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ABSTRACT

The seasonal transition from December 2017 to May 2018 occurred during the
final decaying stage of the La Nifia phase following the 2015/16 El Nifio. In this re-
port we documented the anomalous cyclonic flow that persisted over the South China
Sea (SCS) in winter and over the western North Pacific in spring was maintained by
the anomalous heating in the equatorial Pacific and the extratropical influences that
consist of weakened Aleutian low and subtropical wind-SST coupled air-sea fluxes
over the NW Pacific. Persistent anomalous north-easterlies along with negative OLR
and warm SST anomalies over the SCS in spring was found to be sustained by the
cold and dry air advected from East Asia into the lower latitudes through the anoma-
lous easterlies associated with the cyclonic flow to the south and anticyclonic flow
to the north at 20 - 30°N. Besides the above interannual scale influences, heating
over tropical Indian Ocean (I0) associated with two intra-seasonal oscillation (ISO)
episodes in April and May caused strong easterly flow over eastern IO and Maritime
Continent. The interannual and intra-seasonal influences together maintained an an-
ticyclonic flow from SCS to Bay of Bengal in April and May, and delayed the SCS
monsoon onset. A dry Equatorial Rossby wave that arrived at the SCS in late May

further enhanced the delay and resulted in a late SCS monsoon onset in early June.

1. INTRODUCTION

The South China Sea (SCS) is part of the western Pacif-
ic marginal seas with Taiwan and Taiwan Strait as its north-
ern limits and Singapore and the Strait of Malacca as the
southern limits. The unique geographic location makes the
SCS an interesting hotspot of research, in particular for un-
derstanding the relationship between East Asian monsoons
and the air-sea coupled variation over the Pacific and Indian
Oceans (IO). Several international field experiments con-
ducted in the region currently are still ongoing such as Years
of the Maritime Continent (YMC, http://www.jamstec.
go.jp/ymc/), NASA Cloud and Aerosol Monsoonal Process-
es-Philippines Experiment (CAMP2Ex, https://espo.nasa.
gov/camp2ex/content/ CAMP2EX), and the NOAA Climate
Variability and Predictability (CVP) Program (https://cpo.
noaa.gov/Meet-the-Divisions/Earth-System-Science-and-
Modeling/CVP). Taiwan joined the international effort by
conducting the SCS Two-Island Monsoon Experiment (SC-
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STIMX) in corporation with the international YMC project
to study convective and large-scale dynamic processes over
the SCS and Maritime Continent (MC) region. A pilot study
(December 2016) and two field campaigns during the Inten-
sive Observation Periods (IOPs) (May to June 2018 and De-
cember 2018 to January 2019) were performed at Taiping
Island and Dongsha Island within the extended observation
period of 2017 - 2019 (Lin et al. 2016; Chen et al. 2020; Sui
etal.2020). The SCS summer monsoon (SCSSM) onset and
Taiwan Mei-yu is a research focus for the first IOP, with a
specific goal of improving the understanding and predict-
ability of multi-scale convection over the region of study.
The large scale atmospheric circulation variability over
the SCS-MC region involves the monsoon, intraseasonal
oscillations, and convectively coupled waves. The SCSSM
onset signifies a precursor of the establishment of the East
Asian summer monsoon (EASM) (Wang et al. 2004; Chang
et al. 2005). The onset process is characterized by the re-
versal of low-level zonal wind from easterlies to westerlies
and a seasonal transition from the dry to wet regime over
the central SCS from 5 to 15°N and 110 to 120°E, which is
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usually associated with a retreat of the westward extension
of the western North Pacific subtropical high (WPSH) from
the SCS to the Philippine Sea (Mao et al. 2004). Mao et al.
(2004) documented the seasonal evolution of the WPSH of
which the ridge position over the SCS is defined as the west-
erly-easterly boundary surface, a line that separates wester-
lies to the north and easterlies to the south. They demonstrat-
ed that the seasonal shift of monsoonal flows is associated
with the change in pressure distribution over the tropics,
subtropics and midlatitude regions. The migration of tropi-
cal convection and the seasonal transition axis defined by
the vertical characteristics of the westerly-easterly boundary
surface indicate that climatologically the establishment of
the Asian summer monsoon consists of at least three stages,
first over the Bay of Bengal and the Indochina Peninsula,
then the SCS and finally South Asia. The interannual (e.g.,
Zhou and Chan 2007; Luo et al. 2016) and interdecadal (e.g.,
Kajikawa and Wang 2012) variations of the SCS summer
monsoon onset timing have been studied. Strong modulation
by tropical intraseasonal oscillations was also documented
(e.g., Kajikawa and Yasunari 2005; Tong et al. 2009).

The establishment of the SCSSM tends to be delayed
after an EI Nifio winter due to the enhanced WPSH induced
by the anomalous subsidence associated with the El Nifio
warm SST over the central and eastern equatorial Pacific.
In contrast, the SCSSM after the La Nifia winter tends to be
established earlier than normal due to a persistent anoma-
lous Philippine Sea cyclonic circulation from winter to the
subsequent summer (see Liu and Zhu 2019, and the refer-
ences therein). In addition to the remote ENSO forcing, the
thermodynamic feedback between the anomalous cyclonic
circulation and the underlying compensating warm SST
anomalies over the western Pacific warm pool can sustain
the anomalous cyclonic circulation for many months until
the mean flow completely changes from the northeasterly
trade winds in the winter regime to the westerly monsoonal
flow in the summer regime (Wang et al. 2000, 2003).

On the other hand, the atmosphere over the SCS is
known to process strong sub-seasonal variations mainly on
the quasi bi-weekly (QBW, 12 - 25 days) and intra-seasonal
(30 - 60 days) time scales (Zhou and Chan 2005,2007; Hung
and Hsu 2008; Wang et al. 2009; Chen and Sui 2010; Hung
and Sui 2018). The QBW mode over the SCS has distinctly
different propagation characteristics from the intra-seasonal
oscillations (ISO, 30 - 60 days), which is also called boreal
summer intraseasonal oscillation (BSISO) for the extended
boreal summer (May to October) season. In their compos-
ite analysis study Kemball-Cook and Wang (2001) found
significant differences in BSISO between the early (May
to June) and late (July to October) summer months. They
pointed out that Rossby waves play a critical role in the struc-
ture. Regardless early or late summer, eastward propagation
convective anomalies are observed over the 10 during the
initiation stages of the ISO, followed by poleward-moving

Rossby waves (Jiang et al. 2004; Drbohlav and Wang 2005;
Weng and Yu 2010; DeMott et al. 2013). After the initiation
stages, the eastward propagating convective anomalies can
move from the IO through the MC to western Pacific. The
eastward propagating anomalies and the poleward mov-
ing Rossby waves form a northwest-southeast elongated
convective anomalies that is distinctly different from the
structure of the eastward propagating Madden-Julian Oscil-
lation (MJO) (Madden and Julian 1971). The off-equatorial
westward-propagating QBW mode is perceived as a moist
equatorial Rossby (ER) wave modified by the basic state
or a mixed Rossby-Gravity (MRG) wave (see Wang et al.
2009 and references therein).

The SCSTIMX first IOP (May to June 2018) was
characterized as a monsoon transition season following a
La Nifia winter. Although the cyclonic anomalies sustained
by the anomalous warm SST and air-sea interaction over
the Philippine Sea and western Pacific was observed during
the transition season, the SCSSM was not established until
pentad 31 (31 May to 4 June) which was half-month later
than the normal onset time in pentad 28 (16 - 20 May). The
dramatic difference between 2018 and the other SCSSM on-
set evolution is clearly illustrated using the low-level zonal
wind index (Uscs) calculated as the mean u-component of
the wind field at 850 hPa averaged over the central SCS
from 5 to 15°N and 110 to 120°E. Wang et al. (2004) docu-
mented that Uscs is a good index to represent the timing of
the broad-scale summer monsoon seasonal transition over
East Asia and the western North Pacific region (0 - 40°N,
100 - 140°E). Figure 1 shows that for the 13 years (1984,
1985, 1989, 1996, 1999, 2000, 2001, 2006, 2008, 2009,
2011,2012,and 2017) of the April-June period that followed
the La Nifia winter the seasonal transition of Uscs from the
easterlies to the westerlies, on average, is earlier than the
climatological mean evolution. Here the La Nifia winter is
identified based on the cold DJF of “Historical El Nifio/La
Nifa episodes (1950 - present)” published at the NOAA/
Climate Prediction Center ENSO webpage at https://origin.
cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/
ONI _v5.php. It is evident in Fig. 1 that all years following
La Nifia winters, indicated by the blue line with the stan-
dard deviate bars, show the transition from negative Uscs to
positive occurred before 26 May, while the 2018 transition
occurred on 1 June.

The late onset of the 2018 SCSSM was documented in
Liu and Zhu (2019). Liu and Zhu (2019) attributed the late
onset to the formation of a persistent anomalous barotropic
anticyclone over Northeast Asia from mid- to late-May. The
anomalous anticyclone reduced upper level divergence over
the SCS, weakened the South Asian High and weakened the
vertical easterly shear, therefore, helped to inhibit the devel-
opment of convection over northern SCS.

In this paper we will discuss the late onset from a dif-
ferent perspective from Liu and Zhu (2019) by showing
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Fig. 1. Domain-averaged zonal wind over the SCS for the year of 2018 (red line), climatology (black line) and the 13-year average during La Nifia
decaying year (blue line) with 1 standard deviation (vertical blue line). Climatology is defined as the daily-averaged value during 1980 - 2017, and
the La Nifia year is defined as 1984, 1985, 1989, 1996, 1999, 2000, 2001, 2006, 2008, 2009, 2011, 2012, and 2017.

that the influence of BSISO and ER waves is the key fac-
tor. The data and the ISO and tropical wave identification
methods are described in section 2. The climate background
of the SCSTIMX observation period from 2017 to 2018 is
presented in section 3. Section 4 discusses the influence of
the tropical Pacific and IO on SCSSM. Section 5 discusses
the influence of tropical intraseasonal oscillations on 2018
SCSSM onset. The combined influence of La Nifia and in-
traseasonal oscillations on the SCSSM onset is presented in
section 6. Section 7 is the conclusions and discussions.

2.DATA AND METHODOLOGY

In this section, we describe the primary data sets and
analysis methods. Additional data or analysis procedure
used in some specific figures will be described in corre-
sponding discussions. The analysis is based on the Euro-
pean Center for Medium-Range Weather Forecasts (EC-
MWEF) interim reanalysis (Dee et al. 2011) with a temporal
resolution of 6-hr and at 0.75° x 0.75° horizontal resolution
at 60 vertical levels from the surface up to 0.1 hPa. The
variables include the mean sea level pressure (SLP), hori-
zontal and vertical velocity (u, v, and w), specific humidity
(q), horizontal vorticity and derived velocity potential (vp)
and stream function (sf) from u and v. We also analyzed
two sets of SST data: the NOAA Extended Reconstructed
Sea Surface Temperature (ERSST v5; Huang et al. 2017) of
monthly and 2° x 2° horizontal resolution, and the Optimum
Interpolation Sea Surface Temperature (OISST) of daily
and 0.25° x 0.25° resolution. For the proxy of convection
activities, we used National Oceanic and Atmospheric Ad-
ministration (NOAA) Climate Data Record (CDR) of daily
outgoing long-wave radiation (OLR) version 1.2 (Liebmann
and Smith 1996; Lee and NOAA CDR Program 2011) with
1° x 1° resolution estimated from High-Resolution Infra-
red Radiation Sounder (HIRS) radiance observation with a
two-day lag. For precipitation we use Global Precipitation
Climatology Project (GPCP) Version 2.3 monthly precipita-

tion data set at 2.5° x 2.5° spatial resolution (Huffman et al.
1997; Adler et al. 2018).

The monthly climatological fields of all variables are
defined by the mean fields of each calendar month between
January 1980 and December 2017. The monthly anomalies
are defined by deviations from the corresponding monthly
climatological fields. The daily climatological fields are de-
fined as the summation of the first-three harmonics of daily
annual cycle. Daily anomalies are the difference between
original daily data and the daily climatology.

The SCSSM onset index is defined as the 850-hPa
zonal wind averaged in the area of 110 - 120°E and 5 - 15°N
(Wang et al. 2004). The circulation index such as the 850-
hPa vorticity is averaged 5 degrees of latitude north to the
Uscs index as 10 - 20°N. The La Nifia cases are selected
when the Ocean Nino Index (ONI), provided by NOAA’s
Climate Prediction Center (https://www.cpc.ncep.noaa.
gov/), is below 0.5°C. The anomalies are calculated based
on centered 30-year base periods updated every 5 years.

Variables of convection-coupled waves are defined
based on the space-time filtering procedures by Wheeler
and Hendon (2004). The major variables including OLR
and u at 850 and 200 hPa are filtered to resolve the MJO,
Kelvin wave (KW) and ER. The corresponding ranges of
wave number and frequency for the MJO and the two wave
modes are presented in Table 1. The detailed procedure is
described in Chen et al. (2019) and Tsai et al. (2020). The
MJO during the boreal summer season (BSISO) often bi-
furcates to northward- and eastward-moving components
over the western IO and results in a northwest-southeast
elongated convective anomalies after passing the center 10
with a structure distinctly different from the MJO. Because
in the present study the focus is on ISO, we will not rigor-
ously separate the eastward moving ISO to BSISO or MJO,
instead will call the subtropical ISO as BSISO and the equa-
torial ISO as MJO.

The winter, spring and summer in this work are defined
following the general usage, namely DJF, MAM, and JJA.
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The 2018 winter means the three-month period of December
2017 and January to February 2018. The 2018 spring means
the three-month period of March-April-May in 2018.

3. CLIMATE BACKGROUND OF THE SCSTIMX
2017 - 2018

3.1 ENSO Features from December 2016 to June 2018

The spring to early summer season of 2018 was in the
final stage of the La Nifia phase following the 2015/16 El
Niflo as shown by longitude-time (Hovmoéller) diagram of
anomalous SST, OLR, and wind at 850 hPa along the equa-
tor between 5°S and 5°N during the period from 2016/12 to
2018/06 (Fig. 2). Here the anomaly is defined by the devia-
tion from long-term (1980 - 2017) mean and the first-three
harmonic computed from the data of 1980 - 2017. A 11-day
moving-average is used on all variables to filter out high fre-
quency wave. Figure 2a shows cold SST anomaly (SSTA)
in central and eastern Pacific emerged in the late summer
of 2017 became intensified during winter of 2017/18 and
substantially decayed after spring 2018 and turned to posi-
tive in May and June. Figure 2b shows a pattern of enhanced
equatorial convection over western Pacific and eastern 10
from the winter of 2016/17 until spring 2018. Associated
with the enhanced convection, to its east is mostly the east-
erly (negative) anomalies. The westerly (positive) anoma-
lies occurred concurrently with the negative anomalies of
the OLR. It shows that deep convection tends to occur when
the low-level wind anomalies are positive.

The seasonal mean anomalies of SST, SLP, 850-hPa
winds and stream function for December to February and
March to May 2018 are presented in Fig. 3. The anomalies
are computed by removing the annual cycle based on the
30-year average of the 3-month running mean from 1981 to
2010. Note that in Fig. 3 we used the current climatological
standard normal period 1981 - 2010 (WMO 2017) for cal-
culating the ENSO associated seasonal features, whereas for
the sub-seasonal features such as monsoon onset and plan-
etary-scale waves and monthly anomalies we use the data
from 1980 to 2017 to represent the background climate. The
La Nifia winter (Figs. 3a and c) was characterized by strong
eastern Pacific cold tongue, suppressed convection over the
central equatorial Pacific, and enhanced Intertropical Con-
vergence Zone (ITCZ) on both sides of the equator along

with strong trade wind and an anomalous cyclonic circula-
tion over the SCS. The tropical features described above are
maintained by equatorial climate dynamics (e.g., Wang et al.
2000). In addition, the La Nifia winter also exhibits notable
extratropical features of weakened Aleutian low/westerly jet
(Fig. 3¢), warm SST in north Pacific similar to the Pacific
Meridional Mode (PMM) (Chiang and Vimont 2004). From
the winter to spring, the overall La Nifia features generally
remained but the warm SST and wind associated with the
PMM and the anomalous anticyclonic circulation over north
Pacific persisted and moved southwestward to western Pa-
cific near 140°E where an anomalous cyclonic circulation
and enhanced convection appeared east of Philippine Sea.
This is attributed to the seasonal footprinting mechanism in
the Pacific (Vimont et al. 2003; Chang et al. 2007) and the
basin-scale ocean-atmosphere coupled mode also known as
the Victoria mode (VM) (Tseng et al. 2017a, b). The VM is
the second dominant mode (EOF2) of springtime North Pa-
cific SST anomalies poleward of 20°N. It has a significant
impact on the Pacific ITCZ precipitation during the follow-
ing summer and ENSO evolution during the following win-
ter, and is closely linked to the intensity of the SCS summer
monsoon (Ding et al. 2018).

The decaying cold SST anomaly in the winter of DJF
2018 was coupled with a well-organized ISO with strong
westerly and negative OLR anomalies propagating from 10
to central Pacific near 150°W during the winter. In the fol-
lowing spring 2018, two ISOs were respectively observed in
April and May associated with active convection confined
over eastern and central 10.

3.2 Features of the Spring Season After La Niiia Winter
in 2018

The monthly mean anomalous fields of SST, OLR, and
850-hPa wind for March, April, and May 2018 (Figs. 4a - f)
show a weakening tendency of the negative SST anomaly
over the equatorial and South Pacific and South 10 from
March to May. The weakening tendency was associated with
the weakening La Nifia. However, over the western North
Pacific, from Taiwan to a reference point such as (30°N,
180°E), a southwest-northeast elongated warm SST anom-
aly persistently developed from March to May. This SST
anomaly resembles the VM pattern over the mid-latitude

Table 1. The range of zonal wavenumber, period (day) and equivalent depth (m) chosen for
filtering MJO, Kelvin wave, and equatorial Rossby wave. The wavenumber-frequency ranges
for MJO, Kelvin wave, ER wave are based on Wheeler and Kiladis (1999).

Zonal wave number Period (day) Equivalent depth (m)
MJO 1to5 30 to 90
Kelvin wave -10 to -1 9.7 to 48 8 to 90
Equatorial Rossby Wave 1to 14 2.51t0 30 8 t0 90
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North Pacific region, but with enhanced warm SST anomaly
extended to the western boundary ocean near Taiwan. The
southwestward SST warm anomaly extension can be a re-
sponse to the positive SLP anomaly in Fig. 3b that creates a
favorable condition for the west boundary ocean surface to
absorb more solar heating. Persistent warm SST anomaly is
also observed over North IO in particular the Arabian Sea,
Bay of Bengal and the SCS. During these three months the
SSTs over the western Pacific tropical warm pool (0 - 15°N,
120 - 150°E) were warmer than climatology.

The large-scale convection and circulation represented
by OLR and 850-hPa wind anomalies in Fig. 4 illustrate
some important features associated with the weakened
La Nina. The easterly anomaly over the equatorial central
Pacific (160°E - 160°W) rapidly weakened from March
to May. Over North Pacific we see clear negative OLR
anomaly and the southwest-northeast oriented anomalous
cyclonic circulation suggesting stronger tropical and sub-
tropical convective weather activity in March (Figs. 4a, d).
Note that the anomalous cyclonic circulation is associated
with the subtropical warm SST anomaly extended from the
subtropical eastern Pacific, between Hawaii and Mexico,
southwestward to the western Pacific warm pool (Fig. 4d).
The subtropical (20 - 30°N) warm SST over western North
Pacific (Fig. 4d) is associated with the extratropical easterly
anomalies over the western Pacific (Fig. 4a) reflecting the
weaker than normal Aleutian Low. The off-equatorial west-
erly anomalies along 5°N in May can enhance the central

Pacific ITCZ (Fig. 3d) and the associated cyclonic circula-
tion as a Gill type response with the Rossby wave response
to the west of the diabatic heating associated with the con-
vective center and Kelvin wave to the east of the heating
center. The cyclonic anomaly is in favor of exciting an an-
ticyclonic response to its west which can induce the east-
ward propagation of the SCS anticyclone anomaly and the
associated downwelling Kelvin wave, and eventually termi-
nate the La Nifia and trigger an El Nifio similar to the VM
mechanism proposed in Ding et al. (2015a, b). Figure 4b
shows the cyclonic anomaly over SCS gradually moved to
the western Pacific near 160°E from March to May. Over
the IO, active convection (or negative OLR anomalies) ap-
peared in western-central areas around equatorial zone in
April and more to the north near 10°N in May. The nega-
tive OLR is associate with warm SST anomalies (Fig. 4f).
Anomalous warm SST and enhanced convection over 10
maintain the subtropical easterlies from the SCS through the
Bay of Bengal to the Arabian Sea.

4. THE INFLUENCES OF THE TROPICAL PACIFIC
AND INDIAN OCEAN ON SCS

In order to understand the large-scale environment in-
fluence on the SCSSM onset, we examined the time and
longitude cross section of anomalous vorticity (10 - 20°N
average) and zonal wind (5 - 15°N average) at 850 hPa
(Fig. 5). The two variables are smoothed by a 3-day running
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Fig. 5. Meridional-averaged 850 hPa vorticity anomaly between 10 - 20°N (shaded) and zonal wind anomaly between 5 - 15°N (contour) are dis-
played. Shaded in red (purple) means (anti)cyclonic circulation and solid (dashed) contour means westerly (easterly) with the interval of 2 m s from
-8 to 8 m s™'. The 0-value contour for zonal wind was omitted. A 3-day running-average smooth is used on both vorticity and zonal wind.

average. To the east of the Philippines (125°E) the vorticity
is in general positive with two maxima during the periods of
from late March to early April and from mid-April to early
May, with the centers at 135°E and 150°E, respectively. The
positive vorticity in Fig. 5 that reflects cyclonic circulation
over the Philippine Sea and western Pacific (Fig. 4) is an
air-sea coupled response to the La Nifia forcing (Wang et
al. 2000). To the west of the Philippines the vorticity from
the SCS to eastern IO (90°E) is generally negative during
April and May. The negative vorticity in Fig. 5 is consistent
with the anticyclonic circulation observed in Fig. 4b over
the northern SCS, Southeast Asia and the Bay of Bengal.
Two episodes of persistent easterlies appeared over 10 and
SCS. The first easterly episode over SCS (110 - 120°E) in
10 - 20 April occurred after the enhancement of the easter-
lies over the Bay of Bengal (90 - 100°E). This is a response
to the MJO heating over eastern and central 10 in April. The
second easterly episode over SCS in 12 - 30 May reflects
the effect of eastward propagating easterly anomalies asso-
ciated with the anticyclonic vorticity from 50 to 90°E over
the Arabian Sea, India and the western Bay of Bengal. This
is a response of the propagating BSISO heating over Indian
Ocean in May. In fact, the fluctuations of the 850-hPa vor-
ticity and u anomalies over the SCS indicate that the delayed
SCSSM onset was associated with decaying La Nifia-forced
cyclonic circulation and ISO-induced suppression that were
originated from the Pacific and IO, respectively.

5.ROLES OF TROPICAL INTRASEASONAL
OSCILLATIONS

Both 30-60-day and 10-20-day oscillations were active
in April and May 2018 as shown by the Hovmoéller diagram
of OLR anomalies and the filtered OLR at the MJO, ER, and
KW bands averaged within two different latitudinal bands
of 5°S - 5°N and 5 - 15°N in Figs. 6a - b. The figure shows
two eastward-moving bands of negative OLR anomalies
over the equator from western 10 to western Pacific (near
160°E) that correspond well with the filtered signal of the
MJO (or 30-60-day oscillation) in April and May, respec-
tively. The evolution of the two 30-60-day oscillations are
also shown by the pentad mean OLR anomalies and veloc-
ity potential at 200 hPa in Fig. 7. Figures 6 and 7 show that
the 30-60-day oscillation in April evolved from the grow-
ing stage during the half month and weakened rapidly af-
terward. Its convection is mostly confined in the western
and central tropical IO that influenced SCS through its over-
turning circulation (Fig. 5). Following the convective phase
of the MJO in April, a suppressed phase of the MJO was
observed to move from western Indian Ocean (~28 April)
to SCS (~13 May) and Philippine Sea (~18 May). Then an-
other 30-60-day oscillation developed over western 10 from
near 10 May and moved both eastward and northward, re-
sulting in a northwest-southeast oriented band of convection
in the rest of May. SCS was in the suppressed phase of the
30-60-day oscillation in the pentad around 13 - 18 May.

Besides the 30-60-day oscillations, 10-20-day oscil-
lations also known as ER waves were also active during
April and May. The Hovmoller diagram of space-time fil-
tered OLR within the ER frequency band averaged between
5 - 15°N (Fig. 6b) shows how the waves evolve with time
and interact with each other. Most ER waves during the two
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Fig. 6. Hovmoller diagrams for OLR anomaly on the equator (a) and north of the equator (b) were shown. The OLR anomaly was applied a 11-day
running-average. Also shown in both figures is the ISO wave (black contour) and ER wave (red contour) calculated from the space-time filter. Solid
(dashed) line means positive (negative) anomalous OLR with the interval of 10 Watt m. 0-value contour is omitted.
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Fig. 7. Pentad-averaged maps for OLR anomaly (shaded) and 200 hPa velocity potential anomaly (contour) from April to May were demonstrated.
Solid (dashed) contour means positive (negative) anomalous velocity potential with the interval of 2 x 10° (m?*s™).
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months originated in western Pacific and move westward
to SCS. A dry pulse of ER wave moved into SCS in late
May that appears to delay the monsoon onset for a few days
as will be discussed in section 6. The spatial pattern of the
large-scale waves can be clearly seen in the April to May
pentad-averaged maps for OLR anomaly and 200-hPa vp
anomaly presented in Fig. 7. The negative vp anomalies and
the negative OLR anomalies that reflect tropical deep con-
vection show good coherent relationship. OLR anomalies
suggest that deep convection was active in April and May
except during the two pentads from late April to early May.
Prior to the suppression of 10 deep convection the positive
200-hPa vp anomalies appeared over the eastern Atlantic
and slowly moved through Africa into the 10. The deep con-
vection became active again when the positive 200-hPa vp
anomalies continuously moved eastward to the eastern 10
and Indonesia MC. In late May (the bottom one on Fig. 7
right column) over the SCS-MC region we see a dipole pat-
tern of the OLR with negative anomalies over the Indone-
sia MC and positive anomalies over the SCS. The negative
anomalies over the Indonesia MC show good relationship
with the negative 200-hPa vp. However, the positive anoma-
lies over the SCS do not show good relationship with the
200-hPa vp anomalies. This evidence favors the possibility
that the dry anomalies occurred during the normally active
SCSSM pentad was not directly related to the dry phase of
MJO, which is represented by the most pronounced eastward
moving 200-hPa vp anomalies with a clear dipole structure,
but suppressed by the dry ER wave.

The SCSSM onset was delayed by the suppressed west-

erlies over the SCS (Fig. 1). The longitude and latitude verti-
cal cross sections of wind and moisture can help us to see
how the 30-60-day and 10-20-day oscillation suppressed the
development of the onset westerlies over the SCS. Figure 8a
shows strong easterlies occupied the boundary layer lower
than 700 hPa over the SCS during the 27" pentad (11 - 15
May). The low-level easterlies cover a wide longitudinal
range from 60 to 120°E, which is consistent with the month-
ly mean easterly anomalies in May (Fig. 4) and wide-scale
anticyclonic vorticity anomaly in Fig. 5. The strong upward
motion over the IO is associated with the convective phase
of the 10-20-day ER wave shown in Fig. 6. The passage of
the ER wave through the Bay of Bengal (80°E) triggered
two centers of the development of active convection, one
around the southern tip of India and another over western
Indian Ocean to the west of India Peninsula (70°E). These
two convective centers are clearly depicted in Fig. 8a. The
low-level easterlies suggest strong influence of the powerful
convective circulation to the west of India that later evolve to
the convective phase of the MJO or ISO or 30-60-day wave
in Figs. 6 and 7. The downward motion over the SCS region
(110 - 120°E, 10 - 20°N) in Figs. 8a - b suggest that the sub-
sidence was more closely associated with the circulation in
the east-west direction (Fig. 8a) than the north-south direc-
tion (Fig. 8b).

The prolonged low-level easterlies over the SCS can be
clearly identified in the longitudinal vertical cross section in
the 30™ pentad (26 - 30 May) in Fig. 8¢ where we see the
thick layer of the easterlies over the SCS and the Philippine
Sea (110 - 150°E). The eastward propagating convective
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Fig. 8. Zonally cross sections (5 - 15°N) for u and w [quiver in (a), (c)] and meridionally cross sections (110 - 120°E) for v and w [quiver in (b), (d)]
during specific pentad were demonstrated. (a) and (b) are the pentad during 11 - 15 May and (c) and (d) are the pentad during 26 - 30 May. Also
shown in all figures are the anomalous specific humidity anomalies (shaded).
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circulation of the 30-60-day oscillation (Figs. 6 and 7) is
clearly shown in Figs. 8c - d. Different from the condition
in mid-May, the downward motion over the SCS in late
May is more associated with the meridional circulation that
is associated with the convective center over the southern
tip region of the SCS and maritime land regions around the
Malay Peninsula and western Indonesia islands (0 - 5°N).
The near equator deep convection is part of the 30-60-day
oscillation as illustrated in Fig. 7.

6. THE COMBINED INFLUENCES OF LA NINA
AND INTRASEASONAL OSCILLATIONS ON
THE SCSSM ONSET

To quantify the combined influence of interannual
and intraseasonal oscillation on the SCS monsoon onset,
we show in Fig. 9 the area-averaged anomalies of OLR
and zonal wind within (110 - 120°E, 5 - 15°N) spectrally
separated into interannual, 30-60-day, 10-20-day, and the
climatological annual cycle. The OLR values in Fig. 9 are
anomalies from the time-mean of climatological annual
cycle (233.93 Watt m?). Note that the OLR in Fig. 9a is
multiplied by a factor of -1 for the convenience of seeing the
onset transition with Fig. 9b. The interannual anomalies are
60-day running averages of the total anomalies. Compared
with the climatological onset day of zonal wind and OLR
(near 16 and 21 May), the onset day of OLR and zonal wind
of 2018 is about 2 pentads late near 31 May and 3 June.
The delay in zonal wind is related to both the interannual
and interaseasonal (30-60-day and 10-20-day) oscillations.
The delay in OLR is first related to the suppressed effect

by 30-60-day around 20 May and further suppressed by a
10-20-day oscillation in the remaining days of May until
the combined 30-60-day and seasonal cycle to overcome the
suppression of 10-20-day oscillation in early June.

7. CONCLUSIONS AND DISCUSSIONS

This study shows the analysis of large-scale back-
ground of the boreal winter and spring prior to the sum-
mer monsoon onset over SCS in 2018. This is the period the
field campaign of the SCSTIMX was performed (Sui et al.
2020). From December 2017 to June 2018, SCS-MC and
the surrounding IO and tropical Pacific Ocean were influ-
enced by a decaying La Nifia. The intraseasonal oscillations
in April and May 2018 was quite pronounced. The La Nifia
oscillation in the winter and spring exhibits typical tropi-
cal features of strong east-west SST gradient and associated
convective heating contrast, strong cyclonic circulation in
lower troposphere residing over SCS in DJF and west Pa-
cific in MAM 2018. The locations and seasonal evolution of
the anomalous cyclonic circulation is related to weakened
Aleutian low/westerly jet and a persistent northeast-south-
west oriented SST anomalies over subtropical Pacific, sug-
gesting strong tropical-extratropical interactions. The tropi-
cal SSTA/convection and subtropical circulation are shown
to contribute to a persistent low-tropospheric anti-cyclonic
flow from SCS to Bay of Bengal from April to May.

The broad scale anti-cyclonic circulation is shown to
be maintained also by heating over 10 associated with two
30-60-day oscillations occurred in April and May, respec-
tively. The tropical heating caused persistent easterly winds
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Fig. 9. Domain-averaged OLR (a) and zonal wind (b) over SCS region is demonstrated here. In both figures, the grey bar means the time-series in
2018, and the red and blue line indicate the band for MJO and ER wave separately. The grey line shows the annual cycle calculated from the sum-
mation of long-term average and the first-3 harmonic. The green line indicates the interannual component obtained from the 60-day running-average
daily anomaly. In (a), the long-term averaged OLR (233.93 Watt m?) is subtracted from the annual cycle component (grey line).
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that is the southern portion of the anti-cyclonic circulation.
The 30-60-day oscillation in May exhibits typical BSISO
features of notable northward propagation in addition to
eastward propagation. The BSISO and the interannual oscil-
lation combined caused a delay of the SCS monsoon onset
that is further delayed by a pronounced 10-20-day oscilla-
tion, the ER wave. The 10-20-day oscillation brought sup-
pressed convection and easterly wind to SCS in late May.
The 2018 case is unique compared with the ISO influence
on the SCS summer monsoon onset documented in Wang
et al. (2018) based on the 1980 - 2013 data. They found the
late onset is usually delayed by the wet phase of southern
Indian summer monsoon ISO, while in the 2018 case it was
delayed by the wet phase over the equatorial Indonesia MC.
More studies are needed to explore how ISO can influence
the SCS summer monsoon.

The large-scale circulation and associated interannual
oscillations in SST and convection suggest that the anoma-
lous circulation over SCS and NW Pacific is influenced by
both tropical and extratropical air-sea interaction. Our ongo-
ing study suggests that extratropical influence is particularly
strong in some prolonged ENSO events like 1986/87 and
2015/16 events. This raises some intriguing questions like
how PMM and subtropical anomalous anticyclonic (cyclon-
ic) circulation over the northwest Pacific and the SCS ac-
companied with El Nifio (La Nifia) add to ENSO diversity?
What are the major modes of anomalous circulation over
the Indo-Pacific region, in particular, the SCS and the Phil-
ippine Sea? Do they also exist in non-ENSO years? It also
remains to be further explored about the maintenance mech-
anism of the persistent anomalous patterns during different
seasons where different feedback and heating processes are
involved if the prevailing winds are northeast or southwest
monsoonal flow over the South China Sea.
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