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Dual-Doppler radar analysis of the enhancement of a precipitation system on
the northern side of Mt. Halla, Jeju Island, Korea on 6 July 2007

Keun-Ok Lee **, Hiroshi Uyeda ?, Shingo Shimizu °, Dong-In Lee ¢

2 Hydrospheric Atmospheric Research Center, Nagoya University, Japan
b Dept. of Storm, Flood and Landslide Research, National Research Institute for Earth Science and Disaster Prevention, Japan
¢ Dept. of Environmental Atmospheric Sciences, Pukyong National University, Republic of Korea

An elongated intense precipitation system associated with a stationary front delivered
enhanced rainfall to the northern lateral and lee sides of an isolated mountain on Jeju Island on
6 July 2007. The convective region of the system passed around the mountain (Mt. Halla;
height 1950 m, width 35km, length 78 km) under moist synoptic conditions (relative humidity
~95% below 3km) during the rainy season. In this study, the detailed 3-dimensional structure
and enhancement mechanisms of this precipitation system are examined using dual-Doppler
radar observations. Analysis of the Doppler radar indicates that the precipitation system was
organized in an elongated shape that extended southwest-northeast about 20km off the
northwestern shore of Jeju Island. The development of this precipitation system with respect
to Mt. Halla can be divided into three stages: approaching stage, lateral-side stage, and lee-side
stage. During the approaching stage, variational wind analysis indicates that the updraft region
was aligned with the convergence zone of relatively strong westerlies and weak southwest-
erlies on the western side of the system. The southwesterlies accelerated gradually, generating
local updrafts between the system and the northwestern slope of the mountain that were
crucial to the enhancement of the southern part of the system. The enhanced convective region
intensified further as it reached the northwestern shore of the island. The elliptical shape and
isolated terrain of Jeju Island played an important role in this intensification by modifying the
low-level winds, with a relatively low Froude number of 0.2. This modification of the low-level
wind by the terrain provided a plentiful supply of moist air to the convective region of the
system, maintaining the enhanced convection. During the lee-side stage, the system was
characterized by relatively weak westerlies at low altitude as it approached the eastern slope
of the mountain. The convergence of these weak westerlies and relatively strong
southwesterlies over the southeastern slope of the mountain induced a stationary updraft
region and re-enhancement of convection on the lee-side of the mountain. The regional
enhancement of this precipitation system on the lateral and lee sides of Mt. Halla resulted from
localized terrain-induced low-level convergence under moist environmental conditions with
predominant west-southwesterly winds. These environmental conditions are well organized
when a stationary front is located off the northern shore of Jeju Island.

1. Introduction

Orography plays an important role in controlling cloud
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examining factors such as low-level convergence, wind
blocking (measured by the Froude number, Fr), ambient
wind direction and speed, steepness of the topography,
environmental stability, and latent heating and cooling
processes induced by various shapes and sizes of terrain
(Smith, 1979; Smolarkeiwicz et al., 1988; Smolarkeiwicz and
Rotunno, 1989; Li et al., 1997; Olafsson, 2000; Chiao and Lin,
2003; Jiang, 2003). The shape and size of topography has a
profound effect on the ultimate distributions of wind flow
and precipitation (Houze, 2011). Extensive theoretical stud-
ies have used numerical simulations to evaluate the
terrain-modified airflow around isolated bell-shaped topog-
raphy (Smith, 1980; Smolarkeiwicz et al., 1988; Smolarkeiwicz
and Rotunno, 1989, 1990; Jiang, 2003). These studies have
shown that the windward side of the obstacle is characterized
by a convergence zone, with a flow reversal on the windward
slope of the mountain if it is high. Lee vortices, which are
closely associated with gravity wave dynamics, form on the lee
side of the mountain.

Distinctive terrain-modified airflows appear around iso-
lated topography with an elliptical shape. Several previous
theoretical studies have used numerical experiments to show
the mechanisms by which airflow is modified around isolated
elliptically shaped topography (Georgelin and Richard, 1996;
Olafsson and Bougeault, 1996, 2000; Petersen et al., 2003,
2005). Based on these results, a mountain that is elongated in
the direction perpendicular to the flow diverts and concen-
trates the low-level wind on the elongated windward side of
the mountain. Eddy shedding and a sea level pressure deficit
occur offshore to the lee side of the mountain.

When a moist airflow enters a mountainous area, the flow
is modified by orographic lifting and blocking that may
modify and/or trigger cloud and precipitation systems in the
vicinity. Most previous studies of these effects have been
based on a theoretical and numerical approach; few studies
have used an observational approach. Furthermore, the few
studies that employed an observational approach have
focused on a small subset of the mountainous regions that
occur worldwide. It remains important to examine how
orographic precipitation systems vary spatially and tempo-
rally in the presence of a variety of shapes and sizes of terrain,
and to extend understanding of the mechanisms underlying
orographically enhanced precipitation systems.

Wang et al. (2005) analyzed radar observations and the
results of numerical experiments to investigate the effect of
elliptically shaped topography in Taiwan's central mountain
region (CMR; height 4km, width 120km, length 320km
extending southwest-northeast) on convective enhance-
ment during the rainy season. Their results indicated that a
predominant westerly wind toward the western CMR was
blocked by the terrain, changing the westerly wind to a
southwesterly wind that blew parallel to the elongated
terrain. Under this wind configuration, a convective line
oriented southwest-northeast slowly approached the north-
west CMR from the nearby ocean. The southern part of this
convective line was subsequently significantly enhanced by
additional convergence due to terrain blocking, resulting in
heavy rainfall (nearly 200mm over 2h) along the north-
western coast of Taiwan.

Similar to Taiwan, Jeju Island has frequently suffered from
flooding and landslides due to orographically intensified

precipitation systems during the rainy season (June to
mid-July). Jeju Island is located in the southern part of
Korea, and has a small but steep elliptically shaped terrain
(height 1950m, width 35km, length 78km) that extends
west-east. Lee et al. (2010) investigated the mechanisms of
an orographically enhanced precipitation system that oc-
curred at Jeju Island on 30 June 2006 using a single Doppler
radar and the results of a numerical experiment. The
precipitation system moved from the western part to the
northeastern part of the island under a predominant westerly
wind. The system intensified significantly on the northwest-
ern lateral side of the island due to flow blocking by the
terrain and the resulting modification of the wind to
southwesterly. Simultaneously, a portion of the westerly
wind flowed over the mountain and induced a downdraft
region on the lee side of the island, resulting in the
dissipation of the system. Their study showed that the
topography of Jeju Island and the moist environment that
prevails on the island during the rainy season play important
roles in generating localized intense rainfall on the north-
western lateral side of the island. The limited observational
area of single Doppler radar did not provide a full description
of the 3-dimensional structure of the precipitation system
around Jeju Island, however. This limitation underscores the
importance of dual-Doppler radar observations for further
understanding of precipitation systems that occur around
topographic features like Jeju Island.

Several field experiments of dual-Doppler radar observa-
tion in the inland of China to Japan investigated the structure
of meso-a-scale convective systems (horizontal scale of
200-2000km) along a stationary front (Baiu/Meiyu front)
which is composed of several meso-£3-scale (horizontal scale
of 20-200km; Olanski, 1975) convective rainbands which are
inducing heavy rainfall in rainy season (e.g., Ogura, 1991;
Yamada et al,, 2003; Geng et al., 2009). The sophisticated
structure and triggering for the system enhancement are
revealed to be different over distinct geographic locations
(e.g., Chen and Chang, 1980; Kato, 1985; Ninomiya and
Muraki, 1986).

The Korea Meteorological Administration (KMA) began to
operate two S-band Doppler radars at Gosan (GSN, west) and
Seongsan (SSN, east) on Jeju Island in 2007, making it
possible to examine precipitation systems on Jeju Island
using dual-Doppler radar observations. On 6 July 2007, an
elongated intense precipitation system passed through the
observation area, delivering a relatively high rainfall amount
(25mm over 1.5h) on the northern lateral side of the
mountain. The system had a similar distribution of precipi-
tation to that associated with the system analyzed by Lee et
al. (2010). The maximum accumulated rainfall (35mm)
associated with this system was recorded on the northeast-
ern part of the island. In this study, we use a dual-Doppler
radar analysis to describe the evolution of the detailed
3-dimensional structure of reflectivity and wind in the 6
July 2007 precipitation system and to reveal the mechanisms
that led to its enhancement.

2. Observational data and analysis methods

An intense precipitation system occurred at Jeju Island on
6 July 2007. This system was observed by two Doppler radars



(open circles Fig. 1) and 17 surface rain gauges (dots in
Fig. 2). Fig. 2 shows the accumulated rainfall amount as the
system passed around an isolated mountain on Jeju Island,
from 0000 to 0130 LST (local standard time; LST=UTC+9h).
Only 5mm of accumulated rainfall was recorded on the
western side of the island, while 25 mm was recorded on the
northern side of the island. The maximum accumulated
rainfall amount (35mm) was recorded on the northeastern
part of the island.

As shown in Fig. 1, two S-band Doppler radars are
operated by KMA on Jeju Island, one at GSN (west) and one
at SSN (east). The distance between the two radar stations is
65km. KMA also conducts upper-air soundings at GSN, from
the same site as the GSN radar. The dual-Doppler radars,
which each cover a radius of 250km (Nyquist velocity of
63.17ms™ ") and together cover all of Jeju Island, record
volume scans of reflectivity and Doppler velocity (radius
120km) every 10 min. The two Doppler radars have identical
specifications, with sampling resolutions of 500m in the
radial direction and 1.0° in the azimuthal direction. Each
volume scan includes observations at 15 elevation angles
(0.5°,0.6°0.8°1.0°,1.5% 2.0°, 2.5°, 3.5%,4.5°,6.0°, 7.8°,10.5°,
13.7°, 18.1°, and 24.0°). The dual-Doppler radar data are
interpolated into a Cartesian coordinate system with vertical
grid intervals of 0.25km and horizontal grid intervals of
1.0km (CAPPI dataset). A Cressman-type weighting function
is used for the interpolation with the fixed horizontal and
vertical effective radius of influence of 1.5 and 1.0km,
respectively (Cressman, 1959). The moving direction and
speed of the precipitation system are reflected in CAPPI
dataset for gaining the system-relative wind field.

The three Cartesian components of wind are calculated
within the dashed circles, except in the intersection area
specified in Fig. 1 (intersection angle 35°). The dual-Doppler
radar analysis is conducted using the variational method
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Fig. 1. Elevation map of Jeju Island and observational range (120km; black
circles) of the dual-Doppler radars installed at Gosan (GSN) and Seongsan
(SSN). The GSN and SSN radar sites are indicated by small open circles. The
upper-air sounding station is located at the GSN radar site. Dual-Doppler
radar analysis is conducted within the two dashed circles, except for within
the area of intersection (intersection angle less than 35°).
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Fig. 2. Accumulated rainfall amount recorded by 17 rain gauges (dots) on
Jeju Island from 0000 to 0130 LST on 6 July 2007. Thin contour lines show
topography (contour interval: 200m). The locations of the two radar sites
(GSN and SSN) are indicated by small open circles.

introduced by Gao et al. (1999). The boundary condition is
specified as w=0ms™! at z=0.5km and the precipitation
system top. The observed radar reflectivity at the top of the
system was sufficiently weak (less than 15 dBZ) to assume
0ms ! vertical velocity. The parameter settings are identical
to those used by Gao et al. (1999): A, =1, Ag=1.0x10°, Ays=
Avs=Auw=>5.0x103, and A\, =0. The calculation error in the
vertical velocity is large at upper levels because of signal
noise. To account for this uncertainty, airflows are shown
only below 6km above sea level (ASL) and the description of
the airflow structure focuses only on the lower and middle
levels of the precipitation system.

In this paper, the area of radar reflectivity stronger than
45dBZ at 2km ASL is referred to as the “convective region.”
This region corresponds to the region of intense rainfall.

Meso-scale model (MSM) data provided by Japan Mete-
orological Agency (JMA) is employed to gain additional
understanding of the synoptic moisture environment. The
JMA-MSM output is provided at a horizontal resolution of
5km with 253x241 grid points and 16 vertical o levels.

Several environmental parameters are calculated from the
upper-air sounding data recorded at GSN (Fig. 1), including
precipitable water (PW) from the surface to 700hPa (low-
levels), PW from 700 to 400 hPa (mid-levels), surface relative
humidity (RH), the lifting convection level (LCL), and the
level of free convection (LFC). Froude number (Fr) was
calculated using mean wind velocities obtained from the
upper-air sounding data (see Table 1). Fr, which is propor-
tional to the square root of the ratio of kinetic energy of the
upstream parcel to the energy required to lift the fluid

Table 1

Environmental parameters determined from upper-air sounding data
obtained at GSN at 2100 LST on 5 July 2007: lifting condensation level
(LCL), level of free convection (LFC), surface relative humidity (RH),
calculated precipitable water (PW) from the surface to 700hPa, Brunt-
Vdisdld frequency (N), and Froude number (Fr).

Parameter Value

LCL 922.9hPa
LFC 680hPa

RH (surface) 94%

PW (below 700hPa) 41.7kgm—?
N 1.7x1072s~!
Fr 0.2




element over the terrain, is a dimensionless parameter
defined as follows:

Fr = Uy/Nh (1)

where U is the averaged wind speed below the maximum
height of the terrain, N is the Brunt-Vdisdld frequency, and h is
the height of the mountain (1,950m). Uy, and N are
representative of the environment in the atmospheric
interval between the ground surface and the height of Mt.
Halla. A low Fr (<0.5) tends to induce intense clouds and a
nearly horizontal detour of the fluid around the obstacle,
while a large Fr (>1.0) tends to induce a vertically propagat-
ing wave (Smolarkeiwicz et al., 1988; Smolarkeiwicz and
Rotunno, 1989, 1990; Yoshizaki et al., 2000).

Table 1 lists the environmental parameters obtained from
an upper-air sounding launched at GSN a few hours prior to
the approach of the precipitation system. A near-saturated
layer of air (RH ~94%) was observed near the surface, with
relatively high PW (41.7kgm —2) from the surface to 700 hPa.
Approximately 65% of the moisture content concentrated in
the low-levels. The lifting condensation level (LCL) was
located at 922.9hPa. By contrast, the PW at mid-levels
(700-400hPa) was relatively low (19.8kgm~2). Fr was
calculated to be 0.2 under these relatively moist low-level
conditions at Jeju Island, indicating that the airflow was
unlikely to pass over the mountain (Yoshizaki et al., 2000).

3. Precipitation system of 6 July 2007

On 6 July 2007, an elongated intense precipitation system
passed through the observation area of the dual-Doppler
radars between 0000 and 0130 LST. Fig. 3 shows a surface
weather map over East Asia at 0300 LST on 6 July 2007. A
stationary front (the Changma/Baiu/Meiyu front) was located
slightly north of Jeju Island. The horizontal distribution of RH
at 950hPa (Fig. 4a) shows that a band-shaped moist region
(RH exceeding 94%) covered the southern Korean peninsula
at 0000 LST on 6 July 2007. The winds at 950hPa near Jeju
Island were southwesterly and relatively weak (5ms™!). At
700hPa (Fig. 4b), the RH over the island was high (97%) and
the winds were westerly and relatively strong (~20ms~").

The horizontal distributions of reflectivity at 2km
ASL are shown for every 10 minutes between 0000 and
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Fig. 3. Surface weather map covering East Asia at 0300 LST on 6 July 2007.
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Fig. 4. Distributions of relative humidity (RH) and horizontal wind at
(a) 950hPa and (b) 700hPa at 0000 LST on 6 July 2007.

0130 LST in Fig. 5. At 0000 LST (Fig. 5a), the convective region
(radar reflectivity>45 dBZ) of the precipitation system was
located approximately 20km from the northwestern shore
of the island. The convective region intensified as it
approached the northwestern shore of the island during
0010-0030 LST (Fig. 5b-d), then moved eastward during
0040-0050 LST (Fig. 5e-f), passing around the northern part
of the island and continuing to intensify. The precipitation
system was located over the northeastern part of the island at
0100 LST (Fig. 5g), while the enhanced convective region
persisted over the northern coast (20-30km north of GSN).
By contrast, the convective region off the northern coast of
the island (30-50km north of GSN) was relatively weak by
this time. The convective region moved to the eastern slope
of the island (10-25km north of GSN) and re-intensified
during 0110-0120 LST (Fig. 5h-i), while the convective
region off the northeastern coast of the island (30-50km
north of GSN) weakened even further. By 0130 LST (Fig. 5j),
the convective region was located off the eastern shore of the
island and relatively weak.

To show the horizontal evolution of the convective region
depending on the relative location to Jeju Island, four analysis
domains were selected within a 40kmx 10km area north of
GSN that includes the convective region. These domains are
referred to as N1 (10-20km north of GSN over mountainous
area), N2 (20-30km north of GSN over the northern coast),
N3 (30-40km north of GSN just off the northern coast), and
N4 (40-50km north of GSN over open sea). These analysis
domains are shifted at the same speed as the system
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Fig. 5. Horizontal distributions of radar reflectivity at 2km ASL for (a) 0000 LST, (b) 0010 LST, (c) 0020 LST, (d) 0030 LST, (e) 0040 LST, (f) 0050 LST, (g) 0100 LST,
(h) 0110 LST, (i) 0120 LST, and (j) 0130 LST on 6 July 2007. The reflectivity contour interval is 5 dBZ starting from 40 dBZ. The darkest shading represents the
convective region, with radar reflectivity larger than 45 dBZ. The four rectangles (N1, N2, N3, and N4) demark the regions used for the detailed analysis of the
convective region shown in Figs. 6 and 17. The locations of the radar stations (GSN and SSN) are indicated by small open circles. Reflectivity is from the GSN radar
alone for 0000-0050 LST and from the SSN radar alone for 0100-0130 LST.

(~10ms™!) while it moves through the area. The domain
boundaries are depicted in Fig. 5b, d, f, and h. Fig. 6 shows the
time variation of the horizontal area of the convective region

at 2km ASL for every 10 minutes between 2350 LST on 5 July
and 0140 LST on 6 July 2007. To better understand the
evolution of the system, the system passage can be divided
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Fig. 5.

into three stages based on its location relative to the
mountain: approaching stage (0000-0030 LST), lateral-side
stage (0040-0050 LST), and lee-side stage (0100-0130 LST).
The area of the convective region in the N1 domain was
less than 10km? during the approaching and lateral-side
stages (Fig. 6, thick solid line). This area expanded to
approximately 60km? during the lee-side stage, when the
convective region moved to the eastern part of Jeju Island, but
decreased again after 0130 LST. The area of the convective
region in the N2 domain consistently enlarged (~60km?)
during the approaching and lateral-side stages, with a
maximum area of approximately 65km? at 0100 LST (Fig. 6,
thick dashed line). This area decreased sharply during the
lee-side stage, to approximately 20km?2. The area of the
convective region in the N3 domain expanded gradually
during the approaching stage to a maximum of approximately
40km?, before decreasing gently during the lateral-side stage
(Fig. 6, thin dotted line). Similarly, the convective region in
the N4 domain expanded gradually during the approaching
stage to a maximum of approximately 30km? before
decreasing sharply during the lateral-side stage (Fig. 6, thin
solid line). During the lee-side stage, the areas of the
convective regions within N3 and N4 were negligible.

The convective region within this elongated precipitation
system evolved differently in each analysis domain (N1-N4)
as the system developed relative to the island (approaching
stage, lateral-side stage, and lee-side stage). In particular, the
convective region in N2 underwent a sharp enhancement
near the northwestern coast of the island during the
approaching stage. During the lee-side stage, a similar sharp
enhancement of the convective region in N1 occurred on the
eastern slope of the island. By contrast, the convective regions
in N3 and N4 expanded gradually during the approaching
stage, and then dissipated during the lateral-side and lee-side
stages after passing around northern part of the island. To
reveal the enhancement mechanisms of this precipitation
system, the detailed structures and evolutions of the signifi-
cantly enhanced convective regions in N2 during the approach-
ing stage and in N1 during the lee-side stage are examined in
detail and contrasted with the structure and evolutions of the
less-enhanced convective regions in N3 and N4. This analysis

is accomplished using 3-dimensional reflectivity and wind
structure from dual-Doppler radar data.

4. Three-dimensional structure of the convective region

The detailed structure of the evolution of the convective
region is analyzed for each of the three stages of precipitation
system development using dual-Doppler radar data.

4.1. Approaching stage (0000-0030 LST)

The horizontal evolution of the convective region be-
tween 0000 and 0030 LST is shown as a sequence of the
horizontal distribution of reflectivity (contouring from 35
dBZ with 5 dBZ intervals and shading between 40 and 45
dBZ) at 2km ASL in Fig. 7a-d. Each panel of Fig. 7 shows an
area of 40kmx45km, the location of which is shifted
approximately 10km eastward every 10 minutes. The
horizontal axis indicates the distance east of the GSN radar,
and the vertical axis indicates the distance north of the GSN
radar. As shown in Fig. 6, the convective region strengthened
during the approaching stage in all four regions (N1-N4).
Between 0010 and 0030 LST (Fig. 7b-d), as the convective
region strengthened, relatively strong westerly winds
(18ms~!) prevailed at the western side and relatively
weak southwesterly winds (9ms~') prevailed at the
eastern side of the elongated precipitation system at 2km
ASL (Fig. 7f-h). Simultaneously, an elongated updraft region
(oriented southwest-to-northeast, dark shading for updraft
larger than 1.5ms™!) became obvious on the west side of the
precipitation system (Fig. 7j-k). At 0010 LST (Fig. 7f),
southwesterly winds (13ms™!) prevailed in the southern
part of the system, from 7km west to 3km east and 5 to
12km north of GSN. As the system approached the north-
western coast of the island at 0020 LST (Fig. 7g), these
southwesterly winds accelerated to approximately 20ms ™.
This acceleration induced an updraft region between the
southern part of the precipitation system and the northwest-
ern coast of the island, around 5km east and 15km north of
GSN (Fig. 7k). At 0030 LST, this updraft region was located
15km east and 15km north of GSN (Fig. 71). Relatively weak
southwesterly winds (12ms~') appeared at the northwestern
side of the island at 0030 LST (Fig. 7h), while the precipitation
system continued to be characterized by relatively strong
westerly winds on its western side and relatively weak
southwesterly winds on its eastern side. The winds associated
with the precipitation system were of similar direction at 4km
ASL between 0010 and 0030 LST (Fig. 7n-p), with westerly
winds (13ms ) on the western side and southwesterly winds
(11ms~!) on the eastern side. Westerly winds (13ms™!) also
prevailed at 4km ASL to the south of the system during
0010-0020 LST (Fig. 7n-0), in contrast to the accelerated
southwesterlies at 2km ASL (Fig. 7f-g). This configuration
persisted over the northwestern side of the island through
0030 LST (Fig. 7p), with westerly winds (13ms™!) at 4km
ASL overlying weak southwesterly winds (12ms~!) at 2km
ASL (Fig. 7h).

Several vertical cross-sections have been selected from
the regions depicted in Fig. 7c—d to illustrate the vertical
structure of the updraft region and accelerated southwesterly
winds that were generated off the northwestern coast of the
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Fig. 7. Horizontal distributions of reflectivity and system-relative wind fields during the approaching stage (0000-0030 LST). The first row (a)-(d) shows the
radar-echo intensity at 2km ASL. The reflectivity contours are drawn every 5 dBZ from 35 dBZ. Areas with reflectivity between 40 and 45 dBZ are shaded. The
second row (e)-(h) and the fourth row (m)-(p) show horizontal wind vectors and reflectivity (contours as in the first row) at 2km and 4km ASL, respectively.
The third row (i)-(1) shows vertical air velocity (shading) at 2km ASL. Regions of updraft larger than 1.5ms~! are shown as dark shading and regions of
downdraft less than —1.5ms ™" are shown as light shading. The thick contour line in each panel represents the coastline of Jeju Island. The thin broken lines in
(b)-(d) show the topography of Jeju Island (contour interval 200m). The locations of the vertical cross-sections shown in Fig. 8 are indicated in (c), and the

locations of those shown in Fig. 9 are indicated in (d).

island, to the south of the precipitation system. Fig. 8 shows
vertical cross-sections of radar reflectivity (contouring every
5 dBZ from 35 dBZ with thick lines from 45 dBZ) and wind
along the transect lines a-a’, b-b’, c-c’, d-d’, and e-e’ at 0020
LST. The transect lines a-a’, b-b’, and c-c’ were selected from
around the N2 analysis domain because they are oriented
parallel to the horizontal axis of Fig. 7c, near the N2 analysis

domain. Along the a-a’ transect, the convective region had a
maximum height of 6.5km ASL and a maximum width of
6km (Fig. 8a). A region of paired updrafts (dark shading) and
the downdrafts (light shading) was located near this
convective region, extending from 1 to 6km ASL at
10-20km. The thick downward arrow on the horizontal
axis of Fig. 8a indicates the Jeju Island coastline. Another
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Fig. 8. Vertical cross-sections of reflectivity and system-relative wind fields at 0020 LST. The locations of the transect lines are shown in Fig. 7c. Transects a-a’ to c—c’ are
oriented parallel to the horizontal axis of Fig. 7c. Transects d-d’ and e—e’ are oriented parallel to the prevailing southwesterly wind. Regions of updrafts in excess of
1.5ms ™" are shown as dark shading and regions of downdraft less than —1.5ms ™" are shown as light shading. The regions of intense updrafts (greater than 4ms™")
are indicated by the darkest shading bounded by white contours. Thin contours indicate radar reflectivity from a minimum of 35dBZ, with a contour interval of 5dBZ.
Thick contours indicate reflectivity in excess of 45dBZ, with a contour interval of 5dBZ. A thick downward arrow along the horizontal axis in (a) indicates the location of

the Jeju Island coastline.

updraft region is apparent to the east of this coastline,
between the convective region and the island. This updraft
region extended from 1.5 to 6km ASL at 20-30km, with
reflectivity in excess of 35 dBZ up to 6km ASL. Along the b-b'
transect (Fig. 8b), located 5km north of the a-a’ transect, the
convective region is tilted in the vertical from lower-west to
upper—east (15-25km). This vertically tilted convective
region extended from the surface to 4km ASL with a
maximum width of 7km. A region of paired updrafts and
downdrafts (dark and light shadings) is apparent along this
transect at 10-20km, including an area of intense updrafts
(stronger than 4ms~'; depicted by the darkest shading)
between 2 and 4km ASL. The updrafts located in the rear of
the elongated precipitation system (10-17km) from 1 to
6km ASL, and the reflectivity of 35 dBZ increased to 6 km ASL
(15-20km). In 14-20km, the relatively short convective
region was identified to be 3 km ASL from surface, adjacent to
the downdrafts below 4km ASL. To the east side of the
downdrafts, an additional updraft region (20-30km in
Fig. 8b) can be identified above 3km ASL, with the
extended convective region up to 4km ASL. Along the c-c’
transect (Fig. 8c), the convective region extended from the
surface to 6km ASL with a maximum width of 10km. The

updraft region can be found adjacent to the convective
region, from 1.5 to 6 km ASL, and the downdraft region can be
found below 5km ASL to the east of the updraft region. The
additional updraft region identified to the east of the
downdraft along the a-a’ and b-b’ transects (Fig. 8a-b) is
not apparent along the c—c’ transect (Fig. 8c). The updrafts
between the convective region and the island were generat-
ed locally by the convergence of the strong westerly wind
and the enhanced southwesterly wind.

The vertical transects d-d’ and e-e’ (Fig. 8d-e) are
oriented parallel to the enhanced southwesterly wind. As
shown in Fig. 7c, the d-d’ transect is located at the center of
the southern edge of the precipitation system, while the e-e’
transect is located off the northwestern shore of the island.
Along the d-d' transect (Fig. 8d), the convective region
extended from the surface to 6km ASL over a relatively wide
horizontal range (5-35km). An updraft region was located
adjacent to the convective region (10-20km) from 3 to 6km
ASL, with a downdraft region below. The convective region
was relatively small along the e-e’ transect (Fig. 8e), in the
region of accelerated southwesterly winds (Fig. 7g) and
updraft region (Fig. 7k), extending only from 2 to 4.5km ASL.
A relatively wide updraft region is apparent along this



transect at 10-28 km. This updraft region tilted from lower-
southwest to upper-northeast, and extended from 1.5 to
6km ASL.

Fig. 9 shows vertical cross-sections of reflectivity and
wind at 0030 LST along the f-f", g-g’, h-h’, and i-i’ transect
lines (Fig. 7d). The f-f’, g-g’, and h-h’ transect lines are
oriented parallel to the horizontal axis of Fig. 7d and spaced
at 5km intervals. Along the f-f transect (Fig. 9f), the
convective region extended from 1.5 to 6km ASL with a
maximum width of 6km. A related updraft region was
located to the west of the convective region. This updraft
region extended from 1 to 6km ASL, and included areas of
intense updrafts (stronger than 4ms~'; depicted by the
darkest shading) above 2 km ASL. Another updraft region that
extended from 1.5 to 6km ASL is apparent to the east of the
Jeju Island coastline (indicated by thick downward arrow), in
a similar location (east of the downdrafts) to the additional
updraft region identified along the a-a’ transect (Fig. 8a).
Reflectivity in excess of 40 dBZ extended to 5km ASL in this
updraft region. Along the g-g’' transect (Fig. 9g), the
convective region extended from 1 to 5.5km ASL over the
17-25km range, with a maximum width of 4km. A relatively
wide updraft region (17km maximum width) can be
identified above 2.5km ASL adjacent to the convective
region, with intense updrafts at 3-4km ASL. Along the h-h’
transect (Fig. 9h), the convective region extended from 1.5 to
7km ASL. A relatively narrow updraft region was located
above 3km ASL to the west of the convective region, in the
range of 20-25km. Downdrafts were predominant below
4km ASL inside of the convective region.

The vertical cross-section i-i’ is oriented parallel to the
southwesterly wind as shown in Fig. 7d, with the same
cross-section angle as the d-d’ and e-e’ transects (Fig. 7c).
The updraft region along the i-i’ transect (Fig. 9i), was
relatively wider (20km) including intensive updrafts, than
those identified along the d-d’ and e-e’ transects (Fig. 8d-e).
This updraft region extended from 1 to 6km ASL over the
15-20km range (Fig. 9i), with intense updrafts above 2km
ASL. A relatively tall convective region (1.5 to 6km ASL) was
located to the northeast of the updraft region at 22-27km,

and included another region of intense updrafts above 4.5km
ASL.

4.2. Lateral-side stage (0040-0050 LST)

The convective region near the northern coast of the
island (N2) retained its area during the lateral-side stage,
while the areas of the offshore convective regions (N3 and
N4) gradually dissipated (see Fig. 6). Detailed horizontal
distributions of reflectivity and wind during 0040-0050 LST
are shown in Fig. 10.

The consistency of the area of the retained convective
region in N2 (Figs. 6 and 10a-b) can be explained by
convergence of westerly winds (8ms™!) at the western edge
of the convective region and southwesterly winds (10ms ™)
over the northwestern slope of the island. At 2km ASL, this
convergence is consistently located 10-30km east and
10-25km north of GSN (Fig. 10c-d). This horizontal wind
distribution induced an updraft region over the northern part
of the island (Fig. 10e-f). At 4km ASL (Fig. 10g-h), the winds
over the northwestern slope of the island were predominantly
westerly. The convective regions in N3 and N4 gradually
dissipated off the northern shore of the island (Figs. 6 and 10a-
b). Westerly (15ms~!) and southwesterly (10ms~') winds
appeared at the western and eastern edges of the convective
region, respectively (Fig. 10c-d), and the area of the updraft
region at 2km ASL gradually decreased (Fig. 10e-f). At 0050
LST, the winds in the convective region were predominantly
westerly (15ms~!; Fig. 10d).

Several vertical cross-sections are used to examine the
convective region over the northern part of the island during
the lateral-side stage in further detail. The locations of the
transect lines are indicated in Fig. 10a-b. Fig. 11 shows
vertical cross-sections of reflectivity and wind along the a-a’,
b-b’, c-c’,d-d’, and e-e’ transect lines at 0040 LST. The a-a’ to
d-d’ transects are oriented parallel to the Jeju Island coastline
and spaced at 5km intervals from the northern slope of the
island to the sea off the northern shore. No convective region
is discernable along the a-a’ transect (Fig. 11a), although an
updraft region that extended from 1 to 6km ASL is apparent
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Fig. 9. Vertical cross-sections of reflectivity and system-relative wind fields at 0030 LST. The locations of the transect lines are shown in Fig. 7d. Transects f-f' to
h-h’ are oriented parallel to the horizontal axis of Fig. 7d. Transect i-i’ is oriented parallel to the southwesterly wind. The shaded regions and contours are as in
Fig. 8. A thick downward arrow along the horizontal axis in (f) shows the location of the Jeju Island coastline.
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Fig. 10. Horizontal distributions of reflectivity and system-relative wind fields during the lateral-side stage (0040-0050 LST). The shaded regions and contours are
as in Fig. 7. The locations of the vertical cross-sections shown in Fig. 11 are indicated in (a) and the locations of those shown in Fig. 12 are indicated in (b).

over a relatively wide horizontal range (10-35km). Intense
updrafts (stronger than 4ms~!) occurred between 2 and 5km
ASL at 16-19km, over the northwestern slope of the island
where southwesterly winds were predominant (Fig. 10c). At
the northeast of the intense updraft region (19-24km), the
height of 40 dBZ was 6km ASL. These southwesterly winds
converged with the predominant westerly winds along the
b-b' transect (Figs. 10c and 11b). Along this transect, the
convective region extended from the surface to 7km ASL with a
maximum width of 14km. A region of intense updraft region
was located in the 17-23 km range (Fig. 11b). A relatively tall
convective region (up to 7km ASL) was located near the
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northeastern edge of this intense updraft region. Updrafts
along the c-c’ transect (Fig. 11c) were relatively weak. The
convective region along this transect had a maximum height of
6km ASL and a maximum width of 7km. Along the d-d’
transect, off the northern shore of the island (Fig. 11d), the
updraft region was even weaker and convective region only
reached to 3.5km ASL.

The e-e’ transect line is located near the coastline and
oriented parallel to the direction of precipitation system
movement. Along the e-e’ transect (Fig. 11e), the convective
region extended from the surface to 5.5km ASL with a
maximum width of 8.5km, and was slightly tilted from
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Fig. 11. Vertical cross-sections of reflectivity and system-relative winds at 0040 LST. Locations of the transect lines are shown in Fig. 10a. Transects a-a’, b-b’, c-c’,
and d-d’ are oriented parallel to the Jeju Island coastline. Transect e-e’ is oriented parallel to the horizontal axis of Fig. 10a. The shaded regions and contours are
as in Fig. 8. A thick downward arrow on the horizontal axis of (e) indicates the location of the coastline.

lower-west to upper-east. The Jeju Island coastline is
indicated by a thick downward arrow on the horizontal axis
of Fig. 11e. In the e-e’ transect, the westerly and southwest-
erly winds converged in the offshore area between the
coastline and the point located 15km from point ‘e’ in
Fig. 11e, inducing a region of intense updrafts at 2-4km ASL.
The convective region east of these intense updrafts extend-
ed to 5.5km ASL. Reflectivity in this convective region
exceeded 35 dBZ up to 7km ASL. Downdrafts were predom-
inant off the northwestern shore of the island, in the 7-15km
range (Fig. 11e).

Fig. 12 shows vertical cross-sections of reflectivity
and wind along the f-f, g-g', and h-h' transect lines at
0050 LST (Fig. 10b). The f-f’ to h-h’ transects in Fig. 12 are
oriented parallel to the coastline of the island and spaced at
5km intervals from the northern slope of the island to the sea
off the northern shore. Along the f-f' transect (Fig. 12f),
where southwesterly winds were predominant (Fig. 10d),
the convective region extended from 1 to 4.5km ASL with a
maximum width of 5km. A related updraft region is
apparent at 10-25km, with intense updrafts from 2 to 6km
ASL (Fig. 12f). By contrast, the convective regions along the
g-g’ and h-h’ transects (5 and 10km north of the f-f’
transect, respectively) contained enlarged downdraft regions
and relatively small updraft regions (Fig. 12g-h).
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On the basis of Figs. 11 and 12, the intense updraft region
over the northern slope of the island was induced locally by
convergence of the predominant westerly and local south-
westerly winds over the northwestern slope of the island.
This convergence ensured that the convective region in N2
retained its area as it passed over the northern slope of the
island.

4.3. Lee-side stage (0100-0130 LST)

During the lee-side stage, the area of the convective
region in N1 expanded significantly, whereas that of the
convective region in N2 was reduced (see Fig. 6). Fig. 13
shows the detailed horizontal evolutions of reflectivity
and wind in the vicinity of the convective region. At 0100
LST (Fig. 13a), the precipitation system is located over the
northeastern part of the island and moving eastward.
The area of the convective region at 2km ASL in N2 was
roughly unchanged from that in the lateral-side stage at this
point (Fig. 6). Westerly (12ms~') and southwesterly
(13ms™!) winds were observed approximately 35km east
and 25km north of GSN (Fig. 13e). The convergence of these
winds induced an updraft region on the western side of the
convective region (Fig. 13h) in N2. Relatively strong south-
westerly (16ms~!) and weak westerly (5ms~') winds were
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Fig. 12. Vertical cross-sections of reflectivity and system-relative wind fields at 0050 LST. The locations of the transect lines are indicated in Fig. 10b. Transects f-f’,
g-g’, and h-h’ are oriented parallel to the Jeju Island coastline. The shaded regions and contours are as in Fig. 8.

observed to the east of the convective region, 50km east and
25km north of GSN (Fig. 13e). Related updrafts occurred in a
region 45-63km east and 18-22km north of GSN, ahead of
the eastward-moving precipitation system (Fig. 13h). Strong
southwesterly winds were also observed at 4km ASL over the
updraft region (Fig. 13k).

During 0100-0110 LST, the convective region moved
with the predominant westerly wind to the eastern
slope of the island, passing over the region of preexisting
updrafts (Fig. 13a-b). At 0110 LST, the convective region in N1
(Fig. 5h) extended horizontally to the southwest (Fig. 13b).
The updraft region at 2km ASL was consistently located over
the eastern part of the island adjacent to the convective
region, 45-63 km east and 18-22km north of GSN (Fig. 13i).
Strong southwesterly (20ms—!) and weak westerly (6ms ™)
winds were consistently observed in the vicinity of this
updraft region (Fig. 13f). Off the northeastern shore of the
island (N3 and N4), the steady westerly winds showed in
30-45km north of GSN (Fig. 13f), where the relatively strong
westerly and weak southwesterly were identified consistent-
ly from 0010 to 0050 LST at 2km ASL (Fig. 7f-h, Fig. 7j-I,
Fig. 10c-d, Fig. 10e-f). When the system located off the
northeastern shore, farther from the island (Fig. 13a-b), the
weak southwesterly wind was hardly discernible ahead of
the system and the strong westerly wind occupied in the
convective region. Simultaneously, the winds were dominant
westerly (15ms~') at 4km ASL (Fig. 13k-1). The dissipated
southwesterly and the consequent steady westerly winds
contributed to the further dissolution of the convective
region off the northeastern shore of the island from 0110
LST (Fig. 13b).

The convective region in N1 retained its intensity as it
approached the eastern coastal area of the island at 0120 LST,
whereas the intensity of the convective region in N2 was
relatively weak (Figs. 6 and 13c). During 0110-0120 LST, the
convective region in N1 passed over the preexisting updraft
region on the eastern slope of the island (see Fig. 13i),
preserving the convective region as it entered the eastern
coastal area of the island at 0120 LST. At this time, the winds
over the eastern coast of the island were southwesterly at
10ms~! (Fig. 13g). This horizontal wind distribution weak-
ened the updraft region (Fig. 13j). The winds at 4km ASL over
the eastern part of the island (Fig. 13m) were westerly and

12

nearly homogeneous (12ms™!). At 0130 LST, the convective
region was located off the eastern shore of the island and was
relatively reduced in size and intensity (Fig. 13d).

Several vertical cross-sections are used to examine the
vertical structure of the convective region, the relatively strong
southwesterly wind, and the preexisting updraft region in
further detail. The locations of these transect lines are indicated
in Fig. 13a-c. Fig. 14 shows the vertical sections of reflectivity
and wind along the a-a’, b-b’, c-c’, and d-d' transect lines at
0100 LST (Fig. 13a). Transects a-a’ and b-b’ are oriented
perpendicular to the convective region and spaced 5km apart.
Along the a-a’ transect (Fig. 14a), an upright convective region
extended from 0.5 to 5.5km ASL with a maximum width of
6km. Two updraft regions were located below 2.5km ASL and
above 4.5 km ASL at 13-18 km along the transect (Fig. 14a). The
preexisting updraft region shown in Fig. 13h was located to the
southeast of the convective region. This updraft region
extended from 1 to 6km ASL with a maximum width of
14km, and included an area of intense updrafts (stronger than
4ms~!) above 2.5km ASL. The maximum height of 40 dBZ
reflectivity exceeded 6 km ASL in the intense updraft region. At
this time, the downdraft region was located on the northwest-
ern side of the convective region (0-15km). Along the b-b’
transect (Fig. 14b), 5km north of the a-a’ transect, the
convective region extended from 1 to 5km ASL with a
maximum width of 8 km. Downdrafts occurred below 5.5km
ASL, while updrafts occurred above 3km ASL over the land
area. The intense updraft region identified along a-a’ (Fig. 14a)
is not apparent along b-b’.

The c-c’ transect (Fig. 14c) is oriented parallel to the Jeju
Island coastline (Fig. 13a). As with the b-b’ section, the
convective region extended from 1 to 4.5km ASL, with
downdrafts prevalent below 5km ASL. Along the d-d’
transect (Fig. 14d), which is oriented parallel to the strong
southwesterly wind and located over the eastern slope of the
island (Fig. 13a), a concentrated narrow updraft region
extended from 1 to 6km ASL approximately 7-17 km along
the transect. This updraft region contained an area of intense
updrafts and a thin convective region (1.5km wide) that
extended from 2.5 to 3.5km ASL. The updraft region was
only localized ahead of the eastward-moving convective
region over the eastern slope of the island at 1km ASL and
higher.
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Fig. 13. Horizontal distributions of reflectivity and system-relative wind fields during the lee-side stage (0100-0130 LST). The shaded regions and contours are as
in Fig. 7. The locations of the vertical cross-sections shown in Figs. 14, 15, and 16 are indicated in (a), (b), and (c), respectively.

Selected vertical distributions of reflectivity and wind
fields at 0110 LST are presented in Fig. 15. The a-a’, b-b’, and
c—c’ transects are oriented parallel to the horizontal axis of
Fig. 13b and spaced at 5km interval from the eastern slope to
the northeastern coastal area of the island. Along the a-a’
transect (Fig. 15a), the convective region was tilted from
lower-west to upper-east, and extended from the surface to
7.5km ASL at 10-20km along the transect. Updrafts were
predominant within the convective region, including two
regions of intense updrafts (the darkest shading). One intense
updraft region was located above 2 km ASL, at the west side of
the convective region near 8-15km. Another intense updraft
region was located above 3.5km ASL near 15-25km, and
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included a relatively tall convective region that extended up to
7.5km ASL. Along the b-b' transect (Fig. 15b), 5km north of a-a
', the convective region was dominated by downdrafts. A
narrow updraft region was located at 8-10km along the
transect with a vertical extent from 1 to 3.5 km ASL. To the east
of this narrow updraft region, the convective region extended
from the surface to 6km ASL with a maximum width of 7 km.
To the east of this convective region, another updraft region
was located at 20-32km above 2km ASL, including a short
convective region between 2 and 4km ASL. The maximum
height of 40 dBZ reflectivity in this updraft region was 5.5km
ASL. Along the c-c’ transect (Fig. 15c¢), 5km north of b-b’, the
convective region was even further diminished. This convective
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Fig. 14. Vertical cross-sections of reflectivity and system-relative wind fields at 0100 LST. The locations of the transect lines are shown in Fig. 13a. Transects a-a’
and b-b’ are oriented perpendicular to the precipitation system. Transect c-c’ is oriented parallel to the Jeju Island coastline. Transect d-d’ is oriented parallel to
the southwesterly wind. The shaded regions and contours are as in Fig. 8. Thick downward arrows on the horizontal axes in (b) and (d) indicate the locations of

the coastline along these transects.

region extended from 2 to 4km ASL with maximum width of
4km, and was dominated by downdrafts. The updraft region was
very small, and is barely discernable in Fig. 15c.

The d-d’ transect (Fig. 15d) is oriented parallel to the
strong southwesterly wind and passes through the center of
the convective region. The convective region was horizontal-
ly extensive along this transect, with a maximum width of
20km. A relatively short convective region (1 to 3km ASL)
was located at 0-10km, over the eastern slope of the island.
Updrafts were prevalent in this region above 2km ASL,
including an area of intense updrafts between 3 and 4km
ASL. This updraft region extended upward and northeast-
ward, with another area of intense updrafts above 5.5km ASL
at 12-13km. A relatively tall convective region (6km ASL)
was located adjacent to this area of intense updrafts. Another
narrow updraft was located in 4-6km ASL at 20km,
coincident with another peak in the height of the convective
region (6km ASL). Downdrafts were prevalent below 6km
ASL in the convective region at 10-17km (Fig. 15d). The e-e’
transect (Fig. 15e) is oriented perpendicular to the convec-
tive region. Downdrafts dominated the convective region
below 6km ASL along the e-e’ transect. A relatively wide
updraft region (15km) was located above 2km ASL to the
southeast of the convective region.

Figs. 14 and 15 indicated that the convective region
strengthened significantly as it passed over the preexisting
intense updraft region on the eastern slope of the island.

Fig. 16 shows vertical cross-sections along the a-a’, b-b’,
c-c’/, and d-d’ transect lines at 0120 LST, when the convective
region moved to the eastern coastal area of the island. The
locations of the transect lines are indicated in Fig. 13c. The a-
a’, b-b’, and c-c’ transects are oriented parallel to the Jeju
Island coastline and spaced at 5km intervals. Along the a-a’
transect (Fig. 16a), updrafts were prevalent above 2km ASL
between 15 and 20km. This region included an area of
intense updrafts located above 3.5km ASL over the land area.
Convective region was located above 4.5km ASL adjacent to
the intense updrafts. The intense updraft and convective
regions identified along the a-a’ transect are not discernible
along the b-b’ and c-c’ vertical sections (Fig. 16b-c; 5
and 10km north of a-a’, respectively). The d-d’ transect is
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oriented parallel to the southwesterly wind along the
eastern slope of the island (Fig. 13c). Along the d-d’ transect
(Fig. 16d), the convective region extended from the surface
to 2km ASL with a downdraft region above it. Another
convective region extended from 4 to 5km ASL (14-16km). A
related updraft region that included intense updrafts was
located above 3.5km ASL to the southwest of the convective
region (5-15km).

During the lee-side stage, the convective region was
significantly enhanced by local conditions on the eastern
slope of the island. By contrast, the convective region that
passed off the northeastern shore of the island weakened and
dissipated. The significant enhancement of the convective
region on the eastern slope was driven by the convergence of
relatively weak westerly winds (6ms~') on the northeastern
slope and strong southwesterly winds on the eastern slope of
the island. These winds were consistent throughout the
lee-side stage, and induced a localized updraft region over
the eastern slope of the island. By contrast, the convective
regions over the northeastern coastal area and off the
northeastern shore were characterized by downdrafts and
homogeneous westerly winds (13ms™1).

5. Discussion

As presented in Sections 3 and 4, the convective region
within the elongated precipitation system on 6 July 2007
evolved differently depending on its relative location to Jeju
Island. The progression of this evolution can be divided into
three stages: approaching stage, lateral-side stage, and lee-side
stage. The structure and evolution of the portion of the
convective region closest the lateral and lee sides of the island
were different from those of the portion of the convective
region located offshore, farther from the island. The distin-
guished features are discussed to understand the enhancement
mechanism of the precipitation system for each of three stages.

5.1. Evolution during the approaching stage

During the approaching stage, the convective region of the
precipitation system (defined as the area of radar reflectivity
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greater than 45 dBZ) intensified significantly in the northwest-
ern coastal area of the island. This intensification was evident in
the expansion of the area of the convective region at 2km ASL
from 10 to 60km? (Figs. 6 and 7a-d), and is shown in further
detail in Fig. 17c as a time-height cross-section of maximum
reflectivity. The heights of reflectivity in excess of 44 dBZ
increased gradually from 0000 to 0020 LST in the N2 (Fig. 17c;
coast), N3 (Fig. 17b; offshore), and N4 (Fig. 17a; open sea)
analysis domains. In N2, reflectivity in excess of 40 dBZ was
observed up to 8km ASL, and the area of reflectivity greater
than 48 dBZ extended from the surface to 6 km ASL (Fig. 17c). A
schematic illustration of this process is shown in Fig. 18a. An
elongated updraft region (long hatched area in Fig. 18a) at the
west of the convective region drove the gradual enhancement
of the convective regions in N2, N3, and N4. This updraft region
was induced by the convergence of strong westerlies from the
western side and weak southwesterlies from the eastern
side of the precipitation system (Fig. 7f-g). The strong
enhancement of the convective region in N2 (Figs. 6, 7b-c,
and 17c) was driven by a localized updraft region (Fig. 7j-k;
short hatched area in Fig. 18a) located between the southern
part of the precipitation system and the island. This updraft
region was related to an acceleration of southwesterly winds
(Figs. 8a-b, e, 9f and i). The accelerated southwesterly
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winds in N2 appeared to correspond to the occurrence of
strong reflectivity (50 dBZ) at altitudes above 4km ASL in
N3 (Figs. 8c, 9h and 17b).

As the precipitation system approached the island, the
accelerated southwesterly winds and related updraft region
between the system and the island appeared to have been
essential to the significant enhancement of the system in the
coastal area. This result is consistent with the results of a
previous study by Wang et al. (2005). In their study,
southwesterly winds prevailed offshore of the isolated,
elliptical mountainous island of Taiwan. The approach of a
convective line toward northwestern shore of the island with
a Froude number (Fr) of 0.25 accelerated the southwesterly
wind and generated a localized updraft region between the
southern edge of the convective line and the high terrain of
the island. As a result, the southern part of the convective line
intensified significantly, particularly compared to the north-
ern part. Though Jeju Island has relatively small horizontal scale
compared to Taiwan, with a similar Fr (0.2), the acceleration of
the southwesterly wind and the generation of an updraft region
between the precipitation system and the mountainous terrain
are common elements to both locations. These elements appear
to be crucial for the enhancement of a system approaching an
elliptically-shaped topographic feature.
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The localized updraft region was sustained by a relatively
weaker southwesterly wind even after the convective region
arrived on the northwestern part of the island (Figs. 7h, I, and
9f), inducing the continued enhancement of the portion of
the convective region that was located over the coastal area.
This importance of a southwesterly wind over the north-
western part of the island was also found by Lee et al. (2010).
In their study, which identified a Fr of 0.55, winds were
rerouted both horizontally and vertically around Jeju Island.
A portion of the horizontally-rerouted wind played an
important role in enhancing rainfall over the northwestern
part of the island by converging with the predominant
westerly winds to generate a local updraft. In this study, in
which Fris 0.2, the prevailing westerly winds are expected to
be rerouted to travel around the mountain over the
northwestern part of the island, generating southwesterly
winds. These southwesterly winds provide a plentiful supply
of moist air to the convective region at low altitudes. The
local updraft induced by convergence of the predominant
westerly and terrain-induced southwesterly winds therefore
appears to play an important role in maintaining the
enhancement of the precipitation system over the north-
western coastal of the island.

5.2. Evolution during the lateral-side stage

Following its intensification in the northwestern coastal
area of the island, the convective region maintained its
intensity as it moved along the northern lateral side of the
island. The horizontal area of the convective region was
consistently 60-65km? at 2km ASL during this stage of the
system's evolution (Figs. 6 and 10a-b). Moreover, the height
of reflectivity in excess of 48 dBZ was approximately 6km
ASL during the lateral-side stage, the same as that found
during the approaching stage (Fig. 17c). The schematic
illustration of this stage is shown in Fig. 18b. While the
convective region was located on the northern lateral side of
the island, the terrain-induced southwesterly winds extend-
ed to the northern part of the island. This extension
maintained the supply of low-altitude moist air to the
convective region. The generation and maintenance of local
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updrafts by the convergence of the predominant westerly
and terrain-modified southwesterly winds allowed the
convective region to retain its intensity (Figs. 10c-f, 11a-b,
12f, and 18b). This continuous upward air motion corre-
sponds to the area of reflectivity in excess of 50 dBZ above
5km ASL in N2 (Fig. 17¢).

5.3. Evolution during the lee-side stage

During the lee-side stage, the area of the convective
region at 2km ASL in N1 increased significantly over the
eastern slope of the island, from 15 to 55km? (Figs. 6 and
13a-c). This significant enhancement of the convective
region is shown in Fig. 17d and illustrated schematically in
Fig. 18c. The height of 40 dBZ reflectivity increased to 7.5km
ASL and that of strong reflectivity (48 dBZ) increased to 4km
ASL (Fig. 17d). A locally generated stationary updraft region
was important for the significant enhancement of the
convective region on the lee side of the island (Figs. 13h-i,
14a, d, 153, d, and 18c). This stationary updraft region was
generated by the convergence of weak westerlies from the
northern part of the island and strong southwesterlies from
the southeastern slope of the island (Figs. 13e-f, 18c). The
relatively strong southwesterly winds (which blew over
mountain ridges with elevations of less than 500m) provided
plentiful moisture to the convergence zone and related
updrafts. Although the wind field observations are restricted
on the southern slope of the mountain due to the limited
observational range of the dual-Doppler radars, the updraft
region induced by these relatively strong southwesterly
winds can be inferred from the following. First, the local
updraft region on the eastern slope of the island existed
prior to and ahead of the eastward-moving convective
region (Figs. 13h-i, 14a, d, 15a, and d). This updraft region
was continuously observed as the convective region
approached the eastern part of the island. Second, as the
convective region passed the locally generated updraft
region on the eastern slope, the convective region extended
southwestward at 2km ASL (Figs. 13a-b and 15d). This
enlarged area of the convective region at 2km ASL from 15 to
55km? over the eastern part of the island (Fig. 6). The plentiful
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supply of moist air at low altitudes and the stationary local
updraft reinforced the convective region. Third, the region of
intense updrafts was extended to the northeastern slope of the
island by the strong southwesterly winds, as evidenced by the
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area of high reflectivity (greater than 50 dBZ) located at
relatively high altitude (~7 km ASL) in the northeastern coastal
area of the island (N2, Fig. 17¢).

This study finds that the convective region re-intensified
on the lee-side of the island. This is in contrast to the results
of Lee et al. (2010), who described a precipitation system that
dissipated as it moved to the lee side of Jeju Island on 30 June
2006. Their results showed relatively strong ambient west—
southwesterly winds at low altitudes with a Fr of 0.55. Under
these conditions, a portion of the wind passed over the
mountain, generating a downdraft region over the northeast-
ern part of the island. These downdrafts cut off the low-level
moist air provided by a portion of horizontally-rerouted winds.
The convective region moved toward this preexisting down-
draft region on the lee-side of the island, then dissipated.
Comparison of the results of this study with those of Lee et al.
(2010) suggests that, even in similar moist rainy season
conditions with similar ambient west-southwesterly winds,
the two precipitation systems evolved differently as they
reached the lee-side of the island. These different system
evolutions may be explained by differences in the low-level
wind speeds. The relatively weak low-level winds (Fr=0.2) in
this study detoured horizontally and arrived over the lee-side
of the island generating updraft region with relatively strong
southwesterly winds from the southeastern part of the island.
These winds resulted in a locally generated updraft region.
These conditions induced an intensification of the convective
region on the lee-side of the island. In the study by Lee et al.
(2010), relatively strong low-level winds (Fr=0.55) resulted
in a partial vertical detour of the winds over the central
mountain. This generated a dry downdraft on the northeastern
(lee) slope of the mountain, which in turn resulted in the
dissipation of the convective region as it reached the lee-side of
the island. These results suggest that the speed of the ambient
west-southwesterly winds at low altitudes is an important
parameter for determining the evolution of the convective
region on the lee-side of the island.

The key points of this paper are summarized below.

1) A preexisting elongated precipitation system (oriented
southwest-northeast) and an isolated elliptical mountain
on Jeju Island (oriented west-east) induced accelerated
southwesterly winds, convergence, and localized updrafts
off the northwestern shore of the island as the system
approached. Moist atmospheric conditions at low alti-
tudes during the rainy season and the localized updraft
between the system and the island combined to cause a
dramatic enhancement in the southern part of the
precipitation system.

The isolated elliptically-shaped terrain of Jeju Island
played a role in modifying the low-level wind with a
relatively low Fr of 0.2. The horizontal rerouting of the
wind at low altitudes by the terrain worked in concert
with low-level moist air during the rainy season, resulting
in further enhancement of the convective region as the
system passed over the northwestern part of the island.
The terrain-modified low-level winds provided a plentiful
supply of moist air into the enhanced convective region as
the precipitation system passed around the northern part
of the island. These environmental conditions acted to
maintain the intensity of the convective region.
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4) Relatively strong southwesterly wind coming over the
southeastern slope of the island (height less than 500m)
generated a stationary local updraft over the eastern part
of the island. The convergence of the relatively strong and
moist southwesterly winds with the prevailing westerly
winds caused the convective region to again intensify
significantly as it passed over the lee-side of the island.

In summary, an elongated precipitation system associated
with a stationary front evolved in remarkable ways as it
passed over the northern side of Jeju Island on 6 July 2007. On
particularly noteworthy point is the persistence of the
convective region that passed near the island compared to
that the persistence of the convective region that passed
over the sea off the northern coast of the island. The
terrain-modified wind provided a plentiful supply of moist
air to the northern side of the island. This supply of moist air
by strong southwesterly flow also played an important role in
the further intensification of the convective region on the
lee-side of the island. Comparison of these results with those
of Lee et al. (2010) suggests that a moist environment and
ambient west-southwesterly winds are well organized when
a stationary front is located off the northern shore of Jeju
Island. These ambient conditions are favorable for triggering
the intensification of a convective region on the northern
lateral side of an elliptical mountain with a steep slope. Even
in similar environmental conditions, the speed of the
ambient low-altitude wind plays an important role in
determining the evolution of the system on the lee-side of
the island. Further studies into what determines the evolu-
tion of precipitation systems on the lee-side of this island will
be necessary using both observational data and numerical
simulations.

6. Conclusions

An elongated precipitation system strengthened signifi-
cantly on the northern lateral and lee sides of an isolated
mountain on Jeju Island on 6 July 2007. At 0300 LST, a
stationary front (the Changma/Baiu/Meiyu front) was located
slightly north of the island. The RH at 950hPa in the vicinity
of the island was relatively high (greater than 94%).
Upper-air sounding data indicates that approximately 65%
of the atmospheric moisture content (PW, 42kgm~2) was
concentrated at low levels (below 700hPa).

Detailed 3-dimensional radar data indicates that the
isolated mountain and elliptical shape of Jeju Island modified
the prevailing winds, generating local updrafts. These local
updrafts played an important role in intensifying the
southern part of an elongated precipitation system as it
passed around the northern part of the mountain in a moist
ambient environment.

As the system approached the island from the northwest,
southwesterly winds accelerated and induced regional
updrafts between the southern part of the system and the
island. These updrafts were a crucial component in the initial
significant enhancement of the convective region. Further-
more, the isolated and elliptical terrain of Jeju Island
modified the low-level wind blowing around the terrain
with a relatively low Fr of 0.2. This modification of the
low-level winds drove the further intensification of the
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convective region, as the rerouted winds provided a steady
supply of moist air to the convective region. After this
intensification, the convective region moved to the northern
lateral side of the island. The modification of the prevailing
winds by the terrain was most consistently observed on the
northern lateral side of the island; this configuration of the
low-level winds allowed the convective region to retain its
intensity. The convective region then moved to the lee-side
of the island, where it again intensified significantly. Weak
westerlies from the northern lateral side of the island and
stronger, moist southwesterlies from the southeastern slope
of the island induced a local updraft region over the lee-side
of the island. The second enhancement of the convective
region occurred as it passed over these locally generated
updrafts.

The eastward-moving precipitation system of 6 July 2007
was enhanced locally and significantly on the lateral and lee
sides of Jeju Island by orographically generated updrafts. This
enhancement took place under the prevailing moist environ-
ment during the rainy season. This moist environment and
the ambient west-southwesterly winds observed throughout
the passage of this system are well-organized features when
a stationary front is located off the northern shore of Jeju
Island. These conditions favor the significant enhancement of
precipitation systems as they pass along the northern coast of
Jeju Island.
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