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Abstract. Floods and landslides caused by extreme weather events, such as localized excessive rainfall in Japan,
cause enormous devastation. Multicell clouds, on the other hand, have a common duration of over an hour and
greater aerial coverage than single-cell clouds. For flood warning systems to function properly, the hazardous
cloud must be detected quickly. Using pseudo and dual-Doppler vorticity approaches, the vertical vorticity es-
timate was extended from single-cell to multicell transitions case. According to the research, the single cells
attained the peak of maximum vorticity of 0.08 and 0.01 s−1 for pseudo-vorticity and dual-Doppler vorticity, re-
spectively. The maximum column of specific differential phase (Kdp) column above the melting layer indicated
that the transition with 1 km depth as compared to differential reflectivity (Zdr) column was not observed after
the cell merging. However, it was identified 5 min after the cell merged. In contrast, the Kdp column was always
identified after the cell merging, and the column showed an increase in intensity 5 min after the cells merged.
Vertical vorticity and multi-parameter radar analysis provided an insight into the transition from single-cell to
multicell formation.

1 Introduction

The localized heavy rainfall from cumulonimbus clouds,
which commonly occurs in the summer season, is potentially
hazardous. In 2008, a flash flood occurred in the Toga River
located in Kobe, Japan due to the downpour of Guerilla-
heavy rainfall from the development of isolated cumulonim-
bus clouds (Nakakita et al., 2013, 2017). The rapid rise of
water level in the river basin caused the death of five peo-
ple. The dissemination of early warnings could not be deliv-
ered promptly since the flood came rapidly. Furthermore, the
single-cell clouds could merge into multicell clouds, which
have a common lifetime of more than an hour and greater
aerial coverage than a single-cell cloud. Small-to-medium-
sized hail, small tornadoes, and heavy precipitation are all
risks linked with multicell clouds. Heavy precipitation from

multicell clouds thunderstorms might also intensify flash
flood events, especially in urban areas. For example, the mul-
ticellular storm brought localized heavy rain near Zoshigaya,
Tokyo on 5 August 2008, causing five sewage workers to be
washed away by a flash flood (Kato and Maki, 2009; Hi-
rano and Maki, 2010; Kim et al., 2012). The multicell for-
mation studies in Japan are mostly investigated to under-
stand the characteristics and its stage of formation. Previous
research has focused on radar reflectivity (Nishiwaki et al.,
2013; Shusse et al., 2005) based on the stage of multicell
development. Kim et al. (2012) analyzed the precipitation
core development and its structure by combining liquid wa-
ter content (LWC) and Kdp. The study of the transition from
single-cell to multicell is more concentrated on radar reflec-
tivity in which the merging of echo cores involved the merger
of updrafts (Wescott, 1994). They discovered that the en-
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hancement of low-level convergence by storm outflows was
essential in initiating the growth of new echo cores and in-
creased the likelihood of a merger. According to a research
by Vasiloff et al. (1986), the size and intensity of subsequent
cells and updrafts increased due to a storm-environment
feedback process involving updraft-downdraft interactions,
as well as increased ambient vertical winds shear and buoy-
ancy. In this study, we emphasized multicell development be-
cause the potential of cells merging related to the severity of
thunderstorms is also important in the dissemination of early
warnings.

Referring to the case of the Toga River basin, Nakakita et
al. (2013, 2017) developed prediction methods on the first
radar echo aloft that was described as a “baby-rain-cell” in a
single cumulonimbus cloud by using Doppler weather radar
observation. They confirmed the presence of a pair of posi-
tive and negative vertical vortex tubes as well as an updraft
in the early stage of a rain-cell. According to the study, the
vertical vorticity values should be greater than or equal to
0.03 s−1 to identify the hazardous rain cell in the initiation
stage before it developed to the cumulus stage. Since the suc-
cessful lead time in the detection of “baby-rain-cell” in local-
ized Guerilla-heavy rainfall, the vertical vorticity method is
a novel approach to discover the potential of cell merging
in the multicell thunderstorm analysis. Therefore, this study
aimed to examine the availability of vertical vorticity to fore-
cast the potential of cell merging related to heavy rain in the
hazardous storm.

In addition, dual-polarization radar parameters are widely
used for rainfall estimation, supercell signatures, and radar
echo classification. Instead of utilizing horizontal polariza-
tion (Zh), other radar parameters such as differential reflec-
tivity (Zdr) and specific differential phase (Kdp), are also
mainly used in the detection of severe thunderstorms. For
instance, Kim et al. (2012) analyzed the precipitation core
development and its structure of multicell formation by com-
bining liquid water content (LWC) and Kdp. The Zdr col-
umn appears to be associated with rising motion within thun-
derstorms. Zdr column analysis is strongly recommended in
the operational and research application due to its identifica-
tion of updraft location and strength (Kumjian and Ryzhkov,
2008). The Zdr columns may also aid in tracking dominant
updrafts in multicell storms or storm-merger situations. Fur-
thermore, the positive values ofKdp observed above the melt-
ing level, which is labeled as the Kdp column, are usually
associated with deep convection updraft cells. Many studies
associate Kdp volumes with the updraft mass flux, lightning
flash, and intense rainfall. Moreover,Kdp columns also reveal
signatures of changing updraft properties in the evolution of
storm events (van Lier-Walqui et al., 2016).

The vertical vorticity analysis is mostly investigated in su-
percell thunderstorms owing to the exhibition of updraft rota-
tion. According to a study by Nakakita et al. (2017), a vortic-
ity pair in the baby-rain-cells was detected, which was related
to the existence of an updraft in the single-cell. Therefore,

Figure 1. Four radar stations in the Kinki region, Japan (so-called
Honshu), were used for the observation of the cell merging of the
radar reflectivity. The black arrow shows the maximum range of
80 km between the radar stations.

the characteristics and mechanisms for the development from
single-cell to multicell thunderstorms, which contribute to lo-
calized heavy rainfall, motivated the authors to discover the
significant criteria related to the severity of thunderstorms.
The Zdr column and Kdp column also indicated the strength
and the location of the updraft, which were beneficial in the
detection of hazardous clouds. Therefore, the study on polari-
metric for the detection of potential heavy rainfall in multi-
cell thunderstorms could provide insight into the understand-
ing of the multicell characteristics from the initiation stage to
the development stage of occurrence of heavy rainfall.

2 Data and methodology

2.1 Data

This study used the XRAIN operated by the Ministry of
Land, Infrastructure, Transport and Tourism (MLIT). In this
event analysis, X-band polarimetric radar with parabolic an-
tenna namely, Tanokuchi, Rokko, Juubusan, and Katsuragi
radar stations, were selected, as illustrated in Fig. 1. The
radars cover an 80 km radius and have a sampling resolution
of 150 m.

In this study, the study area was located in Kinki region
which includes an urban region located in western part of
the main Japan island (so-called Honshu). The thunderstorms
events were selected with the environmental conditions that
support the multicell development as listed in Table 1. The
atmospheric instability was indicated by using Convective
Available Potential Energy (CAPE) and Bulk Richardson
Number (BRN) from radiosonde data. The value of these pa-
rameters was taken at 09:00 Japan Standard Time (JST) and
21:00 JST observations at Shionomisaki station. The verti-
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Table 1. List of selected events.

(Event)/Date (1)/10 Sep 2014 (2)/13 Aug 2018

CAPE (J kg−1)
09:00 JST 21:00 JST 09:00 JST 21:00 JST

0 866 2413 1842

BRN 0 63 865 187

Vertical Wind Shear (s−1) 0.0048 0.0041 0.0012 0.0012

Figure 2. Radar observations for dual-Doppler radar with the red
color box indicating the target area for analysis within the two solid
circles, but excluding the hatched area.

cal wind profile from 1 to 3 km of height indicated a weak
vertical shear that was appropriate for the multicell thunder-
storms. The atmospheric instability and the environmental
condition supported the development of multicell thunder-
storms.

Dual-Doppler synthesis is the most important and widely
used method for determining the air motions within pre-
cipitating cloud systems. The radar reflectivity (Zh) and
Doppler velocity obtained from two radars (Tanokuchi and
Katsuragi for event 1, Tanokuchi and Rokko for event 2)
were converted into 1 km× 1 km× 0.5 km of Constant Al-
titude Plan Position Indicator (CAPPI) by utilizing the vari-
ational method approach (Shimizu et al., 2008). Three wind
components (u, v, and w) were retrieved on the Cartesian
coordinate system within the solid circles, except for the
hatched area in every 5 min. The radar observation used for
the dual-Doppler analysis is shown in Fig. 2.

2.2 Methodology

The pseudo-vorticity observed at a single Doppler weather
radar, and the radar selection is dependent on the distance
from the radar to the target area. Dual-Doppler radar analy-
sis is performed for retrieval of the three-dimensional (3D)
wind fields to examine the kinematic mechanisms of cloud

development by using two components of the Doppler veloc-
ity by two radars simultaneously. We compared both analy-
ses to investigate the transition signals in cells merging since
both methods produced the different temporal and spatial res-
olutions. The dual-polarization radar parameters, such as Zdr
andKdp column were mainly used to investigate the strength
and location of the updraft to examine the severity of thun-
derstorms (van Lier-Walqui et al., 2016). Therefore, the char-
acteristic patterns of transition to multicell focused on theZdr
column and Kdp column depth were investigated. We pro-
posed the new method of analysis by emphasizing that the
maximum of both columns to be calculated after the melt-
ing height because these columns reflected the considerable
amounts of supercooled water were being lifted if the updraft
occurs. The pseudo-vorticity analysis only implemented in
event 1, meanwhile the DDA vorticity and multi-parameter
radar analysis were conducted in event 2.

2.2.1 Dual-Doppler vorticity analysis

The dual-Doppler analysis (DDA) vorticity was esti-
mated by applying Eq. (1) with a spatial resolution of
1 km× 1 km× 0.5 km of CAPPI 2 km at 5 min intervals. The
core vorticity of the dual-Doppler analysis (DDA) was de-
fined as the maximum intensity of the positive vorticity and
the minimum intensity of the negative vorticity intensity,
which was obtained for each CAPPI height.

In the Cartesian coordinate system, the vertical vorticity is
expressed as in Eq. (1):

ζ =
∂v

∂x
−
∂u

∂y
(1)

where, u is zonal wind component, and v is meridional wind
component in the x and y direction, respectively.

2.2.2 Pseudo-vorticity analysis

The pseudo-vorticity was estimated by applying the method
proposed by Nakakita et al. (2017) with a spatial resolution
of 50 m× 50 m in each elevation angle at 1 min intervals. Us-
ing the radial velocity speed, the vorticity can be calculated
by using Eq. (2),

ζ = 2×
Va−Vb

2r
(2)

where, Va and Vb are radial velocities moving toward and
away from the radar in the Cartesian coordinates, respec-
tively, and 2r is total distance of radar pulse between the
mesh center.

2.2.3 Zdr column and Kdp column

The radar parameters obtained from each
radar were converted to compose together into
0.25 km× 0.25 km× 0.25 km resolution of CAPPI by
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Figure 3. Illustration of: (a) Zdr column depth, (b) Kdp column
depth indicated by the solid arrow, and the melting level indicated
by a red solid line.

Cressman interpolation (Masuda and Nakakita, 2014) by
using four radars in every 5 min. Therefore, the characteristic
patterns of transition focused on the Zdr column and Kdp
column depth were investigated as illustrated in Fig. 3a and
b, respectively. The column depth was defined when the Zdr
(> 2 dB) and Kdp (> 1.5° km−1) were above the melting
height level. In this study, the melting level was observed at
5 km above ground level (a.g.l.) for both events, which was
retrieved from the radiosonde data at Shionomisaki station.

3 Results and discussion

3.1 Vertical vorticity analysis

The vertical cross-section images of each single-cell that was
investigated in this analysis were constructed as shown in
Fig. 4. A single-cell was defined as cell developed within
a range of 20 km from the center of the storm. As stated
by Browning et al. (1976), the new cells that were devel-
oped from the parent cell should be 30 km from the core
of Zh. Hence, in this range, we determined the develop-
ment of single-cell whether it was developed adjacent to the
pre-existing cells by investigating the cross-section of radar
reflectivity of dual-Doppler analysis. Therefore, the cross-
section of each cell was constructed to identify its early stage
and merging stage development. Since we were interested to
distinguish the evolution of single-cell and multicell, the cat-
egorization of cells was divided with different labels of cells
inspected. The classification of the single-cell label followed
the cells’ appearance (starting from A, B, and C), in con-
trast, the multicell label followed the cells merged starting
from α, β, and γ in the order of formation. It was clearly ob-
served that all single-cells merged with the existing multicell,
and combined to become a more intense multicell. The time-
series analysis of vertical vorticity was conducted to iden-
tify the temporal change of cells before and after single-cell
merged with the multicell. The result showed that the inten-

Table 2. Peak of core vorticity intensity before merging into a mul-
ticell.

Single-Cell Pseudo-Vorticity (s−1) DDA Vorticity (s−1)

A 0.033 −0.075 0.0023 −0.0020
B 0.022 −0.027 0.0008 −0.0003
C 0.017 −0.008 0.0019 −0.0014
D 0.021 −0.012 0.0014 −0.0007
E 0.020 −0.032 0.0029 −0.0020
F 0.016 −0.008 0.0014 −0.0017

Average 0.022 −0.027 0.0018 −0.0014

sity of the core vorticity reached its peak during the transi-
tion. In this study, the calculated average of vertical vorticity
before merging was perceived at 0.002 s−1(DDA vorticity)
and 0.02 s−1 (pseudo-vorticity) as shown in Table 2.

In this study, pseudo-vorticity presented the average ver-
tical vorticity at 0.04 s−1 for both single-cells and multi-
cell. In contrast, the average of core vorticity for the transi-
tion from single-cell to multicell was attained in the range
of 0.002 to 0.004 s−1. The mature vortex in the multicell
was always discovered at the later stage that was defined as
core vorticity maxima boundary at the threshold intensity of
more than 0.005 s−1 for DDA. These characteristic patterns
could be observed by both methods by using pseudo-vorticity
and DDA although the intensity of pseudo-vorticity was ten-
times higher than DDA vorticity analysis.

The most important findings were made during the detec-
tion of maximum rainfall before it reaches the ground. It was
quantified that the first detection of vertical vorticity in the
single-cell could be referred to as an indicator of the peak
of radar reflectivity after the cells merged into a multicell. In
these new outcomes, the pseudo-vorticity quantified the lead
time as an average of 17 min, and the DDA specified an aver-
age of 13 min before the peak of rainfall reaches the ground
as shown in Fig. 5. These new findings could assist the fore-
casters in disseminating the early warnings to prevent more
damage to infrastructure and casualties.

3.2 Multi-parameter radar analysis

Further investigation was conducted on the transition from
single-cell to multicell in the multicell environment condi-
tion by selecting event 2, which was focused on the first
single-cell development and transition into the multicell, as
presented in Fig. 6. We focused on the multi-parameter radar
analysis by examining the Zdr andKdp columns that are ben-
eficial in evaluating the stage of multicell development. In
addition, the peak of vertical vorticity analysis was investi-
gated to verify the criterion index from the previous study.
SC1 and SC2 showed the highest intensity for Kdp as shown
in Fig. 6b and not presented at Zdr as presented in Fig. 6a.
The new cell developed at the south-western part from the
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Figure 4. Vertical cross-section images of single-cell transformed into multicell with respect to time of developing stage and merged cells.

Figure 5. Lead time of the first detection of vertical vorticity before
the peak of core Zh after cells merged.

core of Zh in SC1. The horizontal wind distribution with
radar reflectivity and vertical vorticity at 2 km of CAPPI
height are presented in Fig. 6c and d.

In the meantime, the peak intensity of vertical vorticity
of single-cell before transition into multicell was varied ac-
cording to the influence of convergence and updraft that was
supplied into the single-cell development as shown in Fig. 7.
However, it was discovered that the peak core vorticity could
be attained at 0.04 s−1, which indicated the transition from
single-cell to multicell in this study. As presented in Fig. 7a,
the maximum Zdr column (3–4 km) existed with similar time
of updraft indicated that SC1 developed more intense as the
peak updraft occurred 10 min after the development. The
maximum Kdp column existed after 5 min of peak updraft,
but a signature pattern that could be observed during the
transition with maximum Kdp column of 1 km existed at
15:55 JST. As shown in Fig. 7b, the maximum column depth

Figure 6. Horizontal distribution at 15:55 JST at for SC1 and SC2
for (a) Zdr, (b) Kdp at height of 5 km, and for (c) Zh, (d) vertical
vorticity at height of 2 km.

of Zdr existed similar time with the peak updraft, with the
highest column discovered at 16:15 JST, 15 min before the
peak of updraft in the multicell. The Kdp column always ex-
isted in the single cell and multicell, however, the signature
patterns during transition similar with SC1, which maximum
Kdp column of 1 km discovered in this analysis.

The results indicated that the maximum Kdp column was
always identified before and after cells merging, which 1 km
of Kdp column always existed during transition from single-
cell to multicell. Meanwhile, the maximum Zdr column was
discovered after 5 min of the transition. On average, the max-

https://doi.org/10.5194/piahs-386-61-2024 Proc. IAHS, 386, 61–67, 2024



66 F. Ahmad et al.: Investigation of transition signals from single cell to multicell thunderstorms in the Kinki region

Figure 7. Time-series of averaged maximum reflectivity, updraft
and convergence for the entire storm volume and at maximum ver-
tical vorticity: (a) for SC1, (b) for SC2.

imum height of both columns was revealed at 3 km, at the
most, from the melting level. The analysis proved that in
the transition of single-cell to multicell, updraft frequently
developed in the multicell formation with a strong updraft.
The extendedZdr andKdp columns showed mainly the above
melting level height with a similar position to the updraft for-
mation. These results were similar to a previous study (van
Lier-Walqui et al., 2016), which proved that bothZdr andKdp
columns could be used to identify the updraft and correlated
well with the intensity. We could examine the transition from
single-cell to multicell results presented that the convergence
mostly developed before the initiation of the updraft, and the
peak of updraft intensity occurred consistent with the period
of core vorticity for both cells. The convergence and updraft
strength mainly affected the core vorticity intensity.

4 Conclusions

In conclusion, the study of transition signals from single-
cell to multicell discovered that single-cell revealed a peak
of core vorticity intensity after merging with pre-existing
cells. The core vorticity was examined between each single-

cell and multicell by applying the pseudo-vorticity and DDA
methods, in which the core vorticity was defined as the max-
imum of positive vorticity and the minimum of negative vor-
ticity. The results showed that the average of core vorticity
in the single-cell before merging was 0.002 s−1 for DDA,
and 0.02 s−1 for pseudo-vorticity analysis. This technique re-
vealed that the peak of core vorticity intensity was mainly
discovered after the cells merged. Both DDA and pseudo-
vorticity found these patterns, and the study showed that the
average core vorticity intensity of single-cell to multi-cell
was 0.004 and 0.04 s−1 for DDA and pseudo-vorticity, re-
spectively. The findings from multi-parameter radar analy-
sis revealed that Kdp is a useful proxy for deep convection
updrafts since the life stages of multicell formation is con-
trolled by the updraft and cells merging mainly related to the
stronger updraft and downdraft of moist air in the presence
of precipitation. In particular, Zdr above melting height is a
useful indicator of the early appearance of deep convection.
The vertical vorticity and both Zdr and Kdp columns analy-
sis provided an insight into the transition from single-cell to
multicell development, which is beneficial in the detection of
severe weather resulting in flash floods.
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