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Abstract

This study examines atmospheric structures causing convective development in the events of cloud cluster (CC) over the Korean
peninsula using the analysis and forecast data of National Centers for Environmental Prediction (NCEP) climate forecast system
reanalysis (CFSR) and observation data. Two CC types—CCs associated with meso-a-scale lows (CCMLs) and mesoscale
troughs (CCMTs)—were investigated. The common atmospheric structure for convective development in CC events is com-
prised of i) a strong southwesterly band (SWB; a region with southwesterly wind speeds >12.5 m s™") in the lower troposphere
upstream of CCs with a mesoscale convergence zone in its exit area, ii) a layer of high-6. air in the lower troposphere near the
surface extending from the southwest to SWB exit, iii) elevated height of maximum 6. in the lower troposphere near and over the
convergence zone, above which a convectively unstable layer exists. Generality of the above-described structure has been
demonstrated via examination of composite fields. SWB plays a major role in producing the structure for convective develop-
ment in CC events over the Korean peninsula mainly through 1) advection of high-0,, air from the southwest, and ii) significant
horizontal convergence in the exit area, which can facilitate convection initiation. The two types of CC show notable differences
in atmospheric structure across the boundary between high-6,, air from the southwest and low-0,, air in the northeast and in the
mode of high-6. air transport to the region of convective development. The boundary is generally tilted northeastward with height
for CCML cases, whereas it is nearly vertical for the majority of CCMT cases. This study indicates that, despite the above-
mentioned differences, convective developments in both CC types can be considered as elevated convection that occurs as air
parcels in an elevated layer of convective instability are lifted by upward motion in the convergence zone. For both types of CC,
differential 8. advection plays the key role for the occurrence of elevated layer of convective instability. And 6, front in CCML
events indicates the presence of elevated convective instability above it and the possibility of elevated convection provided that a
lifting mechanism is available.
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1 Introduction Ninomiya and Yamazaki (1979) suggested that the generation

of convective instability in the heavy rainfall area within the

It is well known that transport of humid low-level air from the
south or southwest by strong low-level wind is a key element
for the occurrences of heavy rainfall over the Korean penin-
sula and southwestern Japan (e.g., Park et al. 1983; Ogura
et al. 1985; Jeong et al. 2016; Kato 2018; Shin et al. 2019).
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Baiu front was mainly due to the warm-moist advection in the
lower layers.

Recent study by Shin et al. (2019) showed the presence of
elevated convective instability above a shallow convectively
stable surface layer upstream of cloud clusters (CCs). The
presence of elevated convective instability in the lower tropo-
sphere implies the possibility that convection initiation (CI)
can occur at elevated levels. The occurrence frequency of such
environmental conditions and subsequent convective devel-
opment can be a very important subject of study.

Occurrences of elevated convective instability or elevated
convection have previously been observed in the United
States (US). Colman (1990a, 1990b) found that thunderstorms
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occurred above frontal surfaces, frequently in environments
without positive convective available potential energy
(CAPE), and defined these thunderstorms that were isolated
from surface diabatic effects by a strong frontal inversion as
“elevated” thunderstorms. He showed that typical elevated
thunderstorms occurred northeast of an associated surface
low-pressure center, and north of a surface warm front (i.e.,
the cold side of a surface boundary) in strongly baroclinic
environments. Colman (1990a) suggested that nearly all
winter-season thunderstorms over the US east of Rockies,
except for the Florida peninsula, were of the elevated type.
Rochette and Moore (1996) observed that a mesoscale con-
vective system (MCS) over a frontal surface developed in an
environment characterized by elevated convective instability.
Later, Moore et al. (2003) examined 21 warm-season heavy-
rainfall events occurring in the central US caused by MCS
above and north of a surface boundary. They observed MCS
to be located within the left-exit region of a south-
southwesterly low-level jet (LLJ) with maximum positive
equivalent potential temperature (6,) advection, moisture con-
vergence, and positive thermal advection at 850 hPa. They
found that despite surface-based stability fields indicating sta-
ble low-level air, there existed a layer of convectively unstable
air with maximum-0, CAPE values exceeding 1000 J kg™’
near the MCS site with high upstream values.

The definition of elevated convection has expanded as new
modes of elevated CI have been identified in studies of ele-
vated MCSs over the Great Plains of the US, where MCSs had
a large nocturnal component (Maddox 1980). Wilson and
Roberts (2006) found that elevated convective initiation epi-
sodes, which occurred mostly at night, were common in the
[HOP area during the International H,O Project (IHOP_2002;
Weckwerth 2004). They suggested that a zone of elevated
convergence coupled with midlevel instability provided con-
ditions for elevated convection to form with no nearby surface
boundary. Reif and Bluestein (2017) identified different
modes of nocturnal CI relative to a surface boundary: events
that began at a surface boundary, events that began on the cold
side of a surface boundary, and events that began with no
nearby surface boundary.

Elevated layer of convective instability has also been ob-
served in China, in episodes of eastward propagating convec-
tive systems at the eastern lee side of the Tibetan Plateau.
Chen et al. (2014), through the analysis of the satellite
rainfall and reanalysis datasets from 1998 to 2012,
demonstrated that eastward propagating rainfall episodes,
which typically occurred in late night and morning, were
determinant factors for the rainfall diurnal cycle over eastern
China, and that the episode growth and propagation were
facilitated by an elevated layer of conditionally unstable air
in a mesoscale zone at their eastern leading edge. Recently, He
et al. (2018) found an occurrence of elevated convection in an
event of a nocturnal squall line along the Meiyu Front over

central East China, in which the main convection was initiated
along a mesoscale convergence line above a stable boundary
layer. Zhang et al. (2019) showed an elevated MCS that was
initiated ahead of a surface front without identifiable bound-
aries at the surface, and demonstrated that an elevated moist
absolutely unstable layer (i.e., a saturated layer within which
0. decreases with height) was found to be conducive to the
elevated CI.

Occurrences of heavy rainfall in small CAPE environment
have also been noted. Based on the review of the studies on
the intense rainfall in Meiyu-Baiu front (MBF) in July 1991,
Ninomiya and Shibagaki (2007) noted that the intense con-
vective precipitation zone of MBF was characterized by the
nearly moist neutral stratification, attributing this feature to the
release of convective instability through cumulus convection,
and suggested that differential advection of 6. in the layer
between 850 and 500 hPa generated convective instability
against the stabilizing effect of cumulus convection. Hong
(2004) also mentioned that climatologically, the Korean pen-
insula was characterized as thermodynamically neutral in con-
trast to large CAPE over the US.

Cloud clusters are the major type of MCSs over the Korean
peninsula, and Shin and Lee (2015) classified CCs into two
types: those associated with meso-x-scale lows (CCMLs) and
mesoscale troughs (CCMTs). The term “mesoscale trough”
defines a mesoscale depression that does not develop into a
meso-a-scale closed-isobar system. Cloud clusters over the
Korean peninsula and the Yellow Sea form mostly in an en-
vironment with a relatively weak baroclinicity along the
northwestern edge of the western Pacific subtropical high
(WPSH). The strong southwesterlies or LLJs along the north-
western edge of the WPSH play a critical role in CC formation
(Shin et al. 2019) and cause heavy rainfall over the Korean
peninsula (e.g., Kim et al. 1983; Hwang and Lee 1993; Chen
et al. 1999, etc.).

Shin and Lee (2015) and Shin et al. (2019) found that
strong southwesterly bands (SWBs; regions wherein south-
westerly wind speeds exceed 12.5 m s ') develop along the
northwestern edge of the WPSH as mesoscale depressions
(i.e., MLs and MTs) appear near or along the edge. Further,
they suggested that SWB caused CC development by bringing
along a large amount of moisture over the southwestern
Korean peninsula along with a zone of significant conver-
gence over its northeastern terminus. Chen et al. (2017) found
that a nocturnal enhancement of LLJ over southeastern China
resulted in the enhancement of moisture transport, low-level
ascent, and elevated convective instability at the northern ter-
minus of the LLJ.

It is very important to understand the atmospheric structure
and the process leading to convective development in CC
events over the Korean peninsula, for more precise explana-
tion of CC development and better forecasts of heavy rainfall
over the Korean peninsula. However, understanding of
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convective development in the CC events is poor yet and
requires extensive studies to improve it.

The goal of this study is to find out the atmospheric struc-
ture for convective development embedded in the environ-
ment of CCs over the Korean peninsula using reanalysis and
observation data. Section 2 describes data and methods.
Sections 3 and 4 present the atmospheric structure for convec-
tive development and the modes that convective develop-
ments may occur in CCML and CCMT events, respectively.
In section 5, discussions are provided for i) the common and
distinct atmospheric structures for CCML and CCMT and ii)
comparison of the atmospheric environment for convection
between the CCs over the Korean peninsula and the elevated
MCSs in the US and China. Finally, summary and conclu-
sions are provided in section 6.

2 Data and Methods

In this study, 12 CCML and 10 CCMT events over the 11-
year period between 2001 and 2011 were considered
(Table 1). These CC cases except for 3 CCMT episodes in
2011 was from Shin and Lee (2015), who found that CCMLs
and CCMTs showed notable difference in the origin of meso-
scale depressions: MLs that are associated with CC over the
Korean peninsula were mostly originated in China and the
western Yellow Sea, whereas MTs developed mainly over
the Yellow Sea and the west coast of the Korean Peninsula.
Due to the differences in the origin and developing process
between the two types of mesoscale depressions, atmospheric
environment for CC development over the Korean peninsula

Table1 Events of cloud cluster considered in this study: 12 CCML and
10 CCMT cases. “Time” and “Location” indicate the time and location of
CC occurrence, respectively. For location, MW and SW mean the mid-
western and southwestern parts of the Korean peninsula, respectively.
The mid-western part includes Gyeonggi-do, Seoul City,

was examined independently for CCMLs and CCMTs. Cloud
clusters in selected events occurred over the western part of
South Korea, either the mid-western (MW) or the southwest-
ern (SW) part of the Korean peninsula, where frequency of
CC occurrence is relatively large. This grouping is to examine
the effect of the distance between CC and source area of
high-0, air (i.e., the ocean area in the upstream of strong
southwesterly flow at low levels) on the atmospheric structure
for convective development. The mid-western part includes
Gyeonggi-do, Seoul City, Chungcheongnam-do and their
coastal area in the approximate latitude range of 36-38 °N,
and the southwestern part is the area to the south of about 36
°N, including Jeollabuk-do, Jeollanam-do, Jeju-do and their
coastal area. Cases with CCs occurring over other parts of the
peninsula or across the boundary between the MW and SW
areas were excluded in this study.

The following two sections analyze thermodynamic and
kinematic structures using NCEP CFSR analyses and forecast
data (0.5° x 0.5° data) (Saha et al. 2010) and observation data
supplied by the Korea Meteorological Administration includ-
ing upper-air observations, radar and satellite data, and hourly
rainfall amount from AWS stations over the Korean peninsu-
la. For each CC type, this paper first presents case studies
performed on two events. This is followed by analyses of
mean fields for two CC groups to examine the generality of
atmospheric structures for convective development. For case
studies, one event over the mid-western and the other event
over the southwestern Korean peninsula are considered.
Likewise, mean fields are presented for Group 1(CCs over
the mid-western Korean peninsula) and Group 2 (CCs over
the southwestern Korean peninsula and Jeju Island). For

Chungcheongnam-do and their coastal area in the approximate latitude
range of 36-38 °N, and the southwestern part is the area to the south of
about 36 °N, including Jeollabuk-do, Jeollanam-do, Jeju-do and their
coastal area

Case Time (UTC) Location Case Time (UTC) Location
MLO1 18 UTC 29 June 2001 MW MTO1 22 UTC 11 July 2001 SwW
MLO02 12 UTC 7 August 2001 MW MTO02 23 UTC 20 July 2001 MW
MLO03 18 UTC 10 August 2003 SW(near Jeju) MTO03 21 UTC 13 July 2004 SwW
MLO04 06 UTC 27 August 2003 MW MT04 01 UTC 1 July 2005 MW
MLO05 18 UTC 11 July 2004 MW MTO05 18 UTC 15 July 2009 SW
MLO06 18 UTC 26 June 2005 MW MTO06 18 UTC 27 June 2010 SW
MLO7 19 UTC 3 July 2007 SW(Jeju) MTO07 00 UTC 16 July 2010 Off the MW coast
MLO08 18 UTC 23 July 2008 MW MTO8 22 UTC 28 June 2011 MW
ML09 00 UTC 7 July 2009 SwW MT09 18 UTC 26 July 2011 MW
ML10 19 UTC 23 July 2009 SWdeju) MT10 01 UTC 9 August 2011 SW
ML11 12 UTC 28 July 2009 SW (near Jeju)
MLI12 19 UTC 26 August 2009 Off the MW coast
3‘ Korean Meteorological Society @ Springer
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CCML analysis, 6 and 4 cases were considered under Groups
1 and 2, respectively, whereas for CCMT, the corresponding
number of cases equaled 4 for both groups. The cases exam-
ined in case studies were not included in the calculation of
mean fields.

3 Atmospheric Structure for Convective
Development in CCML Events

3.1 CCML Case Study

To investigate the CCML case, two CC events — CCML-M
(1800 UTC 29 June 2001) prevalent over the middle Korean
peninsula (Fig. 1a), and CCML-S (0000 UTC 7 July 2009)
observed over the southwestern Korean peninsula (Fig. 1b) —
were selected. Heavy rainfall was recorded in both regions
with the maximum hourly rainfall rate exceeding 40 mm h™"
and 75 mm h™! over the mid-western and southwestern
Korean peninsula during 1700-1900 UTC 29 June 2001 and
during 2300 UTC 6 July - 0100 UTC 7 July 2009, respective-
ly. Strong southwesterlies prevail over the wide area to the
south and the southeast of the ML center, wherein the region
with high-0, air (i.e, 8. >350 K) is extended up to the CC
areas (Figs. 1c,d). A mesoscale zone of significant horizontal
convergence is found over the SWB exit area on the eastern or
southeastern side of ML center, towards which the high-0,, air
from the southwest can be supplied.

Figure 2 depicts vertical profiles of 6, obtained from the
upper-air observations and the CFSR analysis at Osan (37.08
°N, 127.03 °E) (Fig. 2a) and Heuksando (34.68 °N, 125.45
°E) (Fig. 2b), which are located in the upstream of the CC in
CCML-M and CCML-S, respectively. The profiles from the
CFSR analysis were obtained after the profiles of temperature
and specific humidity at the observation stations were linearly
interpolated from the grid values around the stations. The
profiles from the analysis and observation show consistency
in overall shape including the presence of a convectively sta-
ble layer in the lower troposphere near the surface, although
they show some differences in magnitudes and detailed
shapes. Observed profiles show a convectively unstable layer
above about 800 and 950 hPa levels at Osan (for CCML-M)
and Heuksando (for CCML-S), respectively. Both observed
and CFSR analysis profiles show a deep layer of convective
stability below about 875 hPa at Osan (Fig. 2a), but a relative-
ly shallow convectively stable layer below about 950 hPa at
Heuksando (Fig. 2b). It should be mentioned that the observed
profile for Osan can not show detailed structure within the
layer between 850 and 990 hPa due to the absence of obser-
vation in between the two levels.

Figure 3 shows the cross sections of 6., horizontal wind
vector, wind speed and horizontal divergence along the south-
westerly flow toward the CC area (i.e., along the blue lines in

Figs. 1¢,d). The cross sections depict the atmospheric structure
along the moisture-transport belt at low levels and across the
CC area. In CCML-M, a tongue of high-0, air below 750 hPa
extends up to about 700 km, at which distance, a convergence
zone is located (Fig. 3a). The height of maximum 6, in the
lower troposphere is located at 975-950 hPa near the up-
stream boundary and increases up to about 825 hPa above
the front over the zone of significant upward motion (Fig.
3c). Relatively large CAPE can be found at and above the
level of maximum 6.. Owing to this extended tongue, a
convectively unstable layer appears above the maximum-0,
level, below which a convectively stable surface layer exists.
Similar structure was also found in a previous study (Lee et al.
2017; Fig. 8).

Another important feature is the warm frontal structure of
0., that is tilted northeastward (Fig. 3a). Here, the front is
defined as the boundary between the high- and low-0, airs,
where 0, contours are dense. The large gradient of 8, is mainly
due to the large variation in water vapor amount across the
front. Further examination of temperature distribution has re-
vealed existence of stable layers along 0, front; however, no
frontal inversion is found in either case (not shown).
Additionally, a notable wind structure can be seen across the
front. The strong southwesterly wind weakens while ap-
proaching the front and extends further northeast with height
generating an inclined convergence zone at its exit. This ver-
tical variation of wind is mainly associated with the vertical
variation of mesoscale depression in strength and shape. In the
CCML-M event, as an example, a meso-o-scale depression
can be found throughout the layer below about 550 hPa to the
northwest of the CC area, appearing as a meso-x-scale low
and corresponding trough below and above about 800 hPa,
respectively (Fig. 4). The exit of strong southwesterly is locat-
ed at the southeastern part of the low and the trough where
wind direction shifts quickly across the trough axis. As shown
in Fig. 4, the southwesterly winds on the southeast of the
depression penetrate further northeast with height, shifting
the position of convergence zone northeastward with height.
At 500 hPa, the airflow over the CC area becomes nearly
zonal (not shown). Moreover, the inclined convergence zone
indicates the possibility of vertical motion over a wide area
over the front. Examination of upper-level jet streak (ULJS)
indicates that the CCML-M case is not coupled with ULJS
which is located to the northwest of the Shandong peninsula in
the SW-NE direction (not shown).

The cross section for the CCML-S case, wherein CC de-
velops over the southwestern Korean peninsula, is similar to
that shown for CCML-M with 1) a northeastward extension of
the high-0.-air tongue in the layer below 850 hPa, and ii)
northeastward tilted front with an inclined zone of horizontal
convergence along the front (Fig. 3b). According to Fig. 3d,
maximum 0, in the lower troposphere is found at the surface
level over most of the area upstream of 500-km. However, its
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Fig. 1 Enhanced IR satellite images for (a) 1800 UTC 29 June 2001
(CCML-M), and (b) 2333 UTC 6 July 2009 (CCML-S). And
geopotential height (m, solid lines), wind vector, equivalent potential
temperture (6.) (K, shaded), isotachs (thick dahed lines) and area of
horizontal convergence (exceeding —107° 57", black dotted area) at

height increases rapidly along the frontal slope from the 600-
km location onwards, indicating the transport of relatively
high-0, air over the front. Relatively low 6, in the layer below
700 hPa over the area between 300 and 600 km locations can
be attributed mainly to the consumption of moisture by the
upstream convection between the 50- and 200-km locations
(Fig. 3b), which reduces the transport of moisture toward the
downstream at low levels. Convective systems at the above-
mentioned location can be found in the satellite image (i.e., the
MCS over the sea to the east of Shanghai in Fig. 1b).

348 352 356

925 hPa for (¢) 1800 UTC 29 June 2001, and (d) 0000 UTC 7
July 2009. Red dot, star and triangle in (a) represent the locations of
Osan, Gwangju and Heuksando aerological stations, respectively.
Isotachs are for 12.5, 15 and 20 m s . In (c), the isotach of 12.5 m s
is not drawn

Convection over SWB exit also contributes to the upstream
0. reduction. As in the CCML-M case, the CCML-S is not
associated with ULJS that is away from (i.e., to the northwest
of) the area of CC development (not shown).

Structures of convective energy supply and convection
trigger in CCML-M and CCML-S are examined using
Figs. 3c and d, respectively, which show distributions of
CAPE, vertical motion, the level of maximum 6. (Pmaxee)
(yellow bar) and LFC for air parcel at ppaxee (red dotted
bar). The value of CAPE is largest at ppaxee and increases

3‘ Korean Meteorological Society @ Springer
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Fig. 2 Vertical profiles of 0., Osan (37

10°N, 127.03°E) Heuksando (34.68 °N, 125.45 °E)

from observation (solid line) and 200
CFSR data (dashed line) at (a) (a) 18 UTC 29 (b) OO UTC 7
Osan for 1800 UTC 29 June 2001 June 2001 July 2009
(CCML-M) and (b) Heuksando
for 0000 UTC 7 July 2009 400 | - L
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interval of 3 x 107> 57!, respectively) along the southwesterly flow
toward the CC area for (a) 1800 UTC 29 June 2001 (CCML-M, along
the blue line in Fig. 1¢) and (b) 0000 UTC 7 July 2009 (CCML-S, along

the blue line in Fig. 1d). And cross section for CAPE (J kgfl, shaded) and
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vertical motion (Pa s, dashed and solid lines for positive and negative
values with an interval of 0.3 Pa s, respectively) for (c) 1800 UTC 29
June 2001, and (d) 0000 UTC 7 July 2009. Yellow bar and red-dotted bar
in (c) and (d) represent the level of maximum 6, and LFC for the air parcel
at the level of maximum 6, respectively. Black triangle (A ) indicates the
location of coast line
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Fig. 4 Geopotential height (m,

18 UTC 29 June 2001

18 UTC 29 June 2001

solid lines), wind vector, and 42N
horizontal convergence

(exceeding -107° s, shaded) for

1800 UTC 29 June 2001 at (a)

925 hPa and (b) 700 hPa. The

dashed line indicates the location

of cross sections in Figs. 3a and ¢

@) 925 hPa

38°N

34°N

30°N

X (v

126°E

128°E  130° 132°E 120°E  122°E  124°E  126°E 128°E 130°E 132°E

BT |

motion in both cases. This can be interpreted as an increase in
convective instability in the layer above the front.
Furthermore, small distances are found between air parcels
at Pmaxoe and their LFCs in the area of significant upward
motion. This indicates high possibilities of convection trigger
at elevated levels. Equilibrium levels are found to be in the
ranges of 271-395 hPa and 246262 hPa for the air parcels at
Pmaxee Over the areas of 650-700 km in CCML-M and
CCML-S, respectively. Since the vertical motion in the cross
section is from the analysis data with 0.5-degree grids, actual
vertical motions can be considered significantly stronger com-
pared to those depicted in Figs. 3¢ and d. The above-
mentioned structure for convective development is analogous
to that corresponding to elevated MCSs above the fronts in the
US described by Moore et al. (2003), in that a tongue of
high-0., air is extended along the SWB up to over the 6., front
and convections can be triggered for air parcels above the
front, whereas air parcels below the front possess small or zero
CAPE.

Equivalent potential temperature in the lower troposphere
upstream of the surface front is affected mainly by horizontal
0. advection from the upstream and convective activities at
the upstream and frontal locations. Horizontal 6, advection is
shown in Fig. 5 for the two CCML events. In the case of
CCML-M, positive 8, advection is found in the layer near
the surface, whose depth increases towards the downstream
(Fig. 5a). A layer of large positive advection can be found at
elevated levels downstream of 400-km location where both
the height and magnitude of the maximum advection increase
towards downstream. Note that large positive 0, advection
also occurs above the front (i.e., downstream of 650 km loca-
tion) increasing convective instability of the layer just above

-30 26 -20 -15 -10 -75 -5

the front. On the other hand, negative 6. advection is found
above the layer of large positive advection, especially over the
front (i.e., the area between 650 and 750 km locations). This
negative advection above the front is mainly due to the trans-
port of lower 6, air from the west at higher levels. Figure 5a
shows differential 8, advection in the layer below about
700 hPa over the entire area from the upstream boundary to
the frontal area. Further examination indicates that the differ-
ential 6, advection shown in Fig. 5a is mainly due to differ-
ential moisture advection (not shown). In the CCML-S case,
significant 0, advection occurs only along the frontal area
(Fig. 5b). This positive advection can generate the convective
instability above the front. Figures 3 and 5 indicate that the 6,
front itself indicates the presence of elevated convective insta-
bility above the front and the possibility of elevated convec-
tion provided that a lifting mechanism is available.

Observations indicate that strong convective development
and heavy rainfall continued to occur over the southern
Korean peninsula after 0000 UTC 7 July 2009 (CCML-S),
while the MCS in the upstream near the coast of eastern
China moved eastward leaving the cross section. As can be
found in Figs. 3b and d, convective instability exists over the
front, and continued transport of high-6., air at low levels from
the upstream can maintain the convective instability over the
frontal area supporting further convective developments.
CFSR forecast data also shows that transport of high-6, air
toward the frontal area continues after 0000 UTC 7 July 2009
(not shown).

In situations with an elevated layer of convective instability
with small or zero CAPE for surface air parcels as found in the
CCML events, an important issue for forecasters is which
instability index or algorithm is better to diagnose the
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possibility of CC occurrence. As an effort, we compare CAPE
and Lifted Index (LI), which are often used to diagnose the
possibility of convection. Two CAPEs are considered:
CAPE(sfc) for air parcel at surface level and CAPE(max-6.)
for air parcel at maximum-6,, level in the layer below 700 hPa.
Figure 6 depicts distributions of CAPE(sfc) and
CAPE(max-0,) along with LI (for the mean parcel in the low-
est 100-hPa layer) for the two CCML cases. The two CAPEs
increase southeastward over the ocean area to the south of Jeju
Island, their values exceeding 1000 J kg ' over most of the
ocean to the south of the 30°N latitude, where CAPE(sfc)
equals or close to CAPE(max-0.) (i.e., maximum 0, is located
mostly at surface level). Large differences between the two
CAPEs can be found for both cases over various regions such
as southeastern China, the Yellow Sea and the southern part of
the Korean peninsula. The most noteworthy difference can be
found over and to the southwest of the southern Korean pen-
insula in CCML-M (Figs. 6a,c). A long band of relatively
large CAPE(max-6.) can be found across the sea between east
China (near Shanghai) and the west coast of the southern
Korean peninsula (Fig. 6¢). Large CAPE(max-6,) exceeding
1000 J kg ' can be found over the west coast of the southern
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Korean peninsula, where CAPE(sfc) is zero or small (Fig. 6a).
This large CAPE(max-0,) is located slightly to the southeast
of'the cross sections in Figs. 3a,c, and can be important for the
continued development of CC in its downstream area. Over
this area of large CAPE(max-0,,), L1 is in the range of —1 ~—2,
which may indicate the possibility of some convection but not
a very intense convection. Lifted index is not a good indicator
of convective activity when convection is not rooted in the
lowest layer (e.g., the lowest 500 m) (Bluestein 1993). These
suggest that CAPE(max-0,) is desirable for diagnosing the
possibility of convection in situations of elevated convective
instability. In the CCML-S case, relatively small differences
(less than 100 J kg ") are found between the two CAPEs over
the Sea to the southwest (i.e., upstream) of CC over the south-
western Korean peninsula (Figs. 6b,d). However, CAPE(sfc)
greater than 300 J kg™ is found only in the southwestern tip of
the peninsula, whereas CAPE(max-0,,) greater than 300 J kgf1
can be found over wider inland area. Lifted index over and
upstream of the CC area is in the range of —1 ~—2 as in the
CCML-M case. Relatively small CAPE(max-6.) over the area
upstream of CC in the CCML-S case may be due to consump-
tion of large amount of moisture by convections in the
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upstream area near the coast of eastern China and the CC area
as mentioned earlier concerning Fig. 3b.

3.2 Mean Structures for Two Groups of CCMLs

This section discusses the generality of findings presented in
the previous subsection by examining composite fields. As in
the cases studies, mean fields were obtained for the two
groups of CCMLs: Group 1 (6 cases) with CCs over the

[ [ [T

200 400 600 800 1000 2000 3000 4000

UTC 29 June 2001 (CCML-M) and (b), (d) 0000 UTC 7 July 2009
(CCML-S)

mid-western Korean peninsula, and Group 2 (4 cases) with
CCs over the southwestern Korean peninsula and Jeju island.
As previously mentioned, the cases considered in the case
study were excluded in the calculation of mean fields.

In the mean 925-hPa height fields, meso-a-scale lows
are found in the northwestern edge of the WPSH, over the
Yellow Sea between the Shandong peninsula and the mid-
dle Korean peninsula for Group 1 (Fig. 7a) and the south-
ern Yellow Sea west of Jeju Island for Group 2 (Fig. 7b).

\{!‘, Korean Meteorological Society @ Springer
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Mesoscale zone of significant convergence can be found
over the SWB exit for both groups. The structure for
convective development found for individual CCML

events in Fig. 3 can also be found in the mean cross
sections for both groups, as illustrated in Figs. 7c-f. For
Group 1, a tongue of high-0, air in the layer below about
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Fig.7 Mean fields for Group 1 (left panels) and Group 2 (right panels) of
CCMLs. (a), (b) geopotential height (m, solid lines), horizontal wind
vector, wind speed (m s~!, thick dashed lines), and horizontal divergence
(107 57!, shaded) at 925 hPa, (c), (d) cross section of 8, (K, shaded),
horizontal wind vector, wind speed (m s 1, thick solid lines) and horizon-
tal divergence (107> s~', thin solid and dashed lines for positive and
negative values with an interval of 2 x 105 s, respectively) and (e),
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(f) cross section of CAPE (J kgﬁl, shaded) and vertical motion (Pa s ',
dashed and solid lines for positive and negative values with an interval of
0.2 Pa s, respectively) along the red lines in (a) and (b), respectively.
Yellow bar and red-dotted bar in (e) and (f) represent the level of maxi-

mum 6, and LFC for the air parcel at the level of maximum 6., respec-
tively. Black triangle (A) in (c)-(f) indicates the location of coast line
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850 hPa extends from the upstream boundary to frontal
area (Fig. 7c). And the height of maximum 6. gradually
increases from the surface level in the area upstream of
the 350-km location to about 825 hPa over the area of
significant upward motion (Figs. 7c,e). These structures
are similar to those found for CCML-M (Figs. 3a,c). In
the mean cross section for Group 2, maximum 6, exists at
the surface level over most of the area upstream of the
surface front (Figs. 7d,f). However, its height increases
rapidly along the 0. front over the area between 600 and
700 km. This distribution of maximum-60, elevation for
Group 2 is consistent with that found in the CCML-S case
(Fig. 3d). Composite cross sections, too, demonstrate the
structure transporting high-6, air (i.e., tongue of high-0,
air) over the front towards the core of upward motion,
similar to that described in Fig. 3. Mean fields also show
small or zero CAPE values below the front. The same was
found in the case study as well.

Examination of the frontal layer along the 6. front in
CCML events indicates that the fronts are associated with a
stable layer, the stability of which ranges from moderate to
strong levels (not shown). However, frontal inversion is not
found for most of the CCML events. Additionally, it appears
that the CCs in the majority of CCML events including the
two cases (CCML-M and CCML-S) are not coupled with
ULIJS (not shown).

The following conclusions can be derived for the char-
acteristic atmospheric structure for convective develop-
ment in CCML events, based on the above described case
study and composite-field analysis. For CCMLs over the
mid-western Korean peninsula, i) a tongue of high-0, air
in the layer below about 850 hPa extends from the south-
west up to and above the 6. front, and ii) the height of
maximum 6, gradually increases from the upstream sur-
face level to about 850 hPa over the frontal area with a
convectively unstable layer immediately above it. For
CCMLs over the southwestern Korean peninsula and
Jeju Island, which are located relatively close to the
source of high-0, air, the maximum-6, height remains at
the surface level for most of the area upstream of the
surface front. However, it increases rapidly over the fron-
tal slope, below which a convectively stable layer exists.
Furthermore, similar manner of transporting high-0. air
over the front is found for CCs over the mid-western
and southwestern Korean peninsula and Jeju island. The
above-described structure for convective development im-
plies the existence of zero or small CAPE values for air
parcels under the 6. front in both CCML groups.
Additionally, because the structure includes an elevated
layer of convective instability and convection trigger for
air parcels above the front, convective developments dur-
ing CC formation can be considered elevated convections
occurring without surface diabatic effects.

4 Atmospheric Structure for Convective
Development in CCMT Events

4.1 CCMT Case Study

The two CCMT events considered in case study include a CC
occurrence over the Yellow Sea near the Kunsan coast (36 °N,
126.7 °E) (CCMT-M, 0000 UTC 16 July 2010) (Fig. 8a) and
that over the southwestern coast of the Korean peninsula
(CCMT-S, 1800-2100 UTC 13 July 2004) (Fig. 8b).
Environmental conditions for CCMT-S have already been re-
ported by Shin et al. (2019). As regards CCMT-M, an MCS
occurred over the Yellow Sea at about 2100 UTC 15 July and
developed into a CC after 2300 UTC slowly moving north-
eastward. The cloud cluster kept developed until about 0600
UTC 16 July whilst showing a very slow northeastward
movement. Owing to this CC motion towards the coastal re-
gion of the middle Korean peninsula, heavy rainfall over in-
land area occurred after 0400 UTC. Prior to this, an hourly
rainfall of 15-20 mm h™" was observed over the coastal region
after 0000 UTC 16 July (not shown). In the CCMT-S case, an
MCS developed over the southwestern coast at 1900 UTC 13
July 2004 (Fig. 8b). Subsequently, CC development was ob-
served over the southwestern coastal region between 1900 and
2000 UTC. Heavy rainfall occurred after 1800 UTC with the
maximum hourly rainfall amount exceeding 70 mm h™' over
the southwestern coastal region during 1900-2000 UTC (not
shown). Strong southwesterly band is found to the southeast
of a mesoscale trough with a mesoscale zone of significant
convergence at its northeastern exit for both CCMT cases
(Figs. 8c,d). High-0,, air can also be found along the SWBs.

Figure 9 shows vertical profiles of 6. at Heuksando for
CCMT-M, which is located upstream of the CC at 0000
UTC 16 July 2010 (Fig. 9a), and Gwangju (35.11 °N,
126.81 °E) for 1800 UTC 13 July 2004 (CCMT-S) (Fig.
9b). In CCMT-S, convective systems occurred over the sea
to the southwest of Gwangju at 1800 UTC 13 July 2004.
Thus, the 0, profile at Gwangju for CCMT-S may represent
the atmospheric condition for the downstream side of the con-
vective systems at 1800 UTC. Upper-air observation at the
Heuksando station is not available at 1800 UTC. As can be
seen, the observed O, profiles at both stations show presence
of a convectively unstable layer above 925 hPa. However, a
difference can be found in the layer below 925 hPa between
the stations: a convectively stable layer at Heuksando
(CCMT-M) (Fig. 9a) and a convectively unstable layer at
Gwangju (CCMT-S) (Fig. 9b). Both stations show humid lay-
er below 925 hPa. However, magnitude of temperature lapse
rate in the layer for Heuksando is much smaller than that for
Gwangju (not shown). The peak of 0. at 925 hPa for
Heuksando seems mainly due to strong transport of warm
moist air from the south by strong southerly wind (18 m s
at 925 hPa.

3‘ Korean Meteorological Society @ Springer
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Fig. 8 Same as Fig. 1, except for (a), (c) 0000 UTC 16 July 2010 (CCMT-M) and (b), (d) 1800 UTC, 13 July 2004 (CCMT-S)

Cross section of 8, for CCMT-M shows a layer of high-6,
air below 900 hPa extending towards the convergence zone
(Fig. 10a). It appears that there has been vertical convective
mixing in the domain upstream of 800 km. The vertical col-
umn of relatively high-8,, air over the area between 650 and
800 km locations appears to be due to vertical transport of
high-0, air from the layer (i.e., the horizontal tongue of
high-0, air) below 900 hPa. The height of maximum 6, grad-
ually increases from the surface level in the area near the
upstream boundary to above 850 hPa in the core upward-
motion area (Fig. 10c). Examination of horizontal 6. advec-
tion indicates that differential 8, advection occurs in the low-
est layer with the height of maximum positive advection

slowly increasing from about 975 hPa at 450 km location to
about 950 hPa at 600 km location (not shown). This variation
in the height of maximum positive advection corresponds well
to that for the level of maximum 6, in the area (Fig. 10c).
Thus, differential 8, advection seems to play the key role for
the occurrence of maximum 0. at elevated levels.
Additionally, it can be found that air with relatively large
CAPE is transported to the area of significant upward motion
(Fig. 10c). CAPE values at the maximum-6, elevation for
CCMT-M, in general, measure less than 800 J kg ' owing
mainly to significant convective activities over the conver-
gence zone. Note that the probability of convection trigger
for air parcels within the core upward-motion area can be
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high, as the small distances between the parcels at pyaxee and
their LFCs indicate.

Cross-section of 0, in CCMT-S demonstrates that the depth
of high-0, air is small in the upstream region, and that it
increases notably over the region at the 450-km location im-
mediately downstream of SWB maximum (i.e., isotach of
15ms ! below 850 hPa) (Fig. 10b). Existence of the vertically
mixed state can be found over the SWB exit (i.¢., the area over

00 UTC 16 July 2010

the 700-900-km range), thereby indicating the convection ef-
fect. As already mentioned, the MCS at 1900 UTC over the
southwestern coast (Fig. 8b) was followed by CC develop-
ment at approximately 2000 UTC. Thus, the cross sections
for CCMT-S in Figs. 10b and d show the structure for the
initiation of CC development. The CAPE-value distribution
over the cross section resembles that of 6., showing a shallow
layer of air with high-CAPE (> 1000 J kg ') near the surface
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in the upstream region and a relatively deep layer (i.e., a
dome) of high-CAPE air downstream of the 450-km location
(Fig. 10d). Maximum 6., is mostly found at the surface level,
except the dome area wherein its height is 975 hPa. In this
case, horizontal 6, advection in the lowest layer indicates that
positive 0, advection increases with height up to about
925 hPa in the area immediate downstream of 650 km loca-
tion, increasing the convective instability for parcels above
975 hPa in the area (not shown). The dome of high-CAPE
air corresponds to the dome of high-0, air. It can be found that
high-CAPE air is transported directly from the dome to the
core region of significant upward motion (Fig. 10d), wherein
convection may be occurring.

It is noteworthy that 6, distributions for CCMT cases, as
depicted in Figs. 10a and b, do not demonstrate warm frontal
structure. Boundaries of the advancing high-0. air and
horizontal-convergence zone at the SWB exit are nearly ver-
tical. This is in contrast to CCML cases wherein correspond-
ing boundaries were tilted towards the northeast with increas-
ing height in general (Figs. 3a,b and 7c,d). Nearly vertical
boundary can be found in the majority of the CCMT events
considered in this study. Wind-vector distributions in the cross
section also reveal significant differences compared to corre-
sponding distributions found in CCML events. The SWB de-
velopment associated with mesoscale trough is limited in
layers below 700 hPa and 850 hPa in the CCMT-M
(Fig. 10a) and CCMT-S (Fig. 10b) cases, respectively.
Additionally, the layer of strong winds extends to low levels
near the surface as indicated by the 12.5-m s~' isotach near the
surface level. Thus, high-0, air at low levels can be
transported as fast as (or even faster compared to) the air
above the SWB layer. In CCMT events, wind direction at
low levels does not change abruptly as the southwesterly flow
passes through the trough area, transporting high-6,, air toward
the downstream side of the convergence zone as can be found
in Figs. 10a and b. CAPE values in the area under the signif-
icant upward motion are not as small as those found in areas
under the 6, front in CCML events (Figs. 10c,d).

To demonstrate the progressive change in environment
leading to initiation of convective development in the CC
area, cross sections of CAPE, wind speed and vertical
motion for CCMT-S are shown at 2-h interval
(Figs. 1la-d), along with the cross sections of 6.,
moisture-flux vector and its divergence (Figs. 11e-h)
using the CFSR forecast data for the 6-h period of
1200-1800 UTC 13 July 2004. Below 850 hPa, SWB
strengthens and expands northeastward with time, and a
dome of high-CAPE air is located immediately down-
stream of the SWB (Figs. 11a-d). This dome, too, moves
northeastwards along with the SWB. Note that wind
speeds below 900 hPa rapidly decrease downstream of
the SWB (e.g., over the area between 450 and 600-km
locations in Fig. 11c¢). The dome of high-8, air forms

due mainly to moisture-flux convergence over this down-
stream area (Fig. 11e-h). It approaches the southwestern
coast (marked by a triangle) of the Korean peninsula at
1800 UTC, at which time SWB gains nearly maximum
strength and convective systems begin to appear over
the sea near the southwestern coast. Additionally, high-
CAPE air can be transported to the core area of upward
motion directly from the dome (Fig. 11d).

The temporal variation of SWB shown in Figs. 11a-d is an
important pattern for the CCMT events as described by Shin
et al. (2019). In addition, the dome pattern of high-0,, air near
the SWB exit is found in 4 cases among the CCMT events
considered in this study. In CCMT cases with the presence of
high-0.-air dome, convection can occur as air parcels from the
dome are triggered for convective rise. Possibilities of convec-
tion for air parcels in the dome shown in Fig. 10d were exam-
ined using calculated LFC and vertical velocity for each air
parcel at various locations within the dome. Calculation indi-
cates that air parcels in the layer of 950-850 hPa over the area
between the 650 and 700 km locations demonstrate higher
probabilities for convective rise with relatively large CAPE
owing to relatively small distances to their LFCs and relatively
strong upward motion (not shown). Equilibrium levels for the
air parcels considered above are in the range of 186235 hPa.
Air parcels at the maximum 0, level (975 hPa) also shows
relatively small distances to their LFCs. However, they may
take longer time to reach their LFCs owing to weak upward
motion. In contrast, air parcels at the surface level may take
too long to reach their LFCs owing to relatively large dis-
tances to LFCs and very weak vertical motion, so that they
may move out of the convective zone prior to reaching their
LFCs. The same explanation may apply to surface air parcels
over the area between the 750- and 900-km locations, wherein
convectively stable to weakly unstable layers exist at low
levels (e.g., Figs. 10a,b). These indicate that high-0,, air above
the level of maximum 6, in the dome is likely to be
transported to the core of upward motion whilst possessing a
higher probability of being triggered for convection. This im-
plies that CI in the CCMT-S event can also be considered as
elevated CI.

Distributions of CAPEs and LI for the two CCMT cases are
shown in Fig. 12. Relatively large differences exists between
CAPE(sfc) and CAPE(max 0.) values over southeastern
China and the southwestern part of the Korean peninsula, as
for the CCML cases. In the CCMT-M case, where CC de-
velops over the Yellow Sea to the north of Heuksando,
CAPE(max 6,) values in the upstream of CC are in the range
0f 400-500 J kgf1 while CAPE(sfc) values are in the range of
100-300 J kg ' (Figs. 12a,c). Lifted index is in the range of —2
to —3 (Figs. 12a,c). Relatively small values of CAPE(max ©.)
may be mainly attributed to convection over the SWB exit
area. In the CCMT-S case, in which CC develops during
1900-2000 UTC 13 July 2004 (i.e., 1-2 h after the time of



Atmospheric Structure for Convective Development in the Events of Cloud Clusters over the Korean Peninsula 525

PRSI (SN RSN NI SANT SR ST SN AN SR ST N

PR (ST SR T SR SRS R S !
*J@yq2 UTC 13 July 2004
\ |
(a)d 3 July 71 (e)12 UTC 2 -
N N N [ e > > > > > > > > > > 3> >
N N N . j
N N N =y’
—_ > > > > > > > &> 5 > > > A
© g 7
.
o > > > > 20> > > > » >/
< [
= ’.
700 > > S > S > e
o R - -
S > > > F > >/ > > > 5 2 >
7 > > > > > > —i\ = > >/ > >
7] > > > > > > > N> >F > >
') > > > > > > > > > mx_> > P>
=4 > > 2o > > > > > > > B> »
=~ b2
o > > 22 B> > 2 > > > > »)> S 3
> B2 > LR > > > > o> U> 5 3
FIFTR N ET > > > » »-F"35 3737 >
—>\;¢<b V> > 2> e < < < o<
SUINE TR > 3> TS > % < <
1000 L I S B B LD N I B
500 NI R U R I
C v, -1
> > > > > > > > > > >
/
’
> > » > > > »,% > » _r—Y
—~
© 2 -
’ _-
o > > > > > > >0 > >
< L. .
o 700 > » » » > > > - 79’,{ > > » »
P
o . - - atad
=1 > > > > > 2> > 3> e S 3 o >
7] > » > > > > > ol o S >/ »
7)) > > > > > > 5> > > > > A F> » > >
[0) > > > > > > > > > > > P > 3> > x>
= -1 > > > > > >_ > > E o k!
B> > s > (4
o > > » > > /> > 2 3TEITI TN » > > >
> > > > > > > ek > _P2> »_ T x - >
P> > > > > > > _—_&’-;f—x >\ > BELEPTIN >N > > >
P> > > > > > > PR NR_FF > > V> > > 43
Pp—>—> > > > > >3 P3">,373"5> >_»-3 & ﬁ\>1)
1000 1 T ] T T A T T
PRI (SRR WA NTTT ST S ) ]
500 AN
16 UTC e
300 > > > > £ > » »)> > > > 3/ > >
> ya
— gkg'ms? > > » » > » > > > > 3 > > » >
© D ,
o > > > » » » > > > > > > X >z > > >
< VN
= \
- > > > » > > > > > > g > > > >
X
° RN ! -
5 > » » » > > > > > /> {-» LA b oo AN
7 > > > » > > 3> > > > > > > >
» > » » > > > > > > —> 3/ > —»-Z,y > »>.2
o) > > » > > > > > "> x> > > F > > > >
= 850 —1 > > > > > > > > e S > > > > > > »
o k> > > > > > > > e > 2o > > > >
P > > > > > > > > > S Sy D E_-»\ > 2’>
> =3 —>—>—>—>—>—>-’-$—>zt_->,or >b;—’>>;
b > > > > > > >,5MNS-e & S5 » v, > >3
= > > > > > > > 2 2> R P> 22020 > > )
1000 1 T T 1 T T T AT T
PRI (T NN NNTTRT S N J )
500 T
\
>
\
N
—_ > > >0y
© ’
o > > > > >/
K v
= v
° 700 — > > > » > » >
/
/
5 > > > o> »{
7] > > > o>
) > > > P~
Il > > > > 3
< 850 > e > 7
o > > > > >
> > > 2>
— > > -> > 3
—> —> —> > > A
—> —> —> N> P
= L
1000 U T
0 200 400 600 800 1000 400 1000

Distance (km)

200 400 600 800 1000 2000 3000 4000

Fig. 11 (a)-(d) Cross sections of CAPE (J kg_l, shaded), wind speed

(m's !, dashed lines) and vertical motion (Pa s !, thick dashed and solid

lines for positive and negative values with an interval of 0.3 Pa s ',

respectively), and (e)-(h) cross sections of 0. (K, shaded), horizontal
moisture flux vector and moisture-flux divergence (g kg ' s, thin solid

Figs. 12b,d), both CAPE(sfc) and CAPE(max 0,) show large
values greater than 1000 J kg ' over the ocean area upstream
of CC (i.e., upstream of the southwestern coast of the Korean
peninsula) (Figs. 12b,d). Note that the northern boundary of
high-CAPE(max 6.) air (i.e., the contour for 1000 J kgﬁl) is
slightly ahead (north) of that for high-CAPE(sfc) air.
Meanwhile, lifted index also indicates significant instability
(=3 ~=5) in the upstream area. Thus, in the CCMT-S case,

Distance (km)

S I A
340 344 348 352 356

and dashed lines for positive and negative values with an interval of 2 x
10* g kg™' 57!, respectively) for CCMT-S at 2-h intervals for the 6-h
period of 1200—1800 UTC 13 July 2004. Black triangle (A ) indicates the
location of coast line. CFSR forecast data is used for this figure

both CAPEs and LI indicate significant instability in the area
upstream of CC development. This agreement may be due to
the shallow depth of high-6. air near the surface and low
height of maximum-0, in the case (e.g., Figs. 10b,d). This
result may suggest that both CAPE(max 6.) and LI can be
used for diagnosing the possibility of CC occurrence when
high-0. air is near the surface and the height of maximum 6,
is low.
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Fig. 12 Same as Fig. 6, except for (a), (c) 0000 UTC 16 July 2010 (CCMT-M) and (c), (d) 1800 UTC, 13 July 2004 (CCMT-S)

4.2 Mean Structures for Two Groups of CCMTs

Generality of the structures for convective development
concerning the two CCMT events was examined using com-
posite fields for the two CCMT groups—Group 1 (4 cases)
over the mid-western Korean peninsula (Fig. 13, left) and
Group 2 (4 cases) over the southwestern Korean peninsula
(Fig. 13, right). The mean height and wind fields at 925 hPa
for CCMT Groups | and 2 reveal the existence of SWBs along
the northwestern edge of the WPSH towards the mid-western
coast (Fig. 13a) and the southwestern coast (Fig. 13b) of the

@ Springer ‘\::‘—Z‘ Korean Meteorological Society

Korean peninsula, respectively. The cross section of wind
speed for Group 1 (Fig. 13c) is similar to that for CCMT-S
(Fig. 10b), suggesting that the pattern of wind distribution
shown in Figs. 10b and 13c (i.e., a SWB maximum below
850 hPa in the upstream) can occur for CCMTs over both
MW and SW regions. The wind speed distribution for
Group 2 looks like an intermediate pattern between those
shown in Figs. 10a and b (Fig. 13d). Cross sections of 6, show
a relatively large dome and a horizontal tongue of high-6. air
just upstream of the SWB exit for Group 1 (Fig. 13c) and
Group 2 (Fig. 13d), respectively. Note that a horizontal tongue
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Fig. 13 Same as Fig. 7, except for Group 1 (left panels) and Group 2 (right panels) of CCMTs

of’higher-0, air (i.e., 352 K or higher) can also be found within
the dome of high-0, air for Group 1. Whether a dome or a
horizontal tongue of high-6. air occurs in a CCMT event
appears to depend mainly on the vertical distribution of wind
along the SWB.

Based on the above described case and composite studies
in this section, the characteristic atmospheric structure for
convective development in CCMT events can be described
as the following: i) the northeastward extension of high-6,

air in the lower troposphere with a horizontal tongue (e.g.,
Fig. 10a) or a dome (e.g., Fig. 10b) of high-0, air just upstream
of SWB exit, ii) maximum 6, at elevated levels in the dome or
the tongue, and iii) the presence of significant upward motion
over the dome or at the end of tongue (e.g., Figs. 10c,d).
Height of maximum 6. is constant in the dome area
(Figs. 10d and 13e), whereas it increases gradually towards
downstream along the horizontal tongue (Figs. 10c and 13f).
The case and composite studies of this section indicate that
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both patterns of high-6, air (i.e., dome and tongue) can occur
within each group of CCMT events over the mid-western and
southwestern Korean peninsula. It is found that each group
consists of 3 cases with tongue and 2 cases with dome includ-
ing the cases used in case study. Meanwhile, the mode of
supplying high-6,, air (or high-CAPE air) for convection is
basically the same for both groups in that high-6, air is sup-
plied directly from the dome or horizontal tongue of high-0,
air in the area of significant upward motion (Figs. 10c,d).It is
also found that differential 6, advection plays the key role for
the occurrence of elevated convective instability for both
CCMT-M and CCMT-S cases.

5 Discussions

5.1 Common and Distinct Atmospheric Structures
Concerning CCML and CCMT

Comparisons of above-described results were performed be-
tween CCML and CCMT to extract common and distinct
features of the atmospheric structure for convective develop-
ment in CCML and CCMT events. The most important and
common atmospheric structure for both CC types includes 1)
SWB in the lower troposphere upstream (mainly to the south-
west) of CCs along with a mesoscale convergence zone over
its exit; ii) a layer of high-0, air in the lower troposphere near
the surface extending from the southwest to SWB exit; and iii)
elevated height of maximum 6, in the lower troposphere near
and over the convergence zone, above which a convectively
unstable layer exists (Fig. 14).

In this study, an important difference between CCML and
CCMT is found in frontal structure. As mentioned earlier,
“front” implies the boundary between the high- and low-6,
airs. The front is generally tilted northeastward with height for
CCML cases, whereas it is nearly vertical for the majority of
CCMT cases. And maximum-60, height in the lower tropo-
sphere increases rapidly along the frontal slope in majority
of CCML cases (Fig. 14a), while it remains at low levels in
the dome of high-6,, air (Fig. 14b) or increases gradually in the
horizontal tongue of high-0, air just upstream of SWB exit
(Figs. 13d,f) in CCMT cases. Due to the difference in frontal
structure, an important contrast exists between CCML and
CCMT events in the mode of high-0, air transport to the
region of convective development. In majority of CCML
cases, high-0, air is transported through the tongue of
high-0, air extending up to the area of significant upward
motion over the frontal slope (Fig. 14a), whereas in CCMT
cases, it is supplied from either a dome (Fig. 14b) or a hori-
zontal tongue of high-6, air in the region of significant upward
motion (Fig. 13d).

Despite the above-mentioned differences, a very important
similarity exists between the two CC types. Convection can be

(a) Tongue of high-6. air

Low-6. air

MMM

e T e e e e e

(b) Dome of high-8. air

> AN}

Fig. 14 Conceptual models of atmospheric structure for convective
development in CC events over the Korean peninsula: a) tongue of
high-6, air over the 6. front (shaded), and b) dome of high-8, air
(shaded). Blue vertical arrows indicate the vertical motions due to
horizontal convergence at the exit of SWB. Dashed (brown) line repre-
sents the level of maximum 6,

initiated by the lifting of air parcels at and above the elevated
level of maximum-6, in the region of significant upward mo-
tion. That is, convective developments in both CC types can
be considered as elevated convection. It is found that differ-
ential 6, advection plays the key role for the occurrence of
elevated layer of convective instability for both types of CC.
In CCML events, the 0, front itself indicates the presence of
elevated convective instability above it and the possibility of
elevated convection provided that a lifting mechanism is
available.

5.2 Major Features of Atmospheric Environment for
CCs over the Korean Peninsula and Elevated MCSs in
the US and China

In this subsection, we compare major features of atmospheric
environment for CCs over the Korean peninsula with those for
elevated MCSs over the central US (e.g., Moore et al. 2003;
Wilson and Roberts 2006; etc.) and central East China (He
et al. 2018; Zhang et al. 2019).
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Convection over the front in CCML events may be classi-
fied as elevated convection over the cold side of surface
boundary. Major environmental features in CCML events
are compared with those for MCSs above and north of a sur-
face boundary in the warm-season heavy-rainfall events in the
central US (Moore et al. 2003) and the elevated MCS associ-
ated with the Meiyu front over central East China (He et al.
2018). According to Moore et al. (2003), characteristic fea-
tures associated with the elevated thunderstorms over the
fronts in the central US may be described as the following:
i) presence of south-southwesterly LLIJs directed toward the
MCSs over the front, ii) transport of high-6. air by the LLJ
toward the MCSs, iii) presence of elevated layer of convective
instability, iv) moisture convergence within the left-exit re-
gion of the LLJ, and v) typical location of the MCS in the
right-entrance region of ULJS, which is a favored region of
upper-level divergence. These features, except for the last one
(i.e., the association of MCS with ULJS), seem to be very
similar to those found for CCMLs over the Korean peninsula,
even though there are large differences in the synoptic scale
environments of MCSs between the two regions.
Furthermore, CI can occur above the 0. front with small or
zero surface-based CAPE as for the MCSs over the front in the
US. Low-level jet or the SWB plays the major role in the
occurrence of CCMLs through the moisture transport from
the southwest and significant convergence at its northeastern
terminus, as also noted by Tuttle and Davis (2006) for warm
seasons precipitation in the central US. On the other hand,
coupling of CC with ULJS is not found to be essential for
the development of CCs over the Korean peninsula, although
some CCs are located at the right-entrance region of ULJS.

The event of squall line along the Meiyu front over the
central East China studied by He et al. (2018) shows some
similarities with CCMLs in that it occurred on the northwest-
emn edge of the subtropical high as a preexisting mesoscale
vortex slowly approached the area of squall-line initiation
from the west. He et al. (2018) showed that this environment
contributed to the intensification of southerly winds especially
above the 1-km level, which consequently strengthened the
convergence. The main convection in the squall line was ini-
tiated along the mesoscale convergence line above a stable
boundary layer. Elevated convective instability was found at
the time of squall-line initiation. Contrary to CCMLs, the
squall line occurred on the warm side of the Meiyu Front
which was almost vertical in the elevations between 1 and
3 km.

According to the present case study on two CCMT events,
convection trigger may occur at the vertical boundary where
vertical zone of horizontal convergence exists. It is suggested
to be elevated in this study. This type of CI is unique in that
elevated CI occurs at the boundary. Convection initiation at a
surface boundary (i.e., AB CI mode) in Reif and Bluestein
(2017) occurs at surface boundaries such as warm fronts, cold

fronts, quasi-stationary fronts, and outflow boundaries, where
ascent at the convergent surface boundary is strong. In the
CCMT events, elevated convective instability is present in
the dome or the tongue of high-0, air which is linked to the
core of significant upward motion at the vertical boundary.

6 Summary and Conclusions

This study was performed to examine the atmospheric struc-
ture for convective development embedded in the environ-
ment of CCs over the Korean peninsula. This paper discusses
1) the characteristic atmospheric structures for convective de-
velopment in CCML and CCMT events, and ii) the modes of
convective development in CC events using the NCEP CFSR
analysis and forecast data and observation data provided by
the Korea Meteorological Administration. It also compares
major features of atmospheric environments for CCs over
the Korean peninsula and elevated MCSs over the US and
China.

Key aspects of the atmospheric structure common to both
types and both areas of CCs considered in this study include i)
SWB in the lower troposphere upstream of CCs with a meso-
scale convergence zone located at its exit; ii) a layer of high-6,
air in the lower troposphere near the surface extending from
the southwest to SWB exit; iii) elevated height of maximum
0. in the lower troposphere near and over the convergence
zone, above which a convectively unstable layer exists
(Fig. 14). Generality of the above-described structure for con-
vective development in CC events has been demonstrated via
examination of composite fields. Strong southwesterly band
plays a major role in forming the atmospheric structure for
convective development in CC events over the Korean penin-
sula through 1) the advection of high-0,, air from the southwest
towards SWB exit, and ii) significant horizontal convergence
in its exit area, that can facilitate the initiation of convection.

Important differences are found between CCML and
CCMT. The boundary between high-0., air from the southwest
and low-0, air in the northeast is generally tilted northeast-
ward with height for CCML cases, whereas it is nearly vertical
for the majority of CCMT cases. For both areas of CC occur-
rence, the maximum-6,, height tends to increase rapidly along
the frontal slope for the majority of CCML cases, whereas it
tends to remain at low levels or increase gradually in the area
of significant upward motion for the majority of CCMT cases.
High-0, air is transported from its tongue extending up to the
region of significant upward motion over the frontal slope in
CCML cases, whereas in CCMT cases, the same is
transported from its dome or horizontal tongue in the area of
significant upward motion. Major features pertaining to the
atmospheric structure for CCMLs are found to be analogous
to those of elevated thunderstorms above the fronts in the US,
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even though there are large differences in the synoptic scale
environments between the two regions.

This study indicates that convective development can be
initiated by the lifting of air parcels at and above the level of
maximum-6, in the area of significant upward motion.
Therefore, the convective developments for both types of
CCs may be regarded as elevated convections that are initiated
at elevated levels without surface diabatic effects. For both
types of CC, differential 8, advection plays the key role for
the occurrence of elevated convective instability. In CCML
events, the 0, front itself indicates the presence of elevated
convective instability above it and the possibility of elevated
convection provided that a lifting mechanism is available.
This study indicates that, for diagnosing the possibility of
CC occurrence, CAPE(max 0,) is desirable when the height
of maximum 6 is relatively high (e.g., CCML cases), whereas
both CAPE(max 0,) and LI can be used when high-0,, air is
near the surface and the height of maximum 6. is low (e.g.,
CCMT cases).

All conclusions in this study have been drawn based on
CFSR analysis and data obtained as described above.
Further studies using a wide range of data may help confirm
the generality of major findings of this study. Both observa-
tional and numerical studies are imperative to further under-
stand the dynamics of CC initiation and development.
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