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Abstract

Heat waves, droughts, and compound drought and heat waves (CDHWs) have received extensive attention because of their
disastrous impacts on agriculture, ecosystems, human health, and society. Here, we computed the heat wave magnitude
index (HWMI), drought magnitude index (DMI), and compound drought and heat wave magnitude index (CDHMI) for
Yangtze River Valley (YRV) from July to August during 1961-2022. We compared the large-scale atmospheric circulation
characteristics of different extreme events based on these indexes. The results show that the positive center with sink motion
in East Asia provides a favorable circulation background for heat wave events. Drought events are mainly affected by the
zonal wave train dominated by a significant negative anomaly in Siberia and a high-pressure anomaly upstream, and a anti-
cyclonic water vapor with strong divergence over the Yangtze River basin. During CDHW events, both anomalous systems
that affect heat waves and droughts appear and strengthen simultaneously. Specifically, in the middle and upper troposphere,
the positive height anomaly center in YRV expands abnormally, and the “+—+" wave train over the northern 50° N region
of East Asia becomes more obvious. Therefore, the positive anomaly and water vapor anomaly brought by the two circula-
tion patterns at different latitudes are superimposed over the YRV, leading to severe CDHWSs. At the same time, the warm
positive eddy center and cold negative eddy center in high latitudes exhibit more stable positive pressure features, which
are conducive to the persistent development and strengthening of CDHWSs. In addition, the anomalous warm sea surface
temperature in western Pacific moderating the favorable circulation patterns may also promote the occurrence of CDHWs
in the YRV during the same period.
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1 Introduction

Both heat waves and droughts have multiple devastating
impacts on the ecosystem, agricultural society, and economy
and are likely to occur simultaneously (Fischer and Knutti
2013; Leonard et al. 2014; Bastos et al. 2020). The frequency
and intensity of heat waves and droughts have increased sig-
nificantly at the regional and global scales (Seneviratne et al.
2021). Mora et al. (2017) proposed that approximately 30%
of the population is exposed to deadly climatic conditions
caused by heat waves that have increased in recent years.
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Meanwhile, droughts are also occurring more frequently
with climate warming, leading to an increase in wildfires
and a decrease in agriculture production (Field et al. 2012;
Alizadeh et al. 2021). Moreover, they will continue to
increase with global warming in the future (Gibson et al.
2017; Zscheischler and Lehner 2022). In particular, because
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heat waves trigger land surface, boundary layer, and atmos-
pheric warming with strong land—atmosphere feedbacks, the
frequency and risks of compound droughts and heat waves
(CDHW?s) have also increased (Dirmeyer et al. 2013; Hauser
et al. 2016; Zscheischler et al. 2018). The combination of
extreme events makes climate prediction more difficult
(Sedlmeier et al. 2016). Complex and unpredictable impacts
and disasters are likely to enhance and threaten ecosystems
and human societies (Ciais et al. 2005; Galarneau et al.
2012). Hence, a complete understanding of the character-
istics and underlying mechanisms of heat waves, droughts,
and CDHWs is of great significance.

Observational and modeling studies have shown that
Europe, Russia, the United States, and China have recently
experienced many serious heatwaves, droughts, and CDHWs
(Sun et al. 2014; Hauser et al. 2016; Ye et al. 2019). Among
these, the 2003 and 2010 ‘‘mega-heat waves’’ in Europe
during summer have attracted global attention (Barriope-
dro et al. 2011; Bastos et al. 2014). The observed evidence
indicates that heat waves in summer modulate atmospheric
circulation and soil moisture conditions to enhance the
intensity of droughts, thereby increasing evapotranspiration
and, in turn, strengthening hot days (Quesada et al. 2012;
Xu et al. 2021; Si Gao et al. 2021). Miralles et al. (2019)
emphasized that when CDHWSs occur, droughts with soil
desiccation interact with persistent circulation patterns and
entrainment of the boundary layer heat to reinforce the heat
wave intensity. Meanwhile, heat waves in the United States
respond more strongly to soil moisture and other land sur-
face conditions exacerbated by droughts (Zhou et al. 2019;
Lansu et al. 2020). In addition, previous studies have found
that heat waves and droughts in China have become more
frequent and intense since the late 1990s (Chen and Zhai
2017; Zhu et al. 2020a; Feng et al. 2022). Understanding
the mechanisms underlying such extreme events is an urgent
necessity owing to their concurrency and profound impacts.
Not only land surface processes, but also atmospheric circu-
lation anomalies can trigger heat waves and droughts. For
example, anomalous water vapor flux divergence enhanced
by the anomalous westward extension of the Western Pacific
Subtropical High (WPSH) and an anomalous anticyclone
with strong surface net solar radiation led to exceptional
heat waves and droughts in the summer of 2003 over eastern
China (Zhang et al. 2021). Huang et al. (2016) highlighted
the significant influence of atmospheric teleconnections, the
Silk Road Pattern (SRP) and East Asia-Pacific/Pacific-Japan
(EAP/PJ) teleconnection influenced droughts in East Asia
by modulating the position of the WPSH (Chen and Zhai
2015). The EAP/PJ teleconnection has been confirmed as
one of the most significant factors in eastern Asian extreme
heat waves, which enhances the anticyclone over East Asia
via sink motion (Zhu et al. 2020a; Li et al. 2022). Wang et al.
(2012) highlighted that the SRP has changed significantly
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since the late 1970s because of the weakening of the cou-
pling between the South Asian summer monsoon and mid-
latitude circulation, which inhibited moisture transport and
caused droughts. Furthermore, anomalous sea surface tem-
peratures (SST) in the western tropical Pacific can affect the
spatial features of heat waves in western China by stimulat-
ing meridional wave trains (Koenigk et al. 2009; Lin and Li
2018; Zhu et al. 2020b).

In mid-summer (July and August) 2022, unprecedented
and enduring heat waves overwhelmed the entire Yangtze
River Valley (YRV). He et al. (2023) revealed a seasonal
mean daily-maximum temperature anomaly above 3 °C along
the YRV, breaking the peak of the latest 44 years. Mean-
while, severe droughts occurred concurrently, which led to a
serious CDHW and induced wildfire in southwestern China
(Sun et al. 2022). The co-occurrence of droughts and heat
waves can disproportionately amplify the magnitude of indi-
vidual events (Mazdiyasni and AghaKouchak 2015), which
motivated us to conduct an in-depth study of heat waves,
droughts, and CDHWs.

While most studies have focused on heat waves or
droughts, little attention has been paid to their comparison
on CDHWSs (Zhou et al. 2019; Li et al. 2019, 2021; Yang
et al. 2020). Owing to global warming, the YRV has expe-
rienced frequent CDHWs (Yu and Zhai 2020). The YRV
is one of the most important economic development cent-
ers in China, which is in the East Asian monsoon region,
and features a variety of climatic characteristics (Zhou et al.
2018). Heat waves, droughts, and CDHW:s in the YRV vary,
and the physical mechanisms underlying these events still
need to be investigated. Therefore, this study compared the
characteristics of the above-mentioned extreme events and
investigated the key atmospheric circulations. The remainder
of this paper is organized as follows. First, we introduce the
data and methods in Sect. 2 and subsequently illustrate the
spatiotemporal characteristics of heat waves, droughts, and
CDHWs in July—August in the YRV and the corresponding
atmospheric circulations in Sect. 3. Finally, a brief summary
and discussion are presented in Sect. 4.

2 Data and methods
2.1 Data

Meteorologically observed daily maximum temperature
(T,,.0) and precipitation data from 1961 to 2022 were pro-
vided by the National Meteorological Information Centre
of the China Meteorological Administration. Among them,
observed Tmax and precipitation from 508 meteorological
stations in the YRV were collected and subjected to quality-
control procedures and homogeneity assessments.
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Fig. 1 Spatial distribution of a HWMI, b DMI, and ¢ CDHMI; time
series of d HWMI, e DMI, and f CDHMI; and spatial distribution of
linear trends for g HWMI, h DMI, and i CDHMI from July to August

Monthly atmospheric circulation variables with a res-
olution of 0.25° X 0.25° were obtained from the ERAS
reanalysis data provided by the the European Center for
Medium-Range Weather Forecasting (ECWMF), includ-
ing potential height, temperature, zonal wind, meridional
wind, vertical velocity, and specific humidity with 37 ver-
tical layers during the period 1970-2022 (Hersbach et al.
2020). The land monthly reanalysis data were obtained
from the ERAS5 monthly land products with horizontal
spatial resolution of 0.1°, including potential evapora-
tion, 2 m temperature (T2M), soil moisture (SM) at 0-7
cm, surface net thermal radiation (STR), surface sensi-
ble heat flux (SHF), boundary layer height (BLH) dur-
ing the period 1961-2022 (Muifioz Sabater et al. 2021).
The gridded monthly sea surface temperature (SST) data
with a resolution of 1.0° were provided by the Met Office
Hadley Centre (Rayner 2003). The deviations from the
temperature and height zonal means are the eddy height
and temperature, respectively (Leung and Zhou 2018).

0.0

04 0.6

during 1961-2022, all stations drawn represent significant at a«=0.05
by Student’s t test

The vertically integrated water vapor flux and divergence
from 1000 to 300 hPa were calculated following Trenberth
(1991). Data except SST data are all from July to August,
and their climatology and anomalies are calculated based
on the period from 1970 to 2022.

2.2 Indexes of heat waves, droughts and CDHWs

The Standardized Precipitation Evapotranspiration Index
(SPE]) is defined as monthly precipitation minus evapo-
ration, which reflects meteorological drought severity
(Vicente-Serrano et al. 2010a). This drought index was com-
puted using the monthly precipitation stations and potential
evaporation (Vicente-Serrano et al. 2010b). To quantify
drought magnitude and facilitate the construction of the sub-
sequent compound magnitude index, we applied the drought
magnitude index (DMI) based on the monthly SPEI (Zhang
et al. 2021). The absolute value of the difference between
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Fig.2 Composite wind fields anomaly (vectors; unit: m~'s™!) and
geopotential height at anomaly 200 hPa (shading; unit: gpm) for
a heat waves, b droughts, and ¢ CDHWSs. Composite geopotential
height anomaly (shading; unit: gpm), composite geopotential height
(red contour; unit: gpm) and average geopotential height (grey

the SPEI (i.e., SPEI < 10th percentile of SPEI) and threshold
(10th percentile of SPEI) was defined to describe the drought
magnitude (DI). The DI was then normalized as follows:
Ry=0.9x i 40

‘max ™ ~min

where R; and x; are the ith normalized result and input data,
respectively, and x,,;, and X,,,, are the minimum and maxi-
mum values of the input data series, respectively. RIDIl is
used to describe the DMI.

In this study, heat waves were defined as T,,,, above the
90th percentile (i.e. each station from July to August during
the period 1961-2022) and lasting for at least three days, as
calculated by Wang (2017). The final heat wave magnitude

index (HWMI) was calculated as:

min

|AT| = |T,, ~ T,

ax ax90th |

n
HWMI =R )" |AT}|

i=1
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contour; unit: gpm) at 500 hPa for: d heat waves, e droughts, and
f CDHWs. Composite anomalous vertical integrated moisture flux
(vector; unit: kgm™'s™!) and divergence (shading; unit: kgm™'s™?)
for g heat waves, h droughts, and i CDHWs. Dotted areas represent
significant at «=0.1 by Student’s ¢ test

where |AT;| denotes the magnitude of ith heat waves day
and n>3.

The compound drought and heatwave magnitude index
(CDHMI) was established by incorporating the DMI and
HWMI. The CDHMI can be calculated as

Dn
CDHMI = R ) |4T;| x R|DI,|

i=1

where D, is the number of heat waves days for the nth
month.

The empirical orthogonal function (EOF) and rotated
empirical orthogonal function (REOF) were utilized (Lor-
enz et al. 1956; Kaiser et al. 1958; Richman et al. 1986).
Additionally, we employed multivariate linear regression,
linear regression, Pearson correlation analysis, linear trends,
and composite methods. Significance was tested using Stu-
dent’s t-test.
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Fig.3 Composite difference of geopotential height (shading; unit:
gpm) at 200 hPa for a CDHWs and heat waves and b CDHWs and
droughts, geopotential height (unit: gpm) for ¢ CDHWSs and heat

2.3 Numerical model simulation

To clarify our conclusions regarding the relationships
between SST anomalies and CDHW:s in the YRV, the Com-
munity Earth System Model 2.0 (CESM2.0) released by
the National Center for Atmospheric Research is used for
numerical simulation. The Community Atmosphere Model
version 5.1 (CAMS5.1) of CESM was employed to conduct
two experiments. These simulations had a horizontal resolu-
tion of 1.9° latitude X 2.5° longitude and 37 vertical layers
(Garcia et al. 2007), which included a control and sensitivity
experiment.

waves and d CDHWSs and droughts, and vertical integrated mois-
ture flux (vector; unit: kgm™'s™!) and its divergence (shading; unit:
kgm~!s72) for e CDHWs and heat waves and f CDHWs and droughts

3 Results

3.1 Spatiotemporal characteristics of heat waves,
droughts, and CDHWSs in YRV

The spatiotemporal distributions of the HWMI, DMI,
and CDHMI in July—August during 1961-2022 in YRV
are demonstrated in Fig. 1. Individually, Fig. 1a shows
the maximum of HWMI (approximately 0.55) centers in
the central of YRV (25° N-32° N, 108° E~118° E). The
HWMI in northern Jiangsu and some stations in central
Sichuan also had higher values. The DMI showed a maxi-
mum (0.50) in the central to southeast region of the study
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Fig.5 The meridional wind anomalies at 200 hPa associated with a EOF2 and b corresponding PC2 over the domain 30°-70° N, 0°~150° E dur-

ing 1970-2022

area, and larger values were centered in west Sichuan
(Fig. 1b). As shown in Fig. Ic, a high CDHMI (0.18)
was concentrated in the center of the eastern YRV and
northwestern Sichuan. Figure 1d and f present the time
series of the three indices that exhibited a peak in 2022.
Moreover, the HWMI exhibited a significant upward trend
(approximately 0.04) from 1961 to 2022 (exceeding the
95% confidence level), as shown in Fig. 1d. As shown in
Fig. 1g, the HWMI showed positive trends at most sta-
tions. The DMI exhibited a west—east dipole change, with
an increase in the west and decrease in the east (Fig. 1h).
The CDHMI illustrates that it is generally increased in
the western and eastern YRV, especially in Sichuan Prov-
ince. In addition, several stations in the north—central YRV
decreased (Fig. 11).

Next, to compare the differences in atmospheric circula-
tion for heat waves, droughts, and compound events, we
standardized the index time series and selected the years
with standardization passed 0.75 to perform a composite
analysis (Figure S1).
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3.2 Atmospheric circulation characteristics of heat
waves, droughts, and CDHWs

To examine atmospheric circulation associated with heat
waves, droughts, and CDHWs, we introduce composite high
years for different indices in Fig. 2. A significant dipole pat-
tern over 90° E-120° E and 30° N-60° N at 200 hPa, with
a positive center over YRV and negative center over eastern
Siberia, is beneficial for heat waves (Fig. 2a). Notably, the
positive center extended zonally to the Mediterranean. In
Fig. 2d, a similar dipole pattern appears at the same position,
which contributes to a strong sink motion over the YRV,
triggering heat waves. Notably, water vapor from the west-
ern Pacific Ocean may have been transported west by the
YRYV and converged in northeastern China (Fig. 2g). During
drought years, a similar dipole pattern was observed over
East Asia; the negative center was more significant and
stronger, but the positive center became weaker at 200 hPa
in Fig. 2b. Meanwhile, European blocking has significantly
strengthened. At 500 hPa, the positive center over the YRV



Understanding changes in heat waves, droughts, and compound events in Yangtze River Valley...

545

(a)Reg REOFPC3 HGT&U 200hPa gpm
70°N .
50°N
30°N A ; : -
'. o 5 n?;‘l
10°N : L e M
0 30°E 60°F 90°E 120°F 150°F
[ , ] 2
=24 -16 -8 0 8 16 24 32
(c)Reg REOFPC3 HGT 500hPa gpm
50°N 1 :
30°N A :
10°N X ) 1 :
0 30°E 60°E 90°E 120°E 150°F
=20 -15 -10 -5 0 5 10 15 20 25
(e)Reg REOFPC3 WVT&DIV WVT  — gsigrarioe?
70°N A
50°N
30°N 1
10°N

150°E

045 030 015 000 015 030 045

Fig.6 Regression patterns of the geopotential height (shading; unit:
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PC3 and b EOF-PC2, geopotential height (unit: gpm) at 500 hPa
onto ¢ REOF-PC3 and d EOF-PC2, and vertical integrated moisture

vanished and an anomalous cyclone occurred over the Indian
Peninsula (Fig. 2e). Figure 2h shows that water vapor pre-
dominantly diverged over the YRV, which substantially
suppressed precipitation. Figure 2c displays the anomalous
circulation pattern at 200 hPa in the CDHWs, and its meridi-
onal characteristic over East Asia resembles Fig. 2a but the
wind field is stronger. Moreover, at high latitudes, positive
centers over Ural and eastern Siberia and negative centers
over Mongolia exhibited similar SRP patterns. At 500 hPa,
the circulation pattern largely resembled that at 200 hPa, but
the positive center was reduced (Fig. 2f), which provided
favorable conditions for CDHWSs. As shown in Fig. 2i, the
YRV is controlled by an anticyclone located in the middle
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flux (vector; unit: kg m™' s7!) and its divergence (shading; unit: kg
m~! 572 onto: e REOF-PC3 and f EOF-PC2. Regions with dots indi-
cate anomalies that exceed the 95% confidence level

of the water vapor divergence and further enhances the
CDHW:s by increasing droughts.

The differences in the composite circulation patterns of
heat waves, droughts, and CDHW s are shown in Fig. 3. Fig-
ure 3a first compares heat waves and CDHWs, and the results
emphasize that CDHW s years tend to have stronger positive
height centers over Europe and northern YRV at 200 hPa. At
500 hPa, European blocking was enhanced when CDHW s
occurred (Fig. 3c). In contrast, Fig. 3b shows an obvious
wave train over high latitudes, and an anomalous anticyclone
controlling the YRV compared with droughts. At 500 hPa,
the circulation patterns exhibited structures similar to those
at 200 hPa (Fig. 3d). Compared with CDHWs, droughts and
heat waves have opposite water vapor transport over YRV.
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And CDHWs have more significant water vapor divergence
in South China (Fig. 3e, f). This is due to the strength and
location of the continental high over YRV. Therefore, the
combined zonal wave train, European blocking, and anoma-
lous positive center over the YRV contribute to the CDHWs.

3.3 Key circulation mechanisms of CDOHWs
Therefore, we focused on the circulation patterns to explore
their association with CDHWSs. By applying REOF analy-

sis, we acquired the spatiotemporal pattern of circulation
over the domain 10°-70° N, 60°-150° E at 500 hPa during
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July—August (Figure S2). Figure 4 shows the spatial pat-
tern and corresponding principal component (PC3) of the
third REOF mode (REOF?3) for geopotential height. The
spatial pattern of REOF3 exhibits a zonally distributed pos-
itive anomaly centered over the Korean Peninsula, which
explained approximately 10.38% of the variance (Fig. 4a).
The corresponding PC3 displayed an increasing trend with
obvious interannual variations, with the second-highest
value in 2022 (Fig. 4b). The correlation between PC3
and HWMI is 0.49 (exceeding the 99% confidence level),
whereas the correlation between PC3 and CDHMI is 0.31
(exceeding the 95% confidence level), indicating that the
positive anomaly is responsible for heat waves and CDHWs
in YRV.

We also examined the second-leading EOF (EOF2)
mode of the interannual variability of zonal wind over the
domain 30°-70° N, 0°-150° E at 200 hPa, which explained
approximately 15.88% of the variance (Fig. 5 and S3). The
spatial pattern is characterized by alternating southerly and
northerly anomalies along the Eurasian westerly jet at 30°
N-70° N, with five well-recognized centers over northern
Europe, eastern Europe, central Asia, northwest China,
Korean Peninsula, and Okhotsk (Fig. 5a). The correspond-
ing PC2 also exhibited clear interannual variations, with the
second-highest value in 2022, as shown in Fig. 5b. PC2 also
leads to CDHW s, supported by the significant correlation
values (at 95% confidence level) of 0.34 (between PC2 and
CDHMI), 0.32 (between PC2 and DMI), and 0.31 (between
PC2 and HWMI).

The above circulation modes on CDHWs, circulation
anomalies related to the above two modes are displayed in
Fig. 6. In the HW mode, the YRV was dominated by positive
anomalies, with a significant maximum over East Asia at
both 200 and 500 hPa (Fig. 6a, c). These results are consist-
ent with the previous conclusion that anomalous positive
centers are favorable for creating more heat waves, as the
sink motion occupies the troposphere with persistent west-
ward winds, thereby inhibiting the flow of cold polar winds
to the YRV. Regarding the SSRP mode, significant posi-
tive centers were individually centered over western Siberia
and the YRV, whereas negative centers were over Europe
and middle Siberia at 200 hPa (Fig. 6b). Figure 6d shows
the equally significant positive centers over western Siberia
and the YRV and the negative center over middle Siberia at
500 hPa, whereas the southern positive center is reduced.
The anticyclonic water vapor center in the vicinity of the
YRV suppresses precipitation because of the relatively large
positive values of the diverged water vapor anomalies, which
can make the valley prone to drought (Fig. 6f).

To fully elucidate the relationship between circulation
patterns and CDHWs, the CDHMI was regressed on PC2
and PC3. We found that the reconstructed CDHM]I, i.e.,
the compound circulation index (CCI) established using
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Fig.8 Composite eddy geopotential height (shading; unit: gpm)
for CDHWs at a 200 hPa and ¢ 700 hPa. Composite eddy temper-
ature (shading; unit: ‘C) for CDHWSs at e 700 hPa. Regression pat-
terns of eddy geopotential height (shading; unit: gpm) at b 200 hPa

multivariate linear regression (Figure S4), and original
CDHMI were significantly correlated (0.46, exceeding the
99% confidence level). The corresponding spatial distribu-
tion of the circulation anomalies is presented in Fig. 7. When
the values of CCI is higher, two significant positive cent-
ers were located over Ural and Southern China at 200 hPa
(Fig. 7a). Meanwhile, the entire Eurasian continent south of
45° N was almost shrouded by significant anomalously high
pressures. As shown in Fig. 7b, Ural and southern China
continued to be covered by significantly positive centers.
The YRV is located to the west of the anticyclone and is
accompanied by diverged water vapor (Fig. 7c). Thus, the

and d 700 hPa. Regression patterns of f eddy temperature at 700 hPa
(shading; unit: C) onto CCI. Regions with black dots indicate anoma-
lies that exceed the 95% confidence level

two circulation patterns combine to form an extremely posi-
tive height center over the YRV, making CDHWs prone to
be more extreme.

To investigate the persistence of atmospheric circulation
associated with CDHWSs, we computed the composite and
regression eddy parameters, as depicted in Fig. 8. During
strong CDHMI years, the troposphere over high-latitude
regions exhibited a strikingly lower eddy temperature
below the negative eddy center and a higher eddy tempera-
ture below the positive eddy center (Fig. 8a, c, e). Similarly,
Fig. 8b, d, f show lower and higher eddy temperatures below
the negative and positive centers, respectively, indicating
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at the 95% confidence level based on Student’s t-test. b Standardized time series of the SSTI in JJA from 1970 to 2022

a consistent barotropic pattern. This results in a decrease
and increase in height thickness in the lower troposphere,
ultimately leading to the endurance of the circulation pattern
over high latitudes in the upper troposphere owing to the
decrease in thickness in the mid-troposphere.

3.4 Impacts of the Western Pacific SST
on circulation

To validate that the anomalous northwestern Pacific posi-
tive SST plays a vital role in forcing atmospheric circula-
tion, which is instrumental in CDHWSs, Fig. 9 shows the
detrended SST in JJA regressed onto the CDHMI from 1970
to 2022. As shown in Fig. 9a, increased CDHMI was accom-
panied by positive SST anomalies in the western Pacific.
Thus, we identified the western Pacific SST index (SSTI)
with regional averaged SST in 20° N-48° N, 155-200° E.
Figure 9b shows the SSTI from 1970 to 2022, indicating a
significant increasing trend (0.03 °C a~!, exceeding the 99%
confidence level). The correlation coefficient between the
CDHMI and SSTI was 0.47 (exceeding the 99% confidence
level). Furthermore, the correlation coefficient between the
SSTI and CCI was 0.33 (exceeding the 95% confidence
level) show that the circulation pattern in CDHWs over the
YRV has a very close relationship with increasing north-
western Pacific SST during the period of 1970-2022 (Figure
S4).

To confirm that the western Pacific SST anomalies are
closely connected to increased extreme circulation. Fig-
ure 10 shows the regression maps of SSTI in JJA against
the circulation. Figure 10a demonstrates the anomalous
anticyclones are centered in Europe (30-60° N, 10-40° E)
and almost the whole East Asia at 200 hPa. At 500 hPa, the
positive anomalies were like the 200 hPa (Fig. 10b). Further-
more, an anticyclone on the east side of the YRV brought

@ Springer

divergent water vapor, which played a key role in enhancing
the CDHW s (Fig. 10c).

To further examine the influence of the western Pacific
SST on CDHWs in YRV, two CAM 5.1 numerical experi-
ments were conducted under different SST boundary dur-
ing JJA, included a control and sensitivity experiments. In
the control experiment, the SST are prescribed as boundary
conditions in the mode, and the other external variables are
fixed. In the sensitive experiment, the SST is increased over
the northwestern Pacific in JJA based on the regressed SST,
while other months are prescribed by climatological SST.
Both experiments were run for 50 years, and the outputs of
the last 35 model years were analyzed. Figure 11a shows the
responses of the anomalous geopotential height and wind
field at 200 hPa. Anomalous anticyclones are centered in
Europe (50-60° N, 0-20° E), Kazakhstan, Shandong Pen-
insula, and east Siberia. Negative center was found in Mon-
golia. At 500 hPa, except for the positive center in Kazakh-
stan, the other circulation systems were similar to those at
200 hPa (Fig. 11b). The YRV is located on the southwest
side of the anticyclonic water vapor transport, accompa-
nied by roughly divergent water vapor. The above results
indicate the influence of increased western Pacific SST on
the CDHWs in the YRV using a numerical model, which is
mainly consistent with the diagnostic results. In summary,
both the diagnosis and numerical simulations showed that
the CDHW:s were adjusted by increased western Pacific SST
anomalies.

3.5 Case of 2022 CDHWs in YRV

The values in 2022 were much higher than those in other
years for both CDHMI and CCI. The atmospheric circula-
tion and terrestrial surface variables anomalies were dem-
onstrated in Fig. 12, which can clarify the land-atmosphere
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interaction. With the positive height and anticyclonic
anomalies at 200 and 500 hPa, the whole YRV existed a
positive T2M anomaly greater than 1 °C and a negative
soil moisture less than —0.05 m®> m™> (Fig. 12a, c). Mean-
while, the enhanced SHF (decreased latent heat flux by the
decreased soil moisture) from land to atmosphere aggravated
the magnitude of heat waves. Furthermore, heat fluxes were
stored in the boundary layer according to the upward surface
long-wave radiation, which was illustrated by the consistent
spatial distribution of anomalous positive BLH and upward
STR (Fig. 12d). Accordingly, the CDHWS in 2022 was not
only influenced by the anomalous atmospheric circulations,
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Fig. 11 Simulation differences between the sensitivity and con-
trol experiments (i.e., sensitivity minus control): JA mean climatic
a 200 hPa wind (vectors; unit: m s~!) and geopotential height (shad-
ing; unit: gpm), b 500 hPa geopotential height (shading; unit: gpm),
and ¢ vertical integrated moisture flux (vector; unit: kg m~' s™!) and
its divergence (shading; unit: kg m™' s72) field anomalies forced by
SST in the western Pacific for 35 years captured by the CAMS.1
model

but also further strengthened through the land-atmosphere
interaction.

4 Conclusion and discussion
In this study, we analyzed and compared the spatiotemporal

characteristics of heat waves, droughts, and CDHWS in the
YRYV, as well as the differences in circulation patterns, and
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tial height at 500 hPa (shading; unit: gpm) with T2M (hatched line;
unit: °C, only>1 °C is shown), ¢ SHF (shading; unit: W m™2) with

further explored the influence of atmospheric circulation and
western Pacific SST on CDHWs. We investigated the mag-
nitudes of heat waves, droughts, and CDHWs in the YRV
using HWMI, DMI, and CDHMI. We found that heat waves
were intensified in northern Jiangsu and the central YRV
with a significant increasing trend. The central to southeast-
ern YRV and western Sichuan are prone to droughts, which
exhibit a west—east dipole change, with an increase in the
west and a decrease in the east. High-magnitude CDHWs
were concentrated in the center of the eastern YRV and
northwestern Sichuan, whereas only a few stations in the
north-central YRV showed significant decreasing trends,
which is consistent with previous studies (Ye et al. 2019;
Wu et al. 2020). Notably, heatwaves, droughts, and CDHW s
all demonstrate their most severe characteristics by 2022.
Large-scale atmospheric circulation can have significant
effects on heatwaves, droughts, and CDHWs. The circula-
tion anomalies for each event were different from those of
the other two events. For heat waves, the positive center
that extends zonally in the YRV results in sink motions that
benefit from high temperatures. During droughts, a stable
wave train at high latitudes is convenient for the persistence
of droughts, and divergent water vapor substantially sup-
presses precipitation. The combination of the zonal wave
train, European blocking, and the anomalous positive center
over the YRV ensures the occurrence of CDHWSs, while the
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SM (hatched line; unit: m’ m™, only < — 0.05 m® m™ is shown),
d BLH (shading; unit: m) with STR (hatched line; unit: W m2, only
< =5 W m2is shown)

land-atmosphere triggered by soil droughts also make the
intensity of CDHWSs even higher than that of individual
extreme events. Specifically, a barotropic structure at high
latitudes is conducive to maintaining more stable system
development. Meanwhile, the wider range of the positive
center, combined with the divergence of water vapor accom-
panied by the anticyclone, resulted in more severe heat
waves and drought features in the CDHWs. Additionally,
increasing western Pacific SST can influence the circula-
tion patterns associated with CDHWs. The increasing SST
excites positive centers in Europe, Kazakhstan, Shandong
Peninsula, and east Siberia, as well as anticyclones accom-
panied by divergent water vapor via ocean—land interactions,
finally leading to CDHWs.

Notably, CCI has shown inconsistencies with CDHMI,
such as 2016 (Figure S4). The circulation pattern was like
CDHWs’ dominating circulations, but only high tempera-
ture happened (Ding et al. 2018). The reconstructed CCI
only emphasized the influence of the large-scale atmosphere
circulations, lacking consideration of the land-atmosphere
interaction between compound droughts and heat waves
(Zhou and Yuan 2023). Moreover, Yuan et al. (2023) exhib-
ited different droughts events have different time and spital
scales and closely associate with evapotranspiration and pre-
cipitation changes. Furthermore, previous studies have also
suggested the high-latitude zonal wave trains (i.e. Silk Road
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Pattern) associated with the subtropical jet likely adjust the
CDHWs in China via dynamic and energy processes (White
et al. 2017). However, such wave trains variations with cli-
mate change are still pending and complex impact on climate
extremes remains more investigations (Francis and Vavrus
2012; Wu and Lu 2023). Meanwhile, Mukherjee and Mishra
(2021) illustrated more significant CDHWSs in China based
on CPC temperature, which was caused anthropogenic cli-
mate change. Thus, more understanding on how CDHWs
changes in a warmer future and related mechanisms are
needed.
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