amount
of shift is assumed to be 3 hr (the start time of work is later than 6:00 AM). Therefore, for example, if a shift
of 3 hr is implemented during the base period, there will be no additional adaptation capability.

3. Results
3.1. Labor Capacity and Required Shift

The estimated global average outdoor labor capacity during the base period is 0.82 (0.81–0.84; median [mini-
mum � maximum] of five GCMs; Figure 3a). This means that 18% (16–19%) of working hours must be used
for breaks in the case of outdoor heavy work. The expected labor capacity declines steadily as global warming
progresses without adaptation. Under the highest-emission scenario (RCP8.5), the outdoor labor capacity
during the 2090s will be 0.54 (0.50–0.62), which means that 46% (38–50%) of working hours must be used
for breaks. The required working time shift also becomes larger as climate change progresses. Under
RCP8.5, a global average shift of 5.7 (4.0–6.1) hours is required in order to maintain the base-period level
of labor capacity during the 2090s (Figure 3b). In this situation, approximately half of global outdoor workers
must start working before 3:00 AM (Figure 3d). Under RCP2.6 (remaining below an increase of 2 °C), the labor
capacity will be 0.76 (0.72–0.77) during the 2090s. The corresponding global average required shift is 1.1
(0.21–1.7) hours. This implies that stringent climate-change mitigation can drastically alleviate challenges
to adaptation in labor capacity reduction. The labor capacity reduction and the required shift corresponding
to RCP4.5 and RCP6.0 are expected to lie between those under RCP2.6 and RCP8.5. The results are spatially
heterogeneous (Figures 4 and 5). In most high-latitude countries, the required working time shift is

Figure 3. Labor capacity and required shift of working time for outdoor work. (a) Global average outdoor labor capacity
(weighted by working-age population). (b) Global average required shift of working time (weighted by working-age
population). (c) Cumulative distribution of global working-age population corresponding to the labor capacity during
the 2090s. (d) Cumulative distribution of global working-age population corresponding to the required shift during the
2090s. The medians (solid lines) and ranges (shaded areas) of five GCMs are shown in (a) and (b), and the medians of five
GCMs are shown in (c) and (d). GCM = general circulation model.
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marginal because the increased temperature remains below the threshold for the labor capacity limitation. In
contrast, a large shift is required in low-latitude countries, with a maximum required shift of 7.5 (5.2–9.7)
hours under RCP8.5 (Figure 5b).

While we quantified the required shift only from the viewpoint of heat stress, the realistic range of the shift
would be restricted by other factors, too. Daylight availability is an important factor because daylight is indis-
pensable for most outdoor work as illuminance. Daylight is also important to entrain a worker’s biological
rhythm to his/her diurnal activity patterns (Reppert & Weaver, 2002). Other factors, such as noise regulations
(Granneman, 2013) and social/family relationships (Strazdins et al., 2006), also inhibit an excessive amount of
shift. Thus, while a greater shift might be possible by using lighting equipment in some cases, sunrise time is
considered as a reasonable threshold for the realistic range of start time of working. However, Figure 5b indi-
cates that the start time of working is expected to be earlier than sunrise in many low-latitude countries
(except under RCP2.6), which suggests that the realistic range (<3 hr) of shift cannot completely offset the
labor capacity reduction without stringent climate-change mitigation. Consequently, the economic losses
cannot be completely offset by the adaptation measure.

3.2. Macroeconomic Effects

In order to quantify the remaining economic losses, we further conduct an economic analysis using an IAM,
the results of which indicate that the adaptation measure (maximum 3-hr shift) significantly reduces the glo-
bal total economic loss. However, the adaptation measure was unable to completely offset the economic loss
under all climate conditions except RCP2.6 (Figure 6a). Without climate-change mitigation (RCP8.5) or under

Figure 4. Regional distribution of outdoor labor capacity reduction and required shift. (a) Average outdoor labor capacity during the base period. (b) Average
outdoor labor capacity reduction rate in 2090 compared to the base period level. (c) Shift of working time required in order to maintain the base-period level of
labor capacity during the 2090s. All plots are medians of five GCMs. GCM = general circulation model.
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less stringent mitigation efforts (RCP6.0 and RCP4.5), even if the adaptation measure is implemented, the
global total GDP loss rates during the 2090s are 1.6% (1.0–2.4%), 0.58% (0.40–0.91%), and 0.45% (0.32–
1.0%) for RCP8.5, RCP6.0, and RCP4.5, respectively. In contrast, if both the most stringent mitigation and
the adaptation measure are implemented (RCP2.6 with adaptation), then the global total GDP loss rate is
marginal and is limited to 0.14% (0.12–0.47%). Without the adaptation measure, even under the most
stringent mitigation target (RCP2.6), the global total GDP loss rate is 0.44% (0.41–0.92%).

The finding that shifting working time does not cancel out the negative impacts of global warming without
the stringent climate-change mitigation is further supported by the nonlinear relationship between the GDP
loss rate and global mean temperature rise (Figure 7). The slope of the fitted curve for the with-adaptation
results is gentle below +2 °C and becomes increasingly steeper as the temperature increase exceeds 2 °C.
This suggests that the 2 °C goal would be reasonable from the viewpoint of preventing the impacts of labor
capacity reduction, given that a working time shift of 3 hr is the adaptation limit. The Paris Agreement also
mentions the more ambitious target of temperature change of less than 1.5 °C, whereas a change of between
1.5 and 2 °C would be marginal as long as the adaptation measure is effectively implemented.

Although the global total economic loss can be reduced by mitigation and adaptation, the regional GDP
loss rates vary substantially among regions (Figure 6). Under RCP2.6 with adaptation, the GDP loss rates dur-
ing the 2090s are 0.00% (�0.01–0.03%) in North America, Western Europa, and Pacific Organization for
Economic Co-operation and Development (OECD) countries (OECD90), 0.36% (0.32–1.4%) in Asian countries,
excluding OECD90 (ASIA),�0.02% (�0.02–0.01%) in Eastern Europa and the former Soviet Union (REF), 0.17%
(0.09–0.21%) in the Middle East and African countries (MAF), and 0.04% (�0.02–0.07%) in Latin America and
Caribbean countries (LAM; where a negative loss rate indicates a GDP gain, which is caused by relative advan-
tages in international economic competition). Larger GDP loss rates are mainly expected in ASIA, MAF, and
LAM, most of which are located in lower latitude areas. Among these regions, ASIA is most severely affected
due to higher exposure to heat stress and relatively high economic dependence on outdoor work (Figure S6).

Figure 5. Relationship among latitude, required shift, sunrise time, and labor capacity. (a) Labor capacity during the base
period (black dots) and during the 2090s (colored dots). (b) Required shift of working time during the 2090s and corre-
sponding start time of working. The solid line represents the time of sunrise on the March equinox, and the dashed
lines represents the times of sunrise on the summer solstice (local solar time). Latitude is represented by the geographical
mean of each country (countries with large isolated enclaves are excluded). Each dot represents a country. The medians of
five GCMs are shown. OECD90: North America, Western Europa, and Pacific OECD countries. ASIA = Asian countries,
excluding OECD90 countries; REF = Eastern Europa and the former Soviet Union; MAF = Middle East and African countries;
LAM = Latin America and Caribbean countries; GCM = general circulation model.
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3.3. Effect of Base-Period Working Time Assumption

In addition to the regional inequalities shown above, these would-be severely affected regions are already
being affected during the base period (Figures 4a and 5a). In these regions, shifting working time (working
from just after sunrise; Crowe et al., 2010) may already be implemented in order to avoid heat exposure.
Therefore, the future additional adaptation margin (the margin between the current work start time and
the realistic limit of work start time, e.g., sunrise time) in these regions may be smaller than assumed in
the normative scenario (3 hr). If this is the case, the effectiveness of shifting working time is not as high as
expected, particularly in low-latitude countries, and regional inequalities may be further amplified. The result
of the sensitivity analysis for the base-period working time assumption confirms this idea. If we assume base-
line adaptation, future GDP loss rates without additional adaptation are generally smaller (Figure S7a) thanks
to the baseline adaptation, but the GDP loss rates with additional adaptation are larger, particularly in ASIA, if
we assume baseline adaptation (Figure S7b). This is mainly because of the lower additional adaptation mar-
gin in the future due to the baseline adaptation. In addition, maintaining the current-level labor capacity in
the future will become more difficult because current level of labor capacity becomes higher if we assume

Figure 6. Global total and regional GDP loss rate and direct cost. (a) GDP loss rate and (b) direct cost for each industrial sector. “Without adaptation” means no
working time shift, whereas “with adaptation” means a working time shift of up to 3 hr. The GDP loss rates and direct costs are represented as differences from
the NoCC level. Direct cost is represented by the additional wage required to compensate for the labor capacity reduction. For the GDP loss rate, the medians and
ranges of five GCMs are shown. For direct cost, themedians of five GCMs are shown. Negative direct costs are generated by overcompensation as a result of installing
additional air conditioning devices. Primary industry and construction sectors are assumed to involve outdoor work, and the remaining sectors are assumed to
involve indoor work. GDP = gross domestic product; GCM = general circulation model.
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baseline adaptation. This result also highlights the existence of the limit of the adaptation margin. In such
situations, the relative importance of the climate-change mitigation can become larger.

4. Discussion

Our results show not only the effectiveness of the working time shift as an adaptation measure for
climate change but also its limitation and the importance of the climate-changemitigation. Without stringent
climate-change mitigation, many outdoor workers should start working before sunrise if they want to com-
pletely offset the labor capacity reduction, and substantial economic losses will remain if the shift is limited to
the realistic range.

In the present study, relatively strong homogeneous assumptions are applied across regions and within
industrial sectors. In particular, the assumption on the base-period working time can affect the results. As
shown by the sensitivity analysis, if the current society has already adapted to excessive heat exposure by
shifting the working time, which is evident in some regions, particularly in the agricultural (primary industry)
sector (Table S4), the expected remaining economic impacts can be larger because the future additional
adaptation margin is smaller. Split working times, as exemplified by the siesta, would have similar effects.
Therefore, the estimated effectiveness of the working time shift as an adaptation measure is biased toward
being more effective, and the importance of the mitigation may be underestimated. Therefore, even if we
consider these possible biases, we can still conclude that climate-changemitigation is indispensable for mini-
mizing the climate-change impacts, regardless of the implementation of working time shift. Moreover, a
larger portion of economic loss is caused by the construction sector (Figure 6b), and the current working time
in the construction sector is not as early as that of the agricultural sector (Bates et al., 2010; Bodin et al., 2016;
Chan & Yang, 2016; Chan et al., 2017; Crowe et al., 2010, 2013; Delgado Cortez, 2009; Hassan et al., 2017; Inaba
& Mirbod, 2007; Ioannou et al., 2017; Maiti, 2008; Meade et al., 2017, 2015; Miller et al., 2011; Sahu et al., 2013;
Vatani et al., 2016, summarized in Table S4). In the sensitivity analysis, up to 3 hr of shift was assumed during
the base period for the construction sector as well as the agricultural sectors. Therefore, while the working
time assumption used in the normative scenario of the present study may not be exact, the associated error
in the estimated economic loss (GDP change rate) is expected to be within the range of the result of the sen-
sitivity analysis and not to affect the general conclusion.

In our economic simulation, hypothetically, a working time shift of up to 3 hr is considered to be feasible and
is implemented in the model. When implementing the simulation in the real world, however, possible side

Figure 7. Relationship between GDP loss rate and global mean temperature rise. The results of five GCMs for each year
(during the 2090s) are plotted. The fitted curve was calculated by local polynomial regression fitting with the 95%
confidence interval of the fitted curve. “Without adaptation” means no working time shift, whereas “with adaptation”
means a working time shift of up to 3 hr. The GDP loss rates are represented as differences from the no-climate-change
level. The global total GDP loss rates during the 2090s corresponding to 1.5, 2.0, 3.0, and 4.0 °C global mean temperature
rises predicted by the fitted curves are 0.48%, 0.68%, 1.2%, and 1.7% without adaptation and 0.17%, 0.28%, 0.65%, and
1.0% with adaptation, respectively. GDP = gross domestic product; GCM = general circulation model.
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effects and social situations should also be considered. For example, although the goal is not avoiding heat
exposure, night-shift work has been adopted in a number of industries and daylight saving time has been
implemented in many countries. Epidemiological studies have indicated that night-shift work can increase
the risk of disease (Haus & Smolensky, 2013) and occupational accident rates (Folkard, 2003), which is caused
by the dissociation between the human internal biological clock and activity patterns (Haus & Smolensky,
2013). This dissociation cannot be adjusted even if the shift is permanent (Folkard, 2008). Even a shift of only
1 hr due to daylight saving time has detectable side effects (Kantermann et al., 2007; Sipilä et al., 2016), par-
ticularly just after the transition. In midlatitude or high-latitude countries, the amount of shift should be
adjusted depending on the season, as in daylight saving time, and thus, a shift of 3 hr considered in the pre-
sent study may have more noticeable negative consequences. Patterns of commuting (Nurul Habib, 2012)
and required operating times of social services (Neutens et al., 2010), and so forth, will change if a pervasive
working time shift is enacted. In such situations, infrastructure and social customs may have to be reformed.
In addition, many people are reluctant to wake up early (Chelminski et al., 1997). In order to consider and
resolve such issues, complementary local or individual-level (bottom-up) investigations are also necessary
for designing actual adaptation strategies, although these are beyond the scope of the global-scale (top-
down) IAM framework adopted in the present study to grasp general situations.

In this modeling framework, we focused on the effect of the working time shift on the economic conse-
quences, but the effect on climate-change mitigation is also important. For indoor work, we assumed air
conditioning as an adaptation to climate change, which increases energy demand (Waite et al., 2017) and
possibly causes additional CO2 emissions. Shifted activity patterns can change diurnal energy demand varia-
tion (Stowie et al., 2015; Torriti et al., 2015) and eventually energy demand-supply balance. In particular, if
large-scale renewable energies, such as photovoltaic generation, which has a diurnal variation in its output,
are deployed in the power grid, the diurnal energy demand variation becomes more important. In order to
analyze these issues, a more elaborate energymodeling framework is required for both the demand and sup-
ply sides, but this is beyond the scope of the present study.

There are several considerations when interpreting the results. First, the labor capacity is calculated based on
recommendations intended to prevent occupational heat-related illness. At actual worksites, these recommen-
dations are not always followed (Maiti, 2008; Xiang et al., 2015), and observed worktime reductions associated
with increased heat exposure (Yi & Chan, 2017) are generally smaller than those of the recommendations pre-
sented herein. Therefore, the changes in GDP calculated in the present study would be greater than that in a
real economy. This should be interpreted as an economic cost of heat-related illness prevention by following
the recommendation strictly (Takakura et al., 2017), rather than an actual economic loss. Second, while the
future increase in the TFP, changes in the industrial structure, and labor and capital substitution are represented
in the economic model according to the socioeconomic scenario, the production method (structure of produc-
tion function) is essentially unchanged and constant work intensity is assumed throughout the simulation
period. However, if the production were perfectly automated in the future (Frey & Osborne, 2017), physical
labor would no longer be needed and would not be affected by heat stress. Modeling such structural changes
is one of the greatest challenges remaining to be met, and the result should be considered to be a status-quo
estimation in terms of the means of economic production. Third, there are additional possible adaptation mea-
sures other than the working time shift. For example, wearing cooling vests or ingesting ice are not treated in
the present study. Their effectiveness is being studied (Kenny et al., 2011; Naito et al., 2017), and combining
these measures is another option to reduce the adverse impacts of climate change. The shifting pattern of
working time also has alternative options. Only a one-way (toward earlier time) shift with constant total working
hours is considered in the present study, but splitting working time, for example, by siesta or simply lengthen-
ing the total working hours, may also be effective. Identifying the optimal time schedule for working is an
interesting research topic, but such research should be conducted locally considering individual situations.

5. Conclusions

Regardless of above-mentioned considerations, the results of the present study provide valuable insights for
adaptation and mitigation strategies to address climate change. Despite the Paris Agreement, considering
the considerably high economic cost required to realize the stringent climate-change mitigation target, it
might be a reasonable choice to focus mainly on adaptation measures, and reducing or discarding the
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mitigation target. However, the results of the present study revealed that the adaptation capability is not infi-
nite and adaptation difficulties depend highly on the mitigation level. Without stringent climate-change miti-
gation, more specifically the 2 °C goal, the expected required shift in working time is beyond the realistic
range (>3 hr), and nonnegligible economic losses will remain even if the working time shift is implemented
as an adaptation measure. We again emphasize that a single adaptation measure is not a be-all-and-end-all
solution to climate change.
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