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Abstract 22 

We examined the essential features and formation mechanism of the strong local 23 

“Suzuka-oroshi” winds, which are located leeward of the Suzuka Mountains in Japan. 24 

This area features a favorable topography for downslope windstorms. Climatological 25 

analysis revealed that Suzuka-oroshi mainly occurred after an extratropical cyclone with 26 

a cold front and passed the Sea of Japan (55% of all occurrences). Additionally, inversion 27 

layers (1–5 km level) were observed in 74% of cases. Climatological analysis using 28 

spatially dense observational data showed that the strongest winds tended to blow in the 29 

northern part of the plain on the leeward side. Numerical simulations for one case by the 30 

Weather Research and Forecasting (WRF) model with 1 km grid increment supported 31 

this finding. Simulation results with and without the Suzuka Mountains demonstrated that 32 

the strong Suzuka-oroshi in the northern part of the plain comprised downslope 33 

windstorms with transition of flow regime (internal Froude number was less than 1.0 at 34 

the windward of mountains and larger than 1.0 above the leeward slope). Additionally, 35 

differences in height of the mountains between the north and south parts results in the 36 

greater wind speed in the northern parts compared to the southern parts.   37 

 38 

Keywords: Suzuka-oroshi, local wind, downslope windstorm, local hydraulic theory, 39 

mountain wave  40 
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1 Introduction 41 

Downslope windstorms are strong local winds that blow on the leeward slopes and 42 

foothills of mountains, formed by the acceleration of air as they cross the mountains. These 43 

winds occur in many places worldwide, including Foehn in the Alps (Gohm and Mayr 2004; 44 

Zangl et al. 2004; Armi and Mayr 2007), Bora on the Adriatic coast (Yoshino, 1976; Smith 45 

1985, 1987; Gohm and Mayr 2005), Chinook in the Rocky Mountains (Glenn 1961; Lilly and 46 

Zipser 1972), and Antarctic Peninsula foehns (Orr et al., 2008; Elvidge et al., 2016, 2020; 47 

Turton et al., 2018). 48 

Theories to explain the occurrence of downslope windstorms were proposed in the 49 

1980s and can be broadly summarized into two or three main theories (Durran 1990; 50 

Jackson et al 2003, Lin 2007). First is the local hydraulic theory (e.g., Smith 1985; Durran 51 

1986) that extends classical shallow water theory (Houghton and Kasahara 1968; Arakawa 52 

1968, 1969) to the atmosphere with stratification. In this theory, flow in the lower layers of 53 

the well-mixed region such as wave-breaking region behaves locally as a shooting 54 

(supercritical) flow. Specifically, flows approaching the mountains are divided by the well-55 

mixed region above the mountains and accelerate below this region. Second is the resonant 56 

amplification theory that was proposed in a series of studies performed by Peltier and Clark 57 

(Peltier and Clark 1979, 1983; Clark and Peltier, 1984). They described that the severe 58 

downslope windstorms occur due to nonlinear resonance between upward and downward 59 

mountain waves reflected at the critical layer. The third is the vertical energy transport theory 60 
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that is linear theory (Klemp and Lilly 1975). Durran and Klemp (1987) examined the critical 61 

level height for stage of severe downslope windstorms state, the results of which supported 62 

Smith's theory. Currently, it is considered that Peltier-Clark’s and Smith’s theories explain 63 

flows at the earlier and mature stages of severe downslope windstorm development, 64 

respectively (Lin 2007). 65 

Downslope windstorms easily occur in straight mountain ranges and in terrains where 66 

the leeward slope is steeper than the windward slope (Raymond 1972; Lilly and Klemp 1979; 67 

Pitts and Lyons 1989; Miller and Durran 1991; Saito and Ikawa 1991). Furthermore, 68 

downslope windstorms easily occur over mountains with saddles because hydraulic jumps 69 

are less likely to occur leeward of saddles and strong wind regions extend farther leeward 70 

(Raymond 1972; Lilly and Klemp 1979; Pitts and Lyons 1989; Miller and Durran 1991; Saito 71 

1993; Gohm et al. 2008; Elvidge and Renfew 2016).  72 

The conditions favored by downslope windstorms are affected by the terrain shape and 73 

atmospheric condition. The mountain Froude number Fr (or its inverse, the non-dimensional 74 

mountain height) is often used as an indicator of the occurrence of downslope windstorms 75 

and/or mountain-wave breaking. Lin and Wang (1996) investigated the relationship between 76 

Fr and the behavior of airflows over mountains using a two-dimensional idealized model (Eq. 77 

(1)). 78 

𝐹𝑟 =  𝑈/𝑁𝐻      (1) 79 

Here, U is the wind speed of the approaching flow, N is the Brunt-Väisälä frequency, and H 80 
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is the mountain height. Lin and Wang (1996) found that downslope windstorms occur when 81 

Fr is approximately 0.6–1.2, and other studies showed similar results (Gabersek and Durran 82 

2004). The presence of a temperature inversion layer and critical layer facilitates the 83 

formation of downslope windstorms (Klemp and Durran 1987; Smith and Skyllingstad 2011). 84 

The role of the inversion layer in downslope windstorm occurrences can be approximately 85 

divided into the following two categories. In the presence of an inversion layer at a lower 86 

level, airflow over the mountains easily transitions from subcritical flow to supercritical flow, 87 

facilitating the occurrence of downslope windstorms. The presence of an inversion layer at 88 

the upper level also makes it easier to induce mountain-wave breaking just below this layer 89 

because of the reflection and resonance of mountain waves, in turn making it easier for 90 

downslope windstorms to blow under the well mixed region. 91 

Downslope windstorms are common in Japan because of the complex and undulating 92 

topographies of the country’s islands, which are unique to each region. Japan’s well-known 93 

downslope windstorms include the “Yamaji-kaze” (Saito and Ikawa 1991; Saito 1993, 1994), 94 

“Hiroto-kaze” (Fudeyasu et al. 2008), “Karakkaze” (Yoshino 1975, 1986; Kusaka et al. 2011; 95 

Nishi and Kusaka 2019a, b), “Inami-kaze” (Koyanagi and Kusaka 2020), “Jintsu-oroshi” 96 

(Kusaka et al. 2021), “Zao-oroshi” (Sawada et al. 2012), “Chokai-oroshi” (Asano and Kusaka 97 

2022), and “Suzuka-oroshi” (Owada, 1990; Komatsu and Tachibana, 2016). The “Kiyokawa-98 

dashi” is thought to be gap winds but exhibits characteristics of downslope windstorms 99 

(Yoshino 1986; Ishii et al. 2007; Sasaki et al. 2005, 2010). Japan’s local winds, including 100 



 5 

downslope windstorms, have been summarized by Yoshino (1986) and Kusaka and 101 

Fudeyasu (2017). 102 

A strong westerly wind known as "Suzuka-oroshi" blows in the eastern plains at the 103 

base of the Suzuka Mountains (Yoshino 1975). The Suzuka Mountains are in the Mie and 104 

Shiga prefectures and are north-south oriented (Fig. 1). These mountains are divided into 105 

three parts: the northern part comprises a series of mountains that are approximately 1,000 106 

m in height, mountains in the central part are approximately 500 m, and those in the southern 107 

part are approximately 800 m in height. The Suzuka Pass, a major transportation hub with 108 

highways, is in the central part of the Suzuka Mountains. The Suzuka Mountains are highly 109 

asymmetric range; the eastern slopes are steeper than the western slopes. Therefore, the 110 

terrain of the Suzuka Mountains can make them prone to downslope windstorms.  111 

Owada (1990) clarified the climatological characteristics of Suzuka-oroshi using 112 

Automated Meteorological Data Acquisition System (AMeDAS) data for the area to the south 113 

(i.e., leeward) of the Suzuka Mountains. He identified the Suzuka-oroshi as winds with 114 

surface wind speeds of at least 8 m s-1 and found that Suzuka-oroshi was more likely to 115 

blow during the winter and spring, during the daytime, under a typical pressure pattern in 116 

the winter (that is a pressure pattern with the Siberian High to the west of Japan, a low to 117 

the east of Japan) (Fig. 2a, b). Analysis of the distribution of wind-shaped trees (wind-118 

deformed tree) showed that Suzuka-oroshi tend to blow in the central and southern part of 119 

the plain where is located at the leeward the Suzuka Mountains. Komatsu and Tachibana 120 



 6 

(2016) also reported that Suzuka-oroshi blow in the southern part of the plain, using the 121 

AMeDAS surface wind data. Although Suzuka-oroshi have been studied, four open 122 

questions remain at least.  123 

The first question concerns the spatial distribution of Suzuka-oroshi. According to the 124 

principal of the local elementary school and fire department officer living in the areas shown 125 

in Fig. 1, the Suzuka-oroshi blow in the leeward area of the northern part of the Suzuka 126 

Mountains. These local residents' perceptions are not consistent with the results of the 127 

previous studies (Owada 1990; Komatsu and Tachibana 2016)． 128 

The second question concerns the favorable synoptic weather pattern during Suzuka-129 

oroshi events. Owada (1990) analyzed the synoptic weather pattern when the surface wind 130 

speed was 8 m s-1 or higher (Fig. 2a, b). However, according to our interviews, the local 131 

people recognize Suzuka-oroshi as strong enough to cause large branches of trees to sway, 132 

power lines to roar, and people to feel threatened. This is equivalent to a wind speed of 11 133 

m s-1 by the Beaufort Scale: "The large branches of the trees sway, making it difficult to hold 134 

an umbrella. Power lines squeal " (strong breeze, wind speed 10.8–13.8 m s-1 at 10 m 135 

above ground). Therefore, Owada (1990) may not have captured the typical pressure 136 

pattern that occurs when Suzuka-oroshi blows. 137 

The third and fourth questions concern the favorable mesoscale atmospheric conditions 138 

for Suzuka-oroshi and their formation mechanisms. The relationship between Suzuka-oroshi, 139 

the inversion layer, and Fr remains unclear. Regarding the mechanism of Suzuka-oroshi, 140 
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Komatsu and Tachibana (2016) launched six sondes at the same time and used AMeDAS 141 

surface wind data and made a hypothesis that Suzuka-oroshi was downslope-windstorms 142 

with hydraulic jumps and gap-winds. They observed the downslope winds but were not able 143 

to observe the gap winds. Therefore, it remains unclear whether Suzuka-oroshi is the 144 

downslope windstorms or the gap-winds. 145 

Based on previous studies, the current study was performed to determine where the 146 

Suzuka-oroshi winds blow strongly, the favorable atmospheric conditions for the formation 147 

of Suzuka-oroshi, and the major formation mechanism of the Suzuka-oroshi, either 148 

downslope-windstorms or gap-winds. 149 

 150 

2 Data and Method  151 

2.1  Climatological analysis  152 

We identified Suzuka-oroshi as the wind direction of south-southwest to north-northwest 153 

and a wind speed of 11 m s-1 or higher on the east side of the Suzuka Mountains, defined 154 

as the time when the wind was blowing on the leeward side of the Suzuka Mountains. In 155 

addition, we considered any continuous period during which Suzuka-oroshi was blowing as 156 

a Suzuka-oroshi case. When the interruption time was less than 3 h, the interruption time 157 

was ignored, and the data collected before and after the interruption were combined into 158 

one case. The lower limit of wind speed for Suzuka-oroshi was set to match the reported 159 

feelings of local residents, as local winds are recognized and named by the people living in 160 
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the area. Therefore, we first interviewed the local residents, which revealed that strong wind 161 

causing the power lines to roar and inducing fear in people are named as Suzuka-oroshi. 162 

This feeling is expressed using the Beaufort Scale: strong breeze, wind speed 10.8–13.8 m 163 

s-1 at 10 m above ground. Therefore, we set 11 m s-1 as the lower limit of the wind speed of 164 

Suzuka-oroshi. In addition, to compare our results with those of previous studies, a Weak-165 

Suzuka-oroshi was extracted under a wind speed of 8 m s-1 and analyzed using the same 166 

approach as used for Suzuka-oroshi with more than 11 m s-1 wind speed. 167 

However, because the installation heights of the anemometers differed at each 168 

observation point, the wind speed observed at each location was converted to the wind 169 

speed at 10 m above ground level using the following power-law formula (Eq. (2)): 170 

𝑈10 = 𝑈𝑧(10/Z)𝛼     (2) 171 

Here, 𝑈10 is the wind speed at 10 m above ground, 𝑈z is the observed wind speed, z is 172 

the observed height, and α  is a parameter representing the surface roughness and 173 

atmospheric stability in the surface layer. The α was set to 0.25, which is used for winds over 174 

forests, urban areas without tall buildings, and residential areas (Wind Engineering 175 

Research Institute,1984). Unless otherwise noted, the surface wind speed was defined as 176 

the wind speed at 10 m above ground level. The surface observation data are summarized 177 

in Fig. 1 and Table 1. In addition to data from the Japan Meteorological Agency's AMeDAS, 178 

we used the Ministry of the Environment’s data (Atmospheric Environmental Regional 179 

Observation System) and the data observed at highways. The data period was from January 180 
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1, 2012, to December 31, 2016, with data intervals of 10 minutes for AMeDAS and 181 

Atmospheric Environmental Regional Observation System and 5 minutes for highways.  182 

We first investigated the spatial distribution of Suzuka-oroshi and then surveyed a 183 

typical weather pattern when Suzuka-oroshi was blowing. Seasonal and time-dependent 184 

characteristics of Suzuka-oroshi were also investigated. Third, we examined the location at 185 

which the Suzuka-oroshi occurred. Finally, we investigated the presence or absence of an 186 

inversion layer using radiosonde observation data at Wajima, the location of which is shown 187 

in Fig. 1. At Wajima observatory, Sonde observations are performed at 0900 and 2100 Japan 188 

Standard Time (JST). We defined an inversion layer as any layer in which the temperature 189 

increases as the altitude rises at 1–5 km level in the sonde data. The wind speed 190 

approaching the mountains was calculated using the westerly wind component at the 950 191 

hPa level over the windward mountains shown in Fig. 1 as blue square just before or just 192 

after the onset of Suzuka-oroshi. As the wind component, we used mesoscale analysis data 193 

with horizontal resolutions of 5 km and time resolutions of 3 hours, provided by Japan 194 

Meteorological Agency (JMA). 195 

 196 

2.2 Numerical simulations 197 

To further investigate the effects of the Suzuka Mountains on Suzuka-oroshi events, we 198 

conducted numerical simulations using the Weather Research and Forecasting (WRF) 199 

model, covering a case that occurred on March 5–6, 2014, which was named as the CTRL. 200 
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We also simulated a case in which the Suzuka Mountains were excluded from the 201 

topographic data, named as case NoMt. Fig. 3 shows the simulation domain and 202 

topographic settings of the two simulation cases. The domain consists of 398 × 648 grid 203 

points with a horizontal grid spacing of 1.0 km. The domains have 50 vertical sigma levels, 204 

and the model top is 100 hPa. The initial and boundary conditions were obtained from 205 

mesoscale analysis data. The model configurations are summarized in Table 2.  206 

 207 

3 Results 208 

3.1 Climatological analysis  209 

Fig. 2 shows typical weather patterns when the Suzuka-oroshi was blowing. Suzuka-210 

oroshi tended to occur when an extratropical cyclone with a cold front passed over the Sea 211 

of Japan (Fig. 2c). This was the primary weather pattern in 27 cases (55% of cases) (Table 212 

3). The second typical weather pattern is an extratropical cyclone type but is located offshore 213 

of Kanto and Sanriku (Fig. 2a), which comprised seven cases (16% of cases). Other types 214 

of weather patterns included the typhoon type (Fig. 2e). In contrast, the primary weather 215 

pattern of the Weak-Suzuka-oroshi is an extratropical cyclone located offshore of Kanto and 216 

Sanriku (Fig. 2a). This type accounts for 147 cases (36% of cases). 217 

Fig. 4 shows the seasonal and time-dependent characteristics of the Suzuka-oroshi. As 218 

shown in Fig. 4a, the frequency of Suzuka-oroshi was highest in spring (March to April) and 219 

lowest in summer (June to August), although the sample size may not be large enough. In 220 
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Japan, extratropical cyclones and associated cold fronts often pass through these areas in 221 

spring. The frequency of Weak-Suzuka-oroshi supports the tendency in Owada (1990) (Fig. 222 

4b). Suzuka-oroshi tended to occur in the late afternoon, but this time dependency was 223 

weaker than that of Weak-Suzuka-oroshi (Fig. 4c, d). 224 

We then examined the location at which Suzuka-oroshi tended to blow. The results of 225 

the climatological survey (Fig. 5a, b) showed that in the northern part of the plain, Suzuka-226 

oroshi blows most frequently around Komono, which is inland at the foothills of the Suzuka 227 

Mountains. It rarely blows near the northern part of the plain along the coast. In the southern 228 

and central parts, it blows anywhere. In addition, the wind direction was mostly northwest at 229 

most locations during Suzuka-oroshi events. On the other hand, Weak-Suzuka-oroshi 230 

occurs anywhere on the plain (Fig. 5c, d).  231 

We also compared the wind speeds on the windward and leeward sides of the Suzuka 232 

Mountains during Suzuka-oroshi events; the results are shown in Fig. 6. The mean wind 233 

speed was approximately 5 m s-1 higher at Tsu on the leeward side of the mountains than at 234 

Higashiomi on the windward side. Thus, the wind speed may increase after passing over 235 

the mountains. In contrast, in the case of Weak-Suzuka-oroshi, the difference in wind speed 236 

between the windward and leeward mountains was small. These results suggest that the 237 

presence of the mountains is responsible for the strong winds of Suzuka-oroshi. 238 

However, this does not reveal whether Suzuka-oroshi is a downslope wind. Therefore, 239 

we investigated whether the environmental field during the Suzuka-oroshi event was 240 
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favorable for generating downslope windstorms.  241 

Table 4 shows that an inversion layer at 1-5 km level was present in 31 Suzuka-oroshi 242 

cases (74% of cases). This result is consistent with the tendency of weather patterns in 243 

which Suzuka-oroshi often occurs when an extratropical cyclone with a cold front passes 244 

over the Sea of Japan. The wind speed approaching the mountains ranged from 6 to 12 m 245 

s-1 in 23 cases (55% of cases). On the other hand, there were nine cases (21% of cases) in 246 

which there was no inversion layer at 1-5 km. We calculated Fr in these four cases, using 247 

the wind speed data, Brunt- Väisälä frequency N, and the mountain height H that was set to 248 

1000 m. Fr values were 0.8–1.4, which is favorable for the downslope windstorms. Thus, 249 

most Suzuka-oroshi cases occurred under favorable atmospheric conditions for downslope 250 

windstorms. 251 

 252 

3.2 Numerical simulations 253 

The simulation case was a strong wind event on March 5, 2014, which is a typical case 254 

during a cyclone with a cold front was passing over the Sea of Japan (Fig. 7). There was no 255 

inversion layer but a slightly strong stable layer around 1.5–2.0 km at the windward side 256 

during the events. The inflow wind speed was within 6–12 m s-1.  257 

First, we confirmed the reproducibility of the temporal variations in the wind direction 258 

and speed obtained from the CTRL simulation. We included the results of the comparison 259 

at Tsu and Komono, where strong winds were observed. Fig. 8 shows that the wind speed 260 
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suddenly increased around 1600JST on March 5, 2014, at which time the 10-min average 261 

wind speed exceeded 11 m s-1. The time series of the observed wind direction shows that 262 

the wind direction varied before the strong winds blew; however, after the strong winds 263 

began blowing, the wind direction remained stable in the northwest. This time-series 264 

variation is characteristic of downslope windstorms. Comparison of the simulated results 265 

with the observations showed that the WRF model could reproduce the characteristics of 266 

the observed time series of surface winds. 267 

Second, we examined the reproducibility of the spatial distribution of surface winds 268 

obtained from the CTRL simulation. The observations indicate that northwesterly strong 269 

winds blew in the southern and central parts of the plains and northern foothills area (Fig. 270 

9a). There were weaker wind areas in the northern part of the plain near the coast than 271 

surroundings. 272 

The numerical simulation results showed that overall, the simulated wind speed was 273 

slightly higher than the observed speed (Fig. 9b). However, strong wind areas in the central 274 

and southern parts of the plains and northern area near the foothills were well-represented. 275 

The WRF model also reproduced the spatial characteristics of the winds observed at the 276 

time the strong winds began to blow. Comparison results at other times are shown in 277 

Appendix A. 278 

After confirming that the WRF model reproduced the actual wind conditions, we 279 

investigated the vertical structure of Suzuka-oroshi using the simulation results. Fig. 10 280 



 14 

shows the temporal variation in the vertical cross-section of the potential temperature across 281 

the northern part of the mountains. At 1300 JST, a relatively strong stable layer flowed into 282 

the area at around 1.5–2 km altitude on the windward side (Fig. 10b). Simultaneously, a 283 

relatively weak wind region formed over the leeward slope of the Suzuka Mountains, and 284 

the isotherms decreased. From 1400 to 1500 JST, the amplitude of the mountain waves 285 

increased, creating flows that split the previously formed weak wind region up and down 286 

(Fig. 10c, d). The wind speed windward far from the mountains and on the leeward slopes 287 

gradually increased from 1500 to 1600 JST (Fig. 10d, e). Based on the vertical cross-section 288 

at the time when the surface wind speed was the highest, the isentropes were largely drawn 289 

down along the leeward slope, and the wind speed in this direction increased by 290 

approximately 5 m s-1 compared to that in the windward direction (Fig. 10e). At 1300-1600 291 

JST, it seems that the flow undergoes a transition from subcritical on the windward side to 292 

supercritical flow on the lee slope. Indeed, internal Froude number  (𝐹𝑖 = 𝑈/√𝑔∗ℎ ) was less 293 

than 1.0 (approximately 0.5-0.8) at the windward and larger than 1.0 (approximately 1.6-2.9) 294 

above the leeward slope from 1300 to 1600 JST.  Here, U and h are wind speed and depth 295 

of the duct (or inversion layer height), respectively. g* is reduced gravity constant, 296 

considering the potential temperature difference between the two layers (𝑔∗ =
𝛥𝜃

𝜃
𝑔). In the 297 

leeward region of the mountains, the airflow jumps slightly on the ground level, and the ridge 298 

is located near the coast. A weak wind area near the ground level was generated in response 299 

to this ridge of mountain waves. In addition, there was a relatively weaker wind region with 300 
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a large wave amplitude above the strong wind layer. These results reflect the general 301 

characteristics of downslope windstorms. After that, as the inflow wind speed increased, the 302 

overall surface wind speed increased until 0000 JST on March 6, 2014, and then gradually 303 

decreased. 304 

On the other hand, the vertical cross-sections of the central and southern regions 305 

showed that the isentropes were not largely drawn down along the leeward slope of the 306 

mountains (Fig. 11). As a result, the isotherms below 1 km altitude are not so dense over 307 

the leeward slope and plain. It is considered that the wind speed between the north and 308 

south parts differed because of differences in height of the mountains.  309 

Fig. 12 shows the distribution of deviations in the surface wind speed simulated from 310 

the CTRL case minus the results of the NoMt case. The presence of the Suzuka Mountains 311 

strengthened the surface wind speeds by approximately 4–6 m s-1 leeward of the mountains. 312 

Fig. 10 and Fig. 12 show that the Suzuka-oroshi were downslope winds caused by the 313 

topographic effect of the Suzuka Mountains. 314 

 315 

4 Discussion 316 

We found that the Suzuka-oroshi blow not only in the southern part of the plain on the 317 

leeward side of the Suzuka Mountains, but also in the northern and central parts. This finding 318 

is consistent with anecdotal observations from local residents. The reasons for the difference 319 

in the strong-wind areas found in this study compared to those of previous studies may be 320 
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as follows: Owada (1990) did not survey the northern part of the plain leeward of the Suzuka 321 

Mountains. Additionally, Komatsu and Tachibana (2016) did not survey winds in the northern 322 

part of the plain near the mountain foothills. In the central part of the plain, they did not 323 

consider differences in the above-ground level of the AMeDAS anemometers at different 324 

observation stations. The AMeDAS anemometers installed in the central part are 325 

approximately 10 m lower than those installed in the southern part. This difference in height 326 

leads to underestimation of the wind speeds by 3 m s-1 in the central part of the plain, which 327 

may have prevented detection of strong winds in the central part of the plain by Komatsu 328 

and Tachibana (2016). 329 

The results of climatological analysis indicated that the atmospheric conditions were 330 

suitable for generating downslope winds in many Suzuka-oroshi events. When an inversion 331 

layer is present, downslope winds tend to occur, as described in Section 1. Note that the 332 

inversion layer is supportive factor. If Fr is 0.6–1.2, the downslope windstorms tend to occur 333 

even when an inversion layer is not present. (Lin and Wang 1996). 334 

The results of the numerical simulation also revealed a slightly strong stable layer 335 

between 1.5–2.0 km levels in the windward and mountain ranges. Additionally, there were 336 

large-amplitude of mountain waves and weaker wind layer above the leeward slope of the 337 

Suzuka Mountains than surroundings; airflow below this weak wind region resulted in strong 338 

winds. Note that this weak wind region was not a typical mountain-wave breaking region 339 

above the mountain slope and did not develop a clear hydraulic jump. Such atmospheric 340 
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conditions cannot lead to formation of gusty, very strong downslope windstorms such as the 341 

chinook and Yamaji-kaze but can cause strong winds due to the transition of the flow regime, 342 

as shown by Durran (1990). Indeed, Suzuka-oroshi winds are stronger than the winds in 343 

windward areas but are not similar to chinook. The simulation results from the CTRL and 344 

NoMt cases supported the mountain effects on the strong winds and that the Suzuka-oroshi 345 

exhibits characteristics of downslope windstorms. The pre-existing or self-induced critical 346 

layer was not observed at the upper level (see figure in Appendix B). Thus, the Suzuka-347 

oroshi of this case does not support the resonant amplification theory. 348 

We simulated Suzuka-oroshi in only one case and discussed the mechanism. To 349 

improve the robustness of our results, additional cases should be evaluated. Particularly, 350 

the mechanism of Suzuka-oroshi with a clear inversion layer was not investigated in the 351 

simulations but will be examined in our further research. 352 

 353 

5 Conclusions 354 

The Suzuka-oroshi blow in the southern parts of the plain on the leeward side of the 355 

Suzuka Mountains as well as in the northern part. The winds are strongest and more 356 

frequent near the foot of the mountain range in the northern part. These results differed from 357 

those of previous studies.  358 

Suzuka-oroshi mainly occurs just after an extratropical cyclone with a cold front passing 359 

through the Sea of Japan (55% of cases). Furthermore, an inversion layer at 1-5 km was 360 
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found in 74% of cases. Considering that Suzuka-oroshi tended to blow immediately after the 361 

passages of cold fronts, this inversion layer may be a frontal inversion layer. The Suzuka-362 

oroshi also blow at night.  363 

Numerical simulations with the high-resolution Weather Research and Forecasting 364 

(WRF) model supported this finding. Simulation results with and without the Suzuka 365 

Mountains demonstrated that the strong Suzuka-oroshi in the northern part of the plain 366 

comprised downslope windstorms with transition of flow regime. Additionally, differences in 367 

height of the mountains between the north and south parts results in the greater wind speed 368 

in the northern parts compared to the southern parts.   369 

 We determined the location, timing, and reasons for Suzuka-oroshi blowing. These 370 

results improve the understanding of local winds in Japan and may contribute to the safe 371 

operation and management of highways in this region. 372 
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Appendix A 379 

Distribution of surface winds leeward of the Suzuka Mountains. Results from observations 380 

on March 5, 2014, at (a) 1200 JST, (c) 1400 JST, (e) 1600 JST. Results from CTRL simulation 381 

on March 5, 2014, at (b) 1200 JST, (d) 1400 JST, (f) 1600 JST. 382 
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Appendix B 383 

 Vertical cross section of wind speed to 10 km altitude from CTRL simulation across the 384 

northern Suzuka Mountains (line A in Fig. 3) at 1600 JST on March 5, 2014 (CTRL 385 

simulation). Shade and contour indicate horizontal wind speed (m/s) and potential 386 

temperature (K), respectively. 387 

 388 
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The datasets generated in this study will be available from the corresponding author upon 390 
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Table 1.  Surface observation data. 586 

 587 

  588 

 Number of points Period Time interval 

●AMeDAS 5 2012/1/1– 
2016/12/31 

10 min 

□Atmospheric Environmental Regional 
Observation System 

15 

▲Observation point on the highways 4 
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Table 2.  Model configuration. 589 

 590 

  591 

Model WRF model, version 3.9.1 

Grid spacing 1.0 km 

Number of grid points 398 × 648 grid points 

Number of vertical layers 50 vertical sigma levels 

Boundary layer scheme Yonsei University (YSU) PBL scheme 

Simulation period (JST) 2014/03/05/ 0300–2014/03/07 0300 

Initial/boundary condition JMA-mesoscale analysis 

Land use and terrain height GSI digital national land information 
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Table 3.  Breakdown of typical weather patterns during Suzuka-oroshi events. 592 

 593 

  594 

 Number of Suzuka-oroshi events 

“Kanto-Sanriku extratropical cyclone type” 
(Fig. 2a) 

7 

“Hokkaido-Okhotsk extratropical cyclone type” 
(Fig. 2b) 

2 

“Extratropical cyclone through Sea of Japan type” 
(Fig. 2c) 

27 

"High-pressure approaching type" 
(Fig. 2) 

2 

“Typhoon type” 
(Fig. 2e) 

6 

Other 1 
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Table 4.  Presence of inversion layer and wind speed approaching the mountains during 595 

Suzuka-oroshi events. 596 

 597 
 

Presence of the inversion layer 

Presence Absence 
Missing 

data 

Wind speed 

approaching 

the mountains 

(m s-1) 

0–6 13 0 0 

6–12 16 5 2 

>12 2 4 0 


