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Abstract

This study examined the characteristics of cold surges in the Korean Peninsula

over the last 45 years (1975–2019). During the period, there were 37 cases of

cold surges affected by blocking (B_CS) and 129 cases of cold surges not influ-

enced by blocking (nB_CS), indicating that most of the cold surges were

nB_CS. The blocking that caused a cold surge over the Korean peninsula

occurred mostly in the Okhotsk region and Ural region (OK_B and UR_B,

respectively). In rare cases, blocking occurred simultaneously in the two

regions called double blocking (DO_B), causing strong and long-lasting cold

surges. The nB_CS was related closely to the propagating wave-train, hence

the mean duration of nB_CS was shorter than the B_CS because the wave-

train propagated fast from the northwest to the southeast. Although the num-

ber of occurrences of B_CS was low, B_CS was stronger and lasted longer than

nB_CS. In the case of cold surges affected by UR_B, referred to as UR_CS,

their progression was slower compared to the cold surges affected by nB_CS

because UR_B is slowing the atmospheric flow in the west. For cold surges

affected by OK_B (OK_CS), the progression was slower than nB_CS and

UR_CS because blocking was located downstream, slowing the propagating

trough. Accordingly, the mean durations of nB_CS, UR_CS, and OK_CS were

2.7, 3.6, and 5.1 days, respectively, the mean of the temperature anomaly

throughout the cold surge, was −3.8, −5.4, and −5.1�C, respectively. Overall,
both the intensity and the progression speed of the cold surges differed accord-

ing to the presence and location of blocking. A common characteristic of all

types of cold surges was that they occur after the passage of the trough having

a baroclinic structure. In addition, all types of cold surges were linked to an

expansion of the Siberian high.
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1 | INTRODUCTION

A cold surge is a phenomenon that occurs in winter in
the mid- and high-latitudes, which damages crops and
affects plant growth, reducing crop production. Cold
surges can also cause human casualties, such as hypo-
thermia, frostbite, and death by freezing. Some studies
have reported that the mortality rate increases linearly
with the duration of cold surges (Vavrus et al., 2006;
Barnett et al., 2012). In addition, property damage can
occur as a result of freezing or bursting caused by cold
surges. Recently, climate change has been progressing
rapidly, but the likelihood of sudden occurrences of cold
surges is increasing. According to Ryoo et al. (2004), there
have been no significant changes in the frequency of cold
surges on the Korean Peninsula, even in a globally warm-
ing climate. Therefore, continuous research on winter
cold surges is important, regardless of global warming.

In general, troughs can develop more deeply in East
Asia and North America when the Arctic oscillation (AO) is
in its negative phase. Moreover, cold surges occur fre-
quently as the advection of cold air from the polar regions
carries cold air southward along this trough (Hong
et al., 2008). Cold surges occurring in East Asia, including
the Korean Peninsula, are strongly correlated with the vari-
ation of the East Asia Winter Monsoon (EAWM). They are
also closely related to the variation of the Siberian high.
Hence, when the Siberian high expands, the cold northerly
wind flows along its edge into the Korean Peninsula and
East Asian regions, causing rapid temperature drops (Chen
et al., 2002; Hong et al., 2008; Park et al., 2010a). Im and
Ahn (2004) reported that in addition to the EAWM index
and Siberian High Index (SHI), the AO index and Southern
oscillation index strongly correlate with the variability of
winter temperatures in the Korean Peninsula. Jeong and
Ho (2005) reported that the AO in the negative phase
strongly correlates with cold surges in East Asia. Kim and
Ahn (2010) conducted an Empirical Orthogonal Function
(EOF) analysis. They reported that the AO pattern is the
most dominant mode in winter over the Korean Peninsula,
together with the Western Pacific pattern and the Pacific-
North American patterns in January and the Eurasian pat-
tern in February. Woo et al. (2012) stated that the decadal
variability in the East Asian winter temperature is also
affected by AO. Park and Ahn (2016) reported that the AO
andWP patterns affect the temperatures of the Korean Pen-
insula and East Asia significantly when they are in the same
phase. In particular, the temperature decreases significantly
when both patterns are in the negative phase. Several stud-
ies have shown that the weakening of the polar stratosphere
circulation (Kim et al., 2009) and the occurrence of the trop-
icalMadden-Julian oscillation (Park et al., 2010b) are linked
to cold surges (Jeong et al., 2016).

In recent years, several studies have examined the effect
of Arctic sea ice in autumn on the decrease in temperature
and the increase in the cold surge frequency in East Asia
(Kim et al., 2014; Yang et al., 2020, 2021). Yang et al. (2020)
showed that the cold surge in East Asia mainly originated
from Europe before 1995, but from western Siberia after
1995. Pang et al. (2020) and (2022) investigated the influence
of the Siberian blocking and negative phase of the Scandina-
vian pattern on the long-lived cold surges over the South
China Sea, respectively. Several studies have made future
projections for boreal winter cold temperatures and regional
surges using the representative concentration pathway
(RCP) and SSP scenarios through various model experimen-
tal projects, such as the Coupled Model Intercomparison
Project (CMIP) and CORDEX projects. For example, Heo
et al. (2018) showed future simulations, which the cold surge
frequency decreased by 1.1 year−1 by the late 21st century
under the RCP 8.5 using CMIP Phase 5.

Studies on the association between blocking and cold
surges have also been carried out. Wang et al. (2010)
reported that Ural blocking has been closely associated with
the Siberian high and the winter climate in East Asia since
the 1970s. You and Ahn (2012) showed that the second EOF
mode in the North Pacific in winter is related to North
Pacific blocking and that the sea surface temperature (SST)
around the Korean Peninsula is lower than their climatology
during winter when the North Pacific blocking occurs fre-
quently. Park et al. (2014) classified cold surges into wave-
train and blocking types using the clustering method. They
reported that the wave-train and blocking types have barocli-
nic and barotropic structures, respectively, with blocking
type cold surges lasting longer than wave-train type cold
surges. In addition, research has been conducted to develop
an index to distinguish between these two types of cold
surges using the potential vorticity and potential tempera-
ture (Park et al., 2015). Cheung and Zhou (2016) reported a
correlation between Ural blocking and the variability of the
surface temperature in the EAWM region. They showed that
the temperatures of East Asia are closely related to Ural
blocking. Choi and Kim (2016) associated the blocking with
the low temperatures that abnormally lasted for more than a
month during the winters of 2010 and 2011.

Several studies have claimed that adiabatic heating due
to an increase in the North Atlantic sea surface temperature
(SST) forms a wave-train like pattern across North Atlantic
and Europe to the Ural region, resulting in Ural blocking
(Li, 2004; Sato et al., 2014; Lim, 2015; Jin et al., 2020). Luo
et al. (2016) and Tyrlis et al. (2020) reported that the Warm-
Arctic-Cold-Eurasia (WACE) pattern plays a significant role
in the formation and development of Ural blocking. Hwang
et al. (2020) suggested that the formation of blocking in the
North Pacific region in winter is related to vorticity flux,
which appears as a result of an interaction between high-
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and low-frequency eddies, which are background flows. In
particular, they argued that the role of the jet is important
because the peak of the high-frequency eddies is north of
the jet stream exit. A wave train is formed in winter as the
Rossby wave propagates on an Asian jet moving southward,
and various factors, such as equatorial SST change and
NAO, can affect the wave train. (Branstator, 2002; Hu
et al., 2018). In particular, Hu et al. (2018) argued that fluc-
tuations in the Eastern Pacific SST could help predict the
formation of wave-train.

Blocking refers to a phenomenon in which the synoptic
system becomes stagnant or has an anomalous path as air-
flow in the upper atmosphere is less zonal and has a large
amplitude meandering in the north–south direction
(Rex, 1950). Previous studies have shown that various factors,
such as nonlinear effects of atmospheric motion, internal
dynamics, and baroclinic transient eddies, are causes of the
formation and maintenance of blocking, but the link is
unclear (Shutts, 1983; Mullen, 1987; Nakamura and
Wallace, 1993; Nakamura and Fukamachi, 2004). Blocking
can cause long-lasting and abnormally low temperatures or
snowfall over the blocked regions owing to such stagnant
behaviours (Park et al., 2014, 2015; Bae and Min, 2016;
Choi and Kim, 2016). Although the correlation between
blocking and cold surges over the Korean Peninsula
has been studied, most research was confined to case
studies on the blocking related to the periods when
cold surges occurred over the Korean Peninsula. In
addition, blocking occurring in places, such as the Ural
and Okhotsk regions, has a significant impact on the
cold surge in the Korean Peninsula. On the other hand,
few studies have classified cold surges in the Korean
Peninsula according to the cause, and the location of
blocking that causes the cold surges. Therefore, classify-
ing cold surges affecting the Korean Peninsula accord-
ing to the cause and location of blocking and
identifying the characteristics for each classification can
help predict cold surges. Therefore, this study examined
the cold surges that occurred from 1975 to 2019 over
the Korean peninsula, which were affected by blocking
and the propagating wave-trains to determine the char-
acteristics of each cold surge type. In addition, the char-
acteristics of blocking-related cold surges were
examined in terms of the location of the blocking.

2 | DATA AND METHODS

2.1 | Data

In this study, a cold surge is defined using the surface air
temperature observed at the 56 in-situ Automated Surface
Observing System (ASOS) stations of the Korean

Meteorological Administration (KMA) in South Korea.
Figure 1 presents the location of each weather station. In
addition, the reanalysis daily mean data provided by the
NCEP/NCAR (National Centers for Environmental Predic-
tion/National Center for Atmospheric Research) are used to
define blocking and perform synoptic analysis. The NCEP/
NCAR reanalysis data have a grid interval of 2.5� in the hori-
zontal direction and 17 isobaric levels in the vertical direc-
tion (Kalnay et al., 1996). The variables used in this study
include the temperature at 2 m (T2m), temperature (T), geo-
potential height (Z), sea level pressure (SLP), and zonal wind
data. The data periods for KMA ASOS and NCEP/NCAR
reanalysis data are from 1975 to 2019.

2.2 | Definition of cold surge

Cold surges occur mainly when the Siberian high, which
is dominantly located in the Eurasian continent in win-
ter, expands, thereby introducing cold air towards the
mid-latitude regions. For this reason, most studies have
defined cold surges using the characteristics of a rapid
fall in temperature along with the development of the
Siberian high (Zhang et al., 1997; Chen et al., 2004; Jeong
and Ho, 2005; Park et al., 2010a; 2014; 2015).

FIGURE 1 Locations of 56 ASOS in South Korea and

topography (in metre)
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In this study, the mean temperature in South Korea is
calculated by averaging the surface air temperature of
56 in-situ ASOS observational stations. Based on previous
studies, a cold surge is defined as a phenomenon in
which the temperature of a day in boreal winter falls
more than 1.5σ (standard deviation) within 2 days. Here,
the standard deviation is obtained from daily variation in
temperature during the boreal winter of 45 years. The ter-
mination day of the cold surge is defined as the day when
the temperature increases again to higher than −0.5σ
(Jeong and Ho, 2005; Park et al., 2010a; 2014; 2015). 1.5σ
and 0.5σ of the surface air temperature in South Korea in
winter are approximately 5.7 and 1.9�C, respectively.

2.3 | Definition of blocking

Lejenäs and Økland (1983) proposed the blocking index,
and Tibaldi and Molteni (1990) developed a new index
called TM90 by supplementing it. The TM90 index is a
method for analysing the presence of blocking for each
longitude by calculating the difference between the
500 hPa geopotential height gradients (GHG) at north
and south (GHGN and GHGS, respectively) based on
60�N in the latitudinal range from 40�N to 80�N. Barrio-
pedro et al. (2006) proposed a modified blocking index by
changing the latitude range of the TM90 index to 40�N–
77.5�N. In this study, blocking is defined using the TM90
index proposed by Barriopedro et al. (2006) as follows:

GHGN λð Þ= Z λ,ΦNð Þ−Z λ,Φ0ð Þ
ΦN −Φ0

, ð1Þ

GHGS λð Þ= Z λ,Φ0ð Þ−Z λ,ΦSð Þ
Φ0−ΦS

, ð2Þ

where λ and Φ are the longitude and latitude, respec-
tively, and Z λ,Φð Þ represents the 500 hPa geopotential
height at λ,Φð Þ. GHGN λð Þ and GHGS λð Þ represent the
500 hPa geopotential height gradients at north and south
at a given longitude, respectively. The equation for a
given latitude can be expressed as follows:

ΦN =77:5
�
N+Δ,

Φ0=60:0
�
N+Δ,

ΦS=40:5
�
N+Δ,

Δ=−5:0
�
, −2:5

�
, 0:0

�
, 2:5

�
, and 5:0

�
: ð3Þ

When the five values of Δ are applied, a given longi-
tude is considered a longitude with blocking if both

GHGN λð Þ<−10 gpm � lat−1 and GHGS λð Þ>0 are satisfied
at least once. When this condition is maintained for at
least five consecutive days, it is finally considered to be
blocking.

3 | RESULT AND DISCUSSION

3.1 | Classification of CS: Duration and
intensity

The winter blocking frequency is relatively high over the
North Atlantic, and North Pacific regions (dotted line in

FIGURE 2 (a) Climatology of the blocking frequency (dotted

line) and blocking frequency when cold surge occurred in

South Korea (solid line), and (b) ratio of blocking frequency when

cold surge occurred in South Korea to the climatology of blocking

frequency in the winters from 1975 to 2016 (41 years)
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Figure 2a), which are similar to the distribution shown in
previous studies (Tibaldi and Molteni, 1990; You and
Ahn, 2012; Lee and Ahn, 2017). The blocking location
and frequency are investigated when the cold surge
occurred in the Korean Peninsula. The Ural, Okhotsk,
and North Atlantic regions show high blocking frequency
when a cold surge occurs over the Korean Peninsula at
the same time (solid line in Figure 2a). In particular, the
blocking frequency in the Ural and Okhotsk regions is up
to 2.7 times higher than the mean blocking frequency in
winter (Figure 2b). When blocking and cold surges coin-
cide for more than 1 day, they are defined as blocking
type cold surges (B_CS). In this study, to investigate cold
surges affected by the blocking location, blocking that
occur at 45�E–90�E and 90�E–150�E at latitudes between
40�N and 80�N are referred to as UR blocking (UR_B)
and OK blocking (OK_B), respectively. The case when
UR_B and OK_B occur simultaneously or continuously is
referred to as DO_B. In addition, cold surges that
occurred irrespective of blocking are defined as non-
blocking type cold surges (nB_CS).

Table 1 lists the characteristics of the four types of
cold surges, such as the occurrence frequency and dura-
tion, intensity of the cold surge (Ics) which are identified

by an analysis of 56 ASOS data in South Korea. The Ics is
defined as the mean temperature anomalies throughout
the cold surge. B_CS account for approximately 20% of
all cases of cold surges, and the durations of the B_CSs
are 1–9 days longer than those of nB_CS. The Ics of B_CS
are stronger than nB_CS, ranging from 1.3 to 2.5�C.
Overall, on average, B_CS is characteristically stronger
and lasts longer than nB_CS, even though most cold
surges are caused by nB_CS. OK_CS shows the highest
number of occurrences of B_CS, followed in order by
UR_CS and DO_CS. OK_CS comprise 51% of the total
B_CSs, and UR_CS and DO_CS account for 38 and 11%,
respectively. DO_CS has the longest duration, followed
by OK_CS and UR_CS. With respect to the Ics value,
DO_CS shows the highest Ics value, followed in order by
UR_CS and OK_CS. Overall, the characteristics of the
cold surges are related to the presence of blocking, and
the characteristics of B_CS also differ according to the
blocking location. Although the numbers of cases classi-
fied as UR_CS, OK_CS, and DO_CS are not sufficient to
draw statistical conclusions, each B_CS classified in this
study shows some common characteristics. For example,
in the case of the four DO_CSs, as shown in Z500
(Figure S1), blockings are located simultaneously in Ural

TABLE 1 Summary of the cold

surge in South Korea occurred over the

last 45-yearsType Non-blocking (wave-train)

Blocking

TotalUral Okhotsk Double

Cases 129 14 19 4 166

Days 352 51 97 47 547

Duration 2.7 3.6 5.1 11.8 3.3

Icsa −3.8 −5.4 −5.1 −6.3 −4.4

aIcs: Intensity of cold surge: temperature anomaly averaged during cold surge period (unit: �C).

FIGURE 3 Distribution of

(a) intensity of cold surge, and

(b) duration of the cold surge. The

values are from 56 ASOS stations in

South Korea
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and Okhotsk between Day −2 and Day 0, after which
Okhotsk blocking retrogresses and merges with Ural
blocking.

Figure 3 presents a box plot showing the distribution
of the Ics, and duration of each type of cold surge. In
terms of intensity and duration, the characteristics of the
four types of cold surges are more clearly distinguished.
Overall, B_CS is stronger and lasts longer than nB_CS.
Among the B_CSs, UR_CS and OK_CS have similar
median Ics values, but the top 25th percentile of the Ics
values of UR_CS is 0.7�C higher than those of OK_CS.

There is once a case in which a wave-type cold surge
passes through the Korean Peninsula twice in a row.
During this period, an unusually long and cold surge
(�13-day-long) continues in the region.

3.2 | Composite analysis for each type
of CS

The composite map shows the anomalous temperature
at 2 m (T2m) for the four types of cold surges classified

FIGURE 4 Composite of T2m

anomalies (shading; significant values

at 99% confidence level indicated by

black dots), and climatology of T2m

solid lines; contour interval of 5K) for

(a) nB_CS, (b) UR_CS, (c) OK_CS, and

(d) DO_CS cases [Colour figure can be

viewed at wileyonlinelibrary.com]
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in this study (Figure 4). Anomalies have been calcu-
lated from the 42 winter averages of each variable. The
statistical significance of composite maps is evaluated
using the two-tailed Student's t-test. For nB_CS, a
positive anomaly is observed in the Northwest Pacific
and the central regions of the Eurasian continent, and
a negative anomaly appears centred at around the
Korean Peninsula, showing a distinct wave-train pattern
(Figure 4a). In this regard, nB_CS can be considered
the wave-train type cold surge as defined by Park et al.
(2014). For UR_CS, a positive anomaly is observed in
the Kara Sea, and a negative anomaly appears in the
central regions of the Eurasian continent, showing a
meridional dipole pattern in the Ural region with the
negative anomaly extending from the Eurasian conti-
nent to the Korean Peninsula and Japan (Figure 4b). In
OK_CS, a positive anomaly is observed in the Eastern
Siberia and Okhotsk regions, and a negative anomaly is
located in Northeast Asia, showing a dipole pattern in
the meridional direction (Figure 4c). Regarding DO_CS,
a strong negative anomaly is observed in most of the
East Asia region, and a positive anomaly appears in the
Okhotsk region and around the Bering Strait
(Figure 4d). Four types of cold surges are considered to
have different characteristics because the T2m shows
different distribution depending on what type of block-
ing influences the cold surge.

Figure 5 presents a composite map of the SLP, anom-
alous SLP, and climatology of SLP to assess the spatial
change in the SLP from 2 days before initiation of the
cold surge (Day −2) to 2 days after initiation of the cold
surge (Day +2). In the case of nB_CS, the Siberian high is
strengthened around Mongolia on Day −2. A negative
anomaly appears around the Korean Peninsula and in
the eastern part of China, with a positive anomaly in the
east of Japan, showing a wave-train pattern (Figure 5a).
Between Day −1 and the initiation day of the cold surge
(Day 0), the Siberian high is weakened gradually and
expands towards the Korean Peninsula and the eastern
part of China. At the same time, the negative anomaly
that spans the Korean peninsula and the positive anom-
aly in the eastern part of Japan also moves eastward. In
this case, the pressure gradient in the Korean Peninsula
is strengthened between the positive anomaly over
eastern China and the negative anomaly is located to the
east (Figure 5e,i). Between Day +1 and Day +2, all anom-
alies are weakened rapidly: the positive anomaly located
to the east of the Korean Peninsula continues to move
eastward. The negative anomaly becomes very weak
while moving northeast towards the Kamchatka Penin-
sula (Figure 5m,q).

Regarding UR_CS, a strong positive SLP anomaly
appears in a relatively wide area from the Ural region to
the region around Lake Baikal on Day −2 (Figure 5b).

FIGURE 5 Composite of SLP anomalies (shading; significant values at 99% confidence level indicated by green dots), composite of SLP

(indicated by the solid red lines), and climatology of SLP (indicated by solid black lines) for Day –2 to Day +2 related to nB_CS (a, e, i, m, q),

UR_CS (b, f, j, n, r), OK_CS (c, g, k, o, s), and DO_CS (d, h, l, p, t). The contour interval is 6 hPa [Colour figure can be viewed at

wileyonlinelibrary.com]
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These anomalies related to UR_B and the Siberian high
expands towards eastern China during Day −1 and Day
0. The anomaly around Lake Baikal is weakened, and a
significant anomaly is observed only in the Ural region
and the eastern part of China. As in nB_CS, a negative
anomaly develops in the eastern part of Japan, and the
pressure gradient becomes strong around the Korean
Peninsula (Figure 5f,j). During Day +1 and Day +2, the
positive anomaly expands to the eastern part of China.
The negative anomaly in the eastern part of Japan moves
towards the Kamchatka Peninsula in the northeast weak-
ened significantly. On the other hand, the positive SLP
anomaly in the Ural region is maintained, and UR_B
continues even after Day +2 (Figure 5n,r).

As for OK_CS, a strong positive SLP anomaly appears
from Lake Baikal to the Bering Strait on Day −2
(Figure 5c). In the case of nB_CS and UR_CS, the posi-
tive anomaly moves southeast and expands towards the
eastern part of China. By contrast, in OK_CS, the anom-
aly moves south and expands to eastern China between
Day −1 and Day 0. At the same time, a negative SLP
anomaly develops around Japan, making the pressure
gradient around the Korean peninsula stronger
(Figure 5g,k). During Day +1 and Day +2, the Siberian
high, which expands to eastern China, continues to
weaken but is still statistically significant. The negative
SLP anomaly located mainly around Japan cannot move
in a northeast direction as in the cases of nB_CS and
UR_CS, and remains strong in place. This is because
OK_B remains strong and blocks the movement of the
negative SLP anomaly eastward. Consequently, the pres-
sure gradient over the Korean Peninsula also continues
to remain strong (Figure 5o,s).

DO_CS shows the combined characteristics of OK_CS
and UR_CS. On Day −2, a strong positive SLP anomaly

centred around Lake Baikal and the Bering Strait appears
(Figure 5d). The Siberian high around Lake Baikal
already expands to the eastern part of China on Day −1,
and a negative anomaly develops around Japan, strength-
ening the pressure gradient around the Korean peninsula
(Figure 5h). Between Day 0 and Day +2, the positive SLP
anomaly distributes throughout Eurasia and across
Bering Strait with little change in the pattern. The nega-
tive anomaly located mainly around Japan becomes
stronger and expands gradually eastward (Figure 5l,p,t).
During this period, the positive SLP anomaly in a high-
latitude region extends over an elongated area from the
Ural region to the Bering Strait. The positive anomaly
appears in a relatively wide area from the Ural region to
the region around Lake Baikal and from Lake Baikal to
the Bering Strait, respectively, as in the case of UR_CS
and OK_CS. Accordingly, the anomaly represents a com-
bined pattern of UR_B and OK_B. As the negative SLP
anomaly remains strong, the pressure gradient around
the Korean peninsula also remains strong.

3.3 | Siberian high and CS

When the Siberian high develops and expands, the
Korean Peninsula is located on the edge of the Siberian
high and the Aleutian low in the east. As a result, the
pressure gradient becomes strong in the region, which
induces a strong northerly wind, leading to a sharp tem-
perature drop due to strong cold temperature advection
(Zhang et al., 1997; Gong and Ho, 2002; Jhun and
Lee, 2004; Chang and Lu, 2012).

Regardless of the type of cold surge, it is commonly
observed that when a cold surge occurs over the Korean
peninsula, the Siberian high expands, the pressure

FIGURE 6 (a) Climatological SLP during DJF (shading), Siberian high domain (Area I), and Korea peninsula domain (Area II).

(b) Same as Figure 4, but for the maximum SLP in Area I
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gradient around the Korean Peninsula becomes stronger,
and a negative SLP anomaly passes through the Korean
peninsula. In the case of nB_CS, however, the negative
SLP anomaly tends to move relatively fast. On the other
hand, when B_CS occurs, the pressure gradient around
the Korean Peninsula becomes stronger and remains lon-
ger than when nB_CS occurs. In addition, SLP anomalies
persist for a relatively long period when B_CS occurs.
Another difference among the four B_CS is that the SLP
anomaly remains strong until Day +2 in the Ural region
in the case of UR_CS, in the Okhotsk region for the
OK_CS, and both the Ural and Okhotsk regions for
the DO_CS.

All four types of cold surges are related to the Siberian
high. Most studies consider the development and expan-
sion of the Siberian high when classifying the East Asian
cold surges and claim that when the maximum SLP in
the Siberian area (40–60�N, 75–110�E) exceeds 1,035 hPa,
it affects the cold surge over the Korean Peninsula
(Zhang et al., 1997; Chen et al., 2004; Park et al.,
2010a; 2014; 2015). The degree to which the type of cold
surges are affected by the Siberian high is examined by
setting the Siberian high area to Area I in Figure 6a (40–
60�N, 75–110�E) (Gong and Ho, 2002; Wu and
Wang, 2002; Jhun and Lee, 2004; Chang and Lu, 2012).
Figure 6b shows the maximum SLP in Area I at Day
0. The upper and lower numbers represent the number
and ratio of cold surges related and unrelated to the
strengthening of the Siberian high, respectively, by a cold

surge type. All 37 B_CSs are associated with the strength-
ening of the Siberian high as the SLP exceeded 1,038 hPa
at the time of occurrence. In particular, when UR_CS
and DO_CS occur, the average SLPs are relatively high.
In the case of nB_CS, it shows the lowest strength on
average, but the upper 95th percentile is 1,057 hPa, and
the maximum pressure reaches 1,070 hPa. This means
that nB_CS can be associated more strongly with the
Siberian high than in the case of B_CS. Although 15 out
of 129 nB_CSs (11.6%) are not related to the strong Sibe-
rian high, cold surges on the Korean Peninsula are gener-
ally associated with the strong development of high
pressure in Area I.

3.4 | Vertical structure and baroclinicity
of CS

Figure 7 shows the anomalous wind (W850) and anoma-
lous temperature (T850) in the 850 hPa composite map
illustrating the low-level atmospheric pattern for each
cold surge. Although each of the four types of cold surges
has its distinct characteristics, there are several common
patterns are shared by the four types of cold surges. On
Day −2, the northerly wind anomaly and negative T850
anomaly are observed around Lake Baikal. To the east of
the Korean peninsula, the wind anomaly rotates clock-
wise. As a result, a southerly wind anomaly appears over
the Korean peninsula. From Day −1 to Day 0, all patterns

FIGURE 7 Composite of the T850 anomalies (shading with contour; significant values at 99% confidence level indicated by black dots)

and UV850 (vector) for Day −2 to Day +2 related to nB_CS (a, e, i, m, q), UR_CS (b, f, j, n, r), OK_CS (c, g, k, o, s), and DO_CS (d, h, l, p, t)

[Colour figure can be viewed at wileyonlinelibrary.com]
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observed in each cold surge move to the southeast. The
W850 anomaly rotating clockwise, which is located east
of the Korean Peninsula, moves southeastward. There-
fore, the regions affected by the southerly wind anomaly
and negative T850 move southeastward. In addition, the
northerly wind anomaly and negative T850 anomaly pre-
sent around Lake Baikal move in a southeast direction
towards the Korean Peninsula and thus are located
around the Korean Peninsula. All types of cold surges
commonly show a pattern in which a northerly wind
anomaly is located around the Korean peninsula, and
cold air moves southward.

The difference among the four types of cold surges is
that, in the case of nB_CS, there are positive anomalies
in Central Asia and southeast of South Korea, showing a
wave-train pattern (Figure 7a). The patterns move east-
ward more quickly than in the other types of cold surges.
On Day +1, the northerly wind anomaly and negative
T850 anomaly around the Korean peninsula are already
weakened. On Day +2, they leave the Korean Peninsula
and almost disappear (Figure 7m,q).

As for the UR_CS, the W850 anomaly rotating clock-
wise appears around the Ural region. A negative T850
anomaly near Lake Baikal is formed over a wide area of
Central Asia due to the northerly wind anomaly. A posi-
tive T850 anomaly is formed over a wide area in the
Barents-Kara Sea because of the southerly wind anomaly.
The northerly wind anomaly and negative T850 anomaly
around the Korean Peninsula remain relatively strong

until Day +1 compared to nB_CS. On Day +2, the anom-
alies around the Korean peninsula move to the east and
became very weak. However, the W850 anomaly in the
Ural region and the T850 anomaly near the Barents-Kara
Sea are maintained from Day +1 to Day +2 (Figure 7n,r).

In OK_CS and DO_CS, the W850 anomaly rotating
clockwise appears around the Bering Sea, and the posi-
tive T850 anomaly appears in the eastern part of Russia.
From Day −2 to Day +2, anomalies in the regions where
blocking is located continue to be maintained. In the case
of DO_CS, the size of the anomaly is relatively larger and
stronger. The W850 anomaly located east of the Korean
peninsula does not move eastward and remains in place,
continuously maintaining a northerly wind anomaly and
supplying cold air to the Korean peninsula. Therefore,
the negative T850 anomaly also remains strong until Day
+2 (Figure 7o,s). In the case of DO_CS, similar to
OK_CS, the anomalies around the Korean peninsula are
stagnant, and the northerly wind anomaly and negative
T850 anomaly continue to be maintained around the
Korean peninsula. (Figure 7p,t).

Figure 8 presents a composite map of the geopotential
height at 500 hPa (Z500), anomalous Z500, and climatol-
ogy of Z500 to examine the spatial changes in the middle
atmosphere from Day −2 to Day +2. In the case of
nB_CS, a negative Z500 anomaly appears in the north-
eastern part of China on Day −2, strengthening the
trough. A positive anomaly appears in Central Asia and
Japan building up the ridge, showing a wave-type pattern

FIGURE 8 Same as Figure 5. But for Z500. Composite of Z500 anomalies (shading; significant values at 99% confidence level indicated

by black dots), composite of SLP (indicated by the dotted red lines), and climatology of SLP (indicated by solid black lines). The contour

interval is 120 m [Colour figure can be viewed at wileyonlinelibrary.com]
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(Figure 8a). Between Day −1 and Day 0, the negative
anomaly and trough reach the Korean Peninsula, and
their intensity is increased, reaching a peak (Figure 8e,i).
Subsequently, from Day +1 to Day +2, the negative
anomaly moves northeast towards the Kamchatka Penin-
sula, gradually weakening, and the positive anomaly con-
tinues to move eastward and be weakened. The positive
anomaly in Central Asia is weakened, moving southward
(Figure 8m,q).

In the case of UR_CS, from Day −2, the strong posi-
tive Z500 anomaly is located around the Ural area. In
Inner Mongolia, a negative anomaly and a trough are
formed. At this time, a positive Z500 and a weak ridge
form around Japan. From Day −1 to Day 0, the negative
anomaly and trough in the northeastern part of China
move southeast along the isobar. They are located over
the Korean Peninsula, and the trough strengthens to the
maximum intensity. The positive anomaly around Japan
continues to move, and the strong positive anomaly and
ridge in the Ural region continue to maintain their posi-
tions (Figure 8f,j). While the anomaly in the Ural region
maintains its position and intensity in Day +1 and Day
+2, the negative anomaly over the Korean Peninsula and
the positive anomaly in the east continue to move east-
ward. However, they move slower than when nB_CS
occurs (Figure 8n,r).

Regarding OK_CS, a positive Z500 anomaly appears
over a large area of Russia on Day −2: a ridge appears to

the west of Lake Baikal, and a negative anomaly and a
cut-off low are present in the northeastern part of China
(Figure 8c). From Day −1 to Day 0, the positive anomaly
at a high latitude is reduced around Okhotsk but its
intensity is maintained. During this period, a strong neg-
ative anomaly and a strong cut-off low develop around
the Korean Peninsula (Figure 8g,k). On Day +1 and Day
+2, the positive anomaly shrinks around the Sea of
Okhotsk, but its central core remains strong. A negative
anomaly or a cut-off low is blocked by the ridge formed
in the east and moves very slowly. Even on Day +2, it is
still located around Japan and still strong (Figure 8o,s).

In DO_CS, a strong positive anomaly appears near
the Bering Strait on Day −2, and a positive anomaly and
ridge appear in the Ural region. A deep trough and nega-
tive anomaly are located in the northeastern part of
China (Figure 8d). From Day −1 to Day 0, the positive
anomaly in the Ural region becomes stronger, and the
positive anomaly near the Bering Strait expands to the
west and south, it is connected to the anomaly in
the Ural region. The trough and negative anomaly in the
northeastern part of China develop into a cut-off low,
becoming stronger, and moving southward to the Korean
Peninsula (Figure 8h,l). From Day +1 to Day +2, the pos-
itive anomaly in the Ural region becomes stronger and
the positive anomaly near the Bering Strait is reduced
towards the Okhotsk region. The cut-off low and trough
located over the Korean Peninsula are blocked by the

FIGURE 9 Composite of Z850 anomalies (black lines) and Z300 anomalies (red lines) for Day −2 to Day +2 related to nB_CS (a, e, i, m,

q), UR_CS (b, f, j, n, r), OK_CS (c, g, k, o, s), and DO_CS (d, h, l, p, t). Contour interval of 15 m (DO CS has 30 m) at Z850 and 30 m (DO_CS

has 60 m) at Z300. The dashed lines indicate negative values [Colour figure can be viewed at wileyonlinelibrary.com]
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anomaly near the Bering Strait and affect the Korean
peninsula (Figure 8p,t).

One of the common features in all types of cold surges
is that the Korean Peninsula appears to be influenced by
the trough. As the trough passes over the Korean Penin-
sula, cold advection from the north in the middle atmo-
sphere occurs. When each type of cold surge occurs,
there is a difference in the intensity of the trough and the
speed at which the trough passes through the Korean
Peninsula, depending on whether blocking occurs or not
and where blocking occurs. In other words, when influ-
enced by B_CS instead of nB_CS, the intensity of the
trough is relatively higher, and the movement speed of
the trough passing over the Korean Peninsula is lower. In
the case of nB_CS, when blocking occurs in the east
rather than west of the Korean Peninsula, the move-
ments of the trough are slow due to stagnant atmospheric
flow. Accordingly, the blocking type cold surges are
ranked in the order of DO_CS, OK_CS, and UR_CS in
terms of the intensity of the trough and the speed at
which the trough passes over the Korean peninsula.

Figure 9 presents a composite of superimposed Z850
and Z300 anomalies to illustrate the vertical structure of
geopotential anomaly distributions. For nB_CS, as the
trough related to the cold surge moved southeastward
from the Ural region, the wave-train anomalies in the
upper and lower atmosphere moves together along the
wave-path (Figure 9a,e,i,m,q). The anomalous baroclini-
city associated with the trough is at its strongest stage,
particularly during Day −1 and Day 0, when the wave
trough passes around the Korean Peninsula (Figure 9e,i).
Subsequently, the baroclinicity appears to decrease
(Figure 9q).

As for UR_CS, the central position of the large posi-
tive anomaly in the Ural region remains almost
unchanged during the entire period, and its vertical
structure is quite barotropic (Figure 9b,f,j,r). However,
the wave-train pattern of positive and negative anomalies
in the eastern and northwestern parts of the Korean Pen-
insula, respectively, moves southeastward from Siberia to
Korea and Japan, as in nB_CS. Unlike the positive anom-
aly in the Ural region, where blocking occurs, the pair of
anomalies related to the cold surge in the Korean Penin-
sula has a baroclinic structure. Interestingly, the negative
anomaly located to the south of the positive anomaly in
the Ural region (Figure 9b), having a baroclinic structure,
continues to be connected zonally to the negative anom-
aly of the pair after the cold surge passed the Korean Pen-
insula (Figure 9n,r). This connection seems to contribute
to slow down the trough passing through the Korean
Peninsula, unlike the nB_CS case.

In OK_CS, a positive anomaly appears in the same
location vertically in the upper and lower atmospheres

over a wide area centred on the eastern part of Russia
from Day −2, indicating a barotropic structure. A nega-
tive anomaly appears in both the upper and lower atmo-
spheres around the northwest of the Korean peninsula.
However, it is tilted in a southeast-northwest direction
vertically, indicating a baroclinic structure (Figure 9c).
The positive anomaly, which is located over a wide area
at a high latitude, continues to maintain its position, but
the baroclinic anomaly near the Korean peninsula moves
gradually southward and is centred around the Korean
peninsula on Day −1 (Figure 9g). From Day 0, however,
the positive anomaly in the north expands to the Sea of
Okhotsk, blocking the movement of the negative anom-
aly. The negative anomaly remains around the Korean
peninsula for a relatively long time, increasing the verti-
cal tilt (Figure 9k,o,s).

DO_CS shows a pattern that appears to be a com-
bined representation of both UR_CS and OK_CS. On Day
−2, vertically straight barotropic anomalies in the upper
and lower atmospheres appear in the Ural area and near
the Bering Strait. At the same time, negative anomalies
appear in a very complex pattern in the mid-latitude
(Figure 9d). Throughout the entire period, the positive
anomalies in the high latitudes continue to remain in
place. On the other hand, negative anomalies appear
around the eastern part of the Korean Peninsula in the
lower atmosphere and over a wide area from the north-
western part of the Korean Peninsula to most regions of
China in the upper atmosphere. Subsequently, these bar-
oclinic negative anomalies around the Korean peninsula
move eastward gradually, but they are blocked by the
positive anomaly extending from the Bering Strait to the
Northwest Pacific and continue to be located around the
Korean Peninsula (Figure 9l,p,t).

In nB_CS, the baroclinic structure passes quickly
through the Korean peninsula, causing a cold surge. As
for B_CS, on the other hands, blocking remains in place
and maintains the barotropic structure. The negative
anomalous baroclinic structure derived from blocking
passes slowly over the Korean peninsula due to blocking.

3.5 | AO and CS

As mentioned in the introduction, there are many studies
showing that the wintertime cold weather on the Korean
Peninsula is largely affected by AO (e.g., Gong
et al., 2001; Gong and Ho, 2004; Im and Ahn, 2004; Jeong
and Ho, 2005; Hong et al., 2008; Kim and Ahn, 2010;
Park et al., 2010b; Woo et al., 2012; Park and Ahn, 2016).
Accordingly, the relationship between the four types
of cold surges and AO was investigated. The AO index
used in this analysis was provided by NOAA CPC at
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https://www.cpc.ncep.noaa.gov/products/precip/CWlink/
daily_ao_index/ao.shtml. Figure 10 presents the magni-
tude of the AO index during the four types of cold surge.
When nB_CS, UR_CS, OK_CS, and DO_CS occur, the
medians of the AO index are 0.2, −0.9, 0.1, and − 1.4,
respectively. While the medians of UR_CS and DO_CS
have negative AO indices, nB_CS and OK_CS appear to
occur regardless of the AO phase. According to the daily
lag-correlation between the AO index and the surface
temperature of the Korean Peninsula, however, the cold
surge in the region has a 50–60-day lag-correlation with
the AO index, which is significant at the 95% confidence
level in two-tailed tests (Figure 11). Indeed, many studies
have shown (e.g., Im and Ahn, 2004; Jeong and Ho, 2005;
Kim and Ahn, 2010; Park and Ahn, 2016) that the aver-
age winter temperature on the Korean Peninsula is
largely warm and cold during the positive and negative
AO phases, respectively. That is, although the occurrence
of a cold surge in the region does not appear to have a
significant simultaneous daily relationship with the AO,
there is a clear lag-correlation between the occurrence of
cold surge and AO. These results differ from Jeong and
Ho (2005) and Park et al. (2014), who have not classified
and examined cold surge, as in this study. The relation-
ship between the AO and boreal wintertime blocking for
cold surge is beyond the scope of this study, and further
research will be needed.

4 | SUMMARY AND CONCLUSION

This study examine the characteristics of cold surges in
the Korean Peninsula over the last 45 years (1975–2019).
Of the 166 cases of cold surges that occurred during the
period, 78% of the cold surges are associated with the

passage of a wave-train type baroclinic trough moving
southeastward from the northwest across the Korean
Peninsula (nB_CS), and the rest of surges are influenced
by blocking (B_CS). Although blocking has not been
identified clearly, studies have shown that it has many
causes (Shutts, 1983; Mullen, 1987; Nakamura and
Wallace, 1993; Li, 2004; Nakamura and Fukamachi, 2004;
Sato et al., 2014; Lim, 2015; Luo et al., 2016; Jin
et al., 2020; Tyrlis et al., 2020), and blocking can cause
abnormally low temperatures in an area (Park et al., 2014,
2015; Bae and Min, 2016; Choi and Kim, 2016). The block-
ings causing cold surges over the Korean peninsula occur
mostly around the Sea of Okhotsk and Ural region (OK_B
and UR_B, respectively). In rare cases, blocking occurs
simultaneously in the two regions (DO_B), causing strong
and long-lasting cold surges. Because the cold surges on
the Korean Peninsula are affected by the location as well
as the occurrence of blocking, this study divided B_CS into
three types (UR_CS, OK_CS, and DO_CS) and examined
the characteristics of each type, including nB_CS.
Although the numbers of cases classified as UR_CS,
OK_CS, and DO_CS are not sufficient to draw statistical
conclusions, each B_CS classified in this study exhibits
common characteristics.

Although most of the cold surges occurring in the
region are nB_CSs, and the cases of B_CS are relatively
small, B_CS show a stronger intensity that lasts longer
than nB_CS. The mean duration of nB_CS, UR_CS,
OK_CS, and DO_CS are 2.7, 3.6, 5.1, and 11.8 days,
respectively, and the mean intensity values of nB_CS,
UR_CS, OK_CS, and DO_CS are −3.8, −5.4, −5.1,
and − 6.3�C, respectively. Therefore, despite the small
number of occurrences of B_CS, they tend to bring about
relatively strong cold surges. Because blocking has a bar-
otropic structure and, when it occurs, lasts for 1 week or
longer (Rex, 1950), the blocking that influenced the cold
surge over the Korean Peninsula tends to last for a rela-
tively long period compared to nB_CS because the trough
is continually linked to the blocking behind, as in the
case of UR_CS, or the movement of the trough is

FIGURE 10 Same as Figure 3 but for the Arctic oscillation

index. the values are from CPC

FIGURE 11 Lag-correlation between the surface temperature

when a cold surge occurred over South Korea and AOI for Day−60
to Day 0. The percentages on the right side of the graph indicate

statistically significant level
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stagnated by the blocking ahead, as in the case of OK_CS.
In particular, in the case of OK_CS, blocking is located to
the east of the cold surge, and the movement of the cold
surge is the slowest. On the other hand, in nB_CS, the cold
surge duration is the shortest because the trough related to
the wave-train moves rapidly. In short, the intensity and
movement speed of the trough related to the cold surge vary
according to the presence and location of blocking.

All four types of cold surges that occurred in the
Korean Peninsula are related to the passage of a trough
with a baroclinic structure and a cold front that resulted
in cold advection from northwest to the southeast.
Although blocking that affected the cold surge in the
Korean Peninsula has a barotropic structure, the trough
caused by the blocking is baroclinic.

All four types of cold surges classified in this study
are related to the expansion of the Siberian high. Regard-
less of the type of cold surge, when a cold surge occurs
over the Korean peninsula, the Siberian high expands,
the pressure gradient around the Korean Peninsula
becomes stronger, and a negative SLP anomaly passes
through the Korean peninsula. In the case of nB_CS,
however, the negative SLP anomaly tends to move rela-
tively quickly. On the other hand, when B_CS occurs, the
pressure gradient around the Korean Peninsula becomes
stronger and remains longer than when nB_CS occurs
owing to the influence of blocking. In addition, UR_CS
and DO_CS are more closely related to the Siberian high
expansion than OK_CS and nB_CS.

The relationship between the four types of cold surges
and AO was investigated. According to the daily lag-
correlation between the AO index and the surface tem-
perature of the Korean Peninsula, the cold surge in the
region has a 50–60-day lag-correlation with the AO index,
which is significant at the 95% confidence level. The anal-
ysis has something in common in that the average winter
temperature of the Korean Peninsula has a significant
correlation with the AO, as many studies have shown
(e.g., Im and Ahn, 2004; Jeong and Ho, 2005; Kim and
Ahn, 2010; Park and Ahn, 2016), although there is no
clear simultaneous correlation between the occurrence of
CS and the AO based on the daily data.

All types of cold surges appear to be influenced by the
trough. When each type of cold surge occurs, however,
there is a difference in the intensity of the trough and the
speed at which the trough passes through the Korean
Peninsula depending on whether blocking occurs and
where the blocking occurs. In other words, when influ-
enced by B_CS instead of nB_CS, the intensity of the
trough is relatively higher, and the movement speed of
the trough passing through the Korean Peninsula is
slower. In the case of B_CS, the movements of the trough
are slower when blocking occurs in the east of the

Korean Peninsula than the west due to stagnant atmo-
spheric flow. Accordingly, the blocking type cold surges
are ranked in the order of DO_CS, OK_CS, and UR_CS
in terms of the intensity of the trough and the speed at
which the trough passes through the Korean peninsula.
However, in the case of DO_CS, because there are only
four cases, it is necessary to examine its characteristics
through a case study in the future.
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