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Abstract

This study examined the relationship between heatwaves in Korea and block-

ing in the Sea of Okhotsk (OK) region, which significantly influences the

Korean climate in summer. According to the analysis, negative correlations

were observed between the blocking frequency in the OK region and heatwave

days (HWD) and the surface air temperature (SAT) in Korea over the past four

decades (1979–2018). These negative correlations suggest that when the block-

ing frequency in the OK region increases in summer, the HWD and SAT

decrease in Korea. This study selected 10 years of high blocking frequency

years (high BF years) and 10 years of low blocking frequency years (low BF

years) and analysed the differences between the two groups to explain the neg-

ative relationship between the HWD in Korea and the blocking frequency in

the OK region. The difference between the two groups revealed strong anoma-

lous anticyclonic and cyclonic circulations that developed in the north Siberia

region and northeast Australia (NEA), respectively, throughout all layers in

the troposphere. The large anomalous anticyclonic pattern in the North Siberia

region was related to the blocking high, while the anomalous cyclonic pattern

that developed in NEA was related to the East Asian summer monsoon

(EASM) front. The difference in the sea surface temperature (SST) between the

two groups was also analysed. In the North Atlantic Ocean, a tripole structure

appeared with a cold anomaly in the high latitudes, a warm anomaly in the

mid-latitudes and a cold anomaly again in the low latitudes, which is a typical

spatial distribution of the SST anomaly related to the positive North Atlantic

Oscillation (NAO) phase.
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1 | INTRODUCTION

The unusually high summer temperature has a substan-
tial negative impact on human health and hygiene, as
well as on all aspects of daily life and social activities.
Heatwaves refer to extremely high temperatures lasting

for several days, which can cause heat stress and, even
worse, heat stroke to humans and ecosystems. In addi-
tion, heatwaves at night aggravate heat stress, reducing
work efficiency and quality of life by interfering with
comfortable sleep. Recently, abnormal and record-high
heatwaves have increased in the Korean Peninsula, and
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various damage has been reported. In particular, abnor-
mally high temperatures in 1994 and 2018 focused atten-
tion on heatwaves (Yeh et al., 2018; Ha et al., 2020). In
2018, a strong and long-lasting heatwave with record-
breaking surface daily maximum temperature was
observed in Korea. The daily maximum temperature in
Seoul, the capital of the Republic of Korea, reached a his-
torical record of 39.6�C. In Hongcheon, a rural area in
Gangwon Province, the daily maximum temperature rose
to 41.0�C, setting a national record. In addition, a
national average daily maximum temperature of over
33�C was recorded for 31.5 days and tropical nights with
a daily minimum temperature of over 25�C, which lasted
for 17.7 days. The recent scenario study (IPCC Six assess-
ment report) using climate models has suggested that the
heatwave frequency will increase globally in the 21st cen-
tury according to global warming (National Institute of
Meteorological Studies (NIMS), 2016).

Kim et al. (1998) reported that heatwaves occur when
the Korean Peninsula is located in the center of the high
pressure followed by the abnormal movement of western
North Pacific subtropical high (WNPSH) to the north,
resulting in adiabatic compression along with the down-
ward flows, causing high temperatures in the region. Byun
et al. (2006) attributed the abnormal heat in the southeast-
ern inland region of South Korea (Miryang area) in 2004
to the stronger-than-normal development of WNPSH,
resulting from the second circulation induced by typhoons
and the reduced snow cover over the Tibetan Plateau.
They insisted that these produced a high pressure in the
southwest sea of Korea, resulting in the movement of the
axis of the high-temperature area to the south. They exam-
ined the causes of the high-temperature event in terms of
the meso-to-large-scale atmospheric circulation.

Several studies have examined the high temperatures
caused by local effects in South Korea. Lee (1994)
reported that the high temperatures in the western part
of the Taebaek Mountains, which crosses the Korean
Peninsula from north to south, are caused by topographi-
cal effects called the föhn phenomenon when easterlies
are crossing the mountain range. Kim and Hong (1996)
showed that high temperatures appeared in the eastern
part of the range when the westerlies crossed the moun-
tains for the same reason. Kim and Min (2001) reported
that adiabatic heating caused by the downward sinking
flows, which formed to compensate for the upward rising
flows climbing on the slopes of mountains when the
westerly wind blew, is a major local mechanism for the
high temperatures in the Daegu region, an inland basin
in the southeastern part of the Korean Peninsula. They
insisted that the temperature rise enhanced by the terrain
effect was up to 10 times or higher than that without the
terrain. Lee (2003) reported that the temperature on the

west coast was higher than that on the east coast when the
easterly wind blew in summer. The föhn phenomenon was
likely to occur in the western slope of the Taebaek Moun-
tains that cross the Korean Peninsula from north to south
along the east coast because of relatively high-saturated
vapour pressure and cloud cover in the east coast. These
studies show that topographical influences can contribute
to localized high temperatures in South Korea.

Studies on the causes of heatwaves in Korea have
increased in recent years owing to the recent increase in
the intensity of heatwaves and accelerating global
warming. Lee and Lee (2016) analysed the interannual
variation of heatwaves in Korea and the related large-scale
atmospheric circulation patterns. Kim et al. (2019) investi-
gated the effect of diabatic heating over the Indian subcon-
tinent and the Tibetan Plateau sensible heat on heatwaves
in Korea. Yeo et al. (2019) showed that most heatwaves in
Korea could be classified into two types based on the spa-
tial pattern of atmospheric circulation anomalies: zonal
and meridional wave types. Yoon et al. (2020) divided the
synoptic pattern caused by the heatwave events during the
recent 38 years (1981–2018) into three clusters utilizing a
clustering method. They analysed the trend of the
heatwaves in each cluster. Yeh et al. (2018) examined the
causes of the record-breaking heatwave in 2016 in Korea.
They suggested that the heatwave was caused by blocking
that developed in the Kamchatka Peninsula. Lim and
Seo (2019) developed a statistical model to predict an
extreme summer temperature in Korea using the sea sur-
face temperature (SST) in North Atlantic, western North
Pacific and eastern North Pacific. Hong et al. (2018) exam-
ined the features of the large-scale atmospheric circula-
tion, which caused the heatwaves and tropical nights in
Korea. Tropical nights are defined as the number of days
with the lowest night temperature above 25�C. Ha
et al. (2020) made an effort to define the cause of the
unprecedentedly hot summer in 2018. They singled out
the continuation of the anticyclone, which was strong and
extended to the northwest of Korea by August 2018, as the
cause of the extraordinarily hot 2018.

On the other hand, except for a few case studies, few
studies on climatological analysis on the relationship
between heatwaves in Korea and summer blocking have
been reported. Therefore, this study examined the cli-
matic effect of blocking in the Okhotsk Sea region, which
is believed to be a major cause of summer heatwaves on
the Korean Peninsula.

In Section 2, the data and analysis methods are intro-
duced. Section 3 explains the relationship between summer
blocking frequency and heatwaves in Korea. The blocking
mechanism in the Sea of Okhotsk region, which is the
cause of the heatwaves in Korea, is presented in Section 4.
Finally, Section 5 reports the conclusions of this study.
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2 | DATA AND METHODOLOGY

2.1 | Data

This study utilized the surface air temperature (SAT) and
precipitation observed at 58 in situ weather stations in
South Korea and the Palmer Drought Severity Index

(PDSI) data obtained from those observations. These data
were obtained from the website (https://www.kma.go.kr)
of the Korea Meteorological Administration (KMA).
Figure 1a presents the spatial distribution of 58 weather
observation stations. The data observed on islands far
from the Korean Peninsula were excluded from the anal-
ysis, assuming that their characteristics were different

FIGURE 1 (a) Topography (unit: m) and spatial distribution of weather observation stations in Korea. Climatology of the blocking

frequency in (b) June, (c) July, (d) August and (e) June–August (JJA) for the period of 1979–2018. The red dashed line indicates the average

for all longitudes. ‘NE’, ‘UR’, ‘OK’ and ‘NP’ denote North Europe, Ural region, Okhotsk Sea and northeastern Pacific, respectively [Colour

figure can be viewed at wileyonlinelibrary.com]
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from those of inland areas. The number of HWDs and
tropical night days (TNDs) in Korea were provided offi-
cially on the website of the KMA (https://data.kma.go.kr/
climate/). The KMA defines the HWD as the number of
days with daily highest temperatures above 33�C and the
TND as the number of days with lowest night tempera-
tures above 25�C.

For the analysis of large-scale environments and
atmospheric circulation, the Reanalysis-2 (R-2) daily
and monthly average data from 1979 to 2018 distri-
buted by the National Centers for Environmental
Prediction (NCEP)-Department of Energy (DOE) were
used (Kanamitsu et al., 2002). The data have a latitude–
longitude 2.5� × 2.5� grid horizontal resolution and
17 vertical layers. The monthly global SST data were
from National Oceanic and Atmospheric Administra-
tion (NOAA) Extended Reconstructed SST analysis
(version 3; Smith et al., 2008). The NOAA interpolated
outgoing longwave radiation (OLR) was used for the
convective activity analysis (Liebmann and Smith,
1996). The precipitation data used were obtained from
Global Precipitation Climatology Project (GPCP) ver-
sion 2.3 (Adler et al., 2003). The East Asian summer
monsoon (EASM) index (EASMI) used in this study
was the one used by Li and Zeng (2002, 2003, 2005).
The EASMI was defined using the Dynamical Normal-
ized Seasonality (DNS) index of Li and Zeng (2002,
2003, 2005). The basic concept of the DNS index is
based on the intensity of the normalized seasonality of
wind fields. Since monsoons have very strong seasonal
variations of wind directions defining strong and weak
monsoons using the magnitude of the seasonality of
wind fields is reasonable. Using this basic concept of
monsoons, the DNS index is calculated through the fol-
lowing equation.

δmn=
V1−Vmn

�� ��

V
�� �� −2

where, V1 and V refer to the January climatological wind
vector and the January and July climatological wind vec-
tors respectively and Vmn refers to the monthly wind vec-
tor for year n and month m. Hereinafter, the EASMI is
defined as the area-averaged seasonally (June–August)
DNS at 850 hPa in the East Asian monsoon domain (10�–
40�N, 110�–140�E).

2.2 | Methodology

In this study, tropical storm (TS) developed in the west-
ern North Pacific whose maximum sustained wind

speed (MSWS) was more than 17 m/s is defined as
TC. In addition, in this study, the cyclone, which was
once a TC in the low latitudes and then downgraded to
an extratropical cyclone (EC) as it moved northward, was
also considered a TC because it could still cause signifi-
cant damage.

A two-tailed Student's t-test was used to determine
the significance of the results in this study (Wilks, 1995).
In this study, summer means June, July and August. The
duration of Changma, called Meiyu in China and Baiu in
Japan, was defined as the period from when precipitation
related to the rainy season began in the southern part of
the Korean Peninsula to when it ended in the central part
of the peninsula.

2.3 | Definition of the blocking index

The blocking in this study was defined using the index
employed in the meridional geopotential height gradients
proposed by Barriopedro et al. (2006). This index is based
on the method proposed in Tibaldi and Molteni (1990)
and used in many previous studies (e.g. You and
Ahn, 2012; Park and Ahn, 2014; Choi and Ahn, 2017; Lee
and Ahn, 2017). The daily blocking index was calculated
using the daily averaged 500 hPa geopotential height
obtained from R-2. For each longitude, the northern
500 hPa geopotential height gradient (GHGN) and the
southern 500 hPa geopotential height gradient (GHGS)
are defined as follows:

GHGN λð Þ= Z λ,ϕNð Þ−Z λ,ϕ0ð Þ
ϕN−ϕ0

GHGS λð Þ= Z λ,ϕ0ð Þ−Z λ,ϕSð Þ
ϕ0−ϕS:

ϕN ¼ 77:5�NþΔ,ϕ0 ¼ 60:0�NþΔ,ϕS ¼ 40:0�NþΔ,
Δ¼ −5:0�, −2:5�,0:0�,2:5�,or
5:0�

where Z(λ,ϕ) refers to the 500 hPa geopotential height
at longitude (λ) and latitude (ϕ). A given longitude is con-
sidered blocked if GHGN(λ) and GHGS(λ) simulta-
neously satisfy the following conditions over at least one
of the five different reference latitudes:

GHGN<−10m �latitude−1� �
,

GHGS>0m �latitude−1� �

Finally, the blocking event occurred when the above
conditions were maintained for at least 5 days in a given
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longitude. The blocking frequency (BF) means the ratio
of blocking days to the total number of days.

Figure 1b–e shows the climatological summertime
BFs in the longitude in the northern hemisphere. Regions
with high BF were Northern Europe (NE, 0�–50�E), Ural
region (UR, 50�–80�E), Sea of Okhotsk (OK, 120�–160�E)
and Northeastern Pacific (NP, 160�–130�W). The above
result is similar to that reported by Park and Ahn (2014).
The climatological BFs in the above regions tended to
decrease in summer, particularly in the order of June,
July and August. This study examined the relationship
between blocking and heatwaves in Korea during June to
August in the OK region, which has the most influence
on the Korean climate in summer.

3 | RELATIONSHIP BETWEEN
BLOCKING FREQUENCY AND
HEATWAVE DAYS

Figure 2a shows the time series of the blocking frequency
in the OK region in summer and HWDs in Korea from
June to August. The blocking frequency showed an
increasing tendency up until now. This increasing ten-
dency was statistically significant at the 90% confidence

level. The trend of the blocking frequency was 0.06 yr−1.
The HWD also showed a strong increasing tendency,
which was significant at the 95% confidence level. The
trend of the HWD was 0.2 day�yr−1. The out-of-phase
relationship between these two variables was obvious.
According to the correlation between the two variables, a
negative correlation of −.46 was formed, which was sig-
nificant at the 99% confidence level. This negative corre-
lation suggests that the number of HWDs in summer in
Korea decreased when the blocking frequency increased.

The time series of the blocking frequency in the OK
region during summer and the number of TND in Korea
in summer were also analysed (Figure 2b). The number
of TND showed an increasing tendency until now, and
this increasing tendency was significant at the 99% confi-
dence level. The trend of TND is 0.2 day�yr−1. The out-of-
phase tendency was also obvious between the two vari-
ables. Thus, the correlation between the two variables
was analysed. As a result, a negative correlation of −.43
was observed, which was significant at a 99% confidence
level. This negative correlation means that if the blocking
frequency increased in the OK region during summer,
the summer TNDs decreased in Korea.

This study analysed the time-series of observed SAT
averaged over 58 weather observation stations in Korea

r = -0.46
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during June to August with a blocking frequency in the OK
region during the same months (Figure 2c). The summer
SAT in Korea showed a steady increase, and the increasing
tendency was significant at the 99% confidence level. The
trend of SAT was 0.2�Cyr−1. In addition, the out-of-phase
tendency was clear between the two variables. Thus, the
correlation between the two variables was analysed. As a
result, a negative correlation of −.48 was revealed, which
was significant at the 99% confidence level. The summer
SAT decreased in Korea when the blocking frequency
increased in the OK region during summer.

This study selected the 10-year high blocking frequency
years (high BF years) and 10-year low blocking frequency
years (low BF years) and analysed the difference between
the two groups to explain the reduction in the number of
HWDs in Korea when the blocking frequency in summer
in the OK region increased. The selected 20 years
accounted for half of the total analysis period, which was
40 years. As listed in Table 1, the average number of
HWDs was 5.8 and 12.5 days in the high and low BF years,
respectively; the number of HWDs in the low BF years
was more than twice that in the high BF years. The differ-
ence in the average number of HWDs between the two
groups was significant at the 95% confidence level. The
number of average TNDs in the high BF and low BF years
was 3.8 days and 7.2 days, respectively; the number of
TNDs in the low BF years was also more than double that
in the high BF years. The difference in the average TNDs
between the two groups was significant at the 95% confi-
dence level. The results in Table 1 suggest that the summer
HWDs decreased (or increased) as the blocking frequency
increased (or decreased) in the OK region in summer, as
exhibited in the above correlation analysis results.

4 | DIFFERENCES BETWEEN
HIGH BF YEARS AND LOW BF
YEARS

4.1 | Spatiotemporal variation of
precipitation and SAT

The left panel of Figure 3 shows the average spatial distribu-
tion of precipitation in the high BF frequency (Figure 3a),
the average spatial distribution in the low BF years
(Figure 3b), and the spatial distribution of the difference in
the average precipitation between high and low BF years
(Figure 3c). In the high BF years, more than 300 mm of pre-
cipitation occurred in the southern and northern regions
except for the central part of South Korea (left panel of
Figure 3a). In the low BF years, however, less than 300 mm
of precipitation occurred in most regions in South Korea
(left panel of Figure 3b). In particular, very little precipita-
tion (148 mm) occurred in the east coast region. The differ-
ence in precipitation between the high and low BF years
showed a positive anomaly in most regions except for the
central region on the west coast (left panel of Figure 3c).
The difference in the daily precipitation between the two
groups shows that more precipitation occurred in the high
BF years from July to mid-August (left panel of Figure 3d).
This difference is significant at the 95% confidence level.

In the spatial distribution of SAT in the high BF years,
most regions in South Korea exhibited a temperature
below 25�C. The lowest SAT was revealed in the northern
region of the east coast (right panel of Figure 3a). In the
low BF years, the SAT was 25�C or higher in most regions
except the northeast region. The highest SAT was observed
in the southwest region (right panel of Figure 3b). The
spatial distribution of the difference in the SAT between
the high and low BF years revealed a cold anomaly in all
regions in South Korea (right panel of Figure 3c). The low-
est cold anomaly was revealed along the east coastline. In
the time series of the difference in the daily SAT between
the two groups, a lower SAT was noted in the high BF
years from June to mid-November than in the low BF
years. The most significant difference was revealed in July
to August (right panel of Figure 3d). This difference is sig-
nificant at the 95% confidence level. This means that SATs
decreased more in the high BF years than in the low BF
years because of higher precipitation in the high BF years,
which was related to the decrease in HWDs.

4.2 | Large-scale environments

Figure 4a shows the difference in 2 m air temperature
(Air2m) between the two groups in the Asian regions in
summer. Overall, Northeast Asia (NEA) and some

TABLE 1 Statistics of heatwave days (HWD) and tropical night

days (TND) on high and low BF years

High BF years Low BF years

Year HWD TND Year HWD TND

1981 9.3 5.4 1979 5.9 4.0

1991 3.8 3.9 1984 13.4 6.6

1993 0.1 0.2 1985 15.2 4.6

1998 2.6 6.1 1987 2.1 2.0

2001 12.7 6.5 1994 31.1 17.7

2002 5.9 3.2 1997 12.8 6.0

2003 1.6 1.4 1999 5.6 2.4

2009 4.2 2.9 2005 10.6 5.7

2014 7.4 3.3 2007 9.8 7.0

2015 10.1 4.9 2013 18.5 15.9

Average 5.8 3.8 Average 12.5 7.2
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regions in the Tibetan Plateau showed a cold anomaly at
the 95% confidence level, whereas most other regions,
except for these two regions, showed a warm anomaly.
The warm anomaly was significant in North Siberia at
the 95% confidence level. In addition, the cold anomaly
was particularly evident in NEA at the 95% confidence
level. This means that Air2m was lower in all regions in
NEA, including South Korea, during the summer high
BF years. Thus, the time-series of area-averaged Air2m in
NEA and blocking frequency were analysed (Figure 4b).
The analysis results showed a steady positive trend in
NEA until now. This positive trend was significant at the
90% confidence level. The trend of the blocking frequency
was 0.06 yr−1 and the trend of Air2m was 0.02�Cyr−1.
The out-of-phase relationship was clear between the two
variables. Accordingly, the correlation between the two
variables was analysed. A negative correlation of −.48
was revealed that significant at the 99% confidence level.
As the blocking frequency increased in the OK region
during summer, Air2m decreased in NEA. Even after
removing the linear trends from the two time series,
there was no significant difference from the original cor-
relation coefficient (r = −.46, which was significant at the
99% confidence level).

The present study compared the differences in sum-
mer air temperatures in the lower, middle and upper

troposphere in the two groups (left panel of Figure 5). A
clear cold anomaly was revealed in NEA at the 850 hPa
level at the 95% confidence level (left panel of Figure 5a).
In particular, the largest warm anomaly was revealed in
Northern Siberia at the 95% confidence level. At the
500 hPa level, the cold anomaly area was shifted slightly
to the north (left panel in Figure 5b). On the other hand,
the largest cold and warm anomalies were located in the
NEA and North Siberia regions, respectively. At the
300 hPa level, the cold anomaly region was shifted much
more to the north than that in the lower and middle tro-
posphere (left panel of Figure 5c). Thus, NEA exhibited a
weak warm anomaly, whereas the North Siberia region
showed a strong cold anomaly.

This study compared the differences in the relative
humidity in summer in the lower, middle and upper tro-
posphere between the two groups (right panel of
Figure 5). The analysis results showed a positive anomaly
in Korea and Japan in the lower, middle and upper tropo-
spheres. This was attributed to the effects of more precip-
itation in the high BF years than in the low BF years, as
discussed above. This suggests that the high BF years
were affected by colder and wetter air in NEA than in the
low BF years.

This study also analysed the difference in the stream
flows in summer in the lower, middle and upper
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troposphere between the two groups (left panel of Figure 6).
In all layers of the troposphere, strong anomalous anticy-
clonic circulations developed in the North Siberia region at
the 95% confidence level, and anomalous cyclonic circula-
tions developed in the NEA at the 95% confidence level.
The anomalous anticyclone in the North Siberia region was
related to the blocking high, while the anomalous cyclone

that developed in NEA was related to the East Asian sum-
mer monsoon (EASM) front. This was related to the
decrease in the number of HWD because of the strong
development of EASM precipitation in Korea when the
blocking frequency increased in the OK region during sum-
mer. On the other hand, an anomalous southeasterly wind,
which was characterized by warm air, was positioned in the
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North Siberia region. An anomalous southwesterly wind,
which represented warm air, developed in NEA at the
850 hPa level, whereas an anomalous easterly wind or
anomalous northeasterly wind, which represented cold air,
developed in the North Siberia region.

This study analysed the difference in summer temper-
ature advection in the lower, middle and upper tropo-
sphere between the two groups (right panel of Figure 6).
The cold temperature advection anomaly was revealed in
South Korea and the north and west sides of South Korea
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in all layers of the troposphere at the 95% confidence
level. This was attributed to the anomalous northwesterly
wind, which was a cold air from the north and west sides
of South Korea. This result was also related to the reduc-
tion in the number of HWDs in Korea when the blocking
frequency increased in the OK region in summer.

The difference in the summer OLR between the two
groups showed that the convection developed in the mid-
latitude region of East Asia (Figure 7a). This was related
to the EASM front. The convection was weakened in the
west region of the western North Pacific (WNP), whereas
the convection was strengthened in the east region of the
WNP. The positive total cloud cover (TCDC) was present
in NEA due to convection strengthening with regard to
the difference in TCDC in summer between the two
groups (Figure 7b). The positive anomaly was also pre-
sent in the mid-latitude region in East Asia with regard

to the difference in the 850 hPa specific humidity between
the two groups at the 95% confidence level (Figure 7c). As
a result, positive precipitation was revealed in the mid-
latitude region in East Asia with regard to the difference in
summer precipitation between the two groups (Figure 7d).
These results indicated that the increase in precipitation
due to the convectional strengthening in Korea during the
high BF years led to a decrease in the number of HWDs.
In addition, negative and positive precipitation anomalies
were formed in the west and east regions of the WNP,
respectively. The difference in the summer rain duration
and Changma duration in Korea between the two groups
was analysed (Table 2). The high BF years average rain
duration was 42.6 days, and the average rain duration in
the low BF years was 35.5 days, showing an approximately
7 days difference between the two groups. The average
Changma duration in the high and low BF years was 36.0
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and 28.3 days, respectively, showing that the average
Change duration in the high BF years was 7 days longer
than that of the low BF years. The difference in Changma
duration between the two groups was significant at the
95% confidence level. Thus, the high BF years had longer
rain and Changma durations, indicating that the longer
durations may cause a greater reduction in the number of
HWDs during the high BF years.

The difference in the vertical meridional circulation
averaged over the NEA longitude (125�–145�E) between
the two groups showed that anomalous upward flows
developed in the latitudinal band of 30�–40�N, which is
the latitude band where Korea is located (Figure 8a). In
particular, the center of the anomalous upward flows
strongly developed in 30�–35�N, where South Korea is
located, in which the vertical velocity was significant at
the 95% confidence level. This is consistent with the
result showing that the precipitation in Korea increased
in the high BF years as analysed above. The difference in
the temperature averaged over the longitude (125�–
145�E) of NEA displayed a cold anomaly at 30�–40�N,
where Korea is located (Figure 8b). This was attributed to
the increase in precipitation in Korea in the high BF
years, as analysed above. This cold anomaly tended to tilt
toward the north as it was closer to the upper tropo-
sphere. The difference in relative humidity averaged over
the longitude (125�–145�E) of NEA between two groups
showed a positive anomaly at 30�–50�N, and the stron-
gest positive anomaly was located at 30�–40�N at the 95%
confidence level, where Korea is positioned. This positive
anomaly was attributed to the increase in precipitation in
Korea in the high BF years, as analysed above.

This study also analysed the time series of the block-
ing frequency with a 500 hPa geopotential height (Z500),

TCDC, sensible heat net flux (SHTFL) and PDSI, which
were area-averaged over Korea (32.5�–47.5�N, 125�–135�E;
Figure 9a). First, Z500 tended to increase up until now,
and the increasing tendency was significant at the 90%
confidence level (uppermost panel of Figure 9a). The out-
of-phase relationship with the blocking frequency was
clear. Therefore, the correlation between the two variables
was analysed. As a result, a negative correlation of −.48
was revealed, which was significant at the 99% confidence
level. This result suggests that when the blocking fre-
quency increased in the OK region in summer, Z500
decreased in Korea. Second, TCDC tended to decrease up
until now, which was significant at the 90% confidence
level (second panel of Figure 9a). The in-phase relation-
ship with the blocking frequency was clear. Thus, the cor-
relation between the two variables was analysed. A
positive correlation of .49 was observed, which was signifi-
cant at the 99% confidence level. This means that as the
block frequency increased in the OK region during sum-
mer, TCDC also increased in Korea. Third, SHTFL showed
no significant trend change (third panel of Figure 9a). The
out-of-phase relationship with the blocking frequency was
clear. Thus, the correlation between the two variables was
analysed. As a result, a negative correlation of −.51 was
revealed, which was significant at the 99% confidence
level. This means that SHTFL decreased in Korea as the
block frequency increased in the OK region during sum-
mer. Fourth, PDSI showed no significant trend change
(fourth panel of Figure 9a). The in-phase relationship with
the blocking frequency was clear. Thus, the correlation
between the two variables was analysed. As a result, a pos-
itive correlation of .53 was revealed, which was significant
at the 99% confidence level. Hence, drought in Korea was
weakened as the block frequency increased in the OK

TABLE 2 Statistics of rain day and Changma duration on high and low BF years

High BF years Low BF years

Year Rain day (JJA) Changma duration Year Rain day (JJA) Changma duration

1981 42.0 28 1979 40.0 30

1991 41.0 41 1984 36.7 25

1993 45.2 41 1985 34.9 23

1998 49.8 37 1987 41.9 37

2001 35.6 43 1994 23.8 21

2002 39.7 34 1997 22.5 29

2003 48.5 35 1999 37.5 20

2009 42.2 33 2005 39.0 19

2014 45.9 30 2007 41.6 35

2015 35.9 38 2013 37.1 44

Average 42.6 36.0 Average 35.5 28.3
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region during summer. This was attributed to the result
from the analysis of Z500, TCDC and SHTFL in precipita-
tion in Korea also increased as the blocking frequency
increased in the OK region in summer.

A correlation of HWD in Korea with Z500, TCDC,
SHTFL and PDSI, which were area-averaged in Korea,
was analysed (Figure 9b). A positive correlation of
073 was observed between the number of HWD and
Z500, and a negative correlation of −.53 was revealed
between the number of HWDs and TCDC. A positive cor-
relation of .48 was found between the number of HWDs
and SHTFL, and a negative correlation of −.57 was rev-
ealed between HWD and PDSI. The correlations of HWD
with the four variables were all significant at the 99%
confidence level. These results indicated that when Z500
and SHTFL decreased and TCDC increased in Korea,
drought in Korea was weakened, and the number of
HWDs decreased due to the increase in precipitation.

The reasons for the increase in precipitation in NEA
during the high BF years were studied. Several studies
reported that the EASM positively correlated with the
snow cover in the East Asia continent (e.g. Liu and
Yanai, 2002; Wu and Qian, 2003; Xiao and Duan, 2016).
These studies showed that if the snow cover in the Eur-
asian continent during winter and spring showed a nega-
tive anomaly, the Tibetan high and WNPSH developed in
summer by heating in the Eurasian continent, thereby
strengthening EASM precipitation. Thus, the present
study compared the snow cover in the Eurasian continent
from March to May between the two groups (Figure 10a).
The analysis result showed a negative snow cover anom-
aly in most regions in the Eurasia continent except for
some regions of North Siberia and Tibetan Plateau. As a
result, the difference in the ground heat net flux between
the two groups showed a positive anomaly in most
regions in the Eurasian continent except for some regions
in the North Siberia and Tibetan Plateau (Figure 10b).
This means that heating was strengthened in most
regions in the Eurasian continent because of the low
snow cover during spring. Accordingly, the WNPSH
developed in the west up to the east coast of China and
in the north up to the south coast of Japan. Moreover,
the Tibetan high developed in the east up to 150�E and in
the north up to the south coast of Korea during the high
BF years (Figure 10c). The spatial distribution of WNPSH
contributed to the formation of the EASM front in NEA
and the precipitation by supplying a warm and wet
southerly wind to the EASM front. Wei et al. (2014) rev-
ealed the influence of the eastward extension of the
Tibetan High (the South Asian High) on the EASM rain-
fall. Furthermore, the eastward shift of the Tibetan High
can lead to a westward extension of the WNPSH (Wei
et al., 2019). Therefore, the zonal shifts of these two high-
pressure systems are not independent but related to each
other. The precipitation that was strengthened in NEA
during the high BF years was related to the reduction in
the number of HWDs. On the other hand, WNPSH was

(a) Vertical meridional circulation

(b) Air temperature

(c) Relative humidity
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FIGURE 8 Composite differences of latitude–pressure cross-
section of (a) vertical velocity (contours) and meridional

circulations (vectors), (b) air temperature and (c) relative humidity

averaged along 125�–145�E between high and low BF years in JJA.

The vertical velocity is multiplied by −100. The dashed areas are

significant at the 95% confidence level, and the shaded areas denote

the negative values. Contour intervals are 2−2 hPa�s−1, 0.1�C, and
0.5% for the vertical velocity, air temperature and relative humidity,

respectively [Colour figure can be viewed at

wileyonlinelibrary.com]
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weakened on the southeast side, and the Tibetan high
was weakened on the southwest side during the low BF
years (Figure 10d). The spatial distribution of these two
high-pressure systems reduced the precipitation in NEA
and heated the ground surface, helping to increase the
number of HWDs.

The time-series of two variables with the EASM index
were analysed to determine if the blocking frequency and
the number of HWDs were related to the EASM
(Figure 11). The EASM index tended to decrease slightly
up until now, but the decrease was not statistically sig-
nificant (Figure 11a). The in-phase relationship between
the two variables was clear. Thus, the correlation
between the two variables was analysed. A positive corre-
lation of .51 was found, which was statistically signifi-
cant at the 99% confidence level. Hence, the EASM was

strengthened as the block frequency increased in the OK
region during summer. The out-of-phase relationship
was clear between the number of HWDs and the EASM
index. Thus, the correlation between the two variables
was analysed (Figure 11b). As a result, a negative correla-
tion of −.53 was revealed, which was significant at a 99%
confidence level. This means that precipitation in Korea
increased when the EASM was strengthened, thereby
reducing the HWDs.

4.3 | North Atlantic oscillation

The difference in the SST between the two groups was
analysed (Figure 12a). Overall, a warm anomaly was
observed in most seas in the Indian Ocean and the Pacific
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Ocean. A cold anomaly was noted in the seas near
Korea and Japan due to the increased cloud and pre-
cipitation caused by the strengthening convection.
Figure 12a also shows the eastern Pacific (EP) El Nino.
On the other hand, a clear feature in Figure 12a is the El
Niño. An El Niño in summer also makes the WNPSH

stretch westward, as shown in Figure 10c (Zhang
et al., 1999). In the North Atlantic Ocean, the tripole
structure was revealed, where a cold anomaly in the high
latitude, a warm anomaly in the mid-latitude, and a cold
anomaly again in the low latitude were observed. This
was a typical spatial distribution of the SST anomaly

(a) Snow cover (MAM)

(c) High BF years (d) Low BF years

(b) Ground heat net flux (MAM)
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revealed in the positive North Atlantic Oscillation (NAO)
phase. The analysis results of the difference in 500Z
between the two groups also revealed an anomalous anti-
cyclone in the mid-latitude region in the North Atlantic
Ocean, and an anomalous cyclone in the high latitude
region (Figure 12b). The Rossby wave train from these
two pressure systems was propagated to the east. The
anomalous atmospheric circulation was a typical pattern
shown in the positive NAO phase. This study defined the
North Atlantic index (NAI) as the difference in SST in
area A, which was the warm anomaly region in the mid-
latitudes of the North Atlantic Ocean, and area B, which
was the cold anomaly region in the high latitude region.
The time series of the NAI with the blocking frequency
and HWDs in Korea were analysed. The NAI had no sig-
nificant trend change up until now (Figure 12c). A clear
in-phase relationship was observed between the NAI and
blocking frequency. Thus, the correlation between the
two variables was analysed. As a result, a positive correla-
tion of .46 was revealed, which was significant at the 99%
confidence level. This means that the blocking frequency
in the OK region in summer increased as the SST
increased in the mid-latitudes of the North Atlantic
Ocean. The out-of-phase relationship between the NAI
and HWDs in Korea was clear. Thus, the correlation
between the two variables was analysed (Figure 12d). As
a result, a negative correlation of −.52 was noted, which
was significant at the 99% confidence level. This means
that the number of HWDs in Korea decreased as the SST
increased in the mid-latitudes of the North Atlantic
Ocean.

5 | SUMMARY AND CONCLUSION

This study examined the relationship between heatwaves
in Korea and blocking during June to August in the OK
region, which has had the most significant influence on
the Korean climate in summer in the last 40 years (1979–
2018). The correlations between the blocking frequency
in the OK region during summer and the number of
HWDs, TND and SAT in Korea during June to August
were analysed, and negative correlations were found
between them. These negative correlations suggest that
when the blocking frequency increased in summer, the
number of HWDs, TND and SAT in Korea decreased.
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To explain the reduction in the number of HWD in
Korea when the blocking frequency in the OK region
increased in summer, this study selected 10 high blocking
frequency years (high BF years) and 10 low blocking fre-
quency years (low BF years), and the difference between
the two groups were analysed. According to the differ-
ence in the Air2m in Asia during summer between the
high and low BF years, NEA and some regions in the
Tibetan Plateau showed cold anomalies, whereas most
other regions showed warm anomalies. The warm anom-
aly was evident in North Siberia. In addition, the cold
anomaly was particularly evident in NEA. This suggests
that Air2m was lower in all regions in NEA, including
South Korea, during the summer high BF years. Thus,
the correlation between area-averaged Air2m in NEA
and blocking frequency was analysed. A negative correla-
tion of −.48 was found, which means that in NEA, Air2m
decreased with increasing blocking frequency in the OK
region during summer.

According to the difference in summer air tempera-
tures in the lower, middle and upper troposphere
between the high and low BF years, a cold anomaly was
observed in NEA at the 850 hPa level, whereas a warm
anomaly appeared in the remaining regions. In particu-
lar, the largest warm anomaly was revealed in North
Siberia. The cold anomaly was shifted slightly to the
north at the 500 hPa level. On the other hand, the largest
cold and warm anomalies were located in NEA and
North Siberia regions, respectively. At the 300 hPa level,
the cold anomaly region was shifted much more to the
north than that in the lower and middle troposphere.

The difference in the summer relative humidity in the
lower, middle and upper troposphere between the two
groups showed a positive anomaly in Korea and Japan.
This was attributed to the effects of enhanced precipita-
tion in the high BF years compared to the low BF years.

According to the difference in summer stream flows
in the lower middle and upper troposphere between the
two groups, in all layers of the troposphere, anomalous
anticyclonic circulations developed in the North Siberia
region, and strong anomalous cyclonic circulations devel-
oped in NEA. In particular, the anomalous large anticy-
clone was related to the blocking high in North Siberia,
and the anomalous cyclone that developed in NEA was
related to the EASM front. This was related to the
decrease in HWDs in Korea because of the increase in
precipitation with the strong development of EASM
when the blocking frequency increased in the OK region
during summer.

The present study also analysed the difference in
summer temperature advection in the lower, middle and
upper troposphere between the high and low BF years.
The cold temperature advection anomaly appeared in

South Korea and the north and west sides of South Korea
in all layers of the troposphere. The anomaly was attrib-
uted to the anomalous northwesterly wind, which was
cold air from the north and west sides of South Korea.
This result was also related to the decrease in HWDs in
Korea when the blocking frequency increased in the OK
region in summer.

The difference in the summer OLR between the high
and low BF years showed that convection was developed
in the mid-latitude region of East Asia. This was related
to the EASM front. Hence, in the west and east region of
the WNP, the convection was weakened and strength-
ened, respectively. As a result, enhanced precipitation
was revealed in the mid-latitude region in East Asia in
the high BF years. These results suggest that the increase
in precipitation due to convectional strengthening in
Korea during the high BF years led to a decrease in the
number of HWDs.

According to the difference in the vertical meridional
circulation averaged over the NEA longitude (125�–
145�E) between the two groups, anomalous upward flows
developed in the latitudinal band of 30�–40�N, where
Korea was located. In particular, the center of the anoma-
lous upward flows was developed strongly at 30�–35�N,
where South Korea was located. The difference in the air
temperature averaged over the longitude of NEA dis-
played a cold anomaly at 30�–40�N, where Korea is
located. This was attributed to the increase in precipita-
tion in Korea in the high BF years, as shown above. The
difference in the relative humidity averaged over the lon-
gitude of NEA between the two groups showed a positive
anomaly at 30�–50�N. The strongest positive anomaly
was located at 30�–40�N, which was attributed to the
increase in precipitation in Korea in the high BF years.

The difference in snow cover in the Eurasian conti-
nent during spring between the high and low BF years
was also analysed. The analysis results showed a negative
snow cover anomaly in most regions in the Eurasia conti-
nent except for some regions of North Siberia and the
Tibetan Plateau. As a result, the difference in the ground
heat net flux between the two groups revealed a positive
anomaly in most regions in the Eurasian continent
except for some regions in North Siberia and the Tibetan
Plateau. This suggests that heating was strengthened in
most regions in the Eurasian continent because of the
low snow cover during spring. Accordingly, the WNPSH
developed in the west up to the east coast of China and
in the north up to the south coast of Japan, and the
Tibetan high developed in the east up to 150�E and in the
north up to the south coast of Korea during the high BF
years. During the low BF years, however, WNPSH weak-
ened on the southeast side, and the Tibetan high weak-
ened on the southwest side.
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The correlation of the EASM index with two variables
was analysed to determine if the EASM was correlated
with the blocking frequency and HWD. The analysis
result showed a positive correlation of .51 between the
blocking frequency and the EASM index. Hence, the
EASM was strengthened as the blocking frequency
increased in the OK region during summer. A negative
correlation of −.53 was revealed between HWD and
EASM index, indicating that precipitation increased in
Korea when the EASM was strengthened, thereby reduc-
ing the HWDs.

According to the difference in the SST between the
two groups, in the North Atlantic Ocean, the tripole
structure appeared with cold anomalies in the high and
low latitudes and a warm anomaly in the mid-latitude.
This was a typical spatial distribution of SST anomalies
revealed in the positive NAO phase. The difference in
500Z between the two groups also showed that anoma-
lous anticyclonic and cyclonic circulations were placed in
the mid and high latitudes in the North Atlantic Ocean,
respectively, which is a typical atmospheric circulation
pattern of the positive NAO phase.

HWDs are becoming more frequent in Korea.
Although they are connected to blocking, other factors
play a role, such as EASM, snow cover on the East Asian
continent, and NAO. In a warming climate, it is vital to
know the impacts of HWDs by understanding the con-
nection of HWDs and using them to predict summer
blocking in the Sea of Okhotsk and snow cover on the
East Asian continent.
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