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Abstract This study investigated the annual frequencies of tropical cyclones (TCs) that

affected Korea during summer (June–September) over the last 60 years. Using a statistical

change-point analysis, we found that significant regime shifts occurred in 1999 and 2005,

as well as in the mid-1960s and mid-1980s. Focusing on the recent TC activities, this study

analyzed the differences between the high-frequency period from 1999 to 2004 (P1) and

the low-frequency period from 2005 to 2010 (P2). The analysis reveals that TCs during P2

tended to occur, move, and recurve farther to the west in the western North Pacific (WNP).

This is because the WNP high expanded farther to the west during P2 compared to P1; as a

result, more TCs made landfall on the west coast of the Korean peninsula (KP) during P2.

In contrast, during P1, TCs tended to make landfall more frequently on the south coast of

the KP. This implies that the recent TC tracks landing on the KP shifted gradually to the

northwest. The analysis of streamlines at 500 hPa show that an anomalous northerly

strengthened in the KP due to the formation of an anomalous anticyclone and an anom-

alous cyclone to the west and east of the KP, respectively. These anomalies played a role in

blocking TCs from moving to the KP. At 850 hPa, the anomalous anticyclonic circulation

was strengthened in most of WNP. This circulation formed an unfavorable environment for

TC genesis, reducing the TC genesis frequency during P2. We verified this low convective

activity in the WNP during P2 by analyzing the outgoing longwave radiation, vertical wind

shear, and sea surface temperature.
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1 Introduction

After many studies of the inter-annual or inter-decadal variation in tropical cyclone (TC)

activity, the results are still controversial among researchers.

Some studies found no change in the trend of TC activity. Lighthill et al. (1994)

demonstrated that the trend of the annual TC frequency in the North Atlantic, Northeast

Pacific basin, and Northwest Pacific basin is not clear. Klotzbach (2006) claimed that there

was no increasing trend of the accumulated cyclone energy (ACE) in each TC basin during

the almost 20 years between 1990 and 2006, except for the weak growth in the number of

category 4 and category 5 hurricanes. Bove et al. (1998) found that there is no sign of an

increase in hurricane frequency or intensity in the Gulf of Mexico for the last century.

Other studies insist that there was an increasing trend in the variation of TC activity.

Chan and Shi (1996) fit the TC annual frequency in the Northwest Pacific into a second-

order polynomial equation and observed that it has been increasing since 1994. Chu and

Clark (1999) showed that the annual frequency of TCs was increasing in the central North

Pacific. Kamahori et al. (2006) stressed that we must prepare against the effects of strong

TCs because intense TC days have been increasing steadily for the last 30 years. Elsner

et al. (2008) suggested similarly that the intensity of strong TCs is increasing in all TC

basins except the South Pacific Ocean basin, and that this increase was particularly evident

in the North Atlantic and north Indian Ocean basins. Tu et al. (2009) showed that TC

frequency over the Taiwan-East China Sea region has been increasing since 2000 because

of northward shift of TC track over western North Pacific (WNP)–East Asian region.

In contrast to the ‘‘no change’’ and ‘‘increasing’’ results cited above, some studies have

pointed out that TC activity was decreasing. Landsea et al. (1996) claimed that the fre-

quency of intense hurricanes in the Atlantic had been decreasing for the previous 50 years.

Ho et al. (2004) proved through a statistical change-point analysis that the annual fre-

quency of TCs in the East China Sea had been decreasing since the mid-1970s and that the

decreasing trend was more distinct around the Philippines. As an extension of the study by

Chan and Shi (1996), after analyzing TC-frequency data for the Northwest Pacific that had

been updated through the early 2000s, Chan (2005) showed that the frequency of TCs had

actually decreased since the mid-1990s. Chan also observed this decreasing trend in the

annual frequency of TCs in the South China Sea over the prior 40 years.

As discussed above, many studies have investigated the variation of TC activity in each

TC basin or major TC-affected region, but studies on the variations of TCs that affected the

KP (TC-KPAs) or those TC that made landfall on the KP (TC-KPLs) are scarce.

Choi and Kim (2007) showed that the annual frequency of TC-KPLs had increased

rapidly since the mid-1990s and that the increase in the frequency of intense TC-KPLs was

more obvious. Their analysis showed that the reason for the increase was that the western

North Pacific high (WNPH) shifted to the east, resulting in the TC track moving to the east

and reducing the frequency of TCs passing through mainland China before making landfall

on the KP. Park et al. (2006) showed that this increase was obvious in the TC-KPAs as

well. Meanwhile, Choi et al. (2009) analyzed the TC-KPLs using the fuzzy-clustering

statistical method. They classified the TC-KPL tracks into four clusters and found that the

cluster of TC-KPLs that made landfall without passing through mainland China contained

many of the recent TCs that had the strongest intensity.

Until now, most studies of TC-KPAs or TC-KPLs focused on the research of TC

intensity through observation data and numerical models. These data included rainfall and

strong winds that were directly associated with damage to property, injuries, and loss of

life (Kim and Lee 2007; Kim et al. 2010; Park and Kim 2010). In addition to the TC
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intensity, understanding the annual frequency trend of the TC-KPALs will also be helpful

in the long term for predicting TCs or preparing against disasters caused by them.

Choi et al. (2010) applied the statistical change-point analysis that Ho et al. (2004) had

used earlier to the annual frequency the TC-KPLs. They showed that the 54 years from 1951

to 2004 could be divided into three TC periods (1951–1965, 1966–1985, and 1986–2004),

and that the frequency of intense TC-KPLs was the highest in the most recent period. Since

the late 2000s, however, the frequency of TC-KPAs is abnormally low, causing the con-

siderable difficulty for forecasters to predict the seasonal TC frequency in Korea.

Our study investigated the long-term trends of the TC-KPAs and analyzed the recent

changes in the activity of TC-KPAs using data updated through 2010. Section 2 introduces

the data and analysis method used in this study. Sections 3 and 4 analyze the monthly and

annual variations of TC-KPAs. Section 5 examines the characteristics of the recent activity

of TC-KPAs. Section 6 summarizes the main findings of this study.

2 Data and methodology

2.1 Data

TC data were acquired from the best-track archives of the Regional Specialized Meteo-

rological Center (RSMC), Tokyo Typhoon Center. These data consist of the following, in

6-h intervals: TC name, longitude and latitude positions, minimum surface central sea level

pressures, and maximum sustained wind speeds (MSWS, 10-min average maximum winds

to the nearest 5 kts).

The RSMC classifies TCs into four grades, based on their MSWS: tropical depression

(TD, MSWS \ 34 kts), tropical storm (TS, 34 kts B MSWS B 47 kts), severe tropical

storm (STS, 48 kts B MSWS B 63 kts), and typhoon (TY, MSWS C 64 kts). The present

study focused on extratropical cyclones (ECs) that transitioned from TCs as well as on

these four grades of TCs. The ECs were included because they do significant damage in the

midlatitudes of East Asia.

To examine the characteristics of large-scale environments that affect TC activity, this

study analyzed atmospheric variables such as geopotential height (gpm), horizontal wind

(m s-1), and other factors. These variables were calculated using reanalysis data from 1948

to the present provided by the National Centers for Environmental Prediction—National

Center for Atmospheric Research (NCEP–NCAR). These reanalysis data provide detail on

a horizontal resolution of 2.5�9 2.5� latitude and longitude and 17 vertical levels (Kalnay

et al. 1996; Kistler et al. 2001).

We also used interpolated outgoing longwave radiation (OLR) data retrieved from the

satellite series provided by NOAA’s Climate Diagnosis Center (CDC). These data are

available from 1974 to the present, excepting the missing period March to November 1978

(http://www.cdc.noaa.gov or Liebmann and Smith 1996). For the sea surface temperature

(SST) data, we used the NOAA Extended Reconstructured monthly SST data from 1854 to

the present, which have a resolution of 2� 9 2� latitude and longitude (Reynolds et al. 2002).

2.2 Methodology

This study defines TC-KPAs as TCs that pass through the area of 28�N and 132�E (Fig. 1);

the National Typhoon Center (NTC)/Korea Meteorological Administration (KMA) applies

the same definition.

Nat Hazards (2012) 62:971–989 973

123

http://www.cdc.noaa.gov


Our study performed a statistical change-point analysis to find significant regime shifts

in the annual variations of the TC-KPAs. This type of statistical analysis is an objective

method for detecting significant regime shifts from long-term time-series climate data.

More information on statistical change-point analysis can be found in Elsner et al. (2000)

or Chu (2002).

To calculate the TC passage frequency (TCPF), each TC position was plotted into a

5� 9 5� grid box. When one TC passes through the same grid box multiple times, it is

regarded as just one passage (Ho et al. 2005). TC genesis frequency (TCGF) and TC

recurvature location are calculated by applying this same protocol. The statistical tech-

nique using Student’s t test was applied to determine the significance of the results in this

study. More information about this technique can be found in the study by Wilks (1995).

To diagnose the large-scale environments associated with TC activity, the vertical wind

shear (VWS) was calculated as follows:

VWS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðu200� u850Þ2þðv200� v850Þ2
q

ð1Þ

where u and v denote zonal and meridional flows and ‘‘200’’ and ‘‘850’’ represent

‘‘200 hPa’’ and ‘‘850 hPa,’’ respectively.

3 Monthly variation

Figure 2 shows the ratio of the monthly frequency of TC-KPAs to the total frequency of

TC-KPAs. The TC-KPAs are distributed from April to November, and those that occur

28˚N 

132˚N 

Fig. 1 Tropical cyclone (TC) emergency area as defined for the operational work of the Korea
Meteorological Administration. In this study, TCs that passed through this area are defined as those that
affected the Korean peninsula (KP)
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during the June to September (JJAS) summer season account for a high percentage of the

annual total.

Statistics show that there were a total of 331 TC-KPAs over the 60 years from 1951 to

2010 or an average of 5.5 TC-KPAs every year. Some 288 of these TC-KPAs occurred

during the JJAS season, an average of 4.8 TC-KPAs per year, or about 90 % of the total.

Based on these results, the following analysis will focus on the characteristics of the TC-

KPAs that occurred in the JJAS season.

4 Inter-annual variation

This study first examined variations in the frequency of TC genesis in the WNP during the

JJAS season. In all, there were 969 TCs during the 60 years from 1951 to 2010 or an

average of 16.2 TCs per year. The time series for TC genesis reveals that there are clear

inter-decadal and inter-annual variations among these six decades of TCs (Fig. 3a). Zhao

and Chu (2010) demonstrated that super-typhoon activity over the WNP undergoes a

decadal variation with two change points occurring around 1972 and 1989: the active

1960–1971 epoch, the inactive 1972–1988 epoch, and then active 1989–2006 epoch.

Similar variations were found for the subset of TC-KPAs; the correlations are 0.30 and

significant at the 90 % confidence level (Fig. 3b). The time series showed an overall

decreasing trend (-0.02 year-1), for which the statistical significance is very low

(R2 = 0.02).

Choi et al. (2010) divided the frequency periods of the TC-KPLs into three periods

using a statistical change-point analysis: (1) 1950s to early 1960s (high-frequency period),

(2) late 1960s to early 1980s (low-frequency period), and (3) late 1980s to early 2000s

(high-frequency period). Our study applied the same change-point analysis technique to the

annual frequency of TC-KPAs (Fig. 3c). Here, the years with the highest or lowest t values

before the trend reversed direction indicate a regime shift in that year. The analysis shows

that there were significant regime shifts in 1967 and 1984; both were significant at the

95 % confidence level. Although our study analyzed TC-KPAs, our results are similar to

the findings of Choi et al. (2010) related to TC-KPLs.

While the trend for frequency of TC-KPAs decreased rapidly since the late 2000s, the

2 years with the highest frequencies during the last 60 years occurred in the late 1990s and

the early 2000s, indicating that the variations in frequency of TC-KPAs since the late

1990s have been more severe than before. Calculating t values also shows regime shifts
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Fig. 2 The ratio of the monthly frequency of TCs to the total frequency of TC-KPAs over the 60 years
from 1951 to 2010
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significant at the 95 % confidence level in 1999 and 2005. Based on these findings, the

period of recent TC-KPAs can be subdivided into the high-frequency period 1999–2004

(P1) and the low-frequency period 2005–2010 (P2). The balance of this paper will focus on

the TC-KPAs since 1999.

There were a total of 38 TC-KPAs during P1 or an average of 6.3 TC-KPAs per year

(Table 1). A total of 20 TC-KPAs occurred during P2 or an average of 3.3 TC-KPAs per

year. The difference of an average of 3 more TC-KPAs per year during P1 than during P2

is significant at the 95 % confidence level. The difference in the frequency of TC-KPAs

between P1 and P2 is consistent with the differences calculated when the JJAS period is

Fig. 3 Time series for the frequency of a TC genesis over the western North Pacific (WNP) and b TC-
KPAs with c the result of the statistical change-point analysis for the frequency of TC-KPAs. In b, lines
represent averages during the certain periods except a gray-dashed line (linear trend). In c, arrows denote
significant change points for the frequency of TC-KPAs
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divided into early summer (JJ) and late summer (AS). The difference of TC frequencies

between P1 and P2 during JJ was an average of 1.6 TC-KPAs per year, and the difference

between P1 and P2 during AS was an average of 1.3 TC-KPAs per year. The statistical

confidence was higher in JJ than in AS (Table 1).

The frequency of TCs generated in the WNP also showed differences between P1 and

P2. In P1, TC genesis exceeded the overall average frequency (16.2 TCs) every year except

2003; in P2, TC genesis fell below the overall average frequency in every year (Fig. 3a).

On average, there were 3 more TCs generated each year during P1 than during P2, which is

significant at the 90 % confidence level (Table 1). When the JJAS summer season was

divided into two periods (JJ and AS), the difference in the average frequency of TCs

generated during P1 and P2 is greater for early summer (JJ) than for late summer (AS), but

the differences were statistically insignificant.

5 Differences between P2 (2005–2010) and P1 (1999–2004)

This section examines the differences in TC activities and large-scale environments

between P2 and P1.

5.1 Monthly TC frequency

Figure 4 compares the ratios of the monthly frequency of TC genesis to the total TC

genesis frequency over the WNP as well as the ratios of the monthly frequency of TC-

KPAs to the total TC-KPAs during the summers (JJAS) of P1 and P2.

During P1, the number of TCs in the WNP tended to increase until August and then to

decrease in September (Fig. 4a), whereas during P2, the number of TCs in the WNP

increased steadily until September. As a result, until August, the ratio of monthly TC

frequency is higher in P1 or is similar between P1 and P2; in September, however, the ratio

of monthly TC frequency is much higher in P2 than in P1.

The ratio of monthly TC-KPAs to the total TC-KPAs also shows a trend similar to that

in the WNP (Fig. 4b). This result suggests that in recent years, the frequency of TC genesis

in the WNP and the frequency of TC-KPAs have been concentrated during September

(P2).

5.2 Spatial distributions of TC activity

Figure 5 shows the differences in the TC genesis and passage frequencies between P2 and

P1 for each 5� 9 5� latitude–longitude grid box. During P1, more TCs were generated in

Table 1 The frequency of TCGF in the WNP and TC-KPAs for June–July (JJ), August–September (AS),
and June–September (JJAS)

TCGF in western North Pacific TC-KPAs

JJ AS JJAS JJ AS JJAS

1999–2004 (P1) 37 (6.2) 61 (10.1) 98 (16.3) 14 (2.3) 24 (4.0) 38 (6.3)

2005–2010 (P2) 27 (4.5) 55 (9.2) 82 (13.6) 4 (0.7) 16 (2.7) 20 (3.3)

Statistical confidence None None 90 % 95 % 90 % 95 %

The numbers in parentheses denote averages
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the seas in the southeastern portion of the WNP, to the southeast side of 140�E, whereas

during P2, more TCs were generated in the sea northeast of the Philippines, to the northeast

side of 140�E in the WNP (Fig. 5a). The differences in the average genesis locations

between the two periods are significant at the 90 % confidence level for latitude and at the

95 % confidence level for longitude (P1: 14.8�N, 142.5�E; P2: 16.5�N, 135.2�E).

The difference in the TC passage frequency between the two periods shows a trend

similar to that of the genesis frequency in the WNP (Fig. 5b). In general, the TCs during P2

tended to move farther westward than TCs during P1. More specifically, TCs during P1

tended to pass through the East China Sea from the far eastern sea of the Philippines and

move to the KP. In contrast, TCs during P2 show a strong tendency to pass through the

South China Sea from the Philippines and move to the Indochina peninsula and the south

coast of China. Thus, the difference in TC passage frequency between P2 and P1 shows a

dipole pattern between the northeast and southwest regions of East Asia. This result agrees

with the findings by Ho et al. (2005) that TCs that occurred in the sea to the east near the

Philippines generally tended to move westward, whereas TCs that occurred in the sea to

the east, far from the Philippines, tended to move to the northwest.

We examined whether the characteristics of the differences in the TC genesis and

passage frequencies between P2 and P1 described above can also be observed in the TC-

KPAs. Figure 6 reveals that more TC-KPAs occurred in the WNP southeast of 15�N and

Korean Peninsula
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Fig. 4 The ratios of monthly TC frequency a to total TCGF over the WNP and b to total frequency of TC-
KPAs during each of P1 and P2
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155�E during P1 than during P2 (Fig. 6, left panel) and that more TCs passed through the

south coast of Korea and the Straits of Korea during P1 than during P2, resulting in more

TC-KPLs on the west coast of Korea during P2 (Fig. 6, right panel).

These characteristics are more apparent in the mean regression track (red line) in Fig. 6,

right panel. During P1, TC-KPLs tended to make landfall on the south coast of the KP,

 TC genesis frequency (TCGF) 

 TC passage frequency (TCPF) 

1.0 to ~ 

0.0 to 0.5 

0.5 to 1.0 

-1.0 to ~ 

0.0 to -0.5
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0.0 to 0.3 

0.3 to 0.6 

-0.6 to -0.9

0.0 to -0.3

-0.3 to -0.6

P1: 14.8N, 142.5E 

P2: 16.5N, 135.2E 

(a)

(b)

Fig. 5 The differences in a TCGF and b TCPF between P2 and P1. In a, closed circles with cross and
multiplication marks genesis locations of TCs during P2 and P1, respectively. Small squares inside the
circles indicate that the differences are significant at the 95 % confidence level
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whereas during P2, TC-KPLs tended to make landfall on the west coast of the KP. Choi

et al. (2010) demonstrated that recently the tracks of the TC-KPLs have tended to shift to

the southeast areas of the KP. In the last 12 years, however, the tracks of TC-KPAs have

tended to shift again, this time to the northwest area of the KP.

Figure 7 shows the differences in the recurvature locations of TCs. The TC recurvature

location is defined as the point that TC moving direction changes to the eastward move-

ment from the westward movement. Here, 41 and 42 TCs did not recurve during P1 and P2,

respectively; we excluded these 83 TCs from the analysis. As with the characteristics of the

genesis locations and tracks of TCs, the TC recurvature locations during P1 are farther to

the east than during P2. The differences in the average recurvature locations between the

Fig. 6 Tracks of TC-KPA in the WNP (left panel) and around the KP (right panel) during a P1 and b P2.
The numbers in the lower right corner in the left panel denote averages (big red dots) of TC genesis
locations for P1 and P2. In the left panel, small black dots denote TC genesis locations. In the right panel,
red lines denote regression tracks of the TC-KPAs
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two periods are insignificant for latitude, but are significant at the 99 % confidence level

for longitude (P1: 30.2�N, 136.8�E; P2: 29.4�N, 129.8�E).

In order to examine the effect of TC genesis, passage, and recurvature characteristics on

the intensity of TC-KPAs, we analyzed the intensity of the TC when it approached closest

to the emergency area (Fig. 8). For the purposes of this study, we defined TC intensity as

the TC’s minimum surface central sea level pressure (MSCSLP) (Fig. 8a) and MSWS

(Fig. 8b). For both parameters, the TCs during P2 were slightly more intense. The average

difference in the MSWS between the two periods is significant at the 95 % confidence

level, but the average difference in the MSCSLP is statistically insignificant, so we cannot

conclude that the TC intensity is stronger around the KP during P2.

5.3 Large-scale environments

This section investigates the characteristics of large-scale environments that cause dif-

ferences in TC activity between the later and the earlier periods.

Figure 9 shows the differences in the streamline at 500 hPa and 850 hPa between P2

and P1. For the streamline at 500 hPa in JJ, an anomalous anticyclone was located near the

Philippines and there was an anomalous cyclone in the eastern Sea of Japan (Fig. 9a). Due

to the spatial distribution of these anomalous pressure systems, the anomalous westerly

was dominant around the KP. The anomalous steering flow made it difficult for TCs

occurring in the WNP to move to Korea during P2.

The spatial distribution of anomalous pressure systems in AS shows a pattern similar

to that in JJ. The anomalous anticyclone that was centered near the KP expanded to the

Philippines and an anomalous cyclone was located in the far southeast Sea of Japan

(Fig. 9b). Due to the anomalous anticyclone located near the KP, the anomalous easterly

was strengthened from southern China to the South China Sea and the Indochina

0.6 to 0.9 

0.0 to 0.3 
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-0.6 to -0.9

0.0 to -0.3

-0.3 to -0.6

P1: 30.2N, 136.8E 

P2: 29.4N, 129.8E 

Fig. 7 The differences in frequency of the TC recurvature between P2 and P1. Closed circles with cross
and multiplication marks denote mean recurvature locations of P2 and P1, respectively. Small squares inside
the circles indicate that the differences are significant at the 95 % confidence level
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peninsula. This anomalous steering flow moved TCs occurring in the WNP to these

regions during P2.

The spatial distribution of the differences in the 500 hPa streamline between P2 and P1

over the entire JJAS summer is similar to those differences for the JJ and AS seasons

(Fig. 9c). An anomalous anticyclone was located in the East China Sea, and an anomalous

cyclone stretched out in the south and north directions on the eastern Sea of Japan.

Due to the spatial distribution of these anomalous pressure systems, the anomalous

northerly was strengthened in the sea east of the KP and in the southwestern region of

Japan. This anomalous steering flow made it difficult for TCs that occurred in the WNP to

move to Korea and Japan during P2. Instead, this anomalous steering flow made it easy for

the TCs to move from southern China to the Indochina peninsula through the South China

Sea. As a result, during P2 the frequency of TC-KPAs was low, while the frequency of TCs

that affect southern China, the South China Sea, and the Indochina peninsula was high.

Furthermore, the anomalous westerly was strengthened in the western region of the KP.

Therefore, if TCs that made landfall on southern China moved to Korea, it is highly likely

that this anomalous steering flow would cause these TCs to make landfall on the west coast

of Korea. This is consistent with TCs during P2 having a strong tendency to land on the

west coast of the KP.

Meanwhile, throughout the JJAS summer, the anomalous anticyclone was located far-

ther to the west than the anomalous cyclone. This meant that during P2, the WNPH

strengthened more to the west. To examine this phenomenon, the locations of WNPH in JJ

(early summer season), AS (late summer season), and JJAS (the full summer season) were

analyzed for each of the two periods P1 and P2. For the purpose of this analysis, WNPH

was defined as the western boundary of the 5,880 gpm contour. In all three seasons, the

WNPH strengthened more to the west during P2 than during P1. As a result, during P2 TCs

tended to move to the west after genesis rather than moving to the north and had a

consistently strong tendency to land on the west coast, even when they did move to the

north.

In the distributions of the 850-hPa stream line, it is clear that the anomalous anticy-

clonic circulation was strengthened in the WNP during all the seasons (JJ, AS, and JJAS).

This anomalous circulation caused a low frequency of TC genesis in the WNP during P2.

Central pressure (hPa)

1999-2004 2005-2010
920

940

960

980

1000

1020
Max. sustained wind (kt)

1999-2004 2005-2010

0

20

40

60

80

100

120

977.0

973.8
45.5

52.3

(b)(a)

Fig. 8 a Central pressure and b MSWS of TC-KPAs during P1 and P2. The boxes show the 25th and 75th
percentiles, the lines in the boxes mark the median and the circles indicate the values below (above) the 25th
(75th) percentiles of the distributions. The numbers to the left and right inside the figure represent averages
(cross marks) for P1 and P2, respectively

982 Nat Hazards (2012) 62:971–989

123



(a)

(b) AS 

 JJAS 

AA 

AC

AA

AA 

AC AA

AC

AA AC 
AC

AA

AC 

JJ

(c)

Fig. 9 The differences (P2–P1) in the streamline at 500 hPa (left panel) and 850 hPa (right panel) between
P2 and P1 during a JJ, b AS, and c JJAS. In left panel, solid and dashed lines denote WNP highs (5,880-gpm
contour) for P2 and P1, respectively. The shaded areas are significant at the 95 % confidence level. The
abbreviations ‘‘AC’’ and ‘‘AA’’ denote ‘‘anomalous cyclone’’ and ‘‘anomalous anticyclone,’’ respectively
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In contrast, a weak anomalous trough observed in the northern region of the Philippines

during JJAS (Fig. 9c) contributed to genesis of more TCs near the Philippines during P2.

The low TC genesis frequency in the WNP during P2 can be verified by the difference

in the OLR between the two periods (Fig. 10, left). A lower value for the OLR indicates

deeper convective activity. Therefore, a positive difference in the OLR, such as was

observed near the main TC- genesis area at 10�–25�N in the WNP, means that convection

was not active in the WNP during JJ of P2, which led to the low frequency of TC genesis.

A negative OLR, such as was observed in the western area of the WNP during AS and

JJAS, indicates that more TCs occurred in the western region of the WNP during P2.

Since the VWS influences the genesis and development of TCs (Chia and Ropelewski

2002), we also analyzed the difference in this attribute between the two periods (Fig. 10,

right). In all three seasons (JJ, AS and JJAS), a negative VWS strengthened in the

southwestern region of the WNP and a positive VWS strengthened in the northeastern

region. This result indicates that more TCs could occur in the western region of the WNP

during P2 because a smaller VWS provides a more favorable environment for the genesis

and development of TCs.

The SST is also a crucial factor affecting the genesis and intensity of TCs. The SST

difference between P2 and P1 (Fig. 11, right) reveals a negative SST near the Niño–3.4

region (5�S–5�N, 120�W–170�W) in all three seasons. A positive SST anomaly existed in

the southwest region of the WNP during AS and JJAS, providing a favorable environment

for TCs to occur mainly in the western region of the WNP during P2.

6 Summary and conclusions

During the last 60 years (1951–2010), the 2 years with the highest frequencies of TC-

KPAs were 1999 and 2004, and that there were no years that exceeded the climatological

average frequency of TC-KPAs since 2005. Based on statistical change-point analysis, the

frequency of TC-KPAs since 1999 can be divided into a high-frequency period, 1999–2004

(P1), and a low-frequency period, 2005–2010 (P2). This study aims to investigate the

differences in recent TC activity between P2 and P1 and the large-scale environments

associated with them.

Analysis showed that during P2, more TCs originated in the western portion of the WNP

than during P1 and that these TCs tended to travel north from the Philippines, pass through

the South China Sea, and move to southern China and the Indochina peninsula. In contrast,

TCs that occurred during P1 tended to pass through the East China Sea from the far eastern

seas of the Philippines and then move to the KP. Due to the tendency of the movement,

TCs during P2 recurve farther west than in P1. The average differences in TC intensity

between P2 and P1, measured in terms of the minimum surface central sea level pressures,

were not statistically significant although those in terms of MSWS is significant at the

95 % confidence level (P2 is a little stronger than in P1).

Streamlines at 500 hPa and 850 hPa were analyzed to understand the characteristics of

large-scale environments that caused the differences in TC activity between P2 and P1. In

the 500 hPa streamline, an anomalous anticyclone located to the west of the KP and an

anomalous cyclone located in the sea east of Japan combined to strengthen the anomalous

northerly flow near the KP. This anomalous steering flow prevented the TCs from moving

to the KP (see schematic at Fig. 12a).

The spatial distribution of anomalous pressure systems was associated with the WNPH

that strengthened farther to the west during P2 than during P1. Consequently, TCs during
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(a)

 AS 

 JJAS 

JJ

(b)

(c)

Fig. 10 The differences (P2–P1) in OLR (left panel) and vertical wind shear (VWS) (right panel) between
P2 and P1 during a JJ, b AS, and c JJAS. Contour intervals in the OLR and VWS diagrams are 3 W m-2 and
1 m s-1, respectively. Shaded areas are significant at the 95 % confidence level
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P2 mainly originated near the Philippines and moved to the west, which reduced the

frequency of the TC-KPAs. Due to the anomalous westerly that strengthened off the west

coast of the KP, TCs during P2 also tended to land on the west coast of the KP, while TCs

during P1 landed mainly on the south coast of the KP.

We found that the recent shifting tendency in the locations of TC-KPLs was the

opposite of that reported in Choi et al. (2010), indicating that the tracks of the TC-KPLs

 JJ 

AS 

 JJAS 

(a)

(b)

(c)

Fig. 11 The difference (P2–P1) in SST between P2 and P1 during a JJ, b AS, and c JJAS. Contour interval
is 2 �C. Shaded areas are significant at the 95 % confidence level
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had shifted to the southeast in recent years. This result suggests that TC tracks near the KP

have changed very recently, although researchers must accumulate and reanalyze more

long-term data before they can confirm that finding.

(a) 

(b) 

AA

Strengthening of northerly

: Decrease of TC frequency over Korea

Strengthening of westerly

: TC landfall at the west coast of Korea

AA

Strengthening of anticyclonic circulation in the WNP

: Decrease of TC genesis frequency

AC

500 hPa

850 hPa

Fig. 12 Schematic illustration of atmospheric changes at a 500 hPa and b 850 hPa during the P2 period
(2005–2010) of TC activity in the WNP. The abbreviations ‘‘AC’’ and ‘‘AA’’ denote ‘‘anomalous cyclone’’
and ‘‘anomalous anticyclone,’’ respectively
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In the 850 hPa streamline, the anomalous anticyclonic circulation strengthened in most

regions of the WNP. This change reduced the frequency of TC genesis during P2, as shown

by a simple schematic illustration in Fig. 12b. This cause for the low frequency of TC

genesis during P2 was also confirmed by the analyses of OLR, VWS, and SST.

The present study focused on TC-KPAs. As shown by the analysis results above,

however, TCs tend to pass through China and Japan before affecting Korea. Since changes

in the tracks and intensity of TC-KPAs can directly and indirectly influence the impact of

TCs on China and Japan, the results of this study will help to improve the forecasting of

TCs in these neighboring regions.
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