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Abstract 30 

A ~14-hr long-lived spiral rainband in Typhoon Longwang (2005) produced catastrophic 31 

rainfall in Fujian Province of China on 2 October 2005. In this study, the effects of terrain and 32 

landmass near Fujian on the structure and propagation of this rainband are investigated through 33 

high-resolution numerical simulations. Results show that although the terrain and landmass near 34 

Fujian played a marginal role in the formation of the rainband, both greatly affected the structure 35 

and propagation of the rainband. Namely, convection in the upwind sector of the rainband tended 36 

to be maintained and locked up near the coastline in the control experiment with both the terrain 37 

and landmass near Fujian retained, but shrank more inland with the terrain near Fujian flattened, 38 

and further inland with the landmass near Fujian replaced by the virtual ocean. It is found that due 39 

to the land-sea surface roughness contrast, the upstream tangential winds from ocean would be 40 

substantially decelerated over land and thus induced a local subgradient force onshore near the 41 

coastline. The radially inward agradient force and the subsequent surface friction helped maintain 42 

the moisture convergence, and thus convection and the cold pool in the upwind sector of the 43 

rainband near the coastline. Although the orographic lifting and blocking effects were found to be 44 

marginal to the moisture convergence in the rainband, the terrains near Fujian enhanced the 45 

deceleration of surface winds, enhancing the effect of land-sea surface roughness contrast on low-46 

level moisture convergence and thus the lockup of the upwind sector of the rainband.  47 

  48 
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Plain Language Summary 49 

A ~14-hr long-lived spiral rainband in Typhoon Longwang (2005) produced catastrophic 50 

rainfall in Fujian Province of China on 2 October 2005. The effects of terrain and landmass near 51 

Fujian on the structure and propagation of this rainband are investigated through high-resolution 52 

numerical simulations in this study. We show that although the terrain and landmass near Fujian 53 

played a marginal role in the formation of the rainband, both greatly affected the structure and 54 

propagation of the rainband. It is found that due to the land-sea surface roughness contrast, the 55 

upstream tangential winds from ocean were substantially decelerated over land and thus induced a 56 

local subgradient force onshore near the coastline. The radially inward agradient force and the 57 

subsequent surface friction helped maintain the moisture convergence, and thus convection and the 58 

cold pool in the upwind sector of the rainband near the coastline. Although the orographic lifting 59 

and blocking effects were found to be marginal to the moisture convergence in the rainband, the 60 

terrains near Fujian enhanced the deceleration of surface winds, enhancing the effect of land-sea 61 

surface roughness contrast on low-level moisture convergence and thus the lockup of the upwind 62 

sector of the rainband.  63 
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1. Introduction 64 

Spiral rainbands are among the most striking components of a tropical cyclone (TC, also 65 

known as typhoon and hurricane). By bringing severe weathers, such as torrential rain, squalls, and 66 

tornadoes, spiral rainbands in landfalling TCs frequently lead to widespread destruction, property 67 

damage, and loss of life in geologically susceptible areas (e.g., Smith et al. 2009; Hall et al. 2013; 68 

Liu and Smith 2016; Lin et al. 2018). Because of insufficient understanding of the involved 69 

complex dynamical and physical processes, forecasts of TC spiral rainbands and their associated 70 

extreme rainfall are not always skillful and remain challenging.  71 

A fascinating long-lived rainband formed onshore near the coast of Fujian Province of China 72 

in Typhoon Longwang (25 September to 3 October 2005), as Longwang approached Fujian 73 

Province from the southeast after it passed over Taiwan Island (Fig. 1). The rainband lasted for ~14 74 

h and caused the most devastating rainfall in Fujian Province over the last 50 years, with a record-75 

breaking hourly rainfall of 152 mm in Changle, Fujian (Lin et al. 2018). Unfortunately, the severe 76 

rainfall associated with this rainband was significantly underpredicted and 96 deaths were reported. 77 

Based on the available Doppler radar and surface observations, Lin et al. (2018) hypothesized that 78 

this rainband was induced by a previously existing wavenumber-2 vortex Rossby wave. Li et al. 79 

(2019) further verified this hypothesis using a high-resolution simulation and showed that the cold-80 

pool dynamics and environmental vertical wind shear-induced wavenumber-1 forcing also played 81 

important roles in the maintenance of such a long-lived rainband. Another striking feature of this 82 
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rainband, which was not addressed in either Lin et al. (2018) or Li et al. (2019), was that the 83 

rainband propagated along the coastline of Fujian Province away from the typhoon center. For such 84 

a long-lived rainband, in addition to its formation and maintenance, an accurate forecast of its 85 

propagation is also crucial for disaster risk prevention. Many previous observational studies have 86 

reported that spiral rainbands that form onshore of an approaching TC tend to be locked up near 87 

the coastline (e.g., Gao et al. 2009; Xu et al. 2014; Bao et al. 2015; Liu and Smith 2016). Most of 88 

those studies, including Lin et al. (2018) and Li et al. (2019), have attributed this phenomenon to 89 

the topographic effects or the differential friction between land and sea due to land-sea roughness 90 

contrast. However, the hypothesized mechanisms have not been discussed in detail. 91 

The interaction between terrain/topography or landmass and onshore rainfall/rainbands of an 92 

approaching TC has been extensively investigated. Generally, for relative large mountains, such as 93 

the Central Mountain Range over Taiwan Island, TC rainfall is often largely affected by the 94 

orographic effects of the mountain through orographic blocking-induced structure change of 95 

rainbands (e.g., Yu and Tsai 2017; Lentink et al. 2018), orographic lifting-induced convection 96 

enhancement (e.g., Lin et al. 2002; Yu and Cheng 2013; Liu et al. 2016), and precipitation 97 

enhancement due to collision and coalescence processes between background raindrops of 98 

rainbands and orographic lifting-induced cloud water (i.e., the so-called seeder-feeder process; e.g., 99 

Smith et al. 2009; Yu and Cheng 2013). For the scattered, low, and small/mesoscale terrains, such 100 

as those in the coastal area of East China (with an average elevation of several hundred meters), 101 

the orographic effects on convection are marginal and TC rainfall is usually affected by the land-102 
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sea surface roughness contrast-induced convergence (e.g., Powell 1982; Li et al. 2014; Xu et al. 103 

2014). Note that there are two effects associated with the land-sea surface roughness contrast on 104 

onshore convection. The first effect is the reduction of onshore winds over land due to the enhanced 105 

surface friction that can induce a low-level convergence onshore directly (e.g., Li et al. 2014). The 106 

second effect is the tangential deceleration of onshore winds over land that can cause a subgradient 107 

force and thus enhance the radial convergence in spiral rainbands (e.g., Powell 1982, Xu et al. 108 

2014). Note that although the direct orographic effects of relatively low scattered terrains are 109 

marginal as mentioned above, they may still affect rainbands/rainfall by decelerating the surface 110 

winds and thus enhancing low-level convergence. The latter has not been studied in any detail in 111 

the literature. In addition, most of previous studies on the interaction between terrain/landmass and 112 

rainfall/rainbands of a TC have focused primarily on the transient local rainfall. How terrain and 113 

landmass may affect the propagation of a previously existing long-lived rainband has not been 114 

previously investigated. 115 

The objective of this study is to address the above issues using the high-resolution simulation 116 

results of Typhoon Longwang (2005) by Li et al. (2019), in which the simulated rainband also 117 

showed a long-lived feature and propagated near the Fujian coastline as in observation. To 118 

understand different effects of the terrain and landmass near Fujian on convection, in addition to 119 

the control experiment of Li et al. (2019), two sensitivity experiments were conducted by flattening 120 

the terrain near Fujian and replacing the land near Fujian by ocean, respectively. The experimental 121 

design is described in Section 2, and the results are discussed in Section 3. The detailed mechanisms 122 
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of how the terrain and landmass near Fujian affect the structure and propagation of the rainband 123 

are analyzed in Section 4. The major conclusions are summarized in Section 5. 124 

2. Experimental design 125 

The Advanced Research Weather Research and Forecasting model (WRF), version 3.8.1 126 

(Skamarock et al. 2008), was used to simulate Typhoon Longwang (2005). The model settings of 127 

the control experiment in this study, including the physical parameterizations and initialization, 128 

were identical to those used in Li et al. (2019). The model domain was triply nested with horizontal 129 

grid spacings of 12, 4, and 1.33 km, respectively, as shown in Fig. 1a. The inner two meshes 130 

automatically moved following the typhoon center at 500 hPa. There were 36 uneven vertical levels 131 

with the model top at 50 hPa, and with the low-level grid spacing approximately stretched from 132 

56.6 m near the surface to 380 m at 2500 m. The model was integrated from 0000 UTC 30 133 

September 2005 to 1800 UTC 2 October 2005 with the initial and lateral boundary conditions 134 

interpolated from the National Centers for Environment Prediction Global Forecast System Final 135 

Analysis (GFS-FNL), which had a horizontal grid spacing of 1o×1o. The dynamical initialization 136 

scheme (Cha and Wang 2013) was used on the outermost mesh to improve the initial conditions of 137 

the targeted typhoon, with the outputs of sea level pressure and surface circulation shown in Fig. 138 

1a. The initial conditions on the inner two meshes were interpolated from the outermost mesh at 139 

the end of dynamical initialization. The spectral large-scale nudging (Von Storch et al. 2000) was 140 

applied to the horizontal wind field in the outermost domain to reduce the model biases in 141 
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reproducing the large-scale circulation field. 142 

Three experiments with different underlying surface conditions were conducted to examine 143 

the roles of terrain and landmass near Fujian on the propagation of the rainband. In the control 144 

experiment (CTL), both the terrain and landmass were retained. In the first sensitivity experiment 145 

(FLT), the terrain near Fujian in the coastal area of Mainland China south of 28oN and east of 146 

114.5oE (outlined in orange dashed lines in Fig. 1a and zoomed in Fig. 2a) was flattened, namely, 147 

with the terrain height set to zero in the input data before the integration of simulation. This area 148 

was chosen because it contains the total body of the rainband of interest in the control experiment 149 

(cf. Figs. 2b–d). In the second sensitivity experiment (OCN), the land near Fujian in the same area 150 

for terrain removal in the first sensitivity experiment was replaced by the virtual ocean, and the sea 151 

surface temperature of the virtual ocean was fixed as the averaged sea surface temperature in the 152 

nearby Taiwan Strait. Note that our preliminary tests indicate that the overall conclusions discussed 153 

herein are insensitive to the size of the area and the virtual sea surface temperature in reasonable 154 

ranges (not shown). As in CTL, the two sensitivity experiments were also integrated from 0000 155 

UTC 30 September 2005 to 1800 UTC 2 October 2005. 156 

It is worth pointing out that there are two methods to treat terrain in the moving inner meshes 157 

in WRF. One is the default method, by which terrains in the two moving inner meshes are 158 

interpolated from the outermost mesh, as used in Li et al. (2019) or in CTL. In this case, the 159 

resolutions of terrains in all three meshes are 12 km. In the other method (Chen et al. 2007), terrains 160 

in the two moving inner meshes are interpolated from the basic high-resolution topographic dataset 161 
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from the US Geological Survey. To address whether the resolution of the terrain near Fujian would 162 

affect our results in CTL, we conducted an extra experiment as CTL (Figs. 2b–d) but using the 163 

high-resolution terrain dataset based on the second method (Figs. 2f–h), with the terrains near 164 

Fujian in the innermost mesh by the two methods shown in Figs. 2a and 2e. Note that to reduce the 165 

influence of different resolutions of terrains over Taiwan Island in this comparison, the high-166 

resolution terrain experiment was activated from 0200 UTC 2 October, namely prior to the 167 

formation of the rainband of interest and after Typhoon Longwang passed Taiwan Island, using the 168 

restart files from CTL. Although the higher resolution terrain experiment could show a more 169 

detailed convective structure (Rivera-Torres 2018), we found that the overall structure and 170 

evolution of the rainband, which are our focus in this study, are similar in the two experiments 171 

(Figs. 2b–d, 2f–h). Therefore, for simplicity, the terrains in the two inner meshes are interpolated 172 

from the outermost mesh in all three experiments.  173 

3. Results 174 

The TC track, maximum surface wind speed, and minimum sea level pressure from the three 175 

experiments are compared in Fig. 1, superimposed upon the best track data from the China 176 

Meteorological Administration, which were obtained from the International Best Track Archive 177 

for Climate Stewardship (IBTrACS; Knapp et al. 2010). The modeled tracks in the three 178 

experiments are all similar to the track from IBTrACS (Fig. 1a). The simulations captured the first 179 

landfall over Taiwan Island and the second landfall over Fujian Province but the landfall times 180 
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were about 3 and 7 hours earlier than the observed for the first and the second landfalls, respectively, 181 

due to the faster translational speed of the simulated storms after 1200 UTC 1 October (Fig. 1a). 182 

The faster translational speed of the simulated storms was related to the model errors in the 183 

simulated environmental steering flow (not shown). The overall intensity evolutions of the three 184 

simulated storms were similar to that in IBTrACS except for a large positive intensity bias in the 185 

simulations before 0000 UTC 1 October (Fig. 1b). In addition, the simulated storm was stronger 186 

during and after its landfall over Fujian (~0800 UTC 2 October) in OCN than in CTL and IBTrACS 187 

and a little stronger in FLT than in CTL (Fig. 1b). The results suggest that both the track and 188 

intensity of the storm were marginally affected by the terrain near Fujian, and the weakening of the 189 

storm after landfall was mainly caused by the landmass. 190 

Figure 3 shows the evolutions of the simulated rainband of interest in all three experiments 191 

(Figs. 3a2–f2, 3a3–f3, and 3a4–f4) and the observed rainband in the Doppler radar reflectivity 192 

images (Figs. 3a1–f1) from the Central Weather Bureau (CWB). A similar rainband can be found 193 

in all three experiments, suggesting that the formation of the rainband was not affected by the 194 

terrain or landmass near Fujian. Note that the simulated rainband in all three experiments formed 195 

around 0220 UTC 2 October (not shown, cf. Li et al. 2019), about 5 hours earlier than the observed 196 

(cf. Figs. 3a1–b1, 3a2–b2, 3a3–b3, and 3a4–b4), which seems partly due to the faster movement 197 

of the simulated storms than that of the observed (Fig. 1a). As discussed in Li et al. (2019), the 198 

formation of the rainband in CTL was closely related to a preexisting wavenumber-2 potential 199 

vorticity wave (Figs. 4a–c). The same signal was also found in FLT (Figs. 4d–f) and OCN (Figs. 200 
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4g–i). Based on the calculated propagation speed of this wave, Li et al. (2019) found that the 201 

rainband in the early stage in CTL showed a characteristic of convectively coupled vortex Rossby 202 

wave (cf. Wang 2002). Here, we found that the wavenumber-2 wave propagated cyclonically in 203 

the azimuth and radially outward and showed similar propagation speeds in the three experiments. 204 

This means that the formation of the rainband among the three experiments was similar and was 205 

triggered by a preexisting convectively coupled wavenumber-2 vortex Rossby wave (Li et al. 2019). 206 

A detailed description about the evolution of the observed rainband and the simulated rainband in 207 

CTL can be found in Lin et al. (2018) and Li et al. (2019), respectively. Here, we mainly focus on 208 

the propagation of the rainbands.  209 

In CTL, before 0600 UTC 2 October, the simulated rainband had formed north of the typhoon 210 

center and was characterized by an inner spiral rainband (Figs. 3b2, c2; Li et al. 2019). Namely, 211 

the rainband was close to the eyewall and organized in an azimuthally elongated banded pattern 212 

(e.g., Wang 2008; Li et al. 2017). Subsequently, the rainband propagated radially outward, showing 213 

a wavenumber-1 structure featured as an outer rainband or a principal rainband (Figs. 3d2–f2) with 214 

stratiform precipitation in the downwind sector connected with the inner core and strong 215 

convection and convective cells in the upwind sector (e.g., Wang 2008; Li et al. 2017). The upwind 216 

sector of the rainband is the focus of this study because it caused the record-breaking rainfall along 217 

the coast of Fujian (Lin et al. 2018; Li et al. 2019). We can see that the upwind sector of the 218 

simulated rainband propagated anticyclonically relative to the storm center and remained near the 219 

coastline (Figs. 3d2–f2; Li et al. 2019), similar to that of the observed rainband (Figs. 3d1–f1) 220 
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although the simulated rainband was more inland than the observed after ~1000 UTC 2 October.  221 

In FLT and OCN experiments, the rainband was due north of the typhoon center and near the 222 

eyewall before 0600 UTC 2 October (Figs. 3b3–c3, 3b4–c4), similar to that in CTL (Figs. 3b2–c2). 223 

However, later on, although the rainband in the two sensitivity experiments showed a wavenumber-224 

1 structure as in CTL (Figs. 3d2–f2, 3d3–f3, and 3d4–f4), some differences became obvious. The 225 

upwind sector of the rainband in CTL stayed near the coastline, thus showing an apparent 226 

anticyclonic propagation from the due north of the typhoon center at 0600 UTC (Fig. 3c2) to the 227 

northeast at 0800 UTC (Fig. 3d2). However, the upwind sector of the rainband in the two sensitivity 228 

experiments propagated inland, showing a cyclonic rotation from the due north (Figs. 3c3-d3, 3c4-229 

d4) to the northwest of the typhoon center (Figs. 3e3-f3, 3e4-f4). Convection in the middle and 230 

downwind sectors of the rainband was stronger in FLT (Figs. 3d3–f3) than in CTL (Figs. 3d2–f2), 231 

and even stronger in OCN (Figs. 3d4–f4). Therefore, it seems that both the terrain and landmass 232 

near Fujian played important roles in the propagation and structure of the rainband.  233 

To further show the detailed differences in the propagation and structure of the rainband 234 

among the three experiments, we plot in Fig. 5 the 10-h accumulated precipitation during 0300–235 

1300 UTC 2 October over Fujian in the three experiments, overlaid with the observations during 236 

0800–1800 UTC 2 October from rain gauges. Note that the 5-hour shift between observations and 237 

simulations for the comparison reflects the earlier arrival of the simulated rainband than the 238 

observed because of the faster translational speed of the simulated storms as mentioned above. 239 

Although with a slight shift in the area of the maximum precipitation, the observed local rainfall 240 
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area along the coast of Fujian Province with the accumulated precipitation over 50 mm was 241 

reproduced reasonably well in CTL (Fig. 5a). Note that the maximum accumulated precipitation 242 

was also near the coastline in the two sensitivity experiments, but it was mainly contributed by 243 

convection in the eyewall and the secondary rainband rather than the rainband of interest (not 244 

shown, cf. Figs. 3b3–f3, 3b4–f4). The two sensitivity experiments did not capture the rainfall 245 

pattern well. The 50-mm rainfall contour on the west side appears more inland in FLT than in CTL, 246 

and further inland from FLT to OCN. The discrepancy in the overall accumulated rainfall 247 

distribution is consistent with the more inland upwind sector of the rainband and the more evenly 248 

spread convection along the rainband in the two sensitivity experiments as discussed above (Fig. 249 

3).  250 

4. Interpretation 251 

In the last section, we show that both the terrain and landmass near Fujian played important 252 

roles in affecting the propagation of the rainband of interest, especially its upwind sector. To 253 

understand how the terrain and landmass modulated the rainband propagation, in this section, we 254 

will first discuss the maintenance mechanism of convection in the upwind sector of the rainband 255 

and then analyze the orographic effects and the effect of land-sea surface roughness contrast on 256 

convection of the rainband. 257 

4.1. The maintenance mechanisms of the rainband 258 

Li et al. (2019) have shown that the rainband (upwind sector) after ~0600 UTC 2 October in 259 



13 

CTL was maintained by the cold pool dynamics and the environmental vertical wind shear. It is 260 

our interest to understand the differences in the maintenance mechanism of the rainband in the two 261 

sensitivity experiments from that in CTL. Figure 6 shows the virtual potential temperature at 900 262 

hPa, the radar reflectivity at 3-km height, and deep-layer vertical wind shear between 200 and 700 263 

hPa during 0400–1000 UTC 2 October in the three experiments. We can see from Fig. 6 that there 264 

was no obvious surface cold pool under the rainband prior to 0600 UTC in all three experiments 265 

(Figs. 6a,e,i), but a small and weak cold pool appeared in the upwind sector of the rainband around 266 

0600 UTC (red arrows in Figs. 6b,f,j) and the surface cold pool strengthened later (Figs. 6c,g,k). 267 

Based on the Rotunno-Klemp-Weisman theory (Rotunno et al., 1988), the intensity of the cold pool 268 

can be estimated as (e.g., Lin et al. 2018; Li et al. 2019) 269 

𝐶 = √𝑔
∆𝜃𝑣

𝜃𝑣0
𝐻𝑐,          (1) 270 

where 𝑔 is the gravitational acceleration, ∆𝜃𝑣 is the virtual potential temperature perturbation 271 

associated with the cold pool, 𝜃𝑣0 is the environmental virtual potential temperature, and 𝐻𝑐 is 272 

the cold pool depth. From Figs. 7a,c,e and Figs. 6c,g,k, ∆𝜃𝑣 and 𝜃𝑣0 near the upwind sector of 273 

the rainband at 0800 UTC in all three experiments were ~1.5–2 oC and ~306–308 oC, respectively. 274 

The cold pool depth was ~2–3 km (Figs. 7a,c,e), this yields an intensity of the cold pool about 10–275 

14 m s-1, which balanced well the corresponding low-level cross-band vertical shear of ~10–15 m 276 

s-1 to the front of the cold pool (Figs. 7a,c,e). This strongly suggests that the surface cold pool 277 

dynamics played an important role in the maintenance of convection in the upwind sector of the 278 

rainband in the three experiments (Figs. 6c,g,k).  279 
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After 0800 UTC, the cold pool near the coastline in the upwind sector of the rainband in CTL 280 

weakened (Fig. 7b) and moved slightly inland (Fig. 6d), which corresponded with the inland shift 281 

of the simulated rainband compared with the observed (Figs. 3e1–f1, 3e2–f2). Nevertheless, from 282 

Fig. 7b, the weakened cold pool (∆𝜃𝑣~1 oC, 𝐻𝑐~2 km) near the coastline in the upwind sector of 283 

the rainband in CTL still had an intensity (~8 m s-1) sufficiently to balance the low-level cross-284 

band vertical shear of ~10 m s-1 to the front of the cold pool. Unlike that in CTL (Fig. 6d), the cold 285 

pool in the two sensitivity experiments weakened very rapidly after 0800 UTC, and the cold pool 286 

under the upwind sector of the rainband disappeared by around 1000 UTC (Figs. 6g–h, 6k–l, Figs. 287 

7d,f), consistent with the continued weakening and more inland shrinking of convection in the 288 

upwind sector of the rainband (Figs. 6g–h, 6k–l) compared with that in CTL (Fig. 6d). These results 289 

further confirm the importance of the surface cold pool dynamics to the maintenance of convection 290 

in the upwind sector of the rainband in all three experiments. Although there was also no cold pool 291 

in the middle and downwind sectors of the rainband in the two sensitivity experiments, convection 292 

was still maintained for several hours partly in response to the environmental vertical shear of 293 

horizontal winds averaged in an annulus between radii 200 km and 800 km from the storm center 294 

between 200 and 700 hPa (Figs. 6h,l) or between 1–6 km height (not shown). Previous studies have 295 

already shown that deep-layer vertical wind shear can induce convection in the downshear and 296 

downshear-left quadrants of a TC (e.g., Wang and Holland 1996; Frank and Ritchie 2001; Li et al. 297 

2017). In addition, because there was no obvious difference in both direction and magnitude of the 298 

deep-layer vertical wind shear at the later stage among the three experiments (Figs. 6c–d, 6g–h, 299 
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and 6k–l), the weakening of convection in the upwind sector of the rainband in the two sensitivity 300 

experiments was not related to the deep-layer vertical wind shear.  301 

To understand why convection and cold pool in the upwind sector of the rainband failed to be 302 

maintained in the later stage without the terrain and/or landmass near Fujian, we show in Fig. 8 the 303 

low-level averaged horizontal water vapor flux and the corresponding convergence in the three 304 

experiments. In CTL (Figs. 8a–c), a local maximum in water vapor flux (and its convergence) 305 

appeared near the coastline. The convergence of water vapor flux (yellow contours; mostly under 306 

the red contours) was largely attributed to the convergence of horizontal wind (red contours) 307 

because the horizontal gradient of water vapor content was small near the coastline (not shown). 308 

Such a distinct local maximum in water vapor flux and its convergence near the coastline was 309 

hardly found in FLT (Figs. 8d–f), but the water vapor flux and its convergence, and thus convection 310 

in the middle and downwind sectors of the rainband were stronger in FLT (Figs. 8d–f, Figs. 3d3–311 

f3) than in CTL (Figs. 8a–c, Figs. 3d2–f2). In OCN (Figs. 8g–i), the distributions of the water vapor 312 

flux and its convergence along the rainband became more uniform than in FLT (Figs. 8d–f), 313 

consistent with more uniform convection along the rainband in OCN (Figs. 3d4–f4) than in FLT 314 

(Figs. 3d3–f3). Therefore, both the terrain and landmass near Fujian contributed to the local 315 

maximum in water vapor flux convergence near the coastline and prohibited the inland transport 316 

of water vapor (Figs. 8a–c), favoring convection in the upwind sector of the rainband to be 317 

maintained along the coastline while suppressing convection in the middle and downwind sector 318 

of the rainband.  319 
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4.2. Orographic effects 320 

Terrains can affect the convergence of water vapor flux by orographic lifting or/and blocking. 321 

The two effects can be distinguished by the Froude number (𝐹𝑟; Smith 1979), i.e., 322 

𝐹𝑟 =
𝑈

𝑁𝐻
,           (2) 323 

where 𝑈 is the upstream oncoming wind speed, 𝐻 is the terrain height above sea level (ASL), 324 

and 𝑁 is the Brunt-Väisälä frequency. For a given terrain height, weak low-level winds (𝐹𝑟 < 1) 325 

tend to be blocked by the terrain and thus induce a convergence on the windward side of the terrain. 326 

However, strong low-level winds (𝐹𝑟 > 1) tend to climb over the terrain but also can induce a 327 

convergence on the windward side if the slope of the terrain is steep (e.g., Lin et al. 2002; Yu and 328 

Cheng 2013; Liu et al. 2016). In the coastal region of Fujian Province, the maximum terrain height 329 

ASL is ~1000 m (Figs. 9d–i), and the averaged upstream wind speed and Brunt-Väisälä frequency 330 

near the rainband are ~20–30 m s-1 and ~1–1.5×10-2 s-1 (Figs. 9a–c). This gives a large Froude 331 

number ~1.5-3 and even larger for lower terrains. This suggests that the orographic blocking effect 332 

on convection in the rainband was marginal and the upstream wind from the ocean tended to climb 333 

over those terrains.  334 

The orographic lifting effect can be quantified by the orographic lifting-induced upward water 335 

vapor flux (Smith 1979; Lin et al. 2002),  336 

𝑞𝑣𝑤𝑑𝑖𝑎 = 𝑞𝑣|�⃗⃗� |
𝜕𝐻

𝜕𝑠
,           (3) 337 

where 𝑞𝑣 , 𝑤, and |�⃗⃗� | are the low-level water vapor mixing ratio, vertical velocity, and total 338 

horizontal wind speed, and 𝜕𝐻 𝜕𝑠⁄  is the slope of the terrain along the direction of the total wind 339 
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𝑠. The upward water vapor flux at 1000-m height ASL (results are insensitive to the height) was 340 

diagnosed and shown in Figs. 9d–f. The maximum in the diagnosed orographic lifting-induced 341 

water vapor flux (yellow contour) is only about 1/5 of that in the simulated water vapor flux in 342 

CTL (red contour). In addition, the orographic lifting-induced water vapor flux (yellow contour in 343 

Figs. 9d–f) was scattered following the terrains, while the simulated water vapor flux in CTL (red 344 

contour in Figs. 9d–f) shows a local maximum near the coastline as the water vapor convergence 345 

near the upwind sector of the rainband (Figs. 8a–c). This means that the orographic lifting effect 346 

also played a marginal role in the maintenance of convection in the upwind sector of the rainband 347 

and the propagation of the rainband. This is consistent with the statistical study of Xu et al. (2014), 348 

who found that the typhoon-induced precipitation along the coast of China was mainly caused by 349 

the land-sea surface roughness contrast rather than the orographic lifting because the terrains along 350 

the coast of China are low and scattered with small slope as shown in Figs. 9d–i.  351 

Note that the seeder-feeder accretion mechanism associated with the orographic effect was 352 

not discussed in this study, not only because of the weak orographic lifting but also because it 353 

mainly contributes to convection on the leeward side of terrains (e.g., Smith et al. 2009; Yu and 354 

Cheng 2013) rather than on the windward side near the coastline. 355 

4.3. Effect of land-sea surface contrast 356 

Although the two orographic effects of the terrain near Fujian were marginal on convection 357 

in the rainband, the terrain slowed down the near-surface horizontal winds (cf. Figs. 9g–i), which 358 

could increase the near-surface vertical wind shear, thus enhancing vertical turbulent momentum 359 
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mixing in the boundary layer. This may indirectly enhance the effect of land-sea surface contrast 360 

on convection near the coastline. As mentioned in the introduction, there are two effects of the 361 

land-sea surface roughness contrast on the water vapor convergence onshore near the coastline. 362 

One is associated with the direct deceleration of the windward total winds (Li et al. 2014), while 363 

the other is associated with the radially inward agradient force induced by the deceleration of 364 

windward tangential winds due to enhanced vertical turbulent mixing (Powell 1982). To examine 365 

the two effects, we show in Fig. 10 the radial and azimuthal components of the low-level water 366 

vapor flux and their corresponding convergences in CTL. We can see that the convergence in the 367 

rainband was mainly caused by the radial convergence (Figs. 10a–c), and a similar situation 368 

occurred in both FLT and OCN (not shown). This is probably because the orientation of the 369 

rainband was almost parallel to the onshore tangential winds. Note that although the water vapor 370 

flux was larger in the azimuthal direction than in the radial direction, the gradient of the water 371 

vapor flux, and thus the water vapor flux convergence, was lager in the radial direction than in 372 

azimuthal direction. This means that the water vapor convergence was largely contributed by the 373 

acceleration of radial winds, which was partly attributed to the inward agradient force associated 374 

with the deceleration of tangential winds, while the water vapor convergence directly induced by 375 

the deceleration of tangential winds was marginal. 376 

To demonstrate the above-mentioned indirect effect, we compared the tangential wind 377 

tendency induced by vertical diffusion (mixing) of tangential wind (including surface friction) 378 

averaged between the surface and 1000-m height in the later stage of the rainband in the three 379 
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experiments in Fig. 11. As analyzed earlier, the vertical mixing near the upwind sector of the 380 

rainband was larger in CTL (Figs. 11a–c) than in FLT (Figs. 11d–f) due to the presence of terrains 381 

therein in the former. As expected, although with a stronger low-level wind speed in OCN (cf. Fig. 382 

1b), the vertical mixing near the upwind sector of the rainband was smaller in OCN (Figs. 11g–i) 383 

than FLT (Figs. 11d–f) because of the smaller surface roughness over ocean than over land. The 384 

large vertical mixing in the front (radially outside) of the rainband in CTL would decelerate the 385 

onshore tangential winds, inducing a radially inward agradient force therein. As a result, the inflow 386 

toward the region of the upwind sector of the rainband would be accelerated, leading to the 387 

enhanced water vapor convergence in the rainband. To further demonstrate this process, we 388 

calculated the agradient force near the rainband. The agradient force can be given as 389 

𝐴𝑔𝑟 = 𝑓𝑣 +
𝑣2

𝑟
−

𝜕𝜙

𝜕𝑟
,          (4) 390 

where 𝑓  is the Coriolis parameter, 𝑣  is tangential wind speed, 𝑟  is radius, and 𝜙  is 391 

geopotential on isobaric surface. Figures 12a–c show the averaged tangential wind speed and Figs. 392 

12d-f show the averaged agradient force between 850–1000 hPa at 1000 UTC 2 October (results 393 

are similar at other times, not shown) near the upwind sector of the rainband (magenta rectangle in 394 

Figs. 11b,e,h) in the three experiments. As expected, partly due to the increased vertical diffusion 395 

(mixing) of tangential wind (Fig. 11b) and thus the reduction of onshore tangential winds in the 396 

front of the upwind sector of the rainband (highlighted by the red line in Fig. 12a), there was a large 397 

radially inward agradient force herein near the coastline of Fujian in CTL (Fig. 12d). In FLT, 398 

although there was a reduction of onshore tangential winds along the coast near the surface (not 399 
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shown), the vertically integral-averaged reduction of onshore tangential winds was hardly found 400 

(Fig. 12b) and the agradient force was much reduced (Fig. 12e). In OCN, the reduction of onshore 401 

tangential winds was hardly found in each level (cf. Fig. 12c), and the agradient force shifted more 402 

inland with the rainband (Fig. 12f) than in CTL and FLT (Figs. 12d,e). This demonstrates that the 403 

deceleration of onshore tangential winds near the coastline in CTL induced a radially inward 404 

agradient force and thus acceleration of inflow (Powell 1982; Fig. 12j), which was contributed by 405 

both the terrain and landmass near Fujian. 406 

Note the vertical mixing including surface friction of radial wind in the front of the upwind 407 

sector of the rainband increased partly as the radial wind accelerated in CTL (Fig. 12g), and was 408 

much larger than in FLT and OCN (Figs. 12h–i) also partly due to the presence of terrains and 409 

landmass. The increased vertical mixing of radial wind decelerated the radial wind on the inland 410 

side (Fig. 12j), enhancing the development of a large convergence of radial wind near the coastline 411 

in the rainband in CTL (Fig. 10). The increased vertical mixing of radial wind (Fig. 12g) was 412 

slightly radially inside of the radially inward agradient force (Fig. 12d). This means that in addition 413 

to the environmental radial wind, the radial wind accelerated by the radially inward agradient force 414 

in the front of the rainband could be partly decelerated by the radially outward radial wind tendency 415 

induced by vertical mixing including surface friction of radial wind. However, with the terrain 416 

flattened near Fujian or replaced by ocean in FLT or OCN, the agradient force, vertical mixing 417 

including surface friction of radial wind, and thus the radial convergence became much smaller 418 

and shifted inland than in CTL (Figs. 12d–l). As a result, convection in the rainband near the 419 
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coastline continuously weakened during the late stage in FLT (Figs. 3d3–f3) and OCN (Figs. 3d4–420 

f4). The above results strongly suggest that although the direct orographic effects of terrains near 421 

Fujian on convection were marginal, those low terrains played an important role in maintaining the 422 

low-level convergence and thus convection along the coastline by enhancing the effect due to the 423 

land-sea surface roughness contrast. 424 

5. Conclusions and discussion 425 

A long-lived rainband in Typhoon Longwang (2005) formed on 2 October 2005 near the 426 

coastline of Fujian and lasted for ~14 hours and brought about torrential rainfall in Fujian Province, 427 

China. The effects of terrain and landmass near Fujian on the rainband propagation and structure 428 

have been investigated based on numerical experiments using the WRF model. A control 429 

experiment with standard model settings captured well the overall track and intensity of the storm 430 

and the evolution and propagation of the rainband of interest. As discussed in Li et al. (2019), the 431 

formation of the rainband was associated with a preexisting wavenumber-2 potential vorticity wave, 432 

which showed a characteristic of vortex Rossby wave as in observation (Lin et al. 2018). In this 433 

study, we have found that although both the terrains and landmass near Fujian had little effects on 434 

the formation of the rainband, they largely modulated the propagation of the upwind sector of the 435 

rainband near the coastline at the later stage. This was demonstrated with results from two 436 

sensitivity experiments in which either the terrain near Fujian was flattened or the landmass near 437 

Fujian was replaced by ocean. In these two experiments, the upwind sector of the rainband moved 438 
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inland away from the coastline and convection in the middle and downwind sectors became more 439 

evenly distributed and stronger than in the control experiment.   440 

It is found that both the orographic lifting and blocking effects of the terrain near Fujian 441 

contributed marginally to the propagation of the rainband because of the low elevation, small slope, 442 

and scattered distribution of the terrains near Fujian. Instead, it was the water vapor convergence 443 

near the coastline due to the land-sea surface roughness contrast that contributed to the propagation 444 

of the upwind sector of the rainband. The sudden increase in surface friction onshore over land 445 

along the coastline decelerated the onshore tangential winds from the ocean, causing a radially 446 

inward agradient force and thus the acceleration of radial wind in the front of the rainband onshore 447 

near the coastline. The large radial winds were decelerated partly due to vertical mixing and surface 448 

friction inland, enhancing the convergence of radial wind, maintaining the moisture convergence 449 

near the coastline, and thus convection and cold pool in the upwind sector of the rainband onshore 450 

along the coastline. This process was largely enhanced by the presence of the terrain near Fujian. 451 

Note that partly because the orientation of the rainband was almost parallel to the onshore tangential 452 

winds, the convergence of tangential wind due to the enhanced surface friction-induced reduction 453 

of tangential wind was less important in maintaining the water vapor convergence in the rainband 454 

in this case. These results in general support the hypothesis of Lin et al. (2018) and Li et al. (2019), 455 

who suggested that the terrain and landmass near Fujian could play important roles in maintaining 456 

convection and cold pool in the upwind sector of the rainband by enhancing the local water vapor 457 

convergence near the coastline and prohibiting the inland transport of water vapor. 458 
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Results from this study demonstrate that the small and mesoscale terrains with low elevation 459 

and scattered distribution near the coastline played important roles in affecting the propagation and 460 

maintaining convection by enhancing the effect of land-sea surface roughness contrast. Note that 461 

although we showed that the overall structure and evolution of the rainband were insensitive to the 462 

resolution of the terrain near Fujian in the studied case, we should point out that adequately 463 

resolving the small and mesoscale terrains in numerical models is important for numerical 464 

prediction of rainfall associated with landfalling tropical cyclones. In addition, our main 465 

conclusions are reached based on one case study of the rainband in Typhoon Longwang, more 466 

rainband cases in landfalling TCs worldwide can be investigated to confirm the findings from this 467 

study and to examine the impact of terrains with different sizes and elevations on landfalling TC 468 

rainbands in the future.  469 
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Figure captions  558 

Figure 1. (a) The initial nest configuration (D1, D2, and D3 denote the outermost, second, and 559 

innermost domains, respectively), initial (0000 UTC 30 September) surface wind (wind barbs) 560 

and sea level pressure (hPa, at an interval of 10 hPa) from dynamical initialization for the 561 

simulation studies, overlaid with the 6-hourly IBTrACS best track (Obs) and simulated TC 562 

tracks. The orange dashed lines together with the coastline of Mainland China mark the area 563 

of interest for the terrain/landmass sensitivity experiments. (b) Temporal evolution of the 564 

maximum 10-m wind speed (upper panel, m s-1) and minimum sea level pressure (lower panel, 565 

hPa).  566 

Figure 2. (a) The terrain height ASL (m; at a resolution of 12 km) near Fujian within the innermost 567 

domain in CTL. Black lines mark the coastlines and provincial boundaries. (b)–(d) Modeled 568 

3-km reflectivity (shading, dBZ) and sea level pressure isobars (contour, hPa) at an interval 569 

of 10 hPa at 0400, 0800, and 1200 UTC 2 October. Purple dashed concentric circles are 100, 570 

200, and 300 km from the typhoon center. Magenta arrows mark the position of the rainband 571 

of interest. (e)–(h) Same as (a)–(d), but from the experiment using the high-resolution terrain 572 

dataset with the resolution of terrain height in (e) being 1.33 km.  573 

Figure 3. (a1)–(f1) Doppler radar reflectivity mosaic images (dBZ) during 0700–1700 UTC 2 574 

October with the space of blue line being 2o in both latitude and longitude. Magenta arrows 575 

mark the position of the rainband of interest. (a2)–(f2), (a3)–(f3), and (a4)–(f4) Evolutions of 576 

the simulated rainband during 0200–1200 UTC 2 October in all three experiments as in Figure 577 

2.  578 

Figure 4. The 700-hPa potential vorticity (PVU, 10-6 K m2 kg-1 s-1) at 0000 (left column), 0100 579 

(middle column), and 0200 (right column) UTC 2 October in (a)–(c) CTL, (d)–(f) FLT, and 580 

(g)–(i) OCN with the black arrows marking the wavenumber-2 potential vorticity band of 581 

interest, and black lines marking the coastlines. Purple dashed circles are at every 50 km from 582 

the typhoon center.  583 



28 

Figure 5. The 10-h accumulated precipitation (mm) during 0300–1300 UTC 2 October over Fujian 584 

province in the three experiments (shading with the 50-mm contour highlighted in cyan) and 585 

observations during 0800–1800 UTC 2 October from rain gauge (dot).  586 

Figure 6. The 900-hPa virtual potential temperature (shading, K), 3-km reflectivity (green contours) 587 

at 45, 50, and 55 dBZ, and deep-layer vertical wind shear between 700 and 200 hPa (black 588 

arrow with the shear value printed near the end of the arrow) during 0400–1000 UTC 2 589 

October. Red arrow in (b), (f), and (j) marks the position of the initial surface cold anomaly 590 

under the upwind sector of the rainband. Red line near the greatest reflectivity in the upwind 591 

sector of the rainband in (c), (d), (g), (h), (k), and (l) marks the segment for the radius-pressure 592 

cross section shown in Figure 7. Purple dashed concentric circles are 100, 200, and 300 km 593 

from the typhoon center. Black lines mark the coastlines and provincial boundaries 594 

Figure 7. Radius-pressure cross section of the simulated reflectivity (dBZ, shading with the terrain 595 

marked as grey), virtual potential temperature perturbation (subtracting the 100-km mean 596 

outside the rainband) below 500 hPa (K, contour at an interval of 0.5 K with negative value 597 

dashed and zero contour highlighted by cyan), and band-relative secondary circulation (blue 598 

vectors) along the red line in Figures 6c,d,g,h,k,l. 599 

Figure 8. Vertically integral-averaged (first integrated and then averaged) horizontal water vapor 600 

flux (shading and arrow, g s-1 Pa-1 m-1), divergence of horizontal water vapor flux (yellow 601 

contours, mostly under the red contours, -0.006, -0.005, and -0.004 g s-1 Pa-1 m-2), and 602 

divergence of horizontal wind (red contours, -0.004, -0.003, and -0.002 s-1) between the 603 

surface to 1000-m height during 0800–1200 UTC 2 October. Black dashed concentric circles 604 

are at 100, 200, and 300 km from the typhoon center, and black solid lines mark the coastlines 605 

and provincial boundaries. 606 

Figure 9. (a)–(c): Vertically integral-averaged wind speed (contours, m s-1) and Brunt-Väisälä 607 

frequency (shading, 10-2 s-1) between the surface to 1000-m height during 0800–1200 UTC 2 608 

October in CTL. (d)–(f) The model’s terrain height ASL (shading, m), diagnosed (yellow 609 
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contour at 10 [m s-1][g kg -1]) and simulated (red contours at 30, 40, and 50 [m s-1][ g kg -1]) 610 

1000-m upward water vapor flux, and 3-km reflectivity (purple contours at 45, 50, and 55 611 

dBZ) during 0800–1200 UTC 2 October in CTL. Black dashed concentric circles in (a)–(f) 612 

are at 100, 200, and 300 km from the typhoon center, and black light solid lines mark the 613 

coastlines and provincial boundaries.(g)–(i) Vertical structure of vertical velocity (shading, 614 

m s-1) and transverse circulation (arrows) along the black thick solid line segments in (d)–(f), 615 

respectively, with the terrain marked as grey shading.  616 

Figure 10. (a)–(c) Vertically integral-averaged radial component of the horizontal water vapor flux 617 

(shading, g s-1 Pa-1 m-1) and the corresponding radial divergence (contours, -0.004, -0.003, 618 

and -0.002 g s-1 Pa-1 m-2) between the surface to 1000-m height during 0800–1200 UTC 2 619 

October in CTL. Black dashed concentric circles are at 100, 200, and 300 km from the typhoon 620 

center, and black solid lines mark the coastlines and provincial boundaries.(d)–(f) Same as 621 

(a)–(c), but for the tangential component of the horizontal water vapor flux and the 622 

corresponding tangential divergence.  623 

Figure 11. Vertically integral-averaged vertical diffusion (mixing) of tangential wind (including 624 

surface friction) between the surface to 1000-m height (shading, m s-1 h-1) and 3-km 625 

reflectivity (contours) at 45, 50, and 55 dBZ during 0800–1200 UTC 2 October. Black dashed 626 

concentric circles are at 100, 200, and 300 km from the typhoon center, and black solid lines 627 

mark the coastlines and provincial boundaries. Magenta rectangle marks the upwind sector 628 

of the rainband near the coastline. 629 

Figure 12. (a)–(c) Vertically integral-averaged tangential wind speed between 850–1000 hPa 630 

(shading, m s-1) and 3-km reflectivity (contours) at 45, 50, and 55 dBZ at 1000 UTC 2 October 631 

within the magenta rectangle of Figures 11b,e,h. Dashed red line marks the reduction of 632 

tangential wind over land in the front of the rainband. Black solid lines mark the coastlines. 633 

(d)–(f) Same as (a)–(c), but the shading shows the vertically integral-averaged agradient force 634 

(m s-1 h-1). Dashed cyan line marks the location of the main radially inward agradient force in 635 
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the front of the rainband. (g)–(i) Same as (d)–(f), but the shading shows the vertically integral-636 

averaged vertical mixing including surface friction of radial wind (m s-1 h-1). Magenta arrows 637 

mark the position of the rainband of interest. (j)–(l) Same as (a)–(c), but the shading shows 638 

the vertically integral-averaged radial velocity (m s-1). 639 

  640 
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 641 
Figure 1. (a) The initial nest configuration (D1, D2, and D3 denote the outermost, second, and 642 

innermost domains, respectively), initial (0000 UTC 30 September) surface wind (wind barbs) 643 

and sea level pressure (hPa, at an interval of 10 hPa) from dynamical initialization for the 644 

simulation studies, overlaid with the 6-hourly IBTrACS best track (Obs) and simulated TC 645 

tracks. The orange dashed lines together with the coastline of Mainland China mark the area of 646 

interest for the terrain/landmass sensitivity experiments. (b) Temporal evolution of the 647 

maximum 10-m wind speed (upper panel, m s-1) and minimum sea level pressure (lower panel, 648 

hPa).   649 

(b)(a)
D1
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 650 
Figure 2. (a) The terrain height ASL (m; at a resolution of 12 km) near Fujian within the innermost 651 

domain in CTL. Black lines mark the coastlines and provincial boundaries. (b)–(d) Modeled 3-652 

km reflectivity (shading, dBZ) and sea level pressure isobars (contour, hPa) at an interval of 10 653 

hPa at 0400, 0800, and 1200 UTC 2 October. Purple dashed concentric circles are 100, 200, and 654 

300 km from the typhoon center. Magenta arrows mark the position of the rainband of interest. 655 

(e)–(h) Same as (a)–(d), but from the experiment using the high-resolution terrain dataset with 656 

the resolution of terrain height in (e) being 1.33 km.   657 
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 658 

Figure 3. (a1)–(f1) Doppler radar reflectivity mosaic images (dBZ) during 0700–1700 UTC 2 659 

October with the space of blue line being 2o in both latitude and longitude. Magenta arrows 660 

mark the position of the rainband of interest. (a2)–(f2), (a3)–(f3), and (a4)–(f4) Evolutions of 661 

the simulated rainband during 0200–1200 UTC 2 October in all three experiments as in Figure 662 

2.   663 
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 664 
Figure 4. The 700-hPa potential vorticity (PVU, 10-6 K m2 kg-1 s-1) at 0000 (left column), 0100 665 

(middle column), and 0200 (right column) UTC 2 October in (a)–(c) CTL, (d)–(f) FLT, and (g)–666 

(i) OCN with the black arrows marking the wavenumber-2 potential vorticity band of interest, 667 

and black lines marking the coastlines. Purple dashed circles are at every 50 km from the 668 

typhoon center.   669 
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 670 

Figure 5. The 10-h accumulated precipitation (mm) during 0300–1300 UTC 2 October over Fujian 671 

province in the three experiments (shading with the 50-mm contour highlighted in cyan) and 672 

observations during 0800–1800 UTC 2 October from rain gauge (dot).   673 

(a) CTL (b) FLT (c) OCN
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 674 
Figure 6. The 900-hPa virtual potential temperature (shading, K), 3-km reflectivity (green contours) 675 

at 45, 50, and 55 dBZ, and deep-layer vertical wind shear between 700 and 200 hPa (black arrow 676 

with the shear value printed near the end of the arrow) during 0400–1000 UTC 2 October. Red 677 

arrow in (b), (f), and (j) marks the position of the initial surface cold anomaly under the upwind 678 

sector of the rainband. Red line near the greatest reflectivity in the upwind sector of the rainband 679 

in (c), (d), (g), (h), (k), and (l) marks the segment for the radius-pressure cross section shown in 680 

Figure 7. Purple dashed concentric circles are 100, 200, and 300 km from the typhoon center. 681 

Black lines mark the coastlines and provincial boundaries.  682 
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 683 

Figure 7. Radius-pressure cross section of the simulated reflectivity (dBZ, shading with the terrain 684 

marked as grey), virtual potential temperature perturbation (subtracting the 100-km mean 685 

outside the rainband) below 500 hPa (K, contour at an interval of 0.5 K with negative value 686 

dashed and zero contour highlighted by cyan), and band-relative secondary circulation (blue 687 

vectors) along the red line in Figures 6c,d,g,h,k,l.  688 

(a) 0800 (c) 0800

(b) 1000 (d) 1000

CTL FLT

(e) 0800

(f) 1000

OCN
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 689 
Figure 8. Vertically integral-averaged (first integrated and then averaged) horizontal water vapor 690 

flux (shading and arrow, g s-1 Pa-1 m-1), divergence of horizontal water vapor flux (yellow 691 

contours, mostly under the red contours, -0.006, -0.005, and -0.004 g s-1 Pa-1 m-2), and 692 

divergence of horizontal wind (red contours, -0.004, -0.003, and -0.002 s-1) between the surface 693 

to 1000-m height during 0800–1200 UTC 2 October. Black dashed concentric circles are at 100, 694 

200, and 300 km from the typhoon center, and black solid lines mark the coastlines and 695 

provincial boundaries.  696 
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 697 
Figure 9. (a)–(c): Vertically integral-averaged wind speed (contours, m s-1) and Brunt-Väisälä 698 

frequency (shading, 10-2 s-1) between the surface to 1000-m height during 0800–1200 UTC 2 699 

October in CTL. (d)–(f) The model’s terrain height ASL (shading, m), diagnosed (yellow 700 

contour at 10 [m s-1][g kg -1]) and simulated (red contours at 30, 40, and 50 [m s-1][ g kg -1]) 701 

1000-m upward water vapor flux, and 3-km reflectivity (purple contours at 45, 50, and 55 702 

dBZ) during 0800–1200 UTC 2 October in CTL. Black dashed concentric circles in (a)–(f) 703 

are at 100, 200, and 300 km from the typhoon center, and black light solid lines mark the 704 

coastlines and provincial boundaries.(g)–(i) Vertical structure of vertical velocity (shading, 705 

m s-1) and transverse circulation (arrows) along the black thick solid line segments in (d)–(f), 706 

respectively, with the terrain marked as grey shading.   707 
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 708 
Figure 10. (a)–(c) Vertically integral-averaged radial component of the horizontal water vapor flux 709 

(shading, g s-1 Pa-1 m-1) and the corresponding radial divergence (contours, -0.004, -0.003, and 710 

-0.002 g s-1 Pa-1 m-2) between the surface to 1000-m height during 0800–1200 UTC 2 October 711 

in CTL. Black dashed concentric circles are at 100, 200, and 300 km from the typhoon center, 712 

and black solid lines mark the coastlines and provincial boundaries.(d)–(f) Same as (a)–(c), but 713 

for the tangential component of the horizontal water vapor flux and the corresponding tangential 714 

divergence.   715 
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 716 

Figure 11. Vertically integral-averaged vertical diffusion (mixing) of tangential wind (including 717 

surface friction) between the surface to 1000-m height (shading, m s-1 h-1) and 3-km reflectivity 718 

(contours) at 45, 50, and 55 dBZ during 0800–1200 UTC 2 October. Black dashed concentric 719 

circles are at 100, 200, and 300 km from the typhoon center, and black solid lines mark the 720 

coastlines and provincial boundaries. Magenta rectangle marks the upwind sector of the 721 

rainband near the coastline. 722 
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 723 

Figure 12. (a)–(c) Vertically integral-averaged tangential wind speed between 850–1000 hPa 724 

(shading, m s-1) and 3-km reflectivity (contours) at 45, 50, and 55 dBZ at 1000 UTC 2 October 725 

within the magenta rectangle of Figures 11b,e,h. Dashed red line marks the reduction of 726 

tangential wind over land in the front of the rainband. Black solid lines mark the coastlines. (d)–727 

(f) Same as (a)–(c), but the shading shows the vertically integral-averaged agradient force (m s-728 
1 h-1). Dashed cyan line marks the location of the main radially inward agradient force in the 729 

front of the rainband. (g)–(i) Same as (d)–(f), but the shading shows the vertically integral-730 

averaged vertical mixing including surface friction of radial wind (m s-1 h-1). Magenta arrows 731 

mark the position of the rainband of interest. (j)–(l) Same as (a)–(c), but the shading shows the 732 

vertically integral-averaged radial velocity (m s-1). 733 


