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Abstract

According to Niino et al. (1997), more than half of tornadoes in Japan between
1961 and 1993 moved toward the northeast quadrant. Since their data was based
on eyewitness reports, however, the resulting directions of tornado movements
were biased toward 8 directions (e.g., N, NE, E) out of 16 (e.g., N, NNE, NE,
ENE). Using latitudes and longitudes of the starting and end points of tor-
nado damage paths in the database of gusty winds of the Japan Meteorological
Agency, our study objectively examined the statistics of the direction of tornado
movement and its relation with the large-scale wind field.

The analysis revealed that approximately 70% of tornadoes moved toward the
northeast quadrant in accord with the previous study. The preference for the
northeastward movement remains similar for both periods of 1961-1993 and 1994-
2023, although the Japan Meteorological Agency changed several times their
operation to collect tornado report data. This northeast preference consists of
eastward and northward peaks. The eastward peak is caused by cumulonimbus
clouds that are steered by the mid-tropospheric westerly winds to the first order.
The northward peak, which is more frequent in JJA and SON, is associated with
typhoon-associated tornadoes.

Tornado movement directions and environmental winds at around 750 hPa are
significantly correlated, presumably indicating that tornadoes generally move
along with their parent cumulonimbus clouds, which are steered by the mid-
tropospheric environmental wind. To examine this mechanism, we compared
movement directions of tornadoes with those of supercells estimated by the
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method of Bunkers et al. (2000), in which the shear and mean wind between 700
and 1000 hPa are used. The mean tornado movement direction is displaced by
21° to the left of the estimated supercell movement. The standard deviation of
the directional difference is 36°. This result is consistent with previous studies
indicating that not all tornadoes in Japan are of the supercell type.

Keywords: tornado, direction of movement, typhoon, supercell

1 Introduction

A tornado is a violent atmospheric vortex spawned by a convective cloud such as a
cumulus or cumulonimbus. Tornadoes are generated when atmospheric conditions are
extremely unstable, and can cause extensive damage over a narrow band-like area in a
short period of time (Fujita 1971). The frequency and extent of tornadoes are highly
influenced by weather conditions and topography, making them a local phenomenon.
Japan is an island nation frequently affected by natural disasters such as typhoons,
floods, and earthquakes, so that tornadoes do not receive much attention either in
weather forecasts or as societal discussions. Since tornado-related damage occurs fre-
quently across various regions in Japan, however, tornadoes have gained more attention
in recent years as their visibility increased due to the widespread use of smartphones.

Owing to the rugged terrain in Japan, few tornadoes have long damage paths, with
an average damage path length and average width of 3.2 km and 98 m, respectively
(Niino et al. 1997). However, according to their study, the number of tornadoes per unit
area in Japan is about one third of that of the United States, where about 1200 torna-
does occur and about 70 people are killed annually on average. According to Kobayashi
and Norose (2012), 1,228 tornadoes occurred from 1961 to 2011 in Japan, and 42% of
them caused human or property damage. The total number of deaths was 39 and the
number of injuries was 2,022. Tornado occurrences are particularly frequent along the
Pacific coast, especially in regions like Hokkaido, Shizuoka, Miyazaki, Kagoshima, and

Okinawa prefectures. The occurrence rate per unit area is also high in urban areas
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like Tokyo, Chiba, and Saitama Prefectures in the Kanto region (Hayashi et al. 1994;
Niino et al. 1997). In densely populated areas, the potential for severe damage from
tornadoes is high. Although future climate change is expected to increase atmospheric
instability (Diffenbaugh et al. 2013), vertical wind shear is projected to weaken, and
therefore it is not necessarily clear whether tornado frequency will increase. Neverthe-
less, in order to reduce human and property damage due to tornadoes, it is crucial
not only to predict their occurrence but also to consider their movement.

In addition to damage caused by tornadoes (e.g., Brooks and Doswell 2002; Agee
and Taylor 2019) and the spatio-temporal distribution of the occurrences of tornadoes
(e.g., Dessens and Snow 1989; Taszarek and Gromadzki 2017), the effect of their syn-
optic scale phenomena on tornado occurrence have long been discussed (e.g., Tippett
et al. 2016; Tochimoto 2022). In particular, many studies of development mechanism
of tornadoes using numerical simulations have been conducted in Japan. Recent stud-
ies extensively simulated a killer tornado spawned by a supercell in Tsukuba, Japan
on May 6, 2012 (Mashiko 2016a,b; Yokota et al. 2018; Tao and Tamura 2020). In
these numerical simulations, the vorticity source of mesocyclones and tornadoes were
investigated to clarify the causes of tornado occurrence. Other previous studies have
also used Doppler radar measurements (e.g., Niino et al. 1993; Suzuki et al. 2000;
Kobayashi et al. 2007; Adachi and Mashiko 2020) and numerical simulations (e.g.,
Mashiko et al. 2009) to investigate the vertical structure of cumulonimbus clouds and
occurrence factors of tornadoes.

The number of statistical studies on tornadoes is limited owing to the reliance on
visual observation reports, however. As the most comprehensive statistical study on
tornadoes in Japan, Niino et al. (1997) conducted a significant statistical analysis of
tornadoes and waterspouts during 33 years from 1961 to 1993, and estimated the risk

of tornado encounters in each prefecture. Other previous studies on tornado statistics
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in Japan include statistical investigation of tornado characteristics by regions and
weather conditions (Hayashi et al. 1994).

Although previous studies have discussed the environmental fields favorable for
tornado occurrence and their predictability before tornado occurrence (Sakurai and
Kawamura 2008; Shibata 2006), little statistical research has been conducted on the
movement of tornadoes, especially in the northwest Pacific. In the United States, Fujita
(1987) investigated the frequency and geographical distributions of eight compass
directions and the geographical distribution of tornado movement directions between
1961 and 1985. He showed that approximately 59% of tornadoes moved northeastward,
6% northward, and 19% eastward, indicating a pronounced predominance toward the
northeast quadrant.

In Japan, according to Niino et al. (1997), more than 50% of tornadoes between
1961 and 1993 moved toward the northeast quadrant and approximately 22% moved
northeastward (Fig. la). However, the directions of the tornado movement used in
their study are based on visual reports of eyewitness, which tend to be reported in
eight major directions (i.e, 45° X n (integer) from the east), and are not necessarily
accurate. They did not investigate the reasons for the northeastward preference in the
direction of tornado movements and its relationship with large-scale wind fields. This
situation motivated us to explore a possibility of statistically predicting the direction

of tornado movements.
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a) Frequency distribution of tornado movements b) Definition of the direction of tornado
1961-1993 (Niino et al. 1997) movement 6,

end point

starting point ) East

o / @ : recorded damage locations

c) Asin (a) but for the present study

This study (1961-2023)
This study (1961-1993)
Based on JMA data (1961-2023)

Fig. 1 a) Frequency distribution of the direction of tornado movements between 1961 and 1993
(Niino et al. 1997) (bold line) and between 1961 and 1982 (Omoto et al. 1983) (thin line). b) Definition
of the direction of tornado movement in this study. ¢) As in (a), but calculated using our definitions
(dashed line) and for 1961-2023 (solid line). For comparison, the frequency distribution of tornado

movement described in JMA database (based mainly on reports) is shown by gray solid line.

In this study, instead of using visual reports of eyewitnesses, we will objectively
estimate the direction of tornado movements based on latitudes and longitudes of the
starting and end points of the damage path. First, we will examine if the northeast-
ward propensity of tornado movement remains the same when our objective method
is used. Thereafter, we will consider the characteristics of the directional distribu-
tion of tornado movement according to seasons, regions, and synoptic meteorological
conditions. We will also use circular statistics to examine the correlation between tor-

nadoes and the environmental wind. Finally, we will compare the tornado movement
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with supercell movement estimated by a method using the environmental wind, and
explore the cause of the northeastward preference.

This article is organized as follows. The data and analysis method used in this
study are described in the following section. In the third section, after examining the
statistics of the distribution of the directions of tornado movement, we show that the
directions of tornado movement has a statistically significant correlation with mid-
tropospheric wind. Summary and discussion, including future challenges, are presented

in section 4.

2 Data and Methods

2.1 Tornado Data

The database of gusty winds provided by the Japan Meteorological Agency (JMA) is
used in this study. The database contains records of gusty wind events caused by tor-
nadoes, downbursts, gust fronts, cold fronts, and dust devils from 1961 to the present,
including the date and time of their occurrence, locations, synoptic meteorological
conditions, and damages. In this study, only tornado cases are considered for the sta-
tistical analysis. Waterspouts that spent their whole lives over the ocean were excluded
from the statistical analysis.

Although the JMA database contains the records of 1,514 tornadoes between Jan-
uary 1961 and December 2023, we extracted 998 cases, which have records of the time
of occurrence (on the timescale of second, though subject to some uncertainty) and
latitudes and longitudes of the starting and end points of the damaged path. To obtain
reliable estimates of direction of the tornado movement, we further extracted 412 cases
where the location of damage on land has been confirmed and the straight-line length
of damage path is longer than 500 m. It turned out that 33% of the extracted tornadoes
are rated as F0, 47% as F1, and 15% as F2 or F3, indicating that a sufficient number

of tornadoes that caused significant damage are included in the present analysis.
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2.2 Directions of tornado movement

As shown in Fig. 1b, we calculate the direction of tornado movements 6; using the
latitudes and longitudes of the starting and end points of the damage path recorded
in the gusty wind database of JMA, without using visual observation reports or the
wind direction at the surface, as a simple approximation of the tornado movement.

0; is calculated by the following equation,

0, = arctan Rz = 1) (1)

Rcosp(Aa — \p)

where ¢1(p2) and A (A2) represent the latitudes and longitudes of the starting (end)
points, respectively, and p = (1 + 2)/2 denotes the mean latitude. R = 6.4 x 10°
m is the radius of the earth. If Ay = Ag and 1 # g, 0; is defined to be 90°. When
presenting the statistics in 16 directions, all directions are divided into 16 pieces at an
interval of 22.5°. For example, when 6; is 0°, the movement is eastward.

The direction of tornado movement based on reports of eyewitness 6;. is also
recorded in the JMA database, but it is less reliable than #; and also the number of
available data for ;. is limited. Reported 6;. is given as a single primary direction, and
any changes in direction are recorded separately as secondary movements. The value
of 0;¢ is determined based on a comprehensive assessment that incorporates eyewitness
reports, information from field interviews, and weather radar observations in modern
practice. 336 tornadoes out of 412 tornadoes analyzed in this study have records of
movement directions 6;.. A comparison between the movement directions listed in the

database 6;. and those calculated in this study 6; is conducted in subsection 3.2.
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2.3 Typhoon-associated Tornadoes

About 20% of tornadoes in Japan are known to be associated with typhoons (Niino
et al. 1997). In this study, typhoon-associated tornadoes are defined as tornadoes that

occurred within 800 km from the typhoon center as follows.

RV/((M1 = M) cos@)2 + (g1 — ¢1)2 < 800 km (2)

where ¢; and \; represent the latitudes and longitudes of the typhoon center. The
typhoon center was determined from the Best Track Data of The Regional Specialized
Meteorological Center (RSMC) at the closest time to the time of tornado occurrence
recorded by the JMA. When multiple typhoons exist simultaneously, the distance to
the nearest one is used. Based on this method, 93 typhoon-associated tornadoes are

extracted.

2.4 Wind Directions

Environmental horizontal winds in the present analysis are taken from the European
Medium-Range Weather Center (ECMWF) Reanalysis 5 (ERA5) (Hersbach et al.
2020). Its horizontal resolution is 0.25° in both zonal (approximately 22 km around
Japan) and meridional (approximately 28 km) directions, vertical resolution is 50 hPa
from 300 to 1000 hPa, and temporal resolution is one hour. We use the mean of the
winds at the four nearest grid points of the starting point of the tornado damage at
the nearest time immediately before the tornadogenesis.

The direction of environmental wind 6,, is calculated using the following equation,

v
0, = arctan — 3
arcanu (3)
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where v and v are zonal and meridional component of the horizontal winds. 6,, is
measured anticlockwise from the east. In Section 4, the wind directions are similarly

derived from the Meso-Scale Analysis dataset by JMA (Honda et al. 2005).

2.5 Circular Statistics

Angular data pose a major problem when conducting statistical analysis: Statistical
analysis methods that target non-angular data cannot be used when analyzing angular
data which have periodicity. For example, the mean value will have unnatural defi-
nitions if applied naively to angular data. The mean of 1° and 359° should not be
(1°+359°)/2 = 180°, but should be 0°. The statistical analysis method for angular
data is known as circular statistics (e.g., Fisher et al. 1993; Mardia et al. 1999).

In this study, we calculate the correlations between two angular variables, tornado
movement direction 6; and wind direction ,, at the time of tornado occurrence using
the circular correlation measure described by Jammalamadaka et al. (2001). The

circular correlation coefficient ~. is defined as

Z sin(0, — 0;) sin(Or — O)

k=1

|
—
=~
~—

Ye =
n
Z sinz(ﬁtk —6;) sin2(9wk —6y)
k=1
where the directions of the tornado movement and the environmental wind for the k-
th tornado are 0;; and 6., respectively, and the total number of tornadoes is denoted

as n. Here, the mean values of 6 and 6, using circular statistics are represented by
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0, and 0,,, respectively, and calculated as

n
1 .
— E sin 0;y,
n
k=1

0; = arctan T
— Z cos 01,
n

k=1
Based on Jammalamadaka et al. (2001), the statistical confidence interval is calculated
assuming that test statistic z,, of the two correlated variables follows a standard normal
distribution, where
N0 02

2N =
Y Je
22

and

1 <& ) _ ) _
Q= - ;sinz(etk — 0;)sin? Bk — Ou)-

2.6 Estimation of direction of supercell movement

Tornadoes are spawned by supercells, quasi-linear convective systems, hurricanes, or
associated with meso-scale fronts (Agee 2014). Several previous studies have investi-
gated the fraction of tornadoes in Japan that are spawned by supercells and other
convective systems (e.g., lizuka and Kajiya 2011). While these studies provide valu-
able insights, they are based on statistics covering relatively short time periods (e.g.,
3 years for Tizuka and Kajiya (2011)), and thus the long-term characteristics of
tornado-producing systems remain to be further explored.

Supercells cause various hazardous phenomena, including tornadoes, and their
movement is known to deviate from the mean tropospheric wind because of the inter-
action between the updraft and the environmental shear (e.g., Rotunno and Klemp
1982). Tornadoes spawned by supercells are likely to move toward the same direc-
tion as the parent supercells. A typical method for predicting the movement direction
of supercells from the proximity sounding of the environmental wind is proposed by

Bunkers et al. (2000), and is hereafter referred to as the Bunkers’ method.

10
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According to the Bunkers’ method, the motion of a right-moving (RM) supercell
is estimated as

VRM = Vmean + D (6)

Vshear X lA{
‘Vshear ‘

where D = 7.5 m/s gives a measure of the deviation of the supercell motion from
the mean wind. V yean and Vgpear are the mean wind vector and vertical wind shear
vector, respectively. In this study, Vean is estimated as the mass-weighted mean of
the wind vectors at all pressure levels, Vghear as the difference of wind vectors between
mid-troposphere and the surface, and k is the unit vector in the upward vertical
direction.

In Bunkers et al. (2000), the calculation is based on horizontal winds within the
layer from the surface to the 6 km altitude, approximately corresponding to the 1000
hPa to 500 hPa pressure levels. Since supercells in Japan tend to have lower top than
those in the United States, we estimated supercell motions using the mean wind and
vertical shear between 1000 hPa and 700 hPa levels. The correlations remain nearly
similar, even if 500 hPa is used for the upper bound of the pressure level, as shown in

subsection 3.4.

3 Results

First, we calculate the direction of tornado movement using the Equation (1) and
compare our results with those of Niino et al. (1997) in subsection 3.1. Next, we
will analyze the seasonality and their relationship with synoptic conditions in sub-
sections 3.2 and 3.3, respectively. In subsections 3.4, we will then investigate the
relationship between tornado movement and the large-scale wind at the time of tor-
nado occurrence. Finally, in subsection 3.5, we will discuss the relationship between

the tornado and supercell movements.

11
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3.1 Direction of Tornado movement

The frequency distribution of tornado movement directions #; obtained in this study
is shown in Fig. lc (bold black line). Approximately 15% of tornadoes move in the
northeast direction, followed by 14% each in the north and east directions, and 12%
each in the east-northeast and north-northeast directions, showing that nearly 70% of
tornadoes move toward the northeast quadrant. Here, the northeast quadrant denotes
the 90° range counterclockwise from the east to the north. Note that the sharp peaks
in eight compass directions that existed in Niino et al. (1997) (Fig. 1la) have been
smoothed out in our result (Fig. 1¢). The methodology used in this study, which objec-
tively determines movement directions, eliminates the bias introduced by eyewitness
reports. Similar sharp peaks are found for frequency distribution of the tornado move-
ment 0y, based mainly on eyewitness reports in JMA database (gray solid line in Fig.
1lc).

To compare the movement direction distributions between this study and Niino
et al. (1997), we also analyze the period from 1961 to 1993. During this period, 75%
of the 119 tornadoes moved toward the northeast quadrant (Fig. lc, dotted line),
which matches the directional preference observed in Fig. 1a. While Niino et al. (1997)
considered the movement directions for 353 tornadoes over the same period, this study
is made for 119 cases. The reason for this difference in the number of cases lies in the
fact that, while Niino et al. (1997) collected tornado information from various reports
of not only JMA but also local meteorological observatories, this study relies solely
on the database of gusty winds currently provided by JMA and further made our own
extractions as described in subsection 2.1.

A similar northeastward preference was also observed in the following 30-year
period (1994-2023) (not shown), with 65% of 293 tornadoes moving toward the
northeast quadrant. In both periods (i.e., 1961-1993 and 1994-2023), nearly 70% of

the tornadoes moved toward the 90° range between the east and the north. The
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fact that the results for the two different statistical periods are qualitatively similar
demonstrates that the northeastward predominance is likely a universal feature of the
tornadoes in Japan.

The 6; distribution shows that about 20% moved northeastward, and 15% moved
northward, more than 60% to the northeast quadrant. The bias toward eight directions
results from an artifact due to eyewitness reports of tornado movement, prompting
this study to apply a more objective method for calculating movement directions (refer

to subsection 2.2), which provides more reliable statistics.

3.2 Geographical and Seasonal Characteristics of Distribution

Figure 2 shows the locations of tornado occurrences categorized by eight movement
directions. Tornadoes moving toward the northeast quadrant account for 70% of the
total and are widely distributed with no significant regional bias. However, even within
the northeast quadrant, differences are observed: eastward-moving tornadoes (yellow
points) are more frequent on the Sea of Japan side, whereas northward-moving torna-
does (red points) are more common on the Pacific side. In inland and plain regions,
tornadoes moving in various directions are found, and overlapping locations make it

difficult to fully visualize the actual proportions of movement directions.
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Fig. 2 Geographical distribution of tornado movement directions between 1961 and 2023. Tornado
movement directions are color-coded into eight compass directions, as shown in the legend at the

lower right. The number of cases for each direction is also indicated in the legend.

The fact that many tornadoes causing damage in Japan are observed along coastal
areas is also clearly evident in Fig. 2. Therefore, we examine the regional difference of
movement direction between the Pacific side and the Sea of Japan side. The way to
divide Japan geographically follows the regional names used by seasonal forecasts by
JMA (see Data Availability Statement). The Sea of Japan side consists of the regions
of northern, eastern, and western Japan that face the Sea of Japan, while the Pacific
side is defined as the regions of northern, eastern, and western Japan that face the
Pacific Ocean, and, Okinawa and Amami.

Tornadoes on the Sea of Japan side tend to move eastward (Fig. 3a, red line), while

those on the Pacific side tend to move toward between northeast and north (Fig. 3a,
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blue line). The overall northeastward preference of tornado movement results from the

contributions of these two regions.

a) Tornado movement distribution b) Tornado movement distribution
by regions by seasons

N

SON A
Pacific W

Fig. 3 a) Frequency distribution of directions of tornado movement for the Sea of Japan side (red
line) and the Pacific side (blue line). b) As in Fig. 3a, but for seasons (MAM: black line, JJA: blue,
SON: red, DJF: gray).

It is noted that the bias toward the northeast quadrant is found for both tornadoes
that originated on land (314 cases) and those that originated over sea and made a
landfall (98 cases).

More than 60% of the tornadoes move toward the northeast quadrant in each
seasons. Figure 3b shows the distribution of direction of tornado movement for
each season. September-October-November (SON) experiences the largest number
of tornado occurrence (181 cases), followed by June-July-August (JJA, 132 cases),
December-January-February (DJF, 52 cases), and March-April-May (MAM, 47 cases).
In general, environmental conditions for tornado formation differ significantly between
summer and winter. In summer, tornadoes are primarily associated with warm-air
advection including the one due to typhoons, while in winter, they are mainly asso-

ciated with cold-air advection associated with the northwesterly blowing from the
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continent (west to east). Despite these differences, tornadoes moving toward the north-
east quadrant occurred in the following proportions: 62%, 65%, 88%, and 74% of
tornadoes in SON, JJA, DJF, and MAM, respectively.

In DJF and MAM, tornadoes tend to move toward between east and northeast,
whereas in JJA and SON, they not only move toward the east quadrant (between
southeast and northeast) but also show a notable northward movement. In SON,
the proportion of tornadoes moving northward is the highest at 18%. As we have
explained above, the two directional peaks, toward north and toward east, have

seasonal characteristics.

3.3 Relationship with Synoptic Conditions

Figure 3b shows that 60% of the 181 tornadoes in SON moved toward the north quad-
rant (between northeast and northwest), and 40% moved toward the east quadrant
(between southeast and northeast). In addition, Fig. 2 shows that tornadoes moving
eastward and northward are distributed separately over the Pacific side and the Sea
of Japan side, respectively. The two peaks toward the north and toward the east, are
presumably caused by different mechanisms: the peak toward the north is found only
from July to October. During this period, typhoons exert a strong influence, causing
substantial changes in weather conditions over much of Japan. So in this section, we
will investigate the relationship between tornado movement and synoptic conditions.

According to the database of gusty wind by JMA, tornadoes often occur in synoptic
situations with fronts, cold or warm advection, and typhoons. Of the 412 tornadoes
analyzed in this study, 93 were identified as typhoon-associated tornadoes, where 38
occur in JJA and 54 in SON.

First, we look at typhoon-associated tornadoes, which predominantly move
between north-northeastward (Fig. 4a, black lines). In both JJA and SON, the dis-

tribution of movement directions for typhoon-associated tornadoes are similar (not
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shown), and thus the northward peak observed in the overall tornado movement
distribution is attributed to typhoon-associated tornadoes. It should be noted that
typhoon-associated tornadoes in this study were specifically extracted based on the
criteria in subection 2.3, but a similar directional bias was also observed in 112 cases
for which the synoptic condition is described as a typhoon in the JMA database (not

shown).

a) Tornado movement distribution by b) Locations of typhoon-associated tornadoes
synoptic conditions relative to typhoon center
N

— Typhoon-associated
— Warm advection
— Cold advection

S

c) Distribution of tornado frequencies by 900 hPa temperature advection

cases

80 mean

| normal distribution
+0.70
60 ]
Cold-air i
0 advection A ’\\ Warme-air advection
20

©-0.0005 0.0000 0.0005 0.0010 advection amount

Fig. 4 a) Frequency distribution of tornado movement directions categorized by synoptic condition:
93 cases of typhoon-associated (black line); 70 cases of warm-air advection (red); 63 cases of cold-air
advection (blue). b) Locations of typhoon-associated tornadoes relative to the typhoon center, with
the circle center representing the typhoon center. ¢) Histogram of tornado frequencies as a function
of temperature advection at 900 hPa, together with the fitted normal distribution. Temperature
advection outside the range of +0.70 (blue dashed line) is classified to strong warm- or cold-air

advection.
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The reason why typhoon-associated tornadoes move to the north is that most tor-
nadoes occur in the northeast quadrant of a tropical cyclone (e.g., Fujita et al. 1972;
Novlan and Gray 1974; McCaul 1991; Sueki and Niino 2016), where the environmen-
tal wind for the parent storm is southerly due to the counterclockwise circulation of
the typhoon. Figure 4b shows the distribution of the directions and distances from the
nearest typhoon center for each typhoon-associated tornado from the Best Track Data.
More than 80% of typhoon-associated tornadoes occurred in the northeast quadrant
of the typhoon center, and nearly a half of them within the 22.5°-range of the north-
east direction. A similar directional preference of tornado occurrence in the northeast
quadrant is also reported for hurricanes (e.g., Novlan and Gray 1974; Gentry 1983;
McCaul 1991).

The difference of the distribution of tornado movement directions between envi-
ronment with warm and cold advection was also examined (Fig. 4a, red and blue line).
The advection is defined by —V-VT with V and T being horizontal velocity and tem-
perature at 900 hPa level (advection center at the boundary layer top), respectively,
at the nearest time and grid of the tornado occurrence.

Tornadoes occurring under strong warm-air advection (70 cases) and strong cold-
air advection (63 cases) exhibit distinct directional biases, respectively. Figure 4c shows
the histogram of temperature advection. The distributions of the direction of tornado
movement in Fig. 4a are shown for strong temperature advection outside the +0.7¢
range from the mean value, where o is the standard deviation. During warm-air advec-
tion, tornadoes tend to move between northeastward and northward, whereas during
cold-air advection, tornadoes tend to move between eastward and northeastward. The
distribution suggests that the directional preference of tornado movement for all tor-
nadoes can be explained by the superposition of a distribution having a peak between

east to northeast and that having a peak between northeast to north. Thus, tornado
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movement directions are influenced by multiple factors rather than a single cause and
highlight the complex interplay of environmental conditions.

Although tornadoes generally tend to move toward the northeast quadrant
described in subsections 3.2 and 3.3, their precise movements depend on environmen-
tal and meteorological conditions. Thus, from a disaster prevention perespective, it
is not sufficient to consider that tornado movement is uniformly northeastward. In
the following sections, we will explore the factors that determine tornado movement

direction based on the meteorological conditions at the time of their occurrence.

3.4 Correlations with the large-scale wind field at each

pressure level

The environmental winds at the time of tornado formation are generally southerly to
westerly, and tend to veer toward the westerly-southwesterly with increasing height.
Since a tornado is spawned by cumulonimbus clouds, which are steered by the envi-
ronmental wind at the mid-troposphere, it is likely that the tornado movement is also
largely determined by the environmental wind. In this section, we will examine the
angular correlation coefficient between the direction of tornado movement and the
environmental wind, accordingly.

The movement direction of a tornado would be strongly influenced by synoptic
situations. Figure 5a shows a scatter plot of the tornado movement direction 6;, esti-
mated from the ground damage path, and the wind direction 6, at 750 hPa level.
Tornadoes associated with typhoons and those not associated with them are plot-
ted by red and blue points, respectively. The data generally distribute along a line
with a slope of 1, irrespective of whether tornadoes are associated with a typhoon
or not, suggesting that tornado movement directions are reasonably explained by the

environmental wind at 750 hPa.
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Fig. 5 a) Scatter plot of tornado movement direction 6; and 750 hPa wind direction 6,,. Red and
blue dots show tornado associated with and not associated with typhoons, respectively. b) Circular
correlation coefficient between tornado movements and winds at each pressure levels at an interval
of 50 hPa between 300 and 1000 hPa. Only data in the black square in (a) are used. Black and red
line shows correlation coefficient for all tornadoes and typhoon-associated tornadoes, respectively.
¢) Histogram showing the deviation of tornado movement directions 6; from the 750 hPa wind 6,,.
Positive (negative) values indicate a deviation of tornado movement to the left (right) of the wind.
d) Deviation of the tornado movement directions from the mean wind direction for all pressure

levels. Black and red lines show the deviation for all tornadoes and typhoon-associated tornadoes,

A quantitative assessment, beyond the visual impression from the scatter plots,
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shows that the strongest correlation between tornado movement direction and wind

direction occurs at the 700-800 hPa level (Fig. 5b). Since nearly 70% of tornadoes move
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toward northeast quadrant (subsection 3.1), we will hereafter consider only tornadoes,
whose wind direction and movement direction are within —45° < # < 135°, and
investigate the relationship between directions of environmental wind and tornado
movement in more detail. The correlation coefficient between directions of tornado
movement and environmental wind at the 300-1000 hPa level ranges from 0.65 to
0.79 (black line in Fig. 5b), and the correlation is statistically significant at the 95%
confidence level at all altitudes with 50 hPa interval. For typhoon-associated tornadoes,
for which the distribution of environmental wind direction remains dominated by
westerly winds at higher altitudes, the angular correlation coefficient is the largest at
600 hPa (red line in Fig. 5b). Though there exist small differences between all cases
and for typhoon-associated tornadoes, the correlation remains statistically significant.

Although the wind direction and tornado movement direction appear to be well
correlated at several altitudes, a detailed examination using histograms (Fig. 5c) clar-
ifies the degree to which they actually align. The mode for the difference between
the directions of tornado movement and wind at 750 hPa level, where the correla-
tion is highest, turns out to be 0° as may naturally expected. Figure 5d shows the
deviation of tornado movement direction from environmental wind direction (6; — 6,,)
as a function of the pressure level. The mode shifts to the left of the mean wind at
higher levels, while to the right at lower levels. Overall, the best alignment between
tornado movement and environmental wind is found at 700-800 hPa, indicating that
the mid-tropospheric horizontal wind at the time of tornado formation provides the

most reliable statistical estimate of tornado movement direction.

3.5 Determination of supercell-type tornadoes and its

relationship with tornado movements

In the previous subsection, we have seen that the direction of tornado movement is best

correlated with the environmental wind at around 700 hPa. Since a certain fraction
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of tornadoes in Japan are spawned by supercells (lizuka and Kajiya 2011), it is of
interest to examine to what degree the tornado movement agrees with the supercell
movement. There have been several ways of estimating the supercell movement from
the vertical profile of the environmental wind. Here, we use the Bunkers’ internal
dynamics (ID) method to estimate the supercell (Bunkers et al. (2000), see subsection
2.6). Although its usefulness depends on the presence of sufficient vertical wind shear
for the occurrence of the supercell, we use this method to obtain a rough estimate.
Since the data of tornado speed are unavailable, we will only compare the directions
of the supercell (6;5) and tornado (#;) movements.

Supercells having a mesocyclone tend to move rightward relative to the environ-
mental winds at each pressure level. The angular difference 65 — 6,, at all levels ranges
from 0° to —40°, with an average of —23°. This result is consistent with the simpler
estimation method of supercell movement proposed by Maddox (1976), which sug-
gested, based on proximity sounding data, that supercells deviate approximately 30°
clockwise relative to the environmental mean wind.

The movement direction of tornadoes (6;) was, on average, approximately 20.7°
counterclockwise relative to the movement direction of supercells (65). Note that this
is the case when the wind shear between 1000 and 700 hPa was used to estimate
supercell movement. Using the conventional Bunkers’ method, which employs the shear
between 1000 and 500 hPa, the deviation of the tornado movement direction from the
supercell movement direction is 21.8° counterclockwise. Thus, the estimated directions
of supercell and tornado movements are not highly sensitive to the choice of the upper
boundary.

The supercell movement vector is not a highly reliable predictor of tornado move-
ment in Japan and should be applied with caution, given that not all tornadoes in
Japan are of the supercell type. As discussed in the previous paragraph, 6; — 65 devi-

ates by approximately 20° on average. Moreover, the standard deviation of 6; — 0y is

22



446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

36°, indicating that the spread is also considerable. Furthermore, a certain number of
tornadoes show deviations of 90° or more. A caveat of these results is that the empir-
ical value of D = 7.5 m/s may not be suitable for environmental conditions in Japan,

so it needs to be reevaluated.

4 Summary and Discussion

Approximately 70% of tornadoes in Japan between 1961 and 2023 moved toward the
northeast quadrant. We have confirmed the preference in the movement direction indi-
cated in Niino et al. (1997) by calculating the direction in a more objective manner
using the starting and end points of the damage path. This preference has not changed
between the analysis period of Niino et al. (1997) (1961-1993) and its subsequent
period (1994-2023), confirming the direction of tornado movement is predominantly
between east and north throughout Japan. This predominance toward the northeast
quadrant is observed throughout the seasons, but the distribution of tornado move-
ment for JJA and SON both show sharp peaks in the north and east directions. By
classifying tornadoes according to the synoptic situations, it is shown that the fre-
quency to the north are contributed by typhoon-associated tornadoes or by warm-air
advection, while that to the east are caused by either a mid-level environmental flow
without typhoon or by cold-air advection.

To the first order, tornadoes move toward the same direction as the large-scale
environmental wind below the mid-troposphere. Our analysis shows that the direction
of the environmental wind near 750 hPa has the strongest correlation with that of the
tornado movement. Supercell movement is known to exhibit a systematic rightward
deviation from the mean wind. However, the tornado movement direction tends to be
closer to the environmental wind than to the supercell motion. Based on this analysis,
we have statistically demonstrated that tornado movement is mainly determined by

horizontal winds in the lower troposphere, but not by boundary-layer winds.
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Several aspects in this study require careful consideration and validation. Torna-
does occur over a wide range of locations, including offshore, coastal, inland, and
mountainous regions, and the complex topography of Japan renders uniform statisti-
cal aggregation challenging. The movement direction of tornadoes has been obtained
by assuming a straight line between the starting and end points of damage path in this
study. Future work should consider incorporating curved trajectories into the analysis
to better capture actual tornado paths. In addition, further investigation is required
to use Doppler radar data to classify the types of storms that produced tornadoes and
to examine the corresponding tornado movement characteristics and environmental
parameters for each storm type.

One might wonder whether the horizontal resolution of ERA5 is sufficient to
account for the complex terrain. The mesoscale analysis (MA) of the JMA, for exam-
ple, has a finer spatial resolution of 5 km, but has a temporal resolution of 3 hours.
When we analyze tornado environment affecting the tornado movement, however, high
temporal resolution is likely to be crucial, since the mesoscale environment of a tor-
nado changes very rapidly with the movement of an extratropical cyclone, a typhoon,
or a front. Thus, one-hour temporal resolution of ERA5 gives a better representation
of the tornado environment than MA, as discussed in the following paragraphs.

To assess the impact of temporal resolution of the reanalysis data, Figs. 6a to 6d
present the results of the same analysis as in Subsetion 3.4 for ERA5 and MA for the
analysis period of 2006-2023. The environmental wind field for MA was obtained by
averaging the four grid points nearest to the starting point of the tornado damage path
at the 3-hourly time step immediately preceding the tornado occurrence, which is only
available after 2006. Calculations using a weighted average of MA values at the two
time steps nearest to the tornado occurrence time are also performed for comparison.
Although the correlation values are slightly reduced when the weighted average is
used, the overall characteristics of the relationship between tornado movement and

environmental wind remained similar.
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Relationship between tornado movement direction and environmental wind direction (2006 - 2023)
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Fig. 6 a) and b) Same as Fig. 5b and 5d, respectively, except for the period between 2006 and 2023
using ERAS5 analyzed every 50 hPa from 300 to 1000 hPa. For the period between 2006 and 2023,
215 tornado cases are included in the analysis. ¢) and d) Same as a) and b), respectively, except for
using MA data analyzed every 100 hPa from 300 to 1000 hPa, with finer resolution at lower levels. e)
Scatter plots of tornado path length (log-scale) and angular difference of tornado movement direction
between this study and the JMA database. Note that the analysis is limited to the 336 cases for which
movement direction is documented in the JMA database. f) Scatter plots of tornado path length and
deviation of tornado movement direction from the 750 hPa wind direction (6 — 0. ) in this study

(412 cases).
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The results show that, while upper-level winds are largely consistent between the
two datasets, significant differences exist near the surface. For ERA5, lower-level winds
are predominantly southerly, whereas they are northwesterly for MA. These differences
result in different patterns of correlation and deviation between tornado movement
directions and environmental winds at low levels.

Figure 6a shows that ERA5 exhibits higher correlations than MA for all alti-
tudes, suggesting that ERA5 appears to be more suitable for capturing near-surface
environmental conditions in Japan. This advantage likely arises from its high tem-
poral resolution, which is critical given the highly time-varying nature of tornado
environments, including wind direction. According to Niino et al. (1997), an average
translation speed of tornadoes is about 10 m/s, which means that a tornado and its
parent storm would move 108 km in 3 hours. Therefore, when analyzing large-scale
environmental fields for tornado movement, the temporal resolution is more important
than the difference in the spatial resolution between 5 km and 25 km.

To ensure the objectivity of the tornado movement directions calculated in this
study, we have also examined the consistency between tornado movement directions
described in the JMA database and those calculated in this study. The analysis was
restricted to 336 tornadoes with recorded directions in the JMA database. Figure
6e shows the damage path length (estimated by a straight-line distance between the
start and end points) and the differences between the tornado movement directions
0ie described in the JMA database and those in this study 6; were compared. The
differences between 6;. and 6, are generally small, but a considerable fraction of
tornadoes move toward different direction by 22.5°, which seems to give a degree of
reliability of eyewitness reports. Furthermore, the angular difference has unnatural
peaks in eight compass directions reflecting the angular distribution in Fig. 1c (gray),
confirming that the movement direction defined in this study is more objective than

that described in the JMA database.
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To verify the appropriateness of the criterion that the damage path length has
to be longer than 500 m, the relationship between the damage path length and the
deviation of tornado movement from the environmental wind is also investigated.
Based on Section 3.4, the wind direction at 750 hPa was used, which on average aligns
most closely with tornado movement. Figure 6f shows that tornadoes with shorter
damage paths exhibit relatively larger angular variance. Since a majority of the damage
path length does not exceed 5 km, however, the 500 m criterion is considered to be
a reasonable choice for ensuring an adequate number of cases to exclude events for
which the movement direction cannot be reliably determined.

This study has demonstrated that the tornado movement is presumably explained
by the movement of the parent storm, and thus by the environmental wind to the first
order approximation. Hence, once a genesis of a tornado is detected, the direction of its
movement may be predicted by the movement of storms observed by radar. Recently,
a real-time information system of gust wind associated with a mesoscale vortex using
a Doppler radar has been implemented for safe train operation in the Japan Sea side
during winter (Kusunoki et al. 2025). Nevertheless, prediction and detection of tornado
occurrences during warm seasons remain challenging. In fact, the hit rate of hazardous
wind watch provided by JMA remains around 5%. In the future, however, it is hoped
the warnings incorporating the direction of tornado movement are issued to reduce
damage to human and traffic, and to enhance public preparedness for disaster. The
present study contributes to understand the relationship between tornado movements

and the environmental wind, and will give a first basic step to develop such warnings.
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Tornado data analyzed in this study are available at https://www.data.
jma.go.jp/stats/data/bosai/tornado/index.html. The regional divisions of Japan
area based on https://www.data.jma.go.jp/cpd/cgi-bin/view/explanation/tiikimei.
html. Horizontal wind and temperature data based on ERA5 and MA ana-
lyzed in this study are available at https://cds.climate.copernicus.eu/cdsapp#!/
dataset/reanalysis-erab-pressure-levels?tab=form and http://database.rish.kyoto-u.
ac.jp/arch/jmadata/gpv-netcedf.html, respectively. Typhoon track data is available at

https://www.jma.go.jp/jma/jma-eng/jma-center /rsme-hp-pub-eg/besttrack.html.
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