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T ropical cyclone (TC)-spawned tornadoes often  
 occur in the outer rainbands located in the right- 
 front or the northeast quadrant relative to the TC 

track within a 200–400-km annulus (Edwards 2012; 
Schultz and Cecil 2009). These tornadoes often reside in 
miniature supercells in an environment characterized 
by a high low-level moisture content, a low lifting con-
densation level, a small surface dewpoint depression, 
small or moderate convective available potential energy 
(CAPE), and enhanced low-level shear due to increased 
surface friction from water to land, as well as boundary 
layer convergence (Green et al. 2011). Generally, these 

miniature supercells exhibit a hook echo/appendages 
and tornado vortex signatures (TVSs) in Doppler radar 
observations (McCaul 1987; McCaul et al. 2004). Rare 
dual-Doppler observations (e.g., Eastin et al. 2009; Lee 
et al. 2008) have provided snapshots of the kinematic 
and dynamic structures of miniature supercells in 
the United States in the past. In Asia, TC-spawned 
tornadoes and their parent miniature supercells have 
been observed by single Doppler radars in Japan and 
China (e.g., Saito et al. 1992; Suzuki et al. 2000; Zheng 
et al. 2015), revealing similar radar signatures as in 
their U.S. counterparts. In China, the average annual 
number of tornadoes over the past half century is less 
than 100, and the number of EF3 (on the enhanced 
Fujita scale) intensity or higher tornadoes is ~20 (Fan 
and Yu 2015). Typhoon rainband-spawned tornadoes 
occurred about once per year in China (Zheng et al. 
2015). Nevertheless, the evolution, three-dimensional 
structures, and other dynamic characteristics of min-
iature supercells in Asia have yet to be documented 
through dual-Doppler wind analysis.

Typhoon Mujigae (2015) was categorized as a su-
pertyphoon (>51 m s−1; Yu et al. 2013) by the Chinese 
Meteorological Administration (CMA) near the 
time of landfall in Guangdong province at 1400 LST 
4 October 2015. The maximum sustained surface 
wind was ~52 m s−1 and the minimum central sea 
level pressure (MSLP) was 935 hPa (Fig. 1). Mujigae 
resulted in 19 deaths and $3.45 billion in losses in 
China; thus, the name Mujigae has been retired by the 
World Meteorological Organization. After its landfall, 
Mujigae produced two confirmed tornadoes and one 
waterspout in three separate miniature supercells in 
the two outermost rainbands (Fig. 1). The strongest 
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on a rawinsonde released outside the tornadic rainband 
at the Hong Kong International Airport at 0600 UTC 
(1400 LST), which is about 100 km to the southeast and 
an hour before the miniature supercell became torna-
dic. The key buoyancy and shear parameters (Fig. 2), 
including a moderate CAPE (~1284 J kg−1), a low lifting 
condensation level (~389 m), a small surface dewpoint 
depression (~3 K), a large veering low-level (0–3 km) 
vertical wind shear (~22.3 m s−1), and a large cell-relative 
helicity (~211 m2 s−2), meet the “high threat” category 
of a TC-spawned tornado in the United States (McCaul 
1991; Schneider and Sharp 2007).

Damage surveys were conducted jointly by CMA, 
Nanjing University, and Peking University. Aerial 
photography along the damage path (Fig. 3) was taken 
by an unmanned aerial vehicle operated by the Foshan 
Meteorological Bureau during 8–10 October. Ground 
damage surveys were also conducted to mark the direc-
tions of fallen walls, trees, and power poles. The wind 
speed estimates of the matched degree of damage (DOD) 
were assigned the expected values (EXP in McDonald 
and Mehta 2006) for all of the damage indicators (DIs) 
(Meng and Yao 2014). Visual evidence (e.g., photographs 
and videos) of the tornado was also collected from a vari-
ety of sources (e.g., news websites and a variety of online 
social media), which provided photographic evidence of 
the tornado. The most severe damage was rated EF3, as 
recommended by the Wind Science and Energy Center 
(McDonald and Mehta 2006).

The tornado’s damage track was about 30 km long 
(white line in Fig. 3c). The wind damage first appeared 

tornado, spawned in the third rainband from the 
center, was located ~350 km northeast (pole-relative 
quadrant) of Mujigae’s center and was rated EF3, caus-
ing 4 deaths, up to 80 injuries, and about $29 million 
in damage in the city of Foshan. These outer rainbands 
were accompanied by active lightning over the ocean, 
but lightning activity diminished over land. There 
were several weak lightning flashes recorded near 
the Foshan tornadic minisupercell, but no hail was 
reported. No tornado warnings were issued, as CMA 
is currently in the process of establishing a formal 
tornado warning protocol in China (Xue et al. 2016). 
Doppler radar data were collected from Guangzhou 
(GZ) and Shenzhen (SZ) over a 90-min period while 
the target miniature supercell was located in the 
western dual-Doppler lobe (Fig. 1). The purpose of 
this study is to document, for the first time, the time 
evolution of the strongest TC-spawned tornado ever 
observed by modern instruments in China, as well as 
the evolution and structure of the parent mesocyclone 
and miniature supercell. The paper also compares and 
contrasts the characteristics of the parent mesocyclone 
of this TC-spawned tornado with its U.S. counterparts 
using the Doppler radar data from the closer GZ radar, 
while coarser-resolution dual-Doppler wind analyses 
are used to examine the intensification mechanisms of 
the mesocyclone via vorticity budget analyses.

ENVIRONMENTAL CONDITIONS AND 
DAMAGE SURVEY. The environmental conditions 
of the TC miniature supercell are shown in Fig. 2, based 

Fig. 1. The radar sites (solid tri-
angles) at Guangzhou (GZ) and 
Shenzhen (SZ) and the sound-
ing station (white pentagram) 
at Hong Kong (HK) are overlaid 
on the composite ref lectivity 
of Tropical Cyclone Mujigae at 
1500 LST 4 Oct 2015. Two circles 
indicate the dual-Doppler radar 
analysis domain. The TC track is 
shown by the black line segments, 
with TC symbols representing 
the TC center every 6 h, and 
the black rectangle outlines the 
region where Foshan tornado 
occurred. The tornado track is 
indicated by the thick blue line 
segment.
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Fig. 2. (a) Sounding profile and (b) hodograph at 1400 LST at the Hong Kong airport. Temperature and dewpoint 
profiles are represented by black solid lines, while a surface-based parcel path is shown by the black dashed 
line. The cross-hatched area represents a CAPE of 1284 J kg−1 for the lifted parcel. Winds (half barb = 5 m s−1; 
full barb = 10 m s−1) are also shown. The gray arrow in (b) represents the storm motion.

Fig. 3. (c) Damage survey of tornado path corresponding to the black rectangle in Fig. 1. (a),(e) The tornado is 
viewed from the north and (b),(d) the associated damage.
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larger group of steel-frame buildings (rated EF3; not 
shown). A concrete electrical transmission line pole 
was snapped (Fig. 3d) north of MD (rated EF3). The 
tornado maintained a high intensity while broadening. 
It reached its widest damage path (~500 m) at YB with 
the same DOD as caused at LY and SB.

RADAR SIGNATURES OF THE MINIATURE 
SUPERCELL, MESOCYCLONE, AND TOR-
NADO. Miniature supercell and mesocyclone. The 
damage track matched well with the hook-echo 
radar reflectivity signature and the accompanying 
Doppler velocity dipole where Vmax and Vmin are the 

to the southeast of LD, but without clear tornado dam-
age patterns. The tornado’s parent supercell moved 
north-northwest with a mean speed of ~21 m s−1. At 
LY, a funnel cloud was captured by a cellphone camera 
at ~1531:24 LST (Fig. 3a) by S. Huang (available on 
http://youku.com), suggesting that the tornado touched 
down between LD and LY. Then, 10 s later at 1531:34 
LST, two funnels are apparent (Fig. 3e). Several factory 
buildings were completely demolished by the tornado 
between LD and LY, within a damage swath of ~150 m 
(Fig. 3b). The DI of this steel-frame building with DOD 
8 (total destruction of the building) was rated EF3. 
The tornado then hit SB at ~1534 LST and damaged a 

Fig. 4. Damage survey of tornado path (solid black line) from Fig. 3 and the TVS (black cross) superimposed on 
radar reflectivity (dBZ) at 1.5° elevation angle from the Guangzhou radar and ground-relative radial velocities 
(m s−1) from (a) 1524 to (f) 1554 LST at an interval of 6 min.

http://youku.com


SEPTEMBER 2017AMERICAN METEOROLOGICAL SOCIETY |SEPTEMBER 2017| 18251824

Fig. 5. Time–height profiles of (a) rotational velocity (m s−1; gray lines represent 20 and 26 m s−1 contours), (b) cou-
plet diameter (km; gray lines represent 3-km contours), and (c) azimuthal shear (10−3 s−1, approximately one-half 
of the vertical vorticity; gray lines represent 15 and 20 × 10−3 s−1 contours) for the tornado’s parent mesocyclone. 
A distance scale (km) relative to Guangzhou radar and the local time (LST) are indicated on the horizontal axis. 
The strength of the TVS, defined by the gate-by-gate radial velocity difference, is indicated by circles in (a). Colors 
represent the elevation angles of the PPI scan associated with each quantity. The presence of the tornado, through 
visual and damage-track records, is indicated by the red line.
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TVS at 0.5° can be attributed to the strong second-trip 
echo contaminating the radial velocities in the TVS 
region. In fact, the first surface damage was identi-
fied near LD ~1528 LST, and a video confirms the 
tornado was present at approximately 1530 LST. From 
1530 to 1536 LST, the TVS at all elevations below 3.4° 
continued to intensify with ΔV greater than 50 m s−1. 
The strongest TVS was detected from a planned posi-
tion indicator (PPI) scan at the 0.5° elevation angle at 
1536 LST with a magnitude of ΔV ~ 60 m s−1; this was 
collocated with the severe damage exemplified by the 
demolished factories near LY. In the next 6 min, the 
low-level TVS intensity decreased below 55 m s−1. The 
extreme radar reflectivity (>60 dBZ) in the hook echo 
at 1536 and 1542 LST also is suggestive of a tornado 
debris signature (Figs. 4c,d). The strongest damage 
occurred at MD ~1540 LST when a concrete pole 
with a diameter of 0.5 m was snapped (Fig. 3d and 
blue dot in Fig. 5), supporting an EF3 tornado. After 
that, the TVS continued to weaken, coincident with 
the weak damages between JB and QK. From 1600 
LST onward, the TVS became undetectable in radar 
data, consistent with the end of the damage pattern 
north of QK.

KINEMATIC STRUCTURE OF THE MIN-
IATURE SUPERCELL. Doppler radial velocities 
from Guangzhou and Shenzhen radars were first 
interpolated onto a 1 km × 1 km × 1 km Cartesian 
grid using the National Center for Atmospheric Re-
search’s “REORDER” software (Oye et al. 1995), then 
synthesized into 3D winds using Custom Editing and 
Display of Reduced Information in Cartesian space 
(CEDRIC) software (Mohr et al. 1986). The miniature 
supercell motion (~21.7 m s−1 toward an azimuth 
of 330° relative to true north) was accounted for in 
the interpolation procedure. Although the Guang-
zhou radar is closer to the tornado, the scale of the 
dual-Doppler syntheses is determined by the coarser 
sampling resolution from the Shenzhen radar ~80 km 
from the tornado. As a result, the dual-Doppler syn-
theses can only resolve the parent mesocyclone and 
the miniature supercell. The evolution and intensifica-
tion of the mesocyclone circulation at the southeast 
end of the miniature supercell are illustrated using the 
storm-relative wind vectors at 1.5 and 3.5 km (Fig. 6).

The storm-relative velocity field at 1.5 km is domi-
nated by a closed cyclonic circulation (Fig. 6a). The 
midlevel inflow (Fig. 6d) came from the southwest 
and turned cyclonically toward the north after it 
entered the storm. The vorticity maximum is located 

outbound and inbound Doppler velocity maxima, 
respectively (Fig. 4). A mesocyclone usually pos-
sesses a diameter between 2 and 10 km and a 
vertical vorticity on the order of 0.01 s−1 or greater 
(American Meteorological Society 2016). Figure 5  
illustrates the characteristics of the mesocyclone 
from the estimated axisymmetric rotational velocity, 
Vrot = (Vmax − Vmin)/2, and the mesocyclone diameter 
D defined as the distance between Vmax and Vmin (Lee 
and White 1998; Stumpf et al. 1998), and azimuthal 
shear (one-half of the vorticity), (Vmax − Vmin)/D. The 
cyclonic vortex associated with the tornado-produc-
ing miniature supercell (Fig. 5) easily met the criteria 
of a mesocyclone (Andra 1997; Lee and White 1998), 
with a vorticity exceeding 10−2 s−1 at 1430 LST and 
~3 km above ground level (AGL; hereafter all heights 
are AGL). The mesocyclone rapidly intensified below 
3-km altitude, with Vrot ~ 30 m s−1 at 1530 LST. It can 
be categorized as a strong mesocyclone according to 
the mesocyclone strength nomogram (Andra 1997). 
Associated with the strengthening of the mesocyclone, 
its diameter contracted from ~6 km to less than 3 km 
at 1530 LST when the tornado was observed with 
vorticity exceeding 3 × 10−2 s−1. The mesocyclone con-
tinued to contract toward D ~ 2 km at 1542 LST while 
Vrot peaked at ~1530 LST with vorticity exceeding 
4.5 × 10−2 s−1. This could be a sign of the mesocyclone 
intensifying and collapsing into a tornado vortex, 
as documented in Wakimoto et al. (1998). However, 
the Guangzhou radar’s beamwidth (~400 m) was too 
coarse to resolve the tornado (D ~ 200 m) at a distance 
of ~25 km from the radar. It is noted that the lowest 
elevation of Guangzhou radar was 0.5° such that the 
lowest level of the mesocyclone was better sampled as it 
moved closer to the radar from 1436 to 1546 LST. The 
EF3 tornado damage coincided with the time of peak 
mesocyclone intensity, consistent with previous studies 
that ~90% of EF3–EF5 tornadoes were associated with 
strong mesocyclones (e.g., Smith 1965). The mesocy-
clone weakened and broadened after 1536 LST (Fig. 5).

TVS. A TVS is defined as a velocity signature with a 
local maximum and minimum over an azimuthal dis-
tance of approximately one beamwidth (<1 km) and 
with gate-to-gate azimuthal radial velocity difference 
ΔV greater than 20 m s−1 (Brown et al. 1978). The TVS 
was first detected at 1526 LST at the 2.4° elevation 
angle (about 1.2 km) near LD. By ~1530 LST, the TVS 
intensified rapidly and descended toward the surface 
(Fig. 4b). It could be detected at all elevation angles 
below 9.9° except 0.5° (Fig. 5). The lack of a consistent 
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northwest of the low-level vorticity center, indicating 
tilting of the low-level horizontal vorticity aligned 
with the storm motion, consistent with the low-
level shear vector as shown in Fig. 3. At 1454 LST  
(Figs. 6b,e), the mesocyclone at low levels intensified 
with its vorticity center collocated with the maximum 
updraft as the wind fields in the midlevels became 
more southerly. About 30 min later at 1530 LST (Figs. 
6c,f), the magnitude of the mesocyclone, accompa-
nied by a hook echo, intensified by more than 100%, 
with the vorticity maximum exceeding 2 × 10−2 s−1 and 
its diameter decreased to less than 5 km (based on the 
5 × 10−3 s−1 vorticity contour). The tornado occurred 
near the center of the cyclonic circulation. Note 
that the vorticity maximum (i.e., the mesocyclone) 
is shifted north of the updraft center. The cyclonic 
circulation is well defined in the midlevels (Fig. 6f).

Figure 7 presents two orthogonal vertical cross 
sections of reflectivity, vertical velocity, and vertical 
vorticity through the mesocyclone center. The minia-
ture supercell and its mesocyclone extend up to 8 and 
4 km based on the 20-dBZ and 5 × 10−3 s−1 contours, 
respectively, with a maximum vorticity ~2 × 10−2 s−1 
at 2 km. These characteristics are consistent with 
miniature supercells observed in TC rainbands in 
the United States (e.g., Eastin et al. 2009; McCaul et 
al. 2004; Spratt et al. 1997). The storm-relative inflow 
approaches from the northeast, and the primary up-
draft extends from the boundary layer up to ~6 km 
with a maximum of ~10 m s−1 near 3-km altitude. A 
moderate downdraft with a maximum of ~6 m s−1 is 
confined to the north of the updraft within the inflow 
region, which can be attributed to the compensating 
downdraft of the convective updraft and the drag by 

Fig. 6. Dual-Doppler analysis of tornadic mesocyclone from Guangzhou and Shenzhen radars at (a)–(c) 1.5- 
and (d)–(f) 3.5-km heights for before [(a),(d) 1430 and (b),(e) 1454 LST] and at the time of [(c),(f) 1530 LST] 
tornadogenesis. Reflectivity (color; dBZ) is overlaid with storm-relative wind vectors. The positive (white solid 
contours) and negative (white dashed contours) vertical vorticity is shown at ±1, 5, 10, 15, and 20 × 10−3 s−1. The 
updraft (blue line) is contoured at 2, 4, 6, 8, and 10 m s−1. The green-filled triangles in (c) and (f) indicate the 
location of the TVS.
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heavy precipitation (>45 dBZ). The tornado is located 
at the boundary between the updraft and downdraft.

To examine the intensification mechanism of the 
mesocyclone in this miniature supercell, the vertical 
vorticity budget from the 3D dual-Doppler winds is 
calculated using the method described in Eastin et al. 
(2009). Ignoring contributions from frictional and so-
lenoidal terms that are usually much smaller, the time 
rate of change of vertical vorticity can be expressed as 
the sum of horizontal (HADV) and vertical (VADV) 
advection of vertical vorticity, the convergence (CONV, 
or stretching) and tilting (TILT) terms. Figure 8 shows 
the horizontal distribution of the vertical vorticity 
production terms at height Z = 1.5 km in the vicinity of 
the mesocyclone at 1454 and 1530 LST, corresponding 
to the times before and near tornadogenesis, respec-
tively. At 1454 LST (Figs. 8a–d), the CONV term is 
mostly positive within the mesocyclone. The tilting 
term is comparable in magnitude to the CONV term 
and has positive contributions to the vorticity of the 
mesocyclone. Both the HADV and the VADV terms 
exhibit a pair of positive and negative maxima near the 
center of the mesocyclone, consistent with the effect 
of advection by the storm-relative winds and vertical 
motion. Overall, the low-level vorticity production 
before tornadogenesis mostly resulted from tilting 
of horizontal vorticity and its subsequent stretching.

Near the time of tornadogenesis (~1530 LST;  
Figs. 7e–h), the CONV and HADV terms increased 

to an order of magnitude larger than VADV and 
TILT. The HADV term still exhibits a positive (nega-
tive) maximum at the southwest (northeast) flank of 
the mesocyclone center. Maximum CONV exceeds 
25 × 10−6 s−2 and is collocated with the mesocyclone, 
indicating its dominant role in the production of verti-
cal vorticity. The vorticity distribution and evolution 
in this event are consistent with supercells found in 
the U.S. Great Plains, where the vertical vorticity 
couplet is initially created by tilting of horizontal 
environmental vorticity, and then positive vorticity 
is rapidly intensified by the stretching of vertical 
vorticity within the mesocyclone (e.g., Davies-Jones 
et al. 2001; McCaul and Weisman 1996).

Past studies (e.g., Dawson et al. 2010; Markowski 
et al. 2002) have pointed to the importance of the cold 
pool, including its strength, in tornadogenesis. For the 
miniature supercell storm studied here, the cold pool 
was rather weak; the surface temperature drops were less 
than 1 K at surface stations near the path of the tornado 
(not shown), which is not surprising because of the very 
humid low-level environment. Hence, the baroclinically 
generated vorticity should not be an important factor.

CONCLUDING REMARKS. The first look at the 
evolution and structure of a miniature supercell in Ty-
phoon Mujigae (2015), which spawned an EF3 tornado, 
the strongest tornado embedded in a typhoon rainband 
ever observed in China, was presented in this paper 

Fig. 7. Vertical cross sections of radar reflectivity (dBZ; color shading), storm-relative wind vectors, vertical 
velocity (m s−1; blue contours), and vertical vorticity (1 × 10−3 s−1; white contours) at 1530 LST (at the time of 
tornadogenesis) along line segments (a) AB and (b) CD in Fig. 6c. The solid and dashed lines denote positive and 
negative values, respectively. The green-filled triangles indicate the location of TVS.
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using single- and dual-Doppler radar data along with 
rawinsonde and damage surveys. The tornadic minisu-
percell was embedded in an environment of moderate 
CAPE, strong low-level shear, a low lifting condensation 
level, and a small surface dewpoint depression, similar 
to its U.S. hurricane counterparts. Mesocyclone prop-
erties deduced from single-Doppler radar data suggest 
that the mesocyclone first intensified and contracted 
at ~3-km altitude and then descended to lower levels. 
Because of the limitations of the available data, we are 
unable to investigate the details of tornadogenesis and 
the subsequent evolution and structure of the tornado.

With dual-Doppler wind analyses, the parent 
mesocyclone was well identified. Positive vorticity 
intensified as the hook-echo ref lectivity signature 
developed. The vorticity budget demonstrated that 
tilting of the low-level horizontal vorticity into the 
vertical and subsequent stretching by a strong up-
draft were the main contributors to the mesocyclone 
intensification. Future studies will examine the mi-
crophysical processes of the miniature supercell using 
dual-polarization data from the Hong Kong radar. In 
addition, storm dynamics and tornadogenesis will be 

examined using high-resolution numerical simula-
tions that include radar data assimilation.
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glossary.ametsoc.org/wiki/Mesocyclone.]

Fig. 8. Distributions of (a),(e) HADV; (b),(f) VADV; (c),(g) TILT; and (d),(h) CONV terms within the mesocyclone 
at 1.5 km at (a)–(d) 1454 and (e)–(h) 1530 LST, corresponding to the times before and near tornadogenesis, 
respectively. Blue solid (dashed) contours denote positive (negative) contributions to vertical vorticity produc-
tion, with an interval of 2 × 10−6 s−2. Reflectivity (dBZ; color shading) is overlaid with storm-relative wind vectors 
and vertical relative vorticity (white contours; interval of 4 × 10−3 s−1).
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