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Abstract
The South Asian high (SAH) index was defined using the 200 hPa geopotential height for 1973–2019. Of the movements 
of the SAH center in the north–south, east–west, northwest-southeast, and southwest-northeast directions, the movements 
in the northwest-southeast direction showed the highest positive correlation with heatwave days (HWDs) in South Korea. 
Thirteen years with the highest values in the northwestward shift of the SAH (positive SAH years) and 13 years with the 
highest values in the southeastward shift of the SAH (negative SAH years) were selected from a time series of SAH indi-
ces from which the linear trend was removed, and the differences between these two groups were analyzed. An analysis of 
vertical meridional circulation averaged along 120°–130° E showed that in the latitude zones containing Korea, anomalous 
downward flows with anomalous high pressures formed in the entire troposphere and coincided with a positive anomaly 
of air temperature and specific humidity. An analysis of stream flows and geopotential heights showed that in the positive 
SAH years, anomalous anticyclones developed in Korea, the North Pacific, North America, Western Europe, and the Iranian 
Plateau. These anticyclones had the wavenumber-5 pattern and showed more distinct barotropic vertical structures at higher 
altitudes, which resembled the circumglobal teleconnection (CGT) pattern. The maintenance of CGT depends on the interac-
tion between the CGT circulation and the Indian summer monsoon (ISM), which has a major influence on the mid-latitude 
atmosphere. Strengthening of the ISM results in the formation of upper-level anomalous anticyclones in the northwestern 
Iranian Plateau and produces continuous downstream cells along the waveguide due to the Rossby wave dispersion. When 
diabatic heating by Indian summer monsoon precipitation is strengthened, the SAH is strengthened to the northwest of India, 
and a positive CGT pattern is formed. As a result, anomalous anticyclones formed in all layers of the Korean troposphere, 
resulting in heatwaves, tropical nights, and droughts exacerbated in South Korea.
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1 Introduction

A heatwave is a period of sweltering weather, but it lacks a 
clear definition. A heatwave is one of the most dangerous 

natural disasters and is considered a major risk factor in 
South Korea that causes many casualties. Anderson and 
Bell (2009) reported that deaths increased by approximately 
3.0% within one day of a heatwave. For example, more 
than 70,000 people died in 2003 when a record-breaking 
heatwave affected Europe (Robine et al. 2008; Schär et al. 
2004), and 14,802 of these deaths occurred in France. Dur-
ing the period, the temperature in France exceeded 40 °C 
on seven consecutive days (Fink et al. 2004; Garcia-Herrera 
et al. 2010). In Chicago, USA, approximately 600 people 
died over 5 days during a heatwave in 1995 (Klinenberg, 
1999; Semenza et al. 1996), and in California, more than 
140 people died between July 16 and 25, 2006 (Knowlton 
et al. 2009). In South Korea, approximately 3,400 people 
died from a heatwave in 1994 (Kysely and Kim 2009).

According to future climate scenarios that address global 
warming, the frequencies, durations, and intensities of 
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heatwaves are expected to increase due to changes in atmos-
pheric circulation (Meehl and Tebaldi 2004; IPCC 2013). If 
greenhouse gas (GHG) emissions follow the current trend, 
the heatwave days (HWDs) will continue to increase globally 
and in Korea until the late 21st Century (Kim et al. 2016). 
Furthermore, tropical night days (TNDs) are also expected 
to increase as the maximum, minimum, and mean air tem-
peratures increase (Hulme et al. 1994; Choi et al. 2007; Ha 
et al. 2004). Consequently, research on heatwaves has been 
actively pursued to reduce their impacts and ensure adequate 
preparation.

Studies on heatwaves in East Asia described the role of 
convective activity in the subtropical monsoon region, but 
these descriptions were not accompanied by a specific expla-
nation of the role of interannual or intraseasonal timescale 
variations. Convective activities in the subtropical monsoon 
region related to the phase of El Niño/La Niña have continu-
ous effects mostly during summer on an interannual time-
scale. On the other hand, the two primary modes (BSISO1 
and BSISO2) of boreal summer intraseasonal oscillation 
(BSISO) moving north or northwest in the Asian monsoon 
region influence the generation of heatwaves and heavy rain-
fall depending on their phase in the intraseasonal timescale 
(Hsu et al. 2016, 2017; Lee et al. 2017a, 2019).

Convective activities in the tropical and subtropical mon-
soon regions can influence heatwaves and heavy rainfall 
events in mid-latitude through various teleconnections in an 
El Niño/La Niña phase-dependent manner (Ding et al. 2011; 
Lee et al. 2011, 2017b; Lee and Ha 2015; Ha et al. 2018; 
Lee 2018; Yeo et al. 2019). When convection is active in the 
western North Pacific monsoon region, a Western Pacific-
North America (WPNA) teleconnection (or Pacific-Japan 
teleconnection) develops, and the heatwave risk increases 
when an anticyclonic circulation anomaly develops in East 
Asia (or in the Kamchatka Peninsula region) (Ding et al. 
2011). In the western North Pacific (WNP) and the East 
Asian region, the Rossby wave spreads in a meridional 
direction, and Yeo et al. (2019) called this phenomenon an 
‘M-wave teleconnection.’ The western North Pacific sum-
mer monsoon (WNPSM) exhibits active variability in the 
summer when El Niño/La Niña is neutral. In contrast, when 
convection is active in the Indian monsoon region, a circum-
global teleconnection (CGT) covering the entire northern 
hemisphere develops, increasing the risk of heatwaves in 
the East Asian region (Ding et al. 2011). When this occurs, 
Rossby wave dispersion is dominant in the zonal direction; 
hence, Yeo et al. (2019) called this a ‘Z-wave teleconnec-
tion’. Furthermore, when El Niño disappears and La Niña 
develops, as occurred in the summers of 2010 and 2016, a 
WPNA teleconnection and CGT can simultaneously influ-
ence heatwaves in East Asia (Lee 2018).

The studies on heatwaves in Korea have been conducted 
mainly using case-centered designs (e.g., Kim et al. 1998; 

Byun et al. 2006). The atmospheric structure that causes 
heatwaves in Korea has highly diverse spatiotemporal scales. 
From the perspective of large-scale atmospheric circula-
tion, the representative cause of heatwaves in Korea is an 
abnormal expansion of the western North Pacific subtropical 
high (WNPSH). For example, heatwaves were caused when 
the WNPSH, which had been heading north, settled near 
Korea under the influence of El Niño in 1987 and typhoon 
“Vanessa” in 1994 (Kim et al. 1998). Furthermore, in 2004, 
an abnormal high air temperature event occurred in Miry-
ang, Korea, when the axis of a warm area moved south due 
to WNPSH strengthening as heating in the continent was 
increased by reduced snow cover on the Tibetan Plateau and 
a secondary circulation caused by a typhoon (Byun et al. 
2006). Heatwaves can also be caused in Korea by the oro-
graphic effect, such as the Föhn phenomenon. When the 
easterly wind from the Young-Dong region in Korea causes 
a Föhn phenomenon, the Young-Seo region, west of the 
Taebaek Mountains, has high air temperature and low rela-
tive humidity (Lee 1994). Moreover, when a westerly wind 
appears in the Young-Seo region, a warm and dry atmos-
phere is formed in the Young-Dong region by a similar prin-
ciple (Kim and Hong 1996).

Yeh et al. (2018) analyzed in more detail how two tel-
econnection patterns influenced heatwaves in Korea. First, 
in the subtropical WNP region, an anticyclonic circulation 
anomaly was induced in Mongolia and an anticyclonic circu-
lation anomaly in the Kamchatka Peninsula induced by con-
vective activity exhibited blocking activity. Second, in the 
Indian monsoon region, anticyclonic circulation anomalies 
in Mongolia and the Kamchatka Peninsula were maintained 
by the CGT pattern induced by active convection. Both 
effects strengthened the anticyclonic circulation anomaly in 
Mongolia and the Kamchatka Peninsula. Consequently, hot 
and dry northerly winds flowed into Korea at the upper level, 
which increased the air temperature and caused heatwaves.

The South Asian high (SAH) is a strong and stable anti-
cyclone system over the South Asian highlands in the upper-
level atmosphere during the boreal summer. It is a significant 
component of both the Indian and East Asian summer mon-
soon systems (Yeh and Gao 1979). The CGT has high spa-
tial and temporal similarities to the teleconnection pattern 
incurred by the variations of the South Asian high (SAH), 
which is influenced by both the Indian and East Asian sum-
mer monsoon rainfall (Zhou et al. 2020).

In relation to the above studies, the present study ana-
lyzed the changes in heatwaves in Korea with respect to the 
displacement of the SAH. In Sect. 2, data and methodologies 
are introduced, and in Sect. 3, the SAH index is defined. 
Section 4 examines the relationships between changes in 
Korean heatwaves according to the SAH displacement and 
the causes of these changes. Finally, Sect. 5 provides a sum-
mary of the study.
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2  Data and methodology

2.1  Data

This study used surface air temperatures (SATs), precipi-
tations, and Palmer Drought Severity Index (PDSI) data 
obtained at 58 in-situ weather observation stations in South 
Korea. These data were obtained from the Korea Meteoro-
logical Administration (KMA) website (https:// www. kma. 
go. kr). Spatial distributions of the observation stations 
are presented in Fig. 1a, which shows stations distributed 
evenly around the country. Observational data of islands 
such as Ullengdo and Jejudo were excluded from the study 
because they exhibit unique island weather characteristics. 
Data obtained after 1973 were used because the number of 
weather observation stations increased sharply after 1973. 
The HWD and TND data used in this study are accessible 
at the KMA website (https:// data. kma. go. kr/ clima te/). The 
KMA defines a HWD as the number of days when the daily 
maximum temperature is ≥ 33 °C, and a TND as the number 
of days when the minimum temperature at night is ≥ 25 °C. 
Furthermore, the July–August mean data were used because 
HWDs usually occur in July and August in Korea (Fig. 1b). 
In Korea, TNDs also mainly occur in July and August (not 
shown).

In this study, the East Asian summer monsoon (EASM) 
index (EASMI) derived by Li and Zeng (2002, 2003, 
2005) was used. In addition, WNPSM and Indian summer 
monsoon indices (WNPSMI and ISM indices) provided 
by the Asia–Pacific data research center (APDRC) web-
site of the University of Hawaii (http:// apdrc. soest. hawaii. 

edu/ proje cts/ monso on/ seaso nal- monidx. html) were used. 
Indian Rainfall (AIR) indices were provided by the Indian 
Institute of Tropical Meteorology (IITM) website (https:// 
www. tropm et. res. in/ Data% 20Arc hival- 51- Page).

The data from the Regional Specialized Meteorologi-
cal Center (RSMC)-Tokyo Typhoon Center were used to 
analyze tropical cyclones (TCs). In addition, the National 
Center for Environmental Prediction/National Center for 
Atmospheric Research (NCEP/NCAR) Reanalysis data-
set (Kalnay et al. 1996) was used to analyze large-scale 
environments and atmospheric circulation. Monthly global 
SST data used was obtained by Extended Reconstructed 
SST analysis (version 3) by the National Oceanic and 
Atmospheric Administration (NOAA) (Smith et al. 2008), 
and the precipitation data were obtained from the Global 
Precipitation Climatology Project (GPCP) version 2.3 
(Adler et al. 2003). This study also used the 2 m air tem-
perature (T2m), which has a T62 Gaussian grid.

2.2  Methodology

A two-tailed Student’s t test was used to determine the 
significances of the results. Composite difference analy-
sis was used to study the variation of the large-scale 
environments.

A TC was defined as a TC that developed in the WNP 
above a tropical depression (TD). Extratropical cyclones 
(ECs) were included in the study because ECs are trans-
formed from TCs and have caused considerable casualties 
and property damage in the mid-latitude regions in East 
Asia.
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Fig. 1  a spatial distribution of weather observation stations in Korea and b monthly distribution of heatwave days (HWD)
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3  Definition of South Asian high (SAH) index

Figure 2a shows 200 hPa geopotential heights averaged over 
47 years (1973–2019). Here, SAH is defined as a region 
larger than 12,500 gpm. The SAH is zonally stretched from 
the Arabian Peninsula to southern China and is located 
between latitudes 20° to 30° N. In this study, SAH centers 
were defined as follows: A-area (27.5°–32.5° N, 55°–75° E), 
B-area (27.5°–32.5° N, 85°–105° E), C-area (22.5°–27.5° N, 
55°–75° E), and D-area (22.5°–27.5° N, 85°–105° E). The 
differences between east (BD-area) and west (AC-area) 
areas, south (CD-area) and north (AB-area) areas, south-
west (C-area) and northeast (B-area) areas, and northwest 

(A-area) and southeast (D-area) areas were calculated using 
the averages of these four areas.

Fig. 2  a July–August (JA) cli-
matological mean 200 hPa geo-
potential height and time series 
of b South Asian high (SAH) 
index (A area minus D area in 
a) and HWD in Korea and c 
detrended SAH index and HWD 
in Korea. In a A, B, C, and D 
denote northwestern (NW), 
northeastern (NE), southwestern 
(SW), and southeastern areas 
of SAH

Corr = 0.62
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Table 1  Correlation between each displacement of South Asian high 
(SAH) and heat wave days (HWD) in Korea

Displacement of South Asian high (SAH)

A minus D B minus C AB minus 
CD

BD minus AC

Heat wave 
days 
(HWD)

0.62 − 0.04 0.51 − 0.40
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The correlations between the movements of SAH center 
in the east–west, south-north, southwest-northeast, and 
northwest–southeast directions and Korean HWDs were 
examined using these four sets of SAH values (Table 1). 
The strongest correlation with a positive correlation coef-
ficient of 0.62 occurred when the SAH center moved in 
a northwest-southeast direction, and this correlation was 
significant at the 99% confidence level.

In addition, movements of the SAH center in a south-
north direction or an east–west direction exhibited cor-
relations of 0.51 and − 0.40, respectively, and both cor-
relations were significant at the 99% confidence level. As 
revealed by the correlation coefficients, more (less) HWDs 
correspond to northward (southward) and westward (east-
ward) shifts of the SAH, which may reflect the northwest-
ward (southeastward) movement of the SAH. Therefore, 
the south–north and east–west shifts are in accordance 
with the movement in the northwest–southeast direction. 
Indeed, Wei et al. (2015) reported that the movement of 
the SAH in the northwest-southeast direction is a domi-
nant mode for the horizontal shift of the SAH in the inter-
annual timescale. On the other hand, the correlation was 
negative and non-significant when the SAH center moved 
in a southwest–northeast direction. Therefore, this study 
investigated the relationship between the movement of 
the SAH center in the southeast–northwest direction and 
HWDs in Korea, which had the strongest correlation. The 
SAH indices represent the movement of the SAH center 
in a northwest–southeast direction and were calculated as 
follows (Wei et al. 2012, 2014):

As shown in Fig. 2a, this index is defined as a normal-
ized value of the area-mean 200 hPa geopotential height 
difference between A-area and D-area. Thus, a positive 
(negative) index means the SAH center is strengthened in 
the northwest (southeast).

Figure 2b shows the time series of the HWDs and the 
SAH indices in Korea calculated using the above equation. 
Both time series exhibited interannual and interdecadal 
variations, showed an obvious in-phase relationship, and 
were positively correlated at 0.62, which was significant 
at the 99% confidence level. The SAH index tended to 
increase weakly. These results suggest that the HWDs 
increase in Korea when the SAH is strengthened in the 
northwest direction. However, the correlation is similar 
to that of the original correlation when the linear trend is 
removed from the SAH index time series. Thus, the linear 
trend was removed from the SAH index time series, and 
the correlation between the two variables was reanalyzed 
(Fig. 2c). A high positive correlation of 0.60 was obtained, 
which was similar to that of the original correlation. This 

SAH index = Z200(A)(27.5−32.5N,55−75E) − Z200(D)(22.5−27.5N,85−105E).

correlation was also significant at the 99% confidence 
level. Therefore, this study selected 13 years with the high-
est SAH indices and removed the linear trend (hereinafter 
referred to as ‘positive SAH years’) and 13 years with the 
lowest SAH indices and removed the linear trend (herein-
after referred to as ‘negative SAH index’) (Table 2). These 
selected 26 years accounted for approximately 56% of the 
total analysis period. During the positive (negative) SAH 
years, the SAH center was strengthened in the northwest 
(southeast) directions. Among the positive SAH years, 
the HWDs were < 10 days in two (1976, 2011), whereas, 
among negative SAH years, the HWDs were ≤ 10 days 
in five years (1983, 2000, 2010, 2015, and 2019). Con-
sequently, the average HWD of the positive SAH years 
was 15.8 days, and the average HWD of the negative SAH 
years was 7.7 days. This difference of 8.1 days was signifi-
cant at the 95% confidence level. Next, this study analyzed 
the difference between the average of the positive SAH 
years and the average of the negative SAH years in the 
following section.

4  Differences between positive 
and negative SAH years

4.1  Spatiotemporal variations of SATs 
and precipitation in Korea

During the positive SAH years, most areas, excluding the 
northeastern region of Korea, had SATs of ≥ 25 °C (left 
panel of Fig. 3a), whereas, during the negative SAH years, 
most regions had SATs of ≤ 24 °C (left panel of Fig. 3b). 

Table 2  Statistics on HWD in Korea in positive and negative SAH 
years

Positive SAH years Negative SAH years

Year HWD Year HWD

1973 16.2 1979 5.9
1976 3.4 1982 8.8
1978 17.0 1983 11.3
1984 13.4 1986 5.7
1985 15.2 1987 2.1
1994 31.1 1989 4.7
1995 11.8 1991 3.8
1997 12.8 1993 0.1
2001 12.7 2000 12.4
2006 14.4 2010 13.9
2011 7.5 2014 7.4
2013 18.5 2015 10.1
2018 31.5 2019 13.8
Average 15.8 Average 7.7
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The differences between the two groups showed warm 
anomalies in most regions, even though the largest warm 
anomalies appeared along the coast (left panel of Fig. 3c). 
The time series of the difference in the daily SATs between 
the two groups showed a strong warm anomaly from July 

to early September, which suggested a high probability of 
a heatwave in Korea in the positive SAH years (left panel 
of Fig. 3d). During other seasons, the SAT values were 
higher in the negative SAH years.

SAT Precipitation

(a) Positive SAH years

(b) Negative SAH years

(c) Positive minus negative

(d)

Fig. 3  Spatial distributions of surface air temperature (SAT; °C) (left 
panel) and precipitation (mm) (right panel) in a positive SAH years, b 
negative SAH years, and c positive minus negative SAH years in JA. 

d Daily time series of SAT (°C) (left panel) and precipitation (mm) 
(right panel) in positive minus negative SAH years
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Regarding precipitation, the northern region of Korea 
experienced large precipitation of > 320 mm during the 
positive SAH years. In contrast, the southern and eastern 
coasts experienced precipitation of ≤ 240 mm (right panel 
of Fig. 3a). During the negative SAH years, large precipi-
tation of ≥ 320 mm was distributed in the southern region 
(right panel Fig. 3b). As a result, the differences between 
the two groups showed a negative anomaly in the southern 
and eastern regions and a small positive anomaly in the 
northern region (right panel Fig. 3c). The time series of 
differences in daily precipitation between the two groups 
show strong negative anomalies from early July to Sep-
tember (right panel of Fig. 3d), which were associated 
with the appearance of a warm SAT anomaly. In other 
words, the probability of a heatwave was increased by low 
precipitation during this period.

4.2  Large‑scale environments

The average 200 hPa geopotential height was analyzed in 
the positive and negative SAH years to examine the spatial 
distributions of SAHs in these years (Fig. 4). During the 
positive SAH years, the 12,560 gpm contour was located 
from Iran to northern India (Fig. 4a), but during the negative 
SAH years, it was distributed more broadly in the east–west 
direction from northeast of the Arabian Peninsula to the 
Tibetan Plateau (Fig. 4b). Thus, during the positive SAH 
years, the SAH center was located at 30° N, 58° E, whereas 
during negative SAH years, it was located at 27° N, 93° E. 
This means that during the positive SAH years, the SAH was 
located more to the northwest.

The spatial distribution of regression of 2 m air temper-
ature (T2m) against the SAH indices were also examined 
(Fig. 5a). Positive values were observed from the central 
region of China to Korea and for all of Japan. Further-
more, positive values also appeared in the Central Asia and 
North Pacific regions at 40°–50° N, which means that T2m 

Fig. 4  JA mean 200 hPa geo-
potential height a in positive 
SAH years and b in negative 
SAH years. The red dots denote 
the centers of SAH

(a) Positive SAH years

(b) Negative SAH years



1706 Y. Cha et al.

1 3

increased in this region when the SAH is strengthened in 
the northwest. Therefore, when the SAH is strengthened 
in the northwest region, there is a possibility that a heat-
wave could be generated in Korea, central China, and Japan. 
Thus, the East Asian region was divided into northeast Asia 
(30°–40° N, 120°–130° E) and South China (20°–25° N, 
100°–120° E) and the correlation between T2m averaged for 
each region and SAH indices with the linear trend removed 
was analyzed. The SAH indices and the time series of T2m 
averaged for northeast Asia showed a clear in-phase relation-
ship (Fig. 5b) with a positive correlation of 0.58, which was 

significant at the 99% confidence level. This means that the 
T2m increased (decreased) in northeast Asia when the SAH 
strengthened in a northwest (southeast) direction. A clear 
out-of-phase relationship was observed between the SAH 
indices and the T2m time series averaged for South China 
(Fig. 5c) with a significant negative correlation of − 0.47, 
which was significant at the 99% confidence level. This 
means that the T2m decreased (increased) in South China 
when the SAH strengthened to the northwest (southeast).

The differences in specific humidity between the two 
groups were then analyzed. The 850 hPa specific humidity 

Fig. 5  a regression map of 
2 m air temperature (T2m) 
against SAH index in JA and 
time series of SAH index and 
T2m in b Northeast Asia (A 
area: 30°–40° N, 120°–140° E) 
and c South China (B area: 
20°–25° N, 100°–120° E)

Corr = 0.58
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exhibited a spatial distribution with a wave train shape, 
i.e., a negative anomaly in the Arabian Peninsula, a posi-
tive anomaly in the northwestern region of India, a negative 
anomaly in west China, and a positive anomaly from central 
China to Korea and Japan (Fig. 6a). This spatial distribution 
weakened at higher altitudes (Fig. 6b, c). During the posi-
tive SAH years, the discomfort index might be expected to 
be high because the T2m and specific humidity were high in 
northeast Asia. The discomfort index is defined as (dry-bulb 
temperature + wet-bulb temperature) × 0.72 + 40.6.

The difference between the composites in the verti-
cal meridional circulation averaged along 120°–130° E, 
which includes Korea, was also analyzed (Fig. 7a). Down-
ward flows formed in 25°–35° N and were distributed in 

30°–35° N, which also contains the southern part of South 
Korea. Furthermore, positive anomalies of air temperature 
and specific humidity were distributed in 30°–50° N with 
centers located in 30°–40° N (Fig. 7b, c). As mentioned 

(a) 850 hPa specific humidity

(b) 500 hPa specific humidity

(c) 300 hPa specific humidity

Fig. 6  Composite differences in a 850, b 500, and c 300 hPa specific 
humidity between positive SAH years and negative SAH years in JA. 
The hatched areas are significant at the 95% confidence level

(a) Vertical meridional circulation

(b) Air temperature

(c) Specific humidity

Fig. 7  Composite differences of latitude–pressure cross-section of a 
vertical velocity (contours) and meridional circulations (vectors), b 
air temperature, and c specific humidity averaged along 120°–130° E 
between the positive and negative SAT years in JA. The values of the 
vertical velocity are multiplied by − 100. The dashed areas are signif-
icant at the 95% confidence level, and shaded areas denote the nega-
tive values. Contour intervals are  3−2 hPa  s−1, 0.2 °C, and 0.1 g  kg−1 
for vertical velocity, air temperature, and specific humidity, respec-
tively
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above, warm anomalies formed in all layers of the tropo-
sphere in Korea because of strengthened anomalous down-
ward flows in all troposphere layers. In addition, due to the 
positive strengthening of specific humidity in all layers of 
the troposphere, an environment was formed that favored a 
high discomfort index in Korea.

WNPSH is also associated with heatwaves. Hence, 
this study examined the spatial distributions of SAH and 
WNPSH in the two groups (Fig. 8). During positive SAH 
years, the SAH was located in 20°–40° N in a south-north 
direction and extended from eastern Japanese waters toward 
the east in the zonal direction (Fig.  8a). The WNPSH 
extended to the Shandong Peninsula in the northwest direc-
tion, and as a result, the two high-pressure systems over-
lapped in Korea. This is consistent with the above result 
that during the positive SAH years, the anomalous high 

strengthened in all layers of the Korean troposphere. Hence, 
during positive SAH years, the HWD can increase more in 
Korea, whereas during the negative SAH years, the SAH 
develops more to the southeast, and the WNPSH extended 
to the southwest (Fig. 8b), which results in an overlap of the 
two high-pressure systems in southern China. This means 
that the air temperature is likely to increase in South China 
during the negative SAH years, which is consistent with the 
above result showing that the SAH index and T2m are nega-
tively correlated in southern China.

4.3  Tropical cyclone activity

Frequent TCs can temporarily lower heatwave frequen-
cies. Therefore, this study investigated the differences in 
TC passage frequencies (TCPFs) between the two groups 
(Fig. 9). During the positive SAH years, TCs show a 
strong tendency to move from the northeastern region 
of the Philippines to central China and then to northern 
China. As found above, this occurs because the WNPSH 
develops in the northwestern direction to the Shandong 
Peninsula during the positive SAH years, whereas during 
negative SAH years, TCs mainly move from the far east-
ern sea of the Philippines to the East China Sea (ECS) and 
then to Korea and Japan, or to the west toward the Indo-
china Peninsula. As shown above, because the WNPSH 
develops in the southwest direction to South China during 
the negative SAH years, TCs move toward the Indochina 
Peninsula, or even if they move to the mid-latitude region 
of East Asia, they do not move more to the west but move 
to the northeast along the mid-latitude westerlies. Hence, 

(a) Positive SAH years

(b) Negative SAH years

Fig. 8  Spatial distributions of western North Pacific subtropical high 
(WNPSH; 5,870 gpm contour) and SAH (12,480 gpm contour) in JA. 
Red and blue lines indicate the WNPSHs and SAHs in the positive 
SAH years and negative SAH years, respectively

1.0 to -

0.0 to 0.5

0.5 to 1.0

-1.0 to -

0.0 to -0.5

-0.5 to -1.0

Fig. 9  Composite difference in the TC passage frequency (TCPF) 
between positive and negative SAH years in JA. The small squares 
inside the circles indicate that the differences are significant at the 
95% confidence level
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during positive SAH years, HWDs can increase in Korea 
due to the low TC frequencies. The number of TCs affect-
ing South Korea in the positive and negative SAH years 
are 13TCs and 19TCs, respectively.

4.4  The relationship between HWDs in Korea 
and Circumglobal Teleconnection

Figure 10 shows the results of an analysis of the differences 
in the 850, 500, and 200 hPa stream flows and geopoten-
tial heights in the two groups. In general, during positive 

(a) 850 hPa stream flows

(b) 500 hPa stream flows

(c) 200 hPa stream flows

Fig. 10  Composite differences in a 850 hPa, b 500 hPa, and c 200 hPa stream flow and geopotential height between the positive and negative 
SAH years in JA
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SAH years, anomalous anticyclones developed in Korea, 
the North Pacific, North America, Western Europe, and the 
Iranian Plateau. These anticyclones displayed the wavenum-
ber-5 pattern and a barotropic vertical structure, becoming 
more distinct at higher altitudes. This spatial distribution is 
similar to the circumglobal teleconnection (CGT) pattern 

discovered by Ding and Wang (2005, 2011), who suggested 
that maintenance of the CGT depends on the interaction 
between the CGT circulation and the ISM, which has a 
major influence on the mid-latitude atmosphere. Zhou et al. 
(2020) suggested that the maintenance of the CGT not only 
depends on the interaction between the CGT circulation and 
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(a) Positive SAH years minus Clim

(b) Negative SAH years minus Clim

(c) Positive minus negative SAH years

(d) (e)

Fig. 11  Differences in precipitation a between the positive SAH years 
and climatology, b between negative SAH years and climatology, 
and c between the positive SAH years and negative SAH years in JA. 
Time series of d HWD in Korea and East Asian summer monsoon 

(EASM) index and c HWD in Korea and western North Pacific sum-
mer monsoon (WNPSM) index. Here, climatology indicates average 
from 1973 to 2019 in JA. In a–c, dashed areas are significant at the 
95% confidence level
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the ISM but also on the effects of EASM rainfall. A strength-
ened ISM forms an upper-level anomalous anticyclone in 
the northwestern region of India and generates continuous 
downstream cells along the waveguide through Rossby wave 
dispersion.

Thus, the ISM has a major effect on the CGT pattern. 
Accordingly, this study analyzed differences in precipita-
tion between the two groups (Fig. 11). During the positive 
SAH years, compared to climatology (meaning averages for 
July and August for 1973–2019), a negative anomaly was 
formed from the southwest to the northeast from the north-
eastern region of India to Central China and then to Korea 
and Japan (Fig. 11a). On the other hand, a positive anomaly 
was formed in the Indochina Peninsula, the South China 
Sea (SCS), and the eastern region of the Philippines. The 
spatial distribution of the difference between the negative 
SAH years and climatology revealed a different pattern to 
that shown in Fig. 11a (Fig. 11b). The pattern correlation 
between the two spatial distributions was 0.88. The spa-
tial distribution of Fig. 11a can be seen more clearly in the 
spatial distribution of the difference between the positive 
and negative SAH years (Fig. 11c) and show that in Korea, 
decreased precipitation can increase the HWDs. In contrast, 
the Indian subcontinent showed a positive anomaly. Dur-
ing the positive SAH years, the negative anomaly of pre-
cipitation formed from Central China to Korea and Japan 
might mean a weakening of the EASM, whereas a positive 
anomaly of precipitation formed in the eastern region of 
the Philippines might be associated with a strengthening of 
the WNPSM. Therefore, this study analyzed the time series 
for HWDs in Korea and for the EASM and WNPSM indi-
ces (Fig. 11d, e). An obvious out-of-phase relationship was 
observed between the HWDs and EASM indices (Fig. 11d), 
but a clear in-phase relationship was observed between the 
HWDs and WNPSM indices (Fig. 11e). Consequently, the 
correlation between the HWDs and EASM indices was sig-
nificant and negative (correlation − 0.48), and that between 
HWDs and WNPSM indices was significant and positive 
(correlation − 0.51) at the 99% confidence level. This means 
that in Korea, an increase (decrease) in HWDs was asso-
ciated with weakening (strengthening) of the EASM and 
strengthening (weakening) of the WNPSM.

According to Ding and Wang (2005; 2011), the effects of 
diabatic heating due to ISM precipitation maintain a center 
of action in the northwestern region of India. Therefore, the 
CGT index was defined as the 200 hPa geopotential height 
averaged for the northwestern region of India (35°–50° N, 
60°–70° E), and the correlation between the SAH and CGT 
indices was then analyzed (Fig. 12a). The time series of 
these two indices represented the interannual and interdec-
adal variations and showed a strong in-phase tendency and 
a positive correlation of 0.51, which was significant at the 
99% confidence level. This suggests that the CGT pattern is 

developed (weakened) when the SAH is strengthened in the 
northwest (southeast). Therefore, the time series of HWDs 
in Korea and CGT, ISM, and all Indian rainfall (AIR) indices 
were analyzed (Fig. 12b–d). The CGT, ISM, and AIR indi-
ces all showed in-phase relationships with HWDs in Korea 
with significant positive correlations of 0.60, 0.53, and 0.51 
at the 99% confidence level, respectively. This means that 
the HWDs increase (decrease) in Korea when the effect of 
the diabatic heating by ISM precipitation is strengthened 
(weakened) and that CGT, ISM, and AIR are strengthened 
(weakened).

The correlation between the HWDs in Korea and T2m 
was also analyzed because the diabetic heating effect of 
ISM precipitation maintains a center of action located at 
the northwest of India (Fig. 13a). In general, the correlations 
showed a similar pattern to the spatial distribution of the 
regression of T2m against the SAH index analyzed above. 
The pattern correlation between the two spatial distributions 
exhibited a positive correlation of 0.72, which occurred 
because the HWDs in Korea and the SAH indices showed 
the strongest positive correlation (0.62) in northeast Asia. 
Furthermore, a positive correlation was also observed in the 
northwestern region of India. Therefore, the time series of 
HWDs in Korea and the T2m averaged for the northwestern 
region of India (area-A in Fig. 13a; 30°–40° N, 70°–80° E) 
were analyzed (Fig. 13b). These two variables showed a 
strong increasing trend and a distinct in-phase relationship, 
and thus, a significant positive correlation of 0.48 at the 
99% confidence level. This means that the HWDs in Korea 
are strongly correlated with the ISM variation and resulting 
CGT patterns.

4.5  Relationships between the TNDs and PDSIs 
in Korea and SAH and CGT 

The relationships between the time series of TNDs in Korea 
and SAH and CGT indices were examined (Fig. 14a, b). The 
time series of the TNDs and SAH indices showed an increas-
ing trend, particularly after 2010 (Fig. 14a) and a strong 
in-phase tendency, which resulted in a significant positive 
correlation of 0.60 at the 99% confidence level. The TNDs 
and CGT indices also showed a distinct in-phase relationship 
(Fig. 14b), resulting in a positive correlation of 0.54 at the 
99% confidence level, which suggests that, like HWDs, the 
TNDs are also strongly correlated with the ISM variations 
and resulting CGT patterns.

The higher the frequency of heatwaves, the less precipi-
tation and the worse droughts can develop. Therefore, this 
study examined relationships between the time series of 
PDSI in Korea and SAH and CGT indices (Fig. 14c, d). 
The PDSI time series and SAH indices showed a trend of 
worsening drought, particularly after 2010 (Fig. 14c) and 
a distinct out-of-phase relationship, which resulted in a 
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significant negative correlation of − 0.43 at the 99% con-
fidence level. Furthermore, the correlation between PDSI 
and CGT indices also showed a distinct out-of-phase rela-
tionship (Fig. 14d) and a negative correlation of -0.41 at 
the 99% confidence level. These results suggested that the 
HWDs, TNDs, and PDSIs were strongly correlated with the 

ISM variations and resulting CGT patterns. Indeed, both the 
northwest-southeast movement of the SAH and the main-
tenance of the CGT depend on both the ISM and the East 
Asian summer monsoon (EASM) (Wei et al. 2015). Previ-
ous studies have shown that the ISM, EASM, and SAH are 
affected by external forcing. For example, the land surface 
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processes and ocean thermal conditions significantly influ-
ence the ISM and EASM (Huang et al. 2012). The SAH 
is affected by the Indian Ocean SST, and the relationship 
between the ISM and EASM is modulated by the El Niño-
Southern oscillation.

In addition, the differences in SST between the two 
groups were investigated (Fig. 14e). The analysis showed 
the eastern Pacific (EP) La Niña, in general, the cause of 
which requires further investigation. A La Niña usually cor-
responds to a strengthened ISM, which is conducive to more 
HWDs in Korea (Zhang et al. 1999). In particular, the sea 
areas around Korea and Japan showed strong warm anoma-
lies, possibly because of a strong anomalous anticyclone in 
this region, low precipitation, and an increase in solar radia-
tion. This strong warm anomaly that appears in the sea areas 
near Korea can increase the discomfort index by providing 
heat and moisture to coastal areas of Korea.

4.6  Extreme case analysis

The years of the highest and lowest frequencies in the HWD 
time series were selected, and the above results were ana-
lyzed for these two years (Fig. 15). The highest and lowest 
HWD frequencies occurred in 2018 and 1993, respectively. 
To examine the unique characteristics of these two years, 

the differences between the climatology and these two 
years were analyzed. First, the T2m values in 2018 showed 
a warm anomaly from the Iranian Plateau and the north-
ern region of India to Central China, Korea, and Japan (left 
panel Fig. 15a), which was similar to the pattern of the above 
regression of T2m against the SAH index. The pattern in 
1993 was the near opposite of that in 2018 and showed a 
cold anomaly in the 30°-50°N region (right panel Fig. 15a). 
The correlation between these two patterns showed a nega-
tive correlation of − 0.52. Precipitation in 2018 showed a 
negative anomaly from the west to east from the northern 
region of India to Central China, Korea, and Japan (left panel 
Fig. 15b), but a positive anomaly in India, Indochina penin-
sula, South China Sea (SCS), and eastern sea of the Philip-
pines, which resembled the results presented above regard-
ing the differences in precipitation between the two groups. 
The pattern observed in 1993 exhibited a spatial distribution 
opposite to that observed in 2018, and the pattern correla-
tion between these two spatial distributions had a negative 
correlation of − 0.77 (right panel Fig. 15b). The SST in 
2018 showed a central Pacific (CP) El Niño in general and 
a warm anomaly from west to east from the sea near Korea 
to the North American western sea (left panel of Fig. 15c). 
This latter case resembled the SST differences between the 
two groups. In 1993, EP El Niño appeared in general, and 

Fig. 13  a Correlation map 
between HWD in Korea and 
T2m in JA. b Time series of 
HWD in Korea and T2m aver-
aged over area A (30°–40° N, 
70°–80° E) in a. In a, dashed 
areas are significant at the 95% 
confidence level
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a cold anomaly was observed in the west to east direction 
from seas near Korea and Japan to the north Pacific region. 
The pattern correlation between these two spatial distribu-
tions showed a negative correlation of − 0.43. In the case of 
the 200 hPa stream flows in 2018, anomalous anticyclones 
existed in Korea, North Pacific, North America, Western 
Europe, and the Iranian Plateau (left panel of Fig. 15d). This 
spatial distribution was similar to the spatial distribution of 
the difference in the 200 hPa stream flows between the two 
groups. Furthermore, the spatial distribution in 1993 was 
opposite of that observed in 2018 (right panel of Fig. 15d). 
Thus, the two spatial distributions showed a negative pat-
tern correlation of − 0.75. The TC tracks did not influence 
Korea in 2018 because the TCs moved from the eastern sea 
of the Philippines to Central China and northern or south-
ern China (left panel of Fig. 15e), which is similar to that 

observed for TCPF differences between the two groups. In 
1993, however, TCs had a substantial impact on Korea (right 
panel of Fig. 15e).

5  Summary and conclusions

The SAH indices were defined using the 200 hPa geopoten-
tial height average for 1973–2019, and the SAH centers were 
defined using four areas: A-area (27.5°–32.5° N, 55°–75° E), 
B-area (27.5°–32.5° N, 85°–105° E), C-area (22.5°–27.5° N, 
55°–75° E), and D-area (22.5°–27.5° N, 85°–105° E). The 
differences between the east (BD-area) and west (AC-area) 
areas, between the south (CD-area) and north (AB-area) 
areas, between the southwest (C-area) and northeast (B-area) 
areas, and between the northwest (A-area) and southeast 

Corr = 0.60
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Fig. 14  Time series of a tropical night days (TND) in Korea and SAH 
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years and negative SAH years. In e, the dashed areas are significant at 
the 95% confidence level
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(D-area) areas were obtained using each of these four area-
averaged 200 hPa geopotential heights. Subsequently, the 
correlations between the movements of the SAH center 
in the east–west, south-north, southwest–northeast, and 
northwest–southeast directions and the HWDs in Korea 

were examined using these four differences. The strongest 
correlation was found when the SAH center moved in the 
northwest-southeast direction. Hence, the SAH index was 
defined as the difference between the 200 hPa geopotential 
heights in the northwest and southeast regions.

2018
(a) T2m

(b) Precipitation

(c) SST

(d) 200 hPa stream flows

1993

(e) TC track

Fig. 15  Differences in a T2m, b precipitation, c SST, and d 200 hPa 
stream flow and 200 hPa geopotential height between 2018 and cli-
matology (left panel) and between 1993 and climatology (right 

panel). e TC tracks in 2018 (left panel) and 1993 (right panel). Here, 
climatology indicates the average from 1973 to 2019 in JA
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Thirteen years with a high SAH index and linear trend 
removed (positive SAH years) and 13 years with a low SAH 
index with linear trend removed were selected, and the dif-
ferences between the averages of positive and negative SAH 
years were analyzed. The differences in specific humidity 
between the two groups were examined. A spatial distribu-
tion with a wave train shape was observed, i.e., a positive 
anomaly in the northwestern region of India, a negative 
anomaly in West China, and a positive anomaly from Cen-
tral China to Korea and Japan. The discomfort index was 
extremely high during the positive SAH years in northeast 
Asia, including Korea, because of high T2m and specific 
humidity.

The difference in vertical meridional circulation aver-
ages along 120°–130° E, where Korea is located, was also 
analyzed. At 25°–35° N, anomalous high pressures and 
anomalous downward flows formed, and their centers were 
distributed in 30°–35° N, which also contains South Korea. 
This indicated that during the positive SAH years, there 
was a favorable environment in which the heatwaves could 
increase because high pressures were present in all layers of 
the Korean troposphere. Furthermore, positive anomalies 
of air temperature and specific humidity were distributed in 
30°–50° N, and their centers were in 30°–40° N.

The spatial distributions of the SAH and WNPSH were 
examined in the two groups. First, during the positive SAH 
years, the SAH was located in 20°–40° N in the meridional 

direction and extended to the eastern waters of Japan in the 
zonal direction. The WNPSH extended to the northwest of 
the Shandong Peninsula. As a result, the two high-pressure 
systems overlapped in Korea. During the negative SAH 
years, the SAH extended more to the southeast than in the 
positive SAH years, and the WNPSH extended to the south-
west. As a result, the two high-pressure systems overlapped 
in South China.

The differences in stream flows and geopotential heights 
between the two groups were also analyzed. In general, dur-
ing the positive SAH years, anomalous anticyclones devel-
oped in Korea, North Pacific, North America, Western 
Europe, and the Iranian Plateau. These anticyclones show 
the wavenumber-5 pattern and a barotropic vertical structure 
that became more distinct at higher altitudes. This spatial 
distribution was similar to the CGT pattern discovered by 
Ding and Wang (2005, 2011) (Fig. 16), who suggested that 
maintenance of the CGT patterns depends on the interac-
tion between the CGT circulation and the ISM, which has a 
major effect on the mid-latitude atmosphere. ISM strength-
ening generates an upper-level anomalous anticyclone in the 
northwestern region of India and a continuous downstream 
of cells along the waveguide through the Rossby wave 
dispersion. In short, the ISM substantially influences the 
CGT patterns. Accordingly, this study analyzed the differ-
ences in precipitation between the two groups. A negative 
anomaly was formed from southwest to northeast from the 

Fig. 16  Schematic diagram of 
200 hPa anomalous atmospheric 
circulations occurring during 
the positive SAH years. “AH” 
indicates an anomalous high
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northeastern region of India to Central China and then to 
Korea and Japan, whereas a positive anomaly was formed in 
the Indochina Peninsula, SCS, and the eastern Philippines. 
In contrast, the Indian subcontinent showed a positive anom-
aly. A negative anomaly formed from Central China to Korea 
and Japan during the positive SAH years, implying EASM 
weakening. The positive anomaly formed in the eastern Phil-
ippines and was associated with WNPSM strengthening.

According to Ding and Wang (2005, 2011), the effects 
of diabatic heating of ISM precipitation maintain the center 
of action in the northwestern region of India. Therefore, the 
CGT index was defined by the 200 hPa geopotential height 
averaged for the northwestern region of India, and the cor-
relation between SAH and CGT indices was analyzed. These 
two variables showed a positive correlation of 0.51, meaning 
that the CGT pattern developed (weakened) when the SAH 
strengthened to the northwest (southeast).

This study analyzed the correlations between the TNDs 
in Korea and the SAH and CGT indices. The TNDs and 
SAH or CGT indices showed positive correlations of 0.60 
and 0.54, respectively. This suggests that the TNDs, like the 
HWDs, are strongly correlated with the ISM variations and 
resulting CGT patterns.
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