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Abstract
Global warming and abnormal climate change have resulted in an increase in the frequency of severe heatwave events. 
Recently, a series of extreme heatwave events have occurred in South Korea, and the damage from these events has also 
been increasing. Thus, it is necessary to analyze the mechanisms for generating and developing heatwaves. In this study, the 
long-term trend for heatwave events in South Korea was investigated using cluster analysis. Heatwave events in a 38-year 
period in South Korea were defined, and their synoptic patterns were categorized into three clusters. The number of heatwave 
days of cluster 2, which is related to the anomalous positive geopotential height (GPH) over the Kamchatka Peninsula, was 
found to significantly increase in recent years (2000–2018) compared with the past (1981–1999). In contrast, the frequency 
of cluster 3 associated with a negative GPH anomaly over the Kamchatka Peninsula decreased in the same period. There 
were five regions, including northern China and the Kamchatka Peninsula, where the mid-level GPH significantly increased 
between 2000 and 2018. This change in GPH was positively (negatively) correlated with the patterns associated to long-term 
variability of heatwave days of cluster 2 (cluster 3). The long-term trends of the GPH anomalies over five regions showed a 
significant correlation with the North Atlantic Oscillation (NAO) index during midsummer. As a result, it is likely that the 
heatwave events related to cluster 2 (cluster 3) have increased (decreased) in South Korea because the long-term variability 
of the summer NAO has recently induced a favorable (unfavorable) atmospheric condition for cluster 2 (cluster 3).
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1  Introduction

Recently, numerous severe heatwave events have caused 
global socioeconomic damage (Luterbacher et al. 2004; Bar-
riopedro et al. 2011; Coumou et al. 2013). Previous studies 
have noted that the frequency of heatwaves and their damage 
has increased because of global climate change (Meehl and 

Tebaldi 2004; IPCC 2013). In recent summers, East Asia, 
including Eastern China, Japan, and the Korean Peninsula, 
has most been severely inflicted by heatwaves (Nakai et al. 
1999; Kysely and Kim 2009; Sun et al. 2014; Hu and Huang 
2020).

In this research, we investigate the multi-decadal char-
acteristics of heatwaves, focusing on South Korea. A rep-
resentative heatwave event over South Korea occurred in 
the summer of 1994 when the highest maximum daytime 
temperature was recorded as 39.4 °C, resulting in more 
than 3000 heat-related victims (Kysely and Kim 2009; Min 
et al. 2019). Since 1994, a series of extreme heatwave events 
occurred in South Korea, causing widespread damage (e.g., 
August 2013, August 2016, July–August 2018). In the past, 
the mechanism of heatwaves in South Korea was not well 
understood. However, there are now extensive studies on 
the topic with the recent increase in severe heatwave events 
(Lee and Lee 2016; Yeh et al. 2018; Yoon et al. 2018; Kim 
et al. 2019; Yeo et al. 2019; Min et al. 2019). In particular, 
Lee and Lee (2016) examined the decadal change in the 
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relationship between heatwave frequency in Korea and large-
scale atmospheric patterns. They suggested that the rela-
tionship between heatwaves over Korea and tropical forcing 
tends to be weakened. At the same time, the influence from 
the Arctic is enhanced, representing the correlation between 
heatwave days (HWDs) and the summertime Arctic Oscilla-
tion index (Thompson and Wallace 1998). Yeh et al. (2018) 
investigated the characteristics of heatwave events in August 
2016. They mentioned that the intensity of the geopotential 
height (GPH) over the Kamchatka Peninsula in August 2016 
was the strongest since 1979; it acted as an atmospheric 
block in the downstream region of the Korean Peninsula. 
They also identified that a zonal wave train, related to the 
circumglobal teleconnection pattern, may have contributed 
to the heatwave over South Korea in August 2016. Similarly, 
some studies have shed light on the characteristics of the 
circulation and teleconnection patterns associated with the 
heatwaves in South Korea. However, the above studies have 
limitations in that they either composite all heatwave events 
to generalize the characteristics (Lee and Lee 2016; Kim 
et al. 2019) or analyze only several heatwave cases (Yeh 
et al. 2018; Min et al. 2019).

Yoon et al. (2018) suggested that the spatial distributions 
of the maximum surface air temperature in South Korea 
between 1981 and 2016 may be categorized into three groups 
using a cluster analysis method. They also assigned different 
synoptic characteristics in terms of the 500 hPa geopoten-
tial height. Yeo et al. (2019) classified heatwaves in South 
Korea into two distinct types based on the spatial patterns of 
the large-scale atmospheric circulation anomalies; the zonal 
wave (Z-wave) type and meridional wave (M-wave) type. 
They postulated that the circulation patterns of the Z-wave 
were closely related to the positive summer North Atlantic 
Oscillation (NAO) signal (Folland et al. 2009). However, 
the atmospheric patterns of the Z-wave type heatwave sug-
gested by Yeo et al. (2019), were not representative of the 
heatwave events caused by Kamchatka blocking, such as in 
August 2016.

The relationship between HWDs in China and the sum-
mer NAO index was investigated by Deng et al. (2019). 
They reported that the correlation coefficient relating the 
decadal variation of the HWDs in the Yangtze River valley 
and summer NAO index between 1961 and 2015 was 0.4, 
exceeding the 95% confidence level. They also emphasized 
the effect of sea surface temperature (SST) over the tropical 
North Atlantic Ocean on HWDs in China. They suggested 
that HWDs in northern China have a significant relationship 
with the warm SST anomaly in the tropical North Atlantic 
Ocean, resulting in the generation of Rossby wave trains 
propagating eastward and inducing an intensified anticy-
clone over northern China. Lim and Seo (2019) revealed 
that the SST anomaly over the North Atlantic Ocean can 
be a predictor for forecasting extreme summer temperatures 

in South Korea. They suggested that the tripolar pattern of 
the North Atlantic Ocean SST anomaly, related to heatwave 
events in South Korea, is similar with the negative phase 
of the summertime NAO. Jian-Qi (2012) also demonstrated 
that the summer NAO was closely related to the extreme hot 
events in northern China, with the negative-phase summer 
NAO corresponding to greater HWDs in that region. The 
results of previous studies suggest that the activity of the 
summer NAO could be an important parameter for HWDs 
in East Asia.

The results of previous studies suggest that the atmos-
pheric pattern of heatwave events in Korea can be classi-
fied into several types with distinct large-scale patterns, and 
HWDs may have a long-term variability associated with 
climate index, especially NAO. In this study, we define 
heatwave events and categorize the synoptic patterns of the 
heatwave events in South Korea using the cluster analy-
sis method. Then, the long-term variabilities of HWDs 
are investigated for three clusters. Finally, the relation-
ship between the long-term variabilities of the large-scale 
trends and heatwaves in South Korea and summer NAO is 
analyzed. The data and methods used in this research are 
described in Sect. 2. Section 3 presents the detailed results 
and interpretation. The summary and discussion are pro-
vided in Sect. 4.

2 � Data and methods

2.1 � Data

The daily maximum surface air temperature (hereafter, 
TMAX) data from the automated surface observing sys-
tems (ASOSs) of 98 stations of the Korea Meteorologi-
cal Administration (KMA) were used to define heatwave 
events in South Korea for a period of 38 years (1981–2018). 
Temporal mean atmospheric conditions for heatwave clus-
ters, such as GPH and its anomaly, were represented using 
6 hourly ERA-interim reanalysis (ERAIN) data (Dee et al. 
2011) from 1981 to 2018. The 6 hourly ERAIN data were 
converted to daily data for the analysis. A GPH anomaly 
was calculated by subtracting 38 years climatological mean 
fields. TMAX anomalies were determined for each HWD 
by subtracting a 38 years climatological mean TMAX, dem-
onstrated by using the daily ASOS data from 1981 to 2018. 
The daily NAO index was obtained from the Climate Predic-
tion Center (https​://www.cpc.ncep.noaa.gov) to investigate 
the relationship between the summer NAO (from July 11 to 
August 20) and heatwave events in South Korea.

https://www.cpc.ncep.noaa.gov
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2.2 � Heat wave definitions and cluster analysis

Although a heatwave events can be interpreted as a period 
of abnormally, uncomfortably hot and unusually humid 
weather (Ward 1925), in this study, they are identified con-
sidering only TMAX. The procedure for defining heatwave 
events, which includes determining the criteria values and 
the method for cluster analysis, mainly follows a previous 
study (Yoon et al. 2018). The heatwave events in South 
Korea between 1981 and 2018 were defined by considering 
three spatiotemporal criteria: temperature threshold, spatial 
continuity, and temporal continuity.

First, daily “hot” stations are defined when TMAX in the 
KMA ASOS station data exceeds the temperature threshold 
value (T, 33 °C in this study); the official KMA criteria for a 
heatwave warning. All 98 station TMAX data between 1981 
and 2018 were filtered by comparisons with the threshold 
value, T. Then, the isolated hot stations were eliminated if 
a given station whose ratio of the total number of stations 
(N) to the number of hot stations (n) within a given distance 
(D, 0.75° in this study) was smaller than a specific value 
(α) (Eq. 1). Isolated stations were then eliminated to obtain 
the spatial continuity of heatwave events for each time step:

Yoon et al. (2018) used 0.4 as the α value for spatial con-
tinuity as Ren et al. (2012) suggested that it should be in 
the range 0.3–0.5. In this study, the threshold value α was 
increased to 0.6. This was done because, first, HWDs filtered 
by 0.4 of α have been overestimated compared with those 
reported by KMA, which calculates HWDs using the same 
observation data without the spatial continuity criterion. 
Second, it is necessary to select the α, taking into account 
the density of observing stations. Wang et al. (2017) used 
0.4 for the threshold value because a larger α (greater than 
0.5) sharply reduce the number of heatwaves in the regions 
where the observing stations are sparse such as in North-
western China. However, the density of the surface stations 
in South Korea is much higher, and they are homogeneously 
located compared with those in Northwestern China. Finally, 
Stefanon et al. (2012) adapted a threshold of 0.6 for heat-
waves in Europe and the Mediterranean region, providing 
reasonable results for relatively dense surface observations. 
We investigated the sensitivity of total HWDs to alpha val-
ues and concluded that 0.6 is the most reasonable threshold 
value for this study.

The spatial spread of hot stations should overlap in a sin-
gle heatwave event lasting consecutive days. In other words, 
there should be no temporal gap between HWDs when defin-
ing a heatwave event (Stefanon et al. 2012). Thus, the ratio 
of overlapping hot stations between 2 days was calculated if 
the similarity ratio between the 2 days exceeded a specific 

(1)
n

N
≤ �

threshold value (S, 30% in this study). This period is consid-
ered a single heatwave event, and its duration is determined 
as the number of HWDs.

The identified heatwave events were then classified based 
on the 500 hPa GPH anomaly over East Asia and North 
Pacific (0–70° N, 80–230° E). These anomalies were used as 
a criterion of clustering because they are widely recognized 
as distinct variables that are closely related to the synoptic 
characteristics of heatwaves (Meehl and Tebaldi 2004; Fis-
cher et al. 2007; Ding et al. 2010). Similar to Yoon et al. 
(2018), the K-means clustering algorithm (Hartigan and 
Wong 1979) and Krzanowski–Lai (KL) index (Krzanow-
ski and Lai 1988) were adapted for cluster analysis and 
validations. Cluster analysis is an algorithm that finds the 
optimized solution for the global objective function, maxi-
mizing the cohesion within a cluster. The cohesion can be 
statistically represented by the sum of squares (SSW) within 
groups. If there is no significant difference in SSW with an 
increase in the number of clusters (M), no additional clusters 
are required. Since the number of clusters (M) is sensitive 
to the objects (in this case, the averaged GPH anomaly in 
each cluster), the “elbow method” was traditionally utilized 
to determine the optimal number of clusters. Krzanowski 
and Lai (1988) created an index using the SSW in group to 
quantify this method, and then the KL index was defined 
using as follows:

where D is the number of datasets (in this case, a total num-
ber of heatwave events). The number of clusters M that max-
imizes the KL index is used as the optimal cluster number K.

3 � Results

3.1 � Recent changes in heatwave characteristics

Throughout the heatwave definition procedure, 97 heatwave 
events in South Korea, with a total duration of 358 days, 
were identified over the 38 year period (1981–2018). The 
synoptic characteristics of heatwave events were catego-
rized into three clusters using the K-means cluster analysis 
method. The number of clusters were determined using the 
KL index; K = 3 was found to be the most appropriate num-
ber of clusters for the K-means cluster analysis. Based on 
the cluster analysis, all 97 heatwave events were divided 
into 31, 26, and 40 events with HWDs of 117, 96, and 
145 days, respectively. Figure 1 describes the composited 

(2)Krzanowski − Lai index
(
KL

M

)
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of the 500 hPa GPH anomaly for all heatwave events and 
three clusters. In the composite of all heatwave events, the 
500 hPa GPH anomaly showed a positive maximum in the 
Korean Peninsula, whose pattern zonally extends. This spa-
tial pattern coincides with the results of previous studies that 
have demonstrated that this is the leading synoptic pattern 
for heatwaves in South Korea (Lee and Lee 2016; Kim et al. 
2019). In cluster 1, there was a large and strong expansion of 
the western North Pacific subtropical high (WNPSH) repre-
sented by the GPH at 5870–5890 gpm (green contour lines 
in Fig. 1) with a substantial positive GPH anomaly in the 

Korean Peninsula. This induces significant and extensive 
periods of heatwave events by south-westerly winds (e.g., 
summer 2018) (Li et al. 2019; Min et al. 2020). Additionally, 
there were negative anomalies in Siberia and large anticy-
clone anomalies in Alaska. In cluster 2, there was strong 
blocking high in the Kamchatka Peninsula and positive 
anomalies in the northern China–Mongolia region. Yeh et al. 
(2018) identified that anomalous synoptic patterns such as 
high pressure systems over Mongolia, which induce warm 
advection by northerly wind and blocking high over the 
Kamchatka Peninsula, can cause extreme heatwave events in 
South Korea (e.g., August 2016). In this case, the continen-
tal thermal high over Mongolia and the Kamchatka block-
ing high have a greater effect on heatwaves over Korea than 
the expansion of WNPSH. In cluster 3, there were negative 
anomalies in the Kamchatka Peninsula and Alaska, contrary 
to the anticyclone pattern of cluster 2. Similar to cluster 1, 
the GPH of cluster 3 showed an expanded WNPSH, which 
can also induce extreme heatwave events in South Korea 
(e.g., summer 1994) despite it being weaker in magnitude.

The spatial patterns of the TMAX anomaly for all heat-
wave events and three clusters in South Korea are described 
in Fig. 2. During heatwave events, the TMAX anomaly for 
all HWDs generally exceeded 2 °C in most regions of South 
Korea. In particular, the TMAX anomaly was maximum in 
the southeastern region of Korea. This regional distribution 
of the TMAX was consistent with the results of previous 
studies (Lee and Lee 2016; Yoon et al. 2018). In cluster 1, 
the TMAX anomaly was the highest over the eastern side 
of South Korea. This is because the south-westerly wind 
induced by the expanded WNPSH (Fig. 1) resulted in warm 
advection, and it was further heated by the Foehn effect 
when crossing the high mountain range in eastern Korea 
(Yoon et al. 2018). Further, the hottest area had slightly 
shifted to the west inland region in cluster 2, because of the 
effects of Kamchatka blocking and the continental thermal 
high. In particular, the mean TMAX anomaly was + 2.9 °C, 
the highest among the three clusters. Cluster 3 had a rela-
tively moderate temperature distribution because of the 
positive GPH anomaly weaker than that for cluster 1 (see 
Fig. 1a, c). The results of the cluster analysis suggest that the 
developed subtropical high pressure and synoptic circulation 
system in mid-to-high latitudes may have various effects on 
heatwave events in South Korea.

In terms of the annual accumulated variability in HWDs, 
the years with three extreme heatwave events in South Korea 
were classified into different clusters (i.e., cluster 1-2018, 
cluster 2-2016, and cluster 3-1994) (blue marks in Fig. 3). 
A significant increasing trend was observed with the total 
heatwave events at the 95% confidence level (top panel in 
Fig. 3). Only for cluster 2, the increasing trend of HWDs 
was statistically significant at the 95% confidence level. This 
finding is consistent with that of Lee and Lee (2016). This 

Fig. 1   Spatial patterns of the 500  hPa geopotential height anomaly 
[gpm] for all heatwave events and three clusters. The green colored 
contours demonstrate the 5870–5890 gpm geopotential height. Values 
in the right bottom box indicate the total HWDs for all events and 
each cluster
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suggests that the increasing trend of HWDs for the total 
heatwaves cases may be related to the heatwave events of 
cluster 2 rather than other clusters.

Figure 4 shows the change in HWDs between the first half 
(1981–1999) (hereafter, PAST) and second half (2000–2018) 
(hereafter, RECENT) for all clusters. HWDs of clusters 1 
and 2 increased in RECENT compared with PAST, while 
those of cluster 3 decreased. There was no significant dif-
ference in HWDs of cluster 1 between RECENT and PAST 
if HWDs of 2018 were excluded. It seems that the recent 
increase of HWDs in cluster 1 was not associated with dec-
adal variability. However, there was a noticeable difference 
in HWDs between RECENT and PAST in cluster 2 during 
the analysis period (Fig. 4a). The Chi-squared test showed 
that the HWD differences between PAST and RECENT for 
clusters 2 and 3 were statistically significant at the 99% con-
fidence level; those of cluster 1 were significant at the 95% 
confidence level. These variations in HWDs for the PAST 
and RECENT were analyzed further every 10 days from 
June to August (Fig. 4b). We analyzed the HWD changes 
by dividing the days of JJA into early (1st–10th), mid 
(11th–20th), and late (21st–30th for June and 21st–31st for 
the July and August) periods. The changes in the HWDs 
were particularly noticeable from July 11 to August 20 for 
clusters 2 and 3. This period is well known for frequent 
and strong heatwaves in South Korea (Kim et al. 2015; Lee 
and Lee 2016; Yeo et al. 2019). In terms of HWDs, 90% of 
HWDs (322 days/358 days) occurred between July 11 and 
August 20. HWDs for the other periods were 36 days, which 
accounted for approximately 10% of all HWDs. We focused 
on this period to analyze the changes in HWDs. During the 
midsummer period (mid-July to mid-August), the changes 
in HWDs were 75, 17, and − 36 days for clusters 2, 1, and 3, 
respectively (Table 1). This implies that climatic factors may 
be associated with the contrasting long-term variabilities of 
HWDs between clusters 2 and 3.

3.2 � Relationship between heatwave change 
over South Korea and summer NAO

In this section, the mechanism related to the difference in 
HWDs of PAST and RECENT for clusters 2 and 3 is pre-
sented by analyzing the long-term change in synoptic char-
acteristics. Cluster 1 was excluded from the analysis as there 
was no significant long-term change in HWDs during the 
analysis period. To identify the large-scale pattern associated 
with heatwave events of clusters 2 and 3 in South Korea, the 

Fig. 2   Spatial patterns of the TMAX anomaly [℃] for all heatwave 
events and three clusters. Black dots indicate the location of Auto-
mated Surface Observing Systems over South Korea. Values in the 
right bottom box indicate the mean TMAX anomaly for all events and 
each cluster

▸
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500 hPa GPH anomaly and wave activity flux (Takaya and 
Nakamura 2001) in the Northern Hemisphere were exam-
ined for both clusters (Fig. 5a, b). In both clusters, wave-
like patterns were observed along Greenland (60–90° N, 
100–0° W), eastern Europe (45–70° N, 15–65° E), north-
ern China–Mongolia (35–55° N, 85–120° E), Kamchatka 

Peninsula (55–75° N, 145–170° W), and North America 
(40–50° N, 30–60° W), where strong GPH anomalies exist 
(red dashed regions in Fig. 5). These propagating features 
of the wavenumber-5 like pattern for two clusters coincide 
with the results of previous studies (Wang et al. 2013; Yeo 
et al. 2019; Deng et al. 2019; Kornhuber et al. 2020). It 

Fig. 3   Annual time series of HWDs for all heatwave events and three 
clusters. Red dotted lines denote the regression lines, and their sta-
tistical information are described in the left top box. The asterisk in 

the equation denotes that the regression coefficient is significant at 
the 95% confidence level. Blue marks denote 1994, 2016, and 2018, 
respectively
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suggests that the synoptic pattern of clusters 2 and 3 may be 
caused by the same teleconnection mechanism, propagating 
from the North Atlantic Ocean to the Eurasian continent. 
Recent studies have shown that the mid-latitude summer 
circulation, with the wavenumber-5 pattern were related 
to extreme global events (Wang et al. 2013; Coumou et al. 
2018; Kornhuber et al. 2020). Additionally, the difference in 
the 500 hPa GPH between the PAST and RECENT during 
the midsummer (Fig. 5c), which is comparable to the com-
posite of cluster 2 (Fig. 5a), presented five regions where the 
positive peaks of GPH anomalies exist (red dashed boxes). 

The regions where the 500 hPa GPH has recently increased 
(Greenland, eastern Europe, northern China-Mongolia, 
Kamchatka Peninsula, and North America), also have posi-
tive GPH peaks in cluster 2. The pattern correlation between 
the 500 hPa GPH anomaly of cluster 2 (Fig. 5a) and differ-
ence in geopotential heights in RECENT and PAST (Fig. 5c) 
was 0.51. The large-scale distributions of the GPH anomaly 
of cluster 3 had an opposite signal to those of cluster 2; 
that is, some regions (Greenland, Kamchatka Peninsula, 
and North America) have negative GPH peaks. The pat-
tern correlation between 500 hPa geopotential heights of 

Fig. 4   a Total HWDs for all clusters during PAST (blue bar) and RECENT (red bar); b same as (a) but dividing every 10 days between June to 
August for three clusters

Table 1   Differences in HWDs 
between PAST and RECENT 
every 10 days between June to 
August for three clusters

Cluster June July August

Early Mid Late Early Mid Late Early Mid Late

1 0 0 2 4 11 4 5 − 3 2
2 0 2 2 2 − 1 16 40 20 3
3 0 0 0 − 2 − 6 − 21 − 14 5 3
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cluster 3 (Fig. 5b) and the difference in geopotential heights 
of RECENT and PAST (Fig. 5c) was − 0.51. As such, the 
decadal variabilities of HWDs during midsummer (mid-July 
to mid-August) of two clusters (cluster 2 and cluster 3) may 
be associated with the long-term changes in large-scale pat-
terns. In particular, the enhancement of anticyclonic circula-
tion in the five regions implies that the atmospheric pattern 
in the Northern Hemisphere has been changing in favor of 
cluster 2, and against cluster 3.

To better understand the change in large-scale patterns, 
we analyzed the relationship between these patterns and 

the NAO index. Recent studies suggest a potential relation 
between summer NAO and heatwaves over East Asia, par-
ticularly for those forced by large-scale wave patterns. The 
38-year variability of the wave train during the midsummer 
(mid-July to mid-August) was determined by the difference 
in area-averaged 500 hPa GPHs between the five decreas-
ing regions (blue dashed boxes) and increasing regions (red 
dashed boxes in Fig. 5). To extract long-term variability, an 
8 year low-pass filter (Choi et al. 2013, 2020) was applied 
for the wave train and NAO indices. The long-term varia-
tions of the wave train (hereafter WAV) and summer NAO 

Fig. 5   Spatial patterns of the 500  hPa geopotential height anomaly 
[gpm] a for cluster 2; and b cluster 3 with 500 hPa wave activity flux 
[m2 s−2] (arrow); and c difference between PAST and RECENT dur-
ing the midsummer (mid- July to mid-August). Values in the right 
bottom box of (a) and (b) indicate the pattern correlation of the 

500  hPa geopotential heights with (c). Rectangles with red dashed 
lines represent the areas in which the 500 hPa geopotential height had 
significantly increased in (c). The area with decreasing 500 hPa geo-
potential height between the red dashed regions is marked with a blue 
dashed line
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indices (hereafter SNAO) were then compared for 38 years 
(Fig. 6). According to Fig. 5c, the WAV increased with some 
fluctuations between 1981 and 2018. In contrast, the SNAO 
simultaneously decreased with a temporal correlation coef-
ficient between the WAV and SNAO of − 0.69 with a 99% 
significance level (Table 2). Namely, the decadal amplifica-
tion of the wave train over the five regions in Fig. 5c was 
significantly associated with the decreasing summer NAO 
index. Furthermore, the temporal correlation coefficients 
between HWDs for clusters 2 and 3 (Fig. 3) and the SNAO 
(black bars in Fig. 6) during the 38 years were − 0.52 and 
0.30, respectively (Table 2).

Figure 7 shows the spatial distribution of the temporal 
correlation coefficient between the 8-year low-pass filtered 
500 hPa GPH and SNAO during the midsummer (mid-July 
to mid-August). Figure 7 demonstrates that the temporal cor-
relation between the 500 hPa GPH and the SNAO had sig-
nificantly negative values at the 99% confidence level in the 
five regions. Further, the GPH forced by NAO had a zonal 
wavenumber-5 pattern, beginning from the North Atlantic 
Ocean. These results imply that the synoptic conditions 
of cluster 2 (i.e., Kamchatka blocking and the continental 
thermal high) were affected by a teleconnection mechanism 
propagating from the North Atlantic Ocean to the Eurasian 
continent, where the decreasing summer NAO index leads 

to increasing 500 hPa GPH anomalies over East Asia and the 
Kamchatka Peninsula. This change in GPH anomalies relat-
ing to the summer NAO index tends to be unfavorable to the 
composite of synoptic conditions for cluster 3. This zonal 
wave teleconnection mechanism related to the recent devel-
opments of large-scale anticyclones caused by the decreas-
ing trend of the summer NAO index may lead to increasing 
(decreasing) HWDs of cluster 2 (cluster 3) in South Korea.

The spatial distribution of the GPH of cluster 3 (Fig. 5b) 
had a noticeably similar pattern to those of the Z-wave 
type heatwaves, as suggested by Yeo et al. (2019) (see also 
Fig. 5a in Yeo et al. 2019). They reported that the zonal 
wave propagates from the North Atlantic Ocean and across 
the Eurasian continent to East Asia, and the Z-wave type 

Fig. 6   Time series of the WAV and the SNAO during the midsummer (mid-July to mid-August). Dotted lines denote the regression lines

Table 2   Temporal correlation coefficients among the SNAO, WAV 
and HWDs for cluster 2 (cluster 3)

*Statistically significant at the 95% confidence level;  **Statistically 
significant at the 99% confidence level

SNAO WAV HWD

SNAO 1 − 0.69** − 0.52** (0.30*)
WAV 1 0.40** (− 0.35*)
HWD 1
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heatwave was closely related to the positive NAO signal. 
Deng et al. (2019) reported that HWDs in northern China 
and the Yangtze River valley were likely to be associated 
with the Atlantic–Eurasian teleconnection with the presence 
of a wave generation mechanism related to the tropical North 
Atlantic Ocean SST anomaly. Notably, the regression pattern 
of the 500 hPa GPH and HWDs in northern China (see also 
Fig. 6 in Deng et al. 2019), corresponds to the large-scale 
pattern of cluster 2 in this study. This is significantly corre-
lated with the summer NAO index. Indeed, previous studies 
have reported the relationship between the North Atlantic 
Ocean SST anomaly and summer NAO pattern in terms of 
the force and response (Wu et al. 2009; Lim and Seo 2019). 
A wave generation mechanism over the tropical North Atlan-
tic Ocean, such as the forced warm SST anomaly, may vary 
the summer NAO teleconnection pattern, which is related to 
the Kamchatka blocking.

4 � Summary and discussion

In this study, the long-term trend of the heatwave events 
in South Korea were investigated using cluster analysis. A 
total of 97 heatwave events from 1981 to 2018 were identi-
fied, and their synoptic patterns were categorized into three 
clusters using K-means cluster analysis. These consisted of 
distinctive spatial distributions of synoptic characteristics 
and TMAX for the three clusters, and atmospheric patterns 
such as Kamchatka blocking and the WNPSH, were asso-
ciated with the heatwave characteristics. Cluster 2 had a 
large positive GPH anomaly over the Kamchatka Peninsula, 
while cluster 3 had a negative GPH anomaly. The HWDs 
of cluster 2 (cluster 3) from mid-July to mid-August had 
notably increased (decreased) in RECENT compared with 
the PAST. The long-term variabilities of large-scale patterns 
related to the synoptic pattern of both clusters were analyzed 
for the same period. The 500 hPa GPH had significantly 
increased in RECENT over the five representative regions 

in the Northern Hemisphere. This increasing pattern was 
spatially correlated with the large-scale pattern of clusters 2 
and 3. The wave activity flux in both clusters indicated the 
propagation of the wave train along the five regions. We also 
examined the relationship between SNAO and GPH from 
mid-July to mid-August. The GPH was negatively and sig-
nificantly correlated to the SNAO. The recent change in the 
long-term trend of HWDs over Korea may depend on vari-
ations in the large-scale atmospheric pattern in the North-
ern Hemisphere, which are correlated with the NAO index. 
In other words, as the summer NAO index has recently 
declined, it is possibly related to the increased (decreased) 
HWDs of cluster 2 (cluster 3) mediated by anomalous GPH 
over the Kamchatka Peninsula.

Although the HWDs of cluster 1 are not varying with 
decadal timescales, we found possible causes for its inter-
annual variations Yeo et al. (2019). suggested that M-wave 
type heatwaves were driven by a northward propagating 
wave train from subtropical western North Pacific to East 
Asia. This is triggered by anomalous convective activity 
over the subtropical western North Pacific. East Asia Sum-
mer Monsoon (EASM) is known as a crucial component of 
convection over the subtropical western North Pacific (e.g., 
WNPSH), and it significantly influences extreme weather 
conditions in East Asia (Ha et al. 2012; Lee et al. 2013). The 
leading mode of EASM for 850 hPa wind introduced in Wu 
et al. (2008) was comparable to the composite M-type heat-
wave events map presented by Yeo et al. (2019). As such, 
there may be a correlation between the variability of the 
EASM index (EASMI) (Li and Zeng 2003) and the occur-
rence of M-type heatwave events. We tested the relationship 
between the EASMI in July–August and HWDs for each 
cluster, and there was a significant correlation coefficient 
(0.45) for cluster 1. The characteristics of the cluster 1-type 
heatwave is somewhat similar to the M-type heatwave.

Nevertheless, we presumed that cluster 1-type heatwave 
events also had the characteristics of the Z-wave type heat-
wave. For example, the spatial distribution of 500 hPa GPH 

Fig. 7   The spatial distribution of the correlation coefficient relat-
ing an 8 year low-pass-filtered 500 hPa GPH during the midsummer 
(mid-July to mid-August) and SNAO. The statistically significant cor-

relation coefficients at 99% confidence level are indicated by black 
dots. Rectangles with dashed lines are the same as those in Fig. 5c
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anomaly over western Europe had an opposite (similar) pat-
tern to cluster 2 (cluster 3) (not shown). This implies that 
the cluster 1-type heatwave events may also be influenced by 
NAO forcing over this region, similar to clusters 2 and 3. It 
is possible that the wave train generated in this region may 
be combined by other forcings, such as the Indian monsoon 
(Ding and Wang 2007), Tibetan plateau (Kim et al. 2019), 
and subtropical western North Pacific (Liu et al. 2019). 
This study does not address this, and further studies on the 
dynamical mechanism and variability of cluster 1-type heat-
wave events are needed.

This study investigated the relationship between the 
summer NAO and HWD. However, a detailed description 
of the generating mechanism of the summer NAO-related 
wave train pattern is not included. Based on previous stud-
ies (Deng et al. 2019; Lim and Seo 2019), the SST over 
the tropical North Atlantic Ocean relating to the NAO in 
summer may be a source or trigger of the Atlantic–Eurasian 
wave patterns, which affect the HWDs covered in this study. 
There is a significant temporal correlation (0.32) between 
the HWDs of cluster 2 and the SST anomaly over the tropi-
cal North Atlantic Ocean (0–20° N, 30–60° W) (not shown). 
Further studies using numerical models are needed to exam-
ine the physical role of SST forcing over the tropical North 
Atlantic Ocean to the NAO and heatwaves over South Korea.

This study demonstrated that a greater number of clus-
ter 2-type heatwave events, which is related to the strong 
blocking over the Kamchatka Peninsula, may occur with 
a decreasing summer NAO index trend. These results can 
provide important suggestions for predictability. The pre-
dictability of heatwave events in South Korea in a numeri-
cal weather prediction model may vary depending on the 
synoptic and large-scale circulation patterns. In particular, 
anomalous blocking events cannot be realistically captured 
by numerical models (Matsueda 2011). Thus, it is neces-
sary to understand the mechanism of cluster 2-type heat-
wave events related to Kamchatka blocking for improving 
its predictability.
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