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Abstract: A flood-producing heavy rainfall event occurred at the mountainous coastal region in
the northeast of South Korea on 5-6 August 2018, subsequent to extreme heat waves, through a
quasi-stationary mesoscale convective system (MCS). We analyzed the storm environment via a
multi-data approach using high-resolution (1-km) simulations from the Weather Research and
Forecasting (WRF) and in situ/satellite/radar observations. The brightness temperature, from the
Advanced Himawari Imager water vapor band, and the composite radar reflectivity were used to
identify characteristics of the MCS and associated precipitations. The following factors affected this
back-building MCS: low-level convergence by the Korea easterlies (Kor easterlies), carrying moist
air into the coast; strong vertical wind shear, making the updraft tilted and sustained; coastal
fronts and back-building convection bands, formed through interactions among the Kor’easterlies,
cold pool outflows, and orography; mid-level advection of cold air and positive relative vorticity,
enhancing vertical convection and potential instability; and vigorous updraft releasing potential
instability. The pre-storm synoptic environment provided favorable conditions for storm development
such as high moisture and temperature over the coastal area and adjacent sea, and enhancement of
the Kor’easterlies by expansion of a surface high pressure system. Upper-level north-northwesterly
winds prompted the MCS to propagate south-southeastward along the coastline.

Keywords: mesoscale convective system; the Korea easterlies; back-building convection; tapering cloud;
heavy rainfall

1. Introduction

The eastern coastal region of South Korea has complex terrain with a narrow coastal area surrounded
by the East Sea/Sea of Japan (hereafter, ES) and a steep and long mountain range parallel to the
coastline. This region, named Yeongdong, often experiences hazardous weather phenomena—generally
associated with transport of moist air from the ES by the so-called “Korea easterlies” (hereafter,
the Kor’easterlies), and their associated orographic lifting (e.g., [1-4]). The Kor’easterlies, locally named
Donghae-poong (meaning winds from the ES in Korean), are defined as low-level moist airflows from
the ES, mostly below 700 hPa, causing weather hazards such as heavy rainfall/snowfall, fog, and low
temperature at the mountainous coastal areas in Yeongdong [5].
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In mountainous coastal regions, heavy precipitation events occur often in association with
factors such as instability enhancement, cold air damming, barrier jets parallel to the mountain
range, low-level convergence and moisture transport by prevailing winds, orographic lifting, etc.
(e.g., [1,3,6-9]).

Flash floods are often induced by back-building/quasi-stationary events that produce prolonged
heavy precipitation [10]. In the “back-building” process, convective cells form subsequently on the
upwind side in accordance with storm motion, thus shown to be stationary or move backward [11].
Sometimes they present a tapering cloud system, encompassing deep cumulonimbi (usually brightness
temperature Tp < —40 °C) that form at an upwind base tip and spread horizontally to the downwind
side one after another (i.e., back-building): heavy rainfall concentrates on a specific area when this
system stagnates or travels slowly [12].

Such flood-producing back-building convective systems frequently develop over mountainous
coastal regions (e.g., [13-17]), where topography and surface characteristics play important roles
in convection initiation. Orographic lifting of the conditionally unstable low-level flow impinging
from marine to coastal regions and mountain foothills is able to trigger convective cells repeatedly
at the same location (e.g., [18,19]). Low-level cold pools formed under mesoscale convective systems
(MCSs) can also elevate the surrounding low-level flow at the leading edge of the cold front [13].
Besides these mechanical lifting processes, differential heating over heterogeneous surfaces induces
thermodynamically-driven lifting and influences development and propagation of storms (e.g., [20,21]).

Prevailing winds (e.g., the Kor’easterlies) also influence low-level convergence, moisture/heat
transport, and orographic lifting: the wind characteristics strongly depend upon the synoptic patterns
and circulation systems at the local region. Therefore, in order to improve the forecast skill of hazardous
weather systems in mountainous coastal regions around the world as well as Yeongdong, Korea, it is
essential to study not only the characteristics of the convective systems but also the occurrence and
coastal/inland incursion of prevailing winds.

Recently, Japan has suffered from the so-called “Heavy Rain Event of July 2018” (officially named
by the Japan Meteorological Agency), followed by an extreme heat wave (e.g., [22,23]). The extreme
rainfall was caused by persistent moist airflows and Baiu frontal ascent [22,24], and extreme moisture
content at the middle levels [25]. Reference [24] pointed out global warming as a possible cause of
heavy rainfall through the super Clausius—Clapeyron relationship (e.g., [26]).

In these days, abundant data are available for studying various aspects of atmospheric phenomena.
Multi-sensor and/or multi-platform remote sensing approach has been very useful in monitoring
and assessing diverse systems in weather/climate, agriculture, environment, etc. (e.g., [27-31]).
Multi-data approach, using both observations and numerical model, has been applied to examine
assorted aspects of severe convective events (e.g., [29,32-35]) as well as environmental monitoring and
prediction (e.g., [36,37]).

In this study, through the multi-data approach using in-situ and satellite/radar data and
high-resolution model simulations, we investigate a Kor’easterlies-induced heavy rainfall event
of 5-6 August 2018 that caused a flash flood in Yeongdong, Korea, subsequent to a prolonged extreme
heat wave. It accompanied a tapering cloud system, rarely observed in Korea, and was associated
with a quasi-stationary MCS. Because this kind of consecutive extreme events of contrasting nature
was unprecedented in Korea but would possibly occur more frequently in the future, not only in
Korea but also in many places around the world, it is essential to understand the mechanism of
the flood-producing coastal convective system under extremely warm atmospheric environment.
Section 2 describes the details of the numerical simulation and observation data. Section 3 describes
the study case and the model validation while Section 4 discusses the major findings on the storm
environment and the processes related to its initiation, back-building development and termination.
Section 5 provides conclusions.
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2. Method and Data

2.1. Numerical Simulation

We employed the Advanced Research Weather Research and Forecasting (WRF-ARW)
model version 4.0 over a two-way interacting triply-nested domain—d01 (outermost) to d03
(innermost)—with d01 centered at 37.5°N and 130°E in the Lambert conformal conic projection.
The model was initialized at 00:00 UTC (09:00 KST; Korea Standard Time) 5 August 2018 with
the initial and boundary conditions provided by the 6-hourly National Center for Environmental
Prediction (NCEP) Final (FNL) Operational Model Global Tropospheric Analyses data on 1° x 1° grids.
Computational domain and model configurations are depicted in Figure 1 and Table 1, respectively.
We adopted the Morrison double-moment microphysics scheme [38], which has double moments in
four hydrometeors—rain, ice, snow, and grauple—because it is generally believed that double-moment
schemes outperform single-moment schemes [39].
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Figure 1. (a) Computational domains with triple nesting (d01, d02, and d03) and (b) topography of
d03 (shaded) with the height range represented in m above sea level (asl). In (b), black boxes are
for area-averaged analyses, representing areas of upwind tips of tapering clouds near Sokcho (A1)
and Bukgangneung (A2), whereas black dots depict locations of weather stations: Sokcho (S; 38.25°N,
128.56°E; 18.06 m asl), Bukgangneung (B; 37.80°N, 128.86°E; 78.9 m asl), Gangneung (G; 37.75°N,
128.89°E; 26.04 m asl), and Daegwallyeong (D; 37.68°N, 128.86°E; 772.57 m asl). Topography data are
from the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) Global Digital
Elevation Model (GDEM), available at https:/ /earthdata.nasa.gov/.

Table 1. Summary of the Weather Research and Forecasting (WRF) model configuration.

Domain d01 Domain d02 Domain d03
Horizontal grid spacing 25 km 5km 1km
Horizontal grid points 80 x 75 126 x 131 481 x 481
Vertical levels/Model top 80 levels/50 hPa
Vertical coordinate Hybrid sigma-pressure (default)
Time step 150 s 30s 6s
Forecast time 32 h starting at 00:00 UTC 5 August 2018
Microphysics Morrison double moment [38]
Radiation Longwave: RRTM [40]; Shortwave: Dudhia [41]
Surface physics Community Land Model version 4 (CLM4) [42,43]
Planetery Boundary Layer Yonsei University (YSU) [44]
Cumulus Kain-Fritsch (new Eta) [45] None

Initial /Boundary condition NCEP FNL Operational Model Global Tropospheric Analyses
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2.2. Observation Data

We have used various observation data collected from the Korea Meteorological Administration
(KMA). The KMA operates a dense surface observation network with an average space resolution
of about 13 km—a total of 590 stations with 96 Automated Synoptic Observing Systems (ASOSs)
and 494 Automatic Weather Systems (AWSs). The ASOS is installed at a manned observing station
while the AWS is an unmanned observing tower installed in high mountains or on isolated islands.
The AWS measures temperature, pressure, humidity, wind and precipitation while the ASOS measures
a total of 16 elements such as cloud coverage and base height, solar radiation, visibility, etc.,
including those from the AWS—both observations are made every minute. The KMA also has a
lightning detection network of 21 sites that measures the time, location, strength, elevation, etc.,
of lightning strokes, with a median accuracy within 250 m and detection efficiency higher than 95%
over the Korean Peninsula and its adjacent seas. We used the data set from the ASOS and AWS
networks, the lightning detection network, and the vertical rawinsonde sounding at Bukgangneung
for observational analyses and model validation.

We have also employed the composite radar reflectivity data, attained from 11 KMA radars, on the
plan position indicator (PPI) display after quality control, with horizontal and temporal resolutions
of 1 km and 10 min, respectively. In addition, for the validation purpose, we used the composite
precipitation data produced by the KMA Radar-AWS Rain-rate (RAR) calculation system [46]. The RAR
data cover 1241 km x 1761 km over the Korean Peninsula, with a grid size of 1 km and a time resolution
of 10 min, and have been employed for many precipitation analysis studies in Korea (e.g., [47-49]).
Note that rain-rate estimates by radar only have considerable systematic and random errors; thus
having limited hydrological applications than rain gauge data [50]. The RAR-estimated rainfall
obtained a squared correlation coefficient R? = 0.84 with the observed daily accumulated rainfall [46]:
further improvement was made in the correlation coefficient up to 11.7% through bias corrections [48].

Besides, to identify deep convective clouds, we analyzed Ty obtained from the Himawari-8 water
vapor bands. The Advanced Himawari Imager (AHI) [51] onboard Himawari 8 has 16 bands, including
three water vapor absorption bands 8, 9, and 10 with corresponding wavelengths of 6.2, 6.9, and 7.3 um,
respectively, which produce Tp. The East Asia region is covered by the full-disk images with higher
spatial and temporal resolution, taken every 10 min with a spatial resolution of 2 km. In this study,
we analyzed Tp from the AHI band 8. The AHI water vapor bands are calibrated with an accuracy
within 0.2 °K [51,52], and have been utilized in many studies on convective systems over East Asia
(e.g., [53-55]).

2.3. Parameters for Thunderstorm Potential and Lifting Forcing

We calculated three parameters related to instability and storm possibility: Convective Available
Potential Energy (CAPE), K-index (KI) [56], and Severe Weather Threat Index (SWEAT) [57]. The CAPE
is related to the parcel buoyancy: for the CAPE value around 2000 J kg~!, strong and severe
thunderstorms are likely to develop over the Great Plains in the United States. In Korea, however,
strong thunderstorms may develop with the CAPE value of 900-1800 ] kg~ ! and severe thunderstorms
with that over 1800 J kg’l. Reference [58] examined 82 heavy rainfall cases in Korea and found that
the CAPE values distributed below 2500 ] kg~! with the average value of 850 ] kg .

The KI measures thunderstorm potential based on the lapse rate and the vertical extent of low-level
moisture. The KI value over 20 means some potential for thunderstorms, that over 30 moderate
potential for thunderstorms with heavy rain, and that over 40 high potential for thunderstorms with
very heavy rain. The SWEAT combines kinematic and thermodynamic information (e.g., low- and
mid-level wind speeds, veering, low-level moisture, instability, etc.), and is used to assess severe
storm potential. The SWEAT value over 250 indicates a potential for strong convection, and that
over 300 implies great possibility of severe thunderstorms.

As this heavy rainfall event (HRE) occurred under extremely warm environment, we suppose
that the heat-induced buoyancy exerted appreciable impact on convection. To identify the relative



Remote Sens. 2020, 12, 1532 5 of 25

importance between mechanical and thermodynamically-driven lifting forcing, we calculated the
gradient Richardson number (R;), defined as the ratio of static stability (N?) to dynamic stability (S?),
where N is the buoyancy and S is the vertical shear of horizontal wind [59].

3. Case Description and Model Validation

A flash flood occurred in Yeongdong, Korea, due to a quasi-stationary MCS that produced
heavy rainfall on the evening of 5 through the nighttime of 6 August 2018. Total rainfalls of the four
stations in Yeongdong, from the start to the end of precipitation, amounted to 294.7 mm at Sokcho
(11:00 UTC 5-14:00 UTC 6), 205.2 mm at Bukgangneung (15:00 UTC 5-19:00 UTC 6), 200.0 mm at
Gangneung (17:00 UTC 5-13:00 UTC 6), and 54.6 mm at Daegwallyeong (18:00 UTC 5-19:00 UTC 6),
respectively. Maximum precipitation rates at Sokcho and Gangneung were 54.9 and 79.0 mm/h,
respectively. Daily precipitation of 226.2 mm was recorded at Sokcho on 6 August 2018—second only
to the one on 31 August 2002 (295.5 mm) associated with the typhoon-induced Kor’easterlies and
orographic effect [1].

The simulation results agreed generally well with the observations, in terms of the accumulated
rainfalls (ARs) over Yeongdong (Figure 2). Both the 12 h and 27 h ARs (Figure 2a,b) depicted the
observed features well at three stations (S, G and D). In the quantitative aspect, the 12 h ARs at S from
AWS, RAR and WRF were 260.9 mm, 214.5 mm and 115.1 mm, respectively: those at G were 49.0 mm,
31.6 mm and 61.2 mm, respectively: those at D were 0.0 mm, 20.9 mm and 7.0 mm, respectively.
The model overestimated the 27 h AR over the coastal areas at the south of Yeongdong (Figure 2b).
Overall, WRF simulated the general features of this HRE reasonably well; thus, we used the model
results from d03 (1-km resolution) for storm-scale analyses.

Figure 2. Accumulated rainfall amount (in mm) from the Automatic Weather Systems (AWS)
observations, including the Automated Synoptic Observing Systems (ASOS), the composite radar-AWS
rain-rate (RAR) data, and the model results (WRF) for (a) 12 h from 12:00 UTC 5 to 00:00 UTC 6 and
(b) 27 h from 12:00 UTC 5 to 15:00 UTC 6 August 2018. Black dots depict station locations (see Figure 1b).
Computations were made at the domain d03 of WRE.
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4. Results

4.1. Synoptic Environment

This HRE occurred in a synoptic environment that induced the Kor’easterlies. On 12:00 UTC
5 August 2018, at the surface (Figure 3; top panel), high pressure systems were located over Northeast
China (Hyc) and the East China Sea (Hgcs), whereas a low pressure system dwelt off the coast of
Tohoku/Chubu, Japan (Lyc). During the last 24 h, Hyc continuously strengthened and extended
southward (see the 1008 hPa isobars) while Ltc remained almost stationary; thus the pressure gradient
over the ES increased with time, making the Kor’easterlies enhance. Westerlies prevailed over the
inland due to Hgcs.
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Figure 3. Surface chart (top) and upper-level charts of 850 hPa (middle left), 700 hPa (middle right),
and 500 hPa (bottom) on 12:00 UTC 5 August 2018. At the surface, thick colored lines represent the
1008 hPa isobars—blue at the current time and other colors at given previous times (e.g., 050000 in
violet means 00:00 UTC 5 August 2018). The colored ® symbols represent the center locations of low
pressure systems at given previous times. Green hatched lines represent isodrosotherms of 20 °C.
Stations with fog, precipitation and thunderstorm are represented by yellow, green and red circles,
respectively. At the upper levels, blue solid lines represent isohypses and red dashed lines isotherms.
Areas with green dots indicate wet areas with T — T; < 4 °C. Modified from the Korea Meteorological
Administration (KMA) weather charts.
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At upper levels (Figure 3; middle and bottom panels), the Korean Peninsula was generally under
the influence of a ridge with a warm-core high lingered over the Yellow Sea. A weak trough of 500 hPa
over Primorsky Krai, Russia, moved to Tohoku by 00:00 UTC 6, whereas that of 700 hPa dwelt over the
western coast of Chubu, Japan. In this period, a low at 850 hPa anchored over Tohoku, and extended
to the central ES and Kanto/Chubu, Japan, promoting northeasterlies (i.e., the Kor’easterlies) over
the northern ES and northwesterlies over the southern ES. Over the ES, at both 700 hPa and 500 hPa,
isotherms were nearly parallel to isohypses with weak gradient, under prevailing northwesterlies.
On the contrary, at 850 hPa, isotherms crossed isohypses over the ES with relatively strong gradient,
leading to cold advection by the Kor easterlies: the 18 °C isotherm moved southward from the northern
to central part of the Korean Peninsula on the ES side. Furthermore, at both 850 and 700 hPa, the Korean
side of the ES was occupied by wet areas (green dots; T — T; < 4 °C).

Furthermore, heat waves lingered for several days in Yeondong just before the HRE,
with record-breaking maximum temperatures at Sokcho (38.7 °C) and Bukgangneung (37.1 °C) on
5 August. The minimum temperature on the same day was 25.1 °C at Gangneung where tropical
nights persisted on 2-5 August. Combined with high moisture, this situation brings high equivalent
(or wet-bulb) potential temperature near surface. Along with the cold advection aloft, this environment
enhances both static instability and potential (convective) instability in the planetary boundary
layer (PBL).

Figure 4 shows vertical soundings of Bukgangneung. On 00:00 UTC 5 August, a weak capping
inversion existed at 840-780 hPa with the convective inhibition (CIN) of 382 ] 1<g_1 and CAPE
of 278 kg1, thus convection was strongly inhibited: vigorous convective outbreak occurs when the
capping inversion is broken [60]. On 12:00 UTC 5, both the lifting condensation level (LCL) and the
level of free convection (LFC) lowered and the atmospheric layer below 700 hPa got much wetter
than 12 h earlier. The CIN decreased to 50 ] kg !, revealing weak inhibition of convection, while CAPE
increased to 1088 ] kg~!. Under these conditions, convective clouds develop instantly with proper
triggering mechanisms. This sounding also depicted two LFCs, and consequently two equilibrium
levels (ELs), implying that the convection can reach only up to EL1 when the updraft is not so strong
while a deep convection can form when the upward forcing is strong enough to lift the saturated
air parcel passing LFC2. On 00:00 UTC 6, LCL was as low as 975 hPa, and the whole atmosphere
was completely saturated (T = T;) except near the surface, indicating the development of a deep
convective cloud.

Overall, we notice no conceivable development of a synoptic scale cyclone to produce heavy
rainfall at Yeongdong; nevertheless, the synoptic environment revealed some favorable conditions
for convective storm development, including: (1) high moisture and temperature over the coastal
areas and adjacent sea; (2) enhancement of the Kor’easterlies transporting moisture to inland;
(3) potential increase of static/convective instability at the PBL; and (4) veering vertical wind shear.
Sounding analyses depicted high CIN and capping inversion during the pre-storm period, and high
CAPE and lower LCL/LFC during the storm outbreak; thus the energy and instability could have been
stored in the PBL, then released as severe convection via lifting forcings sufficiently strong to overcome
CIN (e.g., [60]). In our case, several factors existed for the lifting forcing (i.e., triggering), including;:
(1) the low-level (speed) convergence; (2) orographic lifting by the coastal terrain; (3) mesoscale
convergence by local circulation systems, e.g., sea/land breezes and /or mountain/valley breezes;
and (4) thermodynamically-driven convection by heated land surface due to prolonged heat waves.
As this HRE was related to a quasi-stationary MCS, outflows from the precipitation-induced cold pool
can also trigger new convective cells. Reference [61] reported that an increase by 1 standard deviation
(o) of CAPE, relative humidity and vertical wind shear, respectively, can extend lifetime of MCSs by
3 h to 27-30 h.



Remote Sens. 2020, 12, 1532

100

150

700

850

1000

0000 UTC 05 AUG 2018

14380

12550

11060

9780

7660

100

150

8 of 25

1200 UTC 05 AUG 2018

14380

12550

11050

9780

7650

‘ @
5910 ] 500 | 5910
3157 lb\ 1 700 | 3146
W
b
1491 N 850 | 1492
‘\} 1000
T T T T T T T T T T T
-30 20 -10 0 10 20 30 40 -30 20 -10 0 10 20 30

Temperature (C)

100

150

700

850

1000

Temperature (C)

0000 UTC 06 AUG 2018

14380

12560

11050

9760

7630

5900

3147

1495

EL1

LCL.

-20 -10 0 10 20

T T T T T

Temperature (C)

Figure 4. Skew T-log P diagrams of Bukgangneung on 00:00 UTC 5, 12:00 UTC 5, and 00:00 UTC

6 August 2018.

4.2. Mesoscale Features of the Heavy Rainfall System

4.2.1. Characteristics of Meteorological Elements and Rainfalls

Temporal variations of meteorological observations at three ASOS stations (S, G and D) are
examined (Figure 5). All stations showed abrupt changes in temperature and relative humidity,
accompanied by changes in winds, about 6-10 h before rainfalls occurred (see the dashed boxes in
Figure 5). After these prompt changes, relative humidity steadily increased and stayed at about 97%
throughout the HRE. For S and G at the coast, the sudden changes in temperature and humidity are
mainly due to intrusion of the ocean air by enhancement of the Kor’easterlies. For the mountain site D,
those changes occurred in two steps as a combined effect of radiation cooling and advection by the
Kor easterlies.
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Figure 5. Time series of meteorological variables from Sokcho (top), Gangneung (middle) and
Daegwallyeong (bottom) from 00:00 KST 5 to 00:00 KST 7 August 2018 (KST = UTC + 9) for mean
sea-level pressure (P; pink), relative humidity (H; dark blue), temperature (T; red), rainfall (R; blue),
and 10-min average wind speed (S; dark green) and direction (W; orange). Shaded areas with cyan,
pink and blue mean the precipitation period, and the 15-min and 1 h accumulated rainfall amount,
respectively. Dashed boxes indicate the period of abrupt changes in H and T. From the KMA ASOS data.

Rainfalls at all stations in Figure 5 were characterized by multi-modal peaks in both 1 h AR
(shaded in blue) and 15-min AR (shaded in pink), indicating repeated development of storm cells.
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At S, the first rainfall continued for 4 h with the maximum precipitation rate of 35.3 mm/h and
total rainfall amount of 83.5 mm. It was produced by the convective cells moved from the coast of
North Korea, as shown in Figure 6. The second rainfall recorded the maximum precipitation rate
of 54.9 mm/h and total rainfall amount of 192 mm: along with rainfalls afterward, it was associated
with the quasi-stationary MCS, under the influence of the Kor’easterlies.

1050 UTC 5 AUG 2018 } 0850 UTC |
By

124°E 125°E 126°E 127°E 128°E 129°E 130°E

Figure 6. Temporal variation of brightness temperature (Tg, shaded in gray; °K) from the Advanced
Himawari Imager (AHI) water vapor band 8. Colored contours indicate T = 210 °K (red), 215 °K (yellow),
220 °K (green), and 230 °K (blue), respectively. The white rectangle (left panel) represents the
sub-domain for enlarged images (right panels) from 08:50 UTC to 10:50 UTC 5 August 2018. Green dots
depict station locations (see Figure 1b).

At G, the first peak of rainfall started as the surface wind changed from southwesterly to
north-northwesterly to northeasterly with precipitous increase in speed—a peak of 28.4 km h~!
(not shown). Embedded in the prevailing easterlies, surface winds were quite varying throughout
the HRE, especially when the rainfall peaks were related to wind peak speeds: for example, at G,
the first, third and fourth rainfall peaks started with wind peak speeds of 28.4kmh~!,19.4km h~! and
13.0 km h™1, respectively (not shown)—evidencing the effect of complex surface flows, especially cold
pool outflows.

At D, the first rainfall began as the surface wind changed from northwesterly to easterly.
During this precipitation period, winds also blew from the northwest, which might have been related to
the mountain breeze and/or outflows from precipitating clouds. During the second rainfall, winds were
prevailed by easterlies suggesting that rainfalls occurred by convective clouds formed through the
orographic lift of moist air transported by the Kor’easterlies.

4.2.2. Tapering Cloud and Quasi-Stationarity

Figure 7 displays radar reflectivity (Z), superimposed on Tg, for 15:00-22:00 UTC 5 August.
Reference [62] showed that the MCS had cloud tops with Tp < —52 °C (~221 °K), and about 60% of
the cold cloud shield area (Tp < 220 °K) in MCSs had underlying precipitation—both features are
well demonstrated in our case. Radar reflectivity is useful to identify the strength and location of
convective cells: it is also an effectual measure to characterize precipitation type via a threshold of
Z = 35 dBZ—stratiform precipitation for Z < 35 dBZ and convective precipitation otherwise [62].

The MCS started with a convective cell, which initiated at and moved from North Korea
(see Figure 6) and produced the first-peak rainfall at Sokcho (see Figure 5; top panel), then was
followed by sequential development of convective cells. At 15:00 UTC, a new deep convective system
was instituted over the ES near the border between North Korea and South Korea. As denoted by the
cold cloud shield area, the MCS continuously grew during the heavy rainfall period.
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Figure 7. Temporal variation of brightness temperature (Tg, shaded in gray; °K) from the AHI water
vapor band 8 and composite radar reflectivities (Z, shaded; dBZ). Black solid lines indicate Tp = 220 °K.
In terms of reflectivity, total precipitation is divided into stratiform (Z < 35 dBZ; shaded in blue to
green) and convective (Z > 35 dBZ; shaded in yellow to pink) components. The white rectangle
(left panel) represents the subdomain for enlarged images (right panels) from 15:00 to 22:00 UTC
on 5 August 2018. Black dots depict station locations (see Figure 1b).

On 15:00 UTC, convective precipitations (Z > 35 dBZ) were sporadic over the coast around S,
evolved into an MCS on 16:00 UTC, then spread out and moved south-southeastward along the coastline,
showing the maximum reflectivity at G on 18:00 UTC. It is notable that on 19:00 UTC new convective
cells formed over S at the upwind tip of the tapering cloud while the convective cell, located at G one
hour ago, moved to the mountain side (i.e., near D)—possibly through orographic lifting induced by the
Kor easterlies and the cold pool outflows. By 20:00 UTC, the convective cell over S developed into an
MCS, whereas the convective reflectivity band at the upwind tip moved southeastward. On 21:00 UTC,
the new MCS merged into the main MCS making the upwind cloud boundary arched while the
convective band relocated to the east of G. On 22:00 UTC, the MCS enlarged to a circular form with
the major convective reflectivities split into two cells: one over S and the other over the adjacent sea.
These features evidence the back-building/quasi-stationary development of the MCS.

Lightnings were continuously observed during the HRE, as depicted in Figure 8. Colored crosses
represent locations of lightning flashes occurred at previous observation times up to —3 h. For example,
blue crosses on 20:00 UTC mean the lightning flashes observed between 18:30 UTC (—1.5 h) and
19:00 UTC (—1 h). Lightnings started on 16:00 UTC 5 August as fresh flashes (observed within
30 min; red crosses) off the coast in the north of Sokcho. Then the fresh lightning flashes repeatedly
appeared over the area between Sokcho and Gangneung until 01:00 UTC 6, exhibiting the repeated
(i.e., back-building) development of new convective cells therein. Afterwards, the fresh flashes moved
southward following the major storm cells.

Figure 9 shows hourly variation of the 12 h ARs. For example, the map on 22:00 UTC 5 August
means the 12 h AR for 10:00-22:00 UTC 5, and that on 23:00 UTC 5 denotes the 12 h AR for
11:00-23:00 UTC 5, and so on. Among the stations specified on the maps, Hyeonnae (H) and
Seorak-dong (SA) are close to Sokcho (S) while Okgye (O) is close to Gangneung (G). Numbers ndicated
on the maps represent the area maximum values, with the station acronyms in parentheses. The rainfall
started mainly at S on 15:00 UTC 5, then the precipitation system showed multi-cell (dual or triple
cells) development along the coastline. From 17:00 to 21:00 UTC 5, the AR peaks appeared at H while
rainfall at G also increased; then moving to S (including SA) up to 02:00 UTC 6 with steady increase of
rainfall in G. Afterwards, the AR peaks moved southward to G and O until the precipitation system
got weakened at 14:00 UTC 6. Meanwhile a new storm cell development is also detected at the north
of G (i.e., SA nearby S) on 07:00 UTC 6, indicating the back-building development of convective cells.
Overall, the continuous development of convective cells mainly occurred at the north around S until
02:00 UTC 6, then moved to the south nearby G while being weakened. The multi-cell structure also
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suggests that dynamical interactions among the convective cells were viable at the boundaries through
the storm outflows.
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Figure 8. Hourly variation of lightnings from 15:00 UTC 5 to 07:00 UTC 6 August 2018. Each panel
represents lightnings occurred during the last 3 h, as indicated in different color per half an hour.
The white rectangle (left panel) represents the sub-domain for enlarged images (right panels).
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Figure 9. Hourly variation, from 15:00 UTC 5 to 14:00 UTC 6 August 2018, of the 12 h accumulated
rainfall (AR; mm) ending at the specified time in each panel over the same enlarged domain in
Figure 8 (white rectangle). Numbers indicate the maximum 12 h AR with the stations in parentheses:
S for Sokcho, H for Hyeonnae (~36 km north-northwest from S), SA for Seorak-dong (~20 km
west-southwest from S), G for Gangneung, and O for Okgye (~20 km south-southeast from G).
From the KMA.

4.3. Processes in the Modeled Convective System

4.3.1. Moisture Transport and Instability Indices

Figure 10 displays wet-bulb potential temperature (f,,) and horizontal convergence at 950 hPa,
and CAPE, calculated from WRE. On 12:00 UTC 5 August, northeasterlies prevailed over the northern ES
while northwesterlies spread over the southern ES, due to Lyc near Tohoku (see Figure 3). A moisture
band with high 6, from the ES was carried to the region of repeated convection in Korea by the
Kor’easterlies that also caused strong speed convergence at the offshore/coastal zone near Sokcho.
Along the moisture band, CAPE was in excess of 1800 ] kgfl. On 18:00 UTC, the Kor’easterlies
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strengthened over the ES due to expansion of Hyc (see Section 4.1). The enhanced Koreasterlies pushed
both the moisture and CAPE bands southwestward—closer to Yeongdong. It is obvious that both
Sokcho and Gangneung had higher moisture and CAPE by these movements, implying higher potential
for severe thunderstorm development off the coast of Yeongdong. Besides, additional moisture and
CAPE were transported from the western part of Korea through northwesterlies, possibly to higher
levels (e.g., 925-850 hPa) due to mountains.

Instability indices in Sokcho and Gangneung maintained high values during the nighttime of
5 August: 1130-1410 ] kg ! for CAPE, above 40 °C for KI, and 260-280 for SWEAT—all indicating
great potentials of strong convection and severe thunderstorms. In Korea, MCS and heavy rainfall
typically develop with CAPE larger than 1300 J kg ! [63].
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Figure 10. Analyses of storm environment on 12:00 UTC (left panels) and 18:00 UTC 5 (right panels)
August 2018. (Upper panels) wet-bulb potential temperature (6, contoured and shaded in blue; °K),
horizontal convergence (—J, shaded; 1075 s71) and horizontal wind vectors (m s 1) at 950 hPa, over the
domain d02 (terrain higher than the 950-hPa level is hatched): (Lower panels) the convective available
potential energy (CAPE, shaded in blue; J kgfl) and surface wind vectors (m s~!) over the domain d03.
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4.3.2. Domain-Averaged Characteristics of Storm Environment

Figure 11 illustrates temporal and vertical variations of the storm environment, averaged over
Al and A2 (see Figure 1b). Both areas showed similar features except for stronger convection in
A2. In the layer 700400 hPa, water vapor (g,) stayed almost constant in the early (pre-storm) stage,
whereas equivalent potential temperature (8.) steadily decreased (Figure 11a,b). Then, both g, and
8. increased precipitously, due to strong convection (Figure 11c,d), sustained high values for 89 h,
then decreased abruptly. The low-level atmosphere, during the pre-storm stage, is characterized by
steady increase in 6. (i.e., getting warmer and moister). Combined with the mid-level cold and dry air,
the pre-storm atmospheric environment was characterized by strong potential instability (Figure 11a,b)
as well as strong gradients in both g, and 6., especially in 850700 hPa. At this stage, the surface layer
was also characterized by strong potential instability, which diminished later as the whole atmospheric
layer showed similarly high 6, and the maximum q,: this indicates release of potential instability due
to strong updraft (cf. Figure 11c,d).
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Figure 11. Time-pressure diagrams, averaged over Al (a,c) and A2 (b,d) (see Figure 1b) from
00:00 UTC 5 to 11:00 UTC 6 August 2018: (a,b) equivalent potential temperature (6., shaded; °K),
water vapor mixing ratio (g, contoured every 2 g kg~1), potential instability (thick dash-contoured
every —5°K km 1), and horizontal wind vectors (m s~1); and (¢, d) horizontal convergence (—J, shaded;
1075 s71), vertical component of relative vorticity (contoured every 5 x 107> s~1; solid for positive and
dashed for negative values) with yellow crosses representing centers of positive values, and vertical
wind vectors (m s~1). Values of all the fields are computed over the domain d03.



Remote Sens. 2020, 12, 1532 15 of 25

Surface winds changed from westerlies to easterlies around 06:00 UTC 5, getting stronger and
reaching higher with time. Mid-level winds were mostly northwesterlies while upper-level winds
turned from northwesterlies to north-northwesterlies, especially during the period of strong convection;
thus making the anvil clouds disperse toward south-southeastward along the coastline (see Figure 7).
It represented substantial vertical wind shear, in terms of both speed and direction (veering), which is
essential for the MCS strength and longevity by enhancing lifting and generating new convective cells
through interaction with the cold pool (e.g., [64,65]).

Weak updrafts developed in the early stage due to convergence at the surface layer and divergence
at 925-850 hPa (Figure 11c,d); however, no significant updraft developed during the build-up of
strong potential instability. Deep convective motion started when the low-level convergence and the
mid-to-upper-level divergence strengthened prominently: these vertical motions contributed to release
the potential instability (cf. Figure 11a,b), which induced further vigorous convection.

We also note that positive (cyclonic) relative vorticity fields appeared at mid-levels,
around 10:00 UTC 5 at 500 and 600 hPa in Al and on 14:00 UTC at 700 hPa in A2 (see the yellow crosses
in Figure 11c,d); then showed the maximum values during the periods of strong low-level convergence
and updraft. The time lag between Al and A2 implies that the mid-level vortices in 700-400 hPa had
moved from the north (Al) to the south (A2) along the coastline. Positive vortices also enhanced at the
surface layer reaching the maxima at the times of strong updraft—forming updraft-vorticity zones [66]
with upright connection to the mid-level vortices, and further enhancing the vertical convection.

Spotting dry intrusion at upper level is crucial in diagnosing deep convection because convective
instability is present at the leading part of the dry band due to buoyancy force of cold/dry air over
warm/moist air [67]. We can obtain information about atmospheric moisture at different levels via the
AHI three water vapor bands [51], whose weighting functions show peak responses near 350—400 hPa
for band 8, near 600-700 hPa for band 10, and in-between for band 9—centered at 6.2 um, 7.3 um,
and 6.9 um, respectively. Figure 12 represents the three-band water vapor images from AHI on
0900 UTC and 1200 UTC 5 August. A small convective cell near the southeastern coast of North Korea
on 0900 UTC evolved into two larger convective cells in the next three hours (see the blue arrows).
On 0900 UTC, a prominent dry intrusion is observed in mid-level (the 6.9 pm channel) just the south
of the small convective cell (see the red dashed circle), and extends to upper level (see the 6.2 pm
channel). In low-level (the 7.3 uym channel), the same area is shaded in light-gray, implying moist
air therein. These water vapor images clearly illustrate that low-level moist air is capped by a deep
dry layer aloft, which supports our findings in Figure 11. The strong gradient in vertical moisture
makes the atmosphere convectively unstable, and induces rapid growth of deep convective cells when
combined with proper lifting forcings, as demonstrated by the convective cells on 1200 UTC and the
MCS in subsequent hours (see Figure 7). Although the vertical difference of dry/wet conditions is
not clearly shown in the same area on 1200 UTC, due to the convective clouds, we have analyzed the
relative humidity and temperature fields at 400 hPa and 925 hPa, and noticed cold/dry air aloft and
warm/moist air below (not shown).
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0900 UTC 5 AUG 1200 UTC 5 AUG

Figure 12. Water vapor images from the AHI three water vapor channels—6.2 um (top panels), 6.9 pm
(middle panels), and 7.3 um (bottom panels) on 0900 UTC (left panels) and 1200 UTC (right panels)
on 5 August 2018. Blue arrows indicate convective cells described in the text, and the red dashed circle
depicts the mid-level dry intrusion. From the KMA /National Meteorological Satellite Center.
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4.3.3. Triggering and Back-Building Processes

We investigated the processes for initiation and recurrence of convection. We first checked
the contribution of the prolonged heat wave over Yeongdong on convection through R;
(see Section 2.3). At 12:00 UTC 5 August, R; in Yeongdong ranged from 0.25 to 16 at the lowest
level, indicating mechanical and thermodynamically-driven lifting jointly contributed to initiation and
maintenance of convection in this region (see [59]).

In Figure 13, we examined the impact of cold pool outflow on repeated convection. On 15:00 UTC 5
(Figure 13a), coastal areas of low 6 represent cold pools formed from previous rainfalls (see the radar
image at 15:00 UTC in Figure 7). At the boundary of the cold pool outflows and the Kor’easterlies,
a coastal front was formed—producing updraft (purple area), in which convective cells can easily
arise due to transport of moist and conditionally-unstable air over the ES by the Kor’easterlies and the
frontal uplifting. By 18:00 UTC (Figure 13b), convective cells developed vigorously at the frontal zone
producing heavy rainfall along the front: the northern edge of front moved into the mountain foot
due to strong Kor’easterlies, resulting in rainfall at the coastal plain. Some of the cold pool outflows,
generated by new convective cells, directed toward the coast and contributed to the orographic rainfall
at the mountain foothill. By 20:00 UTC (Figure 13c), the front moved further into the mountain foot,
and the cold pools further enhanced as well, making the flows near the coast more complex and
producing more rainfall over wider areas. Around S, updraft zones formed at both the mountain
foothill and off the coast at the outflow boundaries. The rainfall shape matched very well with the
observed tapering cloud and radar echo (cf. Figure 7 on 20:00 UTC). By 22:00 UTC (Figure 13d),
the cold pool strengthened and the outflow boundary further intruded toward the mountains between
S and G. The rainfall over the mountain crest, at the west of S, occurred through the orographic uplift
induced by the strong easterly winds owing to both the outflows and the Kor easterlies: at the south of
S, outflows at the western boundary slowly moved over the mountain producing orographic rainfalls
there, whereas outflows at the eastern boundary encountered with the Kor’easterlies, forming an
updraft zone along the coastline.

Figure 14 shows vertical cross sections of the MCS along A-B in Figure 13. On 16:00 UTC 5,
below 1 km, strong Kor’easterlies abided over the ES at the east of 128.8°E while westerlies blew out
from the coast where precipitation occurred. Convective clouds formed at 3-7 km while a new cloud
formed at the coast-side of the main rainfall system where the two flows met and made convection.
With a closer look below 2 km (bottom left), we notice that lifting of the westerlies also occurred at the
boundary of a cold pool formed underneath the main rainfall system. Updrafts were sustained even
inside the precipitating area.

On 20:00 UTC 5, the MCS showed maximum growth along A-B, with strong updrafts reaching
over 12 km and diverging out at 13-14 km. Rainfalls occurred all over the mountainous coastal
areas, including off the coast, with the most intense rainfall at the coast. Besides the orographic
lifting and precipitation, the two updraft zones—one at the mountain base and the other off the
coast, as described in Figure 13—merged vertically over 6 km making deep convective cloud reaching
over 12 km. On 22:00 UTC, typical orographic lifting and its associated deep convective clouds and
rainfalls are observed. We also note a new cloud developed over the coastline due to the uplift of
inflowing Kor’easterlies at the eastern tip of a cold pool formed beneath the precipitation at the
foothill-coast area as well as the speed convergence.

By 00:00 UTC 6, the convective system weakened along A-B as the main system moved southward.
Coastal precipitation decreased while non-precipitating orographic clouds still remained on the
mountain slope and top. As shown below 2 km (bottom right), the Kor easterlies made the first updraft
at the eastern tip of the coastal cold pool, then the second one at the mountain slope.

Overall, the MCS developed through back-building convection induced by thermodynamically-driven
as well as mechanical lifting forcing, associated with the prolonged heat wave, the orographic
effect and the low-level convergence, through interactions among the pre-existing cold pool
outflows, terrain-induced local flows, and the Kor’easterlies. These factors contributed to continuous
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development of deep moist convective cells, under environmental conditions favorable for
convection—moist air with high CAPE and low LCL and LFC (Figure 4) and high potential
instability (Figure 11). Storm-generated cold pool outflows played a significant role in maintaining
the back-building process (e.g., [68]). Localized enhancement of convergence and vertical wind shear
along pre-existing (outflow) boundaries also lead to the occurrence of severe local storms (e.g., [69]).
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Figure 13. Potential temperature (0, shaded; °K) at the lowest model level, hourly accumulated rainfall
greater than 20 mm (hatched with closed contour), vertical wind speed at 500 m greater than 0.5 m s1
(shaded in purple), and horizontal wind vectors at 10 m (m s~ on (a) 15:00 UTC, (b) 18:00 UTC,

(c) 20:00 UTC, and (d) 22:00 UTC 5 August 2018, over the domain d03.
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Figure 14. Vertical cross sections of mixing ratios of rain water (g, shaded; g kg~!) and cloud water
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along the axis A-B in Figure 13 below 15 km (top and middle panels) and 2 km (bottom panels) at
given specific times. Think red lines (bottom panels) depict § = 300 °K for 16:00 UTC 5 and 6 = 299 °K

for 00:00 UTC 6, respectively. Computations are made at the domain d03.

4.3.4. Decaying Process

The MCS decayed due to the weakening of back-building processes, associated with cold pool
outflows, low-level moisture supply, potential instability, strong updraft, etc. In Figure 15, changes of
such factors in the decaying stage of the MCS are described for 03:00 UTC 6 August. The low-level
moisture band from the ES retreated to the south, resulting in cease of moisture supply to the region of
back-building convection (Figure 15a) and hence lowering the potential instability (cf. Figure 11a,b).
Moreover, heavy rainfall and its associated coastal cold pools as well as the offshore low-level
convergence had declined (Figure 15a,b); thus begetting ineffectual convection and less generation of
convective cells. As the MCS began to dissipate, Sokcho had weak stratiform rainfall (Z < 35 dBZ),
whereas Gangneung had convective rainfall but much weakened than before (Figure 15c). Since the
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MCS propagated south-southeastward along the coastline due to the upper-level north-northwesterlies
(see Figures 8 and 9), the convective rainfall at Gangneung terminated after a few hours.
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Figure 15. Same as in (a) Figure 10, (b) Figure 13, and (c) Figure 7, respectively, but for 03:00 UTC
6 August 2018.

5. Conclusions

In this study, we investigated a heavy rainfall event (HRE) that caused flash flooding at the
mountainous coast in the northeastern part of South Korea, called Yeongdong, which was produced
by a quasi-geostationary/back-building mesoscale convective system (MCS) with tapering cloud
rarely observed in this region. We performed multi-data analyses of storm environment using
the AWS/ASOS observations, the satellite/radar data, and the high-resolution WRF simulations.
In particular, the brightness temperature, obtained from the water vapor band 8 of the Advanced
Himawari Imager onboard Himawari 8, was useful to identify the existence of MCS and its effective
area, whereas the composite radar reflectivity was effectual to divide the total precipitation into the
convective and stratiform components by defining a convective reflectivity threshold.

Figure 16 represents essential features of the MCS. Prior to the MCS and tapering cloud
development, convective storms, originated from the coastal region of North Korea, produced sporadic
rainfalls and cold pools in Yeongdong, whereas the synoptic environment enhanced the
Kor’easterlies—winds blowing from the East Sea/Sea of Japan (ES) to the eastern coast of South
Korea. The low-level westerlies from the inland Korea as well as the Kor’easterlies conveyed warm
and moist air while the mid-to-upper-level northwesterlies carried cold and dry air into this region;
thus, building up strong potential instability. The mid-level cyclonic vortices also propagated along
the Yeondong coastal areas.

As the Kor’easterlies approached the coast, a low-level coastal convergence zone formed.
A narrow convection band developed along the coastal front offshore Sokcho at the boundary between
the cold pool outflows and the Kor easterlies: the northern edge of the front/convection was located
north of Sokcho, triggering the back-building process for the MCS. The potential instability release
further enhanced the convection. As both the cold pool outflows and the Kor’easterlies strengthened,
the front moved inland and emplaced on the mountain base near Sokcho, effectuating orographic
lifting and rainfalls at the foothills: thus, the back-building process continued near Sokcho. A similar
process took place near Gangneung with a time lag. The MCS and its associated tapering cloud slowly
moved south-southeastward along the coastline due to the upper-level north-northwesterly winds,
with the upwind tip stationed near Sokcho. The vertical convection was further enhanced by the
mid-level advection of positive relative vorticity ({ > 0).
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Figure 16. Schematic diagram of the quasi-stationary MCS representing the triggering and
back-building processes for the coastal flooding event at the Yeongdong region in South Korea.

This kind of flood-producing MCS with tapering cloud and back-building process, has rarely
occurred and been seldom studied in Korea. To improve forecasts of such convective systems in the
complex coastal terrain regions, further studies are essentially required on interactions among the
prevailing winds, cold pools, orography, and local circulation systems, and their combined effect on
the back-building process.

Although this study is focused on a coastal MCS in Korea, the findings here can provide
basic knowledge on similar coastal convections in other parts of the world, especially under
extremely warm atmospheric environment and with complex coastal terrains. In a warming climate,
consecutive occurrence of contrasting extreme events, like this case, may become more common; thus,
understanding the development mechanism of extreme precipitation under the extreme heat wave
condition is of utmost importance. Further study is required to investigate possible linkage between
global warming and the flood-producing heavy rainfall event under the extremely warm condition,
especially in the context of super Clausius-Clapeyron relationship.
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