Weather and Climate Extremes 42 (2023) 100618

Contents lists available at ScienceDirect =
EATHER
g ZCLIMATE
Weather and Climate Extremes EXTREMES

FI. SEVIER

journal homepage: www.elsevier.com/locate/wace

Spatiotemporal extension of extreme heat stress over East Asia under
shared socioeconomic pathways

Yujin Kim ?, Seung-Ki Min*"", Yeon-Hee Kim“, Eun-Soon Im ¢, Dong-Hyun Cha ¢,

Joong-Bae Ahn ¢, Eun-Chul Chang’, Young-Hwa Byun ¢, Youngeun Choi "

2 Division of Environmental Science and Engineering, Pohang University of Science and Technology, Pohang, South Korea

Y Institute for Convergence Research and Education in Advanced Technology, Yonsei University, Incheon, South Korea

¢ Department of Civil and Environmental Engineering, The Hong Kong University of Science and Technology, Hong Kong SAR, China
4 School of Urban and Environmental Engineering, Ulsan National Institute of Science and Technology, Ulsan, South Korea

¢ Department of Atmospheric Sciences, Pusan National University, Busan, South Korea

f Department of Atmospheric Science, Kongju National University, Gongju, South Korea

8 Climate Change Research Team, National Institute of Meteorological Sciences, Seogwipo, South Korea

1 Department of Geography, Konkuk University, Seoul, South Korea

ARTICLE INFO ABSTRACT

Keywords: This study examines future changes in extreme heat stress over East Asia and its sub-regions using wet bulb globe

Heat stress temperature (WBGT) based on the CORDEX East Asia Phase II multiple Regional Climate Model (RCM) simu-

;VBG}; . lations performed under Shared Socioeconomic Pathways (SSP) scenarios. Daily maximum WBGTs (WX) are
ast Asia

obtained from 3-hourly bias-corrected WBGTs and their future changes in the late 21st century (2081-2100) are
analyzed with respect to the current period (1979-2014). Summer mean WX is projected to increase by 3.2 °C
(SSP1-2.6: low emission) to 7.6 °C (SSP5-8.5: high emission) over East Asia, dominated by temperature increases.
Relative humidity decreases over many regions, slightly offsetting WX increases (up to —6%), while it increases
in northeastern and northern China, intensifying WX increases (up to +14%). This humidity-induced WX in-
crease becomes stronger during hottest WX days (summer top 5%) and also under low emission scenarios (up to
+33%). For sub-regional projections, extreme heat stress day (EHD) is defined when WX exceeds its 95th
percentile in at least 10% of the area. RCMs project on average a 10 times increase of EHD frequency under the
SSP5-8.5 scenario. The EHD magnitude, which combines the intensity and area extent of EHD events, is also
expected to increase dramatically throughout East Asia, reaching a range of 3.2-3.5 °Cefraction compared to the
current (0.1-0.2 °Cefraction). Further, EHDs are projected to start earlier and end later, lasting much longer
(85-140 days) than the current condition (5-6 days) in the SSP5-8.5 scenario. RCMs exhibit a good agreement in
WX and EHD projections with some noticeable differences in in-land sub-regions. Our results indicate that severe
heat stress will affect the whole East Asia throughout and beyond the summer season and, in particular, southern
sub-regions will be affected by more-intense and longer-lasting extreme heat stress events.

Regional climate model
SSP scenarios

1. Introduction

The frequency and intensity of extreme heatwaves have increased
significantly worldwide since the 1950s, and are projected to become
even more frequent and intense in the future, depending on the intensity
of global warming (IPCC, 2021). As a result of this intensification of
extreme events, there is an expected increase in heat-related illnesses
and mortality. In particular, recent studies have projected that severe
heatwaves will persistently increase in East Asia (Wang et al., 2019; Ha

et al., 2022; Kim et al., 2023), highlighting the need for health-related
studies to evaluate the impacts of extreme heat in the region.

The severity of the impacts of extreme heat events increases with
higher intensity and longer duration in China (Li et al., 2017). Addi-
tionally, the extensive spatial extent of heatwaves can expose a larger
population to risks in the United States (Lyon et al., 2019). Moreover,
according to Keellings and Moradkhani (2020), as the spatial extent of
extreme events increases, their intensity can become stronger and last
longer in the United States. Luo et al. (2022) have demonstrated that
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“continuous spatiotemporal heatwaves,” referring to heatwaves that
occur in neighboring areas and exhibit spatial continuity while persist-
ing over time, have been expanding in spatial extent and increasing their
duration across China since the 1960s, suggesting that understanding
the spatiotemporal dynamics of heatwaves is important to describe their
temporal and spatial evolution. Kim et al. (2022) have also noted that to
quantitatively evaluate the impact of heatwaves on energy demand in
South Korea, it is necessary to consider changes in the spatial extent and
duration of heatwaves, in addition to their intensity. Therefore, to un-
derstand the effects of heatwaves more accurately, it is important to
consider the spatial expansion and persistence of heatwaves, in addition
to their frequency and intensity. However, there is a lack of research
examining these various characteristics of heatwaves at the regional
scale.

Furthermore, the impacts of extremely high temperatures on physi-
ology and health can be exacerbated by elevated ambient humidity
(Matthews et al., 2017). When high humidity is combined with high
temperatures, it can impede the regulation of internal body tempera-
ture, thereby increasing the likelihood of heat stroke. Therefore, to
evaluate the impact of heatwaves on human health more precisely, both
temperature and humidity must be considered (Mora et al., 2017). There
are various heat stress indices that incorporate both temperature and
humidity. However, these heat stress indices exhibit discrepancies due
to the variations in the relative importance of temperature, humidity,
and any further quantities in determining heat stress levels. Therefore, it
is not feasible to make direct comparisons of the sensitivity of different
indices to changes in temperature and humidity on a common scale
(Simpson et al., 2023). Therefore, it is essential to select an appropriate
index that aligns with the objectives of the analysis.

According to Zamanian et al. (2017), an analysis of the relationship
between physiological parameters related to outdoor activities, such as
skin temperature, and heat stress indices indicated a strong correlation
with indices reflecting relative humidity, like the wet-bulb globe tem-
perature (WBGT) and Humidex. Furthermore, loannou et al. (2022)
highlighted that WBGT has the highest potential to reflect the physio-
logical strain experienced by workers. The concept of WBGT was first
proposed in the 1950s by the US Army and Marine Corps (Yaglou and
Minard, 1957), and a simplified WBGT formula that could be calculated
using only temperature and relative humidity was devised by the
American College of Sports Medicine (ACSM, 1984). Simplified WBGT
has the advantage of being easily calculated using only temperature and
relative humidity. However, caution is required due to the potential for
overestimating heat stress, particularly in hot and humid regions
(Chindapol et al., 2017; Kong and Huber, 2022). The simplified WBGT
has been utilized in various studies to analyze heat stress (Willett and
Sherwood, 2012; Fischer and Knutti, 2013; Im et al., 2017). In a study on
East Asia, Liu et al. (2018) predicted that heatwaves defined by WBGT
would be more prolonged and severe, particularly in south-eastern
China, in the late 21st century, compared to the results using tempera-
ture alone. Lee and Min (2018) projected that the spatial extent of
extreme heat stress would expand more rapidly in low-latitude regions
of East Asia in the late 21st century. When temperature changes are
considered together with humidity changes, the areas experiencing se-
vere heat stress are expected to expand faster than those predicted by
considering only temperature changes. This result showed the fact that
the lower variability of heat stress compared to a single temperature
variable leads to a higher signal-to-noise ratio, making it more effective
in detecting changes (Fischer and Knutti, 2013; Knutson and Ploshay,
2016). Therefore, it is essential to consider both temperature and hu-
midity to understand the characteristics of heat stress and to assess the
impacts of future changes in temperature and humidity on heat stress.

The heat stress is expected to increase globally, but the trend is not
the same regionally (Schwingshackl et al., 2021). Also, the heat stress
can accompany short-term fluctuations even during a day (Fischer et al.,
2012; Takakura et al., 2019), indicating the need for sub-daily temper-
ature and humidity data to obtain the daily maximum heat stress.
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Therefore, it is necessary to analyze extreme heat stress in spatial and
temporal details for more accurate assessments of its future changes and
impacts. Through the Coordinated Regional Domain Experiment
(CODEX) East Asia Phase II project, high-resolution (25 km) climate
change projection data for the East Asia region has been produced using
multiple regional climate models (RCMs) based on the Sixth Assessment
Report (AR6) Shared Socioeconomic Pathways (SSP) scenarios. Ac-
cording to Lee et al. (2023), the investigation of the East Asian summer
monsoon using a combination of multiple global climate model
(GCM)-RCM showed that RCMs simulations better reproduced the
duration and extent of the summer monsoon compared to GCMs. This
study proved the added value of RCM downscaling in capturing the
observed sub-regional characteristics. Additionally, Juzbasic et al.
(2022) showed that while the average increase of heat stress intensity in
East Asia depends on climate change scenarios, the spatial patterns of
heat stress increase are more dependent on the GCM and RCM choices,
rather than the scenarios. Therefore, in order to project sub-regional
future changes in heat stress and to understand the regional differ-
ences in heat stress characteristics, analyses using various RCMs are
importantly required. This study projects the future changes in heat
stress based on WBGT for East Asia and six sub-regions and evaluates
relative contribution of temperature and humidity changes to the heat
stress projections. In particular, we examine future changes in charac-
teristics of extreme heat stress events over six East Asian sub-regions
considering frequency, intensity, spatial extent, and persistence.

2. Data and methods
2.1. Data

Climate projection data are obtained from the outputs of five RCMs
(HadGEM3-RA, CCLM, WRF, RegCM4, and GRIMs) for the domain of
100°-150°E, 20°-50°N. They are the dynamical downscaling products
forced by the UK Earth System Model (UK-ESM) Coupled Model Inter-
comparison Project phase 6 (CMIP6) simulations. The RCMs data used in
this study cover both the historical period from 1979 to 2014, as well as
the future projection period for the late 21st century (2081-2100),
under four different SSP scenarios: SSP1-2.6, SSP2-4.5, SSP3-7.0, and
SSP5-8.5 (Table 1). Aiming to perform bias correction using long-term
data, we conducted bias correction based on the entire historical simu-
lation period (1979-2014) and analyzed this period as the present
climate (see below). Refer to Park et al. (2022) and Juzbasic et al. (2022)
for detailed configuration of the RCMs. For WBGT calculation, we used
2 m temperature and relative humidity variables at 3-hour intervals (see
below). To ensure consistency, all RCM outputs, with their varying
spatial resolutions, were interpolated onto the regular 0.25° x 0.25°
latitude-longitude grid of the ERA5 reanalysis (Hersbach et al., 2023).
Additionally, five RCMs used different calendar systems. In order to
align the temporal coverage, the non-Gregorian RCM data (360 days)
were interpolated onto a standard Gregorian calendar. Specifically, days
such as 31 Jan, 31 Mar, 31 May, 31 July, 31 Aug, and 31 Dec were
generated through interpolation from neighboring days, and days such
as 30 Feb (or 29 Feb) were excluded. These processes were conducted
before performing the calculations of WBGT. The ERAS reanalysis data
was used to evaluate the performance of the RCMs during the historical
period. In addition, this study analyzed heat stress in six sub-regions of
East Asia (Fig. 2a), including Northeast China (NEC), North China (NC),
Yangtze-Huaihe River Basin (YHR), South China (SC), Korea Peninsula
(KP), and Japan (JP).

2.2. Heat stress index

To estimate heat stress, we used the simplified WBGT by ACSM
(1984) which is defined as:

WBGT =0.567T, + 0.393e + 3.94 (€)]
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Table 1
Information of CORDEX East Asia Phase II RCM simulations used in this study.
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Driving GCM RCM Spatial Resolution Calendar Analysis domain and period
Spatial Temporal
UKESM1-0-LL (historical, r1i1pl) in CMIP6 dataset HadGEM3-RA 0.22° x 0.22° Gregorian East Asia: Historical: 1979-2014,
CCLM 0.22° x 0.22° 360-day 100-150°E, 20-50°N (land only) 3-hourly
WRF 25 km x 25 km Gregorian Future:
RegCM4 25 km x 25 km 360-day 2081-2100,
GRIMs 25 km x 25 km 360-day 3-hourly
RH 1727 T introduced by T under the assumption that RH does not change from its
e= (ﬁ) % 6.105 exp (m) 2) current climatology (i.e. 1979-2014 mean, Table 2). Similarly, WX
. a

where T, is the air temperature (°C) and e is water vapor pressure (hPa),
which is a function of T, and relative humidity RH (%). The RCMs’ 3-
hourly temperature and relative humidity data were applied to the
WBGT calculation formula, and 3-hourly WBGT values were produced
for the historical (1979-2014) and future (2081-2100) periods. In the
same way, 3-hourly WBGT data were produced using ERA5 reanalysis
data for the period of 1979-2014 and used as a reference dataset for bias
correction. Using long-term observational data enables a comprehensive
consideration of multiple seasons, years, and climate patterns, leading to
a more accurate identification and adjustment of biases within the
model. Qiu et al. (2023) showed that among various bias correction
methods applied to WBGT based on RCM data, the Quantile Delta
Mapping (QDM) preserves the trend of changes and is the most appro-
priate method for assessing the impact of heat stress. This method aims
to correct systematic biases present in climate model simulations by
matching the cumulative distribution functions (CDFs) of observed and
simulated data for specific variables. In the QDM process, historical
climate model data are aligned with corresponding observed data using
quantiles. Differences (deltas) between observed and simulated quan-
tiles are calculated and then added to the future model projections to
correct for the bias. The QDM is a univariate bias correction method that
directly adjusts WBGT and does not consider the inter-variable de-
pendencies between temperature and relative humidity. In this study,
the QDM bias correction method was applied to the 3-hourly WBGT data
to eliminate the systematic bias in the RCMs. Refer to Qiu et al. (2023)
for more details about the QDM bias correction. From bias-corrected
3-hourly WBGTs generated for the historical and future periods, the
daily maximum WBGT (defined as WX) value was extracted and used in
all subsequent analyses.

2.3. Contributions of temperature and humidity to future changes in heat
stress

To investigate the drivers of future changes in heat stress over East
Asia, we analyzed the respective contributions of temperature (T) and
relative humidity (RH). To compare the changes in heat stress between
the summer average state and the hottest summer days, the average WX
from June to August each year was defined as the summer mean WX
(WX), and the average WX of the hottest summer days that correspond to
the top 5% of summer days was defined as WX*. We then analyzed the
changes in heat stress for both WX and WX* and examined the contri-
butions of T and RH to these changes. We obtained WX changes

Table 2

changes due to RH were estimated from using current values of T. Note
that we did not separately consider the non-linear interaction term of AT
and ARH, which is addressed as one of the limitations of our study in the
conclusion section. For example, we estimated the future changes in WX
due to T (AWXr) by applying the future T values and current RH values
in the WBGT formula, and comparing them with the current WX values
(WXcy). The contributions of T and RH to the changes in WX were
evaluated by calculating the percentage of the total WX change attrib-
utable to each factor. The changes in WX due to T and RH were con-
verted into percentages of the total WX change (Table 2). The resulting
percentages represent the proportional contributions (CONT) of T and
RH to the overall future change in WX. These contributions were
calculated for each sub-region. Note that in this analysis, we used the
raw T and RH data as well as the raw WX without bias correction. When
comparing WX changes before and after QDM corrections, they show
little differences (Fig. S1), indicating that QDM method preserves the
trend of future changes as discussed above. Therefore, when analyzing
the contributions of T and RH to changes in WX, using the raw data of T,
RH, and WX may not introduce a critical problem to reach our
conclusion.

2.4. Definition of EHD and related indices for sub-region analysis

First, we defined extreme heat stress day (EHD) as the day when WX
exceeds the 95th percentile (WXos,) of the summer in the current
climate (1979-2014) over an area larger than 10% of the total area
within each sub-region. The largest area, NEC, has an approximate
coverage of over 140,000 km? based on the 10% threshold, while the
smallest area, JP, has a spatial extent of 23,700 km? as the criterion for
defining the spatial extent of EHDs. The threshold for extreme heat stress
on each grid is set to the 95th percentile of all WX during summer
(June-July-August) in the current period. The threshold for extreme
was extracted based on the summer, but for the EHD analysis, we
extracted EHDs occurring throughout the year (including all months),
without restricting to the summer period. Previous studies applied
thresholds for spatial extents in extreme events, ranging from 10% to
50% (Peng and Cholaw, 2011; Ren et al., 2012; Wang et al., 2014). In
this study, a spatial extent threshold of 10% was applied, which resulted
in a similar frequency of EHDs about 10-14 days per year among the six
sub-regions in the current climate. Next, to evaluate the impact of
extreme events at the regional scale, the frequency (F), intensity (I),
spatial extent (area fraction, A), and magnitude (M) of EHD were
defined (Table 3). Furthermore, the occurrence of extreme heat stress on

Calculation method for the contribution (CONT, %) of temperature (T) and relative humidity (RH) to future changes in WX. Subscript ‘fut’ and ‘cur’ indicate future and

current values, respectively.

Contribution by temperature (T)

Contribution by relative humidity (RH)

Stepl RH,,, 17.27 Tpue
Xrfur = 0. T . 5 = .1 ki ir
WXipy = 0.567 Tpye +0.393e +3.94 ¢ <IOO>X6 05 exp 3377 + T
Step2 AWXy = WX — WxXeur
Step3 CONTy = (AWX7/AWX ) x 100

RH
WXgppue = 0.567 Teyr + 0.393¢ +3.94 ¢ = ( f“‘) x 6.105 exp (

17.27 Teyr
100

237.7 + Tewr
AWXry = WXrnpue — WXeur
CONTry = (AWXgu/AWX ) x 100
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Table 3
Definition of the common indices in this study.

Component Definition (Units)

EHD The day when extreme heat stress (WX > WXgs;,) occurs on 10%
or more of the total area of each sub-region

Feap The frequency of EHDs (days)

Ienp The average of intensity, i.e. difference between WX and WXos,
over the grids where extreme heat stress occurred (°C)

Agmp The ratio of the area where extreme heat stress occurred to the
total area of sub-region (fraction)

Mgnp The average intensity of EHD weighted by spatial extent,
calculated as the multiplied Iggp by Agup (°Cefraction)

Dgnp The maximum duration of days in which EHD maintained spatial

continuity i.e. overlapped by 30% or more (days)
Start and end The first and last occurrence dates of the phenomenon where EHD
date maintains spatial continuity of 30% or more and lasts for at least 3
days during the year.

consecutive days with more than 30% overlap was considered a
persistent event (Wang et al., 2018; Yoon et al., 2020), and the duration
(D) of such events was defined as the number of days from the start date
to the end date. For example, as shown in Fig. 1, extreme heat stress
occurred in the KP region from August 10 to 19, 2020. On August 10 and
19, the area of extreme heat stress was less than 10% of the total area, so
they are not classified into EHD. EHDs occurred continuously for a total
of 8 days from August 11 to 18, maintaining spatial coverage overlap
more than 30%. On August 11, the EHD affected 25% of the entire KP
region, and Igyp was 1.0 °C with Mgyp of 0.25 °Cefraction.
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3. Results

3.1. East Asian heat stress changes and temperature and humidity
contributions

Current climatology in WX is first evaluated using multi-model
ensemble means (MME) from 5 RCMs. Summer mean WX (WX) is
26.1 °C on average over East Asia, with lower values in high latitudes
areas and higher values in low latitudes (Fig. 2a and b). The WX of the
northernmost NEC region is 24.3 °C, and the YHR and SC regions located
at relatively low latitudes are 31.2 °C and 32.5 °C, respectively (Fig. 2a).
The 95th percentile of WX (WXgs,) averaged over East Asia is 30.2 °C,
and although there are regional differences, it exceeds the threshold for
“high risk (Willett and Sherwood, 2012)” to health (28 °C), leading to
the restriction of heavy exercise in all regions (Fig. 2b). In particular, the
WXos, in YHR and SC regions are 35.1 °C and 34.9 °C, respectively, far
exceeding the threshold (32 °C) of the “extreme risk” level where most
outdoor activities are severely constrained. The WXgs, value is used as a
threshold for EHD analysis for each sub-region (Table 3).

Before examining future changes, the model outputs of RCMs before
and after QDM correction were compared with ERAS reanalysis in terms
of climatology (Fig. 2c and d). When the QDM correction method was
applied, cold bias from —1.5 to —1.1 °C were corrected depending on
RCMs for the summer average (Fig. 2¢), and the same correction was
found for WXosp, from —1.3 to —0.3 °C (Fig. 2d). When comparing the
ERAS5 with RCMs results after QDM correction, the cold bias of RCMs in
both summer mean and extreme threshold were effectively removed,
showing very similar results to the observed values for historical period
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Fig. 1. An example of EHD events in KP region that lasted from Aug 11 to 18, 2020.
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greater the increase. In particular, in the SSP5-8.5 scenario, WX in all
regions exceeds the ‘extreme risk’ level (32 °C), indicating that outdoor
activities will become difficult during summers in East Asia (Fig. S2).
Additionally, the SC region, which currently experiences higher WX, is
expected to have the highest WX at 39.8 °C. On the other hand, the NEC
region, which is located at high latitudes and has the lowest WX among
the six regions, currently at 23.4 °C, is projected to have the largest
increase in WX by +8.2 °C.

The results of the five RCMs show that HadGEM3-RA and GRIMs
project a slightly larger increase in WX compared to the other models
(Fig. S4). When examining the spatial patterns of WX changes by RCMs,
the CCLM, WRF, and RegCM4 project the greatest increase in high
latitude regions and a smaller increase in low latitude regions. However,
HadGEM3-RA and GRIMs simulate a larger increase in WX in the YHR
region as well as in high latitude regions like NEC, and HadGEM3-RA in
particular simulates a significant increase in WX in SC region compared
to the other models. The spatial pattern differences are influenced by the
projected future temperatures of each model. While CCLM, WRF, and
RegCM4 show the largest temperature increases in NEC, located in the
higher latitudes, during the late 21st century, HadGEM3-RA and GRIMs
simulations project a greater increase in the YHR compared to the NEC.

The WX increases due to the increase in temperature (WXr)
throughout East Asia, and in most areas, a higher or lower increase is
expected when considering relative humidity together (Fig. 3b). In the

YHR region, WX increases the most significantly due to temperature.
The contribution of temperature to the WX change is all around 100%,
implying that most WX changes are explained by temperature (Fig. 3d).
On the other hand, the change in WX due to relative humidity (WXgy)
varies depending on the region (Fig. 3c). In the NEC and NC regions
located in northern China, WX increases as relative humidity increases,
and the positive contribution of relative humidity is as high as 14%. In
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YHR and JP regions, the relative humidity decreases in the future,
alleviating the T-induced increase in WX, showing a negative contri-
bution. According to the SSP scenarios, the effect of relative humidity is
greater in the low-emission scenario. In the high-emission scenario, the
WX increases significantly due to the strong warming, and the contri-
bution of humidity becomes relatively weak. Among the five RCMs,
HadGEMS3-RA simulates a distinct temperature increase compared to
other models (Fig. S6a), indicating a high contribution of temperature
and a low contribution of relative humidity. The GRIMs model simulates
a significant increase in relative humidity in northern China. Accord-
ingly, the increase of WX due to relative humidity is expected to be large
in the NEC and NC regions. When considering temperature only,
HadGEM3-RA simulated the largest increase in WX in all regions
(Fig. S6a). However, when considering both temperature and humidity,
GRIMs show the strongest increase in WX in most regions except the SC
(Fig. S3), highlighting differences in model simulations.

It is projected that the hottest summer WX (WX*), which corresponds
to the top 5% WX days of summer, will increase by an average of +3.1 °C
under the SSP1-2.6 scenario and +7.9 °C under the SSP5-8.5 scenario in
East Asia compared to current levels in the late 21st century (Fig. 4). As
emission scenarios become more severe, WX* is expected to increase
more strongly than WX. Among the models, GRIMs simulates the
strongest increase in WX* (Fig. S5), while RegCM4 project the weakest
increase. The changes in WX~ due to temperature (WX}) show an overall
increase across East Asia. Except for the NEC, where there is a significant
increase in relative humidity, most regions show a higher increase in
WX;. compared to WX* (Fig. 4b). The difference between WX* and WX
is smaller than that for the summer mean (WX). The change in WX* due
to relative humidity (m) shows a more distinct regional variation
compare to the WX (Fig. 4c). The effect of humidity on hottest summer
days appears greater than the summer average state (Fig. 4d), inducing
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the overall increase of its positive contribution and the weakening of its
negative contribution. In the NEC region, where the positive contribu-
tion of RH is most pronounced, the contribution is +2.9-14.3% in the
summer average state in four SSP scenarios, but increases to
+12.9-33.3% in the hottest summer days. The YHR region, where RH
decreases, shows a negative contribution of —6.3 to —4.7% in the
summer average state, but the negative contribution is reduced to —3.2
to 0% in the hottest summer days. Among five RCMs, HadGEM3-RA
simulates the highest temperature increase in most regions, showing a
high temperature contribution compared to other models and a low
relative humidity contribution (Fig. S6b). GRIMs, on the other hand,

(@) Fepp (days) (b) Igup 0)
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project a significant increase in RH in the NEC and NC regions compared
to other models, resulting in a greater impact of RH on hottest summer
days in these regions. While the model spread is larger compared to WX,
the individual characteristics of each RCM remain similar.

3.2. Sub-regional changes in extreme heat stress days (EHDs)

To explore the future changes in the spatiotemporal characteristics of
extreme heat stress, the frequency, intensity, spatial extent, magnitude,
and duration of extreme heat stress days (EHDs, see section 2.4) are
projected for each sub-region. EHDs by sub-region occur annually an
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average of 12.5 days (six sub-region averages) in the current climate
(Fig. 5a). EHDs occur the most frequently in the SC region (14.0 days),
and the least frequently in the KP region (10.8 days). The SC is the area
with the highest relative humidity among the five sub-regions, and even
with the same temperature increase, the rise in WBGT is more pro-
nounced compared to other regions. Moreover, due to the high relative
humidity, the seasonal cycle amplitude of temperature is lower in this
region (Fig. S7). As a result, it is expected that even small increases in
temperature would lead to numerous days reaching the threshold of
extreme. This suggests that in the SC region, the frequency of EHDs is
expected to increase significantly compared to other sub-regions. This
aligns with the findings of Park et al. (2021), which indicate that in the
low-latitude regions of East Asia, there is a greater increase in the
number of hot days as the summer seasons lengthen. The higher the
emission scenario, the greater the frequency of occurrence. In the
SSP5-8.5 scenario, EHDs are expected to occur 10 times more frequently
in all sub-regions in the late 21st century than present. In particular, the
SC region is expected to experience the largest increase in EHDs fre-
quency, with 109.4 days in SSP1-2.6 scenario and 181.4 days in
SSP5-8.5 scenario.

The intensity of EHDs (Iggp) is from 0.5 to 0.8 °C in the current

(@) Start and end date of EHD
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climate (Fig. 5b). In the late 21st century, the intensity is expected to
increase in all sub-regions by 1.1-1.6 °C in the low-emission scenario
(SSP1-2.6) and by 3.5-3.8 °C in the high-emission scenario (SSP5-8.5).
The difference in intensity projections among five RCMs is larger than
that in frequency. In all sub-regions excluding SC, GRIMs exhibits a
higher intensity of extreme heat stress, while RegCM4 simulates rela-
tively low intensity, consistent with the projections in hottest summer
days (WX, Fig. S5). In the SC region, HadGEM3-RA simulates a larger
increase in temperature for the low-emission scenario, while both
HadGEM3-RA and GRIMs simulate a higher temperature for the high-
emission scenario. Since both models project stronger increases in
summer mean WX (WX) than other models (Fig. S3), our results support
that models simulating larger changes in mean WX also project larger
increases in extreme WX.

The spatial extent of EHDs (Agyp) is currently 25-30% in each sub-
region (Fig. 5¢). However, in the late 21st century, the spatial extent
of extreme heat stress increases to 50-60% in low-emission scenario and
70-80% in high-emission scenario, indicating that a larger part of East
Asia is affected by extreme heat stress events. As the emission gets
higher, the spatial extent of EHDs expands more with good inter-RCM
agreement. As both intensity and spatial extent EHDs increases, the
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magnitude (Mggp) that simultaneously considers them increase sub-
stantially (Fig. 5d). Currently, the Mgyps range from 0.1 to
0.2 °Cefraction in all sub-regions, but this is expected to strengthen to
3.2-3.5 °Cefraction under the high-emission scenario (SSP5-8.5) in the
late 21st century. As a result, such severe heat stress may occur much
more frequently in the late 21st century. Similar to the intensity results,
GRIMs generally show higher magnitude of EHDs whereas RegCM4
simulates relatively low magnitude in most regions.

We analyzed the temporal occurrence characteristics of EHDs for
each sub-region. In all sub-regions, the start date of EHDs (which lasts at
least three consecutive days) is expected to be advanced, and the end
date of EHDs is expected to be delayed in the future (Fig. 6). The higher
the emission scenario, the longer the duration of EHDs (from the start
date to the end date). In the SSP5-8.5 scenario, the start date of EHDs is
advanced by 52 days (JP) to 86 days (SC) compared to the present, and
the end date is delayed by 39 days (KP) to 79 days (SC). On average, the
possible occurrence period of EHDs is 120 days longer, and the expan-
sion of the possible occurrence period of EHDs in YHR and SC located at
low latitude is particularly strong. The SC region shows the earliest start
date and the latest end date of EHDs among six regions. According to the
SSP5-8.5, EHDs in the SC region on average begin to occur in early April
and are expected to appear by the end of October. The changes under the
SSP scenarios are more pronounced at the start date than at the end date.
Compared to the SSP5-8.5, the SSP3-7.0 scenario shows that the start
date is advanced but the end date remains unchanged in many regions
(NC, YHR, KP and JP). When examining the future projections of WX
and T for the starting period of EHD in May-June compared to the
ending period in September-October (Fig. S8), it becomes evident that
the WX and T in late spring and early summer are significantly higher
than in early autumn. This suggests that in the future, these periods will
reach the threshold of extreme WBGT (WXos,) earlier. Consequently, the
advancement of the starting date appears to undergo a more distinct
change compared to the delay in the ending date.

EHDs occur on a regional scale while maintaining spatial continuity
(over 30% overlap) and lasting an average of five to six days. In the
SSP5-8.5 scenario, the maximum duration of EHDs (Dgyp) in all sub-
regions will be on average more than 80 days, meaning that the
extreme heat stress events continue over most of the summer. As in start
and end date projections, YHR and SC region have longer maximum
duration than other regions. In particular, southern China is expected to
have an average maximum duration of more than 140 days in the late
21st century, lasting more than four months once EHDs occur. In the
East Asia, the lowest latitude area, SC, exhibits the most pronounced
changes in the characteristics of extreme heat stress, including fre-
quency, duration, and start/end date. This is in accord with the findings
of Chen et al. (2020), which indicate that globally, the intensification of
heat stress waves is most prominent in tropical and subtropical regions.
In particular, regions with high population density and urbanization,
such as the Yangtze River basin, and southern China, which have
experienced severe heat stress during the observational period (Luo and
Lau, 2019), are expected to continue to experience a pronounced in-
crease in extreme heat stress in the future.

The results by RCMs reveal a larger spread in the low emission sce-
narios. This difference is particularly noticeable in the YHR and SC re-
gions, located in the lower latitudes of China, where HadGEM3-RA
simulates the longest duration of EHDs and RegCM4 simulates the
smallest increase in duration. As analyzed above, GRIMs simulates the
enhancement of extreme heat stress due to humidity change, and the
relatively long duration of extreme heat stress events in these regions
might be influenced by humidity.

4. Summary and conclusions
This study examines the future changes in spatiotemporal charac-

teristics of extreme heat stress in East Asia and its sub-regions based on
the WBGT index using CORDEX East Asia multi-RCM simulations
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performed under four SSP (SSP1-2.6, 2-4.5, 3-7.0, 5-8.5) scenarios. We
utilized daily maximum WBGT (WX) which were estimated from 3-hour-
ly temperature and humidity data and then biased corrected using a
Quantile Delta Mapping method. Results show that East Asia will
experience increases in summer mean WX by 3.2 °C (SSP1-2.6) to 7.6 °C
(SSP5-8.5) in the late 21st century (2081-2100) with respect to the
current period (1979-2014). HadGEM3-RA and GRIMs simulate a larger
increase in WX in most regions compared to the other models, with
particularly significant increases simulated by HadGEM3-RA in south-
ern China. The summer mean WX changes are mostly driven by tem-
perature changes but, depending on regions and scenarios, changes in
relative humidity are found to either exacerbate or alleviate WX
changes. The summer mean relative humidity is projected to increase in
northern China, resulting in enhanced WX increases by up to 14% (SSP1-
2.6), while relative humidity will decrease in the Yangtze River basin
and Japan, offsetting the warming-driven WX increases by up to —6%
(SSP2-4.5). Notably, the contribution of relative humidity to heat stress
is more pronounced during hottest summer days (top 5%) than during
average summer conditions. In the SSP1-2.6 scenario, it was found that
the increase in relative humidity in northern China enhanced the WX
increase on hottest summer days by about 33%. Among the five RCMs,
HadGEMS3-RA shows a larger temperature increase than other models,
indicating a stronger contribution of temperature to the future heat
stress changes in most regions. Meanwhile, GRIMs exhibits a larger in-
crease in relative humidity in northern China than other RCMs,
enhancing the heat stress increases.

To understand the spatiotemporal characteristics of extreme heat
stress at the regional scale, we analyzed the extreme heat stress days
(EHDs) defined as days when WX exceeds its 95th percentile threshold
over larger than 10% of the area for each sub-region. According to the
high-emission scenario, it is expected that EHDs will occur 10 times
more frequently across East Asia in the late 21st century than at present.
As the high-emission scenario progresses, the intensity of extreme heat
stress will gradually increase up to 3.5-3.8 °C, and the spatial extent will
expand up to 80%, as well reflected by the magnitude index. Moreover,
in the late 21st century, it is predicted that extreme heat stress lasting 80
days or longer will occur in all sub-regions, and most East Asia regions
will be affected by severe heat stress all throughout the summer season.
In particular, southern China is projected to experience extreme heat
stress events lasting more than four months, which will exert huge so-
cioeconomic impacts. Our projection results emphasize the urgent need
to reduce greenhouse gas emissions to minimize the effects of severe
heat stress on all East Asian land areas and also to take measures to adapt
to the upcoming unavoidable climate conditions.

In this study, we used a simplified WBGT index based on temperature
and relative humidity. While this approach offers the advantage of
simplicity in calculations, it neglects the contributions of solar radiation
and wind components in assessing heat stress changes, which may lead
to potential overestimations. However, we defined extreme heat stress
based on percentile-based relative criteria, aiming to remove the po-
tential impacts of overestimation as much as possible. Additionally,
when assessing the contributions of temperature and humidity to heat
stress changes, there are limitations in precisely evaluating the effects of
their interaction. It has been observed that the interaction between
temperature and humidity alleviates temperature-driven heat stress in-
creases in all scenarios (Fig. S9). This effect varies by region, with a more
pronounced effect in dry inland areas, such as the YHR region. This
compensatory effect due to the interaction between temperature and
relative humidity increases as emissions scenarios become more severe.
Nevertheless, despite this interaction effect, it is projected that the entire
East Asia region will experience severe heat stress in the late 21st cen-
tury due to increase in temperatures.
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