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Change in the tropical cyclone activity
around Korea by the East Asian summer
monsoon
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Abstract

Correlation between the frequency of summer tropical cyclones (TCs) affecting Korea and the East Asian summer
monsoon index (EASMI) was analyzed over the last 37 years. A clear positive correlation existed between the two
variables, and this high positive correlation remained unchanged even when excluding El Nifo-Southern Oscillation
(ENSO) years. To investigate the causes of the positive correlation between the two variables in non-ENSO years, after
the 8 years with the highest EASMI (high EASMI years) and the 8 years with the lowest EASMI (low EASMI years) were
selected, and the average difference between the two phases was analyzed. In high EASMI years, in the difference
between the two phases regarding 850 and 500 hPa streamline, anomalous cyclones were reinforced in the tropical
and subtropical western North Pacific, while anomalous anticyclones were reinforced in mid-latitude East Asian areas.
Due to these two anomalous pressure systems, anomalous southeasterlies developed near Korea, with these anoma-
lous southeasterlies playing the role of anomalous steering flows making the TCs head toward areas near Korea. In
addition, a monsoon trough strengthened more eastward, and TCs in high EASMI years occurred more in east ward

over the western North Pacific.
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Background

While many studies performed on changes in TCs in
individual tropical cyclone (TC) genesis basin or major
regions affected by TC activity, studies conducted on TCs
that affected or made landfall on Korea are rare. Choi and
Kim (2007) showed that the frequency of TCs that made
landfall on Korea had been increasing since the middle
of the 1990s and increases in the landfalling frequency
of strong TCs had been more prominent. As for these
results, they analyzed that the reason was that as the
western North Pacific subtropical high (WNPSH) shrunk
toward the east, the paths of TCs moved to the east so
that the frequency of passing through China before mak-
ing landfall on Korea decreased. Choi et al. (2010) applied
the statistical change-point analysis used in a study by Ho
et al. (2004) to changes in the frequency of TCs that made
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and indicate if changes were made.

landfall on Korea. Based on the results, they showed that
the analysis period for the past 54 years (1951-2004)
could be divided into three periods and that the landfall-
ing frequency of strong TCs was the highest in the most
recent period. Park et al. (2006) showed that this increas-
ing tendency was clear in TCs that affected Korea. In par-
ticular, Choi and Kim (2011) showed that the frequency
of TCs that affected Korea increased since the early 1980s
after applying the statistical change-point analysis.
However, the frequency of TCs that affected Korea
decreased abnormally since the late 2000s so that TC sea-
son forecasters have been experiencing considerable dif-
ficulties when they were forecasting TCs. Furthermore,
since the above studies used dataset obtained only until
the early 2000, opinions indicating that the activities of
TCs that affected or made landfall on Korea should be
investigated again using dataset with more long period
have been raised (Choi and Kim 2011; Choi et al. 2009).
The East Asia region has been suffering from enormous
property and human life damage every year due to TCs.
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In Korea, after the landing of typhoon ‘RUSA’ in 2002,
the highest record (the 24 h accumulated precipitation
of 870.5 mm) since the time when weather observation
began in Korea was observed in Gangneung (Park and
Lee 2007). In addition to Korea, the highest records of
strong winds, heavy rains, and waves that accompanied
by TCs have been renewed in Japan, Taiwan, and Philip-
pines (Kim et al. 2005; Lyon and Camargo 2009; Pan et al.
2010).

Efforts have been actively made to find the cause of
these abnormal TC activities occurring in various East
Asia regions using climate factors. Among those, climate
factor that has received the most keen attention thus far
in relation to efforts to understand the characteristics
of TC activity is El Nino—Southern Oscillation (ENSO)
(Wang and Chan 2002; Chu 2004; Wu et al. 2004). In gen-
eral, TCs in El Nifio phase mainly occur in the southeast
quadrant of western North Pacific and tend to make land-
fall on or affect the east coast of China, Korea, or Japan.
On the other hand, TCs in La Nifia phase occur in the
northwest quadrant of western North Pacific and tend
to move westward or northwestward. Therefore, TCs
mainly make landfall on Philippines, southern China, or
Indochina Peninsula. Therefore, TCs in El Nifio phase
show a little longer life-span and a little higher intensity
than those in La Nifio phase. Meanwhile, Ho et al. (2005)
tried to associate the cause of changes in TC activity in
the western North Pacific with atmospheric circulations
in the Southern Hemisphere. They showed that during
the positive Antarctic Oscillation (AAO) phase, TC pas-
sage frequency increased due to WNPSH reinforced in
the East Asian middle latitude region but decreased in
regions in the vicinity of the South China Sea. Wang and
Fan (2007) found that AAO and TC genesis frequency in
the western North Pacific had negative correlations dur-
ing June to September (JJAS). In that study, they showed
that during the positive AAO phase, vertical wind shear
increased, the vertical structure of lower anticyclone/
upper cyclone developed in the western North Pacific,
and sea surface temperatures dropped so that unfa-
vorable environments for the occurrence of TCs were
formed. Meanwhile, Wang et al. (2007) investigated the
relationship between the North Pacific Oscillation (NPO)
and TC genesis frequency in the western North Pacific
and the subtropical Atlantic during JJAS. Based on the
results, they suggested that TC genesis frequency and
the NPO showed positive correlations and negative cor-
relations in the former and latter basins, respectively, and
that changes in TC genesis frequency between the two
basins were made through teleconnection patterns. As
the recent study, Choi and Byun (2010) analyzed changes
in TC activity in the western North Pacific according
to Pacific-Japan teleconnection patterns (P] pattern).
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They showed that during positive PJ patterns, because
anomalous cyclonic circulation and anomalous anticy-
clonic circulation were reinforced in low and middle lati-
tude regions of East Asian, respectively, the anomalous
southerlies reinforced in the mid-latitude regions played
the role of steering flows to have TCs move to these
regions more easily. However, studies on the relationship
between the Arctic Oscillation (AO) which is one of the
most clear zonal circulation (or annular) modes in winter
in the Northern Hemisphere and TC activity in the west-
ern North Pacific cannot be easily found. Only Choi and
Byun (2010) analyzed changes in TC activity in the west-
ern North Pacific according to AO phases during July to
September. Studies on the relationship between TC activ-
ity and the AO in the Atlantic are also rare (Larson et al.
2005; Xie et al. 2005).

However, most of studies on TCs that affected or made
landfall on Korea have been concentrated on the pre-
cipitation and strong winds that accompanied by TCs or
their modeling due to the property and human life dam-
age (Kim and Lee 2007; Kim et al. 2010; Park and Kim
2010). However, understanding the trend of the annual
frequency of TCs that affected or made landfall on Korea
and those climate factors that cause the trend should be
also helpful for seasonal forecasting of TCs or prepara-
tion for disasters resulting from TCs. Therefore, the pre-
sent study examines the effects of East Asian summer
monsoon on changes in the frequency of TCs that affect
Korea.

In the present study, materials and analysis meth-
ods are introduced in “Data and methods” section, and
East Asian summer monsoons are defined in “Relation-
ship between TC frequency around Korea and EASM”
section. In “Differences between high EASMI years and
low EASMI years” section, the relationships between the
frequency of TCs that affect Korea and East Asian sum-
mer monsoon are analyzed, and in “Summary and con-
clusion” section, large-scale environments are examined
to figure out the cause of these relationships. The present
study is summarized in “Relationship between TC fre-
quency around Korea and EASM” section.

Data and methods

Data

The TC datasets in this study were obtained from the TC
best track provided by Regional Specialized Meteorologi-
cal Center (RSMC)-Tokyo Typhoon Center. These data-
sets consist of TC name, latitude, and longitude location
of TC, TC central pressure, and TC Maximum Sustained
Wind Speed (MSWS), which were observed in every 6 h
for 37 years (1977-2013). TC is generally classified into
four classes by the criteria of MSWS as follows: Tropical
Depression (TD, MSWS < 17 m s™!), Tropical Storm (TS,
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17 m s™! < MSWS < 24 m s71), Severe Tropical Storm
(STS, 25 ms~! < MSWS < 32 m s™1), and Typhoon (TY,
MSWS > 33 m s7!). Along with the four classes of TC
above, this study included extratropical cyclone, which
was transformed from TC. This was because such extra-
tropical cyclone also incurred great damage on property
and human in the mid-latitude regions of East Asia.

Moreover, this study also used the variables of geo-
potential height (gpm), zonal and meridional winds
(m s™1), precipitable water (kgm~2), and relative humidity
(%) from National Centers for Environmental Prediction—
National Center for Atmospheric Research (NCEP-
NCAR) reanalysis in 1977-2013 (Kalnay et al. 1996;
Kistler et al. 2001). This NCEP-NCAR reanalysis dataset
consisted of spatial resolution such as latitude and longi-
tude 2.5° x 2.5° and 17 vertical levels (relative humidity is
16 vertical levels and precipitable water is 1 level). Also,
velocity potential consisted of a spatial resolution such as
latitude and longitude 192 x 94 and 5 sigma levels.

The NOAA Extended Reconstructured monthly Sea
Surface Temperature (SST) (Reynolds et al. 2002), avail-
able from the same organization, was also used. The
datasets have a horizontal resolution of 2.0° x 2.0° lati-
tude—longitude and are available for the period of 1854 to
the present day.

In addition, the Climate Prediction Center (CPC)
Merged Analysis of Precipitation (CMAP) dataset (Xie
and Arkin 1997), the horizontal spatial resolution of
which is the same as the NCEP-NCAR reanalysis data-
set. These datasets are based on the monthly average and
are available from 1979 to the present day. The CMAP
dataset, which is global precipitation data that covers the
ocean, are derived by merging rain gauge observations,
five different satellite estimates, and numerical model
outputs.

Methods

In order to calculate TC passage frequencies, each TC
was calculated after being relocated within a 5° x 5° grid.
Even if a TC passed over the same grid multiple times, it
was regarded as a single passage. TC genesis frequencies
were also calculated in the above manner.

TC intensity is defined as the TC central pressure and
TC MSWS observed in the vicinity of Korea using the TC
best track data at intervals of 6 h provided by the RSMC-
Tokyo typhoon center.

This study used the Student’s ¢ test to determine signifi-
cance (Wilks 1995). In case, that two independent time
series follow a ¢ distribution and their time averages are
denoted as x; and Xy, respectively, the test statistic is
given by

" X1 — X2
(s3/m + s3/n)V %
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where s; and sy are standard deviations, and #; and ny are
numbers of the two time series, respectively. From the
above formula, if the absolute value of ¢ is greater than
threshold values with a level of significance, the null
hypothesis would be rejected at the a(x100)% signifi-
cance level.

The vertical wind shear (VWS) to diagnose the large-
scale condition is calculated as follows:

VWS = \/(bt200—850)2 + (¥200-850)°

Here, u# and v indicate the zonal and meridional flows,
respectively. 200 and 850 represent 200 and 850 hPa lev-
els, respectively (Wingo and Cecil 2010).

In this study, summer is defined as the period from
June to August. This is because EASM rainfall is concen-
trated on these 3 months (Wang and Fan 1999).

Korean region affected by TCs (30°—45°N, 120°~130°E),
as shown in Fig. 1.

Definition of EASM index (EASMI)

In the present study, the EASMI was defined using the
Dynamical Normalized Seasonality (DNS) index devel-
oped by Li and Zeng (2002, 2003, 2005). The basic con-
cept of the DNS index is based on the intensity of the
normalized seasonality of wind fields. Since monsoons
have very strong seasonal variations of wind directions,
defining strong and weak monsoons using the magnitude
of the seasonality of wind fields is valid. Using this basic
concept of monsoons, the DNS index through the follow-
ing equation.

_ ||‘_/1 = Vil B
el

where V; and V are mean January climatological wind
vectors and January and June—August climatological
wind vectors, respectively, and Vj,,, means the monthly
wind vector for month m in year n. For example, if sum-
mer of certain year is summer (June—August) of 2004, m
and # denote average of June—August and 2004, respec-
tively. Hereafter, the EASMI is defined as the area-aver-
aged seasonally (June—August) DNS at 850 hPa in the
East Asian monsoon domain (10°-40°N, 110°-140°E). ‘2’
indicates the constant to emphasize the standard devia-
tion of DNS index. Therefore, EASMI in the current
study corresponds with the classical definition of mon-
soon that is the seasonal difference of wind direction
(Ramage 1971). However, these study results showed
that there were clear negative correlations between the
EASMI calculated through the above equation and the
June—August rainfall in the middle and lower reaches of
the Yangtze River in China to prove that the above defi-
nition of EASMs was valid. That is, the definition means

mn ’
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Fig. 1 Definition of area of Korea that affected by TC in summer
(June—August)

that when the EASMI is higher (lower), EASMs are
wealker (stronger).

Relationship between TC frequency around Korea
and EASM

Figure 2 shows the time series of the frequency of TCs
that affected Korea in summer and the EASMI over the
last 37 years (1977-2013). Both time series show clear
interannual and interdecadal variations. In particular, in-
phase relationships between the two time series are clear
so that the two variables show a high positive correlation
coefficient of 0.75 at the 99% confidence level. This means
that if summer monsoons are strengthened (weakened)
in the East Asian region, the frequency of TCs that affect
Korea tend to decrease (increase).
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However, if trends are removed from the two time
series, the correlations may differ. Therefore, the trend
of the frequency of TCs that affected Korea was ana-
lyzed. According to the results, the trend in the time
series of the frequency of TCs that affected Korea
showed a slightly decreasing tendency (thick solid line).
However, this change in the trend is not statistically
significant. Therefore, even when trends were removed
from the two time series, the correlation coefficient
between the two variables changed hardly. Meanwhile,
the correlation between the two variables may increase
due to the effect of ENSO. Therefore, the time series
of the two variables were analyzed after removing
summer El Nifio years (1982, 1987, 1991, 1997, 2002,
2004, and 2009) and La Nifa years (1985, 1988, 1998—
2000, and 2010) (Fig. 3). It can be seen that even when
ENSO years had been removed, the in-phase relation-
ship between the two variables was clearly maintained.
Therefore, the correlation between the two variables
showed a positive correlation coefficient of 0.73 at the
99% confidence level. This result means that ENSO
does not have great effects on the relationship between
the two variables.

In addition, this study conducted a partial correlation
analysis to see the effect of ENSO on TC frequency in
the vicinity of Korea (Table 1). The correlation coeffi-
cient between the Nino-3.4 index and the EASMI is 0.31,
which is significant at the 90% confidence level. The cor-
relation coefficient between the Nifio-3.4 index and TC
frequency near Korea is 0.17, which is not statistically
significant. After the Nifio-3.4 index is controlled, the
correlation coefficient between TC frequency near Korea
and EASMI is 0.72, which is significant at the 99% confi-
dence level.
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Fig. 2 Time series of the frequency of TC that affects Korea (solid line with a closed circle) and East Asian Summer monsoon index (EASMI) (dotted line
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Fig. 3 Time series of the frequency of TC that affects Korea (solid line with a closed circle) and East Asian summer monsoon index (EASMI) (dotted line

Table 1 Results of partial correlation analysis

Controlled variable WNPMI TC frequency Nifno-3.4 index

None
WNPMI 1 0.75 031
TC frequency 1 0.17
Nifo-3.4 index 1
Nino-3.4 index
WNPMI 1 0.72
TC frequency 0.72 1

Differences between high EASMI years and low
EASMI years

To examine the cause of the positive correlation existing
between the two variables as stated in the above analy-
sis results, 8 years having the highest EASMI (hereinaf-
ter referred to as high EASMI years) and 8 years having
the lowest EASMI (hereinafter referred to as low EASMI
years) were selected after excluding ENSO years (Table 2).
While none of the high EASMI years had fewer than 3TCs
except for 2001 and 2006, all the low EASMI years showed
fewer than 3TCs except for 1989. Therefore, 3.8TCs on
average affected Korea during the high EASMI years,
while 1.4TCs on average affected Korea during the low
EASMI years with a difference of approximately 2.4TCs
between the two groups. This difference is significant at
the 95% confidence level. Therefore, in Sections hereinaf-
ter, the difference between the average in the high EASMI
years and the average in the low EASMI years is analyzed.

TC activity
First, differences in TC genesis frequency between the
two groups were analyzed (Fig. 4a). Overall, TCs in high

Table 2 TC frequency around Korea on high EASMI years
and low EASMI years

High EASMI years Low EASMI years

Year TC frequency Year TC frequency
1978 3 1980 2

1981 3 1983 0

1984 5 1989 3

1990 4 1995 2

1994 6 1996 1

2001 2 2003 1

2006 2 2008 1

2012 5 2013 1

Average 38 Average 14

EASMI years showed a tendency of occurring in the east
waters of the western North Pacific, while those in low
EASMI years showed a tendency of occurring in the west
waters of the western North Pacific. These tendencies
can be seen by analyzing the average TC genesis location
of each group. While the average TC genesis location in
high EASMI years was 15.5°N and 142.4°E, the average
TC genesis location in low EASMI years was 15.4°N and
135.0°E. Therefore, the two groups showed almost no dif-
ference in latitude but showed a difference of about 8° in
longitude. This difference in longitude is significant at the
99% confidence level (The difference in latitude is not sta-
tistically significant).

Meanwhile, overall, more TC genesis cases in the west-
ern North Pacific are distributed in high EASMI years
than in low EASMI years. Therefore, TC genesis frequen-
cies in individual 8 years in each group were examined
(Table 3). While none of high EASMI years had fewer
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than 11TCs, all low EASMI years except for 1989, 1996,
and 2013 showed fewer than 11TCs. Therefore, while
the average TC genesis frequency in high EASMI years
was approximately 13.6TCs, the average TC genesis fre-
quency in low EASMI years was approximately 10TC
with a difference of approximately 3.6TCs. This differ-
ence is significant at the 95% confidence level. Therefore,
it can be seen that in high EASMI years, not only more
TCs occurred than those occurred in low EASMI years
but also the frequency of TCs that affected Korea was
higher.

In addition, differences in TC passage frequencies
between the two groups were analyzed (Fig. 4b). In high
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Table3 TC genesis frequency on high EASMI years
and low EASMI years

High EASMI years Low EASMI years

Year TC frequency Year TC frequency
1978 15 1980 7

1981 15 1983 9

1984 12 1989 14

1990 13 1995 9

1994 18 1996 11

2001 13 2003 8

2006 11 2008 7

2012 12 2013 15

Average 136 Average 10.0

EASMI years, TCs showed a tendency to move from the
far southeastern sea of the Philippines, pass the East
China Sea, and move northward toward Korea and Japan.
On the other hand, in low EASMI years, TCs showed a
tendency to move from the southeastern sea of the Phil-
ippines, pass the South China Sea, and make landfall on
the Indochina Peninsula. Earlier, it was identified that
TCs in high EASMI years mainly occurred in the east
waters of the western North Pacific. Wang and Chan
(2002) showed that TCs that occurred in the east waters
of the western North Pacific showed a tendency to move
northward toward mid-latitudes of East Asia, while TCs
that occurred in the west waters had a strong tendency to
move westward toward the southeastern region of China
and the Indochina Peninsula. The results in the present
study were consistent with the results of Wang and Chan
(2002). Eventually, it can be seen that dipole patterns
appear between the southeastern region and the north-
eastern region of East Asia from the difference in TC pas-
sage frequencies between the two groups.

Meanwhile, the differences in TC genesis locations and
TC tracks between the two groups identified earlier can
affect differences in TC intensity between the two groups.
Therefore, differences in TC intensity between the two
groups were analyzed (Fig. 5). Overall, TC intensity is
higher in high EASMI years than in low EASMI vyears.
The TC central pressure in high EASMI years was lower
than that in low EASMI years by approximately 4 hPa
(Fig. 5a), and TC MSWS in high EASMI years was higher
than that in low EASMI years by approximately 7 kts. The
difference in the two variables between the two groups is
significant at the 95% confidence level. The reason why
TC intensity is higher in high EASMI years than in low
EASMI years as such can be found in the TC passage fre-
quency analyzed earlier. In high EASMI years, there was
sufficient time to obtain energy from the sea to maintain
TC intensity, while TCs were moving northward toward
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Korea after occurring in the far southeastern sea of the
Philippines. On the other hand, TC intensity could not
help being weakened in low EASMI years because the
time to obtain energy from the sea to maintain TC inten-
sity was not insufficient, while TCs were moving the short
distance from the southeastern sea of the Philippines to
the Indochina Peninsula region, and TCs were weakened
to TDs or dissipated as soon as they made landfall on the
Indochina Peninsula. This is consistent with the results of
Wang and Chan (2002) indicating that TC intensity was
higher when TCs occurred in the southeastern sea of the
western North Pacific.

Large-scale environments

To examine the cause of the positive correlation between
EASM and TC frequency around Korea identified earlier,
differences in large-scale environments between the two
groups were analyzed.

First, to investigate differences in precipitable water
between the two groups, while positive anomalies were
shown in the western North Pacific, negative anomalies
were shown in regions ranging from the central region
of China, passing through the East China Sea to the east
waters of Japan (Fig. 6a). Differences in precipitation
between the two groups also show similar spatial distri-
butions (Fig. 6b). While positive anomalies were shown
in the western North Pacific south to 25°N, negative
anomalies were shown in mid-latitudes of East Asian.
These results well coincide with the spatial distribution
of differences in precipitation between high EASMI years
and low EASMI years shown in Li and Zeng (2002, 2003,
2005). From the results of the two analyses, it can be seen

that in high EASMI years, while EASM was weakened,
western North Pacific summer monsoon (WNPSM) were
reinforced.

Based on the difference in 500 hPa streamlines between
the two variables, it can be seen that while anomalous
cyclonic circulations were reinforced in the western
North Pacific, anomalous anticyclonic circulations were
reinforced in mid-latitudes in the analysis area (Fig. 7a).
In particular, the center of the anomalous cyclonic cir-
culations was located on the east sea of Taiwan, and the
center of the anomalous anticyclonic circulations was
located on the east sea of Japan. This anomalous pressure
system pattern is similar to the positive PJ teleconnection
pattern (Nitta 1986, 1987, 1989). As stated above, Choi
and Byun (2010) analyzed changes in TC activity in the
western North Pacific according to Pacific-Japan telecon-
nection patterns (P] pattern). They showed that during
positive PJ patterns, because anomalous cyclonic circu-
lation and anomalous anticyclonic circulation were rein-
forced in low and middle latitude regions of East Asian,
respectively, the anomalous southerlies reinforced in the
mid-latitude regions played the role of steering flows to
have TCs move to these regions more easily. Due to these
two anomalous pressure system patterns in East Asia,
regions around Korea were affected by anomalous south-
easterlies. In high EASMI years, these anomalous south-
easterlies can play the role of anomalous steering flows
to have TCs occurred in the western North Pacific move
toward regions around Korea. Therefore, TC frequency
around Korea becomes high in this group. The results of
analysis of differences in 850 hPa streamlines between
the two groups also show similar spatial distributions to
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those shown by the results of analysis of differences in
500 hPa streamlines (Fig. 7b). While anomalous cyclonic
circulations were reinforced in the western North Pacific
south to 30°N, anomalous anticyclonic circulations
were reinforced in mid-latitudes in the analysis area. In
particular, because of the reinforcement of anomalous
cyclonic circulations in the western North Pacific, more
TCs could occur in high EASMI years as stated earlier.
Meanwhile, the reinforcement of anomalous cyclonic
circulations in the western North Pacific in high EASMI
years can be associated with reinforcement of monsoon
troughs. Therefore, 850 hPa streamlines in the two groups
were analyzed (Fig. 8). While a monsoon trough devel-
oped eastward to 150°E in high EASMI years, almost
no monsoon trough developed in low EASMI years. TC
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Fig. 7 Differences in a 500 hPa and b 850 hPa streamlines between
high EASMI years and low EASMI years. Shaded areas are significant at
the 95% confidence level

genesis frequency and TC genesis locations are generally
associated with the degree and location of development
of monsoon troughs (Gray 1975). Therefore, more TCs
occur in high EASMI years when the monsoon trough is
expanded further eastward and occur mainly in the east
waters of the western North Pacific.

The degree of development of monsoon troughs in the
two groups is associated with the degree of development
of WNPSHs. Therefore, the degrees of development of
WNPSHs in the two groups were analyzed (Fig. 4b).
Here, WNPSHs are defined as areas having values larger
than 5875 gpm at 500 hPa. The WNPSH in low EASMI
years when the monsoon trough was weak expanded
westward to the southeastern coast of China. On the
other hand, the WNPSH in high EASMI years when the
monsoon trough was strong were weakened eastward. In
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low EASMI years

general, TCs tend to move along the western periphery
of WNPSHs (Wang and Chan 2002). Therefore, the TC
track of each group was almost identical to the western
periphery of WNPSH, and TCs moved a little further
to regions around Korea in high EASMI years when the
WNPSH shrunk eastward.

Meanwhile, in high EASMI vyears, reinforcement of
anomalous cyclonic circulations at the lower layer of
the troposphere in the western North Pacific and rein-
forcement of anomalous anticyclonic circulations in the
mid-latitudes can be identified through differences in
horizontal divergence at the lower and upper layers of
the troposphere between the two groups (Fig. 9). First, in
the case of 850 hPa horizontal divergence, while negative
anomalies were reinforced in the western North Pacific,
positive anomalies were reinforced in the mid-latitudes

100E 110E 120E 130E 140E 150E 160E 170E 180

60N

40N
30N

20N ~

Fig.9 Same asin Fig. 7, but for a 850 hPa and b 200 hPa horizontal
divergences. Contour interval is 3 s~ x 107. Shaded areas are signifi-
cant at the 95% confidence level

of East Asia (Fig. 9a). This means that in high EASMI
years, at the lower layer of the troposphere, while the
horizontal convergence was reinforced in the western
North Pacific, the horizontal divergence was reinforced
in the mid-latitudes of East Asia. The spatial distribution
of 200 hPa horizontal divergence was opposite to that of
850 hPa horizontal divergence (Fig. 9b). While the hori-
zontal divergence was reinforced in the western North
Pacific, the horizontal convergence was reinforced in
the mid-latitudes of East Asia. Eventually, it can be seen
that in high EASMI years, anomalous upward flows were
formed in the western North Pacific, while anomalous
downward flows were formed in the mid-latitudes of East
Asia.

On the other hand, Fig. 4a shows that TC formation
increases in the 130°-150°E, 5°-20°N region during the
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high EASMI years. They move with a recurving track
along the western boundary of an eastward retreated
Pacific subtropical high toward Korea. In the low EASMI
years, TC formation tends to increase in the oceans to
the east/southeast of Taiwan and affected by a westward
expanded WNPSH to move westward toward the South
China Sea. These analyses reveal two important features:
variability of TC formation location and moving tracks.
The composite 850 hPa streamline in Fig. 8 explains the
different steering effects of the WNPSH on the result in
two different TC tracks between the high and low EASMI
years. Also, composite anomalies of horizontal diver-
gence (Fig. 9), relative humidity, and vertical wind shear
(Fig. 12) explain the variability of TC formation.

To examine whether in high EASMI years, anomalous
upward flows were actually formed in the western North
Pacific, and anomalous downward flows were actually
formed in the mid-latitudes of East Asia; differences in
vertical meridional atmospheric circulations averaged
in 100°~180°E which is the longitudinal band where TCs
mainly occur between the two groups were examined
(Fig. 10a). Anomalous upwards flows were reinforced in
the latitude band of 0°-25°N, while anomalous downward
flows were reinforced in 25°—40°N. That is, this means
that anomalous secondary circulations were formed in
which air currents that ascended in the western North
Pacific descended in the mid-latitudes of East Asia.
Because of these vertical meridional atmospheric circu-
lations, positive anomalies were formed in the latitude
band of 0°~30°N, while negative anomalies were formed
in 30°-45°N in the analysis of relative humidity (Fig. 10b).
This means that anomalous anticyclones were reinforced
in the mid-latitudes of East Asia, and anomalous cyclones
were reinforced in the western North Pacific. Therefore,
in high EASMI vyears, not only TC genesis frequency
but also the frequency of TCs that move northward to
regions around Korea becomes high.

With regard to differences in 850 and 200 hPa air tem-
peratures between the two groups, warm anomalies were
shown in the western North Pacific (excluding some
waters) and the mid-latitudes of East Asia in high EASMI
years (Fig. 11). These environments facilitate the occur-
rence of TCs in high EASMI years and enable TCs to
maintain high TC intensity even when they have moved
northward to regions around Korea.

With regard to differences in 600 hPa relative humidity
between the two groups, positive anomalies were shown
in the western North Pacific south to 25°N and negative
anomalies were shown in the mid-latitudes of East Asia
in high EASMI years (Fig. 12a). Therefore, favorable envi-
ronments for the occurrence of more TCs are formed in
high EASMI years. In particular, since the center of posi-
tive anomalies is located in the east of the western North
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Fig. 10 Composite differences of latitude-pressure cross section of

a vertical velocity (contours) and meridional circulations (vectors) and
b relative humidity averaged along 100°-180°E between high and
low EASMI years for JJA. The values of vertical velocity are multiplied
by —100. Bold arrows and shaded areas are significant at the 95% con-
fidence level. Contour intervals are 0.272 hPa s~ for vertical velocity
and 1% for relative humidity, respectively

10N 20N

Pacific, more TCs can occur in this region in high EASMI
years.

With regard to differences in 200—850 hPa vertical wind
shear between the two groups, negative anomalies were
shown in all waters except for west waters of the western
North Pacific and in the mid-latitudes of East Asia in high
EASMI years (Fig. 12b). When the value of 200-850 hPa
vertical wind shear is smaller, differences in wind direc-
tions between the upper and lower layers of the tropo-
sphere are smaller so that TCs can occur easily, and high
TC intensity can be maintained. Therefore, in high EASMI
years, more TCs can occur in the western North Pacific,
and high TC intensity can be maintained even when TCs
have moved northward to regions around Korea.

To examine the characteristics of global-scale atmos-
pheric circulations, differences in 850 and 200 hPa
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velocity potentials between the two groups were ana-
lyzed (Fig. 13). First, with regard to 850 hPa velocity
potential, positive anomalies were located in the Pacific
and negative anomalies in regions west to the Pacific in
high EASMI years (Fig. 13a). In the case of 200 hPa veloc-
ity potential, spatial distributions opposite to those for
850 hPa velocity potential were shown (Fig. 13b). Nega-
tive anomalies were reinforced in the Pacific, and positive
anomalies were reinforced in regions west to the Pacific.
In particular, the centers of negative anomalies and posi-
tive anomalies were located in the western North Pacific
and the equatorial Indian Ocean, respectively. From these
results, it can be seen that, in high EASMI years, the
characteristics of global-scale atmospheric circulations
were shown in which the air converged at the lower layer
of the western Pacific was diverged at the upper layer,
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Fig. 12 Same as in Fig. 7, but for a 600 hPa relative humidity and

b vertical wind shear between 200 and 850 hPa. Contour intervals are

2% for 600 hPa relative humidity and 1 m s~' for vertical wind shear

between 200 and 850 hPa. Shaded areas are significant at the 95%

confidence level

moved to the west to converge at the upper layer of the
equatorial Indian Ocean, and diverged at the lower layer.

The SST is also a variable that plays important roles
for TC genesis and TC intensity. Therefore, differences
in SST between the two groups were analyzed (Fig. 14).
Since warm anomalies were shown in the southeastern
sea of the western North Pacific, more TCs could occur
in these waters in high EASMI years. In addition, warm
anomalies were distributed in the mid-latitude waters
of East Asia too so that important environments were
formed that enabled TCs to maintain high intensity even
when they have moved northward to regions around
Korea in high EASMI years. The local SST near Korea is
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also warmer in high EASMI years, which can affect the
TC intensification around Korea.

Summary and conclusion

In the present study, the correlations between the fre-
quency of TCs that affected Korea in summer over the
last 37 years and the EASMI defined by Li and Zeng
(2002, 2003, 2005) were analyzed. Clear positive correla-
tions existed between the two variables and the high pos-
itive correlations did not change even when ENSO years
had been excluded. To examine the cause of these posi-
tive correlations between the two variables, 8 years hav-
ing the highest EASMI (high EASMI years) and 8 years
having the lowest EASMI (low EASMI years) except for
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ENSO years were selected, and differences in averages
between the two groups were analyzed.

In high EASMI years, TCs mainly occurred in the east
waters of the western North Pacific and showed a ten-
dency to pass the East China Sea and move northward
toward regions around Korea. In low EASMI years, TCs
mainly occurred in the west sea of the western North
Pacific and showed a pattern of passing the South
China Sea and moving westward toward the Indochina
Peninsula. Therefore, TC intensity was higher in high
EASMI years when TCs could obtain sufficient energy
while moving long distances to regions around Korea.
In addition, TCs showed a characteristic of occur-
ring more frequently in high EASMI years than in low
EASMI years.

With regard to differences in 850 and 500 hPa stream-
lines between the two groups, anomalous cyclones were
reinforced in the western North Pacific and anomalous
anticyclones were reinforced in the mid-latitudes of East
Asia in high EASMI years. Due to these two anomalous
pressure systems, anomalous southeasterlies developed
around Korea, and these anomalous southeasterlies
played the role of anomalous steering flows to have TCs
move toward regions around Korea. In addition, more
TCs could occur in high EASMI years because of the
anomalous cyclones developed in the western North
Pacific.

The anomalous cyclones developed in the western
North Pacific in high EASMI years were associated with
the development of monsoon troughs. While the mon-
soon trough developed eastward to 150°E in high EASMI
years, they hardly developed in low EASMI years. There-
fore, some more TCs could occur in high EASMI years
mainly in the east waters of the western North Pacific.

Differences in the degree of development of monsoon
troughs between the two groups were associated with the
degree of development of WNPSHs. While the WNPSH
shrunk eastward in high EASMI years, it expanded to the
southeastern coast of China in low EASMI years. There-
fore, while TCs could move northward to regions around
Korea in high EASMI years, they became to move west-
ward toward the Indochina Peninsula in low EASMI
years.

Meanwhile, anomalous anticyclones and anomalous
cyclones developed in the mid-latitudes of East Asia
and the western North Pacific, respectively, at the lower
layer of the troposphere in high EASMI years could be
identified through differences in horizontal divergences
between the two groups. At the lower layer of the trop-
osphere, anomalous convergences were reinforced in
the western North Pacific and anomalous divergences
were reinforced in the mid-latitudes of East Asia. At the
upper layer of the troposphere, the opposite pattern was
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reinforced so that anomalous upward flows were formed
in the western North Pacific, while anomalous downward
flows were formed in the mid-latitudes of East Asia.

To examine whether these anomalous vertical atmos-
pheric circulations were reinforced in high EASMI
years, those circulations in 100°—180°E where TCs
mainly occur were averaged to analyze differences in
vertical meridional atmospheric circulations between
the two groups. Anomalous secondary circulations
were formed in which air currents ascended in regions
south to 25°N and descended in 25°~40°N. Because of
the anomalous vertical meridional atmospheric circu-
lations reinforced as such in high EASMI years, posi-
tive relative humidity anomalies were reinforced at
all layers of the troposphere in regions south to 30°N,
while negative relative humidity anomalies were rein-
forced at all layers of the troposphere in 30°-45°N.
These conditions of anomalous vertical meridional
atmospheric circulations and relative humidity became
favorable environments for more TCs to occur in high
EASMI years and have more effects on regions around
Korea.

Both the upper and lower layers of the troposphere
showed warm anomalies in most regions in the analysis
area. In the middle layer relative humidity of the tropo-
sphere, positive anomalies were shown in the western
North Pacific to provide favorable environments for TC
intensity to be reinforced further in high EASMI years.
In addition, in 200—850 hPa vertical wind shear, not only
the western North Pacific but also the mid-latitudes of
East Asia showed negative anomalies and mid-latitude
waters of East Asia showed warm SST anomalies so that
favorable environments were formed for TC intensity to
be reinforced further in high EASMI years.

According to analyses of global-scale atmospheric cir-
culations, in high EASMI years, the converged at the
lower layer of the western North Pacific was diverged
at the upper layer and the diverged air moved westward
to converge at the upper layer of the equatorial Indian
Ocean and diverge at the lower layer.

In the present study, the effects of EASM on TC activ-
ity around Korea were analyzed. These results are con-
sidered helpful for TC seasonal prediction for regions
around Korea. In future studies, statistical TC seasonal
prediction models will be developed using EASM.
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