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We analyzed typhoon activities such as tropical cyclone (TC) genesis position, movement routes and central pressure of typhoons,
and changes in local patterns of rainfall stemming from TCs passing through the Korean domain.The results showed a remarkable
difference in changes in typhoons that affect theKoreanPeninsula (KP) during cold tongue (CT) andwarmpool (WP)ElNiño years.
In particular, TCs thatmove through the ocean offKorea and theKuroshio duringWPElNiño years are relatively stronger thanTCs
formed during CTElNiño years. Furthermore, analysis of large-scale atmosphere-ocean dynamics showed better conditions for TC
development and strengthening during WP El Niño years. TC-induced summer rainfall over major Korean river basins decreased
from normal years during CT El Niño years (−3.94%) and increased over normal years during WP El Niño years (+33.92%). The
results of this diagnostic study rely on short-term observations and relatively little data, but they suggest that CT/WP El Niño
cycles influence TC activities and rainfall across the KP.The findings are important for reducing TC damage and ensuring a proper
response to climate change in coupled human-environmental systems.

1. Introduction

Tropical cyclones (TCs) in the western North Pacific (WNP)
are hydrometeorological features that control East Asian
summer precipitation patterns [1–5]. WNP TCs have affected
the Korean Peninsula (KP) directly and indirectly, causing
530 deaths and approximately 1.1 trillion won in property
damage from 1990 to 2011 [6]. Research into climate change
based on the latest high-resolution dynamic models is pro-
jecting the probability of a gradual increase in the frequency
and intensity of tropical cyclones in the WNP during the
21st century [7–9]. Accordingly, interest in TCs is increasing,
and the identification of change in the local characteristics of
rainfall related to TCs is becoming the most important factor
in terms of the efficient management of disaster and water
resources [10–12].

Sea surface temperatures (SSTs) are a key control on
the occurrence and intensity of TCs. Recent higher than

usual SSTs in the tropical Pacific Ocean off Peru and west of
Ecuador have led to a change in cycle, intensity, and genesis
of El Niño that is unlike the traditional cold tongue (CT) El
Niño [13–16]. The new type of El Niño, known as warm pool
(WP) El Niño, is associated with Central Pacific sea surface
temperatures that are abnormally high in comparison to the
western and eastern regions of the Pacific sea. The explicit
cause ofWPElNiño occurrence has yet to be determined [17–
19], though the influence of El Niño on WNP TCs has been
extensively investigated [2, 20–25]. Relatively little research
has been conducted to quantify the impacts of CT/WP El
Niño on Korea-affected TC activities or regional variability
in TC-induced precipitation over the Korean peninsula. Yoon
et al. [26] have explored the effect of WP/CT Niño events
on seasonal precipitation and runoff in the Han River basin,
Korea.They found that water resources during the spring and
summer in the Han River basin are very sensitive to WP El
Niño events, but not as sensitive to CT El Niño events.
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Figure 1: Distribution of seasonal precipitation (June–September) in Korea during the 1966–2007 periods. (a) Five major river basins in
Korea. (b) Distribution of seasonal precipitation.The annual long-term average precipitation was noted with the number for each histogram.
The fraction of seasonal precipitation and TC-induced precipitation is expressed in percentage.

Extreme rainfall, caused by an episodic event such as a
typhoon, has a great effect on the structure and maintenance
of river ecosystem equilibrium. Therefore, it is necessary
to examine these events more closely [27–29]. In addition,
despite increasing frequency and intensity of TCs in the
WNP region, quantitative research into changes of local
characteristics in KP has thus far been unsatisfactory. This
study aims to examine changes in the local characteristics
caused by the effects of TC activity on the KP, according
to El Niño type, offer basic information for preparing flood
control and disaster prevention solutions for mid- to long-
term water resource forecast and management, and provide
realistic solutions for prevention of casualties by conducting
an analysis of summer typhoons and extreme rainfall.

2. Materials and Methods

2.1. Study Area. Figure 1 is a map of the KP showing the
location of the study area as well as the classification of five
major river basins in Korea. It also shows the contribution
of summer and typhoon related rainfall to average annual
rainfall for each river basin form 1966 to 2007. The Han
River basin is composed of 29 subbasins, and 51.3% of the
total population of South Korea resides in this basin area.
The basin area totals 38,421.8 km2, and the average annual
rainfall is 1259.4mm. Of the average annual rainfall, 71.0%
occurs in the summer, and rainfall from typhoons in this
period accounts for 15.6% of the average annual rainfall.
The Nakdong River basin is composed of 33 subbasins, with
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Figure 2: Composite differences of tropical cyclones (TCs) passed
through the Korean domain (shown in a solid blue line) during CT
andWPEl Niño years.The solid (dashed) line indicates the seasonal
mean (June–September) of the WNP subtropical high (5880 gpm)
during theWP (CT) El Niño years. Mean TC genesis positions were
shown by typhoon symbols in blue (red) during the CT El Niño
years (WP El Niño years). Inset: empirical probability distribution
for central pressure (hPa) of TCs. Violin plots (box plot-density trace
synergism) were applied for central pressure (hPa) of TCs affecting
the Korean Peninsula during CT/WPEl Niño years. Numbers inside
the inset represent the average value of central pressure of TCs for
each case.

an area of 31,712.0 km2 and an average annual rainfall of
1238.6mm. Typhoon rainfall contribution is highest in this
basin, with 17.3% of the average annual rainfall occurring
intensively between June and September. The Geum River
basin, located in the mid-western region, records 1244.6mm
of average annual rainfall and has the smallest portion of
rainfall from typhoons (14.6% of average annual rainfall). It
is composed of a total of 21 subbasins (with a total basin area
of 17,357 km2). The Sumjin River basin (8,299.1 km2) and the
Yeongsan River basin (7,598.7 km2), located in the southern
region, have the highest occurrences of average annual
rainfall among the five major river basins. In particular,
typhoon rainfall in the Sumjin River basin accounts for 16.2%
of the average annual rainfall (1437.3mm); thus, this area is
classified as the region that is most affected by typhoons.

According to statistical data from 1971 to 2011 (WAMIS,
[30]), more than 2/3 of the entire flood damage (2.52 trillion
won) in South Korea occurred in the Han River basin
(35.0%) and the Nakdong River basin (32.3%). These areas
were followed by the Geum River basin (15.6%), the Sumjin
River basin (9.1%), and the Yeongsan River basin (8.0%). In
particular, damage from typhoons such as Rusa (2002) and
Maemi (2003)was reported to have been extensive.Therefore,
this study analyzes changes in the occurrence and intensity
of typhoons, focusing on typhoons affecting the KP in the
context of changes in the surface temperature of tropical seas
(CT/WP El Niño), which may have the greatest effect on

typhoon activity. Furthermore, the study provides basic data
for the implementation of a predictive disaster-prevention
system in preparation for typhoons through an analysis of the
characteristics of changes in rainfall from typhoons according
to region, aimed at the five major river basins in Korea.

2.2. Data and Methods. This study used data on rainfall in
mid-size watersheds of the Korean Peninsula and SSTs, as
well as data on typhoons generated in the WNP. First, data
on average basin rainfall, calculated by the Thiessen polygon
method, were obtained from the Korea Water Management
Information System (WAMIS, [30]) for the 42-year period
from 1966 to 2007. Second, observation data form the
Climate Prediction Center (CPC) of the National Oceanic
and Atmospheric Administration (NOAA, [31]) were used
as Niño3 and Niño4 indices. These data are updated every
month and can be downloaded from the CPC website
(http://www.cpc.ncep.noaa.gov/data/indices/). SST data with
grid size of latitude 1∘ and longitude 1∘ were obtained from the
Met Office Hadley Centre [32, 33]. For data on the TC track
generated in the WNP, this study used the observation data
(1966–2007) of the Korean Typhoon Research Center (TRC)
and the Japan Meteorological Agency (JMA, [34]).

Ren and Jin [35] separated CT El Niño and WP El Niño
from other types of El Niño events using observation data of
Niño3 and Niño4, as is shown in the following:

𝑁CT = 𝑁3 − 𝛼𝑁4,

𝑁WP = 𝑁4 − 𝛼𝑁3,

𝛼 =

{

{

{

2

5

, 𝑁

3
𝑁

4
> 0,

0, otherwise,

(1)

where𝑁
3
and𝑁

4
are the mean indexes of Niño3 and Niño4.

𝑁CT and𝑁WP indicate CT El Niño and WP El Niño indexes,
respectively. The symbol 𝛼 is used as the correction factor
for separating different El Niños. This study adopted the
standard classification of CT El Niño and WP El Niño based
on monthly Niño3 and Niño4 anomalies suggested by Ren
and Jin [35]. We selected five strong CT El Niños (1972/1973,
1982/1983, 1986/1987, 1991/1992, 1997/1998) and five strong
WP El Niños (1968/1969, 1990/1991, 1994/1995, 2002/2003,
2004/2005) to clarify the changes in characteristics of sum-
mer rainfall generation by typhoons and different types of El
Niño over the Korean Peninsula.

This study employed an exploratory analysis technique in
order to classify seasonal rainfall by episodic TCs affecting
KP [3, 10]; the technique considers rainfall on the basin,
outflow response, and residence time of typhoons that pass
theKP influence domain (120∘–138∘E, 32∘–40∘N). In addition,
composite analysis (CA) was mainly used in this study. To
complement the relatively small number of events, we applied
Student’s 𝑡-test and the bootstrap random resamplingmethod
for 42 years (1966–2007) with observation data and verified
statistical significance of regional rainfall characteristics of
typhoons affecting KP according to CT/WP El Niño patterns.
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Figure 3: SST-composed anomalies obtained from Hadley SST in (a) CT years and (b) WP years. Shading indicates values over 90%
confidence based on Student’s 𝑡-test.

3. Analysis and Results

3.1. Changes in Typhoon Activities and Large-Scale Atmo-
spheric Environments. Figure 2 illustrates the genesis point
of a typhoon and its movement route in accordance with
CT/WP El Niño for the period 1966–2007. An analysis of
influential WNP typhoons that have passed over the KP
domain (120∘–138∘E, 32∘–40∘N) during CT El Niño years
found that the average genesis points of TCs (14.3∘N, 140.6∘E)
of 208 typhoons is located south of the average genesis point
of TCs (15.8∘N, 140.7∘E). During WP El Niño years, average
TC genesis location occurs southeast (14.3∘N, 143.2∘E) of the
total average. The movement route of typhoons frequently
appeared to be widely spread and in an irregular zigzag
pattern during CT El Niño years. During WP El Niño years,
relatively powerful typhoons tended to move along the seas
around the KP and along the Kuroshio. As shown in Figure 2
(inset), in the years of the CT El Niño, the peak of the
probability density function is high and the variation is not
very large (average: 978.6 hPa, coefficient of variation (CV):
0.013); thus, the intensity of a typhoon was found to be
similar to that which occurs in long-term normal years. In
the years of the WP El Niño, the peak of the probability
density function is low and the central pressure variation of
TCs was relatively large (average: 971.9 hPa, CV: 0.023), but
a little negatively skewed. As a result, it was determined that
powerful TCs occurred frequently in the years of the WP El
Niño.

We investigated variation in large-scale atmospheric
environmental parameters in order to explain differences in
typhoon activity between the two different El Niño patterns.
Figure 3 shows SST anomalies (SSTA) for CT and WP years
over the WNP. SSTs affect changes in the occurrence and
intensity of KP TCs. During CT El Niño years (Figure 3(a)),
variability of SSTs in the Philippines and in some regions of
the southeast China Sea is higher in comparison to normal
years. During WP El Niño years (Figure 3(b)), SSTAs are
comparatively high across the WNP, except for an extended
area incorporating the eastern Kuroshio off Japan and the
coastal seas off the KP. These higher SSTAs should provide

favorable conditions for TC development as latent heat
generation might reinforce or maintain the intensity of TCs
that migrate northward towards the KP after forming at low
latitudes [36].

Figure 4 shows the vertical wind shear (VWS) anomalies
during two CT/WP El Niño periods. VWS is associated with
the occurrence of TCs in the main development region of
the WNP and changes in the intensity of TCs that go north
towards the middle latitudes. In particular, the VWS between
latitudes 20∘N and 35∘Nhas been known to alter the intensity
of TCs landing on the KP [37]. As shown in Figure 4(a),
during the CT El Niño period, negative VWS anomalies
appear to be narrow around latitude 20∘, whereas a positive
anomaly appears over latitude 25∘.Meanwhile, during theWP
El Niño period, negative VWS anomalies form a wider area
from latitudes 20∘N to 35∘N. We assume that this negative
VWS zone can maintain or reinforce the intensity of TCs
that go north towards the KP (Figure 4(b)). The results of the
analysis above indicate that WP El Niño years provide better
atmospheric environmental conditions for the development
of KP-affected TCs compared to CT El Niño years.

3.2. Changes in Typhoon Precipitation over Korea. Data for
two different CT/WP El Niño years allowed for a character-
istic analysis of TC related rainfall over the five major South
Korean river basins. Figure 5 shows the subbasin scale vari-
ability of Korean summer rainfall (June–September) caused
by TCs during CT El Niño andWP El Niño years. During CT
El Niño years (Case 1), the TC rainfall on the KP was −3.94%
lower than long-term norm (Han River: −0.56%, Nakdong
River: 1.09%, Geum River: −13.26%, Sumjin River: 5.34%,
Yeongsan River: −30.69%). Typhoon rainfall was decreased
(increased) in the basins of the Han River (Nakdong River).
The basins of the Yeongsan River, with a coefficient of varia-
tion (CV) of 0.49, and the Sumjin River (CV: 0.47) showed the
largest changes of the typhoon rainfall (Figure 5(a)). In WP
El Niño years (Case 2), the anomaly of typhoon rainfall was
substantially increased to 33.92% over the KP region (Han
River: 36.22%, Nakdong River: 32.25%, Geum River: 35.01%,



Advances in Meteorology 5

EQ

20N

40N

60N

120E 150E 180E

Vertical wind shear
−1

0

0

0

0

0

0

1

1

1

1

0

0

0.5

0.5
1.5

1.5

0.5
0.5

0.5

0.5

−1

−0.5

−1
−0.5

−0.5

−0.5

−0.5

1.5

1.5

2

2

2.5

2.5

2 2

3

33.5
4

1

3.5 4.5

(a) CT years

EQ

20N

40N

60N

120E 150E 180E

Vertical wind shear

−1

−1

−1

−1
0

0

0.5

0.5

0.5

0.5

−0.5

−0.5

−0.5

−0.5

−0.5

−1.5
−2

−1.5

−1.5

−0.5

−0.5

−0.5

−1.5

0.5

0.5

0.5

1.5

1.5

1.5

1.5

2

2

2

2

1

1

0

0

0 0

0

0

1

1

2.5

2.5

2.5

3

3

3.5

1

(b) WP years

Figure 4: Vertical wind shear anomalies obtained from NCEP-NCAR reanalysis in (a) CT years and (b) WP years. Shading indicates values
over 90% confidence based on Student’s 𝑡-test.
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Figure 5: Composite anomalies of TC-induced rainfall during CT/WP El Niño years. The hatched polygons indicate statistically significant
changes in TC rainfall based on the 10% significance level. NA indicates data are not available.

Sumjin River: 28.85%, Yeongsan River: 32.26%). Of the basins
of the five major rivers, 41.78% (39 out of 112 basins) revealed
statistically significant increasing patterns all over the KP.The
CV range of 0.23–0.38 is lower than those in CTElNiño years
(Figure 5(b)).

Figure 6 shows that heavy rain day (≥50mm/day) most
frequently occurred during typhoons in CT/WP El Niño

years. It also shows a similar pattern to Figure 5 for changes
in TC-induced summer rainfall in the KP region. During CT
El Niño years (Case 1), the frequency of heavy rain days in
the southwestern area tends to be decreased, but is increased
near the Han andNakdong river basins (Figure 6(a)). During
WP El Niño years (Case 2), the frequency of heavy rain
days from typhoons over all areas, excluding some parts, was
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Figure 6: Composite anomalies of TC-related heavy rain days (≥50mm/day) during CT/WP El Niño years. The hatched polygons indicate
statistically significant changes in TC-induced rainy days based on the 10% significance level. NA indicates data are not available.

relatively high. In 30.60% of subbasins (32 out of 112), the
increasing pattern was analyzed to be statistically significant
(Figure 6(b)).

4. Summary and Conclusions

This study focused on the behavior of CT/WP El Niño
associated typhoons that affect the KP. We analyzed typhoon
activity, related rainfall, and the frequency of heavy rainy days
in summer over the five major river basins in Korea. The
summary of the main results is as follows.

(1) Analysis of KP associated typhoon activity and occur-
rence from 1966 to 2007 indicates that in comparison
to the total average typhoon genesis location, average
CT El Niño typhoon genesis is situated to the south
(14.3∘N, 140.6∘E) and average WP El Niño typhoon
genesis is situated to the southeast (14.3∘N, 143.2∘E).
The movement routes of typhoons during the CT El
Niño years are relatively wide, with irregular zigzag
patterns. During WP El Niño years, the relatively
stronger typhoons tend tomove throughout the ocean
off Korea and the Kuroshio.

(2) Analysis of the large-scale environmental conditions
associated with CT/WP El Niño revealed that the
atmosphere-ocean environment during WP El Niño

years offers better conditions for typhoon develop-
ment than in CT El Niño years. In particular, com-
parison of the SSTs (a direct heat source for typhoons)
with the atmosphere environment showed a remark-
able difference. Marine conditions in the north-
west Pacific give continuous latent heat to typhoons
coming into the KP domain, helping typhoons to
sustain strength created in low latitudes and devel-
oped while moving into the midlatitude of Korea.
VWS near the latitude 25∘N during WP El Niño
years provides favorable conditions to develop and
strengthen typhoons coming up to Korea. Vertical
velocity and divergence in themidlatitudes contribute
to the ability of typhoons to maintain strength as they
approach Korea. Overall, the large-scale environment
during WP El Niño years offers better conditions for
the development and strengthening of typhoons than
during CT El Niño years.

(3) The TC-induced summer rainfall in the five major
river basins in Korea decreased by −3.94% from
norms (1966–2007) during CT El Niño years and
increased 33.92% during WP El Niño years. TC-
induced rainfall during CT El Niño years decreased
in the southwestern area, including the Geum River
basin, and increased in the basins of the Han River
and the Nakdong River. On the contrary, TC-induced
rainfall during WP El Niño years increased over
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the entire KP region.This change is similar to the fre-
quency of heavy rain days (≥50mm/day) stemming
from typhoons.

Presently, the National Typhoon Center (NTC, http://
typ.kma.go.kr/) independently monitors typhoons occurring
in the basins of the Korean Peninsula, from their devel-
opment to dissipation, for the sake of forecasts. In addi-
tion, the National Emergency Management Agency (NEMA,
http://eng.nema.go.kr/) investigates damages to lives and
properties caused by typhoons. In fact, research to anticipate
the track and strength of typhoons in the Atlantic region is
being actively conducted by many scientists. However, less
research is available in the Northwest Pacific.

The findings of this study rely on short-term observations
and limited data; however, they suggest that CT/WP El Nino
affects the activity and rainfall intensity of typhoons influ-
encing the Korean Peninsula. Follow-up research to examine
the evolving patterns of surface sea temperature (SST) and
the tracks and strengths of typhoons according to large-
scale atmospheric circulations can contribute to typhoon
forecasting. This study shows the spatial characteristics of
typhoon-induced rainfall in Korea. This information can be
applied to model and forecast flooding, which in turn can be
used for adaptation activities at the basin scale.
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