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Abstract 31 

 32 

In this study, the characteristics of wind gusts in Japan in the period of 2002–2017 33 

were examined using surface meteorological data recorded at 151 weather 34 

observatories throughout Japan. This study does not focus on particular phenomena 35 

such as tornadoes and downbursts which cause wind gusts. A wind gust is defined on 36 

the basis of the gust factor and amount of increase and decrease of the 3-s mean wind 37 

speed from the 10-min mean wind speed. A total of 3,531 events were detected as wind 38 

gusts. The frequency of wind gusts with more than 25 m s-1 averaged over all 39 

observatories is 0.97 per year, which is four or five orders of magnitude higher than the 40 

tornado encounter probability in Japan. The frequency of wind gusts in the coastal region 41 

is approximately three times higher than that in the inland area. Wind gusts occur most 42 

frequently in September and least frequently in June. Wind gusts have high activities 43 

during daytime, especially in the afternoon. Approximately half of the events are the 44 

typhoon–associated wind gusts (WGTYs), which occurred within a radius of 800 km from 45 

the typhoon center. Most of the WGTYs occur from August to October. Approximately 46 

half of the WGTYs occur in the right-front quadrant of a typhoon with respect to the 47 

typhoon motion. The frequency of WGTYs is high in western Japan, whereas the 48 

northern and eastern parts of Japan are characterized by a high frequency of wind gusts 49 

without a typhoon. In addition, persistent strong winds, which meet the same conditions 50 
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as wind gusts but without a rapid decrease in the wind speed, were investigated. The 51 

frequency of such strong winds is high on the Japan Sea coast, especially in December. 52 

The effects of the observational environment on the frequency of wind gusts were also 53 

discussed. 54 

 55 

Keywords  wind gust; strong wind; surface observation 56 

57 
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1. Introduction 58 

There is still a lot of uncertainty regarding the statistical characteristics of wind gusts, 59 

such as frequency and spatiotemporal distribution. Although the Japan Meteorological 60 

Agency (JMA) has been creating a database about severe winds and tornadoes (hereafter 61 

JMA-DB, available at JMA’s official homepage: 62 

http://www.data.jma.go.jp/obd/stats/data/bosai/tornado/index.html), the data are largely 63 

affected by the recent increase in reports of sightings from the public and JMA’s recent 64 

enhancement of damage surveys on severe wind events (Nakazato, 2016). The statistical 65 

studies of tornadoes in Japan (e.g., Niino et al. 1997), the United States (e.g., Agee and 66 

Larson 2016, Krocak and Brooks 2018), and Europe (e.g., Antonescu et al. 2016, 2017) 67 

also have the same problem as the JMA-DB.  68 

Meanwhile, there have been only a few reports on statistical analyses of wind gusts using 69 

surface observational data. This is due to the difficulty in observing wind gusts using 70 

surface data recorded at a sparse time interval at a limited number of weather stations, 71 

because wind gusts rarely occur and have quite a small spatiotemporal scale. However, 72 

several previous studies using surface observations in a certain region revealed that wind 73 

gusts occur more frequently than expected. Kobayashi et al. (2008) and Kobayashi et al. 74 

(2012) statistically investigated wind gusts using only one weather station on the Japan Sea 75 

side during two winter seasons and detected 157 and 237 events, respectively. They 76 

showed that most of the wind gusts were accompanied by convective clouds and a 77 
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temperature drop. Kusunoki et al. (2010) examined the frequency of wind gusts in the 78 

Shonai Plain on the Japan Sea side during a winter season and found it more than two 79 

orders of magnitude higher than that of tornadoes shown in Niino et al. (1997). Taniwaki et 80 

al. (2012) also detected more than 9,000 gust events in the Shonai Plain over three years 81 

using 12 ultrasonic anemometers, and they found that most of the wind gusts occurred in 82 

winter under prevailing northwesterly wind during a cold air outbreak. Tomokiyo and Maeda 83 

(2016) investigated gusty winds in Kyusyu Island, western Japan, using surface data at 123 84 

weather stations, and detected 1,298 wind gusts over five years.  85 

 The main objective of this study is to clarify the frequency and spatiotemporal distribution 86 

of wind gusts throughout Japan by statistically analyzing the surface observational data of 87 

the last 16 years. This is the first study in which detailed data from a lot of observatories 88 

distributed all over Japan are statistically analyzed for such a long period. This study does 89 

not focus on particular phenomena such as tornadoes and downbursts which cause wind 90 

gusts, unlike the previous studies (Wakimoto 1985; Kobayashi et al. 2008, 2012; Kusunoki 91 

et al. 2010). The understanding of statistical characteristics of wind gusts is very important 92 

for science and mitigation of wind-related disasters. The wind gust events that were 93 

detected in this analysis could also complement the inhomogeneous JMA-DB. Moreover, 94 

this study is expected to lead to new findings and to a better understanding of wind gust 95 

phenomena.  96 

 The remainder of this paper is organized as follows. The analytical method that is used in 97 
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this study is presented in section 2. Section 3 shows the statistical features of wind gusts 98 

and persistent strong winds accompanied by an abrupt increase in the wind speed. Section 99 

4 discusses the effects of the observatory environment on the wind gusts. Finally, the 100 

results are summarized in section 5.  101 

 102 

2. Analytical Method 103 

2.1 Data 104 

In this study, wind gusts in Japan were statistically examined using one-minute interval 105 

surface meteorological data at 151 weather observatories1 of the JMA from 2002 to 2017. 106 

These weather observatories are deployed all over Japan, including isolated island areas, 107 

although they are densely distributed in the coastal region (Fig. 1). 108 

 The one-minute dataset includes not only the 10-min mean wind speed of the previous 10 109 

min but also the maximum 3-s mean wind speed (after December 4, 2007) or 0.25-s mean 110 

wind speed (before December 4, 2007) in the previous 1 min. In order to ensure coherence 111 

with the 3-s mean wind speed in this study, the 0.25-s mean wind speed data before 112 

December 4, 2007, are multiplied by 0.9 according to the statistical survey of the JMA 113 

(2007).  114 

---------------------------------------------------------------------------------------------------------------------- 115 

1As of 2017, the JMA has 155 weather observatories. Four observatories (Mount Aso, 116 

Oku-Nikko, Unzendake, and Minamitori Island) were excluded from this study because of a 117 
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lot of missing data and/or anomalous values caused by the effect of the mountainous 118 

topography around the observatories.  119 

 120 

2.2 Definition of wind gust 121 

There is no clear definition of wind gust, although a gust is defined as “a sudden, brief 122 

increase in the speed of the wind” by the American Meteorological Society (AMS) Glossary 123 

of Meteorology (Glickman 2000). This study objectively defines a wind gust based on the 124 

observed wind speed data, regardless of the phenomena causing a wind gust.  125 

Most previous studies about wind gusts focused on not only the maximum instantaneous 126 

wind speed, but also amount of increase and decrease in the wind speed and/or gust factor 127 

(Wakimoto 1985; Kobayashi et al. 2008, 2012; Kusunoki et al. 2010; Tomokiyo and Maeda 128 

2016). The gust factor is usually defined by the ratio of the maximum instantaneous wind 129 

speed to the 10-min mean wind speed shortly before the wind gust.  130 

This study imposes the following conditions on the wind gust definition: 131 

 132 

W3s(t) > Pre-W10m(t) + 15,  (1) 133 

W3s(t)/Pre-W10m(t) > 2.0,  (2) 134 

W3s(t) > (W3s(t − 3)+W3s(t − 2)+W3s(t − 1))/3 + 10,  (3) 135 

W3s(t) > Post-W10m(t) + 10,  (4) 136 

 137 
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where W3s(t) denotes the maximum 3-s mean wind speed in the previous 1 min at time t, 138 

and Pre-W10m(t) and Post-W10m(t) are the 10-min mean wind speeds just before and after 139 

the wind gust at time t, respectively. These conditions, where the amounts of increase and 140 

decrease in the wind speed before and after the wind gust and the gust factor are much 141 

higher than the criteria of previous studies (Wakimoto 1985; Kobayashi et al. 2008, 2012; 142 

Kusunoki et al. 2010; Tomokiyo and Maeda 2016), are schematically shown in Fig. 2. 143 

Condition (2) specifies that the gust factor must be larger than two. The threshold of the 144 

gust factor satisfying condition (1) is illustrated in Fig. 2b. The gust factor significantly 145 

increases as the 10-min mean wind speed decreases below 15 m s-1, which indicates that 146 

condition (1) imposes a very high gust factor. Condition (3) excludes strong turbulent winds 147 

that rarely occur. If multiple wind gusts are detected within 3 min under these conditions, 148 

they are regarded as one wind gust event. The time sequence diagram of the wind speed 149 

that satisfies all conditions (1)–(4) exhibits a spike shape as shown in Fig. 3a. In contrast, 150 

the wind speed trace, which satisfies conditions (1), (2), and (3), except for (4), shows a 151 

step shape due to the strong and persistent wind occurring after a rapid increase in the 152 

wind speed (Fig. 3b). This type of strong wind was also extracted as “step-type strong wind” 153 

(STPSW) in this study because it should be considered from the point of view of disaster 154 

prevention.  155 

 156 

3. Results 157 
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3.1 Wind gusts 158 

a. General feature 159 

A total of 3,531 wind gusts were detected at the weather observatories from 2002 to 2017. 160 

The number of wind gusts is about twice as many as that listed in JMA-DB including 161 

waterspouts. Seven wind gusts correspond to the actual events listed in JMA-DB, and 162 

about 9.1% of wind gusts (278 cases) occurred within a radius of 300 km and plus or minus 163 

6 hours from the gusty events listed in JMA-DB2, which is considered that the wind gusts 164 

occurred in the same synoptic environment as those listed in JMA-DB. This result suggests 165 

that JMA-DB includes only a small portion of wind gusts, whereas the wind gusts extracted 166 

in this study do not almost cover the typical gusty events listed in JMA-DB; however, their 167 

synoptic environments have similarity to some extent.  168 

As shown in Table 1, the wind gusts were classified into seven categories (Rm, R0, R1, 169 

R2, R3, R4, and R5) according to the wind speed. Categories R0–R5 correspond to the 170 

estimated wind speed of the Japanese Enhanced Fujita (JEF) scale of 0–5 (Tanaka 2016), 171 

respectively. The JEF scale was created on the basis of wind damage of vegetation and 172 

human created structure. However, it should be noted that the wind speed estimated by the 173 

JEF scale does not correspond to the actual wind speed because it is assessed on the 174 

assumption of horizontally-oriented straight wind (Tamura 2016). The number of wind gusts 175 

significantly decreases from R0 to R2, and strong wind gusts ranked R3 or higher have not 176 

been observed. The weak wind gusts of Rm and R0 account for 96.5% of total wind gusts. 177 
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Table.1 also shows wind gusts associated with a typhoon (WGTYs), which are defined as 178 

occurring within a radius of 800 km from the typhoon center. In this study, a typhoon 179 

includes an extratropical cyclone listed in the best track data by the JMA, which undergoes 180 

extratropical transition from a typhoon. Approximately half of the wind gusts are WGTYs. 181 

Moreover, most of the strong wind gusts ranked R1 and R2 are WGTYs. This may indicate 182 

that these gusty winds cause a large portion of the wind damage due to tropical cyclones, 183 

as suggested by Wurman and Kosiba (2018). 184 

 The annual frequency of wind gusts is shown in Fig. 4. Roughly, 100–250 wind gusts were 185 

recorded each year, except for an outstanding number of 769 in 2004. It is estimated that 186 

the record-breaking 10 typhoon landfalls in Japan in 2004 caused a lot of wind gusts. The 187 

number of WGTYs largely fluctuates from year to year compared with wind gusts not 188 

associated with a typhoon (WGNoTYs). In contrast to the tornado frequency listed in the 189 

JMA-DB, there is no evidence of an increase of the frequency in the last ten years.  190 

 Figure 5 shows the monthly frequencies of wind gusts recorded at weather observatories 191 

from 2002 to 2017. Approximately 50.8% of the wind gusts occur from August to October, 192 

and most of them are WGTYs. Wind gusts occur most frequently in September, which 193 

agrees with the tornado occurrence of the JMA-DB, and least frequently in June. There are 194 

two additional weak peaks in December and April, which are caused by WGNoTYs. 195 

Figure 6 presents the diurnal variations of WGNoTYs and WGTYs. Both show diurnal 196 

variations with a high frequency approximately between 13:00 and 17:00 Japan Standard 197 
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Time (JST; JST = UTC + 9 h), although the WGTYs show a random fluctuation, which is 198 

probably caused by the timing of when typhoons affect Japan because of an insufficient 199 

sample number. A low frequency is found between 20:00 and 24:00 JST for WGNoTYs and 200 

between 03:00 and 08:00 JST for WGTYs. The diurnal variations are roughly similar to 201 

those of the tornado occurrences in Japan according to the JMA-DB, mid-Atlantic region in 202 

the United States (Giordano and Fritsch 1991), and Europe (Rauhala et al. 2012, 203 

Kahraman and Markowski 2014, Groenemeijer and Kühne, 2014, Antonescu et al. 2016). 204 

The high frequency of wind gust occurrences during the daytime (especially in the 205 

afternoon) probably reflects the unstable atmospheric conditions and higher activity of 206 

cumulus convection due to surface heating by solar radiation. However, the diurnal 207 

variations of wind gust occurrences in this study are quite small compared with those of the 208 

JMA-DB because the smaller frequency of tornado occurrence during nighttime in the 209 

JAM-DB might be partly caused by the smaller number of tornado eyewitnesses. It is 210 

interesting to note that the WGTYs also show diurnal variations, as shown in the outer 211 

region of a tropical cyclone (Schultz and Cecil 2009), in contrast to typhoon-associated 212 

tornadoes reported by Niino et al. (1997).  213 

More than one WGTY tends to occur on the same day, compared to WGNoTY (not shown). 214 

This implies that typhoons are more likely to create a wide and persistent environment 215 

favorable for wind gust occurrences and cause multiple wind gusts in a single day. This 216 

feature is consistent with that of typhoon- and hurricane-associated tornadoes (Niino et al. 217 
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1997, Edwards 2012).  218 

------------------------------------------------------------------------------------------------------------------------ 219 

2The comparison between wind gusts extracted in this study and events listed in JMA-DB 220 

was conducted from January 1, 2002 to March 31, 2016, because the official data of 221 

JMA-DB since April 1, 2016 was not released at the time of this writing.  222 

 223 

b. Spatial distribution 224 

The geographical distribution of the annual frequency of wind gusts averaged from 2012 225 

to 2017 is shown in Fig. 7a. It is evident that wind gusts occur all over Japan and that most 226 

wind gusts occur in coastal areas, including isolated small islands. Figure 8 shows the 227 

average annual frequency of wind gusts as a function of distance from the coastline. The 228 

Global Land Cover Characterization (GLCC) dataset of the U.S. Geological Survey was 229 

used to specify the coastline of Japanese archipelagos. The frequency of wind gust 230 

occurrences monotonically decreases from the coast to the inland. The frequency in the 231 

coastal region is approximately three times higher than that in the inland area.  232 

The frequency averaged over all observatories is 1.47 per year. For categories equal to or 233 

higher than R0, the frequency is 0.97 per year, which is four or five orders of magnitude 234 

higher than the tornado encounter probability in Japan (Niino et al. 1997). Observatories 235 

with a high frequency of wind gusts are locally distributed, especially in the coastal region of 236 

the Pacific Ocean side. Among them, the frequency at the Ofunato and Hiroo observatories 237 
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(see Fig. 7a for their locations) is rather high although the JMA-DB shows that hazardous 238 

wind gusts almost never occurred around the observatories. In the coastal region of the 239 

Japan Sea side, the frequency of wind gusts is generally high. It should be noted that the 240 

observatories with high-frequency wind gusts do not necessarily correspond to those with 241 

climatologically strong winds (cf. Figs 7a and 7b).  242 

Figure 7c shows the annual number of occurrence days of wind gusts, which differs from 243 

the frequency shown in Fig. 7a because multiple wind gusts occur on the same day. On 244 

average, the number is 0.87 days per year. For categories equal to or higher than R0, the 245 

number is 0.54 days per year. Compared with the geographical distribution of the frequency 246 

shown in Fig. 7a, the number of days with wind gusts mainly decreases in western Japan 247 

(roughly west of longitude 137°E), especially on the Pacific Ocean side. This indicates that 248 

those regions experience many days with multiple wind gusts.  249 

 The frequency of wind gusts is classified into WGNoTY and WGTY (Fig. 9). Southwestern 250 

Japan (roughly south of latitude 36°N) experiences a high frequency of WGTYs, and 251 

northern Japan (roughly north of latitude 36°N) has a low frequency of WGTYs. In contrast, 252 

WGNoTYs frequently occur in eastern and northern Japan (roughly east of longitude 253 

137°E) and on isolated small islands in the Japan Sea. These results indicate that western 254 

Japan experiences a high frequency of wind gusts caused by multiple WGTYs on the same 255 

days.  256 

Figure 10 shows the geographical distribution of the seasonal variations of WGNoTYs. 257 
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The coastal regions of the Japan Sea generally have high-frequency WGNoTYs in winter 258 

(Fig. 10a), as indicated by Taniwaki et al. (2012). This is likely because strong convective 259 

systems develop on the Japan Sea side in winter when cold air masses from the Eurasian 260 

Continent are transformed over the Japan Sea due to large sensible and latent heat (e.g., 261 

Nagata et al. 1986, Mashiko et al. 2012). On the Pacific side, WGNoTYs likely occur in 262 

winter and spring, although the local variation is large (Figs. 10a and 10b). In summer, few 263 

WGNoTYs occur all over Japan (Fig. 10c). In autumn, northern Japan (roughly north of 264 

latitude 38°N) experiences a high frequency of WGNoTYs (Fig. 10d), which is probably 265 

because those areas begin to be affected by enhanced convections due to cold air-mass 266 

outbreaks from the Eurasian Continent.  267 

 268 

c. WGTY distribution relative to the typhoon center 269 

  As noted in section 3.1.a, WGTYs make up about half of the total wind gusts. Figure 11 270 

shows the spatial distribution of WGTYs relative to the typhoon center. Approximately 271 

48.2% of WGTYs occur in the right-front quadrant with respect to the typhoon motion, 272 

which is similar to hurricane-associated tornadoes (McCaul 1991, Schultz and Cecil 2009). 273 

The wind speed of WGTYs tends to increase near the centers of typhoons because of the 274 

superposition of gusty wind and the strong and persistent background flow associated with 275 

typhoon circulation.  276 

 The frequency of wind gusts have a peak from 100 to 250 km (Fig. 12), especially from 277 
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100 to 150 km, which is located on the inner side compared with hurricane-associated 278 

tornadoes (McCaul 1991, Schultz and Cecil 2009). In the typhoon core region, wind gusts 279 

are likely strong and have quite a high frequency per unit area (Fig. 12). Thus, it is crucial to 280 

understand the associated phenomena for mitigation of wind-related disasters. Although 281 

there is still a lot of uncertainty with respect to meso- or microscale disturbances around the 282 

typhoon core, several possible phenomena causing those wind gusts can be raised, such 283 

as eyewall mesovortices (Mashiko 2005, Aberson et al. 2006), tornado-scale vortices in the 284 

eyewall (Wurman and Kosiba 2018), boundary layer rolls (Wurman and Winslow 1998) and 285 

tornadoes (McCaul 1991, Schultz and Cecil 2009). Which phenomena cause strong gusty 286 

winds within the typhoon core region should be identified in the future. 287 

 288 

d. Changes in the wind direction and temperature before and after wind gusts 289 

Figure 13 shows the frequencies of wind gusts according to wind direction changes 290 

before and after wind gusts. Note that the change in the wind direction using the 10-min 291 

mean wind does not reflect the wind gust itself but rather the environment or parent storm of 292 

the wind gust. Both WGNoTYs and WGTYs likely occur in an environment with a small wind 293 

direction change. Approximately 84.4% (75.0%) of WGTYs (WGNoTYs) are accompanied 294 

by wind direction changes within 10 degrees. However, wind gusts with a clockwise change 295 

are more dominant. Approximately 35.8% (32.2%) of WGNoTYs (WGTYs) show a 296 

clockwise change and 24.5% (19.7%) exhibit a counterclockwise change. It suggests that 297 
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wind gusts tend to occur when cyclonic disturbances pass through the northern side. 298 

The frequency distribution of the temperature change before and after wind gusts is shown 299 

in Fig. 14. Most wind gusts, especially WGTYs, occur in an environment with a weak 300 

temperature gradient, which is similar to supercell tornadoes (e.g., Markowski et al. 2002). 301 

Approximately 91.6% (73.7%) of WGTYs (WGNoTYs) occur in an environment within a 302 

0.5°C temperature change. It is probably due to the weak evaporative cooling from 303 

raindrops in the typhoon environment with a high humidity for the WGTYs, as in the 304 

environment of typhoon-associated minisupercell tornadoes (Mashiko et al. 2009). 305 

However, concerning WGNoTYs, wind gusts accompanied by a temperature drop account 306 

for a larger portion (54.1%) of WGNoTYs than those associated with a temperature 307 

increase (30.4%).  308 

 309 

3.2 STPSW 310 

Table 2 summarizes the frequency distributions of STPSWs categorized according to the 311 

wind speed. The total number of STPSWs is 190, which is fairly low compared with that of 312 

wind gusts. The frequency of STPSWs per year averaged over all observatories is 0.079. 313 

Weak STPSWs ranked Rm occupy 78.9% of the total of STPSWs. Typhoon-associated 314 

STPSWs account for only 12.6%, which contrasts the much more frequent occurrence of 315 

WGTYs from August to October (cf. Figs. 15 and 5). Approximately 64.7% of the STPSWs 316 

occur from November to April, and there are no typhoon-associated STPSWs in this period. 317 
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Also, STPSWs show two peaks in December and April, and a low frequency from June to 318 

August (Fig. 15). The trend of STPSWs is similar to that of the WGNoTYs; however, the 319 

peak of STPSWs in December is distinguished. 320 

 Figure 16 shows the annual frequency of STPSWs averaged from 2002 to 2017 at the 321 

weather observatories. The frequency is high in coastal regions, especially on the Japan 322 

Sea side in northern Japan (roughly north of latitude 36°N). Observatories with 323 

high-frequency STPSWs do not necessarily correspond to those with high-frequency wind 324 

gusts (cf. Figs. 16 and 7a), but have relatively usual strong winds (cf. Figs. 16 and 7b). 325 

Compared with wind gusts, there are fewer days with occurrences of multiple STPSWs on 326 

the same day.  327 

 Figure 17 shows the average annual frequency of STPSWs classified according to the 328 

distance from the coastline. Similar to wind gusts, the frequency of STPSWs in coastal 329 

regions is approximately three times higher than in inland areas, although the frequency 330 

distribution shows some fluctuations due to the small sample number of STPSWs.  331 

 Figure 18 shows that the annual frequency distribution of STPSWs that are not associated 332 

with a typhoon can be classified into two periods: November–April and May–October. A 333 

large portion of STPSWs occur on the coast of the Japan Sea in the former period when 334 

cold air mass outbreaks from the Eurasian Continent often occur and synoptic cold fronts or 335 

low-pressure troughs frequently pass over the Japanese archipelagos. This is reflected in 336 

changes of the wind direction and temperature before and after STPSWs. The changes in 337 
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the wind direction are large compared with the wind gusts (cf. Figs. 19a and 13); 68.4% of 338 

STPSWs exhibit a clockwise shift (35.8% for WGNoTYs and 32.2% for WGTYs). The 339 

temperature changes are also large (cf. Figs. 19b and 14); 63.7% of STPSWs show a 340 

temperature drop (54.1% for WGNoTYs and 37.6% for WGTYs). The STPSWs with a 341 

temperature drop of more than 1°C account for 40.5% of the total (15.1% for WGNoTYs 342 

and 2.1% for WGTYs). It is also interesting that approximately 11.6% of the STPSWs are 343 

associated with a temperature rise of more than 1°C (1.2% for WGNoTYs and 0.5% for 344 

WGTYs). 345 

 346 

4. Discussion 347 

In this study, data obtained by 151 JMA weather observatories were used for statistical 348 

analyses. However, the observational environments at the weather observatories, such as 349 

the anemometer height and surface roughness around the observatory, are quite different 350 

from each other. Based on previous studies (e.g., Kuwagata 1993), it has been suggested 351 

that the gust factor is sensitive to the value of 1/ln(za/z0) at weather observatories under 352 

neutral atmospheric conditions, where za is the anemometer height and z0 is the surface 353 

roughness. Due to the fact that the definition of wind gust in this study largely depends on 354 

the gust factor, as noted in section 2.2, the relationship between the frequency of wind 355 

gusts and the value of 1/ln(za/z0) at weather observatories was investigated. The surface 356 

roughness was calculated according to Kondo and Yamazawa (1986) and Kuwagata and 357 
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Kondo (1990) using national land numerical information with a 100 m mesh issued by the 358 

National Spatial Planning and Regional Policy Bureau in 2014. The land utilization with a 359 

100 m mesh includes 12 types such as urban and building sites, cropland and forest. The 360 

surface roughness at the observatories was on average calculated within a radius of 100 × 361 

za (note that the maximum value is 2.5 km), considering the effects of these land use types 362 

on the surface roughness.  363 

 Figure 20 shows the relationship between the frequency of wind gusts and 1/ln(za/z0) at 364 

the weather observatories. Although there is a large variation, the value of 1/ln(za/z0) shows 365 

no correlation with the frequency of wind gusts. It is inferred that this is because a large 366 

portion of the wind gusts in this study occur under highly unstable atmospheric conditions 367 

and are associated with microscale phenomena, in contrast to gusty winds caused by 368 

near-surface turbulences in a synoptic-scale disturbance, as reported by Kuwagata (1993). 369 

Moreover, the 10-min mean wind speed is likely to weaken at observatories with a large 370 

value of 1/ln(za/z0) (za is low and/or z0 is high). In such situation, the threshold of the gust 371 

factor for the wind gust itself becomes high, as shown in Fig. 2b. Therefore, the frequency 372 

of wind gusts does not necessarily have a positive correlation with the value of 1/ln(za/z0) at 373 

the observatories.  374 

Although the environment at the weather observatories apparently has a little impact on 375 

the frequency of wind gusts, the surrounding environment, such as the influence of 376 

topography, might affect the wind gust occurrences (Haginoya et al. 1984). In order to 377 
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investigate the topographical effect, the prevailing wind direction just after wind gusts at 378 

each observatory was analyzed by classifying the wind gusts into two types: wind gusts 379 

accompanied by precipitation and wind gusts without precipitation (Fig. 21). The data 380 

obtained from the rain detection instruments at the observatories were used to check the 381 

presence or absence of precipitation. If rain is detected during the period of 10 min before 382 

and after the wind gust, the wind gust is regarded to be accompanied by precipitation. 383 

It is notable that several observatories on the Pacific side have high-frequency wind gusts, 384 

even without precipitation, especially the Ofunato and Hiroo observatories (Fig. 21b). 385 

Moreover, the prevailing wind directions at those observatories suggest a land breeze, 386 

which indicates that the wind gusts observed at these observatories are largely affected by 387 

topography. As noted earlier, around the Ofunato observatory wind gusts were almost 388 

never recorded in JMA-DB; however, northwesterly gusty winds without precipitation 389 

caused a train derailment near Ofunato observatory on February 1994 (Mitsuta et al. 1995), 390 

which gives validity to our results. It is obvious that the prevailing westerly wind at the Hiroo 391 

observatory, whether accompanied by precipitation or not, is influenced by the nearby 392 

Hidaka Mountains (see Fig. 1 for the geography around the observatory). The frequency of 393 

wind gusts accompanied by precipitation at the Sumoto observatory is high, and southerly 394 

wind prevails along the Kii Channel, which is presumably topographically affected wind 395 

(see Fig. 1 for the geography around the observatory). However, it is estimated that the 396 

prevailing westerly wind accompanied by precipitation at the observatories on the Japan 397 



 20

Sea side is mainly caused by cold air mass outbreaks from the Eurasian Continent, as 398 

indicated in section 3.1.b, rather than the topographical effect.  399 

 400 

5. Summary 401 

The statistical characteristics of wind gusts in Japan were investigated using a 402 

one-minute interval dataset from 2002 to 2017 recorded at 151 JMA weather observatories. 403 

This study is the first to statistically analyze wind gusts using surface meteorological 404 

observations throughout Japan. Strict conditions based on the gust factor and amount of 405 

increase and decrease in the 3-s mean wind speed from the 10-min mean wind speed are 406 

adopted in order to define the wind gust, in contrast to previous studies (Wakimoto 1985; 407 

Kobayashi et al. 2008, 2012; Kusunoki et al. 2010; Tomokiyo and Maeda 2016).  408 

 As many as 3,531 wind gusts were detected, and various statistical characteristics of the 409 

wind gusts were investigated. The results are summarized as follows. 1) The frequency of 410 

wind gusts averaged over all observatories is 1.47 per year (0.97 for R0 strength or higher), 411 

which is four or five orders of magnitude higher than the tornado encounter probability in 412 

Japan. 2) The coastal regions experience an approximately threefold higher frequency of 413 

wind gusts than the inland areas. 3) WGTYs account for approximately half of the wind 414 

gusts, and most of the strong wind gusts ranked R1 and R2 are WGTYs. This may suggest 415 

that a large portion of typhoon wind damage is caused by these gusty winds. 4) Wind gusts 416 

occur most frequently in September and least frequently in June. 5) Approximately 50.8% 417 
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of the wind gusts occur between August and October, and most of them are WGTYs. 6) 418 

Both WGNoTYs and WGTYs have high activities during daytime, especially between 13:00 419 

and 17:00 JST; however, the diurnal variation is rather small compared with the JMA-DB. 7) 420 

Two WGTYs or more often occur on a single day compared with WGNoTYs. 8) The 421 

frequency of WGTYs in western Japan is high, whereas the northern and eastern parts of 422 

Japan experience a high frequency of WGNoTYs. 9) The Japan Sea coast generally has 423 

high-frequency WGNoTYs in winter. 10) Approximately half of the WGTYs occur in the 424 

right-front quadrant of a typhoon with respect to the typhoon motion. 11) The WGTYs are 425 

likely strong and have a rather high frequency per unit area within the typhoon core region. 426 

12) Wind gusts likely occur in an environment with small changes in the wind direction and 427 

temperature, especially WGTYs. However, wind gusts accompanied by a temperature drop 428 

and clockwise shift of the wind direction account for a large portion of all wind gusts.  429 

The statistical characteristics of STPSWs satisfying the same conditions as the wind gusts 430 

but without a rapid decrease in the wind speed were also examined. The frequency of 431 

STPSWs averaged over all observatories is fairly low (0.079 per year), and 87.4% of the 432 

STPSWs are not associated with a typhoon. The STPSWs occur most frequently in 433 

December, and the frequency in coastal regions of the Japan Sea side is high. The 434 

changes in the wind direction and temperature before and after STPSWs are large 435 

compared with those of wind gusts, and 40.5% of STPSWs are associated with a 436 

temperature drop of more than 1°C.  437 
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Moreover, the effects of the observational environment on wind gusts were discussed. 438 

Although the environment at the weather observatories, such as the anemometer height 439 

and surface roughness, has a little impact on the frequency of wind gusts, the gusty winds 440 

at several observatories are likely caused by topographic effects. 441 

The wind gusts detected in this study are associated with various phenomena, such as 442 

tornadoes, downbursts (e.g., Takemi 2012), gust fronts (or derecho) (e.g., Corfidi et al. 443 

2016), eyewall mesovortices (e.g., Mashiko 2005, Aberson et al. 2006), tornado-scale 444 

vortices in the eyewall (Wurman and Kosiba 2018), boundary layer rolls (e.g., Wurman and 445 

Winslow 1998), pressure dips (e.g., Fudeyasu et al. 2007), downslope winds (e.g., Saito 446 

and Ikawa 1991), and gap winds (e.g., Colle and Mass 2000). There might be an unknown 447 

phenomenon causing wind gusts. It remains a challenge for future research to identify 448 

which phenomenon causes the wind gusts in Japan.  449 

 450 
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List of Figures 565 

 566 

Fig. 1. Geographical locations of JMA’s weather observatories. The specific geographical 567 

locations referred to in the text are also shown. 568 

 569 

Fig. 2. (a) A hypothetical wind speed trace for the wind gust defined in this study. W3s(t − X) 570 

indicates a maximum 3-s mean wind speed in the previous 1 min, occurring X min prior to 571 

the wind gust at time t. Pre-W10m is the 10-min mean wind speed prior to the wind gust of 572 

W3s(t − 0), and Post-W10m is the 10-min mean wind speed after the wind gust of W3s(t − 0). 573 

Pre-W10m and Post-W10m are shown as pink bars; their horizontal positions indicate the 574 

periods of the 10-min mean winds. (b) The relationship between the 3-s mean wind 575 

speed and Pre-W10m, which meets the conditions for wind gust in this study (blue shaded 576 

area). The threshold of gust factor for wind gust is plotted against Pre-W10m by the broken 577 

line. 578 

 579 

Fig. 3. Examples of the wind speed trace for (a) wind gust and (b) STPSW represented by 580 

small red circles. The black line indicates the time series of the maximum 3-s mean wind 581 

speed in the previous 1 min. The values of Pre-W10m and Post-W10m are shown by pink 582 

bars; their horizontal positions indicate the periods of the 10-min mean winds. 583 
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 585 

Fig. 4. Annual frequencies of wind gusts recorded at weather observatories from 2002 to 586 

2017. The orange bars denote the frequencies of WGTYs and the blue bars show those 587 

of WGNoTYs. The line graph indicates the annual change in the number of weather 588 

observatories used in this study. For eight observatories in 2002 and three observatories 589 

in 2003, no data are available.    590 

 591 

Fig. 5. Monthly frequencies of wind gusts recorded at weather observatories from 2002 to 592 

2017. The orange bars denote the frequencies of WGTYs and the blue bars show those 593 

of WGNoTYs.  594 

 595 

Fig. 6. Hourly frequencies of (a) WGNoTYs and (b) WGTYs at weather observatories from 596 

2002 to 2017. Each bar indicates the number of wind gusts within the previous hour. 597 

 598 

Fig. 7. (a) Annual frequency of wind gusts averaged from 2002 to 2017 at the weather 599 

observatories. (b) Averaged wind speed from 1981 to 2010 at the weather observatories. 600 

(c) As in (a) but for the annual number of occurrence days. 601 

 602 

Fig. 8. Average annual frequency of wind gusts classified according to the distance from the 603 

coastline. The line graph indicates the number of weather observatories within the 604 
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distance categories. Note that observatories whose distance categories changed 605 

because of anemometer relocation were omitted in this plot.  606 

 607 

Fig. 9. Annual frequency of (a) WGNoTYs and (b) WGTYs at the weather observatories 608 

averaged from 2002 to 2017.  609 

 610 

Fig. 10. Seasonal variation of WGNoTYs at the weather observatories, where WGNoTYs 611 

are classified into four periods: (a) December, January, and February; (b) March, April, 612 

and May; (c) June, July, and August; and (d) September, October, and November. Note 613 

that the unit is frequency per year. 614 

 615 

Fig. 11. Spatial distribution of WGTYs relative to the typhoon center. Note that the top of the 616 

sheet is the direction of typhoon motion. The colors indicate the intensity of wind gusts 617 

categorized in Table 1. The ratio of the number of WGTYs in each quadrant is also 618 

shown.   619 

 620 

Fig. 12. Frequency of wind gusts as a function of a 50 km range from the typhoon center. 621 

The line graph indicates the frequency per unit area normalized on the basis of the 622 

innermost circle.  623 

 624 
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Fig. 13. Frequencies of (a) WGNoTYs and (b) WGTYs categorized by the 10-min mean 625 

wind direction change before and after wind gusts. The positive wind direction change 626 

indicates a clockwise shift with time. The period of averaging the wind direction before 627 

the wind gust is the same as that of Pre-W10m, and the period of averaging the wind 628 

direction after the wind gust is the same as that of Post-W10m. However, if the 5-min mean 629 

wind direction deviates by more than 90 degrees from the 10-min mean wind direction, 630 

the 5-min mean wind direction is used instead of the 10-min mean wind direction, which 631 

is JMA’s operation of calculating the 10-min mean wind direction. 632 

 633 

Fig. 14. Frequencies of (a) WGNoTYs and (b) WGTYs categorized by the 10-min mean 634 

temperature change before and after wind gusts. The positive temperature change 635 

indicates an increase with time. The period of averaging the temperature before the wind 636 

gust is the same as that of Pre-W10m, and the period of averaging the temperature after 637 

the wind gust is the same as that of Post-W10m. However, the 10-min mean temperature 638 

before and after the wind gusts is calculated using snapshot data at 1 min intervals.  639 

 640 

Fig. 15. As in Fig.5, but for STPSWs. 641 

 642 

Fig. 16. As in Fig.7a, but for STPSWs. 643 

 644 
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Fig. 17. As in Fig. 8, but for STPSWs. 645 

 646 

Fig. 18. Annual frequency distribution of STPSWs that are not associated with a typhoon 647 

classified into two periods: (a) November–April and (b) May–October. Note that the unit is 648 

frequency per year. 649 

 650 

Fig. 19. (a) As in Fig. 13a, but for STPSWs. (b) As in Fig. 14a, but for STPSWs. 651 

 652 

Fig. 20. Relationship between the frequency of wind gusts and 1/ln(za/z0) at the weather 653 

observatories, where za is the anemometer height and z0 is the surface roughness. The 654 

weather observatories, at which the anemometer was relocated or the anemometer 655 

height was changed by more than 1 m during the analysis period, were omitted in this 656 

plot. 657 

 658 

Fig. 21. (a) Prevailing wind direction (arrows; the point of the arrow represents the location 659 

of the weather observatory) of Post-W10m (see Fig. 2) of the wind gusts accompanied by 660 

precipitation. The prevailing wind direction is plotted when the number of wind gusts is 661 

larger than 10 during the analysis period and the most frequent wind direction (36 662 

directions) including plus-minus one direction exceeds 50% of the total number. The 663 

shaded circles indicate the annual frequency of wind gusts accompanied by precipitation 664 
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at the weather observatories. (b) As in (a), but for the wind gusts without precipitation.  665 

 666 
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Fig. 1. Geographical locations of JMA’s weather observatories. The specific geographical 671 

locations referred to in the text are also shown. 672 
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Fig. 2. (a) A hypothetical wind speed trace for the wind gust defined in this study. W3s(t − X) 677 

indicates a maximum 3-s mean wind speed in the previous 1 min, occurring X min prior to 678 

the wind gust at time t. Pre-W10m is the 10-min mean wind speed prior to the wind gust of 679 

W3s(t − 0), and Post-W10m is the 10-min mean wind speed after the wind gust of W3s(t − 0). 680 

Pre-W10m and Post-W10m are shown as pink bars; their horizontal positions indicate the 681 

periods of the 10-min mean winds. (b) The relationship between the 3-s mean wind 682 

speed and Pre-W10m, which meets the conditions for wind gust in this study (blue shaded 683 

area). The threshold of gust factor for wind gust is plotted against Pre-W10m by the broken 684 

line. 685 

686 
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 689 

Fig. 3. Examples of the wind speed trace for (a) wind gust and (b) STPSW represented by 690 

small red circles. The black line indicates the time series of the maximum 3-s mean wind 691 

speed in the previous 1 min. The values of Pre-W10m and Post-W10m are shown by pink 692 

bars; their horizontal positions indicate the periods of the 10-min mean winds. 693 
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 698 

Fig. 4. Annual frequencies of wind gusts recorded at weather observatories from 2002 to 699 

2017. The orange bars denote the frequencies of WGTYs and the blue bars show those 700 

of WGNoTYs. The line graph indicates the annual change in the number of weather 701 

observatories used in this study. For eight observatories in 2002 and three observatories 702 

in 2003, no data are available.  703 
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Fig. 5. Monthly frequencies of wind gusts recorded at weather observatories from 2002 to 708 

2017. The orange bars denote the frequencies of WGTYs and the blue bars show those 709 

of WGNoTYs.  710 
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Fig. 6. Hourly frequencies of (a) WGNoTYs and (b) WGTYs at weather observatories from 715 

2002 to 2017. Each bar indicates the number of wind gusts within the previous hour. 716 
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 720 

Fig. 7. (a) Annual frequency of wind gusts averaged from 2002 to 2017 at the weather 721 

observatories. (b) Averaged wind speed from 1981 to 2010 at the weather observatories. 722 

(c) As in (a) but for the annual number of occurrence days. 723 
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Fig. 8. Average annual frequency of wind gusts classified according to the distance from the 728 

coastline. The line graph indicates the number of weather observatories within the 729 

distance categories. Note that observatories whose distance categories changed 730 

because of anemometer relocation were omitted in this plot.  731 
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(a)   (b)   

 735 

 736 

Fig. 9. Annual frequency of (a) WGNoTYs and (b) WGTYs at the weather observatories 737 

averaged from 2002 to 2017.  738 
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 743 

Fig. 10. Seasonal variation of WGNoTYs at the weather observatories, where WGNoTYs 744 

are classified into four periods: (a) December, January, and February; (b) March, April, 745 

and May; (c) June, July, and August; and (d) September, October, and November. Note 746 

that the unit is frequency per year. 747 
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 750 

 751 

 752 

Fig. 11. Spatial distribution of WGTYs relative to the typhoon center. Note that the top of the 753 

sheet is the direction of typhoon motion. The colors indicate the intensity of wind gusts 754 

categorized in Table 1. The ratio of the number of WGTYs in each quadrant is also 755 

shown.   756 
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 760 

Fig. 12. Frequency of wind gusts as a function of a 50 km range from the typhoon center. 761 

The line graph indicates the frequency per unit area normalized on the basis of the 762 

innermost circle.  763 

 764 

765 



 48

 766 

0

100

200

300

400

500

600

700

800

900

< -90 -60 -30 0 30 60 > 90

F
re

qu
en

cy

Change of Wind Direction [ Degree ]

0

100

200

300

400

500

600

700

800

900

< -90 -60 -30 0 30 60 > 90

F
re

qu
en

cy

Change of Wind Direction [ Degree ]

(a)    WGNoTYs (b)    WGTYs 

 767 

Fig. 13. Frequencies of (a) WGNoTYs and (b) WGTYs categorized by the 10-min mean 768 

wind direction change before and after wind gusts. The positive wind direction change 769 

indicates a clockwise shift with time. The period of averaging the wind direction before 770 

the wind gust is the same as that of Pre-W10m, and the period of averaging the wind 771 

direction after the wind gust is the same as that of Post-W10m. However, if the 5-min mean 772 

wind direction deviates by more than 90 degrees from the 10-min mean wind direction, 773 

the 5-min mean wind direction is used instead of the 10-min mean wind direction, which 774 

is JMA’s operation of calculating the 10-min mean wind direction. 775 
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 779 

Fig. 14. Frequencies of (a) WGNoTYs and (b) WGTYs categorized by the 10-min mean 780 

temperature change before and after wind gusts. The positive temperature change 781 

indicates an increase with time. The period of averaging the temperature before the wind 782 

gust is the same as that of Pre-W10m, and the period of averaging the temperature after 783 

the wind gust is the same as that of Post-W10m. However, the 10-min mean temperature 784 

before and after the wind gusts is calculated using snapshot data at 1 min intervals.  785 

 786 

787 



 50

 788 

0

5

10

15

20

25

30

35

40

1 2 3 4 5 6 7 8 9 10 11 12

F
re

qu
e

nc
y

Month

STPSWs with Typhoon

STPSWs without Typhoon

 789 

Fig. 15. As in Fig.5, but for STPSWs. 790 
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Whole country
0.079 (0.017 for R0 or higher)

 794 

Fig. 16. As in Fig.7a, but for STPSWs. 795 
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Fig. 17. As in Fig. 8, but for STPSWs. 800 
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 803 

(a)   (b)   

 804 

 805 

Fig. 18. Annual frequency distribution of STPSWs that are not associated with a typhoon 806 

classified into two periods: (a) November–April and (b) May–October. Note that the unit is 807 

frequency per year. 808 
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Fig. 19. (a) As in Fig. 13a, but for STPSWs. (b) As in Fig. 14a, but for STPSWs. 813 
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 818 

Fig. 20. Relationship between the frequency of wind gusts and 1/ln(za/z0) at the weather 819 

observatories, where za is the anemometer height and z0 is the surface roughness. The 820 

weather observatories, at which the anemometer was relocated or the anemometer 821 

height was changed by more than 1 m during the analysis period, were omitted in this 822 

plot. 823 
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 827 

 828 

Fig. 21. (a) Prevailing wind direction (arrows; the point of the arrow represents the location 829 

of the weather observatory) of Post-W10m (see Fig. 2) of the wind gusts accompanied by 830 

precipitation. The prevailing wind direction is plotted when the number of wind gusts is 831 

larger than 10 during the analysis period and the most frequent wind direction (36 832 

directions) including plus-minus one direction exceeds 50% of the total number. The 833 

shaded circles indicate the annual frequency of wind gusts accompanied by precipitation 834 

at the weather observatories. (b) As in (a), but for the wind gusts without precipitation.  835 
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 838 

List of Tables 839 

 840 

Table 1  Number of wind gusts classified into seven categories according to the wind 841 

speed. Categories R0 to R5 correspond to the JEF scale of 0–5. The wind speed of Rm 842 

is smaller than that of JEF0. The bottom row shows the WGTYs, which are defined as an 843 

event occurring within a radius of 800 km from the typhoon center.  844 

 845 

Table 2  As in Table 1, but for STPSWs. 846 

 847 

848 
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Table 1  Number of wind gusts classified into seven categories according to the wind 849 

speed. Categories R0 to R5 correspond to the JEF scale of 0–5. The wind speed of Rm 850 

is smaller than that of JEF0. The bottom row shows the WGTYs, which are defined as an 851 

event occurring within a radius of 800 km from the typhoon center.  852 

 853 

Rating
3 s Wind Speed (W 3s) [m/s]

Rm

W 3s < 25

R0

25≦W 3s<39

R1

39≦W 3s<53

R2

53≦W 3s<67

R3

67≦W 3s<81

R4

81≦W 3s<95

R5

95≦W 3s
Total

Number of Wind Gusts 1210 2197 120 4 0 0 0 3531

Number of WGTYs 401 1323 117 4 0 0 0 1845
 854 

855 
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Table 2  As in Table 1, but for STPSWs. 856 

 857 

Rating
3 s Wind Speed (W 3s) [m/s]

Rm

W 3s < 25

R0

25≦W 3s<39

R1

39≦W 3s<53

R2

53≦W 3s<67

R3

67≦W 3s<81

R4

81≦W 3s<95

R5

95≦W 3s
Total

Number of STPSWs 150 39 1 0 0 0 0 190

Number of STPSWs
Associated with a Typhoon 13 10 1 0 0 0 0 24

 858 


