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Abstract: Heatwave events (HWEs) have strong impacts on human health, ecosystems, and sus-
tainable social development. Using a gridded observation dataset and a high-resolution regional
climate model (RCM)), this study analyzed the characteristics of HWEs over the Yangtze River Basin
(YRB) in eastern China during the historical period and projected the changes in HWEs over the
YRB in the future. The daily maximum temperature (Tmax), long-lived (>6 days) HWEs, and total
(>3 days) HWEs in the YRB all showed an obvious upward trend from 1981 to 2018, while the
increase in short-lived (>3 days and <6 days) HWEs was relatively moderate overall. The RCM
of the Weather Research and Forecasting (WRF) model can simulate the characteristics of Tmax
and HWEs in the historical period very well, and the projection results showed that Tmax, total
HWEs, and long-lived HWEs will all increase obviously in both the SSP245 and SSP585 scenarios.
Short-lived HWEs will also increase rapidly under SSP585, but they will rise slowly overall under
SSP245. The changes in HWEs had distinct regional differences, and the intensity and coverage area
of HWEs were greater under SSP585 overall. In the future, the increase in HWEs over the YRB region
is likely to be associated with the enhancement of the western-Pacific subtropical high (WPSH) and
South-Asian high (SAH), and this enhancement was also greater under SSP585. The results from the
high-resolution simulation of the RCM can provide an important reference for disaster prevention
and mitigation in the future.

Keywords: WRF model; projection; short-lived heatwave event; long-lived heatwave event; Yangtze
River Basin

1. Introduction

The Intergovernmental Panel on Climate Change (IPCC) in its 6th Assessment Report
(AR6) reported that the global mean surface temperature in the first two decades of the 21st
century (2001-2020) was 0.99 °C higher than in 1850-1900 [1]. Under the background of
global warming, the occurrence of extreme weather and climate events, such as heatwave
events (HWE), have increased significantly, which has led to a large impact on the social
economy, natural ecosystems, and human health [2-5]. For example, during summer
2003, long-lasting HWEs occurred in Europe, which resulted in more than 4000 deaths in
18 countries and an estimated USD 13 billion in property damage [6,7]. Unusually, HWEs
also persisted in the Yangtze River Basin (YRB) of eastern China during summer 2013,
resulting in persistent drought that affected over nine provinces with a population of more
than half a billion [5,8]. More importantly, the results of a number of numerical simulations
suggest that HWESs in eastern China will still increase significantly in the future in the
context of global warming [5,9,10].

Reliable weather and climate forecasts of HWEs are essential for risk mitigation and
early-warning systems [11]. Most global climate models (GCMs), with resolutions from
100 km to 200 km, are generally good in capturing large-scale circulation [12-14], but they
are not efficient enough to represent the fine-scale processes of the atmosphere, as well as
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the terrain and land-use distribution, which makes it difficult to accurately characterize
regional HWEs [15-18]. Regional climate models (RCMs), with refined grid spacing and
solid-model physics, can address the abovementioned problems associated with GCMs
very well [19-21]. Several studies have indicated that RCMs are believed to provide more
added value in their simulations with respect to GCMs [22-25]. Based on the above facts, it
is important and meaningful to use RCMs to study the mechanisms and variation of HWEs
in a certain area [26-28].

The YRB is one of the core regions for the occurrence of HWEs in China [29]. A
large number of studies have focused on how HWEs in this region are generated from the
perspective of large-scale circulation anomalies [29,30], variability in the sea-surface temper-
ature (SST) [31], and anomalous boundary characteristics in observational diagnostics [32].
Li, Xiao, and Zhao [30] suggested that the occurrence of HWEs is strongly associated with
the joint effects of the western-Pacific subtropical high (WPSH) and the South-Asian high
(SAH). In addition, Teng and Branstator [33] pointed out that the East-Asian jet stream
(EAJS) can act as a waveguide to adjust the intensity and position of the WPSH through
quasi-zonal teleconnections, which further influence the HWEs in the YRB region. It is also
indicated that the strong SST anomaly over the mid-North Atlantic connects to the WPSH
and East-Asian upper-level westerlies via the teleconnection wave train and can further
contribute to the variability of HWEs over the YRB region [34]. However, previous studies
on HWESs over the YRB region have mostly focused on large-scale circulation characteristics
and have lacked descriptions of small-scale information, such as the spatial distribution
of HWESs and their regional differences in future climate scenarios. Considering the large
population, rich production, and large economic volume in the YRB, it is necessary to
conduct a high-resolution simulation study of HWESs in this region to provide a reference
for sustainable development, disaster prevention, and early warning systems. Therefore, in
this study, we attempted to answer three key questions: (1) What are the temporal and spa-
tial characteristics of HWESs in the YRB during the historical period? (2) Do high-resolution
RCMs have the ability to simulate the characteristics of HWEs very well? (3) How will
HWESs change in the future?

The rest of the article is structured as follows. The following section describes the
data, methods, and experimental design for the simulation of HWEs over the YRB region.
Section 3 presents the analytical results. Finally, the discussion and conclusion are presented
in Sections 4 and 5, respectively.

2. Materials and Methods
2.1. Model and Experimental Design

The Weather Research and Forecasting (WRF) model version 4.0 [35] was employed
in this study. The simulation domain is centered at 30° N, 113.70° E, with a horizontal
resolution of 40 km, which is more refined than the first phase of the Coordinated Regional
Climate Downscaling Experiment (CORDEX-I). Figure 1 shows the simulation domain and
the terrain height within it, and the domain covers all of the YRB region.

Most existing literature has used a particular GCM as the initial conditions and
boundary conditions (ICs and BCs) for the RCM, which causes the simulation results
of the RCM to have a large uncertainty because dynamic downscaling simulations are
often degraded by biases in large-scale forcing [36]. Based on this, a bias-corrected GCM
dataset [36] based on 18 models from the Coupled Model Intercomparison Project Phase
6 (CMIP6) was used as the ICs and BCs to drive the WRF model in this study. Previous
studies have showed that this dataset is of better quality than individual CMIP6 models [36].
The simulation was divided into two periods. One is the reference period from 1995 to
2014, and the selection of this period was recommended by CMIP6. The other is the future
period from 2015 to 2054. The simulation in the future period includes two scenarios:
SSP245 and SSP585. SSP245 represents a moderate socioeconomic-development path with
medium-low radiation forcing, while SSP585 represents the combined scenario of a high
energy-intensive, socioeconomic developmental path with strong radiative forcing. The
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model starts to integrate one year in advance, and the first year of simulation was used as a
spin-up time and was not involved in the analysis.
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Figure 1. The topography (m; shading) of the simulation domain. The black quadrilateral represents
the YRB region, and the meanings of the abbreviations in the figure are as follows: SX, Shaanxi
Province; HeN, Henan Province; AH, Anhui Province; JS, Jiangsu Province; SC, Sichuan Province;
CQ, Chonggqing Province; HB, Hubei Province; ZJ, Zhejiang Province; SH, Shanghai City; GZ,
Guizhou Province; HuN, Hunan Province; JX, Jiangxi Province; and FJ, Fujian Province.

The physics options used for WRF include the single-moment six-class microphysics
scheme [37], the new Kain—Fritsch cumulus parameterization [38], the Noah land sur-
face scheme [39], and the NCAR Community Atmosphere Model (CAM) shortwave and
longwave radiation scheme [40].

2.2. Definition of HWEs

For the definition of HWE, the China Meteorological Administration (CMA) usually
defines HWE as a daily maximum surface air temperature at 2 m (Tmax) greater than 35 °C
and a duration of more than three days [41,42]. Based on this, in this study, if the Tmax at a
certain grid point meets the above conditions, it is considered that a HWE has occurred
at that grid point. Furthermore, for the entire YRB region, if the number of grid points
that meet the above conditions exceeds one-eighth of the total number of grid points, it is
considered that the entire YRB region experienced a HWE. If a HWE occurs, HWDs are
the total participating days of the HWE. Similar definition methods have also been used in
previous studies on regional HWEs [30,41]. Furthermore, to distinguish HWEs of different
intensities, we defined HWEs with a duration of 3-5 days as short-lived HWEs and HWEs
with a duration of more than 5 days as long-lived HWEs.

2.3. Gridded Observation Dataset

A set of gridded observations, CN05.1 (CN051) [43], were used to analyze the charac-
teristics of historical HWEs in the YRB and to verify the reliability of WREF for the simulation
of HWEs in this region. This dataset was produced by the National Climate Center of
CMA from over 2400 weather stations in China and has been widely used as a reference for
the validation of models [44,45]. It provides Tmax, daily minimum and mean surface air
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temperature at 2 m, and daily total precipitation from 1961 to 2018. Previous studies have
indicated that the Tmax over the YRB region exhibits an obvious shift at approximately
1980 and then increased significantly [46]. Therefore, in terms of historical periods, this
study mainly focused on the characteristics of HWEs from 1981 to 2018.

2.4. Methods
2.4.1. Regression Analysis

In order to explore the linear trends of Tmax and HWEs, linear regression was carried
out. It has been a common method to determine the long-term linear trend of a certain
meteorological variable [47,48]:

T = T§ +s(t — to) 1)

where T" and T} are the variables for years t and ty, respectively. The s represents the linear
trend of the variable. A positive (negative) value indicates an increasing (decreasing) trend
of the variable.
In addition, linear regression was also used to study the relationship between geopo-
tential height (y) and HWEs (x):
y=ax+b 2)

where a represents the regression coefficient (RC) and b is the intercept. A positive RC
indicates that as the predictor variable increases, the response variable also increases and
vice versa. The absolute value of RC can indicate the relationship strength. The larger the
number, the stronger the relationship. The results of the linear regression were tested for
significance using the t-test at the 90% confidence level.

2.4.2. Evaluation of the Model Performance

The correlation coefficient (R) was used to indicate the strength and direction of the
relationship between the WRF model (x) and observation (y) during the 1995-2014 reference
period:

s

(xi = xm) (Yi — Ym)
R — i

\/ii(xi — X)) \/é(yi —ym)?

where 7 represents the number of years, and x;;, and y,, are the mean values of x and y,
respectively. The value of R ranges from —1 to 1, and the — and + signs indicate negative
and positive linear correlations, respectively. When the R value is positive, a larger absolute
R value indicates that the model is closer to the observation. Significance levels of the R are
estimated according to the two-tailed Student t-test.

®)

3. Results
3.1. Characteristics of HWEs in the Historical Period

Because Tmax is an essential indicator for HWEs, we first gave attention to its changes.
The summer mean Tmax over the YRB increased slowly, and it exhibited an obvious
interdecadal shift at approximately 2000, which became a positive anomaly (Figure 2a).
Correspondingly, the total number of HWEs also showed a slow rise and shifts in 2000
(Figure 2b). It is also worth mentioning that the YRB experienced persistent HWEs in 2013,
and the Tmax of many weather stations set a new record. Interestingly, although the total
number of HWEs is increasing; the short-lived HWEs have not risen so much, except for
more occurrences in approximately 2005; and there was no obvious upward trend in other
years (Figure 2c). However, it should be mentioned that the number of long-lived HWEs
increased obviously during the study period, which is the main reason for the increase in
the total number of HWEs (Figure 2d). Similar characteristics can be found for the variation
in HWDs between the two classes of HWEs (Figure 2e,f). Therefore, HWEs with long
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durations were the main type of HWEs from 1981 to 2018, and they dominated the increase
in total HWESs in the YRB region.
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Figure 2. (a) Anomalies of mean daily maximum tempeature at 2 m (°C) and anomalies in the
number of (b) total HWEs (events), (c) short-lived HWEs (events), (d) long-lived HWEs (events),
(e) short-lived HWDs (days), and (f) long-lived HWDs (days) during summer over the YRB region.
The black dashed lines denote the linear trends, and the green solid lines represent the nine-year
running average.

The above results are based on regional averages. In order to clearly understand the
characteristics of HWESs in different areas, we further analyzed the spatial distribution of the
long-term trends in Tmax and the number of HWEs. The region with the greatest increasing
trend of Tmax was located in the western YRB, including Shaanxi, Sichuan, and Chongging
provinces (Figure 3a). In addition, the trends were also obvious in eastern coastal areas
(Jiangsu and Shanghai). For the trends of total HWES, the western YRB also had the greatest
value, followed by northern and eastern areas (Figure 3b). It should be mentioned that the
increasing trend of total HWESs in the western and southern YRB was mainly caused by
the rise of long-lived HWESs (Figure 3d,f), while the increase in HWESs in the northern and
eastern YRB was mainly caused by the rise of short-lived HWEs (Figure 3c,e). Therefore,
the increasement in the local short-lived HWEs was still not negligible.
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Figure 3. Spatial distribution of the linear trend of summer mean (a) daily maximum temperature
(°C/a), (b) total HWEs (events/a), (c) short-lived HWESs (events/a), (d) long-lived HWEs (events/a),
(e) short-lived HWDs (days/a), and (f) long-lived HWDs (days/a) over the YRB region from 1981 to
2018. The dots indicate that the 90% confidence level was exceeded.

3.2. Projection of HWEs

Before using the RCM to make projections of HWESs in the YRB region, we first
analyzed the simulation results in reference periods to verify the model’s ability to simulate
HWEs. Because Tmax is the most important indicator for HWEs, we mainly focused on the
prediction skill of Tmax. The model can simulate the spatial distribution of the average
daily Tmax in summer very well (Figure 4a,b), although there is a certain cold bias in the
northern YRB region. From the perspective of time evolution, the model can also simulate
the interannual variation in the regional average Tmax very well (Figure 4c). The R between
the model and observations reached 0.45, exceeding the 95% confidence level. In addition,
the model also has a certain ability to simulate the number of HWDs in different years. The
R reached 0.39 and passed the 90% confidence level (Figure 4d). Therefore, the model has a
certain ability to simulate the HWEs in the YRB region, which indicates that it can be used
to predict the future variation in HWEs in this region.
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Figure 4. Spatial distributions of the average Tmax (°C) in summer from 1995 to 2014 for (a) model
and (b) observation, (c) time series of the spatially averaged daily Tmax (°C) in the YRB during
summer, and (d) time series of the total HWDs (days) in the YRB during summer.

In the future, the average Tmax in summer over the YRB will rise obviously (Figure 5a).
The upward trend of SSP585 will be greater than that of SSP245. Relative to the average
of 1995-2014 reference period, the temperature of SSP585 will rise by more than 1.8 °C in
the middle of the century. The total number of HWEs will also rise under the impact of
increasing temperatures, especially in the SSP585 scenario, which will increase by 1.8 events
per year by mid-century (Figure 5b). It should be mentioned that there is a great difference
in the changes of the short-lived HWEs under the two scenarios (Figure 5c). For SSP245,
short-lived HWEs first increase and then decrease, with a relatively flat trend. However,
for SSP585, although there is also a slight downward trend after 2024, the overall upward
trend of short-lived HWEs is particularly obvious, which will increase by 1.5 events per
year in the middle of the century. As for the long-lived HWEs, they will increase obviously
in both future scenarios (Figure 5d), which may cause large challenges for future disaster
prevention and mitigation work. It can also be found that after 2030, the increase in total
HWEs under the SSP245 scenario is mainly caused by the rise in long-lived HWEs. In
addition, the spatial coverages of each HWE will also increase in the future (Figure S1 in
Supplementary Material). More areas will be affected by HWEs under SSP585. The above
results show that adopting a moderate economic-development path can effectively alleviate
the impact of HWEs in the future.
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Figure 5. The anomalies in (a) Tmax (°C), (b) total HWEs (events), (c) short-lived HWEs (events),
and (d) long-lived HWEs (events) relative to the 1995-2014 reference period averaged over the YRB
region. The time series were smoothed with a 9-year running mean filter.

To thoroughly understand the regional differences in the changes in HWEs, we then
analyzed the trends in spatial distribution. For Tmax, the northern region warms faster than
the southern region, and the warming trend in SSP585 is greater, with the maximum value
located in the northeastern part of the YRB (Figure 6a,e). Correspondingly, the occurrence
of HWESs in the YRB also increases consistently across the region, with a greater increase
in SSP585, especially in the central and eastern regions, including Henan, Hubei, Hunan,
Jiangxi, Jiangsu, and Anhui provinces (Figure 6b,f). It is noteworthy that for short-lived
HWESs, the rising trend in the northern region (including Henan and northern Anhui) is
evident in the SSP245 scenario, and it is the main reason for the rising number of total
HWEs in this region in the future. In contrast, for the southern region (including Jiangxi
and Hubei), the number of short-lived HWEs is likely to decrease in the future (Figure 6c¢).
It should be mentioned that the future trend of short-lived HWEs in the southern region is
consistent with the historical period. At the same time, there will be a significant increase
in long-lived HWEs in this region in the future (Figure 6d). For SSP585, both short-lived
HWE:s and long-lived HWEs will increase significantly in the central and eastern regions
(Figure 6g,h), which once again proves the importance of controlling greenhouse-gas
emissions. Furthermore, we also analyzed the differences in climatology of Tmax and
HWEs from 2035 to 2054 relative to the 1995 to 2014 reference period (Figure 7). Under
S5P245, it can also be found that the Tmax will rise more obviously in the northern YRB, and
the numbers of HWEs will increase more significantly in the northern and southern YRB,
with the northern region dominated by the rise of short-lived HWEs, while the southern
region is dominated by the increase in long-lived HWEs. The changes in SSP585 will be
more obvious, and it should be mentioned that short-lived HWEs will also rise in the
southern YRB under SSP585.
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Figure 6. Spatial distribution of the trend of summer mean (a), (e) daily maximum temperature
(°C/a), (b), (f) total HWESs (events/a), (c), (g) short-lived HWEs (events/a), and (d), (h) long-lived
HWEs (events/a) over the YRB region from 2015-2054 under (a—d) SSP245 and (e-h) SSP585. The
dots indicate that the 90% confidence level is exceeded.
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Figure 7. The changes in (a), (c) Tmax (°C); (b), (f) HWEs (events); (c), (g) short-lived HWEs (events);
and (d), (h) long-lived HWESs (events) for (a-d) SSP245 and (e—h) SSP585 over the 2035-2055 period
relative to the 1995-2014 reference period. The dots indicate that the 90% confidence level is exceeded.

The above results indicate that the temperature in the YRB region will be higher, and
HWESs will be more frequent in the future compared to the reference period. Previous
studies have proven that the WPSH and SAH play an important role in increasing Tmax
and HWEs. Therefore, it is important to understand the changes in geopotential height in
the YRB region in the future. Since geopotential heights at 500 hPa and 200 hPa levels have
a good indication for these two systems, we mainly focused on analyzing the changes in
geopotential heights at these two levels. The geopotential heights of these two levels in the
YRB will increase in the future relative to the reference period, and the increasing trend
will be more obvious under the SSP585 scenario (Figure 8). The results may indicate that
the WPSH and SAH will both intensify in the future. To obtain a deep understanding of
the relationship between the enhancement of these two systems and the HWEs, Figure 9
shows the regressions of geopotential height anomalies against the time series of HWEs.
Under SSP245, the increase in short-lived HWEs is mainly related to the strengthening
of the WPSH, and the impact of the SAH was not significant. The increase in long-lived
HWE:s is related to the combined effect of the WPSH and SAH. These results are consistent
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with the conclusions of previous studies based on the analysis of HWEs in historical
periods [30]. The main physical process is that when the SAH intensifies, an anomalous
anticyclone occurs at the 200 hPa level over the YRB, and a downward advection of vorticity
by anomalous sinking motions exists. Consequently, the negative vorticity anomaly is
formed at 500 hPa, which can lead to a strong westward extension of the WPSH and the
occurrence of long-lived HWEs [49]. However, under the SSP585 scenario, the SAH will
increase more obviously, which will result in a wider and stronger influence of the WPSH,
and both short-lived HWEs and long-lived HWEs will be affected. The above results once
again emphasize the importance of controlling greenhouse-gas emissions.
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Figure 8. The anomalies of geopotential height (gpm) of (a) 500 hPa and (b) 200 hPa relative to the
1995-2014 reference period averaged over the YRB region. The time series are smoothed with a 5-year
running mean filter.
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Figure 9. Regressions of geopotential height anomalies (gpm) of (a,c,e,g) 500 hPa and (b,d,f,h) 200 hPa
against the time series of (a,b,e,f) short-lived HWEs and (c,d,g,h) long-lived HWEs. Time series of
short-lived HWEs and long-lived HWEs were standardized before the calculation. The dots indicate
that the 90% confidence level is exceeded.

4. Discussion

This work carried out high-resolution simulations on HWEs in both reference and
future periods over the YRB region. Different from the GCM with coarser resolution,
the high-resolution simulation from the RCM provides more details on the spatial and
temporal variations in HWESs in the YRB. The results also provide valuable information to
policy-makers in different regions and help to achieve regional sustainable development.

However, our research still has some limitations. First, due to the limitation of com-
puting resources, our simulation area was relatively small, which made it impossible for
us to analyze the changes in SST and large-scale atmospheric circulation in the future.
Previous studies have indicated that SST and global atmospheric teleconnection also have
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an important impact on regional HWEs [11,29,31]. For example, the strong SST anomaly
can connect the WPSH via the teleconnection wave train and can further contribute to
Tmax variability [34]. Based on this fact, our future work will also focus on the simulation
results of some GCMs. Although these models cannot provide the small-scale information
as RCMs, they can provide more large-scale signals. Therefore, it is meaningful to use the
optimal GCMs to explore the relationship between the large-scale factors and the short-
lived and long-lived HWEs over the YRB region. Second, the land-use distribution does
not change during our simulation, which makes the model unable to reflect the information
of human activities in time. In the near future, we will also use the WRF model to study
the contribution of land-use changes to the variations in short-lived HWEs and long-lived
HWEs in the YRB region.

5. Conclusions

In the context of global warming, HWEs are becoming increasingly frequent, and
obvious differences exist between different regions. The YRB region, an important economic
center of China, is one of the regions where HWEs are more frequent and severe. Coarse-
resolution models (such as GCMs) cannot resolve the detailed characteristics of HWEs.
Based on this, we used a high-resolution RCM (WRF) and observation dataset (CN051)
to analyze the characteristics of HWEs in the historical period and project the changes in
HWEs in the YRB in the future. The main findings are as follows.

(1). During the 1981-2018 historical period, the Tmax, long-lived HWEs, and total HWEs
in the YRB area all showed an obvious upward trend, and the turning point occurred in
approximately 2000. Although the upward trend of short-lived HWEs was relatively
small overall, there was a significant increase in certain regions, such as Henan,
Sichuan, and the eastern coastal region. At the same time, the high incidence of
long-lived HWEs was mainly concentrated in Hubei, Hunan, and eastern Sichuan
provinces.

(2). Through the high-resolution simulation during the reference period, it was found that
the WRF model can simulate the daily Tmax very well, which provides reliability for
the projections. The projection results show that Tmax, long-lived HWEs, and total
HWEs will increase obviously in both scenarios, and the upward trend of SSP585 is
even greater. Short-lived HWEs will also increase under the SSP585 scenario, but they
are relatively stable overall under SSP245. For SSP245, in the northern region, the daily
Tmax will rise faster, and short-lived HWEs will increase, while the long-lived HWEs
will rise significantly in the southern YRB. However, both short-lived and long-lived
HWEs will increase in each subregion of the YRB under the SSP585 scenario.

(3). In both future scenarios, the geopotential heights at 500 hPa and 200 hPa over the
YRB will increase, which may imply that both the WPSH and SAH will be enhanced,
and this is more pronounced in the SSP585 scenario. Changes in the WPSH and SAH
have an important impact on the HWEs of the YRB. The long-lived HWEs are caused
by the joint effect of the WPSH and SAH, and this joint effect will also affect the
short-lived HWEs under the SSP585 scenario. As mentioned in the fourth part, the
detailed physical mechanism of the impact of geopotential height on HWEs still needs
further study in the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su14031141/s1, Figure S1: The anomalies of the number of grids
covered by (a) total HWEs (grids), (b) short-lived HWEs (grids), and (c) long-lived HWEs (grids)
relative to the 1995-2014 reference period over the YRB region. The time series are smoothed with a
9-year running mean filter.
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