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ABSTRACT

This study presents the radar-based characteristics and formation environment of supercells spawned by the tornadic
landfalling Typhoon Mujigae (2015)  in  October  2015.  More than 100 supercells  were identified within a  24-hour  period
around  the  time  of  the  typhoon’s  landfall,  of  which  three  were  tornadic  with  a  rotational  intensity  clearly  stronger  than
those of non-tornadic supercells. The identified supercells were concentrated within a relatively small area in the northeast
quadrant beyond 140 km from the typhoon center. These supercells were found more likely to form over flat topography
and  were  difficult  to  maintain  in  mountainous  regions.  During  the  study  period,  more  supercells  formed  offshore  than
onshore. The mesocyclones of the identified supercells were characterized by a small diameter generally less than 5 km and
a  shallow  depth  generally  less  than  4  km  above  ground  level.  An  environmental  analysis  revealed  that  the  northeast
quadrant had the most favorable conditions for the genesis of supercell in this typhoon case. The nondimensional supercell
composite  parameter  (SCP)  and  entraining-SCP  (E-SCP)  were  effective  in  separating  supercell  from  non-supercell
environment. Even though the atmosphere in the typhoon’s northeast quadrant was characterized by an E-SCP/SCP value
supportive  of  supercell  organization,  orography  was  an  impeditive  factor  for  the  supercell  development.  These  findings
support the use of traditional parameters obtained from midlatitude supercells to assess the supercell potential in a tropical
cyclone envelope.
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Article Highlights:

•  More  than  100  supercells  were  identified  in  a  small  flat  area  in  the  northeast  quadrant  beyond  140  km  from  the  TC
center.

•  More supercells were located offshore than onshore with a lower intensity but a longer lifespan.
•  The SCP and entraining-SCP were effective in separating supercell from non-supercell environment in this TC envelope.

 

 
  

1.    Introduction

Landfalling  tropical  cyclones  (TCs)  have  long  been
known to spawn tornadoes (hereinafter referred to as TC tor-

nadoes) in coastal regions which are typically highly popu-
lated (e.g., Novlan and Gray, 1974; McCaul, 1991; Verbout
et  al.,  2007; Edwards,  2012; Bai  et  al.,  2020).  These  tor-
nadoes  contribute  to  a  noticeable  proportion  of  the  overall
fatalities  and  property  damage  attributable  to  their  parent
TCs (Novlan and Gray, 1974; Rappaport, 2000). Edwards et
al. (2012) documented that at least 79% of storms respons-
ible for TC tornadoes are supercells, which are defined as con-
vective  storms  that  consist  primarily  of  a  single,  quasi-
steady  rotating  updraft,  namely,  a  mesocyclone  (e.g.,
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Doswell  and  Burgess,  1993; Markowski  and  Richardson,
2010).  A  tornado-producing  TC  often  produces  more  than
one  tornado.  The  top  three  TC  tornado  producers  in  the
United States even spawned more than 100 tornadoes each
(Edwards,  2012).  Given the  prolificacy of  TC tornadoes,  a
large number of supercells may exist within a tornadic TC.
In  addition  to  spawning  tornadoes,  these  supercells  also
have  a  high  propensity  for  producing  other  severe  weather
events,  such  as  heavy  rainfall  and  damaging  winds.
Improved understanding of the general features of TC super-
cells may help to implement and enhance the monitoring, fore-
casting and warning of convective disasters associated with
landfalling TCs.

Prior studies have documented that TC supercells gener-
ally  exhibit  a  smaller  diameter  and  a  lower  echo  top  than
their  midlatitude  counterparts;  thus,  they  have  been  named
“miniature  supercells ”  or  “mini-supercells ”  (Spratt  et  al.,
1997; Suzuki et al., 2000; McCaul et al., 2004). The measur-
able  radar-echo  tops  of  TC  supercells  are  typically  lower
than 10 km (e.g., McCaul, 1987; Suzuki et al.,  2000). This
low-top feature mainly results from the high-shear and low-
buoyancy  environment  within  the  TC  (McCaul  and  Weis-
man, 1996). Mesocyclones in TC supercells are typically shal-
low and have a relatively small diameter usually less than 5
km (e.g., Spratt et al., 1997; Suzuki et al., 2000; McCaul et
al.,  2004; Baker  et  al.,  2009; Bai  et  al.,  2017).  Because  of
the relatively small size, the rotational features are often too
subtle  to  be  observed  by  operational  weather  radars.  Con-
sequently, some parameter thresholds for operationally detect-
ing  mesocyclones  in  midlatitudes  may  need  to  be  adjusted
in a TC environment.

Our  current  understanding  of  the  spatial  distribution
and radar features of TC supercells mainly originates from tor-
nadic  cases  (e.g., Spratt  et  al.,  1997; McCaul  et  al.,  2004;
Baker  et  al.,  2009; Edwards  et  al.,  2012)  or  limited  cases
(either tornadic or non-tornadic) in a small area within a TC
envelope (e.g., Suzuki et al.,  2000; Lee et al.,  2008; Eastin
and  Link,  2009; Green  et  al.,  2011).  Considering  the  facts
that TC tornadoes primarily occur in the northeast (Earth-relat-
ive) or right-front (TC motion-relative) quadrants of the TC
center and that nearly 79% of these tornadoes are supercellu-
lar (Hill et al., 1966; Gentry, 1983; McCaul, 1991; Edwards
et al., 2012), supercells in a specific TC may also be concen-
trated in these regions. Using two coastal WSR-88Ds whose
unambiguous  range  was  174  km, Lee  et  al.  (2008) identi-
fied 23 supercells located in the northeast quadrant of Hur-
ricane Katrina (2005). Nearly 83% of these supercells were
located over the Gulf of Mexico, providing additional evid-
ence  that  TC  supercells  often  form  offshore  in  addition  to
onshore (e.g., Spratt et al., 1997; Rao et al., 2005; Lee et al.,
2008; Eastin  and  Link,  2009).  In  a  zone  of  approximately
350 km×350 km, Suzuki et al. (2000) identified nine super-
cells  within  a  typhoon  in  Japan.  Three  of  the  nine  super-
cells produced tornadoes. To the authors’ knowledge, the pre-
vious study domain for TC supercells typically covers a relat-
ively small area compared to the TC circulation, which typic-

ally has a radius of O (103 km). Whether this ratio is com-
mon in tornadic TCs remains unclear. In addition to giving
a holistic  picture  of  supercell  feature  in  the  entire  landfall-
ing TC envelope, statistics of supercells in a large spatial cov-
erage  within  a  TC will  provide  an  opportunity  to  illustrate
the  features  that  discriminate  between  the  supercell  and
non-supercell TC environment.

Based  on  a  dense  radar  network  in  South  China,  the
present study aims to identify supercells within a large spa-
tial  region  within  the  landfalling  Typhoon  Mujigae  (2015)
that  spawned  three  tornadoes.  In  contrast  to  other  tornadic
TCs  that  often  spawn  dozens  of  tornadoes,  Typhoon
Mujigae (2015) produced relatively few tornadoes. By identi-
fying supercells over a large spatial region, we can investig-
ate the holistic picture of supercells (both tornadic or non-tor-
nadic)  in  the  TC  circulation,  including  the  overall  preval-
ence and distribution of supercells, the basic radar character-
istics  of  these  supercells,  the  ratio  between  tornadic  and
non-tornadic  supercells  and  identifying  atmospheric  fea-
tures that discriminate between the supercell and non-super-
cell  environment,  and  the  feasibility  of  the  environmental
parameters  for  assessing  midlatitude  supercell  potential  in
this TC case.

The rest of this paper is organized as follows. Section 2
describes the data and methods used in this study. The spati-
otemporal distribution of the supercells and their associated
basic characteristics are presented in section 3.  The forma-
tion environment of these supercells is discussed in section
4. Section 5 summarizes the manuscript. 

2.    Data and Methods

Along the steering flow of the western Pacific subtrop-
ical  high,  Typhoon  Mujigae  (2015)  advanced  toward  the
northwest and made landfall on the coast of South China at
1400 local standard time (LST; LST = UTC + 8) 4 October
2015  (Fig.  1).  According  to  the  Saffir-Simpson  hurricane
wind  scale,  it  was  a  Category  3  TC  with  the  1-min  max-
imum  sustained  surface  winds  of  approximately  52  m  s−1

and  the  minimum  central  sea  level  pressure  of  935  hPa.
There  were  three  reported  tornadoes  that  were  separately
spawned by three supercells  in the northeast  quadrant  with
respect to the TC center 3 h before (Shanwei tornado), 1.5 h
(Foshan tornado; Bai et al., 2017) and 2.7 h (Guangzhou tor-
nado)  after  the  TC’s  landfall,  respectively  (refer  to  the  tri-
angles in Figs. 2a, b).

The  ground-based  Doppler  weather  radars  in  South
China  were  used  to  identify  the  supercells  within  the  TC
envelope  (Fig.  2a).  The  China  Meteorological  Administra-
tion has deployed many Doppler weather radars throughout
the coastal region in China over the last two decades (Bai et
al.,  2020).  These  operational  radars  conform  to  the  stand-
ards  of  the  Weather  Surveillance  Radar−1988  Doppler
radars (WSR-88Ds) in the United States in terms of both hard-
ware and software (Yu et al., 2006). During this event, they
operated  in  the  volume  coverage  pattern  21  (VCP21)  and
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scanned  nine  elevation  angles  of  approximately  0.5°,  1.5°,
2.4°, 3.4°, 4.3°, 6°, 9.9°, 14.6°, and 19.5° with a volumetric
update  time  of  approximately  6  min.  The  radar  data  were
sampled approximately every 1° in azimuth with a range resol-
ution of 1 km (250 m) for the reflectivity (radial  velocity).
The maximum unambiguous ranges for the reflectivity and
radial velocity were 460 and 230 km, respectively.

The focus study period extends from 0800 LST 4 Octo-
ber  (6  h  before  TC landfall)  to  0800  LST  5  October  2015
(18 h after  TC landfall)  (refer  to  the TC track with shaded
dots  in Fig.  2a).  This  24-hour  period  was  chosen  because
the TC underwent a sea‒land transition and a large portion
of TC rainbands were well covered by the detection ranges
of  the  coastal  Doppler  radars.  During the study period,  the
data coverage of the volume scans for all radars was 96.8%.
Considering  the  possible  inaccuracy  in  the  rotational  velo-
city estimation at a long radar range, we set a radar range of
145 km as an upper limit for the analysis (refer to the circles
in Fig. 2a).

A supercell was determined when a well-defined meso-
cyclone  was  identified  from  radar  data.  The  Gibson-Ridge
Analyst  version  2  (GR2Analyst  2.0)  radar-viewing  soft-
ware  was  used  to  de-alias  the  raw  radial  velocities,  after
which  the  mesocyclones  were  identified  manually.  It  is
known  that  mesocyclones  in  a  TC  envelope  typically  dis-

play  smaller  sizes,  shallower  depths  and  weaker  strengths
than  their  midlatitude  counterparts.  The  following  criteria,
which are partly adapted from those provided by Stumpf et
al. (1998) and Richter et al. (2017), were used to identify a
mesocyclone:  1)  it  was  located  within  a  convective  storm
(maximum  radar  reflectivity ≥40  dBZ);  2)  a  two-dimen-
sional  couplet  of  the  storm-relativea inbound  (VSRVin)  and
outbound  (VSRVout)  radial  velocity  maxima  was  detected
with a separation distance (e.g.,  core diameter of mesocyc-
lone) of 1.5−10 km; 3) the couplet of the storm-relative velo-
city  maxima  had  a  cyclonic  shear  signatureb;  4)  the  rota-
tional  velocity  [VR =  (|VSRVin |  +  |VSRVout|)/2]  was  at  least
10 m s−1;  and 5)  such a cyclonic shear  signature was thor-
oughly recognized in at least two adjacent elevation angles
within a volume scan and in at least two successive volume
scans (i.e., within at least 12 min). The aforementioned Dop-
pler velocity pattern of a mesocyclone in a storm-relative ref-
erence  frame  at  a  certain  elevation  angle  was  defined  as  a
mesocyclone  signature.  The VR threshold  of  10  m  s−1 was
used by referring to McCaul et al. (2004), in which the charac-
teristic VR of  the documented mini-supercell  mesocyclones
were in the 10−15 m s−1 range. It is worth noting that such a
VR threshold was only used to locate the velocity couplet sig-
nature, whereas a mesocyclone was ultimately determined if
the maximum rotational shear vorticityc of the couplet signa-

 

 

Fig.  1. Geopotential  heights  (shaded)  and  horizontal  winds  at  500  hPa  plotted  using  the
ERA5  reanalysis  at  1400  LST  4  October  2015.  The  half  barbs,  full  barbs,  and  pennants
denote 2, 4, and 20 m s−1, respectively. The TC track (blue line) is plotted every 6 h (dots).
The red star symbol denotes the location of the TC center at 1400 LST 4 October 2015. The
subtropical high is labeled as “H”.

 
a“Storm-relative” was used to refer to a convective cell rather than a TC. The storm-relative radial velocity of a convective cell was com-
puted  by  the  GR2Analyst  software.  This  storm-relative  product  requires  a  storm-motion  vector  which  was  estimated  by  tracking  the
centroid of velocity couplet signature of a given convective cell.
bConsidering that mesocyclones in the Northern Hemisphere typify a cyclonic rotation, the cyclonic shear signature on the Doppler velo-
city products was used to identify mesocyclones in this study.
cRotational shear vorticity is defined using twice rotational velocity divided by half the core diameter (McCaul et al., 2004).
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ture was at least 0.01 s−1 (McCaul et al.,  2004). Figures 2c
and d present an example of an identified supercell based on
these criteria. If a continuously developed cyclonic shear sig-
nature  did  not  meet  the  above  conditions  in  one  volume
scan  while  it  was  confirmed  as  a  mesocyclone  before  and
after this volume scan, then the shear signature in the entire
set  of  volume  scans  (including  this  null  volume  scan)  was
regarded as one single mesocyclone. 

3.    Basic  characteristics  of  the  identified  TC
supercells

 

3.1.    Spatial distribution of TC supercells

A total of 113 supercells/mesocyclones were identified

in the envelope of Typhoon Mujigae (2015) during the 24-
hour period. They were primarily embedded in the outer rain-
bands. Only three of these supercells were tornadic, suggest-
ing a substantial potential for false alarms. By way of compar-
ison, approximately 26% of the Great Plains supercells pro-
duce tornadoes in the United States (Trapp et al., 2005). The
identified  supercells  were  not  distributed  throughout  the
entire  study  area.  The  highest  concentration  of  the  super-
cells  occurred in the northeast  quadrant  with respect  to the
TC center (Fig. 3a). No supercell was detected in the northw-
est or southwest quadrants. Although rare radar observation
exhibits  at  sea  in  the  southeast  quadrant,  there  were  also  a
fair  number  of  convective  cells  sampled  by  an  operational
radar (the red cross in Fig. 2b) deployed on an island. All of
the convective cells detected by this radar were non-supercel-

 

 

Fig. 2. (a) Selected Doppler weather radars (black crosses) in South China with the gray circles indicating the 145-
km  ranges  of  radial  velocity  observations.  The  curves  in  different  colors  denote  the  tracks  of  the  113  identified
supercells. The TC track (gray line) is plotted every 6 h with the red dot indicating the time of 1400 LST 4 October
2015. The gray shaded dots indicate the TC locations during the study period. (b) Composite radar reflectivity (dBZ)
at 1400 LST 4 October 2015. In both panels, the triangles (from west to east) represent the locations of the Foshan,
Guangzhou  and  Shanwei  tornadoes,  respectively.  The  radar  deployed  at  sea  is  highlighted  by  the  red  cross.  (c)
Storm-relative radial velocities (SRV, m s−1) and (d) reflectivity (dBZ) at the 2.4°elevation angle of the Guangzhou
radar at 1543 LST 4 October 2015.

MAY 2022 BAI ET AL. 805

 

  



lular.
More than 90% of the supercells formed in an Earth-relat-

ive  azimuthal  sector  between  −10°  and  30°  (due  east  is
regarded as 0°) with respect to the TC center with a median
of 16° (Fig. 3a). In the TC motion-relative coordinated, only
9 of the 113 supercells formed in the right-front quadrant of
the TC (Fig. 3b). Previous studies have suggested that the con-
vective asymmetry is closely associated with ambient deep-

tropospheric vertical wind shear (VWS), with the 850−200-
hPa layer VWS being particularly relevant to deep convec-
tion in a TC envelope (Schenkel et al., 2020; and references
therein). Schenkel et al. (2020) demonstrated a clear depend-
ence  of  the  spatial  distribution  of  TC  tornadoes  on  the
strength of 850−200-hPa VWS and tornadoes tend to be con-
centrated over  the  downshear  half  of  the  parent  TC.  In  the
present  study,  the  spatial  distribution  of  supercells  in  the

 

 

Fig.  3. Formation  locations  (blue  dots)  of  the  113  identified  mesocyclones  as  shown  in  (a)  earth-relative,  (b)  TC
motion-relative and (c) the 850−200 hPa bulk wind shear-relative coordinates, respectively. The TC center is marked
by  the  red  star.  The  Foshan  (magenta),  Guangzhou  (cyan)  and  Shanwei  (green)  tornado  locations  are  shown  by
triangles.

 
dThe TC motion at the supercell time was estimated by linearly interpolating the Japan Meteorological Agency best-track data of TC.
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shear-relative framework was also investigated. The area-aver-
aged  850−200-hPa  VWS  was  obtained  within  a  500-km
radius from the TC center. Before the computation, the rota-
tional  and  divergent  wind  components  associated  with  the
TC were  removed by applying a  vortex removal  technique
described in Kurihara et al. (1990, 1993). The computed mag-
nitude  of  the  VWS vector  (u =  6.5  m s−1, v =  −1.0  m s−1)
was 6.6 m s−1(weak shear category in Schenkel et al., 2020)
at  the  time  of  TC’s  landfall.  In  the  shear-relative  coordin-
ates, most supercells become localized to the downshear left
region with respect to the TC center (Fig. 3c), which is con-
sistent  with  the  spatial  pattern  of  tornadoes  observed  in
weak-shear TC environment (Schenkel et al., 2020).

The tracks of the supercells/mesocyclones were primar-
ily  located  in  the  coastal  regions  with  flat  underlying  sur-
faces (Fig. 4). Supercells were repeatedly produced in relat-
ively  small  areas  within  a  period of  several  hours  (refer  to
the colors in Fig. 4). The distances of their formation loca-
tions from the TC center ranged from 140 to 750 km with a
median  of  453  km.  There  is  a  tendency  for  the  identified
mesocyclones  to  be  unable  to  cross  mountain  barriers.  For
instance, the mesocyclones that formed over coastal waters
abruptly  vanished  as  they  approached  Lianhua  Mountain
(denoted by the magenta arrow in Fig. 4). Previous numer-
ical  studies  have  suggested  that  mesocyclones  may  be
enhanced as their parent supercells descend a mountain due
to  the  preexisting  vertical  vorticity  anomaly  (if  any)  in  the
lee (e.g., Markowski and Dotzek, 2011). In the present case,
it  seems  that  it  was  difficult  for  TC  supercells  to  develop
over  complex  terrains,  which  is  likely  due  to  the  fact  that
they are typically shallow. 

3.2.    Diameters and heights of mesocyclones

Diameters  and  heights  of  the  identified  113  mesocyc-
lones were discussed by examining the mesocyclone signa-
tures  in  all  volume  scans.  A  total  of  1017  volume  scans
were taken of these mesocyclones. In a volume scan, the max-
imum  core  diameters  of  mesocyclone  signature  primarily
ranged from approximately 2 to 5 km, with a median of 3.4
km (Fig.  5a).  To  obtain  the  mesocyclone  height  at  a  relat-
ively high vertical  resolution,  only the supercells  that  were
located  within  a  radar  range  of  50  km  during  their  entire
lifespans were examined. The height of the 0.5° radar beam
was  approximately  590  m  above  radar  level  at  the  50-km
range point. If a supercell was too close to a radar site, the
mesocyclone height  might  be higher  than the highest  radar
beam. In this instance, the neighboring radars were used to
confirm the uppermost level of the mesocyclone. A total of
38 supercells met these criteria, including 300 volume scans
taken  of  the  mesocyclones. Figure  5b shows  that  75%  of
these  volume  scans  have  a  mesocyclone  top  height  lower
than 3.2 km above ground level (AGL) with a median value
of  2.6  km  AGL.  The  median  vertical  extent  (i.e.,  distance
between mesocyclone base and top heights) of these mesocyc-
lones in all volume scans is 2.0 km (Fig. 5c). Characterized
by the mesocyclones that were generally low topped, these
supercells could be reasonably regarded as miniature super-
cells. In numerical modeling products, the detection of midlat-
itude supercells usually employs the updraft helicity (UH), a
good  metric  to  identify  rotating  updrafts  (i.e.,  mesocyc-
lones) by integrating the vertical component of helicity over
a layer from 2 km to 5 km AGL (Kain et al., 2008). In the
present  statistics,  the  mesocyclones  from  the  300  volume

 

 

Fig.  4. Tracks (colored lines)  of  the 113 identified supercells/mesocyclones in 24 h following 0800 LST 4
October 2015. The formation times of the mesocyclones are denoted by the short lines in various colors as
shown  on  the  right.  The  terrain  heights  are  shaded  in  gray.  The  magenta  arrow  points  to  the  Lianhua
mountain discussed in the text.
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scans have a median base height of 525 m AGL and 90% of

them have a top height lower than 4 km AGL (Fig. 5b). The

UH metric for identifying simulated supercells in TC circula-

tions  may need an adjustment  of  integration layer  (such as
1−4 km AGL) to be adapted to the shallow nature of mini-
supercells.
 

 

 

Fig.  5. Box-and-whisker  plots  of  the  mesocyclone  characteristics.  The  sample  sizes  are
indicated  in  the  bottom-left  corner  of  each  panel.  (a)  Maximum  core  diameters  and  (e)
maximum rotational velocities of mesocyclone signatures in a volume scan for all  the 1017
volume  scans  taken  of  the  113  mesocyclones/supercells.  (b)  Top  heights  and  (c)  vertical
extents  of  the  mesocyclones  from  the  300  volume  scans  taken  of  the  supercells  that  were
located within a radar range of 50 km during their entire lifespans. (d) Maximum rotational
shear vorticities during the (f) lifespans of the identified 113 supercells. The lifespans of the
supercells that formed (g) onshore and (h) offshore are also shown. In the box-and-whisker
diagrams, the percentile extents and corresponding values represent the 25th−75th percentiles
for the boxes, the 10th−90th percentiles for the whiskers, and the 50th percentile for the lines
in the boxes. The crosses indicate the values higher (lower) than the 90th (10th) percentile. In
(e), the peak intensities of the mesocyclones which produced Foshan (FS), Shanwei (SW) and
Guangzhou (GZ) tornadoes are labeled.
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3.3.    Formation  time,  lifetimes  and  intensities  of  TC
supercells

During  the  study  period,  the  occurrences  of  supercells
could be identified throughout the day, although the occur-
rences  were  more  frequent  during  daylight  hours  (Figs.
6a−c). Approximately 51% of all the supercells occurred dur-
ing 0800−1500 LST,  while  only 27% of  the  overall  super-
cells  occurred  at  night  (1900−0700  LST).  Note  that  the
diurnal variation in TC supercell occurrence may be associ-
ated with the exact time at which a TC makes landfall. Statist-
ics from additional TC cases, especially those making land-
fall  at  night,  are  necessary  to  examine  the  diurnal  cycle  of
TC  supercells.  The  lifespans  of  the  identified  supercells
were  generally  shorter  than  their  midlatitude  counterparts.
Nearly  70%  of  the  supercells  had  a  lifespan  of  no  longer
than  60  min  (Fig.  6d),  which  is  appreciably  shorter  than
those (1−4 h) of typical midlatitude supercells (Markowski
and  Richardson,  2010).  The  median  lifespan  of  all  identi-
fied supercells was 48 min (Fig. 5f).

Figure 7a presents the time series of the maximum rota-
tional  velocities  in  each  volume  scan  of  the  113  mesocyc-
lones  against  the  time  elapsed  since  their  formations.  The
maximum rotational velocities from the 1017 volume scans
were generally less than 20 m s−1, with a median strength of
12.3 m s−1 (Fig. 5e) and a corresponding median altitude of
1.4 km AGL. Although the magnitude of rotational velocity

is relatively small as compared to that of midlatitude mesocyc-
lones, the maximum rotational shear vorticities of these meso-
cyclones from 90% of the volume scans exceeded 0.009 s−1

(Fig.  7b)  primarily  due  to  their  relatively  small  diameters.
For the 113 supercells, the maximum rotational shear vorticit-
ies  during  their  lifespans  mainly  ranged  from  0.016  s−1 to
0.031  s−1 (25th−75th  percentiles; Fig.  5d).  The  maximum
intensities of the three tornadic mesocyclones were found to
be distinctly stronger than those of the non-tornadic mesocyc-
lones (Fig. 7a). It is worth noting that the intensity of a meso-
cyclone may be overestimated when a tornado exists, espe-
cially  when  the  tornado  vortex  is  located  near  one  of  the
radial  velocity  maxima  of  the  mesocyclone  signature  on
radar displays (e.g., Figs. 7c, d). From the evolution of meso-
cyclone intensities as shown in Fig. 7a, quite a few number
of  mesocyclones  (without  tornadoes  being  observed)  rap-
idly intensified with a rotational velocity greater than that of
the three tornadic mesocyclones at tornado formation time,
suggesting  a  substantial  potential  for  false  alarms  of  tor-
nadoes within a TC envelope.

During  the  24-hour  study  period,  the  supercells  that
formed offshore were more prevalent than those that formed
onshore even though the study period covers 18 h after but
only 6 h before the TC’s landfall. Note that nearly all super-
cells that formed on land had been identified, while the num-
ber of offshore supercells were likely underestimated due to

 

 

Fig. 6. Frequencies of the formation times (left) and lifespans (right) for: (a), (d) all identified mesocyclones (b), (e) onshore
mesocyclones and (c), (f) offshore mesocyclones.
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the  limited  radar  coverage  over  the  sea.  Despite  the  pos-
sible underestimation in the offshore counts, a total of 76 off-
shore  supercells  were  identified,  which  is  about  twice  the
number  of  onshore  supercells.  Statistically,  the  mesocyc-
lones  of  onshore  supercells  were  found  to  be  slightly
stronger than those of offshore supercells (at the 95% confid-
ence level). The median values of the rotational velocities of
the  onshore  and  offshore  mesocyclones  were  12.6  and
12.2 m s−1, respectively. Nevertheless, the onshore supercells
were more short-lived (at  the 95% confidence level)  (Figs.
5g, h, and 6e, f). The median lifespans of the onshore and off-
shore  supercells  were  30  and  54  min,  respectively.  The
shorter duration of the onshore supercells may be partly due

to the orographic barriers and the decrease of instability on
land. Additionally, there was no difference (at the 95% confid-
ence level) in the top heights and diameters of the mesocyc-
lones between offshore and onshore in this TC case. 

4.    Formation environment of TC supercells

Prior studies have shed light on the atmospheric condi-
tions  that  are  favorable  for  supercell  formation in  midlatit-
udes,  such  as  large  vertical  wind  shear  in  the  lower  and
middle  troposphere  (Weisman  and  Klemp,  1982, 1984),
large  storm-relative  helicity  (SRH)  (Davies-Jones,  1984;
Thompson  et  al.,  2003),  large  instability,  and  large  super-

 

 

Fig.  7. (a)  Time  series  of  the  maximum  rotational  velocities  (m  s−1)  in  a  volume  scan  for  the  identified  113
mesocyclones/supercells against the time elapsed since their formations. The dots denote the formation time of the
Foshan  (red),  Guangzhou  (magenta)  and  Shanwei  (blue)  tornadoes,  respectively.  (b)  Same  as Fig.  5d,  but  for  the
maximum  rotational  shear  vorticities  of  mesocyclone  signatures  in  a  volume  scan  for  all  the  1017  volume  scans
taken of the 113 mesocyclones/supercells. (c) Storm-relative radial velocities (m s−1) and (d) reflectivity (dBZ) from
the 0.5° elevation angle of the Guangzhou radar at 1536 LST 4 October 2015. The dashed and solid circles represent
the approximate locations of the mesocyclone and the Foshan tornado, respectively.
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cell  composite  parameter  (SCP; Thompson  et  al.,  2002,
2003). McCaul  (1991) documented  that  the  vertical  wind
shear  and  helicity  parameter  spatially  collocated  well  with
the  reported  TC  tornadoes,  while  the  convective  available
potential energy (CAPE) shows a weak correlation with tor-
nado  activities.  Recent  published  papers  suggest  that  the
entraining  CAPE  (E-CAPE)  which  considers  the  entrain-
ment effects, is highly collocated with the locations of TC tor-
nadoes (Sueki and Niino, 2016; Bai et al., 2020). In this sec-
tion, we present a diagnosis of the supercell formation envir-
onment in Typhoon Mujigae (2015) by examining the follow-
ing  parameters:  0−6-km  shear,  0−1-km  SRH,  CAPE,  E-
CAPE and SCP.

A  convection-permitting  simulation  by  the  Advanced
Research  core  of  the  Weather  Research  and  Forecasting
(WRF-ARW)  model  (Skamarock  et  al.,  2008),  version
3.7.1, was conducted to obtain the three-dimensional atmo-
spheric conditions with high resolution relative to the global
reanalysis data. The simulation was initiated at 0800 LST 4
October 2015 using the NCEP final analysis fields as the ini-
tial  and  boundary  conditions.  Two  domains  were  con-
figured  in  two-way  nesting  with  the  horizontal  grid  spa-
cings  of  13.5  km  and  4.5  km,  respectively  (Fig.  8a).  The
main  physical  parameterization  schemes  include  the  WRF
single  moment  six-class  (WSM6)  microphysics  (Hong  et
al., 2004), Kain−Fritsch cumulus scheme (Kain and Fritsch,
1990,1993; for domain 1 only), the Rapid Radiative Trans-
fer  Model  (RRTM) for  longwave and shortwave radiations
(Chou  and  Suarez,  1994),  and  the  Yonsei  State  University
(YSU) PBL schemes (Noh et  al.,  2003).  The TC track and
rainbands  were  reproduced  reasonably  well  in  the  model
domain  2  (refer  to  the  composite  simulated  reflectivity  in
Fig. 8b). Although the horizontal grid spacing of 4.5 km is
not fine enough to explicitly resolve a mini-supercell, addi-
tional  idealized  large-eddy  simulations  with  a  grid  spacing
of 100 m driven by the WRF soundings can successfully simu-
late  mini-supercells  in  the  observed  mini-supercell  region
(not shown). The subsequent analysis on the large-to-meso-
scale atmospheric conditions was based on the simulated res-
ults  from  this  domain  at  1400  LST  4  October  2015  when
Typhoon Mujigae (2015) was making landfall. 

4.1.    Kinematic parameters

The  magnitude  of  vertical  wind  shear  has  long  been
known  to  influence  storm  organization  (Markowski  and
Richardson, 2010). Strong 0−6 km wind shear (greater than
20 m s−1) is often operationally used to assess the supercell
potential (e.g., Rasmussen and Blanchard, 1998; Thompson
et al., 2003). The 0−6-km wind shear was quantified in this
study  by  the  magnitude  of  0−6-km  bulk  wind  difference
(BWD; Markowski and Richardson, 2010). Figure 9a shows
that  large 0−6 km wind shear  mainly appears  in  the north-
ern  part  of  the  TC  circulation  on  land  and  in  the  offshore
region  of  Guangdong Province.  Notably  strong wind shear
(greater than 25 m s−1) is located to the north and northeast
of the TC center. Although the wind shear is relatively low
(10−20  m s−1)  in  the  offshore  areas  where  supercells  were

observed (refer to the blue dashed contour in Fig. 9a), the initi-
ated storms in that region were moving into a stronger-shear
environment.  The  increasing  tendency  of  the  shear  mag-
nitude  may  indicate  that  the  relatively  isolated  convection
has  a  high  probability  to  become  a  supercell  storm  under
such an atmospheric  condition.  Close  to  the  coastlines,  the
wind shear already reaches roughly 15−20 m s−1. Such mag-
nitudes  are  demonstrated to  be  necessary to  support  super-
cells by both numerical and observational studies (e.g., Weis-
man  and  Klemp,  1982; Markowski  et  al.,  1998; Bunkers,
2002).

Previous  studies  demonstrated  good  agreement
between the spatial distributions of TC tornadoes and large
SRH  values  (e.g., McCaul,  1991; Sueki  and  Niino,  2016;
Bai et al., 2020), which may imply that the spatial distribu-
tion of TC supercells also correlates with large SRH values.
A  large  SRH  value  is  indicative  of  a  high  potential  of  the

 

Fig.  8. (a)  Model  domain  configuration.  (b)  Composite
simulated reflectivity (dBZ)  from the WRF domain 2 at  1400
LST  4  October  2015.  The  triangles  represent  the  tornado
locations as described in Fig. 1.
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low-level horizontal vorticity to produce cyclonic updraft rota-
tions  of  supercells  through  tilting  in  the  Northern  Hemi-
sphere  (Davies-Jones,  1984).  The  SRH  obtained  from
ground to a given height (h) was calculated in this work by
integrating the storm-relative streamwise vorticity (Davies-
Jones, 1984):
 

SRH =
∫ h

0
(VH−C) · (k× ∂VH

∂z
)dz , (1)

VH kwhere , C and  represent  the  horizontal  wind,  storm
motion and the unit vector in the vertical direction, respect-
ively. The storm motion was estimated following the meth-
ods  suggested  by Bunkers  et  al.  (2000) for  right-moving
supercells. Figure  9b shows that  the  0−1-km SRH exhibits
analogous  spatial  patterns  to  the  0−6-km  wind  shear.  The
observed  TC  supercells  formed  in  an  environment  with
increasing  0−1-km  SRH  values  from  100  to  400  m2 s−2.
Such  enhanced  0−1-km  SRH  values  indicate  that  signific-

 

 

Fig. 9. The (a) 0−6-km bulk wind difference (BWD; proxy of shear), (b) 0−1-km storm relative helicity (SRH), (c)
MUCAPE  and  (d)  entraining-CAPE  (E-CAPE)  with  an  entrainment  rate  of  40%  km−1,  (e)  supercell  composite
parameter (SCP), and (f) entraining supercell composite parameter (E-SCP). All parameters were calculated from the
WRF  domain  2  at  1400  LST  4  October  2015.  The  vectors  are  simulated  10-m  horizontal  winds.  The  red  star
represents the observed TC center. The general areas of the observed TC supercells are contoured by the dashed blue
lines. The triangles represent the tornado locations as described in Fig. 1. In (e) and (f), the terrain heights of above
250 m are hatched with the black lines.
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ant  streamwise  vorticity  is  available  in  that  region  for  tilt-
ing into the vertical,  increasing the risk of supercell  occur-
rences. It is worth noting that TC supercells did not appear
in  the  areas  characterized  by  super  high  SRH  and  vertical
wind shear values (refer to the west of the blue contours in
Figs.  9a, b).  These results  imply that  there should be other
factors affecting the supercell formation. 

4.2.    Thermodynamic parameters

In contrast with the aforementioned kinematic environ-
ment, the thermodynamic conditions at sea are more favor-
able for convective activities. The CAPE was calculated by
integrating  the  buoyancy  of  a  lifted  air  parcel  between  the
level  of  free  convection  (LFC)  and  the  equilibrium  level
(EL): 

CAPE =
∫ EL

LFC

T ′v−T v

T v
gdz , (2)

T ′v
(
T v

)
where  is the virtual temperature of the air parcel (sur-
rounding environment),  and g is  the  gravitational  accelera-
tion.  In  the  present  study,  the  air  parcel  for  calculating
CAPE was obtained from the most unstable layer at the low-
est  300  hPa  (MUCAPE). Figure  9c shows  that  the
MUCAPE  values  decrease  from  the  ocean  to  the  coastal
land  of  South  China.  Because  the  TC’s  interior  is  usually
cloudy  and  rainy,  the  storm  environment  is  typified  by
fairly low buoyancy. McCaul (1991) documented a mean con-
ditionally instability energy of 253 J kg−1 in the hurricane tor-
nadic  environment  using  proximity  observational  sound-
ings. In the present case, the MUCAPE is generally greater
than 500 J kg−1 in the observed TC-supercell areas, suggest-
ing  a  relatively  supportive  condition  for  convective  storms
in the TC envelope.

It has been long known that the spatial pattern of CAPE

is  not  well  collocated  with  that  of  TC  tornadoes  (e.g.,
McCaul, 1991; Bai et al., 2020). Instead, by considering the
effect of the entrainment of ambient air, E-CAPE has a bet-
ter correlation with TC tornado locations (Sueki and Niino,
2016). E-CAPE was computed by updating the air parcel tem-
perature considering the entrainment effect following the Lag-
rangian parcel  model (Romps and Kuang, 2010; Sueki and
Niino,  2016).  The  constant  mass  entrainment  rate  of  40%
km−1 (Bai et al., 2020) was assumed for an ascending air par-
cel at a speed of 1 m s−1 (Molinari et al., 2012). The initial par-
cel  for  computing  E-CAPE  was  obtained  from  the  most
unstable layer.

Figure  9d shows  that  high-value  area  of  E-CAPE  is
more  concentrated  along  TC  rainbands  while  a  large  frac-
tion  of  high-value  area  of  MUCAPE  is  characterized  by
fairly small E-CAPE (Figs. 9c, d). This phenomenon is a res-
ult of entrainment effects in the mid-troposphere. From the
moisture-channel  imagery  of  the  satellite  Himawari-8,
clearly  dry  air  at  ~400  hPa  was  found  over  the  sea  in  the
southeast quadrant where relatively high MUCAPE was loc-
ated (Fig. 10). A drier mid-troposphere leads to the fact that
the  lifted  air  parcel  entrains  more  unsaturated  air  and  thus
the amount of latent heat released per unit mass in the par-
cel  decreases  more,  which  causes  the  parcel  to  have  lower
equivalent potential temperature and thus smaller E-CAPE.
From Fig. 9d, it is clear that the observed supercell region fea-
tures fairly large E-CAPE values (roughly >120 J kg−1). Sim-
ilar to the tornado situation, the E-CAPE seems to be more
helpful  in  assessing  the  potential  area  for  deep  convective
storms in TC’s interior than the widely used CAPE. Along
the  spiral  rainband  closer  to  the  TC  center  (rainband  1  in
Fig. 9d), the E-CAPE values are particularly large although
no supercells were observed, which is likely due to the mar-
ginal  vertical  wind  shear  and  SRH  values  in  that  region.
This  result  suggests  that  a  good  match  between  kinematic

 

 

Fig.  10. (a)  Albedo  in  channel  1  and  (b)  brightness  temperature  in  channel  8  (water  vapor  channel)  from  the
Himawari-8 satellite at 1400 LST 4 October 2015. The red cross denotes a radar site in the South China Sea with the
circle depicting a range of 145 km.
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and  thermodynamic  features  is  important  for  the  supercell
formation, and this good match happens to be in the north-
east quadrant. This point was further confirmed by the ana-
lysis of the supercell composite parameter. 

4.3.    Supercell Composite Parameter

Supercell  composite  parameter  (SCP)  is  a  nondimen-
sional parameter that involves both kinematic and thermody-
namic conditions. It combines the MUCAPE, 0−3-km SRH
(SRH0−3 km) and bulk Richardson number (BRN) shear (Shear-
BRN, Thompson et al., 2003): 

SCP =
MUCAPE

1000
× SRH0−3 km

100
× ShearBRN

40
, (3)

here,  ShearBRN is  the  denominator  of  the  bulk  Richardson
number equation and is defined as one half of the square of
the BWD between the density-weighted mean winds at 0−6
km  and  0−500  m  (Carter  et  al.,  2012).  The  SCP  has  been
demonstrated to be effective in separating midlatitude super-
cell  from  non-supercell  storm  environment  (Thompson  et
al., 2003). An SCP value greater than 1 is commonly indicat-
ive  of  a  supercell  storm  environment  (Thompson  et  al.,
2003). Figure 9e shows that the northeast quadrant has lar-
ger SCP values than other quadrants with the supercell areas
characterized by SCP values generally greater than 5, suggest-
ing  an  atmosphere  that  strongly  favors  supercells.  Around
the zone of the observed TC tornadoes (triangles in Fig. 9e),
the SCP values exceed 10.

We  additionally  examined  the  E-SCP  which  has
recently been demonstrated to be better correlated with tor-
nado  locations  than  SCP  (Tochimoto  et  al.,  2019).  The  E-
SCP was calculated by substituting the MUCAPE by the E-
CAPE: 

E-SCP =
E-CAPE

100
× SRH0−3 km

100
× ShearBRN

40
. (4)

Slightly  different  from  the  E-SCP  calculation  in
Tochimoto  et  al.  (2019),  we  normalized  the  E-CAPE  by
100 J kg−1 rather than by 1000 J kg−1,  considering the fact
that the E-CAPE is roughly an order .of magnitude smaller
than  the  traditional  CAPE  due  to  the  entrainment  effect
(Figs.  9c, d; Sueki  and  Niino,  2016). Figure  9f shows  that
the E-SCP shares a similar spatial pattern to that of the SCP.
Remarkably high E-SCP/SCP values are located on the relat-
ively flat land in the northwest quadrant with no supercells
being observed (Figs. 9e, f). The super high shear (Fig. 9a)
and  SRH  (Fig.  9b)  are  demonstrated  to  be  responsible  for
the  high  E-SCP/SCP  there.  An  area  featuring  super  high
shear but low instability (Figs. 9c, d) would be detrimental
to convection, since there the convective towers tend to get
ripped apart from their roots and thus sheared off from the sus-
tained updrafts (e.g., Weisman and Klemp, 1982). Addition-
ally,  one  may  have  noticed  that  there  is  also  a  substantial
area  featuring  fairly  large  E-SCP/SCP  over  the  mountain
regions (Figs. 9e, f). As discussed in section 3.1, it was diffi-
cult  for  the  identified  supercells  to  survive  when  they

encountered  orography.  After  excluding  these  values  loc-
ated  over  the  mountains,  the  rest  of  the  large  E-SCP/SCP
region is in quite good agreement with the locations of the
observed TC supercells  (refer  to  the  blue  contours  in Figs.
9e, f). Although the above environmental analyses were per-
formed  at  the  time  of  TC’s  landfall,  additional  analyses  at
other times present similar results (e.g., Fig. 11). The north-
east  and  northwest  quadrants  of  Typhoon  Mujigae  (2015)
are  always  characterized  by  remarkably  large  shear  and
SRH (Figs. 11a−d) while the instability is primarily located
near the coasts and over the ocean (Figs. 11e, f), leading to
the large-value SCP being concentrated in coastal regions in
the  TC’s  northeast  quadrant  (Figs.  11g, h).  These  results
lend support to the confidence of using the E-SCP/SCP to dis-
tinguish a supercell environment in a TC envelope. 

5.    Summary

This study presents an analysis of the radar-based charac-
teristics and formation environment of the identifiable super-
cells (both onshore and offshore) embedded in the landfall-
ing  Typhoon  Mujigae  (2015)  based  on  Doppler  weather
radars  and  numerical  simulations.  During  a  24-hour  study
period (from 6 h before to 18 h after TC’s landfall), a total
of 113 supercells were identified with only 3 of them being
tornadic.  The tornadic mesocyclones were found to be dis-
tinctly  stronger  than  the  non-tornadic  ones.  The  identified
supercells could form at any time of day and had a median
lifespan of 48 min. Their mesocyclones were characterized
by a diameter of generally less than 5 km and a depth of less
than 4 km.

Figure 12 shows an idealized illustration of the convect-
ive  regions  in  Typhoon Mujigae (2015).  Supercells  mainly
formed in the northeast  quadrant rather than the right-front
quadrant with respect to the TC motion. More than 90% of
the supercells were located in the azimuthal sector between
−10° and 30° (due east is regarded as 0°) with respect to the
TC  center.  These  supercells  were  primarily  observed  over
flat  underlying  surfaces  and  tended  to  dissipate  when
approaching  mountain  barriers.  No  supercell  was  detected
in the northwest or southwest quadrants.  In the shear-relat-
ive coordinates, most supercells were localized to the downs-
hear left region, which is in agreement with the spatial pat-
tern  of  the  tornadoes  in  a  weak  sheared-TC  environment
(Schenkel  et  al.,  2020).  The  number  of  onshore  supercells
was  nearly  one-half  that  of  offshore  supercells,  providing
strong evidence that offshore supercells could be more preval-
ent than onshore supercells in a TC circulation. It is worth not-
ing that we do not try to generalize any conclusion based on
this  single  case.  However,  the  observational  findings  do
provide  us  with  a  sense  that  quite  a  number  of  supercells
may exist  offshore (or over ocean) within a landfalling TC
interior. Their attendant damaging winds and tornadoes are
a potential risk to maritime traffic and oil rigs.

The  environmental  analysis  for  Typhoon  Mujigae
(2015)  suggests  that  the  northeast  quadrant  is  most  favor-
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Fig. 11. As in Fig. 9, but for the parameters calculated at (left column) 6 h before and (right column) 6 h after
the landfall of Typhoon Mujigae (2015).
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able  for  supercell  formation  due  to  the  best  match  among
the  entraining  CAPE,  lower-troposphere  vertical  wind
shear, and low-level storm relative helicity. The nondimen-
sional supercell composite parameter that is widely used for
assessing  midlatitude  supercell  potential  is  also  potentially
effective in separating supercell from non-supercell environ-
ments  in  the  TC  envelope.  Regarding  the  practical  use  of
the SCP/E-SCP for assessing a TC supercell environment, it
is important to determine the exact criteria by observations
from different landfalling TCs. Additionally, the orography
impedes  supercell  organization  even  though  the  atmo-
spheric conditions are favorable for supercell formation.

Although the present study was based on only one TC
case, the holistic picture of supercell features within a TC’s
envelope is of benefit for identifying the environmental fea-
tures that  separate  supercell  from non-supercell  zones on a
horizontal  scale  of O (103 km),  providing  evidence  for  the
feasibility  of  SCP  in  the  TC  environment.  The  statistics
show that only 3 of 113 mini-supercells were tornadic, sug-
gesting the number of tornadic storms may be small even in
an outbreak of mini-supercells within a landfalling TC. This
paper  provides  a  detailed  study  of  TC  supercells  from
China, adding to the body of literature that illustrates global
TC  supercell  and  risk  assessments.  The  results  may  help
provide insights for our understanding of TC associated super-
cells and tornadoes, especially in coastal areas that are vulner-
able to severe convective weather due to landfalling TCs.
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