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Synopsis

The localized heavy rainfall induced by the single-cell could be more hazardous if the
single-cell merged into the multicell thunderstorms. Flash floods and landslides are
common disasters with a lifespan of multicell more than one hour and a scale of an area
larger than a single-cell. To mitigate the flood risk, the short-term precipitation forecast
is suggested as one of the observation tools to disseminate early warnings for the flood
forecasting systems. Therefore, the study of the transition from single-cell to multicell
was proposed by utilizing vertical vorticity. The mechanisms studied using dual-Doppler
analysis (DDA) were further reviewed to quantify their relationships with vertical
vorticity. The characteristics of single-cell could be characterized using vertical vorticity,
where the formation height of the peak of core pair vorticity occurred at 4.4 km, and their
peak of vortices developed at the same time of occurrence using pseudo-vorticity.
Meanwhile, dual-Doppler vorticity analysis observed its formation height at 3.8 km and
3.7 km for positive and negative vorticity, respectively, which occurred in the same period.
It was assumed that the period of peak intensity occurred at a similar time for single-cell,
which was related to the initial formation of the updraft. The results of mechanisms
analysis from the evolution of cell development were mainly affected on the increment
of core vorticity intensity. The convergence, updraft, and stretching of the vortex tube
were influenced on the increment of core vorticity intensity, especially at the lower level,
and the tilting of the vortex tube was mostly affected at the middle-level height. At the
later stage of multicell formation, the mature vortex was discovered with the core
vorticity maxima boundary remaining due to the existence of updraft and convergence in
the development of multicell.

Keywords: single-cell, multicell, updraft, convergence, stretching of vortex tube, tilting
of vortex tube

cumulonimbus clouds (Nakakita et

The localized heavy rainfall from cumulonimbus
clouds commonly occurred in the summer season
potential to be a hazardous cloud. In 2008, a flash
flood occurred in the Toga River Basin located in
Kobe, Japan due to the downpour of Guerilla-heavy
rainfall from the development of isolated

Nakakita et al.,2017). The rapid rise of the water
level in the river basin caused the death of five
people. The dissemination of early warnings could
not be delivered promptly since the flood came
rapidly. Furthermore, the single-cell clouds could be
merged into multicell clouds, which have a common
lifetime of more than an hour and greater aerial
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coverage than a single-cell. Small-to-medium-sized
hail, small tornadoes, and heavy precipitation are all
risks linked with multicell. Heavy precipitation from
multicell thunderstorms also can intensify flash
flood events, especially in urban areas. For example,
the multicellular storm brought localized heavy rain
near Zoshigaya, Tokyo on August 5, 2008, causing
five sewage workers to be washed away by a flash
flood (Kato and Maki 2009; Hirano and Maki 2010;
Kim, et al. 2012).

Referred 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”
cumulonimbus cloud using Doppler weather radar
observation. According to the studies, the vertical
vorticity values should be greater or equal to 0.03 s~
! to identify the hazardous rain cell in the initiation
stage before it developed to the cumulus stage. This
criterion is currently used in weather radar
observation data of the XRAIN operated by MLIT to
deliver early warnings to local governments. It
focused only on the vertical vortex tube of a single-
cell that connected at different altitudes and did not
evolve into multicell development.

Rather than forecasting the detection of localized
heavy rainfall, multicell formation studies in Japan
are  mostly investigated to understand the
characteristics and its stage of formation. Previous
research has focused on radar reflectivity (Nishiwaki
et al., 2013; Shusse et al., 2005; Geng et al., 1997)
based on the stage of multicell development. Kim et
al. (2012) analyzed the precipitation core
development and its structure by combining liquid
water content (LWC) and Kgp. Consequently, the
detection of hazardous clouds using short-term
precipitation forecasts have been successfully
developed in Japan to assist the forecasters to
analyze the stages of cloud development and
disseminate the early warnings to the public and
flood warning system.

Many researchers analyzed the mechanisms that
supported multicell development such as wind shear,
convergence, updraft, and downdraft. These
mechanisms are important to the stages of
development of thunderstorm clouds. The vertical
vorticity analysis is mostly investigated in supercell
thunderstorms owing to the exhibition of updraft

in a single

rotation. In addition, a vorticity pair in the baby-rain-
cells was detected, which was related to the
existence of an updraft in the single-cell. Therefore,
the characteristics and mechanisms for the
development from single-cell to multicell
thunderstorms which are contributed to localized
heavy rainfall motivated the author to discover the
significant criteria related to the severity of
thunderstorms.  The quantification of the
mechanisms that influence the interaction between
cell merging in promoting the generation of strong
heavy rainfall also contributes to the enhancement of
knowledge in the transition process from single-cell
to multicell development.

2. Data and methodology

2.1 DDA vorticity analysis
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Fig. 1 Two Doppler radars at Tanokuchi and
Katsuragi cover a radius of 80 km (the full
observation domain is shown in a box at the upper-
right corner. Dual Doppler radar map used for the
target area (red box color) was conducted within
two solid circles except for the hatched area.

The core vorticity of the DDA was defined 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
DDA vorticity estimation, two Doppler radars
namely Tanokuchi and Katsuragi radar stations were
used as presented in Fig.1. The spatial and temporal
resolutions of this analysis were 1 km x 1 km x 0.5
km and 5 min intervals, respectively.
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The illustration of the estimation of DDA
vorticity is shown in Fig.2. In the Cartesian
coordinate system, the vertical vorticity is expressed
as Equation (1):

_ dv du 1

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

_617 du
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Fig.2 Schematic illustration of DDA vertical
vorticity analysis.

The classification of the single-cells was
determined with a closed contour of Z, > 10 dBZ at
a height of 2 km. The multicell was defined when
more than one core of Z, > 10 dBZ at the height of 2
km was observed. The merging of the echoes
between the single-cell and multicell could be
determined by monitoring the edge of the contour
line of > 10 dBZ echoes at a height of 2 km and the
increase in Zn 5 min after merging. The maximum
values of the positive and negative vorticities were
identified to calculate the core vorticity at each cell
boundary. The locations of the positive and negative
core vorticities were ensured to be consistent so that
the vertical vortex tube could be constructed.

2.2 Pseudo-vorticity analysis

The pseudo-vorticity is observed at a single radar,
and the selection of radar is dependent on the
distance from the radar to the target area. The
selection also considers the data is not affected by
radar noise errors such as blockage and data

Va
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Fig.3 Illustration of pseudo-vorticity estimation
using single radar.

contamination. For the extraction of vorticity
distribution from Doppler velocity, it was converted
directly from raw data in the polar coordinate system
without interpolation to analyze the vortex tube
analysis.

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

Vo =Vp

{=2x-"o @)
where V, and Vyp are the radial velocities moving
toward and away from the radar in the Cartesian
coordinates, respectively, and 2r is the total distance
of radar pulse between the mesh’s center. The
illustration of pseudo-vorticity estimation is
illustrated in Fig.3.

In this study, the core vorticity is defined as the
maximum intensity of the positive and negative
vorticities at each plan position indicator (PPI),
which was extracted from the 1-min data for each
elevation angle of PPI. In addition, the moving
average method (150 m and 550 m) was used in this
study for more enhancement of the vertical vorticity
structure.

2.3 Characteristics patterns

The characteristic patterns of transition from
single-cell to multicell in the multicell thunderstorm
environment were determined by examining the
intensity, and height of each core vorticity. We
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focused on the inspection of the peak intensity
during the analysis period with respect to height and
time. For the pseudo-vorticity, the height of cells
developed was calculated using Equation (3), by
considering the height of the center of the radar beam
h is given at a distance r by the equation adapted
from Rinehart (2010).

h= [\/rz + (koa)? + 2r (k,a + Hy) sin(He)] —ke.a (3)

where a is the earth’s radius, k., is the ratio
between a and the equivalent earth’s radius, 6, is
the antenna elevation angle, and r is the distance
between from radar to the point of target, and H, is
the height of the radar above sea level. In this study,
k. was assumed as the standard refraction with the
value of k, is approximately 1.3333.

A schematic illustration of the height
determination is displayed in Fig.4 for the pseudo-
vorticity analysis. The height of DDA vorticity could
be retrieved based on the CAPPI height formation.

Older cell

Height (km)

& Distance from radar (km)

Fig.4 Schematic illustration of height calculation
from the pseudo-vorticity analysis. The red
anticlockwise arrow indicates positive vorticity;
the blue clockwise arrow specifies negative
vorticity.

2.4 Mechanisms analysis

It has been discovered in numerous studies that
tilting and stretching mechanisms are required for
the dynamic formation of vorticity (Rotunno, 1981;

Shapiro and Kogan, 1994; Boyer and Dhal, 2020),
especially for supercell. Therefore, both mechanisms
will be further investigated to analyze the vortex
tube structure associated with the single-cell merged
into multicell.

The rate of change in the vertical vorticity can be
described by Equation (4), where the first and second
terms on the right side of the equation represent the
tilting of the horizontal vorticity and the third term
represents the stretching of the vortex tube.

da¢ aw aw ow
—+{— 4)
15,12

i Sox

where (&,7,{) are vorticities in the (x,y,z) direction,
respectively, and w is the z-component of velocity.

The tilting term is important for the mesoscale
process such as tornadoes which tilt the horizontal
vorticity to vertical vorticity. The stretching term
exponentially increases the vertical vorticity that is
co-located with the horizontal convergence of air.
The convergence in the updraft and the divergence
in the downdraft affect the vortex pair intensity at the
lower and middle levels (Rotunno, 1981). Therefore,
both factors will be examined in this study.
Divergence as a property of the flow field is shown
in Equation (5). Negative divergence is convergence
in this study.

DI _Ou N dv (5)
ivergence = —— 3y

where u is the zonal wind component, and v is the
meridional wind component in the x and y direction,
respectively. These equations (4) and (5) use the
wind fields obtained by dual-Doppler analysis at 5-
minute intervals.

3. Environmental conditions

In this study, we observed the storm cluster in
the Kinki region and chose only events with heavy
precipitation that occurred due to the atmospheric
instability with the condition of multicell formation.
The environmental condition of instability condition
can be evaluated using Convective Available
Potential Energy (CAPE) and Bulk Richardson
Number (BRN) using radiosonde data observation.
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The low value of CAPE is not sufficient to support
the multicell formation. According to a study, a
typical multicell (or supercell) environment over the
Great Plains (e.g., 2022 J kg* for a multicell, Stalker
and Knupp 2022; 2542 J kg for an Oklahoma
supercell, Bluestein and Jain 1985). However, the
frequency distribution of CAPE in the Tokyo region
has been recorded at a value of 1000 J kg* at Tateno,
in May between 1990 and 1999 (Shimizu et al.,
2008). In general, BRN > 45 is favorable for
multicell formation from a study (Weisman and
Klemp 1982, 1984, 1986; Peterson 1984; Bluestein
and Jain 1985). We will consider these two types of
atmospheric instability indicators as well as the
environmental condition derived from the JMA
Mesoscale Model (MSM).

This study focused on the broken areal-type
formation related to the development of an
unstructured area relative to moderate-to-intense
cells that merged into a line of convective storms.
According to Bluestein and Jain (1985), this type of
multicell has a longevity of 30-90 min without
repetition, with the cluster storm. The nearly 22
hours of observation showed the maximum
accumulated rainfall was 150 mm. There was a
report of a flood that occurred in Ikeda city due to a
downpour of heavy rainfall that reach 100 mm for
one hour.

The observed atmosphere in this region was
sufficiently unstable for multicell formation.
Relative humidity (RH) at 1000hPa and the surface
wind vectors (Fig. 5(a)) were obtained from the JIMA
MSM. RH in Kinki region was > 80% and over the
ocean to the north was > 90%, while the ocean
surface temperature was >26°C. The surface weather
map presented the confluence on the target area and
indicated the rising motion. Consequently, warm and
humid air flowed towards the observation areas from
the ocean south of Osaka bay. CAPE and vertical
shear values from the surface to 6 km (866 J/kg and
0.003 s, respectively) were calculated based on
data observed at the Shionomisaki Station,
approximately 150 km away from the target area at
2100 JST. BRN was calculated to be 60, indicating a
multicell similar to the storm type classification.
However, the event was locally affected by
southwesterly winds from Osaka Bay, as shown in
Fig. 5(b).
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Fig. 5 (a) MSM relative humidity (shaded), red
contour (surface temperature) (b) MSM wind
level analysis. Images are based on data obtained
on 10 September 2014.

4. Results and discussions

The transition from single-cell to multicell with
the vertical cross-section through the storm will be
explained in this section.

The evolution of multicell formation is
illustrated in Fig. 6, which presents the horizontal
section of radar echoes and wind motion at altitudes
of 2 km at 5-minute intervals. Apparently, this
cluster storm was a multicell thunderstorm that
composed several cores of radar reflectivity in
almost 2-hour observation. The storm propagated
from the southeast to the northeast which started
from a single-cell and combined with other cells that
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Fig.6 Storm propagation including the labels of the single-cells and multicell at a height of 2 km above the
ground level. The black arrow indicates the storm motion movement.

were newly generated at the left flank (relative to the
direction of the cell motion) of the storm, and parent
cells decayed on the right flank. The lifetime of the
storm was more than 2 hours. It is noted that cell A
developed very strongly at 2150JST. The multicell €
and 1 then developed with the strongest intensity and
expanded in the large area.

Shown in Fig.7 are the changes with time of
maximum radar reflectivity, vertical vorticity, and
updraft velocities within the storm. During the one-
hour observation, maximum reflectivity was
increased from 30 dBZ to 50 dBZ and, it gradually
rose until 70 dBZ. The maximum updraft speed

increased from <1.5 ms™ to >5 ms™, and rapidly
increased after 1-hour observation. The peak of
vertical vorticity occurred at the early development
of multicell, then gradually increased after 2200JST.
The rapid increment could be observed on the peak
vorticity at 4 km height compared with 2 km AGL.
Mostly the peak of updraft was consistent with the
peak of vertical vorticity. These changes indicate the
storm gradually developed with the merged of
single-cell and adjacent cells, therefore, a detailed
investigation in terms of vertical vorticity and
kinematic mechanism will be investigated.
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Fig.7 Core vorticity, maximum reflectivity, and updraft during the entire storm at 2 km and 4 km. The
circle indicated the peak of vorticity that happened in the multicell development.
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4.1 Characteristics and mechanisms analysis

In the pseudo-vorticity analysis, at the early
stage of multicell formation, it was found that single-
cell A indicated the greatest intensity of vertical
vorticity compared with multicell a after the
merging occurrence at time 2134JST. The core
vorticity of boundary cell A rapidly increased after
the merging at 2134 JST, and the intensity of the core
vorticity peaked at 2137 JST, that was, 3 min after
the merging. The maximum intensities of cell A were
0.076 s and —0.110 s*. The intensity of the core
vorticity of cell a did not rapidly increase after
merging. The maximum values (0.023 s1, -0.02 s%)
could be observed at 2131 JST.

Meanwhile, single-cell E indicated less intensity
compared with multicell ¢ during the 10-minute
observation. After merging, there was a rapid
increase and sudden decrease of the multicell, then
remained steady at the end of the analysis. The
maximum intensities of cell E were 0.036 s™* and —
0.037 s at 2243JST. The intensity of the core
vorticity of cell € rapidly increased after merging.

The maximum values (0.069 s%, —0.070 s %) could be
detected at 2243 JST. Other single-cell B, D, and F
showed a pattern similar to the single-cell E, in
which the intensity of multicell was higher than
single-cells. However, in the time-series analysis,
the peak of core vorticity was mostly observed for
both cells. Therefore, the peak of core vorticity is
indicated as the transition signals of vertical vorticity
that merged into the multicell. Later, these transition
signals will be analyzed in conjunction with their
formation height.

The peak intensity of core vorticity of the cells
investigated is summarized in this section for DDA
analysis. Based on the early formation of multicell
from 2100 to 2200 JST, multicell (a, B, vy, 6)
indicated the persistence of the core vorticity
intensity (0.003 s and —0.003 s*%). The core
vorticity of cells B, C, and D ranges from 0.003 to —
0.002 s%. At the latter stage of multicell formation,
the intensity of the core vorticity of the multicell
increased after it merged with the single-cells E and
F. The positive and negative vorticities range from
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Fig.8 The time investigation of formation height and time occurrence of peak core vorticity
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0.008 to 0.009 s*and from —0.010 to —0.012 s,
respectively, revealing the core vorticity maxima of
the multicell. The intensities of the core vorticity of
cells E and F are 0.005 and —0.012 s~ and 0.004 and
-0.004 s71, respectively. All single-cells that merged
with the multicell showed lower core vorticity,
except for cells A, E, and F. These characteristic
patterns revealed similarities with the pseudo-
vorticity analysis method.

As shown in Fig.8, the pseudo-vorticity method
could distinguish the height of peak core vorticity
between single-cell and multicell. The height of peak
core vorticity of positive and negative for single-
cells showed a similar height approximately in the
range of 3 to 4 km except for cell F. In contrast, the
height of peak core vorticity was discovered at
various heights which the height of the multicell
showed in the range of 2-6 km AGL. The average
formation height of single-cell was 4.4 km for both
pair core vorticities. In contrast, multicell showed
the average formation height was 3.6 km for core
positive vorticity and 2.7 km for core negative
vorticity.

In the DDA vorticity method, the height of peak
core vorticity was observed at a similar height for
single-cells A, E, and F, together with multicell a, 3,
and d, in the range of 4 to 6 km. There was various

height of peak core vorticity that were observed in
the single-cell and multicell. The average formation
height of single-cell was 3.8 km and 3.7 km for core
positive and negative vorticity, respectively. In
contrast, the average formation height for multicell
was 3.9 km for core positive vorticity and 4.6 km for
core negative vorticity. The calculated average
formation height for the maximum updraft for
single-cell and multicell were 3.9 km, and 4.0 km,
respectively. These patterns of formation height of
updraft are similar to the height of core vorticity
from the DDA method. Thus, the relationship
between the height of peak core vorticity intensity
and maximum updraft existed in this study.

In terms of the occurrence time of peak core
vorticity, the pseudo-vorticity method presented the
equivalent period of peak intensity. We could
conclude that the pseudo-vorticity can differentiate
the characteristics of single-cell and multicell in
terms of height and developing time of peak core
vorticity intensity due to the high spatial and
temporal resolution of estimation. In terms of
occurrence time of peak core vorticity, this method
revealed a similar period of the developed peak at
single-cell only, but not in the multicell. These
characteristic patterns are dissimilar to the pseudo-
vorticity method. DDA vorticity is not capable to
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Fig.9 The spatial changes of vertical vorticity from 3.5 km to 5.0 km with positive vorticity(red color),
and negative vorticity (blue color) shaded region. The solid black contour indicated updraft with an
interval of 0.5 m s, The dashed black contour specified the downdraft.
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distinguish the pattern of single-cell and multicell
owing to the low temporal and spatial resolution.
However, we assumed that the peak of core pair
vorticity in the single-cell developed at the same
period due to the updraft development, meanwhile,
in the multicell, it presented the different occurrence
peak of pair vorticity due to the updraft and
downdraft influenced in the multicell.

As described in Fig.9, the time-average of single-
cell developed into multicell, which occurred from
2120JST until 2130JST involving single-cells A, B,
C, and D, revealed that the vertical vortex tube with
the highest positive vorticity magnitude remained
happened at the longitude of 135.28°E from 3.5 km
until 4.5 km. It was also found that the maximum
updraft was positioned adjacent to the position of
maximum positive vorticity, and occurred at a
similar time at each height. The location of
maximum updraft was also identified as located
adjacent to the core of positive vorticity, which
concluded that the pair of vorticity existed in the
multicell development similar to the supercell
formation. The magnitude of rotation for multicell
was found less than supercell which supercell mainly
observed at the highest magnitude of positive
vorticity at 0.1 s?, compared with the multicell
attained at 0.005 s in this study.

From Fig. 10(a), maximum updraft greater than
5 m/s in single-cell showed the dominant height from
3 km until 4.5 km, which the most frequently
occurred at level 4 km. The position of the maximum
updraft is almost identical to the average formation
height of single-cell for core vorticity as analyzed in
Table 4.3. Meanwhile, the maximum updraft as
presented in Fig. 10(b) was greater than 5 m/s
located between 3 km and 5.5 km, and the most
frequent height was located at 4 km height. In
addition, the maximum downdraft greater than -1
m/s, revealed the height was positioned at 1 km
height, but the maximum downdraft still occurred
until 5.5 km height, as illustrated in Fig. 10(c). From
these analyses, we could have confirmed that the
peak of vertical vorticity is correlated with the
position of maximum updraft for single-cell, and
updraft-downdraft in the multicell.

The time-series analysis showed similar
transition patterns for single-cell and multicell with
the increment intensity after merging for both
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Fig.10 Distribution of maximum updraft for each
height for (a) single-cell (b) multicell, and (c)
distribution of maximum downdraft in multicell.

pseudo-vorticity and DDA vorticity methods at the
early stage and later stage of multicell development
respectively. As a result, in this section, we will
show the analysis of single-cell A-multicell a, and
single-cell F-multicell n for further discussion in
terms of kinematic and dynamic analysis.

At the horizontal distribution of updraft and
DDA vorticity, as shown in Fig. 11, the core of the
updraft is located between the pair vorticity at the
boundary of cells A and o at 2135JST. This result is
similar to the findings of Franklin et al. (2006),
which identified that the core of the updraft is
located between the pair vorticity. Single-cell A
specified the peak intensity of the updraft compared
with multicell o at a height of 2.5 km, at 2140 JST.

Fig. 12(a) and Fig.12(b) present the vertical
cross-section along the lines shown in Fig.11. In the
W1-W2 section, at 2135JST, the single-cell A was
developed at the middle level (2 km — 4 km) with the
maximum updraft of 2.13 ms™ at 3 km height. The
inflow could be observed at the left flank of the
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Fig.11 The horizontal distribution of updraft (top figure) and vertical vorticity (below figure) at 2 km

height CAPPI.

downdraft (LFD) of the storm typically generated at
this middle level. At this period, the maximum
downdraft at the multicell developed at the lower
level with the maximum intensity of 0.35 ms™ at 2
km AGL. The single-cell A that was developed
adjacent to multicell a, was influenced by the
downdraft of the parent cell. With the existence of
warm and moist inflow from the environment at the
lower level and the convergence at the lower level,
the updraft was generated at the boundary of cell A.
The pair vorticity was discovered that developed at
the middle-level height.

After 5-min observation (2140JST), the Zj
intensity of single-cell A increased, with the
increment of convergence, updraft, and vertical
vorticity during the cell merging development. The
multicell o was observed at the lowest intensity, and
single-cell A become more dominant at this time.
The vertical vortex tube of single-cell presented a
pair of peak vortices at the middle height, meanwhile
multicell showed the pair of vorticity at the upper-
level. The convergence intensity slightly increased
with the updraft strength resulting in the dominance
of single-cell A. In comparison, the divergence at the
lower level indicated the descending air motion of
multicell a to dissipate. These mechanisms proved
that convergence and updraft are important
mechanisms for the intensification and maintenance

of core vorticity. The single-cell A currently showed
the core of Zy at 48 dBZ at 4 km height.

After cells merged at 2145JST, we could observe
the widening areas of all mechanisms investigated
whilst the core of Z, (>40 dBZ) was observed near
the ground. Therefore, the downpour of rainfall is
mostly expected during this time in this area. It was
found that another inflow started to develop at 4 km
height yield to the advection of position for vortex
tube in single-cell A. The convergence at the lower
level and updraft remained happened in single-cell,
but not in the multicell.

To evaluate the dynamic mechanism of vertical
vorticity, the vertical cross-section through both
cells is presented in Fig. 13(a) for stretching of the
vortex tube and Fig. 13(b) for tilting of the vortex
tube. We observed that the stretched vortex tube
remained happened at the middle-level height which
intensified the core vorticity in single-cell A. The
tilting of the vortex tube produced a similar pattern
of height, with the change in sign from left to right
indicating that the tilting of horizontal vorticity
associated with the gradient of vertical vorticity
produces a couplet of counterrotating vortices that
crossed the updraft.
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At the horizontal distribution as presented in Fig.
14, the maximum updraft remained high intensity at
the center of the storm at 2300JST and 2305JST. The
downdraft was observed at the rear flank of the storm,
and single-cell F propagated northeastward to merge
with the existing multicell. The vertical vorticity was
also located at the center of the updraft with the
positive vorticity on the right and negative vorticity
on the left flank of the storm.
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Fig.14 The horizontal distribution of updraft (top
figure) and vertical vorticity (below figure) at 2 km
height CAPPI.

Fig. 15(a) and Fig.15(b) present the vertical
cross-section along the lines shown in Fig. 14. In the
W1-W2 section, at 2255JST, the cell F was
developed at a longer distance and started to merge
with the existing multicell with the inflow could be
observed at the left flank of downdraft (LFD) at the
middle level (2 km—4 km) with the maximum updraft
3.03 mst at 4.5 km height. During this period, the
maximum downdraft at the multicell steadily
developed with a maximum intensity of 4.72 ms™ at
3.5 km AGL. The single-cell F that was developed
far from the existing cell, was not influenced by the
downdraft of the parent cell. However, with the
existence of wind shear from the environment at the
lower level, this cell merged and combined into one
multicell. We discovered that the intensity of
convergence at the lower level was small, the
vertical vorticity showed the lowest intensity
compared with the multicell. The pair vorticity in the
vertical vortex tube was discovered that developed
until the middle-level height.

After 5-min observation (2300JST), the Zj
intensity of cell A increased, with the increment of
convergence, updraft, and vertical vorticity during
the cell merging development. The vertical vorticity
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of single-cell presented at the middle height,
meanwhile multicell showed the pair of vorticity at
a low level. The results indicate that the position of
updraft and downdraft influence the location of pair
vorticity after merging. The multicell always showed
the core of Z, at 45 dBZ at 2-4 km height. After cells
merged at 2305JST, we could observe the widening
areas of all mechanisms investigated whilst the core

of Z, was observed near to the ground, and single-
cell merged observed the widening area of the core
of Z, at more than58 dBZ. Therefore, at this latter
stage of multicell formation, the downpour of
rainfall occurred near the ground, and with the
merged of singe-cell, the intensity increased and
covered more areas.
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(red shaded color) and downdraft (green shaded color).
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Fig.16 Dynamic analysis of cell F and multicell . (a) Top figure indicates stretching term (b) below figure

shows the tilting term.

To evaluate the dynamic mechanism of vertical
vorticity, the vertical cross-section through both
cells is presented in Fig. 16(a) for stretching the
vortex tube and Fig. 16(b) for tilting of the vortex
tube. We observed that the stretched vortex tube was
influenced by the convergence at the lower level, and
it remained happened at the multicell boundary,
resulting in the increment of vertical vorticity
intensity in the multicell compared with single-cell.
The tilting of the vortex tube also provided the
intense value at the middle height indicating the
vertical wind shear that remained happened during
the multicell storm.

From both analyses of single-cells A and F, the
increment of core vorticity mainly happened because
of the merger of two cores with different ages, in
which the single-cell specified the developing stage,
meanwhile the multicell showed the maturing or
dissipating stage. Although the vertical vorticity was
indicated upon 5-minutes after cells merged, the
peak of core vorticity indicated the transition of
single-cell to multicell.

The mechanisms that amplify the intensity of
vertical vorticity were mainly studied and agreed
that low-level convergence is the primary
mechanism in vertical vorticity (Shapiro et al., 1999;
Markowshi and Hannon, 2006; Dahl et al., 2017).
The stretching term is composed of the divergence

term and the vertical vorticity. Furthermore, the
increment of core vorticity from time to time might
be influenced by the tilting term. The horizontal
vortex tube will be tilted to the vertical vortex tube
with the sign of pair vorticity depending on the
environmental wind shear.

A previous study by Rotunno (1981) showed that
in a thunderstorm, a pair of clockwise-anticlockwise
vorticity is generated by tilting of the horizontal
vortex. Nakakita et al (2017) utilized this pair of
vorticity to identify hazard rain cells before they
were generated into a single thunderstorm. Both
studies did not discuss about the pair of vorticity
during the transition from single into multicell.

In the vortices merger, the local change of
vertical vorticity could be influenced by the
stretching and tilting of vortex tube in the transition
from single-cell to multicell and inside the multicell
too needed to be understood. Therefore, in this study,
we found that low-level convergence influenced in
the stretched of the vortex tube during the merged
cells. From this analysis of vortices merger, we
could see the increment of core vorticity due to the
existence of convergence that stretched the vortex
tube. Two vortices at the same sign (orientation)
with (almost) parallel axes, within a certain distance,
mix (merge) a substantial portion of their core
vorticity into a single vortex (P.Meunier et al., 2005).
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5. Conclusions

A dual-Doppler processing is beneficial in
retrieving the three-dimensional wind fileds by the
combination of radial velocity from two Doppler
radars. The continuity equation is employed in most
dual Doppler radar studies, and in recent years, a
variational technique has been applied to minimize a
cost function, defined as the distance between the
analysis and the observation, to yield optimal u, v,
and w components. The variational method proposed
by Gao et al.(1999) is a procedure that minimizes the
cost function J and is defined as the sum of squared
errors due to the misfit between observations and
analyses subject to constrints. In this study, the
constraints used in Protat et al. (1999) are adapted.
When the analysis was performed, the simplified
Shimizu and Maesaka(2006) cost function was used.

The study discovered that single-cells revealed a
peak of core vorticity intensity after merging with
pre-existing cells. The results of the height and time
occurrence formation of peak core vorticity using
pseudo-vorticity could distinguish the characteristic
between single-cell and multicell due to its finest
temporal and spatial resolution. The average
formation height of single-cell for pair vorticity was
4.4 km calculated from the pseudo-vorticity method,
compared with DDA, which showed the different
heights of formation (3.8 km and 3.7 km) for positive
and negative vorticity respectively. In addition, the
pseudo-vorticity method indicated the average
formation height of multicell was (3.8 km for
positive vorticity, 2.7 km for negative vorticity), and
(3.9 km for positive vorticity, 4.6 km for negative
vorticity) based on DDA. From this finding, we
could conclude that on average the single-cell
showed the formation height of peak vorticity

intensity at 4 km, and multicell slightly above 4.0 km.

The results revealed the height of peak vorticity is
mainly affected by the strength of the updraft. The
frequent distribution of maximum updraft for
multicell was revealed at a height of 4 km for
intensity larger than 5 m s'* and maximum downdraft
with a strength greater than -1 m s was observed at
1 km AGL. From our analysis, the average updraft
velocities for the single-cell and multicell were 1.9
and 3.9 m s respectively, and the average downdraft
velocities were 0.7 and 1.4 m s1, respectively.

However, DDA vorticity showed similarities in
time occurrence in single-cell, and differences in
multicell. The time of peak was investigated related
to the updraft strength and the height of the
maximum updraft. The peak of these vorticities
related to the convergence at the lower level
influenced the updraft position, updraft strength, and
wind motion. The convergence at a lower level also
influenced the stretched of the vertical vortex tube
and the amplification of vorticity intensity that
occurred.

From the mechanism analysis, with the existence
of the updraft, the horizontal vorticity would be
tilted into the vertical vorticity. We found that the
vertical vorticity mostly developed at the middle
level for the new cells, parallel to the position of the
updraft and generation of wind motion in the clouds.
Due to the strength of the updraft and convergence,
various heights were observed for the core vorticity
of the new cells. The tilting of the vortex tube was
influenced mostly at the middle level, similarly to
the updraft position. These findings help us for a
better understanding of the characteristics of single-
cells that developed in multicell thunderstorms. In
conclusion, the vertical vorticity is able to present
the transition of cell merging process between
single-cell and multicell, in terms of occurrence of
peak, height, and time development of core vorticity.
The transition signals help us to forecast the peak of
rainfall after cells merged, and the threshold of
single-cell merged discovered at the range of 0.002
st to 0.004 s'. The mechanism analysis provided
insight into the transition from single-cell to
multicell development.
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