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ABSTRACT
In this study, we analysed the spatiotemporal characteristics of precipitation in Korea in connection with
weakening of tropical cyclones (TCs) around the Korean Peninsula (32�–36� N, 122�–132� E) over the past
30 years (1979–2015). Weakened TCs were classified into two categories: TCs weakened to extratropical
cyclones (WEC) and TCs weakened to tropical depressions (WTD). In WEC, precipitation was evenly
distributed over all of the Korean Peninsula, with the greatest precipitation recorded on the southern coast.
In WTD, the amount of precipitation was the greatest on the southern coast, while low precipitation was
recorded in the central and inland areas of Korea. In Region 1 (Central Province, Jeollabuk-do, and the
inland region of Gyeongsangbuk-do), greater precipitation was observed in WEC than in WTD. In Region 2
(Jeollanam-do, Gyeongsangnam-do, Southeast Gyeongsangbuk-do, and Jeju-do), little difference in
precipitation was found between WEC and WTD. In WEC, potential vorticity developed in the upper-level
troposphere with TCs approaching Korea along with a thermal trough in the lower-level troposphere to the
northwest of the TCs. Meanwhile, an upper-level troposphere jet and a strong upper-level troposphere
divergence region were observed to the northeast of the TCs. It was assumed that these meteorological
factors had induced baroclinic disturbance and nondiabatic process, creating a wide precipitation area
around the TCs. In contrast, in WTD, none of the intense potential vorticity, thermal trough, and upper-
level troposphere jet was observed around the TCs. Consequently, only a narrow precipitation area was
created around the TCs. The upper-level troposphere divergence region was relatively small, and no intense
precipitation area was formed around the TCs.
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1. Introduction

When a tropical cyclone (TC) moves north to mid-lati-
tudes and then weakens, it reduces to a tropical depres-
sion (TD) or an extratropical cyclone (EC). A TD is
defined as a TC that shares the same thermal and
dynamic properties as typhoons but has a maximum sus-
tained wind speed of less than 17m s�1 around the
centre. Meanwhile, an EC has completely different ther-
mal and dynamic properties from those of typhoons. The
weakening of a TC to an EC is referred to as extratrop-
ical transition, and it is often treated differently.

Previous studies have researched the concept of extra-
tropical transition. Sekioka (1956a, 1956b) and Matano
and Sekioka (1971) reported that while heading north,
TCs interact with a mid-latitude trough or front and are
then weakened to ECs at that front. Since then, with the

introduction of the three-dimensional concept, it was
found that both upper-level troposphere divergence and
potential vorticity advection around TCs play a signifi-
cant role in the TC to EC transition (DiMego and
Bosart, 1982a, 1982b; Sinclair, 1993; Foley and
Hanstrum, 1994; Klein et al., 2000; Harr et al., 2000;
Ritchie and Elsberry, 2007; Rantanen et al., 2020).
Another study showed that an extratropical transition
occurs when cold and dry air are introduced to the warm
and humid centre of a TC, resulting from the interaction
between the TC and stratosphere potential vorticity
(Browning et al., 1998; Yuan and Wang, 2014).

Other studies have investigated the distribution and char-
acteristics of precipitation associated with extratropical tran-
sition. Shi et al. (1997) reported that when hurricane
Florence (1988) moved north to mid-latitudes, an upper-
level troposphere jet and an upper-level troposphere trough
were present to the northeast of the hurricane, which�Corresponding author. e-mail: jaewonchoi@nuist.edu.cn
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strengthened ascending flows and increased the relative
humidity around the hurricane, resulting in strong precipita-
tion intensity. In general, when a TC degrades to an EC,
the precipitation intensity tends to be weakened but the pre-
cipitation range tends to become wider (Harr and Elsberry,

2000; Skok et al., 2013). However, if the weakened EC is
re-enforced, strong precipitation intensity can be sustained
over a wide area for a certain period of time (Ritchie,
2005). Yang and Oh (2001) conducted a study on TC-
related precipitation in Korea. They sorted every TC case

Fig. 1. Location of 61 weather observation stations used to obtain precipitation data for this study.

Fig. 2. Points of tropical cyclones (TCs) weakened around Korea (32–36�N, 122–132�E) during the period 1979–2008, and their tracks
for (a) WEC (weakened to extratropical cyclone), (b) WTD (weakened to tropical depression).

Table 1. Definition of affecting time point and approaching time point of TC.

Definition

Affecting time point (0 h) First time which TC begins to pass northward 32�N, latitude criterion of TC affecting Korea
Approaching time point (–12 h) 12 h before the affecting time point
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that has affected Korea from 1996 to 2000 by regions of
Korea according to the amount of precipitation, and they
characterized the lower- and upper-level troposphere conver-
gence and divergence, and western North Pacific subtropical
high. There are other studies on the relationship between
the characteristics of the large-scale environments around
TCs and heavy precipitation in the Yeongdong region of
Kangwon Province and the east coastal region of
Gyeongbuk Province (Kim and Yoo, 2002; Jang, 2002).
Meanwhile, Kwon and Kim (2005) showed that the devel-
opment of potential vorticity to the northwest of a TC
around Korea and the penetration of the dry region could
cause the weakening of the TC into an EC, leading to high
precipitation.

In the current study, Typhoon Mindulle (T0407) in
2016 was selected as a case study, in which only the

precipitation around the typhoon was analysed yet pre-
cipitation within Korea was not considered. This study
aims to investigate the spatiotemporal distribution of pre-
cipitation associated with the weakening of TCs around
Korea. First, 25 TCs weakened around Korea over the
last 37 years (1979–2015) are classified into TCs weakened
and transformed to ECs (WEC) and TCs weakened into
TDs (WTD) then disappeared. The characteristics of indi-
vidual TCs are compared, and then the spatiotemporal
distribution of precipitation is compared and analysed.
Next, the characteristics of individual rainfalls are
explained in relation to the large-scale environments, and
then the validity of the analysis conducted in the previous
section is determined based on the case studies of WEC
and WTD. Finally, the results of this study
are summarized.

Table 2. Weakened time point of all TCs for WEC and WTD.

WEC WTD

TC number TC name Time (h) TC number TC name Time (h)

8007 IDA þ0 7911 JUDY þ30
8403 ALEX þ12 8110 OGDEN 6
8505 HAL þ6 9112 GLADYS þ42
8520 BRENDA þ12 9209 IRVING 0
8605 NANCY þ6 9211 KENT þ24
8906 ELLIS þ3 9407 WALT þ9
9005 OFELIA þ12 9413 DOUG þ72
9015 ABE 0 9905 NEIL þ24
9507 JANIS 0 9908 PAUL þ9
9809 YANNI 9 1010 MERANTI þ30
9917 ANN þ30 1114 KULAP þ18
0102 CHEBI 0 Mean and standard dev. þ24.0, ±20.2
0407 MINDULLE þ6
0515 KHANUN þ12
Mean and standard dev. þ7.7, ±8.0

The time indicates the time difference between weakened time of TC and affecting time point (in Table 1).

Fig. 3. Mean TC track (interval 6 h) from approaching time point (–12h) of TC and 500 hPa mean geopotential height (gpm) at
approaching time point for (a) WEC and (b) WTD.
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2. Data and methods

2.1. Data

TC data were supplied from the Regional Specialized
Meteorological Centers, Tokyo Typhoon Center (http://
www.jma.go.jp/jma/jma-eng/jma-center/rsmc-hp-pub-eg/
trackarchives.html). The data consisted of names of TCs,
location of latitude and longitude, minimum central pressure,
and maximum sustained wind speed (MSWS), which were
observed every 6h. TC intensity was classified into four
stages according to MSWS: tropical depression (TD, MSWS
< 34 knots kts]), tropical storm (TS, 34 kts�MSWS � 47
kts), severe tropical storm (STS, 48 kts�MSWS � 63 kts),
and typhoon (TY, MSWS � 64 kts).

Data obtained from 61 weather observation stations (Fig. 1)
affiliated with the Korea Meteorological Administration
(KMA) were used as the precipitation data for Korea. We ana-
lysed the 500hPa geopotential height, 200hPa jet stream,
200hPa divergence region, 850hPa convergence region,
300–200hPa potential vorticity, 850hPa air temperature, and
vertical flows using the reanalysis data set of the National
Center for Environmental Prediction–National Center for
Atmospheric Research, which was composed of the latitude/
longitude and time data with the spatiotemporal resolution at
intervals of 2.5� � 2.5� and 6h, respectively (Kalnay et al.,
1996; Kistler et al., 2001; http://www.esrl.noaa.gov). In add-
ition, we analysed the distribution of the precipitation intensity
around both Typhoon Mindulle (T0407) WEC and Typhoon
Neil (T9905) WTD using the precipitation intensity dataset of
the Tropical Rainfall Measuring Mission (TRMM) satellite at
intervals of 0.25� � 0.25� and 3h (http://trmm.gsfc.nasa.gov).

2.2. Classification of weakened TCs

Of the TCs that have occurred in the western North
Pacific over the last 37 years, 25 weakened around Korea

(32�–36�N, 122�–132�E). These 25 TCs were classified
into TCs WEC (14 cases) and TCs WTDs (11 cases; Fig.
2). For individual cases, the spatiotemporal distribution
of precipitation in Korea was compared and analysed.

The examples used as WEC and WTD are shown
below. The bold sections represent the TC-weakened sec-
tions used in this study.

WEC (weakened to extratropical cyclone)
TY (typhoon) -> STS -> TS -> EC -> Dissipation
TY -> STS -> TS -> TD -> EC -> Dissipation
WTD (weakened to tropical depression)
TY -> STS -> TS -> TD -> Dissipation

2.3. Definition of the TC-approaching time point
toward Korea

When a TC is heading north toward Korea, the time point
at which it first crosses 32�N was defined as the affecting
time point in Korea (Table 1). Twelve hours before this time
point was defined as the TC-approaching time point. The
affecting time points were defined using the latitude of 32�N
as a reference in consideration of the ranges of the latitudes
of 32�–40�N and the longitudes of 120�–138�E (KMA,
1996), which are used as the references for typhoons affecting
Korea. In this study, the differences in the large-scale environ-
ments that appear at the approaching time points of individ-
ual WEC and WTD cases were compared, and then the
relationship between such differences and the precipitation
distribution patterns was analysed.

3. Characteristics of TCs weakened
around Korea

3.1. Weakening time point of TCs

The average weakening time point for TCs that belong to
WEC was þ7.7 h from the affecting point in Korea and

Fig. 4. Monthly frequency of TC weakened to extratropical cyclone (WEC) and tropical depression (WTD).
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for WTD was þ24.0 h (Table 2). The weakening time
point of the WTD type was significantly later than that
of the WEC type.

3.2. Traveling path of TCs

In WEC, the average traveling path of TCs approaching
Korea is moving northeast from Shanghai, China, cross-
ing Korea, and then exiting to the East Sea (Fig. 3a). In
WTD, the average traveling path of TCs approaching
Korea is moving northwest from the south sea of
Kyushu, Japan, neither crossing Korea nor exiting to the
East Sea (Fig. 3b). There was a clear difference in the
500 hPa geopotential height at the TC-approaching time
point (–12 h). In WEC, the subtropical ridge lined up
from the east of the TC to the southeast–northwest direc-
tion, and a trough was clearly observed to the west of the
TC (Fig. 3a). That is, the traveling path of the TC was
directed north-eastward. By contrast, in WTD, the sub-
tropical ridge lined up from the northeast of the TC to
the east–west direction, and no trough was seen (Fig. 3b).
This pressure system pattern may slow the traveling speed
of the TC.

3.3. Traveling speed of TCs

When a TC of the WEC type degrades to an EC, it
moves northeast at a rapid speed due to mid-latitude
westerlies (Fig. 3a). When a TC of the WTD type
degrades to a TD, it moves at a slow speed under the
influence of the ridge around the TC rather than of mid-
latitude westerlies (Fig. 3b). The average traveling speed
of the TC of the WEC type is 33m s�1 for 45 h from the
TC-approaching time point (–12 h), and the average trav-
eling speed of the TC of the WTD type was 15m s�1,
indicating that the traveling speed was twice as fast in
WEC than in WTD.

3.4. Monthly frequency of weakened TCs

As shown in the characteristics of the mean field of
500 hPa geopotential height, the subtropical ridge that
appeared in the north of 35�N in WTD represents the
pressure system pattern of mid-summer (Fig. 3b). In fact,
the weakened TCs of the WTD type occurred only in
July and August over the last 37 years and most fre-
quently in August (Fig. 4). In contrast, the incidence of
WEC was lowest in August and highest in June and
September, appearing evenly throughout June to
October. In the next section, the effect of large-scale envi-
ronments, which determine the distinction between WEC
and WTD, on precipitation in Korea is analysed.

Fig. 5. Spatial distribution of rainfall accumulated over 48h
from approaching time point (–12h) of TC for (a) WEC, (b)
WTD and (c) their difference (WEC minus WTD). Dashed lines
indicate negative value.
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4. Spatiotemporal distribution of rainfall
according to northbound traveling of TCs

4.1. Spatial distribution of rainfall

Analysis of the cumulative precipitation for 48 h from the
TC-approaching time point (–12 h) revealed that in WES,
precipitation was evenly distributed throughout Korea,
with the highest cumulative precipitation in the southern
regions (Fig. 5a). The average precipitation measured
from 61 weather observation stations in Korea was
63.3mm, and the highest was 110.3mm in Sancheong
(47,289; Table 3). In WTD, a large amount of precipita-
tion was observed only in the southern regions and the
eastern coastal regions, and very low precipitation was
recorded in the central and inland regions (Fig. 5b). The
average precipitation from the 61 weather observation
stations was 39.2mm, and the highest was 115.0mm in
Goeje (47,294; Table 3).

The difference in precipitation between WEC and
WTD was most apparent in the central and inland
regions (Fig. 5c). In the central region, more precipitation

was observed in WEC than in WTD, while in the south-
eastern region, including Busan in the centre, more pre-
cipitation was observed in WTD than in WEC (47,159).
These differences in precipitation were tested through a
Student’s t-test (at a significance level of 0.1; Fig. 6).
Stations marked with black circles indicate that signifi-
cantly more precipitation was observed in WEC than in
WTD, and stations marked with white circles indicate
that there was no difference in precipitation between
WEC and WTD. It was found that there was no station
showing much higher precipitation in WTD than in
WEC. Therefore, as shown in the figure, Region 1 was
defined as regions with more precipitation in WEC than
in WTD, and Region 2 was defined as regions with no
difference in precipitation between WEC and WTD.

Considering that a TC tends to get exposed more to the
precipitation region when it moves slowly rather than quickly,
more precipitation may result when TCs move slowly.
However, although the traveling speed of TCs in WEC was
faster than that in WTD, more precipitation was observed in
WEC. Looking into the cumulative precipitation by latitude

Table 3. Mean rainfall accumulated over 48 h at 61 weather observation stations from the approaching
time point (–12 h) of TC and maximum rainfall of all the weather observation stations.

WEC WTD

Mean rainfall of 61 stations 63.3mm 39.2mm
Maximum rainfall and station 110.3mm

Sancheong (47,289)
115.0mm

Geoje (47,294)

Fig. 6. Verification using Student’s t-test (0.1 significance level) for the rainfall difference shown in Fig. 5c. Closed circles denote areas
(Region 1) that there is a difference in rainfall while open circles denote areas (Region 2) that a difference in rainfall is similar.
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zone where the TC was located, in WTD, a greater precipita-
tion was observed in Region 2 as TCs approached (Fig. 7b),
but a significantly smaller amount of precipitation was
observed in Region 1 in WTD than in WEC, even though
the cumulative precipitation time was longer in WTD than in
WEC (Fig. 7a). In other words, the precipitation in Region 1
had little correlation with the traveling speed or path of the
TC. In the following section, the reasons why such differences
in precipitation occur are identified.

4.2. Temporal distribution of rainfall

In WTD, it is evident that precipitation gradually increased
in both Region 1 and Region 2 as a TC approached (Fig. 8).
On the other hand, in WEC, a large amount of precipitation
was concentrated in both Region 1 and Region 2 at the
beginning (–12h to þ9h) when the TC approached Korea.
At this time, the distance between the TC and Korea was
similar in WEC and WTD, nevertheless, much more precipi-
tation was observed in WEC. In addition, in both Region 1
and Region 2, the precipitation peak time, whether the TC

was WEC or WTD, was closer to the TC weakening time
point than the time point at which the TC was closest to
Korea (straight line in Fig. 8). This seems to have been
caused by the nondiabatic process, in which energy is con-
verted to precipitation as the TC weakens. In the next sec-
tion, the characteristics of potential vorticity advection, which
represents the nondiabatic process well, and other large-scale
environments are analysed by comparing WEC and WTD.

5. Large-scale environments that affect rainfall

5.1. Potential vorticity advection and upper-level
troposphere divergence

The 300–200hPa potential vorticity and 850hPa thermal
trough developed at the TC-approaching time point (–12h)
were located to the northwest of the TC inWEC, so that condi-
tions that are favourable for the development of baroclinic dis-
turbance and nondiabatic heating were formed around the TC
(Fig. 9a). In contrast, in WTD, neither potential vorticity nor
thermal trough was observed around the TC (Fig. 9b).
Potential vorticity equation is as below.

Fig. 7. Rainfall in (a) Region 1 and (b) Region 2 at each latitude as TCs approach Korea. Numbers over bars denote the accumulated
rainfall time (h).
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p ¼ p� ðCv=CpÞðRhÞ� 1ðPsÞðR=CpÞ

The front and ECs tend to develop further when
energy is supplied from the upper-level troposphere jet
and then amplified (Newton and Trevisan, 1984). In add-
ition, when a TC approaches mid-latitudes, if the
entrance and trough of the upper-level troposphere
(200 hPa) jet stream are located to the northeast of the
TC, the ascending flows become stronger in the centre of
the TC and the relative humidity increases around the

TC, resulting in strong precipitation intensity (Shi et al.,
1997; Kim et al., 2006). On the other hand, Shapiro and
Kennedy (1981), Holton (1992), and Ziv and Paldor
(1999) demonstrated that a divergence region was induced
on the right side of the entrance of the upper-level tropo-
sphere jet stream through the ageostrophic factor and
vorticity advection. When a TC degrades to an EC, it is
usually accompanied by an upper-level troposphere jet,
and an upper-level troposphere jet is accompanied to the
northeast of the TC in WEC (Fig. 9c). A strong

Fig. 8. Time evolution of 3-h interval accumulated rainfall (bars) from the approaching time point (–12h) of TC to 48h later for (a)
Region 1 and (b) Region 2. Lines with an open circle indicate distances between the TC center and Seoul or Gwangju (star-marked
point in embedded map). Solid vertical line indicates the mean time (þ7.7h) that TCs were weakened to EC and dashed vertical line
indicates mean time (þ24h) that TCs were weakened to TD.
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divergence region was induced to the south of the
entrance of the upper-level troposphere jet, which corre-
sponded to all around the TC. Therefore, a heavy rainfall
area was formed over a large area around the TC, and as
a result, Korea was exposed to heavy rainfall for a long
time and a large amount of precipitation was recorded.
In contrast, in the WTD, neither an upper-level tropo-
sphere jet nor a strong upper-level troposphere divergence
region was observed in WEC (Fig. 9d). However, only a

weak upper-level troposphere divergence was observed
near the TC centre. Therefore, only a weak precipitation
area was formed over a narrow area around the TC, and
as a result, Korea was exposed to weak precipitation for
a short time and only a small amount of precipitation
was recorded.

As shown in Fig. 4, the incidence of WEC was higher
in early summer and autumn than in mid-summer, while
the incidence of WTD was rather higher in mid-summer,

Fig. 9. Potential vorticity of 300–200hPa (shaded every 0.2 PVU starting at 0.4 PVU, where 1 PVU ¼ 10�6 K kg�1 m2 s�1), 850hPa
air temperature (dashed lines, �C) and mean location of TCs at the approaching time point (–12h) for (a) WEC and (b) WTD. Jet
stream of 200 hPa (shaded every 5m s�1 starting at 30m s�1), 200hPa divergence (thick contours, every 3� 10�6 s�1 starting at 3� 10�6

s�1) and 850hPa convergence (thin contours, every –2� 10�6 s�1 starting at –2� 10�6 s�1) at the approaching time point (–12h) for (c)
WEC and (d) WTD. Dashed vertical line is used for the analysis of the vertical cross section in Fig. 10.
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which seems to have resulted from the seasonal differen-
ces in the upper-level troposphere jet and western North
Pacific subtropical high around Korea (not known).

5.2. Development of ascending flows around TCs

In WEC, ascending flows also developed strongly in a
wide area around the TC due to the wide and strong
divergence region around the TC (Fig. 10a). On the other
hand, in WTD, week ascending flows were observed in a
narrow area due to the large-scale environments sur-
rounding the TC that were responsible for continuous
weakening of the TC (Fig. 10b).

These results suggest that in WTD, with the north-
bound movement of the TC, the precipitation area
around the TC became narrower. With the influence of
the surrounding large-scale environments causing

weakening of the TC, more precipitation was observed in
Region 2 also in Korea, which was closer to the TC,
while a considerably small amount of precipitation was
observed in Region 1, which was far from the TC. On
the other hand, in WEC, with the northbound movement
of the TC, a wide and strong precipitation area was
formed around the TC, and with the influence of the sur-
rounding large-scale environments around the TC, a large
amount of precipitation was observed not only in Region
2 but also in Region 1 also in Korea. The actual precipi-
tation areas around the TC while the TC was heading
north is revealed in the next section.

6. Precipitation areas around the TC over time

Through the case studies of WEC and WTD, changes in
the specific precipitation intensity area around the TC

Fig. 10. Vertical cross section over the dashed vertical line in Fig. 9 for (a) WEC and (b) WTD. Shaded area indicates ascending flow
(hPa h�1). Thick lines and thin lines indicate divergence (10�6 s�1) and convergence (10�6 s�1), respectively. Square box indicates a
latitude region where Korea is located.
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over time were analysed. The exemplary cases were
chosen from TCs that occurred after 1998, of which data
were provided by the TRMM satellite rainfall dataset.
Typhoon Mindulle (T0407) and Typhoon Neil (T9905)
were selected for WEC and WTD, respectively.

6.1. Distribution of precipitation areas

Looking at the precipitation areas around the typhoons
at intervals of 3 h from the typhoon approaching time

point, it is apparent that the precipitation area gradually
decreased in Typhoon Neil (WTD; Fig. 11). On the other
hand, a wide precipitation area persisted around the TC
in Typhoon Mindulle (WEC; Fig. 12).

6.2. Ratio of specific precipitation intensities

Figure 13 shows a time-course illustration of the ratio of
areas with specific precipitation intensities within an 800-km
north radius from the centre of the typhoon to numerically

Fig. 11. Rainfall intensity (mm h�1) over 48 h from the approaching time point (–12h) of the representative Typhoon NEIL (9905) of
WTD (from 0600UTC 26 July to 0300UTC 28 July in 1999, interval 3 h) using TRMM dataset. This typhoon was weakened to TD at
‘þ24h’, 1800UTC 27 July.
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determine the precipitation areas around each typhoon seen
in Figs. 11 and 12. In Typhoon Neil (WTD), all areas with
precipitation intensities of 5 and 1mm h�1 steadily
decreased as the typhoon moved further north. In Typhoon
Mindulle (WEC), the areas with precipitation intensities of 5
and 1mm h�1 gradually increased as the typhoon moved
further north, then decreased after þ18 h. In both cases, the
temporal distribution of precipitation in Korea over time
also showed a similar pattern as the average temporal distri-
bution of precipitation (Figs. 8 and 14).

7. Summary and conclusion

In this study, we analysed the spatiotemporal characteris-
tics of precipitation in Korea in connection with weaken-
ing of tropical cyclones (TCs) around the Korean
Peninsula (32�–36� N, 122�–132� E) over the past 30 years
(1979–2015). Weakened TCs were classified into TCs
weakened to extratropical cyclones (WEC) and TCs
weakened to tropical depressions (WTD). In WEC, pre-
cipitation was evenly distributed over all of the Korean
Peninsula, with the greatest precipitation recorded on the

Fig. 12. Same as Fig. 11, but for representative Typhoon MINDULLE (0407) of WEC (from 0600UTC 3 July to 0300UTC 5 July in
2004). This typhoon was weakened to EC at ‘þ06h’, 0000UTC 4 July.
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southern coast. In WTD, the amount of precipitation was
the greatest on the southern coast, while low precipitation
was recorded in the central and inland areas of Korea. In
Region 1 (Central Province, Jeollabuk-do, and inland
region of Gyeongsangbuk-do), greater precipitation was
observed in WEC than in WTD, while in Region 2
(Jeollanam-do, Gyeongsangnam-do, southeast

Gyeongsangbuk-do, and Jeju-do), little difference in pre-
cipitation was found between WEC and WTD.

WEC was mainly distributed in June and September,
while WTD was distributed only in July and August.
Analysis of the surrounding large-scale environments at
the TC-approaching time point revealed that in WEC,
there were potential vorticity developed in the upper-level

Fig. 13. Time evolution of area proportion of detected rainfall intensity above (a) 5mm h�1 or (b) 1mm h�1 within the northern
800 km radius of the center of Typhoon MINDULLE and Typhoon NEIL. Solid and dashed vertical lines indicate the extratropical
transition time point and weakening time point of each TC, respectively.
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troposphere and thermal trough in the lower-level tropo-
sphere to the northwest of the TCs. Meanwhile, an
upper-level troposphere jet and a strong upper-level
troposphere divergence region were observed to the
northeast of the TCs. As a result, baroclinic disturbances
and nondiabatic processes were developed around the
TC, and a wide precipitation area was created, affecting
all of Korea. However, in WTD, none of the intense
potential vorticity, thermal trough, and upper-level tropo-
sphere jets was observed around TCs, and the upper-level

troposphere divergence region was relatively small. As a
result, no wide precipitation area was created around the
TC and precipitation areas were created mainly in the
southern regions.

A case study was conducted to compare the ratio of
areas with specific precipitation intensities (5 and
1mm h�1) around the TC using the TRMM satellite rain-
fall dataset. It was found that in WTD, the precipitation
area decreased continuously even before the TC weak-
ened to a TD, while in WEC, a wide precipitation area

Fig. 14. Time evolution of 3-h interval rainfall (bars) from the approaching time point (–12h) of each typhoon (MINDULLE and
NEIL) to 48h later for (a) Region 1 and (b) Region 2. Lines with an open circle indicate distances between the TC center and Seoul or
Gwangju (star-marked point in embedded map). Solid vertical line indicates the time (þ6 h) that Typhoon MINDULLE was weakened
to EC and dashed vertical line indicates the time (þ24h) that Typhoon NEIL was weakened to TD.
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lasted for a certain period of time even after the TC
weakened to an EC.

It was evident that when a TC weakened to an EC and
a TD, there were differences in the large-scale environ-
ments, but this study mainly focused on comparing the
relationship between the background of these large-scale
environments and the spatiotemporal distribution of pre-
cipitation in Korea. Further studies are necessary to
investigate the relationship between intense TCs and pre-
cipitation, as well as the relationship between weakened
TCs and precipitation, and their characteristics, and vari-
ous exemplary cases.
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