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Abstract

We investigate a record-breaking heat wave in southern China (SC) and explore its association with the South China Sea
(SCS) summer monsoon (SCSSM), using station observations and various reanalysis products. This heat wave event started
in mid-May 2018 and persisted more than 15 days, when the maximum air temperature anomaly exceeded 6 °C. Meanwhile,
the onset of the SCSSM was extremely late in 2018, primarily due to the intrusion of easterly winds over the SCS. We show
that the anomalous easterlies over the SCS associated with the delayed SCSSM could block the moisture transport from the
tropical oceans to SC, which led to decreased rainfall, increased surface radiation, and elevated probability of heat wave in
SC during May 2018. Further analysis reveals that both SC heat waves and SCSSM were significantly affected by the Pacific
subtropical high (PSH). The westward extension of the PSH can hinder the establishment of SCSSM via inducing easterly
anomalies over the SCS, which reduces SC rainfall and results in a drier surface condition. Moreover, the westward dis-
placement of the PSH may cause anomalously high pressures, descending air motions, and divergent winds over SC, which
triggers above-normal air temperatures that are conducive to the occurrences of SC heat waves. This study also underlines
the importance of Eurasian planetary wave trains in bridging the upstream climate variability and the changes in PSH during

boreal spring, which could be used to improve the intra-seasonal predictions of SC heat wave and SCSSM onset.
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1 Introduction

Heat wave, one of the most devastating weather disasters
in the changing climate, is believed to have great impacts
on ecosystem and human society (Meehl and Tebaldi 2004;
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Coumou and Rahmstorf 2012; Deng et al. 2018a). Southern
China (SC) experienced an exceptionally strong heat wave
during May 2018, when 52 counties of Guangdong Prov-
ince reported record-breaking air temperatures ranging from
33.1 to 38.7 °C, including eight consecutive days when the
maximum temperatures exceeded 35 °C (Wang et al. 2018;
Zhang et al. 2019). Although the increased frequency and
strengthened intensity of SC heat waves have attracted more
and more attention from climate research community (Sun
et al. 2011; Wang et al. 2013; Chen et al. 2018), most of
these studies focused on summer season. In contrast, the
spatiotemporal evolution and physical mechanisms associ-
ated with SC heat waves in the boreal spring are not well
understood.

Coinciding with the SC heat wave in late-spring 2018,
the onset of the South China Sea (SCS) summer monsoon
(SCSSM) was found to be long delayed in that year (Zhang
and He 2018; Liu and Zhu 2019). The onset of the SCSSM
is characterized by an abrupt wind transition from easter-
lies to westerlies and by a burst of deep convection over
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the central SCS (Kajikawa and Wang 2012). Climatologi-
cally the onset of SCSSM builds up in pentad 28, and the
latest onset of the monsoon appears in pentad 34 (Wang
et al. 2004). In 2018, the onset of SCSSM was established
significantly late, in pentad 31 (early June).

The SC heat wave during spring 2018 started to disap-
pear following the establishment of the 2018 SCSSM, which
motivated us to study whether the occurrence of SC heat
wave was related to the changes in SCSSM onset. Normally,
the outbreak of the SCSSM marks the beginning of pre-
summer rainy season, which brings plenty of wet and warm
air from the tropical oceans to East Asia, triggers vigorous
rainfall, and deceases insolation in SC during May (Ding
et al. 2004). Inversely, an extremely delayed onset of the
SCSSM may substantially weaken the transport of water
vapor from the SCS to SC during May, leading to reduced
rainfall, increased incoming radiation, and drier surface
environment in SC (Wang et al. 2004; Kajikawa and Wang
2012; Li et al. 2016). In other words, an early-onset SCSSM
may suppress the emergence of SC heat wave due to the
rainy weather, while a delayed-onset SCSSM tends to pro-
vide a favorable surface environment for the breeding of SC
heat wave. Thus, understanding the change in SCSSM onset
and its correlation with SC heat wave is helpful to improve
the predictions for SC extreme weather events. Therefore,
a comprehensive examination on the statistical relationship
and physical attribution associated with SC heat wave and
SCSSM is needed.

In addition to understanding the linkage between SC heat
wave and SCSSM, it is also important to understand the
external drivers that modulate the relationship between SC
heat wave and SCSSM. One of the most prominent factors
involved may be the Pacific subtropical high (PSH), which
was found to experience significantly westward extension
during spring 2018 (Deng et al. 2018b, 2019a). The west-
ward displacement of the PSH, on the one hand, leads to
anomalously high pressure over East Asia, which may con-
siderably increase the frequency and total days of heat waves
in SC (Sun et al. 2011; Wang et al. 2013; Luo and Lau 2018).
On the other hand, the westward movement of the PSH can
result in strengthened anticyclone over the SCS, suppress-
ing the convective activity over the SCS and prohibiting the
onset of the SCSSM. Zhou et al. (2009) indicated that the
PSH stretched continuously westward since the late 1970
s, partly due to the atmosphere’s response to the observed
Indian Ocean—western Pacific warming. In addition, Liu and
Zhu (2019) suggested that the westward extension of the
PSH be linked to mid-latitude planetary wave train. There-
fore, it is of great interest to explore the external drivers
responsible for the westward shift of the PSH and to under-
stand how the change in PSH location influences SC heat
wave and SCSSM onset.
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This paper is organized as follows. In Sect. 2, we describe
data sets and methods. In Sect. 3, we show the spatiotem-
poral features of SC heat wave and SCSSM during 2018. In
Sect. 4, we explore the local and remote physical processes
related to SC heat wave and SCSSM. Finally, a summary is
given in Sect. 5.

2 Data and methods
2.1 Data sets

The daily 2 m maximum air temperature (Tmax) and pre-
cipitation data are collected from 86 weather stations within
Guangdong Province (see Fig. 1), for the period from 01 Jan
1951 to 30 Sep 2018. The station data are provided by the
Guangzhou Institute of Tropical and Marine Meteorology,
China Meteorological Administration. We applied some con-
ventional quality-control procedures, including checks for
climatology, station, and regional outliers, to improve the
data quality. For convenience, we mapped the station data
to 0.1° x 0.1° grid using the Cressman interpolation before
computing and plotting.

To investigate the variations of large-scale atmospheric
circulation and meteorological variables and their associa-
tions with SC heat wave and SCSSM onset, we also use the
data sets of the ECMWF ERA-Interim (Dee et al. 2011) and
NCEP-NCAR Reanalysis (Kalnay et al. 1996). The daily
surface variables from the ERA-Interim include Tmax, net
solar radiation, net thermal radiation, latent heat, and sen-
sible heat, with a horizontal resolution of 1° X 1° during
01 January 1979 to present. For the surface radiation and
heat fluxes, a positive (negative) value means downward
(upward) flux that the surface obtains (losses) energy. The
variables from the NCEP-NCAR Reanalysis include hori-
zontal wind, geopotential height, and specific humidity at
multiple pressure levels, with a horizontal resolution of 2.5°
X 2.5° during January 1948 to present. The monthly anoma-
lies of surface temperature are obtained from the NOAA/
OAR/ESRL PSD, Boulder, Colorado, USA, via their website
at https://www.esrl.noaa.gov/psd/, with a horizontal resolu-
tion of 2° X 2° from January 1880 to present. The monthly
Extended Reconstructed Sea Surface Temperature Version
4 (ERSSTv4; Huang et al. 2015), which is derived from the
International Comprehensive Ocean—Atmosphere Dataset,
has a resolution of 2° X 2° and covers the period of 1854
to present.

2.2 Measurements of heat wave, SCSSM, and PSH

The intensity of heat wave can be measured by the tem-
perature anomalies above the climatological and/or per-
centile-based threshold. The percentile threshold of T,
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Fig. 1 Spatial patterns of maximum 2 m air temperature (T,,,,) anomalies (°C) during 12-31 May 2018 after removing daily climatology (1951—
2018). Blue dots in the first panel indicate 86 meteorological stations within Guangdong Province

on a specific date is determined by the 90th percentile of
Tmax for a total of 476 days (68 X 7, the seven days cor-
responding to three days on either side of the target date)
for the 68 years from 1951 to 2018 (Deng et al. 2019b). By
moving the 7-day sampling window forward or backward,
we can acquire consecutive threshold for each day.

We use a simple yet effective index to depict the onset
of the SCSSM, which was proposed by Wang et al. (2004):

Uscssu = Usso(5° N —15° N, 110° E — 120° E)

where Ugs, indicates the 850-hPa zonal wind averaged
over the central SCS (110°-120° E, 5°-15° N). This onset
index can represent not only the sudden establishment of the
tropical southwesterly monsoon over the SCS, but also the
outbreak of the rainy season in the central-northern SCS.
A common way to describe the west-east movement of the
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PSH is based on the longitude of the west end of a specific
contour over the western Pacific (Yang and Sun 2005; Yang
et al. 2017). Following this method, we computed the zonal
location index of the PSH in May of 1951-2018, using the
longitude of the west edge of 1500 gpm contour at 850 hPa.
Note that although the 500-hPa geopotential height has been
widely used to identify the PSH, the western extent of the
PSH at 850 hPa exhibits great interannual variability (Lu
2002). Moreover, we examined several other contours at 850
hPa using slightly different geopotential height values, and
obtained very similar index time series, suggesting that the
zonal location index for the PSH using such a method be
relatively robust. A smaller value of the PSH index means
that the PSH extends more westward, and vice versa.

Other methods used in this study include diagnostic anal-
ysis on wave activity flux (Takaya and Nakamura 2001),
composite differences, and linear regression/correlation.
The statistical significances of the composite and correla-
tion results are tested by the Student’s 7 test.

3 Spatiotemporal features of SC heat wave
and SCSSM

3.1 Arecord-breaking heat wave in SC during May
2018

We first present the evolution of daily Tmax anomalies
during May 2018. As seen from Fig. 1, abnormally high
air temperatures were observed over the entire Guangdong
Province, which started in mid-May 2018 and sustained until
early-June. The anomalously high air temperatures mainly
existed in eastern and northern regions of the province,
with a maximum air temperature anomaly of 6 °C above
the climatology. Note that Guangdong Province is the most
densely populated and economically advanced province in
China, and thereby an extreme heat wave over the region
could lead to more severe ecological impacts and larger eco-
nomic losses.

Figure 2a displays the time series of Tmax averaged
over the 86 stations for different years, its daily climatol-
ogy, and corresponding 90th-percentile threshold. We can
see that the Tmax increased rapidly during 10-15 May of
2018, while the climatological and 90th-percentile thresh-
olds varied much more slowly in the same period. From
mid-May to early-June 2018, an extreme heat wave can
be identified through both climatological and 90th -per-
centile thresholds, when the Tmax was as high as 34 °C
and exceeded the threshold for more than half a month.
Figure 2b presents the year-to-year variation of monthly
Tmax in May of 1951-2018. Overall, the monthly mean
Tmax shows a slowly increasing trend since 1980, which
might be associated with the anthropogenic warming in
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Fig.2 aT,,, averaged over the 86 stations of each year (grey curves),
daily climatology (black), daily 90th-percentile threshold (blue), and
2018 (red). b Time series of monthly Tmax averaged over the 86 sta-
tions in May of 1951-2018. ¢ Probability density function (PDF) of
Tmax in May of 1951-2017 (grey) and of 2018 alone (red)

recent decades. More interestingly, the Tmax in May 2018
was unprecedentedly large compared to those over the
past half a century, suggesting unusually hot May in SC.
Figure 2c shows the probability density function (PDF)
of daily Tmax during May, which is used to estimate the
likelihood of Tmax above specific temperatures. We find
that the mean Tmax shifted from 30 °C during 1951-2017
to 34 °C in 2018. During 1951-2017, the probability of
Tmax above 34 °C was nearly zero. However, During May
2018, the probability of Tmax exceeding 34 °C reached
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50%, implying that the probability of SC heat wave during
May 2018 increased substantially.

3.2 Delayed onset of SCSSM

Figure 3 presents the meteorological variables associated
with the SCSSM. The onset date of the SCSSM is deter-
mined by the day when zonal winds over the central SCS
shift from easterlies to westerlies and last for more than three
consecutive days. As seen from Fig. 3a, the onset of the
SCSSM occurs on 15 May on average. Nevertheless, in 2018
the onset appeared in early-June, about three pentads later
than the climatology. Accompanied with a delayed-onset of
the SCSSM, the rainfall over Guangdong Province changed
a lot during May and June 2018. As shown in Fig. 3b, both
the rainfall amount and rainfall frequency over Guangdong
Province increased considerably since 1 June 2018, com-
pared to those in climatology. However, as seen from Fig. 3c,
the rainfall in SC during May 2018 was significantly less
than normal because of the delayed onset of the SCSSM.
Figure 4a, b depict the time-latitude distributions of 850-
hPa horizontal winds and specific humidity in climatology
and in 2018, respectively, averaged along the longitude belt
of 110°-120° E (consistent with the SCSSM definition).
In climatology, easterly winds prevail over the SCS before
mid-May, which shift to westerlies rapidly after 15 May and
transport a large amount of water vapor from the SCS to
coastal regions of China. In 2018, the atmospheric circu-
lation pattern was quite different. Throughout May 2018,
the SCS was overwhelmingly controlled by easterly winds,
which started to turn into westerlies in early-June 2018,
when a lot of moisture converged over the northern SCS and
SC, which could trigger heavy rainfall events in Guangdong
Province during early-June 2018. Figure 4c shows the dif-
ferences of 850-hPa horizontal winds and specific humidity
between 2018 and climatology, where abnormally easterly
winds appeared over 0°-20° N during all the time of May,
which effectively hindered the moisture transport from the
tropical oceans to SC, leading to a dry environment over
the central SCS (0°-10° N) during 1-10 May and over the
northern SCS and SC (10°-25° N) during 10-30 May.
Figure 4d—f display the horizontal patterns of 850-hPa
winds and specific humidity averaged over 15-31 May. In
climatology, strong westerly and southwesterly winds exist
over Southeast Asia and the SCS, which brings abundant
moisture from the Indian Ocean and the SCS to SC. In
2018, however, an array of easterly winds intruded into
the central SCS (Fig. 4e), which acted as a natural barrier
that cut off the moisture transport from the tropical oceans
to SC, leading to an evident “wet hole” over the northern
SCS and SC. The difference map (Fig. 4f) more clearly
shows that anomalously easterly winds intruded into the
SCS and even into the eastern Indian Ocean during late
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Fig. 3 a Index of South China Sea (SCS) summer monsoon (SCSSM;
m/s) in 2018 (red) and in climatology (black). b Evolutions of daily
rainfall (mm/day) averaged over the 86 stations in 2018 (blue) and
in climatology (black). ¢ Anomalies of rainfall in May 2018 after
removing the climatology
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b 2018, and ¢ differences (2018 minus climatology). d—f Similar to a—c, except for the horizontal patterns averaged during 15-31 May 2018

half of May 2018. Meanwhile, anomalously westerly
winds appeared over eastern China. The anomalous winds
shown in Fig. 4f were actually featured by an anticyclonic
anomaly, under which the humidity over the northern SCS
and SC decreased apparently so that a dry and hot weather
over these regions became more likely. The anomalously
dry surface in SC during May 2018 provided a favorable
surface environment for SC heat wave.
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4 Mechanisms related to local and remote
forcing

From the above analysis, we learn that the anomalous
anticyclone over the SCS and SC played a crucial role
in triggering SC extreme heat wave and delaying the
onset of the SCSSM. In this section, we discuss the local
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radiation budget and energy conversion associated with SC
heat wave. We also try to explain the physical mechanism
related to the westward shift of the PSH during May 2018,
mainly focusing on the forcing from mid-latitude planetary
wave train.

4.1 Local radiation budget and heat conversion

Figure 5 shows the anomalies of surface net solar (short-
wave) radiation and surface net thermal (longwave) radia-
tion over the SCS and SC during May 2018. The net solar
radiation increased consistently in the northern SCS and
SC during May 2018 (Fig. 5a), implying that SC obtained
more shortwave radiation due to the reduced rainfall and
decreased cloud cover under the control of the anomalous
anticyclone. Moreover, SC surface emitted more longwave
radiation during May 2018 (Fig. 5b) than the climatology,
because of the anomalous anticyclone and resultant clear
skies over SC. A combination of surface net solar radiation
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and net thermal radiation yields the surface net radiation.
As indicated by Fig. 5c, SC generally had surplus of surface
net radiation during May 2018, where the largest change in
net radiation could exceed 50 W/m?. Figure 5d presents the
daily variations of surface net radiation and Tmax, where
the change of net surface radiation matched very well with
the change in SC air temperature, suggesting that the gain of
surface net radiation be a critical driver for the air tempera-
ture and thus SC heat wave.

The surface net radiation could enter the atmosphere
through latent and sensible heat fluxes. As shown in Fig. 6a,
negative (positive) surface latent heat anomalies were found
over SC (the ocean) during May 2018, indicating that there
was more (less) latent heat released into the atmosphere due
to the longer (shorter) insolation and increased (decreased)
evaporation over SC (the ocean). Figure 6b illustrates that
there was more sensible heat entering the atmosphere dur-
ing May 2018 than in the climatology, especially in eastern
Guangdong Province. The daily variations of the latent and

(b) Anomaly of STR in May 2018
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Fig.5 Anomalies of a surface net solar (shortwave) radiation flux (SSR; w/m?), b surface net thermal (longwave) radiation flux (STR; w/m?),
and ¢ surface net radiation flux (w/m?) that is the sum of SSR and STR. d Anomalies of averaged T,,,, and surface net radiation flux
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sensible heat fluxes and their relationships with surface net
radiation are shown in Fig. 6¢, where the changes in net sur-
face radiation and surface latent/sensible heat fluxes are out
of phase during May 2018, which actually reflects a robust
energy conversion from net radiation energy to surface heat
fluxes. In addition, Fig. 6d shows a quantitative analysis on
the energy conversion between surface net radiation and sur-
face heat fluxes. The monthly mean net surface radiation flux
over SC was nearly 43 W/m? in May 2018, where 15 W/m?
was converted to the surface latent heat via evaporation and
7 W/m? was released into the atmosphere via near-surface
turbulences. Overall, there was 50% of the net radiation flux
being converted to the surface heat fluxes, which were finally
transformed to the energy fueling SC air temperatures in
favor of the heat waves.

4.2 Physical processes associated with atmospheric
teleconnection

Figure 7a, b show the geopotential height at 850 and 500

hPa, respectively, during May. Compared to the climatol-
ogy, the contour of 1500 gpm during May 2018 covered
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Guangdong Province completely, indicating that the PSH
experienced a strong westward extension. At 500 hPa,
the westward displacement of the PSH was more promi-
nent, when the subtropical high encompassed almost the
whole SCS, with a high-pressure center over SC and its
surrounding regions. Thereby, the anomalous anticyclone
and resultant easterly intrusion over the SCS during May
2018 could be intimately associated with the westward
extension of the PSH.

Why did the PSH extend westward during May 2018?
To answer this question, we survey the global atmospheric
circulation anomalies. As shown in Fig. 8a, the westward
extension of the PSH during May 2018 was linked to
anomalous planetary wave trains in mid-latitude regions,
which might appear initially over the North Atlantic and
propagated eastward, leading to anomalous high pressures
over East Asia and the North Pacific. The anomalous plan-
etary wave trains exhibited a barotropic structure (Fig. 8b,
¢), with wavenumbers 4 and 5, which fluctuated between
500 and 200 hPa. The mid-latitude wave trains mentioned
above are similar to the circum-global teleconnection,
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which is believed as an intrinsic variability in the atmos-  with respect to the early- and late-onset years of the SCSSM.
phere (Ding et al. 2005; Ding and Wang 2007). Figure 9a presents the onset pentads of the SCSSM dur-

The above results are for the 2018 case. To examine  ing 1951-2018, where the onset date is characterized by a
whether the relationships among SC heat wave, SCSSM,  large interannual variability. We selected 8 early-onset years
and the PSH are robust, we conduct a composite analysis (1951, 1966, 1972, 1994, 1996, 2001, 2008, and 2011) when
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the SCSSM was established in the 26th pentad or earlier, and
12 late-onset years (1954, 1956, 1963, 1970, 1971, 1973,
1982, 1987, 1989, 1991, 2014, and 2018) when the onset
occurred in the 31st pentad or later.

Figure 9b displays the probability density function of SC
Tmax in May with respective to the early- and late-onset
years of the SCSSM. During the early-onset years, the range
of SC T, 1s about 20-35 °C, where the probability of
Tmax exceeding 35 °C was approximately zero. During the
late-onset years, however, the range of SC T, ,, is apparently
wider, spanning between 15 and 40 °C. The probability of
SC T,,,x above 35 °C is as high as 5% during the lat-onset
years, indicating an enormous increase in the chance of SC
heat wave. It is interesting that the variance of SC T, dur-
ing the late-onset years is obviously bigger than that in the
early-onset years, while the changes in mean temperature
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is relatively small between the two periods. In other words,
compared to the change in mean air temperature, the delayed
SCSSM is more likely to increase the probability of SC heat
wave through amplifying the temperature variance in SC.
Figure 9c displays the differences of 850-hPa geopotential
height with respective to the late- and early-onset years of
the SCSSM. As can be seen the anomalously low pressure
appeared over central and northern China and anomalously
high pressure existed over SC and the coastal seas. It should
be emphasized that SC is located just in the transition zone
between high- and low-pressure anomaly centers, where the
surface pressure gradient is the biggest. Thus, the climate
and weathers in such region is quite unstable, and any dis-
turbances such as temperature fluctuation will be amplified.
This may partly explain why the SC temperature has a rela-
tively larger variance during the years of delayed SCSSM.
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Fig.9 a Onset pentads of SCSSM during 1951-2018. The blue mark-
ers indicate early-onset years, while the red markers denote the late-
onset years. b Probability density function (%) of daily Tmax in SC
in May for early-onset (grey) and late-onset (red) years. ¢ Compos-
ite differences of H850 between late and early onset years of SCSSM
(late minus early). Crosses indicate that the anomalies exceeding the
95% confidence level
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The statistical relationship between SCSSM onset and
the PSH is examined using regression/correlation analysis.
As shown in Fig. 10a, negative correlation exists between
SCSSM onset and the zonal displacement of the PSH,
with a correlation coefficient of — 0.47 for the period of
1951-2018, exceeding the 99% confidence level. That is,
the westward extension (eastward retreat) of the PSH cor-
responds to a late onset (early onset) of the SCSSM, which
is consistent with the above analysis. Figure 10b, ¢ display
the spatial pattern of correlations between H850/surface air
temperature and the PSH index, where the westward shift
of the PSH is significantly correlated with strengthened
pressure and high air temperatures over the northern SCS
and SC. The correlation results indicate that the westward
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displacement of the PSH would intensify the pressure over
the northern SCS and SC and promote an intrusion of east-
erly winds over the central SCS, which directly lead to the
delayed onset of the SCSSM and higher probability of SC
heat wave.

Finally, Fig. 11 shows the lag regressions of H500 and
SST onto the SCSSM onset index, from which we can
explore the global climate variability associated with the
SCSSM. From the regressed patterns of atmospheric circu-
lation, we can see that the most obvious signals appear over
the mid-latitude regions, where anomalous planetary wave
trains are observed over the North Atlantic and Eurasia, rem-
iniscent of the so-called circum-global teleconnection. More
importantly, the anomalous wave trains over the upstream
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Fig. 11 a Lag regressions of H500 (left) and SST (right) onto the SCSSM onset index. Stippling indicates that the anomalies exceeding the 95%

confidence level
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exist not only in the simultaneous regression but also in the
lag regressions. Starting from March, anomalous high pres-
sure is found over East Asia, which is linked to alternative
high- and low-pressure centers over the upstream regions.
The location and intensity of the wave trains change slightly
in April due to the evolution in mean basic state. In May, the
anomalous wave trains become more prominent, with low-
pressure anomalies appearing over Greenland and Central
Asia, while high-pressure anomalies occur over Europe and
East Asia, causing the westward extension of the PSH and
delayed SCSSM. Compared to the atmospheric circulation,
the SST anomalies (SSTAs) related to the SCSSM seem to
be less significant. In the tropical regions, positive SSTAs
are primarily found around the Maritime Continent, as dis-
cussed previously (Zhou et al. 2009), where the warm SSTAs
may enhance the warm pool convection and hinder the estab-
lishment of the SCSSM by inducing descending motions
over the off-equator regions. In the extratropics, significant
SSTAs appear in the North Pacific and North Atlantic, which
are more likely the responses to the atmosphere rather than
drivers, given that the mid-latitude SST during boreal spring
is insufficient to trigger deep convection. Therefore, the mid-
latitude atmospheric planetary wave trains, which could be
an intrinsic variability of the atmosphere, play a critical role
in linking the upstream climate variability to the changes in
PSH, SCSSM onset, and SC heat wave.

5 Summary

In this study, we investigate a record-breaking heat wave in
SC, and explore their relationships with delayed onset of the
SCSSM and the westward shift of the PSH. We show that
the delayed onset of SCSSM could block the transport of
water vapor from tropical oceans to SC, leading to decreased
rainfall, longer insolation, and drier surface condition over
SC, favoring the occurrence of SC heat wave.

Both SC heat wave and the delayed onset of the SCSSM
are significantly affected by the westward extension of the
PSH. The correlation coefficient between SCSSM onset and
the PSH index is — 0.47 during 1951-2018, indicating that
the westward extension (eastward retreat) of the PSH is sig-
nificantly correlated with a delayed onset (early onset) of
the SCSSM. The westward displacement of the PSH would
intensify and promote the intrusion of easterly winds over
the central SCS, leading to the delayed onset of the SCSSM.
Moreover, an anomalous anticyclone appeared over the
northern SCS and SC in 2018 due to the delayed onset of
the SCSSM and the westward extension of the PSH. As a
result, SC obtained increased surface net radiation, which
was released into the atmosphere via surface latent and sen-
sible heat fluxes.

Finally, we illustrate that the delayed onset of the SCSSM
and the westward extension of the PSH are significantly cor-
related with mid-latitude planetary wave trains. Based on the
lag regression analysis, we reveal that the planetary wave
train exhibited prominent intra-seasonal variability, which
could be used to improve the seasonal prediction for East
Asian climate and weathers during the boreal spring.
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