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1. INTRODUCTION 

 

On the morning of 21 August 2011, a tornado 

struck the downtown area of Fukuoka City, western 

Japan. In this paper, we refer to this event as ‘the 

Fukuoka tornado’. This tornado was classified as F1 

on the Fujita scale, and more than 20 buildings were 

destroyed, but fortunately there were few casualties. 

Video of the tornado showed that it possessed a 

multiple-vortex structure, which will be described 

later. Multiple-vortex type tornadoes are rare in 

Japan, as are detailed radar observations of 

tornadoes. However, Inoue et al. (2011) analyzed 

the detailed temporal evolution of four low-level 

misocyclones using high-resolution Doppler radar 

datasets, which were obtained at an interval of 30 

seconds, and discussed their generation and 

development processes. Niino et al. (1993) 

described an example of a storm similar to a typical 

supercell storm in Japan, and Kobayashi et al. 

(1996) found a distinct cascading-scale structure 

consisting of mesocyclone, misocyclone, and funnel 

cloud in a typical supercell tornado. Suzuki et al. 

(2000) investigated a mini supercell (which noted by 

McCaul 1987) associated with a typhoon, and noted 

that a supercell generated in a moist environment 

had several characteristics that differed from a 

typical supercell observed in a dry environment. 

They also suggested that a significant fraction of 

tornadic storms in Japan are mini supercells. Using 

dual-Doppler analysis and numerical simulations, 

Shimizu et al. (2008) described a structure and 

formation mechanism for a “supercell-like storm” in 

a moist environment. There have been several 

detailed studies of supercell storms and tornadoes 

in the United States based on high-resolution 

observational data obtained using mobile Doppler 

radars (e.g., Wurman et al. 1997, 2002; Markowski 

et al. 2012a,b). However, there have been few such 

studies in Japan that have observed both a 

mesocyclone and a tornado simultaneously using 

Doppler radars.  

The purpose of the present study is to describe 

the relationship between the tornado vortex and the 

mesocyclone, as well as their vertical profiles, within 

the Fukuoka tornado. Fortunately, the C-band 

Doppler radar of the Japan Meteorological Agency 

(the JMA radar) and several X-band polarimetric 

radars are situated near Fukuoka, and they detected 

the mesocyclone and precipitation pattern within the 

parent storm. In addition, the tornado vortex was 

observed by the C-band Doppler radar at Fukuoka 

airport (DRAW: Doppler Radar for Airport Weather), 

located about 2 km from the damage track of the 

Fukuoka tornado. In this paper, we present our 

analysis of the data obtained from these radars. 

 

2. INSTRUMENTATION AND DATA 

ANALYSIS 

 

Six Doppler radar stations are available across 

Fukuoka Prefecture, Japan (Fig. 1a). To analyze the 

characteristics of the tornado vortex and 

mesocyclone, plan position indicator (PPI) datasets 

from the JMA radar and DRAW were used in this 

study. In addition, constant altitude PPI (CAPPI) 

datasets from the X-band Doppler radars were used 

to investigate the morphology of the parent storm 

echo. A video of the Fukuoka tornado, which was 

taken around 0641 Japan Standard Time (JST, = 

UTC + 9 hours), was also used. The video was 

taken facing south, from a location about 1 km north 

of the Fukuoka tornado (Fig. 1b). 

 

2.1 Radar Observations 

 

The JMA radar has a maximum observation 

range of 240 km and is located on the border 

between Fukuoka and Saga prefectures (Fig. 1a). 

The sampling resolution of the JMA radar data is 

500 m in the radial direction and 1.0° in azimuth. 

One volume scan consists of 26 elevation angles 

and takes 10 minutes. Low elevation angle PPI 

scans (EL = –0.3°, 1.2°, 2.8°, and 4.5°), providing 

both the reflectivity and Doppler velocity data, are 

also taken every 5 minutes. The DRAW system has 
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　FIG. 1.  Maps of (a) locations of radars and (b) the Fukuoka airport area. In both maps, the damage 
track is indicated by the black solid line, and the DRAW of the Fukuoka airport is indicated by the solid 
triangle. (a) Solid circles show the location of MLIT radars  located at Kazasi, Furutsuki, Kusenbu and 
Sugadake. The solid square shows the location of the JMA radar. The dashed square is the region of 
(b). (b) Dashed range circles represent observational range of the DRAW at 1-km and 2-km. The star 
indicates the location of the videophotographing. The shaded area indicates the Fukuoka airport.

(a)

(b)

　FIG. 2. Two snapshots, (a) and (b), from the video of the 
Fukuoka tornado. Suction vortices are indicated by arrows 
in (b). In (a), dash lines show outline of the tornado. In (b), 
dash lines show outline of one of suction vortices. The 
view is to the south from  a location approximately 1-km 
north of the tornado.
(Courtesy of the Fukuoka airport office.)
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a maximum observation range of 120 km and is 
located at Fukuoka airport (Fig. 1b). The sampling 
resolution of the DRAW data is 150 m in the radial 
direction and 0.7 ° in azimuth. One volume scan 
consists of 20 elevat ion angles and takes 6 
minutes. Low elevation angle PPI scans (0.7 ° and 
2.1°) are taken approximately every minute.

We used the four X-band polarimetric radars of 
the Ministry of Land, Infrastructure, Transport and 
Tourism (MLIT radar) located at Kazashi, Furutsuki, 
Kusenbu, and Sugadake in Fukuoka Prefecture, 
Japan (Fig. 1a) to observe the echo above the 
DRAW system and to obtain low-level observational 
da tase ts  over  a  w ide  a rea .  The  max imum 
observation range of the MLIT radar is 80 km, and 
the sampling resolution is 150 m in the radial 
direction and 1.2 ° in azimuth. One volume scan 
consists of 12 elevations and takes 5 minutes.

The MLIT radar data were interpolated onto a 
Cartesian coordinate system (CAPPI dataset), with 
a grid spacing of 0.5 × 0.25 km (horizontal × 
vertical). We used CAPPI datasets at 1 km above 
sea level (ASL) to exclude the influence of ground 
clutter, and employed a Cressman-type weighting 
function for the interpolation.

2.2 Vortex detection

Using the PPI scan datasets, the mesoscale 
vortex was detected manually using the following 
identification criteria (Donaldson 1970; Suzuki et al. 
2000):

1) a pair of maximum and minimum Doppler 
velocities was detected on at least two adjacent 
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　FIG. 3.  (a)-(i)　Horizontal distribution of the reflectivity at 1 km ASL from 0610 to 0650 JST. The 
contours indicate the reflectivity every 5 dBZ from 30 to 60 dBZ. The thick solid line indicates the 
damage track. The solid triangle and solid circle indicate locations of the DRAW and MLIT radar 
(Sugadake), respectively.  
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elevation angles and two successive scans;
2) the angle between the beam direction and the 

l ine segment connect ing the maximum and 
minimum points of Doppler velocity was more than 
45°;

3) the vertical vorticity was greater than 1.0 × 
10–2 s–1, where the vertical vorticity was calculated 
by dividing half of the difference between the 
maximum and minimum Doppler velocities by the 
vortex diameter. The vortex diameter was estimated 
as the distance between a pair of maximum and 
minimum points of Doppler velocity.

The mesoscale vortex is generally classified as 
either a mesocyclone or misocyclone based on its 
diameter (Fujita 1981), the criterion being 4 km. 
However, in this paper, we refer to the vortex of the 

pa ren t  s to rm as  the  “mesocyc lone”  (MC) ,  
regardless of its diameter (after Suzuki et al. 2000), 
while the smaller-scale vortex embedded within the 
MC is referred to as a “misocyclone” (mc).

3. OVERVIEW OF THE FUKUOKA 
TORNADO AND THE PARENT STORM

The locations of the Fukuoka tornado and the 
damage track surveyed by JMA are shown in Fig. 1. 
The intermittent damage length was about 5 km and 
the damage width was about 150 m. The Fukuoka 
tornado occurred at about 0638 JST on 21 August 
2011. It moved east-northeastwards and turned 
east at the western end of Fukuoka airport. Its 
l i fespan was about six minutes. As shown in
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　FIG. 5. PPI scan images of (left) reflectivity and (right) 
Doppler velocity fields at an elevation angle -0.3 ° at (a) 
0636:14 JST and (b) 0641:24 JST 21 August 2011 as 
measured by the JMA radar. In the Doppler velocity fields, 
dashed circles delimit the region of the MC. Small scale 
vortices, labeled “mc1” and “mc2” , are indicated by black 
circle and blue circle, respectively. Direction of radar site is 
indicated by “R” . The DRAW of the Fukuoka airport is 
indicated by the solid triangle.

Fig. 1b, at the end of its lifespan, the tornado 
crossed the southern edge of Fukuoka airport and 
left debris on a runway.

The sounding data from Fukuoka city show that 
a strong vertical shear, accompanied by veering 
and a low-level moist layer, had developed by 0900 
JST (not shown). The lifted convection level (LCL), 
corresponding to the cloud base, was at 938.9 hPa, 
the convective available potential energy (CAPE) 
was 796.5 J kg–1, and the storm’ s relative helicity 
(SReH) was 252.8 m2 s–2. The value of SReH is 
higher than the threshold value (150 m2 s–2) for 
mesocyclone formation noted by Davis-Jones et al. 
(1990).

Figure 2 presents two snapshots from the video 
of the Fukuoka tornado, from which the height of 
the cloud base and the width of the Fukuoka 
tornado were estimated to be about 80 m and 400 
m, respectively (Fig. 2a). These observations 
suggest that this tornado had a very large diameter, 
and also that the base height of its parent cloud was 
very low. Despite being rated as F1 on the Fujita 
s c a l e ,  t h e  F u k u o k a  t o r n a d o  s h o w e d  a  
multiple-vortex structure, which contained more 
than three simultaneous suction vortices, as seen in 
Fig. 2b (Fujita 1981). In Japan, this was the fourth 
observational case of a multiple-vortex tornado at 
that time. Last year, the fifth case, the Tsukuba 
tornado, was observed and described by Yamauchi 
et al. (2013). Suction vortices, of which the diameter 
was estimated to be 10–20 m near the surface, 
repeatedly appeared and dissipated. Although the 
outl ine of the Fukuoka tornado could not be 
described as a funnel cloud, we classified it as a 
mortar-like shape based on the outward inclination 
of these suction vortices. Some of the suction 
vortices curved towards the opposite direction to the 
tornado’ s rotation in the upper part.

The evolution of the parent storm at 1 km ASL 
from 0610 to 0650 JST is shown in Fig. 3. This 
figure is based on the CAPPI datasets from the four 
MLIT radars. Before 0610 JST, the echo showed a 
quasi-l inear pattern al igned in an east–west 
direction (not shown here). A hook echo structure 
(≧40 dBZ) was seen in the parent storm from 0610 
to 0635 JST (Fig. 3a–f). From 0625 to 0645 JST, 
there was a large reflectivity gradient in the western 
section of this storm, and the high reflectivity echo 
region of >30 dBZ extended eastwards (Fig. 3d–h). 
At 0615 and 0630 JST, the reflectivity exceeded 60 
dBZ (Fig. 3b, e). After each peak echo appeared, a 
s igni f icant  hook echo structure,  which was 
characterized by an echo region greater than 45 
dBZ, appeared in the southwest of the parent storm 
(Fig. 3d, f). At 0625 JST, as shown in Fig. 3d, the 
first significant hook echo structure was connected 
to the strong echo region (≧50 dBZ) in the parent 
s torm. On the other  hand,  the second was  
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　FIG. 4. PPI scan images of (left) reflectivity and (right) 
Doppler velocity fields at an elevation angle 1.2 ° at (a) 
0635:34 JST and (b) 0640:43 JST 21 August 2011 as 
measured by the JMA radar. In the Doppler velocity fields, 
dashed circles delimit the region of the MC. Direction of 
radar site is indicated by “R” . The DRAW of the Fukuoka 
airport is indicated by the solid triangle.
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　FIG. 6.  The track of the mesocyclone (MC) detected by 
the JMA radar at an elevation angle 1.2 ° on 21 August 
2011. The crosses show the location of MC.The JMA 
radar is indicated by a solid square.  The damage track is 
indicated by a thick line.

separated into two strong echo regions (≧50 dBZ) 
at 0635 JST, which were located in the west and 
southwest sectors of the parent storm (Fig. 3f). In 
addition, a bounded weak echo region (BWER; 
Lemon and Doswell 1979) was observed in the 
center of the hook echo structure at 0635 JST. The 
strong echo region (≧50 dBZ) located in the 
southwest area of this storm decayed gradually 
from 0635 to 0645 JST. The Fukuoka tornado 
developed after the appearance of the second 
significant hook echo structure (which had the two 
strong echo regions). As the parent storm passed 
over the damage track from 0635 to 0645 JST, the 
Fukuoka tornado was located at the head of the 
hook echo structure and to the southwest of the 
parent storm. After 0650 JST, the storm moved 
eastward and decayed gradually.

4. STRUCTURE OF THE MESOCYCLONE 
AND THE FUKUOKA TORNADO

4.1 Analysis of the JMA radar data

Figure 4 shows PPI scan images of reflectivity 
and Doppler velocity fields at an elevation angle of 
1.2 ° (EL = 1.2 ° ) from 0635 to 0640 JST as 
measured by the JMA radar. Figure 5 is the same 
as Fig. 4, but at an elevation angle of –0.3 ° (EL = 
–0.3 ° ) from 0636 to 0641 JST. At both elevation 
angles, a hook echo structure is apparent in the 
reflectivity fields. At EL = 1.2 ° , there was a pair of 
maximum and minimum Doppler velocities near the 
hook echo region (about 1500 m ASL), indicated by 
dashed circles in the Doppler velocity fields (Fig. 4). 
As this pair of Doppler velocities satisfied the 
identification criteria (see section 2.2), we classified 
them as a counterclockwise MC. At 0635:34 JST 
(0640:43 JST), the maximum Doppler velocity 
(Vmax) was 28 m s–1 (32 m s–1) and the minimum 
(Vmin) was –16 m s–1 (–4 m s–1). The vortex 
diameter was 3.1 km (5.7 km) and the vorticity was 
0.028 s–1 (0.013 s–1) at EL = 1.2 ° at 0635:34 JST 
(0640:43 JST). The MC was detected near the 
western edge of the strong echo region from EL = 
–0.3 ° to EL = 6.5 ° (from about 900 to 4000 m ASL). 
At EL = –0.3 ° , Vmax was 28 m s–1 (32 m s–1) and 
Vmin was –10 m s–1 (–2 m s–1) at 0636:14 JST 
(0641:24 JST). The diameter of the MC at EL = 
–0.3 ° was 4.3 km (5.2 km) at 0636:14 JST (0641:24 
JST). In the Doppler velocity field at EL = –0.3° , two 
other pairs of maximum and minimum Doppler 
velocity showing counterclockwise rotation were 
detected at about 900 m ASL within the circulation 
of the MC from 0636 to 0646 JST, and they were 
misocyclones that were smaller than the MC. One 
of these two misocyclones was located in the 
southwestern region of the MC at EL = 1.2 ° (mc1: 
indicated by black circles in Fig. 5). The diameter of

mc1 was about 900 m. The other misocyclone, 
mc2, was located near the center of the MC at EL = 
1.2° , which is indicated by blue circles in Fig. 5. The 
diameter of mc2 was approximately 1.2 km. The 
diameters of mc1 and mc2 changed little from 0636 
to 0646 JST (not shown).

The track of the MC detected by the JMA radar 
at EL = 1.2 ° is shown in Fig. 6. The MC was first 
detected over Karatsu Bay at 0555 JST, and then 
moved eastward before turning inland and crossing 
the Itoshima Peninsula at about 0605 JST. The MC 
passed close to the damage track of the Fukuoka 
tornado between 0635 and 0645 JST. As the 
Fukuoka tornado occurred at around 0638 JST, 
these observations suggest that it was produced by 
the system accompanied by the MC that persisted 
for about 65 minutes.

The characteristics of the parent storm of the 
Fukuoka tornado analyzed by the JMA radar and 
MLIT radars, such as the hook echo structure and 
long-lived MC, suggest that the parent storm was 
s imi la r  to  a  typ ica l  superce l l  s to rm wi th  a  
mesocyclone.

4.2 Analysis of the DRAW data

Figure 7 shows PPI scan images of reflectivity 
and Doppler velocity fields at EL = 2.1 ° from 0637 
to 0641 JST, derived from DRAW data. At 0637 
JST and 0641 JST, a hook echo structure can be 
seen in the reflectivity fields. At 0641 JST, a circular 
missing-echo region had developed within the hook 
echo (Fig. 7b). This region, at EL = 2.1 ° (about 100 
m ASL), was observed from 0638 to 0644 JST, and 
this is consistent with the occurrence of the 
Fukuoka tornado. The diameter of this circular 
region was about 500 m at EL = 2.1 ° , which 
corresponds to the diameter (about 400 m) of the 
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　FIG. 7.  PPI scan images of (left) reflectivity and (right) 
Doppler velocity fields at an elevation angle 2.1 ° at (a) 
0637:36 JST and (b) 0641:09 JST 21 August 2011 as 
measured by the DRAW. The location of the radar is 
indicated by a solid triangle. Dashed range circles 
represent observational range of the DRAW at 2-km and 
4-km.
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　FIG. 8.  The locations of the MC and the tornado vortex 
from 0635 JST to 0645 JST 21 August 2011. Red circles 
show a diameter of the tornado vortex detected by the 
DRAW, indicated by a solid triangle, at an elevation angle 
2.1 ° . Crosses show the center of the MC detected by the 
JMA radar at an elevation angle 1.2° . Numerals by circles 
show the time of the detection of the MC and the tornado 
vortex. The damage track is indicated by a thick line.
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Fukuoka tornado at the height of the cloud base 
(about 80 m ASL), as estimated from the video 
footage. The Doppler velocity field around the 
c i r c u l a r  m i s s i n g - e c h o  r e g i o n  s h o w e d  a  
counterclockwise vortex pattern. We consider that 
this Doppler velocity field indicates the low-level 
rotation of the Fukuoka tornado. Thus, the circular 
region of missing data at the edge of the hook echo 
structure directly represents the core diameter of 
the tornado vortex. The circular missing-echo 
region was observed from EL = 2.1 ° to EL = 4.1 ° 
(about 170 m ASL). In the Doppler velocity field, the 
tornado vortex was observed up to EL = 27.7 ° 
(about 750 m ASL). We propose that the missing 
echo was caused by the exclusion of data during 
quality control due to wind perturbation by suction 
vortices smaller than the radar resolution and by the 
absence of large-diameter raindrops acting as 
scatterers in the tornado vortex. 

4.3 Relationship between the MC and 
the tornado

Figure 8 shows the locations of the tornado 
vortex and the MC around the occurrence time of 
the Fukuoka tornado. The location of the tornado 
vortex generally corresponded to the damage track 
of the Fukuoka tornado. The tornado vortex was 
also located in the southeastern quadrant of 

rotation of the MC. The center of the MC was 
located in front of the tornado vortex at each 
elevation.

To generate vertical profiles of the MC, mc1, 
mc2, and tornado vortex,  we est imated the 
positions of each vortex at 0640:43 JST. The 
diameter and position of the tornado vortex were 
obtained from the missing-echo region at EL = 2.1 ° 
and 4.1 ° , and from the Doppler velocity field at the 
other elevation angles. Figure 9 shows vertical 
profiles across north–south and east–west sections 
at 0640:43 JST. In this figure, the horizontal axis 
indicates gaps at the center of vortices in the 
north–south and east–west directions from the 
center of the MC that was observed on the JMA 
radar at EL = 1.2° at 0640:43 JST. The diameters of 
the other elevations of the JMA and DRAW radars 
were estimated using the scan from the nearest 
t i m e  t o  0 6 4 0 : 4 3  J S T .  O n  S - N  a n d  W - E  
cross-section, the diameters of the MC and the 
tornado vortex were relatively constant in a vertical 
sense, respectively. In contrast, there was a large 
difference in the diameters of the MC and the 
misocyclones around 0640 JST.

The tornado vortex was approximately 1.5 km 
south and 2.5 km west (or approximate 3 km 
southwest) of the center axis of the MC. The 
position and diameter of mc1, located on the 
southwestern side of the MC, correspond to those 
of the low-level tornado vortex observed by DRAW. 
The mc2 was located close to the center of the MC. 
We suggest that mc1, observed by the JMA radar, 
played some part in connecting the tornado vortex 
near the surface to the MC within the parent storm. 
However, a low-level vortex that was connected to 
the MC through mc2 was not observed by DRAW. 
Although there was little tilting of the tornado vortex,
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　FIG. 9.  Vertical profiles of the diameter of the MC (black 
solid lines), mc1 and mc2 (blue solid lines), the tornado 
vortex (red solid lines) across (top) the north -  south and 
(bottom) west - east section at 0640:43 JST. The zero 
point is the center of the MC  at an elevation angle 1.2°at 
0640:43 JST. Black and red dashed lines show the 
outlines of the MC and the tornado vortex, respectively.

MC

tornado vortex

MC

tornado vortex

the  MC t i l ted  toward  the  nor theas t ,  wh ich  
corresponds to the movement direction of the 
parent storm.

5．CONCLUSIONS

The parent storm of the Fukuoka tornado 
showed a hook echo similar to a typical supercell. 
Two significant hook echoes appeared successively 
in the precipitation system observed by the MLIT 
radars. In part icular,  the second hook echo 
separated into two strong echo regions (≧50 dBZ) 
at 0635 JST, which may correspond to the forward 
flank downdraft and rear flank downdraft. The 
Fukuoka tornado occurred about 4 minutes after the 
appearance of this significant hook echo.

We detected a mesocyclone near the western 
edge of the strong echo region in the JMA radar 
data. The MC persisted for more than 1 hour. The 
MC moved east and passed close to the damage 
track between 0635 and 0645 JST. Consequently, 
we suggest that the Fukuoka tornado originated 
from a supercell storm containing a mesocyclone. 

From 0636 JST, the JMA radar detected two 
counterc lockwise misocyc lones wi th in  the  
mesocyclone at an elevation angle of –0.3 ° . At 
almost the same time, the hook echo structure with 
the vortex was also observed by DRAW. Although 
the Fukuoka tornado showed a multiple-vortex 
structure, the diameter of the suction vortices was 
less than the resolution of DRAW. Subsequently, 
the circular missing-echo region was observed 
within a head of the hook echo. As the diameter of 
missing-echo regions was almost the same as that 
of the Fukuoka tornado (observed visually), we 
believe that the circular missing-echo region 
indicates the core of the Fukuoka tornado. Both the 
diameters of the MC and the tornado vortex were 
relatively constant in a vertical sense, respectively.  
The tornado vortex was located about 3 km 
southwest of the center of the MC in the PPI data at 
an elevation angle of 1.2° . The MC became inclined 
eastward, whereas the tornado vortex remained a 
vertical column. We suggest that the tornado vortex 
connected vert ical ly to the misocyclone; the 
diameter and posit ion of the tornado vortex 
corresponded to those of one of two misocyclones 
(referred as “mc1” in this study) embedded in the 
MC. 
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