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Abstract

Understanding of South China Sea (SCS) summer monsoon (SCSSM) onset response to tropical intraseasonal oscillation
(ISO) is critical for extended-range prediction of SCSSM onset. In this study, we investigate the effect of ISO on SCSSM
onset for the period of 1980-2013. The 34 onset cases are classified into three groups, early onsets around May 6th, normal
onsets around May 21st and late onsets around June 8th, and the late onsets are even later than the Indian monsoon onsets.
Before each onset, the SCS experiences a dry ISO phase to precondition the convective energy due to the easterly wind
anomalies of the wet ISO phase over the tropical Indian Ocean for the group of early onsets, over the southern Bay of Bengal
monsoon region for the group of normal onsets and over the southern Indian monsoon region for the group of late onsets.
After each onset, the SCSSM is supported by the westerly wind anomalies of the dry ISO phase over these associated regions.
Each early SCSSM onset is triggered by the northwestward propagating Rossby wave of the wet ISO in the western Pacific
which comes from the Indian Ocean. For each normal (late) onset, the SCSSM is triggered by synoptic-scale low-level
westerlies in conjunction with seasonal low-level westerlies when the wet ISO moves to the northern Bay of Bengal region
(Indian monsoon region), since this convection to the north of 10°N cannot excite the easterly wind anomalies associated
with Kelvin wave responses over the SCS to suppress the convection. The mechanisms explaining the mean state-controlled
ISO-SCSSM onset relationship are also discussed.

Keywords South China Sea summer monsoon - Monsoon onset - Intraseasonal oscillation - Bay of Bengal summer
monsoon - Indian summer monsoon

1 Introduction

The South China Sea (SCS) summer monsoon (SCSSM) is
an important component of the East Asian summer monsoon
system, whose onset signifies the commencement of the East
Asian summer monsoon and the beginning of the rainy sea-
son (Wang 2002; Wang et al. 2004; Ding and He 2006; Kueh
and Lin 2009). The SCSSM onset is usually characterized
by the reversal of low-level zonal wind from easterlies to
westerlies over the key region of 110-120°E, 5-15°N and
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a sharp increase in rainfall over the SCS between 10°N and
20°N (Wu and Wang 2000, 2001; Wu 2002, 2010; Wang
et al. 2004; Shao et al. 2014). The SCSSM is closely related
to other Asian monsoon systems since the SCS is geographi-
cally located at the joint region of the East Asian monsoon,
the South Asian monsoon, the western North Pacific (WNP)
monsoon, and the Australian monsoon (Murakami and Mat-
sumoto 1994; Wang et al. 2009a, b; Zhou et al. 2011; Kaji-
kawa and Wang 2012). The onset and development of the
SCSSM not only have important influences on the summer
precipitation in eastern China, which is closely related to
climate disasters such as floods and droughts, but also affect
global climate through teleconnections, such as the Pacific-
Japan Pattern and the Rossby wave trains from the Philip-
pines to North America (Nitta 1987; Ding 1992; Huang and
Sun 1992). Therefore, the study of SCSSM, especially that
of SCSSM onset prediction, is of great importance.
Extended-range prediction of the SCSSM onset is impor-
tant for the society of all Asian countries. This requires a
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good understanding of the relationship between SCSSM
onset and tropical intraseasonal oscillation (ISO). The ISO
is the dominant intraseasonal variability in the tropics, which
is identified by the boreal winter Madden-Julian oscillation
(MJO; Madden and Julian 1971, 1972) and by the boreal
summer intraseasonal oscillation (BSISO; Wang and Xie
1996). The former is characterized by the eastward propa-
gation along the equator, while the latter, by the northeast-
ward propagation over the Indian Ocean and northwestward
propagation over the western Pacific. The ISO provides a
predictability source for extended-range weather forecasts,
and helps close the gap between traditional weather predic-
tion and modern-day climate prediction (Zhang 2013). The
ISO during the boreal summer has been well studied (Kaji-
kawa and Yasunari 2005; Yang et al. 2008; Kajikawa et al.
2009; Wang et al. 2009a, b; Liu et al. 2015a, b, 2016b; Wu
and Cao 2017). These studies, however, all focused on the
ISO after the monsoon onset. The ISO evolution before the
monsoon onset was less studied.

Generally, the establishment of the SCSSM has been
found to be triggered by low-frequency oscillation after
the seasonal change (Murakami et al. 1986), and the onset
is consistent with the phase transition from dry to wet of
the SCS ISO (Wang and Xu 1997; Shao et al. 2014). The
timing of the SCSSM onset is primarily determined by the
phase-locking of northwestward propagating 10-20-day
and northeastward propagating 30-60-day modes (Mao and
Chan 2005; Zhou and Chan 2005). For example, the SCSSM
onset in 1998 was found to be preceded by the develop-
ment of an eastward-propagating MJO in the Indian Ocean,
and the subsequent emanation of a convectively coupled
Kelvin wave into the Pacific (Straub et al. 2006). A frontal
cyclone, which is associated with 12—-24-day ISO initiated
from northeastern China can move equatorward into the SCS
and affect the monsoon onset there (Chen and Chen 1995;
Chan et al. 2000; Ding and Liu 2001; Tong et al. 2008). It is
found that most of SCSSM onsets occur in phases 2—4 when
the BSISO2-related convection is in the Philippine Sea and
the SCS (Lee et al. 2013). BSISO2 represents the northwest-
ward propagation of the BSISO, comprised of the 3rd and
4th multivariate empirical orthogonal function (MV-EOF)
modes for the boreal summer OLR and 850-hPa zonal wind.
The ISO activity originating from the equatorial western
Pacific also can move northward to affect the SCSSM onset
(Wu 2010). These studies, however, only focused on clima-
tological relationships between the ISO and SCSSM onset.
It is not clear how interannual and interdecadal variabilities
modulate this relationship.

Many previous studies have indicated that the SCSSM
onset exhibits significant interdecadal and interannual
variability which are associated with many factors includ-
ing sea surface temperature anomalies (SSTa) and land
surface temperature anomalies. For example, a warm
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ENSO event during the previous winter (Zhou and Chan
2007), warm SSTa in the tropical Indian Ocean during
the previous winter (Yuan et al. 2008), or cold SSTa over
the equatorial western Pacific during the spring (Wu and
Wang 2000; Yuan and Chen 2012; Liang et al. 2013) all
can delay the onset by inducing an anomalous reversed
Walker circulation over the tropical Indo-Pacific Ocean
and hence suppressing the convection over the western
Pacific. The situation is opposite for the early onset year.
In addition, the SCSSM onset can be delayed by negative
surface air temperature anomalies over land in the central
Asian continent (Luo et al. 2016), warm spring SSTa in
the southern Indian Ocean (Liu et al. 2016a), and delay of
thermal contrast reversal between Indo-China Peninsula
and SCS (Liu et al. 2010). Thus, it is necessary to study
how these interannual-to-decadal variabilities modulate
the ISO-SCSSM onset relationship.

A late (early) SCSSM onset was found to be accom-
panied by active (suppressed) 10-25-day ISO, while the
onset day was negatively correlated with the 30-60-day
ISO activity (Kajikawa and Yasunari 2005). After exam-
ining the three types of SCSSM onset, i.e., the early, nor-
mal and late onsets, almost all the SCSSM onsets have
been found to occur during the so-called developing
phase of ISO (Shao et al. 2014). The monsoon onset often
occurs during the active convective and developing phase
of ISO in the early- and normal-onset years, but it occurs
during the inactive convective and developing phase of
ISO in the late-onset years. In these studies, the authors
only focused on the local SCS ISO. Evolutions of the ISO
related to these SCSSM onsets, however were not con-
sidered; thus, it is not clear how the ISO prevailing over
the Indo-western Pacific region affects the three types of
SCSSM onsets. In this study, we aim to analyze the evo-
lution of the ISO related to each of these three types of
SCSSM onsets, as well as its relation with other monsoon
systems, such as the Bay of Bengal summer monsoon
and the Indian summer monsoon. The mechanisms behind
these three types of ISO-SCSSM onset relationships are
also discussed.

The organization of the paper is as follows. In Sect. 2,
we introduce the dataset and methods used in present
study. In Sect. 3, we calculate the dates of SCSSM onsets
and classify them into three types, i.e., the early onset, the
normal onset and the late onset. In Sect. 4, the relation-
ships between the local SCS ISO and these three types
of SCSSM onsets are discussed. In Sect. 5, we analyze
the characteristics of ISO, which affect these different
SCSSM onsets. The underlying mechanisms of ISO-
controlled SCSSM onsets are presented in Sect. 6. We
conclude the study in Sect. 7.
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2 Data and methods

The data used in this study include daily-mean wind, air
temperature, specific humidity and relative humidity from
1000 to 300 hPa, which are obtained from the National
Centers for Environmental Prediction—the National Center
for Atmospheric Research (NCEP-NCAR) reanalysis pro-
ject (Kalnay et al. 1996), and the daily sea surface tem-
perature (SST) from the European Centre for Medium-
Range Weather Forecasts (ECMWF) reanalysis-interim
(ERA-interim) data (Dee et al. 2011). In addition, the
daily-mean Advanced Very High Resolution Radiom-
eter (AVHRR) interpolated outgoing long-wave radiation
(OLR) data from the National Oceanic and Atmospheric
Administration (NOAA) satellite are used as an indica-
tor of convection activity (Liebmann 1996). The negative
OLR anomaly represents active convection and positive
precipitation anomaly. The horizontal resolution of all
datasets is 2.5° X 2.5°, and the temporal coverage is from
1980 to 2013.

A 12-80-day butterworth bandpass filter is applied to
isolate the intraseasonal anomalies, and an 81-day Gauss-
ian lowpass filter, to isolate the low-frequency anoma-
lies. In addition, the synoptic anomalies are calculated by
using the original data minus the 11-day lowpass-filtered
anomalies.

Background atmospheric convective instability is one of
the factors that can affect the development of the ISO. A
positive convective instability implies that the atmosphere
is potentially unstable, and it favors the development of
convection. The convective instability parameter is defined
as the difference of equivalent potential temperature (Be)
between the lower and middle troposphere (Zhang et al.
2004; Ding and He 2006; Li et al. 2012), i.e., 40e = Be

l 1000—700hPa — ee'GOO—SOOhPa'

3 Definition of SCSSM onset date

There are many definitions for the SCSSM onset date,
which capture different characteristics of the SCSSM onset
by using the associated variables including the low-level
zonal wind (Wang et al. 2004), the temperature of black
body on the top of cloud (He et al. 2006), the equivalent
potential temperature (Gao et al. 2001), the meridional
temperature gradient (Mao et al. 2004; Liu et al. 2016a), or
combined measures of convection and low-level wind (Xie
et al. 1998; Kueh and Lin 2009; Shao et al. 2014). In this
work, we use the definition of Wang et al. (2004), namely,
the low-level zonal wind that is coupled to the convection.
Following previous studies (Wang et al. 2004; Kajikawa

and Wang 2012), the SCSSM onset date of each year is
determined by using the daily-mean SCSSM wind index,
i.e., the box (110-120°E, 5-15°N) averaged 850-hPa zonal
wind. The onset date of the SCSSM is then defined by
the first day after April 25th, which satisfies the follow-
ing three criteria: (1) on the onset day and during the five
days after the onset day, the averaged SCSSM index must
be greater than zero, meaning that the westerly is steadily
established; (2) in the subsequent 20 days, which includes
the onset pentad, the SCSSM index must be positive for at
least 15 days and (3) the cumulative 20-day-mean SCSSM
index must be greater than 1 m s7!, for a persistent sea-
sonal transition.

Based on the above definition, Fig. 1 shows the time
series of monsoon onset dates of the 34 years from 1980 to
2013. We can see that the climatological-mean onset date is
May 22nd, and that the onset date has a significant decadal
shift. Compared to that before 1994, the onset of the SCSSM
tended to be earlier in the recent decades, as shown by many
studies (Kajikawa and Wang 2012; Yuan and Chen 2012;
Liu et al. 2016a). In addition, the interannual variation of the
SCSSM onset is also significant, with the earliest onset in
late-April and the latest in mid-June. In this paper, we define
the SCSSM onset as an early onset when the onset date is
less than —0.75 standard deviation, and a late onset, larger
than 0.75 standard deviation. Following this criterion, there
were nine early onset years including 1986, 1994, 1996,
2000, 2001, 2004, 2008, 2009, and 2012. The 10 years of
1980, 1983, 1984, 1987, 1989, 1991, 1992, 1993, 2006, and
2013 are identified as the late onset years. The remaining
15 years are the normal onset years. Note that most (8 out of
10) of late onset years occurred before 1994 while eight out
of nine early onset years occurred after 1994. The averaged
onset date for these nine early onsets is May 6th, and that for
the 10 late onsets is June 8th. The difference between these
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Fig. 1 Different Asian summer monsoon onset dates. Time series of
the onset dates of the South China Sea summer monsoon (SCSSM,
bars), Indian summer monsoon (ISM, red dots) and Bay of Bengal
summer monsoon (BOBSM, blue circles) defined based on the 850-
hPa zonal wind for the period of 1980-2013. All dates are Julian
dates in the calendar year (e.g., day 121 =May 1st, etc.). Dashed lines
denote the 0.75 standard deviations of the time series of SCSSM
onset dates
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late and early onsets is more than a month, and is statisti-
cally significant. The averaged date for the normal onsets is
May 21st.

In Fig. 1, the Bay of Bengal summer monsoon onset and
the Indian summer monsoon onset are also shown as refer-
ences. The Bay of Bengal summer monsoon onset date for
each individual year is defined as the day when the 850-
hPa zonal wind over the eastern Bay of Bengal (90-100°E,
5-15°N) changes from negative to positive and remains pos-
itive for more than 10 days (Mao and Wu 2006). The Indian
summer monsoon onset is defined as the first day when the
850-hPa zonal wind averaged over the southern Arabian Sea
region (40-80°E, 5-15°N) continuously exceeds 6.2 m s
for more than 7 days (including the onset day) (Wang et al.
2009a, b). Consistent with previous works (Liu et al. 2002,
2014; Wang and LinHo 2002; He et al. 2006), there are three
consecutive stages for the onset of these different Asian sum-
mer monsoon systems. The Bay of Bengal summer monsoon
onset occurs first around May 1st, then the SCSSM, near
May 22st and the Indian summer monsoon, near June 1st.
Some studies indicated the role of Bay of Bengal summer
monsoon convection in the SCSSM onset (Liu et al. 2002),
while few studies investigated the effect of Indian summer
monsoon on the SCSSM. In this study, the relationship
among the SCSSM, Bay of Bengal summer monsoon and
Indian summer monsoon onsets associated with different
ISO evolutions is discussed.

The climatological onset date based on the zonal wind,
i.e., May 22nd, is about 1 week later than that determined
by using precipitation in the work of Wu and Wang (2000).
One reason may be attributed to different thresholds used to
define the onset. In Wu and Wang (2000), a weak threshold
of 240 w m~2 was used. The onset date defined by the zonal
wind (Wang et al. 2004; Kajikawa and Wang 2012), on the
other hand, coincides with the onset date defined by a strong
threshold of 220 w m~2 (Kueh and Lin 2009). Certainly,
there are other reasons for these different onset dates, and
they will be investigated in the future.

4 Local ISO-SCSSM onset relationship

To study the roles of different time-scale variabilities on
the SCSSM onset, the SCSSM index, defined by the SCS-
averaged 850-hPa zonal wind, is decomposed into three
time scales. The intraseasonal wind anomaly is obtained
by performing 12-80-day bandpass filtering, the seasonal
wind anomaly, by 81-day lowpass filtering and the synoptic
anomaly, by the original data minus the 11-day lowpass-fil-
tered anomaly. The sum of these synoptic, intraseasonal and
seasonal signals nearly equals (above 94%) to the total wind.

Figure 2 shows the composite SCSSM index on different
time scales with respective to these three types of SCSSM
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Fig. 2 Different components of three types of SCSSM onsets. Evo-
lution of composite total (black), 12-80-day bandpass-filtered (red),
11-day highpass-filtered (green) and 81-day lowpass-filtered (blue)
U850 averaged over the SCS (110°E-120°E; 5-15°N) from day —50
to day 50 for a 9 early onsets, b 15 normal onsets and ¢ 10 late onsets.
Day 0 denotes the onset day. The shadings indicate the standard devi-
ations of the 12-80-day bandpass-filtered U850 in each onset. The
mean early onset date is May 6th, the mean normal onset date is May
21st and the mean late onset date is June 8th

onsets. For each onset, the onset date is set as “day 0”, and
a window with 50 days before and 50 days after the onset is
used for the composite. For all three types of onsets, the total
zonal wind changes from negative to positive on the onset
day, i.e., day 0, which denotes the outbreak of the westerly
following the definition of the SCSSM onset. Before the
early onset (Fig. 2a), a negative intraseasonal wind anomaly
lasting 28 days is observed. At the onset day of the early
onset (Fig. 2a), both seasonal and synoptic westerly wind
anomalies over the SCS, are very weak, which are only 0.16
and 0.52 m s™!, respectively, occupying only 7.3 and 23.8%
of the total wind anomalies. The total westerly wind anom-
aly of 2.18 m s~! is mainly induced by the intraseasonal
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westerly wind anomaly of 1.35 m s~!. After the onset, the
continuous westerly wind anomalies are also sustained by
the intraseasonal wind anomalies. For the 20-day-averaged
wind anomalies after the onset, the ratio of the intraseasonal
wind anomaly to the total westerly wind anomaly is 58.6%,
while the ratio is only 33.5% for the seasonal wind anomaly,
and 6.6% for the synoptic-scale anomaly.

For the normal onset day (Fig. 2b), the total westerly wind
anomaly of 1.37 m s™! comes mainly from the seasonal and
synoptic westerly wind anomalies. The seasonal westerly
wind anomaly, synoptic wind anomaly and intraseasonal
wind anomaly are 0.53, 0.58 and 0.23 m s~!, respectively;
and their ratios to the total westerly wind anomaly are 38.7,
42.3 and 16.8%, respectively. We conclude that the normal
onset is triggered by synoptic signal in conjunction with
seasonal evolution when the negative ISO loses its con-
trol over the SCS. After the onset, the continuous westerly
wind anomalies are mainly contributed by the seasonal and
intraseasonal oscillations, the ratio of the 20-day-averaged
seasonal, intraseasonal, and synoptic wind anomalies to the
total westerly wind anomaly are 45.4, 45.4 and 6.1%, respec-
tively. Before the onset, a long-term negative phase of the
intraseasonal SCSSM index also appears for about 25 days.

For the onset date of the late onset cases, the total west-
erly wind anomaly of 1.44 m s~' mainly comes from the
seasonal wind anomaly of 1.33 m s~!, and secondly from
the synoptic anomaly of 0.67 m s~'. The intraseasonal wind
anomaly, however, is negative. This means that these late
onsets are also triggered by the combination of seasonal and
synoptic anomalies when the negative ISO becomes weak.
After the onset, the intraseasonal anomaly helps to sustain
the SCSSM. The ratio of the 20-day-averaged seasonal,
intraseasonal, and synoptic wind anomalies to the total west-
erly wind anomaly are 54.0, 39.6 and 5.4%, respectively.
Before the onset, there exists a strong negative phase of ISO
with a period of 12 days.

In summary, there is a long-term negative phase of the
ISO, denoted by the intraseasonal easterly wind anomalies
over the SCS, before each of these three types of onsets.
This negative ISO is shortest for the late onsets among these
three types of onsets. All these three types of onsets are
accompanied by the dry-to-wet phase transition of the SCS
ISO, while the early onsets are mainly triggered by the intra-
seasonal westerly anomaly, the normal and late onsets are
triggered by the seasonal and synoptic westerly anomalies,
consistent with the finding (Shao et al. 2014). The intrasea-
sonal easterly wind anomaly on the onset day is not favora-
ble for a late onset. After surveying all these three types of
onsets, the intraseasonal westerly wind anomaly is favorable
for sustaining the SCSSM, whose role is the strongest for the
early onsets and the weakest for the late onsets.

This conclusion is method-dependent. By using a 3-day
running mean to obtain the subseasonal variability (Wu

2010), the quasi-biweekly oscillation has been found to be
important to trigger the SCSSM onset. In this work, when
using a 9-25-day butterworth bandpass filter, the obtained
quasi-biweekly oscillation occupies 12.3, 33.0 and 25.2% of
the total wind for the early, normal and late onsets, respec-
tively, which means that the quasi-biweekly oscillation is
also important for triggering the SCSSM onset, consistent
with the work of Wu (2010). When we use a normal 12-25-
day bandpass filter to obtain the quasi-biweekly oscillation,
the westerly anomaly is relatively small, i.e., occupying 4.8,
13.7 and 10.1% of the total westerly anomaly for the early,
normal and late onsets, respectively, while the synoptic sig-
nal is strong and dominates the normal and late onsets.

5 Characteristics of ISO related to different
SCSSM onsets

To understand these effects discussed in Sect. 4, the evolu-
tion of the ISO during SCSSM onset is discussed next. The
OLR, a good index for ISO convection, will be used to show
the ISO evolution, as well as the 850-hPa wind that is well
coupled to the ISO convection.

5.1 Early onset years

Figure 3 shows the composite evolution pattern of
12—-80-day-filtered 850-hPa wind and OLR anomalies from
20 days before to 16 days after these nine early SCSSM
onsets. Day 0 denotes the onset day of the SCSSM when the
easterly turns to the westerly wind anomalies over the SCS.

Before the early onset, the active ISO convection anom-
aly is initiated in the central equatorial Indian Ocean at day
—20, and propagates eastward accompanied by an increas-
ing westerly anomaly from day — 20 to day — 12. From
day — 8 to day — 4, the ISO continues to propagate east-
ward and reaches the western Pacific after passing over the
Maritime Continent. The Rossby component of the ISO
is left behind in the Indian Ocean, and its northern part
propagates northward into the Bay of Bengal. Among the
nine early SCSSM onset years, six Bay of Bengal monsoon
onsets led the SCSSM onset by less than 10 days (Fig. 1),
and they are found to be related to this wet ISO. The Bay
of Bengal monsoon onsets triggered by the first northward
propagation branch of the ISO were well discussed by Li
et al. (2012, 2015). At day 0, the Rossby component of the
western Pacific ISO propagating northwestward increases
the convection over the SCS and triggers the onset of
the SCSSM. The wet phase of the ISO over the SCS is
enhanced and continues from day O to day 12. At day 16,
the SCS ISO changes into its dry phase, while the seasonal
westerly anomaly is strong enough to maintain the SCSSM
(Fig. 2a). Ten days before the onset, the quasi-biweekly
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Fig.3 ISO evolution associated

with early SCSSM onset. Evo- 30N
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oscillation was also found to originate from the western
equatorial Pacific (Wu 2010). By analyzing the 12-25 and
30-60 day signals separately, we found the weak quasi-
biweekly oscillation can originate from the western equa-
torial Pacific, while the strong 30-60 day ISO does come
from the Indian Ocean (not shown).

Before the onset (of day 0), the dry phase of ISO appears
over the SCS since day — 16, which is related to the east-
erly wind anomalies of the wet phase of the ISO over the
tropical Indian Ocean. This dry ISO phase prior to the onset
may cause SST warming and precondition the onset of the
SCSSM, consistent with the result of Wu (2002). From day
—4, a negative convection anomaly is also initiated from
the western tropical Indian Ocean, which tends to propa-
gate eastward. After the onset, this dry ISO phase over the
Indian Ocean also enhances the convection over the SCS and
sustains the SCSSM. The dry ISO over the tropical Indian
Ocean and the wet ISO over the SCS constitute a positive
feedback, through the local Walker circulation, similar to the
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positive feedback between the ISO over the Indian summer
monsoon and tropical Indian Ocean (Liu and Wang 2012).

In a word, strong ISO initiated from the equatorial Indian
Ocean can pass over the Maritime Continent and reach the
western Pacific, whose Rossby component then triggers the
SCSSM onset in these early onset years. The local Walker
circulation between the tropical Indian Ocean and SCS can
precondition the outbreak of the SCSSM before the onset
and sustain the SCSSM after the onset.

5.2 Normal onset years

The composite evolution pattern in normal onset years is
similar to that in early onset years, but there are some nota-
ble differences between the two (Fig. 4). Before the normal
onset, the active ISO convection initiated in the western
equatorial Indian Ocean at day — 20 mainly propagates east-
ward from day — 20 to day — 8. From day — 8, however, this
wet ISO mainly propagates northward into the southern Bay
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Fig.4 ISO evolution associated
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of Bengal. At day 0, the wet ISO reaches its maximum in
the northern Bay of Bengal, i.e., north of 10°N. At the same
time, positive convective activities with strong westerly
anomalies are excited over South China, since the convec-
tive latent heating release over the Bay of Bengal can excite
an asymmetric Rossby wave, inducing the intrusion of the
mid-latitude trough (Liu et al. 2002). For this convection to
the north of 10°N, the Kelvin wave response of the Gill pat-
tern disappears and the associated easterly wind anomalies
also disappear from the Bay of Bengal to the SCS. This dis-
appearance of Kelvin wave response has been confirmed by
an intermediate model simulation (Liu and Wang 2013). The
equatorial part of this wet ISO also passes over the Maritime
Continent and reaches the western Pacific at day 0. A strong
12-25-day ISO also originates from the western equatorial
Pacific at day O (not shown), consistent with the result of
Wu (2010). The SCSSM onset is mainly triggered by the
seasonal and synoptic-scale variabilities (Fig. 2b). After the
onset, the wet ISO over the Bay of Bengal decays quickly,

- I——
12 16 20 24 28

12 8 4 0 4 8

and the westerly anomaly over the northern part of the SCS
shows a southward shift and enhances the rainfall over the
SCS at day 4, consistent with previous findings (Chang
1995; Chan et al. 2000; He et al. 2006). This southwest-
northeast tilted rain band lasts to day 16 over the SCS.

Before the onset, the dry phase of SCS ISO precondi-
tioning the onset appears from day — 20 to day —4, associ-
ated with the northeastward propagation of wet ISO from
the Indian Ocean to the southern Bay of Bengal. The dry
ISO evolution from the Indian Ocean to the southern Bay of
Bengal also supports the SCSSM through its westerly wind
anomalies from day O to day 12.

Different from the early onset year when the SCSSM
onset is related to the eastward propagation of the ISO along
the equator, the normal onset is closely related to the north-
eastward propagation of the ISO from the Indian Ocean to
the Bay of Bengal. Before the normal onset around May
21st, the Bay of Bengal monsoon has been established for
about 20 days, and the vertical easterly wind shear may favor
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the northward propagation of the ISO (Jiang et al. 2004). In
Fig. 4, the lower-tropospheric easterly wind anomaly over
the Bay of Bengal before day —4 demonstrates a negative
ISO phase, while the seasonal mean in the lower tropo-
sphere is the westerly. The normal onset is triggered by the
seasonal and synoptic-scale westerly anomalies. Then the
normal onset is mainly supported by the southward mov-
ing convection associated with the front from South China
when the wet ISO moves to the northern Bay of Bengal and
becomes weakened.

5.3 Late onset years

Figure 5 shows the composite evolution pattern for 10 late
onset years, and the pattern of ISO propagation is much
different from that of early and normal onset years. From
day — 20 to day — 4, the active convection anomaly of ISO
initiated from the western equatorial Indian Ocean mainly
propagates northward to the Arabian Sea and triggering

Fig.5 ISO evolution associ-

nine Indian summer monsoon onsets among the ten late
SCSSM onset years, as mentioned in some studies (Wang
et al. 2009a, b; Zhou and Murtugudde 2014). Strong east-
erly wind anomalies are excited from the SCS to the Ara-
bian Sea, associated with this strong southern Indian sum-
mer monsoon to the south of 10°N. At day 0, the wet phase
of ISO moves to the northern Indian monsoon region, i.e.,
to the north of 10°N, and is weakened. This is followed
by a new dry ISO phase, which moves northeastward.
Thus the easterly wind anomalies from the SCS to the
Arabian Sea become weakened and the SCSSM onset is
triggered by the synoptic-scale variability (Fig. 2c). After
the onset, strong ISO westerly wind anomalies appear
across the broad region from the Arabian Sea to the SCS
from day 4 to day 16. Compared to the strong westerly
wind anomaly, the rainfall is relatively weak after the late
onset (Fig. 5). The weak coupling between the circulation
and convection over the SCS inspires our rethinking of the
onset definition.

ated with late SCSSM onset.
Same as in Fig. 3, except for 20N
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Before the late onset, the dry phase of the SCS ISO pre-
conditioning the onset only appears from day — 8 to day
—4, which is much shorter than that in the early and normal
onset years. This dry phase is mainly caused by the wet ISO
over the southern Indian monsoon region. After the onset,
the westerly wind anomalies across the Arabian Sea to the
SCS associated with the dry ISO from the western Indian
Ocean to the southern Indian monsoon region will support
the SCSSM.

For these late onsets around June 8th, seasonal westerly
anomalies are strong, while the strong wet phase of the ISO
of the southern Indian summer monsoon will delay the
SCSSM onset through the easterly wind anomaly across the
whole Arabian Sea, the Bay of Bengal and the SCS. The
SCSSM onset can only be excited by synoptic-scale variabil-
ity when the wet ISO moves to the northern Indian summer
monsoon and becomes weak.

5.4 Similar and different features

For all three types of onsets, the SCSSM westerly wind
bursts and SCSSM onsets are closely accompanied by
the transition of ISO from dry phase to wet phase. For all
the onsets, there is a warming-cooling evolution in SSTa
(Fig. 6). Before each of these three types of onsets, the SCS
is controlled by the dry phase of the ISO, which lasts more
than 20 days for both early onsets and normal onsets, and
10 days for the late onsets. Associated with the dry phase of
the ISO, the SCS is warmed and its SST reaches the peak
before the onset. After the onset, the SCS is dominated by
the wet phase of the ISO associated with decreasing SST.
An anti-correlation exists for the ISO between the SCS and
Indian Ocean, which should constitute a positive feedback
(Liu and Wang 2012). The local low-level easterly Walker
circulation constitutes a positive feedback to precondi-
tion the SCS leading to onset, while the low-level westerly
Walker circulation constitutes a positive feedback to support
the SCSSM. Previous studies (Liang et al. 1999; Zhou and
Chan 2007) showed that in late (early) SCSSM onset years,
the intensity of the SCSSM tends to be weaker (stronger).
This conclusion can also be drawn based on the different
strengths of OLR from Fig. 6.

The ISO evolutions related to these three types of onsets
are different. In the early onset years, the ISO over the SCS
is mainly related to the eastward moving ISO along the equa-
torial Indian Ocean (Fig. 3), while in the normal onset years,
it is related to the northeastward ISO propagation from the
equatorial Indian Ocean to the Bay of Bengal (Fig. 4), and in
the late onset years, to the northward ISO propagation from
the equatorial Indian Ocean to the Indian summer monsoon
region (Fig. 5).

The trigger mechanisms for these three types of onsets
are also different. In the early onset years, the ISO initiated

o
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Fig.6 Air-sea interaction for different onsets. Evolution of composite
12-80-day bandpass-filtered OLR averaged over the SCS (solid blue
line) and over the Indian Ocean (60°E-100°E, 0-25°N; dashed blue
line), as well as SST over the SCS (solid red line) from day —30 to
day 30 for a 9 early onsets, b 15 normal onsets and ¢ 10 late onsets.
Day 0 denotes the onset day. The shadings indicate the standard devi-
ations of the 12-80-day bandpass-filtered SST over the SCS in each
onset

from the equatorial Indian Ocean propagates eastward
to the western Pacific; then its wet Rossby gyre moves
northwestward to trigger the SCSSM onset. In the nor-
mal onset years, the onsets are triggered by the seasonal
and synoptic-scale variabilities when the wet ISO moves
to the northern Bay of Bengal monsoon region and the
Kelvin wave response of the Gill pattern disappears.
Meanwhile, a southwest-northeast tilted front over South
China, excited by the convection over the Bay of Bengal,
will move southward to support the SCSSM onset. While
in the late onset years, the SCSSM onset is excited by
the synoptic-scale variability under the seasonal westerly
anomalies when the wet ISO moves to the northern Indian
monsoon region and the easterly anomaly of the Kelvin
wave response disappears.
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6 Mechanisms for different ISO evolutions

To understand different ISO evolutions associated with
these three types of SCSSM onsets, we address the fol-
lowing questions: (1) In early May, why can the ISO orig-
inating from the Indian Ocean trigger the SCSSM onset
only in the early onset years, not in the normal or late
onset years? (2) In late May, why does the ISO not trig-
ger the SCSSM onset in the late onset years? (3) In early
June, why does the ISO prefer propagating northward to
the Arabian Sea to trigger the Indian summer monsoon
rather than propagating eastward or northeastward in the
late onset years? Since the evolution of the ISO has been
found to be controlled by the mean state (Wang and Xie
1996; Jiang et al. 2004; Li et al. 2012; Liu et al. 2015a,
b, 2016b), the ISO evolutions and associated mean states
will be investigated next.

Fig. 7 ISO evolution before

6.1 Around May 6th

To understand why the ISO originating from the Indian
Ocean can trigger an early SCSSM onset, but not normal
or late onset during early May, we use Fig. 7 to show dif-
ferent ISO evolutions around May 6th for the early onset
years and the years for the other onset types. Day O of a
selected ISO event is defined when the equatorial Indian
Ocean (65°E-75°E, 5°S-5°N) averaged OLR anomaly
reaches its minimum during April 16th to May 6th and this
minimum should be less than — 15 w m~2. In the beginning
from day O to day 5, the ISO mainly propagates eastward
along the equator for all years, associated with the easterly
wind anomalies excited over the SCS. This easterly anomaly
is much stronger in the early onset years than in the other
years. By day 10, the equatorial part of the ISO passes over
the Maritime Continent and reaches the western Pacific,
while the Rossby gyre moves northward to the Bay of Ben-
gal. At day 15, the strong wet phase of the ISO appear over
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the SCS and western Pacific in the early onset years, and
the dry ISO in the Indian Ocean tends to support the rainfall
over the SCS. In the other years, however, the signal in the
SCS and western Pacific decays quickly. Although the dry
ISO in the Indian Ocean tries to support the westerly wind
anomalies over the SCS, no rainfall associated with the ISO
occurs over the SCS.

To understand these different evolutions of the ISO, Fig. 8
shows the associated mean states, including convective
instability, SSTa, lower-tropospheric moisture and conver-
gence during April 16th -May 6th in these early and other
onset years. In the early onset years, there is a positive con-
vective instability anomaly, associated with warm SSTa over
the western North Pacific before May 6th (Fig. 8a), which is
favorable for the growth of the ISO. Positive moisture and
convergence anomalies over the SCS also help ISO devel-
opment (Fig. 8c). This positive feedback of warm SSTa and
large moisture anomaly on the ISO over the western North
Pacific was revealed by Liu et al. (2016b). In the normal
and late onset years, the mean state exhibits strong nega-
tive convective instability anomaly and cool SSTa (Fig. 8b),
as well as, a negative moisture anomaly (Fig. 8d) before
May 6th over the western North Pacific, and the associated
seasonal-mean easterly wind anomaly is also strong during
this period (Fig. 2b, c). These negative mean states will sup-
press the development of the ISO over the western North
Pacific. The warm western North Pacific in the early onset

Early onset years

years can be attributed to the interannual (Wu and Wang
2000; Liang et al. 2013) or decadal (Yuan and Chen 2012;
Xiang and Wang 2013) La Nifia-like SST pattern. Thus,
the interannual-to-decadal variability in the western North
Pacific will modulate the ISO evolution, and then control
the SCSSM onset.

6.2 Around May 21st

The second issue should be addressed is why the ISO can
affect the SCSSM onset around May 21st in the normal onset
years, but not in the late onset years. Figure 9 shows the ISO
evolutions around May 21st for the normal and late onset
years. In the normal onset years, the ISO initiated from the
western Indian Ocean propagates eastward from day O to
day 5, and it is mainly dominated by the Rossby gyre over
the southern Bay of Bengal at day 10. From day 5 to day 15,
one signal propagates from the western equatorial Pacific to
the SCS, and a weak front moves southward over the west-
ern North Pacific. Compared to the strong front over South
China associated with the strong ISO over the Bay of Bengal
in Fig. 4, the front here is relatively weak, as well as the
Bay of Bengal ISO, which means that only part of the ISO
originating from the western Indian Ocean can propagate
northeastward to affect the Bay of Bengal.

In the late onset years, the ISO over the Indian Ocean
and western Pacific is relatively weak, and no large-scale

Normal and late onset years
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Fig.8 Mean states before May 6th. Shown are the composite 81-day
low-pass-filtered convective instability (fe, shading; K) and SSTa
(contour; K) averaged for the period of April 16th to May 6th for a
nine early-onset years and b the other 25 years. The convective insta-
bility is defined by the difference of equivalent potential temperature

between lower (1000—700 hPa) and mid (600—300 hPa) tropo-
sphere. ¢, d are the same as a, b, except for 850-hPa moisture (shad-
ing; g kg™") and divergence (contour; s™!'10™%). The green contour
denotes zero, and the contour intervals are 0.1K for SSTa and s~ !
1073 for divergence
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Fig.9 ISO evolution before

May 21th. Evolution of com-

posite 12-80-day bandpass- 20N
filtered 850-hPa wind (vector)

and OLR (shaded) from day 0 10N
to day 20 for the ISO initiated 0
from the western Indian Ocean ke

for 15 normal onset years (left 108
panels) and 10 late onset years 30N

(right panels). Day O denotes

the day when the OLR anomaly
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Indian Ocean (65°E-75°E,

5°S-5°N) reaches a minimum
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circulation-convection coupled system can be found. The
convection over both Indian Ocean and SCS is coupled
with the westward propagating Rossby gyre. After day
10, the SCS is dominated by the intraseasonal easterly
wind anomaly. Since the seasonal easterly wind anomaly
is still strong during May 1st to 21st in the late onset years
(Fig. 2¢), the SCSSM onset cannot be triggered.

Different from the normal onset years (Fig. 10a, c), the
mean states for the period from May 1st to 21st experi-
ence strong negative convective instability anomaly, cold
SSTa, negative moisture anomaly, and strong divergence
anomaly over the northern Indian Ocean and western
North Pacific in late onset years (Fig. 10b, d). Thus,
the ISO is much suppressed and minimally impacts the
SCSSM onset during late onset years.
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6.3 Around June 8th

The last question to be addressed is why the ISO over the
Indian Ocean propagates northward to the Arabian Sea to
trigger the Indian summer monsoon and delay the SCSSM
onset rather than propagates eastward to trigger the SCSSM
onset directly around June 8th in the late onset years. Fig-
ure 11 shows the background convective instability and ver-
tical wind shear anomaly during the period of May 19th to
June 8th in the late onset years. A strong northward gradient
of the background convective instability with maximum con-
vective instability over the land is found during this period.
Previous studies have shown that the poleward gradient
of convective instability could produce poleward propa-
gation of convective anomalies (Webster and Chou 1980;
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Late onset years
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Fig. 10 Mean states before May 21st. Shown are the composite
81-day low-pass-filtered convective instability (fe, shading; K) and
SSTa (contour; K) averaged for the period of May 1st to May 21st for
a 15 normal-onset years and b 10 late-onset years. ¢, d are the same
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Fig. 11 Mean state before June 8th. Shown is the composite 81-day
lowpass-filtered convective instability (fe, shaded, K) and vertical
wind shear (U200-U850, contours, m s~') averaged for the period
of May 19th to June 8th for 10 late onset years. Only easterly shear
is contoured by dashed line, and the thick dashed line denotes zero.
Counter interval is 5 m s~

Srinivasan et al. 1993). Since the Bay of Bengal monsoon
has been established in this period, a strong climatologi-
cal easterly vertical wind shear also occurs over the Indian
Ocean. This easterly vertical shear prefers the northward
propagation of the ISO through exciting the barotropic vorti-
city anomaly to the north of the convective center (Kemball-
cook and Wang 2001; Jiang et al. 2004; DeMott et al. 2013;
Liu et al. 2015a, b). By these mechanisms, the ISO initiated
from the western Indian Ocean propagates northward to trig-
ger the Indian summer monsoon. Around June 8th during
early- and normal-onset years, similar northward gradient of

as a, b, except for 850-hPa moisture (shading; g kg~ ') and divergence
(contour; s~'10™%). The green contour denotes zero, and the contour
intervals are 0.1 K for SSTa and s~''107 for divergence

the background convective instability and easterly vertical
wind shear as those in Fig. 11 exist (not shown). Thus, the
ISO also experiences the northeastward propagation over the
Indian Ocean. During early-May, the northward propagation
of the ISO also triggers the Bay of Bengal summer monsoon,
mainly through the poleward gradient of convective instabil-
ity in the eastern Indian Ocean, since the easterly vertical
wind shear is not yet established at that time (Li et al. 2012).

7 Summary and discussion

To improve the extended-range forecast of SCSSM onset,
we document different effects of the ISO on early, normal
and late SCSSM onsets. For all three types of onsets, a
warming-cooling evolution in SSTa is found (Figs. 2, 6).
Before each onset, the SCS is controlled by the dry phase
of the ISO (Shao et al. 2014), and the SCS is warmed to
precondition the onset. After each onset, the SCS is cooled
by the wet phase of the ISO. This local warming-cooling
evolution, discovered by Wu (2010), confirms the extended-
range forecast source for the SCSSM onset prediction. The
transition process, however, is found to be related to different
ISO evolutions over the Indian Ocean for the three types of
onsets. For the early onset, the dry/wet phase of SCS ISO
is supported by the easterly/westerly wind anomaly related
to the wet/dry phase of the ISO propagating eastward along
the equatorial Indian Ocean (Fig. 3), while it is related to the
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ISO propagating northeastward from the equatorial Indian
Ocean to the Bay of Bengal monsoon region for the normal
onset (Fig. 4), and to the northward propagating ISO from
the tropical Indian Ocean to the Indian monsoon region for
the late onset (Fig. 5).

The early onset is found to be triggered by the Rossby
gyre of the wet phase of ISO over the western Pacific com-
ing from the Indian Ocean. The normal onset is triggered by
the synoptic-scale activity when the wet ISO moves to the
northern Bay of Bengal monsoon region, since the convec-
tion to the north of 10°N cannot excite the easterly anomaly
of Kelvin wave responses to suppress the SCS convection.
At the same time, the southward moving front from South
China excited by the Bay of Bengal convection will support
the SCSSM onset. The late onset, however, is delayed by
the wet phase of the southern Indian summer monsoon ISO,
and is triggered by the synoptic-scale variability when the
dry phase of SCS ISO caused by the strong southern Indian
summer monsoon is weakened. Here, these different onset
processes, i.e., the ISO triggering process (Mao and Chan
2005; Zhou and Chan 2005; Straub et al. 2006), the front
triggering process (Chen and Chen 1995; Chan et al. 2000;
Ding and Liu 2001; Tong et al. 2008), and the synoptic vari-
ability triggering process (Mao and Wu 2008), are selected
by mean state-modulated ISO evolutions.

These different ISO evolutions and SCSSM onsets are
modulated by the mean-state convective instability. A warm
and moist western North Pacific will favor the eastward
propagation of the ISO and advance the SCSSM onsets,
while a cold and dry one tends to suppress the ISO and
delay the SCSSM onset. The ENSO and Pacific Decadal
Oscillation (PDO) related western North Pacific SST will
provide a predictability source to identify the type of ISO
evolution before the onset, and the ISO signal initiated over
the western Indian Ocean will provide a predictability source
for the extended-range forecast of the SCSSM onset. This
prediction system is being built and tested.

The advance of the Asian summer monsoon rain band has
been well studied (Lau and Yang 1997; Webster et al. 1998;
Wang and LinHo 2002), and the climatological onset of the
Asian summer monsoon first occurs over the Bay of Bengal,
then over the SCS and ends over the Indian subcontinent.
The relation among these three monsoon onsets, however,
has strong interannual variability. For example, our results
show that the Indian summer monsoon onset will occur ear-
lier than the SCSSM onset and delay the SCSSM onset in
SCSSM late onset years (Fig. 1). The year-to-year relation-
ship and interaction among these three monsoons are not
clear, and need further investigation.
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