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1 | INTRODUCTION

Heatwaves and tropical cyclones (TCs) are representative
meteorological phenomena that have a great influence
on South Korea. According to the Annual Disaster Report
for two recent years, the number of deaths due to

Abstract

This study conducted a correlation analysis between tropical cyclone
genesis frequency (TCGF) in the western North Pacific (WNP) and heatwave
days (HWD) in Korea during July and August for 1973-2018 and we found a
strong positive correlation between them. This implied that the higher the
TCGF in the WNP during July and August, the higher the HWD in Korea
becomes. To examine the cause of the positive correlation between the TCGF
during July and August in the WNP and the HWD in Korea, 15 years with the
highest frequency and the lowest frequency out of the 46 years in the TCGF
time series were selected and defined as high TCGF years and low TCGF years,
respectively. According to the difference in atmospheric circulations between
the two groups, in all layers of the troposphere, anomalous anticyclonic and
cyclonic circulations were strengthened in the mid-latitude region of East Asia
and in the WNP, respectively, which was similar to the Pacific-Japan
(PJ) teleconnection pattern. The difference in the vertical meridional circula-
tion averaged over the longitude range where Korea is located showed that
anomalous upward and downward flows were strengthened in the WNP and
in the latitude where Korea is located, respectively. This implied that the local
Hadley circulation was strengthened during high TCGF years. Five hundred
hectopascal wave activity flux originated from the North Atlantic, passed
through the Scandinavian Peninsula, the North coast of Russia, and East Sibe-
ria before reaching Korea and the WNP. This spatial distribution was similar

to the Scandinavia teleconnection pattern.
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heatwaves was 48 in 2018 and 30 in 2019, which was 90.6
and 62.5%, respectively, of the total deaths caused by
meteorological disasters, recording the most heat-related
casualties in South Korea. According to Kim et al. (2014),
the average number of deaths by heatwave was 21 per
year, and the number has increased exponentially with
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the increase in heatwave days (HWD) during the last two
decades. The TC is the second most damaging natural
disaster in South Korea (after the heatwave). Moreover,
because TCs are accompanied by destructive wind and
heavy rainfall, even one can cause enormous socioeco-
nomic damage. In fact, TCs have long been the most dev-
astating natural phenomenon in South Korea (Ministry
of the Interior and Safety, 2017; 2018; 2019).

Higher global temperatures and sea surface tempera-
tures (SSTs) increase the severe weather phenomena such
as heatwaves and TCs, which are likely to become more
frequent in the future (IPCC, 2019). Consequently,
research related to these phenomena is being conducted
in the Asian region, including South Korea, and there is
concern that severe weather phenomena will increase in
strength due to climate change. However, existing studies
have mostly researched these two phenomena indepen-
dently (heatwaves: Park et al., 2008; Kim et al., 2009;
2016; Suh et al., 2016; Yeh et al., 2018; Shin et al., 2018;
TCs: Knutson et al., 2010; Choi et al., 2015; Moon
et al., 2019). Matthews et al. (2019) pointed out the need
for considering these two severe weather phenomena,
which occur in warm seasons. They found that com-
pound TC-heatwave events frequently occur, and the fre-
quency is expected to increase in the future based on
probabilistic simulations and climate change scenario
experiments in the Northwest Pacific, the South Indian,
and North Atlantic basins. They also project that highly
destructive consequences will result from successive
occurrences of TCs and heatwaves. Zhong et al. (2019)
discovered through an analysis of TCs in the western
North Pacific (WNP) and hot summer days in central
eastern China that the more frequently TCs occur, the
more hot days there are in central eastern China. They
insisted that the reason was a feedback effect between
hot summer days in central eastern China and TCs in the
western North Pacific subtropical high (WNPSH), which
dominates a large area from central eastern China to the
Pacific Ocean near eastern Japan.

There have been few studies on the complex interac-
tions between TCs and heatwaves in South Korea. How-
ever, correlations of these two phenomena have been
estimated in previous studies (Lin, 2019). Although a TC
is a mesoscale weather phenomenon, the development of
a TC depends on the influence of the surrounding large-
scale or synoptic-scale environment as it develops in the
tropical western Pacific and moves northward. Because
the TC moves along the edge of the WNPSH, expansion
of the WNPSH is an important factor in addition to the
factors affecting TCs in lower latitudes (e.g., monsoon
gyre/trough, high SST, easterlies) (Cha et al., 2014). Fur-
thermore, many studies argue that large-scale patterns in
the higher latitudes, such as the Arctic Oscillation (AO),

the North Atlantic Oscillation (NAO), and Pacific-Japan
(PJ) teleconnection patterns, influence TC activities
(Choi et al., 2010; Choi and Byun, 2010; Choi and
Moon, 2012; Kim et al., 2012; Zhou and Cui, 2014).

Heatwaves have been proven in many studies to
develop through interactions with synoptic-scale environ-
ments (Lee and Lee, 2016; Yoon et al., 2018; Lee
et al.,, 2019; Yeo et al.,, 2019; Choi et al., 2020). Lee
et al. (2020a) analysed extreme heatwaves in 2016 and
2018 and showed that the heatwave is related closely to
the WNPSH, demonstrating that it begins as the WNPSH
moves northward to the south sea of Korea, and
South Korea enters the influence of the WNPSH. Yoon
et al. (2018) and Lee et al. (2020b) classified types of syn-
optic weather patterns that cause heatwaves into three
categories. When the edge of the WNPSH is located in
Korea, heatwaves mainly occur, and the number of casu-
alties is high. Although a heatwave is sometimes caused
by an orographic influence, this is mainly limited to June,
not the peak season of heatwave occurrences. Choi
et al. (2020) and Lee et al. (2019) showed that tele-
connection and global warming related to tropical con-
vective activity contributed to heatwaves in 2016. Lee and
Lee (2016) showed that the deep convection phenomenon
of the South China Sea (SCS) provides conditions that
cause heatwaves through the Rossby wave train,
suggesting that tropical forcing is another major cause of
heatwaves.

Unlike other seasons, even if TCs generally do not
make landfall in Korea, most TCs that occur in July and
August can indirectly affect the Korean Peninsula in vari-
ous ways, such as extreme winds, storms, and heavy rains
(KMA, 2011). Recently, it has been found that the TC
occurrence/activity areas gradually move north (Kossin
et al., 2014; Choi et al., 2015; Moon et al., 2015). This
implies the increased possibility (within a relatively short
period of time) of a TC directly or indirectly affecting the
Korean Peninsula after its genesis. In addition, it is worth
noting both heatwaves and TCs may have a correlation
because the peak seasons are the same—July and August.

This study analysed the correlation between tropical
cyclone genesis frequency (TCGF) in the WNP and
heatwave days in Korea during July and August, and
investigated the possible causes in large-scale environ-
ments and atmospheric circulations. That is, this study
assumes that a correlation between the meteorological
heatwave and the TC is possible because both hazardous
phenomena occur in the summer and, in particular, TCs
are not only affected by large- to synoptic-scale patterns
in the WNP but they also influence the patterns, which
may in turn affect heatwaves in the Korean Peninsula.

Section 2 introduces the data and analysis method.
Section 3 presents the correlation between heatwaves in
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FIGURE 1 (a) Spatial (a) station and topo
distribution of data from 38°N -
observation stations, and
(b) monthly heatwave day
variations in Korea [Colour figure 87°N
can be viewed at
wileyonlinelibrary.com] 36°N -
35°N +

126°E 127°E 128°E 129°E

Korea and TC genesis in the WNP and the possible mech-
anisms causing them. Finally, section 4 summarizes these
results.

2 | DATA AND METHODOLOGY

2.1 | Data
This study used data from the Regional Specialized Mete-
orological Center (RSMC) Tokyo - Typhoon Center to
analyse TCs. In order to analyse large-scale environments
and atmospheric circulation, the National Centers for
Environmental Prediction/National Center for Atmo-
spheric Research (NCEP/NCAR) Reanalysis dataset
(Kalnay et al., 1996) was used. As for monthly global SST
analysis, the National Oceanic and Atmospheric Admin-
istration (NOAA) Extended Reconstructed Sea Surface
Temperature (ERSST) dataset (version 3) was used
(Smith et al, 2008). NOAA's interpolated outgoing
longwave radiation (OLR) was used to examine the state
of convective activity (Liebmann and Smith, 1996). Pre-
cipitation data were from the Global Precipitation Clima-
tology Project (GPCP) version 2.3 (Adler et al., 2003).
Furthermore, this study used surface air temperature
(SAT), precipitation, and Palmer Drought Severity Index
(PDSI) data recorded at 58 weather observation stations
in Korea, which can be obtained from the Korea Meteo-
rological Administration (KMA) at https://www.kma.go.
kr. Spatial distributions of the 58 weather observation sta-
tions are shown in Figure 1a. Since the Ulleung-do and
Jeju regions show unique weather characteristics of
islands, the observation data in these two regions were
excluded from this study. Since the number of weather
observation stations in Korea has rapidly increased since
1973, this study used data after 1973. The data on HWD
and tropical nights in Korea are officially provided on the
KMA website at https://data.kma.go.kr/climate/. The
KMA defines HWD as having a daily maximum
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(b) Monthly variation of HWD in Korea
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temperature of 33°C or higher, and tropical nights have
minimum temperatures of 25°C or higher. Since HWD
mainly appear in July and August, as shown in
Figure 1b, this study used July and August (J-A)
mean data.

This study also used the East Asian summer monsoon
index (EASMI) of Li and Zeng (2002, 2003, 2005), and the
western North Pacific summer monsoon index
(WNPSMI) provided on the website of the Asia-Pacific
Data Research Center (APDRC) of the University of
Hawaii (http://apdrc.soest.hawaii.edu/projects/monsoon/
seasonal-monidx.html).

The Scandinavia teleconnection index was provided
by the NOAA Climate Prediction Center at https://www.
cpe.ncep.noaa.gov/data/teledoc/scand.shtml.

In addition, the Nifio3 index provided by the NOAA
Physical Sciences Laboratory (PSL) was used, available at
https://psl.noaa.gov/gcos_wgsp/Timeseries/Nino3/.

2.2 | Methodology

The 2-tailed Student's ¢ test was used to determine the
significance of the results from this study (Wilks, 1995).
The horizontal components of stationary Rossby wave
propagation were calculated using the formula of Takaya
and Nakamura (2001). The Pacific-Japan index is defined
as the difference between two grid points (40°N, 150°E
and 25°N, 125°E) for 850 hPa geopotential height anoma-
lies (Wakabayashi and Kawamura, 2004; Kawamura and
Ogasawara, 2006).

In this study, a TC is defined as one that occurs in the
WNP and develops stronger than a tropical depression.
Furthermore, the extratropical cyclone (EC) was also
included in this study, because it causes significant
human and property damage in the mid-latitude region
of East Asia after a TC changes into an EC. The EC is
transitioned from TC using the Regional Specialized
Meteorological Centre (RSMC)-Tokyo Typhoon Center.
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3 | RESULTS
3.1 | Relationships between HWD in

Korea and TCGF over the WNP

Figure 2a shows the TCGF in the WNP and the time
series of HWD in Korea during July and August. Both
time series show distinct interannual variations, rather
than decadal variations. Meanwhile, the linear trend in
the TCGF is statistically insignificant, because it shows
little change, but HWD in Korea show an increasing lin-
ear trend due to the effect of global warming. This
increasing linear trend is significant at the 95% confi-
dence level. A close observation of these two time series
reveals an in-phase trend between the two variables.
Thus, a correlation analysis shows a strong positive corre-
lation of 0.57. This is significant at the 99% confidence
level, which means the higher the TCGF in the WNP
during July and August, the more HWD in Korea. How-
ever, this correlation may change if the linear trend is
removed from the two variables. Therefore, the correla-
tion was analysed again after removing the linear trend,
but it did not show a significant difference from the origi-
nal result (Corr = 0.55, significant at the 99% confidence
level). Furthermore, the correlation between tropical
nights in Korea and TCGF in the WNP during July and
August (not shown) was 0.60 (also significant at the 99%
confidence level).

Meanwhile, to examine in more detail the correlation
between HWD in Korea and TCGF in the WNP during
July and August, the WNP was divided into the following
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FIGURE 2 Time series of tropical cyclone genesis
s frequency (TCGF) in the western North Pacific (left):
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four areas (Figure 3a): northwest (NW), southwest (SW),
northeast (NE), and southeast (SE). This distinction was
based on 16°N, 141°E according to the average TC gene-
sis location for the 46 years under study. Among these
four areas, the one that showed the highest correlation
between TCGF and HWD in Korea during July and
August is the SE with a correlation of 0.63. This is signifi-
cant at the 99% confidence level. The next highest is the
NW area, in which the TCGF during July and August
and the HWD in Korea have a correlation of 0.52, also
significant at the 99% confidence level. The correlation
between the two variables in the other two regions is
lower than 0.25, significant at the 90% confidence level.
Consequently, the two variables tend to have a high cor-
relation only in the NW and SE areas in the WNP. This
appears to be because a monsoon trough develops from
the northwest to the southeast direction in the tropical
and subtropical WNP in general, and TCs tend to occur
along this monsoon trough (Matsuura et al., 2003).
Therefore, the TCGF time series for July and August
in the NW and SE areas were analysed (Figure 3b,c). The
time series for TCGF in the NW area shows that the lin-
ear trend changed very little during the total 46-year
analysis period (Figure 3b). However, when a correlation
analysis was conducted after removing the linear trend
from the two variables (because the linear trend of the
HWD tended to increase in Korea), it was not much dif-
ferent from the original result (Corr = 0.51, significant at
the 99% confidence level). The TCGF time series in the
SE area has a strong interannual variation in general, but
a weak interdecadal variation can be seen as well. The
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FIGURE 3

(a) Spatial distribution of correlation coefficients between HWD in Korea and TCGF in the northwest, southwest, northeast,

and southeast areas over the western North Pacific in J-A. Time series of HWD in Korea versus (b) TCGF in the northwestern area, and
(c) TCGF in the southeastern area over the western North Pacific in J-A [Colour figure can be viewed at wileyonlinelibrary.com]

time series also showed a rapidly increasing trend since
the early 2010s (Figure 3c), but very little change in the
linear trend, and the correlation did not change even
when the linear trend was removed from the two time
series (Corr 0.62, significant at the 99% confidence
level).

3.2 | Spatiotemporal distribution of air
temperature and rainfall

To examine the reasons for a high positive correlation
between the TCGF during July and August in the WNP
and HWD in Korea, 15 years with the highest frequencies
in the TCGF time series during July and August out of
the 46 years under study and 15 years with the lowest fre-
quencies in the 46 years were selected and defined as

high TCGF years and low TCGF years, respectively
(Table 1). Then, the mean difference between high TCGF
years and low TCGF years was analysed. The mean
HWD in Korea for all 46 years under study is 10.9 days;
there are only 4 years among the high TCGF years that
did not exceed the mean (1981, 1989, 1992, and 2002),
and only 4 years among the low TCGF years did not
exceed the mean (1983, 1995, 2008, and 2010). Hence, the
mean HWD in high TCGF years is 15.4 days, but the
mean HWD in low TCGF years is only 8.0 days, a differ-
ence of 7.4 days. This difference is significant at the 95%
confidence level.

Here, we examine the spatial distribution of the mean
SAT in July and August for the two groups (left panels of
Figure 4a,b). The spatial distributions of the two groups
appear similar in general. The northeast region in Korea
shows the lowest SAT, whereas the southeast inland and


http://wileyonlinelibrary.com

International Journal RMetS

CHA ET AL.

of Climatology

TABLE 1
cyclone genesis frequency (TCGF) years and low TCGF years

Heat wave days (HWD) in Korea in high tropical

High TCGF years Low TCGF years
Year HWD Year HWD
1973 16.2 1975 10.0
1978 17.0 1977 10.9
1981 9.3 1979 5.9
1989 4.7 1980 0.8
1992 6.7 1983 11.3
1994 31.1 1995 11.8
1997 12.8 1998 2.6
2000 12.4 2003 1.6
2001 12.7 2007 9.8
2002 5.9 2008 12.5
2004 16.0 2009 4.2
2013 18.5 2010 13.9
2016 22.4 2011 7.5
2017 14.4 2014 7.4
2018 31.5 2015 10.1
Average 15.4 Average 8.0

west inland areas show somewhat high SATs. However,
most areas, excluding the northeast region in high TCGF
years, show SATs higher than 30°C (left panel of
Figure 4a), whereas in low TCGF years, most areas in
Korea show SATs lower than 30°C (left panel of
Figure 4b). The difference between the two groups shows
a positive anomaly in all areas of Korea (left panel of
Figure 4c), with the largest value in the central region of
the east coast. Meteorologically, this region is known to
have relatively high temperatures during the summer
(Ko et al., 2006). The daily time series for the difference
in SAT between the two groups indicates that high TCGF
years have higher values from January to August,
whereas low TCGF years have higher values from
September to November (left panel of Figure 4d). The
largest variations in SAT during the year appear in these
two periods.

The reason SAT is high (low) may be because there
are few (many) clouds in the atmosphere, and there is a
low (high) possibility of precipitation. Hence, the spatial
distribution of total rainfall in July and August for the
two groups was analysed (right panels of Figure 4a,b). As
expected, the spatial distributions of the two groups
appear similar overall. Rainfall is relatively high in the
northern region of Korea, whereas rainfall is low in the
eastern and west coast regions. During high TCGF years,
rainfall in the northern region of Korea is only 600 mm

(right panel of Figure 4a), but during low TCGF years, it
is higher than 700 mm in that region (right panel of
Figure 4b). In particular, rainfall in the eastern region of
Korea is lower during high TCGF years. The difference
between the two groups shows a negative anomaly in
most areas, excluding the northeast coastal region and
part of the southeast coastal region (right panel of
Figure 4c). This means there was more rainfall during
low TCGF years than during high TCGF years. The larg-
est difference appears in the northeast and southeast
regions of Korea. The daily time series for the difference
in rainfall between the two groups showed a strong nega-
tive anomaly during July and August, indicating that
HWD could increase in Korea during high TCGF years
(right panel of Figure 4d).

3.3 | Large-scale environments and
atmospheric circulations

This study first analyses the difference in 2 m air temper-
ature (Air2m) between the two groups of years in Asia
(Figure 5). In the mid-latitude region of East Asia (30°-
40°N), the Air2m was higher during high TCGF years,
whereas the spatial distribution was higher during low
TCGF years in other regions. Thus, we can see from this
analysis that the increase in HWD during high TCGF
years is likely to occur in the entire mid-latitude region of
East Asia as well as in Korea. Then, East Asia was
divided into NE Asia (30°-40°N, 115°-140°E) and South
China (SC) (20°-30°N, 110°-120°E). The time series of
area-averaged Air2m in each region and the TCGF time
series during July and August in the WNP are shown in
Figure 2b,c. First, the area-averaged Air2m time series in
NE Asia shows strong interannual variations and weak
interdecadal variations (Figure 2b). The linear trend in
this time series is increasing, which is significant at the
95% confidence level. This increasing trend may be due
to the effect of global warming. Furthermore, the two
time series show an in-phase trend, and the correlation
between these two variables showed a positive correla-
tion of 0.43, which is significant at the 99% confidence
level. This implies that if the TCGF in the WNP increases
during July and August, there is a possibility that HWD
in NE Asia can increase as well. Since the two time series
show a distinctly increasing linear trend, the correlation
may change if the linear trend is removed from the two
time series. Therefore, the correlation was reanalysed
after removing the trend. As a result, the correlation was
higher than the original result (Corr = 0.46, significant at
the 95% confidence level). The area-averaged Air2m time
series in SC shows interannual and interdecadal varia-
tions (Figure 2c). This time series also shows an
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FIGURE 4 Spatial distributions of surface air temperature (left panel) and rainfall (right panel) in (a) high TCGF years, (b) low TCGF
years, and (c) high-minus-low TCGF years in J-A. (d) Five-day running time series of mean surface air temperature (left panel) and rainfall
(right panel) in high-minus-low TCGF years [Colour figure can be viewed at wileyonlinelibrary.com]
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can be viewed at wileyonlinelibrary.com|

increasing linear trend due to the effect of global
warming, which is significant at the 95% confidence level.
Furthermore, since these two time series show an out-of-
phase trend, the correlation between the two variables
was analysed. The result was —0.47, and this negative
correlation is significant at the 99% confidence level. This
indicates the possibility of a decreasing number of HWD
in the SC area where the TCGF increases during July and
August in the WNP. When the correlation was
reanalysed after removing the linear trend from the two
time series, the negative correlation was strengthened to
some extent (to —0.49, which is significant at the 99%
confidence level).

Meanwhile, the differences in air temperature
between the two groups were analysed at a lower level
(850 hPa), a middle level (500 hPa), and an upper level
(300 hPa) (left panel of Figure 6). At 850 hPa, a warm
anomaly was located in the mid-latitude region of East
Asia, the centre of which includes Korea (left panel of
Figure 6a). The warm anomaly in Korea was significant
at the 95% confidence level. In addition, a weak warm
anomaly appeared in the WNP in which TCs occur.
Although weak, this warm anomaly must have
influenced the increase in TCGF. At 500 hPa, a warm
anomaly located in the mid-latitude region of East Asia
shifted further north (left panel of Figure 6b). Thus, the
southern region of Korea was under a cold anomaly, but
this was not statistically significant. In the WNP, the area
of the warm anomaly also shifted to the north. At
300 hPa, the warm anomaly in the mid-latitude region of
East Asia moved much further north, and all of Korea
experienced a cold anomaly (left panel of Figure 6¢). That
warm anomaly in the WNP strengthened a little more
than at 850 and 500 hPa.

When both relative humidity and air temperature are
high, people tend to feel more uncomfortable. Thus, the

difference in relative humidity between the two groups
was analysed (middle panel of Figure 6). At all levels, a
negative anomaly was located over the Korean Peninsula.
This is believed to be due to evaporation of water as sub-
sidence strengthened from formation of an anomalous
anticyclone in Korea. Meanwhile, in the WNP where TCs
are generated, a positive anomaly appeared at every level.
This is an important factor in increasing the TCGF.
Gray (1975) pointed out that relative humidity at the
lower level and the middle level is one of the important
factors among the six physical parameters that influence
TC genesis.

To examine the variations in spatial distributions of
air temperature and relative humidity according to the
levels analysed above, the differences in atmospheric cir-
culations at those three levels were analysed (right panel
of Figure 6). In all layers of the troposphere, anomalous
anticyclonic circulations strengthened in the mid-latitude
region of East Asia, and anomalous cyclonic circulations
strengthened in the WNP. This was similar to the PJ tele-
connection pattern (Nitta, 1986, 1987, 1989). The PJ pat-
tern is an important pattern that influences the East
Asian climate in summer (e.g., rainfall and air tempera-
ture) and TC genesis (Choi et al., 2010). Therefore, the
correlations of the PJ index with HWD in Korea and
TCGF in the WNP during July and August were analysed
(not shown). The results showed positive correlations of
0.43 and 0.41, respectively, significant at the 99% confi-
dence level. This suggests that in Korea, subsidence
developed, and water vapour evaporated, strengthening
the anomalous anticyclone and resulting in negative rela-
tive humidity at every level. Moreover, as it moved from
the lower level to the upper level, the anomalous anticy-
clone in the mid-latitude of East Asia shifted to the north.
Consequently, as analysed above, the warm anomaly in
the mid-latitude region of East Asia shifted to the north


http://wileyonlinelibrary.com

CHA ET AL.

International Journal

Air temperature

60°N

50°N 07 50°N

40°N 40°N 1

30°N 1 o 30°N 1

-0.4
-0.5
-0.6
10°N / -07 10°N A
-0.8
EQ e & !

T T T T EQ
100°E 110°E 120°E 130°E 140°E 150°E 160°E 170°E 180

20°N

(b) 500 hPa

Relative humidity
(a) 850 hPa

100°E 110°E 120°E 130°E 140°E 150°E 160°E 170°E 180

of Climatology

EQ X4
100°E 110°E 1

60°N 1
50°N A
40°N A

30°N A

20°N A

NS
NAZ

T T T T
100°E 110°E 120°E 130°E 140°E 150°E 160°E 170°E 180

60°N

50°N

40°N

30°N

20°N

10°N /%

s,

EQ T T T T T T
100°E 110°E 120°E 130°E 140°E 150°E 160°E 170°E 180

FIGURE 6

EQ
100°E 110°E 120°E 130°E 140°E 150°E 160°E 170°E 180

-
100°E 110°E 120°E 130°E 140°E 150°E 160°E 170°E 180
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humidity and the shaded area in stream flow are significant at the 95% confidence level [Colour figure can be viewed at
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toward the upper level. Meanwhile, the anomalous
cyclone strengthening in the WNP at all three levels
became an important background to the TCGF increase.
Increased or decreased numbers of HWD in Korea
are associated with the locations of a western North
Pacific subtropical high (WNPSH) and a Tibetan high
(TH) (Wu et al., 2012). Hence, the degree of development
in the WNPSH and the TH was analysed for the two
groups of years (left panel of Figure 7). Here, the WNPSH

(red line) and the TH (blue line) are defined as areas
larger than 5,870 and 12,480 gpm, respectively. The
WNPSH strengthened to the northwest over the western
sea of Korea during high TCGF years (left panel of
Figure 6a), whereas during low TCGF years, it expanded
southwest into the southeastern region of China (left
panel of Figure 6b). The TH was located a little to the
north in high TCGF years, rather than in low TCGF
years, and further expanded to the east during low TCGF
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years. Hence, two high-pressure systems overlapped in
Korea in high TCGF years. Thus, we can see that HWD
increased as the solar radiation increased due to strength-
ening subsidence as the high-pressure systems were
located in the upper and lower layers of the troposphere
over Korea. Furthermore, during high TCGF years, the
two high-pressure systems shifted to the north, and low-
pressure systems strengthened in the WNP, thus increas-
ing the TCGF.

To examine this, the 850 hPa geopotential height
mean field was analysed for the two groups of years
(right panel of Figure 7). Here, the dashed and solid lines
indicate the monsoon trough and the ridge of the
WNPSH, respectively. The ridge of the WNPSH expanded
northwest to the northeastern region of China in high
TCGF years (right panel of Figure 7a), but in low TCGF

years, it expanded west to the eastern coast of central
China (right panel of Figure 7b). As a result, in high
TCGF years when the ridge of the WNPSH shifted more
to the north, the monsoon trough strengthened, east to
145°E (right panel of Figure 7a). By contrast, in low
TCGF years, the monsoon trough weakened, to only
130°E. This suggests that strengthening of the ridge of
the WNPSH and the monsoon trough in high TCGF years
is associated with the increase in HWD in Korea and the
increase in TCGF in the WNP during July and August.
The anomalous anticyclone strengthened in the mid-
latitude region of East Asia and the anomalous cyclone
strengthened in the WNP can be associated with local
Hadley circulation. To examine this, the difference in the
vertical meridional circulation averaged over the longi-
tude range of 120°-130°E where Korea is located was
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analysed (Figure 8a). Anomalous upward flows strength- Furthermore, the centre of anomalous downward motion
ened at 10°-30°N where the WNP is located, and anoma- at 30°-40°N was distributed at 30°-35°N where
lous downward flows strengthened at 30°-40°N where  South Korea is located, which is significant at the 95%
Korea is located. In particular, the centre of anomalous confidence level. This anomalous vertical structure
upward motion in the WNP was located at 10°-20°N,  between the WNP and Korea means that the air rising in
and this is significant at the 95% confidence level. the WNP subsides in Korea. Therefore, the TCGF can


http://wileyonlinelibrary.com

12 International Journal

CHA ET AL.

of Climatology

. (a) 850 hPa
60°N Z z
Z o~
50°N A ‘
4 Vel
40°N A

30°N

20°N

10°N

FIGURE 9 Composite differences in horizontal

divergence (units: s~'*10”) between high and low TCGF
20 years at (a) 850 hPa and (b) 300 hPa in J-A. Hatched
areas are significant at the 95% confidence level [Colour
14 figure can be viewed at wileyonlinelibrary.com]

100°E 110°E 1 20°E 1 30°E 140°E 150°E 160°E 170° 180

(b) 300 hPa

60°N
2t
S50°N 7
40°N
S30°N -;/

20°N 1

10°N 7

Rl

100° 1 10°E 120 1 30°E 140°E 150°E 160°E 170°E 180

increase in the WNP and can be an important back-
ground in which HWD can increase in Korea. As a result
of this, in the vertical structure of air temperature, a
warm anomaly appears in the lower level of 30°-40°E
where Korea is located, and in the higher level, a cold
anomaly appears (Figure 8b). This result is consistent
with Figure 6, which shows that the warm anomaly in
the mid-latitude region of East Asia shifted to the north
toward the upper level. In the vertical structure of rela-
tive humidity, a negative anomaly appeared in every level
of the latitude range for Korea (Figure 8c), and this char-
acteristic is also consistent with Figure 6.

This local Hadley circulation that developed in high
TCGF years can also be seen in the analysis of the differ-
ences in the horizontal divergence at lower and upper
levels between the two groups of years (Figure 9). At
850 hPa, a negative anomaly appeared in the WNP and a

positive anomaly appeared in the longitude range between
20°N and 30°N (Figure 9a). This means that anomalous
convergence strengthened in the WNP, and anomalous
divergence strengthened at 20°-30°N. However, Korea
showed a weak negative anomaly. At 300 hPa, a positive
anomaly strengthened in the WNP, and a negative anom-
aly was located in the longitude range between 30°N and
35°N where South Korea is located (Figure 9b). This
implies that anomalous divergence strengthened in the
WNP, and anomalous convergence strengthened in the
mid-latitude region of East Asia. Thus, such a structure of
horizontal divergence formed in the lower and upper
levels implies that the air rising in the WNP falls in the
mid-latitude region of East Asia, and this indicates the
local Hadley circulation strengthened in high TCGF years.

In summer, the more HWD, the lower the precipita-
tion, which can cause drought. Thus, the mean Palmer
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Drought Severity Index in Korea during July and August
and the time series of HWD in Korea were analysed
(Figure 10a). A smaller PDSI implies a worse drought.
The time series of the PDSI has strong interannual varia-
tions, and drought has worsened until recently due to the
effect of climate change. This linear trend is significant at
the 95% confidence level. Meanwhile, there is a distinct
in-phase trend between the two variables. An analysis of
the correlation between the two variables showed a corre-
lation of —0.60. This high negative correlation is signifi-
cant at the 99% confidence level. This means that in
Korea, drought worsens as HWD increase. The two time
series show a distinct change in the linear trend, but the
correlation did not show a significant difference from the
original correlation even when the linear trend was
removed from the two time series (Corr = —0.58, signifi-
cant at the 99% confidence level). In addition, the mean
PDSI during July and August in Korea and the time
series for TCGF in the WNP during July and August were
analysed (Figure 10b). There is a distinct out-of-phase
trend between the two variables. Analysis of the two vari-
ables showed a correlation of —0.46, significant at the
99% confidence level. This indicates that an increase in
TCGF in the WNP strengthens drought in Korea, and this
result is associated with the local Hadley circulation, as
analysed above.

The anomalous anticyclone strengthening in the mid-
latitude region of East Asia and the anomalous cyclone
strengthening in the WNP can be associated with the
EASM and the WNPSM, respectively. Hence, the time
series of HWD in Korea and the mean EASMI and
WNPSMI during July and August were analysed

Time series of the Palmer Drought Severity Index in Korea from J-A for (a) HWD and (b) TCGF

(Figure 11a,b). HWD in Korea and the EASMI showed
opposite trends. When the correlation between the two
variables was analysed, the result was —0.57 (Figure 11a).
This negative correlation is significant at the 99% confi-
dence level, implying that as the EASM strengthens
(weakens), HWD in Korea become lower (higher). The
linear trend in the EASMI showed little change. Conse-
quently, the correlation did not show a significant differ-
ence from the original result when the linear trend was
removed from the two time series (Corr = —0.56, signifi-
cant at the 99% confidence level). Chen et al. (2019) indi-
cated that, in active TC years, the EASM is stronger and
the southerly winds in the lower troposphere advance
farther north and reach higher latitudes. Meanwhile, the
monsoon rain belt remains in the lower and middle
reaches of the Yangtze River valley for a relatively short
period, leading to less precipitation there. The time series
of HWD in Korea and the mean WNPSMI during July
and August were also analysed (Figure 11b). The two var-
iables showed a distinct in-phase trend. When analysed,
the correlation was positive at 0.56 (significant at the 99%
confidence level). The WNPSMI has shown an increasing
linear trend until recently, and this increasing linear
trend is significant at the 90% confidence level. Therefore,
the correlation was reanalysed after removing the linear
trend from the two time series, and did not show a signif-
icant difference from the original result (Corr = 0.58, sig-
nificant at the 99% confidence level). The above result
suggests that an anomalous anticyclone strengthened in
the mid-latitude region of East Asia during high TCGF
years implies weakening of the EASM, and an anomalous
cyclone strengthened in the WNP implies strengthening
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Time series of HWD in Korea versus (a) the East Asian summer monsoon (EASM) index and (b) the western North Pacific

summer monsoon (WNPSM) index. Composite differences for (c) outgoing longwave radiation (W-m™2), (d) percentage of total cloud cover,

and (e) rainfall between high and low TCGF years. In (c-¢), hatched areas are significant at the 95% confidence level [Colour figure can be

viewed at wileyonlinelibrary.com]

of the WNPSM. Regarding this, Choi et al. (2016) found
that when the WNPSM strengthens, the TCGF increases,
but the EASM tends to weaken.

To examine whether the EASM weakened in the mid-
latitude region of East Asia during high TCGF years and
whether the WNPSM strengthened in the WNP, the dif-
ferences in the mean OLR, total cloud cover, and rainfall
during July and August were analysed (Figure 11c-e).
From the OLR analysis, a negative anomaly appeared in
the WNP, whereas a positive anomaly appeared in the
mid-latitude region of East Asia (Figure 11a). In particu-
lar, the centre of the positive anomaly in the mid-latitude
region of East Asia was located in the zonal direction
from central eastern China to Korea and Japan. The posi-
tive anomaly in this region is significant at the 95%

confidence level. From the above result, we can see that
convective activity strengthened in the WNP, whereas
convective activity weakened in the mid-latitude region
of East Asia. As a result, a large amount of total cloud
cover was observed in the WNP, and a negative anomaly
appeared in the mid-latitude region of East Asia
(Figure 11d). The negative anomaly in Korea is signifi-
cant at the 95% confidence level. The large amount of
cloud formed by the strengthening of convective activity
in the WNP led to a large amount of rainfall, and the
opposite characteristic appeared in the mid-latitude
region of East Asia (Figure 11e).

To examine whether the El Nifio-Southern Oscilla-
tion (ENSO) influences HWD in Korea, the difference in
mean SST during July and August between the two
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TABLE 2  Statistical result of partial correlation analysis strengthens during high TCGF years. When the analysis
Control variable  Correlation variable HWD TCGF results for the differences in velocity potential at lower
Nino3 index HWD 10 0.50 and upper levels are examined, at the lower lerel, the

centre of anomalous convergence was located in the
TCGF 0.50 1.0

east-west direction from the eastern sea of Australia to
the offshore area of Peru. At the upper level, the centre of

groups of years was analysed (Figure 12a). In general, a
strong, cold anomaly appears in the equatorial eastern
Pacific (EP), and this implies that the EP La Nifa

anomalous divergence was located in the subtropical and
tropical central Pacific (Figure 12b,c). Therefore, the cor-
relation between the Nifno3.4 index and HWD in Korea
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was analysed (not shown). These two variables showed a
correlation of —0.27 at the 90% confidence level. How-
ever, the correlation analysis between the Nifio3 index
and TCGF in the WNP during July and August showed a
correlation of —0.16, which is statistically insignificant.
However, previous studies (Cao et al, 2018; Liu and
Chen, 2018; Zhao and Wang, 2018; Wu and Wang, 2019;
Zhao et al., 2019) have suggested that there are signifi-
cant decadal changes in the correlation between WNP
TCGF/monsoon and ENSO around 1990s (not significant
before 1990s, but become significant after 1990s). Thus, a
partial correlation analysis was conducted to examine
whether the ENSO influenced the high positive correla-
tion between HWD in Korea and TCGF in the WNP dur-
ing July and August (Table 2). When the Nifio3 index
was set as a control variable, HWD in Korea and TCGF
in the WNP during July and August showed a positive
correlation of 0.50, significant at the 99% confidence
level. This result suggests that the effect of ENSO on the
high positive correlation between the two variables is
small.

3.4 | Scandinavia teleconnection pattern
To determine what causes formation of the anomalous
anticyclone in the mid-latitude region of East Asia and
formation of the anomalous cyclone in the WNP during
high TCGF years, 500 hPa wave activity flux was
analysed (Figure 13a). The wave activity flux originates
from the North Atlantic, then passes through the Scandi-
navian Peninsula and along the north coast of Russia and
East Siberia before reaching Korea and the WNP. Also,
wave activity flux moves toward north western region of
China. Analysis of the difference in the 500 hPa geo-
potential height between the two groups of years showed
a positive anomaly in the western sea of the U.K., the
Scandinavian Peninsula, the northwestern coast of
Russia, and the regions from Central Asia to the Bering
Sea (shading in Figure 13a). This spatial distribution is
similar to the Scandinavia pattern. Therefore, we can see
that the anomalous anticyclone forming in the mid-
latitude region of East Asia and the anomalous cyclone
forming in the WNP during high TCGF years are
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associated with the Scandinavia teleconnection pattern.
To examine whether HWD in Korea and TCGF during
July and August are associated with the Scandinavia tele-
connection pattern (SCAND), the Scandinavian Pattern
Climate Index (SCANDI) and the time series between the
two variables were analysed (Figure 13b,c). Both vari-
ables showed an in-phase trend with the SCANDI. The

SCANDI showed a significant positive correlation of 0.45
with HWD in Korea at the 99% confidence level
(Figure 13b). Correlation analysis with the TCGF in the
WNP during July and August was positive: 0.49 at the
99% confidence level (Figure 13c). This shows that when
the SCAND strengthens, HWD in Korea and TCGF in
the WNP during July and August increase.
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FIGURE 15

Schematic illustration of (a) 850 hPa anomalous atmospheric circulations and (b) 500 hPa wave activity flux occurring

during the high TCGF years [Colour figure can be viewed at wileyonlinelibrary.com]|

3.5 | TC activity

TCs can also influence HWD in Korea in summer. There-
fore, the differences in TCGF and TC passage frequency
(TCPF) during July and August between the two groups
of years were analysed (Figure 14a,b). The spatial distri-
bution of TCGF shows a higher genesis frequency during
high TCGF years in general (Figure 14a). In particular,
significantly large differences at the 95% confidence level
appeared in the South China Sea and the northeastern
sea of the WNP. The SCS and the northeast seas of the
WNP show significantly large differences at the 95% con-
fidence level. Meanwhile, spatial distribution of the TCPF
(Figure 14b) showed a dipole pattern. In other words, a
negative anomaly appeared in the Indochina Peninsula,
the SCS, and the southeast region of China, and a posi-
tive anomaly appeared in the remaining areas. The cause
of such a difference in spatial distribution of the TCGF
between the two groups can be seen from analysis of the
difference in the 500 hPa stream flow between the two
groups (right panel of Figure 6b). In the Indochina Penin-
sula, the SCS, and the southeastern region of China,
anomalous northerlies are strengthened by an anomalous
cyclonic circulation forming in the WNP. These anoma-
lous northerlies can play the role of steering flows that
block TCs that move toward this area. By contrast, the

mid-latitude region of East Asia (including Korea) is
influenced by anomalous southeasterlies due to anoma-
lous anticyclonic circulation, and these anomalous south-
easterlies play the role of steering flows that move TCs to
this region. This trend is associated with the location of
the WNPSH for the two groups of years (left panel of
Figure 7). TCs generally tend to move along the western
edge of a WNPSH. Since the WNPSH is extended in the
northwest to the western sea of Korea, TCs can easily
move toward Korea and the mid-latitude region of East
Asia. By contrast, during low TCGF years, the WNPSH
extends southwest toward southeastern China, and TCs
move to the Indochina Peninsula, the SCS, and the
southeast region of China. Therefore, the time series of
HWD in Korea and the TCPF in SC were analysed
(Figure 14c,d). The TCPF in Korea shows an in-phase
trend with HWD in Korea (Figure 14c), whereas it shows
an out-of-phase trend with TCPF in the SC area
(Figure 14d). In particular, the TCPF in Korea shows a
decreasing linear trend, which is significant at the 90%
confidence level. According to correlation analysis, HWD
in Korea and the TCPF in Korea show a significant corre-
lation of 0.42 at the 99% confidence level, whereas HWD
in Korea and the TCPF in the SC area show a significant
negative correlation of —0.51 at the 99% confidence level.
Therefore, we can see that the TCPF in Korea increases,
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but it decreases in the SC area during high TCGF years.
Consequently, even if the TCPF in Korea increased dur-
ing high TCGF years, it could not have contributed to
mitigating heatwaves.

4 | SUMMARY AND
CONCLUSIONS

This study analysed the correlations between TCGF in
the WNP and HWD in Korea during July and August for
the 46 years from 1973 to 2018. Analysis between these
two variables showed a strong positive correlation. This
implied that the higher the TCGF in the WNP during
July and August, the more HWD in Korea.

To investigate causes of the high positive correlation
between TCGF in the WNP during July and August and
more HWD in Korea from the above analysis results,
15 high-frequency and low-frequency years in the 46-year
TCGF time series were selected and defined as high
TCGF and low TCGF years, respectively. An analysis of
the difference in Air2m between the two groups of years
showed that in the mid-latitude region, Air2m was higher
during high TCGF years, whereas the spatial distribution
was higher during low TCGF years in other regions. This
analysis illustrates that the increase in HWD during high
TCGF years is likely to occur in the entire mid-latitude
region of East Asia as well as in South Korea.

The differences in the air temperature at the lower,
middle, and upper levels of the troposphere between the
two groups were analysed. At the lower level, a warm
anomaly was located in the mid-latitude region of East
Asia, at the centre of which Korea is located. Further-
more, the WNP, which is the area of TC genesis, showed
a weak warm anomaly. At the middle level, a warm
anomaly in the mid-latitude region of East Asia shifted
more to the north, and the area of the warm anomaly in
the WNP also shifted to the north. At the upper level, a
warm anomaly in the mid-latitude region of East Asia
moved much further north, and all of Korea was under a
cold anomaly. In the WNP, the warm anomaly strength-
ened more at the lower and middle levels. In addition,
the differences in relative humidity between the two
groups of years were analysed. At all levels, a negative
anomaly appeared over the Korean Peninsula. The rea-
son for this was subsidence that strengthened from the
formation of an anomalous anticyclone in Korea as well
as increased evaporation. By contrast, a positive anomaly
was found at every level in the WNP when a TC was
generated.

According to the differences in atmospheric circula-
tions between the two groups of years, at all levels of the
troposphere, anomalous anticyclonic and cyclonic

of Climatology

circulations strengthened in the mid-latitude region of
East Asia and in the WNP, respectively. This is similar to
the Pacific-Japan teleconnection pattern (Figure 15a).
Chen et al. (2017) indicate that summertime frequent TC
activities would create the poleward shift of the East
Asian subtropical upper-level jet (EASJ) through a stimu-
lated Pacific-Japan (PJ) teleconnection pattern as well as
the changed large-scale meridional temperature gradient.
On the contrary, in the inactive TC years, the EASJ is
often located more southward than normal with an
enhanced intensity. Therefore, TC activities over the
WNP are closely related to the location and intensity of
the EASJ in summer at the interannual time scale. Fur-
thermore, anomalous anticyclone and cyclone strength-
ening in the mid-latitude region of East Asia and in the
WNP was associated with weakening of the EASM and
strengthening of the WNPSM, respectively.

The degrees of WNPSH and TH development were
also analysed for the two groups. The WNPSH was
strengthened northwest to the western sea of Korea dur-
ing high TCGF years, whereas it extended southwest to
the southeastern region of China during low TCGF years.
The TH moved further north during high TCGF years,
compared to low TCGF years. Instead, it extended further
east during low TCGF years. Therefore, during high
TCGF years, two high-pressure systems overlapped
Korea. Thus, high-pressure systems were located at the
lower and upper levels in Korea, and the strengthening
of subsidence increased solar radiation, resulting in more
HWD. Furthermore, during high TCGF years, the two
high-pressure systems shifted north, strengthening the
low-pressure system in the WNP, thus increasing TCGF.

The differences in mean SST during July and August
between the two groups of years were analysed. In gen-
eral, a cold anomaly appeared in the equatorial eastern
Pacific, which implied strengthening of the EP La Nifia
during high TCGF years. Consequently, a partial correla-
tion analysis was conducted to examine whether the
ENSO influenced the high positive correlation between
HWD in Korea and TCGF in the WNP during July and
August. When the Nifio3 index was set as a control vari-
able, HWD in Korea and TCGF in the WNP during July
and August showed a high positive correlation. This
result suggested that the influence of ENSO on the high
positive correlation between the two variables is not
significant.

To determine the cause of the formation of anoma-
lous anticyclones in the mid-latitude region of East Asia
and the formation of anomalous cyclones in the WNP
during the high TCGF years, 500 hPa wave activity flux
was analysed (Figure 15b). The wave activity flux origi-
nated from the North Atlantic, passed through the Scan-
dinavian Peninsula, and along the North coast of Russia
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and East Siberia before reaching Korea and the WNP.
The differences in the 500 hPa geopotential height
between the two groups of years showed a positive anom-
aly in the western sea of the United Kingdom, the Scandi-
navian Peninsula, the northwestern sea of Russia, and
the areas from Central Asia to the Bering Sea. This spa-
tial distribution is similar to the Scandinavia tele-
connection pattern. Therefore, we could see that
anomalous anticyclones forming in the mid-latitude
region of East Asia and anomalous cyclones forming in
the WNP during high TCGF years are associated with the
Scandinavia pattern.

The differences in TCPF during July and August
between the two groups of years were also analysed. The
Indochina Peninsula, the SCS, and the southeastern
region of China showed a negative anomaly, whereas the
other regions showed a positive anomaly. This suggests
that TCPF could not contribute to mitigating heatwaves,
even if TCPF increased in Korea at a time when TCGF
is high.
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