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Abstract: This study documents a sudden interdecadal variation in the frequency of extreme
high-temperature events (FEHE) over southern China during summer in the early 2000s, which is
characterized by a relatively small (large) FEHE during 1991-2000 (2003—2018). The composite analysis
on the extreme high—temperature events (EHEs) over southern China indicates that the occurrence
of EHEs is mainly influenced by increased downward surface net shortwave radiation, which is
induced by the cloud-forced radiation anomalies associated with reduced cloud; the reduced cloud
is attributed to anomalous descent motion and decreased water vapor content in the troposphere.
Compared to the situation during 1991-2000, anomalous descent motion and decreased atmospheric
water vapor content occurred over southern China in summer during 2003-2018, providing a more
favorable climatic condition for EHEs. This interdecadal variation is associated with the strengthened
Pacific Walker circulation after 2003. The Pacific decadal oscillation (PDO) is suggested to be an
important driver for the above interdecadal variation, which shifted from a positive phase towards a
negative phase after 2003. Numerical experiments demonstrate that a negative phase of PDO may
induce a strengthened Walker circulation and anomalous atmospheric descent motion as well as
water vapor divergence over Southern China.

Keywords: interdecadal variation; extreme high temperature; Southern China; Pacific
decadal oscillation

1. Introduction

Under the background of climate change, extreme high-temperature events (EHEs) increasingly
occur and exert a great influence on human health, agriculture and social activities on a global
scale, which attracts increasing studies focusing on EHEs [1-5]. For example, Europe underwent
two devastating EHEs in 2003 and 2010, which led to about 70,000 and 55,000 heat-related deaths,
respectively [1,6]. During the same period, some areas of southeastern Asia underwent frequent
EHEs [7-9]. Therefore, EHEs have attracted more public attention, and deep investigation into the
mechanisms of EHE occurrence is necessary.

Over the past decades, the frequency of EHEs (FEHE) underwent a significant increasing trend over
all of eastern China (105° E east), except for a weak decreasing trend that was observed over the Yangtze
River Valley [10-12]. Anthropogenic factors such as greenhouse gas emissions and urbanization play
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an important role in the long—term change in the FEHE in China [3,12,13]. The numerical simulation
results of the models show that the EHEs will continue to increase across China [14-16]. Influenced by
the East Asian monsoon, the climate in eastern China is unique with multi-timescale variability and
remarkable regional features [17-20]. Superimposed on the long—term trends, the FEHE in the different
regions of eastern China also shows significant interannual and interdecadal variability [5,21-23].
The atmospheric circulation responsible for the occurrence of EHEs is quite different between different
regions of China [2,5,24-26]. For northern China (35° N north, 105° E east), the positive anomalies
of FEHE in this region are mainly associated with positive anomalies of geopotential height in the
overlying troposphere, which would suppress convection and cause more solar radiation to reach the
surface [11,27,28]. For central-southern China (35° N south, 105° E east), the FEHE is influenced not only
by geopotential height in the overlying troposphere but also by low-level thermal advection [21,29,30].
Previous studies suggest that the western North Pacific subtropical high (WNPSH) is the main factor
for the occurrence of EHEs over southern China (30° N south, 105° E east) [8,11,31]. Wang et al. [31]
noted that in July 2003, the East Asian jet stream moved southward, and the western North Pacific
subtropical high intensified southwestward, contributing to more EHEs occurring over southern China.
Chen and Lu [26] classified the atmospheric circulation associated with EHEs over eastern China,
and EHEs over southern China and Yangtze River Valley are associated with a monsoonal circulation
pattern, which are mainly characterized by high temperature only in the lower troposphere as a result of
monsoon-induced anomalous descent motion and decreased water vapor. On the synoptic scale, Chen
and Lu [26] and Chen et al. [32] found that the atmospheric anomalies responsible for the occurrence of
EHEs over southern China are quite unique and are characterized by a pair of anticyclonic anomalies
over southern China and cyclonic anomalies over the tropical western Pacific.

Previous studies have shown that the anomalous atmospheric circulation responsible for the
EHE occurrence over eastern China is associated with various factors, such as the Atlantic sea
surface temperature (SST), tropical Indian Ocean SST, El Nifio—Southern Oscillation (ENSO), and sea
ice [21,23,26,33-36]. Zhu et al. [21] found that the air-sea interaction over the northeastern Atlantic
Ocean could influence the dominant mode of interannual variability of FEHE in eastern China
characterized by opposite anomalies over northeastern China and southern China by stimulating a
Eurasian wave train. The results of Hu et al. [34] showed that the warming of the tropical Indian Ocean
could trigger a low-level anticyclone over the subtropical western Pacific via stimulating a Kelvin
wave, which would lead to an anomalous descent motion, reduced cloud cover, and increased EHEs
over southern China. The anomalous warming over the maritime continent could induce anomalous
anticyclone and descent motion over southern China via East Asia—Pacific/Pacific-Japan teleconnection,
which contributes to the occurrence of EHEs over southern China [21]. Furthermore, the relationship
between the EHEs over southern China and the SST may undergo the interdecadal change [30,36],
which also contributes to the complex of EHEs over southern China.

Southern China is located in the tropical-subtropical East Asian monsoon region, which undergoes
frequent EHEs in summer [10,24,37]. Moreover, the dense population over this region makes southern
China vulnerable to EHEs. In recent decades, the summer climate in southern China has undergone
interdecadal variations, which has been widely observed [38-44]. By contrast, there is a lack of
acknowledge of recent interdecadal variation in the FEHE over southern China and associated
mechanisms. Thus, this study focuses on the following two questions: (1) What are the characteristics
of interdecadal variations in the FEHE over southern China? (2) What are the mechanisms associated
with the recent interdecadal variation in the FEHE over southern China, and what are the possible
influential factors?
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2. Data and Methods

2.1. Data

The daily maximum temperature data for 1961-2018 are used for defining EHEs, which are derived
from the CNO05.1 dataset (“CN” is short for China; “05” refers to a resolution of 0.5° x 0.5°; “05.1”
means a better version with a higher resolution of 0.25° x 0.25°) [45,46]. The gridded daily dataset of
CNO05.1 is constructed on the daily observation data from over 2400 stations in China, which is widely
used in studying climate characteristics in China [21,45,47-50].

The variables used in the study include: (1) total cloud cover, cloud forcing net solar flux and
surface heat fluxes including surface net shortwave radiation, surface net longwave radiation, surface
sensible heat net flux, and surface latent heat net flux, with a Gaussian grid of 92 x 192 (94 x 192) for
monthly (daily) data; (2) specific humidity and horizontal winds at eight pressure levels (1000, 925,
850, 700, 600, 500, 400, and 300 hPa), vertical velocity at 850 hPa and 500 hPa, and surface pressure,
with a resolution of 2.5° X 2.5°. The daily and monthly mean data for the above variables are used for
analyzing the anomalies of surface heat fluxes and atmospheric circulation associated with EHEs, which
are derived from the National Centers for Environmental Prediction/National Center for Atmospheric
Research (NCEP/NCAR) reanalysis dataset [51].

The monthly mean SST data (2° X 2°) are the Extended Reconstructed SST version 5 (ERSST.v5)
derived from the National Oceanic and Atmospheric Administration (NOAA) [52]. The monthly
Pacific decadal oscillation (PDO) index is defined as the leading principal component of monthly SST
anomalies in the North Pacific Ocean [53], which is available online at http://research.jisao.washington.
edu/pdo/PDO.latest. The SST data and PDO index are used for analyzing the role played by the SST
on the interdecadal time scale.

2.2. Description of the Numerical Model and Experiments

Version 5 of the Community Atmospheric Model (CAMD5) [54] is used in the study to conduct two
experiments with different SST boundary conditions. CAMS5 has 30 hybrid sigma pressure levels in the
vertical, with a resolution of 1.9° x 2.5° in the horizontal. One experiment is a control run, the SST
boundary of which is the climatic monthly mean SST during 1981-2010. The other experiment is a
sensitivity run, the SST boundary of which is specified in Section 4. The atmospheric composition
of the two experiments is constant at the level of that in 2000. Each run is for 50 years, with the first
10 years used for model spin-up and the data of the last 40 years used for analysis.

2.3. Methods

In the study, southern China is defined as the region covering 22° N-30° N and 105° E-120° E.
Summer in the study refers to June, July and August. The time series of observational and reanalysis
data was detrended for 19612018 before any computation to remove linear trends. The vertically
integrated water vapor transport is computed by vertically integrating water vapor flux between
surface and 300 hPa pressure level, using the data for surface pressure, specific humidity and horizontal
winds at eight pressure levels (1000, 925, 850, 700, 600, 500, 400, and 300 hPa) [19,55]. Atmospheric
water vapor content is computed by vertically integrating water vapor between surface and 300 hPa
pressure level, using data for surface pressure, and specific humidity at eight pressure levels (1000, 925,
850, 700, 600, 500, 400, and 300 hPa). Composite analysis is used to study the interdecadal variations of
FEHE over southern China and associated atmospheric circulation anomalies.

2.4. Definition of Extreme High-Temperature Events

There are two popular ways to define EHEs: the use of absolute and relative
thresholds [11,21,25,37,56]. The absolute threshold uses a certain number as the criterion to define EHEs.
Specifically, in the China Meteorological Administration, 35 °C is used as the absolute threshold to
determine whether a daily maximum temperature reaches an extreme high—temperature level [22,24,56].


http://research.jisao.washington.edu/pdo/PDO.latest
http://research.jisao.washington.edu/pdo/PDO.latest

Atmosphere 2020, 11, 829 4 0of 20

In contrast, a value of the prescribed percentile in the frequency distribution is often used as a relative
threshold to define EHEs, which will consider the different climate states of different regions and is
suitable for a large target area [11,21]. The definition of FEHE using a relative threshold is more popular
across the world and conducive to compare features of FEHE in different area. In the study, the 95%
quantile of summer daily maximum temperature during 1961-2018 is used to define gridded FEHE.
Specifically, for each grid point, the number of daily maximum temperatures exceeding 95% quantile
in one summer is defined as the FEHE of this grid point during the certain summer. The gridded
FEHE will better show the spatial characteristics of FEHE. To analyze the synoptic atmospheric
circulation anomalies associated with EHESs, the regional FEHE is defined based on the daily maximum
temperature averaged over southern China in summer. One regional EHE over southern China is
defined as the daily maximum temperature averaged over southern China exceeding the 95% quantile
of that in summer during 1961-2018. The regional FEHE over southern China in one summer is defined
as the number of regional EHEs over southern China during the summer.

3. Results

3.1. The Characteristics of Interdecadal Variations in the Frequency of Extreme High—Temperature Events
(FEHE) over Southern China

To show the characteristics of the interdecadal variations in the FEHE over southern China,
the time-latitude cross—section of the 7-year running mean of FEHE anomalies in summer relative
to the climatic summer mean for 1961-2018 averaged over 105° E-120° E is calculated and shown
in Figure 1. Southern China underwent relatively less EHEs during 1970-2000 and relatively more
EHEs before 1970 and after 2000. Furthermore, compared with the weak interdecadal variation in
the FEHE over southern China at the end of the 1960s, the interdecadal variation in the FEHE over
southern China in the early 2000s is stronger. It is noteworthy that the interdecadal variation in the
FEHE in the early 2000s is dominant over southern China and is weak over the northern area. Thus,
the study focuses on the recent interdecadal variation in the FEHE over southern China in the early
2000s. Previous studies show that the summer climate over eastern China underwent significant
interdecadal variations in the early 1990s and in the early 2000s [22,23,38,41,43]. To better show the
interdecadal variation of FEHE over southern China in the early 2000s and explore the associated
mechanisms, 1991-2000 is referred to as inactive period (P1), and 2003-2018 is referred to as active
period (P2), which is used in the following composite analysis.
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Figure 1. The time-latitude cross—section of the 7-year running mean of frequency of extreme
high-temperature events (FEHE) anomalies (unit: 1) during summer relative to the climatic summer
mean for 1961-2018 averaged over 105° E-120° E. The dots denote where the anomalies exceed one
standard deviation.
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Figure 2a shows the differences of FEHE between the active period and inactive period.
The consistent positive anomalies of FEHE over southern China are almost significant at 90% confidence
level except for the anomalies over the south of Hunan province, which basically exceed 85% significant
level (figure not shown). Therefore, it is reasonable to take southern China as a whole and the regional
FEHE over southern China is defined in Section 2.4. During summer from 1961-2018, 267 regional
EHEs over southern China occurred, which is about 4.6/year. During 1991-2000 (2003-2018), 29 (117)
regional EHEs over southern China occurred, which is about 2.9/year (7.3/year) below (above) climatic
mean, further suggesting increased FEHE over southern China after the early 2000s. Figure 2b shows
the time series of the regional FEHE over southern China, characterized by abrupt increased FEHE after
the early 2000s. The abrupt increase of FEHE indicates that the FEHE over southern China essentially
underwent an interdecadal shift in the early 2000s rather than a trend change. Moreover, the global
mean temperature shows a weak increase in the 2000s indicates that climate change seems to play a
less important role in this interdecadal variation [57,58].
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Figure 2. (a) The differences of summer FEHE between P2 and P1 (P2 minus P1, unit: 1). (b) The time
series of summer regional FEHE over southern China (bar) and of 7—year running mean in regional
FEHE over southern China during summer (line) (unit: 1). Dots and meshes in (a) denote where the
anomalies are significant at the 90% and 95% confidence levels based on Student’s ¢ test, respectively.
The black rectangle in (a) refers to the domain of southern China.

3.2. The Synoptic Surface Heat Fluxes and Atmospheric Circulation Anomalies Associated with the EHEs over
Southern China

Before analyzing the mechanisms associated with the interdecadal variation of FEHE over southern
China, the composite anomalies of synoptic surface heat fluxes and atmospheric circulation based on
the 267 regional EHEs over southern China are shown in Figures 3 and 4. The surface temperature is
mainly influenced by surface heat fluxes which influence surface energy balance [21,59,60]. As shown
in Figure 3a, there are positive anomalies of net surface heat fluxes over southern China, mainly
located in the north of southern China, which are favorable for the occurrence of EHEs over southern
China. Net surface heat fluxes (Figure 3a) are composed of surface net shortwave radiation (Figure 3b),
surface net longwave radiation (Figure 3c), surface sensible heat net fluxes (Figure 3d), and surface
latent heat net fluxes (Figure 3e). As shown in Figure 3a,b, there are significant positive anomalies of
surface net shortwave radiation (SWR) over southern China, indicating more solar radiation reaching
and heating the surface, which suggests that SWR contributes most to the positive anomalies of net
surface heat fluxes and surface warming. Furthermore, surface sensible heat net fluxes (Figure 3d) over
southern China play a less important role and the negative anomalies of surface latent heat net fluxes
(Figure 3e) are not conducive to the positive anomalies of net surface heat fluxes (Figure 3a). According
to Boltzmann's law, there is more upward surface longwave radiation (Figure 3c) over southern China
as a passive response to SWR heating the surface. The above results suggest that the occurrence of
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EHEs over southern China is mainly influenced by the anomalies of surface net shortwave radiation,
which are associated with the anomalies of cloud forcing net solar flux (Figure 3b,f).
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Figure 3. The composite anomalies of summer mean (a) net surface heat flux (NSH), (b) surface net
shortwave radiation (SWR), (c) surface net longwave radiation (LWR), (d) surface sensible heat net
flux (SHEF), (e) surface latent heat net flux (LHF), and (f) cloud forcing net solar flux (CFNSF) based
on the 267 regional EHEs over southern China (unit: W m~2). The positive direction is defined as
downward. Dots and meshes in (a—f) denote where the anomalies are significant at the 90% and 95%
confidence levels based on Student’s t-test, respectively. The black rectangle in (a—f) refers to the

domain of southern China.



Atmosphere 2020, 11, 829 7 of 20

(a) cloud (b) water vapor A

80N

60N

40N

20N

BUL Ao N@A o N®
UM P SO N N - AN

90E 120E

0.048
0.04
0.032
0.024
0.016
0.008

-0.008
-0.016
-0.024
-0.032
-0.04
-0.048

T
90E 120E

Figure 4. The composite anomalies of summer mean (a) total cloud amount (unit: %), (b) atmospheric
water vapor content (unit: kg m~2), (c) 850-hPa vertical velocity (unit: 1073 Pa s1), and (d) 500-hPa
vertical velocity (unit: 1073 Pa s71) based on the 267 regional EHEs over southern China. Dots and
meshes in (a-d) denote where the anomalies are significant at the 90% and 95% confidence levels based
on Student’s t-test, respectively. The black rectangle in (a—d) refers to the domain of southern China.

The cloud forcing net solar flux is closely related to the cloud amount. Sufficient water vapor
and ascent motion would contribute to increased clouds and decreased solar fluxes reaching the
surface. As shown in Figure 4, the decreased water vapor (Figure 4b) and anomalous descent motion
(Figure 4c,d) over southern China contribute to the reduced cloud (Figure 4a), which leads to increased
solar fluxes reaching the surface and favors the occurrence of EHEs over southern China.

3.3. The Interdecadal Variations of Surface Heat Fluxes and Atmospheric Circulation

To show the climate shift in the surface heat fluxes and atmospheric circulation, the differences
between the active period and the inactive period are calculated. As shown in Figure 5, the interdecadal
variations of heat fluxes over southern China are consistent with the composite anomalies of synoptic
heat fluxes based on the 267 regional EHEs over southern China (Figure 3), characterized by positive
anomalies of net surface heat fluxes, surface net shortwave radiation and cloud forcing net solar
fluxes over southern China. Therefore, the interdecadal variations of heat fluxes over southern China
provided favorable climatic conditions for the increased FEHE over southern China after the early
2000s. It is noteworthy that the interdecadal variations of heat fluxes are weak over northern China
(Figure 5), which is consistent with the interdecadal variation of FEHE in the early 2000s mainly
occurring over southern China (Figure 1). The differences of surface heat fluxes between P2 and P1
based on the ERA5 dataset are consistent with those based on the NCEP/NCAR dataset (figure not
shown), which further confirms the influence of surface heat fluxes on the interdecadal variation of
FEHE over southern China in the early 2000s. Moreover, the interdecadal variations of atmospheric
circulation (Figure 6) are consistent with the composite anomalies of synoptic circulation based on
the 267 regional EHEs over southern China (Figure 4), characterized by reduced cloud, decreased
atmospheric water vapor content, and anomalous descent motion over southern China, which are
favorable for more solar radiation reaching surface and increased FEHE over southern China. The total
cloud amount, atmospheric water vapor content and 500-hPa vertical motion averaged over southern
China show consistent interdecadal variations with the regional FEHE over southern China in the
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early 2000s (Figure 6e,f), which indicates the close connection between the interdecadal variation of
FEHE over southern China and that of atmospheric circulation. It is noteworthy that the differences of
thermal advection between P2 and P1 show anomalous cold thermal advection over southern China
(figure not shown), which indicates that the thermal advection is not conducive to the increased FEHE
over southern China after the early 2000s.
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Figure 5. The differences in the summer mean (a) net surface flux (NSH), (b) surface net shortwave
radiation (SWR), (c) surface net longwave radiation (LWR), (d) surface sensible heat net flux (SHF),
(e) surface latent heat net flux (LHF), and (f) cloud forcing net solar flux (CFNSF) between P2 and P1
(P2 minus P1, unit: W m~2). The positive direction is defined as downward. Dots and meshes in (a—f)
denote where the anomalies are significant at the 90% and 95% confidence levels based on Student’s
t-test, respectively. The black rectangle in (a—f) refers to the domain of southern China.
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Figure 6. The differences in the summer mean (a) total cloud amount (unit: %), (b) atmospheric water
vapor content (unit: kg m~2), (c) 850-hPa vertical velocity (unit: 1073 Pa s71), and (d) 500-hPa vertical
velocity (unit: 1073 Pa s7!) between P2 and P1 (P2 minus P1). (e) The standardized time series of the
7—year running mean of the regional FEHE over southern China (red) and summer mean total cloud
amount (blue) averaged over southern China. (f) The standardized time series of the 7-year running
mean of the summer mean total cloud amount (blue), atmospheric water vapor content (green) and
sign-reversed 500-hPa vertical velocity (red) averaged over southern China. Dots and meshes in (a-d)
denote where the anomalies are significant at the 90% and 95% confidence levels based on Student’s
t-test, respectively. The black rectangle in (a—d) refers to the domain of southern China.

The increased upward surface latent heat net fluxes over southern China (Figure 5e) indicate
more water vapor evaporation. Hence, the decreased atmospheric water vapor content over southern
China (Figure 6b) may not result from local water vapor evaporation and may result from water
vapor transport. Thus, the differences of vertically integrated water vapor transport between P2 and
P1 are shown in Figure 7a, which are characterized by an anomalous anticyclone of water vapor
transport over southern China and an anomalous cyclone of water vapor transport to the south of
southern China. More water vapor is transported northward along the western flank of the anticyclone
and anomalous southward water vapor transport along the western flank of the cyclone suppresses
water vapor transporting from the South China Sea to southern China (Figure 7a). Thus, water vapor
transport will diverge over southern China (Figure 7b), which may lead to the decreased atmospheric
water vapor content over southern China (Figure 6b).
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Figure 7. The differences in the summer mean (a) vertically integrated water vapor transport (vector,
unit: kg m~! s7!) and (b) divergence of the water vapor transport (unit: 1073 kg m~2 s~!) between P2
and P1 (P2 minus P1). Light (dark) shadings in (a) and dots (meshes) in (b) denote where the anomalies
are significant at the 90% (95%) confidence level based on Student’s ¢-test. The green rectangle in (a,b)
refers to the domain of southern China.

The anomalous water vapor transport over southern China is closely associated with the large-scale
water vapor transport anomalies over the northern Pacific [19,38,48]. As shown in Figure 8a, there is
an anomalous large-scale anticyclone of water vapor transport over the northwestern Pacific and an
anomalous large-scale cyclone of water vapor transport over the subtropical western Pacific. Moreover,
there are significant anomalies of westward water vapor transport over the tropical Pacific, leading to
anomalous convergence of water vapor over the tropical western Pacific (Figure 8a). Due to water vapor
being mainly concentrated in the low-level troposphere, water vapor transport is mainly influenced
by low- to mid-level winds. Figure 8b shows the differences of 850-hPa winds between P2 and P1,
which show similar pattern to those of vertically integrated water vapor transport, characterized by
an anomalous anticyclone over the northwestern Pacific, an anomalous cyclone over the subtropical
western Pacific, and anomalous easterlies over the tropical Pacific. The differences of 500 hPa winds
between P2 and P1 (Figure 8c) show similarity to those of 850-hPa winds (Figure 8b), with a stronger
anomalous anticyclone over the northwestern Pacific. The meridional structure of the cyclone and
anticyclone over the western Pacific (Figure 8b,c) may be a Rossby wave response to the anomalous
convective heating over the tropical western Pacific [61]. As shown in Figure 9a, winds converge
over the tropical western Pacific and diverge over the tropical eastern Pacific at 850 hPa. By contrast,
winds diverge over the tropical western Pacific and converge over the tropical eastern Pacific at
200 hPa (Figure 9b). According to the principle of mass compensation, there will be anomalous
ascent motion in the troposphere over the tropical western Pacific and anomalous descent motion
in the troposphere over the tropical eastern Pacific, which is consistent with anomalies of 500 hPa
vertical velocity (Figure 9c), indicating that the Walker circulation was strengthened after the early
2000s. The strengthened convective heating over the tropical western Pacific, with anomalous water
vapor convergence and ascent motion in the overlying troposphere (Figures 8a and 9c¢), will excite
a Rossby wave characterized by an anomalous cyclone to the northwest of the convective heating
and an anomalous anticyclone over the northwestern Pacific due to the Rossby wave propagation
(Figure 8b,c) [61]. Furthermore, the strengthened ascent motion over the tropical western Pacific
diverges at 200 hPa and converges over southern China (Figure 9b), leading to anomalous descent
motion (Figure 9¢) and divergent winds at 850 hPa (Figure 9a) over southern China.
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Figure 8. The differences in the summer mean (a) vertically integrated water vapor transport (vector,
unit: kg m~! s71), (b) 850-hPa wind (vector, m s~1) and (c) 500-hPa wind (vector, m s~1) between P2
and P1 (P2 minus P1). Light (dark) shadings denote where the anomalies are significant at the 90%

(95%) confidence level based on Student’s t-test. The green rectangle in (a—c) refers to the domain of
southern China.
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Figure 9. The differences in the summer mean (a) divergent components of 850 hPa wind (vector, unit:
ms1), (b) divergent components of 200 hPa wind (vector, unit: m s71), and (c) 500 hPa vertical velocity
(unit: 1073 Pa s~1) between P2 and P1 (P2 minus P1). Light (dark) shadings in (a,b) and dots (meshes)
in (c) denote where the anomalies are significant at the 90% (95%) confidence level based on Student’s
t-test. The green rectangle in (a—c) refers to the domain of southern China.

The above results suggest that the Walker circulation over the tropical Pacific was strengthened
after the early 2000s, characterized by anomalous ascent (descent) motion over the tropical western
(eastern) Pacific and anomalous easterlies over the tropical Pacific. With anomalous ascent motion and
water vapor convergence, the convective heating over the tropical western Pacific was strengthened.
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As a Rossby wave response to the anomalous convective heating over the tropical western Pacific,
there was an anomalous cyclone over the tropical-subtropical western Pacific, and an anomalous
anticyclone over the northwestern Pacific due to the propagation of the Rossby wave, which leads to
anomalous divergence of water vapor and descent motion over southern China.

3.4. The Role Played by the Pacific Decadal Oscillation

The Walker circulation has a close connection with the tropical Pacific SST [62-64]. Sun et al. [48]
noted that the PDO modulates the large-scale east-west atmospheric circulation during summer over
the tropical Pacific. To further explore the potential influence of the Pacific SST, the differences of
SST between P2 and P1 are calculated. Figure 10a shows the differences of summer SST between P2
and P1, characterized by negative anomalies over the tropical eastern Pacific, and positive anomalies
over the tropical western Pacific and northern Pacific, which resemble the negative phase of the
PDO (Figure 10c). The differences of SST in other seasons (figure not shown) and annual mean SST
(Figure 10b) over the Pacific between P2 and P1 are similar to those of summer SST (Figure 10a) and
the negative phase of PDO (Figure 10d). Moreover, the time series of the 7-year running summer mean
of the PDO index shows a consistent interdecadal variation in the early 2000s, with a transition from
positive anomalies to negative anomalies (Figure 10e), which indicates that the PDO phase shifted
from a positive phase to a negative phase. The standardized time series of the 7-year running mean of
the summer mean PDO index and FEHE over southern China have a correlation coefficient of —-0.65,
significant at the 99% confidence level (Figure 10e). According to the above results, the shift in the PDO
phase may contribute to the interdecadal variation in the FEHE over southern China and atmospheric
circulation in the early 2000s. In the negative phase of the PDO, the negative anomalies of SST over
the tropical eastern Pacific (Figure 10a,c) will suppress the convection in the overlying troposphere
(Figure 9¢), and the positive anomalies over the SST over the tropical western Pacific (Figure 10a,c)
will strengthen the convection in the overlying troposphere (Figure 9c). Thus, the Walker circulation
over the tropical Pacific is strengthened. The anomalous convection over the tropical western Pacific
(Figure 9c) will lead to an anomalous cyclone (anticyclone) over the subtropical western Pacific (the
northwestern Pacific) (Figure 8b,c) by exciting a Rossby wave [61], leading to anomalous descent
motion (Figure 9¢) and divergence of water vapor over southern China (Figure 7a,b).

To further examine the role of the PDO phase shift in the recent decadal variation in the FEHE
over southern China and atmospheric circulation over the North Pacific, we conducted two numerical
experiments with different SST boundary conditions, using the CAM5 model. One numerical
experiment is a control experiment, the SST boundary in which is the climatic monthly mean SST.
The other experiment is a sensitivity experiment, the SST boundary in which is the doubled anomalous
SSTs associated with the negative phase of the PDO (65° S-65° N, 120° E-80° W) (Figure 10d: green
rectangle) added to the climatic monthly SST for all months. The differences of climate variables
in summer between the sensitivity experiment and the control experiment are shown in Figure 11.
Figure 11a,b show the differences of 850 hPa and 500 hPa winds between the sensitivity experiment and
the control experiment, characterized by an anomalous cyclone over the subtropical western Pacific
and an anomalous anticyclone over the northwestern Pacific. Although the location and magnitude of
the anomalous cyclone and anticyclone in the model results do not fit well with those in the reanalysis
results, the structure of an anomalous cyclone and an anomalous anticyclone over the western Pacific
is captured by the model, which is similar to that in the reanalysis results (Figure 8b,c). Furthermore,
the differences of vertical velocity at 500 hPa between the sensitivity experiment and the control
experiment show anomalous descent motion over the tropical eastern Pacific and anomalous ascent
motion over the tropical western Pacific (Figure 11c), indicating the strengthened Walker circulation,
which are consistent with the reanalysis results (Figure 9c). The differences of the divergent winds at
850 hPa and 200 hPa between the sensitive experiment and the control experiment (figure not shown)
are also consistent with the reanalysis results (Figure 9a,b), which are characterized by convergent
(divergent) winds at 850 hPa over the tropical western (eastern) Pacific and the opposite condition
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at 200 hPa, and further suggest that the Walker circulation is strengthened. The anomalous descent
motion over southern China is also captured by the model (Figures 9c and 11c), which favors the
warmer state over southern China (Figure 11d).
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Figure 10. The differences in (a) the summer mean sea surface temperature (SST, unit: °C) and (b) annual
mean SST (unit: °C) between P2 and P1 (P2 minus P1). (c) The anomalies of the summer mean SST
(unit: °C) regressed on the time series of the summer mean sign-reversed Pacific decadal oscillation
(PDO) index. (d) The anomalies of the annual mean SST (unit: °C) regressed on the time series of the
annual mean sign-reversed PDO index. (e) The standardized time series of the 7-year running mean of
the summer mean PDO index (blue) and regional FEHE over southern China (red). Dots and meshes
in (a—d) denote where the anomalies are significant at the 90% and 95% confidence levels based on
Student’s ¢ test, respectively. The green rectangle in (d) refers to the area, the SST anomalies in which
are used in the CAMS5 (Version 5 of the Community Atmospheric Model) sensitivity experiment.
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Figure 11. The differences in the summer mean (a) 850 hPa wind (m s71), (b) 500 hPa wind (m s™1),
(c) 500 hPa vertical velocity (1073 Pa s71), and (d) surface temperature (°C) between the sensitivity
experiment and the control experiment of the CAMS5 model (sensitivity minus control). Light (dark)
shadings in (a,b) and dots (meshes) in (c,d) denote where the anomalies are significant at the 90%
(95%) confidence level based on Student’s ¢-test. The green rectangle in (a—d) refers to the domain of
southern China.

The above results further indicate that the PDO phase shift in the early 2000s plays an important
role in the recent interdecadal variation in the FEHE over southern China and atmospheric circulation
over the North Pacific. Under the modulation of the negative PDO phase, there are positive (negative)
anomalies of SST over the tropical western (eastern) Pacific, inducing anomalous ascent (descent)
motion in the overlying troposphere. Hence, the Walker circulation over the tropical Pacific is
strengthened. Furthermore, the anomalous convection over the tropical western Pacific further leads
to an anomalous cyclone over the subtropical western Pacific and an anomalous anticyclone over the
northwestern Pacific by exciting a Rossby wave, which results in the anomalous divergence of water
vapor and descent motion over southern China.

4. Discussion

Some studies have noted there is a connection between summer SST over the tropical Indian Ocean
and cyclone (anticyclone) over the tropical-subtropical western Pacific; additionally, the warming SST
in the tropical Indian Ocean can induce anomalous easterlies in the low—mid troposphere over the
tropical eastern Indian Ocean and tropical western Pacific that are accompanied by an anomalous
anticyclone over the tropical-subtropical western Pacific via emanating a Kelvin wave [33,34,65,66].
In the study, there was anomalous SST warming over the tropical Indian Ocean after the early 2000s
(Figure 10a,b). However, there were anomalous westerlies over the tropical western Pacific, with an
anomalous cyclone over the subtropical western Pacific (Figure 8b,c), rather than anomalous easterlies
over the tropical western Pacific, with an anomalous anticyclone over the subtropical western Pacific,
which means that the warming SST in the tropical Indian Ocean plays a less important role in the
recent interdecadal variation of the atmospheric circulation over the tropical-subtropical Pacific and
may be related to the warming SST mainly occurring in the southwest of the tropical Indian Ocean
(Figure 10a,b) [66,67].

As shown in Figure 10e, the PDO underwent an interdecadal variation in the end of 1970s, while
the FEHE over southern China did not. The above inconsistence with the interdecadal variation in the
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early 2000s may be related to that the interdecadal variation of atmospheric circulation in the end of
1970s is quite different from that in the early 2000s (figure not shown). Previous studies showed the
interdecadal variation of atmospheric circulation in the end of 1970s was influenced by several factors
such as the Indian Ocean-western Pacific (IWP) warming and Tibetan snow cover [68-70], which may
be responsible for the difference between the interdecadal variation of atmospheric circulation in the
end of 1970s and that in the early 2000s. The study focuses on the interdecadal variation of FEHE over
southern China and the role of the PDO in this interdecadal variation. It is worth noting that the PDO
is a significant low—frequency oscillation in the Pacific basin, which has important influence on the
global climate [71-73]. For example, Hartmann and Wendler [74], and Bieniek and Walsh [75] pointed
that the low—frequency variability of temperature extremes in Alaska is attributed to the PDO, and that
in the positive phase of PDO, there were positive anomalies of sea level pressure over Alaska, which
are favorable for the occurrence of extreme-high temperature events.

In this study, the analysis for anomalous atmospheric circulation associated with EHEs over
southern China is based on one reanalysis dataset (NCEP/NCAR), which is the limitation of the study.
It is meaningful to compare the results of different datasets to ensure the robustness of results, which will
be conducted in the future study.

5. Conclusions

The FEHE in southern China underwent an interdecadal variation in the early 2000s, characterized
by a relatively small FEHE during 1991-2000 and a relatively large FEHE during 2003-2018. At the
synoptic time scale, the occurrence of extreme high—temperature events (EHEs) over southern China is
mainly influenced by increased downward surface net shortwave radiation, which is induced by the
cloud—forced radiation anomalies associated with reduced cloud. The reduced cloud is attributed to
anomalous descent motion and decreased water vapor content in the troposphere over southern China.

Compared to the situation during 1991-2000, anomalous atmospheric descent motion and
decreased atmospheric water vapor content occurred over southern China in summer during 2003-2018,
providing a more favorable climatic condition for EHEs. This interdecadal variation of atmospheric
circulation over southern China was connected with the large-scale atmospheric circulation anomalies
over the North Pacific. After 2003, the Walker circulation over the tropical Pacific was strengthened.
The strengthened convection over the tropical western Pacific led to an anomalous cyclone over the
subtropical Pacific and an anomalous anticyclone over the northwestern Pacific by exciting a Rossby
wave, which led to the anomalous divergence of water vapor over southern China. Furthermore,
the anomalous ascent motion over the tropical western Pacific induced anomalous divergent winds
in the upper troposphere over the tropical western Pacific, which converged over southern China,
and induced anomalous convergent winds in the upper troposphere over southern China and descent
motion. The statistical results and numerical simulations suggest that the Pacific decadal oscillation is
an important driver for the above interdecadal variation, which shifted from a positive phase towards
a negative phase after 2003. Under the modulation of the negative phase of PDO, there were positive
anomalies of SST over the tropical western Pacific and negative anomalies of SST over the tropical
eastern Pacific, inducing the strengthened Walker circulation over the tropical Pacific and anomalous
atmospheric descent motion as well as water vapor divergence over Southern China.
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