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ABSTRACT

Taiwan and Philippine (TWPH) (117 - 129°E, 5 - 26°N) is a region with most
frequent and intense tropical cyclone (TC) influence in the world. This paper docu-
ments the climatology and variability of TWPH TC activity with specific attention
to the difference in the TCs formed over the western North Pacific (WNP) and over
the South China Sea (SCS). The spatial characteristics of TWPH TCs are analyzed
based on the accumulated cyclone kinetic energy (ACE) in four sub-areas where
distinctly different TC seasonality and variability is found. Different from over the
broad Northwest Pacific Basin (0 - 60°N, 100°E - 180°) where the WNP-born TC
frequency dropped sharply in late-1990s and the SCS-born TC frequency slightly
increased in mid-1990s, over TWPH three distinct epochs are identified. A weak-
variability epoch occurred during 1979 - 1996, a persistent low-ACE epoch during
1997 - 2002, and a more variable epoch during 2003 - 2018. The second epoch is
most noteworthy. The unusually weak TC activity during this period in particular
over the Philippines was associated with anomalously strong anticyclone over the
SCS and the Philippine Sea during the East Asian summer monsoon season. The
strong anticyclonic circulation appeared as a descending leg of the enhanced East
Asian summer monsoon during summer (July to September). During autumn and
early winter (September to December) the Philippine Sea anticyclone was interpreted
as the descending Rossby wave response to the suppressed convection over tropi-
cal western Pacific. The anomalous anticyclone strengthened the low-level confluent
flow and convection over the SCS. The findings are useful to real-time TWPH TC
activity monitoring and analysis.

1. INTRODUCTION

Taiwan and the Philippines are densely populated ter-
ritories with more than 125 million inhabitants and highly
developed economics, technology and transport. At the
same time, the Taiwan and Philippines region (TWPH)
(117 - 129°E, 5 - 26°N) is a location with most frequent and
intense tropical cyclone (TC) influence in the world. Tai-
wan on average each year can be hit by 3 - 4 TCs (Lu et al.
2013), and the Philippines by 18 TCs (Corporal-Lodangco
and Leslie 2017). In total, each year on average the TWPH
region can be hit by ~22 TCs, which is approximately 80%
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of all TCs formed over the western North Pacific (WNP).
To understand and document the tropical cyclone climatol-
ogy and variability in TWPH region certainly is not only
of great scientific importance but also of great societal and
economic value for the safety and wellbeing of people in
this region.

The TC season in Taiwan is from June through No-
vember and peaks in August. During January to March there
is no TC activity around Taiwan. The majority of affecting
Taiwan TCs are formed over the western Pacific and the
Philippine Sea warm pool (Lu et al. 2010). After formation,
these storms usually take one of the following popular paths.
The first one is to move northwestward and make landfall
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in Taiwan or South China. The second is to move north-
westward then recurve near 25°N before approach eastern
China, Korea, and Japan, and the last is to move to the open
ocean of the North Pacific (Tu et al. 2009). The TCs with
similar origins may result in very different paths. The influ-
ence on the land area is largely determined by the tracks
and complex topographic effect. The TC track patterns were
considered as the primary predictors by studies of rainfall
and landslide modeling in Taiwan (Lee et al. 2006). Several
objective TC track classification methods have been pro-
posed and applied to seasonal prediction (Chu et al. 2010;
Lin et al. 2015).

Different from Taiwan that has three months of quiet
period, the Philippines are affects by TCs all year round.
Corporal-Lodangco and Leslie (2017) designed a metrics to
summarize the climatology (1945 - 2011) of the Philippine
TCs, which is defined as the TCs formed within or entering
into the area of 5 - 25°N and 115 - 135°E, similar to the offi-
cial domain of the Philippine Atmospheric, Geophysical and
Astronomical Services Administration (PAGASA) Area of
Responsibility (PAR) (Gile et al. 2021, Fig. 1). They docu-
mented that the Philippine TC activity has two distinct sea-
sons, namely, the less active season (LAS; January to May)
and the more active season (MAS; June to December). The
median of the LAS TC frequency is 2 counts per year with
the interquartile range (IQR) of 2, while the median of the
MAS TC frequency is 15 counts per year with the IQR of
4.5. The landfalling frequency shows a median of 1 in LAS,
while it shows a median of 6 in MAS. The time between
LAS and MAS can be identified as a TC-break period. The
interannual variation of the TC-break period measured as
from the end of LAS to the beginning of MAS ranges from
2 days to 5 months, while the TC-break period measured as
from the end of MAS to the beginning of LAS ranges from
6 days to 7 months. The large interannual variability of the
length of the break period is mainly driven by ENSO.

The TWPH region shows distinctly different TC sea-
sonality in the northern and southern part of the region. The
tracks of the TCs entering into the TWPH region respond
to the large-scale climate variability on a wide range of the
time scales that includes the scales of the sub-seasonal (10 -
60 days), seasonal (60 - 180 days), interannual (2 - 7 years),
interdecadal (8 - 20 years), and multi-decadal (> 20 years).
Chen et al. (2017) investigated the climatological charac-
teristics of the TCs generated over the WNP and moved
to the TWPH region. They found that the probability of a
WNP TC that moves into the SCS changes with seasons.
During August to September only 12 - 18% of the WNP
TCs moves into the SCS. The probability is much higher
during June to July and October to November with the per-
centages of 25 - 26% and 25 - 32%, respectively. Tan et al.
(2019) documented the autumn (September to November)
season relationship between the entrance TCs to the SCS
and the large-scale variability of ENSO and intra-seasonal

oscillation (ISO). The entrance TCs defined in their paper
is the TCs born over the WNP and later propagated into the
SCS. They classified the ENSO and TC relationship to El
Nifo-less, El Nifio-more, La Nifia-less, and La Nifia-more
four types. They found that the El Nifio associated large-
scale flow in general hindered the TCs moved into the
SCS, but during the El Nifio-more years the ISO associated
large-scale flow overcome the hindrance and helped the
TCs propagate into the SCS. During the La Nifia-more (La
Nina-less) years both La Nifia and ISO work coherently to
support (suppress) the westward propagation of the entrance
TCs. Chen et al. (2020) documented the characteristics of
TC tracks of the TCs formed in the SCS and classified the
tracks to three major 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. They found
that in May the major type is NE, in June it changes from
NE to W-NW, in July to September the major type changes
from W-NW to N, and in October to November type W-NW
becomes dominant again. The track patterns are determined
by the seasonal evolution of the monsoon trough (MT) and
the western Pacific subtropical high (WPSH). They pointed
out that TCs tend to follow the propagation pattern of the
convection organized by the ISO such as the 10-24-day and
30-60-day waves. Thus, in addition to the seasonal evolu-
tion of monsoon and subtropical high, ISOs are another
dominant factors influential to the tracks of the TCs formed
in the SCS.

The major large-scale environmental flow patterns in-
fluential to WNP TC genesis are documented in Ritchie and
Holland (1999) and objectively analyzed by Yoshida and
Ishikawa (2013). The five major flow patterns are monsoon
shear line (SL), monsoon confluence region (CR), monsoon
gyre, easterly wave (EW), and Rossby energy dispersion
from a pre-existing tropical cyclone. The influence of dif-
ferent flow patterns and other environmental factors such
as the local and remote SST anomalies, vertical wind shear,
low-level vorticity, the humidity in lower atmosphere, and
the theoretical potential intensity are widely investigated
using a genesis potential index (GPI) originally proposed
by Emanuel and Nolan (2004) and modified and used in
many studies to understand the relationship between TC and
large-scale environmental conditions (e.g., Murakami and
Wang 2010; Li et al. 2013; Wang and Moon 2017; Moon et
al. 2018; Choi et al. 2019; Hsiao et al. 2020).

The decadal-scale variability of WNP TCs have been
vigorously studied. Liu and Chan (2013) found that the TC
activity over the WNP during 1960 - 2011 can be separated
to two active periods (1960 - 1974 and 1989 - 1997) and two
inactive periods (1975 - 1988 and 1998 - 2011). The Pacific
Decadal Oscillation (PDO) may have a significant effect on
the TC genesis frequency in the southeast quadrant of the
WNP on an interdecadal time scale, although its relation with
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the TC number in the entire WNP is insignificant. Kim et al.
(2020) analyzed the data from 1982 - 2013 and found the
significant reduction of the TC genesis frequency over the
WNP since the late 1990s is caused by asymmetric central
Pacific (CP) ENSO properties. More frequent CP La Nifia
events and less frequent CP El Nifio events were observed
during a negative PDO phase (i.e., 1998 - 2013) that leads to
a reduction in eastern WNP TC genesis as a result of the an-
ticyclonic Rossby wave response over the eastern WNP TC
driven by the anomalous SST pattern. Huangfu et al. (2017)
analyzed the 1979 - 2013 data and identified a decadal-scale
decreasing trend in the WNP TC genesis annual frequency
after 1998, while no trend was observed before 1998. The
difference between two epochs show a northwest-southeast
orientation over the WNP that resembles an imprint of the
MT. MT was weaker during the later epoch than during the
earlier. Through energetic diagnosis they showed that the
weak MT weakened the barotropic energy conversion in the
eastern part of MT due to the weakened meridional shear and
mean zonal wind convergence. On the other hand, Ha and
Zhong (2015) analyzed the data from 1994 - 2011 to investi-
gate decadal scale variability in SCS TC activity during the
boreal summer (June to August). They found that after 2003
the number of TCs formed over the SCS significantly de-
creased. They attribute the decadal change to the strong sub-
siding flow over the SCS induced by the strong convection
over the Indian Ocean and the western Pacific warm pool
where the SSTs became warmer after 2003. They pointed
out that affected by the local anomalous easterly flow the
ISO over the SCS was weakened after 2003. Weak ISO is
unfavorable for the development of synoptic-scale distur-
bances and may contribute to the decrease in TC activity.

The WNP TCs have two kinds depending on their ori-
gins, namely, the SCS or the Pacific. In this paper the for-
mer is termed as the SCS-born TCs and the latter the WNP-
born TCs. The annual total number of the WNP-born TCs
is approximately four times of the number of the SCS-born
TCs. Compared with the WNP-born TCs, the SCS-born
TCs received much less attention. The purpose of this paper
is to use the most recent (1979 - 2018) TC and large-scale
climate datasets to document the climatology and variability
of the WNP- and SCS-born TCs, in particular their activity
in the TWPH region. We attempt to identify the periods that
are clearly deviated from climate normal, and then to evalu-
ate the large-scale patterns in order to find out what makes
the identified periods different from others. The data and
methodology are described in section 2. Section 3 present
the forty year climatologcal statistics of the SCS- and WNP-
born TCs. The sub-regional variation is presented in section
4. The interannual and decadal variability is presented in
section 5. Section 6 is the summary, discussion and conclu-
sions. The results of this study can improve understanding
of TC in the TWPH region and enhance the climatological
basis for real-time climate monitoring and analysis.

2.DATA AND METHODOLOGY

The TC data used in this study is the best track data
produced by Regional Specialized Meteorological Cen-

ter (RSMC), Tokyo, Japan (http://www.jma.go.jp/jma/

jma-eng/jma-center/rsmc-hp-pub-eg/besttrack.html). The
RSMC Tokyo-Typhoon Center maintains near-real time

update of the TC best track data, JMA best track. It is a big
advantage to the present paper when applying the research
results to produce real-time climate analysis report in the
future. Among other information, the best track data for
each TC at 6-h intervals includes latitude-longitude posi-
tion, maximum sustained surface wind speed, and minimum
central pressure. Genesis locations, tracks, and all other TC
metrics were generated from the JMA best track data.

For large-scale environment data, the European Cen-
ter for Medium-Range Weather Forecasts (ECMWF) in-
terim reanalysis (Dee et al. 2011) obtained from ECMWF
is used. The variables include the mean sea level pressure
(SLP), horizontal velocity (u, v), and derived velocity po-
tential (vp) and stream function (sf) derived from u and v
using GrADS (http://cola.gmu.edu/grads/). For SST data,
the NOAA Extended Reconstructed Sea Surface Tempera-
ture (ERSST v5; Huang et al. 2017) of monthly and 2° x 2°
horizontal resolution is used. 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 et al. 2011) with 1° x 1° resolution es-
timated from High-Resolution Infrared Radiation Sounder
(HIRS) radiance observation with a two-day lag.

TC in the present study refers to tropical storms and
typhoons that have the maximum sustained wind speed of
the surface wind (VMAX) of 35 knot or higher (wind speed
> 35 kt) during the storm’s entire lifetime. The TC genesis
location is identified as the latitude and longitude of the first
record of VMAX that exceeds 35 kt. If the location is within
the SCS, the TC is categorized as a SCS-born TC. Other-
wise, it is categorized as a WNP-born TC.

The basic climatological statistics documented in sec-
tion 2 include the TC passage or density map, which is
calculated at each 1° x 1° latitude and longitude pixel as
the percentage with respect to the total sum of all pixels in
the large domain from 100 - 180°E, and O - 40°N based on
40-yr (1979 - 2018) TC data. The passage map represents
the track information showing the influence domain of the
WNP TCs. The temporal and spatial patterns of the seasonal
characteristics of the TCs over the large WNP domain and
in the TWPH region are analyzed based on the TC counts,
frequency, and the accumulated cyclone kinetic energy
(ACE). The TC ACE definition is the same as in Lu et al.
(2018) but slightly different from the ACE that used to mea-
sure the activity of individual tropical cyclones and entire
tropical cyclone seasons, particularly the Atlantic tropical
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seasons (Bell et al. 2000). The ACE of the present paper
refers to the sum of the squares of VMAX measured every
six hours when the TC is within the influence domain and
only the named system counted. It should be kept in mind
that ACE tends to put more weight on intense TC (Yu et al.
2009; Yu and Chiu 2012). The present study focuses on a
rather small TWPH region, the other parameters such as TC
counts, TC duration and frequency are less robust than ACE
in the relationship with large-scale variability.

In this study we analyze the interannual and decadal
variability with a specific focus on the spatial patterns of
the variability by partitioning the total ACE over the TWPH
region by separating the region to four sub-areas, name-
ly, TWN (Taiwan, 117 - 129°E, 21 - 26°N), LUS (Luzon
Strait, 117 - 129°E, 16 - 21°N), PHN (Philippines North,
117-129°E, 11 - 16°N), and PHC (Philippines Central, 117
- 129°E, 6 - 11°N). The southern tip of the Philippines is
located near 4°N. The two sub-areas PHN and PHC cover
the active domain of the TCs that are influential to the Phil-
ippines that is almost the entire Philippine territory.

3.SCS-BORN AND WNP-BORN TROPICAL
CYCLONES

During the recent four decades (1979 - 2018) the total
count of the numbered TCs in the JMA best-track data is
1024, including 18 TCs that were formed to the east of the
dateline and later moved westward across the dateline into
the WNP. These 18 TCs are ignored in order to focus the
study on the WNP- and SCS-born TCs. The average annual
TC genesis number of the WNP- and SCS-born TCs is 20.4
and 4.8, respective. Figure 1 shows the genesis frequency
based on the total counts on the 1° x 1° mesh grid during
the forty-year period. A southeast-northwest oriented re-
gion with the southeast tip point at (145°E, 10°N) and the
northwest tip point at (115°E,18°N) can be identified as a

N 1979-2018 TC genesis

favorable region for TC genesis, where the TCs are more
frequently formed than in other regions. This is the location
of the boreal summer MT (e.g., Huangfu et al. 2017), the
cradle of WNP TCs (Molinari and Vollaro 2013). Figure 2
shows the frequency of TC passage which sums the counts
of 6-hourly data in the record at each 1° x 1° mesh grid.
In other words, it has the information of frequent travel-
ing routes of the TCs in addition to the genesis location. It
clearly shows that the Luzon Strait between Taiwan and Lu-
zon island of the Philippines and the SCS and the Philippine
Sea are the hotspots for TC passage. The figure reflects two
types of the favorable passage patterns, namely, the north-
ward and westward types that often occur during the sum-
mer (June to August) and autumn (September to November)
seasons, respectively (see Fig. 1 in Lu et al. 2018).

To illustrate the seasonality of the TC activity the inte-
grated TC passage density is presented in the latitude-time
and time-longitude cross sections in Fig. 3. The latitude-
time distribution of the TC passage density integrated over
the longitudial band from 110 - 180°E shows a seasonal
peak in the four months of July to October with clear south-
ward shift of the peak associated with the change of seasons
from boreal autumn to winter. In the higher-latitudes to the
north of 26°N, the peak appears in August and September.
In the tropics to the south of 14°N, the peak appears in
October and November. Note that the focus region of this
study, TWPH, covers the latitudinal range from 5 - 26°N.
The contrast between the subtropics and tropics can be seen
in the longitude-time distribution of the TC passage density
integrated over the latitudinal belts from O - 20°N (Fig. 3b)
and 20 - 35°N (Fig. 3c). The tropical TC activity peaks in
October and is more active during the latter half of the WNP
TC season (September to December). The subtropical TC
activity peaks in August to September and is more active
during the months of July to October with a much wider
spread in longitudes. It is interesting to see the sharp decline
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Fig. 1. The spatial distribution of the genesis location of western North Pacific tropical cyclones during the 40 years from 1979 - 2018 presented in

the 1- by 1-degree longitude-latitude grid.
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Fig. 2. The spatial distribution of tropical cyclone total passage during the 40 years of 1979 - 2018. The passage is calculated as the total number of
the six hourly tropical cyclone data reported in the JMA best track dataset. The distribution is presented in the 1- by 1-degree longitude-latitude grid.
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Fig. 3. The tropical cyclone total passage during the 40 years of from 1979 - 2018 (a) summed over the longitudes of from 100°E - 180° presented
in the time-latitude cross section, (b) summed over the tropical latitudes of 0 - 20°N, and (c) summed over the extratropical latitudes of 20 - 35°N
presented in the longitude-time cross section. The boundary latitudes of the Taiwan and Philippine region (TWPH) and Taiwan sub-area (TWN) are
marked in black in (a). The boundary longitudes of the South China Sea and the Philippine Sea are marked in black in (b) and (c).
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of TC activity after October in the subtropics. The seasonal
change in the tropics is not as sharp as in the subtropics.

Different climatological features of the WNP- and
SCS-born TCs are clearly shown in the passage maps
(Fig. 4). In contrast to the vast influence domain of the
WNP-born TCs (Fig. 4a), the SCS-born TCs can only influ-
ence a much smaller domain confined within the maritime
area and the coastal and island regions surrounding the SCS
(Fig.4b). A vast WNP maritime region including the coastal
regions and islands located along the western rim of the Pa-
cific is within the influence of the WNP-born TCs.

The variability of the WNP TCs from the sub-seasonal
to inter-decadal time scales have received tremendous re-
search interest in recent years (e.g., Li and Zhou 2018 and
references therein). The forty-year (1979 - 2018) timeseries
of the annual total counts (Fig. 5a) shows a distinct decadal-
scale change occurred around 1994 - 1995 that leads to an
inactive period of TC genesis from 1998 - 2011. During the
period of 1998 - 2011 only two (2001, 2004) in 14 years
showing the above 40-year mean (the dashed line in Fig. 5a)
annual total TC counts. Note that in 1994 the WNP-born
TC count is 26 but it dropped to 9 in 1998. Although the
recovering after 1998 is evident, which shows the TC count
reached 26 again in 2004, but the count dropped back to
10 in 2010 and remained below the 1986 - 1994 mean un-
til 2018. The WNP-born TCs during recent two decades
(1999 - 2018) are in general below the average annual count
before 1994 (1979 - 1994). Note that during the inactive
period of the WNP-born TCs, the SCS-born TC genesis is
more active than other years. After 1994 we see it in Fig. 5a
that the SCS-born TCs first show few years (1995 - 2002) of
more frequent TC genesis, then show large interannual fluc-
tuation with less-TCs periods (2003 - 2006, 2014 - 2015)
and more-TCs periods (2008 - 2009, 2013, 2017 - 2018).
The distinct peak value of 10 counts in 2017 is an extreme.
Our findings confirmed Li et al. (2019) where the period of
1994 - 2002 was documented as a high frequency period
of summer (July to September) TC genesis over the SCS.
They found the autumn (October to December) TC genesis

o (a) 1979-2018 TC passage WNP—born
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frequency abruptly changed from high to low in the early
2000s, as the subtropical high strengthened over the SCS.

In addition to the interannual and interdecadal fluctua-
tion patterns, the WNP- and SCS-born TCs also have differ-
ent climatological seasonality as shown in the distribution
of TC genesis totals counted on the monthly basis (Fig. 5b).
The most favorable time for TC genesis is August and Sep-
tember when the WNP- and SCS-born two types are counted
together. The average genesis frequency is approximately
5 TCs per month during August and September, of which
about 15 - 18% are formed over the SCS. In November, the
SCS-born TCs count almost 40% of the total TCs, which is
the largest portion that the SCS-born can contribution to the
yearly WNP totals.

4. THE TAIWAN-PHILIPPINE REGIONAL AND
SUB-AREA MEAN TC ACTIVITY

The climatological mean and variability of affecting
Taiwan and the Philippines TCs are documented in this sec-
tion. The Taiwan-Philippine region, TWPH, was defined in
section 1 as a rectangular region with the longitude and lati-
tude boundaries as 117 - 129°E and 5 - 26°N. The region was
particularly chosen with the real-time climate services in
mind, which usually demands fine-scale climate information
such as the variations within TWPH. Therefore, as described
in section 2, we separate TWPH to four sub-areas, namely,
TWN, LUS, PHN, and PHC. The latitudinal boundaries of
TWN is 21 - 26°N, LUS 16 - 21°N, PHN 11 - 16°N, and
PHC 5 - 11°N. The WNP-born TC passage map in TWPH
(Fig. 6a) shows the most frequent TC activity sub-area is
LUS, and the second is TWN. The SCS-born TC passage
map (Fig. 6b) shows that LUS remains as the most frequent
TC activity sub-area, TWN is the second. The dramatically
frequent TC influence to LUS is even enhanced when seeing
the combined passage of SCS- and WNP-born TCs (Fig. 6¢).
The high TC passage in the Pacific side of TWN is striking.

The four sub-areas have distinctively different sea-
sonality. Figures 7a - ¢ show the monthly percentage of

5N(b) 1979-2018 TC passage SCS—born

15N A
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EQ T f g T T v T
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Fig. 4. The same as Fig. 2, but for tropical cyclones formed over (a) the western North Pacific (WNP) and (b) the South China Sea (SCS).
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Fig.5.(a) The 1979 - 2018 time of the annual (i.e., January to December) counts of the tropical cyclones (TC) formed over the western North Pacific
(WNP) (marked by A), the South China Sea (SCS) (marked by #) and both ocean basins (Total, marked by 4). (b) The 1979 - 2018 TC counts
summed by months of the WNP- (shaded bars) and SCS-born (open bars) TCs. The 40-year average counts of the TCs formed in each month is
presented in the bottom table.
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Fig. 6. The tropical cyclone passage as in Figs. 3 and 4 but focus on Taiwan and Philippines region (TWPH) (117 - 129°E, 5 - 26°N). The four sub-
areas, namely, TWN, LUS, PHN, and PHC, are the four rectangular box region from top to bottom bounded by the latitudes of 21 - 26°N, 16 - 21°N,

11 - 16°N, and 6 - 11°N, respectively. The panels from left to right are the passages of WNP-born, SCS-born, total TCs, respectively.
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Fig. 7. The climatological characteristics of the accumulated cyclone kinetic energy (ACE) of the tropical cyclones (TC) formed over the western
North Pacific (WNP), the South China Sea (SCS), and both (WNP + SCS) that moved into the four sub-areas of TWN, LUS, PHN, PHC as in Fig.
6. (a) - (c) are sub-area statistics of the monthly percentage of the annual total ACE for the WNP-born (a), SCS-born (b), and sum (c) TCs. (d) - (f)
are the percentage (bars) of the ACE in the Taiwan and Philippines region (TWPH) (117 - 129°E, 5 - 26°N) total ACE (black line, unit: 10° kts?)
accounted for each sub-area on monthly basis, the sub-area TCs with the origins of WNP-born (d), SCS-born (e), and together (f) are presented

separately. The left/right y axis label in (d) - (f) is the ACE/percentage.

the annual total ACE over each sub-area for the WNP-born
(Fig. 7a), SCS-born (Fig. 7b), and all (Fig. 7c) TCs. The
right column in Fig. 7 shows the contribution of each sub-
area to the regional total ACE in TWPH on the monthly ba-
sis averaged over the 40 years, for the WNP-born (Fig. 7d),
SCS-born (Fig. 7e), and all (Fig. 7f) TCs. To the regional to-
tal ACE, the contribution of SCS-born TCs is much less than
the WNP-born TCs, the difference between the WNP-born
TC ACE curves (Fig. 7a) and all TC ACE curves (Fig. 7¢c)
in the same sub-area is almost not distinguishable. The rela-
tive portion of different sub-area contribution to the TWPH
total ACE shows strong seasonal features. During the winter
and spring months of January to March the contributions
mainly come from PHN and PHC, although the rare occur-
rence of TCs resulting in small regional total ACE. During
May and June, the main contribution to the TWPH regional
ACE comes from LUS, while the contribution from TWN
is more than LUS in June for the SCS-born TCs. During
July, TCs are active in TWN and LUS, while the SCS-bore
TCs are more active in LUS than TWN. During August and
September, TCs in TWN are more active than in LUS, while

the SCS-born TCs are more active in LUS than in TWN. TC
activity in TWN rapidly decreases in October and continu-
ally weakens to the end of a year. Clear seasonality differ-
ence between the SCS- and WNP-born TCs in TWPH re-
gion is evident. The seasonal commencement and ceasing of
the SCS-born TCs over TWPH (Fig. 7e) shows rather rapid
change compared with the WNP-born TCs. Note that the
seasonality of the regional and sub-area TC ACE revealed
here is of fundamental importance to seasonal TC forecast
in TWPH region. TC ACE is an integrated value that takes
the TC count, intensity and duration into account. It is an
useful predictor for seasonal forecast because it shows high
correlation with the TC related economic loss (e.g., Lu et
al. 2013).

The spatial variation of the peak months of the TC
ACE can be explained by the seasonal characteristics of the
major large-scale flow patterns of the Asian-western North
Pacific summer monsoon (Fig. 8), such as the western North
Pacific subtropical high (WNPH) and the South Asia-west-
ern Pacific monsoon trough (SA-WPMT) (Tu et al. 2009).
Figure 8 shows that in July the WNPH ridge extended from
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Fig. 8. The 1979 - 2018 average monthly climatology of the sea surface temperature (SST, unit: °C) (shading) and 850-hPa stream function (contour,
red: positive, blue: negative, black: zero, unit: 10° m? s™). (a) - (f) are for the months of from July to December, respectively. The genesis locations
of the tropical cyclones occurred during the 40 years are marked by the black dots.

the high pressure center (180°E, 30 - 35°N) slightly slanted
along the latitudes of 25 - 30°N in southwest direction to-
ward southeast China and Taiwan. The WNPH intensifies
in August with the center located to the north of 30°N. A
monsoon trough extended from southeast Asian continent
to the SCS and further to the western Pacific warm pool po-
sitioned in the northwest-southeast direction. In September
the low pressure center of the SA-WPMT appear along 10 -
15°N, and the high pressure center of the WNPH to the east
of 130°E appears at the latitudinal belt of 25 - 30°N. The
large-scale pattern and strong pressure gradient between
the SA-WPMT and WNPH form a favorable condition to
sustain the TC activity in the TWPH region and particu-
larly in the northern part such as TWN. The large-scale flow
change from September to October is quite dramatic. The
SA-WPMT breaks into two centers with an east center over
the Bay of Bengal and a west center over the western Pa-
cific warm pool. The high pressure center of the WNPH is
located along 25 - 30°N and weakly linked with the high
pressure center over China to the east of the Tibetan Plateau.
The latitudes of WNPH and WPMT centers shift southward
as the season marches from boreal autumn to winter. In De-
cember (Fig. 7f) the negative stream function straddles over

the equator that covers Boneo and the western Pacific warm
pool to the north of New Guinea resembles the WPMT dur-
ing the autumn season.

5. INTERANNUAL AND DECADAL VARIABILITY

The interannual and decadal variability of the TWPH
regional TC ACE can be seen in the timeseries of the an-
nual total ACE (Fig. 9a). Based on the ACE mean values
and variance, the 40-year period of study can be segmented
to three epochs, namely, the weak interannual fluctuation
period (1979 - 1996), the persistent low-ACE period (1997
- 2002), and the strong interannual fluctuation period (2003
- 2018). Two change points at 1997 and 2003 were identi-
fied using cumulative sum method (Taylor 2000). The mean
value and standard deviation of the ACE during the first pe-
riod (1979 - 1996) are 4.95 x 10° and 1.13 x 10° kts?, respec-
tively. The mean and standard deviation of the ACE during
the second period (1997 - 2002) are 2.63 x 10° and 8.8 x
10* kts?, and during the third period (2003 - 2018) are 4.62
x 10° and 1.52 x 10° kts®. An alternative intuitive way to see
the three epochs is using the ACE in 1995 as a benchmark.
It is evident in Fig. 9a that all eighteen years (1979 - 1996)
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Fig. 9. Time series of (a) the annual (i.e., January to December) total (b) the earlier tropical cyclone (TC) peak season (i.e., May to August), and (c)
the latter TC peak season (i.e., September to December) accumulated cyclone kinetic energy (ACE) over the Taiwan and Philippines region (TWPH)
(117 - 129°E, 5 - 26°N) (grey bars, unit: 10° kts?) and the four sub-area percentages (lines, blue: TWN, red: LUS, black: PHN, unit: %) during 1979
-2018. The left/right y axis label is the TWPH TC ACE/four sub-area percentages. The dashed line in (a) is the annual total ACE in 1995 used as a

benchmark to contrast the low-ACE epoch of 1997 - 2002.

during the first epoch are above-the-benchmark values ex-
cept 1992, which is slightly below the benchmark. However,
during the second epoch the ACEs of successive six years
(1997 - 2002) are below-the-benchmark except 2000 which
is marginally higher than the benchmark. Since the ACE
difference between 1992 and 1995, and 2000 and 1995, are
both within 10 percent of the standard deviation of the entire
40 years or different epochs, we can ignore the difference of
1992 and 2000 to the benchmark and consider the ACEs in
these two years are not distinguishable from the benchmark
year. By doing so we identify five years (2005, 2010, 2014,
2017, 2018) as equal to or below the benchmark during the
third epoch (2003 - 2018). Note that among these five years,
2017 and 2018 have the ACE values as the second and third
lowest in 40 years. During the third epoch the occurrence
frequency of low-ACE years is twice of the occurrence fre-
quency during the first epoch. Given the situation that 2017
and 2018 are the second and third lowest years, we interpret
the implication as that occurrence possibility of low ACE
remains high up to the present time compared with the years
before 1997. In contrast to the high occurrence rate of the
low-ACE years, the occurrence rate of high-ACE years dur-

ing the first and third epochs are similar. The four years
(1982, 1986, 1987, 1991) with highest ACEs during the
first epoch and the four years (2004, 2006,2012,2015) with
highest ACEs during the third epoch showing similar mag-
nitude of the ACE values. The occurrence frequencies, four
out of eighteen years in the first epoch and four out of six-
teen years in the second epoch, are also similar during two
epochs. Thus, we can conclude that the most outstanding
feature revealed by the 40-year timeseries of the TC ACE
in TWPH is the persistent occurrence of the low-ACE years
for six years during the second epoch. The phenomenon is
unique. More importantly, it signifies a shift of the regional
TC climate from a less variable state during the first epoch
to a more variable state during the third epoch. Although
the TC ACE variability is largest during the third epoch, the
standard deviation difference between the first and third ep-
ochs is not significantly large. We will focus on the differ-
ence between the unusually low TC activity period (1997
- 2002) and other two periods in the following discussion.
Figures 9b and c illustrate the timeseries of the sub-area
percentage of the total ACE for the earlier (May to August,
MJJA) and latter (September to December, SOND) TC
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seasons, respectively. We can conceptually deduce a gen-
eral characteristics of the temporal and spatial variability
of TC activity within TWPH region based on the plots. As
discussed in section 4 that the TC activity in four sub-areas
shows distinctly different seasonality, the annual ACE is
separated to MJJA and SOND in order to reveal regional de-
tails of the variability. The earlier season timeseries (Fig. 9b)
shows a clear out of phase relationship between the TWN
and LUS percentages with the correlation coefficient as high
as -0.80. It reflects the fact that during the earlier season the
TWPH ACE is to a large extent partitioned between TWN
and LUS. It is interesting to note a rare case in 2002 where
Fig. 9b shows zero ACE over LUS, which means that there
was absolutely no TC activity within the sub-area of LUS.
The percentage of LUS ACE (the orange line in Fig. 9b)
after 2002 is on average lower than that before 2002. When
the ACE percentage is low in LUS, the compensating contri-
bution is found in TWN and PHN (the blue and black lines in
Fig. 9b). In contrast to the earlier season, the correlation be-
tween TWN and LUS during the latter season is less negative
(-0.39). The unusualness in 2002 is more striking in Fig. 9c
which shows no TC activity in the entire TWPH region. Dur-
ing the SOND in 2002 only one TC was detected in TWPH
and its neighbor region. According to the document issued
by Hong-Kong Observatory (https://www.weather.gov.hk/
en/publica/tc/files/tc2002.pdf) the tropical storm Hagupit
that first developed as a tropical depression near Dongsha Is-
land in the SCS, later moved in the west-northwest direction
finally made landfall near Yangjiang in western Guangdong,
China. Because Hagupit reached tropical storm intensity
after moving out of the TWPH region, it was not included
in Fig. 9, and therefore, there was indeed no TC activity in
the entire TWPH region. Figure 9c shows that the persistent
low-ACE period over the TWPH region from 1997 - 2002 is
mainly resulted from the unusually weak TC activity in the
sub-area of PHN.

The large-scale condition in the earlier and lat-
ter TC seasons during the low-ACE epoch is shown in
Figs. 10 and 11 to depict the anomalous patterns associated
with the unusual TC climate in TWPH. Figure 10 shows the
OLR and SST anomalies during 1997 - 2002 with respect
to the climatology averaged over 30 years formed by two
separate 15-year periods of 1979 - 1993 and 2003 - 2017.
The differences between 1997 - 2002 and the individual 15-
year climatological mean (figures not shown) show similar
results as the differences with the 30-year climatological
mean. The important features revealed in Fig. 10 that are
highly relevant to the TC activity are as follows. In JJAS
(Fig. 10a), we observe a zonal belt of negative OLR anoma-
lies extended from Tibetan Plateau to Taiwan along the
latitudes of 20 - 30°N. It reflects strong convective activity
associated with Asian summer monsoon. To the south of
the enhanced convection region, we see a large area of sup-
pressed convection represented by the positive OLR anoma-

lies extended from the SCS to the western Pacific warm pool
region. The convection is also enhanced in many equatorial
areas such as west Africa, Indian Ocean, central and east-
ern Pacific, but suppressed in western Pacific and Southeast
Asia. In addition to the convection anomalies, significant
SST anomalies are observed in the Northern Hemispheric
mid-latitude west Pacific and Atlantic, the South west In-
dian Ocean, and the west and central Pacific in the Southern
Hemisphere. The suppressed convection over the southern
SCS and the equatorial western Pacific warm pool region
may enhance the warm SST anomalies around the Philip-
pines. In autumn and winter months (Fig. 10b), the SST
anomalies show very similar patterns as that in the summer
months, but with more areas showing statistically signifi-
cant anomalies. The negative OLR anomalies over Asian
summer monsoon region shifted from 20 - 30°N in JJAS
to 0 - 10°N in SOND. Over tropical Africa and west Indian
Ocean the enhanced convection appears in a much more ar-
eas compared with the earlier season JJAS. The change of
the negative OLR anomalies over the Africa and Asian sum-
mer monsoon region resembles the seasonal movement of
the ITCZ. Enhanced convection is observed over equatorial
central and eastern Pacific and strengthened from JJAS to
SOND. The warm Indo-western Pacific and cold eastern Pa-
cific patter of SST anomalies appear as a favorable condition
to sustain the enhanced ITCZ over the Asian summer mon-
soon region and stronger Southeast Asian monsoon during
SOND. The negative OLR anomalies over eastern Australia
reflect enhanced convection during the austral spring and
early summer seasons. The OLR and SST anomalies over-
all suggest that the Asian-Australian monsoon was stronger
than normal during the period of 1997 - 2002. As a reminder
we should note that only the OLR within the latitudinal belt
of 30°S - 30°N is presented in Fig. 10a because the OLR and
convection relationship weakens with the latitudes.

The stream function and wind anomalies at 850 hPa in
JJAS (Fig. 11a) show cyclonic circulation anomaly elongat-
ed along the latitudes of 20 - 30°N over the western North
Pacific. The anomalous stream function pattern is consistent
with the more active convection represented by the negative
OLR anomalies (Fig. 10a). Over the Pacific it shows nega-
tive stream function anomalies in the Northern Hemisphere
and positive stream function anomalies in the Southern
Hemisphere, which reflects the basin-wide westerly anoma-
lies extended from the northern SCS to the east boundary of
South Pacific. The twin cyclonic circulation antisymmetric
to the equator located over the western Pacific at 150°E -
180° can be interpreted as the Rossby wave response to the
enhanced convection over the equatorial central Pacific at
180° - 150°W. Figure 11b shows that in association with
the suppressed convection over the tropical (10°S - 10°N)
western Pacific (150°E - 180°) a twin anticyclonic pattern
emerges over the Philippine Sea and New Guinea Island.
Over the Indian Ocean is enhanced cross equatorial flow
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Fig. 10. Spatial distribution of sea surface temperature (SST) (color, unit: °C) and outgoing longwave radiation (OLR) (contours, purple: negative,
orange: positive, unit: W m?) anomalies for the period of 1997 - 2002 in the (a) earlier (i.e., July to September) and (b) latter (i.e., September to
December) peak season of the affecting Taiwan and Philippines region (TWPH) (117 - 129°E, 5 - 26°N) tropical cyclones (TC). The anomalies are
calculated based on the 30-year climatology formed by two segments of 1979 - 1993 and 2003 - 2017. The grey dots represent statistically signifi-
cant at the 90% confidence level. Only OLR within the latitudinal belt of 30°S - 30°N is plotted.
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Fig. 11. Spatial distribution of the 850-hPa stream function (contour, unit: 10° m”> s') and wind anomalies for the period of 1997 - 2002 in the (a)
earlier (i.e., July to September) and (b) latter (i.e., September to December) peak Taiwan and Philippines region (TWPH) (117 - 129°E, 5 - 26°N)
tropical cyclones (TC) seasons. The anomalies are calculated based on the 30-year climatology formed by two segments of 1979 - 1993 and 2003

- 2017. The crosses represent the genesis locations of the TCs during the period of 1997 - 2002. Only the anomalous winds statistically significant
at the 90% confidence level are plotted.
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near the west coast and the equatorial easterly flow that is
connected with the anomalous cyclonic circulation over
western Australia. The strong convergent flow formed by
the anomalous westerlies near 10°N, which is associated
with the anomalous positive stream function over the North
Indian Ocean, and the anomalous easterlies associated with
the anticyclonic circulation over the Philippine Sea can en-
hance the tropical deep convection over northern North In-
dian Ocean and the SCS shown in Fig. 10b.

6. SUMMARY AND DISCUSSION

This paper documents the climatological characters of
the WNP TCs, in particular the TC activity in TWPH re-
gion, based on the JMA best track data from 1979 - 2018.
Understanding the TC activity in TWPH is important for
the social and economic prosperity and safety of more than
one hundred million people living in this region. It is also
of great scientific importance given the fact that every year
about 80% of the TCs formed over the North western Pa-
cific basin can move into this region.

The temporal and spatial variability of WNP TC pas-
sage changes with seasons. In the extratopics north of 26°N
the passage density peaks during the months of August and
September, while in the tropics south of 14°N the passage
density peaks in the autumn months of September to No-
vember. Through analyzing the TC data we confirmed pre-
vious findings (e.g., Huangfu et al. 2017 and the references
therein) that the WNP-born TC counts dropped after 1998.
The TC genesis frequency since 1998 has remained lower
than the average of 1979 - 1994. However, for the SCS-born
TCs we did not observe a drop in the genesis frequency; on
the contrary, we observed slight increase in the TC genesis
frequency after 1998. The results are also consistent with
earlier findings that showed the decrease of WNP TC gen-
esis frequency mainly occurred in the southeast quadrant
of the WNP (Liu and Chan 2013; Hsu et al. 2014; Li and
Zhou 2014; Ha and Zhong 2015; Hu et al. 2018; Zhang et
al. 2018; Zhao et al. 2018).

The spatial characteristics of TC activity within the
TWPH region was presented in four sub-areas of TWN,
LUS, PHN, and PHC. The sub-areas show distinct differ-
ences in TC seasonality. The TC activity in TWN and LUS
peaks in the months of July to October. These two sub-areas
see much less SCS-born TC influence compared with the
influence of WNP-born TCs. In contrast to TWN and LUS,
the TC activity in PHN peaks in October and November.
PHN sees strongest SCS-born TC influence in October,
while strongest WNP-born TC influence in November. The
TC activity in PHC is much weaker compared with the other
three sub-areas. The TC influence to PHC peaks in Novem-
ber to December. In contrast to TWN where the months of
January to March is a TC free period, in PHC during boreal
winter and early spring months TC impact can still occur.

An unusual persistent low-ACE period, 1997 - 2002,
was identified in this study. Based on the 40-year timeseries
of the TWPH TC ACE we found the period of 1979 - 2018
can be segmented to three epochs. The earlier 18 years
(1979 - 1996) is a period with weaker interannual fluctua-
tion, the last 16 years (2003 - 2018) is a period with stron-
ger interannual fluctuation, and the middle 6 years (1997
- 2002) is a period with persistently weak TC activity in
TWPH region. This period may have important implica-
tions since it is a transition phase that signifies a shift of the
regional TC climate from a less variable to a more variable
state. Different large-scale circulation patterns at 850 hPa in
JJAS and SOND, the earlier and latter half of the TC peak
season, are investigated over the broad Indo-Pacific region
during the low-ACE epoch (Fig. 10). In JJAS, a dipole-like
circulation pattern with the northern branch as the anoma-
lous zonally elongated cyclonic circulation centered alone
the latitudes of 20 - 30°N and the southern branch as the
anomalous clockwise circulation oriented in the northwest-
southeast direction from the Arabian Sea and Indian Ocean
through the Indonesian Maritime Continent to the western
South Pacific. Over the Indian Ocean the anomalous clock-
wise circulation straddles over the equator, while to the east
of Papua New Guinea the anomalous circulation is located
to the south of the equator. Anomalous convection patterns
reflected in the OLR anomalies (Fig. 10) are observed as a
strong evidence to support the robustness of the anomalous
circulation since the OLR and winds are based on two and
different datasets. We found that the anomalous cyclonic
circulation in the north, the East Asian summer monsoon
region, reflects the enhanced ITCZ and monsoon, and thus
more active TC activity in the sub-area of TWN. The anom-
alous anticyclonic circulation in the south, the tropical mon-
soon region, reflects strong subsidence and suppressed TC
activity in the Philippines. In SOND, a pair of anomalous
clockwise circulation to the northern and southern sides of
the Indonesia Islands is observed. The northern branch is
centered over the Philippine Sea and the southern branch is
centered over the far eastern Indian Ocean to the northwest
of Australia. The anomalous anticyclone over the Philip-
pine Sea is associated with suppressed convection and the
anomalous cyclonic circulation over northwestern Austra-
lia is associated with enhanced convection over tropical
eastern Australia along with the anomalous westerly winds
over the Timor and Arafura Seas. The anomalous cyclonic
circulation over northwestern Australia can enhance the
cross-equatorial flow over the SCS and enhance the posi-
tive vorticity which is favorable for SCS-born TC genesis.
The anomalous anticyclonic and cyclonic dipole centered
over the Philippine Sea and northwestern Australia provides
a favorable condition that can enhance autumn convective
activity over Southeast Asia and the SCS.

The WNP TC climate regime shift has been discussed
in many papers. The decrease of TC genesis frequency
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after late-1990s except a small increase near Taiwan was at-
tributed to the SST variability associated with PDO or IPO
(Hsu et al. 2014; Hong et al. 2016; Hu et al. 2018) and the
modulation on ENSO diversity and the associated Walker
circulation (Huangfu et al. 2018; Zhao et al. 2018). The TC
genesis frequency can be influenced by the SST variabil-
ity through the impacts on the westward extension of the
western Pacific subtropical high (Tu et al. 2020), the inten-
sity of the MT that extends from southeast Asia eastward to
the Philippine Sea (Huangfu et al. 2017), and the vertical
wind shear over the WNP (Liu and Chan 2013; Hong et
al. 2016). He et al. (2015) pointed out that the pronounced
northward shift of WNP TC activity can be ascribed to the
decadal change in tropical Indo-Pacific sea surface tempera-
ture. Previous studies (Mei et al. 2015; Zhan et al. 2019)
interpreted the anomalous anticyclonic circulation over the
Philippine Sea as a descending Rossby wave response to
the suppressed convection due to the central Pacific cooling
during the negative PDO phase.

In the present study, we identified the period of 1997 -
2002 as an unique period with unusually persistent inactive
TC activity over the TWPH region. The unique phenom-
enon was associated with the enhanced anticyclonic circula-
tion over the Philippine Sea which is part of the anomalous
circulation extended from the North Indian Ocean through
the SCS to the South Pacific. It is possible that the TWPH
TC activity can be a key feature, together with the asso-
ciated large-scale patterns and processes it reveals the cli-
mate regime transition in the broad Indo-Pacific region on
decadal timescales. More studies are needed to understand
the inter-ocean teleconnections and the influence on region-
al TC activity.
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