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ABSTRACT

Tracks of tropical cyclones (TCs) forming in the South China Sea (SCS) are
examined in terms of their seasonal variability and associated modulations by sea-
sonal and intraseasonal circulations. Three major TC tracks appear in the SCS: north-
eastward (NE) toward the Philippines and Taiwan, northward (N) toward southern
China, and westward-northwestward (W-NW) toward the Indochina Peninsula and
southwestern China. Seasonally, the dominant tracks are NE in May, from NE into
W-NW in June, W-NW and N in July to September (JAS), and W-NW in Octo-
ber to November (ON). Formation of TCs with W-NW tracks is associated with
a southeastward-extending monsoon trough (MT) and a northwestward-expanding
western Pacific subtropical high (WPSH) in May to June (MJ), a southward-intensi-
fied MT and a westward-strengthened WPSH in JAS, and a northward and westward
enhanced equatorial trough in ON. Formation of TCs with NE tracks in MJ is related
to an eastward-intensified MT and an eastward-retreated WPSH. For TCs with N
tracks, their formation is associated with an eastward and northward intensification
of the MT and a northwestward extension of the WPSH. In terms of modulations of
intraseasonal oscillations (ISOs), the 10-24-day and 30-60-day ISOs exert different
effects on TC movement. For all track types, TCs tend to follow the propagation of
the 10-24-day cyclonic anomaly and move along different tracks. The above move-
ment comes under the influence of favorable environments in terms of moisture con-
vergence provided by 30-60-day cyclonic anomalies distributing along TC tracks.
The 10-24-day and 30-60-day ISOs exhibit comparable intensity to jointly modulate
TC activity in the SCS.

1. INTRODUCTION

A tropical cyclone (TC) appearing in the South China
Sea (SCS) can be formed locally in the SCS (108 - 120°E,
5 - 22°N) or remotely in the western North Pacific (WNP;
120 -180°E, 0 - 40°N) (Ling et al. 2016). In this study, the
former TCs are referred to as SCS-formed TCs, while the
latter TCs are migratory TCs (Chen et al. 2019). Climato-
logically, there are 10.5 TCs to appear in the SCS annually.
Among them, 3.5 - 3.9 TCs are SCS-formed (Wang et al.
2007; Lin and Lee 2011). During the active TC season from
July to November, the numbers of SCS-formed and migra-
tory TCs are quite evenly distributed, reflecting the similar

* Corresponding author
E-mail: cjming @nkust.edu.tw

importance of these two types of TCs in affecting the SCS
(Chen et al. 2017).

There are, however, clear seasonal, intraseasonal, and
interannual variations in both SCS-formed and migratory
TCs. For migratory TCs formed in the WNP, their inter-
annual variability is closely regulated by El Nifio-Southern
Oscillation (ENSO). In an El Nifio year, TC genesis tends
to shift eastward/southeastward in accordance with an east-
ward extension of the monsoon trough (MT) and an eastward
withdrawal of the western Pacific subtropical high (WPSH)
(Lander 1994; Chen et al. 1998; Chia and Ropelewski 2002;
Camargo et al. 2007; Zhan et al. 2011; Wu et al. 2012; Bell
et al. 2014). Consequently, weakened easterly trade winds
slow down the westward movement of TCs, leading to more
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TCs recurving northward (Nakazawa and Rajendran 2007;
Chen et al. 2009; Kim et al. 2012, 2013; Colbert et al. 2015).
In a La Nifia year, the MT is constrained in the western
portions of the WNP and enhances TC genesis over there
(Wang and Chan 2002; Chung and Li 2015). These formed
TCs are spatially close to the SCS and thus have a better
chance of entering the SCS (Chen et al. 2017). During 1960
- 2010, the averages of WNP TCs entering the SCS during
fall are 1.53 in EI Nifio years and 3.64 in La Nifia years (Tan
et al. 2019). Similar processes also result in more WNP TCs
making landfall in the Philippines in La Nifa years than in
El Nifio years (Kubota and Chan 2009; Corporal-Lodangco
et al. 2016).

On a shorter than interannual timescale, intraseasonal
oscillations (ISOs) have been found to effectively modulate
TC movement from the WNP into the SCS. The major sub-
components of ISOs are 10-24-day and 30-60-day modes
(Hartmann et al. 1992; Chen and Chen 1995; Chen et al.
2000; Mao and Chan 2005; Ding 2007). In the WNP, con-
vective ISO anomalies in the tropical region facilitate the
westward/northwestward TC movement toward the SCS/
East Asia along the northern section of an anomalous cyclone
(Li and Zhou 2013). In general, TCs tends to move with the
propagating 10-24-day cyclonic anomaly under favorable
background conditions from elongated 30-60-day cyclonic
anomalies (Liebmann et al. 1994; Chen et al. 2018a). Chen
etal. (2019) showed that ISO modulations on TC movement
are associated with variability in seasonal background circu-
lations of the MT and WPSH. TC movement from the WNP
into the SCS is mainly steered by anomalous easterly flows.
In July and August, the anomalous easterly flows locate in
the southern periphery of a 30-60-day anticyclonic circula-
tion in association with an enhanced WPSH. In September,
30-60-day anomalies steer TCs westward via anomalous
easterly flows between an anomalous northern anticyclonic
circulation and an anomalous southern cyclonic circulation.
This circulation pair relates to a southeastward extension
of the MT. In October and November, the anomalous east-
erly flows appear in the northern periphery of a 30-60-day
cyclonic circulation resulting from an intensification of the
equatorial trough.

The percentage of WNP TCs entering the SCS is lower
in August-September and higher in June to July and October
to November (Chen et al. 2017). This seasonal variability
is determined by the location of TC genesis. TC genesis in
August and September tends to be more northerly in ac-
cordance with the northward displacement of the MT and
WPSH (Ding 1994; Lander 1996; Wu 2002; Su and Xue
2011). As such, TCs tend to move northward towards the
northern North Pacific or northwestward toward East Asia,
reducing the possibility of movement toward the SCS.

For SCS-formed TCs, ENSO influences interannual
variability in genesis number. El Nifio years feature warm
sea surface temperature (SST) anomalies in the tropical east-

ern Pacific which in turn induce a downward branch to trop-
ical Walker circulations and an anomalous divergent center
over the Maritime Continent (Wang 1992; Klein et al. 1999;
Lau and Nath 2000, 2003). Northwest of this anomalous
divergence center, an anomalous anticyclonic circulation
appears in the SCS suppressing TC formation during fall
(Chen 2011). By contrast, La Nifia years tend to enhance
TC formation in the SCS during fall (Chan 2000). Season-
ally, Wang et al. (2007) showed that SCS-formed TCs oc-
cur mainly in the northern basin during May to September,
and in the southern basin during October to December. The
former is facilitated by enhanced low-level vorticity and
weakened vertical wind shear, while the latter is assisted by
better thermal and dynamic environments in the southern
basin than the northern basin during the cold season.

ISO influence on TC genesis in the SCS exhibits sys-
tematic characteristics. In general, ISOs enhance (suppress)
TC formation during their active (inactive) phase (Hall et
al. 2001; Barrett and Leslie 2009; Chand and Walsh 2010;
Klotzbach 2014). Enhanced TC formation is mainly caused
by strong cyclonic anomalies extending from the SCS to
the WNP (Chen et al. 2018b). In May to June, a northward
propagating ISO across the SCS can modulate TC genesis
in the SCS (Huang et al. 2011). In terms of TC movement,
TCs formed in the SCS during summer tend to be steered
westward along the southern section of weakened ISO con-
vection in the northern SCS in relation to a westward-inten-
sified WPSH (Ling et al. 2016). During June to October, the
eastward propagating ISOs tend to steer one third of SCS-
formed TCs eastward, while the other two thirds of SCS-
formed TCs are steered by seasonal easterly flows westward
(Yang et al. 2015).

The above literature review indicates that past research
regarding ISO influence on movement of SCS-formed TCs
mainly focuses on two tracks, either eastward or west-
ward. However, SCS-formed TCs exhibit other track types.
Figure 1a shows tracks of all SCS-formed TCs (delineated
by Joint Typhoon Warning Center best track data) with
formation times in May to November for the period 1979
- 2010. TC movement can be categorized into three major
tracks (Fig. 1b): northeastward (NE) toward the Philip-
pines and Taiwan, northward (N) toward southern China,
and westward-northwestward (W-NW) toward southwest-
ern China and the Indochina peninsula. Variability features
of TCs with these three track types throughout the entire
TC season and associated modulatory processes by sea-
sonal and ISO circulations have not been comprehensively
compared and examined. This study examines the follow-
ing questions to gain greater insight into track variability of
SCS-formed TCs:

(1) Is there any noticeable seasonal variability in tracks of
SCS-formed TCs? If yes, how do seasonal background
circulations of the MT and WPSH affect the variability
of TC tracks?
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(2) How do ISOs modulate movement of SCS-formed TCs?
What are the relative roles of 10-24-day and 30-60-day
ISOs in the modulating processes?

The examinations of these questions should help us
better understand the modulating processes imposed by sea-
sonal and intraseasonal circulations on TC activity in the
SCS. These analysis results may provide guidance in moni-
toring of variability features pertaining to key large-scale
circulations, having the potential to improve TC forecasts.

2.DATA

The large-scale patterns of seasonal and ISO circula-
tions are illustrated by the European Center for Medium-
Range Weather Forecasts (ECMWF) ER A-interim reanaly-
sis data (e.g., Dee et al. 2011). The ERA-interim data have a
global domain with a spatial resolution on a 0.75° longitude
x 0.75° latitude grid. The fields of wind, streamfunction,
and geopotential height are used to depict variability pat-
terns of large-scale circulations and steering flows associ-
ated with TC movement. TC activity is depicted by the 6-hr
best track data obtained from the Joint Typhoon Warning
Center (JTWC). The JTWC data offer information on gen-
esis locations, movement tracks, and genesis number for
SCS-formed TCs. Outgoing longwave radiation (OLR) data
are obtained from National Oceanic and Atmospheric Ad-
ministration (NOAA). They are daily data and used to il-
lustrate convection variability associated with ISOs. Their
resolution is on a 2.5° longitude x 2.5° latitude grid for the
entire globe (Liebmann and Smith 1996). The analysis pe-
riod of this study is from 1979 to 2010.

3. SEASONAL VARIABILITY IN TRACKS OF
SCS-FORMED TCS

TCs with formation inside the SCS domain (108 -
120°E, 5 - 22°N) are defined as SCS-formed TCs in this
study. 1979 - 2010 accumulated numbers of SCS-formed
TCs for each calendar month are shown in Fig. 2. TC for-
mation in the SCS is active during May to November with a
number greater than 10 and inactive in the remaining months
with a number less than 3. SCS-formed TCs are maximum
in number in September and do not form in February and
March. Analysis of TC tracks thus focuses on the active TC
season of May to November that has 132 TCs, about 95% of
a total of 139 SCS-formed TCs during 1979 - 2010.

As shown in Fig. 1, major tracks of SCS-formed TCs
can be separated into three types: northeastward (NE) to-
ward the Philippines and Taiwan, northward (N) toward
southern China, and westward-northwestward (W-NW) to-
ward the Indochina Peninsula and southwestern China. TCs
with an irregular track that do not fit into the above three
track types are categorized as the other type (OTHER).
The climatological distributions of SCS-formed TCs with

different track types from May to November are shown in
Table 1. SCS-formed TCs in May primarily exhibit a NE
track (10 TCs). In June, TC tracks tend to switch from NE
(4 TCs) into W-NW (9 TCs). From July to September, TCs
with W-NW tracks dominate (10 - 22 TCs), which are fol-
lowed by TCs with N tracks (4 - 6 TCs). In October to No-
vember, most TCs take W-NW tracks (12 - 19 TCs). In the
active TC season from May to November, W-NW tracks
have the largest number (86 TCs), followed by NE (22
TCs), N (17 TCs), and OTHER (7 TCs) tracks.

4. CIRCULATIONS ASSOCIATED WITH
SEASONAL VARIABILITY OF TC TRACKS

Table 1 reveals the existence of seasonal variability
in tracks of SCS-formed TCs. How do large-scale circula-
tions surrounding the SCS connect with this seasonal track
variability? Seasonal variability of TC tracks characterizes
an apparent change from dominant NE tracks in May into
primary W-NW tracks in July to November. The transition
occurs in June from NE tracks to W-NW tracks. In June,
three out of four TCs with NE tracks form before 10 June.
Among them, the latest one forms on 10 June and vanishes
on 13 June. On the other hand, seven out of nine TCs with
W-NW tracks form after 16 June. This indicates that major
TC tracks are NE before 15 June and W-NW after 16 June
which is consistent with dominant track features in May and
July, respectively. On average, the life spans of TCs occur-
ring in the periods of May, 1 - 15 June, and 16 - 30 June
are 3.3, 3.7, and 2.4 days, respectively. This indicates that
SCS-formed TCs with major NE tracks in May and early
June tend to live longer than TCs with major W-NW tracks
in late June.

The large-scale circulations associated with TC track
variability are illustrated by composite patterns of total (re-
al-time) 850-hPa streamfunction (S850) and steering flows
integrated from 850 to 300 hPa for TCs forming in differ-
ent seasonal periods. These composite patterns are averaged
from the formation day and ensuing two days. Transitional
features of TC tracks in June are illustrated by composite
patterns for TCs forming in the periods of 1 - 15 June and
16 - 30 June in Fig. 3. Also included is the difference in these
two composite patterns (16 - 30 June minus 1 - 15 June).
Formative locations of TCs are superimposed on the circula-
tion patterns. TC formation in early June (Fig. 3a) mainly
occurs on the eastern and southern peripheries of a deepened
trough extending from southern China eastward into the
SCS. These TCs are later able to follow southwesterly flows
to take a NE track toward the Philippines and Taiwan. In late
June (Fig. 3b), SCS-formed TCs have their genesis inside a
southeastward intense trough extending from southern China
into the SCS. The southeasterly flows on the eastern section
of this deepened trough act to steer TCs with a W-NW track.
The difference patterns shown in Fig. 3¢ disclose changes
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Fig. 1. (a) Track distributions of TCs forming in the South China Sea (108 - 120°E, 5 - 22°N) in the May to November season during 1979 - 2010.
(b) Schematic diagrams of major TC tracks in the SCS: northeastward (NE) toward the Philippines-Taiwan region, northward (N) toward southern
China, and westward-northwestward (W-NW) toward the Indochina Peninsula and southwestern China.
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Fig. 2. Climatological monthly numbers of TCs forming inside the SCS accumulated from 1979 to 2010.

Table 1. Climatologically numbers of TC formation in the
SCS with different tracks from May to November accumulat-
ed from the period 1979 - 2010. The tracks are northeastward
(NE), westward-northwestward (W-NW), northward (N), and

the other type (OTHER).
NE W-NW N OTHER

May 10 1 0 0

June 4 9 1 0

July 2 10 4 0
August 2 13 6 4
September 2 22 5 1
October 0 19 1 1
November 2 12 0 1
total 22 86 17 7
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Fig. 3. Composite patterns of 850-hPa streamfunction (S850) and steering flows integrated from 850 to 300 hPa associated with SCS-formed TCs
forming in the periods of (a) 1 - 15 June and (b) 16 - 30 June. The difference in these two composite patterns [(b) minus (a)] is shown in (c). The
corresponding difference in climatological circulations (16 - 30 June minus 1 - 15 June) is shown in (d). In (a) and (b), the composite patterns are
averaged from the formation day and ensuing two days and the formative locations of TCs are marked by TC symbols. Contour intervals are 2 x 10°

m? s in (a) and (b) and 1 x 10° m? s in (c) and (d).

in TC tracks from NE into W-NW in late June being facili-
tated by a southeastward deepened MT over the SCS and
an intense WPSH to the northeast of the SCS. The above
large-scale circulation changes may relate to variability in
background seasonal circulations. The difference in clima-
tological circulations between the periods of 1 - 15 June and
16 - 30 June (latter minus former) is shown in Fig. 3d. The
climatological difference patterns resemble the difference
patterns in Fig. 3¢ by exhibiting a deepened trough over the
SCS and an intensified subtropical high on its northeastern
side. However, the deepened tough over the SCS is much
stronger in Fig. 3¢ than Fig. 3d. The climatological circula-
tion may partially provide a favorable background for TC
track transition in June, but is not strong enough to control
this variability. There is a need for sub-seasonal disturbances
to cause TC track changes.

Another interesting seasonal feature is a change from
W-NW and N tracks in July to September (JAS) to a domi-
nant W-NW track in October to November (ON). To inves-
tigate this seasonal variability feature, composite patterns of
circulations and steering flows associated with SCS-formed
TCs in JAS and ON are examined via the composite patterns
from the formation day and ensuing two days. As shown in
Fig. 4a, genesis of SCS-formed TCs in JAS is embedded in
a zonally elongated trough with its center over the north-
ern SCS north of 15°N. TCs are guided by cyclonic steering

flows to take a W-NW or N track. In ON (Fig. 4b), SCS-
formed TCs tend to gather within a cyclonic center over the
southern SCS south of 15°N, while a zonally-elongated sub-
tropical high exists to the north of the SCS. TCs forming
in the southern SCS are constrained by the zonally-extend-
ed subtropical high on their northern side and thus follow
southeasterly and easterly steering flows in the northern SCS
to move with a W-NW track. The difference between com-
posite patterns of JAS and ON (JAS minus ON) in Fig. 4c
exhibits a cyclonic circulation covering China and the north-
ern SCS and an anticyclonic circulation in the southern SCS.
The corresponding difference patterns of the climatological
circulations between JAS and ON (Fig. 4d) resemble the
difference patterns in Fig. 4c. These two difference patterns
have comparable magnitudes. This suggests that track vari-
ability between JAS and ON is closely related to the seasonal
march of background seasonal circulations.

5. CIRCULATION FEATURES FOR TC
FORMATION WITH DIFFERENT TRACKS

In addition to seasonal variability in TC tracks, it is
also of interest to examine circulation features associated
with TC formation for different track types. Other than
vertical-integrated flows, the environmental steering flows
can be simply represented by 500-hPa winds (Chan 2000;
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(JAS) and (b) October to November (ON). The difference patterns (JAS minus ON) of composite circulations and climatological circulations are
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Tu and Chen 2019). The composite streamline patterns of
500-hPa winds (V500) on TC formation days for different
track types are illustrated in Fig. 5. Composite circulations
for TCs with W-NW tracks in May to June (MJ), JAS, and
ON are compared with those with NE tracks in MJ and N
tracks in JAS.

For TCs with W-NW tracks, the total streamline pat-
tern on their formation days exhibits a similar feature in MJ
(Fig. 5a), JAS (Fig. 5b), and ON (Fig. 5¢). TCs tend to form
within a cyclonic circulation overlying the SCS that is adja-
cent to an extended anticyclonic circulation on the northern
side. The cyclonic and anticyclonic circulations reflect the
spatial distribution of the existing MT (or equatorial trough)
and WPSH. The easterly flows between the cyclonic and
anticyclonic circulations extend westward across the SCS
to reach the Indochina Peninsula. These easterly flows steer
TCs to take a W-NW track. Meanwhile, the WPSH to the
north of the SCS blocks the chance of TCs from moving
northward. Average locations of formation for all TCs with
W-NW tracks are 114.1°E, 16.6°N in MJ, 114.6°E, 17 .4°N
in JAS, and 114.2°E, 12.6°N in ON. The major difference
in formative locations appears to be the JAS having a more
northerly location (17.4°N) and ON a more southerly lo-
cation (12.6°N). This follows well the meridional displace-
ment of the MT and WPSH.

The composite circulations on formation days of TCs
with NE tracks in MJ (Fig. 5d) and with N tracks in JAS
(Fig. Se) also contain some common features. TCs for these

two types tend to form in a cyclonic shear/circulation over
the SCS with a relatively lower pressure region on the north-
ern side. Their differences appear in the flow patterns of this
cyclonic shear. For NE tracks, the cyclonic shear is adjacent
to an anticyclonic circulation to the east. TCs tend to form
in the eastern half of the SCS. After formation, the strong
southerly flows between the cyclonic and anticyclonic circu-
lations over the eastern SCS effectively drive TCs northward
at first. On the northern side north of 25°N, the prevailing
westerly flows provide an environment assisting TC move-
ment eastward, resulting in NE tracks. There are three TCs
that formed in the southwestern SCS. They followed the
westerly flows of the cyclonic shear eastward into the east-
ern SCS and then caught southerly flows to move northward
and later eastward. TCs with N tracks in JAS form within
a cyclonic circulation. After TC formation in the SCS, the
southeasterly flows in the eastern SCS can drive TCs north-
ward toward a relatively lower pressure region in southern
China. The prevailing westerly flows displace northward to
the north of 35°N giving room for TCs to move northward
into southern China before moving eastward. As such, TCs
of this type take a northward track from the northern SCS to
make landfall in southern China. The average locations for
formation are 115.8°N, 15.1°N for TCs with NE tracks in MJ
and 114.9°N, 19.0°N for TCs with N tracks in JAS. TCs with
NE tracks tend to form in a more easterly region (115.8°N)
and are thus easily driven by southwesterly flows at the
western boundary of the WPSH to move northeastward.
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Fig. 5. Composite streamline patterns of 500-hPa winds on the formation day of TCs for different tracks in different seasonal periods: (a) W-NW
tracks during May to June, (b) W-NW tracks during July to September, (c) W-NW track during October to November, (d) NE tracks during May to
June, and (e) N tracks during July to September. TC locations on the formation day in each period are marked by TC symbols.

TCs with N tracks tend to form in a more northerly region
(19.0°N) than TCs of other track types. These TCs are closer
to southern China and thus have a better chance of moving
northward and making landfall there.

The large-scale circulation patterns of the MT and
WPSH have been found to exert evident influence over TC
formation and consequent movement (Harr and Elsberry
1991; Nakazawa and Rajendran 2007; Chen et al. 2009,
2019; Ko and Hsu 2009). Their variability features can be
applied to the monitoring and prediction of TC activity. To
jointly demonstrate variability of the MT and WPSH associ-
ated with different TC tracks, 850-hPa geopotential height
(Z850) is composited for the formation days of TCs with
different track types (Fig. 6). Vertically-integrated steering
flows are superimposed on Z850 to delineate steering effects
over TC movement. The 1480-, 1490-, and 1500-gpm Z850
contours are used to show composite variability features (red
contours). By making comparisons with the climatological
mean (blue contours), formation of TCs with W-NW tracks

can be seen to be facilitated by a southeastward-extending
MT in MJ (Fig. 6a), by a southward-intensified MT in JAS
(Fig. 6b), and by a northward and westward enhanced equa-
torial trough in ON (Fig. 6¢). The steering flows reveal that
the southeasterly flows in the eastern SCS and the easterly
flows in the northern SCS are responsible for steering TCs
to take a W-NW track. These easterly flows in the northern
SCS are associated with a moderate northwestward inten-
sification of the WPSH in MJ, by a strong westward inten-
sification of the WPSH in JAS, or by a strong northward
intensification of the equatorial trough in ON.

For formation of TCs with NE tracks in MJ, the salient
features are an eastward intensification of the MT and an
eastward retreat of the WPSH (Fig. 6d). In contrast with
the W-NW tracks of Fig. 6a, the eastward-shifted WPSH
causes the disappearance of easterly flows to the north of
the SCS. Instead, the westerly steering flows appear to fa-
cilitate eastward TC movement. As such, TCs are steered to
move northward and later eastward resulting in a NE track.



246 Chen et al.

o (D NE(MY)

140E  150E

it A

BTN -
~“éﬂi’r)q"
o, D/

90E 100E 110E 130E  140E  150E

Fig. 6. As in Fig. 5, except for composite patterns of 850-hPa geopotential height and steering flows integrated from 850 to 300 hPa on the forma-
tion day of TCs for different tracks in different seasonal periods. Climatological mean circulations are illustrated by blue contours, while composite

circulations for TC formation days are represented by red contours.

Formation of TCs with N tracks (Fig. 6e) is associated with
a strong eastward and northward intensification of the MT
and a northwestward expansion of the WPSH. The MT has
a stronger intensification toward the north in N tracks than
in W-NW tracks. The composite 1490-gpm contour around
120°E is located at around 23°N in W-NW tracks, but far-
ther north at around 30°N in N tracks. This great northward
expansion of the MT provides southerly steering flows in
the central and eastern SCS to guide TCs moving northward
into a lower-pressure region over southern China for devel-
opment, resulting in northward tracking TCs.

6.ISO MODULATIONS ON W-NW-TRACK TCS

Chen et al. (2018a) and Tan et al. (2019) found that
TC activity is under the systematic modulation of ISOs. The
modulatory effects of 10-24-day and 30-60-day ISOs on
TC movement in W-NW tracks are examined in this sec-
tion. The day of TC formation is defined as day 0, while N
days thereafter is defined as day N. Composite patterns of

10-24-day and 30-60-day S850 anomalies associated with
TCs with W-NW tracks in MJ, JAS, and ON from day O to
day 2 and day 4 are exhibited in Figs. 7, 8, and 9, respec-
tively. Hereafter, composite S850 anomalies significant at
the 0.1 level of the Student-7 test are shaded. Superimposed
on S850 anomalies are corresponding 10-24-day or 30-60-
day anomalies of steering flows vertically integrated from
850 to 300 hPa. Actual TC tracks with a TC symbol to mark
the genesis location are superimposed on day-0 circulation
anomalies. The 10-24-day and 30-60-day anomalies of S850
and steering flows are extracted by a Lanczos bandpass fil-
ter scheme (Duchon 1979). In MJ, TCs with W-NW tracks
tend to form around the center of a significant 10-24-day
cyclonic anomaly that extends from the SCS westward
(Fig. 7a). TCs follow the northwestward propagation of this
cyclonic anomaly to move toward southwestern China and
the Indochina Peninsula from day 2 to day 4 (Figs. 7b - ¢).
For the 30-60-day ISO, TC formation occurs around a re-
gional center of the 30-60-day cyclonic anomaly over the
SCS (Fig. 7d). The W-NW movement of TCs from day 2 to
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phases: (a)/(c) day O, (b)/(d) day 2, and (c)/(f) day 4. Corresponding 10-24-day and 30-60-day anomalies of steering flow (vertically integrated from
850 to 300 hPa) and actual TC tracks are superimposed on day 0. Locations of TCs in each phase are marked by TC symbols. Contours are 3 x 10°
m? s'!. Composite anomalies significant at the 0.1 level of the Student-t test are shaded.




248 Chen et al.

mN(a) dayO 10-24d W-NW JAS

140E  150E

355 C> » > >
E% X 4 —_ - E%Q o J - L
OE 90E 100E 110E 120E 130E 140E 150E 90E 100E 110l 120E 130E 140E 150E

Fig. 8. As in Fig. 7, except for composite patterns of 10-24-day/30-60-day S850 and steering flow anomalies for TCs with W-NW tracks during July
to September: (a)/(c) day 0, (b)/(d) day 2, and (c)/(f) day 4.
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day 4 tend to be driven by anomalous easterly and southeast-
erly steering flows in the eastern and northern sections of the
elongated 30-60-day cyclonic anomaly (Figs. 7e - f). During
TCs” W-NW movement, the 10-24-day cyclonic anomaly
propagates northwestward leading to TC movement, while
the 30-60-day cyclonic anomaly propagates northward slow-
ly to supply the steady large-scale favorable conditions and
steering flows for the development and movement of TCs.
InJAS, TCs with W-NW tracks mainly form inside the
center of a significant 10-24-day cyclonic anomaly (Fig. 8a)
and move along with the northwestward propagation of this
cyclonic anomaly toward southwestern China on day 2 and
day 4 (Figs. 8b - ¢). This W-NW TC movement is complete-
ly embedded in a zonally elongated and significant 30-60-
day cyclonic anomaly (Figs. 8d - f). Such TC movement is
mainly guided by anomalous easterly steering flows along
the northern periphery of the 30-60-day cyclonic anomaly.
The 30-60-day cyclonic anomaly has its center more-or-less
stationary over the SCS to assist TC formation and provide
persistent steering flows to guide ensuing TC movement.
In ON, TCs with W-NW tracks tend to form in a more
southern region to the south of 18°N (Fig. 9a). These TCs
gather around the center of a significant 10-24-day cy-
clonic anomaly on day 0 and mainly move toward the In-
dochina Peninsula along with the northwestward propaga-
tion of the 10-24-day cyclonic anomaly on day 2 and day 4
(Figs. 9b - c). Meanwhile, TC formation and movement
from day O to day 4 result from the favorable environ-
ment supplied by a significant 30-60-day cyclonic anomaly
(Figs. 9d - f). This anomaly extends from the northwest to
the southeast from South Asia across the SCS into the tropi-
cal WNP. The paths of northwestward-moving TCs mainly
follow the central region of the 30-60-day cyclonic anom-
aly. Anomalous easterly steering flows in the central and
northern regions of the 30-60-day cyclonic anomaly act to
facilitate westward and northwestward TC movement.

7.1SO MODULATIONS ON TCS WITH NE OR N
TRACKS

The modulatory processes of ISOs on TCs with NE
or N tracks are examined in this section. For TCs with NE
tracks in MJ, TC formation inside the SCS is located around
the center of a significant 10-24-day cyclonic anomaly
with a northeastward extension into the northwestern Pa-
cific (Fig. 10a). On day 2, the center of the 10-24-day cy-
clonic anomaly propagates northeastward toward Taiwan,
while TCs follow the propagation of the cyclonic center
to move northeastward (Fig. 10b). On day 4, the cyclonic
center continuously moves northeastward to overlie Taiwan
(Fig. 10c). TCs move faster than this cyclonic center to the
region northeast of Taiwan placing them along the north-
easterly extension of the 10-24-day cyclonic anomaly.
The 30-60-day ISO also exhibits a significant cyclonic

center over the SCS during TC formation (Fig. 10d). This
30-60-day cyclonic anomaly extends from the SCS north-
eastward into the northwestern Pacific on day 2 and day 4
(Figs. 10e - f). Anomalous westerly and southwesterly flows
in the southern and eastern sections of the 30-60-day cy-
clonic anomaly steer TCs northeastward toward the north-
western North Pacific. The 30-60-day cyclonic anomaly
shows a slow northward propagation from day O to day 4.
For TCs with N tracks in JAS, the salient 10-24-day
feature on day O is a significant cyclonic anomaly extend-
ing from the northern SCS northward into southern China
(Fig. 11a). It moves northward overland with a rapidly de-
caying center on day 2 (Fig. 11b), which disappears com-
pletely on day 4 (Fig. 11c). TCs form inside the northern
SCS within the 10-24-day cyclonic center on day 0 and fol-
low its northward propagation to make landfall over south-
ern China on day 2. All TCs die off on day 4, this being two
days after making landfall. For the 30-60-day anomaly, it
shows a significant and isolated center across the northern
SCS and southern China facilitating TC formation on day 0
(Fig. 11d). This cyclonic center provides anomalous south-
erly flows in its eastern sections to guide SCS-formed TCs
northward on day 2 (Fig. 11e). However, its intensity decays
quickly on day 2 and almost vanishes on day 4 (Fig. 11f).
The 30-60-day cyclonic center is more-or-less stationary.
To quantitatively measure the relative role of 10-24-
day and 30-60-day ISOs in the modulation of TC move-
ment, intensity of their associated convection anomalies is
examined. Composite anomalies of 10-24-day and 30-60-
day OLR for day O of TCs with N-NW tracks during MJ,
JAS, and ON are shown in Fig. 12. Superimposed on OLR
anomalies are the locations of TC genesis. Composite OLR
anomalies significant at the 0.1 level of the Student-t test are
shaded. Figure 12 illustrates that TCs tend to form around
the central region of a convective (negative) anomaly of the
10-24-day ISO, but in a regional center of an elongated con-
vective anomaly of the 30-60-day ISO. The spatial patterns
of convective anomalies largely resemble cyclonic anoma-
lies of S850 shown in Figs.7,8,and 9. For TCs with N tracks
in MJ and NE tracks in JAS, their composite OLR anoma-
lies for 10-24-day and 30-60-day ISOs on day O are shown
in Fig. 13. For both 10-24-day and 30-60-day modes, TCs
tend to gather around the centers of convective anomalies
which provide favorable environments for TC formation.
The intensity of 10-24-day and 30-60-day ISOs are mea-
sured for OLR anomalies averaged over the central SCS in
the 110 - 120°E, 10 - 20°N region. As shown in Table 2,
10-24-day OLR has stronger intensity than 30-60-day OLR
in most TC track types, except for a minor weakness in in-
tensity in the NE track type during MJ. The intensity of 10-
24-day OLR is much larger than that of 30-60-day OLR for
TCs with W-NW tracks during MJ, and slightly stronger
or comparable for TCs with W-NW and N tracks in JAS
and W-NW tracks in ON. The analysis of ISO intensity
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Fig. 10. As in Fig. 7, except for composite patterns of 10-24-day/30-60-day S850 and steering flow anomalies for TCs with NE tracks during May
to June: (a)/(c) day 0, (b)/(d) day 2, and (c)/(f) day 4.
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Table 2. Values of 10-24-day and 30-60-day OLR anoma-
lies averaged over the central SCS in the 110 - 120°E, 10
- 20°N region for day O of different TC track types in dif-
ferent seasonal periods (unit: W m?).

TC track/months  10-24-day OLR  30-60-day OLR

W-NW/MJ

W-NW/JAS

W-NW/ON
NE/MJ
N/JAS

-17.69 -6.10
-10.47 -9.42
-10.05 -8.55
-11.18 -12.14
-7.21 -7.15

reveals that 10-24-day OLR tends to be somewhat stronger
or comparable in intensity than 30-60-day OLR in affecting
SCS-formed TCs. However, 10-24-day OLR is not strong
enough to dominate 30-60-day OLR in solely determining
TC activity. In this case, the SCS-formed TCs are consid-
ered jointly modulated by both 10-24-day and 30-60-day
ISOs with comparable importance.

8. MOISTURE FLUX ASSOCIATED WITH
30-60-DAY ISO

The above analyses have demonstrated that track vari-
ability of SCS-formed TCs follow closely the propagating
of the 10-24-day ISO to take different tracks. The 30-60-
day ISO moves slowly without evident propagation in con-
cert with TC movement. However, its elongated cyclonic
anomaly can provide favorable background environments

for TCs to move and develop. To delineate the favorable 30-
60-day environments for TC movement, composite 30-60-
day anomalies of moisture flux and divergence of moisture
flux associated with different TC tracks are examined in this
section. Moisture flux integrated from 1000 to 500 hPa is
computed as V, = fP "Vqdp , where V represents the horizon-
tal wind vector, ¢ is the specific humidity, P is 500 hPa, and
P, is 1000 hPa. Divergence of moisture flux is computed as
V' Vq. Its negative patterns represent moisture convergence
that is a favorable condition for TC development.
Composite 30-60-day anomalies of V, (vector) and
V' V4, (shading) on the formation days of TCs for different
track types are shown in Fig. 14. For TCs with W-NW tracks
(Figs. 14a - c), 30-60-day V, anomalies exhibit elongated
cyclonic moisture flux extending across the Bay of Bengal,
SCS, and tropical WNP with a center overlying the SCS.
The 30-60-day V'V, anomalies show convergent (negative)
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patterns along the cyclonic moisture flux to extend from the
SCS westward and northwestward toward the Indochina
Peninsula and the Bay of Bengal. This W-NW-extending
moisture convergence anomaly gives favorable conditions
assisting westward and northwestward movement for TC
development. For TCs with NE (Fig. 14d) and N (Fig. 14e)
tracks, negative V'V, anomalies contain a regional center
in the SCS to match TC formation. In addition, they stretch
from the SCS northeastward across Taiwan and the Phil-
ippines to provide favorable conditions for TCs with NE
tracks, while the extension becomes northward into southern
China for TCs with N tracks. The above analyses illustrate
that moisture convergence associated with a 30-60-day ISO
modulates TC movement by providing favorable environ-
ments along TC tracks. TCs move in accordance with dif-
ferent spatial patterns of favorable 30-60-day environments
resulting in different types of TC tracks.

9. CONCLUDING REMARKS

Tracks of TCs that form inside the SCS (referred to as
SCS-formed TCs) have been examined, focusing on their
seasonal variability and associated modulations by seasonal
and intraseasonal circulations. The major tracks of SCS-
formed TCs are separated into three types: northeastward
(NE) toward the Philippines and Taiwan, northward (N)
toward southern China, and westward-northwestward (W-
NW) toward the Indochina Peninsula and southwestern
China. Based on the 1979 - 2010 JTWC data, our analy-
ses reveal a clear seasonal variability feature in tracks of
SCS-formed TCs. The dominant track is NE in May and
changes from NE into W-NW in June. The season of July
to September has a prevailing W-NW track that is followed
by a N track. In October and November, the primary track
is W-NW in accordance with a southward displacement of
the equatorial trough.

Formation of TCs with different tracks are associated
with different circulation features. TCs with W-NW tracks
tend to form within a cyclonic circulation overlying the SCS
that is paired with a subtropical high on its northern side.
Strong easterly flows between this cyclonic and anticyclon-
ic circulation pair steer TCs forming inside the SCS to take
W-NW tracks. TCs with NE tracks form inside a cyclonic
shear with a strong subtropical high on the eastern side. The
strong southwesterly flows between this circulation pair
drive TCs from the SCS northward and later turn them east-
ward through subtropical westerly flows. TCs with N tracks
are formed inside a cyclonic circulation over the SCS with
a relatively lower-pressure region to the north. The formed
TCs thus move northward toward the lower-pressure region
over southern China. The WPSH and MT exhibit noticeable
variability to modulate TC tracks on the formation day. In
MJ, an eastward-intensified MT and a northwestward shifted
WPSH guide TCs to take W-NW tracks, while an eastward-

intensified MT and an eastward-retreating WPSH steer TCs
to take NE tracks. In JAS, a southward-intensified MT and a
strong westward-expanding WPSH result in W-NW tracks,
while a northward-intensified MT and a northwestward-ex-
tending WPSH drive TCs to take N tracks. In ON, TCs with
W-NW tracks match a westward and northward intensifica-
tion of the equatorial trough.

ISO modulations of TC movements along different
tracks show some common and discrepant features. In terms
of common features, TCs in the SCS tend to form within the
center of a 10-24-day cyclonic anomaly and follow its prop-
agation to result in different tracks. Meanwhile, a 30-60-day
cyclonic anomaly distributing along TC tracks provides a
favorable environment with evident moisture convergence
for the movement and development of TCs. The 30-60-day
cyclonic anomaly also provides persistent steering flows to
facilitate TC movement. Regarding different features, the
10-24-day cyclonic anomaly propagates in different direc-
tions guiding TCs along different tracks. A northwestward
propagation of the 10-24-day cyclonic anomaly results in
W-NW TC tracks. The 10-24-day cyclonic anomaly moves
northward leading the northward movement of TCs. When
it propagates northeastward, this is accompanied by NE
tracks of TC movement. The 30-60-day cyclonic anoma-
ly tends to exhibit a more elongated pattern across South
Asia, the SCS, and the tropical WNP for TCs with W-NW
tracks, but it exhibits a regional pattern for TCs with NE- or
N tracks. The cyclonic anomaly is mainly over the SCS and
WNP with a northeastward extension into the northwestern
Pacific for TCs with NE tracks. It becomes only evident
over the SCS and southern China for TCs with N tracks.
These comparisons clearly indicate that the propagation of
the 10-24-day ISO and spatial distributions of the 30-60-
day ISO are two important factors in modulating movement
of SCS-formed TCs. Convective anomalies associated with
10-24-day and 30-60-day ISOs exhibit comparable intensity
to affect SCS-formed TCs. This indicates that activity of the
SCS-formed TCs is jointly modulated by both 10-24-day
and 30-60-day ISOs with comparable importance.

Our analysis shows that TC movement tends to closely
follow the propagation of the 10-24-day cyclonic anoma-
ly. This spatial relationship is probably related to the issue
raised by Aiyyer et al. (2012) as the possible mixture of TC
signals and the 10-24-day ISO due to their closeness in fre-
quency bands and spatial scales. However, this issue needs
to be comprehensively delineated by future studies. On the
other hand, the 30-60-day ISO exhibits a much larger spa-
tial pattern and a much longer frequency band than TCs. It
is generally considered to be much less influenced by TC
signals (Wu and Takahashi 2018). As such, its modulating
effects on TC movement is considered to be independent
of TC signals. The 30-60-day ISO provides a large-scale
favorable environment for TCs to move in and develop. TC
tracks are thus affected and modulated.
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The above large-scale patterns on the formation day
of TCs, including real-time patterns of steering flows, vari-
ability features of the MT and WPSH, and ISO anomaly
patterns, can serve as key monitoring features to predict
TC movement in different periods of the active TC season.
These identified features may provide guidance to improve
forecasts of TC movement in the SCS.
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