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A radar echo population of 179 thunderstorms gen-
erated in the Tokyo metropolitan area on August 5,
2008, when the Zoshigaya rainstorm occurred in the
center of Tokyo, is presented. Analysis was made us-
ing three-dimensional radar data from the Japan Me-
teorological Agency. One third of total convective cells
had diameters of less than 3.5 km and the average di-
ameter was 5.5 km. The mode of lifetimes of cells was
from 20 to 40 minutes, and 88% of cells disappeared
within 60 minutes after their initiation. The echo-top
height of half of the cells reached 15 km, which was
the limit of radar observation. Although the rainfall
amount estimated from the radar echo was less than
40 mm for half of the cells, whereas one third of total
cells counted were estimated at more than 60 mm. Ver-
tically integrated liquid water (VIL) ranged from 1.4
to 42.4 kgm~2. Maximum VIL was equivalent to 70%
of precipitable water estimated from upper sounding
on that day. The speed of cell travel was less than
2 ms™! in accordance with the weak wind velocities
in the lower to middle troposphere. The time from
echo initiation to rainfall peak was as short as 10 to
30 minutes for almost all cells. Thunderstorms com-
posing the Zoshigaya rainstorm ranked at the high-
est class in horizontal size, lifetime and total rainfall
amount among 179 thunderstorms. The horizontal
size of cells in the thunderstorms was nearly equal to
those reported for other areas in the world, whereas
the echo top height was higher than in the other cases.

Keywords: thunderstorm, local heavy rainfall, weather
radar, statistics, nowcasting

1. Introduction

Morphological aspects of air-mass thunderstorm gener-
ated in the Tokyo metropolitan area (hereafter, “Tokyo”)
on a day in the summer season are statistically investi-
gated using three-dimensional reectivity data obtained
from the radar network system of the Japan Meteorologi-

1. This paper is translated with revision from the TENKI journal published
by the Meteorological Society of Japan.

Zoushigaya-Storm on 5 August 2008
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Surfaces of 20,35,45,55dBZ

Fig. 1. Perspective view from the southeast sky for
the three-dimensional radar echo of thunderstorms (arrows)
causing local heavy rainfall in Zoshigaya, Tokyo (squares on
the map) on August 5, 2008, created from JMA radar obser-
vation data. Iso-surfaces of reectivity of 20, 35, 45, 55 dBZ

are shown in the perspective diagram. The height is 1-15 km.

cal Agency (JMA) (Part ). The feasibility of nowcasting
local heavy rainfall induced by thunderstorms is studied
(Part I1). This study begins with local heavy rainfall gen-
erated at and around Zoshigaya, Tokyo, before noon on
August 5, 2008 (hereafter, the “Zoshigaya rainstorm”),
which caused an accident in which 5 workers working
at a sewer construction site were swept away and Killed
due to a ash ood [1]. This was a typical urban ood
disaster [2]. According to radar observations by the IMA
on August 5, 2008, 179 thunderstorms were generated in
the Tokyo metropolitan area from morning to evening of
the day. The Zoshigaya rainstorm was induced by two
of these thunderstorms (Fig. 1). The study goal of Part |
is to determine whether the two were special among the
179 thunderstorms and what the behavior of other thun-
derstorms was.

In the surface meteorological observations manual by
JMA (JMA 2011) [3], thunderstorms are dened as
“dense clouds signicantly developed in vertical that ap-
pear like mountains or huge towers.” In many cases, rain-
fall disasters such as ooding and landslides are caused
by thunderstorms. Thunderstorms also cause windstorms
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Fig. 2. (a) surface weather chart, (b) Chart at 500 hPa, (c) Visible image for Geostationary Meteorolog-
ical Satellite (MTSAT), (d) Emagram at Tateno (Tsukuba city), on August 5, 2008 ((a)-(c) are provided
by the JIMA, (d) is cited from the homepage of the University of Wyoming).

such as tornados, downbursts, or gust fronts, as well as
lightning damage. The JMA denes heavy rainfall as
“rain that may cause a disaster” [4].

Thunderstorms that are not dominated by synoptic-
scale disturbances such as cyclones and occur in a random
manner are called “air-mass thunderstorms” or “single-
cell thunderstorm” [5,6]. Even though they are small
on the horizontal scale and have short lifetimes com-
pared to organized convection such as “mesoscale rain
systems” [7], they sometimes cause local heavy rainfall
and bring about damage. The Zoshigaya rainstorm is a
typical case of this in which two thunderstorms with di-
ameters of less than 10 km caused rainfall of 154 mm in
two hours [8,9, 10, 11]. This phenomenon is called “un-
stable rainfall” and is monitored with special attention by
weather forecasters, but it is difcult to provide heavy
rainfall warnings with sufcient lead time, i.e. elapsed
time from issuing warning to beginning of heavy rain-
fall [12]. Many studies on air-mass thunderstorms have
been made since the 1940s [5, 13], an understanding of
the characteristics of this type of thunderstorms, however,
still is lacking and further studies are required in order to
issue warnings with an efcient lead time for local heavy
rainfall induced by thunderstorms.

In this paper, statistical analysis is presented on the ba-
sis of morphology classication using three-dimensional

reectivity data (3-D radar data) on a 1-km horizontal and
vertical mesh obtained from radar observations [14] every
10 minutes, targeting 179 thunderstorms generated in and
around Tokyo on August 5, 2008, when the Zoshigaya
rainstorm occurred.

2. Outline of Environmental Field and Echoes

On August 5, 2008, there was a traveling anticyclone in
the Sea of Japan that almost entirely covered the Japanese
Islands, whereas a weak stationary front was analyzed
from the coast of Sanriku to the northern part of Kanto
(Figs. 2a and ¢). Winds were weak over Honshu, which
was covered with a band-shaped high-pressure zone at
500 hPa (Fig. 2b). According to soundings at 0900 Japan
standard time (hereafter “JST”) as shown in Fig. 2d,
Showalter’s index of Tateno in Tsukuba city (about 55 km
to the north-east of Tokyo) was —1.8, and that of Hachijo
Island (about 300 km south of Tokyo), was 2.8 (not
shown). Convective available potential energy (CAPE)
was 904 m?s~2 at Tateno and 1208 m?s~2 at Hachijo Is-
land, making the atmosphere of these areas latently un-
stable. The difference in wind speeds between the sur-
face and 500 hPa was 5 ms™ at Tateno and then vertical
wind shear wind was small. Whether Tateno or Hachijo
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Fig. 3. Radar echoes on August 5, 2008. Perspective viewed from directly above for iso-surfaces of
reectivity of 20, 30, 40, 50 dBZ. The white square indicates the position of Zoshigaya, Tokyo.

Island air masses, the air mass over Tokyo was similar to,
is not determined, yet in either case, strongly organized
convections such as super-cell storms were not likely to
be formed in the air mass [15]. The equivalent potential
temperature at 950 hPa at Tateno was 353 K, and deep
convection reaching the level of neutral buoyancy, 14 km,
might be generated, if the air mass at this altitude was
forced to rise to a level of free convection, 1.5 km. The
altitude of 0° was 4.9 km.

In this study, the experiment area was dened as a
140 km square plain including surrounding prefectures
centering on Tokyo. Thunderstorms began to be gen-
erated in the experiment area at around 0900 JST and
were generated and disappeared repeatedly until 1800
JST, peaking in generation at around 1400 JST. The radar
echoes generated from 0900 to 1800 JST were investi-
gated here. As indicated by Mura (2009) [8], there were
three wind ow systems near the surface above the Kanto
region: a southerly wind system from the Boso Penin-
sula and Sagami Bay, a northerly wind system in Tochigi
and Saitama, and a easterly wind system from the Pacic
Ocean. This circumstance corresponds to an E-S type
wind system typical of this area in summer [16]. Even

under the condition of a wind system classied as an E-
S type, however, organized thunderstorms over 20 km
in horizontal scale may develop as shown in the analy-
ses by Uesugi and Tanaka (2008) [17] and Kawano et al.
(2008) [18]. This is presumably due to differences in at-
mospheric stability, vertical wind shear, and surface fric-
tion, and presence or absence of cold outow from thun-
derstorms, but this is not discussed here.

As seen in the occurrence of radar echoes, thunder-
storms began to be generated at around 0900 JST in
the north part of Chiba (Fig. 3a) and were almost on a
north-south line in mid-northern Chiba due to the conver-
gence of southerly and easterly ows at around 1030 JST
(Fig. 3b). From around 1100 JST, southerly and northerly
ows converged and thunderstorms were generated cen-
tering on Tokyo. After moving northward very slowly,
they almost stayed and developed in an area contacting the
easterly ow from the Pacic Ocean. Fig. 3c shows the
radar echoes generated in Zoshigaya, Tokyo, when heavy
rainfall hit the sewer construction site at 1200 JST. The
dominant area for thunderstorm generation then moved
from Tokyo to north Kanagawa (Fig. 3d).



Table 1. “Radar index” calculated from 3-D radar data.

Radar index Abbreviation

Definition Unit

Reflectivity z

Radar reflectivity factor dBz
calculated from received signals

(10log[mmPm-3])

Total amount of liquid water

Vertically integrated

in a vertical column

-2

liquid water viL (Ice phase and melting layer not kgm
considered)

VIL density VILD VIL/TOP gnt?

Echo-top height ToP Echo-top height with Z =12 dBZ km

as a threshold
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Fig. 4. Integrated rainfall amount from 0900 to 1800 JST
on August 5, 2008. A-I are heavy rainfall areas during this
period.

3. Overview of Convection Activities and Anal-
ysis Method

At the rst, the “convective cell” is dened. Ogura
et al. (2002) [6] classied thunderstorms generated on
the Kanto Plain into three types: air-mass thunderstorms,
frontal thunderstorms, and vortex thunderstorms, depend-
ing on the trigger of generation. Air-mass thunderstorms
are further divided into four subtypes: mountain, moun-
tain to plain, plain, and widespread.

Figure 4 shows the distribution of JMA radar-
raingauge composite rainfall amount integrated in the
analysis period. There are 7 regions, from A to G, in
which rainfall of 60 mm or more was recorded. It is pos-
sible that the weak stationary front indicated in Fig. 2a
contributed to the generation of convective cells in regions
A and B. These are, however, classied as plain air mass
thunderstorms in this study, because there is hardly any-
thing with the nature of a front with this “stationary front”

in the temperature eld or wind eld. Convective cells

in regions C, D, E, and F are plain-type thunderstorms
generated on plains or in hills. Heavy rainfall warnings
were issued in the analysis period in regions C, D, and E,
which are areas of dense human habitation. Rainfall in
region G is due to mountain air-mass thunderstorms gen-
erated over mountains rather than planes. Our analysis
covers the 179 convective cells generated on the plains of
regions A-F, excluding convective cells in region G.

Each convective cell was traced from generation to dis-
sipation and numbered serially based on 3-D radar data
obtained every 10 minutes. Since radar echoes often oc-
cur at an altitude of 2 km or higher in the generation phase
of convective cells, cells were traced referring to the val-
ues of reectivity at the 2 km level (Z 2km) along with ver-
tically integrated liquid water (VIL [19]). A time-series
graph of the “radar index” values listed in Table 1 was
made from 3-D radar data for each convective cell with
10-minutes increments. Statistical analysis is made in the
next section using the time-series graphs as basic data.

4. Statistical Characteristics of Thunderstorms
4.1. Horizontal Size, Lifetime, and Height

Maximum values of areas with Zy, of greater than
35 dBZ in the lifetime of each convective cell are de-
ned as the “horizontal size,” and a histogram of these
is shown in Fig. 5. Convective cells smaller than 10 km?
corresponding to circles with a diameter of 3.5 km ac-
count for approximately one third of the total (57). The
number gradually decreases as horizontal size increases.
The mean is 24 km? for the same diameter of 5.5 km and
the maximum value is 82 km? for the same diameter of
10.2 km. Note that relatively small convection is gener-
ally dominant.

Figure 6 shows a histogram for the lifetime of each
convective cell. The mode (the value that appears most
often in a set of data) of the lifetime is between 20
and 40 minutes, and 86% of all are concentrated below
80 minutes, which means that most thunderstorms were
classied into the single-cell type. Mean lifetime was
48 minutes. There were, however, convective cells with
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Fig. 6. Histogram of the lifetime in each convective cell.

longer lifetimes, and the lifetime of 13 convective cells
reached 120-220 minutes. Although multicell thunder-
storms [20] with a longer lifetime were generated, it is
likely that the replacement of convective cells in a thun-
derstorm could not be traced by the radar observation at
10-minute intervals.

Figure 7 shows a histogram of the maximum echo-top
height of each convective cell in its lifetime. The number
of the echo-top height gradually increased from 4 km up
to 14 km. The most prominent feature of this histogram
is that echo-top height exceeded the level of neutral buoy-
ancy of 14 km in the case of 98 convective cells, 55%
of the total and reached the radar measurement limit of
15 km. Mean echo-top height was 12.3 km. The level of
neutral buoyancy of 14 km is based on the upper sounding
in Tateno at 0900 JST (Fig. 2d). The level of neutral buoy-
ancy during the daytime in the analysis period may be
higher than the value at 0900 JST considering heating on
the surface by solar radiation, an increase in upward sen-
sible heat ux, and the resulting development of the atmo-
spheric boundary layer. It is also likely that some of the
thunderstorms exceeded the tropopause of 15.8 km. The
nonuniformity of stratication, entrainment of surround-
ing unsaturated air into the thunderstorms, and the pres-
ence of the compensating subsidence of updrafts around
thunderstorms are considered as reasons why about half
of the convective cells did not reach the level of neutral
buoyancy.
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Fig. 7. Histogram of the maximum value of echo-top height
in each convective cell.

4.2. Reflectivity, Rainfall Intensity, and Total Rain-
fall Amount

Figure 8 shows a histogram of the maximum value of
Zokm in the lifetime of each convective cell. The maxi-
mum values of Zykm for 66% (119) convective cells of the
total exceed 50 dBZ and those for 22% (41) cells show
particularly higher values of 55-60 dBZ.

Figure 9 is a histogram of the maximum value of rain-
fall intensity of each convective cell at an altitude of about
2 km. This rainfall intensity was calculated from reec-
tivity from radar observation at an altitude of about 2 km
by applying the radar calibration method of the JIMA [21]
using rain gauge data (Appendix A). Convective cells of
67% (120) of the total temporarily exceeded “very intense
rainfall” of 60 mm/h, and half of the cells (94) indicated
“torrential rainfall” of 80 mm/h or larger. In addition, es-
pecially high rainfall intensity of 180 mm/h or more is
indicated for 17 convective cells. There is a peak between
200 and 204 mm/h, because the upper limit of rainfall in-
tensity measurement by radars is xed at 204 mm/h by the
JMA.

Figure 10 shows a histogram of the total rainfall
amount, which was obtained by integrating rainfall inten-
sity values at the 2 km level at each convective cell over
its lifetime. Note here that rainfall intensity values were
divided by six, because the radar observation was made
6 times in one hour. The total rainfall amount of 93 con-
vective cells, corresponding to 52% of the total cells, was
less than 40 mm. The next peak is seen between 60 and
80 mm, and the number of cells gradually decreases to
200 mm with two cells indicating the highest values of
240-280 mm. As seen in Fig. 4, the large amount of rain-
fall recorded in the area resulted from the fact that active
convective cells moved slowly or were almost stationary.
Threshold values for issuing heavy rainfall warnings by
the JIMA are dened in each city and town, and a rainfall
amount of 60 mm per one hour is applied as the threshold
in most cities and towns in Tokyo. Fig. 10 shows that 66
(173 of the total) convective cells recorded total a rainfall
amount of 60 mm or greater. Heavy rainfall warnings are
issued considering the duration time of rainfall (lifetime
of thunderstorms), as is further discussed in Section 4.4.
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4.3. Vertically Integrated Liquid Water (VIL)

Figure 11 shows a histogram of the maximum value
of VIL for each convective cell indicated in its lifetime.
Values range from 1.4 to 42.4 kgm~2 with a mean of
15 kgm~2. VIL depends on vertical proles of temper-
atures and water vapor and the magnitude of vertical mo-
tion inside thunderstorms. Precipitable water at Tateno
calculated from the sounding in Fig. 2d is 65 kgm™2, and
43 kgm™? at Hachijo Island. Precipitable water is calcu-
lated from proles of temperature and water vapor, but
may be changed according to the convergence and diver-
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Fig. 11. Histogram of the maximum value of vertically in-
tegrated liquid water (VIL) in each convective cell.
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Fig. 12. Histogram of vertically integrated liquid water den-
sity (VILD) in each convective cell.

gence of horizontal water vapor ux, while VIL in thun-
derstorms may uctuate with factors such as horizontal
advections of hydrometeor. Precipitable water and VIL
are therefore not simply comparable, but the maximum
value of VIL in this study does not exceed the precipitable
water value calculated from radiosonde observations and
seems to be within the appropriate range.

Vertically integrated liquid water density (VILD), ob-
tained by dividing VIL values by echo-top height, can be
considered as the mean of rain water content in convec-
tive cells. As seen in Fig. 12, VILD ranges from 0.5 to
3.4 gm~2 with a peak between 1.0 and 1.5 gm~3. Al-
though the physical meaning of VILD have not been dis-
cussed much, it is reported that hail with a diameter of
19 mm falls when the VILD value is 4 gm™ or greater,
and that there is almost no hail when the value is smaller
than 3.5 gm ™~ [22]. Uchida et al. (2010) [23] investi-
gated hail events in Japan and proposed an algorithm that
hail exists when three conditions are met: VILD is greater
than 3.5 gm~3; the maximum value of reectivity in a
thunderstorm is greater than 55 dBZ; and echo-top height
is greater than 8 km. There were no convective cells with
VILD greater than 3.5 gm™ on August 5 2008. Conse-
quently, it was unlikely that hail was present in thunder-
storms generated on the day.
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(e) Echo-top height — total rainfall amount.

4.4. Relationship Among Radar Indices

The relationship among radar indices and individ-
ual statistics is examined using the scatter diagrams in
Fig. 13. Although there is a tendency that the higher the
maximum value of Zyym is, the longer the lifetime of con-
vective cells, a close relationship to one-to-one correspon-
dence cannot be seen between them (Fig. 13a). A positive

correlation between Zom, and total rainfall amount can be
also seen in Fig. 13b despite large dispersion. Fig. 13c
also shows a positive correlation between the lifetime of
convective cells and total rainfall amount, but there was
a convective cell that caused torrential rain of 130 mm in
a short lifetime of 50 minutes. If none of the convective
cells on the day moved and 60 mm per an hour was se-



lected as a threshold for heavy rainfall warnings, one third
of all convective cells, plotted above the polygonal solid
line in Fig. 13c, were objects of heavy rainfall warnings.

Since rainfall intensity is the downward ux of rain wa-
ter at the bottom of thunderstorms and VIL is the total
amount of rain water in thunderstorms, a certain correla-
tion may be expected between rainfall intensity and VIL.
Fig. 13d indicates a positive relationship between these
values, yet no high relationship is seen. One of the rea-
sons for larger dispersion between the two is thought to be
errors in VIL values due to the fact that a xed distribu-
tion of raindrop diameter was used in its calculation and
the existence of the melting band and ice particles was not
considered, and the fact that consideration was not made
for the time delay for rain water aloft to reach the bottom
of thunderstorms.

Figure 13e indicates that there is an upper limit of the
total rainfall amount at each echo-top height. This corre-
sponds to the fact that the production of rain water in thun-
derstorms depends on the magnitude of upward motion,
and the stronger updraft a thunderstorm has, the taller it
is.

4.5. Movement

Almost all of the 179 convective cells were generated
and disappeared independently and were not organized in
lines or other forms. Weak vertical wind shear is con-
sidered to be a factor in the situation. Individual convec-
tive cells in regions A and B in Fig. 4 moved at a speed
of about 2 ms™* to the north-northeast. Convective cells
in regions C, D, and E were generated in central Tokyo
and north Kanagawa after noon on August 5, 2008, and
seemed to move slowly toward the west, but movement
resulted from the “propagation” mode in which a new
convective cell was generated westward and the existing
cell declined and disappeared. A process of “merging” in
which two convective cells generated in relatively narrow
areas combined into a larger convective cell was also seen.

4.6. Time from Echo Generation to Rainfall Peak

In weather forecasting operations, great attention is
paid to monitoring thunderstorms from when thunder-
storms are recognized until rainfall peaks occur. The time
from when convective cells were generated at the 2 km
level until rainfall intensity at the 2 km level indicated
its peak was investigated for 179 individual convective
cells. The reason why rainfall intensity at the 2 km level
was used is that the JMA makes radar composite maps
from radar data at the 2 km level. This time has a peak
at 10 minutes as shown in Fig. 14a, followed by 20 and
0 minutes. Consequently, rainfall peaks occurred within
30 minutes after the initiation of radar echo for 166 (93%
of the total) convective cells.

When a histogram is made for 66 heavy rainfall convec-
tive cells with total rainfall amounts greater than 60 mm
in the same manner as Fig. 14a (Fig. 14b), the peak is also
at 10 minutes, followed by 20, 30, and 0 minutes. Note
that the ratios of 20 and 30 minutes are higher than those
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Fig. 14. Histogram of time taken from when convective

cells occurred at the 2 km level until when rainfall at the
2 km level peaked. (a) 179 convective cells, (b) 66 convec-
tive cells with total rainfall amount greater than 60 mm.

in Fig. 14a. In almost all cases, when convective cells
were recognized in radar displays, only 20-30 minutes
remained for forecasters to make a decision on issuing
heavy rainfall warnings, and a rainfall peak occurred on
the surface almost simultaneously when convective cells
were recognized using radars in the case of 20% of con-
vective cells. This fact underscores the difculty of issu-
ing heavy rainfall warnings in a timely manner by mon-
itoring thunderstorms using radars, as described in Sec-
tion 1 [12].

4.7. Convective Cells that Caused Heavy Rainfall in
Zoshigaya

The rain gauge located near Zoshigaya recorded “tor-
rential rainfall” of 134 mm in 100 minutes from 1150 to
1330 JST on August 5, 2008, which caused a fatal ac-
cident at a sewer construction site in Zoshigaya [1]. A
convective cell generated in the southern part of Tokyo
at 1100 JST slowly moved northward, then reached
Zoshigaya and caused heavy rainfall, merging with an-
other thunderstorm generated ahead of it. To under-
stand whether this convective cell is a particularly de-
veloped thunderstorm or not, cumulative histograms for
179 convective cells were created in terms of horizontal
size, lifetime, and total rainfall amount, and the order of
this convective cell was examined (not shown in gure).
The maximum horizontal size of this convective cell was
63 km? (corresponding diameter of 9 km, cumulative fre-
quency order of 96%), the lifetime 110 minutes (the order
of 95%), and total rainfall amount estimated from radar
175 mm (the order of 97%). It was therefore found that



Table 2. Statistical values for population of convective precipitation observed by radars in various locations of the world.

Horizontal size

Author Location (E?iameter.of Echo-top height Lifetime
equivalent circle) (km) (minutes)
(km)
Present case Tokyo 5.5 12.3 47.8
Mather (1949) [29] Massachusetts 6.2 3.2
Battan (1953) [30] SW Ohio 3.6 21.0
Blackmer (1955) [31] Massachusetts 44.7
Dennis and Fernald (1963) [32] Eniwetok 1.8
Battan(1967) [33] Arizona 8.9
Gerrish (1969) [34] Miami over water 5.7
Hudlow (1971) [35] Barbados 2.3
Miller et al. (1975) [36] NW Dakota 3.3
Lopez (1976) [37] NW Atlantic 5.2 4.5 2.3
Biondini (1976) [38] Florida 323
Houze and Cheng (1977) [39] Atlantic tropics (GATE) 4.4 4.1
Ishihara (1985) [40] Equatorial western Pacific 2.9
(MONEX)
Dixon (1994) [41] Colorado 6.4 8.8
DeMott and Rutledge (1998) [42] ~ West Pacific (TOGA COARE) 5.4
Sydney 7.3 53

Potts et al. (2000) [25]

the convective cell that caused the heavy rainfall at Zoshi-
gaya was ranked at the highest position among 179 con-
vective cells in all three aspects: horizontal size, lifetime,
and total rainfall amount.

4.8. Comparison with Other Cases

The targets of this study are 179 thunderstorms that
were generated in and around the Tokyo metropolitan
area in a summer day. The number of days on which
air-mass thunderstorms occurred (air-mass thunderstorm
days) in Tokyo from 1999 to 2010 was investigated. Air-
mass thunderstorms were generated on 132 days of the
12 years. The average was 11 days in a year with a large
uctuation. Occurrences of scattered thunderstorms with
small horizontal size as in the present case are found on
1-10 days a year with an average of 5 days. In 2008,
air-mass thunderstorms of this type were generated on
10 days, occurring most often during the 12 years. This
indicates that August 5, 2008 was one of those typical
days on which unorganized small air-mass thunderstorms
were generated.

Since there is no preceding study on this kind of radar
statistics in Japan, results of this study will be compared
with overseas studies. Table 2 combines data collected
by Lopez (1977) [24] and Potts et al. (2000) [25]. Values
in the table are calculated again as geometric mean rather
than arithmetic mean using original data in order to avoid
error due to outlier data. The generation and development
of thunderstorms are affected by various factors such as
atmospheric stratication, vertical wind shear, and land-
forms, but individual mean values are simply compared

in terms of horizontal size, echo-top height, and lifetime
without considering these factors.

Horizontal sizes, as shown by equivalent circle diame-
ters in Table 2, ranged from 1.8 km to 7.3 km in 10 cases,
and 5.5 km of the present case is, almost the mean value
among them. No regional characteristics are found in hor-
izontal size. A statistical analysis made by Potts et al.
(2000) [25] for thunderstorms around Sydney, Australia
in the summer season denes “thunderstorms” using a re-
ectivity threshold of 30 dBZ, obtaining a mean of 7.3 km
in the horizontal size. When the threshold value is re-
duced to 30 dBZ from 35 dBZ in this study, the horizontal
size in this study is increased by about 30% and the mean
becomes 6.4 km, being closer to the value of Potts et al.
(2000) [25].

Regarding echo-top height, the mean of this study,
12.3 km, is particularly high compared to other cases. It
may not make much sense, however, to compare it with
cases in other regions, since echo-top height of convec-
tion strongly depends on thermal stratication. Potts et al.
(2000) [25] obtained the value of 5.3 km by setting the
threshold for echo-top height as 30 dBZ. A larger echo-
top height would be expected in their study if the thresh-
old value is set to 12 dBZ as in the present case. The
present case of lifetime shows the longest value in 5 cases
in which the lifetime of convections was investigated in
Table 2.



5. Conclusions

There were 179 thunderstorms (convective cells) gen-
erated in and around Tokyo in the 9 hours of daytime on
August 5, 2008, when local heavy rainfall occurred in
Zoshigaya, Tokyo. The Morphological aspects of these
convective cells as seen by the JMA radar network are
summarized as follows:

- The maximum horizontal size of each convective cell
in its lifetime was less than 10 km? (diameter of the
equivalent circle: 3.5 km) in one third of all cells,
with a mean of 24 km? (diameter: 5.5 km) and a
maximum of 82 km? (diameter: 10.2 km).

- The mode of lifetime of convective cells was be-
tween 20 and 40 minutes, and 86% of the total ex-

isted less than 80 minutes. The mean lifetime was
48 minutes, whereas 13 convective cells having long
lifetimes between 120 and 220 minutes.

- The echo-top height for half of all convective cells
reached 15 km, which was the measurement limit of

radar observation. This is a value 1 km higher than
the level of neutral buoyancy, 14 km, calculated from
the sounding at Tateno.

- Concerning the maximum value of rainfall intensit
from each convective cell, 67% of convective cells

showed “very intense rainfall” larger than 60 mm/h,
and half of the total cells gave “torrential rainfall”
greater than 80 mm/h.

- The maximum value of total rainfall amount from
each convective cell was less than 40 mm for about

half of cells, and 60 mm or more for one third of the
total.

- VIL ranged from 1.4 to 42.4 kgm_2 with a mean of
15 kgm~2. The maximum VIL was about 70% of
precipitable water calculated from upper sounding
observation.

- A combination of 2 indices for each convective cell,
i.e., maximum reectivity intensity at the 2 km level

and lifetime, shows a positive correlation with large
dispersion.

. -1
- Convective cells moved as slowly as 2 ms ~ because
wind was weak in the middle lower troposphere.
Some convective cells appeared to move due to the

mode of propagation in which a new convective cell
was generated near a preexisting cell.

- The time from when thunderstorms were recognized
by the radar system until rainfall peaked was 10-

30 minutes in almost all cases. This caused the dif-
culty in issuing heavy rainfall warnings in a timely
manner when thunderstorms were monitored using
radars.

- The convective cell that caused the Zoshié;a a rain-
storm was of the highest rank of the 179 thunder-
storms in all aspects: horizontal size, lifetime, and
total rainfall amount.

- As a result of a comparison with similar statistical
analysis results overseas, the horizontal size of this
study was equivalent to overseas results, whereas
echo-top height and lifetime were larger.

Morphological aspects of thunderstorms generated in
and around Tokyo on a summer day were understood
based on the present research. Part Il [26] discusses meth-
ods for monitoring of thunderstorm behavior using radars
and issuing heavy rainfall warnings more rapidly and
more precisely for local heavy rainfall caused by thun-
derstorms using the analysis results obtained in this study
as basic data. These results may also be used as a basic
background for thunderstorms by forecasters and for the
verication of numerical forecasts, particularly for meso-
ensemble numerical modelings [27].
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Appendix A. Outline of “Algorithms for Pre-
cipitation Nowcasting Focused
on Detailed Analysis Using
Radar and Raingauge Data” by
Makihara (2000)

First, values of reectivity (Z) at the 2 km level ob-
tained from radar observations are converted to rainfall
intensity (R) using the Z-R relational expression (Z =
200R%®) of Marshall and Palmer (1948). Next, the rst
correction coefcient is obtained by comparing mean
rainfall intensity in an hour calculated from radar data
over the observation region and the mean rainfall amount
integrated in an hour using the AMEDAS rain gauges in
the radar coverage. Temporary rainfall amount values for
each 1-km mesh are determined considering the correc-
tion of the passing height of radar beams over the meshes.

The second correction coefcient is calculated by com-
paring the temporary rainfall amount and rain gauge value
in meshes in which rain gauges are collocated. The third
coefcient for each 1-km mesh is determined from second
correction coefcients in a 50-km square using weighted
interpolation. Fig. 9 in the main text shows values of
rainfall intensity obtained by correction applying the third
correction coefcient to rainfall intensity from radar ob-
servations each 10 minutes. Note that the rst to third
correction coefcients above are terms used for the con-
venience of explanation here only.



