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Abstract

In this study, the characteristics of wind gusts in Japan in the period of 2002-2017
were examined using surface meteorological data recorded at 151 weather
observatories throughout Japan. This study does not focus on particular phenomena
such as tornadoes and downbursts which cause wind gusts. A wind gust is defined on
the basis of the gust factor and amount of increase and decrease of the 3-s mean wind
speed from the 10-min mean wind speed. A total of 3,531 events were detected as wind
gusts. The frequency of wind gusts with more than 25 m s’ averaged over all
observatories is 0.97 per year, which is four or five orders of magnitude higher than the
tornado encounter probability in Japan. The frequency of wind gusts in the coastal region
is approximately three times higher than that in the inland area. Wind gusts occur most
frequently in September and least frequently in June. Wind gusts have high activities
during daytime, especially in the afternoon. Approximately half of the events are the
typhoon—associated wind gusts (WGTY's), which occurred within a radius of 800 km from
the typhoon center. Most of the WGTYs occur from August to October. Approximately
half of the WGTYs occur in the right-front quadrant of a typhoon with respect to the
typhoon motion. The frequency of WGTYs is high in western Japan, whereas the
northern and eastern parts of Japan are characterized by a high frequency of wind gusts

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

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

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

discussed.

Keywords wind gust; strong wind; surface observation
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1. Introduction

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

such as frequency and spatiotemporal distribution. Although the Japan Meteorological

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

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

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

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

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

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

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

also have the same problem as the JMA-DB.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

phenomena.

The remainder of this paper is organized as follows. The analytical method that is used in
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this study is presented in section 2. Section 3 shows the statistical features of wind gusts
and persistent strong winds accompanied by an abrupt increase in the wind speed. Section
4 discusses the effects of the observatory environment on the wind gusts. Finally, the

results are summarized in section 5.

2. Analytical Method
2.1 Data

In this study, wind gusts in Japan were statistically examined using one-minute interval
surface meteorological data at 151 weather observatories' of the JMA from 2002 to 2017.
These weather observatories are deployed all over Japan, including isolated island areas,
although they are densely distributed in the coastal region (Fig. 1).

The one-minute dataset includes not only the 10-min mean wind speed of the previous 10
min but also the maximum 3-s mean wind speed (after December 4, 2007) or 0.25-s mean
wind speed (before December 4, 2007) in the previous 1 min. In order to ensure coherence
with the 3-s mean wind speed in this study, the 0.25-s mean wind speed data before
December 4, 2007, are multiplied by 0.9 according to the statistical survey of the JMA

(2007).

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

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

topography around the observatories.

2.2 Definition of wind gust

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

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

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

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

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

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

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

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

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

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

Wis(t) > Pre-Wiom(f) + 15, (1)

Wis(t)/Pre-Wiom(t) > 2.0, (2)

Was(f) > (Was(t — 3)+Was(t — 2)+Was(t — 1))/3 + 10, (3)

Was(t) > Post-Wiom(t) + 10, (4)
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where Was(t) denotes the maximum 3-s mean wind speed in the previous 1 min at time ¢,
and Pre-Wiom(f) and Post-Wiom(f) are the 10-min mean wind speeds just before and after
the wind gust at time ¢, respectively. These conditions, where the amounts of increase and
decrease in the wind speed before and after the wind gust and the gust factor are much
higher than the criteria of previous studies (Wakimoto 1985; Kobayashi et al. 2008, 2012;
Kusunoki et al. 2010; Tomokiyo and Maeda 2016), are schematically shown in Fig. 2.
Condition (2) specifies that the gust factor must be larger than two. The threshold of the
gust factor satisfying condition (1) is illustrated in Fig. 2b. The gust factor significantly
increases as the 10-min mean wind speed decreases below 15 m s™', which indicates that
condition (1) imposes a very high gust factor. Condition (3) excludes strong turbulent winds
that rarely occur. If multiple wind gusts are detected within 3 min under these conditions,
they are regarded as one wind gust event. The time sequence diagram of the wind speed
that satisfies all conditions (1)—(4) exhibits a spike shape as shown in Fig. 3a. In contrast,
the wind speed trace, which satisfies conditions (1), (2), and (3), except for (4), shows a
step shape due to the strong and persistent wind occurring after a rapid increase in the
wind speed (Fig. 3b). This type of strong wind was also extracted as “step-type strong wind”
(STPSW) in this study because it should be considered from the point of view of disaster

prevention.

3. Results
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3.1 Wind gusts
a. General feature

Atotal of 3,531 wind gusts were detected at the weather observatories from 2002 to 2017.
The number of wind gusts is about twice as many as that listed in JMA-DB including
waterspouts. Seven wind gusts correspond to the actual events listed in JMA-DB, and
about 9.1% of wind gusts (278 cases) occurred within a radius of 300 km and plus or minus
6 hours from the gusty events listed in JMA-DB?, which is considered that the wind gusts
occurred in the same synoptic environment as those listed in JMA-DB. This result suggests
that JMA-DB includes only a small portion of wind gusts, whereas the wind gusts extracted
in this study do not almost cover the typical gusty events listed in JMA-DB; however, their
synoptic environments have similarity to some extent.

As shown in Table 1, the wind gusts were classified into seven categories (Rm, RO, R1,
R2, R3, R4, and R5) according to the wind speed. Categories R0O-R5 correspond to the
estimated wind speed of the Japanese Enhanced Fujita (JEF) scale of 0-5 (Tanaka 2016),
respectively. The JEF scale was created on the basis of wind damage of vegetation and
human created structure. However, it should be noted that the wind speed estimated by the
JEF scale does not correspond to the actual wind speed because it is assessed on the
assumption of horizontally-oriented straight wind (Tamura 2016). The number of wind gusts
significantly decreases from RO to R2, and strong wind gusts ranked R3 or higher have not

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

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

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

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

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

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

as suggested by Wurman and Kosiba (2018).

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

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

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

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

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

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

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

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

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

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

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

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

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

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

sample number. A low frequency is found between 20:00 and 24:00 JST for WGNoTY's and

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

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

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

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

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

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

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

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

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

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

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

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

tornadoes reported by Niino et al. (1997).

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

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

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

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

°The comparison between wind gusts extracted in this study and events listed in JMA-DB
was conducted from January 1, 2002 to March 31, 2016, because the official data of

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

b. Spatial distribution

The geographical distribution of the annual frequency of wind gusts averaged from 2012
to 2017 is shown in Fig. 7a. It is evident that wind gusts occur all over Japan and that most
wind gusts occur in coastal areas, including isolated small islands. Figure 8 shows the
average annual frequency of wind gusts as a function of distance from the coastline. The
Global Land Cover Characterization (GLCC) dataset of the U.S. Geological Survey was
used to specify the coastline of Japanese archipelagos. The frequency of wind gust
occurrences monotonically decreases from the coast to the inland. The frequency in the
coastal region is approximately three times higher than that in the inland area.

The frequency averaged over all observatories is 1.47 per year. For categories equal to or
higher than RO, the frequency is 0.97 per year, which is four or five orders of magnitude
higher than the tornado encounter probability in Japan (Niino et al. 1997). Observatories
with a high frequency of wind gusts are locally distributed, especially in the coastal region of

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

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

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

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

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

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

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

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

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

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

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

those regions experience many days with multiple wind gusts.

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

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

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

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

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

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

days.

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

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

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

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

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

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

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

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

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

outbreaks from the Eurasian Continent.

c. WGTY distribution relative to the typhoon center

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

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

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

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

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

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

typhoon circulation.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

increase (30.4%).

3.2 STPSW

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

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

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

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

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

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

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

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

peak of STPSWs in December is distinguished.

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

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

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

high-frequency STPSWSs do not necessarily correspond to those with high-frequency wind

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

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

the same day.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

WGTYs).

4. Discussion

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

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

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

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

that the gust factor is sensitive to the value of 1/In(z./zo) at weather observatories under

neutral atmospheric conditions, where z, is the anemometer height and zo is the surface

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

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

gusts and the value of 1/In(za/zo) at weather observatories was investigated. The surface

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

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

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

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

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

on the surface roughness.

Figure 20 shows the relationship between the frequency of wind gusts and 1/In(z./zo) at

the weather observatories. Although there is a large variation, the value of 1/In(za/zo) shows

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

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

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

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

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

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

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

of wind gusts does not necessarily have a positive correlation with the value of 1/In(z4/zo) at

the observatories.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

prevailing westerly wind accompanied by precipitation at the observatories on the Japan
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Sea side is mainly caused by cold air mass outbreaks from the Eurasian Continent, as

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

5. Summary

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

at several observatories are likely caused by topographic effects.

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

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

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

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

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

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

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

which phenomenon causes the wind gusts in Japan.
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List of Figures

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

locations referred to in the text are also shown.

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

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

the wind gust at time t. Pre-W1om is the 10-min mean wind speed prior to the wind gust of

Wis(f — 0), and Post-Wiom is the 10-min mean wind speed after the wind gust of Wiss(f — 0).

Pre-Wiom and Post-W1iom are shown as pink bars; their horizontal positions indicate the

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

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

area). The threshold of gust factor for wind gust is plotted against Pre-W1om by the broken

line.

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

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

speed in the previous 1 min. The values of Pre-W1om and Post-W1om are shown by pink

bars; their horizontal positions indicate the periods of the 10-min mean winds.
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Fig. 4. Annual frequencies of wind gusts recorded at weather observatories from 2002 to

2017. The orange bars denote the frequencies of WGTY's and the blue bars show those

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

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

in 2003, no data are available.

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

2017. The orange bars denote the frequencies of WGTY's and the blue bars show those

of WGNoTYs.

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

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

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

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

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

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

coastline. The line graph indicates the number of weather observatories within the
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624

distance categories. Note that observatories whose distance categories changed

because of anemometer relocation were omitted in this plot.

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

averaged from 2002 to 2017.

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

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

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

that the unit is frequency per year.

Fig. 11. Spatial distribution of WGTY's relative to the typhoon center. Note that the top of the

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

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

shown.

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

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

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

626 wind direction change before and after wind gusts. The positive wind direction change
627 indicates a clockwise shift with time. The period of averaging the wind direction before
628 the wind gust is the same as that of Pre-W1om, and the period of averaging the wind

629 direction after the wind gust is the same as that of Post-W1om. However, if the 5-min mean
630 wind direction deviates by more than 90 degrees from the 10-min mean wind direction,
631 the 5-min mean wind direction is used instead of the 10-min mean wind direction, which
632 is JMA's operation of calculating the 10-min mean wind direction.

633

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

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

636 indicates an increase with time. The period of averaging the temperature before the wind
637 gust is the same as that of Pre-W1om, and the period of averaging the temperature after
638 the wind gust is the same as that of Post-Wiom. However, the 10-min mean temperature
639 before and after the wind gusts is calculated using snapshot data at 1 min intervals.

640

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

642

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

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

646

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

648 classified into two periods: (a) November—April and (b) May—October. Note that the unit is
649 frequency per year.
650

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

652

653  Fig. 20. Relationship between the frequency of wind gusts and 1/In(z./zo) at the weather

654 observatories, where z, is the anemometer height and zy is the surface roughness. The
655 weather observatories, at which the anemometer was relocated or the anemometer

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

658

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

660 of the weather observatory) of Post-W1om (see Fig. 2) of the wind gusts accompanied by
661 precipitation. The prevailing wind direction is plotted when the number of wind gusts is
662 larger than 10 during the analysis period and the most frequent wind direction (36

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

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

666

667

35



668

1 1

45°N

Eurastan Continent

oS
%

., 2
<

untains
40°'N

35°'N +

Kii Channel
Pacific Ocean

30°N

o
25'N —7 0 i T -
° o
669 12|5'E 13(I)'E 13;'E 14(IJ"E 145°E
670
671  Fig. 1. Geographical locations of JMA's weather observatories. The specific geographical
672 locations referred to in the text are also shown.
673
674

36



675

(a) (b) © — 5
40 \
\
50 | \
W3s(t_0) i~ % 4
_ ‘ £ \ !
2 30 =l \ 0
a— 0 Q((\
- @More than 10 m/s| % \\ Q@‘\N ke .
o ®More than|10 m/s o \ P s
a 230 | . W S
@ 20 | a \ s
] (®More than 15 m/s Wi(t- 2 < B
c = |/ Nccccccccccaaaa 2 3
= S 20 &
) $'~
Wag(t Was(-1 = <
10 F /\p t /\ - &N
oS 10m YA o0 o | % 1
\/\f e \/\/ W \/\/ 4
(| S
LY WAA T A TY ST o o o
Time t 1 min 0 10 20 30

Pre-Wyp, [m/s]

676

677  Fig. 2. (a) A hypothetical wind speed trace for the wind gust defined in this study. Was(f — X)
678 indicates a maximum 3-s mean wind speed in the previous 1 min, occurring X min prior to
679 the wind gust at time t. Pre-W1om is the 10-min mean wind speed prior to the wind gust of

680 Wss(t — 0), and Post-Wiom is the 10-min mean wind speed after the wind gust of Was(t - 0).

681 Pre-W1om and Post-Wiom are shown as pink bars; their horizontal positions indicate the
682 periods of the 10-min mean winds. (b) The relationship between the 3-s mean wind

683 speed and Pre-W1om, which meets the conditions for wind gust in this study (blue shaded
684 area). The threshold of gust factor for wind gust is plotted against Pre-W1om by the broken
685 line.
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Fig. 3. Examples of the wind speed trace for (a) wind gust and (b) STPSW represented by
small red circles. The black line indicates the time series of the maximum 3-s mean wind
speed in the previous 1 min. The values of Pre-W1om and Post-W1om are shown by pink

bars; their horizontal positions indicate the periods of the 10-min mean winds.
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717

718

41



719

(a) (b)

45'N — [ yd SN, 45°'N ,30‘ A dr}VV /ed BN
Frequency per Ye&f /’ A 0—Vear Averaged/Wing Spe é“ﬁ;-_ ,
(ALL) » ? N :i‘f (19814201’0)/WF PR
Whole countryr’M ‘ g :
1.47/(0.97 for RO or higher) R
r _Jfl ‘;#j'\ Hiroo 40°N

AN —f )

3

=

7
®

ﬁ:// é}g funato|

35°N

T

[ v -
5
/ I: 80
4
e 2.0 4
30°N o 30°N
1.0 3
) I d
v o 05 J"'".‘ ° z
& |, . 0.2 - ° 1
25'N : i 25°N -
oo [ I]: 0.0 2 0
(C)IZS.E 130°E 135'E 140'E 145'E 125'E 130°E 135°E 140°E 145'E
45N et N yd N
Occurrance Days pér Ye: .
To., > ] ."g
9 ;/’L\/ O\B\’/\.‘
- . ( ol
Whole count ! g
0.87(0.54 for-R0 or higher) s
40°N
6.0
5.0
35°N a0
3.0
' 2.0
30°N -
’ 1.0
&
_ _\?‘ ° 0.5
24 ° 0.2
25°N T
g 0.0
720 125°E 130°E 135°E 140°E 145°E

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

722 observatories. (b) Averaged wind speed from 1981 to 2010 at the weather observatories.
723 (c) As in (a) but for the annual number of occurrence days.
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728  Fig. 8. Average annual frequency of wind gusts classified according to the distance from the

729 coastline. The line graph indicates the number of weather observatories within the
730 distance categories. Note that observatories whose distance categories changed
731 because of anemometer relocation were omitted in this plot.
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Fig. 9. Annual frequency of (a) WGNoTYs and (b) WGTYs at the weather observatories
averaged from 2002 to 2017.
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that the unit is frequency per year.
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Fig. 11. Spatial distribution of WGTY's relative to the typhoon center. Note that the top of the
sheet is the direction of typhoon motion. The colors indicate the intensity of wind gusts

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

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

762 The line graph indicates the frequency per unit area normalized on the basis of the
763 innermost circle.
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Fig. 13. Frequencies of (a) WGNoTYs and (b) WGTYs categorized by the 10-min mean

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

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

the wind gust is the same as that of Pre-W/1om, and the period of averaging the wind

direction after the wind gust is the same as that of Post-W1om. However, if the 5-min mean

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

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

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

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

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

782 indicates an increase with time. The period of averaging the temperature before the wind
783 gust is the same as that of Pre-W1om, and the period of averaging the temperature after
784 the wind gust is the same as that of Post-W1om. However, the 10-min mean temperature
785 before and after the wind gusts is calculated using snapshot data at 1 min intervals.
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Fig. 15. As in Fig.5, but for STPSWs.
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806  Fig. 18. Annual frequency distribution of STPSWs that are not associated with a typhoon

807 classified into two periods: (a) November—April and (b) May—October. Note that the unit is
808 frequency per year.
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812
813  Fig. 19. (a) As in Fig. 13a, but for STPSWs. (b) As in Fig. 14a, but for STPSWs.
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819  Fig. 20. Relationship between the frequency of wind gusts and 1/In(z./zo) at the weather

820 observatories, where z, is the anemometer height and zy is the surface roughness. The
821 weather observatories, at which the anemometer was relocated or the anemometer

822 height was changed by more than 1 m during the analysis period, were omitted in this
823 plot.
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Fig. 21. (a) Prevailing wind direction (arrows; the point of the arrow represents the location

of the weather observatory) of Post-W1om (see Fig. 2) of the wind gusts accompanied by

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

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

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

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

at the weather observatories. (b) As in (a), but for the wind gusts without precipitation.
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839 List of Tables

840

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

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

843 is smaller than that of JEFO. The bottom row shows the WGTYs, which are defined as an
844 event occurring within a radius of 800 km from the typhoon center.
845

846 Table 2 As in Table 1, but for STPSWs.
847
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Table 1

Number of wind gusts classified into seven categories according to the wind

speed. Categories RO to R5 correspond to the JEF scale of 0-5. The wind speed of Rm

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

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

Rating Rm RO R1 R2 R3 R4 RS [ _

35 Wind Spoed (Wozs) [mis]| W< 25 | 25= W 3e<39 | 39= W4<53 |53= W 3.<67|67=< Wa<81 |81=W»<95| 95=Ws, | O
Nurber of Wind Gusts 1210 2197 120 4 0 0 o 3531
Nurber of WGTYs 401 1323 117 4 0 0 of 1845
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Table 2 As in Table 1, but for STPSWs.

Associated with a Typhoon

Rating Rm RO R1 R2 R3 R4 R5 Total

3's Wind Speed (W 3s) [mis] | W< 25 | 255 W 3,<39 [39=W3,<53|53=W3,<67 |67 =W 3,<81|81=W3<95| 95= W 5, ota
Number of STPSWs 150 39 1 0 0 0 0 190
Number of STPSWs 13 10 1 0 0 0 0 24
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