
 

 

 

 

 

 

 

 

EARLY ONLINE RELEASE 

This is a PDF of a manuscript that has been peer-reviewed 

and accepted for publication. As the article has not yet been 

formatted, copy edited or proofread, the final published 

version may be different from the early online release. 

 

This pre-publication manuscript may be downloaded, 

distributed and used under the provisions of the Creative 

Commons Attribution 4.0 International (CC BY 4.0) license. 

It may be cited using the DOI below. 

  

The DOI for this manuscript is  

DOI:10.2151/jmsj.2020-008 

J-STAGE Advance published date: November 16th, 2019 

The final manuscript after publication will replace the 

preliminary version at the above DOI once it is available. 



 1 

A Modeling Study of the Severe Afternoon Thunderstorm 2 

Event at Taipei on 14 June 2015: The Roles of Sea Breeze, 3 

Microphysics, and Terrain 4 

 5 

Jyong-En MIAO and Ming-Jen YANG
1
 6 

 7 

Department of Atmospheric Sciences 8 

National Taiwan University, Taipei, Taiwan 9 

 10 

 11 

Submitted to Journal of Meteorological Society of Japan for publication 12 

 13 

 14 

 15 

First submitted on June 28, 2019 16 

Revised on October 5, 2019 17 

Second-revised on October 27, 2019 18 

Accepted on October 29, 2019 19 

 20 

 21 

 22 

 23 

------------------------------------ 24 
1
Corresponding author: Dr. Ming-Jen Yang, Dept. of Atmospheric Sciences, National Taiwan 25 

University, No.1 Sec. 4 Roosevelt Road, Taipei, 10617, Taiwan.  26 

Email: mingjen@as.ntu.edu.tw 27 

Tel: +886-2-3366-3900 28 

Fax: +886-2-2363-3642 29 

30 



 1 

 31 

Abstract 32 

 33 

On 14 June 2015, a severe afternoon thunderstorm event developed within the Taipei basin, 34 

which produced intense rainfall (with rainfall rate of 131 mm h
-1

) and urban-scale flooding. 35 

Cloud-resolving simulations using the Weather Research and Forecasting (WRF) model were 36 

performed to capture reasonably well the onset of sea breeze, the development and evolution of 37 

this afternoon thunderstorm system. The WRF model had four nested grids (with the finest grid 38 

size of 0.5 km) in the horizontal and 55 layers in the vertical to explicitly resolve the deep 39 

convection over complex terrain.  40 

It is found that convection was initiated both by sea breeze at foothill and by upslope wind at 41 

mountain peak. Convective available potential energy (CAPE) was increased from 800 to 3200 J 42 

kg
-1

 with abundant moisture transport by the sea breeze from 08 to 12 LST, fueling large 43 

thermodynamic instability for the development of afternoon thunderstorm. Strong convergence 44 

between sea breeze and cold-air outflow triggered further development of intense convection, 45 

resulting in heavy rainfall over Taipei city.  46 

Microphysics sensitivity experiments show that evaporative cooling played a major role in 47 

the propagation of cold-air outflow and the production of heavy rainfall within basin plain 48 

(terrain height < 100 m), while melting cooling played a minor role. The terrain-removal 49 

experiment indicates that the local topography of Mount Datun at coastal region may produce the 50 
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channel effect through Danshui River Valley, intensify sea-breeze circulation and transport more 51 

moisture. This terrain-induced modification of sea breeze circulation made its dynamic and 52 

thermodynamic characteristics more favorable for convection development, resulting in stronger 53 

afternoon thunderstorm system with heavier rainfall within the Taipei City. 54 

 55 

Keywords  afternoon thunderstorm; heavy rainfall; sea breeze; cold pool; terrain effect 56 

57 
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1. Introduction 58 

  During the summer months with weak synoptic forcing, most of the convection in Taiwan is 59 

associated with afternoon thunderstorms (Chen et al. 2014). The local circulations of sea–land 60 

breeze and mountain–valley flows are essential to trigger afternoon thunderstorms on Taiwan Island 61 

(Johnson and Bresch 1991; Chen and Li 1995; Kerns et al. 2010). Jou (1994) indicated that most of 62 

thunderstorms in northern Taiwan were initiated on the mountain peaks and propagated down the 63 

terrain slope and brought heavy rain to the Taipei basin (TB). 64 

Modification of thunderstorm outflow can occur when the storm outflows collide with the sea 65 

breeze near the base of mountains surrounding the TB. As a result, most afternoon thunderstorms 66 

occurred along the windward slopes of the mountains on Taiwan, rather than at higher elevations 67 

farther inland (Johnson and Bresch 1991; Jou 1994; Chen et al. 2001) 68 

The radar reflectivity climatology indicated that the maximum thunderstorm frequency in 69 

northern Taiwan was during 1500–1600 LST (Lin et al. 2011). Both the radar reflectivity and 70 

cloud-to-ground lightning data showed that the highest frequency of thunderstorms over norther 71 

Taiwan occurred along the lower mountain slopes approximately parallel to the ridges of the Snow 72 

Mountain Range. 73 

In Chen et al. (2007), the afternoon thunderstorm (ATS) occurrence over the TB was attributed to 74 

the interaction of the sea breeze with the urban heat island (UHI) in the central urban area and 75 

mountains south of the TB. In the initial phase of ATS, the moist and unstable flow was transported 76 

by the sea-breeze circulation into the TB. The interaction of the sea breeze with the Taipei UHI and 77 



 4 

the orography south of the TB could trigger the onset of the ATS convection and rainfall at about 78 

1400 LST over the mountain slopes (Chen et al. 2014). Later, the ATS convection and precipitation 79 

would spread farther northward to cover the whole TB and to the mountains south and north of the 80 

TB. 81 

However, observations alone may not be sufficient to elucidate all dynamic and thermodynamic 82 

processes of the sea breeze related to heavy rainfall. Numerical simulations are frequently used to 83 

further understand the physical mechanisms. For example, Baker et al. (2001) coupled the 84 

atmosphere and land surface models to identify the roles of initial soil moisture, coastline curvature, 85 

and land-breeze circulations on sea-breeze-initiated precipitation over central Florida. Chen et al. 86 

(2015, 2016) investigated diurnal variations of the land–sea breeze and its related precipitation over 87 

southern China, using the convection-permitting simulations and observation data. Wang and 88 

Kirshbaum (2017) conducted idealized simulations to examined the impact of orography on sea‐89 

breeze strength and frontogenesis over tropical islands. Huang et al. (2019) investigated the role of 90 

sea breeze in the production of heavy rainfall over the coastal metropolitan city of Guangzhou, 91 

China. Kuo and Wu (2019) conducted idealized simulations to investigate the precipitation hotspots 92 

of afternoon thunderstorms over the Taipei Basin. 93 

Because of the limitations in observations, several key questions remain to be further explored, 94 

which are the focus of this modeling study: What are the spatial structure and evolution of the 95 

sea-breeze circulation over Taipei basin for the thunderstorm system associated with torrential 96 

rainfall? What microphysical processes are essential to determine the propagation of 97 
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precipitation-induced cold pool associated with the thunderstorm system? What kind of impacts 98 

does the local terrain at coastal region have on the sea breeze and its related rainfall? In this study, 99 

high-resolution simulations with the Weather Research and Forecasting (WRF) Model are 100 

conducted to address these questions. Through control and sensitivity experiments, the impacts of 101 

local mountains and the cold pool dynamics (induced by evaporative cooling of raindrop and 102 

melting cooling of graupel) will be investigated.  103 

 104 

2. Case overview 105 

  Figure 1 shows the synoptic environment for the ATS system over the TB on 14 June 2015, and 106 

the local topography around the TB . It is clear from Fig. 1a that the southerly wind prevailed over 107 

Taiwan for the typical prefrontal condition ahead of a surface cold front. Figure 1b shows that the 108 

ridge associated with the subtropical high pressure system at 500-hPa level extended over the 109 

Taiwan Island. The sounding at Banchiao station (46692) in the TB (Fig.1c; see Fig. 2a for the 110 

sounding location) indicated weak convective instability, with the convective available potential 111 

energy (CAPE) of only 1076 J kg
-1

, for the thermodynamic condition in the morning (0800 LST or 112 

0000 UTC). There was no significant synoptic-scale forcing for this ATS event over the TB. Figure 113 

1d shows the terrains surrounding the Taipei Basin; the highest peak of Mount Datun is 1092 m. 114 

Figure 2 shows the evolution of ATS system observed by the RCWF radar located at Mount 115 

Wufen. The hourly observed wind at Danshui, Shilin, Chungho, Keelung, Shizi and Wenshan 116 

weather stations are shown in Fig. 2 from 1300 LST to 1600 LST. The processing of radar data was 117 
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done using the NCAR Radx and Solo3 programs, and the radar data was analyzed with the Py-ART 118 

software (Helmus and Collis 2016). At 1302 LST (Fig. 2a), convection occurred along the mountain 119 

peak south of the TB. The wind barbs at 1302 LST illustrate that sea breeze penetrated inland from 120 

the northwestern coast (Danshui) and northeastern coast (Keelung). During 1331–1400 LST (Fig. 121 

2b,c), scattered convection occurred along the mountain slope south of the TB. Convection also 122 

appeared over the central basin where the commercial districts were located. The wind at Chungho 123 

station turned east-southeasterly at 1400 LST, which might be related to the cold pool produced by 124 

the convection at central basin. During 1435–1459 LST (Fig. 2d,e), convection over the southern 125 

slope and central basin gradually merged into the thunderstorm complex with a large area of strong 126 

reflectivity (greater than 40 dBZ). The wind at Shilin station turned southerly at 1459 LST. During 127 

1522–1559 LST (Fig. 2f,g), the thunderstorm complex propagated northward and gradually 128 

weakened. Note that the wind at weather stations turned southerly or calm at 1600 LST. 129 

Convectively-generated cold pool appeared to account for the shift of surface winds from northerly 130 

(at 1302 LST) to southerly (at 1559 LST) over the TB. 131 

  132 

3. Numerical model and experimental design 133 

3.1 WRF configuration 134 

  The Advanced Research version of the Weather Research and Forecasting model (WRF-ARW 135 

version 3.4.1; Skamarock et al. 2008) is used to simulate this Taipei-basin ATS event from 1200 136 

UTC 13 June to 1200 UTC 14 June 2015, with a forecast period of 24 h. Four nested domains with 137 



 7 

the horizontal grid sizes of 13.5, 4.5, 1.5 and 0.5 km, respectively, are used in the horizontal (Fig. 3). 138 

Two-way interaction between inner and outer grids is considered. Fifty-five eta (η) levels are used 139 

in the vertical with higher resolution within the planetary boundary layer (eight layers below 1-km 140 

height). The model top is at 20 hPa, and the time step for the outermost domain is 5 seconds. 141 

The physical parameterization schemes used in the model include the Kain-Fritsch cumulus 142 

parameterization (Kain and Fritsch 1993), the WDM6 microphysics parameterization (Lim and 143 

Hong 2010), Rapid Radiative Transfer Model (RRTM) longwave radiation parameterization 144 

(Mlawer et al. 1997), Dudhia (1989) shortwave parameterization, and the Yonsei University (YSU) 145 

planetary boundary layer (PBL) parameterization (Hong and Pan 1996). Note that cumulus scheme 146 

is used only in the outermost domain (with the grid size of 13.5 km), assuming that the grid sizes of 147 

other domains (with the grid sizes of 4.5, 1.5 and 0.5 km, respectively) are fine enough to explicitly 148 

resolve convection. WDM6 scheme is a double-moment microphysics scheme which predicts the 149 

mixing ratios of six categories of water species (water vapor, cloud droplets, cloud ice, snow, rain, 150 

and graupel), and the number concentrations of cloud and rainwater. The initial and boundary 151 

conditions are from the ERA-Interim dataset which are updated every 6 hours with the 152 

latitude-longitude resolution at 0.75 degree (Dee et al. 2011). 153 

 154 

3.2 Sensitivity experiments 155 

The control (CNTL) and sensitivity experiments (NMLT, NEVP and NDAT; Table 1) are 156 

designed to examine the impact of cold-pool dynamics and local terrain on the ATS system and 157 
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related precipitation. All three sensitivity experiments are configured as the same as the CNTL, 158 

except that melting cooling of graupel is turned off in NMLT, evaporative cooling of rainwater is 159 

turned off in NEVP (Yang and Houze 1995), and local terrain of Mount Datun (with the highest 160 

peak of 1092 m) north of TB is removed in NDAT (cf. Fig. 17a,d). In the NMLT (NEVP) 161 

experiment, the graupel (rainwater) is allowed to melt (evaporate) without the feedback of latent 162 

cooling into the thermodynamic equation. Note that the microphysical sensitivity starts at 0800 LST 163 

14 June 2015 (i.e. at the forecast time of 12 hour) in NMLT and NEVP.  164 

 165 

4. Model verification 166 

  The CNTL-simulated sounding is compared to the observed one at 0800 LST in Fig. 4, which 167 

indicates that the CNTL run reproduces reasonably well the observed profiles of temperature, 168 

moisture and horizontal winds, except for the weak wind below 850 hPa. The wind errors in PBL 169 

are probably due to small-scale turbulent processes that were not properly represented in the model 170 

and also due to subgrid variations in terrain and landuse (Hanna and Yang 2001).  Figure 4 is 171 

shown here to indicate that before sea breeze penetrating into the TB the regional-scale environment 172 

is realistically simulated, including the deep dry air between 700 hPa and 300 hPa, the conditional 173 

instability with weak CAPE (885 J kg
-1

 in CNTL sounding and 1076 J kg
-1

 in observed sounding), 174 

and the southwesterly between 850 hPa and 300 hPa. 175 

Figure 5 shows the comparison between observation analysis (left panels) and CNTL simulation 176 

(right panels). Note that 45-min time difference between the observation (Fig. 5a) and simulation 177 
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(Fig. 5c) is to adjust the timing difference of the movement of the simulated convergence line 178 

between the sea breeze and thunderstorm outflow to the observation. Precipitation over the south of 179 

TB (Fig. 2d) reduced surface temperature to 25℃, and the temperature near the TB center was 180 

27–28℃ (Figs. 5a,c), consistent with the observational analysis of Jou et al. (2016). Both the 181 

observation (Fig. 5a) and simulation (Fig. 5c) show that the sea breeze from the ocean and cold-air 182 

outflow associated with the precipitation south of TB converged near the center of Taipei city. 183 

Figure 5b,d shows that the spatial distribution of 6-h (1200–1800 LST) accumulated rainfall was 184 

simulated by the WRF model reasonably well, although the position of simulated rainfall maximum 185 

was 10 km southwest to the observed and the simulated maximum magnitude (121 mm) was 63% 186 

of the observed (192 mm). The error in peak rainfall amount may be due to the underestimation of 187 

low-level moisture in model (Fig. 7). 188 

The simulated surface wind is compared to the observed one at Danshui, Shilin and Chungho 189 

weather stations in Fig. 6a, which shows the inland penetration of sea breeze from northwestern 190 

coast (Danshui). The simulated onset time of sea breeze (≧5 kts) at Danshui station was 1000 LST, 191 

approximately one hour earlier than the observation. After onset, the observed and simulated sea 192 

breeze passed through Shilin at 1100 LST, and through Chungho at 1200 LST. Despite the timing 193 

error, the CNTL simulation captures reasonably well the propagation of sea breeze from 194 

northwestern coast (Danshui) to southern basin plain (Chungho). Moreover, the CNTL simulation 195 

also showed that northerly wind shifted to southeasterly in the afternoon due to the cold-air 196 

outflows produced by convection. 197 
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The simulated surface wind is compared to the observed one at Keelung, Shizi and Wenshan 198 

weather stations in Fig. 6b, which shows the inland penetration of sea breeze from northeastern 199 

coast (Keelung). The observed and simulated onset time of sea breeze (≧5 kts) at Keelung was at 200 

1100 LST. After onset, the observed and simulated sea breeze passed through Shizi and Wenshan 201 

stations about 1200 LST. The errors of wind speed and direction at Wenshan station might be 202 

associated with local complex orography (Liu et al. 2008), because the passage of sea breeze from 203 

Keelung was mostly over mountains. Despite the presence of errors in wind speed and direction, the 204 

CNTL simulation captures reasonably well the sea breeze which propagated from northeastern coast 205 

(Keelung) to southern basin plain (Wenshan). Moreover, the CNTL run also reproduces the 206 

observation that northerly wind shifted to southerly wind in the afternoon due to the cold-air 207 

outflows generated by convection. 208 

The simulated water-vapor pressure is compared to the observed one at Bali, Shilin, Chungho, 209 

Keelung, Shizi and Wenshan stations in Fig. 7. Unfortunately, the observed humidity data at 210 

Danshui was not available, so we used the data from nearby Bali station (see Fig. 2a for their 211 

locations). The diurnal variation of the observed and simulated 2-m water-vapor pressure was 212 

similar, but the simulated value is slightly smaller than the observed. Both observation and 213 

simulation indicate that water vapor increased after the passage of sea breeze except for Keelung, 214 

which might be associated with local topography.  215 

Figure 8 shows the evolution of the simulated radar reflectivity at 1500-m height from 1200 LST 216 

to 1500 LST. As compared to those shown in Fig. 2, the CNTL simulation reproduces reasonably 217 
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well the evolution of ATS system and its propagation from the southern slope to central basin, 218 

except for the convective cell occurred in the center of TB (cf. Figs. 2b and 8b), which might be 219 

subject to aerosol and UHI effects (Chen et al. 2014; Miao and Yang 2018).  220 

It is encouraging to see that the initiation locations of the isolated convection at the mountain 221 

peak (cf. Figs. 8a and 2a) and scattered convection over the mountain slope (cf. Figs. 8b and 2b) are 222 

well simulated. Furthermore, the simulated scattered convection over southern slope merged into 223 

the thunderstorm complex, and then propagated to central basin as in the observations (cf. Figs. 8d-f 224 

and 2d-f), although the simulated thunderstorm occurred about one hour earlier than the observation. 225 

The reason for the early timing of the simulated convection initiation is not certain, which might be 226 

associated with deficiency of solar heating and turbulence mixing in the boundary layer 227 

parameterization and deserves further investigation in future studies. 228 

To sum up, despite some deficiency in detailed features, we may state that the CNTL simulation 229 

captures reasonably well the evolution of the ATS system and sea breeze circulation, as represented 230 

by radar reflectivity and surface observations. Of particular relevance to the convective 231 

development is that the model reproduces the enhanced convergence produced by sea breeze and 232 

cold-air outflow over the central basin, where Taipei’s commercial districts are located. Given the 233 

general agreement between the observation and CNTL simulation, we can examine the model 234 

results in more details. 235 

  236 

5. Numerical model results 237 
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5.1 CNTL experiment  238 

  Figure 9 shows the hourly evolution of the sea breeze over the TB from 1000 to 1400 LST. Sea 239 

breeze began to establish at the northwestern and northeastern coast at 1000 LST (Fig. 9a). With an 240 

increase in temperature contrast between inland and ocean surface (not shown), the sea breeze 241 

extends further inland through central basin and to the southern foothill during 1100-1300 LST (Fig. 242 

9b-d). It is clear that sea breeze transported abundant moisture from the ocean surface to inland 243 

region, modifying near-surface thermodynamic characteristics at the central basin and southern 244 

foothill. Note that the sea breeze from Danshui (SBD) brought more moisture than the sea breeze 245 

from Keelung (SBK). 246 

Figure 10 displays the simulated soundings at 0800, 1100 and 1200 LST at Banchiao station (see 247 

Fig. 2a for the sounding location) to examine the evolution of thermodynamic condition within the 248 

TB. As shown in Fig. 4, the Banchiao sounding at 0800 LST indicated weak CAPE of only 885 J 249 

kg
-1

. As the surface layer was heated by solar radiation, the sounding at 1100 LST indicated a 250 

well-mixed PBL with a depth of 1.5 km and a moderate CAPE of 1833 J kg
-1

. Moreover, the wind 251 

below 1 km turned northerly due to the approach of SBD (Fig. 9b). After that, as the SBD passed 252 

through Banchiao station at noon (Fig. 9c), the Banchiao sounding at 1200 LST indicated that the 253 

PBL layer was more humid than one hour before and the depth of the northerly wind increased to 254 

1.3 km. Note that the CAPE increased dramatically from 1833 J kg
-1

 at 1100 LST to 3268 J kg
-1

 at 255 

1200 LST due to the increase in boundary-layer moisture. 256 

Following Tompkins (2001) and Feng et al. (2015), buoyancy b is calculated using the formula,  257 
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p

pp
gb



 
 ,                                    (1) 258 

where g is the gravitational acceleration, and the overbar indicates the domain mean within the TB 259 

area (with a size of 60 km by 45 km; see the bold box in Fig. 8d). The virtual potential temperature 260 

p  
is defined as 261 

       rcvp qqq  608.01 ,                        (2) 262 

whereθis the potential temperature, and qv, qc, and qr are the mixing ratios of water vapor, cloud 263 

water, and rain water, respectively. Cold-pool propagation speed C defined in Rotunno et al. (1988) 264 

and Bryan and Parker (2010) is calculated using the vertical integral of buoyancy b as 265 

        dzbC

h


0

2 ,                                   (3) 266 

where b is the buoyancy in Eq. (1), and h is the depth of cold pool which is defined as the height 267 

at which b first exceed –0.05 m s
-2

. 268 

Figures 11 and 12 show the vertical structure and evolution of sea breeze circulation from 269 

Danshui, and the related convection initiation and development. The vertical cross sections are 270 

along the prevailing wind of SBD (northerly) after 10-km horizontal average (see the N-S box in 271 

Fig. 9b for its horizontal location). The sea-breeze front accompanied by low-level updraft arrived 272 

at the foothill (x ~ 25 km) at 1200 LST; the maximum low-level wind speed of sea breeze 273 

(northerly) was 6 m s
-1

 (Fig. 11a). Furthermore, the isolated convection occurred at the mountain 274 

peak at 1200 LST due to the upslope wind. After that, the sea breeze merged with upslope wind, so 275 

it was hard to find the position of sea breeze front. However, the region of high equivalent potential 276 

temperature (θe ≧357 K) still moved southward to the mountain slope (Fig. 11b,c). Because the 277 
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moisture associated with sea breeze was lifted by terrain, another convection initiated at the 278 

mountain slope (x ~ 20km) (Fig. 12c). Moreover, the isolated convection at mountain peak 279 

gradually propagated northward with very shallow cold pool (x ~ 10 km) (Fig. 12c). Figures 11d 280 

and 12d show that the convection over mountain slope evolved into the thunderstorm complex with 281 

a large extent of reflectivity greater than 40 dBZ (x ~ 10–30 km); the convectively generated 282 

outflow (southerly) and sea breeze (northerly) produced enhanced low-level convergence with a 283 

depth of about 1 km. The moisture associated with sea breeze was forced to rise up over the cold 284 

pool and then condensed, releasing the potential instability (see the θe contour of 354 K reaching up 285 

to 5 km AGL in Fig. 11d). After 1400 LST (Figs. 11e,f and 12e,f), the cold-air outflow intensified 286 

with maximum wind speed of 7.5 m s
-1

, and the depth of cold pool significantly elevated with a 287 

maximum depth of 3 km due to the precipitation-induced latent cooling. The ATS system associated 288 

with strong cold pool propagated northward to the basin plain, resulting in heavy rainfall in 289 

commercial districts of Taipei city. 290 

Figures 13 and 14 illustrate the vertical structure and evolution of the sea-breeze circulation from 291 

Keelung and its interaction with thunderstorm outflow. The vertical cross sections are along the 292 

prevailing wind of SBK (northeasterly) after 10-km horizontal average (see the NE-SW box in Fig. 293 

9b for its horizontal location). A comparison between the SBK and SBD at 1330 LST in Figs. 13d 294 

and 11d indicates that the SBK was weaker (i.e., with the maximum low-level wind speed of 6 m 295 

s
-1

) than SBD (i.e., with the maximum low-level wind speed of 7.5 m s
-1

), and that the SBK was 296 

dryer (i.e., with the highest low-level θe of 354 K) than SBD (i.e., with the highest low-level θe of 297 
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357 K). In addition, the thunderstorm outflow was relatively weak in the northeast direction (Fig. 298 

13d-f), and the depth of cold pool was lower than 1 km (Fig. 14d-f). As a result, the convergence 299 

between SBK and outflow was so weak that the cold pool could not lift the moisture effectively (see 300 

the 354-K θe contour reaching up to only 2 km AGL in Fig. 13d-f).  301 

The Hovmöller diagrams along the SBD (Fig. 15) have the same horizontal dimension with the 302 

vertical cross sections in Figs.11 and 12, which was along the prevailing wind of SBD (northerly) 303 

with a horizontal average in 10 km (see the N-S box in Fig. 9b). The Hovmöller diagram of 304 

meridional wind on the lowest model level (the 0.9965-eta level; about 35 m AGL) is shown in Fig. 305 

15a. The Hovmöller diagram of most unstable convective available potential energy (MUCAPE) 306 

and the level of free convection (LFC) is shown in Fig. 15b,c, respectively. MUCAPE is the CAPE 307 

of parcel lifted from the level with the highest θe below 3 km AGL. Note that the “parcel” here 308 

refers to a “mean” parcel of 500-m depth, with the temperature and moisture averaged over that 309 

depth. 310 

After 1000 LST, the SBD (> 3 m s
-1

) established at the coastal region (25.1
o
N) and propagated 311 

southward with a speed of 4.6 m s
-1

 (estimated from the solid arrow in Fig. 15a). The upslope wind 312 

was established at mountain slope (24.8–24.9
o
N) about 0900 LST. As the SBD accompanied by 313 

abundant moisture expanded farther southward, the MUCAPE at the central basin and southern 314 

slope significantly increased (Fig. 15b). For example, the MUCAPE at the basin plain (25
o
N) 315 

increased from 200 J kg
-1

 at 0800 LST to 1600 J kg
-1

 at 1200 LST. On the other hand, the MUCAPE 316 

at mountain region increased during 0800–1100 LST, due to the enhanced solar heating. The 317 
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convection which occurred at mountain region during 1200–1300 LST (Fig. 8a-c) produced the 318 

cold pool with weak outflow (southerly) and shallow depth (Fig. 15a,c).  After the convection 319 

evolved into the thunderstorm complex at 1330 LST (Fig.8d-f), the cold outflow intensified to have 320 

wind speed of greater than 7.5 m s
-1

, producing much stronger low-level convergence with the SBD 321 

(Fig. 15a). Moreover, the northward-propagation speed of cold pool increased to about 6.3 m s
-1

 322 

(estimated from the dashed arrow in Fig. 15a), and the passage of the cold pool resulted in a 323 

dramatic release of MUCAPE. Figure 15c may be used to explain the reason why the cold pool 324 

could release MUCAPE dramatically and maintained the subsequent convective development of 325 

ATS system. After 1330 LST, the depth of cold pool elevated to 1300 m which was higher than the 326 

LFC of moist parcels of SBD (~1100 m) (Fig. 15c), so the cold pool could lift the moist air parcels 327 

up to LFC and then release their potential instabilities. 328 

Next let us compare the evolution of SBK to that of SBD. The Hovmöller diagrams along SBK 329 

(Fig. 16) have the same horizontal spatial dimension with the vertical cross sections in Figs.13 and 330 

14, which was along the prevailing wind of SBK (northeasterly) with 10-km horizontal average (see 331 

the NE-SW box in Fig. 9b). A comparison between the SBD and SBK indicates the near-surface 332 

wind speed of SBK was weaker (cf. Figs. 16a and 15a) and the MUCAPE of SBK was smaller (cf. 333 

Figs.16b and 15b), which are consistent with previous discussion in Figs. 11-14. After 1400 LST, 334 

the depth of gust front along the SBK in NE-SW orientation (< 500 m; Fig.16c) was much 335 

shallower than that along the SBD in N-S orientation (~1300 m; Fig. 15c), so the gust front which 336 

collided with the SBK could not lift the air parcels within the SBK to LFC (~1100 m) effectively. It 337 
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appears that the convectively-generated cold pool tend to propagate toward the area with highest 338 

low-level θe and also highest MUCAPE. 339 

In summary, the SBD was fueled with more moisture and higher thermodynamic instability 340 

(MUCAPE) than the SBK. Moreover, the collision between cold-air outflow and the SBD produced 341 

stronger dynamic forcing (low-level convergence), so the convection inhibition could be overcome 342 

and the MUCAPE associated with SBD could be fully released. These results suggest that the SBD 343 

played a major role in the development of ATS within the TB, while the SBK played a relatively 344 

minor role for this event.  345 

 346 

5.2 Sensitivity experiments on microphysics (NMLT, NEVP) 347 

Figure 17 shows the simulated accumulated rainfalls during 1200–1430 LST for the CNTL, 348 

NMLT, NEVP and NDAT experiments. Note that the maximum rainfalls within the whole TB and 349 

basin plain (terrain height < 100 m) are labeled on each panel, respectively. The simulated 350 

precipitation pattern between CNTL (Fig. 17a) and NMLT (Fig. 17b) was similar, except that the 351 

maximum rainfall within basin plain in NMLT (74 mm) was smaller than that in CNTL (107 mm). 352 

The rainfall pattern between CNTL and NEVP (Fig. 17c) was very different. The maximum rainfall 353 

over whole TB in NEVP was shifted southward substantially to mountain peak (terrain height > 354 

1300 m), with an accumulated amount (153 mm) more than that in CNTL (121 mm). Note that as 355 

the evaporative cooling of rainwater is turned off in NEVP, the maximum rainfall at basin plain 356 
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where the commercial districts are located decreased dramatically to 26 mm, which is much less 357 

than that in CNTL.  358 

To elucidate the physical mechanisms responsible for the heavy rainfall at basin plain, Fig. 18 359 

shows the horizontal and vertical cross sections of the ATS system at 1430 LST in NMLT and 360 

NEVP experiments. Intense convection (with radar reflectivity of greater than 50 dBZ) propagated 361 

from southern slope to central basin and reached 25°5′N in the CNTL and NMLT run (Figs. 8f and 362 

18a). The vertical cross sections show that the convectively generated outflow (southerly) 363 

converged with sea breeze (northerly) in CNTL and NMLT run, but the cold-pool depth in NMLT 364 

(with the maximum depth of 2.3 km) was shallower than that in CNTL (with the maximum depth of 365 

3.3 km) at 1430 LST (cf. Figs. 12f and 18c).  366 

Evaporative cooling of rainwater is turned off in the NEVP run, which basically eliminates the 367 

major mechanism for cold-pool generation by moist convection. In the absence of the evaporative 368 

cooling, the intense convection was confined to the southern slope and the sea breeze could still be 369 

found over the southern slope at 1430 LST in NEVP (Fig. 18b,d). Furthermore, the convection at 370 

mountain slope was vigorous, due to the continuous lifting of sea breeze by terrain, but it could not 371 

propagate to basin plain as CNTL (cf. Figs. 12f and 18d). These results indicate that the cold-pool 372 

dynamics was essential for the heavy rainfall within basin plain. 373 

The Hovmöller diagrams of 35-m meridional wind and MUCAPE of NMLT and NEVP are 374 

shown in Fig. 19. In CNTL, the northward-propagation speed of gust front was 6.3 m s
-1

, and the 375 

passage of gust front resulted in a dramatic release of MUCAPE. In NMLT, the northward 376 
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propagation speed of gust front was 5.3 m s
-1

 (estimated from the dashed arrow in Fig. 19a), which 377 

was slightly slower than that in CNTL, since the melting cooling of graupel was turned off in 378 

NMLT. A subtle difference between the outflow structure in CNTL and NMLT (cf. Figs. 15a and 379 

19a) was that the outflow in NMLT had two wind speed maxima (one at gust front and the other 380 

behind gust front), with a slightly weaker wind speed at gust front than that in CNTL. Therefore, the 381 

low-level convergence produced by outflow and sea breeze in NMLT was weaker, resulting in a less 382 

release of MUCAPE after the passage of gust front (cf. the dashed arrows in Figs. 15b and 19b) and 383 

less rainfall at basin plain. 384 

In the absence of evaporative cooling, the sea breeze advanced southward to southern slope 385 

continuously in NEVP (Fig. 19c), and the MUCAPE within central basin (24.9°N to 25.1°N) could 386 

not be released. As a result, rainfall within basin plain in NEVP was much weaker than those in 387 

CNTL and NMLT. 388 

The evolution of cold-pool characteristics averaged over the TB domain (Fig. 8d) from 1230 LST 389 

to 1500 LST is shown in Fig. 20. The temporal-average values for three experiments over 390 

1230–1500 LST are also shown on each panel. It is clear from Fig. 20a that the cold pool in NMLT 391 

was slightly weaker than that in CNTL, and the cold pool in NEVP was much weaker than those in 392 

CNTL and NMTL. For the time-average value, the cold-pool speed is deceased by 38% if no 393 

evaporative cooling of rainwater (Fig. 20c), and decreased by 13% if no melting cooling of graupel. 394 

To sum up, evaporative cooling of rainwater played a major role in the propagation and 395 

intensification of cold-air outflow, while melting cooling of graupel only played a minor role. In the 396 
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absence of evaporative cooling of rainwater, the intense convection cannot propagate from 397 

mountain slope to central basin, and the rainfall within basin plain is decreased substantially. 398 

 399 

5.3 Sensitivity experiment on local terrain (NDAT) 400 

In the NDAT experiment where the local terrain of Mount Datun north of TB was removed, the 401 

rainfall significantly decreased (Fig. 17a,d). Figure 21 is the comparison of 10-m horizontal wind 402 

speed between CNTL and NDAT. Because the CNTL experiment suggests that the SBD played a 403 

major role in the development of ATS within the TB, we focus on the SBD. It is clear that the wind 404 

speed of SBD intensified after passing through the Danshui River Valley between the Mount Datun 405 

and Mount Guanyin (Fig. 21a). In the absence of Mount Datun, the wind speed of SBD 406 

significantly decreased (compare the wind speeds over the dashed circles in Fig. 21a,b). To 407 

elucidate the impact of Mount Datun on the sea breeze circulation and its related rainfall, we further 408 

compare the difference of SBD characteristics between CNTL and NDAT (Fig. 22). Note that 7-min 409 

time difference between the CNTL (Fig. 22a,d) and NDAT (Fig. 22b,e) is to adjust the timing 410 

difference of the movement of the sea-breeze front accompanied by low-level updraft. Figure 22c 411 

shows the difference in the wind fields between CNTL and NDAT experiments along the cross 412 

section shown in Fig. 22a,b. The sea breeze in CNTL was stronger than that in NDAT, with the 413 

low-level wind speed difference of 0.8 m s
-1

 near the sea-breeze front. Local topography of Mount 414 

Datun produced the channel effect along Danshui River Valley, and intensified sea-breeze 415 

circulation. In the absence of Mount Datun, the channel effect and the sea breeze significantly 416 
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weakened. 417 

On the other hand, the CAPE contour of 900-J kg
-1 

nearly overlapped with the 354-K θe contour 418 

(Fig. 22d,e), indicating that they were positively correlated at low levels. The distance between the 419 

sea-breeze front and the near-surface 354-K θe contour (or 900-J kg
-1

 CAPE contour) in NDAT was 420 

5 km (Fig. 22e), which was longer than CNTL (3 km; see Fig 22d). Figure 22f shows the difference 421 

in CAPE between the CNTL and NDAT experiments along the cross section shown in Fig. 22d,e. 422 

The CAPE associated with the sea breeze in CNTL was stronger than that in NDAT, with the CAPE 423 

difference of 200 J kg
-1

. In the absence of Mount Datun, the thermodynamic instability (moisture) 424 

associated with sea breeze significantly decreased. 425 

These results suggest that local topography of Mount Datun may produce the channel effect 426 

along Danshui River Valley, intensifiy sea-breeze circulation and transport more moisture into the 427 

Taipei bain. This terrain-induced modification of the sea breeze circulation made its dynamic and 428 

thermodynamic characteristics more favorable for convection development, resulting in stronger 429 

ATS system with heavier rainfall within the Taipei City. 430 

 431 

6. Conclusions 432 

  In this study, a severe afternoon thunderstorm event associated with intense rainfall rate (131 mm 433 

h
-1

) developed within the Taipei basin on 14 June 2015 was investigated. A high-resolution WRF 434 

simulation with the horizontal grid size nested down to 0.5 km was conducted to capture the 435 

evolution of afternoon thunderstorm system and sea-breeze circulation of this event, with 436 
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reasonable agreement with the observations. 437 

The CNTL simulation results show that the CAPE was increased from 800 to 3200 J kg
-1

 with 438 

abundant moisture transport by the sea breeze from 08 to 12 LST, fueling large thermodynamic 439 

instability for the development of afternoon thunderstorm. Moreover, the sea breeze from Danshui 440 

which was much more humid than that from Keelung supplied more convective instability. 441 

It is found that convection was initiated by upslope wind from the valley at mountain peak and by 442 

sea breeze at foothill, respectively. After the onset of convection, the scattered convective cells at 443 

southern slope merged into the severe thunderstorm complex with a large area of radar reflectivity 444 

of greater than 40 dBZ, and the depth of cold pool was elevated to 1300 m which was higher than 445 

the LFC for the most unstable air parcel from sea breeze (1100 m). The collision between the 446 

convection outflow (southerly) and sea breeze (northerly) produced the enhanced low-level 447 

convergence. As the cold pool collided with sea breeze and lifted the moist parcels up to LFC, 448 

substantial MUCAPE could be released dramatically by overcoming the convection inhibition, 449 

resulting in subsequent development of afternoon thunderstorm system. 450 

Sensitivity experiments on cloud microphysics indicate that evaporative cooling of rainwater 451 

played a major role in the propagation and intensification of cold-air outflow, while melting cooling 452 

of graupel played a relatively minor role. In the absence of evaporative cooling of rainwater, the 453 

intense convection (with radar reflectivity of greater than 50 dBZ) could not propagate from 454 

southern slope to central basin, and the rainfall within basin plain (terrain height < 100 m) 455 

decreased dramatically. 456 
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Sensitivity experiment on the local topography (Mount Datun) at coastal region shows that local 457 

terrain of Mount Datun may produce the channel effect along Danshui River Valley, intensify 458 

sea-breeze circulation and transport more moisture. This terrain-induced modification of sea-breeze 459 

circulation makes its dynamic and thermodynamic characteristics more favorable for convection 460 

development, resulting in stronger afternoon thunderstorm system with heavier rainfall within the 461 

Taipei basin. To summarize our major findings in this study, Fig. 23 is the schematic diagram to 462 

illustrate the interactions between sea breeze, cold pool and coastal terrain for the development of 463 

afternoon thunderstorm within the Taipei basin on 14 June 2015.  464 

Although the control numerical simulation in this study bears close resemblance with the radar 465 

and surface observations, we should keep in mind that the conclusions obtained from this modeling 466 

study are mainly based on a numerical simulation with model deficiencies, physics uncertainties, 467 

and numerical errors. More afternoon thunderstorm cases in other geographic locations or under 468 

different synoptic settings should be investigated in the future to verify or revise the conclusions 469 

obtained from this case study. 470 
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Appendix 479 

Definition of the basic state 480 

The definition of buoyancy highly depends on the basic state, so it is essential to define the basic 481 

state for convection. There are two different ways to define basic-state state [for example, see Eq. (1) 482 

in the text for the definition of buoyancy in terms of virtual potential temperature]. One way is to 483 

define basic state as the atmospheric state in pre-convection environment, i.e., the ambient 484 

thermodynamics state before the afternoon thunderstorm convection occurs, and it is time-invariant. 485 

Thus one can select the sounding at the model initial time as the pre-convection environmental 486 

condition. The other way is to define the basic state as the horizontal mean state of the environment 487 

where the thunderstorm convection take places, so the basic state is a function of time. The 488 

time-invariant condition in pre-convection environment was widely used in the idealized 489 

simulations in the literature in which the thermodynamics condition, surface condition and wind 490 

field were assumed horizontally homogeneous in most idealized simulations. However, the 491 

environmental conditions are not horizontally homogeneous in real cases. Moreover, longwave and 492 

shortwave radiation are included in real-case simulations. Therefore, in our real-case study, it may 493 

be more appropriate to use the second definition, i.e., the horizontal mean state of the ambient 494 

environment with embedded thunderstorms, as the basic state. Thus in our study, we use the second 495 

definition to define the basic state as the domain-mean state within the Taipei basin area. 496 
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Figure A above shows the horizontal distribution of buoyancy, rainwater mixing ratio, and wind 497 

vectors near the surface for different definitions of basic-state conditions. It clearly displays that the 498 

buoyancy field defined using the second definition of horizontal-mean state (see Fig. Aa,b) 499 

corresponds well to the surface rainfall pattern (in orange contour); on the other hand, the buoyancy 500 

field defined using the first definition of the time-invariant pre-convection state (see Fig. Ac,d) 501 

corresponds poorly to the surface rainfall, particularly for Fig. Ad with the pre-convection state just 502 

only 3 hours before the occurrence of thunderstorm rainfall. Hence Fig. A supports our usage of the 503 

horizontal-mean state as the basic state for buoyancy calculation, and also for basic state for 504 

“cold-pool height” and “cold-pool propagation speed.” 505 

 506 

507 
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 592 

Fig. 1. Synoptic condition at 0000 UTC (0800 LST) 14 June 2015: (a) CWB surface analysis map; 593 

(b) 500-hPa map from the ERA-Interim reanalysis with the geopotential height in soild contours, 594 

temperature in dashed contours and horizontal wind in wind barbs (full barb is 10 kts, and half 595 

barb is 5 kts); (c) CWB sounding of temperature and dew point (blue line) at Banchiao station. 596 

The location of Banchiao sounding station is shown in Fig. 2a. (d) Taipei Basin domain with 597 

terrain elevations plotted (colored; in units of meter). Mount Datun, Mount Guanyin and 598 

Southern Slope are labeled. Danshui River Valley and Keelung River Valley are denoted by DRV 599 

and KRV, respectively. 600 

 601 

Fig. 2. PPI maps of radar reflectivity (in units of dBZ) at 0.5-degree elevation angle observed by the 602 

RCWF radar: (a) 1302 LST; (b) 1331 LST; (c) 1400 LST; (d)1435 LST; (e) 1459 LST; (f) 1522 603 

LST; (g) 1559 LST. The hourly observed wind at Danshui, Shilin, Chungho, Keelung, Shizi and 604 

Wenshan weather stations are indicated on (a),(c),(e),(g). Half barb is for wind speed of 5 kts. A 605 

circle represents the calm condition (< 1 kt). The RCWF radar is labeled by the triangle in (a), 606 

and the square in (a) is the location of Banchiao sounding station. Terrain heights are contoured 607 

by black lines at 100, 300, 700, and 1300 m. 608 

 609 
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Fig. 3. Four nested domains (with the horizontal grid size of 13.5 km, 4.5 km, 1.5 km, and 0.5 km, 610 

respectively) of the WRF model. 611 

 612 

Fig. 4. . A comparison between the simulated sounding (orange) and the observed (blue) at 613 

Banchiao sounding station (see Fig. 2a for its location) at 0800 LST 14 June 2015. 614 

 615 

Fig. 5. A comparison between observation (OBS) and CNTL simulation of the afternoon 616 

thunderstorm event on 14 June 2015. Observation results are (a) surface (2 m AGL) temperature 617 

(in units of ℃) and near-surface (6 m AGL) wind vectors at 1500 LST, and (b) 6-h (1200–1800 618 

LST) accumulated rainfall (in units of mm). Simulation results are (c) surface (2 m) temperature 619 

(in units of ℃) and near-surface (10 m) wind vectors at 1415 LST, and (d) 6-h (1200–1800 LST) 620 

accumulated rainfall (in units of mm). Black dots in (a) are locations of automatic weather 621 

stations, and blue dots in (b) are locations of rain gauge stations. Cross symbols in (b) and (d) are 622 

the observed and simulated locations of the maximum accumulated rainfall, and numbers are the 623 

corresponding maximum rainfalls. Terrain heights are contoured at 100, 300, 700, and 1300 m. 624 

 625 

Fig. 6. (a) A comparison between the observed surface wind (purple) and the simulated (orange) at 626 

Danshui, Shilin, and Chungho stations. Half barb is 5 kts. A circle represents the calm condition 627 

(< 1 kt). (b) As in (a), but for Keelung, Shizi and Wenshan stations. 628 

 629 
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Fig. 7. A comparison of hourly 2-m vapor-pressure time series between the observed (purple) and 630 

the simulated (orange) at (a) Bali, (b) Shilin, (c) Chungho, (d) Keelung, (e) Shizi, and (f) 631 

Wenshan stations.   632 

 633 

Fig. 8. Horizontal cross sections of 1500-m radar reflectivity (colored; in units of dBZ) and 10-m 634 

wind vectors from the CNTL simulation: (a) 1200 LST; (b) 1230 LST; (c) 1300 LST; (d)1330 635 

LST; (e) 1400 LST; (f) 1430 LST; (g) 1500 LST. Black line is for the terrain height contoured at 636 

100, 300, 700, and 1300 m. Bold box in (d) is the rectangular area of 60 km by 45 km for the 637 

time-series calculations in Fig. 20.  638 

 639 

Fig. 9. Horizontal cross sections of 35-m water-vapor mixing ratio (colored; in units of g kg
-1

) and 640 

35-m wind vectors from the CNTL simulation: (a) 1000 LST; (b)1100 LST; (c) 1200 LST; (d) 641 

1300 LST; (e) 1400 LST. Black line is for the terrain height contoured at 100, 300, 700, and 1300 642 

m. The vertical cross sections in Figs. 11 and 12 are along the N-S box in (b), and those in Figs. 643 

13 and 14 are along the NE-SW box in (b). 644 

 645 

Fig. 10. Simulated soundings and wind profiles at the Banchiao station at 0800 (blue), 1100 (green) 646 

and 1200 (red) LST 14 June 2015. 647 

 648 

Fig. 11. Vertical cross sections showing the Danshui sea breeze: simulated meridional wind 649 
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(colored; in units of m s
-1

; positive for southerly and negative for northerly wind), equivalent 650 

potential temperature (black contours; in units of K), and along-plane vector: (a) 1200 LST; (b) 651 

1230 LST; (c) 1300 LST; (d) 1330 LST; (e) 1400 LST; (f) 1430 LST. The vertical cross sections 652 

are along the N-S direction of the rectangular box (after 10-km average in zonal direction) in Fig. 653 

9b. The averaged topography profile along the N-S cross section is shown by the black shading. 654 

 655 

Fig. 12. As in Fig. 11 except for the simulated radar reflectivity (colored; in units of 656 

dBZ), vertical velocity (black contoured at –1, –0.5, 1, 2, 4, and 8 m s
-1

; dashed for downdraft) 657 

and cold pool height (thick blue contour): (a) 1200 LST; (b) 1230 LST; (c) 1300 LST; (d) 1330 658 

LST; (e) 1400 LST; (f) 1430 LST.  659 

 660 

Fig. 13. Vertical cross sections showing the Keelung sea breeze: simulated along-plane wind 661 

(colored; in units of m s
-1

; positive for southwesterly and negative for northeasterly wind), 662 

equivalent potential temperature (black contours; in units of K), and along-plane vector: (a) 1200 663 

LST; (b) 1230 LST; (c) 1300 LST; (d) 1330 LST; (e) 1400 LST; (f) 1430 LST. The vertical cross 664 

sections are along the NE-SW direction of the rectangular box (after 10-km average in NW-SE 665 

direction) in Fig. 9b. The averaged topography profile along the NE-SW cross section is shown 666 

by the black shading. 667 

 668 

Fig. 14. As in Fig. 13 except for the simulated radar reflectivity (colored; in units of 669 
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dBZ), vertical velocity (black contoured at –1, –0.5, 1, 2, 4, and 8 m s
-1

; dashed for downdraft) 670 

and cold pool height (thick blue contour): (a) 1200 LST; (b) 1230 LST; (c) 1300 LST; (d) 1330 671 

LST; (e) 1400 LST; (f) 1430 LST.  672 

 673 

Fig. 15. Hovmöller diagrams of (a) meridional wind (colored; in units of m s
-1

; positive for 674 

southerly and negative for northerly wind) at the 0.9965 eta-level; (b) most unstable convection 675 

available potential energy (MUCAPE) (colored; in units of J kg
-1

); (c) level of free convection 676 

(LFC) (colored; in units of m) and cold pool height (contoured at 200, 500,  900, 1300 m) along 677 

the Danshui sea-breeze circulation. The Hovmöller diagrams are along the N-S direction of the 678 

rectangular box (after 10-km average in zonal direction) in Fig. 9b. The averaged topography 679 

profile is shown by black shading in (a). 680 

 681 

Fig. 16.  Hovmöller diagrams of (a) along-sea-breeze wind (colored; in units of m s
-1

; positive for 682 

southwesterly and negative for northeasterly wind) at the 0.9965 eta-level; (b) most unstable 683 

convection available potential energy (MUCAPE) (colored; in units of J kg
-1

); (c) level of free 684 

convection (LFC) (colored; in units of m) and cold pool height (contoured at 200, 500, 900 m) 685 

along the Keelung sea-breeze circulation. The Hovmöller diagrams are along the NE-SW 686 

direction of the rectangular box (after 10-km average in NW-SE direction) in Fig. 9b. The 687 

averaged topography profile is shown by black shading in (a). 688 

 689 
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Fig. 17. 1200–1430 LST accumulated rainfall (in units of mm) from (a) CNTL, (b) NMLT, (c) 690 

NEVP, and (d) NDAT experiments. Black line is for the terrain height contoured at 100, 300, 700, 691 

and 1300 m. The location of maximun accumulated precipitation within Taipei basin is denoted 692 

by the cross symbol in each panel. The maximun accumulated precipitation within basin plain 693 

(terrain height Z < 100 m) is indicated at the upper right corner in each panel. 694 

 695 

Fig. 18. (a), (b) As in Fig. 8f, but for the results from (a) NMLT and (b) NEVP experiment at 1430 696 

LST. (c), (d) As in Fig. 12f, but for the results from (c) NMLT and (d) NEVP experiment at 1430 697 

LST. 698 

 699 

Fig. 19. (a),(b) As in Fig. 15(a),(b), but for the results from NMLT experiment. (c),(d) As in Fig. 700 

15(a),(b), but for the results from NEVP experiment. 701 

 702 

Fig. 20. Time series of domain-averaged (a) near-surface (35 m) buoyancy (in units 703 

of 10
-2

 m s
-2

), (b) cold-pool depth (in units of m), and (c) cold-pool propagation speed 704 

(in units of m s
-1

) from the CNTL (solid), NMLT (long dash) and NEVP (short dash) runs. The 705 

domain is for the rectangular box in Fig. 8d. The temporal-averaged values over 1230-1500 LST 706 

in CNTL, NMLT and NEVP are also shown on each panel. 707 

 708 

Fig. 21. Horizontal cross sections of 10-m horizontal wind speed (colored; in units of m s
-1

) and 709 
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10-m wind vectors at (a) 1113 LST in CNTL run and (b) 1120 LST in NDAT run. Black line is 710 

for the terrain height contoured at 100, 300, 700, and 1300 m. Mount Datun and Mount Guanyin 711 

are labeled in (a). 712 

 713 

Fig. 22. Vertical cross sections along the Danshui sea breeze: (a), (b) simulated meridional wind 714 

(colored; in units of m s
-1

; positive for southerly and negative for northerly wind), equivalent 715 

potential temperature (black contours; in units of K), updraft (gray contours, 0.5, 1 m s
-1

) and 716 

along-plane vector at (a) 1113 LST in CNTL run and (b) 1120 LST in NDAT run. (c) difference 717 

between (a) and (b) (CNTL minus NDAT). (d), (e) simulated CAPE (colored; in units of J kg
-1

), 718 

equivalent potential temperature (black contours; in units of K), updraft (gray contours, 0.5, 1 m 719 

s
-1

) and along-plane vector at (d) 1113 LST in CNTL run and (e) 1120 LST in NDAT run. (f) 720 

difference between (d) and (e) (CNTL minus NDAT). The vertical cross sections have the same 721 

horizontal spatial dimension with the northern part of vertical cross sections (x = 30–50 km) in 722 

Fig.11. Note that the vertical scale is up to 5 km.  723 

 724 

Fig. 23. Schematic diagram of the interactions between sea breeze, cold pool and coastal terrain for 725 

the development of afternoon thunderstorm over Taipei basin. 726 

 727 

Figure A: Horizontal cross sections of 35-m buoyancy (colored; in units of m s
-2

), 35-m rainwater 728 

mixing ratio (orange contoured; 1 g kg
-1

) and 10-m wind vectors from the CNTL simulation at 729 
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1350 LST: Basic state is (a) the domain mean within the rectangular area centered at Taipei basin 730 

(with a size of 60 km by 45 km; see the bold box in Fig. 8d); (b) the domain mean within the 731 

rectangular area centered at Taipei basin (with a size of 100 km by 75 km); (c) Banchiao 732 

sounding at 0800 LST; (d) Banchiao sounding at 1100 LST. Black line is for the terrain height 733 

contoured at 100, 300, 700, and 1300 m. 734 

735 
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Table 1.  Design of control and sensitivity experiments. 736 

 737 

Run Initial time Description 

CNTL 20 LST 13 Jun. 2015 full physics 

NMLT 20 LST 13 Jun. 2015 no melting cooling of graupel after 08 LST 14 June 

2015 

NEVP 20 LST 13 Jun. 2015 no evaporative cooling of rainwater after 08 LST 14 

June 2015 

NDAT 20 LST 13 Jun. 2015 full physics with Mt. Datun removal 

 738 

 739 

740 
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 743 

 744 

 745 

 746 

 747 

 748 

 749 

 750 

 751 

 752 

 753 

 754 

 755 

756 

(a) 

(b) 
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 760 



 42 

Fig. 1. Synoptic condition at 0000 UTC (0800 LST) 14 June 2015: (a) CWB surface analysis map; 761 

(b) 500-hPa map from the ERA-Interim reanalysis with the geopotential height in soild contours, 762 

temperature in dashed contours and horizontal wind in wind barbs (full barb is 10 kts, and half 763 

barb is 5 kts); (c) CWB sounding of temperature and dew point (blue line) at Banchiao station. 764 

The location of Banchiao sounding station is shown in Fig. 2a. (d) Taipei Basin domain with 765 

terrain elevations plotted (colored; in units of meter). Mount Datun, Mount Guanyin and 766 

Southern Slope are labeled. Danshui River Valley and Keelung River Valley are denoted by DRV 767 

and KRV, respectively. 768 

 769 

770 
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 771 

 772 

 773 

 774 

 775 

 776 

 777 

 778 

 779 

 780 

 781 

 782 

 783 

 784 

 785 

 786 

 787 

 788 

 789 

 790 

 791 

 792 

 793 

 794 

 795 

 796 

 797 

Fig. 2. PPI maps of radar reflectivity (in units of dBZ) at 0.5-degree elevation angle observed by 798 

the RCWF radar: (a) 1302 LST; (b) 1331 LST; (c) 1400 LST; (d)1435 LST; (e) 1459 LST; (f) 799 

1522 LST; (g) 1559 LST. The hourly observed wind at Danshui, Shilin, Chungho, Keelung, Shizi 800 

and Wenshan weather stations are indicated on (a),(c),(e),(g). Half barb is for wind speed of 5 kts. 801 

A circle represents the calm condition (< 1 kt). The RCWF radar is labeled by the triangle in (a), 802 

and the square in (a) is the location of Banchiao sounding station. Terrain heights are contoured 803 

by black lines at 100, 300, 700, and 1300 m. 804 

 805 

806 
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 807 

 808 

 809 

 810 

 811 

 812 

 813 

 814 

 815 

 816 

 817 

 818 

 819 

 820 

 821 

 822 

 823 

 824 

 825 

 826 

Fig. 3. Four nested domains (with the horizontal grid size of 13.5 km, 4.5 km, 1.5 km, and 0.5 km, 827 

respectively) of the WRF model. 828 

 829 

830 

d01 
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 831 

 832 

 833 

Fig. 4. A comparison between the simulated sounding (orange) and the observed (blue) at Banchiao 834 

sounding station (see Fig. 2a for its location) at 0800 LST 14 June 2015. 835 

 836 

837 
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 838 

 839 

 840 

Fig. 5. A comparison between observation (OBS) and CNTL simulation of the afternoon 841 

thunderstorm event on 14 June 2015. Observation results are (a) surface (2 m AGL) temperature (in 842 

units of ℃) and near-surface (6 m AGL) wind vectors at 1500 LST, and (b) 6-h (1200–1800 LST) 843 

accumulated rainfall (in units of mm). Simulation results are (c) surface (2 m) temperature (in units 844 

of ℃) and near-surface (10 m) wind vectors at 1415 LST, and (d) 6-h (1200–1800 LST) 845 

accumulated rainfall (in units of mm). Black dots in (a) are locations of automatic weather stations, 846 

and blue dots in (b) are locations of rain gauge stations. Cross symbols in (b) and (d) are the 847 

observed and simulated locations of the maximum accumulated rainfall, and numbers are the 848 

corresponding maximum rainfalls. Terrain heights are contoured at 100, 300, 700, and 1300 m. 849 

 850 

851 
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 852 

 853 

 854 

Fig. 6. (a) A comparison between the observed surface wind (purple) and the simulated (orange) at 855 

Danshui, Shilin, and Chungho stations. Half barb is 5 kts. A circle represents the calm condition (< 856 

1 kt). (b) As in (a), but for Keelung, Shizi and Wenshan stations. 857 

 858 

 859 

 860 

 861 

 862 

 863 

864 

(b) 
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 866 

 867 

 868 

 869 

 870 

 871 

 872 

 873 

 874 

 875 

 876 

 877 

 878 

 879 

 880 

 881 

 882 

 883 

 884 

 885 

 886 

 887 

Fig. 7. A comparison of hourly 2-m vapor-pressure time series between the observed (purple) and 888 

the simulated (orange) at (a) Bali, (b) Shilin, (c) Chungho, (d) Keelung, (e) Shizi, and (f) Wenshan 889 

stations.  890 
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 896 

 897 

 898 

 899 

 900 

 901 

 902 

 903 

 904 

 905 

 906 

 907 

 908 

 909 

 910 

 911 

 912 

 913 

 914 

 915 

 916 

 917 

 918 

 919 

 920 

 921 

 922 

Fig. 8. Horizontal cross sections of 1500-m radar reflectivity (colored; in units of dBZ) and 10-m 923 

wind vectors from the CNTL simulation: (a) 1200 LST; (b) 1230 LST; (c) 1300 LST; (d)1330 LST; 924 

(e) 1400 LST; (f) 1430 LST; (g) 1500 LST. Black line is for the terrain height contoured at 100, 925 

300, 700, and 1300 m. Bold box in (d) is the rectangular area of 60 km by 45 km for the time-series 926 

calculations in Fig. 20.  927 

 928 

929 
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 930 

 931 

 932 

 933 

 934 

 935 

 936 

 937 

 938 

 939 

 940 

 941 

 942 

 943 

 944 

 945 

 946 

 947 

 948 

 949 

 950 

Fig. 9. Horizontal cross sections of 35-m water-vapor mixing ratio (colored; in units of g kg
-1

) and 951 

35-m wind vectors from the CNTL simulation: (a) 1000 LST; (b)1100 LST; (c) 1200 LST; (d) 1300 952 

LST; (e) 1400 LST. Black line is for the terrain height contoured at 100, 300, 700, and 1300 m. The 953 

vertical cross sections in Figs. 11 and 12 are along the N-S box in (b), and those in Figs. 13 and 14 954 

are along the NE-SW box in (b). 955 

 956 

 957 

 958 

 959 

 960 

 961 

 962 

 963 

 964 

 965 

 966 

 967 

 968 

 969 
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 970 

 971 

 972 

 973 

 974 

Fig. 10. Simulated soundings and wind profiles at the Banchiao station at 0800 (blue), 1100 (green) 975 

and 1200 (red) LST 14 June 2015.  976 

977 
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 978 

 979 

Fig. 11. Vertical cross sections showing the Danshui sea breeze: simulated meridional wind 980 

(colored; in units of m s
-1

; positive for southerly and negative for northerly wind), equivalent 981 

potential temperature (black contours; in units of K), and along-plane vector: (a) 1200 LST; (b) 982 

1230 LST; (c) 1300 LST; (d) 1330 LST; (e) 1400 LST; (f) 1430 LST. The vertical cross sections 983 

are along the N-S direction of the rectangular box (after 10-km average in zonal direction) in Fig. 984 

9b. The averaged topography profile along the N-S cross section is shown by the black shading. 985 

 986 

987 
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 988 

 989 

 990 

Fig. 12. As in Fig. 11 except for the simulated radar reflectivity (colored; in units of dBZ), vertical 991 

velocity (black contoured at –1, –0.5, 1, 2, 4, and 8 m s
-1

; dashed for downdraft) and cold pool 992 

height (thick blue contour): (a) 1200 LST; (b) 1230 LST; (c) 1300 LST; (d) 1330 LST; (e) 1400 LST; 993 

(f) 1430 LST.  994 

 995 

 996 

997 
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 998 

 999 

Fig. 13. Vertical cross sections showing the Keelung sea breeze: simulated along-plane wind 1000 

(colored; in units of m s
-1

; positive for southwesterly and negative for northeasterly wind), 1001 

equivalent potential temperature (black contours; in units of K), and along-plane vector: (a) 1200 1002 

LST; (b) 1230 LST; (c) 1300 LST; (d) 1330 LST; (e) 1400 LST; (f) 1430 LST. The vertical cross 1003 

sections are along the NE-SW direction of the rectangular box (after 10-km average in NW-SE 1004 

direction) in Fig. 9b. The averaged topography profile along the NE-SW cross section is shown by 1005 

the black shading. 1006 

 1007 

 1008 

1009 
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 1010 

 1011 

Fig. 14. As in Fig. 13 except for the simulated radar reflectivity (colored; in units of dBZ), vertical 1012 

velocity (black contoured at –1, –0.5, 1, 2, 4, and 8 m s
-1

; dashed for downdraft) and cold pool 1013 

height (thick blue contour): (a) 1200 LST; (b) 1230 LST; (c) 1300 LST; (d) 1330 LST; (e) 1400 1014 

LST; (f) 1430 LST.  1015 

 1016 

 1017 

 1018 

 1019 
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 1021 

 1022 

 1023 

 1024 

 1025 

 1026 
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 1030 

 1031 

 1032 

 1033 

1034 
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 1035 

 1036 

Fig. 15. Hovmöller diagrams of (a) meridional wind (colored; in units of m s
-1

; positive for 1037 

southerly and negative for northerly wind) at the 0.9965 eta-level; (b) most unstable convection 1038 

available potential energy (MUCAPE) (colored; in units of J kg
-1

); (c) level of free convection 1039 

(LFC) (colored; in units of m) and cold pool height (contoured at 200, 500,  900, 1300 m) along 1040 

the Danshui sea-breeze circulation. The Hovmöller diagrams are along the N-S direction of the 1041 

rectangular box (after 10-km average in zonal direction) in Fig. 9b. The averaged topography 1042 

profile is shown by black shading in (a). 1043 

 1044 

1045 
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 1046 

 1047 

 1048 

 1049 

 1050 

 1051 

 1052 

 1053 

 1054 

 1055 

 1056 

 1057 

 1058 

 1059 

 1060 

 1061 

 1062 

 1063 

 1064 

 1065 

 1066 

 1067 

 1068 

 1069 

Fig. 16. Hovmöller diagrams of (a) along-sea-breeze wind (colored; in units of m s
-1

; positive for 1070 

southwesterly and negative for northeasterly wind) at the 0.9965 eta-level; (b) most unstable 1071 

convection available potential energy (MUCAPE) (colored; in units of J kg
-1

); (c) level of free 1072 

convection (LFC) (colored; in units of m) and cold pool height (contoured at 200, 500, 900 m) 1073 

along the Keelung sea-breeze circulation. The Hovmöller diagrams are along the NE-SW direction 1074 

of the rectangular box (after 10-km average in NW-SE direction) in Fig. 9b. The averaged 1075 

topography profile is shown by black shading in (a). 1076 
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1083 
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 1084 

 1085 

 1086 

 1087 

 1088 

 1089 

 1090 

 1091 

 1092 

 1093 

 1094 

 1095 

 1096 

 1097 

 1098 

 1099 

 1100 

 1101 

 1102 

 1103 

 1104 

 1105 

 1106 

Fig. 17. 1200–1430 LST accumulated rainfall (in units of mm) from (a) CNTL, (b) NMLT, (c) 1107 

NEVP, and (d) NDAT experiments. Black line is for the terrain height contoured at 100, 300, 700, 1108 

and 1300 m. The location of maximun accumulated precipitation within Taipei basin is denoted by 1109 

the cross symbol in each panel. The maximun accumulated precipitation within basin plain (terrain 1110 

height Z < 100 m) is indicated at the upper right corner in each panel. 1111 

 1112 

 1113 

 1114 

1115 



 59 

 1116 

 1117 

Fig. 18. (a), (b) As in Fig. 8f, but for the results from (a) NMLT and (b) NEVP experiment at 1430 1118 

LST. (c), (d) As in Fig. 12f, but for the results from (c) NMLT and (d) NEVP experiment at 1430 1119 

LST. 1120 
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 1123 
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1125 
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 1128 

 1129 

 1130 

 1131 

 1132 

 1133 

 1134 

 1135 

Fig. 19. (a),(b) As in Fig. 15(a),(b), but for the results from NMLT experiment. (c),(d) As in Fig. 1136 

15(a),(b), but for the results from NEVP experiment. 1137 
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 1169 

 1170 

 1171 

 1172 

 1173 

Fig. 20. Time series of domain-averaged (a) near-surface (35 m) buoyancy (in units of 10
-2

 m s
-2

), 1174 

(b) cold-pool depth (in units of m), and (c) cold-pool propagation speed (in units of m s
-1

) from the 1175 

CNTL (solid), NMLT (long dash) and NEVP (short dash) runs. The domain is for the rectangular 1176 

box in Fig. 8d. The temporal-averaged values over 1230-1500 LST in CNTL, NMLT and NEVP are 1177 

also shown on each panel. 1178 

1179 
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 1180 

Fig. 21. Horizontal cross sections of 10-m horizontal wind speed (colored; in units of m s
-1

) and 1181 

10-m wind vectors at (a) 1113 LST in CNTL run and (b) 1120 LST in NDAT run. Black line is for 1182 

the terrain height contoured at 100, 300, 700, and 1300 m. Mount Datun and Mount Guanyin are 1183 

labeled in (a). 1184 

1185 



 63 

 1186 

 1187 

Fig. 22. Vertical cross sections along the Danshui sea breeze: (a), (b) simulated meridional wind 1188 

(colored; in units of m s
-1

; positive for southerly and negative for northerly wind), equivalent 1189 

potential temperature (black contours; in units of K), updraft (gray contours, 0.5, 1 m s
-1

) and 1190 

along-plane vector at (a) 1113 LST in CNTL run and (b) 1120 LST in NDAT run. (c) difference 1191 

between (a) and (b) (CNTL minus NDAT). (d), (e) simulated CAPE (colored; in units of J kg
-1

), 1192 

equivalent potential temperature (black contours; in units of K), updraft (gray contours, 0.5, 1 m s
-1

) 1193 

and along-plane vector at (d) 1113 LST in CNTL run and (e) 1120 LST in NDAT run. (f) difference 1194 

between (d) and (e) (CNTL minus NDAT). The vertical cross sections have the same horizontal 1195 

spatial dimension with the northern part of vertical cross sections (x = 30–50 km) in Fig.11. Note 1196 

that the vertical scale is up to 5 km.  1197 

 1198 

      1199 

 1200 
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 1202 

Fig. 23. Schematic diagram of the interactions between sea breeze, cold pool and coastal terrain for 1203 

the development of afternoon thunderstorm over Taipei basin. 1204 

1205 
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 1206 

 1207 

Figure A: Horizontal cross sections of 35-m buoyancy (colored; in units of m s
-2

), 35-m rainwater 1208 

mixing ratio (orange contoured; 1 g kg
-1

) and 10-m wind vectors from the CNTL simulation at 1350 1209 

LST: Basic state is (a) the domain mean within the rectangular area centered at Taipei basin (with a 1210 

size of 60 km by 45 km; see the bold box in Fig. 8d); (b) the domain mean within the rectangular 1211 

area centered at Taipei basin (with a size of 100 km by 75 km); (c) Banchiao sounding at 0800 LST; 1212 

(d) Banchiao sounding at 1100 LST. Black line is for the terrain height contoured at 100, 300, 700, 1213 

and 1300 m. 1214 


