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a b s t r a c t

The roles of oceanic factors in the intensity of typhoons which made landfall on the Korean peninsula (KP)
are investigated using various meteorological and oceanic measurements and the best track data. Special
attention is given an investigation of upper-ocean thermal conditions necessary for becoming the most
destructive typhoons on the KP. Based on hydrographic measurements and ocean modeling results, the
subsurface thermal structure (STS) along the track of the KP-landfall typhoons reveals two distinct
features: the deep subsurface warm layer regions influenced by the Kuroshio Branch Current West of
Kyushu (KBCWK) and the Tsushima Current (TSC) and the shallow subsurface warm layer regions influ-
enced by the Yellow Sea Bottom Cold Water (YSBCW). Jeju Island is a border dividing the two regions.

Statistical analysis shows that 70–90% of the 10 strongest typhoons on the KP passed through the east-
ern side of Jeju Island where the warm ocean currents exist at the subsurface. In contrast, the majority of
typhoons which passed over the YSBCW regions where cold water exists at the subsurface, along the wes-
tern side of Jeju Island, experience a large surface temperature cooling due to the storm’s self-induced
vertical mixing and upwelling, resulting in a significant decrease in intensity. These results demonstrate
that the intensity of the KP-landfall typhoons is very sensitive to the storm’s track and how the difference
in the upper ocean thermal structures in small areas can affect the typhoon intensity change.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The number of tropical cyclones (TCs, hereafter referred to as
typhoons) which make landfall on the Korean peninsula (KP) each
year is about one on average. Since the KP is located at mid-
latitudes between 34�N and 40�N, most typhoons experience
weakening stages in these regions. However, sometime the
typhoons maintain the strong intensity until landfall and cause
great damage on the KP. This has been one of the most serious
natural hazards to people living in these regions for the last half
century or longer (NEMA, 2005). Recently two major typhoons,
Rusa in 2002 and Maemi in 2003, made landfall on the KP. These
disastrous events resulted in the loss of about 6 and 5 billion
dollars in property damage, respectively, which make them the
two most costly in Korean history (Choi and Moon, 2008). After
these consecutive typhoon attacks, questions arose about ‘‘Is the
typhoon activity on the KP increasing?’’ and ‘‘What factors control
the intensity of the KP-landfall typhoons?’’.

The intensity of a typhoon is controlled by various factors, such
as the pre-storm thermodynamic environment (Emanuel, 1986),
vertical shear of the horizontal wind (Jones, 2000), disturbances

in the upper troposphere (Molinari and Vollaro, 1989), and
upper-ocean structure (Lin et al., 2008). In the KP regions, so far,
many studies on typhoon’s intensity have mainly focused on atmo-
spheric factors as well as climatological patterns. Park et al. (2006)
investigated the change of statistical characteristics of typhoons
affecting the KP in terms of frequency, genesis location, and cate-
gorized tracks and reported that typhoons which made landfall
on the southern coast of the KP brought the largest damage. Choi
and Kim (2007) suggested that the main track of the KP-landfall ty-
phoons had shifted to the southeast with the eastward shift of the
North Pacific High, resulting in typhoons passing more frequently
only over the sea, which enabled the typhoons to take more energy
from the sea. Kim et al. (2005) mentioned that typhoons in the KP
regions are more significantly influenced by regional atmospheric
circulation than by the variability of the sea surface temperature
(SST) in the subtropics or tropics.

In addition to these atmospheric factors, the preexisting ocean
thermal structure along a typhoon’s track is one of the key environ-
mental elements determining the intensity of the KP-landfall
typhoons (Shay et al., 2000), since they pass over the East China
Sea (ECS) as well as the Yellow Sea (YS) or the South Sea (SS) before
landfall. Up to date, however, little attention has gone into
exploring the roles of oceanic factors in the intensity of KP-landfall
typhoons. Lee et al. (2006) investigated oceanic roles in the
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intensity change of KP-landfall typhoons for the first time, but their
results were incomplete because they simply took account of the
SST cooling effect as a function of wind speed without considering
the subsurface thermal structure (STS).

When considering the ocean thermal condition, both the SST
and STS are important because typhoons interact with not only
the sea surface, but also with the entire upper-ocean column (Lin
et al., 2008, 2009). In summer, however, because the SST distribu-
tions tend to be spatially homogeneous along the latitude due to
strong surface heating, regardless of the preexisting oceanic meso-
scale features, the STS plays a more important role in predicting
the typhoon intensity change (Moon et al., 2009). Particularly, in
the passages of typhoons heading to the KP, the role of the STS in
the typhoon intensity prediction are crucial owing to the various
oceanic mesoscale features in the small passage areas where the
SST distribution is relatively uniform.

This study aims to investigate how the upper-ocean thermal
environments influence the intensity of typhoons which made
landfall on the KP based on statistical analysis, focusing on explor-
ing oceanic conditions necessary for becoming the most destruc-
tive KP-landfall typhoons. For this, various oceanic/atmospheric
measurements and the historical typhoon best track data are used.
In Section 2, the upper ocean structure in the seas adjacent to the
KP will be described. Results of statistical analysis based on the
best track and observational records will be presented in Section
3. Summary and conclusion will be given in the last section.

2. Upper-ocean structures near the KP

The upper-ocean structures along the track of the KP-landfall
typhoons are analyzed using all available oceanic data from the
Korean Oceanographic Data Center (KODC), the Japan Coastal
Ocean Predictability Experiment (JCOPE, Miyazawa et al., 2009),
and the Ieodo Ocean Research Station (IORS). Fig. 1a shows a sche-
matic of major ocean currents and water masses in the ECS, YS, and
SS (Kondo, 1985; Ichikawa and Beardsley, 2006; Moon, 2005),
which include the Kuroshio Current (KC), Kuroshio Branch Current
West of Kyushu (KBCWK), Tsushima Warm Current (TSWC),
Kuroshio Branch Current North of Taiwan (KBCNT), Taiwan Warm
Current (TWWC), Changjiang Diluted Water (CDW), Yellow Sea

Coastal Current (YSCC), Korean Coastal Current (KCC), and Yellow
Sea Bottom Cold Water (YSBCW). In these regions most of the cur-
rents and water masses, except the YSBCW and YSCC, have warm
features and so provide a favorable condition for typhoons that
pass over these regions (Wada and Usui, 2007). In particular, the
KBCWK and TSWC, in which the mixed layer depth (MLD) is thick
and the warm water extends to more than 50-m depth, will be ma-
jor heat energy sources for typhoons approaching the KP (Figs. 1
and 2). These warm currents are located on the eastern side of Jeju
Island.

On the other hand, the YSBCW (Figs. 1 and 2) covering the entire
YS below 30-m depth will produce a significant heat energy loss for
typhoons because the cold water extends to the subsurface (about
15-m depth) and causes a large SST drop due to the typhoon’s self-
induced mixing and upwelling (Moon et al., 2009). A temperature
profile (Fig. 2, blue line)1 observed in the YSBCW (Fig. 1b, j mark)
in summer shows how the MLD is shallow and how the slope of the
thermocline is steep. Here, the temperature difference between 50-
m depth and the surface reaches up to 18 �C, which is a very unique
feature rarely found in the other regions. This profile is very differ-
ent from that at the TSWC (red line, Fig. 2) where the MLD is thick
and the slope of the thermocline is gentle. In the YSBCW region, the
ocean heat content (OHC), which is defined by Leipper and
Volgenau (1972), is very small (about 11 kJ/cm2 on average, see
Fig. 3 and Table 1). This evidently provides an unfavorable condi-
tion for typhoons passing over these regions.

Based on the STS shown in Figs. 1 and 2, the tracks of the
KP-landfall typhoons are divided into two categories. The first
category (here, ‘Type A’) is for the tracks passing along the eastern
side of Jeju Island before making landfall, which encounter the
warm ocean currents but avoid the YSBCW. The second category
(here, ‘Type B’) is for the tracks passing along the western side of
Jeju Island, which encounter the YSBCW but avoid the warm ocean
currents. Therefore, it is likely that for typhoons of Type A (Type B)
the ocean plays a positive (negative) feedback in their intensities.

Recently, upper-ocean responses to a typhoon of Type B were
discovered from hydrographic data observed at the IORS. Fig. 4

Fig. 1. (a) A schematic of summer circulation patterns in the ECS, YS, and SS (adapted from Kondo (1985), Ichikawa and Beardsley (2006), and Moon (2005)) with NOAA/
AVHRR SST image on 9 July 2006: 1, KC; 2, KBCWK; 3, TSWC; 4, KBCNT; 5, TWWC; 6, CDW; 7. YSCC; 8, KCC; 9, YSBCW. Acronyms are explained in the text. (b) Spatial
distribution of the sea temperature at 30-m depth on 9 July 2006 based on the JCOPE simulation (Miyazawa et al., 2009). Tracks of two types are divided by a line (blue line)
cross the center of Jeju Island. Yellow dots are tracks of typhoon Ewiniar (0603) with 6-h intervals. X symbol represents the location of the IORS. N and j are positions of the
vertical temperature profiles shown in Fig. 2. A black dotted line is for the vertical temperature transect in Fig. 2.

1 For interpretation of color in Figs. 1–6, the reader is referred to the web version of
this article.
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shows a time series of the water temperature at 8-m depth of the
IORS (black line) and the SST extracted from the TRMM/TMI satel-
lite image (circles) at the location of the IORS during typhoon
Ewiniar (0603). The figure shows that when typhoon Ewiniar
passed closely over the right side of the IORS (Fig. 1b), the temper-
ature sensor installed at the IORS recorded a significant tempera-
ture drop (maximum 10 �C). The satellite-driven SST data also

showed a large temperature reduction (circles in Fig. 1b). This
was the largest typhoon-induced temperature cooling ever re-
ported in the world’s oceans.

Considering the large vertical temperature difference at shallow
depth as shown in Fig. 2, the significant SST drop in the YSBCW re-
gion seems to be easily produced by both mixing and upwelling
due to strong typhoon winds (Moon et al., 2009). As a result of
the large temperature reduction, typhoon Ewiniar experienced
the most rapid weakening stage at 1200 UTC 9 July (gray line,
Fig. 4). This clearly demonstrates the YSBCW can significantly af-
fect the intensity of typhoons which choose the track of Type B.

In warm current regions east of Jeju Island where the MLD and
OHC reaches up to 30 m and 50 kJ/cm2 respectively (Fig. 3, Table 1),
the typhoon’s self-induced SST cooling is suppressed owing to the
presence of the thicker MLD, which prevents the deeper cold water
from being entrained into the upper-ocean mixed layer. This leads
to less SST cooling and thus less reduction of the available air-sea
flux supply for sustaining typhoons passing over these regions (Lin
et al., 2009).

3. Statistical analysis

According to the categorized tracks (Types A and B), a statistical
analysis of the intensity of the KP-landfall typhoons has been done
using the best tracks of the Joint Typhoon Warning Center (JTWC)
and the Korean meteorological station data. Here the best track
data are interpolated from 6-h intervals into 15-min intervals to
avoid the omission of the fast-moving KP-landfall typhoons which
pass over the KP land mass quickly. This process is accomplished
by using the 5-min gridded global relief data collection (ETOPO5).
The KP-landfall typhoons are selected when the center of typhoons
during their lifetime is located over the KP land mass within the
range of 34.6�40�N and 124.8�130�E (see Fig. 5). The selected ty-
phoons then are categorized into Type A (red lines) and B (blue and
black lines) based on the prescribed criteria. Type B, in addition, is
divided into ‘B1’ and B2’, according to whether or not typhoons
made landfall over China before arriving in the KP (Fig. 5).

Table 2 represents the total number and the averaged maxi-
mum wind speed (MWS) of the KP-landfall typhoons according
to the categorized types between 1950 and 2008. The statistical
data show that typhoons of Type B made landfall in the KP more
frequently than those of Type A did, but their intensities in terms

Fig. 2. Vertical temperature transect along the 33.3�N latitude line across the center of Jeju Island and temperature profiles at two points shown in Fig. 1b. The transect is
based on the JCOPE simulation (Miyazawa et al., 2009) on 9 July 2006 and the profiles are extracted from the KODC data set, which were measured on 10 August 2003.

Fig. 3. Spatial distributions of the mixed layer depth (contours, unit is [M]) and the
ocean heat content (colors) on 13 August 2006 based on the JCOPE simulation.

Table 1
The mixed layer depth (MLD) and ocean heat content (OHC) averaged within the
areas where typhoons of Types A and B are passing.

Types Averaged areas MLD (m) OHC (kJ/cm2)

A 31�34�N 13.5 35.4
127�130�E

B 31�34�N 4.4 11.4
123�126�E
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of the MWS were weaker than Type A. The averaged MWS in Type
B is 4 m/s less than in Type A, although typhoons which made land-
fall over China before arriving on the KP are excluded (Type B2 in
Table 2). This strongly suggests that the different upper-ocean
structures according to the track may influence the typhoons’
intensity change before they make landfall.

In addition to the upper-ocean structure, TCs are influenced by
other atmospheric factors such as vertical wind shear, relative
humidity, and low-level vorticity (Emanuel, 2007; Camargo et al.,
2007). Among them, the vertical wind shear, which is a wind
vector difference between the upper and lower troposphere, is

known to be the most important factor that affects the TC forma-
tion and development (Emanuel, 2007). A strong vertical wind
shear produces a large ventilation of heat away from the develop-
ing disturbance and is thus unfavorable for TC formation and
intensification. Fig. 6a compares mean distributions of the vertical
wind shear in the KP region averaged over total TC periods of Types
A and B in Fig. 5. For both cases, a strong wind shear is found along
the jet stream and there is no distinct difference in their magni-
tudes although Type B is a little bit less than Type A in the jet
stream region. For 600-hPa relative humidity and 850-hPa relative
vorticity, the similar analyses were carried out. Here, larger values
of the humidity and vorticity illustrate more favorable conditions
for TC intensification. Fig. 6b and c reveals that there is no signifi-
cant difference between two types for both variables. This implies
that the atmospheric environments such as vertical wind shear,
relative humidity, and low-level vorticity are not major factors that
affect the KP-landfall TC intensity depending on the categorized
track.

The MWS records of the 10 strongest typhoons ever hit the KP
also support that Type A typhoons had a greater probability of
reaching strong intensities than those of Type B did (Tables 3
and 4). Records from the JTWC best track data show that 7 ty-
phoons among the 10 strongest KP-landfall typhoons belong to
Type A and the 4 strongest typhoons were Type A. A similar statis-
tical analysis has been done using direct measurements from the
Korean meteorological stations, which are more accurate than
the JTWC best track data indirectly estimated from satellite images
which have some degree of error. Table 4 represents the 10 stron-
gest KP-landfall typhoons in terms of the minimum pressure ob-
served at the Korean meteorological stations during all typhoon
events of 1950–2008. This reveals that 9 typhoons among the 10
strongest typhoons over 59 years belong to Type A, demonstrating
that most of the strongest typhoons have made landfall in Korea
along the eastern side of Jeju Island where the warm ocean fea-
tures exist along their tracks.

4. Summary and conclusions

Recent strikes of destructive typhoons in Korea brought interest
in what factors control the intensity of the typhoons which made
landfall on the Korean peninsula (KP). This study focuses on
exploring the oceanic factors affecting the intensity change among
the various environmental elements, based on the statistical anal-
ysis using all available oceanic and atmospheric measurements
and the historical typhoon best tracks.

In summer, typhoons heading to the KP pass along one of two
areas distinguished by different subsurface thermal structures,
not being recognized from the SST distribution: the deep subsur-
face warm layer regions where the Kuroshio Branch Current West

Fig. 4. Time series of the sea temperature at 8-m depth measured from the IORS (black line) and the SST extracted from TRMM/TMI satellite image (circles) during typhoon
Ewiniar (0603). A gray line represents the central pressure of typhoon Ewiniar, which began to increase from 8 July as the typhoon moved to higher-latitude oceans with
smaller OHC and rapidly increased at 1200 UTC 9 July when the large temperature drop occurred.

Fig. 5. Tracks of the KP-landfall typhoons categorized into Types A (red lines) and B
(blue and black lines). Type B is divided into B1 and B2, which are determined by
whether typhoons made landfall over China before arriving on the KP or not. Green
circles are locations of typhoons during the landfall (15-min intervals).

Table 2
The total number and the averaged MWS of the KP-landfall typhoons according to the
categorized types based on the JTWC best track data during 1950–2008.

Types Total number of the KP
landfall typhoon

Averaged MWS of the KP landfall
typhoon (m/s)

A 16 28.4
B
(B1 + B2) 32 23.6
B1 22 24.4
B2 10 20.7
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of Kyushu (KBCWK) and Tsushima Current (TSC) flow and the shal-
low subsurface warm layer regions where the Yellow Sea Bottom
Cold Water (YSBCW) is located. The two regions are separated by
Jeju Island. Hydrographic measurements and numerical modeling
results in summer reveal that the mixed layer depth (MLD) and

the ocean heat content (OHC) in the former are three times larger
than those in the latter. This demonstrates that the upper-ocean
conditions at the warm current regions provide more favorable
conditions for sustaining typhoon intensity than at the YSBCW
regions.

Fig. 6. Spatial distributions of (a) vertical wind shear between 200 hPa and 850 hPa, (b) 600-hPa relative humidity, and (c) 850-hPa relative vorticity averaged over the total
TC periods of Type A (left panel) and Type B (right panel) in the KP region. The vertical wind shear is represented as the magnitude of the vector difference between horizontal
winds at 200 hPa and 850 hPa.
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The upper-ocean thermal condition provides not only the posi-
tive feedback for intensifying and maintaining typhoons, but also
the negative feedback from the storm’s self-induced SST cooling.
In the YSBCW regions characterized by a shallow MLD and steep
thermocline, sometimes the temperature difference between 50-
m depth and the surface reaches up to 18 �C, which is a very unique
feature not often found in other regions. In 2006, a record-breaking
large SST cooling (about 10 �C) was measured at the YSBCW region
by typhoon Ewiniar (0603). Considering that a mere 2.5 �C cooling
in the inner core is sufficient to shut down the entire energy pro-
duction of a storm (Emanuel et al., 2004), the large SST drop seems
to have a significant weakening effect on the intensity of typhoons
passing over these regions.

In order to further investigate the impact of upper-ocean struc-
ture on typhoon intensity change according to the track, the KP-
landfall typhoons are categorized into two groups: ‘Type A’ passing
over warm current regions and ‘Type B’ passing over the YSBCW
regions. Analysis of the best track data revealed typhoons of Type
B made landfall on the KP more frequently than those of Type A,
but their intensities in terms of the maximum wind speed
(MWS) were weaker than Type A. In the record of the 10 strongest
KP-landfall typhoons, the majority of the typhoons (70–90%) be-
longed to Type A. These results clearly demonstrate that most of
the strongest typhoons have made landfall in Korea along the east-
ern side of Jeju Island where the upper ocean thermal condition is
favorable for sustaining the typhoon intensity.

To confirm that the upper-ocean structure is a major controlling
factor determining the TC intensity according to the categorized
track, atmospheric environmental factors such as vertical wind
shear, relative humidity, and low-level vorticity are compared for
the total TC life time of Types A and B. The results show that the
differences of these variables between the two types were small.
This demonstrates that the atmospheric factors were not major
contribution that affects the KP-landfall TC intensity depending
on the categorized track.

This study highlights the importance of upper-ocean thermal
structures for typhoon intensity, particularly in the environments
with various oceanic mesoscale features. It is also interesting that
a slight change of the track in a small area can lead to different re-
sults in their intensities. The finding in this work can be used as a
guide in predicting the typhoon intensity depending on the track in
the KP.
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Table 3
The 10 strongest KP-landfall typhoons in terms of the MWS based on the JTWC best
track data during 1950–2008.

Order Typhoon’s
name

Landfall date (year/month/
day)

MWS (m/
s)

Types

1 Sarah 1959/09/17 50.6 A
2 Maemi 2003/09/12 47.6 A
3 Faye 1995/07/23 44.6 A
4 Thelma 1987/07/15 34.7 A
5 Kit 1985/08/10 32.6 B
6 Olga 1999/08/03 32.1 B
7 Seth 1994/10/11 32.1 B
8 Saomai 2000/09/15 30.9 A
9 Rusa 2002/08/31 30.9 A

10 Nari 2007/09/16 30.9 A

Table 4
The 10 strongest KP-landfall typhoons in terms of the minimum pressure observed at
the Korean meteorological stations during all typhoon events of 1950–2008.

Order Typhoon’s
name

Observed date
(year/month/
day)

Minimum
pressure
(hPa)

Meteorological
station

Types

1 Sarah 1959/09/17 951.5 Pusan A
2 Maemi 2003/09/12 954.0 Tongyoung A
3 Saomai 2000/09/16 959.6 Tongyoung A
4 Thelma 1987/07/15 961.5 Seoguipo A
5 Rusa 2002/08/31 962.6 Sungsan A
6 Nari 2007/09/16 963.4 Sungsan A
7 Emma 1956/09/10 966.7 Ulreungdo A
8 Vera 1986/08/28 966.8 Mokpo B
9 Megi 2004/08/19 967.6 Ulsan A

10 June 1954/09/14 970.1 Ulreungdo A
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