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Abstract 23 

 24 

On July 13, 2012, the bow echo was observed over the lee side of the Mt. Halla 25 

(1950 m above sea level) on Jeju Island, Korea. Three-dimensional wind-field and 26 

surface observation analyses were carried out to understand the structure and 27 

evolution of convective system with bow echo on the bell-shaped terrain. The 28 

northeastward-moving convective system passed over the approximately bell-29 

shaped, isolated mountain with a mean speed of 17 m s-1. On the windward side of 30 

the mountain, the convective system developed by the inflow of unstable warm air 31 

from the ocean and terrain-induced upward motion, even with a low CAPE value of 32 

511 J kg-1. When passing the lee side of the mountain, the bow echo was formed in 33 

the convective system by the strongest winds behind the bow echo. Behind the 34 

leading edge of the bow echo, the strengthened rear-inflow jet (RIJ) descended with 35 

relatively dry air along the surface, resulted in enhancing evaporative cooling. The 36 

precipitation-induced downdrafts generated a cold pool on the lee side of mountain. 37 

The development of an RIJ and cold pool formation both contributed to the evolution 38 

of the bow echo. In addition, the isolated bell-shaped terrain had a major indirect 39 

influence on the evolution of convective system with bow echo in this event. 40 

 41 

Keywords bow echo, rear inflow jet, cold pool, terrain 42 

43 
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1. Introduction 44 

Bow echoes typically occur during the warm season over the Great Plains in 45 

the United States, producing severe weather phenomena such as damaging 46 

downburst winds, tornadoes, and heavy rainfall (Klimowski et al. 2004; Davis et al. 47 

2004; Atkins et al. 2005; Keene and Schumacher 2013). Severe bow echo events can 48 

cause significant damage to human lives and property (e.g., Johns and Hirt 1987; 49 

Przybylinski 1995; Weisman 2001; Trapp et al. 2005; Peng et al. 2013).  50 

Bow echoes, which are characterized by a bow-shape on radar echo patterns, were 51 

first detailed by Fujita (1978). He examined the morphological evolution of bow echoes 52 

using a conceptual model based on radar reflectivities. As shown in Fig. 5.2 in Fujita 53 

(1978), the temporal stages of an evolving bow echo can be classified into a strong, 54 

tall echo; a bow echo; and a comma echo. Bow echoes are observed to have lifespans 55 

ranging from tens of minutes to several hours with spatial extents ranging from tens to 56 

a few hundreds of kilometers (Fujita 1978; Klimowski et al. 2004; Trapp et al. 2005). 57 

At an early stage, a convective system begins to develop from single convective cells 58 

that are either isolated or embedded within a larger system, such as a squall line. The 59 

convective system then evolves into a bow-shaped line segment associated with 60 

strong surface winds. At its greatest intensity, the convective system exhibits a bow-61 

shaped echo, forming cyclonic circulation (CC) and anticyclonic circulation (AC) on the 62 

bookends. At the final stage, the bow echo develops into a comma echo, which 63 

maintains a CC at one edge point and a weak AC at the other bookend of the bow 64 

echo. 65 

The kinematic features of bow echoes are the tilted updrafts and downdrafts, mid-66 

level rear-inflow jets (RIJs), gust fronts, and a low-level cold pool. Weisman (1993) 67 
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used idealized simulations of bow echoes to explore the development of tilted updrafts 68 

and downdrafts, mid-level RIJ, in response to the aloft buoyant front-to-rear ascending 69 

current, and the backward-spreading cold pool at the surface. In favorable long-lived 70 

bow echoes, a convective cell develops in the unstable atmospheric condition 71 

(convective available potential energy, CAPE >2000 J kg-1) as well as within the strong 72 

low-level vertical wind shear >20 m s-1 below 2.5 km (e.g., Weisman 2001). As a result, 73 

the RIJ can reach remarkable strength and descend behind the gust front, resulting in 74 

straight-line winds of up to 30–50 m s-1. However, the environment described above is 75 

not a strict requirement, as bow echoes can also form in the presence of lower 76 

instability (e.g., Jorgensen et al. 1997). 77 

Additionally, cyclonic and anticyclonic vortices in the middle troposphere are unique 78 

features across the RIJ behind the bow-shaped line segment (referred to as “bookend 79 

vortices”; Weisman 1993). During the mature stage of a bow echo, the counter-rotating 80 

circulations are the result of baroclinically generated vortices at the bookends of 81 

leading edge of the cold pool. This pair of vortices strengthens the RIJ and initiates 82 

the bending process. Because of the Coriolis effect, the cyclonic (anticyclonic) vortex 83 

becomes dominant (suppressed) within a few hours, leading to a comma shape at a 84 

later stage. 85 

Recent studies have actively investigated how bow echo interacts with mountains 86 

(Keighton et al. 2007; Letkewicz and Parker 2010), since complex terrains play an 87 

important role in the enhancement and dissipation of bow echo. One study reported 88 

that mesoscale convective systems (MCSs) that crossed the Appalachian Mountains 89 

caused severe weather on the lee side of the terrain (Letkewicz and Parker 2010). 90 

MCSs can also dissipate on encountering the mountains, depending on the 91 
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environmental conditions. Letkewicz and Parker (2010) analyzed the difference of 92 

environmental characteristics between “crossing” and “non-crossing” MCSs (including 93 

bow echo cases) as they encountered the Appalachian Mountains. Analysis of 94 

radiosonde data revealed that crossing cases were characterized by environment with 95 

higher instability for the maintenance of MCSs. The crossing cases also tended to 96 

occur when vertical wind shear and mean wind were weak on the downstream side. 97 

Although the kinematic features of bow echoes have been actively 98 

investigated in recent decades, most of these studies have been based on 99 

events in the United States during the warm season. Few studies have been 100 

performed on the environmental features of bow echoes in East Asia. Chen et al. 101 

(2007) investigated the environment and evolution of a wintertime bow echo near 102 

Taiwan using single-Doppler radar. The evolution of the bow echo in the 103 

subtropical and maritime environment was generally consistent with the results 104 

of Weisman (1992, 1993), although it was characterized by moderate instability 105 

(with a CAPE of 1288 J kg-1) and by strong low-level vertical wind shear (28 m s-106 

1 at the height of 0–3 km). Peng et al. (2013) studied a bow echo that occurred 107 

in southern China. Their analysis of the bow echo structure confirmed the 108 

appearance of an RIJ; however, a bookend anticyclonic feature was not clearly 109 

present during the lifecycle. As for the structure of bow echo, a warm, moist 110 

southwesterly low-level jet (LLJ) converged with the cold air, which was 111 

associated with a low-level shear line or a cold front, in the unstable 112 

environmental condition. Although certain studies have reported on the structure 113 

and environmental characteristics of bow echoes, studies on bow echoes with 114 

topography in East Asia are relatively scarce. 115 
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In this paper, we analyzed the structure and evolution of the convective system with 116 

bow echo on Jeju Island. At 12:40 LST (LST = UTC + 9 h) on 13 July 2012, the part of 117 

convective system that becomes a bow shape was observed on northeastern area of 118 

Jeju Island (width, 35 km; length, 78 km, height, 1950 m), Korea. The convective 119 

system moved from the southwest to the northeast on Jeju Island. The heavy rainfall 120 

was caused by the convective system on the windward side of Mt. Halla, and the bow-121 

echo and strong gust (17.9 m s-1) was observed while the convective system with bow 122 

echo was passing over the Mt. Halla. The length of bow echo at the 12:40 LST was 123 

about 60-80 km (meso-ß scale). The environmental features of this convective system 124 

with bow echo that interacts with local terrain were investigated by using observational 125 

data. As far as authors know, it is the first report to show the structure of convective 126 

system with bow echo in Korea. 127 

The rest of this paper is organized as follows. The data and analysis methods are 128 

summarized in Section 2 and an overview of the synoptic environment is described in 129 

Section 3. In Section 4, we discuss the radar echo characteristics. The surface weather 130 

conditions are investigated in Section 5. The kinematic structure of the convective 131 

system with bow echo is presented in Section 6, and the enhancement and 132 

maintenance of the bow echo are described in Section 7. A discussion and summary 133 

of the results are presented in Section 8. 134 

 135 

2. Data and analysis methods 136 

2.1 Data 137 

A detailed analysis of the synoptic conditions in this study was performed using 138 
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observational and model-based data. The synoptic conditions were described using 139 

the National Centers for Environmental Prediction-National Center for Atmospheric 140 

Research (NCEP-NCAR) global reanalysis dataset from July 13, 2012, which contains 141 

measurements taken every 6 h at 03:00, 09:00, 15:00, and 21:00 LST with 2.5°  142 

2.5° horizontal resolution and 17 vertical levels (Kalnay et al. 1996). In addition, hourly 143 

infrared images from the Multi-functional Transport Satellite (MTSAT-IR) were 144 

obtained from the Weather Satellite Image Archive at Kochi University, and used to 145 

examine the features of convection distribution with a grid spacing of 0.05°  0.05° 146 

(Kochi University 2012). The surface weather map was provided by Japan 147 

Meteorological Agency (JMA).   148 

The primary datasets used in this study were provided by operational S-band 149 

Doppler radars of the Korea Meteorological Administration (KMA), which are installed 150 

at Gosan (GSN, 33.29°N, 126.16°E, 103 m asl) and Seongsanpo (SSP, 33.38°N, 151 

126.88°E, 72 m asl). Both radars provide volumetric distributions of reflectivity and 152 

radial velocity at an interval of 10 min. The Nyquist velocities of the radars are 15.91 153 

m s-1 (GSN) and 16.31 m s-1 (SSP), covering an observation radius of 150 km at the 154 

height of 2.5 km on Jeju Island.  155 

Radar volume scans were taken at 15 elevation angles (0.5°, 0.6°, 0.8°, 1.0°, 1.5°, 156 

2.0°, 2.5°, 3.5°, 4.5°, 6.0°, 7.8°, 10.5°, 13.7°, 18.1°, and 24.0°) and interpolated onto 157 

a Cartesian coordinate system with horizontal and vertical grid intervals of 1 km and 158 

0.25 km, respectively. A Cressman-type weighting function was used for the 159 

interpolation (Cressman 1959). The SSP radar was located at 66.64 km east and 10.3 160 

km north of the GSN radar. The domain had dimensions of 361 × 361 km2 and 61 161 
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levels in both horizontal and vertical directions. The locations and observation radii of 162 

the radar are indicated in Fig. 1.  163 

Surface weather data from 23 KMA stations, 1 Pukyong National University (PKNU) 164 

station and surface rain gauges from 13 PKNU stations on and around Jeju Island 165 

were collected during the field observation period (locations shown in Fig. 2). Surface 166 

observations of rainfall, temperature, winds and humidity were available at 1-min. 167 

interval. 168 

In addition, upper-air sounding observations were performed at GSN to investigate 169 

the atmospheric thermodynamic conditions around Jeju Island. We calculated various 170 

atmospheric parameters including CAPE, convective inhibition (CIN), the lifting 171 

condensation level (LCL), precipitable water (PW), and the Froude number (Fr) (Table 172 

1). Fr, a parameter describing the flow stability over topography, was obtained from 173 

the relation Fr = U/Nh, where U is the vertical mean wind speed perpendicular to the 174 

main axis of a mountain (from the ground surface to the peak of Mt. Halla), h is the 175 

maximum terrain height, and N is the Brunt-Väiälä frequency. N is defined as N2 = 176 

(g/θ)(dθ/dz), where θ is potential temperature, g is the local gravity acceleration, and 177 

z is geometric height. When Fr is higher than 1.0, the airflow can easily rise and move 178 

over the slope of the mountain, but when it is lower than 0.5, the airflow becomes 179 

blocked and is diverted around the mountain (Smolarkeiwicz et al. 1988; 180 

Smolarkeiwicz and Rotunno 1989, 1990). 181 

 182 

2.2 Three-Dimensional variation method 183 

A dual-Doppler synthesis between the GSN and SSP radars was performed to 184 

obtain the three-dimensional (3-D) wind fields of the convective system with bow echo 185 
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as it passed on Jeju Island. A variational method by Gao et al. (1999, 2004) was used 186 

to estimate 3-D wind components from the radial velocity data of two Doppler radars. 187 

This method computes the optimal u, v, and w components at the minimum cost 188 

function without taking into account the effects of topography. Thus, this method 189 

cannot be applicable for analyzing low-level updrafts in this case event. To obtain a 190 

3-D wind field that includes vertical velocities in high-terrain regions and along 191 

the baseline that is difficult to recover wind fields, we adopted a newly designed 192 

algorithm developed by Liou and Chang (2009) and Liou et al. (2012) using dual-193 

Doppler radar observation data and outputs from mesoscale model (used herein 194 

Cloud-Resolving Storm Simulator; CReSS, Tsuboki and Sakakibara 2002) as a 195 

background winds. Liou and Chang (2009) developed a multiple-Doppler radar 196 

wind synthesis method in which the 3-D wind information is obtained at two time-197 

levels by minimizing a cost function through repeated variations. The main 198 

constraints placed on this cost function are the multiple-radar radial velocity 199 

observations, an anelastic continuity equation, a vertical vorticity equation, a 200 

background wind field, top and bottom boundary conditions for the winds, and a 201 

smoothing filter. The background wind field, which can be obtained from CReSS 202 

outputs, is used to fill in radar data void region. Liou and Chang (2009) 203 

demonstrated that this method can recover the wind fields along and near the 204 

radar baselines (an imaginary line connecting two radars), and conducted a 205 

vorticity budget analysis. The extension of the immersed boundary method (IBM) 206 

based on a variational multiple-Doppler radar wind synthesis algorithm to 207 

construct 3-D wind fields over complex topography (Liou et al. 2012) was also 208 

adopted in this study. IBM can represent realistic topographic forcing without the 209 
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need to convert the Cartesian coordinates into a terrain-following coordinate 210 

system, while retaining the advantages of a multiple-Doppler radar wind 211 

synthesis method. Experiments using numerical and observation data (Liou and 212 

Chang 2009; Liou et al. 2012) showed that this method was capable of retrieving 213 

accurate horizontal winds and reasonable vertical velocity structure.  214 

 215 

3. Synoptic environment  216 

In this section, the synoptic conditions under which the convective systems with bow 217 

echo occurred around the mountain on Jeju Island are described. The surface weather 218 

map at 09:00 LST on July 13, 2012, with satellite–IR blackbody temperature (TBB) is 219 

presented in Fig. 3. The region of deep convection can be defined by cloud top 220 

temperatures of 230 K, corresponding to satellite–IR blackbody temperature (TBB) 221 

data (Sakurai et al. 2005). Jeong et al. (2016a) showed that the region of deep 222 

convection with TBB  230 K developed along the Changma front (Meiyu in China and 223 

Baiu in Japan). In this case, the Changma front of 126.5°E was oriented east-west 224 

along 36°N, and the deep convection with TBB  230 K appeared south of Changma 225 

front and the west of Jeju Island.  226 

The NCEP-NCAR reanalysis at the surface at 09:00 LST on July 13 indicated that 227 

a southwesterly low-level flow ( 8 m s-1) existed with a confluence between the low 228 

pressure and the subtropical high at western Pacific extension over the South China 229 

Sea (Fig. 4a). This pressure pattern is indirectly related to strong monsoonal 230 

southwesterly low-level flow with a confluence between the deepening low and the 231 

anticyclonic flow along the border of the subtropical high. At 850 hPa (Fig. 4b), an 232 

intense southwesterly flow with speeds exceeding the 12.5 m s-1, which is often used 233 
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as threshold value of LLJs, appeared (e.g., Chen and Yu 1988). The warm 234 

southwesterly monsoon flow was supplied to the region around the Jeju Island by a 235 

LLJ. The temperature advection (>3×10-4 K s-1) around the Jeju Island was higher than 236 

that in the surrounding areas and appeared to be continuously supplied with warm air 237 

from low latitudes. In addition, relatively strong west-southwesterly prevailing winds 238 

(>14 m s-1) according to increasing geopotential height gradient appeared near the 239 

eastern South Korea and Japan at 500 hPa (Fig. 4c). At 300 hPa, a westerly upper-240 

level jet (ULJ) streak of ≥30 m s-1 was found along about 38°N near eastern South 241 

Korea and Japan (Fig. 4d). The region around Jeju Island was located the southern 242 

side of the entrance region of ULJ. The direct thermal circulation was generated by 243 

the upward motion caused by warm air of southwesterly LLJ from the south and by the 244 

downward motion of relatively cold dry air originated from the westerly ULJ from the 245 

north (Uccellini and Johnson, 1979). This environment is a favorable synoptic 246 

condition for the convection development. 247 

The GOSAN sounding station is located on the western edge of Jeju Island (marked 248 

in Fig. 2). Prior to the convective system arrival on Jeju Island at 09:00 LST on July 249 

13, 2012, CAPE and CIN values of 511 J kg-1 and 93.2 J kg-1 were recorded 250 

respectively. These values are relatively smaller than those reported in previous 251 

studies. Weisman (1993) reported that shape of convective cells is likely to form bow-252 

shaped echo in an environment of large CAPE (>2000 J kg-1) in idealized modeling 253 

studies. The relatively low CAPE in this case suggests that the thermodynamic 254 

conditions were obviously different from those of previous bow echo cases. LCL was 255 

relatively low at the 946.2 hPa level, and the PW value calculated between the surface 256 

and the top of the sounding was high at 69.77 kg m-2 (Table 1). In addition, the Fr value 257 
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obtained from the GOSAN soundings was about 0.27 with U = 7.67 m s-1, N = 1.4 × 258 

10-2 s-1, and h = 1,950 m. Previous studies have investigated the environment flow 259 

with low-Fr (0.2, 0.4, 0.55) to analyze terrain-induced airflows on Jeju Island (Lee et 260 

al. 2010, 2012, 2014). Jeju Island has an isolated elliptically shaped terrain (oriented 261 

west-southwest to east-northeast), and mountain (Mt. Halla) is located in the center of 262 

the island. Idealized experiment results show that if Fr (> 0.2) in moist environment 263 

under southwesterly winds at low altitudes, low-level flow passes around the mountain, 264 

and terrain-induced dry descending air mass exists on the northeastern area (lee side) 265 

of Jeju Island (Lee et al. 2014). And this result suggests that the isolated elliptically 266 

shaped terrain influences the rainfall distribution around the Mt. Halla. (Lee et al. 2014).  267 

Figure 5 shows the distribution of accumulated rainfall amounts (mm) on Jeju Island 268 

from 11:00 LST to 13:59 LST on July 13, observed from the rain-gauge network (see 269 

marked in Fig. 2). The largest accumulated rainfall of 30 mm was located near the 270 

summit of Mt. Halla on Jeju Island. As mentioned, the Froude number on the windward 271 

side of Halla was as small as 0.27. However, once the condensation occurred due to 272 

the topography effect, it might cause the updraft, even if the Fr number is small. 273 

Namely, intense rainfall can occur by the condensation in the windward side of Mt. 274 

Halla. Most of accumulated rainfall over 20 mm was concentrated on the southwestern 275 

area of Jeju Island (marked by white dashed lines in Fig. 5). Additionally, more than 276 

20 mm of accumulated rainfall was recorded on the northeastern partial area. These 277 

relatively small rainfalls on the northeastern side of Mt. Halla suggest that the bow 278 

echo moved with the high speed there. 279 

 280 

4. Radar echo characteristics 281 
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On July 13, 2012, the convective system with bow echo was observed by 282 

composited radars on Jeju Island. To explain clearly the characteristics of the bow 283 

echo on Jeju Island, the morphological evolution of convective system with bow echo 284 

was presented using time sequences of the horizontal reflectivity in section 4.1 and 285 

the cyclonic and anticyclonic vortices associated with bow echo were analyzed using 286 

radial velocity in section 4.2.  287 

 288 

4.1 Evolution of the convective system 289 

The time sequences of the horizontal reflectivity fields at an elevation of 2.5 km are 290 

presented in Fig. 6 to illustrate the morphological evolution of the convective system 291 

with bow echo. During an early stage at 11:00 LST, the convective system with isolated 292 

echo with a horizontal scale of 10–35 km was observed on the southwestern side of 293 

Jeju Island.  294 

The northeastward-moving isolated echo approached the southwestern shore of 295 

Jeju Island (11:30 LST, Fig. 6) and became more intense and extended the convective 296 

area (above 45 dBZ) at the southwestern areas of Jeju Island (12:00 LST, Fig. 6). At 297 

12:40 LST, while passing the lee side of Mt. Halla, the bow echo was clearly observed 298 

with a scale of about 60-80 km (see dotted box, Fig. 6). The area of reflectivity 299 

exceeding 45 dBZ had a bow-shaped pattern. After passing through the Jeju Island, 300 

the convective system with bow echo began to decay as it moved oceanward over the 301 

northeastern side of Jeju Island (13:30 and 14:10 LST, Fig. 6). The evolution features 302 

of convective system with bow-echo around Jeju Island are morphologically consistent 303 

with those of Fujita’s conceptual model presented in Fig. 5.2 in Fujita (1978). 304 

 305 
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4.2 Bookend vortices in the bow echo 306 

A distinctive characteristic associated with bow echoes is a pair of mid-level cyclonic 307 

and anticyclonic vortices, known as “bookend vortices” (e.g., Weisman 1992, 1993; 308 

Weisman and Davis 1998). To examine these features (the bow echo at 12:40 LST), 309 

a 2.5 km CAPPI radial velocity obtained by the SSP radar was analyzed (Fig. 7). The 310 

small circle on Jeju Island marks the position of the SSP radar. In this chart, red colors 311 

(positive values from 1 to 23 m s-1) indicate winds moving away from the SSP radar 312 

(outbound wind) and blue colors (negative values from −1 to −23 m s-1) represent 313 

winds moving toward the radar (inbound wind).  314 

The two inbound and outbound relative velocity maxima appeared at the 315 

northwestern and southeastern bookends of the bow echo. At the northwestern 316 

bookend, a yellow region (1 ~ 7 m s-1) was adjacent to a bright blue region (−1 ~ −7 m 317 

s-1). This is a clear indicator that cyclonic rotation CC was present. A relatively bright 318 

blue region (−3 ~ −9 m s-1) appeared around the darker blue region (−9 ~ −18 m s-1) 319 

at the southeastern bookend. Although the anticyclonic rotation was relatively weak, 320 

the couple of weak inbound wind of -5 m s-1 and intense inbound wind of -10m s-1 was 321 

discernible.  322 

The conceptual model of bow echo presented by Fujita (1978) contains a pair of 323 

distinct cyclonic and anticyclonic vortices; however, the composite radar analysis in 324 

this study detected a dominant CC and a weaker AC. Contrary to Fujita’s conceptual 325 

morphology, this observational result indicates that bow echoes do not necessarily 326 

have a clear pair of vortices (Davis et al. 2004; Peng et al. 2013). Davis et al. (2004) 327 

observed a bow echo that lacked a dominant CC in the Doppler analysis. Additionally, 328 

Peng et al. (2013) used Doppler radar analysis to investigate a case in which no AC 329 
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appeared at the bookend of bow echo.  330 

 331 

5. Surface weather conditions 332 

To investigate the formation characteristics of the bow echo on the northwestern 333 

area of Jeju Island, the time series of surface meteorological observations was 334 

analyzed at the Seonheul site (marked in Fig. 2), which was at the lee side of Mt. Halla 335 

(Fig. 8). The time series of surface meteorological observations reveal that the surface 336 

wind direction changed from northerly to westerly after the passage of the gust front 337 

of bow echo. At 12:40 LST (observed time of bow echo, e.g., Fig. 7), the mean wind 338 

speed rapidly increased from 1.6 m s-1 (12:34 LST) to 12.6 m s-1 (12:41 LST) with a 339 

wind gust of 17.9 m s-1. And a sudden drop in the surface temperature from 25.8 °C 340 

(12:25 LST) to 21.3 °C (12:49 LST) was observed. This is consistent with other cases 341 

shown by Davis et al. (2004), Wakimoto et al. (2006), Chen et al. (2007), which 342 

discussed about characteristic of producing strong gusts, shifting wind direction, 343 

increasing wind speed and falling temperature during passage of bow echo at surface 344 

station. 345 

 346 

6. Kinematic structure of convective system with bow echo 347 

The kinematic characteristics of the convective system with bow echo were 348 

investigated using dual-Doppler radar analysis. Figures 9 and 10 illustrate the vertical 349 

structure and horizontal fields of the system-relative winds, horizontal divergence, and 350 

reflectivity at 12:00 and 12:40 LST on July 13. At 12:00 LST, the convective system 351 

moved to the western area of Jeju Island. The relative winds within the convective 352 
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system at 2.5 km asl on the windward side of Mt. Halla were mostly southwesterly (Fig. 353 

9a). Figures 9c and 9d display the vertical sections, of which directions are nearly 354 

parallel to the moving direction of convective system (along A-A’ in Fig. 9a). The top 355 

of the convective system with Z > 40 dBZ reached 7 km asl (Fig. 10c). The low level 356 

warm southwesterly flow from the ocean southwest of Jeju Island was converged near 357 

the leading edge of convective system (Fig. 9c). In addition to the airflow near the 358 

surface, the RIJ of which speed exceeds 8 m s-1 was found between the heights of 1 359 

and 3 km (Fig. 9c). The convergence with a magnitude of <−3 × 10-3 s-1 was found at 360 

~500 m asl and x = 30-35 km on the windward side of Mt. Halla (Fig. 9d). The position 361 

of this convergence suggests that the development of the convective system was 362 

mainly caused by the low-level southwesterly wind and that the convergence was 363 

enhanced by the terrain effects. 364 

In Fig. 10a, the horizontal Z distributions at 12:40 LST clearly show the leading 365 

convective line in the form of a bow shape with stratiform regions behind. The strong 366 

horizontal convergence along the leading edges with high Z values of >40 dBZ can be 367 

seen in Figs. 10b. In the vertical section (B–B’), which shows a slice across the center 368 

of the bow echo in Fig. 10c, the ascending front-to-rear flow from x = ~32 km to the 369 

rear side above ~6 km asl can be clearly observed. The descending RIJ toward the 370 

leading edge of the bow echo was found below 4 km asl at x = 25~30. Also noticeable 371 

is the vertical cross-section in Fig. 10d, which shows that maximum convergence 372 

reached -4 × 10-3 s-1 at the 2.5 km level. This position suggests that the convergence 373 

was caused by RIJ. These bow echo features identified in this study were similar to 374 

those depicted in Fujita’s conceptual model. 375 

Previous idealized modeling study showed that the development of a mid-level RIJ 376 
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is associated in creating a horizontal vorticity balance (Weisman 1993). The bookend 377 

vortices acted to accelerate RIJ and focus the system’s RIJ which led to gust front of 378 

the bow echo (Weisman 1993; Schenkman and Xue 2016). In observation study (Bow 379 

Echo and Mesoscale Convective Vortex Experiment, BAMEX), the development of RIJ 380 

was concurrent with the formation of a bow echo, bookend vortices, an increased 381 

dynamic pressure gradient beneath the rearward-tilted updraft (Davis et al. 2004; Grim 382 

et al. 2009). The system-relative winds in this case were strongest behind the leading 383 

edge of the bow echo and development of a mid-level RIJ was concurrent with a CC 384 

and an AC on the bookends, respectively (Figs. 10a and 10c). These features obtained 385 

in this study were consistent with the results of previous studies. 386 

 387 

7. Enhancement and maintenance of the bow echo 388 

To understand the enhancement and maintenance mechanisms of the bow echo, 389 

surface weather data are examined in more detail. Behind and within the areas of the  390 

bow echo, the precipitation-induced downdrafts can generate the evaporative cooling 391 

and spread cold air over the surface, resulting in a cold pool (e.g., Weisman and Klemp 392 

1986; Rotunno et al. 1988; Weisman et al. 1988; Weisman 1993; Keene and 393 

Schumacher 2013; Jeong et al. 2016b).  394 

Figure 11a indicates the 1-minute surface relative humidity distribution obtained by 395 

the horizontal interpolation of AWS data at 12:40 LST while the bow echo passed over 396 

the Jeju Island. The relative humidity distribution on the northeastern of Jeju Island 397 

was relatively lower than on the southwestern of Jeju Island. It indicated that the dry 398 

air in the northeastern area of Jeju Island was produced by the descending airflow of 399 

RIJ. Previous idealized modeling study associated with Jeju Island showed that 400 
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northeastern area of Jeju Island has relatively drier environment than southwestern 401 

area of Jeju Island under the influence of prevailing southwesterly moist flows with 402 

relatively low Fr (0.2 < Fr < 0.55; e.g. Table. 1; Lee et al. 2014). And also, numerical 403 

modeling studies showed that relatively dry environment favor intense cold-air 404 

production and strong cold pool development (Gilmore and Wichker 1998; James et 405 

al. 2005). The mid-level RIJ entrains relatively dry air into the downdraft, result in 406 

enhancing evaporative cooling (Goff 1978; Davis et al. 2004; Keene and Schumacher 407 

2013). Therefore, the relatively dry air in the northeastern side of Mt. Halla played an 408 

important role to form the cold pool through evaporative effect.  409 

Figure 11b shows the change in surface temperature with time using interpolation 410 

over AWS stations during the passage of the bow echo on Jeju Island. As mentioned 411 

in Section 5, the surface temperature decreased where the bow echo passed. The 412 

largest drop in surface temperature occurred in the northeastern part of Jeju Island, 413 

as shown in Fig. 11b. The surface temperature drop in this region was found to be 414 

above 5 °C from 11:00 LST to 13:59 LST. The maximum drop was 6.5 °C, which was 415 

observed at the Seonheul station (marked in Fig. 2). Therefore, it is certain that a cold 416 

pool existed over this area. 417 

To examine the dynamic role of the cold pool on influencing the bow echo, we 418 

utilized the Rotunno-Klemp-Weisman (RKW) theory (Rotunno et al. 1988). The RKW 419 

theory explains how environmental vertical wind shear (∆𝑢) and a cold pool can affect 420 

the bow echo structure and intensity. Yu and Tsai (2013) also studied cold pool 421 

dynamics using a diagnostic tool based on radar and surface observation data, 422 

originally suggested by Rotunno et al. (1988). They noted a relatively strong horizontal 423 

vorticity generated by the buoyancy gradient across the leading edge of cold pool, as 424 
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well as ∆𝑢, which is an important factor in producing the degree of tilting of the leading 425 

updraft. In this study, to further investigate the relative importance of the buoyancy 426 

gradient between the cold pool and ambient vertical wind shear (∆𝑢), we used the 427 

equation below from Yu and Tsai (2013). The buoyancy-generated vorticity (C) is 428 

formulated as 429 

C
𝑔
𝜃

∆𝜃 𝐻 (1)

where 𝜃   is the base-state potential temperature, ∆𝜃   is the surface cold pool 430 

potential temperature difference relative to the environment, and H is the cold pool 431 

depth. The vorticity induced by environmental shear can be represented by the vertical 432 

wind shear (∆𝑢) over the cold pool depth. Based on the study of Rotunno et al. (1988), 433 

when the magnitude of C is approximately equal to ∆ 𝑢 ("C≈∆ 𝑢 "), the cold pool and 434 

horizontal vorticity produced by environmental vertical shear will balance out each 435 

other, generating upright and deep updrafts with strong vortex stretching. When the 436 

magnitude of C is larger than ∆ 𝑢  (C>∆ 𝑢 ), the cold pool is more effective than 437 

environmental shear, and thus, the leading updrafts will tilt upshear. However, for 438 

C<∆ 𝑢, the cold pool has a weaker effect than the environmental shear, and thus, the 439 

updrafts will tilt downshear. 440 

In this study, the dynamic role of the cold pool was investigated by using surface 441 

station data of Seonheul and the 3-D wind field. Because the region around Seonheul 442 

is almost flat even though lee side of mountain, the RKW theory is applicable there. 443 

The mean ∆u value is between 4 and 8 m s-1 in the lowest layer up to 3 km asl when 444 

it is calculated from the 3-D wind field (Fig. 10c). In order to compare the magnitudes 445 

with ∆u, the C values were also calculated by considering the depth of the cold pool, 446 
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of which top height was 1~2 km (e.g., Yu and Tsai 2013). The computed C values 447 

ranged between about 12 and 17 m s-1 with ∆𝜃 = 4.5 K and 𝜃 = 298.5 K from the 448 

Seonheul surface station (252m asl) that was located behind the bow echo, as shown 449 

in Fig. 2. Thus, we found that the buoyancy-generated vorticity (C) was greater than 450 

the environmental vertical wind shear value (∆𝑢) and that the cold pool played an 451 

important role in tilting the updrafts upshear and generation of the bow echo on 452 

northeastern area of Jeju Island. As mentioned in Section 6, the ascending front-to-453 

rear flow, that is the upshear-tilting updraft, can be clearly seen at 12:40 LST. The 454 

importance of the buoyancy-generated vorticity and cold pool in this study is consistent 455 

with the upshear-tilting updraft in Fig. 10  456 

 457 

8. Discussion and summary 458 

The structure and evolution of convective system with bow echo on Jeju Island, 459 

Korea, on July 13, 2012, were investigated using dual-Doppler radar and surface 460 

observations. The environmental conditions and characteristic results of this study are 461 

summarized and discussed below.  462 

The synoptic and mesoscale analysis showed that a stationary front was located 463 

over the southern Korean Peninsula and that monsoonal southwesterly flows from low 464 

latitudes transported warm air toward Jeju Island, Korea. The supply of warm air by 465 

the southwesterly LLJ played a significant role in enhancing the convective system 466 

with bow echo. The region around Jeju Island is located the southern side of the 467 

entrance region of ULJ. In the region, direct vertical circulation with warm ascent in the 468 

south and cold decent in the north could be formed and given a favorable synoptic 469 

condition for the convection development. The CAPE value (511 J kg-1) was relatively 470 
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lower than 2000 J kg-1 in previous bow echo events (Weisman 1993; Davis et al. 2004) 471 

in upper sounding data. It indicated that the thermodynamic conditions were different 472 

from previous bow echo events.   473 

The 3-D wind fields and surface weather data are examined to explain the structure 474 

and evolution of convective system with bow echo in Jeju Island. The northeastward-475 

moving convective system passed over the approximately bell-shaped, isolated 476 

mountain with a mean speed of 17 m s-1. The convective system was developed by 477 

the inflow of unstable warm air from the ocean and terrain-induced upward motion on 478 

the windward side of the mountain (12:00 LST). On the lee side of Mt. Halla (12:40 479 

LST), the bow echo formed in the convective system and the strongest winds were 480 

seen behind the bow echo. In addition, a dominant CC and a weak AC were observed 481 

at the bookends of the bow echo. Behind the leading edge of bow echo, the intense 482 

RIJ descended along the surface, in relatively dry environment on the lee side of Mt. 483 

Halla. As a result of precipitation-induced downdrafts, cold pool formed on the lee side 484 

of Mt. Halla. The development of an RIJ and cold pool contributed to the evolution of 485 

the bow echo. This process of the bow echo enhanced by the terrain effect is the first 486 

analyzed result in the Korea obtained only by observation data. 487 

The kinematic features of the bow echo determined in this study were in general 488 

agreement with the result of previous bow echo event (Davis et al. 2004), although the 489 

unstable environmental conditions were differed from most US cases. In this study, 490 

the isolated bell-shaped terrain oriented from west-southwest to east-northeast is a 491 

crucial factor for the evolution of a convective system with bow echo. The RIJ in the 492 

system passing over the center of Island can get to strength on the lee side and 493 

descend with relatively dry air along the surface behind the bow echo. This evolution 494 



  

22 

 

of the convective system with bow-echo was consistent with that reported by Lee et al 495 

(2014), in which the topographic effects were explained by using the numerical 496 

simulations. Namely, terrain had a major indirect influence on the evolution of a 497 

convective system and the bow echo in this event. The future study using numerical 498 

model is required to understand the role of terrain on evolution of bow echo in various 499 

environments.   500 



  

23 

 

Acknowledgements 501 

The authors express their gratitude to three anonymous reviewers for 502 

constructive comments on an earlier draft of the manuscript. The authors thank Prof. 503 

Yu-Chieng Liou of National Central University for providing the immersed boundary 504 

method to a variational-based multiple Doppler radar wind synthesis algorithm code 505 

and fruitful advice. NCEP Reanalysis data was provided by the NOAA/OAR/ESRL 506 

PSD, Boulder, Colorado, USA, from their website at http://www.esrl.noaa.gov/psd. 507 

The MTSAT-1R satellite image was obtained by Weather Home, Kochi University 508 

(http://weather.is.kochi-u.ac.jp/). The authors thank KMA for providing Doppler radar, 509 

upper-air sounding, and surface observation data. This research was supported by the 510 

Korea Meteorological Institute under Grant KMI 2018-05410.  511 



  

24 

 

References 512 

Atkins, N. T., C. S. Bouchard, R. W. Przybylinski, R. J. Trapp, and G. Schmocker, 513 

2005: Damaging surface wind mechanism within the 10 June 2003 Saint Louis 514 

bow echo during BAMEX. Mon. Wea. Rev., 133, 2275–2296. 515 

Chen, G. T.-J., C.-C. Wang, and H.-C. Chou, 2007: Case study of a bow echo near 516 

Taiwan during wintertime. J. Meteor. Soc. Japan, 85, 233–253. 517 

Chen, G. T.-J., and C.-C. Yu, 1988: Study of low-level jet and extremely heavy rainfall 518 

over northern Taiwan in the Mei-Yu season. Mon. Wea. Rev., 116, 884–891. 519 

Cressman, G. P., 1959: An operational objective analysis system. Mon. Wea. Rev., 520 

87, 367–374. 521 

Davis, C., and Coauthors, 2004: The Bow echo and MCV Experiment: Observations 522 

and opportunities. Bull. Amer. Meteor. Soc., 85, 1075–1093. 523 

Fujita, T. T., 1978: Manual of downburst identification for project NIMROD. University 524 

of Chicago SMRP Research Paper 156, 104 pp. (online) available from 525 

<https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/19780022828.pdf>, 526 

(accessed 2018-07-03) 527 

Gao, J., M. Xue, A. Shapiro, and K. K. Droegemeier, 1999: A variational method for 528 

the analysis of three-dimensional wind fields from two Doppler radars. Mon. Wea. 529 

Rev., 127, 2128–2142. 530 

Gao, J., M. Xue, K. Brewster, and K. K. Droegemeier, 2004: A three-dimensional 531 

variational data analysis method with recursive filter for Doppler radars. J. Atmos. 532 

Oceanic Technol., 21, 457–469. 533 

Gilmore, M. S., and L. J. Wicker, 1998: The influence of midtropospheric dryness on 534 

supercell morphology and evolution. Mon. Wea. Rev., 126, 943–958. 535 



  

25 

 

Goff, R. C., 1976: Vertical structure of thunderstorm outflows. Mon. Wea. Rev., 104, 536 

1429–1440. 537 

Grim, J. A., R. M. Rauber, G. M. McFarquhar, B. F. Jewett, and D. P. Jorgensen, 2009: 538 

Development and forcing of the rear inflow jet in a rapidly developing and 539 

decaying squall line during BAMEX. Mon. Wea. Rev., 137, 1206–1229. 540 

James, R. P., J. M. Fritsch, and P. M. Markowski, 2005: Environmental distinctions 541 

between cellular and slabular convective lines. Mon. Wea. Rev., 133, 2669–2691. 542 

Japan Meteorological Agency, 2012: JMA Weather Charts, June 2012 (JMBSC CD-543 

ROM). 544 

Jeong, J.-H., D.-I. Lee, and C.-C. Wang, 2016a: Impact of the Cold Pool on Mesoscale 545 

Convective System–Produced Extreme Rainfall over Southeastern South Korea: 546 

7 July 2009. Mon. Wea. Rev., 144, 3985–4006. 547 

Jeong, J.-H., D.-I. Lee, C.-C. Wang, and I.-S. Han, 2016b: Characteristics of 548 

mesoscale-convective-system-produced extreme rainfall over southeastern 549 

South Korea: 7 July 2009. Nat. Hazards Earth Syst. Sci., 16, 927–939. 550 

Johns, R. H., and W. D. Hirt, 1987: Derechos: Widespread convectively induced 551 

windstorms. Wea. Forecasting, 2, 32–49. 552 

Jorgensen, D. P., M. A. LeMone, and S. B. Trier, 1997: Structure and evolution of the 553 

22 February 1993 TOGA COARE squall line: Observations of precipitation, 554 

circulation, and surface energy fluxes. J. Atmos. Sci., 54, 1961–1985. 555 

Kalnay, E., and Coauthors, 1996: The NCEP/NCAR 40-year Reanalysis Project. Bull 556 

Amer. Meteor. Soc., 77,437-472. 557 

Keene, K. M., and R. S. Schumacher, 2013: The bow and arrow mesoscale convective 558 

structure. Mon. Wea. Rev., 141, 1648– 1672. 559 



  

26 

 

Keighton, S., J. Jackson, J. Guyer, and J. Peters, 2007: A preliminary analysis of 560 

severe quasi-linear mesoscale convective systems crossing the Appalachians. 561 

Preprints, 22nd Conf. on Weather Analysis and Forecasting, Park City, UT, Amer. 562 

Meteor. Soc., P2.18. 563 

Klimowski, B. A., M. R. Hjelmfelt, and M. J. Bunker, 2004: Radar observations of the 564 

early evolution of bow echoes. Wea. Forecasting, 19, 727–734. 565 

Kochi University, 2012: GMS/GOES9/MTSAT Data Archive for Research and 566 

Education. Available online at: http://weather.is.kochi-u.ac.jp/archive-e.html 567 

(accessed July 2012). 568 

Lee, K.-O., S. Shimizu, M. Maki, C.-H. You, H. Uyeda, and D.-I. Lee, 2010: 569 

Enhancement mechanism of the 30 June 2006 precipitation system observed 570 

over the northwestern slope of Mt. Halla, Jeju Island, Korea. Atmos. Res., 97, 571 

343–358. 572 

Lee, K.-O, H. Uyeda, S. Shimizu, and D.-I. Lee, 2012: Dual-Doppler radar analysis of 573 

the enhancement of a precipitation system on the northern side of Mt. Halla, Jeju 574 

Island, Korea on 6 July 2007. Atmos. Res., 118, 133–152. 575 

Lee, K.-O, H. Uyeda, and D.-I. Lee, 2014: Effect of an isolated elliptical terrain (Jeju 576 

Island) on rainfall enhancement in a moist environment. Tellus A, 66, 1–23.  577 

Letkewicz, C. E., and M. D. Parker, 2010: Forecasting the maintenance of mesoscale 578 

convective systems crossing the Appalachian Mountains. Wea. Forecasting, 25, 579 

1179–1195. 580 

Liou, Y.-C., and Y.-J. Chang, 2009: A variational multiple– Doppler radar three-581 

dimensional wind synthesis method and its impacts on thermodynamic retrieval. 582 

Mon. Wea. Rev., 137, 3992–4010. 583 



  

27 

 

Liou, Y.-C., S.-F. Chang, and J. Sun, 2012: An application of the immersed boundary 584 

method for recovering the three-dimensional wind fields over complex terrain 585 

using multiple-Doppler radar data. Mon. Wea. Rev., 140, 1603–1619. 586 

Peng, X., R. Zhang, and H. Wang, 2013: Kinematic features of a bow echo in southern 587 

China observed with Doppler radar. Adv. Atmos. Sci., 30, 1535-1548. 588 

Przybylinski, R. W., 1995: The bow echo: Observations, numerical simulations, and 589 

severe weather detection methods. Wea. Forecasting, 10, 203–218. 590 

Rotunno, R., J. B. Klemp, and M. L. Weisman, 1988: A theory for strong, long-lived 591 

squall lines. J. Atmos. Sci., 45, 463–485. 592 

Sakurai, N., and Coauthors, 2005: Diurnal cycle of cloud system migration over 593 

Sumatera Island. J. Meteor. Soc. Japan, 83, 835–850. 594 

Schenkman, A. D., and M. Xue, 2016: Bow-echo mesovortices: A review. Atmos. Res., 595 

170, 1–13. 596 

Smolarkiewicz, P. K., R. M. Rasmussen, and T. L. Clark, 1988: On the dynamics of 597 

Hawaiian cloud bands: Island forcing. J. Atmos. Sci., 45, 1872–1905. 598 

Smolarkiewicz, P. K., and R. Rotunno, 1989: Low Froude number flow past three-599 

dimensional obstacles. Part I: Baroclinically generated lee vortices. J. Atmos. 600 

Sci., 46, 1154–1164. 601 

Smolarkiewicz, P. K., and R. Rotunno, 1990: Low Froude number flow past three-602 

dimensional obstacles. Part II: Upwind flow reversal zone. J. Atmos. Sci., 47, 603 

1498–1511. 604 

Trapp, R. J., S. A. Tessendorf, E. S. Godfrey, and H. E. Brooks, 2005: Tornadoes from 605 

squall lines and bow echoes. Part I: Climatological distribution. Wea. Forecasting, 606 

20, 23–34. 607 



  

28 

 

Tsuboki, K. and A. Sakakibara, 2002: Large-scale parallel computing of cloud 608 

resolving storm simulator. High Performance Computing, H. P. Zima et al., Eds., 609 

Springer, 243–259. 610 

Uccellini, L. W., and D. R. Johnson, 1979: The coupling of upper and lower 611 

tropospheric jet streaks and implications for the development of severe 612 

convective storms. Mon. Wea. Rev., 107, 682–703. 613 

Wakimoto, R. M., H. V. Murphey, A. Nester, D. P. Jorgensen, and N. T. Atkins, 2006: 614 

High winds generated by bow echoes. Part I: Overview of the Omaha bow echo 615 

5 July 2003 storm during BAMEX. Mon. Wea. Rev., 134, 2793–2812. 616 

Weisman, M. L., and J. B. Klemp, 1986: Characteristics of isolated convective storms. 617 

Mesoscale Meteorology and Forecasting, P. S. Ray, Ed., Amer. Meteor. Soc., 618 

331–358. 619 

Weisman, M. L., J. B. Klemp, and R. Rotunno, 1988: Structure and evolution of 620 

numerically simulated squall lines. J. Atmos. Sci., 45, 1990– 2013. 621 

Weisman, M. L., 1992: The role of convectively generated rear-inflow jets in the 622 

evolution of long-lived mesoconvective systems. J. Atmos. Sci., 49, 1826–1847. 623 

Weisman, M. L., 1993: The genesis of severe, long-lived bow-echoes. J. Atmos. Sci., 624 

50, 645–670. 625 

Weisman, M. L., and C. A. Davis, 1998: Mechanisms for the generation of mesoscale 626 

vortices within quasi-linear convective systems. J. Atmos. Sci., 55, 2603–2622. 627 

Weisman, M. L., 2001: Bow echoes: A tribute to T. T. Fujita. Bull. Amer. Meteor. Soc., 628 

82, 97–116. 629 

Yu, C.-K., and C.-L. Tsai, 2013: Structural and surface features of arc-shaped radar 630 

echoes along an outer tropical cyclone rainband. J. Atmos. Sci., 70, 56–72.  631 

632 



  

29 

 

List of Figures 633 

Fig. 1 Observation domain. Two Doppler radars at Gosan (GSN) and Seongsanpo 634 

(SSP), which are indicated by small open circles, cover a radius of 150 km (solid 635 

circles). The dashed circles depict the 30° dual-Doppler beam-crossing angles. 636 

The hatched area (pattern of diagonal lines) indicates the intersection angle (𝛽637 

 30°). Geographic map of the Korean Peninsula in East Asia is shown in a box 638 

at the upper-left corner and the observation domain in Jeju Island is shown in a 639 

box at the bottom-right corner. The shaded grey colors indicate the topography 640 

of the region in meters. 641 

Fig. 2 Geographic map of Jeju Island, Korea. Symbols indicate the positions of the 642 

radiosonde site (marked by star “ ”), the Automatic Weather System (AWS) 643 

stations operated by the Korea Meteorological Administration (KMA, marked by 644 

squares “ ” and diamonds “ ”) and by Pukyong National University (PKNU, 645 

marked by triangle “ ”), and the network of 13 PKNU rain-gauge stations 646 

(marked by circles “ ”). KMA_AWS_RH same as KMA_AWS, but it has a 647 

relative humidity sensor. The solid line contours show topography of Jeju Island 648 

(contour interval: 200 m). 649 

Fig. 3 Surface weather map with superimposed MTSAT-IR (cloud-top) blackbody 650 

temperature TBB (K) distributions (color shading) at 09:00 LST on July 13, 2012. 651 

The green-dotted box indicates around the Jeju Island.  652 

Fig. 4. NCEP-NCAR reanalysis of (a) horizontal wind vectors (m s-1, shading indicates 653 

speed) and pressure (hPa, contours) at mean sea level; (b) horizontal wind 654 

vectors (m s-1, shading) and temperature advection (10-4 K s-1, contours) at 850 655 

hPa; and (c)–(d) horizontal wind vectors (m s-1, shading) and geopotential height 656 
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(gpm, contour lines every 50 gpm) at (c) 500 and (d) 300 hPa for 09:00 LST on 657 

July 13, 2012. The core of the upper-level jet (ULJ) is also marked in (d). The 658 

national boundaries (Korea) is marked with a blue thin lines (thick lines) and the 659 

dotted boxes indicate around the Jeju Island.  660 

Fig. 5 Distribution of accumulated rainfall (mm) over 3 h on Jeju Island from 11:00 LST 661 

to 13:59 LST on July 13, 2012. The white dashed lines denote values greater 662 

than 20 mm at 5 mm intervals. The terrain contours are drawn as solid lines 663 

(contour interval: 200 m). 664 

Fig. 6 Time-sequential reflectivity fields at 2.5 km elevation from 11:00 LST to 14:10 665 

LST on 13 July 2012. Solid line contour show topography of Jeju Island (contour 666 

interval: 200 m). The dotted box at the bottom-right corner indicates bow echo. 667 

Fig. 7 CAPPI of radial velocity (m s-1, color shading) and reflectivity (dBz, contour) at 668 

the height of 2.5 km obtained by the SSP radar at 12:40 LST on July 13, 2012.  669 

The red color indicates winds moving away from the SSP radar (outbound winds) 670 

and blue color indicates winds moving toward the radar (inbound winds). The 671 

SSP location is indicated by a small circle, and red dashed circles indicate the 672 

inferred circulation. The dotted line contours show topography of Jeju Island 673 

(contour interval: 200 m). 674 

Fig. 8 Time series of temperature (°C), mean wind speed (m s-1), and wind direction 675 

from the Seonheul automated weather station. The peak gust speed is shown by 676 

the star. Wind speed is reported as 1-min running averages based on data 677 

collected every second. The peak wind gust is the highest 5-s average of wind 678 

speed values over the preceding 5 min. The area shaded in light gray represents 679 

the primary period of change. 680 
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Fig. 9 Horizontal distributions of (a) system-relative winds (arrows) and reflectivity 681 

(shading), (b) divergence (shading) and reflectivity (contour intervals of 5 dBZ 682 

starting from 35 dBZ) at a height of 2.5 km, and vertical cross-sections of (c) 683 

system-relative winds (arrows) and radar reflectivity (shading), (d) divergence 684 

(shading) and reflectivity (contour intervals of 5 dBZ starting from 35 dBZ) along 685 

A–A’ at 12:00 LST on July 13, 2012. 686 

Fig. 10 Same as Fig. 9 except but at 12:40 LST on July 13, 2012 and vertical cross-687 

sections along B–B’. 688 

Fig. 11 Distributions of (a) surface relative humidity at 12:40 LST on 13 July 2012, (b) 689 

temperature drop from 11:00 LST to 13:59 LST on July 13, 2012, on and around 690 

Jeju Island. Observed relative humidity and temperature drop values are marked 691 

at AWS station. The terrain contours are drawn as solid lines (contour interval: 692 

200 m).693 
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 694 

 695 

Fig. 1 Observation domain. Two Doppler radars at Gosan (GSN) and Seongsanpo 696 

(SSP), which are indicated by small open circles, cover a radius of 150 km (solid 697 

circles). The dashed circles depict the 30° dual-Doppler beam-crossing angles. 698 

The hatched area (pattern of diagonal lines) indicates the intersection angle (𝛽699 

 30°). Geographic map of the Korean Peninsula in East Asia is shown in a box 700 

at the upper-left corner and the observation domain in Jeju Island is shown in a 701 

box at the bottom-right corner. The shaded grey colors indicate the topography 702 
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of the region in meters. 703 

 704 

Fig. 2 Geographic map of Jeju Island, Korea. Symbols indicate the positions of the 705 

radiosonde site (marked by star “ ”), the Automatic Weather System (AWS) 706 

stations operated by the Korea Meteorological Administration (KMA, marked by 707 

squares “ ” and diamonds “ ”) and by Pukyong National University (PKNU, 708 

marked by triangle “ ”), and the network of 13 PKNU rain-gauge stations 709 

(marked by circles “ ”). KMA_AWS_RH same as KMA_AWS, but it has a 710 

relative humidity sensor. The solid line contours show topography of Jeju Island 711 

(contour interval: 200 m).  712 
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 713 

Fig. 3 Surface weather map with superimposed MTSAT-IR (cloud-top) blackbody 714 

temperature TBB (K) distributions (color shading) at 09:00 LST on July 13, 2012. 715 

The green-dotted box indicates around the Jeju Island.  716 
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 717 

Fig. 4. NCEP-NCAR reanalysis of (a) horizontal wind vectors (m s-1, shading indicates 718 

speed) and pressure (hPa, contours) at mean sea level; (b) horizontal wind 719 

vectors (m s-1, shading) and temperature advection (10-4 K s-1, contours) at 850 720 

hPa; and (c)–(d) horizontal wind vectors (m s-1, shading) and geopotential height 721 

(gpm, contour lines every 50 gpm) at (c) 500 and (d) 300 hPa for 09:00 LST on 722 

July 13, 2012. The core of the upper-level jet (ULJ) is also marked in (d). The 723 

national boundaries (Korea) is marked with a blue thin lines (thick lines) and the 724 

dotted boxes indicate around the Jeju Island.  725 

  726 
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 727 

Fig. 5 Distribution of accumulated rainfall (mm) over 3 h on Jeju Island from 11:00 LST 728 

to 13:59 LST on July 13, 2012. The white dashed lines denote values greater 729 

than 20 mm at 5 mm intervals. The terrain contours are drawn as solid lines 730 

(contour interval: 200 m). 731 

  732 
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 733 

Fig. 6 Time-sequential reflectivity fields at 2.5 km elevation from 11:00 LST to 14:10 734 

LST on 13 July 2012. Solid line contour show topography of Jeju Island (contour 735 

interval: 200 m). The dotted box at the bottom-right corner indicates bow echo. 736 
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 737 

Fig. 7 CAPPI of radial velocity (m s-1, color shading) and reflectivity (dBZ, contour) at 738 

the height of 2.5 km obtained by the SSP radar at 12:40 LST on July 13, 2012.  739 

The red color indicates winds moving away from the SSP radar (outbound winds) 740 

and blue color indicates winds moving toward the radar (inbound winds). The 741 

SSP location is indicated by a small circle, and red dashed circles indicate the 742 

inferred circulation. The dotted line contours show topography of Jeju Island 743 

(contour interval: 200 m).  744 
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  745 

Fig. 8 Time series of temperature (°C), mean wind speed (m s-1), and wind direction 746 

from the Seonheul automated weather station. The peak gust speed is shown by 747 

the star. Wind speed is reported as 1-min running averages based on data 748 

collected every second. The peak wind gust is the highest 5-s average of wind 749 

speed values over the preceding 5 min. The area shaded in light gray represents 750 

the primary period of change.751 
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 752 

Fig. 9 Horizontal distributions of (a) system-relative winds (arrows) and reflectivity 753 

(shading), (b) divergence (shading) and reflectivity (contour intervals of 5 dBZ 754 

starting from 35 dBZ) at a height of 2.5 km, and vertical cross-sections of (c) 755 

system-relative winds (arrows) and radar reflectivity (shading), (d) divergence 756 

(shading) and reflectivity (contour intervals of 5 dBZ starting from 35 dBZ) along 757 

A–A’ at 12:00 LST on July 13, 2012.   758 
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 759 

Fig. 10 Same as Fig.9 except but at 12:40 LST on July 13, 2012 and the vertical 760 

sections along B–B’.  761 
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 762 

Fig. 11 Distributions of (a) surface relative humidity at 12:40 LST on 13 July 2012, (b) 763 

temperature drop from 11:00 LST to 13:59 LST on July 13, 2012, on and around 764 

Jeju Island. Observed relative humidity and temperature drop values are marked 765 

at AWS station. The terrain contours are drawn as solid lines (contour interval: 766 

200 m).   767 
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List of Tables 768 

Table 1 Environmental parameters determined from upper-air sounding data obtained 769 

at GOSAN at 09:00 LST on July 13, 2012: convective available potential energy 770 

(CAPE), convective inhibition (CIN), lifting condensation level (LCL), calculated 771 

precipitable water (PW) from the surface to 700 hPa, and Froude number (Fr).772 
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Table 1 Environmental parameters determined from upper-air sounding data obtained 773 

at GOSAN at 09:00 LST on July 13, 2012: convective available potential energy 774 

(CAPE), convective inhibition (CIN), lifting condensation level (LCL), calculated 775 

precipitable water (PW) from the surface to 700 hPa, and Froude number (Fr). 776 

Based on sounding observation at 0900 LST 

Parameters 
LCL 

(hPa) 

CAPE 

(J kg–1) 

CIN 

(J kg–1) 

PW     

(Kg m–2) 

Froude 

number 

GOSAN 946.2 511.8 93.2 69.77 0.27 

 777 


