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Abstract
This study revealed a high positive correlation between rainfall in Korea during September and the trade
wind (TW)/Arctic Oscillation (AO) index in May that combines two climate factors, low-level TWs and the
AO. This correlation was identified on the basis of the difference in the 850 hPa streamline analysis between
the positive and negative phases selected using the combined TW/AO index. In May, the spatial pattern of
the anomalous pressure systems is similar to that in the positive AO phase. These anomalous pressure sys-
tems continue in June to August (JJA) and September, but the overall spatial distribution shifts a little to the
south. Particularly in September, a huge anomalous anticyclone centered over the southeast seas of Japan
strengthens in most of the western north Pacific region and supplies a large volume of warm and humid air
to the region near Korea. This characteristic is confirmed by the facts that during the positive TW/AO phase,
the subtropical western north Pacific high (SWNPH) is more developed to the north and that the continu-
ous positioning of the upper troposphere jet over Korea from May to September strengthens the anomalous
upward flow, bringing warm and humid air to all layers. These factors contribute to increasing September
rainfall in Korea during the positive TW/AO phase. Because the SWNPH develops more to the north in the
positive phase, tropical cyclones tend to make landfall in Korea frequently, which also plays a positive role
in increasing September rainfall in Korea.The above features are also reflected by the differences in average
rainfall between the six years that had the highest May Niño 3.4 indices (El Niño phase) and the six years
that had the lowest May Niño 3.4 indices (La Niña phase).
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1 Introduction
Summer rainfall in Korea accounts for 40%–60% of the an-

nual rainfall, and because heavy rain often falls locally in a short
time, it is a main cause of natural disasters such as floods and
landslides. Since the Korean winter is dry, insufficient summer
rainfall may lead to severe drought lasting from the following
autumn to the spring of the next year. Therefore, the summer
rainfall has been a primary research subject; many scientists
have tried to understand the dynamics of the summer rains and
to predict them.

Chung and Yoon (2000) and Chung et al. (2004) analyzed
Korean rainfall data for a period of approximately 100 a. They
found that annual rainfall had been increasing until recently,
and that the rainfall during summer showed the most obvious
increasing trend among the four seasons. Ko et al. (2005) em-
phasized that this trend was more evident in the latter part of
summer. Meanwhile, Choi and Moon (2000) explored a sum-
mer the rainfall intensity at 60 weather observation stations for
28 a from 1973 to 2000; they demonstrated that rainfall intensi-
ty increased in most regions, but particularly in the northwest
and southern coastal regions. Using daily summer rainfall da-
ta, Choi (2004) also reported that while the rainfall intensity in-
creased, the number of no-rain days decreased. These studies

both pointed out that the long-term pattern of Korean summer
rainfall has changed recently to localized heavy rainfall.

Many researchers have investigated the long-term varia-
tions of Korean summer rainfall. Yun et al. (2001) used the
summer in 1998 as an example to explain the intensity of the
summer rainfall. They pointed out that the subtropical west-
ern north Pacific high (SWNPH), particularly the activities of El
Niño and equatorial waves, could greatly affect the rainfall in
the latter part of summer. Ha et al. (2003) reported that in years
with high summer rainfall, when the SWNPH strengthened to-
ward Korea, a low-level jet stream developed near Korea and the
exit of the upper-level jet stream was positioned to the west of
Korea. Meanwhile, Ho et al. (2003) showed that the strengthen-
ing of an anomalous low-level anticyclone over the East Asian
continent had caused the abnormal increase of summer rain-
fall since the late 1970s. They emphasized that the anomalous
cold northeasterly from this anomalous anticyclone converges
with the anomalous warm and humid southeasterly near Korea.
This pattern of anomalous large-scale atmospheric circulation
has also been the cause of the second abnormal increase in the
Korean summer rainfall since the late 1990s (Choi et al., 2010).

Variations of global-scale circulation also influence Kore-
an summer rainfall. Ha et al. (2005) pointed out that the onset
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date of the summer rainy season (Changma) and the rainfall
during Changma strongly correlated with the Niño 4 sea sur-
face temperature of the preceding spring. Choi, Wang et al.
(2011) defined the onset of Changma using the available water
resources index (AWRI), and verified that the Changma onset
date and the June rainfall were affected by the Antarctic Oscil-
lation (AAO). On the other hand, Choi, oh et al. (2011) showed
that in years with insufficient summer rainfall, the north Pacific
Oscillation (NPO) was positioned in its positive phase and a
low-south/high-north anomalous pressure system had formed
around Korea, strengthening the anomalous cold northeasterly
in Korea. This anomalous large-scale atmospheric circulation
pattern influences not only Korea but also most of Northeast
Asia, causing insufficient summer rainfall throughout this re-
gion.

Two research teams recently explored the connection
between Korean summer rainfall and Arctic Oscillation (AO).
Gong and Ho (2003) demonstrated that when the preceding
spring rainfalls occur during the positive AO phase, the upper
tropospheric jet stream shifts to the north in East Asia during
summer, strengthening the anomalous downward flow from
the Changjiang River (Yangtze River) valley to Japan and mak-
ing the air dryer in this region. In a more recent study, Ju et
al. (2005) examined data for the preceding winter’s AO each
year. They found that the inter-decadal variations show that the
positive AO phase has strengthened since the late 1970s, result-
ing in increased summer rainfall in the northeastern regions of
China and Korea. They insisted that the weakening of SWNPH
due to the strengthened AO since the late 1970s has caused the
increase in rainfall.

Until now, the studies of Korean rainfall have focused on
the entire summer or the Changma period (early summer).
September (late summer) is also an important month in Korea,
however, because it falls in the period of the second Changma
(Byun and Lee, 2002) and is influenced by frequent typhoons
(Choi and Kim, 2007).

Accurately predicting and analyzing rainfall during
September, when the summer rainy season ends, is crucial to
securing enough water resources to last through the long dry
seasons in Korea. A failure to manage water resources properly
due to incorrectly predicting September precipitation may re-
sult in serious flooding or water shortages, even though predic-
tions and water management have been good prior to Septem-
ber.

The aim in the present study is to explore climate factors
that affect rainfall in Korea during September (RKSep). Be-
cause Korea is located between tropical or subtropical and po-
lar regions, the rainfall variations exhibit very complex spatio-
temporal characteristics. In order to accurately understand the
characteristics of RKSep, we need to consider the climate fac-
tors of tropical or subtropical regions, as well as those of the
polar region. Therefore, a special focus in this study is to inves-
tigate the correlations between RKSep and the low-level trade
winds (tropical index) in the western Pacific region along with
the AO variations (polar index).

Data and analysis methods are introduced in Section 2.
The correlations of RKSep with the AO and the low-level trade
winds are examined in Section 3. The RKSep characteristics are
analyzed according to the variations of these two climate factors
in Sections 4 and 5. The final section consists of conclusions.

2 Data and methods

2.1 Data
This study used the average rainfalls during May, June to

August (JJA), and September at 210 weather observation sta-
tions in East Asia for 30 a from 1979 to 2008 (51 stations in Japan,
13 in Korea, and 146 in China, excluding the dry regions west of
90◦E). Table 1 contains descriptions of the weather observation
stations in Korea. The rainfall data of these three countries are
available on the official websites of the Japan Meteorological A-
gency (JMA), the Korea Meteorological Administration (KMA),

Table 1. Description of 13 weather observation stations in Korea

Geographic features

Station name ID North latitude/(◦) East longitude/(◦) Elevation/m
Gangneung 47105 37.73 128.88 25.91

Seoul 47108 37.56 126.96 85.50

Incheon 47112 37.46 126.62 68.85

Chupungnyeong 47135 36.13 127.99 242.00

Pohang 47138 36.02 129.36 1.88

Daegu 47143 35.87 128.62 57.64

Jeonju 47146 35.82 127.15 53.48

Ulsan 47152 35.55 129.31 34.69

Gwangju 47156 35.17 126.88 70.53

Busan 47159 35.10 129.03 69.23

Mokpo 47165 34.80 126.38 37.88

Yeosu 47168 34.73 127.73 66.05

Jeju 47184 33.25 126.57 19.00

and the China Meteorological Administration (CMA).
Geopotential height, zonal and meridional wind, air tem-

perature, and vertical velocity were obtained from the reanal-
ysis data provided by the National Centers for Environmental
Prediction-National Center for Atmospheric Research (NCEP-
NCAR) (Kalnay et al., 1996; Kistler et al., 2001). These data are
monthly averages from 1948 to the present, with spatial resolu-

tion of 2.5◦×2.5◦ and 18 vertical levels.
The National Oceanic and Atmospheric Administration

(NOAA) interpolated outgoing long-wave radiation (OLR) da-
ta were also used in our analysis. The data, retrieved from the
NOAA satellite series, are provided by the NOAA’s Climate Diag-
nosis Center (CDC, http://www.cdc.noaa.gov) and are available
for June 1974 until the present, except a missing period from
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March to December of 1978 (Liebmann and Smith, 1996).
The information about the tropical cyclone (TC) activities

was obtained from the best track archives of the Regional Spe-
cialized Meteorological Center (RSMC), Tokyo Typhoon Center.
The data consist of the TC’s name, latitude and longitude loca-
tions, minimum surface central pressures, and maximum sus-
tained wind speeds (10 min average maximum winds to the n-
earest 2.5 m·s−1) in 6 h intervals. In this study, the term TCs
include extratropical cyclones (ETs) that have transitioned from
TCs, considering that they have significant influence in the mid-
latitude region of East Asia.

2.2 Methods and definitions
In general, the AO is defined as the first leading mode ob-

tained by the empirical orthogonal function (EOF) analysis us-
ing the National Centers for Environmental Prediction-National
Center for Atmospheric Research (NCEP-NCAR) monthly mean
1 000 hPa (or 700 hPa) height anomalies in the region north of
20◦N (Thompson and Wallace, 1998). In this study, we used

the AO index estimated by the NOAA/Climate Prediction Cen-
ter (CPC) based on the general definition.

The 850 hPa trade wind (TW) index was also obtained
from the NOAA/CPC (http://www.cpc.ncep.noaa.gov/data/in-
dices). The index is estimated using 850 hPa zonal wind aver-
aged over the area of 5◦S–5◦N and 135◦–180◦E (Fig. 5a).

Sea surface temperature (SST) anomalies (SSTAs) in the
Niño 3.4 region (5◦S–5◦N, 120◦–170◦W) are used to define El
Niño years (SSTA being not less than 0.5◦C) and La Niña years
(SSTA being not greater than –0.5◦C). The climatological SST for
a SSTA is one averaged over 30 a. This study used a Student’s
t -test to determine significance (Wilks, 1995).

3 Relationship between rainfall in Korea during September
and May climate factors

In this study, we first analyzed the correlation between two
climate factors in May (the 850 hPa TW index and the AO index)
and rainfall in Korea during the warm season (May to Septem-
ber) (Table 2).

Table 2. Correlations between the three climate indices (TW, AO and TW/AO) and rainfall in Korea during the warm season (May

to September)

Climate factors Rainfall

in May May June July August September

TW –0.31 0.24 –0.12 –0.08 0.561)

AO –0.17 0.01 0.12 0.05 0.551)

TW/AO –0.33 0.21 –0.06 –0.05 0.691)

Notes: 1)the correlation is significant at the 99% confidence level.

The TW index shows a negative correlation of –0.31 for
May rainfall, which is significant at the 90% confidence level.
From June to August, however, there is no significant correla-
tion. The most obvious correlation with the TW index was ob-
served for the RKSep (r=0.56, which is significant at the 99%
confidence level). The correlation between the May AO index
and rainfall in Korea shows similar characteristics. That is, only
the September rainfall shows a somewhat high positive correla-
tion of 0.5 or greater, which is significant at the 99% confidence
level.

In order to examine the effects of the two climate factors
together, a combined index was calculated by summarizing the
TW and the AO (TW/AO). As a result, we found a negative corre-
lation with the May rainfall (r=–0.33) and a positive correlation
with the September rainfall (r=0.69), which are significant at
the 90% and 99% confidence level, respectively. The correlation
of the combined index created by summarizing TW and AO is
higher than the correlation of the two individual indexes.

The following analysis focuses on the correlation be-
tween the three climate factors during May and rainfall during
September.

Figure 1 shows the time series of RKSep and May climate
factors (TW, AO, and TW/AO). All three parameters show clear
inter-annual and inter-decadal variations. The RKSep for the
years after the late 1990s are greater than before (solid line in
Fig. 1a). This is similar to the findings of Choi et al. (2010), who
showed through a statistical change-point analysis that the vari-
ations of Korean summer rainfall changed significantly in the
late 1990s. Due to the nature of these variations, RKSep tends to
increase overall (1.01 mm/a).

The TW index shows a weak increasing trend (0.06 ms/a,
dotted line in Fig. 2a). The time series of RKSep and the TW in-

dex are positively correlated (r=0.56, significant at the 99% con-
fidence level), indicating that if the May 850 hPa wind index in-
creases (that is, if the equatorial easterlies or the TWs strength-
en), RKSep also increases.

The May AO index shows a weak increasing trend (0.01/a,
dotted line Fig. 1b), although the increasing range is smaller
than the rainfall and TW parameters mentioned above. The AO
index is positively correlated with RKSep (r=0.55, significant at
the 99% confidence level), indicating that if the AO is in the pos-
itive phase in May, RKSep increases.

In order to examine the combined effect of the two climate
factors during May on the variation of RKSep, the TW/AO in-
dex was determined (dotted line in Fig. 1c). Here, we found the
correlation between TW and AO is very low (r=0.16), which is
not statistically significant, being able to improve the correla-
tion with RKSep due to the combination of these effects. The
time series of the TW/AO index shows a weak increasing trend
(0.06 a) and a high positive correlation of about 0.7 with RKSep
(significant at the 99% confidence level). This indicates that RK-
Sep increases if the TW strengthens south of Korea and the AO
strengthens north of Korea.

On the other hand, if the tendencies are removed from
each time series, the correlation between the two variables
could change. Therefore, the tendencies are removed from the
two variables and then the correlation between them is ana-
lyzed again. As a result, the correlation coefficients are not very
different from those before removing the tendencies and the
correlation is still significant at a 99% confidence level.

To investigate whether the high positive correlation be-
tween RKSep and these climate indices is a characteristic u-
nique in Korea, a correlation analysis was extended to rainfall
data from locations in East Asia (Fig. 2). Rainfall during Septem-
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ber and the TW index show a positive correlation in the region
of East Asia, excluding Northeastern and southwestern China
(Fig. 2a). Positive correlations of 0.3 or greater, which are sig-
nificant at the 90% confidence level, are observed in the eastern
middle portion of China, Korea, and southwestern Japan. Pos-
itive correlations of 0.4 or greater, which are significant at the
99% confidence level, are observed only in the lower reaches of
the Changjiang River and Korea.

Negative correlations between the AO index and the
September rainfall were found in the farthest upper reaches of
the Changjiang River and southwestern Japan, but not in the
lower reaches of the Changjiang River. This is consistent with
the results of Gong and Ho (2003), who reported the reduction
of the summer precipitation in these regions during the positive
AO phase.

Note that the positive correlations with the AO index are
observed in fewer regions than the TW index. Positive correla-
tions of 0.4 or greater, which are significant at the 99% confi-
dence level, are observed only in Korea, unlike the correlations
with the TW index.

The correlation distributions with the TW/AO index are
generally similar to those with the TW index (Fig. 2c), but the

high positive correlations of 0.4 or greater, which are significant
at the 99% confidence level, are more pronounced in Korea. In
particular, the positive correlations of 0.5 or greater are found
at most Korean weather observation stations, except Seoul and
Jeju. This means that the combined effects of conditions in East
Asia during May on the rainfall during September are most ob-
vious in Korea.

4 Rainfall features according to the TW/AO and ENSO phases
To examine the relationship between RKSep, the May

TW/AO index, and the characteristics of the relevant large-scale
atmospheric conditions, we selected 6 a that has the highest
TW/AO indices (positive phase) and 6 a that has the lowest
TW/AO indices (negative phase) during the last 30 a. We calcu-
lated and analyzed the differences between the average indices
over each year we selected.

To minimize the effect of the El Niño Southern Oscillation
(ENSO) on the variations of RKSep, the six positive-phase and
negative-phase years were selected after excluding the years
when El Niño conditions existed during May (1982–1983, 1987,
1991–1993, 1997–1998) and the years when La Niña conditions
existed during May (1985, 1988–1989, 1999–2000, 2008).

Fig.1. Time series of September rainfall in Korea and 850 hPa trade wind (TW) index in May (a), Arctic Oscillation (AO) index in

May (b), and sum of TW and AO index (TW/AO index) (c). The solid line in (a) and dashed lines in (a), (b), and (c) denote the linear

trends of the Korean September rainfall TW index, AO index, and TW/AO index, respectively.
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We found that the Niño 3.4 index in May is strongly cor-
related with that same index in JJA and September (r=0.68 and
0.53, respectively, which are both significant at the 99% confi-
dence level). This is not unexpected, since the May ENSO usu-
ally continues through to JJA and September. Therefore, we ex-

cluded ENSO years and used the index in May.
For the additional comparison, we also selected 6 a that

had the highest May Niño 3.4 indices (El Niño phase) and 6 a
that had the lowest May Niño 3.4 indices (La Niña phase) and
determined the differences of their averages.

Fig.2. Spatial distributions of correlation coefficients between September rainfall and 850 hPa TW index (a), AO index (b) and

TW/AO index (c) in May. White dots inside circles are significant at the 95% confidence level.

Fig.3. Spatial distributions of differences in September rainfall between the positive and negative phases (a) and between the La

Niña and El Niño phases (b). White dots inside circles are significant at the 95% confidence level.
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Table 3. Korean September rainfall (mm) for each year during the highest (positive) and the lowest (negative) six TW/AO years and

six La Niña and El Niño years

Positive TW/AO Negative TW/AO La Niña El Niño

Year Rainfall Year Rainfall Year Rainfall Year Rainfall

1981 269.3 1980 86.4 1985 257.8 1982 24.0

1984 269.3 1986 144.6 1988 80.9 1983 223.7

1990 294.5 1994 41.2 1989 219.2 1987 39.7

2003 267.5 1995 56.9 1999 351.1 1991 177.7

2004 211.7 2002 91.7 2000 261.2 1993 69.4

2007 400.7 2006 68.4 2008 62.6 1997 58.6

Average 285.5 Average 81.5 Average 205.5 Average 98.8

The analysis shows that both the May TW index and the
May TW/AO index are negatively correlated with the May Niño
3.4 index (r=–0.56 and r=–0.51, respectively, which are signif-
icant at the 99% confidence level), while no statistically signif-
icant correlation was observed between the May AO index and
the May Niño 3.4 index. Table 3 shows the RKSep during the s-
elected positive TW/AO years, negative TW/AO years, El Niño
years, and La Niña years.

The average RKSep for 30 a is 164.4 mm. RKSep during
all years of the positive TW/AO phase is greater than the aver-
age, and the average RKSep during the positive TW/AO phase is
close to twice the average for 30 a. The RKSep during all years
of the negative phase, however, is lower than the average rain-
fall for 30 a, and the average RKSep during the negative phase
is half of the average rainfall for 30 a. Comparing the extremes,
the average RKSep during the positive phase is more than three
times the average RKSep during the negative phase. The dif-
ferences in the average rainfalls between these two phases are
significant at the 99% confidence level.

We found the differences of RKSep during the La Niña and
El Niño phases to be similar to those during the positive and
negative phases. The average rainfall in the La Niña phase is
higher than the 30 a average rainfall in every year except 1988
and 2008, but in the El Niño phase, only the average rainfalls of
1983 and 1991 are higher than the 30 a average rainfall. Thus,
the RKSep in the La Niña phase is about two times higher than
that in the El Niño phase, but this difference is not greater than
the difference between the positive and negative phases. The d-
ifferences between these two ENSO phases are significant at the
90% confidence level.

The analysis of the differences in the RKSep between the
positive and negative TW/AO phases and between the La Niña
and El Niño phases was extended to East Asia (Fig. 3). Figure 3a
reveals that the differences between the positive and negative
phases have positive values in most regions, except Manchuri-
a. In particular, the regions that had significant differences be-
tween the two phases at the 95% confidence level are concen-
trated in Korea. The spatial distribution of the differences be-
tween the La Niña and El Niño phases is similar to that between
the positive and negative TW/AO phases (Fig. 3b), but the dif-
ferences in rainfalls between these two phases are less than the
differences between the positive and negative TW/AO phases in
most regions and are statistically insignificant.

4.1 Intra-seasonal variation of rainfall in Korea
We analyzed the intra-seasonal variations of rainfall to

compare the Korean rainfall variations between the positive and
negative TW/AO phases and between the La Niña and El Niño
phases in other seasons, including September (Fig. 4), using the

seven-day running average rainfall. Ha et al. (2009) used the
seven-day running average rainfall data to successfully show
that there was a critical shift around the late 1960s in the varia-
tions of Korean August rainfall.

Korean rainy seasons are generally divided into a spring
rainy season from early April to mid-May, Changma from late
June to late July, and a second Changma from mid-August to
early September (Byun and Lee, 2002). In this study, we have de-
fined the period from Changma to second Changma as the sum-
mer rainy season (SRS). The intra-seasonal variations of rainfall
in the positive and negative TW/AO phases have two peaks dur-
ing the SRS (Fig. 4a), but these two peaks are not clear in the El
Niño and La Niña phases (Fig. 4b).

There is a tendency for the SRS to be longer during the
positive TW/AO phase and the La Niña phase. This can be eas-
ily seen by comparing the beginning date and ending date of
heavy rainfall, defined as 80 mm or more in 12 h according to
the heavy rain warning criterion in Korea (Hong, 1999).

In the positive TW/AO phase, the SRS runs from June 17
to September 19, while in the La Niña phase, the SRS runs from
June 20 to September 21; in each case, the SRS includes both the
Changma and second Changma.

In the negative TW/AO phase, the SRS runs from July 2 to
August 16, while in the El Niño phase, the SRS runs from July 8
to August 28; in each of these cases, the SRS does not fall within
the early period of Changma and excludes the latter half of the
second Changma.

The SRS of the positive TW/AO phase and the La Niña
phase are longer by about 45 d compared with those of the neg-
ative TW/AO phase and the El Niño phase. This result shows
that in the negative TW/AO phase and the El Niño phase, the
summer monsoon is short and weak.

Outside the SRS, however, there is no significant difference
in rainfall between the two phases (data embedded in Fig. 4)
because the cold season in Korea is dry. The greatest difference
in intra-seasonal variations between the two phases is found in
RKSep; the difference is more pronounced in the TW/AO phases
than in the ENSO phases. We also found distinct differences in
rainfall between the positive and negative TW/AO phases dur-
ing the Changma period.

4.2 Large-scale atmospheric circulations
We found that the RKSep varies according to the TW/AO

and ENSO phases. In order to understand the cause of these
variations, we examined large-scale atmospheric circulations
during each phase.
4.2.1 850 hPa streamline

As compared with the circulation during the negative
TW/AO phase, during the positive TW/AO phase the May 850
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hPa streamline strengthens the anomalous cyclonic (AC) circu-
lation at the latitudes near the North Pole, the anomalous anti-
cyclonic (AA) circulation at the high latitudes, the AC circulation
at the middle latitudes, and the AA circulation at the low lati-
tudes (Fig. 5a, left). This pattern of anomalous pressure systems
that are meridionally strengthened in the positive TW/AO phase
is similar to the spatial distribution of pressure systems in the
positive AO phase (Thompson and Wallace, 2000). Additional-
ly, at the low latitudes, the anomalous TW (also known as the
anomalous easterly) is strengthened in the equatorial western
Pacific due to the development of the AA circulation at the low
latitudes. Korea is particularly affected by the anomalous east-
erly due to the AA circulation centered over the Okhotsk Sea.

During the JJA, which is summer in the Northern Hemi-
sphere, the overall spatial distribution of anomalous pressure
systems is shifted farther to the south compared with May (Fig.
5b, left). In particular, an anomalous monsoon trough devel-
ops in the sea east of Taiwan of China. Korea is affected by an
anomalous southeasterly that converges between this anoma-
lous monsoon trough and the AA circulation in the north. Sim-
ilar to May, the anomalous trade wind strengthens in the equa-
torial western Pacific.

The spatial distribution of the anomalous pressure sys-
tems in September is generally similar to that in the JJA, but the
anomalous monsoon trough is considerably weakened com-

pared with JJA (Fig. 5c, left). The AA circulation replaced the
anomalous monsoon trough as the latter moved to the west.
The AA circulation centered over the sea southeast of Japan ex-
tends from the low to middle latitudes of East Asia, revealing a
south-high and north-low pressure system from the center of
the Korean Peninsula (KP).

The recent analysis by Choi, Wang et al. (2012) using the
AWRI also found this anomalous pressure system during the
years that recorded a significant summer rainfall. Consequent-
ly, the AA circulation is continuously strong at the low latitudes
of East Asia from May to September. As a result, the anomalous
trade wind remains continuously in the equatorial western Pa-
cific and this directly affects the KP along the western periphery
of the AA circulation in September. These results are consistent
with those found by Yun et al. (2001) showing that the summer
rainfall in Korea is strongly influenced by an SWNPH and that,
particularly in late summer, it is more affected by a general at-
mospheric circulation in the equatorial regions.

Korea is affected by the anomalous southerly arising from
the AA circulation centered over the sea southeast of Japan. This
anomalous southerly derives from the region near the warm
pool in the eastern Philippine Sea. The anomalous southerly
causes atmospheric instability for Korea by supplying warm and
humid air from the tropical warm pool region; this is a main ca-
use of the increased RKSep during the positive phase. Figure 6a

Fig.4. Temporal variability of the seven-day running average precipitation during positive (solid line) and negative (dotted line)

TW/AO phases (a) and during La Niña (solid line) and El Niño (dotted line) phases (b). Time series inside figures denote differences

between the positive and negative phases and the La Niña and El Niño phases.
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Fig.5. Differences in 850 hPa wind between the positive and negative TW/AO phases (left) and between the La Niña and El Niño

phases (right) in May (a), July to August (b) and September (c). Shaded areas are significant at the 95% confidence level. The

abbreviations AC and AA represent anomalous cyclone and anomalous anticyclone respectively.

shows the effect of supplying warm and humid air to Korea: the
difference in 850 hPa moisture convergence between the pos-
itive and negative TW/AO phases. A large volume of low-level
moisture converges over southern China, the East China Sea,
and Korea.

These characteristics of the large-scale atmospheric circu-
lations produce a high positive correlation between the RKSep
and the May TW/AO index. The differences in the characteris-
tics of the large-scale atmospheric circulations during the pos-
itive and negative TW/AO phases also appear between the La

Niña and El Niño phases (Fig. 5a, right). In May, the spatial
distribution is similar to that of the differences between the t-
wo TW/AO phases described above, but the characteristics of
the positive AO phase are not observed; no AC circulation is ob-
served at the latitudes near the North Pole. Korea is affected by
the anomalous northeasterly from the AA circulation centered
over the Kamchatka Peninsula, and the anomalous trade wind
in the equatorial western Pacific is strengthened.

Similar to conditions during the TW/AO phases, the over-
all anomalous pressure systems of the El Niño phases during
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JJA are shifted farther to the south compared with those in May
(Fig. 5b, right). The anomalous monsoon trough strength-
ens in the sea east of Taiwan, and Korea is influenced by the
anomalous southeasterly that converges between this anoma-
lous monsoon trough and the AA circulation centered over the
sea east of Japan. However, the anomalous monsoon trough
during this period is not as strong as during the TW/AO phases.
In the equatorial western Pacific, the anomalous trade wind is
still strengthened.

In September, the anomalous monsoon trough weakens
considerably, but distinct AA circulation forms in the subtrop-
ical western Pacific. As a result, Korea is influenced by an

anomalous southerly and the anomalous trade wind contin-
uously strengthens in the equatorial western Pacific. These
September characteristics are similar to those of the differences
between the TW/AO phases during September described above.
Similar to the conditions during the TW/AO phases, the low-
level moisture converges over southern China, the East China
Sea, and Korea, although it is not strong (Fig. 6b).

To sum up, the RKSep increases when the signs of the
anomalous large-scale atmospheric circulation strengthen due
to the strengthening of the positive AO phase and the anoma-
lous trade wind in the equatorial western Pacific during May.

Fig.6. Differences in 850 hPa moisture convergence between the positive and negative TW/AO phases (a) and between the El Niño

minus La Niña phases in September (b). Shaded areas are significant at the 95% confidence level. The contour interval is 50 g/(kg·s).

4.2.2 Convective activity
To investigate the characteristics of the convective activ-

ity associated with the increasing RKSep, we analyzed the dif-
ferences in the OLR between the positive and negative TW/AO
phases (Fig. 7, left). A smaller OLR value indicates more active
convection.

In May, the negative anomaly region includes the South
China Sea, the Philippines, the south-middle part of China, and
the southwestern part of Korea. As described above, the nega-
tive anomaly is apparent along the western periphery of the AA
located in the subtropical western Pacific. The negative anoma-
ly that remained in the southwestern part of Korea in the JJA
extends to the entire KP, and most seas show a negative anoma-
ly, except the southeastern part of the subtropical western Pa-
cific. In September, the negative anomaly strengthens in most
regions of East Asia, except for some seas. In particular, Korea
has the lowest value in East Asia after the low latitudes, indicat-
ing that the RKSep is greatly influenced by the TW/AO index.

The differences between the La Niña and El Niño phas-
es show spatial distributions similar to those between the two
TW/AO phases (Fig. 7, right). The figure shows that the negative
anomaly is obvious during all three seasons (May, July to Au-
gust and September) in the South China Sea and the northeast-
ern Philippine Sea, a characteristic typical of the La Niña phase.
Particularly in September, the negative anomaly is formed zon-
ally from the northern part of China to the sea east of Korea.

Since the convective activity in September was most ap-
parent in East Asia near Korea, we compared the latitude-
pressure cross-sections of vertical velocity and meridional cir-
culation along the longitude band of 125◦–130◦E, where Korea

is located (Fig. 8). During the positive phase, as compared with
the negative phase, we found the strengthening of the anoma-
lous downward flow at the low latitudes (10◦–20◦N), the anoma-
lous upward flow at the middle latitudes, and the anomalous
downward flow at the high latitudes (40◦–50◦N) of East Asia (Fig.
8a). The center of the anomalous upward flow that is strength-
ened in the middle latitudes is obvious at the latitude band of
30◦–40◦N, where Korea is located. We found that the anomalous
upward flow is statistically significant at the 95% confidence lev-
el for all levels.

During the ENSO phases, the difference in the meridion-
al circulation shows a similar pattern (Fig. 8b). Unlike in the
TW/AO phases, however, the center of the anomalous upward
flow at the middle latitudes of East Asia is distributed in t-
wo bands of latitudes, around 20◦N and 30◦–40◦N. A stronger
anomalous upward flow also appears in the latitude band of
30◦–40◦N, where Korea is located, but its strength is weaker than
in the TW/AO phases.

Along with the anomalous upward flow that strengthened
in the latitude band of Korea, the anomalous warm air temper-
ature also increased at all levels (Fig. 9a). This characteristic
also appears in the differences between the La Niña and El Niño
phases (Fig. 9b). Furthermore, the positive difference in the rel-
ative humidity increased in the band of latitudes that include
Korea (Figs 10a and b).

These overall results suggest that in the latitude band
where Korea is located, the warm and humid air increases a-
long with the anomalous upward flow throughout the entire tro-
posphere, forming a vertical atmospheric structure that is con-
ducive for precipitation to form.
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4.2.3 Upper tropospheric jet
In general, the existence of an upper tropospheric jet facil-

itates the formation of precipitation by strengthening the con-

vergence and upward flow in the lower troposphere.
The location of the jet provides a measure for judging

how far the SWNPH has developed toward the north (Liang and

Fig.7. Same as Fig. 5, except for the outgoing long wave radiation (OLR). The solid and dashed lines denote a 58 700 m2/s2 contour

in the positive/La Niña phase and in the negative/El Niño phases, respectively.
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Fig.8. Composite differences of latitude-pressure cross-sections of vertical velocity (contours) and meridional circulation (vectors)

averaged along the longitude band 125◦–130◦E in September between the positive and negative TW/AO phases (a) and between the

La Niña minus El Niño phases (b). The values of vertical velocity are multiplied by –100. Shaded areas are significant at the 95%

confidence level. Contour intervals are 0.7−2 hPa/s. X and Y axes denote latitude (◦N) and pressure level (hPa), respectively.

Fig.9. Same as Fig. 8, except for air temperature. The contour interval is 0.3◦C. X and Y axes denote latitude (◦N) and pressure level

(hPa), respectively.

Fig.10. Same as Fig. 8, except for relative humidity. The contour interval is 3%. X and Y axes denote latitude (◦N) and pressure level

(hPa), respectively.

Wang, 1998; Lau and Nath, 2000; Choi, Oh et al., 2011). In the
Northern Hemisphere, the warm air mass in the south (i.e., the
SWNPH) expands toward the north as summer approaches and
the jet located at the northern boundary of the warm air mass

also shifts to the north.
We analyzed the 200 hPa zonal winds to compare the con-

ditions of the upper tropospheric jet during the TW/AO and EN-
SO phases (Fig. 11). In this study, a jet streak is defined as a re-
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gion with winds measuring 35 m/s or more in May and Septem-
ber. During the JJA, a jet streak is defined as a region with winds
measuring 25 m/s or more, since the upper tropospheric wind

weakens in the mid-latitude region during summer.
During the positive TW/AO phase, Korea is positio-

ned in the jet streak area continuously from May to September

Fig.11. 200 hPa zonal wind in the positive (left) and negative (right) TW/AO phases in May (a), June to August (b) and September

(c). Areas greater than 35 m/s are shaded. The contour interval is 5 m/s.



44 CHOI Ki-Seon et al. Acta Oceanol. Sin., 2013, Vol. 32, No. 1, P. 32-47

(Fig. 11, left); the resultant strengthened upward flow around
Korea causes the increasing September rainfall. During the neg-
ative phase, however, Korea is in the jet streak area only during
May (Fig. 11, right), indicating that Korea has become an unfa-

vorable atmospheric environment for the increasing September
rainfall.

Similar results can be seen during the La Niña and El Niño
phases. During the La Niña phase, Korea is located in the jet

Fig.12. Same as Fig. 11, except for the La Niña (left) and El Niño (right) phases.
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streak area from May to September (Fig. 12, left), but in the El
Niño phase, Korea is in the jet streak area only during May (Fig.
12, right).

In order to determine if the shifts of the upper tropospher-
ic jet are associated with the SWNPH, the 58 700 m2/s2 contour
was compared for each TW/AO and ENSO phase (Fig. 7). In
this study, we defined the 58 700 m2/s2 contour as the western
boundary of the SWNPH. The comparison for the TW/AO phas-
es shows that the SWNPH is located more to the northeast from
May to September during the positive phase (solid line) than in
the negative phase (dashed line) (Fig. 7, left), forming an envi-
ronment from which a large volume of warm and humid air can
flow to Korea during the positive phase. Similar results can be
seen when comparing the La Niña and El Niño phases (Fig. 7,
right), demonstrating the SWNPH is located more to the north-
east continuously from May to September during the La Niña
phase than during the El Niño phase.

5 Influence of tropical cyclones on Korean rainfall during
September

The frequency of TCs that affect Korea in September is the
next highest after the frequency in July and August (Park et al.,
2006), and the rainfall that accompanies the TCs accounts for

about one third of the September rainfall in Korea (Choi et al.,
2010). In this section, we explore whether the effects of TCs on
the RKSep depend on the TW/AO and ENSO phases.

Figure 13 shows the tracks and the genesis points of TC-
s during each phase. The number of TC geneses in the posi-
tive TW/AO phase (29 TCs) is higher than in the negative phase
(25 TCs) (Fig. 13, upper). This is related to the convective ac-
tivity strengthening in the subtropical western Pacific when the
SWNPH is located more to the north in the positive phase and
weakening when the SWNPH is located more to the south dur-
ing the negative phase.

The number of TCs that make landfall in Korea during the
positive phase (three TCs) is also higher than during the nega-
tive phase (one TC). Since the TCs tend to move along the west-
ern periphery of the SWNPH, the possibility of the TC landfall
in Korea is higher during the positive phase, when the SWNPH
is closer to Korea. Consequently, the higher frequency of the
TCs making landfall in Korea in September during the positive
phase may play a significant role in the increased rainfall.

A similar tendency can be seen during the ENSO phas-
es, as well (Fig. 13, lower). The La Niña phase shows a higher
TC-genesis frequency (La Niña phase: 35 TCs; El Niño phase:
29 TCs) and KP-landfall frequency (La Niña phase: three TCs,

Fig.13. Tropical cyclone (TC) genesis locations and TC tracks during the positive (a), negative (b), La Niña (c) and El Niño phases

in September (d).
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El Niño phase: none) than the El Niño phase. Thus, it is likely
that Korea will see heavier rainfall from the TCs in September
during the La Niña phase than during the El Niño phase.

6 Conclusions
This study demonstrates that the May 850 hPa TW index

and the May AO index each have a high positive correlation with
the RKSep. To investigate the combined effects of two indices in
May on the RKSep, a new index was developed by summarizing
the two indices (TW/AO index). Based on the new index, we s-
elected and analyzed 6 a with the highest values, excluding the
La Niña years (positive phase), and 6 a with the lowest values,
excluding the El Niño years (negative phase). We also conduct-
ed a similar analysis for six El Niño years (El Niño phase) and six
La Niña years (La Niña phase) using the Niño 3.4 May index.

Both the TW index and the AO index showed relatively
high positive correlations with the September rainfall in the
middle regions of China and Korea and the southwestern re-
gion of Japan. The regions showing positive correlations with a
TW/AO index of 0.4 or higher at the 99% confidence level were
concentrated in Korea. As a result, Korea experienced the great-
est difference in the September rainfall in East Asia between the
positive and negative TW/AO phases.

The intraseasonal variation analysis of rainfall also
showed that in the positive TW/AO phase, the SRS in Korea was
longer and more rainfall was observed over the entire summer.

We discovered the cause of the increase in the RKSep dur-
ing the positive TW/AO phase by analyzing the 850 hPa stream-
line. During the positive TW/AO phase, the spatial pattern of
the anomalous pressure systems in May was similar to the pat-
tern during the positive AO phase, strengthening the AC circu-
lation at the latitudes near the North Pole, the AA circulation
at the high latitudes, the AC circulation at the middle latitudes,
and the AA circulation at the low latitudes. Particularly at the
low latitudes, the anomalous trade wind strengthened in the e-
quatorial western Pacific due to the strengthened AA circulation
there.

This spatial pattern of the anomalous pressure systems in
May continued to the JJA and September, although the over-
all spatial distribution shifted a little to the south during the
Northern Hemisphere’s summer months. In September, as the
considerable AA circulation centered over the sea southeast of
Japan strengthened in most regions of the western north Pacific,
the anomalous southerly that supplies a large volume of warm
and humid air was conspicuous around Korea.

The strengthening of AA in the western north Pacific
during the positive TW/AO phase indicated that the SWNPH
strengthened more to the north than during the negative phase.
This was confirmed by comparing the 58 700 m2/s2 contour for
the two TW/AO phases.

Analyses also showed that the upper tropospheric jet,
which was located in Korea continuously from May to Septem-
ber during the positive phase, contributed to strengthening the
SWNPH to the north and to the resultant anomalous upward
flow that facilitates the formation of precipitation.

A comparison of vertical velocity, meridional circulation,
air temperature, and relative humidity between the two phases
along the longitude band of 125◦–130◦E confirmed that the cen-
ter of the anomalous upward flow strengthened at the middle
latitudes (30◦–40◦N), where Korea is located. Warm and humid
air strengthened in all levels along with the anomalous upward
flow in this latitude band.

We also found that the TCs played an important role in in-
creasing the RKSep. The genesis frequency of TCs was high dur-
ing the positive phase due to strengthened convective activity
in the subtropical western Pacific. The frequency of TCs making
landfall in Korea was also high during the positive phase, due to
the SWNPH developing farther to the north, which played a sig-
nificant role in the increasing RKSep.

We made a similar analysis of the ENSO phases and AO
phases (not presented in this paper). The results showed their
overall characteristics and the differences between phases were
similar to those in the TW/AO phases. However, the differences
between these two phases were less obvious than the differ-
ences between the TW/AO phases, particularly the differences
in the September rainfall in East Asia, including Korea, the dif-
ferences in the intra-seasonal variation of rainfall, and the dif-
ferences in rainfall caused by the large-scale atmospheric circu-
lation. This suggests that the variations of RKSep can be better
explained by the combined effect of the TW and AO than by the
individual effects.

One might suggest that we could have used a well-known
ENSO index for the rainfall analysis instead of the TW index, s-
ince they are closely correlated. However, our analysis showed
that despite a close physical correlation between the ENSO and
TW indices, the correlation between the May ENSO index and
the RKSep was not statistically significant (r=–0.25). Therefore,
we used the TW index in this study to analyze the RKSep.

This study focused on finding the climate factors affecting
the RKSep and analyzing the large-scale atmospheric circula-
tions that cause rainfall to vary. Future studies will develop a
statistical model for predicting the RKSep using these climate
factors.
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