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Abstract. To understand the different environment and mor- Keywords. Meteorology and atmospheric dynamics
phology for heavy rainfall during 9—10 July 2007, over the (Mesoscale meteorology)
Korean Peninsula, mesoscale convective systems (MCSSs)
that accompanied the Changma front in two different re-
gions were investigated. The sub-synoptic conditions were
analysed using mesoscale analysis data (MANAL), reanall Introduction
ysis data, weather charts and Multi-functional Transport
Satellite (MTSAT-IR) data. Dual-Doppler radar observations Heavy rainfall over East Asia during the months of June
were used to analyse the wind fields within the precipita-2nd July is mainly stimulated by frontal precipitation sys-
tion systems. During both the case periods, the surface lowt€ms elongated from west to east, known as Meiyu in China,
pressure field intensified and moved northeastward along thBaiu in Japan and Changma in Korea. These frontal precipi-
Changma front. A low-level warm front gradually formed tation systems are usually accompanied by heavy rainfall and
with an east-west orientation, and the cold front near the lowStrong winds, which are among the most significant factors
pressure was aligned from northeast to southwest. causative of natural disasters. In particular, during the sum-
The northern convective systems (messeale) were em-  Mer, mesoscale convective systems (MCSs) along the front
bedded within an area of stratiform cloud north of the warm cause heavy rainfall in several East Asian countries, giving
front. The development of low-level pressure resulted in hor-fise to flash floods and destruction.
izontal and vertical wind shear due to cyclonic circulation.  The synoptic structure of the Meiyu/Baiu/Changma front
The wind direction was apparently different across the warmis different from that of typical midlatitude fronts. The struc-
front. In addition, the southeasterly flow (below 4 km) played tures of the eastern (near Japan) and central (East China
an important role in generating new convective cells behingS€a) Meiyu/Baiu front resemble a typical midlatitude baro-
the prevailing convective cell. Each isolated southern convecelinic front with strong vertical tilting toward a upper level
tive cell (mesog-scale) moved along the line ahead of the cold core and a strong horizontal temperature gradient (Chen
cold front within the prefrontal warm sector. These convec-and Chang, 1980), whereas the western (Southern China and
tive cells developed when a strong southwesterly low-levelYangtze River Basin) section resembles a semitropical dis-
jet (LLJ) intensified and moisture was deeply advected intoturbance with an equivalent barotropic warm core structure,
the sloping frontal zone. A high equivalent potential tempera-a Weak horizontal temperature gradient (Ding, 1992). Shin-

ture region transported warm moist air in a strong southwest2da et al. (2005) described that the structures of moist lay-

and downdraft with a strong reflectivity core. Changma front in Korea has the character of the Baiu front
in the southern part of Korea and also that of the Meiyu front
in central Korea (Park et al., 1986).
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(@ mining their morphologies and comparison of their precipi-
‘3? ' tation efficiency over the Korean region.
Wy i The mesoscale organisation of convection affects the kine-
} matic structure and longevity of MCSs (LeMone et al.,
1998). Momentum transport and the associated horizontal
gradients in thermodynamic properties and wind shear on
mesoy scales have been documented (Mueller et al., 1993;
Thompson and Edwards, 2000). Shimizu et al. (2008) re-
vealed that a formation of supercell-like storm in a moist en-
vironment processed relatively large convective available po-
tential energy, strong vertical wind shear. Sharp-sheared en-
vironment was influenced on the formation of the mesoscale
oy 0 convective systems interaction of two individual convec-
v tive storms Curic et al., 2009). Moreover, MCS momen-
P tum transport, thermodynamic transport and rainfall affect
116E‘. 118E >1‘20E 122E 124E 126E 128E 130E 132E 134E 136E the strength of the surface fluxes (LeMone, 1983), suggest-
LONGITUDE (°) ing that the structure and evolution of MCSs are affected by
) ) ) ) ) __vertical momentum transport and shear.
Fig. 1. Geographic map of Korean Peninsula in East Asia. Positions |, orqer to elucidate the characteristics of the inner struc-
of Dopp'ef radarse) and upper-air sounding Stat'onf (?J a”S' GSN ture and flow in MCSs, high-resolution datasets are required.
A for 6-h interval) are shown. The ques Iab_eled N" and "S"in- This study utilised Doppler radar, which provides datasets
dicate the dual-Doppler radar analysis domains for KSN, JNI, and " . ® ! : .
GSN radars. with high spatial and temporal resolutions of the internal
structure of precipitation. In the past, dual-Doppler radar
observations have provided in-depth information on struc-
Park et al. (1986) also pointed out that heavy precipita-tures of the mese- and mes@s scales, including their de-
tion associated with MCSs over the Korean Peninsula is revelopment in monsoon frontal systems (Yamada et al., 2003;
lated to a low-level jet (LLJ) transporting warm, moist air Moteki et al., 2004; Geng et al., 2004). You et al. (2010)
from southern China and a southeastward moving cold-cor@roved that deep warm-air advection (WAA) supports the
mid-tropospheric low from Siberia, both of which are re- maintenance of a convective system for a longer time and
sponsible for the vigorous development of convections. Leeresults in greater rain intensity, producing drops of larger
etal. (1998) suggested that MCSs were observed between thezes. However, no observational study using dual-Doppler
upper-level jet (ULJ) to the north and the LLJ to the south. radar datasets has been reported for convective cells accom-
Some of them are accompanied by mesoscale cyclones in theanied by developing mesoscale processes in relation to the
lower troposphere when they are fully developed (Akiyama,Changma front over Korea. By using dual-Doppler radar
1984a, b). Moreover, subsequent MCSs are intensified wittanalysis and upper air sounding data, we investigate the or-
the passage of typhoons and tropical storms (Kim and Leeganisation of convection in two different types of MCSs that
2006). accompanied the Changma front. In addition, we study the
In Meiyu/Baiu/Changma frontal zone, several types of conditions of the synoptic and sub-synoptic environments
MCSs are observed. Ninomiya and Akiyama (1992) sug-that were favourable to such a development in the cen-
gested that heavy rainfall associated with the Baiu front istral and southern areas of the Korean Peninsula during 9—
generated by mesp- to mesog-scale convective systems 10 July 2007.
embedded in mese-scale cloud cluster. The detailed struc-
ture of mesoy- or mesog-scale convective system within
mesoe-scale cloud systems along the Baiu front was re-2  Data and methodology
ported by Ishihara et al. (1995) and Takahashi et al. (1996).
A meso#-scale convective band was reportedly produced by2.1 Observational data
low-level convergence under synoptic scale conditions (Sun
and Lee, 2002). In addition, MCSs of the mesacale and Radar data were obtained from operational S-band Doppler
cluster type were identified over the Korean Peninsula (Shirradars of the Korea Meteorological Administration (KMA)
and Lee, 2005). Thus, frontal convective systems may beénstalled at Gosan (GSN, 3328, 126.16E), Jindo
structurally (dynamically) different. Questions include the (IJNI, 34.47 N, 126.32 E), and Gunsan (KSN, 36.0N,
following: How environment can influence their structure 126.79 E). Upper-air sounding data over Gwangju (GJ,
and morphology of MCSs near the Changma front? And how35.1F N, 126.8% E) and station GSN (same site as the radar)
do they form? In this study, we present the influence of en-also were obtained from the KMA. A map depicting the radar
vironmental conditions on different types of MCSs in deter- and upper-air sounding locations are shown in Fig. 1. Surface
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Fig. 2. The 15-h accumulated rainfall amounts over Korea from 15:00 LST, 9 July to 06:00 LST, 10 July 2007 (left). Temporal variation of
rainfall at Gunsan and Gosan at 1-h intervals (right).

meteorological observations were received from collocatedhe reflectivity ¢) are given by

sites of the Automatic Weather System (AWS) operated by

the KMA. Hourly infrared images from the Multi-functional — — N

Transport Satellite (MTSAT-IR) obtained from the Weather VigZ = Z(V“Q) Zi)/ Z Wi @
. . . . . i=1 i=1

Satellite Image Archive, Kochi University, were used to ex-

amine cloud distribution. These images have a grid spacing

of 0.05 along both longitudinal and latitudinal directions. R2_ D2

In addition, manually interpreted surface weather maps inWi = ﬁ

conjunction with the Japan Meteorological Agency (JMA) : i

mesoscale analysis (MANAL) data (3-hourly fine pressurewhere v is the total number of data points within the aver-

data at a 10-km horizontal resolution at 20 pressure levelsyging volumeW; is the Cressman filte®; is the influence
were used for mesoscale analysis and diagnosis of the develagius, andp; is the distance grid of point.

opment of the MCSs.

N

@)

2.2.2 Three-dimensional variational method

2.2 Analysis method Vertical velocity is usually obtained by vertical integration

) _ _ of the mass continuity equation. In this method, after the re-
2.2.1 Three-dimensional transformation of radar data moval of noise and the correction of folded Doppler veloc-
ities, ambiguity arises from boundary condition errors due
Doppler radars, covering a radius of 250 km in the centralto data voids in the lower or upper regions of the storm as
and southern areas of the Korean Peninsula, record volumebserved by Doppler radar (Ray et al., 1980). To avoid this
scans of reflectivity and Doppler velocity every 10 min. The bias in wind field retrievals, in this study, we used the varia-
sampling resolution of the radar data is 250 m in the radialtional method proposed by Gao et al. (1999). The parameter
direction and 1.9in the azimuthal direction. The GSN, KSN settings for the analysis were constrained in accordance with
and JNI radars make volume scans that consist of 15 or 1%ao et al. (1999). The variational method considers the mass
elevation angles. continuity equation as a weak constraint, hence, the explicit
The radar data are interpolated on Cartesian grids using aetting of boundary conditions for the vertical velocity and
Cressman (1959) weighting scheme. Therefore, the data arhe explicit integration of the mass continuity equation are
transformed from spherical coordinates to Cartesian coordiavoided, thereby reducing the error accumulated in the verti-
nates. The interpolated mean Doppler velocitiés ¥>) and cal velocity.

www.ann-geophys.net/30/1235/2012/ Ann. Geophys., 30, 128348 2012
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oo TM0°e  120E 130°E 4a0°E 4e0F to 06:00 LST, 10 July at the Gunsan (upper right) and Gosan
o ‘ =) 09:00 LST 09 JULY 2007, . (lower right) stations, respectively.

: o The locally different rainfall amounts occurred over the
central and southern areas of the Korean Peninsula. The
NMaCS passed over the central area from 15:00 LST, 9 July
to 00:00LST, 10 July. Following NMCS, SMBCS moved
over the southern area from 22:00 LST, 9 July to 06:00 LST,
10 July.

The rainfall distribution indicates that in N&CS, the
widespread heavy rainfall over the central and southern ar-
eas. However, in SMICS, rainfall amount recorded rela-
tively narrow area over southern area. The accumulated rain-
fall amounts (maximum rainfall intensity) were 123.0 mm
(45.0mmhl) and 20.0mm (16.0 mmtH) at Gunsan and
Gosan, respectively. The amount and rate of rainfall were
small in SMBCS, since the convective cells had relatively
fast moving speed.

(c) Figure 3 shows time series of the surface weather and
~100 cloud-top temperature from 09:00LST to 21:00LST on
-90 9 July. This reveals the presence of an east-west-oriented
-80 Changma front that extended from China to Japan. The warm
-70 front at the low level was oriented from southeast to west,
-60 and the cold front near the low pressure was aligned from
-50 northeast to southwest (see weather maps in Fig. 3). With
.40 the intensification of surface low pressure, the front propa-
= JT;(;EE‘ a2 1 A 30 g_ated northeastward and appeared in south_eas';ern China with
high cloud area (TBB< —60°C) as shown in Fig. 3a. By

Fig. 3. Surface weather maps with superimposed MTSAT-IR 15:00 LST on 9 July, the high cloud area became weak across
images at(a) 09:00LST, (b) 15:00LST, and(c) 21:00LST, the ocean. However, a trough formed over the southern Ko-
9 July 2007. The echo areas in the northern and southern boxes gtan Peninsula, resulting in stratiform cloud cover over the
part(c) indicate NMxCS and SMCS. central Korean Peninsula. After 6 h, the surface low pres-
sure intensified over the oceanic region and the high cloud
area passed over the central and southern areas of the Ko-
\Volume scans from the KSN and JNI radars were used tGgan peninsula (Fig. 3¢). On moving inland, the intensified
retrieve three-dimensional reflectivity and wind fields in the Ny CS organised into a circular shape north of a warm
domain labeled “N”, while volume scans from the GSN and font. \widespread convection outbreaks were observed and
JNI radars were used to retrieve those in the domain labele¢he cjoud top temperature was found to read0°C (34 N,
“S”, as shown in Fig. 1. 127-130 E). SMBCS commenced ahead of the cold front
over the ocean (3N, 123-126 E). Convection had bro-
ken out over the southwestern Korean Peninsula and gradu-
ally formed a band shape.

Different types of MCSs passed over Korea from 15:00 LST, ]

9 July to 06:00LST, 10 July 2007 (LST=UTC+9h). In 3.2 Evolution and structure of Changma front

this section, we investigate the structure and evolution of the ] .

Changma front with surface low pressure. Development pro-3-2-1  Sub-synoptic environment around front

cesses for northern mesoscale convective system (here- ] ] ) ]

after called NM:CS) and southern mespscale convective In this section, the sub-synoptic environment and structure

system (hereafter called SMCS) were analysed using data of the front on 9 July 2007,_ are further examined u_sing
from mesoscale analysis and dual-Doppler radar. JMA MANAL data at resolutions of 10km and 3h. Fig-

ure 4 shows the geopotential heights, winds and divergence
3.1 Precipitation distribution and synoptic scale around the front under the sub-synoptic conditions at surface
overview (1000 hPa). The low-pressure area (about 600 km in diame-

ter) intensified and moved northeastward along the front. The

Figure 2 shows the 15-h accumulated rainfall amounts ovehorizontal gradient of geopotential height also intensified in
Korea and time series of the rain rate from 15:00 LST, 9 Julyassociation with the deepening low. An area surrounding the

3 Results and discussion

Ann. Geophys., 30, 1235:248 2012 www.ann-geophys.net/30/1235/2012/
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surface low pressure was characterised by cyclonic circulasouthwesterly flow, which strongly converges toward ocean.
tion. The warm front was located within the wind-shift line, Their ability to transport moist, warm air to higher elevations
with southeasterly and southwesterly winds to the north andncreases the amount of water that can be condensed and pre-
south, respectively. However, strong southwesterly flow ofcipitated.
about 20 m st prevailed around the cold front.

In accordance with enhanced cyclonic circulation, the di-3.3 Effect of moisture advection associated with LLJ
vergence field observed at surface indicates a weak con-
vergence (% 107°s™1) aligned with the warm front at To examine the development of the LLJ near the low-
21:00LST on 9 July. Convergence began to intensify alongpressure area, we investigate the role of ageostrophic wind.
the front, with the areas in north of the warm front. At Figure 7a shows at 850 hPa wind speed and ageostrophic
00:00LST on 10 July, this stronger convergence existedwind obtained by subtracting the geostrophic wind from the
over a broad area north of the warm front. It is noted thatactual wind. As the geopotential height gradient near the sur-
widespread convergence played a role in the broad area dhce low pressure increased, the associated fall in geopo-
convection (Fig. 4a). In addition, a weak and narrow con-tential height was apparently responsible for the genera-
vergence (X 10-°s™1) was also observed to be forming tion of ageostrophic winds to the east-southeast across the
along the cold front. This convergence apparently organ-LLJ core exit. In this case, the ageostrophic winds that pre-
ised into bands oriented nearly parallel with the cold front vailed across the jet peaked at roughly 20Th swhile the

at 00:00 LST on 10 July (Fig. 4b). Coriolis parameter at 3A is roughly 8x 10~°s~1, There-
fore, the Coriolis torque of the ageostrophic flow would pro-
3.2.2 Analysis of vertical structure of front duce a wind speed increase to about 20.8 Mt Fhis sug-

gests that an LLJ was formed and greatly intensified (Chen
The vertical cross-sections along line A—ffrom 124 E, et al., 2006). In other words, the ageostrophic wind helped
41°Nto 129 E, 33 N) and line B-B (from 120 E, 36’ N to to maintain or accelerate the LLJ. In this case, a strong
125 E, 29 N), through the developed convective cells over wind occurred ahead of the cold front, with local maxima
the central and southern areas of the Korean Peninsula aff >27ms™! (Fig. 7a), clearly exceeding the criterion of
00:00 LST on 10 July, are shown in Figs. 5 and 6. 12.5ms? for an LLJ (Chen and Yu, 1988).

Figure 5 shows a vertical cross-section across the warm The LLJ transports warm moist air from low latitude at
front, east-southeasterly flows prevailed above the frontalow levels to generate convective instability and lower the
zone, which induced convergence within the zone, most evievel of free convection (Chen, 1983). In this case, the strong
idently at low-to-middle levels (Fig. 5b). In response to the LLJ transported warm moist air mainly at 850 hPa, especially
convergence, the frontal potential temperatutedradient  ahead of the cold front. Moisture Transport Vectors (MTVs),
increased. Associated with an increase in prefrontal eastcomputed as the product of the wind vectd) (@nd mixing
southeasterly flow, the cross-frontal horizontal wind shearratio (g) at 850 hPa, are shown in Fig. 7b. The MTVs reveal
below 500 hPa also strengthened, consistent with the rea strong transport of water vapour along the cold front. It
sponse to low-level frontogenesis based on semi geostrophicoted that moisture significantly advected over southwestern
theory (e.g., Shapiro and Keyser, 1990; Bluestein, 1993, hikorean Peninsula. MTVs shift line located at the warm front.
Sect. 2.5). Another useful parameter is the Moisture Flux Convergence

In the vertical cross-section across the cold front, the(MFC) at 850 hPa, computed asV - ¢V with the unit of
frontal zone based oA distribution with height was rel- 10~4s 1gkg 1. Over the cold front, a narrow band of weak
atively steep. A strong and consistent west-southwesterl\MFC (15 x 10~*s 1 gkg1) was simulated. This is indica-
wind existed ahead of the cold front associated with LLJtive of destabilization and was an important factor as a linear
and the ULJ near 200 hPa (Fig. 6a). A weak convergenceain band. A broad area of strong MFCX804s 1 gkg™1)
zone appeared from 900 hPa to 500 hPa toward the northformed behind the warm front.
east, corresponding with the sloping frontal zone (Fig. 6b). Figure 7c shows the fields of equivalent potential tempera-
Another convergence zone existed at the leading edge of thaure @) at 900 hPa and temperature at 850 hPagE& was
strong southwesterly wind arez20ms™!) near 700hPa. located with the equivalent potential temperature over 350 K
Moisture was largely and deeply advected into the slopingin the southwestern Korean Peninsula where the mixing ra-
frontal zone. Shinoda and Uyeda (2002) documented shaltio was about 15 g kg! at 850 hPa. At this time, a strorsg
low convective clouds moisten the middle troposphere byassociated with a tongue of warm and moist air into a con-
evaporation when they disappear. The evaporation from theectively unstable atmosphere was found over the core of the
wet environment provides a supply of moisture which con-LLJ and downstream, the genesis of the BB& at (33 N,
siderably increases the amount of water in the shallow pland126.53 E) reached a maximum (Fig. 11b). In addition, the
etary boundary layer (PBL) that develops above it, as can beéhermal contrast across the cold front at this time was*€-5
seen from the vertical cross-section (B)-Bf mixing ratio ~ The Changma front had a larger baroclinicity along the cold
presented in Fig. 6b. Furthermore, moisture is advected byront.

www.ann-geophys.net/30/1235/2012/ Ann. Geophys., 30, 128348 2012
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Fig. 5. Vertical cross-sections from 12&, 41° N to 129 E, 33 N (line A-A’ in Fig. 4b): (a) potential temperaturé (K, grey line) and
horizontal wind component normal to section plane (th,solid for positive, dashed for negative and thickened for zero)(la)divergence
(105571, shaded) and mixing ratip (g kg2, contoured) between 1000 hPa and 100 hPa. The arrows represent the location of the surface
front. The thick dotted lines indicate the frontal zone. Crossed cirggslénote the positive wind direction into the page, and dotted circles

(®) denote the negative wind direction out of the page.
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Fig. 6. Same as Fig. 5 except for line B~Brom 120 E, 36° N to 125 E, 29 N) in Fig. 4b.

3.4 Precipitation efficiency over midlatitude. Carbone (1982) estimated the Pe of 77 %
for a narrow cold frontal band. However, the Pe values ob-
Precipitation efficiency (Pe) for NMCS and SMBCS over ta_lined here are Iower_ thaq that reported over other studies,
central and southern Korea are calculated. Pe is the ratif)1Igh measurable [.Z)I"eCIPItaj[IOH amount and IO_W Pe means that
(%) of measurable precipitation to moisture transport into an€Ve€N though precipitation is abundant there is a great deal of
area. This study comprised areas (area 1 and 2) on the coinoisture in the air that is not being utilised than the others.
trasting precipitation and varying exposures to water vapour
transport (Fig. 7c). The time period depended from&®% 3.5 Wind and thermodynamic environment by upper-
(15:00-24:00LST, 9 July) and SBCS (00:00-06:00 LST, air sounding
10 July). Precipitation corresponding to each station was cal-
culated by summation of hourly precipitation. In addition, The wind and thermodynamic structure of both convective
water vapour was calculated by MANAL data, summing the systems (NM.CS and SMBCS) are described using upper-
contribution from 500 hPa above the surface for which spe-air sounding data. The location of sounding station GJ was
cific humidity and wind speed were available. about 100 km south of NMCS, and SMCS passed directly
The results indicated the Pe of 43.4 and 12.5 % when calover station GSN.
culated over area 1 and 2. The efficiency in area 1 has higher The hodograph corresponding to Fig. 8a shows vertical
value than that estimated over area 2. A high Pe would havavind shear through deep layers and strongly veering with
large impacts by increasing the available amount of precipi-height, accompanied by warm advection from the surface
tation reaching the surface. This case study provided a relato 5km. After the NMtCS passed over the observation site
tively higher Pe in area 1, indicating NMCS had large pre- at 15:00LST on 9 July, the wind shear had significantly in-
cipitation and less available moisture compared to area 2. Areased. The GJ sounding at 21:00 LST yielded a bulk shear
low Pe showed that large moisture was being transported int¢BS) of 36 x 10-3s~1 for 0-6 km. The shear values were
the region. The entire region in area 2 showed consistenthcomparable to the range found for the broken areal type
high relative humidity=80% in lower troposphere. Thus, (Bluestein and Jain, 1985). Supercell-like storm processed
the Pe for NMrCS and SMBCS showed an obvious contrast the vertical wind shear of 2x 10-3 s~ from surface to 5 km
between area 1 and 2. in a moist environment (Shimizu et al., 2008). However, the
There were a few articles available in the literature thatBS in the GSN sounding was only slightly greater9(x
can be used for comparison of these Pe results. McBea0—2s~1 for 0—6 km) while SMBCS was passed (Fig. 8b).
and Stewart (1991) estimated that the Pe was very high In the time-height cross-sections of the horizontal winds,
(near 70 %) within an occluded system over the North Pa-f. andq increased at 3—6 km during 15:00—21:00 LST, 9 July
cific Ocean. Houze and Cheng (1981) showed the Pe of &Fig. 9a), which suggests that moisture was able to rise above
warm frontal precipitation band to be even higher (70-90 %)the warm front. Synoptic conditions such as WAA and an

www.ann-geophys.net/30/1235/2012/ Ann. Geophys., 30, 12B348 2012
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Fig. 7. Mesoscale analysis for 00:00LST, 10 July 20(&) geopotential height (contoured every 5gpm), horizontal wind speed¥ms
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(10_4 s1 g kg‘l, shaded) at 850 hPa; af) equivalent potential temperatuig (K, shaded) at 900 hPa, and temperature (contoured every
2°C) at 850 hPa.

LLJ were favourable for deep convection, and strong low-posphere, most significantly at 0-3 km. The moisture was

level vertical shear related to NMCS was also conducive strongly advected below 850 hPa before the passage of the
to destabilization of convective systems. Figure 9b showsSMBCS, the convection was the likely response of nearly sat-

that the horizontal windg)e andgq below 3 km clearly indi-  urated parcels ascending through convectively unstable layer
categ (>20gkg 1) andfe (>350K) from 15:00LST, 9 July  (36e/dz < O) from 850 hPa to 600 hPa.

to 03:00LST, 10 July. The southwesterly wind20 ms 1)

related to the LLJ strengthened throughout the entire tro-
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3.6 Three-dimensional structure and development pro- tral area of the Korean Peninsula during the early stage. The

cesses of convective systems developed convective cells moved over the western coastal
region within the stratiform cloud. The small convective cells

As mentioned in the discussion of the precipitation distribu- SIowly merged to generate large convective systems near the

tion pattern, two different convective systems related to thelnland area. The shape of the convective area became linear
Changma front occurred over the central and southern arec&f 20:30 LST (Fig. 10b). The strongest reflectivity value was

of the Korean Peninsula. The inner structure and flows of40dBZ, over the western coastal region. N®IS had hori-
NMaCS and SMBCS will now be described. zontal dimensions of 240 km 65 km and propagated north-

Figure 10 shows the time series of horizontal reflectivity €astward. The individual cells had slowed down to a mean
at 2km above sea level (a.s.l.) from the KSN Doppler radar.SPeed of about 14.4 n$. The sequential and intensive con-
The time interval was 2-h, from 18:30 LST to 22:30LST on Vective system had a relatively long lifetime of 4-h, from

9 July. The NMxCS formed and developed with an extent 18:30LST t0 22:30LST.
of around 240km near the central Korean Peninsula. The Theé SMBCS formed and developed near the southern

convective cells ¥35dBZ) in NMxCS were within an area  &réa of the Korean.PeninSL.lIa from 9 'July to 10 Jul_y_2007.
of stratiform cloud north of the warm front. As shown in Figure 11 shows time series of horizontal reflectivity at

Fig. 10a, stratiform cloud cover was widespread over the cen2 km a.s.l. from the GSN Doppler radar (shown in Fig. 1)
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for 22:00LST, 9 July to 03:00 LST, 10 July. The convective gion and coincided with the change in the wind direction
cells moved within the prefrontal warm sector ahead of thefrom southwesterly to southeasterly. Accordingly, the wind-
cold front. Each isolated convective cell propagated contin-shift line formed in the rear edge of convective cells. Cor-
ually along the line. Small but violent convective cells oc- responding to sub-synoptic analysis, the southwesterly flow
curred sequentially over the ocean (Fig. 11a—c). The maxi-of moist unstable air was identified with the vectors toward
mum reflectivity was 45 dBZ as convective cells passed ovethe strong convective regior=@0 dBZ) to the south of the
the GSN radar site at 00:00LST and persisted during 2-twind-shift line. In addition, new cells were formed where an
(Fig. 11b). Convective cells formed and developed over thearea of southeasterly flow was indicated at the eastern lead-
ocean in a linear convective system with horizontal dimen-ing edge of the mature convective cell. Thus, the wind shear
sions of 45 kmx 20 km. During this period, SMCS moved plays an important role in developing convective cells and
northeastward with a speed of 20.8 nfswhich was greater ~ generating new convective cells.
than that of NMxCS. The vertical cross-sections (A-And B-B) were shown

To clarify the development processes of the convectivein Fig. 13. The reflectivity indicated that the strong convec-
systems, three-dimensional distributions of both reflectivitytive area reached 5km a.s.l. The wind directions are indi-
and wind at 2km a.s.l. are analysed and it is depicted incated as positive (westerly) and negative (easterly). Strong
Fig. 12. The convective cells developed within the stratiform easterly flows were observed, although the westerly flow ap-
cloud at around 20:10 LST, 9 July in the western coastal repeared over 4km a.s.l. A southeasterly wind played a role
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cal wind shear was also observed in past studies on a con-
vective system along Meiyu/Baiu frontal regions (Ogura et
al., 1985; Ishihara et al., 1995; Yamada et al., 2003; Zhou,
2009). They described that convective systems formed orerly to westerly flows existed around the convective cells
the shear line, a southwesterly jet was prevalent in the lowwith warm moist air (Fig. 14).
troposphere. However, the developmental processes could be To examine the flow pattern of SBCS, the vertical cross-
different compared with previous studies. In this study, thesections along lines CZCand D-D were measured, as
NM«CS was developed on the wind shift line between south-shown in Fig. 14. Convective cells developed and grew above
westerly and southeasterly flows to the north of the warm10km at 23:50LST, 9 July and strong southwesterly flow
front. Convectively-unstable air in southwesterly wind was of convectively unstable air was observed at rear edge of
lifted up to the area where the southeasterly wind dominatedconvective cells. The southern Korean Peninsula was almost
hence, wind shear found to play a role in moisture supplysaturated and corresponded to 850 hPa in the sub-synoptic
over the warm front. analysis of the moisture field (shown in Fig. 7b). The strong

The isolated mesg@-scale convective cells (SBLCS) moisture and thermal gradients may have resulted from the
moved within the warm sector ahead of the cold front. At antecedent SIICS, which dominated the strong reflectiv-
23:50LST, the developed convective cells merged over thety core (Fig. 15a). In addition, the southwesterly wind was
southwestern area of the Korean Peninsula. Although thehe transport of the highBe in the low-to-mid troposphere.
scale was slightly small, the maximum reflectivity was over Hence, an air surrounding high ascended at the surface
45 dBz, greater than that of NMCS. Moreover, in contrast cold front and formed line convection. It seems reasonable to
to NMaCS, a small horizontal wind shear from southwest- infer that this updraft resulted from the convectively unstable

www.ann-geophys.net/30/1235/2012/ Ann. Geophys., 30, 128348 2012
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Based on Doppler radar data, sub-synoptic data and upper-ai HORIZONTAL DISTANCE (km)

soundings on 9-10 July 2007, this study presents the envi-_ )

ronmental conditions on two different types of MCSs in de- Fig. 15.Same as Fig. 13, but for 23:50LST, 9 July 2007.

termining their morphologies over Korea. The sub-synoptic

structure and evolution along the front were analysed us-

ing MTSAT-IR and MANAL data. A variational method was in moist environment (Shimizu et al., 2008). The cold front
used to extract three-dimensional wind fields from the S-near the low pressure was aligned from northeast to south-
band Doppler radar data of operational stations KSN, GSNwest, moreover strong southwesterly20 ms 1) prevailed

and JNI. around cold front.

The locally different rainfall amounts recorded over the The surface low pressure intensified and moved with
central and southern areas of the Korean Peninsula. Th€hangma front. The enhanced low pressure accelerated the
northern mese«scale convective system (NMCS) passed LLJ with maxima of>27 ms1, clearly exceeding the crite-
over central area from 15:00LST, 9 July to 06:00LST, rion of 12.5ms? for an LLJ (Chen and Yu, 1988), strong
10 July. Following NMxCS, a southern mes@-scale con-  LLJ transported warm moist air mainly at 850 hPa. Moisture
vective system (SMCS) moved over the southern area from transport vectors revealed that a strong transport of moisture
22:00LST, 9 July to 06:00 LST, 10 July. along the cold front in the high equivalent potential temper-

During the cases period, the Changma front elongatedature region £350K). In vertical cross-section across the
from China to Japan and moved northeastward. The warntold front, the moisture was largely and deeply advected into
front formed with an east-west orientation within the wind- the sloping frontal zone. The wet environment in the middle
shift line, with southeasterly and southwesterly winds totroposphere increased the amount of water that can be con-
the north and south, respectively. In the vertical cross-densed and precipitated. Hence, the precipitation efficiency
section across the warm front, cross-frontal horizontal windwas clearly difference between NMCS and SMBCS.
shear below 500 hPa strengthened due to prefrontal east- According to three-dimensional kinematic and reflectivity
southeasterly flow. The GJ sounding yielded the bulk sheastructures in the cases of NMLCS, mesax- and multi-scale
of 3.6 x 103 s~ for 06 km. Supercell-like storm processed convective systems were apparently embedded within an area
the vertical wind shear of. 2x 103 s~ from surface to 5km  of stratiform clouds north of the warm front. The horizontal
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and vertical wind flows were different in that the southwest- Akiyama, T.: A medium-scale cloud cluster in a Baiu front. Part II:
erly wind blew at the back of the convective system while Thermal and kinematics fields and heat budget, J. Meteorol. Soc.
the southeasterly wind appeared over the convective region Japan, 62, 505-520, 1984b.

where the new cell was generated. The southeasterly wingluestein, H. B.: Sy.nopt.ic-Dynamic Meteorology in Midlatitudes,
played an important role in uplifting such strong southwest- vol. 2, Oxford University Press, 594, 1993. _

erly with warm and moist air to north of warm front. The Bluestein, H. B. and Jain, M. H.: Formation of mesoscale lines of

. . . . precipitation: Severe squall lines in Oklahoma during the spring,
vertical wind shear was also observed in past studies on the ", = Sci., 42, 17111732, 1985,

convective systems along Meiyu/Baiu frontal regions (OguraCarbone, R. E.: A severe frontal rainband. Part |. Stormwide hydro-
etal., 1985; Ishihara et al., 1995; Yamada et al., 2003; Zhou, gynamic structure, J. Atmos. Sci., 39, 258-279, 1982.

2009). As a result of the wind distribution, the convective chen, G. T.-J.: Observational aspects of the Mei-Yu phenomena in
systems slowly propagated near the western coastal region subtropical China, J. Meteorol. Soc. Japan, 61, 306-312, 1983.
and led to heavy rainfall over the central Korean PeninsulaChen, G. T.-J. and Chang, C. P.: The structure and vorticity budget
for 4-h in long-lived convective systems. of an early summer monsoon trough (Mei-Yu) over southeastern
In SMBCS, isolated convective cells (megmscale) devel- China and Japan, Mon. Weather Rev., 108, 942-953, 1980.
oped ahead of the cold front within a prefrontal warm sec-Chen. G. T.-J. and Yu, C. C.: Study of low-level jet and extremely
tor. Convective cells rapidly developed and had short life- heavy rainfall over northern Taiwan in the Mei-Yu Season, Mon.

times in the ocean. Strong southwesterly flow under con- _ \Veather Rev., 116, 884-891, 1988. _
vectively unstable air was prevailed around convective ceIIsChen' G. T-J,, Wang, C. C., and Wang, A. H.: A case study of
" subtropical frontogenesis during a blocking event, Mon. Weather

Corresponding to the moisture field at 850 hPa in the sub- .. 135 2588-2608 2006.

synoptic analysis, the southern area of the Korean Penincressman, G. P.: An operational objective analysis system, Mon.
sula was almost saturated. The strong moisture advection \weather Rev., 87, 367—374, 1959.

and high thermal gradients may have resulted from the an€uric, M., Janc, D., and \Ekovi¢, V.: The influence of merging
tecedent SMCS. The relatively unstable air flowed into the  and individual storm spiltting on mesoscale convective system

updraft flow (9.5 ms?1) and downdraft flow (11 m3s') near formation, Atmos. Res., 93, 21-29, 2009.

the strong convective regions. Although this convective sys-Ding, Y. H.: Summer monsoon rainfalls in China, J. Meteorol. Soc.

tem was smaller than that in NACS, its maximum reflec- ~_Japan, 70, 373-396, 1992. _ _

tivity and translational speed were stronger and faster tha/£@°: J-» Xué, M., Shaphiro, A., and Droegemeier, K. K.: A varia-

those of NMCS. tional method for the analysis of three-dimensional wind fields
The results obtained here successfully explain the evolu- flrggwgtwo Doppler radars, Mon. Weather Rev., 127, 2128-2142,

tion of the Qhangma front with §urf§ce .Iow pressure and theGeng, B., Yamada, H., Reddy, K. K., Uyeda, H., and Fujiyoshi, Y.
morphological features that maintain different types of con-  an opservational study of the development of a rainband on a
vective systems over the central and southern areas of the Ko- Meiyu front causing heavy rainfall in the downstream region of
rean Peninsula. This study proves that the convective systems the Yangtze River, J. Meteorol. Soc. Japan, 82, 1095-1115, 2004.
had different environments in their morphology. However, Houze, R. A. and Cheng, C. P.: Inclusion of Mesoscale Updrafts and
further studies based on additional statistical analysis are re- Downdrafts in Computations of Vertical Fluxes by Ensembles of
quired to prove the complex mechanism by which MCSs pro-  Tropical Clouds, J. Atmos. Sci., 38, 1751-1770, 1981.
duce heavy rainfall events. Ishihara, M., Fujiyoshi, Y., Tabata, A., Sakakibara, H., Akaeda, K.,
and Okamura, H.: Dual Doppler radar analysis of an intense
mesoscale rainband generated along the Baiu front in 1988: Its
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