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Abstract 38 

 39 

We applied tracer transport simulations using Taiwan vector vorticity equation cloud-40 

resolving model (TaiwanVVM) to evaluate the effects of the local circulation associated 41 

with the lee vortex and the planetary boundary layer development on the transport and 42 

accumulation of the pollutants on a diurnal time scale in central Taiwan. The wind 43 

directions of crucial synoptic northeast monsoon are idealized as the initial conditions 44 

of the simulations to examine the impact of the lee vortex on the pollutants transport. 45 

The primary local non-traffic emission sources are taken as the tracer emission sites so 46 

that the experiment results could be a good proxy of the realistic scenarios. With the 47 

local circulation over complex topography being resolved explicitly, the impact of the 48 

boundary layer development on the tracer transport of the Puli basin is discussed. The 49 

simulation results clarify the contribution of the sea breeze and the lee vortex to the 50 

tracer transport in central Taiwan. We conclude that high tracer concentration at Puli at 51 

night is due to the tracer being trapped by the thinning of the mixed layer depth in the 52 

evening. The sensitivity of the local tracer transport to the change of the synoptic wind 53 

direction shows that under northeasterly due east (due north) environment, the pollutant 54 

transports from the southern source (northern source) of central Taiwan are most likely 55 

to induce high concentration in Puli at night. This is the first study to distinguish the 56 
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contribution of the sea breeze and the lee vortex in pollutants transport in Taiwan. The 57 

results obtained from idealized experiments provide the possible mechanism of 58 

pollutants transport, which could be taken as an insight to interpret the observations and 59 

guide the design of field experiment to further establish the fundamental principles of 60 

the pollution transports in central Taiwan. 61 

 62 

Keywords: pollutant transport, local circulation, lee vortex, planetary boundary layer, 63 

large eddy simulation 64 

  65 
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1. Introduction 66 

The fine particulate matter (PM2.5; particles with a diameter of 2.5 micrometers or 67 

less) pollution is a serious environmental issue in Taiwan. Several studies conducted in 68 

Taiwan discussed the possible pollutants transport mechanism associated with the local 69 

circulation: Tsai et al. (2008) investigated the influences of the land-sea breeze on the 70 

transport of gaseous air pollutants around the coastal region of Southern Taiwan. They 71 

showed that ambient air pollutants could be transported back and forth across the 72 

coastline by the land-sea breeze. Hsu and Cheng (2016, hereafter HC16) showed that 73 

the pollution on the west plain of Taiwan is prone to be high under the land-sea breeze 74 

embedded in the weak synoptic weather during wintertime. While these studies 75 

emphasized the role of the land-sea breeze on the pollutants transport under the weak 76 

synoptic weather, the high aerosol concentration distributed on the leeside of the central 77 

mountain range of Taiwan under the prevailing winds also came to attention. Chuang 78 

et al. (2008) pointed out that while the weak winds and the high atmospheric stability 79 

are crucial factors to promote the high aerosol concentration in the Taipei basin, the 80 

terrain blocking effect on the leeside of the prevailing winds could also cause aerosol 81 

accumulation. Hsu and Cheng (2019) also showed that southwestern Taiwan situated 82 

on the leeside of the central mountain range often exhibits the worst air pollution under 83 

the prevailing northeasterly monsoon. These studies suggested that the interaction 84 
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between the topography of Taiwan and the prevailing wind should be taken into account 85 

when inspecting the pollutants' transport mechanism. Lai and Lin (2020, hereafter LL20) 86 

further proposed that the lee vortex, which is induced by the prevailing winds blocked 87 

by the central mountain range of Taiwan, is a crucial factor to the pollutant transport 88 

mechanism in Taiwan. After inspecting the composite of more than 300 simulations of 89 

the pollution events and the aerosol concentration observation, they concluded that the 90 

location of the induced lee vortex is sensitive to the pitching angle of prevailing winds, 91 

which is defined as the angle between the axis of the central mountain range and the 92 

prevailing wind direction. The location of the lee vortex and its evolution consequently 93 

impact the areas of the severe pollution areas in the island scale, such as in central or 94 

southern Taiwan. Despite the importance of the lee vortex to the local pollutant 95 

distribution in Taiwan claimed by LL20, there is little observation examination of the 96 

lee vortex under the high pollution events in their study. The existence of the lee vortex 97 

could be clearly identified in some pollution cases of Taiwan (see Appendix as an 98 

example), which implies that the crucial pollutants transport mechanism should be 99 

associated with the lee vortex. However, it is challenging to clarify the transport 100 

contribution by the lee vortex in the observation considering that the local PM2.5 is the 101 

result of the pollutants being transported from all kinds of emission sources in Taiwan. 102 

In this study, a large-eddy simulation approach is employed to evaluate the effects of 103 
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the lee vortex on the pollutants transport and to identify possible emission sources 104 

responsible for the local pollutant distribution under the synoptic condition revealed by 105 

HC16 and LL20. 106 

While the aforementioned studies indicated the importance of the local circulation 107 

associated with the land-sea breeze and the lee vortex on the pollutants transport, the 108 

evolution of the local circulation under different prevailing wind directions and its 109 

impact on the pollutants transport are still not clear. The contribution of the land-sea 110 

breeze and the lee vortex to the pollutants transport under different synoptic conditions 111 

also need to be examined quantitatively. Moreover, the distribution of the pollutants 112 

discussed in these studies mainly focused on the plain areas of Taiwan. Regarding the 113 

mechanism of the pollutants transport and accumulation over the mountain area, the 114 

local circulation associated with the topography, such as the mountain valley wind 115 

system, could also play a role in the pollutants transport, which is rarely discussed 116 

before. The details of the aerosol concentration distribution across the plains and 117 

mountain areas are also interesting. For example, HC16 also pointed out that the Puli 118 

site, a basin situated at the mountain area of the central mountain range, recorded the 119 

second-highest average PM2.5 concentration from the year 2014-2015. Since the non-120 

traffic pollution sources such as chemical industry factories and power plants are 121 

primarily located in the coastal area, the mechanism of the pollutants transported to and 122 
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accumulated in the Puli basin is worthy of being further investigated.  123 

Considering the pollutants transport and accumulation over complex topography, 124 

the vertical dispersion of the pollutants related to the characteristics of the planetary 125 

boundary layer (PBL) development is also a key factor in determining the local 126 

pollutant concentration. Chang et al. (2006) analyzed the microwave temperature 127 

profiler data of the pollution episodes in Taiwan. They suggested that the mixed layer 128 

depth and its diurnal variation are essential to the evolution of local pollution. The local 129 

pollutant concentration is modulated by the local flow and the vertical mixing processes 130 

simultaneously. In the Puli basin, which is located on the west side of the central 131 

mountain range with complex surrounding topography, the PBL development should 132 

be carefully evaluated to clarify its role in pollutant transport. 133 

In this study, we aim to understand the mechanism responsible for the local 134 

circulation that causes high pollutant concentration at the Puli basin using idealized 135 

simulations. As Lesouef et al. (2011) demonstrated, the idealized numerical experiment 136 

is suitable to investigate the local scale transport and dispersion of pollutants emitted 137 

from local sources in the context of a uniform maritime flow obstructed by a 138 

mountainous island. 139 

Arnold et al. (2012a, 2012b) showed that the modeling framework with nested-140 

domain generally causes problems over complex topography, including the noise 141 
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produced at the nest boundaries, the spin-up needed for the high-resolution domain, and 142 

the boundary of the nested domain. To avoid these issues, the domain boundaries of the 143 

numerical simulation should be far enough from the region of interest. In this study, a 144 

high-resolution (500 m) single domain covering the whole of Taiwan is used in the 145 

numerical simulation framework to simulate the local circulation and PBL development 146 

over complex topography in Taiwan. The high horizontal resolution single domain 147 

design is to avoid the nested-domain simulation problems mentioned above meanwhile 148 

still capable of capturing flow around ridges and valleys of Taiwan. A series of idealized 149 

tracer transport simulations are carried out to clarify the roles of the land-sea breeze 150 

and the lee vortex on the transport of pollutants to the Puli basin. The tracer emission 151 

sites are configured on the west coast of Taiwan to evaluate the tracer transport 152 

processes on the west plain of Taiwan. In PBL, high vertical resolution (100 m) within 153 

4 km is used to better capture the evolution of PBL development. In our experiments, 154 

the synoptic northeasterly monsoon with different prevailing wind directions is also 155 

considered in the tracer transport simulations to discuss the evolution of the lee vortex 156 

under different synoptic conditions in the distribution of the tracer concentration. The 157 

goals of this study are: 1) to identify the role of the lee vortex in the tracer transport 158 

mechanism; 2) to evaluate the impact of the prevailing wind direction of northeasterly 159 

monsoon on the evolution of the lee vortex circulation; and 3) to understand how the 160 
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local tracer concentration at Puli be modulated by the development of the PBL and the 161 

local circulation. The statistic of the observation data is presented in section 2. The 162 

model and the experiment design are presented in section 3, which includes the 163 

description of TaiwanVVM and the numerical setup of the idealized simulations. The 164 

examination of the simulation results is presented in section 4, in which the mechanism 165 

associated with the lee vortex and the development of the PBL is discussed. A summary 166 

and discussion are given in section 5. 167 

 168 

2. Observational Basis 169 

Inspired by LL20, we first analyze the relationship between the prevailing winds 170 

and the pollution of central Taiwan in the observations. We follow the definition of the 171 

prevailing winds in LL20 and take the winds of the lowest level in the sounding data at 172 

Ishigakijima of Japan at 00:00 UTC of each day to represent the synoptic winds. Figure 173 

1 shows the geographic locations of Taiwan and Ishigakijima (yellow asterisk), as well 174 

as the major local non-traffic emission sources (red squares, Taichung Power Plant 175 

(TPP), and Sixth Naphtha Cracker (SNC)) and the observation sites (blue triangles, 176 

Zhushan and Puli) in central Taiwan we focused on in this study. It is worth noting that 177 

the Puli basin is on the west side of the central mountain range. The height of the 178 

surrounding mountains of the Puli basin ranges from 800 to 2000 m. Zhushan is situated 179 
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at the fringe of the western plain of Taiwan, which is also next to the foothill of the 180 

central mountain range. Figure 2 shows the windroses of the synoptic winds in 2005-181 

2015. While the day-by-day prevailing wind directions can vary from northeasterly due 182 

north (NNE) to southerly as shown in Fig. 2a, the wind directions are mostly confined 183 

between 20° to 80° when only considering the pollution days at Puli (Fig. 2b). Figure 184 

2b also shows that the highest frequency of the pollution days at Puli is under the NNE 185 

synoptic winds and followed by the northeasterly (NE) and northeasterly due east (ENE) 186 

winds. The windroses indicate that although the west plain of Taiwan is mainly under 187 

the weak wind condition during the northeasterly monsoon, which favors the pollution 188 

transport by the land-sea breeze as suggested by HC16, the slight change of the synoptic 189 

wind direction still impacts the pollution of the Puli basin. The sensitivity of the Puli 190 

pollution days to the synoptic wind direction also implies that the local circulation 191 

associated with the lee vortex could result in the different pollutants transport scenarios 192 

on a finer scale than LL20 suggested. 193 

To elaborate on the characteristics of the pollution distribution associated with the 194 

local circulation in central Taiwan, we further choose Zhushan along with Puli as the 195 

examining sites of the aerosol concentration and the local flow in this section. As HC16 196 

pointed out, the major non-traffic emission sources are located in the coastal area, and 197 

the land-sea breeze could promote the pollutants being transported inland. Under this 198 
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circumstance, Zhushan is taken upstream of the Puli basin when examining the 199 

transport processes of the pollutants emitted from the coastal area. Figure 3 shows the 200 

diurnal variations of the aerosol concentration and the local winds at Zhushan and Puli 201 

of the composite of the 310 pollution days at Puli from 2005 to 2015. Figure 3a shows 202 

that there is a profound diurnal cycle of the aerosol concentration at both Zhushan and 203 

Puli. The timing of the highest concentration at Zhushan is at 18:00 LST while it at Puli 204 

is 3 hours later, which indicates that the pollutants could be transported from plain to 205 

mountain area by sea breeze as HC16 suggested. The aerosol concentration at Puli at 206 

night is higher than the highest concentration at Zhushan, which indicates that the 207 

processes of the pollutants accumulation could be another important factor to explain 208 

the pollution at Puli. While the profound diurnal variation and the high concentration 209 

at Puli at night could be attributed to the decrease of the PBL height after sunset, the 210 

stronger diurnal variation amplitude of the concentration at Puli compared with that at 211 

Zhushan indicates that the impact of the PBL development on local pollutants 212 

accumulation could be different between plain and mountain areas, which is worthy of 213 

being further evaluated by numerical simulation. The signature of the sea breeze is also 214 

evident in Fig 3b. Considering the coastline is west of the plains and mountain areas in 215 

central Taiwan, the robust westerly in the daytime at Zhushan and Puli is due to the sea 216 

breeze initiates and develops from the coastal area to the plain and mountain areas. 217 
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Figure 3b also shows that the land breeze is weak at night compared to the sea breeze. 218 

The westerly sea breeze in the daytime accompanied with mild northerly is shown in 219 

Fig. 3c, which might be associated with the slant coastline as shown in Fig. 1. The 220 

characteristics and evidence of the local circulation associated with the lee vortex are 221 

little discussed in the aforementioned studies, which is probably because that the sea 222 

breeze signature is much profound in the composite of the observation as we shown in 223 

Figs. 3b and 3c. Since the formation of the lee vortex and its movement results in a 224 

varying flow pattern locally, it is difficult to evaluate the lee vortex by the mixed results 225 

of the local winds at a single point. However, it is worth noting that the deviation from 226 

the composite meridional wind in Fig. 3c indicates that the day-to-day meridional wind 227 

of the local flow could change from northerly to southerly in the pollution days at Puli. 228 

The variability of the meridional wind component could be taken as the consequences 229 

of the local circulation modulated by the lee vortex, which is not a uniform flow but 230 

tends to change the directions along with the cyclonic circulation of the lee vortex. To 231 

clarify the contribution of the land-sea breeze and the lee vortex to the pollutants 232 

transport as well as the effects of the PBL development on the pollutants accumulation, 233 

we performed a series of idealized tracer transport experiments. In contrast to the case 234 

study, the initial synoptic winds are idealized to three different uniform flows according 235 

to the windrose in Fig. 1 to better understand the tracer transport and accumulation 236 
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processes. The examination of the tracer transport mechanism in the simulations and 237 

the numerical experiment setup are presented in the next section. 238 

 239 

3. Model and experiment design 240 

3.1 TaiwanVVM  241 

It is very challenging for numerical models to simulate the pollution transport over 242 

the complex topography using PBL schemes that are designed in one dimension or flat 243 

surfaces (Goger et al. 2018, 2019). Using different PBL schemes in the model could 244 

influence both the strength of the land-sea breeze and the PBL height, consequently 245 

resulting in different concentrations of the pollutants in Taiwan (Cheng et al. 2012). 246 

In this study, we use TaiwanVVM following Wu et al. (2019) and Chang et al. 247 

(2021) to capture the tracer transport in the boundary layer. Idealized simulations in 248 

these studies help understand the fundamental mechanisms associated with flow over 249 

complex topography in Taiwan. TaiwanVVM uses high horizontal (500 m) and vertical 250 

(100 m) resolution with simple eddy diffusion turbulence closure to explicitly simulate 251 

the PBL development over complex topography. In addition, the Noah land surface 252 

model (LSM) is implemented in TaiwanVVM with corresponding realistic land surface 253 

data of Taiwan (Wu et al. 2019). A unique aspect of the TaiwanVVM is that the model 254 

predicts the horizontal components of vorticity and diagnoses the vertical velocity using 255 
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a three-dimensional elliptic equation (Jung and Arakawa 2008). Therefore, the pressure 256 

gradient force is eliminated, and the horizontal vorticities can respond directly to the 257 

buoyancy force to better capture the local-scale circulations associated with the 258 

substantial heating difference, such as the land-sea breeze or mountain-valley wind 259 

system. The complex topography with steep slopes in Taiwan is modeled through the 260 

immersed boundary method in height coordinate (Wu and Arakawa 2011; Chien and 261 

Wu 2016), which allows us to simulate the interaction between prevailing winds and 262 

the topography such as lee vortex. This model has been used to study the unified 263 

parameterization for deep convection (Arakawa and Wu, 2013; Wu and Arakawa, 2014), 264 

stratocumulus transition (Tsai and Wu, 2016), aggregated convection (Tsai and Wu, 265 

2017; Chen and Wu, 2019), and afternoon thunderstorms over complex topography 266 

(Kuo and Wu, 2019; Wu et al., 2019; Chang et al., 2021). The detailed TaiwanVVM 267 

setup in this study is presented in Table 1, which follows the numerical setup in Chang 268 

et al. (2021) except for the initial condition. 269 

  270 

3.2 Idealized experiments 271 

The idealized experiment aims to isolate the most crucial mechanism governing 272 

the distribution of the pollutant on the west plain of Taiwan. Therefore, the synoptic 273 

environment is idealized as the initial condition with a uniform background flow over 274 
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the whole domain so that we can focus on the interactions between the lee vortex and 275 

the local circulation. Figure 4 shows the initial condition of the simulation. The 276 

potential temperature, water vapor mixing ratio, and wind profiles are set to a typical 277 

winter condition, which is idealized from the sounding data upstream of Taiwan at 278 

Ishigakijima of Japan at 00 UTC on Dec. 21, 2017, as shown in Figs. 4a and 4b. The 279 

environment is stable with moderate moisture below 2000 m. We smooth the strength 280 

of the inversion in the idealized initial conditions to represent the general stratification 281 

characteristics of the atmosphere around Taiwan under northeasterly monsoon in the 282 

winter. The stratified atmosphere prohibits the vertical mixing of the pollutants by the 283 

synoptic-scale forcing. The distribution of the pollutants could only rely on the local 284 

circulation and the vertical eddy mixing initiating from the surface. To inspect the 285 

mechanism of the different prevailing wind directions resulting in the observation 286 

statistics obtained in Fig. 1, we idealized the initial near-surface background flow to 287 

20°, 50°, and 80° (NE20, NE50, and NE80) uniformly in the horizontal domain. The 288 

initial wind profiles below 3000 m in these three experiments are shown in Figs. 4c, 4d, 289 

and 4e to emphasize the different prescribed northeasterly monsoon wind directions on 290 

the lowest 850 m. The specific wind directions are then veering upward to the westerly 291 

at the level of 3000 m in the initial condition of the simulation to represent the typical 292 

shallow northeasterly monsoon wind fields near Taiwan. For inspecting the land-sea 293 
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breeze evolution and the PBL development over Taiwan's topography within a diurnal 294 

time scale, the simulations initiate at 6 AM of the local standard time (LST), which is 295 

2 hours prior to the sounding data we idealized from, and are integrated for 18 hours. 296 

We take the first 2 hours as the spinning up period, and the simulation results from 8 297 

LST (00 UTC) to midnight (24 LST) are examined to understand the tracer transport 298 

associated with the local effects. 299 

To better understand the details of the local tracer transport under the blocked 300 

northeasterly monsoon synoptic condition, we focus on the simulation results in central 301 

Taiwan. The tracer emission sites are configured on the coastal area of central Taiwan, 302 

which are Taichung Power Plant (TPP) and Sixth Naphtha Cracker (SNC), as shown in 303 

Fig. 1. These sites represent the major local non-traffic emission sources of central 304 

Taiwan so that our idealized experiment results could be a good proxy of the realistic 305 

scenarios. The tracer site's emission is normalized to unity at 100 m above the ground 306 

every time step. The tracers could then be transported with the local circulation under 307 

the blocked northeasterly monsoon flow. The tracers are considered as gaseous 308 

emission, and therefore the deposition is ignored in the simulations.  309 

In the following analyses, we first examine the local circulation starts from an 310 

island scale (~100 km) to identify the lee vortex under different initial background wind 311 

directions. The domain is then zoomed into central Taiwan (as the area shown in Fig. 312 
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1) to inspect the tracer transport processes associated with the local circulation and the 313 

resulting evolution of the tracer concentrations in Zhushan and Puli. The PBL 314 

development and the local flow pattern are then analyzed to discuss how the diurnal 315 

variation of the PBL development and the flow over complex terrain impact the local 316 

tracer concentrations. 317 

 318 

4. Simulation results 319 

4.1 Local circulation associated with the lee vortex under the northeast monsoon 320 

The simulation results show that the slight change of the northeasterly monsoon 321 

wind direction leads to the different scenarios of the lee vortex evolution and modulates 322 

the local circulation. Figure 5 presents the characteristics of the local circulation 323 

associated with the lee vortex in three experiments at noon (12:00 LST) and night 324 

(22:00 LST). It shows that from NE20 to NE80, the blocking effects of the central 325 

mountain range become stronger, and consequently, the lee vortex becomes more 326 

profound. In NE20, the background synoptic flow is mostly parallel with the axis of the 327 

central mountain range so that there are few blocking effects of the central mountain 328 

range. The local circulation is mainly composed of the synoptic northeasterly monsoon 329 

flow and the sea breeze induced locally in the daytime (Fig. 5a). While the 330 

characteristics of the sea breeze is profound at noon in NE20, the flow turns to several 331 
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small vortices on the plain area at 22:00 LST (Fig. 5d), which indicates that the local 332 

circulation becomes rather weak and more turbulent at night and there is little evidence 333 

of the land breeze at night. The signature of the uneven strength of the land-sea breeze 334 

is consistent with the observation shown in Fig. 3b earlier. With the increase of the 335 

easterly component of the background flow, the local circulation is no longer only 336 

attributed to the sea breeze and the synoptic flow. The local circulation of NE50 at 12:00 337 

LST (Fig. 5b) shows that a cyclonic swirl stretches along the coastline, and the 338 

stretching swirl results in a rather profound southerly wind on the west plain of Taiwan 339 

compared to NE20. The southerly proceeds at night, as shown in Fig. 5e, which is 340 

evident that the central mountain range's mild blocking effect can impact the local 341 

circulation even when the lee vortex is difficult to identify. In NE80, the lee vortex is 342 

identified under the strongest blocking effects among the experiments. Figure 5c shows 343 

that two lee vortices are located at the northwest coast and the southwest sea of Taiwan 344 

at noon. The northern one then moves offshore toward the north of Penghu island, while 345 

the southern one moves westward out of the domain throughout the day (Fig. 5f). As 346 

the lee vortices form at noon, the circulation associated with the lee vortices dominates 347 

the local circulation. It shows that the lee vortex induces the profound westerly in 348 

central Taiwan at noon. With the northern lee vortex moving southwestward, the local 349 

flow in central Taiwan turns southerly at night. 350 
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To evaluate the impact of the lee vortex on the local circulation, we further inspect 351 

the evolutions of the mean 10 m winds in the plain area of central Taiwan in all 352 

experiments (Fig. 6). While the characteristics of the intensified westerly in the daytime, 353 

which is consistent with the observational analysis, exist in all the experiments (Fig. 354 

6a), the mechanism behind these phenomena could be different among these three 355 

experiments. As shown in Fig. 5c, the westerly in the daytime in NE80 is mainly due 356 

to the circulation associated with the lee vortices. The combination of the cyclonic flow 357 

of the north vortex and the anti-cyclonic circulation of the south vortex leads to a robust 358 

westerly in central Taiwan. The local winds vary along with the drifting of these lee 359 

vortices. After the southern vortex moves out of the domain, the local flow in central 360 

Taiwan is controlled solely by the northern lee vortex offshore (Fig. 5d). The weakening 361 

of the westerly at night is because the local flow veers from westerly to the south-362 

southwesterly (SSW) as the vortex moves from north to west to central Taiwan. In 363 

contrast, the westerly in NE20 and NE50 is most likely attributed to the sea breeze in 364 

the daytime. The cease of the sea breeze in these two experiments at night also agrees 365 

with the observation. Figure 6a also indicates that the intensity of the westerly induced 366 

by the lee vortex, which reaches 2.5 m s-1 at 14:30 LST, is generally about 1 m s-1 367 

stronger than the westerly induced by the sea breeze. The maximum westerly in NE20 368 

and NE50 is about 1.5 to 2 m s-1, which is comparable to the observation shown in Fig. 369 
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3b. Regarding the evolution of the meridional component of the mean surface winds in 370 

the plain of central Taiwan, the results among these three experiments show more 371 

variability (Fig. 6b). It shows that even the meridional winds are similar in the first few 372 

hours after spin-up, the evolutions of the meridional winds are distinctly different under 373 

the different blocking effects of the central mountain range. The sustained northerly 374 

wind throughout the day in the NE20 experiment indicates that there are few changes 375 

from the prevailing northeasterly monsoon when only considering the meridional flow 376 

in central Taiwan. As the northeasterly monsoon veers to easterly with stronger 377 

blocking effects, it shows that the northerly wind turns southerly along with the leeside 378 

effects in the plain area of central Taiwan. Figure 6b shows that the initiation of the 379 

southerly is as early as 14:00 LST in NE80, and it delays for 6 hours in NE50. 380 

Considering the center of the lee vortex is mostly located on the coastal area or over the 381 

sea, the southerly on the plain area is due to the cyclonic circulation of the north lee 382 

vortex. The modeling results indicate that the crucial impact of the different leeside 383 

effects on the local circulation is the timing of the initiation of the southerly in the plain 384 

of central Taiwan. With the synoptic flow veering from NNE to ENE, the leeside effect 385 

is getting more apparent. The blocking effect of the central mountain range under 386 

different northeasterly monsoon wind directions changes the timing of the lee vortex 387 

formation. It modulates the evolution of the local circulation, which leads to the local 388 
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tracer concentration at Zhushan and Puli being sensitive to the prevailing wind 389 

directions. In the next subsection, we elaborate on the tracer transport scenarios at 390 

Zhushan and Puli to clarify the roles of the local circulation on the modulation of the 391 

local tracer concentration at Puli. 392 

 393 

4.2 Tracer transport processes in central Taiwan 394 

We first present the time evolution of the tracer concentration in Zhushan and Puli 395 

in Fig. 7. Within only 40 km between TPP and SNC, the transport downstream in 396 

Zhushan and Puli has distinct different evolution under similar background 397 

environments. Besides, relative high tracer concentration exists in Puli at night in NE20 398 

(NE80) from TPP (SNC). Regarding the tracer transport from TPP, the peak time of 399 

pollution concentration at Zhushan/Puli tends to delay as the synoptic wind veers 400 

toward northerly anti-clockwise. Their concentrations are also higher (Fig. 7a). The 401 

peak time at Puli is always 2.5 to 3.5 hours later than Zhushan because Zhushan is 402 

upstream to Puli when the tracer is transported from TPP to the mountain area by the 403 

westerly. In NE80, the peak time can be as early as 11 AM at Zhushan, and in NE20, it 404 

delays for 2 hours, which is due to the weaker westerly shown in Fig. 6a. After the peak 405 

time at Zhushan/Puli, the tracer concentration decreases quickly in NE50 and NE80, 406 

while in NE20, the concentration at Zhushan decreases slowly after reaching its peak 407 
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at 13:00 LST. When the concentration at Puli reaches its peak at 16:30 LST, the TPP 408 

tracer concentration at Zhushan even increases slightly. The concentrations at Zhushan 409 

then decrease after 17:30 LST while it at Puli remain higher than 0.005 throughout the 410 

day. The overall concentration at Zhushan/Puli after 18:00 LST is higher compared with 411 

it in NE50 or NE80. 412 

The time evolution of the tracer transport from SNC is distinctly different from TPP 413 

in that only NE50 and NE80 can reach Zhushan, and only NE80 can reach Puli (Fig. 414 

7b). In addition, the timing of tracer transport from SNC approaching Zhushan and Puli 415 

is generally later than that from TPP. In NE80, the peak time of the SNC tracer 416 

concentration at Zhushan is at 15:30 LST, while it is at 18:30 LST in NE50. The 417 

downstream relationship between Zhushan and Puli does not exist in NE50 regarding 418 

tracer transport from the SNC, which indicates that in addition to local circulation, the 419 

diurnal evolution of the PBL could also play an important role. To further demonstrate 420 

the tracer transport scenarios in central Taiwan, we examine the evolution of the tracer 421 

concentration along with the local circulation development. The results show that the 422 

streak structure of the tracer concentration follows the local circulation before entering 423 

the mountain area. Figure 8 shows the evolution of the surface concentration of the 424 

tracer emitted from TPP in three experiments. In the morning (11:00 LST), the lee 425 

vortex promotes the earlier eastward transport of the tracer. This feature can be 426 
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visualized in the NE80 experiment in which the streak structure of the tracer reaches 427 

the east of TPP (Fig. 8c), while in other experiments, the tracer streak spreads southward 428 

(Figs. 8a and 8b). In the afternoon (14:00 LST), the lee vortex north to TPP in the NE50 429 

experiment (Fig. 8e) also induces the southwesterly flow to transport tracer 430 

northeastward. The tracer distribution in NE50 and NE80 shows that when the primary 431 

tracer streak swipes quickly following the cyclonic circulation associated with the lee 432 

vortex, the tracer concentration in the mountains around Puli stays relatively low values 433 

at 18:00 LST (Figs. 8h and 8i), compared with the high tracer concentration at Puli in 434 

the NE20 experiment (Fig. 8g). In NE20, the tracer concentration increases 435 

dramatically as the tracer transports into the mountain area, and it is the highest among 436 

all experiments at night at Zhushan and Puli in NE20 (Fig. 7a), which can be related to 437 

the PBL development as discussed in the following subsection. 438 

Figure 9 shows the evolution of the surface tracer concentration emitted from SNC 439 

in the three experiments. Although the evolution of the lee vortex is identical, the 440 

location of SNC (40 km south of TPP) prevents the direct influence from the lee vortex. 441 

The tracer transport from SNC is mostly southward and southeastward from 11:00 (Figs. 442 

9a, 9b, and 9c) to 14:00 (Figs. 9d, 9e, and 9f) LST. In the NE20 experiment (Figs. 9a, 443 

9d, and 9g), the tracer from SNC is transported southward by the coastal northeasterly 444 

monsoon flow. The sea breeze only spreads the tracer eastward slightly at 18:00 LST, 445 
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and the tracer cannot reach Zhushan and Puli in the whole simulation. The result is in 446 

sharp contrast to tracer transport from TPP simply due to the location of the lee vortex. 447 

The cyclonic circulation in NE50 and NE80 is evident in the evening (Figs. 9h and 9i) 448 

and promotes the tracer transported eastward. In the NE80 experiment (Figs. 9c, 9f, and 449 

9i), the local circulation around SNC turns eastward the earliest in the morning, and the 450 

flow veers to the northeastward in the evening, which leads to the direct transport of 451 

the tracer to the mountain area produces high tracer concentration at Puli. 452 

The examination of the horizontal tracer distribution shows that the local circulation 453 

controls the timing of the streak structure of the tracer approaching Zhushan and Puli, 454 

as demonstrated in Fig. 7. The timing of the tracer transported to the mountains further 455 

impact the local concentration evolution at night. To interpret the variation of the tracer 456 

concentration at Zhushan and Puli at night, we analyze the development of the PBL and 457 

discuss its impacts on tracer transport and accumulation in the next subsection. 458 

 459 

4.3 Impact of the thinning of mixed-layer depth in the evening 460 

While the local circulation associated with the lee vortex impacts the tracer 461 

transport scenarios, the development of PBL also plays a role in the modulation of the 462 

trace concentration at Puli. There are several approaches to estimating PBL depth. In 463 

this study, we use a simple well-mixed assumption to estimate the mixed-layer depth as 464 



26 
 

an index to describe the diurnal evolution of PBL. The mixed-layer depth is defined as 465 

the depth at which the potential temperature equals the surface potential temperature 466 

plus 0.5 K. This definition links the mixed-layer depth to solely the near-surface 467 

potential temperature profile so that the mixed-layer depth could be a good indicator of 468 

the activity of the thermals initiated by the surface heating in the daytime. A clear 469 

diurnal cycle of the mixed-layer depth exists for both Zhushan and Puli in all the 470 

experiments (Figure not shown). As demonstrated in the last subsection, the local 471 

circulation under different strengths of the blocking effect results in the different TPP 472 

tracer transport scenarios. Due to the variation of the lee vortex in these experiments, 473 

the timing of the tracer streak approaching Zhushan and Puli is the latest in NE20 (Fig. 474 

7a). The simulation results in NE50 and NE80 show that the local circulation turns 475 

southwesterly earlier so that the tracer is either accumulated near the emission site (Fig. 476 

8h) or transported northward (Fig. 8i) by the circulation of the lee vortex at 18:00 LST. 477 

On the other hand, a rather robust westerly over the plain area of central Taiwan in 478 

NE20 spreads the TPP tracer to Zhushan and Puli and results in the highest tracer 479 

concentration in central Taiwan in the evening (Fig. 8g). With the help of the inactive 480 

vertical mixing of the PBL in the evening, the high TPP tracer concentration at Puli at 481 

night and its evolution (Fig. 7a) can be further explained using the mixed-layer depth 482 

and the local scale downslope winds. Figure 10 shows the vertical cross-section from 483 
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the coastline to the mountain area at 18:30 LST. The time evolution of the TPP tracer 484 

concentration and the local circulation along with the mixed-layer depth is also 485 

presented in supplementary material 1. It shows that the timing of the tracer streak 486 

across the hill between Zhushan and Puli in NE20 is the latest among all these 487 

experiments. As the thinning of mixed-layer depth occurs in the evening, the tracer 488 

could be trapped in the Puli basin by the topography. This hypothesis is supported by 489 

Fig. 10. The tracer is confined in the Puli basin in NE20 due to the thinning of mixed-490 

layer depth in the evening so that the tracer concentration at Puli is highest among all 491 

three experiments.  492 

The results also show that the tracer is transported back and forth on the right 493 

(north) slope of the Puli basin after trapping in the basin during the night as presented 494 

in Supplementary material 1. It corresponds with the secondary peak of tracer 495 

concentration at Puli occurring at around 21:00 LST in NE20 shown in Fig. 7a. The 496 

result indicates that the local upslope/downslope wind has to be taken into account 497 

when discussing the tracer transport in the complex topography like the Puli basin. 498 

While the local circulation in the plain area of central Taiwan is controlled by the lee 499 

vortex, the simulated local flow over mountain areas is more turbulent (Figs. 8 and 9), 500 

which might indicate that the local upslope/downslope winds over the complex 501 

topography could be more dominate. Figure 11 presents the snapshot of the vertical 502 
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cross-section of tracer transport from TPP along the north slope of the Puli basin (red 503 

dotted line in Fig. 1) for NE20 at 08:00 and 20:00 LST. The evolution of the local flow 504 

and the tracer concentration is also shown in supplementary material 2. The results 505 

show that the diurnal variation of the wind system is consistent with the 506 

upslope/downslope wind system in the mountainous area (Whiteman, 2000). The 507 

nighttime tracer transport at Puli could be attributed to the downslope wind on the 508 

northern slope of the Puli basin. The results suggest that the analysis of the fine structure 509 

caused by the local flow over complex topography is necessary to further evaluate its 510 

impact on tracer transport. 511 

It is worth noting that the mixed-layer depth over the hilltop is always thinner than 512 

it is on the plain or Puli basin the whole time of the simulation. Since the tracer mainly 513 

propagates in the boundary layer, the mixed-layer depth can also be a good indication 514 

of the horizontal tracer distribution over the mountain area. The thinning of the mixed-515 

layer depth on the mountain area in the evening could prevent tracer transport across 516 

the hilltop. This effect results in the opposite scenarios of the SNC tracer transport in 517 

NE50 and NE80. The evolution of the SNC tracer concentration and the local 518 

circulation along with the mixed-layer depth is presented in supplementary material 3, 519 

and snapshots at 18:30 LST for NE50 and NE80 are presented in Fig. 12. The time is 520 

selected when the SNC tracer concentration in Zhushan reaches its peak in NE50. As 521 
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shown in Fig. 7b, the tracer from SNC is transported eastward to Zhushan at 15:30 LST 522 

(NE80) and 18:30 LST (NE50). When the tracer streak approaches Zhushan in NE50, 523 

the thinning of mixed-layer depth in the evening indicates that the tracer can barely 524 

cross the hilltop to the Puli basin. Consequently, the tracer accumulates on the foothill. 525 

On the other hand, the tracer from SNC can transport across the hilltop to the Puli basin 526 

in the experiment NE80, causing a high concentration of tracer being trapped in the Puli 527 

basin.  528 

Figure 13 presents the hovemoller diagram of the surface tracer concentration from 529 

SNC and the mixed-layer depth from the coast to the mountain in NE50. The results 530 

show that a minimum mixed-layer depth of 250 m is necessary for the tracer to transport 531 

across the hill between Zhushan and Puli. The results suggest that the role of PBL 532 

development in the tracer transport mechanism is much more important in the mountain 533 

area. The local circulation associated with the lee vortex and the diurnal development 534 

of the PBL are crucial factors in controlling the distribution of the tracer over complex 535 

topography. 536 

 537 

5. Summary and Discussion 538 

With the idealized TaiwanVVM simulations performed in this study, the tracer 539 

transport and accumulation from coastal emission sources (Taichung Power Plant (TPP) 540 
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and Sixth Naphtha Cracker (SNC)) to the mountain area (Zhushan and Puli) in central 541 

Taiwan are examined. We idealized the wind directions of crucial synoptic weather 542 

northeast monsoon as the initial conditions to study the mechanisms responsible for the 543 

diurnal evolution of the tracer concentration in Zhushan and Puli. The idealization is 544 

based on the observed pollution days in Puli in which the major wind directions are 545 

northeasterly due north (NE20), northeasterly (NE50), and northeasterly due east 546 

(NE80). The results show that the island-scale circulation associated with the sea breeze 547 

and the lee vortex controls the timing of the tracer transport to the front edges of the 548 

mountain area in the diurnal time scale. As the tracer approaches the mountain area, the 549 

evolution of the PBL also determines whether the tracer could be transported across the 550 

hills near Zhushan and Puli and consequently impacts the tracer concentration in Puli 551 

at night. Once the tracer transports into the Puli basin, the thinning of the mixed layer 552 

depth and the topography could trap the tracer, resulting in a high concentration through 553 

the night. The sensitivity of the local tracer transport to the change of the synoptic wind 554 

direction shows that in NE80 (NE20), the pollutant transports from SNC (TPP) are most 555 

likely to induce high concentrations in Puli at night. 556 

Regarding the local circulation, the simulation results in this study clarified the 557 

contribution of the sea breeze and the lee vortex in pollutants transport in central Taiwan. 558 

The conclusion provides an insight to interpret the intensification of the westerly in 559 
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central Taiwan. As the prevailing winds turn from northerly to easterly (described as a 560 

larger pitching angle in LL20), the impact of the lee vortex in terms of the robust 561 

westerly becomes more profound. In this circumstance, the local circulation is mainly 562 

controlled by the evolution of the lee vortex so that the role of the sea breeze in tracer 563 

transport is minor. Moreover, the results indicate that the local meridional flow 564 

associated with the lee vortex tends to be more transient. It varies following the 565 

movement of the lee vortex. It is more challenging to identify the effects of the lee 566 

vortex by the composite of the observations or simulations. The design of the 567 

experiments in this study provides a novel approach to evaluate the evolution of the 568 

interaction between the topography of Taiwan and the prevailing synoptic winds. With 569 

only the crucial factors prescribed in the numerical setup of the idealized simulation, 570 

the complexity of the reality is trimmed to a more focusing framework so that the 571 

response of the local flow to the synoptic condition could be evaluated more precisely. 572 

The conclusion in this study also suggests that there could be some information hidden 573 

in the variability of the observed meridional component of the local flow, which needs 574 

to be further inspected. While the focusing area of this study is in central Taiwan, we 575 

believe that the effects of the PBL development on the pollutants transport and 576 

accumulation over the mountain area are more general. The mechanism of the tracer 577 

transport revealed in this study should be applied to other areas of Taiwan or other 578 
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islands with complex topography. 579 

Regarding the improvement of the simulation framework, the ongoing work is to 580 

implement the chemical processes into this model so that the distribution of the 581 

chemical species could be evaluated to better understand the role of chemical reactions 582 

during the pollutants transport. Additional idealized simulations will be performed 583 

based on soundings at Ishigakijima, such as prevailing wind speed or the strength of 584 

the temperature inversion to better understand the variabilities of the lee vortex and the 585 

boundary layer processes. The results can be used to construct conceptual models that 586 

determine the pollution scenarios at Puli and further establish the foundations of the 587 

storyline approach (Shepherd et al., 2018) to study the impact of climate change on the 588 

pollution distribution in Taiwan. 589 

Considering that the local PM2.5 concentration at Puli is the result of chemical 590 

processes and the transport of the pollutants emitted from all the emission sources, it is 591 

challenging to clarify the cause of high pollution in Puli. The results obtained from 592 

idealized experiments in this study, however, provide possible pathways from the view 593 

of pollutants transport. Based on the conclusion of this study, we can propose a tracer 594 

transport field experiment in the future to precisely measure the tracer concentrations 595 

under the impact of the lee vortex according to the synoptic wind directions. The 596 

deployment of the tracer emission and the capture instruments can be arranged across 597 
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the west plain of Taiwan. 598 

 599 

Appendix: A pollution episode in Taiwan with the existence of the lee vortex on 600 

March 27th, 2012 601 

Figure A1 shows a snapshot of the PM2.5 concentration observations in Taiwan along 602 

with the 10 m wind surrounding Taiwan from ERA5 reanalysis datasets (Hersbach et 603 

al., 2020) in a pollution episode at 8:00 LST on March 27th, 2012. A lee vortex, which 604 

is located on the Taiwan Strait, is accompanied by the high aerosol concentration in 605 

central Taiwan under the prevailing easterly. This event provides direct observation 606 

evidence of the existence of the lee vortex in the pollution events in Taiwan, which is 607 

not discussed in LL20. The observation along with the reanalysis of wind fields support 608 

the motivation of this study and inspire the design of the idealized experiments. 609 

 610 

Data Availability Statement  611 

The model results of TaiwanVVM used in this study can be made available by 612 

contacting the author through the e-mail: miles0919@gmail.com. 613 

 614 

Supplement 615 

Supplementary 1 shows the time evolution of the TPP tracer concentration and the local 616 

mailto:miles0919@gmail.com
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circulation along the vertical cross-section from the coastline to the mountain area in 617 

all experiments. Supplementary 2 shows the diurnal evolution of the local flow and the 618 

TPP tracer concentration along the north slope of the Puli basin. Supplementary 3 shows 619 

the time evolution of the SNC tracer concentration and the local circulation along the 620 

vertical cross-section from the coastline to the mountain area in NE50 and NE80. 621 
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 736 

Fig. 1 The geographic locations of Taiwan and Ishigakijima of Japan, and the sites of 737 

the tracer emission and the concentration to be examined in central Taiwan based on 738 

the topography used in TaiwanVVM. The red squares represent emission sites at 739 

Taipower Power Plant (TPP) and Sixth Naphtha Cracker (SNC), which are major non-740 

traffic emission sites on the west coast of Taiwan. The blue triangles mark the local 741 

PM2.5 observation sites and the simulated tracer concentration we examined. The thin 742 

line following the topography is the contour of 700 m height above the sea level, which 743 

shows the geographic situation of the Puli basin. The black dashed line and the red 744 

dotted line represent the cross-section of the vertical circulation and the tracer transport 745 

examined in this study. 746 
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 747 

Fig. 2 The windroses of the synoptic winds in (a) all days and (b) pollution days at Puli 748 

in 2005-2015. The number on the windroses represents percentages of the events. The 749 

wind of the lowest level in the sounding data at Ishigakijima of Japan at 00:00 UTC of 750 

the day is taken to represent the synoptic winds. The definition of the pollution day at 751 

Puli is that the daily mean PM2.5 concentration exceeds 54.5 μg m-3, described as 752 

unhealthy by the EPA of Taiwan. 753 

 754 

Fig. 3 The diurnal evolution of the (a) PM2.5 concentration, (b) zonal wind, and (c) 755 

meridional wind at Zhushan and Puli in 310 pollution days at Puli from 2005 to 2015. 756 

The red(blue) lines and shaded areas present the composite of the 310 cases and its 757 

standard deviation at Puli(Zhushan). 758 

 759 

Fig. 4 The initial (a) potential temperature, (b) water vapor mixing ratio, and wind 760 

profiles in (c) NE20, (d) NE50, and (e) NE80 experiments. The initial potential 761 

temperature and moisture profiles of all experiments (red lines in subfigures (a) and (b)) 762 

are idealized from the sounding data at Ishigakijima of Japan at 00 UTC on Dec. 21, 763 

2017 (blue lines in subfigures (a) and (b)). The initial wind direction below 850 m (red 764 

dashed lines in subfigures (c) (d) (e)) are set to 20°, 50°, and 80° in (c) NE20, (d) NE50, 765 
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and (e) NE80, respectively. 766 

 767 

Fig. 5 The streamlines of the 10 m wind associated with the lee vortex at 12:00 LST for 768 

(a) NE20, (b) NE50 and (c) NE80 and at 22:00 LST for (d)NE20, (e) NE50 and (f) 769 

NE80. 770 

 771 

Fig. 6 The evolution of the (a) zonal component and (b) meridional component of the 772 

mean 10 m wind in the plain area of central Taiwan. The red, green, and blue lines 773 

represent the wind speed in experiments NE20, NE50, and NE80. The plain area of 774 

central Taiwan is defined as the grid points over land where the elevation is less than 775 

200 m in the domain of Fig. 1.  776 

 777 

Fig. 7 The time evolution of the local tracer concentration emitted from (a) TPP and (b) 778 

SNC in the experiments. The solid (dash) lines represent the concentration at Puli 779 

(Zhushan). The red, green, and blue lines represent concentration in experiments NE20, 780 

NE50, and NE80. The timing of the highest concentration at Zhushan and Puli is also 781 

shown in the figure. 782 

 783 

Fig. 8 The near-surface concentration and the 10 m wind evolution of the tracer emitted 784 
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from TPP in three experiments. The green-colored shading represents the topography 785 

of Taiwan. The streamlines represent the near-surface flow as defined in Fig. 6. The 786 

flow pattern and the tracer concentration are shown in (a) NE20, (b) NE50, and (c) 787 

NE80 at 11:00 LST. The subfigures (d) (e) (f) and (g) (h) (i) present the flow patterns 788 

and the tracer concentration for all experiments at 14:00 and 18:00LST, respectively. 789 

The near-surface concentration is defined as the concentration at the lowest model level 790 

above the surface.  791 

 792 

Fig. 9 Similar to Fig. 8 except for the tracer emitted from SNC. 793 

 794 

Fig. 10 The vertical cross-section of tracer concentration from TPP and the local 795 

circulation at 18:30 LST along the black dashed line in Fig. 1 in experiments (a) NE20, 796 

(b) NE50, and (c) NE80. The red dashed lines represent the mixing layer depth.  797 

 798 

 799 

Fig. 11 The vertical cross-section of the TPP tracer concentration and the mountain-800 

valley wind circulation at the north slope of Puli basin (the red dotted line shown in Fig. 801 

1) in experiment NE20. Subfigures (a) and (b) represent the concentration and the 802 

circulation at 08:00 LST and 20:00 LST. The black dashed lines represent the mixing 803 
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layer depth. 804 

 805 

Fig. 12 The vertical cross-section of SNC tracer concentration and the local circulation 806 

at 18:30 LST along the black dashed line in Fig. 1 in experiments (a) NE50 and (b) 807 

NE80. The red dashed lines represent the mixing layer depth. 808 

 809 

Fig. 13 The hovemuller diagram of the surface SNC tracer concentration and the mixed-810 

layer depth along the dashed line in Fig. 1 in NE50. The hatched patches represent the 811 

areas in which the mixed-layer depth is thinner than 250 m. 812 

 813 

Fig. A1 The PM2.5 concentration of Taiwan and the 10 m wind field around Taiwan in 814 

a pollution episode at 8:00 LST on March 27th, 2012. The wind field is obtained from 815 

the ERA5 reanalysis dataset. 816 

 817 

 818 
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 819 

Fig. 1 The geographic locations of Taiwan and Ishigakijima of Japan, and the sites of 820 

the tracer emission and the concentration to be examined in central Taiwan based on 821 

the topography used in TaiwanVVM. The red squares represent emission sites at 822 

Taipower Power Plant (TPP) and Sixth Naphtha Cracker (SNC), which are major non-823 

traffic emission sites on the west coast of Taiwan. The blue triangles mark the local 824 

PM2.5 observation sites and the simulated tracer concentration we examined. The thin 825 

line following the topography is the contour of 700 m height above the sea level, which 826 

shows the geographic situation of the Puli basin. The black dashed line and the red 827 
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dotted line represent the cross-section of the vertical circulation and the tracer transport 828 

examined in this study. 829 

 830 

 831 

Fig. 2 The windroses of the synoptic winds in (a) all days and (b) pollution days at Puli 832 

in 2005-2015. The number on the windroses represents percentages of the events. The 833 

wind of the lowest level in the sounding data at Ishigakijima of Japan at 00:00 UTC of 834 

the day is taken to represent the synoptic winds. The definition of the pollution day at 835 

Puli is that the daily mean PM2.5 concentration exceeds 54.5 μg m-3, described as 836 

unhealthy by the EPA of Taiwan. 837 

 838 

 839 
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 840 

Fig. 3 The diurnal evolution of the (a) PM2.5 concentration, (b) zonal wind, and (c) 841 

meridional wind at Zhushan and Puli in 310 pollution days at Puli from 2005 to 2015. 842 

The red(blue) lines and shaded areas present the composite of the 310 cases and its 843 

standard deviation at Puli(Zhushan). 844 

 845 
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 846 

Fig. 4 The initial (a) potential temperature, (b) water vapor mixing ratio, and wind 847 

profiles in (c) NE20, (d) NE50, and (e) NE80 experiments. The initial potential 848 

temperature and moisture profiles of all experiments (red lines in subfigures (a) and (b)) 849 

are idealized from the sounding data at Ishigakijima of Japan at 00 UTC on Dec. 21, 850 

2017 (blue lines in subfigures (a) and (b)). The initial wind direction below 850 m (red 851 

dashed lines in subfigures (c) (d) (e)) are set to 20°, 50°, and 80° in (c) NE20, (d) NE50, 852 

and (e) NE80, respectively. 853 



49 
 

 854 

 855 

 856 

Fig. 5 The streamlines of the 10 m wind associated with the lee vortex at 12:00 LST for 857 

(a) NE20, (b) NE50 and (c) NE80 and at 22:00 LST for (d)NE20, (e) NE50 and (f) 858 

NE80. 859 

 860 
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 861 

Fig. 6 The evolution of the (a) zonal component and (b) meridional component of the 862 

mean 10 m wind in the plain area of central Taiwan. The red, green, and blue lines 863 

represent the wind speed in experiments NE20, NE50, and NE80. The plain area of 864 

central Taiwan is defined as the grid points over land where the elevation is less than 865 

200 m in the domain of Fig. 1.  866 
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 867 

Fig. 7 The time evolution of the local tracer concentration emitted from (a) TPP and (b) 868 

SNC in the experiments. The solid (dash) lines represent the concentration at Puli 869 

(Zhushan). The red, green, and blue lines represent concentration in experiments NE20, 870 

NE50, and NE80. The timing of the highest concentration at Zhushan and Puli is also 871 

shown in the figure. 872 

 873 

 874 
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 875 

Fig. 8 The near-surface concentration and the 10 m wind evolution of the tracer emitted 876 

from TPP in three experiments. The green-colored shading represents the topography 877 

of Taiwan. The streamlines represent the near-surface flow as defined in Fig. 6. The 878 

flow pattern and the tracer concentration are shown in (a) NE20, (b) NE50, and (c) 879 

NE80 at 11:00 LST. The subfigures (d) (e) (f) and (g) (h) (i) present the flow patterns 880 

and the tracer concentration for all experiments at 14:00 and 18:00LST, respectively. 881 

The near-surface concentration is defined as the concentration at the lowest model level 882 

above the surface.  883 

 884 
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 885 

Fig. 9 Similar to Fig. 8 except for the tracer emitted from SNC. 886 

 887 
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 888 

Fig. 10 The vertical cross-section of tracer concentration from TPP and the local 889 

circulation at 18:30 LST along the black dashed line in Fig. 1 in experiments (a) NE20, 890 

(b) NE50, and (c) NE80. The red dashed lines represent the mixing layer depth.  891 

 892 
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 893 

Fig. 11 The vertical cross-section of the TPP tracer concentration and the mountain-894 

valley wind circulation at the north slope of Puli basin (the red dotted line shown in Fig. 895 

1) in experiment NE20. Subfigures (a) and (b) represent the concentration and the 896 

circulation at 08:00 LST and 20:00 LST. The black dashed lines represent the mixing 897 

layer depth. 898 

 899 
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 900 

Fig. 12 The vertical cross-section of SNC tracer concentration and the local circulation 901 

at 18:30 LST along the black dashed line in Fig. 1 in experiments (a) NE50 and (b) 902 

NE80. The red dashed lines represent the mixing layer depth. 903 

 904 
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 905 

Fig. 13 The hovemuller diagram of the surface SNC tracer concentration and the mixed-906 

layer depth along the dashed line in Fig. 1 in NE50. The hatched patches represent the 907 

areas in which the mixed-layer depth is thinner than 250 m. 908 

 909 
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 910 

Fig. A1 The PM2.5 concentration of Taiwan and the 10 m wind field around Taiwan in 911 

a pollution episode at 8:00 LST on March 27th, 2012. The wind field is obtained from 912 

the ERA5 reanalysis dataset. 913 

  914 
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 916 

Table 1. The setup of TaiwanVVM simulation 917 

 918 

Table 1. The setup of TaiwanVVM simulation 919 

Horizontal Resolution 500 m 

Vertical Resolution 

100 m under 3900 m 

Stretch up to 914 m at model top 

Domain 

1024 × 1024 × 70 grids 

512 km × 512 km × 19260 m 

Time Step 10 seconds 

Simulation Duration 18 h (06:00 – 24:00) 

Lateral Boundary Condition Double periodic 

 920 
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