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ABSTRACT: This study investigated the variability in the second Changma retreat date (SCRD) in Korea and the character-
istics of the relevant large-scale atmospheric circulation using the available water resources index (AWRI). The analysis of
the SCRD and meridional winds at the 850 hPa level over 30 years (1982–2011) showed that the climatological mean SCRD
in Korea is 3 September, and the late (early) retreat is associated with the development of a cyclonic (anticyclonic) circulation
anomaly in the western Siberian region and an anticyclonic (cyclonic) circulation anomaly in the western Pacific region and
the Aleutian Islands region. This study defined a new second Changma retreat index (SCRI) using the three regions with the
highest correlation between the SCRD and 850 hPa meridional winds and analysed the variability and characteristics of the
SCRI between the low- and high-SCRI years. In Korea, the largest differences in SCRD between the low- and high-SCRI
years appeared in the vicinity of Jiri Mountain and the western region of Gangwon-do province. The difference in the AWRI
between the low- and high-SCRI years increased significantly from August to December and peaked at the end of September.
The analysis of precipitation data revealed that the SCRD of the Korean regions with high rainfall that exceeded 5 mm day−1

during the low-SCRI years was about 3 weeks earlier than during the high-SCRI years because of the early development of
a cold and dry continental high system. During the low-SCRI years, a cold and dry anticyclone anomaly developed from the
western Siberian region to the East Asian mid-latitude region while the western North Pacific subtropical high weakened fur-
ther in the western Pacific, and the Aleutian Low developed in the vicinity of the Aleutian Islands during the low years. These
characteristics of a large-scale atmospheric circulation explained most interannual SCRD variations.
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1. Introduction

The East Asian monsoons that affect summer rainfall in
Korea are closely related to the location and activity of
the polar front that forms in the boundary region between
the continental air masses in East Asia and the maritime
air masses in the western North Pacific (Kwon et al.,
1998). For most Korean regions, it is crucial to under-
stand and predict summer rainfall for water management
because at least half of the total annual rainfall occurs dur-
ing the summer. Summer rainfall can be divided into two
rainy seasons: the Changma and the second Changma. The
Changma is tied to the northward movement of polar fronts
associated with East Asian monsoons, and the second
Changma is influenced by composite phenomena, such as
the southward movement of polar fronts, regional convec-
tive activity, and the passage of tropical cyclones (TCs; Tao
and Chen, 1987; Tanaka, 1992; Chan et al., 2000; Chang
et al., 2000; Wu and Wang, 2000; Wang and LinHo, 2002).

* Correspondence to: I.-J. Moon, Typhoon Research Center, Jeju
National University, Ara 1 Dong, Jejusi 690-756, Republic of Korea.
E-mail: ijmoon@jejunu.ac.kr

Changma is the name widely used in Korea for the East
Asian summer rainy season. It is also known as the Baiu
in Japan and the Meiyu in China. Numerous scholars have
discussed the definition of the onset of the Changma. In
the past, the onset of the Changma was primarily deter-
mined by the landing of a Changma front on Korea based
on the quantity, duration, and location of the rainfall (Kim,
1979; Kim et al., 1983). However, determining the onset of
the Changma based on the appearance of rainfall has lim-
itations: First, it is difficult to exclude topographic effects
on summer rainfall in Korea, and second, the onset can be
determined subjectively depending on who performs the
analysis.

Researchers have recently begun to attempt to objec-
tively define the onset of the Changma or the Meiyu. Ha
et al. (2005) defined the onset of the Changma as the
day on which (i) rain heavier than the average rainfall
during the spring rainy periods has persisted for at least
3 days, (ii) the amount of solar radiation has decreased,
and (iii) the relative humidity has reached at least 75%,
or the total cloud cover is at least 70%. In addition, Ha
et al. (2005) defined the onset of the Changma as the
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point of a rapid increase in southerly wind before the
maximum southerly wind appears. Zhang et al. (2005)
suggested new indicators for the onset and retreat dates
(ORD) of the Meiyu in the Yangtze–Huaihe River valley
using observed daily precipitation data from 230 stations
in eastern China from 1954 to 2003. Zhang et al. (2005)
stressed that the ORD of the rainy season at each station
could be defined in terms of the rainfall intensity and per-
sistence thresholds. For example, the ORD of the Meiyu
for the Yangtze–Huaihe River basin was determined to
occur when more than 40% of stations reach the first rainy
season thresholds in the study region. Zhu et al. (2008)
developed a regionally averaged index to characterize the
Meiyu onset time for the period 1957–2001 using data
from typical stations at the mid- and lower reaches of the
Yangtze River valley. Although these studies determined
the ORD of the Meiyu or the Changma using daily rainfall
measurements, Byun and Lee (2002) defined the ORD
from the available water resources index (AWRI) taking
into account the daily decrease (due to runoff, evapotran-
spiration, infiltration, etc.) in water and the duration of
accumulation. Byun and Lee (2002) emphasized that the
AWRI provides clearer and more precise boundary values
in determining the ORD of the Changma. Recently, Choi
et al. (2012) defined the onset of the Changma as the first
day on which the AWRI, developed by Byun and Lee
(2002), exceeds its climatological June average value and
lasts for at least 1 week. Using this definition, Choi et al.
(2012) emphasized that the variations in the onset of the
Changma for 25 years (1985–2009) were controlled by
the Antarctic oscillation (AAO).

In contrast, the second Changma is defined as the period
from the termination of the Changma to the second rain-
fall peak, which is often called the early autumn rainy
season. During the second Changma period, TCs often
accompany a significant amount of rainfall, causing major
flood damage. Using a weather index, Lee (1969) defined
the period of the second Changma as 20 August through
10 September. Defining the second Changma period
as mid-August through early September, Ho and Kang
(1988) first mentioned that a clear break period exists
between the two Changma seasons based on daily rain-
fall data from the Korea Meteorological Administration
(KMA). Using the AWRI, Byun and Lee (2002) defined
the period of the climatological second Changma as 12
August through 4 September. Kwon et al. (1998) divided
the period of summer rainfall in Korea into two rainy
seasons and examined the changes in the rainfall variables
(amount, intensity, and frequency) during each rainy
season. Kwon et al. (1998) also defined the periods of the
Changma and the second Changma as 2 June through 2
August and 3 August through 20 September, respectively.
Most recently, Choi and Byun (2007) defined the onset
date of the spring rainy season (6 April) and the retreat
date of the second Changma (4 September) using the onset
and withdrawal dates of the southerly wind in the lower
layer of the troposphere above Korea, respectively.

Although many studies have investigated the Changma,
few studies have examined the second Changma. Lee

(1975) synoptically compared the characteristics and
duration of the Changma and the second Changma in
Korea. Ho and Kang (1988) reported that almost identical
maximum amounts of rainfall appeared throughout the
country during the second Changma. Maejima (1967)
defined the period of the second Changma, known as the
Shurin in Japan, using the amount of clouds, quantity of
rainfall, and duration of solar radiation. Similar studies on
the Shurin in Japan have been conducted by Murakami
et al. (1962), Kimura (1966), Lee (1974), Matsumoto
(1992), and Murakami and Matsumoto (1994). Tao and
Chen (1987) reviewed recent studies on the East Asian
summer monsoon in China.

An accurate determination of the second Changma
retreat date (SCRD) is crucial due to its relationship to
the occurrence of fall and winter droughts; determining
this date is also necessary to secure sufficient water
resources for farming the following spring since the sec-
ond Changma is the last period during the calendar year
that can provide a large amount of rainfall in Korea. Thus
far, however, few studies have focused on examining the
characteristics of the large-scale atmospheric circulation
that brings about the second Changma and the spatial
patterns for the second Changma onset and retreat. Using
the AWRI for a 30-year period (1982–2011), this study
aimed to analyse the variability of the SCRD in Korea
and the characteristics of the large-scale atmospheric
circulation related to the SCRD.

In the following section, the data and analysis meth-
ods including detailed explanations of the SCRD and the
AWRI are introduced. In Section 3, a new second Changma
retreat index based on the relationship between the SCRD
and the atmospheric circulation over the last 30 years is
defined. In Section 4, the large-scale atmospheric condi-
tions that cause SCRD variations are investigated, and in
Section 5, the results of this study are summarized.

2. Data and methodology

2.1. Data

This study used daily rainfall data observed at 60 KMA
weather stations over 30 years (1982–2011). We excluded
Ullungdo Station from this study due to its distinctive
climatic environments, which differ from those of the
mainland stations on the Korean Peninsula (KP). This
study also used daily rainfall data observed at 160 weather
stations in China, except for the dry regions west of
90∘E, 26 stations in North Korea, and 51 stations in
Japan during the same period. The rainfall data are
available on the websites of the China Meteorological
Administration (CMA, http://www.cma.gov.cn), the KMA
(http://www.kma.go.kr), and the Japan Meteorological
Agency (JMA, http://www.jma.go.jp). The observed daily
rainfall amounts were used as input data to calculate
the AWRI.

Large-scale atmospheric conditions were analysed using
reanalysis data from the National Centers for Environmen-
tal Prediction-National Center for Atmospheric Research
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(NCEP-NCAR; Kalnay et al., 1996; Kistler et al., 2001)
for the period 1982–2011. The variables included geopo-
tential heights (gpm), zonal, and meridional winds (m s−1),
vertical velocity (m s−1), air temperature (∘C), and relative
humidity (%); the resolutions were 2.5∘ × 2.5∘ horizontally
and 17 layers vertically. This study also used outgoing
long-wave radiation (OLR) data provided by the Climate
Diagnosis Center (CDC, http://www.cdc.noaa.gov) (Lieb-
mann and Smith, 1996) and the Climate Prediction Center
(CPC) Merged Analysis of Precipitation (CMAP) data
(Xie and Arkin, 1997); their horizontal spatial resolu-
tion is the same as the NCEP-NCAR reanalysis dataset.
The phase of El Niño Southern Oscillation (ENSO)
was classified using the sea surface temperature (SST)
anomalies of August-September over the Niño 3.4 region
(Trenberth, 1997).

2.2. Calculation of the AWRI

The AWRI is an accumulative rainfall value, quantitatively
taking into account daily reduction (due to runoff, evap-
otranspiration, and infiltration) of water and the duration
of accumulation (Byun and Lee, 2002). The accumulative
rainfall can be calculated using Equation (1):

E =
D∑

N=1

(
N∑

m=1

Pm∕N) (1)

where Pm is the daily rainfall of m days ago, N is a dummy
variable, and E represents the water resources accumulated
during D days. Equation (1) is derived from the concept
that the precipitation of m days before is added to the total
of the current water resources as a form of the average
precipitation of m days. This value is converted to the
AWRI through Equation (2):

AWRI = E∕

(
D∑

N=1

(1∕N)

)
(2)

Higher AWRIs mean richer water resources, while
lower AWRIs mean larger shortages of available water
resources. Since the AWRI calculates daily changes in
water resources after rainfall, this index is more efficient
than other indexes based simply on accumulative rainfall.
For more details about the AWRI, see Byun and Lee (2002)
and Choi et al. (2012). In this study, statistical significance
tests were performed with Student’s t-tests (Wilks, 1995).

2.3. SCRD estimate

Byun and Lee (2002) defined three rainy seasons in Korea
using the daily time series of the 30-year average AWRI
(see Figure 1). The AWRI first begins to increase in
early April, and this increase tends to slow down around
mid-May. This period from early April to mid-May is
defined as the spring rainy season (period A). The AWRI
again begins to rapidly increase from mid-June before
slowing down again at the end of July. This period from
mid-June to the end of July is defined as the Changma
(period B). The AWRI once again begins to increase
around mid-August and peaks in early September. This
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Figure 1. The AWRI curve averaged for 30 years (1982–2011) at 60
weather observation stations in Korea. A is the spring rainy season, B
is the Changma, C is the second Changma, and D is the hydrometeoro-
logical summer monsoon. Points e, f, g, h, i, and j denote the start and

end of each rainy season.

period from mid-August to early September is defined
as the second Changma (period C). According to these
criteria, the second Changma in Korea exists between
August and September, and the SCRD is defined as the
AWRI peak from August to September of every year:

SCRD = Date [max (AWRI (t))] (3)

where t is the time from August to September. Byun and
Lee (2002) defined periods A through C as a hydromete-
orological summer monsoon season (period D).

By finding the AWRI peaks during August and
September, the SCRDs for the last 30 years were obtained
(see the arrows in Figure 2). The year 1997 showed the
earliest SCRD (5 August), while 1992 and 1999 had the
latest SCRD (25 September), in which the difference was
approximately 50 days. Meanwhile, in 1988 and 2006,
the AWRI peaks appeared earlier than the days defined as
the SCRDs. However, these peaks were not the SCRDs
because they occurred during the Changma season.

3. A new second Changma retreat index considering
large-scale atmospheric circulation

To define the new second Changma retreat index using
large-scale atmospheric circulation, the correlations
between the SCRD and the average August-September
geopotential heights and winds (zonal and meridional)
in the upper (200 hPa), middle (500 hPa), and lower
(850 hPa) layers of the troposphere over the last 30 years
were analysed. The analyses showed that the highest
correlation appeared in the meridional winds in the lower
layer of the troposphere (Figure 3), particularly (i) in
the western Siberian region (point A, r =−0.3) and the
central Siberian region (point B, r = 0.4), indicating that
the reinforced cyclonic (anticyclonic) circulation in the
western Siberian region delayed (advanced) the retreat
in the second Changma in Korea; (ii) in Korea (point
C, r = 0.7) and the subtropical western Pacific (point
D, r =−0.5), indicating that the reinforced (weakened)
western North Pacific subtropical high (WNPSH) system
delayed (advanced) the second Changma retreat in Korea;
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Figure 2. Definition of SCRDs in the AWRI time series of each year for 30 years. The arrow denotes the SCRD. Unit is mm.

and (iii) in the western (point E, r = 0.6) and eastern (point
F, r =−0.6) regions of the Aleutian Islands, indicating
that the reinforced anticyclonic (cyclonic) circulation in
the Aleutian Islands regions delayed (advanced) the termi-
nation of the second Changma in Korea. All correlations
were significant at 90% or higher confidence levels.

To more effectively examine the characteristics of
large-scale atmospheric circulation explained in the
correlation analyses thus far, we analysed a time series
for meridional wind differences between positive and
negative correlation points in three regions: western

Siberia (WS= point B–point A), the western Pacific
region (WP= point C–point D), and the Aleutian region
(AR= point E–point F) (Figure 4). The results showed
that all of the composite correlations were higher than
those in individual calculations. In particular, the correla-
tions in the WP region and the AR were high, exceeding
0.76, which were significant at the 99% confidence level
(Figure 4(b) and (c)).

Based on these correlations, we defined a new SC
retreat index (SCRI) by adding the three values together
(WS+WP+AR). The SCRI showed a high correlation
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Figure 2. Continued.

(Corr= 0.86) with the SCRD in Korea, which was signif-
icant at the 99% confidence level (Figure 4(d)). The high
correlation was maintained when we removed a long-term
variation trend from the two time series (Corr= 0.84, sig-
nificant at the 99% confidence level). As explained earlier,
the new SCRI implies that the reinforced cyclonic (anticy-
clonic) circulation in the WS, the reinforced anticyclonic
(cyclonic) circulation in the WP, and the reinforced anti-
cyclonic (cyclonic) circulation in the AR led to the delay
(advance) of the SCRD in Korea.

4. Large-scale atmospheric conditions related to
SCRD variations

In this section, we describe the characteristics of
large-scale atmospheric circulation related to interan-
nual SCRD variations in Korea. We selected the 5 years
with the lowest SCRI (hereafter referred to as low-SCRI
years) and the 5 years with the highest SCRI (hereafter
referred to as high-SCRI years) as shown in Figure 4(d)
(Table 1). These sample years were selected among
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Figure 3. Correlation map between the SCRD and 850-hPa meridional winds averaged for August and September. The contour interval is 0.1. Shaded
areas are significant at the 90% confidence level.
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Table 1. Comparisons of the SCRD and the AWRI between low- and high-SCRI years.

Low-SCRI years High-SCRI years

Year SCRD AWRI Year SCRD AWRI

1991 24 August 336.6 1983 12 September 271.0
1994 30 August 199.9 1985 20 September 364.5
1996 29 August 231.0 1989 18 September 332.8
2001 16 August 237.0 1992 25 September 240.8
2008 23 August 258.5 2005 22 September 318.9
Average 24 August 252.6 Average 19 September 305.6
Climatology 3 September 275.2 Climatology 3 September 275.2

14 years after El Niño years (1982, 1986, 1987, 1997,
2002, 2004, 2006, and 2009) and La Niña years (1988,
1995, 1998–2000, 2007, and 2010, 2011) were excluded
to remove the effects of ENSO. We found that our main
results did not depend on the number of selected years (6
or 7 instead of 5) from additional analyses.

During the low-SCRI years, the SCRD ranged from 16
to 30 August, with an average retreat date of 24 August,
approximately 10 days earlier than the 30-year climato-
logical average retreat date (Table 1). The AWRI exceeded
300 mm in only 1 year (1991), and the average AWRI,
252.6 mm, was smaller than the climatological average
AWRI (275.2 mm) by approximately 23 mm. However,
during the high-SCRI years, the second Changma did not
retreat before 10 September for any of the years, and the
average retreat date (19 September) was approximately
1 month (26 days) later than the average low-SCRI year
retreat date (the difference was significant at the 95% con-
fidence level); the retreat date during the high-SCRI years
was also approximately 16 days later than the climatolog-
ical average retreat date (the difference was significant at
the 90% confidence level). The AWRI exceeded 300 mm
in 3 of the 5 years. The 5-year average AWRI was larger
than the climatological average AWRI by approximately
30 mm and larger than the average AWRI during the
low-SCRI years by approximately 50 mm (the differences
were significant at the 90% confidence level).

4.1. Spatial distribution of the SCRD and the AWRI

The spatial distribution of the climatological SCRD
at 60 weather stations in Korea (Figure 5(a)) showed
that the regions with the latest SCRDs were the north-
ern region of the eastern coast and the southeastern
region of Gyeonggi-do (GG). During the low-SCRI
years (Figure 5(b)), the second Changma retreated before
28 August in most regions except for the northeastern
region of Gyeongsangbuk-do (GSB) and the coast of
Gangwon-do (GW). In general, the second Changma
tended to retreat late in southern regions: The earliest was
in the western region of Gangwon-do, followed by the
eastern regions of Jeollanam-do (JN) and Jeollabuk-do
(JB). During the high-SCRI years (Figure 5(c)), the second
Changma did not retreat before 2 September in any region,
and spatially, the second Changma retreated earliest in the
southwestern region of Jeollanam-do and the northeastern
region of Gyeonggi-do and last in the northeastern region

of Chungcheongbuk-do (CB). The differences between the
low-SCRI years and the high-SCRI years were negative in
all regions in Korea (Figure 5(d)), which indicates that the
second Changma retreated earlier during the low-SCRI
years in all regions, and the pattern of spatial distribution
resembled that of the low-SCRI years.

In the spatial distribution of the 30-year climatological
August-September AWRI averages in Korea, the AWRI
of most regions exceeded 510 mm except for the north-
ern region of the eastern coast (Figure 6(a)). The largest
AWRI was found near the regions near Jiri Mountain (the
central region of the southern coast) and the eastern region
of Gyeonggi-do. During the low-SCRI years (Figure 6(b)),
the AWRI was lower than 450 mm in most regions except
for several southern coastal regions, Gyeonggi-do, and
Gangwon-do. The inland regions of Gyeongsangbuk-do
and the coastal region of Gangwon-do had the lowest
AWRI. Gyeongsangbuk-do, a basin located between the
Taebaek Mountains and the Sobaek Mountains, has low
rainfall due to topographic effects (Byun and Lee, 2002).
During the high-SCRI years (Figure 6(c)), the overall spa-
tial distribution resembled that of the climatological aver-
age AWRI, but most regions had a large AWRI exceeding
510 mm except for the coastal regions of Gangwon-do. The
regions with the highest AWRI were located in the whole
regions of the southern coast including regions near Jiri
Mountain. The differences between the two groups were
negative in all regions of Korea (Figure 6(d)), indicating
higher (lower) AWRI during the high- (low-) SCRI years.
The differences in the AWRI between the two groups were
highest in the vicinity of Jiri Mountain and decreased in the
far northeastern regions.

The AWRI analysis was extended to the entire East
Asian region (Figure 7). Based on the spatial distri-
bution of the climatological average AWRI, the East
Asian region is divided into two areas (Figure 7(a)):
high-AWRI (exceeding 540 mm) regions that range from
the south-central region of China to the southern region
of Japan including South Korea and low-AWRI (no larger
than 450 mm) regions that included the northern region of
China, Manchuria, North Korea, and the northern region of
Japan. During the low-SCRI years, the spatial distribution
of the AWRI is similar to that of the climatological aver-
age AWRI in general (Figure 7(b)), but differences were
found in many South Korean regions where the AWRI was
lower than 450 mm. The spatial distribution of the AWRI
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Figure 5. Spatial distributions of the SCRD during (a) climatology (1982–2011), (b) the low-SCRI years, (c) the high-SCRI years, and (d) the
difference between the low- and high-SCRI years.

during the high-SCRI years more closely resembled
that of the climatological average AWRI (Figure 7(c)).
The differences in the AWRI between the two groups
were negative in most East Asian regions, except for the
southwestern region of China and the northern region of
Japan (Figure 7(d)). The largest and smallest differences
appeared in South Korea and Mongolia, respectively.
Recent studies revealed that the average annual rainfall
in the regions adjacent to Mongolia, originally semi-arid
regions, ranging from the northwestern region of China
to the Manchurian region, was low and even decreasing,
resulting in accelerated desertification in these regions
(Gong et al., 2004; Wang and Fan, 2005). This phe-
nomenon explains why the difference between the two
groups in the Mongolian regions was very small. These
overall results indicate that the different characteristics of
the AWRI between the two groups appeared frequently
not only in Korea but also in most East Asian regions.

4.2. Seasonal AWRI variation

To examine the seasonal AWRI variation between the two
groups, the AWRIs were plotted using a 7-day running

average and compared (Figure 8). This method is based on
the work of Ha et al. (2005), who successfully identified
climate regime shifts during the late 1960s using 7-day
running averaged August rainfall data in Korea. This anal-
ysis showed that the AWRI during the low-SCRI years was
slightly higher during January-March and lower during the
spring rainy season (early April to mid-May) and the dry
season before the Changma (mid-May to mid-June) than
that during the high-SCRI years (Figure 8). During the
Changma season (mid-June to late July), the difference in
the AWRI between the two groups was very small (statis-
tically insignificant). The difference increased gradually
beginning in August and peaked at the end of September.
This trend remained until December (Figure 8), indicating
that water resources were abundant during the high-SCRI
years during most of the latter half of each year.

4.3. Intraseasonal rainfall variations

Intraseasonal rainfall and SCRD variations were examined
using the CMAP data over the East Asian region for the
period before, during, and after the SCRD with compar-
isons of the low- and high-SCRI years (Figures 9 and 10,
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Figure 6. Spatial distribution of the AWRI averaged for August and September in (a) climatology (1982–2011), (b) the low-SCRI years, (c) the
high-SCRI years, and (d) the difference between the low- and high-SCRI years.

respectively). During the low-SCRI years, the rainfall
exceeded 5 mm day−1 during 11–15 August in the south-
ern and eastern coasts of China, Manchuria, and Korea
(Figure 9(a)). In particular, the centre of the rainfall in
the North East Asia region was in the north central region
of Korea. Daily rainfall of more than 5 mm and a rapid
shift in the wind direction signal the onset of the summer
monsoon season (Hendon and Liebmann, 1990; Wang and
LinHo, 2002; Xue et al., 2004). During 16–20 August,
rainfall exceeded 5 mm day−1 in the North East Asian
region in the northern and southern regions of China
and the northern region of Korea (Figure 9(b)). Rain-
fall exceeded 5 mm day−1 in the southern parts of the
East China Sea and north in the southern coast of Korea
compared with the previous 5-day period. During 21–25
August, rainfall exceeded 5 mm day−1 in the southeast
of Korea compared with the previous 5-day period. The
only area in the North East Asia region in which the
rainfall exceeded 5 mm day−1 was Japan; the rainfall in
most regions of the East Asian continent did not exceed
5 mm day−1, except in some of the southern coastal regions
of China (Figure 9(c)). The cold and dry continental high

system reinforced in the Siberian region extended south-
east and affected the East Asian region including Korea.
During 26–30 August, rainfall in the East Asian region
decreased further compared with that of the previous 5-day
period, and the 5-mm day−1 contour that covered the entire
Japanese region during the previous 5-day period moved
further to the south and covered only the southwestern
region of Japan (Figure 9(d)).

During the high-SCRI years, rainfall exceeded
5 mm day−1 during 6–10 September from the south-
west to the northwest of the East Asian region, covering
the southern and central regions of China, Korea, and
Japan (Figure 10(a)). During 11–15 September, the
rainfall decreased in the southern and central regions of
China, and the rainfall exceeded 5 mm day−1 only in the
East China Sea and Korea (Figure 10(b)). During 16–20
September, the rainfall exceeded 5 mm day−1 in the south-
east (Figure 10(c)), and thus, the rainfall in most East
Asian regions totaled less than 5 mm day−1 in except some
central inland regions of China and Japan. The SCRD in
Korea during the high-SCRI years occurred during this
period. During 21–25 September, the rainfall exceeded
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5 mm day−1 further to the southeast so that the rainfall in
the entire East Asian region totaled less than 5 mm day−1

(Figure 10(d)), mainly due to the southeastward extension
of the cold and dry continental high system reinforced in
the Siberian region.

4.4. Large-scale atmospheric circulation

To understand why the second Changma during the
low-SCRI years retreated earlier in the East Asian region
including Korea, we analysed the differences in the
large-scale atmospheric circulation between the low- and
high-SCRI years (Figure 11). Since the average SCRDs
during the low- and high-SCRI years were in late August
and late September, respectively, we analysed the differ-
ences in the atmospheric variables between the two groups
for September containing both characteristics.

First, as seen in 850-hPa stream flows (Figure 11(a)),
an anticyclone anomaly existed in the western Siberian
region, which extended from the northwest to the southeast
up to the southern regions of Korea and China. The earlier
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Figure 9. Time evolution of 5-day mean CMAP during the period from 11 August to 30 August in the low-SCRI years. The black line denotes regions
with more than 5 mm day−1 of rainfall.
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Figure 11. Differences in the (a) 850-hPa stream flow and geopotential
height (shading), (b) 850-hPa air temperature, and (c) 850-hPa relative
humidity between the low-SCRI years and the high-SCRI years for
September. The contour intervals are 0.5 ∘C for 850-hPa air temperature

and 2% for 850-hPa relative humidity.

correlation analysis showed that the reinforced cyclonic
circulation anomaly in the western Siberian region caused
the late second Changma retreat. However, the differences
between the low- and high-SCRI years revealed that there
were anticyclonic (cyclonic) circulation anomalies in the
western (eastern) Siberian region; thus, northerly anoma-
lies diverged from these two circulation anomalies and
affected most of the East Asian region including Korea.
These results suggest that the large-scale atmospheric cir-
culation anomaly during the low-SCRI years led to an early
second Changma retreat in these regions.

In Section 3, we suggested that when the WNPSH
develops in the western Pacific region, the second
Changma tends to retreat late in Korea. Because the
WNPSH supplies large amounts of warm and humid air
from low-latitude regions to the East Asian mid-latitude
regions, this system plays an essential role in the develop-
ment and maintenance of the rain bands in the mid-latitude
region (Won et al., 2006). However, in the 850-hPa stream
flows, the cyclonic circulation anomaly was reinforced
in the western Pacific while the anticyclonic circulation
anomaly was weakened east of 150∘E, which led to further

weakening of the WNPSH during the low-SCRI years.
This was, as analysed earlier, because the anticyclone
anomaly extended from the western Siberian region to the
East Asian mid-latitude region. These results also support
that the large-scale atmospheric circulation anomaly dur-
ing the low-SCRI years led to an early second Changma
retreat in these regions.

From the same correlation analysis in Section 3, we also
showed that if the anticyclonic circulation anomaly was
reinforced in the vicinity of the Aleutian Islands region, the
second Changma would retreat late in Korea. However, in
the 850-hPa stream flows, the cyclonic circulation anomaly
was reinforced in the Aleutian Islands region, which inten-
sified the Aleutian Low. Researchers have reported that if
the continental high (Siberian high) is reinforced on the
Asian continent, the Aleutian Low is reinforced for balance
along the east-west direction (Overland et al., 1999; Gong
et al., 2001). This study also identified that the cyclonic
circulation anomaly was reinforced in the Aleutian Islands
region by a compensation effect for the anticyclonic circu-
lation anomaly reinforced from the northwest to the south-
east – from the western Siberian region to the East Asia
mid-latitude region. This suggests that the cyclonic circu-
lation anomaly during the low-SCRI years played an indi-
rect role in the early retreat of the second Changma in the
East Asian region.

The differences in the 850-hPa air temperature between
the low- and high-SCRI years (Figure 11(b)) showed that
low air temperature anomalies were reinforced from the
western Siberian region to the East Asia mid-latitude
region, which was related to the reinforcement of the anti-
cyclonic circulation anomaly from the western Siberian
region to the East Asia mid-latitude region as shown in
Figure 11(a). Therefore, this low air temperature anomaly
resulting from the anticyclonic circulation anomaly
affected the early retreat of the second Changma in most
of the East Asian region including Korea during the
low-SCRI years.

The differences in the 850-hPa relative humidity
between the two groups revealed that the low rela-
tive humidity anomaly was reinforced in the western
Siberian region and the East Asia mid-latitude region
(Figure 11(c)). This was related to the low air temperature
anomaly that resulted from the anticyclonic circulation
anomaly that developed over the western Siberian region
to the East Asian mid-latitude region. The pattern implies
that the cold and dry continental high system developed
early during the low-SCRI years, which finally affected
the early retreats of the second Changma in the East
Asian region including Korea during the low-SCRI years.
Meanwhile, a low relative humidity anomaly was found
in most of the western Pacific region, which is thought to
be related to the weakening of the WNPSH.

To compare the spatial distributions of rainfall between
the two groups in the East Asia region, we analysed
the differences in the CMAP between the two groups
(Figure 12(a)). Similar to the spatial distribution of the
AWRI differences between the two groups, negative
anomalies were dominant in the East Asian mid-latitude
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Figure 12. Differences in the (a) CMAP and (b) OLR. In (b), the solid and
dashed lines denote 5870-gpm contours during the low- and high-SCRI

years, respectively.

region including China, Japan, and Korea. As identified
in the seasonal AWRI variations, this indicates that if the
second Changma retreats early, rainfall could decrease
during September.

The differences in the spatial distributions of the OLR
between the two groups revealed a pattern completely
opposite that of the CMAP (Figure 12(b)) because the
smaller (larger) the OLR, the stronger (weaker) the convec-
tive activity. The differences revealed that positive anoma-
lies were dominant on the East Asian continent, which is
thought to be the effect of the cold and dry continental
high system reinforced during the low-SCRI years. Sim-
ilar to the spatial distribution of the CMAP, the positive
anomalies extended from the central region of China to
Japan, with the centre in Korea, which indicates low con-
vective activity in this region during the low-SCRI years.
Meanwhile, the negative (positive) anomalies west (east)
of 160∘E in the western Pacific indicate that, during the
high-SCRI years, stronger convective activity was rein-
forced only west of 160∘E; thus, the WNPSH could not
develop in the East Asian mid-latitude region. This is
supported by a comparison of the WNPSH, defined as a
contour of 5870 gpm in Figure 12(b), between the two
groups (Figure 12(b)). The WNPSH (dashed line) during

the high-SCRI years developed further towards the East
Asian mid-latitude region including Korea than (the solid
line) during the low-SCRI years. This suggests that the
conditions during the high-SCRI years were favourable for
supplying warm and humid air from low latitudes to the
East Asian mid-latitude region.

The differences in the atmospheric vertical structures in
the vicinity of Korea between the two groups were exam-
ined using latitude-pressure cross-sections for meridional
circulation, vertical velocity, air temperature, and rela-
tive humidity averaged over 125∘–130∘E where Korea
is located (Figure 13). First, the meridional circulation
(Figure 13(a)) was characterized by upward flow anoma-
lies in the subtropical region (20∘–30∘N) and downward
flow anomalies in the mid-latitude region (30∘–40∘N)
where Korea is located. In particular, the downward
flow anomalies were significant in all layers at the 95%
confidence level. This pattern indicates the anticyclone
anomalies were reinforced in all layers of the troposphere
in Korea. As identified in an earlier analysis, these anti-
cyclone anomalies are thought to be associated with the
anticyclonic circulation anomaly (i.e. the WNPSH) that
developed from the western Siberian region to the East
Asian mid-latitude region. The reinforcement (weaken-
ing) of the WNPSH is related to the downward (upward)
flow anomalies that developed in the high-latitude regions
above 40∘N (in the subtropical region, 20∘–30∘N). How-
ever, in the 30∘–40∘N region where the downward flow
anomalies were reinforced, anomalous low air tempera-
tures and relative humidity were found in all layers of the
troposphere; this is related to the development of the cold
and dry continental high (the Siberian high; Figure 13(b)
and (c)). These overall results suggest that, during the
low-SCRI years, the favourable environments in all layers
of the troposphere led to an early second Changma retreat
in Korea.

5. Summary and conclusions

This study examined spatiotemporal variations in the
SCRD over 30 years (1982–2011) and the characteristics
of relevant large-scale atmospheric circulation.

The 30-year analysis of the SCRD revealed that the
interannual SCRD variations were highly correlated
with the average August-September 850-hPa merid-
ional winds. The relationship indicates that cyclonic
(anticyclonic) circulation anomalies in the western
Siberian region and anticyclonic (cyclonic) circulation
anomalies in the western Pacific region, and the Aleu-
tian Islands region led to the late (early) retreat of the
second Changma in Korea. Based on this relationship,
this study defined a new second Changma retreat index
(SCRI) that includes large-scale atmospheric circulation
in three regions – the western Siberian region, western
Pacific region, and Aleutian Islands region. This index
was used to compare the environmental characteristics
between the low- and high-SCRI periods for the neutral
ENSO years.
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Figure 13. Composite differences of a latitude-pressure cross-section of
(a) meridional circulation (vectors) and vertical velocity (contours), (b)
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In Korea, the largest differences in the SCRD between
the low- and high-SCRI years appeared in the vicinity
of Jiri Mountain and the western region of Gangwon-do.
The maximum differences in the AWRI also occurred
in the vicinity of Jiri Mountain. During the low- (high-)
SCRI years, Korea tended to have a small (large) AWRI.
This tendency was also found in most East Asian regions,

implying that the distinct differences in the AWRI between
the two groups were not limited to Korea but could be
extended to most East Asian regions.

In the seasonal AWRI variation, the difference between
the low- and high-SCRI years increased significantly from
August and reached the maximum at the end of September.
This trend remained until December, indicating that water
resources in Korea were abundant during most of the latter
half of the high-SCRI years. In the intraseasonal rainfall
variation using the CMAP data, the SCRD of the Korean
regions with rainfall that exceeded 5 mm day−1 during the
low-SCRI years was about 3 weeks earlier than during the
high-SCRI years because of the early development of the
cold and dry continental high system.

The large-scale atmospheric circulation with the SCRD
showed an anticyclone anomaly. The anticyclone anomaly
from the western Siberian region to the East Asia
mid-latitude region was reinforced more during the
low-SCRI years; because of this anomaly, cold, and dry
air masses affected the East Asian mid-latitude regions
including Korea, causing the earlier retreat of the second
Changma. The anticyclone anomaly reinforced in the East
Asian continents during the low-SCRI years could be
associated with the development of the continental high
(Siberian high) system. During the low-SCRI years, the
WNPSH also weakened further in the western Pacific,
and as a compensation effect for the anticyclone anomaly
reinforced in the East Asian continent, the Aleutian Low
developed in the vicinity of the Aleutian Islands. These
characteristics of large-scale atmospheric circulation dur-
ing the low-SCRI years were also identified in the analysis
of the OLR and vertical meridional circulation.

Researchers have reported that local heavy rainfalls
occur more frequently during the second Changma than
during the Changma (Kwon et al., 1998; Yun et al., 2001).
Thus, future studies on the second Changma are needed.
This study focused on the variability of the SCRD in Korea
and related large-scale atmospheric circulation character-
istics using the AWRI, which allows for a more straightfor-
ward and objective definition of the SCRD. Future research
will extend to Japanese and/or Chinese regions using the
same method and the prediction of the second Changma
in these regions including Korea as well as examine the
possible connections of the SCRD with ENSO and global
warming through analysis of long-term SCRD data.
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