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Record-Breaking Summer Rainfall in South Korea in 2020: Synoptic Characteristics and the Role of
Large-Scale Circulations?
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ABSTRACT: In the summer of 2020, South Korea experienced record-breaking rainfall due to 15 consecutive heavy
rainfall events (HREs) from mid-June to early September. Among them, 11 HREs occurred in late June to mid-August with
distinct synoptic characteristics depending on the occurrence period. All HREs from 29 June to 27 July (P1) were triggered
by extratropical cyclones, while those from 28 July to 15 August (P2) mainly occurred along the monsoon rainband. We
argue that their transition is associated with atmospheric teleconnections. During P1, the western North Pacific subtropical
high (WNPSH) anomalously extended westward, but its northward expansion was hindered by the meridional wave train
from the suppressed convection over the South China Sea. This condition prevented a northward migration of the monsoon
rainband but allowed more extratropical cyclones to pass over the Korean Peninsula, resulting in four HREs. During P2, the
South China Sea convection was enhanced, and its circulation response prompted an abrupt northward expansion of the
WNPSH with a large pressure gradient along its northern boundary. With intensified southwesterly moisture transport, a
monsoon rainband was activated over the Korean Peninsula, producing six HREs. The opposite phases of the summer
North Atlantic Oscillation, i.e., negative in P1 but positive in P2, further contributed to the anomalous monsoon circulation
by modulating the midlatitude circulation response to the South China Sea convection. This study demonstrates that the
nature of summertime HREs in East Asia can be strongly modulated by remote forcings.
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1. Introduction manifestation of an abnormal East Asian summer monsoon
(EASM) in 2020.

The present study documents the synoptic characteristics of
the HREs in South Korea. The anomalous EASM circulation
and its possible causes are also examined. Although several
studies have already reported hydrological extremes in East
Asia in 2020 summer (referenced above), no study has re-
ported South Korean HREs that were not necessarily driven
by the same mechanisms as in the Chinese or Japanese HRE:.
As shown below, South Korean HREs exhibited distinct
synoptic characteristics depending on the occurrence period,
which are distinguishable from Chinese or Japanese HRE:.

In recent decades, many catastrophic HREs have occurred
in East Asia. For example, an exceptionally serious flood oc-
curred along the Yangtze River due to three consecutive HREs
on 11-29 June, 21-31 July, and 1-10 August 1998 (Xiong et al.
2003). In South Korea, the 18-day lasting HRE, resulting from
the vertical coupling of persistent low-level and upper-level
jets, caused the flash flood in August 1998 (Choi et al. 2008; Lee
et al. 2008). In western Japan, extreme rainfall in excess of
100mmh ™! caused 75 deaths in August 2014 due to the in-
Corresponding author: Seok-Woo Son, seokwooson@snu.ac.kr  terplay between the elongated water vapor flux (known as the

In the summer of 2020, destructive floods consecutively oc-
curred across South Korea, causing 46 fatalities and billion-
dollar economic losses [Korea Meteorological Administration
(KMA) 2021]. The accumulated rainfall during June—-September
was approximately 53% larger than climatology, breaking
the record since 1971 (Fig. 1a). This extreme summer rain-
fall was primarily attributed to consecutive heavy rainfall
events (HREs) from mid-June to early September. A large
number of flash floods were also reported in China in June—
July and Japan in early July (Liu et al. 2020; Takaya et al.
2020; Araki et al. 2021; Horinouchi et al. 2021; Zhang et al.
2021; Zhou et al. 2021). This indicates that the HREs
in South Korea were not local phenomena but a regional
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FIG. 1. (a) Yearly time series of June-September accumulated
rainfall (black line) and its anomaly (colored bars) for the period of
1971-2020. Here, the anomaly is defined as a deviation from the
50-yr (1971-2020) climatology, and its one standard deviation is
marked by dotted lines. (b) Daily time series of daily accumulated
rainfall amount in the summer of 2020 (gray bars) and the 50-yr
climatology (black line). A 9-day moving average is applied. The
first and second rainy periods in 2020 are denoted by apricot
shading. In (a) and (b), the accumulated rainfall amounts are av-
eraged over 45 stations with continuous observations from 1971 to
2020. (c) Hourly time series of the 12-h accumulated rainfall
amounts in the summer of 2020. Rainfall amounts greater than
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“atmospheric river”’) and the upper-level cutoff low (Hirota
et al. 2016). In July 2018, western Japan again experienced a
severe HRE due to a localized rainband, which was activated
by continuous low-level moisture supply and an upper-level
deep trough (Yokoyama et al. 2020).

Beyond these case studies, the overall synoptic characteris-
tics of the summertime HREs (more generally, monsoon
rainfall) in East Asia have been extensively examined. It is well
documented that East Asian HREs typically develop through
warm cloud processes supported by abundant moisture supply
along the northern flank of the western North Pacific sub-
tropical high (WNPSH; Sohn et al. 2013; Hamada and
Takayabu 2018). This moisture supply is frequently driven
into an elongated shape, i.e., atmospheric river (Kamae et al.
2017, Park et al. 2021a). Sampe and Xie (2010) further showed
that westerly warm advection in the midtroposphere provides
an environmental forcing for the ascending motion along the
quasi-stationary monsoon rainband (MRB). By analyzing the
350-K isentropic potential vorticity (PV) map, Horinouchi (2014)
demonstrated that monsoon rainfall can be transiently modulated
by upper-level disturbances. The mixture of thermodynamic and
dynamic natures of the East Asian HREs is also well supported by
observational studies on the HREs in eastern China (Nie and Fan
2019), Korea (Park et al. 2021b) and Japan (Yokoyama et al.
2020). They all demonstrated that the summertime HREs in East
Asia are governed by synoptic-scale setup, although the rainfall
itself tends to be localized (Jo et al. 2020).

The synoptic condition of the EASM can be influenced by
remote forcings through atmospheric teleconnections. For
example, the enhanced convection over the warm tropical
Indian Ocean in the post-El Nifio summer often leads to the
increased monsoon southwesterly toward East Asia by orga-
nizing an anomalous anticyclone over the subtropical western
North Pacific (Xie et al. 2009, 2016). A meridional propagation
of the Rossby wave excited by convection over the South China
Sea (SCS), known as the Pacific-Japan (PJ) pattern (Nitta
1987; Kosaka and Nakamura 2006), can also drive abnormal
behaviors of the WNPSH on intraseasonal to interannual time
scales (Kosaka et al. 2011; Li et al. 2014; Kubota et al. 2016).

The extratropical zonal wave trains also exert impacts on the
East Asian summer climate. In boreal summer, two latitudinally
well-separated waveguides are observed over the Eurasian
continent (Chowdary et al. 2019). One is the waveguide along
the subtropical jet at ~40°N, which is responsible for the cir-
cumglobal teleconnection pattern and the Silk Road pattern
(Ding and Wang 2005; Hong and Lu 2016). The other is along
the large meridional gradient of static stability in northern

—

110 mm (12 h) ™! are highlighted in four different colors depending
on their associated synoptic systems, i.e., monsoon rainband
(MRB), extratropical cyclone (ETC), extratropical transition
(ET), and tropical cyclone (TC). In (c), the maximum rainfall
amounts among 91 stations operated in 2020 are shown. The areas
shaded in sky-blue and pink denote P1 (29 Jun-27 Jul) and P2 (28
Jul-15 Aug), respectively.
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Eurasia (Iwao and Takahashi 2008; Xu et al. 2019). The Rossby
wave excited by the summer North Atlantic Oscillation (SNAO;
Folland et al. 2009; Osborne et al. 2020) tends to propagate along
this high-latitude waveguide (Wu et al. 2009; Yamaura and
Tomita 2011; Li and Ruan 2018). The zonal wave trains along
these two waveguides not only modulate large-scale components
of the EASM (e.g., WNPSH and Okhotsk high) but also
organize a quasi-stationary trough or ridge in the upper tropo-
sphere, bringing anomalous weather in East Asia (Nakamura
and Fukamachi 2004; Kosaka et al. 2011; Orsolini et al. 2015; Liu
et al. 2019).

All of these studies suggest that East Asian HREs can be
determined by both local (i.e., synoptic conditions) and remote
processes (i.e., teleconnections). This was also the case for the
HRE:s in South Korea in the summer of 2020 (hereafter, re-
ferred to as HREs unless otherwise specified). As shown be-
low, the record-breaking summer rainfall in South Korea was
mainly caused by consecutive HREs, but their synoptic natures
dramatically varied from one month to another. While the
HRE:s from late June to late July were caused by extratropical
cyclones (ETCs), the subsequent HREs were mainly caused by
MRB from late July to mid-August. Later, the HREs from late
August to early September were triggered by tropical cyclones
(TCs). The transition of HRE types from ETC-related ones to
MRB-related ones in late July was quite sudden. We suggest that
the atmospheric teleconnections induced by the SCS convection
and SNAO played a critical role in their rapid transition.

The rest of this paper is organized as follows. Data and
methodology are briefly introduced in section 2. Section 3
presents an overview of the 2020 summer rainfall, including
HREs. In section 4, synoptic condition of the HREs and sub-
seasonal variation of monsoon circulation are investigated.
The role of large-scale circulations is explored in section 5.
Further discussion is given in section 6, and the main findings
are summarized in section 7.

2. Data and method

The hourly precipitation data recorded at synoptic weather
stations of the KMA are used to analyze both the 2020 summer
rainfall (91 stations; see Fig. S1 in the online supplemental
material for their spatial distribution) and the climatology for
the period of 1971-2020 (45 stations). The weather stations on
Jeju Island are excluded because of different synoptic vari-
ability from those in the Korean Peninsula. To investigate at-
mospheric circulations, we use the 6-hourly Japanese 55-year
Reanalysis (JRA-55; Kobayashi et al. 2015) interpolated onto a
1.25° X 1.25° spatial resolution for the period of 1979-2020.
Convective activity in the tropical ocean is quantified by using the
daily interpolated outgoing longwave radiation (OLR) at a
2.5° X 2.5° spatial resolution from the National Oceanic and
Atmospheric Administration (NOAA; Liebmann and Smith
1996) for the same analysis period. The daily index of boreal
summer intraseasonal oscillation (BSISO; Lee et al. 2013),
provided by the Asia Pacific Economic Cooperation (APEC)
Climate Center (APCC), is also used for the period of 1981-
2020. For all variables, the anomaly is defined as a deviation
from the long-term climatology at each calendar day.

Brought to you by SEOUL NATL UNIV. LIBRARY | Unauthenticated | Downloaded 09/03/21 10:06 AM UTC

PARK ET AL.

3087

The HREs in June-September 2020 are identified with the
KMA criteria as in Park et al. (2021b). Specifically, an event
with 12-h accumulated rainfall greater than 110mm at any
single station is defined as an HRE. Individual HREs are
considered to be independent if they are separated for at least
12 h. This allows a total of 15 HREs, as listed in Table 1.

3. Overview of the 2020 summer rainfall
a. Record-breaking summer rainfall

Figure 1a shows the yearly variation of the June-September
accumulated rainfall in South Korea. The summer rainfall
exhibits substantial interannual variability with more frequent
wet summers in the last two decades (see sky-blue bars). In
2020, the summer rainfall amount was 1250 mm, 53% greater
than climatology, breaking the record in the past 50 years. This
unprecedented rainy summer emerged after 7-yr-long dry
summers (see orange bars).

Figure 1b presents the subseasonal variation of the daily
rainfall in 2020 (bar) and its long-term climatology (line).
Climatologically, there are two rainfall peaks, i.e., one in mid-
July and the other in late August. They are well divided by a
relatively dry spell in between (Lee et al. 2017). In 2020,
however, the first rainfall peak appeared in early August, about
25 days later than the climatological first peak. The withdrawal
of the first rainy period was also delayed by about 15 days
compared to the climatological withdrawal in late July. In
mid-August, rainfall amount sharply decreased. It was then
followed by the second rainy period from late August to
mid-September.

Figure 1c shows the hourly time series of the maximum 12-h
accumulated rainfall amounts across 91 weather stations op-
erated in 2020. As summarized in Table 1, a total of 15 HREs
are identified from June to September with ~73% (11 HREs)
in 29 June-15 August. As described below, they exhibit distinct
synoptic characteristics between the two subperiods: 29 June—
27 July (P1; sky-blue shading) and 28 July-15 August (P2;
pink shading). The present study focuses on these HREs in
P1 and P2.

b. Weather patterns of the HREs

The weather patterns of all HREs are briefly reviewed in this
section. Figure 2 presents the geopotential height (GPH) and
relative vorticity at 850 hPa for all HREs at the time when
the maximum 12-h accumulated rainfall was observed (see
Table 1). The relative vorticity is smoothed to a T42 spatial
resolution to distinguish synoptic-scale disturbances from
mesoscale perturbations. In Fig. 3, the infrared satellite images
are shown for all HREs.

Although individual HREs have different background con-
ditions, they can be classified into four synoptic categories:
1) MRB, 2) ETC, 3) extratropical transition (ET), and 4) TC.
While the HRE 1 developed along the early MRB (Figs. 2a and
3a), the subsequent HREs 2-5 in P1 were triggered by the
ETCs (Figs. 2b—e). The cold or occluded front was well defined
in Figs. 3b—e as a key feature of the ETC. Although the HREs 2
and 3 accompanied the zonally organized MRB, the MRB was
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FIG. 2. The 850-hPa GPH (contours, gpm) and relative vorticity (shading, 107 s~ ') truncated at T42 spatial resolution for all HREs
listed in Table 1. A snapshot at the time of a maximum 12-h rainfall (adjusted to the nearest 6-hourly mark) is shown. The title of each
panel is colored in accordance with the associated synoptic systems (red, blue, purple, and green for MRB, ETC, ET, and TC,

respectively).

located in the south of the Korean Peninsula (Figs. 3b,c).
During the HRE 4, the MRB reached the southern tip of the
Korean Peninsula (Fig. 3d), implying its additional contribu-
tion to the HRE.

The HREs 6-12 in P2, however, show no signature of ETCs.
They mostly developed along the MRB over the Korean
Peninsula (Figs. 2f-1 and 3f-1), except for the HRE 9 which was
driven by the ET of TC Hagupit (Figs. 2i and 3i). The HREs
8 and 12 were also indirectly influenced by TCs Hagupit and
Jangmi, which were located over eastern China and the northeast
of the Korean Peninsula, respectively (Figs. 2h,] and 3h,1). In the
case of HREs 6-8 and 10-12, cyclonic circulation appeared in
northeastern China (Figs. 2f-h,j1), implying their partial contri-
bution to the formation of the MRB over the Korean Peninsula.

The last three HREs (HREs 13-15) directly resulted from
TCs Babi, Maysak, and Haishen, which approached the
southwest, south, southeast of the Korean Peninsula, respec-
tively (Figs. 2m-o and 3m-o0). The TC tracks involved in these
HREs are illustrated in Fig. S2.
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Table 1 summarizes the nature of each HRE. It is evident
that the HRE type abruptly changed from ETC to MRB in late
July and then to TC in late August (see also Fig. 1c). Although
the TCs and their contribution to the late-EASM rainfall are
reasonably well understood (e.g., Guo et al. 2017), the rapid
transition from ETC-related HREs to MRB-related HRE: is
not well documented. Such a transition is rare, and not ob-
served in China and Japan in the summer of 2020. Note that
most HREs in China and Japan occurred by the enhanced
MRB (Liu et al. 2020; Takaya et al. 2020; Araki et al. 2021;
Horinouchi et al. 2021).

This study mainly addresses the non-TC HREs in P1 and
P2, and their transition. Note that the HREs occurred in-
termittently in P1, whereas those in P2 occurred somewhat
persistently (Fig. 1c). Spatially, the HREs in P1 were con-
centrated along the southern and eastern coasts of the
Korean Peninsula (Fig. S1a). In P2, the western half of the
country, which is the upwind side of north-south-elongated
mountain ranges, was more affected by the HREs (Fig. S1b).
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FIG. 3. As in Fig. 2, but for satellite images (10.5-um infrared channel) obtained from Geostationary Korea Multi-Purpose Satellite-2A.

These spatiotemporal differences are closely related with
HRE-type differences.

4. Subseasonal variation of the HREs and
background flow

a. Synoptic characteristics of the HREs in PI and P2

Composite map shows that the synoptic pattern of the
HREsin P1is characterized by the ETC in the southwest of
the Korean Peninsula (Fig. 4a). This cyclone accompanies
a large amount of moisture transport on its southeastern
flank (see vectors). Here the moisture transport is quan-
tified by integrating water vapor transport from 1000 to
300 hPa:

IVT = [IVT],

1 (300hPa 1 [300hPa
IVT = (——J uq dp)x + (——J vq dp)y,
8J1000nPa 8J1000nPa

with
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where g is the gravitational acceleration; u and v are the
zonal and meridional winds, respectively; ¢ is the specific
humidity; p is the atmospheric pressure; and x and y are the
unit vectors in the zonal and meridional directions, respec-
tively. In Fig. 4c, the warm sector of the ETC is manifested
by high 850-hPa equivalent potential temperature (6.).
Likewise, low 6, appears on the rear side of the ETC where a
dry conveyor belt intrudes (Browning 1990). Such moisture
distributions are also evident in the satellite images (see
Figs. 3b-e).

Figure 4b shows that a strong upward motion at 500 hPa is
located on the east of the upper-level PV intrusion (black
contours) and south of the upper-level jet entrance (shading), a
favorable condition for a dynamic ascent (Park et al. 2021b).
The meandering upper-level PV further indicates the baro-
clinic nature of the ETC. When the ETC develops, the
WNPSH whose boundary is often identified by the 5840- and
5880-gpm lines at 500 hPa (e.g., Seo et al. 2011; Ren et al. 2015)
is positioned south of Japan (see thick contours in Fig. 4c).
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FIG. 4. Composited synoptic structures of the four HREs in P1 (HREs 2-5 in Table 1). (a) GPH (contours,
gpm) at 850 hPa, IVT anomaly (shading, kg m~'s™'), and IVT anomaly (vectors, >100kgm~'s™'). (b) Vertical
motion at 500 hPa (blue contours with a 0.2-Pas™!interval), 1.5-and 3-PVU (1PVU =10 *K kg ' m?s ') PV at
the 350-K isentropic surface (black contours), and horizontal wind speed at 250 hPa (shading, ms~'). (c) GPH at
500 hPa (contours, gpm) and 6, at 850 hPa (shading, K). The 5840- and 5880-gpm contours are highlighted with
thick lines. (d) Latitude—pressure cross section of 6, (shading, K) averaged over 123°-133°E. The 336-K 6, is
highlighted with a dashed line. The approximate meridional location of South Korea is denoted with three

horizontal black lines.

Figure 4d shows the vertical cross section of .. A large me-
ridional gradient is evident across the Korean Peninsula with a
poleward tilt, implying a strong baroclinicity. However, its
vertical gradient is rather small. This implies that the HREs in
P1 occurred under moist-adiabatically near-neutral or only
weakly unstable condition.

In P2, the HREs show different dynamical and thermody-
namical features from those in P1. Here, the HRE 9 is excluded
because it was driven by an ET, unlike the other HREs in P2.
Around the Korean Peninsula, no ETC appears (Fig. 5a).
Instead, a large amount of moisture is transported toward the
Korean Peninsula along the WNPSH boundary. This is a typ-
ical circulation pattern favorable for the enhanced MRB
(Ninomiya and Shibagaki 2007). The continental low, which is
observed in northeastern China (see 1425-gpm contour), likely
in part contributes to the formation of a confluent zone over
the Korean Peninsula by blocking the northward expansion of
the WNPSH. Figure 5b shows that the upper-level jet (shading)
and high PV (black contours) are positioned more northward
but less undulating than those in P1. The midlevel upward
motion (blue contours) is somewhat elongated to the south of
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the upper-level high PV. This result is consistent with Horinouchi
(2014) and Horinouchi and Hayashi (2017), who asserted that
given the southwesterly low-level moisture transport, the precip-
itation band can be enhanced on the southern side of the upper-
level high PV although it is only weakly undulating. The upward
motion in P2 is notably weaker than that in P1 despite similar or
stronger rainfall intensity (see Figs. 1c).

The weak synoptic conditions (e.g., absence of ETC, zonally
elongated upper-level PV and weak gridscale vertical motion)
imply that the HREs in P2 mainly resulted from local insta-
bility within the MRB. The moist-adiabatically unstable con-
dition, as inferred from 96,/dz < 0 in the lower troposphere
(Fig. 5d), supports this conjecture. The 5840- and 5880-gpm
lines of the 500-hPa GPH are located directly over the Korean
Peninsula (Fig. 5c), where a strong positive IVT anomaly is
observed (see Fig. 5a).

By comparing Figs. 4 and 5, the HREs in P1 and those in
P2 are clearly differentiated by their synoptic features. For
the HREs in P1, the circulation pattern shows the feature of
baroclinically developing ETCs. In contrast, the HREs in
P2 is characterized by the strong southwesterly moisture
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FIG. 5. As in Fig. 4, but for the six HREs in P2 (HREs 6-8 and HREs 10-12 in Table 1).

transport along the northern edge of the WNPSH without
developing ETC.

b. Background flows in PI and P2

Consistent with HRE changes, EASM circulation abruptly
changed from P1 to P2. Figure 6 presents the time-latitude
evolution of the IVT anomaly and latitudinal position of
the WNPSH boundary averaged over 123°-133°E. To smooth
out the short-term fluctuation, a 9-day moving average is
applied. In P1, the 5840-gpm line was located south of its

o IVT', GPHsoq

climatological position (cf. thick black and green lines). As a
result, the monsoonal IVT anomalously intensified at approxi-
mately 30°N but weakened in the north, including South Korea.
Note that the positive IVT anomaly over South Korea in Fig. 4a is
a result of transient moisture supply by the ETC, not by the quasi-
stationary monsoon flow along the WNPSH boundary. In late
July, however, the 5840-gpm line abruptly shifted north-
ward. The 5880-gpm line, whose climatology is not identified
anymore, also shifted northward, forming an enhanced pres-
sure gradient along the WNPSH boundary. This allowed

123-133°E

42N

36N 1

latitude

30N

»—' northward shift

> <« P2 >

FIG. 6. Latitude—time evolution of the IVT anomaly (shading, kg m™'s "), 5840- and 5880-gpm GPHs at 500 hPa
(thick black line) and their climatologies (thick green line) averaged over 123°~133°E during the period of 29 Jun—15 Aug
2020 (P1 + P2). A 9-day moving average is applied. The approximate meridional location of South Korea is indicated
by two thin black lines.
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anomalously intensified IVT over the latitude of South Korea
throughout P2.

To more thoroughly compare the background flows in P1
and P2, the mid and upper-level circulation patterns are ex-
amined in Fig. 7 over a broader domain. In P1, the WNPSH
largely extends westward (Fig. 7a), as indicated by the 5880-gpm
line of the 500-hPa GPH, whose westernmost tip is positioned
approximately 15° west of its climatology (cf. thick black and
green lines). However, in the north, quasi-stationary ridge and
trough are anchored over northeastern China and South Korea,
respectively. This persistent trough over South Korea likely
blocked the northward march of the WNPSH (cf. 5840-gpm
GPH and its climatology between 115° and 135°E), resulting
in the southwesterly IVT anomaly and positive 850-hPa 6,
anomaly from southeastern China to western Japan. Over South
Korea, in contrast, the northeasterly IVT anomaly and negative
850-hPa 6, anomaly are evident.

The upper-tropospheric circulation in P1 is characterized
by a large South Asian high (Fig. 7b). Compared to the cli-
matology, the South Asian high extends well eastward to the
south of the Korean Peninsula (cf. thick green and black lines).
This is consistent with Ren et al. (2015), who found that the
westward extension of the WNPSH can be concurrent with
the eastward extension of the South Asian high. Along the
northern rim of the South Asian high, the upper-level jet is
strengthened (shading).
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The monsoon circulation depicted in Figs. 7a and 7b is fa-
vorable for the MRB to develop from southeastern China to
western Japan but not over the Korean Peninsula (see IVT
anomaly in Fig. 7a). Instead, South Korea was frequently af-
fected by ETCs in P1 (Fig. S3). By analyzing daily weather
maps, it turns out that these ETCs were originated from
southeastern China, a famous cyclogenesis region (Lee et al.
2020; Kang et al. 2020). Kang et al. (2020) explained that
intensification of these ETCs is strongly tied to diabatic
processes. Anomalously warm and humid conditions in
southeastern China, manifested by a positive 850-hPa 6,
anomaly in Fig. 7a, indeed support the genesis and early
development of the ETC in the region (Cho et al. 2018). The
intensified upper-level jet on the northern flank of the South
Asian high (Fig. 7b) further helps to steer the ETC toward
South Korea. The quasi-stationary trough over South Korea
(Figs. 7a,b) can also contribute to the deepening of the ETC
when it arrives. This can explain why four HREs occurred in
P1, although the MRB was southward from the Korean
Peninsula.

The monsoon circulation in P2 is very different from that
in P1. The most important feature is the northward expan-
sion of the WNPSH (Fig. 7c), which is also evident in Fig. 6.
As the quasi-stationary trough, which is observed over
South Korea in P1, disappears in P2, the 5840- and 5880-gpm
lines jump northward. Although this can be partly due to
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the seasonal march of EASM, the abrupt expansion of the
WNPSH is well distinguished from its climatological evo-
lution. Note that the 5880-gpm line, whose climatology is
confined to the southeast of Japan, locates immediately
south of the 5840-gpm line (see also Fig. 6). This means the
enhanced pressure gradient along the northern boundary of
the WNPSH, creating the strong southwesterly IVT anom-
aly toward Korea. Consistently, the positive 850-hPa 6,
anomaly is widely distributed from the leeward side of the
Tibetan Plateau to the Korean Peninsula. This strong quasi-
stationary moisture transport along the WNPSH boundary
likely allowed MRB to develop over the Korean Peninsula.

In the upper troposphere, the South Asian high farther ex-
tended eastward (Fig. 7d). Consistent with the northward ex-
pansion of the WNPSH, the eastern ridge of the South Asian
high shifted northward (see thick black line). The upper-level
jet is also intensified in the north of South Korea, which
provides a favorable condition for the precipitation band over
the Korean Peninsula. As the overall monsoon system moved
northward, the ETC tracks also jumped to higher latitudes, no
longer passing over South Korea (Fig. S3).

5. Possible mechanisms of the monsoon circulation
change from P1 to P2

The monsoon circulation during P1 is exceptional in that the
WNPSH anomalously extended westward, but its northward
march was delayed. However, the WNPSH suddenly expanded
northward in late July, transporting a large amount of moisture
toward the Korean Peninsula during P2. This section suggests the
possible mechanisms for this abrupt change in monsoon circu-
lation (Figs. 6 and 7), which is greatly responsible for the distinct
synoptic features of the HREs between P1 and P2 (Figs. 4 and 5).

a. Meridional wave train by the SCS convection

Figures 8a and 8b present the 500-hPa streamfunction (),
OLR and 500-hPa wind anomalies averaged over P1 and P2,
respectively. In P1, positive OLR and ¢ anomalies appear over
the SCS (Fig. 8a). These suppressed convection and anticy-
clonic circulation anomalies, which are consistent with the
westward extension of the WNPSH (see Fig. 7a), can act as a
source of stationary Rossby wave. The resulting wave train
forms tripole ¢ anomalies in the meridional direction, i.e.,
anticyclonic anomaly over the SCS, cyclonic anomaly over the
Korean Peninsula and anticyclonic anomaly over northeastern
China. This is reminiscent of the PJ pattern (Nitta 1987,
Kosaka and Nakamura 2006), although the wave train pattern
is slightly different from a canonical PJ pattern (see section 5c¢
for details). The associated wave activity flux defined by
Takaya and Nakamura (2001) is dominant in the lower tro-
posphere (Fig. S4a), which is a typical feature of the PJ pattern
(Kosaka and Nakamura 2006).

It is important to note from Fig. 7a that the cyclonic lobe of
the wave train is consistent with the quasi-stationary trough
over South Korea. This implies that the delayed northward
march of the WNPSH in P1 likely resulted from the PJ-like
pattern forced by the suppressed SCS convection. The anticy-
clonic lobe over northeastern China is also consistent with the
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quasi-stationary ridge in Fig. 7a. The prolonged MRB to the
south of the Korean Peninsula is manifested by a negative
OLR anomaly from southeastern China to western Japan. To
the east of Japan, an anticyclonic anomaly is also observed,
which is likely a wave response to the enhanced convection of
the prolonged MRB.

In P2, the OLR anomaly over the SCS switches its sign to
negative (enhanced convection; Fig. 8b). This leads to the
disappearance of the anticyclonic iy anomaly over the SCS. The
anticyclonic anomaly instead becomes dominant in the north,
with a center at the right south of western Japan. This anticy-
clonic anomaly is consistent with the northward expansion of
the WNPSH and the enhanced pressure gradient along its
northern boundary (see Fig. 7c). The line-shaped negative
OLR anomaly on the northern rim of the anticyclonic anomaly
manifests the enhanced MRB over the Korean Peninsula.
The anticyclonic ¢ anomaly over northeastern China, which
is maintained in P1, also changes to a cyclonic ¢ anomaly.
Although further analyses are required, the disappearance of
the anticyclonic anomaly over the SCS and the subsequent
northward expansion of the WNPSH are likely circulation re-
sponse to the enhanced SCS convection. In section Sc, the role
of the SCS convection in the EASM circulation anomaly is
further evaluated by conducting a long-term data analysis.

b. Zonal wave train by the SNAO

Figure 8 also shows a zonal wave train in high latitudes. In P1,
for instance, a wave train starting from the cyclonic ¢ anomaly
over the eastern North Atlantic develops downstream (Fig. 8a).
The wave train pattern contains an anticyclonic lobe over the
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number of degrees of freedom, by considering consecutive days as one event, is given in parentheses.

Ural Mountains, a cyclonic lobe over central Siberia, and an
anticyclonic lobe over northeastern China. This pattern, which
has an equivalent barotropic structure with a stronger wave
activity in the upper troposphere (Fig. S4a), resembles the typ-
ical teleconnection pattern over northern Eurasia in the boreal
summer (Iwao and Takahashi 2008; Xu et al. 2019). The circu-
lation anomaly over the North Atlantic, which is similar to the
negative phase of the SNAO, suggests that the SNAO-related
divergent flow might be a source of high-latitude wave train (Wu
et al. 2009; Li and Ruan 2018).

In P2, the ¢y anomaly over the eastern North Atlantic changes
its sign to positive (Fig. 8b), exhibiting a positive SNAO. Note
that the northern Eurasian wave pattern also shows opposite sign
to that in P1. This implies that the abrupt change in monsoon
circulation from P1 to P2 was also likely influenced by the
SNAO-induced zonal wave train. Recently, Liu et al. (2020)
proposed the subseasonal phase transition of the SNAO as a key
regulator of extreme rainfall around the Yangtze River in the
early summer of 2020. They suggested that a positive SNAO on
11-25 June and a negative SNAO on 30 June-13 July led to the
different synoptic characteristics of quasi-stationary monsoon
front between the two periods. However, their analysis cannot be
directly applied to the present study because of different analysis
period. The possible role of the SNAO in the East Asian circu-
lation anomalies in P1 and P2 is further explored in section Sc.

¢. Combined effect of the SCS convection and SNAO

To evaluate the general role of the SCS convection and
SNAO on EASM circulation, composite maps are constructed
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for the days when SCS OLR anomaly is well defined or when
both SCS OLR and SNAO anomalies are at work for the pe-
riod of 29 June-15 August from 1979 to 2019 (Fig. 9). Note that
the year 2020 is excluded. Here, the SCS convection is indexed
as the area-mean OLR anomaly over the SCS (10°-22.5°N,
100°~130°E). In a similar way, the SNAO index is defined as the
area-mean 500-hPa GPH anomaly over the eastern North
Atlantic (52°-72°N, 10°W-25°E). Only the days when each
index is greater than *1.0 standard deviation (o) in magnitude
are selected to increase the signal-to-noise ratio. The statisti-
cally significant values at the 90% confidence level are deter-
mined based on the Student’s ¢ test. When counting the number
of degrees of freedom, continuous days with no break are
considered as a single event.

The composite 500-hPa ¢ anomaly for the SCS OLR index
above 1.00 (i.e., enhanced SCS convection) exhibits a canonical
PJ pattern (Fig. 9a). An opposite phase of the PJ pattern is
also obtained for the SCS OLR index below —1.00 (i.e.,
suppressed SCS convection; Fig. 9b). These wave patterns
along the east coast of the Eurasian continent are somewhat
different from those in the summer of 2020. For the sup-
pressed SCS convection, the cyclonic lobe centered to the
east of the Korean Peninsula is excessively extended in a
northwestward-southeastward direction (Fig. 9a), while the
lobe in P1 is more localized over the Korean Peninsula
(Fig. 8a). The anticyclonic ¢ anomaly over northeastern
China, which is evident in P1, also does not appear in Fig. 9a.
Similarly, the anticyclonic lobe for the enhanced SCS convec-
tion is excessively extended in a northwestward-southeastward
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direction (Fig. 9b). It contrasts with the case in P2, which is
characterized by the northern boundary of the anticyclonic
anomaly right over the Korean Peninsula (Fig. 8b). These re-
sults indicate that the SCS convection alone may not fully ex-
plain the anomalous background flow and its abrupt change
from P1 to P2.

When both the SCS convection and SNAO are considered,
the East Asian circulation anomalies more resemble those in
the summer of 2020. With the SCS OLR index above 1.00
and the SNAO index below —1.00 (Fig. 9c), tripole ¢ anomalies
are organized over the SCS, east of the Korean Peninsula and
northeastern China. Although the cyclonic lobe is slightly
shifted eastward compared to that in P1, it is well sandwiched
between the two anticyclonic lobes in the north and south as in
P1 (Fig. 8a). An anticyclonic anomaly to the east of Japan is
also better captured.

The composited ¢ anomalies for the SCS OLR index
below —1.00 and the SNAO index above 1.0 also depict a
qualitatively more similar pattern to the case of P2 (Fig. 9d).
Compared to Fig. 9b, the spatial extent of the anticyclonic lobe
is noticeably reduced due to the cyclonic ¢ anomaly in the
north. The horizontal gradient of the anticyclonic ¢ anomaly
is also stronger over the Korean Peninsula. This allows a stron-
ger southwesterly IVT anomaly toward the Korean Peninsula
(cf. vectors in Figs. 9b,d), providing a favorable condition for
MRB development. However, the cyclonic anomaly over the
SCS in Fig. 9d does not match with no anomaly in Fig. 8b. This
may suggest that additional factors may play a role in setting
low-latitude circulation in P2. Although not shown, the overall
result is not sensitive to the presence or absence of the sum-
mertime El Nifio-Southern Oscillation signal.

The above results suggest that the anomalous monsoon
circulation around the Korean Peninsula and its sharp change
from P1 to P2 are likely explained by the combined effects of
the SCS convection and SNAO. Figure 10 indeed shows that
both the SCS OLR and SNAO indices simultaneously changed
their signs at the end of July, although the reason remains to be
determined. The previous study by Seo et al. (2012), who at-
tributed the extraordinary behavior of the WNPSH in July
2011 to the joint effect of the SCS convection and SNAO,
further strengthens our argument.

It is also worth mentioning that the SNAO index is weakly
correlated with the SCS OLR index on interannual time scale
(r = —0.3, p value = 0.06). When their covariability is linearly
removed by computing partial correlations, it becomes clearer
that the EASM circulation anomalies are significantly affected
by the SCS convection with a rather minor contribution of the
SNAO (not shown). This is consistent with the composite
analysis shown in Fig. 9.

6. Discussion
a. Indo-western Pacific Ocean capacitor (IPOC) effect

The westward extension of the WNPSH and the suppressed
convection over the SCS in P1 (see Fig. 7a) are likely the re-
sponse to a large-scale atmosphere—ocean coupled mode.
More specifically, it is speculated that the Indo—western Pacific
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Ocean capacitor (IPOC) effect (Xie et al. 2009, 2016) has likely
played a critical role.

The IPOC effect is briefly summarized as follows. The
wintertime El Niifio typically decays in the following spring
(Tziperman et al. 1998; Kim and An 2021). However, the as-
sociated tropical Indian Ocean warming, which is dictated by
ocean dynamics and local air-sea interactions (Xie et al. 2002;
Du et al. 2009), often persists until early summer, resulting in
enhanced convection over the tropical Indian Ocean. This
enhanced convection drives eastward-propagating baroclinic
Kelvin waves into the equatorial western Pacific as a Gill-type
response (Gill 1980). In the lower troposphere, the Kelvin
wave—-induced Ekman divergence over the subtropical western
North Pacific can enhance the anticyclonic circulation.

A similar condition is evident in P1. The 2019/20 wintertime
El Nifio rapidly decayed in the spring of 2020 (Fig. S5), but the
associated sea surface temperature (SST) anomaly of the
tropical Indian Ocean remained positive in P1 (Fig. S6).
Figure 11a clearly shows the enhanced convection over the
tropical Indian Ocean (blue shading) and the divergent near-
surface northeasterly anomaly from the SCS to the Bay of
Bengal (vectors). This greatly resembles the typical IPOC
mode (see Fig. 15 in Xie et al. 2016). Note that the near-surface
divergence matches well with the westward extension of the
WNPSH in P1 (cf. thick black and green lines).

Takaya et al. (2020) and Zhou et al. (2021) recently indi-
cated that the preceding winter El Nifio was not sufficiently
strong to allow the IPOC mode. According to their analyses,
the tropical Indian Ocean warming in the early summer of 2020
was likely caused not only by the preceding El Nifio but also by
the super Indian Ocean dipole in August-October 2019. Zhang
et al. (2021) further indicated that the exceptionally persistent
Madden—Julian oscillation also contributed to the enhanced
convection over the Indian Ocean.

The IPOC-driven westward enhancement of the WNPSH
was also observed in June, prior to the PJ-like pattern in P1
(Fig. S7). This implies that the suppressed SCS convection in
P1, which acts as a source of the PJ-like pattern, likely resulted
from the westward extension of the WNPSH forced by the
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IPOC effect. This IPOC-PJ relationship was previously pro-
posed by Xie et al. (2009, 2016) and further supported by a
significant correlation between the PJ pattern and the pre-
ceding winter El Nifio (Kosaka et al. 2011; Kubota et al. 2016).
Kim and Kug (2021) recently verified the delayed PJ response
to the warm tropical Indian Ocean. They showed that the warm
tropical Indian Ocean often induces an anticyclonic anomaly
over the subtropical western North Pacific via equatorial
Kelvin wave propagation, and the delayed PJ response brings a
cold temperature anomaly to the Korea—Japan region.

b. BSISO

It is unclear why the OLR anomaly over the SCS sharply
changed its sign in late July. Since the SST anomaly over the
SCS did not change much from P1 to P2 (Fig. S6), this transi-
tion is likely explained by the atmospheric internal variability
such as BSISO mode 1 (BSISO1). The BSISO1 phase indeed
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abruptly changed from P1 to P2 (Fig. 11b). While the BSISO1
was mostly in phase 2 during P1, that during P2 was predom-
inantly in phase 5. Their transition was quite sudden with only a
few days of no active BSISO1 in between. Note that the OLR
anomalies over the Indo-western Pacific Ocean in P1 and P2
greatly resemble the typical OLR patterns of BSISO1 phases 2
and 5, respectively (cf. Figs. 8 and S8).

c. Other possible factors

There might be other factors that affected the record-
breaking summer rainfall in South Korea. For example, the
westward extension of the WNPSH in P1 may be influenced
by the nonlinear interactions between El Nifio-Southern
Oscillation and the annual cycle of background flow, so-called
the combination mode (Stuecker et al. 2013, 2015). According
to Stuecker et al. (2015), the combination mode can lead
to anomalous anticyclonic circulation over the Northwest
Pacific when the La Nifia phase grows in the boreal summer,
as in June-July 2020 (Fig. SS5). This may have constructively
worked together with the IPOC effect to enhance the
WNPSH in P1.

The upper-level GPH at ~35°-40°N in P1 (Fig. 7b) is rem-
iniscent of the Silk Road pattern (Hong and Lu 2016), which
was pointed out by Horinouchi et al. (2021) as a cause of the
prolonged heavy rainfall in western Japan in early July 2020.
In 2020 summer, the Arctic experienced the amplified warming
(Fig. S9a), and the SST in the Northern Hemisphere was
anomalously warm almost everywhere except for the equato-
rial eastern Pacific due to the developing La Niiia (Fig. S9b).
Their possible impacts on the record-breaking rainfall deserve
further attention.

It is notable that the wet summers in Korea have become
more frequent in the last two decades compared to the 1970s
and 1980s (see blue bars in Fig. 1a). This long-term change
may result from the monsoon circulation change in response
to anthropogenic warming. By examining regional climate
model simulations, Kim et al. (2018) asserted that the inten-
sity and frequency of the Korean HREs will continue to in-
crease in the future. Although the role of anthropogenic
warming on the regional HRE is beyond the scope of this
study, such analysis (e.g., Imada et al. 2020) would be valu-
able for better understanding the record-breaking rainfall in
2020 summer.

7. Summary and conclusions

In the summer of 2020, record-breaking monsoon rainfall
occurred in South Korea, causing destructive floods across
the country. This hydrological extreme was mainly caused by
15 consecutive HREs. These HREs show three distinct syn-
optic features. All HREs from 29 June to 27 July (P1) were
intermittently produced by developing ETCs, whereas those
from 28 July to 15 August (P2) persistently occurred along the
MRB. The transition from P1 to P2 was quite sudden. This
rapid transition of HRE types is distinguished from Chinese
and Japanese HREs in June-July 2020, which were mostly
dominated by the MRB. After a short dry spell, HREs occurred
again in late summer. They are all caused by TCs.
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The differing characteristics of the HREs between P1 and
P2 are examined in the context of synoptic structures and
background monsoon flows. In P1, the WNPSH anoma-
lously extended westward via the IPOC effect. However, its
northward expansion was delayed due to a quasi-stationary
trough anchored over South Korea. Under this condition, the
MRB was maintained to the south of the Korean Peninsula.
Instead, the ETCs initiated over southeastern China frequently
traveled across the Korean Peninsula, resulting in four HREs.
In P2, the WNPSH rapidly expanded northward, and the
pressure gradient along its northern boundary was consider-
ably enhanced compared to its climatological state. This
allowed strong southwesterly moisture transport toward the
Korean Peninsula, forming the MRB over the region. Local
convective instability along the MRB triggered six HREs.

The changes in the background flow, which determined
synoptic characteristics of the HREs, likely resulted from the
combined effect of the SCS convection- and SNAO-related
teleconnections. In P1, the convection over the SCS was
anomalously suppressed, resulting in a PJ-like pattern. The
associated quasi-stationary trough over South Korea hindered
the WNPSH from progressing northward. However, the SCS
convection became strong in late July. The circulation re-
sponse to the enhanced convection resulted in an abrupt
northward expansion of the WNPSH in P2. Although further
analysis is required, the SCS convection change is closely
related to the phase change of BSISO1.

On top of the meridional wave train, the SNAO-induced
zonal wave train was also organized at high latitudes from the
eastern North Atlantic to northeastern China. This zonal wave
train changed sign as the SNAO changed from the negative
phase in P1 to the positive phase in P2. Although the reason for
this synchronized phase change of SCS convection and SNAO
is unclear, the long-term data analysis suggests that when the
SNAO is accompanied, the SCS convection-induced meridio-
nal wave train pattern more successfully mimics the East Asian
circulation anomalies in both P1 and P2.

This study demonstrates that the summertime HREs can
change their characteristics on a subseasonal time scale. In
particular, their synoptic features can be strongly modulated by
remote forcings from both tropics and extratropics. This finding
suggests that not only the local processes (i.e., synoptic condi-
tions) but also the remote processes (i.e., teleconnections) need
to be taken into account for improved understanding and pre-
diction of the HREs in the EASM region. Beyond observational
analyses, a numerical experiment with an atmosphere—ocean
coupled model would be helpful to confirm the key findings and
arguments of the present study.
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