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ABSTRACT

The Pearl River Delta (PRD), a tornado hotspot, forms a distinct trumpet-shaped coastline that concaves toward the
South China Sea. During the summer monsoon season, low-level southwesterlies over the PRD’s sea surface tend to be
turned toward the west coast, constituting a convergent wind field along with the landward-side southwesterlies, which
influences regional convective weather. This two-part study explores the roles of this unique land—sea contrast of the
trumpet-shaped coastline in the formation of a tornadic mesovortex within monsoonal flows in this region. Part I primarily
presents observational analyses of pre-storm environments and storm evolutions. The rotating storm developed in a low-
shear environment (not ideal for a supercell) under the interactions of three air masses under the influence of the land—sea
contrast, monsoon, and storm cold outflows. This intersection zone (or “triple point”) is typically characterized by local
enhancements of ambient vertical vorticity and convergence. Based on a rapid-scan X-band phased-array radar, finger-like
echoes were recognized shortly after the gust front intruded on the triple point. Developed over the triple point, they rapidly
wrapped up with a well-defined low-level mesovortex. It is thus presumed that the triple point may have played roles in the
mesovortex genesis, which will be demonstrated in Part II with multiple sensitivity numerical simulations. The findings
also suggest that when storms pass over the boundary intersection zone in the PRD, the expected possibility of a rotating
storm occurring is relatively high, even in a low-shear environment. Improved knowledge of such environments provides
additional guidance to assess the regional tornado risk.
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Article Highlights:

* A convergent boundary routinely forms on the west coast of the trumpet-shaped Pearl River Delta during the summer
monsoon season.

¢ The tornadic mesovortex develops where storm-generated cold outflows intersect with the convergent boundary along
the west coast.

* The triple point formed by three air masses in the influence of the unique land—sea contrast contributes to the rotating
storm development.
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1. Introduction

While tornadoes have been reported on every continent
except Antarctica, their occurrences show a distinct diversity
worldwide. Most tornadoes are found in the United States.
According to the tornado records during 2010-21 provided
by the Storm Prediction Center, approximately 1200 torna-
does struck the United States each year. The regional climate
has been demonstrated to be responsible for the large-scale
environments that repeatedly favor tornadic storms in that
region (Brooks et al., 2003). Owing to the unstable low-
level air from the Gulf of Mexico, the large lapse rate in the
central United States and the regularly large vertical wind
shear in spring contribute to the high tornado occurrence
(Markowski and Richardson, 2010).

Statistical studies have suggested that a broad spectrum
of vertical wind shear and conditional instability combina-
tions is capable of producing tornadoes. Significant severe
thunderstorms that produce tornadoes are in general associ-
ated with high shear and high CAPE environments (Brooks
et al., 2003). The ambient vertical wind shear is one of the
important sources of low-level vertical vorticity within thun-
derstorms as a result of tilting and subsequent stretching of
horizontal vorticity (Rotunno, 1981; Davies-Jones, 1984;
Rotunno and Klemp, 1985). Supercellular tornadoes have
been demonstrated to preferentially form in high-shear envi-
ronments (Rotunno and Klemp, 1985; Thompson et al.,
2013; Anderson-Frey et al., 2019).

In the high-shear region with large spatial coverage
over the Great Plains, surface convergent boundaries such
as drylines are often helpful to narrow the potential locations
of severe thunderstorms and tornado development (Xue and
Martin, 2006a, b; Weckwerth and Parsons, 2006). Some vio-
lent tornadoes are documented to have been spawned by
supercells that initiate along drylines, such as the EF5
Moore tornado in 2013 (e.g., Atkins et al., 2014; Burgess
etal., 2014; Zhang et al., 2015). Along the entire dryline
length, typically hundreds of kilometers, the so-called
“triple point” (Reed and Albright, 1997; Weiss and
Bluestein, 2002; Wakimoto et al., 2006), where three differ-
ent air masses intersect, is a common location for the initiation
and intensification of tornadic supercells (e.g., the EF3 El
Reno tornado; Wurman et al., 2014; Schumacher, 2015).
The pre-existing enhanced vertical vorticity along boundaries
or over the intersection zone by multiple boundaries could
be a source of the initial vortex for stretching by large persis-
tent and strong updrafts (e.g., Wakimoto and Wilson, 1989;
Houston and Wilhelmson 2007a, b; Schenkman et al.,
2012).

Althoughthe pre-existing ambient vertical vorticity is typ-
ically an order of magnitude smaller than the horizontal vortic-
ity that is ultimately tilted in the vertical direction, the pre-
existing vertical vorticity seems to be important in the case
of high-CAPE, low-shear tornadic events (Davies-Jones,
2006; Houston and Wilhelmson, 2012). More often, torna-
does that are associated with enhanced vertical vorticity
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(e.g., misocyclones) along boundaries result from non-meso-
cyclone processes, which typically are more difficult to fore-
cast (Brady and Szoke, 1989; Wakimoto and Wilson, 1989;
Lee and Wilhelmson 1997a, b, 2000). Statistical analyses
have suggested that storms in low-shear environments are
often unfavorable for supercellular organization and some-
times are quasi-linear convective systems (QLCSs) and disor-
ganized cells or clusters (Thompson etal., 2003, 2012).
Within these QLCSs, tornadoes and damaging straight-line
winds are found to be closely associated with the embedded
low-level meso-y-scale vortex (i.e., mesovortex; 2—20 km in
diameter; Orlanski, 1975). These storms are characterized
by a 0—6 km bulk wind shear magnitude of generally lower
than 15 m s~! (Thompson et al., 2003). However, the presence
of airmass boundaries may locally enhance the directional
shear even in a large-scale low-shear environment, which
sometimes alters the near-storm environment toward becom-
ing more favorable for supercellular organization by a sub-
stantial increase in low-level shear.

In East Asia, eastern China s also characterized by clima-
tologically tornado-favorable conditions (Brooks et al.,
2003). However, according to a recently compiled reliable
database during the time period of 2007-23, the tornado
occurrences in China are only approximately 5% of those in
the United States. The difference in regional climate results
in the large discrepancy in tornado occurrences between the
two countries (Zhou et al., 2022). As for the spatial distribu-
tion, tornadoes in China tend to be concentrated in coastal
areas in eastern China, especially in the provinces of Guang-
dong and Jiangsu (Fan and Yu, 2015; Bai et al., 2020a). Com-
pared to their midlatitude counterparts in the United States,
tornadoes in Guangdong Province are located closer to the
tropics (Fig. la). Tornadoes in this region are generally
weak (Fan and Yu, 2015), which makes it even more challeng-
ing to detect and issue warnings. According to the statistics
collected by the Foshan Tornado Research Center, the Pearl
River Delta (PRD) has the highest tornado occurrences
across Guangdong Province (Fig. 1a). The specific topogra-
phy and regional climate in the PRD may have led to the rela-
tively concentrated rather than random distribution.

The PRD coast is concave toward the sea, constituting
a “trumpet” or “triangle” shape (Fig. 1b). After the onset of
South China Sea summer monsoon, which typically occurs
in late May over the South China Sea (Wang and LinHo,
2002), the prevailing low-level southwesterlies along with
warm and moist air travel onshore (e.g., Du and Chen,
2019a; Bai et al., 2020b), which often repeatedly produce
baroclinic boundaries near coasts due to the land—sea con-
trast. When storms take place in the PRD region, these bound-
aries may interact with the storm-generated outflows, forming
new convergent boundaries. Compared to the relatively ran-
dom locations of drylines in the Great Plains, the locations
of convergent boundaries that are associated with land—sea
contrast are seemingly relatively fixed in this region. For
years, forecasters have supposed that the trumpet-shaped
PRD coastline may play a role in the development of tornadic
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Fig. 1. (a) Tornado locations (blue dots) over the period from 2007 to 2022. The shading denotes the number of
tornado occurrences within a range of 50 km. These tornado records were provided by Peking University (Zhou
et al., 2022) and the Foshan Tornado Research Center. (b) Enlarged area of the dashed rectangle in (a), showing the
observational platforms used for analysis in this study. The locations of the tornado (inset panel), X-PAR, S-Pol, the
wind-profiling radar (WPR), radiosonde, and automatic weather station (AWS) are denoted by the triangle, red dot,

green dot, square, diamond, and gray dot, respectively.

storms. The deployment of X-band phased array radars
since 2018 in the PRD provides an opportunity to investigate
in detail the formation process of tornadic storms with the
aid of high spatiotemporal resolution sampling capacity.
While the PRD is a climatological tornado hotspot in China,
the annual number of tornado occurrences is still relatively
low. More case studies are needed to better understand the for-
mation and detection of tornadoes in this region.

The purpose of this two-part study is to explore the
roles played by the trumpet-shaped coastline and its associ-
ated perturbed monsoonal flows in the formation of a tornadic
storm in the PRD region. Part I primarily presents the mean
state of the low-level atmosphere due to the land—sea con-
trast, the fine-scale evolution of the tornadic storm, and the
pre-storm environments in the combined influence of the mon-
soon, land—sea contrast, storm outflows, and unique topogra-
phy. Part II complements the observational analysis and
explores the detailed dynamics of mesovortex formation via
convection-permitting numerical simulations. This storm
developed in a low-shear environment where commonly a
non-mesocyclone process is expected. Tornadic storms that
initiate in low-shear flows are typically more difficult to fore-
cast than those in a high-shear environment. Understanding
the formation processes of such tornadic storms may assist
the refinement of methods used for tornado risk assessment
in this region.

The remainder of this paper is organized as follows: Sec-
tion 2 presents the mean state of the low-level atmosphere
due to the land—sea contrast. The pre-storm environments of
the tornadic storm are described in section 3. Section 4
gives an observational analysis of the storms, gust fronts,
and surface flows. Sections 5 and 6 are the discussion and
concluding remarks, respectively.

2. Coastal convergence associated with

land-sea contrast

2.1. Design of numerical simulations

To obtain the mean state of the low-level atmosphere in
the PRD region, a set of daily successive numerical simula-
tions was conducted during three monsoon months using
the Advanced Research version of the Weather Research
and Forecasting (WRF) model (Skamarock et al., 2008), ver-
sion 3.9.1. The WRF simulation was configured in one
domain with a horizontal grid spacing of 4 km, covering the
area shown in Fig. 1a. There were 50 terrain-following hydro-
static—pressure vertical levels topped at 50 hPa. The main
parameterization configurations included the WSM6 micro-
physics scheme (Hong and Lim, 2006), the YSU boundary
layer scheme (Noh etal.,, 2003), the revised MMS5
Monin—Obukhov surface layer scheme, the thermal diffusion
land surface scheme, the RRTM longwave radiation scheme
(Mlawer et al., 1997), and the Dudhia shortwave radiation
scheme. The cumulus parameterization scheme was turned
off. The initial and lateral boundary conditions were provided
by ERAS gridded data (horizontal resolution: 0.25°; temporal
resolution: hourly; Hersbach et al., 2020). The model was ini-
tialized at 0000 UTC for a 30-h simulation on each day during
June from 2019 to 2021. The first 6 h was regarded as the
model spin-up time, and thus the hourly output data for the
last 24 h of the simulation were saved for analysis.

2.2. Mean state of the low-level atmosphere over the
PRD during June

Figure 2 presents the mean state of the thermodynamic
and kinematic characteristics of the near-ground atmosphere
during June from 2019 to 2021. A distinct land—sea contrast
in potential temperature at low levels was located over the
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Fig. 2. (a) Average potential temperature (shaded) and horizontal winds (vectors) at 1500 LST in June from 2019 to
2021 obtained from the WRF simulations at the lowest model level. The red arrow represents the low-level
prevailing onshore flows, and the blue curved arrow represents the sheared onshore flows due to the land—sea
contrast. (b) As in (a) but for the average convergence (cool colors) and divergence (warm colors) enlarged in the
rectangle in (a). (c) Average zonal components of horizontal winds at the lowest model level at 1500 LST (local
standard time, LST = UTC + 8 h) in June from 2019 to 2021. The dashed lines denote the convergent boundaries

along the west coast of the PRD.

PRD (Fig. 2a). In June, when the South China Sea summer
monsoon becomes active, this region is typically character-
ized by southwesterly moist air flows traveling onshore at
low levels. When these large-scale monsoonal flows arrive
at the PRD coast, the prevailing low-level southwesterlies
(red vector in Fig. 2a) tend to be horizontally sheared (blue
vector in Fig. 2a), due to the land—sea contrast.

In the presence of the land—sea contrast of the trumpet-
shaped coastline, the downward branch of the sea breeze cir-
culation over the PRD sea surface contributes to a tendency
of the easterly wind component on the west coast. On the

other hand, greater friction force is expected between the
underlying surface and the bottom of the atmosphere on the
landward side. In the afternoon, the heated land strengthens
the turbulent exchanges of momentum and thus also deceler-
ates the lower-troposphere onshore flows on the coastal
land. Consequently, a negative tendency of the # component
of the near-surface flow is expected in the west coastal area
(Figs. 2b, ¢). The sheared onshore flows over the PRD sea sur-
face thus routinely produce a low-level convergence zone
(dashed lines in Figs. 2b, c) along the west PRD coast, and a
divergence zone over the sea surface. In comparison to the rel-
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atively random locations of drylines in the Great Plains, this
convergent boundary (ellipse in Fig. 2b) appears to be topo-
graphically locked.

The fundamental fact is that the topography is fixed
and the summer monsoon occurs every year, indicative of a
connection between the frequently occurring local severe
weather and the unique topography and regional climate. Con-
sidering the relatively high frequency of tornado occurrence
over the PRD region, the current study attempts to investigate
the role of such an airmass boundary that is associated with
the land—sea contrast in the regional tornadic storms. To
reach that point, the first part of this study involves a
detailed observational analysis of a tornadic storm in this
area. The tornadic case occurred during the active monsoon
season in 2020 when multiple X-band phased-array weather
radars were deployed and were operating in real time,
which provided an opportunity to analyze the fine-scale
storm structures at high temporal resolution.

3. Pre-storm environment of the tornadic
storm

3.1. Observational and model data

For the purposes of synoptic and mesoscale analysis,
observational data from surface weather stations, radioson-
des, and ERAS5 reanalysis gridded data were used. The
densely deployed surface weather stations (gray dots in
Fig. 1b) provide surface observations at an interval of 5
min. The nearby radiosonde (rhombus in Fig. 1b) and a
wind profiling radar (square in Fig. 1b) were employed to
obtain vertical profiles, including air temperature, moisture,
and horizontal winds. The radiosonde was routinely
launched twice a day and the profiles from the wind profiling
radar were available every 6 min with a vertical resolution
of 100 m.

Two operational weather radars were used to depict the
storm evolutions, including an S-band China New Generation
Doppler Weather Radar with dual-polarization capability (S-
pol; green dot in Fig. 1b) and an X-band dual-polarization
phased-array weather radar (X-PAR; red dot in Fig. 1b).
The S-pol operated in the volume coverage pattern 21
(VCP21) mode during this event with a volumetric update
time of approximately 6 min and a radial gate spacing of
250 m. The X-PAR was located approximately 6 km to the
south of the reported tornado and operated an electronically
scanned X-band planar antenna with dual polarization. The
360° volumetric update time was 90 s with 12 elevation
angles (0.9°, 2.7°, 4.5°, 6.3°, 8.1°,9.9°, 11.7°, 13.5°, 15.3°,
17.1°, 18.9° and 20.7°). The radial gate spacing was 30 m.
By adopting the oversampling technique, the azimuthal inter-
val was 0.9°.

3.2. Synoptic and mesoscale atmospheric conditions

The tornadic storm of interest occurred in the early after-
noon on 1 June 2020, after the onset of the summer mon-
soon. It spawned a short-lived tornado (~7 min) at approxi-
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mately 1250 LST (local standard time, LST = UTC + 8 h)
over the Pearl River estuary (Fig. 1b; Zhang et al., 2021).
The lower troposphere was characterized by prevailing mon-
soonal southwesterlies in the coastal region of South China
in the early morning, as indicated by upper-air observations
(Figs. 3a, b). A salient wind-shift line formed as the mon-
soonal southwesterlies converged with the subtropical wester-
lies (dashed curves in Fig. 3b). This synoptic forcing was
responsible for the upstream mesoscale convective systems
(MCSs) that were located to the west of Guangdong
Province (labeled MCS-A in Fig. 4a). To the south of the
wind-shift line, an 850-hPa jet stream was situated over the
coastal land, leading to divergence at this level (dashed iso-
pleth of 12 m s~! in Fig. 3b). Such divergence combined
with the near-surface convergence due to the sea—land transi-
tion would produce a favorable dynamic structure for low-
level upward motion and thus the formation of coastal
storms (Du and Chen, 2019b).

At 1130 LST, the PRD region was characterized by
onshore southerlies near the surface (Fig. 3¢). Under the influ-
ence of warm and humid tropical marine airmass advection,
the region of interest had high thermodynamic instability
with little convective inhibition. As revealed by the measure-
ments of a Hong Kong sounding taken in the early morning,
the calculated surface-based CAPE (with virtual temperature
correction), LCL and LFC were 3447 J kg~!, 361 m and 554
m, respectively (Fig. 5a). These high-CAPE and low-LCL val-
ues are known to be conducive to the development of vigorous
moist convection. Although the thermodynamic conditions
were favorable for the formation of deep moist convection,
the dynamic variables were generally not supportive of super-
cellular organization. Figure 5 shows that the horizontal
wind speeds were generally light in the whole column of the
troposphere. The 0-6 km bulk wind difference was only
7.2 m s~!, which is small for supercellular organization
(Markowski and Richardson, 2010). The 0-1 km storm rela-
tive helicity (SRH) was only 42 m? s=2, which was calculated
using the estimated storm-motion vector based on the
method of Bunkers etal. (2000) for right-moving super-
cells. As shown in the hodograph diagram, the estimated
storm motion (296°, 8.1 m s~1) was toward the southeast
(magenta vector in Fig. 5b). By tracking the radar echoes,
the realistic storm motion (228°, 10.0 m s~!) was toward a dif-
ferent direction (red vector in Fig. 5b). Using the realistic
storm motion, the updated O—1 km SRH value was reduced
to only 7 m? s~2, suggesting a low potential for a cyclonic
rotating updraft in right-moving supercells. Although domi-
nated by unstable air masses prior to the tornadogenesis, the
region of interest was characterized by marginal values of
supercell composite parameterandsignificanttornado parame-
ter (STP), due to the small SRH and bulk Richardson number
shear (Thompson et al., 2003).

Figure 6 presents the evolution of wind profiles under
the precipitation-free conditions obtained from the wind-pro-
filing radar located approximately 15 km to the south of the
tornado location (Fig. 1b). Consistent with the earlier sound-
ing observations, the wind profiles derived from the wind-pro-
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Fig. 3. Observed synoptic analysis at (a) 500 hPa, (b) 850 hPa, and (c) surface level on 1 June 2020. The
background weather maps in (a, b) and (c) were originally produced by the National Meteorological
Center and Guangzhou Meteorological Observatory, respectively. The tornado’s location is marked by
the yellow triangle. The half barbs, full barbs, and pennants denote 2, 4, and 20 m s~!, respectively. In
(a), geopotential height (units: dagpm), temperature (units: °C), and the wind shift line are represented by
blue, red, and dashed black curves, respectively. In (b), the dashed isopleth represents the area with a
wind speed greater than 12 m s~! at 850 hPa. The green isopleths mark the boundaries with a mixing ratio
of 12 and 15 g kg™, respectively. The moist side is rasterized.

filing radar suggested that the lowest 500 m layer was gener-
ally characterized by southerlies and the upper layer by south-
westerlies. Approximately one hour before tornadogenesis,
the 1.5-2 km AGL layer underwent an enhancement of
wind speed. The wind directions from the near-surface to
2 km AGL became more veering with height. Although the
directional and speed shears between surface and upper layers
increased before tornadogenesis, the integrated index of
0-1 km SRH was overall small, with a value generally less
than 20 m? s~2. On the other hand, the speed enhancement
near the top of the PBL may have enhanced the vertical
momentum transport at lower levels, priming the mesoscale
environment for convective initiation and development.

The above analyses suggest that the tornadic storm
formed in the destabilized atmosphere ahead of a synoptic
wind-shift line but in a low-shear environment. Although
the high conditional instability supports convective develop-
ment, the dynamic conditions suggest that this environment
was marginally favorable for the expected supercellular
storm type as indicated by the low values of vertical wind
shear. The marginal STP values also suggest a very low poten-
tial for a supercellular tornado in the region of interest.

4. Observational analysis of the storms, gust
fronts and monsoonal flows

4.1. Storm evolutions obtained from radar observations

The tornadic storm was embedded in the southern-end
part of a QLCS (Fig. 4b). It initiated at approximately 1218
LST (Storm S2 in Fig. 7b) as part of multiple scattered con-
vective cells that were aligned in a southwest—northeast orien-
tation (the rectangle in Fig. 7a). The storm propagated
toward the northeast and its northern part merged with a pre-
existing storm (Storm S3) at 1236 LST(Fig. 7c). During the
period from 1248 to 1254 LST, a southern storm (labeled
S1) caught up and merged with the southern part of tornadic
Storm S2 (Figs. 7d, e). A “hook” echo signature was identified
between Storms S1 and S2 at the lowest radar level at 1254
LST (refer to the notch of reflectivity labeled Hook in
Fig. 4b). The reported tornado was located slightly to the
south of this hook echo. The subsequent X-PAR analysis in
the following subsection provides more details on the fine-
scale storm structures.

In the S-Pol volume scan when the tornadic storm initi-
ated, a radar fine line was identified at the 0.5° elevation
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Fig. 4. (a) Composite radar reflectivity at 1242 LST 1 June
2020. (b) Radar reflectivity at the 0.5° elevation angle from S-
pol at 1254 LST on 1 June 2020. The black cross marks the
approximate tornado location.

angle (Fig. 7f). It was located approximately 7 km to the
west of Storm S2. The surface observations from two surface
weather stations (labeled A and B in Fig. 7f) confirmed that
this radar fine line was the leading edge of storm cold outflows
(i.e., gust front). These two stations were almost located on
the radar fine line at 1218 LST. At Station A, a sharp
decrease in surface temperature (4°C) and a slight pressure
jump were observed from 1220 to 1225 LST (Fig. 8a). Mean-
while, the surface winds turned westerly from southwesterly
and intensified to 15.1 m s~! from 8.2 m s~!. The relative
humidity also underwent an evident increase from 72% to
85% within 10 min. To the south of this station, Station B
observed rapid changes in surface temperature, wind, humid-
ity, and pressure from approximately 1215 LST (Fig. 8b).
The confirmed gust front moved eastward and caught up
with the tornadic storm at 1236 LST when this storm
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merged with its northern Storm S3 (Fig. 7c¢).

The merging process was more clearly observed by X-
PAR at a finer spatiotemporal resolution (Fig. 9). Prior to
the hook echoes, a “finger-like” echo signature started to be
identified by X-PAR from 1235:30 LST, and this signature
was even more pronounced after 1240:00 LST. Note that
the S-Pol observations suggest that the contact between the
aforementioned gust front and the tornadic Storm S2
occurred nearly at that time (Fig. 7c), while the precise loca-
tion of the gust front is difficult to confirm because of the
interference of precipitation echoes. The station surface
winds valid at 1235 LST indeed suggest that the gust front
was in proximity to the tornadic storm at that time. The X-
PAR radial velocity at the lowest radar level shows that the
southwestern edge of Storm S2 underwent a transition from
outbound to inbound radial velocity from 1231:00 to
1235:30 LST (Fig. 10). As shown in Fig. 10a, the distance
between Station A and the western edge of Storm S2 was
approximately 9 km and thus the average translation speed
of the radar fine line was simply estimated as 8.8 m s~! during
1218-1235 LST. At Station C (Fig. 10a), during the passage
of surface cold outflows, the observed wind speed was 9.6
ms~!at 1235 LST. Considering the deformation of the density
current, it seems reasonable to presume that the gust front
had almost interacted with Storm S2 at 1235 LST, after
which the finger-like echo signature developed.

From 1245:00 to 1249:30 LST, there was an indication
of reflectivity wrap-up, indicative of strong midlevel
cyclonic rotations (Figs. 9c, d). At the 8.1° elevation angle,
a well-defined meso-y-scale cyclonic signature was identified
near the tip of the finger-like echoes (Figs. 9e, f). While the
radar-based structures of the tornadic storm present a supercel-
lular organization, the storm is believed to be a non-mesocy-
clone process because closer inspection shows that the meso-
cyclonic rotation originated from low levels and was shallow
in depth. Here, the meso-y-scale cyclonic signature in the
Doppler products represents a mesovortex. The mesovortex
formed before the merger of Storms S1 and S2 (Figs. 9c—f).
The maximum height of the measurable mesocyclonic signa-
tures in all volume scans was approximately 4 km AGL.
The distance of the maxima of the couplet signature in the
radial velocity field ranged from 2 to 3 km (e.g., Fig. 9f and
Fig. 11). In this study, the detailed quantitative evolution of
the mesovortex structure is not presented because the velocity
couplet features were sometimes incomplete due to the rela-
tively low detection sensitivity of X-PAR. For example, the
maxima in the outbound part of the velocity couplet signature
in Fig. 9e was not measurable. Compared to typical supercells
in the U.S. Great Plains, the current supercell-like storm
was miniature. The fine structure of this hook echo signature
was difficult to identify by the operational S-Pol radar (e.g.,
Fig. 4b).

Beneath the mesovortex, a weak tornadic vortex signa-
ture (TVS) was identified at the 0.9° elevation angle at
1251:00 LST when the northern part of Storm S1 had
started to merge with the hook echoes of Storm S2 (Figs. 12a,
b). Meanwhile, a relatively weak-echo “hole” signature was
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Fig. 7. Radar reflectivity at different elevation angles from S-pol as described in Fig. 1b. The red cross marks the
approximate location of the tornado. The arrows represent the moving directions of the circled storms. The white
curve in (b) marks the location of the gust front identified based on the fine line of reflectivity at the lowest radar
level, as shown in (f). The hook echo region at the 0.5° elevation angle at 1254 LST is enlarged in (g). Triangles A
and B shown in (f) represent the locations of the surface weather stations used in Fig. 8.

identified around the TVS (Figs. 12a—d). In the fields of the
co-polar cross-correlation coefficient (pyy) products, a local-
ized area of small-value pyy was identified near the TVS
(insetin Fig. 12b). Low pyy is often associated with lofted tor-
nadic debris, which typically has random orientations and
irregular shapes and thus results in a low ppy signature. In
the following volume scan, the maximum gate-to-gate
radial velocity difference of the 0.9° TVS was 19 m s7I,
with anomalously low pyy less than 0.6 (Fig. 12f). During
the tornadic event, the diameter of the low-pyy area was gen-
erally less than 400 m (insets in Figs. 12e—h). The TVS inten-
sity peaked at 1254:00 LST, with a maximum gate-to-gate
radial velocity difference of 22 m s~! at 420 m AGL (Fig.
12g). The TVS lost its clear identification after 1257:00
LST. The reflectivity fields from X-PAR also demonstrate
that the tornado formed at the tip of the hook echo (Figs.
12a—d). Compared to the S-Pol observations (Fig. 4b), Fig.

12¢ shows two notches along the hook echo due to the merg-
ing process.

4.2. Collocation between the storm, gust front, and
monsoonal flows

The aforementioned radar and surface observations pro-
vide evidence of the juxtaposition of finger-like echoes and
the surface triple point. Figure 9a shows that before the forma-
tion of finger-like echoes, the southern part of Storm S2 was
located at the triple point formed by the eastward-moving out-
flows and southwesterly and southeasterly flows (black, red
and magenta curved arrows, respectively). After the gust
front arriving at the triple point at approximately 1236 LST,
the finger-like echoes developed and subsequently produced
a low-level mesovortex in the following 5 min (e.g., Figs. 9b,
e). The close proximity in time and space of the mesovortex
to the surface triple point might have contributed to the gener-
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ation of the mesovortex. Previous studies have suggested
that enhanced low-level vertical vorticity along convergent
boundaries sometimes directly promotes the formation of a
mesocyclone or mesovortex and that longer-lived, strong
low-level updrafts at these boundaries are more likely to sup-
port midlevel rotations (e.g., Houston and Wilhelmson,
2007b). The current analysis based on surface weather sta-
tions suggests that the triple point where three different air
masses intersect was a source of pre-existing ambient vertical
vorticity at low levels. The subsequent forced lifting associ-
ated with the gust front would further enhance the upward
motions over the triple-point zone and thus intensify the
stretching of the locally enhanced low-level vertical vorticity
in that region. Based on the observational evidence, the fact
is that the finger-like echoes and subsequent mesovortex
formed when the gust front was intruding into the triple
point zone. By conducting multiple sensitivity numerical sim-
ulations in Part II of this study, it is demonstrated that the
triple point due to the trumpet-shaped coastline (through a sen-
sitivity experiment that modifies the coastline shape) and
the intruding gust front (through a sensitivity experiment
that strengthens the cold pools) both played an important
role in the formation of low-level mesovortex in this case.
In addition to the potentially important roles of the
triple point and gust front in the mesovortex generation, it is

still not clear whether the merger between Storm S1 and the
tornadic storm S2 (Figs. 9c, d) contributed to the intensifica-
tion of the existing mesovortex (Fig. 11). Flournoy et al.
(2022) documented that storm merging processes are quite
common in supercell events. Although no general relationship
has been found between storm merger and temporal
changes in low-level mesocyclone strengths, qualitative
results yield after thresholding the outcome of merger
events on the mesocyclone strength before merger. Their
statistics suggest that the initially weak mesocyclones are
more likely to intensify after storm mergers, while the initially
strong mesocyclones are more likely to weaken. In the current
case, the weak mesovortex formed before the merger
between Storm S1 and the hook echoes (e.g., Figs. 11d-f).
It is a fact that the mesovortex intensified and then produced
a tornado shortly after the merger event (Figs. 9 and 12).
Although it is hard to demonstrate the exact role of the
merger process in the mesovortex intensification and tornado-
genesis, the cold pool outflows emanated from the approach-
ing Storm S1 could have locally altered the near-storm-
scale environments around the low-level mesovortex. During
this case, multiple merger events occurred in the southern-
end part of the QLCS. After the demise of the short-lived tor-
nado, two storms (labeled S3 and S4 in Fig. 4b) to the south
of the hook echoes caught up and merged with the hook
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Fig. 9. (a—d) Reflectivity at the 0.9° elevation angle from X-PAR (black triangle) as described in Fig. 1b. The
overlaid surface winds (barbs) are valid at (a) 1235, (b) 1240, (c) 1245, and (d) 1250 LST on 1 June 2020. The half
barbs and full barbs represent 2 and 4 m s-!, respectively. The black cross in (d) denotes the tornado’s location. (e, f)
Radial velocity at the 8.1° elevation angle from X-PAR, showing the mesocyclone signature (magenta circle) near
the hook echo. The black, red, and magenta arrows in (a) represent the direction of cold outflows (GF), southwesterly
monsoonal flows (SW), and southeasterly monsoonal flows (SE), respectively, as described in the text. Surface
weather stations marked by red triangles are labeled A, B and C.

echoes. Over the triple point, another supercell-like structure
(labeled Hook echo B in Figs. 13a, b) in the rain field
formed in the southern-end part of Storm S4. The radial veloc-
ity fields showed a mesocyclonic signature at the low radar
levels but this meso-y-scale vortex was overall weak and
short-lived (Figs. 13c, d).

5. Discussion

During the active season of the South China Sea summer
monsoon, the PRD area is significantly influenced by
onshore southwesterlies in the lower troposphere. The
onshore monsoonal flows present a salient feature of hori-
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respectively.

zontal heterogeneity over the estuary of the Pearl River due
to the land—sea contrast of the trumpet-shaped coastline
(Fig. 14a). This unique land—sea contrast leads to a routinely
formed convergent boundary on the west coast under the influ-
ence of the warm southwesterlies on land and the sheared
monsoonal flows with relatively cool air masses from the
PRD sea surface. Chen et al. (2016) produced aradar climatol-
ogy and carried out a set of sensitivity numerical simulations
to investigate the characteristics of land—sea breezes and the
related rainfall in this region. Their results suggested that con-
vective rainfall is primarily located over the west coast of
the PRD. After removing the inhomogeneity of the coastline
(i.e., no trumpet shape), the semi-idealized numerical simula-
tions showed a significantly different regional pattern of
coastal convection in this area. These findings support the
potential influence of the convergent boundary due to the
trumpet-shaped coastline on the region’s convective
weather.

When cold pools emanated from the northern storms
block the onshore flows, three airmass boundaries are
present, producing a triple point near the Pearl River estu-
ary, as in this case (Fig. 14). The local maxima of vertical vor-
ticity (e.g., misocyclones) along convergent boundaries that

originate from horizontal shearing instability (Kingsmill,
1995) increase the risks of rotating storms even under the
dynamic conditions that are unfavorable for supercellular
organization. In contrast with the along-boundary heterogene-
ity, the triple point caused by boundary intersections is also
believed to create risk for an upcoming storm to organize
into a rotating storm because of the pre-existing vertical vor-
ticity in that region. Such a possibility would be even higher
when storms successively propagate toward and pass over a
triple point. On the other hand, because the position of the
triple point is relatively slow-moving or fixed, a subsequent
mismatch regarding the position between the triple point
and mesovortex that propagates along with storms tends to
be unfavorable for a strong midlevel rotation.

It should be noted that the PRD is a hotspot for thunder-
storms (Zhang et al., 2017; Bai et al., 2020b), while tornadic
storms are still rare events over the estuary of the Pearl
River where the triple point often forms. This suggests that,
even though the unique topography provides favorable condi-
tions for a higher probability of rotating storms compared to
the neighboring coasts of southern China, smaller storm-
scale processes beyond the mesoscale environment may even-
tually determine the tornadogenesis. On the other hand, it is



JUNE 2024

22.9°Ni(a) 2.7° )

BAIET AL.

1127

(ms™)
15.75
14.25
12.75
11.25
9.75
8.25
6.75
5.25
3.75
2.25

0.75
-0.75
-2.25
-3.75
-5.25
-6.75
-8.25
-9.75
-11.25
-12.75
-14.25
-156.75

113.45°E 113.5°E

113.5°E

113.45°E. 113.5°E

2.5 km

Fig. 11. Radial velocity at different elevation angles from X-PAR (black triangle) at 1246:30 LST 1 June 2020. The
40-dBZ reflectivity is contoured in black. The mesovortex signatures are manually marked by blue ellipses.

difficult to detect the vertically oriented vortices and estimate
their strengths by Doppler weather radars. Previous studies
have documented that some radars that incorporate high-
power transmitters have the capability to detect misocyclones
(with weak ambient vertical vorticity) aligned with airmass
boundaries, such as the mobile Doppler radars used during
the International H,O Project (Wurman et al., 1997; Marquis
et al., 2007). In the last two years, dozens of polarimetric X-
PARs have been deployed in the PRD region, but they are
characterized by relatively low detection sensitivity due to
their limited peak transmission power (~400 W), which
makes it hard to detect these vortices in precipitation-free con-
ditions. Nonetheless, owing to the dense deployment of sur-
face weather stations in this region, a qualitative recognition
could be achieved based on the horizontal winds measured
by these stations. A combination of surface observations
and the storm evolutions from radar products may still provide
guidance for assessing severe weather over the triple-point
zone.

6. Concluding remarks

In this paper, the pre-storm environment and the struc-
tures and evolutions of a tornadic storm in the vicinity of a
triple point where three different air masses intersected over
the irregular coastline of southern China were examined.
Analysis was carried out primarily using X-PAR and S-Pol
radar data, as well as surface weather station observations.

Compared to S-Pol, X-PAR presents more supercell-like fea-
tures, such as mesocyclonic structures, notches, and hook
echoes in its velocity and reflectivity products.

The tornadic storm occurred in a high-CAPE but low-
shear environment when the South China Sea summer mon-
soon was active. Over the estuary of the Pearl River, surface
cold outflows that were generated by pre-existing storms sepa-
rately produced convergent boundaries with the southwest-
erly and southeasterly flows (Fig. 14a). The three types of
air masses converged and contributed to an enhanced conver-
gent zone over the boundary intersection point (or triple
point). As a cold surge of westerly momentum at low levels
approached this zone, finger-like pendant echoes formed
(Fig. 14a). A subsequent reflectivity wrap-up process leading
to hook echoes was identified over the triple point, indicating
a strong low-to-middle level rotation in that region
(Fig. 14b). The lowest TVS detected by X-PAR appeared
shortly after a convective cell merged with the hook echoes.

The storm-boundary interaction under the influence of
the monsoon, land—sea contrast, storm outflows, and the
unique regional topography may be an important contribution
to rotating storms (and even tornadoes) over the PRD. We
have identified several tornadic storms that are similar to
the current case in this region. While the observational analy-
sis provides some insights into the role of the trumpet-
shaped coastline in regard to the 1 June 2020 PRD tornadic
event, a number of questions remain unanswered, such as
the number of tornadoes that are associated with similar
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Fig. 14. Schematic of the mesovortex formation within a storm (shaded in multiple colors) occurring over the estuary
of the PRD. Dashed curves represent the surface boundaries associated with the storm-generated cold outflows
(black barbs) and southwesterly (gray barbs) and sheared (blue barbs) monsoonal onshore flows. The enhanced
vertical vorticity near the triple point is marked in magenta. The outflow boundary appears as a curve with triangles.
The blue shading represents the PRD sea surface.
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dynamics. The dependence of mesovortex predictability on
the degree of representation of coastline fine structures in
NWP models, especially in a low-shear environment, is also
an interesting topic. As documented above, this study is
novel in the sense that it documents a tornado event that is
associated with the trumpet-shaped coastline. The unique
land—sea contrast connects the severe weather and the
regional climate, which may provide additional guidance
for assessing tornado risk in this region. In the second paper
(Part IT) of this series, the results from a set of numerical simu-
lations are analyzed to investigate the mesovortex genesis as
discussed in the observational analysis.
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