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 31 

Abstract 32 

 33 

In this study, the mechanism for precipitation hotspots (PHs) of locally developed 34 

afternoon thunderstorms in the Taipei Basin is investigated using a three-dimensional 35 

Vector Vorticity equation cloud resolving Model (VVM) with an idealized topography and 36 

surface properties. A 500-m horizontal grid resolution is used in all experiments. The 37 

results show that the local circulation is a key for PHs at the south of the Taipei Basin. 38 

The two valleys guide background southwesterly flow along with the sea breezes to 39 

penetrate into the basin. The urban heat island effect enhances the sea breeze 40 

convergence at the south of the basin and produces strong convection there. Interactions 41 

between cold pools generated by the convection and the sea breezes produce northward 42 

propagating new convective cells. Besides, the background wind direction is important in 43 

determining the location of sea breeze convergence. If the background wind direction 44 

changes from westerly to west-northwesterly, there might be no precipitation at all in the 45 

basin. This study suggests that the idealized experiments also provide a useful framework 46 

for studying the impacts of future climate change on the PHs in the Taipei Basin by 47 

applying the pseudo-global warming approach. 48 

 49 

Keywords  Idealized simulations; deep convection; thunderstorms; sea breezes 50 

51 
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1. Introduction 52 

The Taipei Basin is located at northern Taiwan and surrounded by the Tatun volcano 53 

group at the north, the Linkou Tableland at the west, and the Snow Mountain Range at the 54 

southeast (Fig. 1). Two river valleys which serve as channels connecting the Taipei Basin 55 

and its surrounding ocean are located at the northwest and northeast of the Taipei Basin, 56 

called Tamsui River and Keelung River valleys. Also, the Taipei Basin is covered mostly by 57 

the metropolitan area providing strong urban heat island (UHI) effect there. With these 58 

geographical features, the Taipei city, among other metropolitans, is a unique location to 59 

study the city scale precipitation hotspots (PHs) caused by the afternoon thunderstorms 60 

(TSA) in the summertime through the interactions of background wind fields, topographic 61 

effects, and sea breezes. In this study, PHs are defined as regions with heavy rainfall in 62 

hourly time scale especially for the urban area, which is basically the same as the basin 63 

area in Taipei. 64 

Observational studies (Chen et al., 2007, 2014; Lin et al. 2011, 2012; Yen 2010) suggested 65 

that TSA are the major source of summertime precipitation over the Taipei Basin. Chen et al. 66 

(2007) and Lin et al. (2011) suggested that the cool and moist air from the ocean can be 67 

transported into the Taipei Basin by sea breezes through the valleys and the convergence 68 

of the sea breezes further move southeastward and produces heavy precipitation near the 69 

mountains. They also showed that the increase of summer mean rainfall in the past four 70 

decades is attributed to the increase of precipitation caused by TSA. This increasing trend 71 
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implies that Taipei city could be more vulnerable to flash flood events due to lack of in-time 72 

warning.  73 

Lin et al. (2011 and 2012) studied the preferred environmental conditions for TSA in warm 74 

seasons during 2005-2008 under weak synoptic conditions. They used the morning 75 

soundings (08 LST; 00 UTC) at Banqiao weather station (triangle mark in Fig. 1) and surface 76 

data from weather stations around northern Taiwan to analyze differences between the TSA 77 

days and the non-TSA days. Their results show that the sounding profiles during TSA days 78 

tend to be warmer and wetter in the morning, and the background wind has the highest 79 

probability of a weak southwesterly flow. On the other hand, in the non-TSA days, the 80 

northeasterly sea breeze from the Keelung River valley dominates the wind field in the Taipei 81 

Basin providing no sea-breeze convergence in the basin with no dominant background wind 82 

directions. The temporal/spatial evolution of TSA was further analyzed by Chen et al. (2009) 83 

and Chen et al. (2014) using Radar echoes and weather station data. Their results suggest 84 

that life cycles of TSA and land-sea breezes are tightly coupled. In the initial stage, the sea 85 

breezes from Tamsui and Keelung River valleys crossing to the southern Taipei Basin trigger 86 

convection at the southern slope. Later on, a cold pool front forms at the north of heavy 87 

precipitation area caused by the TSA. When the convection is active, the radar shows that 88 

the convective systems align along a northeast-southwest axis in the Taipei basin. In this 89 

study, the importance of the topography, in particular, the wind channeling through the 90 

valleys, the UHI effect, as well as background wind directions on the evolution of TSA are 91 
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examined. Therefore, simulations with a cloud-resolving model (VVM) are performed. 92 

Idealized topography and surface fluxes are used to analyze the impact on TSA evolution as 93 

well as different background wind direction. Section 2 presents the model description and 94 

the idealized experiment setup. The analysis of the temporal/spatial evolution of the 95 

precipitation hotspots is in Section 3. Summary and discussion are presented in Section 4. 96 

2. Model and Experiment setup 97 

2.1. The model 98 

The Vector Vorticity Equation cloud-resolving Model (VVM) used in this study was 99 

developed by Jung and Arakawa (2008) based on the three-dimensional anelastic vorticity 100 

equation. A unique aspect of the model is that the model predicts the horizontal components 101 

of vorticity and diagnoses the vertical velocity using a three-dimensional elliptic equation. 102 

Therefore, the pressure gradient force is eliminated in this framework, and the horizontal 103 

vorticities can respond directly to the buoyancy force to better capture the local-scale 104 

circulations associated with the strong heating difference such as the sea breeze circulation 105 

and the cold pool fronts. Although predicting vorticity is mathematically equivalent as 106 

predicting momentum in solving the fluid equations, the latter could be hindered by 107 

numerical problems such as solving Poisson equation for pressure or filtering out the sound 108 

waves. The implementation of topography is done through the immersed boundary method 109 

with the topography forcing added to the vorticity fields (Wu and Arakawa, 2011; Chien and 110 

Wu, 2016). A bulk three phase cloud microphysics parameterization including cloud droplets, 111 



 5 

ice crystals, rain, snow, and graupel is used in this model (Krueger et al., 1995). This model 112 

has also been used to study the unified parameterization of deep convection (Arakawa and 113 

Wu, 2013; Wu and Arakawa, 2014) and the impacts of heterogeneous land surface fluxes 114 

on the diurnal cycle precipitation (Wu et al., 2015) as well as the environment of aggregated 115 

convection (Tsai and Wu, 2017). 116 

2.2. Experiment Design 117 

a.  The General Settings 118 

To resolve this topography appropriately, especially the valleys at the northwestern and 119 

northeastern side of the basin, a 500-m grid resolution in x and y-direction is used in all 120 

experiments. A large horizontal domain with 256 km × 256 km is used to avoid the effects 121 

from the boundary due to the use of doubly periodic boundary conditions, and the 512 km × 122 

512 km domain is used for a real orography experiment. The vertical grids are fixed to 100 123 

m under 1 km and stretched to 1.3 km near the model top (17 km). Random temperature 124 

perturbation is added for each simulation to every single grid point in the whole domain 125 

below 1 km during the first 120 time steps (4 minutes) with a random value between -0.5 K 126 

to +0.5 K to break up the model symmetry and the first two hours are treated as model spin-127 

up time. Coriolis force is not considered in the simulations for simplicity due to the use of 128 

small domain and short time integration. The detailed model settings are listed in Table 1. 129 

b.  The Idealized Topography 130 

In order to identify the essential mechanisms responsible for PHs caused by TSA, a 131 
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simple topographic framework is presented in Fig. 2. To compare with the real topography 132 

of the Taipei Basin, all figures on an x-y plane in this paper are rotated 45 degrees so that 133 

the north will be pointing up in these figures. In this framework, we use a simple square area 134 

surrounded by mountains to represent the basin, and this area will be set to the urban area 135 

for the experiments with urban-type heat fluxes (red area in Fig. 2). The grey colors from 136 

dark to light represent heights of mountain areas from low to high. The mountain shape is 137 

idealized with a Gaussian function: 138 

Height = 𝐻𝑚𝑎𝑥𝑒
−

𝐷2

2𝜎2 ,                            (1) 139 

where the maximum mountain height Hmax is 1000 m and D is the distance between a grid 140 

point and the central line of mountains. σ is about 1316 m such that the half width of the 141 

mountain bottom is 3 km in the model. The length of each side of the mountains is 30 km 142 

(from -15 to 15 km in Fig. 2). The valleys can be idealized by gaps of the mountains at the 143 

corresponding locations in the northeast and northwest. Despite the low elevation at the 144 

southwest side of the Taipei Basin (the right panel in Fig. 1), the idealized mountain on the 145 

lower left side exists to avoid that the southwesterly wind blows into the basin area directly. 146 

This idealization is to mimic the effect of real topography such that the weak southwesterly 147 

wind tends to flow around the Taiwan topography. We will focus precipitation patterns in the 148 

basin throughout the study. Sensitivity tests of topography shapes are provided in the 149 

Appendix A. The results suggest that the current topography setting best captures the Taipei 150 

Basin precipitation hotspots compared with observation. 151 



 7 

c.  The Sounding 152 

To find out essential factors affecting the development of TSA in the Taipei Basin, we 153 

use a summertime composite sounding in all experiments in this study (Fig. 3). This 154 

sounding is composed of TSA soundings in 1999-2006 summer launched at 00 UTC (08:00 155 

LST) at Banqiao weather station (Fig. 1) by Chen et al. (2009). They firstly choose weak 156 

synoptic days, which are without influences of typhoons, fronts, and other low-pressure 157 

systems. Then, the TSA grid is identified when the area of high radar reflectivity (> 15 dBZ) 158 

is larger than one fifth in a 0.1-degree grid over northern Taiwan, and the maximum 159 

reflectivity reaches 30 dBZ within that grid. When there are at least 7 TSA grids during 11 - 160 

20 LST, the day is defined as TSA day. There are 110 TSA days in the composite sounding. 161 

The initial wind profile is adapted from Lin et al. (2011 and 2012). They showed that the 162 

occurrence of TSA in northern Taiwan is related to the wind speed and the wind direction 163 

between 0-3 km and 3-6 km. Here we follow their composite wind profiles and set the wind 164 

fields to 3 m s-1 southwesterly under 6 km and zero above in all experiments. Though this 165 

background wind is not the same as described by Lin et al. (2011 and 2012), this simplified 166 

setting can be closer to near-surface condition and more focus on the effects of topography 167 

and wind direction on TSA over northern Taiwan. 168 

d.  The Surface Heat Fluxes 169 

The primary focus of this study is to understand the mechanisms in determining the 170 

precipitation hotspots caused by the interactions among sea breezes through channels, 171 
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convective systems, and the UHI effect. The radiative processes are idealized through 172 

surface fluxes to avoid complications from the land initialization problems. Therefore, all the 173 

surface heating processes can be easily represented by surface heat fluxes. This method is 174 

widely used by studies of local circulation simulations (see, for example, Crosman and Horel, 175 

2010). Following Kirshbaum (2011), the land surface properties in this study are decided 176 

only by modifying the Bowen ratio of the prescribed surface heat fluxes, where the Bowen 177 

ratio is the sensible heat flux divided by the latent heat flux. The whole areas are divided 178 

into rural type, urban type, and ocean. Note that the urban type has lower latent heat flux 179 

than the rural type especially at noon. Moreover, to give a sense of the diurnal cycle of the 180 

surface heat flux in the real world, the experiment begins at 6:00 local standard time (LST). 181 

The above idealizations might not represent the real urbanized effects but roughly captures 182 

the land-sea temperature contrast from observation (e.g., the mean highest temperature in 183 

the model is 32 ℃ while that at Taipei station is 34 ℃ in the summer of 2018. The ocean 184 

temperature is around 28 ℃ in both the model and the observation). The detailed settings 185 

are presented in Appendix B.  186 

We present three sets of experiments to investigate the effects of valleys and the urban 187 

heat island and six sets for the effects of wind directions. Each experiment has six ensemble 188 

members to account for the convective variability in producing precipitation hotspots. 189 

Random temperature perturbation is added for each ensemble member with different 190 

random seed. We use the first three sets of experiments to investigate the impact of 191 
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topography shapes and UHI effects on the precipitation hotspots. The control experiment 192 

CTL represents the topography with two valleys and urban-type surface heat flux in the basin 193 

area (Fig. 2). In experiment noUH, the surface heat flux is rural type in the basin area. 194 

Moreover, the gaps are replaced with the Gaussian-shape mountains in experiment 195 

noVL to examine the effects of the valleys. To investigate the influence of large-scale wind 196 

direction on thunderstorm initiation, we perform additional five experiments. The topography 197 

with two valleys and urban-type surface heat fluxes were used, and large-scale wind 198 

direction was varied by 22.5° from SSW (202.5°) to NW (315°). The experiment names 199 

corresponding to the settings are shown in Table 2. 200 

3. Results of idealized experiments 201 

3.1. Realistic topography simulation 202 

To evaluate the performance in simulating TSA precipitation in the Taipei Basin, we 203 

perform a VVM simulation covering the whole Taiwan area. This includes the use of 204 

homogeneous morning soundings responsible for TSA development (Fig. 3) and uniform 205 

weak south-westerly winds. The surface fluxes are as described in section 2.2.4. The setup 206 

of this experiment is identical to those introduced in the previous section except for using 207 

real topography of Taiwan and larger domain size (512 × 512 km). Snapshots of near-208 

surface wind at noon and 12-hour accumulated precipitation taken from the simulation are 209 

presented in Fig. 4. It is clear to see that the sea breezes convergence through the valleys 210 
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and heavy precipitation at the south of the Taipei Basin. The results correspond well with the 211 

high TSA frequency area analyzed by Lin et al. (2012). This area is marked as a white circle 212 

in the right panel of Fig. 4 demonstrating the model's capability in capturing the primary 213 

processes for the TSA. To qualitatively understand the evolution of the TSA and the impact 214 

of the complex topography and the UHI effect on the PHs, results from the idealized 215 

experiments are presented in the next subsection. 216 

3.2. Temporal evolution 217 

The impacts of the urban heat island (UHI) effect and topography can be first examined 218 

through analyzing time evolution of precipitation patterns in the individual experiment. The 219 

time evolution of low-level winds and precipitation for a selected member in CTL is presented 220 

in Fig. 5. In CTL, the experiment with valleys and the UHI effect, sea breezes build up due 221 

to strong heating difference near the coast and blow onshore into the basin through the two 222 

valleys at 11:00. The northern mountain surrounding the basin splits the southwesterly flow 223 

producing the air flow through the northwest valley. In the northeast valley, on the other hand, 224 

due to the blocking of the mountains surrounding the basin, the southwesterly creates a 225 

weak flow around the northern side of the valley. Combined with the sea breezes from the 226 

two valleys, a convergence area develops at the center of the basin and move southward to 227 

the southern corner of mountain areas. At 12:00, the southward confluent flow gathers at 228 

the southern corner of the basin and triggers deep convection there. The southern branch 229 

of the mountain serves as a barrier to block the southwesterly from directly interacting with 230 
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the sea breezes in the basin. Furthermore, the convection produces strong precipitation at 231 

the southern corner, and the cold pool associated with downdraft produces strong outflow in 232 

the low levels at 12:00 in Fig. 5. The feature can be better visualized by the vertical cross-233 

section of the convection in the north-south direction (Fig. 6). The cold pool region is 234 

represented by the negative horizontal anomaly of the virtual potential temperature near the 235 

surface. It can be seen from -12 to -5 km. Strong cold pool outflow converges with the sea 236 

breezes confluent flow at -4 km inducing strong updraft at the north side of the convection 237 

causing subsequent convective systems moving northward. This propagation can be seen 238 

from 12:00 to 13:00 at the center of the basin (Fig. 5). At 14:00, the convective system moves 239 

to the northeastern side of the mountains as a result of south-westerly background wind at 240 

the upper levels. During the rest of the simulation, precipitation over the basin is generally 241 

caused by the movement of the convective systems over the mountain area. 242 

The development of convective systems in experiment noUH is presented in Fig. 7. The 243 

results show that, without the urban heating, there is no convection being triggered at the 244 

southern corner of the basin at 12:00 compared to the result of CTL. The wind speed of sea 245 

breezes averaged over the two valleys decreases from 6.55 m s-1 to 5.23 m s-1 at 11:00. The 246 

weaker sea breezes convergence from the valleys delays the development of convection in 247 

the center of the basin until 14:00. In general, the surface precipitation in the basin is weaker 248 

compared to CTL. 249 

To understand the effects of the valleys on basin precipitation, we present the temporal 250 
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evolution of experiment noVL in Fig. 8. The results show that, without the valleys, there is 251 

no convective system developed in the basin area. On the other hand, most precipitation is 252 

located at mountain areas, especially at the north-eastern side. The convection is triggered 253 

by the convergence of background flow in the lee of the mountains (north-east) and upslope 254 

winds driven by the heating mountain areas. Previous studies (Baik et al. 2007; Huff and 255 

Changnon 1973; Shem and Shepherd 2009; Shepherd 2005) have discussed the role of 256 

UHI effect in increasing convective instability over the downwind side of the background 257 

wind, which is the northeastern area in this experiment. In the basin area, the results of noVL 258 

demonstrate that, without the convergence of the sea breezes, it is hard to produce 259 

convective systems inside the basin. 260 

3.3. Ensemble results 261 

To examine the statistical characteristics of precipitation hotspots (PHs), we perform six 262 

ensemble members for each experiment with different random seeds. The ensemble 263 

averaged accumulated precipitation is presented in Fig. 9. Here we define that the areas 264 

with ensemble averaged accumulated precipitation larger than 15 mm as PHs. The results 265 

showed that the PHs in the basin area only exists in CTL along the north-south axis in the 266 

center. In noUH, on the other hand, the precipitation is a lot weaker, and the PHs in the south 267 

of the basin are missing. In noVL, there is only weak precipitation in the basin suggesting 268 

the importance of the valleys in controlling the PHs through guiding sea breezes into the 269 

basin and creating a convergence zone in the center of the basin area. The movement of 270 
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the convective systems over the mountain are generally random hence no PHs over the 271 

basin (Fig. 9(c)). The results emphasize the importance of enhanced sea breeze 272 

convergences from the two valleys due to the UHI effect in producing PHs at the south of 273 

the Taipei Basin. 274 

The causes of the precipitation pattern difference between CTL and noUH can be 275 

evaluated in Fig. 10. The sea breezes in CTL penetrate deeper into the basin than those in 276 

noUH at 11:00 due to the stronger inflow speeds. The ensemble averaged wind speed of 277 

near-surface inflow within the northwest valley is 7.20 m s-1 in CTL and 5.78 m s-1 in noUH. 278 

The stronger inflow in CTL is caused by larger temperature gradient along the sea breeze 279 

front. The ensemble averaged surface temperature over the basin area in CTL is 0.84 K 280 

higher than that in noUH at 11:00 while it is less than 0.1 K over the ocean area. The stronger 281 

sea breezes cause a stronger southward confluent flow which geographically locks the PHs 282 

at the south of the basin. 283 

To further understand the PHs at the north-south axis of the basin, the temporal 284 

evolution of the ensemble averaged surface precipitation rates in the basin area (red area 285 

in Fig. 2) is presented in Fig. 11. It is clear that CTL begins to rain earlier in the basin and 286 

has the most significant precipitation rate among these three experiments. Comparing CTL 287 

with noVL, the result implies that the early deep convection in CTL is mechanically lifted by 288 

the sea breeze fronts rather than the boundary layer turbulence in the favorable environment 289 

for TSA. 290 
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Besides, the diurnal evolution of the precipitation rate in CTL presents apparent double 291 

peaks at 13:30 and 15:30 compared with noUH and noVL in which a single peak occurs 292 

around 14:00. To understand how the two peaks vary in the ensemble members, we mark 293 

precipitation peaks in each ensemble member in CTL in Fig. 11. The results show that the 294 

first peak in each ensemble member occurs roughly within 30 min, and the difference of 295 

precipitation rate among ensemble members is within 1 mm h-1. On the other hand, the 296 

second precipitation peak shows larger spread with a magnitude over 2.5 mm h-1. This result 297 

suggests that the precipitation events occur in the first precipitation peak are dominated by 298 

the sea breeze convergence, as shown in Fig. 5 during 11:00 to 13:00. The random 299 

perturbation of temperature has little effect on the timing and strength of the PHs. On the 300 

other hand, the second peak could be contributed by a collection of random events of moving 301 

convective systems which may be triggered over mountains or by cold pools in the basin. In 302 

noUH, the formation process of the only one peak is similar to the first peak in CTL (Fig. 5 303 

and Fig. 7), but the initial time is later, so the random convections are developed at the same 304 

time. Therefore, the peak in noUH is more like a weaker combined result of the two peaks 305 

in CTL. 306 

The spatial pattern of the temporal evolution of precipitation hotspots is presented in 307 

Fig. 12. This figure shows the temporal evolution of the ensemble averaged precipitation 308 

rate of the CTL runs higher than 15 mm h-1. Colored areas represent the same spatial and 309 

temporal features of precipitation in all six members. The time evolution of PHs can be 310 
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visualized by the changes of warm to cold colors. The ensemble averaged PHs move 311 

northward from 11:00 to 14:30. This result further implies that the precipitation hotspots are 312 

directly on the north-south axis at the center of the basin. This moving feature of PHs 313 

corresponds well to an observation case study by Chen et al. (2014). The results emphasize 314 

that sea breezes are a key for the position of PHs at the south of the Taipei Basin. The two 315 

valleys guide background southwesterly flow along with the sea breezes to penetrate into 316 

the basin. The sea breeze convergence enhanced by the UHI effect produces PHs at the 317 

south of the basin. 318 

3.4. Impacts of Wind Directions 319 

Figure 13 presents the sensitivity experiments on wind directions to evaluate the 320 

robustness of the PHs. The results show that when the wind direction changes gradually 321 

from the south-southwesterly (SSW) to the westerly (W) clockwise, the precipitation hotspots 322 

move rapidly but still locate along the north-south axis. When the wind directions change to 323 

the west-northwesterly (WNW) and the northwesterly (NW), the precipitation hotspots 324 

disappear in the basin.  325 

One possible mechanism for the disappearing PHs is that when the low-level 326 

background wind directly blows into the basin through one of the valleys, the convergence 327 

will be not be at the center of the basin. Therefore, there is no PHs in the basin area. This 328 

mechanism can be examined by the low-level wind fields before convection is triggered in 329 

the basin area. Fig. 14 shows the wind rose diagrams of near-surface wind fields including 330 
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all grid points in the basin area from 10:00 to 11:00. This period is selected after the onset 331 

of the sea breeze but before the precipitation initiation in the basin area. The wind fields in 332 

the basin are between the westerly and the east-northeasterly due to the existence of the 333 

valleys but with different frequency ratios which is defined as the balance of sea breezes 334 

from the two valleys. If the wind frequency from the two valleys is the same, the ratio will be 335 

close to 1. If the wind blows more frequently from one valley than the other, the ratio will be 336 

larger than 1 (with the dominant frequency at the numerator). The frequency ratios of near-337 

NW winds (281.25˚ - 348.75 ˚) are higher than that of near-NE winds (11.25 ˚ - 78.75 ˚) in 338 

experiment W (5.8 times), experiment WNW (4.3 times) and experiment NW (3.7 times). 339 

These three experiments in which near-NW winds dominate wind fields also have weaker 340 

precipitation in the basin which demonstrates the importance of the sea breezes from both 341 

valleys in producing PHs in the basin. If the sea breezes cannot converge at the center of 342 

the basin, the PHs tend to locate at the downwind side of mountain regions. 343 

Another possible mechanism is that even if cold pools by convective systems at 344 

mountain areas triggered new convection at the margin of the basin, the core of the 345 

convection will be advected away from the basin by the background wind. For example, the 346 

frequency ratios of near-NW winds and near-NE-winds is similar between experiment SSW 347 

(2.1) and experiment WSW (2.4), but experiment SSW has 1.6 times ensemble averaged 348 

precipitation compared with experiment WSW. Their precipitation in the basin before 14:30 349 

is similar (Table 3) suggesting that both experiments can trigger convection in the basin first, 350 



 17 

but the movement of convective systems in the later period is different. 351 

The sensitivity experiments correspond well with the observation (Lin et al. 2012) in that 352 

TSA in the basin occurs mostly under weak southwesterly. When the wind from Keelung 353 

valley dominates the wind field in the Taipei Basin, no TSA can develop in the basin. 354 

4. Summary and discussion 355 

In this study, a three-dimensional Vector Vorticity equation cloud-resolving Model (VVM) 356 

with 500 m horizontal resolution is used to investigate precipitation hotspots (PHs) of 357 

afternoon thunderstorms (TSA) in the Taipei Basin. The Taipei Basin has complex 358 

topographic characteristics, surrounded by mountains, two valleys as channels to the sea 359 

and the high degree of urbanization. Interactions among sea breezes, complex topography, 360 

and convective systems make it difficult to understand the fundamental mechanisms in 361 

controlling PHs. In this study, an idealized topography and land use settings are used to 362 

clarify its essential mechanisms.  363 

The results demonstrate the importance of enhanced sea breezes convergences from 364 

the Keelung River valley and the Tamsui River valley on geographically locking the TSA in 365 

the south of the Taipei Basin. The results also suggest that if the two valleys do not exist, 366 

there is no PHs in the basin. Thus, without the sea breezes, convergence through the valleys, 367 

precipitation in the basin is mainly produced by the random convective systems from the 368 

mountains moving into the basin. The urban heat island effect causes the enhanced sea 369 
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breezes through the enhanced thermal contrasts between the Taipei city and its surrounding 370 

ocean. The PHs then move northward from 11:00 to 14:30 to the north of the basin due to 371 

new convective systems initiated by cold pool fronts produced by heavy precipitation. The 372 

essential mechanisms for the PHs can be illustrated with a schematic diagram in Fig. 15 373 

emphasizing the importance of topography, sea breezes, confluent flow, background wind 374 

direction, the evolution of cold pool fronts and associated location of the PHs. Sea breezes 375 

and their confluent flow play essential roles in the initiation process while the cold pool fronts 376 

provide another mechanism for the propagation of PHs. 377 

Sensitivity experiments on the wind directions show that the PHs are generally located 378 

in the north-south axis when the wind direction changes clockwise from SSW to W. On the 379 

other hand, if the background wind blows into the basin through one valley directly, it will act 380 

as a blocking effect on the sea breeze from the other valley. Therefore, the sea breezes 381 

convergence in the basin dictates the surface precipitation hotspots in the basin. 382 

The idealized experiments proposed in this study can be used as a framework for 383 

studying the variabilities of TSA on the PHs under future climate change. Instead of the 384 

traditional regionally downscaling method, a pseudo-global warming approach, in which the 385 

thermodynamics changes estimated from the future projections using the general circulation 386 

models, can be translated into the atmospheric stability and moisture changes. Applying 387 

these changes to our idealized setup, the variability of PHs caused by the global warming 388 

can be estimated.  389 
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Finally, it should be pointed out that the interpretation of our results is based on idealized 390 

topography and simplified land surface properties, and the model uses an idealized 391 

microphysics parameterization. Also, the thermodynamic environment for triggering deep 392 

convection might be another important issue. As discussed in Wu et al. (2009), the initiation 393 

of the diurnal cycle deep convection is controlled by the development of shallow convection. 394 

The pattern of the surface heterogeneity within the city can also generate aggregated 395 

convective systems produced by the convergence of inland breezes (Wu et al., 2015) and 396 

modify the location of PHs. We believe that this study demonstrates the essential 397 

mechanisms for PHs in the Taipei Basin and provides useful guidance for extreme 398 

precipitation warning when the conditions are met. 399 

 400 

Appendix A: Sensitivity tests of the idealized topography 401 

To better understand the characteristics of the idealized topography used in this study, we 402 

separate mountain areas to the upper half and the lower half conducting additional 403 

experiments with the same settings mentioned in Section 2. Ensemble-averaged 404 

precipitation patterns and wind fields at 10:30 for two additional topography shape 405 

experiments are provided in this appendix. The results show that without the top panel of 406 

the topography, as shown in Fig. A1, the southwesterly cannot penetrate directly into the 407 

basin. It mainly converges with the sea breeze at the east side of the original basin area 408 

because the background wind flows around the southwestern mountain and speeds up the 409 
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westerly sea breeze. This result suggests that the top panel of the topography is essential 410 

to split the background flow creating equally strong sea breezes and make their confluent 411 

flow penetrate into the basin. The results also show that without the bottom panel of the 412 

topography, as shown in Fig. A2, the background wind field can blow directly into the basin 413 

causing convergence in the northeast corner of the basin and heavy precipitation there. Both 414 

scenarios confirm the importance of the topography surrounding the basin in producing 415 

precipitation hotspots close to observation. 416 

Appendix B: Detailed settings of the surface heat fluxes 417 

The sensible and the latent heat fluxes are determined from the Bowen ratio of the total 418 

surface heat fluxes as: 419 

SH = Ftot ×
BR

1+BR
, LE = Ftot ×

1

1+BR
,

Ftot (W m−2) = {
500 sin(𝛺𝑡) , for the rural and urban areas

318, for the ocean
, and

BR ≈ {
0.67 sin(𝛺𝑡) , for the rural area

4 sin(𝛺𝑡) , for the urban area
0.11, for the ocean

 ,

          (B1) 420 

where Ftot is the total surface heat fluxes, BR is the Bowen ratio, SH is the sensible heat 421 

fluxes, LE is the latent heat fluxes, Ω is the angular speed of the earth, and t is the time from 422 

6:00 to 18:00. This period may not indicate an exact LST, but it gives a sense of the diurnal 423 

cycle of the surface heat fluxes on land. The difference between the rural and urban areas 424 

is that Bowen ratio is much higher over the urban area. Over the ocean, on the other hand, 425 

the fluxes remain the same over the entire simulation. The total heat flux of the ocean is 318 426 

W m-2, which is the temporal average of Ftot over the land area providing the same energy 427 
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input over land and ocean. 428 
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List of Figures 500 

Fig. 1. The topography of Taiwan (left panel; satellite photograph from Google Earth TM) 501 

where the red box shows the location of the Taipei Basin (right panel). The color shading 502 

represents the orographic height over the Taipei Basin. 503 

Fig. 2. Idealized topography used in this study. The shaded area represents the 504 

topography height with grey colors. Blue and black areas represent the ocean and flat 505 

land, respectively. Red area represents the basin area as high as black areas. The top-506 

left arrow points to the north direction in order to better compare with the real Taipei 507 
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Basin. This area is a subdomain designed for comparing with the Taipei Basin, and the 508 

whole domain in the model is extended from -128 km to 128 km in both x and y axes. 509 

Fig. 3. The vertical profile of the initial environmental condition. This profile is adapted from 510 

composite soundings of Banqiao (WMO station number 46692; triangle mark in Fig. 1) in 511 

convective days in summer during 1999 – 2006 (Chen et al. 2009). The red line is air 512 

temperature (T), and the blue line is dewpoint temperature (Td). The black line is an air 513 

parcel trajectory. The initial wind profile is 3 m s-1 under 6 km. 514 

Fig. 4. Near-surface wind fields at 12:00 (left panel) and accumulated surface precipitation 515 

over the whole 12-hour simulation period from 6:00 to 18:00 (right panel) in the Taipei 516 

Basin using realistic topography and surface fluxes from Eq. (1). The black lines 517 

represent the coastline of northern Taiwan. The grey shades represent the orographic 518 

height. The color shading area represents the accumulated precipitation. The white 519 

circle represents an area with the highest frequency of TSA occurrence from Lin et al. 520 

(2012). 521 

Fig. 5. Snapshots of CTL_1 (the first ensemble member of CTL). Time is labelled at the 522 

upper right corner. The color shading is the precipitation rate with intervals labelled in 523 

the color bar, and the areas with transparent white represent thicknesses of clouds. The 524 

white arrows are averaged low level winds from the surface to 500 m. The white contour 525 

indicates the mountain areas above sea level in Figure 2. 526 

Fig. 6. Cross-section of CTL_1 at 12:00. The vertical slice is taken from the red dashed 527 



 26 

line shown in the upper right figure. The color shading represents the horizontal anomaly 528 

of the virtual potential temperature [θv = θ(1+0.61q), where θ is potential temperature, 529 

and q is specific humidity]. The grey dots (hatchings) represent cloud (rain) water higher 530 

than 0.01 (0.1) g kg-1. The purple contour represents a region where updraft velocity is 531 

higher than 3 m s-1. The arrows only show wind speeds higher than 3 m s-1, and the 532 

bottom-right arrow scale presents the arrow length of 20 m s-1. The grey shading is the 533 

mountain area. 534 

Fig. 7. As in Fig. 5 but for Snapshots of noUH_1. 535 

Fig. 8. As in Fig. 5 but for Snapshots of noVL_1. 536 

Fig. 9. Ensemble averages of accumulated surface precipitation in (a) CTL, (b) noUH, and 537 

(c) noVL from 6:00 to 18:00. Shading area represents precipitation with intervals labelled 538 

in the color bar. The unit is millimeter. The arrows represent near-surface wind in the 539 

morning (10:30). Regions of mountain areas are circled with black lines and filled with 540 

transparent grey. 541 

Fig. 10. The cross-sections of ensemble-averaged horizontal wind speed and near-surface 542 

temperature of (a) CTL and (b) noUH at 11:00. The vertical slices are taken from the red 543 

line shown in the upper right figures. Shading area represents the wind speed with 544 

intervals labelled in the color bar. The lower figures represent the near-surface air 545 

temperature. The regions circled by red dashed rectangles represent the basin area. 546 

The blue dashed lines show the position of the coastline. 547 
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Fig. 11. Time series of ensemble-averaged surface precipitation rates in the basin area. 548 

The dashed lines represent the topography with valleys, and the solid line represents 549 

topography without valleys. Red and purple lines are experiments with the urban heat 550 

island effect. Different types of marks represent maximum precipitation rate of each 551 

ensemble member in CTL before and after 14:30. 552 

Fig. 12. Time evolution of the 6 ensemble precipitation hotspots where the ensemble 553 

averaged precipitation is higher than 15 mm h-1 in basin area in CTL. The color shading 554 

represents the precipitation time from 11:00 to 14:30. 555 

Fig. 13. The ensemble-averaged accumulated precipitation patterns which the background 556 

wind directions are (a) south-southwesterly, (b) southwesterly, (c) west-southwesterly, 557 

(d) westerly, (e) west-northwesterly, and (f) northwesterly. Shading area represents 558 

precipitation with intervals labelled in the color bar which is the same as Fig. 9. Regions 559 

of mountain areas are filled with transparent grey. 560 

Fig. 14. Wind rose diagrams including all ensemble members in each experiment of near-561 

surface wind in the whole basin area from 10:00 to 11:00. The background wind 562 

directions are (a) south-southwesterly, (b) southwesterly, (c) west-southwesterly, (d) 563 

westerly, (e) west-northwesterly, and (f) northwesterly. The colors of fan-shaped areas 564 

present the frequency of different ranges of wind speeds in each wind direction with 565 

intervals labelled in the color bar. The percentages of frequency at the circles are from 566 

6% to 30% with the interval of 6%. 567 
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Fig. 15. Three-dimensional schematic diagram of (a) initiation process and (b) propagating 568 

process for precipitation hotspots in CTL. The base maps are (a) the ensemble 569 

averaged near-surface temperature with intervals labelled in the color bar and wind 570 

fields at 11:00 and (b) ensemble time evolution of PHs which is the same as Fig. 12. The 571 

purple arrows represent the background wind. (a) The blue arrows represent sea 572 

breezes, and the yellow arrow represents confluent flows caused by sea breezes from 573 

the valleys. The cloud indicates the location triggering convection. (b) The blue and light 574 

blue fronts represent cold pool fronts caused by the precipitation hotspots at 12:00 and 575 

13:00. The positions of the fronts are judged by convergence of wind fields under 500 m 576 

in the basin area. 577 

Fig. A1. As in Fig. 9 but for the result without the upper half topography in CTL. 578 

Fig. A2. As in Fig. 9 but for the result without the lower half topography in CTL. 579 
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 581 

Fig. 1. The topography of Taiwan (left panel; satellite photograph from Google Earth TM) 582 

where the red box shows the location of the Taipei Basin (right panel). The color shading 583 

represents the orographic height over the Taipei Basin. 584 

  585 
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 586 

Fig. 2. Idealized topography used in this study. The shaded area represents the topography 587 

height with grey colors. Blue and black areas represent the ocean and flat land, respectively. 588 

Red area represents the basin area as high as black areas. The top-left arrow points to the 589 

north direction in order to better compare with the real Taipei Basin. This area is a subdomain 590 

designed for comparing with the Taipei Basin, and the whole domain in the model is 591 

extended from -128 km to 128 km in both x and y axes. 592 

  593 
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 594 

Fig. 3. The vertical profile of the initial environmental condition. This profile is adapted from 595 

composite soundings of Banqiao (WMO station number 46692; triangle mark in Fig. 1) in 596 

convective days in summer during 1999 – 2006 (Chen et al. 2009). The red line is air 597 

temperature (T), and the blue line is dewpoint temperature (Td). The black line is an air 598 

parcel trajectory. The initial wind profile is 3 m s-1 under 6 km. 599 
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 601 

Fig. 4. Near-surface wind fields at 12:00 (left panel) and accumulated surface precipitation 602 

over the whole 12-hour simulation period from 6:00 to 18:00 (right panel) in the Taipei Basin 603 

using realistic topography and surface fluxes from Eq. (1). The black lines represent the 604 

coastline of northern Taiwan. The grey shades represent the orographic height. The color 605 

shading area represents the accumulated precipitation. The white circle represents an area 606 

with the highest frequency of TSA occurrence from Lin et al. (2012). 607 

  608 
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 609 

Fig. 5. Snapshots of CTL_1 (the first ensemble member of CTL). Time is labelled at the 610 

upper right corner. The color shading is the precipitation rate with intervals labelled in the 611 

color bar, and the areas with transparent white represent thicknesses of clouds. The white 612 

arrows are averaged low level winds from the surface to 500 m. The white contour indicates 613 

the mountain areas above sea level in Figure 2. 614 
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 615 

Fig. 6. Cross-section of CTL_1 at 12:00. The vertical slice is taken from the red dashed line 616 

shown in the upper right figure. The color shading represents the horizontal anomaly of the 617 

virtual potential temperature [θv = θ(1+0.61q), where θ is potential temperature, and q is 618 

specific humidity]. The grey dots (hatchings) represent cloud (rain) water higher than 0.01 619 

(0.1) g kg-1. The purple contour represents a region where updraft velocity is higher than 3 620 

m s-1. The arrows only show wind speeds higher than 3 m s-1, and the bottom-right arrow 621 

scale presents the arrow length of 20 m s-1. The grey shading is the mountain area. 622 
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 624 

Fig. 7. As in Fig. 5 but for Snapshots of noUH_1. 625 

  626 
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 627 

Fig. 8. As in Fig. 5 but for Snapshots of noVL_1. 628 

  629 
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 630 

Fig. 9. Ensemble averages of accumulated surface precipitation in (a) CTL, (b) noUH, and 631 

(c) noVL from 6:00 to 18:00. Shading area represents precipitation with intervals labelled in 632 

the color bar. The unit is millimeter. The arrows represent near-surface wind in the morning 633 

(10:30). Regions of mountain areas are circled with black lines and filled with transparent 634 

grey. 635 

  636 
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 637 

Fig. 10. The cross-sections of ensemble-averaged horizontal wind speed and near-surface 638 

temperature of (a) CTL and (b) noUH at 11:00. The vertical slices are taken from the red line 639 

shown in the upper right figures. Shading area represents the wind speed with intervals 640 

labelled in the color bar. The lower figures represent the near-surface air temperature. The 641 

regions circled by red dashed rectangles represent the basin area. The blue dashed lines 642 

show the position of the coastline. 643 
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 645 

Fig. 11. Time series of ensemble-averaged surface precipitation rates in the basin area. The 646 

dashed lines represent the topography with valleys, and the solid line represents topography 647 

without valleys. Red and purple lines are experiments with the urban heat island effect. 648 

Different types of marks represent maximum precipitation rate of each ensemble member in 649 

CTL before and after 14:30. 650 

  651 
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 652 

Fig. 12. Time evolution of the 6 ensemble precipitation hotspots where the ensemble 653 

averaged precipitation is higher than 15 mm h-1 in basin area in CTL. The color shading 654 

represents the precipitation time from 11:00 to 14:30. 655 

  656 
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 657 

Fig. 13. The ensemble-averaged accumulated precipitation patterns which the background 658 

wind directions are (a) south-southwesterly, (b) southwesterly, (c) west-southwesterly, (d) 659 

westerly, (e) west-northwesterly, and (f) northwesterly. Shading area represents precipitation 660 

with intervals labelled in the color bar which is the same as Fig. 9. Regions of mountain 661 

areas are filled with transparent grey. 662 
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 664 

Fig. 14. Wind rose diagrams including all ensemble members in each experiment of near-665 

surface wind in the whole basin area from 10:00 to 11:00. The background wind directions 666 

are (a) south-southwesterly, (b) southwesterly, (c) west-southwesterly, (d) westerly, (e) west-667 

northwesterly, and (f) northwesterly. The colors of fan-shaped areas present the frequency 668 

of different ranges of wind speeds in each wind direction with intervals labelled in the color 669 

bar. The percentages of frequency at the circles are from 6% to 30% with the interval of 6%. 670 
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 672 

Fig. 15. Three-dimensional schematic diagram of (a) initiation process and (b) propagating 673 

process for precipitation hotspots in CTL. The base maps are (a) the ensemble averaged 674 

near-surface temperature with intervals labelled in the color bar and wind fields at 11:00 and 675 

(b) ensemble time evolution of PHs which is the same as Fig. 12. The purple arrows 676 

represent the background wind. (a) The blue arrows represent sea breezes, and the yellow 677 

arrow represents confluent flows caused by sea breezes from the valleys. The cloud 678 

indicates the location triggering convection. (b) The blue and light blue fronts represent cold 679 

pool fronts caused by the precipitation hotspots at 12:00 and 13:00. The positions of the 680 

fronts are judged by convergence of wind fields under 500 m in the basin area. 681 
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 683 

Fig. A1. As in Fig. 9 but for the result without the upper half topography in CTL. 684 
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 686 

Fig. A2. As in Fig. 9 but for the result without the lower half topography in CTL. 687 
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 696 

Table 1  Model settings 697 

Model Vector vorticity equation cloud-resolving model (VVM) 

Horizontal spacing 500 m 

Vertical resolution 
100 m under 1 km 

Stretch up to 1.3 km at model top 

Domain 
512 × 512 × 34 grids 

256 × 256 × 17 (km) 

Time integration 
2 s time step 

12-hour simulation duration (6:00 ~ 18:00) 

Surface Heat fluxes 

(W/m2) 

Rural type 

Urban type 

Ocean type 

500 sin(t), Bowen ratio ~ 0.67 sin(t) 

500 sin(t), Bowen ratio ~ 4 sin(t) 

318, Bowen ratio ~ 0.11 

Background wind 3 m/s (Southwest wind) under 6 km 

Ensemble members 6 members 

 698 

 699 

Table 2  Experiments settings 700 

Exp. Name 
Land-use type in 

the basin area 

Gaps at the NW 

and NE mountain 

areas 

Background wind speed / 

direction 

CTL Urban Yes 3 m s-1 / SW 

noUH Rural Yes 3 m s-1 / SW 

noVL Urban No 3 m s-1 / SW 

SSW Urban Yes 3 m s-1 / SSW 

SW Urban Yes 3 m s-1 / SW 

WSW Urban Yes 3 m s-1 / WSW 

W Urban Yes 3 m s-1 / W 

WNW Urban Yes 3 m s-1 / WNW 

NW Urban Yes 3 m s-1 / NW 

 701 

 702 



 48 

Table 3  Ensemble-averaged accumulated precipitation over the basin area with different 703 

background wind directions. 704 

Wind Direction SSW SW WSW W WNW NW 

Basin-Averaged 

Accumulated Precipitation 

(mm) 

7.45 8.99 4.58 3.00 0.49 1.04 

Basin-Averaged 

Accumulated Precipitation 

(mm) Before 14:30 

3.78 5.24 3.04 1.98 0.40 0.51 

 705 


