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Abstract

In this study, a significant interdecadal change in the South China Sea (SCS) summer monsoon (SCSSM) withdrawal, which
occurred around the mid-2000s, is revealed using NCEP-DOE reanalysis, CMAP rainfall, and OLR data. The withdrawal of
the SCSSM occurred much later (about 2 weeks) after the mid-2000s. The westerlies and rainfall are stronger around the SCS
during the period after the mid-2000s compared to those that occurred before the mid-2000s, which is consistent with the
delayed SCSSM withdrawal. The robust and significant increases in rainfall and convection around the SCS and Philippine
Sea are dynamically associated with the appearance of an anomalous low-level cyclone around the northern SCS, and the
anomalous westerlies at approximately 10°N extend eastward from the Indo-China Peninsula to the western North Pacific
(WNP). Anomalous mid-level ascending motion and upper-level divergence were also observed around the Philippine Sea,
together with anomalous descending motion and upper-level convergence over the equatorial eastern Indian Ocean. Corre-
spondingly, an anomalous zonal circulation formed between the WNP (upward motion) and eastern Indian Ocean (downward
motion). Further analysis indicates that the increasing number and frequent visits to the SCS by the tropical cyclones and
enhanced quasi-biweekly oscillation activities may both contribute to the delayed SCSSM withdrawal around the mid-2000s.

Keywords South China Sea - Summer monsoon withdrawal - Interdecadal change - Tropical cyclones - Intraseasonal
oscillations

1 Introduction

The East Asian monsoon system has exhibited significant
interdecadal changes during the past half century (e.g., Wang
et al. 2009; Zhu et al. 2011; Ding et al. 2008, 2009, 2015;
Zhang 2015; Turner and Wang 2016; Zhou et al. 2016; Li
et al. 2017b; Huang et al. 2012, 2013, 2017). For example,
the strength of the East Asian winter monsoon (EAWM) has
re-amplified since the mid-2000s, which may partly result
from changes in Arctic sea ice and Ural Mountain blocking
activity (Wang and Chen 2014; Wang and Lu 2016). Ding
et al. (2014) further investigated changes in the atmospheric
circulation, temperature and cold surge activity associated
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with the interdecadal shift in the EAWM intensity around
the mid-2000s. In addition to the winter, the summer rain-
fall over southern China experienced a significant increase
around 1992/93 (Ding et al. 2008, 2009; Liu et al. 2011),
which is likely due to the warming of the equatorial Indian
Ocean (Wu et al. 2010) and changes in the tropical cyclone
(TC) activity over the South China Sea (SCS) (Kwon et al.
2007; Chen et al. 2012, 2017; Li and Zhou 2014, 2015).
Meanwhile, the extreme rainfall and soil moisture over
southern China also underwent an interdecadal increase
(Yao et al. 2008; Ning and Qian 2009).

In addition, the early-to-mid 1990s witnessed a robust
interdecadal shift in the East Asian summer monsoon
(EASM). For example, the leading-mode of summer precipi-
tation over East Asia and the western North Pacific (WNP)
was mainly associated with El Nifio-Southern Oscillation
(ENSO) prior to 1993/94, whereas it was closely linked
to the WNP summer monsoon after the mid-1990s (Kwon
et al. 2005; Lee et al. 2014a; Yim et al. 2008). Changes in
the WNP subtropical high (WNPSH), which serves as the
mediator between ENSO and EASM, may partly explain
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the changing ENSO-EASM relationship (Park et al. 2010).
The mid-1990s interdecadal change can also be captured by
several monsoon subsystems. The delayed withdrawal of the
second Changma has led to a longer summer rainy period
over the Korean Peninsula (Lee et al. 2017). The interan-
nual variability of the summertime upper-level westerly jet
over subtropical East Asia was significantly weakened after
the mid-1990s (Lu et al. 2011). Some studies have reported
that the South China Sea summer monsoon (SCSSM) also
undergoes significant interdecadal changes around the mid-
1990s (Wang et al. 2009; Ha et al. 2014; Choi et al. 2017),
and the peak periods of intraseasonal oscillations (ISOs)
over the SCS have shifted from approximately 64 days to 42
days (Kajikawa et al. 2009).

In addition to the abovementioned interdecadal changes
in monsoon activities during winter and summer, the transi-
tion seasons and monsoon timing also underwent significant
interdecadal shifts. The onset of the SCSSM, which heralds
the onset of the EASM (Lau and Yang 1997; Wang et al.
2004), was significantly advanced for about 2 weeks after
the mid-1990s (Kajikawa et al. 2012; Kajikawa and Wang
2012; Yuan and Chen 2013; Feng and Hu 2014; Chen 2015;
Wang and Kajikawa 2015). Northwestward moving tropi-
cal convection and disturbances (such as ISOs and TCs),
which originated from the WNP, are suggested to be partly
responsible for the interdecadal change in the SCSSM onset
(Kajikawa and Wang 2012; Yuan and Chen 2013). Several
studies have also reported the important role of the sea sur-
face temperature (SST) decadal warming around the Philip-
pine Sea during this advanced SCSSM onset (Kajikawa and
Wang 2012; Xiang and Wang 2013; Yuan and Chen 2013).
The advanced SCSSM onset may not be a local phenom-
enon, since the monsoon onset from the Bay of Bengal to
the Philippine Sea also tends to start earlier (Yu et al. 2012;
Kajikawa and Wang 2012; Kajikawa et al. 2012). Based on
model simulations, Xiang and Wang (2013) indicated that
the interdecadal advance of the Asian summer monsoon
onset may be attributed to the La Nifia-like background SST
change in the Pacific.

Compared to the significant advance in the SCSSM onset
around the mid-1990s, Kajikawa and Wang (2012) reported
that the difference in the withdrawal season of the SCSSM
between 1979-1993 and 1994-2008 was insignificant. The
SCSSM retreat data obtained by Luo and Lin (2017) also
does not exhibit notable interdecadal changes. By contrast,
Zhang et al. (2014) mentioned that the SCSSM retreat has
tended to be late in recent years. The discrepancies in the
literature suggest that changes in the SCSSM withdrawal on
an interdecadal timescale need further investigation. A hint
is the autumn rainfall on Hainan Island, which has signifi-
cantly increased in recent years (Li et al. 2017a). Given that
Hainan is in the northern SCS and monsoon retreat occurs
in autumn, the interdecadal increase of autumn rainfall in
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Hainan naturally raises the following scientific questions:
(1) Has the SCSSM withdrawal also exhibited significant
interdecadal changes in recent years? (2) If so, what are the
mechanisms responsible for these interdecadal changes? The
intent of this study is to answer these two questions. The
organization of this manuscript is as follows: the datasets
and methods are introduced in Sect. 2. Section 3 investigates
the interdecadal change in the SCSSM withdrawal around
the mid-2000s, which includes its detection and possible
mechanisms. Finally, a summary and discussion are pre-
sented in Sect. 4.

2 Data and methods

The datasets applied in this paper include (1) National Cent-
ers for Environmental Prediction-Department of Energy
(NCEP-DOE) reanalysis data (Kanamitsu et al. 2002), which
has a resolution of 2.5° X 2.5°; (2) high quality Climate Data
Record of Outgoing Longwave Radiation (OLR) data (Lee
et al. 2014b), which has a horizontal resolution of 1° X 1°;
(3) Climate Prediction Center Merged Analysis of Precip-
itation (CMAP) data (Xie and Arkin 1997), which has a
horizontal resolution of 2.5° X 2.5°; (4) monthly extended
reconstructed sea surface temperature version 4 (ERSSTv4)
data (Huang et al. 2015), which has a horizontal resolution
of 2° x 2°; (5) TC best-track data from the China Mete-
orological Administration (CMA; Ying et al. 2014) and
the Regional Specialized Meteorological Center (RSMC)
Tokyo—Typhoon Center (http://www.jma.go.jp/jma/jma-eng/
jma-center/rsmc-hp-pub-eg/RSMC_HP.htm); (6) autumn
(September and October, following Feng et al. 2013) rainfall
data for Haikou (110.35°E, 20.03°N), which is the provin-
cial capital of Hainan Island and is located in the northern
SCS; and (7) the pentad data of SCSSM withdrawal from the
East Asian Monsoon Year book (National Climate Center
(NCC) of CMA, 2016; http://cmdp.ncc-cma.net/Monitoring
/monsoon.php). The NCC (2016) defines the SCSSM with-
drawal as the time when the low-level zonal wind consist-
ently changes from a westerly to easterly, and the potential
pseudo-equivalent temperature is steadily less than 340 K in
the SCS region (110°-120°E, 10°-20°N; green rectangle in
Fig. 4a). For all the dataset, the time periods are from 1979
to 2016, and the analyses were performed for the period of
1979-2016. The Student’s ¢ test suggests that the shift year
for this mid-2000s delayed SCSSM withdrawal is most sig-
nificant at 2005/06, which is confirmed by the Mann—Kend-
all test (not shown), thus a comparative analysis is based on
the difference between 1995-2005 and 2006-2016.

The ensemble empirical mode decomposition (EEMD),
running average, and first-order Butterworth bandpass
(Murakami 1979; Tong et al. 2009; Qiao et al. 2015) are
employed in filtering the interested signals. EEMD is an
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improvement of the empirical mode decomposition (Huang
et al. 1998), which is designed to analyze nonstationary
and nonlinear time series. The EEMD can be regarded as
an adaptive filter without priori determined basis (Wu and
Huang 2009), which is very powerful in extracting the low
frequency variability (e.g. Wei et al. 2015). The two-sided
Student’s ¢ test is applied to estimate the statistical signifi-
cances of linear regression, correlation, and the differences
in mean.

3 Interdecadal delay of the SCSSM
withdrawal after the mid-2000 s

3.1 Detection of the delayed monsoon withdrawal

Figure 1a shows the low-level westerlies averaged over the
SCS region (110°-120°E, 10°-20°N) with the SCSSM with-
drawal pentad time series. The SCSSM retreat exhibits a
strong interannual and interdecadal variability, which is con-
sistent with the demise of westerlies in early autumn. Cor-
responding to the delayed withdrawal of the SCSSM, more
westerlies tend to be observed after the mid-2000s (Fig. 1a).
The 9-year running Student’s ¢ tests for the differences in
mean and the Mann—Kendall test suggest the year of the shift
was 2005/06 (not shown). The mean SCSSM retreat occurs
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Fig.1 Represents the (a) 850 hPa westerlies (shading, units in
m s7h averaged over the SCS region (110°-120°E, 10°-20°N) and
the pentad of the SCSSM withdrawal date (red line). The green and
thin black lines denote the 9-year running average and the EEMD
filtered interdecadal component of the withdrawal date, respectively.
The thick black lines represent the mean SCSSM withdrawal for the
periods of 1995-2005 and 2006-2016, respectively. b Mean seasonal
march of the 850 hPa zonal winds (m s™!) averaged over the SCS
region for epochs 1995-2005 and 2006-2016, respectively. Shading
denotes that the differences between the two epochs are significant at
the 90% confidence level

in pentad 53.5 (i.e., September 24) and pentad 56.9 (October
11) for the periods of 1995-2005 and 2006-2016, respec-
tively. Thus, after the mid-2000s, the monsoon withdrawal
was delayed for approximately two weeks compared to the
climatology (pentad 54.4, September 29), which is roughly
equal to the interdecadal advance of the monsoon onset
around the mid-1990s (Kajikawa and Wang 2012; Yuan
and Chen 2013). The 9-year running average and EEMD
filtered interdecadal component of the SCSSM withdrawal
also captures the mid-2000s delay (Fig. 1a). There also
appears to be a low-frequency oscillation of approximate
15 years (Fig. 1a). In the following, two epochs (1995-2005
and 2006-2016) were selected for comparative analysis to
investigate the possible reason for the delayed SCSSM with-
drawal after the mid-2000s. Figure 1b compares the mean
seasonal march of low-level zonal winds averaged over the
SCS region for the two selected epochs. There appears to
be a sharp shift in the zonal winds during mid-May, which
corresponds to the onset of the SCSSM (Lau and Yang 1997;
Wang et al. 2004, 2009). The significant anomalous wester-
lies around the end of September after the mid-2000s have
prolonged the lifetime of the summer monsoon and led to a
late monsoon demise (Fig. 1b).

To analyze the time range related to the interdecadal delay
of the SCSSM retreat around the mid-2000s, the longitude-
time cross-section of the precipitation, OLR, and low-level
wind differences between 1995-2005 and 2006-2016 is
shown in Fig. 2. There appears to be a significant increase
in rainfall and an enhanced convection around the SCS and
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Fig.2 The longitude-time cross-section of the epochal differences
(2006-2016 — 1995-2005) in the CMAP precipitation (shading, units
in mm day_l), OLR (contour, units in W m™?), and low-level wind
(units in m s™!) averaged over 10°~20°N. Gray lines denote pentads
53-56 (September 18 to October 7). Hatched areas denote the differ-
ences in precipitation or OLR, which are significant at the 90% confi-
dence level. Only the significant (at the 90% confidence level) differ-
ences in winds are shown
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Philippine Sea during pentads 53 to 56 (September 18 to
October 7) for period 2006-2016, compared to those for
1995-2005. Meanwhile, significant anomalous westerlies
are observed from the Indo-China Peninsula to the Phil-
ippine Sea, which is consistent with the delayed monsoon
withdrawal derived from Fig. 1. In addition, the standard
deviation of the SCSSM withdrawal date is approximately
two pentads. Thus, the changes in pentads 53-56 can well
depict the variation in the monsoon retreat (Hu et al. 2018a),
which will be used in the analyses below. The interdecadal
shift is further verified in Fig. 3, which shows the longi-
tude-time cross-section of low-level zonal wind and anom-
alous precipitation averaged in pentads 53-56. Before the

Fig.3 a The longitude-time

mid-2000s, anomalous easterlies appeared over the SCS,
which indicated the summer monsoon had already retreated.
By contrast, after the mid-2000s, the SCS and Philippine
Sea were covered by westerlies, which indicates the delayed
withdrawal of the SCSSM. Westerlies over the Indo-China
Peninsula were stronger after the withdrawal than before
the mid-2000s. In addition, rainfall anomalies were larger
after the mid-2000s around the SCS. The time series of the
850 hPa zonal wind, precipitation, and convection averaged
over the SCS during the monsoon retreat period also exhib-
ited significant (at the 90% confidence level) interdecadal
changes around the mid-2000s, as did the autumn rainfall
recorded at the Haikou station (Fig. 3b, d). All of the above
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evidence demonstrates that the SCSSM withdrawal was rela-
tively late after the mid-2000s.

Figure 4a shows the climatology of precipitation, low-
level wind, and location of the western North Pacific (WNP)
subtropical high (WNPSH) during the monsoon retreat
period (i.e., pentad 53-56). The zonal wind is weak in the
SCS, which is related to the transition from westerlies to
easterlies during the monsoon withdrawal. The monsoon
trough type intertropical convergence zone (ITCZ) over
the SCS and Philippine Sea remains active. According to
Liang (1990), the ITCZ can be divided into two types: the
monsoon trough type and trade-wind trough type. The lat-
ter is the convergence between the northeast and southeast
trade-winds, while the former is the convergence between
the monsoonal westerlies and trade-wind easterlies, which
is generally more active. Figure 4b displays the differences
between 20062016 and 1995-2005. Increasing rainfall
was seen over the SCS, especially the Philippine Sea, while
decreasing rainfall occurred in the eastern Indian Ocean. An
anomalous cyclone can be seen around the northern Philip-
pine Sea, which is accompanied by significant westerly wind
anomalies at approximately 10°N and extending eastward
from the Indo-China Peninsula to the WNP. In addition, pro-
nounced negative geopotential height anomalies appear in
the mid-level over the northern SCS. These significant differ-
ences in the atmospheric circulation between the 2006-2016
and 1995-2005 periods can also be captured using the linear
trend method in Fig. 4c. Moreover, the changes revealed
by relatively independent data (CMAP and NCEP-DOE)
are dynamically consistent. On the one hand, the rainfall is
expected to overlay the low-level cyclonic vorticity and the
associated boundary layer convergence, which are expected
to be located to the north of the strongest westerlies. On the
other hand, the latent heating induced by the increasing pre-
cipitation can induce a Rossby wave atmospheric response to
the west (Matsuno 1966; Gill 1980), which would enhance
the westerlies southwest of the strongest rainfall. Similar
explanations have been reported by Wang et al. (2004) in
defining the SCSSM onset. The above pattern is not con-
fined to the SCSSM withdrawal period, and the pattern of
rainfall changes and low-level circulation are very similar
during early autumn (September—October). This suggests
the mid-2000s interdecadal shift is robust and worthy of
investigation.

Since the monsoon exhibits a three-dimensional struc-
ture, it is reasonable to further examine the mid-and-upper
level circulation changes. Given that structures of the
linear trend and differences between the two epochs are
similar (Fig. 4), we only present results of the differences
in the following. Figure 5a shows the epochal differences
(2006-2016 — 1995-2005) in the OLR and mid-level ver-
tical velocities. Significant ascending motion and related
enhancements in the convection are found over the SCS
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Fig.4 a The climatology (based on 1995-2016) of the CMAP pre-
cipitation and 850 hPa winds averaged in the monsoon retreat period
(pentads 53-56). Red line denotes 5880 m at 500 hPa (i.e., location
for WNPSH). Winds speed less than 2 m s~! are not shown. b The
differences in CMAP precipitation, 850 hPa winds, and 500 hPa geo-
potential heights between 2006-2016 and 1995-2005. ¢ Same as b
but for the linear trend during 1995-2016. Note that all values in ¢
were multiplied by 22 (years) to maintain their original units. Units
are in mm day™!, m s7!, and m for precipitation, winds, and geo-
potential heights, respectively. Dotted areas denote that the difference
or trend in precipitation is significant at the 90% confidence level, and
only the significant (at 90% confidence level) differences or trends in
the winds are shown. The contour intervals are 5 m and 10 m for geo-
potential heights in b, c, respectively. The zero lines are omitted in
a—c. Gray shading masks the plateau higher than 1500 m

and Philippine Sea, which are accompanied by suppressed
convection and descending motion around the equatorial
eastern Indian Ocean. For the upper-level (Fig. 5b), there
is a divergent center over the WNP and a convergent center
over the equatorial Indian Ocean. Anomalous easterlies are
found in the northern SCS and Maritime Continent. The
ascending motion in the WNP and descending motion in
equatorial Indian Ocean comprised an anomalous zonal
circulation cell (Fig. 5¢). Following Chen et al. (2014)
and Huang et al. (2018), the divergent wind, rather than
the wind itself, is employed in depicting this circulation
cell. The changes in the mid-and-upper level circulation
also indicate a delayed withdrawal of the SCSSM, which
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Fig.5 a Same as in Fig. 4b but for OLR (shading, units in W m™2)
and 500 hPa vertical velocities (contour, units in Pa s™'; interval of
0.02 Pa s™! with zero lines omitted). Hatched areas denote the differ-
ences in OLR or vertical velocities, which are significant at the 90%
confidence level. b Same as in Fig. 4b but for the 200 hPa wind (units
in m s7!) and velocity potential (shading, units in m? s~'; multiplied
by a factor of 107%). Dotted areas denote the difference in velocity
potential, which is significant at the 90% confidence level, and only
the significant (at the 90% confidence level) differences in winds are
shown. ¢ Longitude-height cross-section (5°S-20°N, averaged) of the
differences in the vertical velocities (shading, units in Pa s™!, multi-
plied by a factor of — 100) and divergent zonal wind (vector, units in
m s!) between 2006-2016 and 1995-2005. Wind differences below
the 90% confidence level are not shown in ¢

is consistent with the results obtained from the low-level
circulation changes.

It deserves explanation for the discrepancies in litera-
ture concerning interdecadal change of SCSSM withdrawal
(Kajikawa and Wang 2012; Zhang et al. 2014; Luo and Lin
2017), and there may be two possible reasons. First, Kaji-
kawa and Wang (2012) and Luo and Lin (2017) only con-
sidered the zonal wind in defining the monsoon withdrawal,
while NCC (2016) and Zhang et al. (2014) considered both
the wind circulation and thermal conditions (i.e., the poten-
tial pseudo-equivalent temperature, which is commonly
used in depicting the warm-humid airmass of summer mon-
soon). Second, Kajikawa and Wang (2012) and Luo and Lin
(2017) focused on the central SCS (5°-15°N), while NCC
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(2016) and Zhang et al. (2014) focused on the northern SCS
(10°-20°N). Compared to the abrupt SCSSM onset over the
entire SCS, the SCSSM withdrawal occurs in a progressive
way, and it takes four to five pentads for the monsoon to
retreat from the northern SCS (pentad 54.4) to the central
SCS (pentad 59) (see Hu et al. 2018a for detail).

3.2 Possible mechanisms for this delayed SCSSM
withdrawal

Based on multiple datasets and different methods, the above
analyses have shown a significant and robust interdecadal
delayed SCSSM withdrawal after the mid-2000s. Thus, a
question to be further addressed is: what are the mecha-
nisms responsible for this interdecadal change? First, the
differences in the SCSSM withdrawals between the two
epochs (i.e., 1995-2005 and 2006-2016) are examined in
Figs. 6 and 7. The most prominent feature of the SCSSM
withdrawal is the westward intrusion of the WNPSH and
the southwestward retreat of the monsoonal westerlies,
which results in a shift of the zonal winds from easterlies
to westerlies over the SCS (Hu et al. 2018a). Meanwhile,
a significant decrease in rainfall appears around the SCS.
During 1995-2005 (Fig. 6), after the SCSSM withdrawal,
the monsoon trough type ITCZ changed to a trade-wind type
ITCZ over the WNP and became less active. A decrease
in rainfall appears over the northern Bay of Bengal, which
extends eastward to the Philippine Sea. The anomalous anti-
cyclone over the northern SCS and southern China resemble
a Rossby wave response to the suppressed convection (Mat-
suno 1966; Gill 1980; Wang et al. 2009; Hu et al. 2018a).

Similar patterns are found during 2006-2016 (Fig. 7),
which include the deceleration of the monsoonal south-
westerly winds, weakening of the Somali cross equatorial
flow, westward invasion of the WNPSH, and decrease in
rainfall over the northern Bay of Bengal and SCS. There are
several discrepancies between the two epochs. For example,
the westerlies over the northern Indian Ocean in Fig. 7a—
are weaker than those in Fig. 6a—c, which may be related to
the mean composited time during the latter epoch being later
due to the delayed SCSSM withdrawal. As such, the annual
cycle (weakening of the monsoonal westerlies during early
autumn) is hidden in these compositions. In addition, even
after the SCSSM withdrawal during 2006-2016 (Fig. 7c),
the rainfall in the Philippine Sea remained obvious. For the
low-level circulation, this active convection is accompanied
by the monsoon trough type ITCZ in the Philippine Sea
(Fig. 7c). By contrast, during the latter epoch, the decrease
in rainfall over the Philippine Sea was insignificant (Fig. 7d).
These discrepancies in precipitation and circulation agree
well with the increased rainfall and anomalous cyclone
derived from Fig. 4.
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Fig.6 Composite of 850 hPa wind (units in m s™!, winds speed less

than 2.5 m s~ are not shown), precipitation (units in mm day™"),
5880 m line at 500 hPa (the red line represents the WNPSH) from
1995 to 2005 for one pentad a before, b during, and ¢ after the
SCSSMW. d The difference between ¢ and a, including 850 hPa
winds (only those that are significant at the 90% confidence level are
shown), precipitation (significant at the 90% confidence level are dot-
ted), and 500 hPa geopotential (blue lines, contour interval of 10 m
with zero lines omitted), which can reveal the changes during the
SCSSMW. The gray shading masks the plateau higher than 1500 m

Most TCs are generated within the ITCZ over the WNP
(e.g., Liang 1990; Molinari and Vollaro 2013). Hence, the
discrepancy of the ITCZ (Figs. 6, 7) is expected to have
an influence on the TC activity. Conversely, the TC activ-
ity may be an important factor for the interdecadal shift of
the SCSSM withdrawal. The reasons for the contribution
of the TC to the interdecadal shift are shown as follows.
First, although this manuscript begins its analysis from the
perspective of low-level wind (Fig. 1), the results show that
changes in precipitation and convection are closely and
dynamically connected to the circulation variations (Fig. 4).
The abundant rainfall induced by the TCs may be an impor-
tant source for the increasing precipitation around the Philip-
pine Sea. Second, TCs are reported to be important contribu-
tors to the autumn rainfall on Hainan Island (Wu et al. 2007;
Cai et al. 2013; Feng et al. 2013; Li and Zhou 2015; Jiang
et al. 2018), which also underwent an interdecadal increase
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Fig.7 Same as in Fig. 6 but for the composite and related differences
based on the period of 2006-2016

after the mid-2000s (Li et al. 2017a; Fig. 3d). Third, previous
work has shown that TCs can trigger the SCSSM onset, on
both interannual and interdecadal time scales (Mao and Wu
2008; Chen 2015; Wang and Kajikawa 2015; Huangfu et al.
2017a). Thus, based on the above evidence, TCs may also be
important in prolonging the summer monsoon season. Fig-
ure 8 shows the tracks for the TCs generated within pentads
53-56 (September 18—October 7) for the two epochs. The
results obtained from the CMA are similar to those derived
from the RSMC of Tokyo. More TCs are generated in the
WNP during the latter epoch than the former epoch, which
may contribute to the enhanced convection around the Phil-
ippine Sea and the delayed SCSSM withdrawal. Moreover,
an increasing number of TCs visiting the SCS may also be
in favor of the late monsoon retreat after the mid-2000s. It
should be mentioned that the active monsoon trough type
ITCZ over the Philippine Sea during 2006-2016 may also
favor for the TC genesis therein. For example, a recent study
by Huangfu et al. (2017b) reported that the interdecadal
advanced SCSSM onset after late-1990s contributes partly
to the interdecadal increase of TC genesis during May. The
interaction between the TC activity and the SCSSM with-
drawal and the related physical process should be further
investigated.
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Fig.8 Tracks for TCs generated within pentads 53 to 56 during a, ¢ 1995-2005 and b, d 2006-2016, based on the data obtained from a, b

RSMC of Tokyo and ¢, d CMA

In addition to the TCs, ISOs may be another potential
contributor for this interdecadal shift and the reasons are
as follows. First, similar to TCs, ISOs are also regarded as
an important factor in the wet autumn on Hainan Island
(Feng et al. 2013; Qiao et al. 2015; Wang et al. 2016; Li
et al. 2017a). Second, similar to TCs, ISOs can also trig-
ger the SCSSM onset on both interannual and interdecadal
time scales, which has been demonstrated in previous stud-
ies (Tong et al. 2009; Kajikawa and Wang 2012; Lee et al.
2013). There are two dominant modes of ISOs over the SCS
(e.g., Mao and Chan 2005; Wang et al. 2009; Feng et al.
2013): one is on a time scale of 10-25 days [also known
as quasi-biweekly oscillation (QBWO)] and the other is
30-80 days [usually associated with the eastward propagat-
ing Madden—Julian Oscillation (MJO)]. Following Kajikawa
and Wang (2012) who analyzed the interdecadal advance
of the SCSSM onset, changes in the ISOs strength is calcu-
lated as follows. First, the first-order Butterworth bandpass
(Murakami 1979; Tong et al. 2009; Qiao et al. 2015) is used
to extract the 10-25 days and 30-80 days oscillations of the
OLR. Then, the standard deviations of these oscillations dur-
ing September 1 to October 10 for each year are calculated.
Figure 9 displays the differences (2006-2016 — 1995-2005)
in this mean standard deviation between the two epochs. The
results are similar when using other filters such as the differ-
ence in the two running averages (e.g., Cao and Wu 2018),

@ Springer

or changes in the time range (e.g., starting from August 22
or September 11).

Significant increases in the QBWO activities are seen
over the Philippine Sea and the Indo-China Peninsula after
the mid-2000s (Fig. 9a). Differences in the strength of the
30-80 days oscillation are small in the SCS and Philippine
Sea (except for the weakening confined to the northern SCS)
during the two epochs (Fig. 9b). Thus, the enhancement of
the QBWO may also be in favor of the late monsoon retreat.
One such case occurs in October 2010, which is when the
QBWO is rather strong, and Hainan Island has experienced
the strongest autumn rain ever recorded (Feng et al. 2013;
Cai et al. 2013; Qiao et al. 2015; Wang et al. 2016; Li et al.
2017a). The SCSSM withdrawal was delayed for approxi-
mately 1 month in 2010, which may have resulted from the
strong ISOs activities and the associated westerly burst event
(paper in preparation). Moreover, the enhanced QBWO
activities may also have some modulation on the generation
of TCs (e.g., Zhao et al. 2016), whose possible contribution
has been addressed above. Fong et al. (2007) reported that
after the SCSSM withdrawal, the QBWO activities remains
unchanged. This implies that the interdecadal change in the
SCSSM withdrawal may not have a significant impact on the
QBWO activities. By contrast, the enhanced QBWO over a
certain period (i.e., September—October) may favor for the
delayed monsoon withdrawal around the mid-2000s.
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Fig.9 Difference in the bandpass filtered OLR anomalies on a 10-25
days and b 30-80 days time scales during September 1 to October
10 between 2006-2016 and 1995-2005. Units are in W m™2, and the
dotted areas denote that the differences are significant at the 90% con-
fidence level

4 Summary and discussion

This study investigates the interdecadal change in the
SCSSM withdrawal based on the OLR data, rainfall data
from the CMAP, and the atmospheric data provided by the
NCEP-DOE reanalysis. The SCSSM withdrawal experienced
a pronounced interdecadal change around the mid-2000s.
Specifically, the SCSSM withdrawal became much later,
compared to before the mid-2000s. After the mid-2000s,
more westerlies were observed over the SCS, compared to
those before the mid-2000s, which corresponds well to the
delayed SCSSM withdrawal. In addition, the rainfall and
convection are significantly increased over the SCS and Phil-
ippine Sea after the mid-2000s. The increase in rainfall is
dynamically correlated to the appearance of an anomalous,
low-level cyclone around the northern SCS as well as anom-
alous westerlies from the Indo-China Peninsula to the WNP
at approximately 10°N. Furthermore, there also appears to
be an anomalous, mid-level ascending motion and upper-
level divergence around the Philippine Sea, whereas there
is descending motion and upper-level convergence in the

equatorial eastern Indian Ocean. Thus, an anomalous zonal
circulation is located between the WNP (upward motion)
and eastern Indian Ocean (downward motion). Further
analyses indicate that the increasing number and frequency
of TC visits to the SCS and the enhanced QBWO activities
after the mid-2000s are suggested to be the two possible con-
tributors for this delayed SCSSM withdrawal. The physical
processes for the influence of the TCs and QBWO activi-
ties on the interdecadal change in the SCSSM withdrawal
around the mid-2000s are still unclear at present, which will
be investigated in a future study.

This study mainly addresses the internal atmospheric
causes, and the possible external forcing remains to be
explored. Following Xiang and Wang (2013), Fig. 10 shows
correlation of SST in the preceding September with the
SCSSM withdrawal date and the averaged low-level zonal
winds for 1995-2016. Corresponding to the late SCSSM
withdrawal and anomalous westerlies over the SCS, sig-
nificant warm SST anomalies appear in the Philippine Sea.
Previous studies also reported the important role of the SST
decadal warming around the Philippine Sea in the interdec-
adal advanced SCSSM onset (Kajikawa and Wang 2012;
Xiang and Wang 2013; Yuan and Chen 2013). Thus, the
decadal SST warming in the Philippine Sea in September
may be a crucial external forcing for the delayed SCSSM
withdrawal around the mid-2000s. The detailed physical
mechanisms for the impact of the SST warming in the Phil-
ippine Sea on the SCSSM withdrawal will be further pur-
sued in the future.

The monsoon-TC relationship has always been the focus
of the monsoon community. Kajikawa and Wang (2012)
argued that the decadal warming of SST in the equatorial
western Pacific favors for the increasing number of TC,
which serves as a trigger of the advanced SCSSM onset
around the mid-1990s. Li and Zhou (2014) suggested that
the interdecadal change in TC activity over the SCS is asso-
ciated with the zonal SST gradient between the northern
Indian Ocean and the WNP. Thus, the causes for the increas-
ing number of TCs during the monsoon withdrawal season
after mid-2000s are also worthy of study. Some studies
(Chen et al. 2012, 2017; Li and Zhou 2015) have quantita-
tively evaluated the precipitation induced by TC, and what
portion of the increasing rainfall in the SCS and Philippine
Sea could be attributing to TC remain to be explored.

While the interdecadal change of both the EAWM (Wang
and Chen 2014; Ding et al. 2014; Wang and Lu 2016) and
SCSSM withdrawal occurs in the mid-2000s, it seems that
they are resulted from different causes. The re-amplification
of EAWM is reported to be resulted from the middle and
high latitude systems, while the delayed SCSSM withdrawal
is largely resulted from the tropical systems. In addition,
Fig. 7 does show some signals in the mid-latitudes (e.g., neg-
ative geopotential height changes). Several studies already
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Fig. 10 Correlation coefficients
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revealed the linkage between the EAWM and EASM (e.g.,
Chen et al. 2013; Feng and Chen 2014; Hu and Chen 2018).
Hence, the linkage between the SCSSM withdrawal and the
EAWM variability is also an important issue.

The interdecadal advanced SCSSM onset and delayed
SCSSM withdrawal does not occur concurrently. Specifi-
cally, the advanced onset occurs in mid-1990s while the
delayed withdrawal occurs in mid-2000s. The correlation
between the SCSSM onset and withdrawal is not significant
at 90% confidence level for both the original and the 9-year
low-pass filtered data. These poor correlations suggest that
there may be no clear relationship between the SCSSM onset
and withdrawal. However, it seems that the advanced onset
and delayed withdrawal may be both resulted from the tropi-
cal systems including TCs and ISOs, thus the linkage and
similarities between the SCSSM onset and withdrawal may
hidden in the trigger mechanisms. Previous papers reported
that the SCSSM onset can be influenced by various factors,
for example: TC (Kajikawa and Wang 2012), cold front
(Tong et al. 2009), cross-equatorial flow (Hu et al. 2018b),
ITCZ (Zhou et al. 2005), ISOs including MJO (Tong et al.
2009) and QBWO (Lee et al. 2013), and ENSO (Zhou and
Chan 2007), etc. Whether these factors could also affect
SCSSM withdrawal is a prominent issue and deserves fur-
ther studies.
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