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ABSTRACT: Using radar observation and convection-permitting simulation, this work studies the storm-scale dynamics gov-
erning the generation of two episodes of high winds by an unusually long-lived quasi-linear convective system (QLCS) in South
China on 21 April 2017. The first episode of high winds occurred at the apex of a bowing segment in the southern QLCS due to
the downward transport of high momentum by a descending rear-inflow jet (R1J). The RIJ was initially elevated which was gen-
erated as low-frequency gravity wave response to the thermal forcing in the QLCS leading convective line. It descended to the
surface owing to the enhancement of low-level diabatic cooling which strengthened the downdrafts at the R1J leading edge. The
vertical momentum budget revealed that the downdrafts were initiated by the negative buoyancy of the cold pool and strength-
ened by the weakened buoyancy-induced upward pressure gradient force in the boundary layer and enhanced hydrometeor
loading above. The second episode of high winds occurred in the decaying stage of the QLCS which, however, redeveloped as
its northern part interacted with an intensifying large-scale shear line to the east. A zonal convective line developed along the
shear line and finally merged with the QLCS. The merger greatly enhanced the low-level convergence, leading to the downward
development of the line-end vortex via vertical stretching of vertical vorticity. The area of high winds was notably increased by
the superposition of the ambient translational wind with the vortex rotational flow. The findings provide new insights into the
generation of high winds by the QLCS-MCS merger, highlighting the importance of low-level vortices in addition to the R1J.

SIGNIFICANCE STATEMENT: Quasi-linear convective systems (QLCSs) are prolific producers of high winds at
the surface. While conceptual models have been established for high winds produced by single QLCSs, this is not the
case for the high winds generated by QLCSs merging with other convective systems. This work revealed different dy-
namics for two episodes of high winds produced by a long-lived QLCS merging with an MCS in South China. The first
episode resulted from the descending rear-inflow jet (R1J) as in the case of single QLCSs. The second and stronger one
was due to the superposition of ambient flow with a line-end vortex that developed downward given the enhanced low-
level convergence by the merger. This finding sheds light on the importance of mergers in high-wind generation which
has even greater damaging potential than the RI1J.
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1. Introduction this high-wind-producing convective system caused wide-
spread fallen trees and power lines, leading to an economic
loss of about $115 million (Evans et al. 2014).

Many efforts have been made in the past few decades to ex-
plore the mechanisms of high winds produced by QLCSs
given their damaging potential. Early observational and
numerical studies (e.g., Fujita 1978; Smull and Houze 1987;
Lafore and Moncrieff 1989; Weisman 1992) found that the
midlevel rear-inflow jet (RIJ) that feeds into the stratiform re-
gion of QLCSs plays an important role in producing the high
winds at the surface. Fundamentally, the R1J can be viewed as
a gravity wave response to the mean heating in the convective
line and stratiform region (e.g., Pandya and Durran 1996;
Pandya et al. 2000; Fovell 2002). The midlevel negative pres-
sure perturbations caused by the vertical gradient of buoyancy
Corresponding author: Xin Xu, xinxu@nju.edu.cn between the upshear-tilted convective updrafts and the surface

Quasi-linear convective systems (QLCSs), e.g., squall lines
and bow echoes, are known to produce high winds at the
surface which can reach the intensity of tornadoes (e.g.,
Weisman 2001). Unlike tornadoes, QLCSs generally produce
a straight-line swath of high winds which can be up to hun-
dreds of kilometers long and tens of kilometers wide, i.e., der-
echo (Johns and Hirt 1987). For example, the 8 May 2009
Super Derecho, which was one of the most intense and un-
usual derechos ever observed in the United States, produced
severe wind gusts in excess of 50 m s™! (e.g., Coniglio et al.
2011; Xu et al. 2015a). Traveling more than 1000 mi in 24 h,
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cold pool can help enhance the RIJ. Moreover, the counter-
rotating bookend vortices that form at the two ends of the
QLCSs also have an important contribution to the RIJ
(Weisman and Davis 1998). The RIJ supplies potentially cold
and dry air into the QLCSs, which aids in the production of con-
vective downdrafts. Once the RIJ descends to the ground, near-
surface high winds are generated via the downward transport of
momentum (Mahoney and Lackmann 2011). The descent of the
RI1J is usually attributed to the latent cooling by sublimation,
melting, and evaporation of precipitation particles as well as hy-
drometeor loading (e.g., Zhang and Gao 1989; Yang and Houze
1995; Houze 2004; Mahoney and Lackmann 2011; Adams-Selin
et al. 2013; Zhou et al. 2020). Based upon the budgets of vertical
momentum for the RIJ of the 8 May 2009 Super Derecho, Xu
et al. (2015b) found that the blocking of the RIJ by the leading-
edge convective updrafts can induce a downward-directed dy-
namic pressure gradient force which contributes to the descent of
the R1J as well.

A field campaign, namely, Bow Echo and Mesoscale Con-
vective Vortex Experiment (BAMEX), was carried out be-
tween 20 May and 6 July 2003 over the central United States
by using a variety of mobile platforms (Davis et al. 2004).
One of the scientific objectives of BAMEX is to improve the
understanding and prediction of high winds produced by
QLCSs, especially bow echoes. Radar and damage survey
analyses of the bow echoes observed during BAMEX showed
that the primary straight-line wind swath may be not collo-
cated with the bow apex where the RIJ is often present but
with the low-level meso-vy-scale vortices (MVs) formed on the
leading edge of the bow echoes (Atkins et al. 2005; Wheatley
et al. 2006). This provided observational evidences for the
idealized numerical simulations of QLCSs conducted by
Weisman and Trapp (2003) which found that MVs may be re-
sponsible for the production of damaging straight-line winds.
MVs can notably modify the local outflow and determine the lo-
cation of wind speed maxima. The strongest winds tend to occur
on the side of the MV where the ambient translational flow and
the MV rotational flow are in the same direction (e.g., Wakimoto
et al. 2006; Atkins and St. Laurent 2009; Xu et al. 2015b).

Previous studies mainly focused on the high winds produced
by single QLCSs. In reality, however, QLCSs may merge with
other convective systems during evolution. For instance, thun-
derstorm mergers were found in association with the forma-
tion of bow echoes 50%-55% of the time according to radar
observations of 273 bow echoes over the United States during
the period of 1996-2002 (Klimowski et al. 2004). Using radar
observations and severe storm reports in the warm season of
2006-10, French and Parker (2012) documented 21 cases of
squall line-supercell mergers over the central United States.
They found that the severe wind reports tended to maximize
after the merger, suggesting a connection between the merger
and high winds. Based on a series of idealized numerical simu-
lations, French and Parker (2014) examined the storm-scale
processes responsible for the evolution of squall line merged
with isolated supercell. The merger can promote a more com-
pact bowing segment by locally strengthening the cold pool
and RIJ, thus representing a favored location for severe
weather production relative to other parts of the squall line.
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QLCSs in China have also received great interest. Using
2-yr radar and rawinsonde observations, Meng et al. (2013) exam-
ined the general features of squall lines in East China, e.g., spatio-
temporal characteristics, formation and organization modes, and
ambient conditions. Squall lines in China are generally formed in
a moister environment with comparable background instability
but weaker vertical shear than those in the United States. Yang
et al. (2017) studied the S5-yr climatology of severe convective
winds in China which most frequently occurred in Guangdong
province, South China, in spring. Chen et al. (2022) also found a
high occurrence frequency of derechos in South China during
2002-19. These are in line with the high occurrence frequency of
squall lines in South China (Meng et al. 2013). Xue et al. (2022)
investigated the organization modes of the spring and summer
convective storms and associated severe weather in South China
during 2015-19. Bow echoes and linear convective systems with
parallel stratiform precipitation were identified to be the main
producers of severe wind events.

Besides climatology studies, there are also case studies ex-
ploring the formation of QLCSs and associated high winds in
China (e.g., Yao et al. 2008; Sun et al. 2011; Meng et al. 2012;
Xia et al. 2012; Quan et al. 2014; Abulikemu et al. 2015;
Zhang et al. 2021; Liu et al. 2023). Most of these studies were
observation-based (e.g., radar, satellite, sounding) analyses
which basically addressed single QLCSs without merger with
other convective systems. Using 5-yr radar observations,
Zhou et al. (2023) found that merger-formation bow echoes
(MFBES) can account for more than half of the total bow ech-
oes in South China. In this regard, more studies are needed to
improve the understanding of merger-type QLCSs and associ-
ated severe weather (e.g., damaging surface winds, heavy
rainfall) in China. Zhou et al. (2020) studied an MFBE in
South China using polarimetric radar observation and the
analyses of the variational Doppler radar analysis system
(VDRAS) (Sun and Crook 2001). Although the cold pool and
RIJ were enhanced by the merger as in the idealized simula-
tions of French and Parker (2014), there were no appreciable
high winds produced at the surface in this case. Hence, the
mechanisms of damaging surface winds produced by merger-
type QLCSs in China still remain poorly understood.

On 21 April 2017, there occurred a long-lived QLCS in
South China which lasted for more than 15 h. For reference,
about 95% of linear convective systems in South China are
shorter than 15 h, with a mean lifetime of 7.3 h in spring
(Xue et al. 2022). During this long-lasting QLCS event, there
were a number of high wind (=17.2 m s™') reports, with the
most severe wind (324 m s~!) observed after the QLCS
merged with another mesoscale convective system (MCS) to its
east. The main purpose of this research is to explore the storm-
scale dynamics responsible for the high winds produced by this
unusually long-lived QLCS using a convection-permitting nu-
merical simulation. In particular, what is the role of the merger
in enhancing the high winds at the surface? The rest of this
manuscript is structured as follows. Section 2 describes the
datasets used in this work and the setup of the numerical ex-
periment. Section 3 presents the ambient conditions of the
QLCS and its evolution and associated high winds. The genera-
tion mechanisms of high winds produced by this merger-type
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Fi1G. 1. (a) Terrain (shading; m) in South China. The blue dots indicate the locations of the four operational radars,
including Guangzhou (9200), Yangjiang (9662), Shaoguan (9751), and Shantou (9754). The blue circles represent the
230-km range for each radar. The red star marks the location of atmospheric sounding in Hongkong. (b) Domain of

the WRF Model. The blue box denotes the region of (a).

QLCS are examined in section 4. Section 5 summarizes the key
findings with discussions.

2. Data and method
a. Datasets

The evolution of the QLCS under consideration is studied us-
ing the observations of four S-band operational Doppler radars in
Guangdong Province, South China (see their locations in Fig. 1a),
i.e., Guangzhou (9200), Yangjiang (9662), Shaoguan (9751), and
Shantou (9754), with a time interval of 6 min. A procedure of
quality control, e.g., noise and ground clutter removal, despeck-
ling, and velocity dealiasing (Brewster et al. 2005), is applied to

the raw radar data using the 88D2ARPS program of Advanced
Regional Prediction System (Xue et al. 2001) developed at the
Center for Analysis and Prediction of Storms (CAPS), University
of Oklahoma. This program was used in our previous studies
(e.g., Hua et al. 2020; Tang et al. 2020, 2023) which can effectively
eliminate nonmeteorological echoes and make radial velocity un-
folded. For the damaging winds produced by the QLCS, the oper-
ational severe weather reports are adopted which record high
winds of =17.2 m s~ 1. The environment conditions of the QLCS
are studied using the hourly, 0.25° X 0.25° fifth major global rean-
alysis produced by ECMWF (ERAS) (Hersbach et al. 2020). An
upper-air sounding at Hongkong (see its location in Fig. 1a) is
also utilized.
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FI1G. 2. (a) The geopotential height (black solid contours; 10 gpm), temperature (red dashed contours; °C), and hori-
zontal winds (vectors) at 500 hPa and horizontal wind speed (shading; m s ') at 200 hPa at 0000 UTC 21 Apr 2017.
(b) As in (a), but for the geopotential height (contours; 10 gpm), horizontal wind (vectors), and equivalent potential
temperature (shading; K) at 850 hPa. The blue box in (a) indicates the region where the QLCS under consideration
developed. The light gray line in (a) and (b) represents the national border of China.
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FIG. 3. (a) Atmospheric sounding and (b) hodograph observed at Hongkong (denoted by the red star in Fig. 1a) at
0000 UTC 21 Apr 2017.

b. Setup of numerical experiment

A convection-permitting numerical simulation is conducted
using the Advanced Research version of the Weather Re-
search and Forecasting (WRF) Model (Skamarock et al.
2019). The model is configured with a single domain of 685 X
742 grid points, with a horizontal resolution of 4 km (Fig. 1b).
In the vertical, there are 50 levels from the surface to the 50-hPa
model top. For the model physics, we adopt the Thompson
microphysics scheme (Thompson et al. 2008); the Mellor—
Yamada-Janji¢ (MYJ) planetary boundary layer (PBL) scheme
(Janji¢ 1994); the Goddard and RRTMG schemes for short- and
long-wave radiation, respectively (Matsui et al. 2020; Iacono et al.
2008); the Eta similarity scheme for surface layer; and the unified
Noah land surface model (Tewari et al. 2004). No parameteriza-
tion scheme is used for cumulus convection given the 4-km grid
spacing. The simulation starts at 1200 UTC 20 April 2017 and is
integrated for 24 h, with a time step of 20 s. The model initial and
boundary conditions are derived from the ERAS reanalysis.

3. Case overview
a. Environment conditions

As shown in Fig. 2a, there was a 500-hPa shortwave trough in
North China while the QLCS developed in South China where
the synoptic forcing was weak in the middle troposphere.
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Nevertheless, South China was just located on the right entrance
region of an exceptionally strong upper-level jet max (>70 ms ™)
where deep, moist convection is favored by the upward motion of
the cross-jet secondary circulation. At 850 hPa (Fig. 2b), there
was a shear line in South China, with northeasterlies and south-
westerlies to the north and south of about 22°N, respectively.
These shear lines formed as the midlatitude westerlies were
blocked by the Tibetan Plateau and split into two branches that
detoured the plateau, which finally reconverged in the down-
stream region of the plateau (Wu et al. 2015). The low-level
southwesterly flow transported warm, moist air of high equivalent
potential temperature (6,) from the South China Sea and the Bay
of Bengal, which moistened the lower troposphere and increased
the thermal instability in South China. The QLCS just developed
along the low-level shear line near the core of the high-6, tongue
at 22°N, 110°E. Note that the northern portion of the convective
system interacted with the 850-hPa shear line, while the southern
portion and bow echo did not.

The atmospheric sounding at Hongkong at 0000 UTC
21 April showed that the lifted condensation level (LCL) was
very low at 951 hPa, accompanied by a low level of free con-
vection (LFC) at 922 hPa (Fig. 3a). By contrast, the atmo-
sphere was rather dry above 850 hPa, presumably due to the
dry intrusion from the northwest. This unstable thermal struc-
ture led to a high convective available potential energy
(CAPE) of 2294 J kg™! and a weak convection inhibition
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FIG. 4. Composite reflectivity (shading; dBZ) of the four radars in Guangdong Province at (a) 0100 UTC, (b) 0200 UTC,
(c) 0300 UTC, (d) 0400 UTC, (e) 0500 UTC, (f) 0600 UTC, (g) 0700 UTC, and (h) 0800 UTC 21 Apr 2017. The area shown
here is the same as the blue box in Fig. 2a.

(CIN) of —2.1 J kg~'. The downward convective available
potential energy (DCAPE) is 10283 J kg~ ! which suggests a

high potential

to the low-level warm advection, the horizontal winds in

general veered with height below about 3 km (Fig. 3b). There
was a moderate-to-strong vertical wind shear of 15 m s™!
(25 m s~ 1) from the surface to 3 km (6 km), which was condu-
cive to the development of organized QLCS.

for the occurrence of strong downdrafts. Due
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FIG. 5. As in Fig. 4, but for the composite reflectivity (shading; dBZ) in a zoomed-in area at (a) 0418 UTC,
(b) 0430 UTC, (c) 0448 UTC, (d) 0500 UTC, (e) 0512 UTC, and (f) 0530 UTC 21 Apr 2017.

b. Evolution of the QLCS and associated high winds

Figure 4 shows the composite reflectivity (i.e., column maxi-
mum reflectivity) of the four operational S-band radars in
Guangdong Province from 0100 to 0800 UTC 21 April 2017.
At 0100 UTC (Fig. 4a), there were two MCSs. One was
located in central-east Guangdong Province which was the
remnant of a decaying MCS that occurred on 20 April (not
shown). The other was located at the border of Guangdong
and Guangxi Provinces, which finally caused the high winds of
interest. While this MCS was initiated in Guangxi Province at
an earlier time, we are unable to investigate its early evolution
due to the limit of available radar coverage (Fig. 1a). In the
next few hours (Figs. 4b-d), the western MCS entered

Brought to you by UNIVERSITY OF OKLAHOMA LIBRARY | Unauthenticated | Downloaded 08/26/24 09:04 PM UTC

Guangdong Province and developed into a QLCS, exhibiting
a mixed feature of parallel stratiform (PS) and leading strati-
form (LS) precipitation (Parker and Johnson 2000). The latter
was attributed to the strong westerly vertical wind shear
(Fig. 3b). As revealed in Xue et al. (2022), PS-type linear con-
vective systems are abundant producers of springtime severe
wind events in South China. A small bowing segment can be
found at the southernmost end of the QLCS. At 0500 UTC
(Fig. 4e), the QLCS evolved into a system-scale bow echo,
with notable trailing stratiform (TS) precipitation. Meanwhile,
the decaying MCS to the east of the bow echo experienced a
redevelopment. The scattered convective cells observed in the
western part of the decaying MCS at 0200 and 0300 UTC
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(Figs. 4b,c) organized into a small convective line to the imme-
diate north of the Pearl River Delta region at 0500 UTC
(Fig. 4e). The system-scale bow echo lasted about 1 h and be-
came a QLCS again at 0600 UTC when it caught up with the
eastern MCS (Fig. 4f). That is, the two convective systems
merged.

The merger is better shown in Fig. 5 which depicts the com-
posite reflectivity in a zoomed-in area. At 0418 UTC (Fig. 5a),
scattered convective cells were found between the QLCS and
the decaying MCS, which organized into a quasi-continuous
line at 0430 UTC (Fig. 5b). The intensity of this small line de-
veloped over time (Figs. 5c,d) and merged with the QLCS at
0512 UTC (Fig. 5e). Later at 0530 UTC, the decaying MCS
merged with the small convective line and hence the bow
echo (Fig. 5f). The convection was evidently enhanced in the
merger region, as revealed by the expanded area of 30 dBZ
(Fig. 4g). Finally, an elongated linear convective system
formed along the coast of Guangdong Province (Fig. 4h)
which propagated southeastward to the South China Sea in
the next few hours (not shown).

During the evolution of this QLCS, a number of high winds
were observed by automatic weather stations in Guangdong
Province from about 0300 to 1000 UTC (Fig. 6a). High winds
mainly occurred in the central and northern parts of the
QLCS between 0530 and 0700 UTC, i.e., during the merger of
the system with the decaying MCS (Fig. 6b). In the early stage
of 0300-0400 UTC (Fig. 7a), the observed high winds were as-
sociated with the southern bowing segment, with the wind
speed generally less than 20 m s~ ! (but =17.2 m s~ !). As the
QLCS evolved into a system-scale bow echo at 0500 UTC
(Fig. 7b), high winds were mainly located at and behind the
bow apex, which were stronger than at earlier times. As the
QLCS merged with the eastern MCS at 0600 UTC (Fig. 7c),
both the number and intensity of the observed high winds in-
creased remarkably during this hour, with the most severe
winds over 30 m s occurring in the merger region. When
the QLCS moved to the coastal line, there were much fewer
high winds (Fig. 7d). While it is likely due to the decay of the
system, the sparse observations over the sea may underesti-
mate the number of high winds.

4. Generation of high winds by the QLCS
a. Model verification

Figure 8 displays the composite reflectivity of the simulated
QLCS. At 0330 UTC (Fig. 8a), the system reached the border
of Guangdong and Guangxi Provinces, showing a mixed fea-
ture of PS and LS precipitation as in observation. There oc-
curred a bowing segment on its southern end as well. Half an
hour later (Fig. 8b), the convective system showed a more ap-
parent bow shape, with the maximum composite reflectivity
reaching 60 dBZ. At 0418 UTC (Fig. 8c), scattered convective
cells were found in the region between the QLCS and the de-
caying MCS to the east, which developed over time and orga-
nized into a west—east convective line at 0500 UTC (Figs. 8d,e),
consistent with observation (see Fig. 5). At 0530 UTC (Fig. 8f),
the leading convective line of the QLCS was about to catch up
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reported within each hour. (b) High winds reported between
0300 and 0800 UTC 21 Apr 2017. The gray shading designates the
hourly composite reflectivity (dBZ) from the four radars in Guang-
dong province.

with the newly formed convective line to its east. The system
lost its bow shape at 0600 UTC (Fig. 8g) because of the decay
of convection in its central part. By contrast, a continuous de-
velopment of convection was found in the northern part of the
system where the merger occurred (Figs. 8g-i). Finally, an elon-
gated linear convective system formed along the coast of
Guangdong Province (Fig. 8j). Overall, the evolution of the
QLCS was well captured by the WRF Model, including the
early bowing stage and the later merger despite some timing
and positioning biases which are common in real-data simula-
tions of MCSs.

Figure 9 presents the evolution of the simulated horizontal
wind speed at 100 m above ground level (AGL). [The hori-
zontal wind speed at the lowest model level of ~30 m AGL is
qualitatively similar to the 100-m wind speed (not shown).]
The horizontal wind speed at 1500 m MSL is shown as well.
At 0300 UTC (Fig. 9a), high winds of =17.2 m s~ ' emerged at
the apex of the bowing segment in the southern QLCS. In the
next 2 h (Figs. 9b—e), the QLCS evolved into a system-scale
bow echo; both the intensity and area of high winds were in-
creased at the bow apex. At 0530 UTC (Fig. 9f), while the sys-
tem still maintained its bowing structure, the high winds at
the bow apex (more precisely, to the south of the bow apex)
diminished. In contrast, high winds were found to develop
in the northern part of the system where the system merged with
the remnant MCS to its east. During the merger (Figs. 9g—i), the
intensity of high winds was significantly enhanced, with the stron-
gest winds in excess of 30 m s~ . The area of high winds also in-
creased, much broader than in the early stage. The near-surface
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FIG. 7. The high wind reports during (a) 0300-0400 UTC, (b) 0400-0500 UTC, (c) 0500-0600 UTC, and (d) 0700-0800 UTC
21 Apr 2017. The gray shading is the composite reflectivity at 0400, 0500, 0600, and 0800 UTC, respectively.

high winds weakened evidently and totally disappeared after
0800 UTC (not shown). From the above analyses, the near-
surface high winds simulated by the WRF Model share many
similarities with observation in the aspects of timing, location,
and intensity. In the next subsections, the WRF Model outputs
are used to examine the mechanisms of high winds in different
stages of the QLCS.

b. High winds in the early stage

In the early stage, the high winds mainly occurred at the
apex of the bowing segment in the southern QLCS. At 1.5 km
MSL, prominent northwesterly flow protruded toward the
bow apex (Fig. 9) which resembled the well-known RIJ.
Pandya and Durran (1996) found that the RIJ was generated as
a low-frequency gravity wave response to the thermal forcing of
the convective system. Figure 10 shows the temporal evolution
of the diabatic heating in the vertical plane through the bow
apex (i.e., orange line in Fig. 9a). During 0230-0330 UTC, re-
markable diabatic heating was found above 1.0 km MSL, peak-
ing at about 7.0 km MSL (Figs. 10a,b) in the region of leading
convective line. There was relatively weak diabatic heating that
spread backward above 4.0 km MSL, peaking at a higher
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altitude of about 8.0 km MSL. In contrast, the diabatic cooling
was very weak (less than —0.003 K s™') which basically oc-
curred underneath the strongest diabatic heating. The thermal
forcing was confined in the leading convective line of the
QLCS, with a scale of about 2040 km. This is because the
QLCS possessed a mixed feature of PS and LS precipitation
rather than TS precipitation (Figs. 4 and 8). Nonetheless, as
studied in Pandya and Durran (1996), it is the thermal forcing
from the leading convective line that generates low-frequency
gravity waves and provides the primary forcing for the genera-
tion of the R1J. The 2D diabatic heating/cooling profile between
0230 and 0330 UTC looks most like that in Fig. 20d of Pandya
and Durran (1996) which can generate an elevated RIJ. This is
clearly shown in Figs. 11a and 11b that the RIJ remained to be
above 2.0 km MSL, with only a few high winds (=172 m s~ ')
produced at the surface (Figs. 9a,b).

The thermal forcing was enhanced in the next hour of
0330-0430 UTC (Figs. 10c,d). The low-level diabatic cooling
increased to more than —0.006 K s ! and extended upward to
more than 4.0 km MSL high. Moreover, both the diabatic
heating and cooling tilt backward with height, similar to the
thermal forcing in Fig. 20a of Pandya and Durran (1996)
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FIG. 9. Simulated horizontal wind (vectors) and speed (blue contours; m s~ ') at 1500 m MSL, horizontal wind speed at 100 m AGL (red

contours; m s~ 1), and composite reflectivity (shading; dBZ) at (a) 0300 UTC, (b) 0330 UTC, (c) 0400 UTC, (d) 0430 UTC, (e) 0500 UTC,
(f) 0530 UTC, (g) 0600 UTC, (h) 0630 UTC, and (i) 0700 UTC 21 Apr 2017. Blue contours start from 25 m s~ ' with an interval of 5ms™",
while red contours are 17.2, 20, 25, 30, and 35 m s~ !, respectively. The orange lines in (a)—(f) and (g) denote the locations of vertical planes

shown in Figs. 10 and 11, respectively.

which can produce a descending RIJ. In response to the en-
hanced thermal forcing of the QLCS, which generates the low-
frequency gravity waves, the R1J intensified and descended to
the surface near the gust front (Figs. 11c,d). The downward
transport of high momentum associated with the descending
RIJ (Mahoney and Lackmann 2011) produced widespread
high winds of over 20 m s~ ! at 100 m AGL (Figs. 9¢,d).

The elevated R1J descent was also amplified by downdrafts
developing at its leading edge. At 0300 UTC (Fig. 11a), the
downdrafts only occurred at low levels below 2.0 km MSL,
which intensified to more than —2 m s ' and extended
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upward to 3.0 km MSL at 0330 UTC (Fig. 11b). According to
Adams-Selin et al. (2013), the enhancement of low-level dia-
batic cooling can strengthen the downdrafts by wind flows
generated by low-frequency gravity waves. To better under-
stand the development of downdrafts, the vertical momentum
equation was analyzed as in Xu et al. (2015b), i.e.,

Dw _ _1pg _ 1op;

-— +
Dt poz poz b, M

where p/; is the dynamic pressure perturbation given by

Unauthenticated |

Downloaded 08/26/24 09:04 PM UTC



AUGUST 2024 XU ET AL. 1459

12.0

(a) 0300 UTC (b) 0330 UTC

10.0 -
8.0 + -
6.0 -
4.0 -
2.0 -
I a—
T T T T

0.0
110.55°E  110.68°E  110.81°E  110.94°E 111.07°E 110.78°E 110.91°E 111.04°E 111.17°E  111.30°E

(¢) 0400 UTC (d) 0430 UTC

h

Height (km MSL)

12.0

10.0 —

8.0

6.0

4.0

Height (km MSL)

2.0

\

0.0
I111.11°E  111.24°E  111.37°E  111.50°E 111.63°E 111.48°E 11161°E 11174°E 11187°E 112.00°E

12.0
() 0500 UTC (f) 0530 UTC

_ &
0.0 T T T T = T

111.80°E  111.93°E  112.06°E  112.19°E 112.32°E 112.08°E 112.21°E  112.34°E  11247°E  112.60°E

BT [ [ [ [ T

8§ 6 4 -2 1 1 2 4 6 8 10 20 30 40 103K !

10.0

8.0

6.0

4.0

Height (km MSL)

2.0

FIG. 10. Distribution of mean diabatic heating (shading; 107> K s ') in the vertical plane through the bow apex aver-
aged during (a) 0230-0300 UTC, (b) 0300-0330 UTC, (c) 0330-0400 UTC, (d) 0400-0430 UTC, (e) 0430-0500 UTC,
and (f) 0500-0530 UTC 21 Apr 2017. The black line denotes the 40-dBZ reflectivity. The locations of these vertical
planes are indicated by the orange lines in Figs. 9a—f, which are averaged over the area 10 km normal to the orange

lines.

Brought to you by UNIVERSITY OF OKLAHOMA LIBRARY | Unauthenticated | Downloaded 08/26/24 09:04 PM UTC



1460 JOURNAL OF THE ATMOSPHERIC SCIENCES VOLUME 81
6.0 = = = N o = = i5mp - < > = > 2
@7 0300 UTC} == = = NEEEE IR WER SRS
50 [ St NG S A TEEEREE R\ (e - B
SRR [y s T2t FTINNY Dot
40F T 2 2 2 1L o F N s D e AN e
- - = I - s = 'Q - e - - - ..1_,__§\- :____-
Sl - N e 2232 RWNEZ s
30 F = e Uy, A NS S - =z S 3N LN S
2o F 2 Sl TSN SRR [ S-SR 0 7 SR R
OF =2 = -5>3 o ARy g gt = & & = = = 4
10 Y- (S = = M=o s
cilE e 2 JoressEamae=Es
0.0 < T < 3E= =
110.55°E 110.68°E 110.94°E 111.07°E 110.84°E 110.97°E 111.10°E 111.23°E 111.36°E
6.0 = —— ——— —
5 Kero400 UTCE ;‘_\\X\.::: AN \Y T
nSO0F I SN -----:::y.‘fq-::
o gt - - > S = = 3 N . T - -
= 40fbzzzz= 'Q':‘»;: SSs AN A - -
£ ™Ric:ctocs 2223z :TREV
~ 3.0 ~§ s - T B2 =2 - o Ny £
et PR I S AES T ARTE
£ 20 XY= Sz EAN R R
= : s = Z < e --.:\-.i-‘rz s =
o 1.0 \ - - 1 ™ g i‘ E':_:
= 00 R Pl R EE
111.11°E 111.50°E 111.63°E 111.46°E 111.59°E 111.72°E 111.84°E 111.97°E
- z = OGN
N - SRANICCC
5.0 i\ti — === P N
z R (_ - T = AN T~
40 F = LN STy S S - sloh s
= N N\ TREW -
30 2 Sy os ~ SRiES - - -
=2 = Soe = = = 2 = = Dy S - - -
= P SRR -~ SRS s s E
1.0 Fas AP s o= =3 o - s =S =4
0.0 J |;—-_'_::. = - - :|::::EEE
111.80°E 111.93°E 112.06°E 112.19°E 112.32°E 112.06°E 112.19°E 112.32°E 112.44°E 112.57°E
4 3 2 1 0 1 2 3 4 K

F1G. 11. Simulated system-relative winds (vectors; the vertical velocity is exaggerated by 5 times for clear visualiza-
tion), ground-relative horizontal wind speed (white contours; m s '), and perturbed temperature (shading; K) in the
vertical plane near the bow apex at (a) 0300 UTC, (b) 0330 UTC, (c) 0400 UTC, (d) 0430 UTC, (e) 0500 UTC, and
(f) 0530 UTC 21 Apr 2017. The black line denotes the 40-dBZ reflectivity, whereas yellow dashed contours are for
the downdrafts plotted at every —0.5 m s~ '. The locations of these vertical planes are indicated by the orange lines in

Figs. 9a—f, which are averaged over the area 10 km normal to the orange lines.

Vipy ==V (pV-VV), ()

with V = (u, v, w) being the three-dimensional velocity vector,
b is the buoyancy, i.e.,

0—16 _
b:gT+0-61(q,, -q,) — q,| (3)

and p;, is the buoyancy-induced pressure perturbation given by

b

N )
Pp 9z

4)
In these equations, g is the gravitational acceleration, p is the
air density, 6 is the potential temperature, and g, is the sum
of both liquid and solid hydrometeor mixing ratio, with the
steady base-state variables denoted by overbar. (The base
state is defined as the areal mean within a 1° X 1° box in the
inflow region averaged between 0300 and 0700 UTC, with an
example of the box given in Fig. 8b.)

The first two terms on the right-hand side (rhs) of Eq. (1)
designate the vertical pressure gradient forces (PGFs) owing
to dynamical and buoyancy-induced pressure perturbations,
respectively (i.e., PGF_D and PGF_B). The last one is the
buoyancy term which, according to Eq. (3), can be divided
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into contributions from the potential temperature and water
vapor perturbations (i.e., virtual temperature; B_TV) and hy-
drometeor loading (B_HL). These four terms in the vertical
plane along the RIJ and their sum (i.e., total vertical accelera-
tion) are given in Fig. 12.

At 0300 UTC, both the PGF_D and PGF_B terms were
positive in the downdraft region at the R1J leading edge, with
the former one order smaller than the latter (Figs. 12a,c).
The low-level positive PGF_B resulted from the buoyancy-
induced pressure deficit centered around 3.0 km MSL (not
shown). By contrast, the other two terms B_TV and B_HL
were negative, especially the former (Figs. 12e,g). Therefore,
the occurrence of downdrafts at this early time was mainly
attributed to the negative buoyancy of the cold pool. At
0330 UTC, the PGF_D and PGF_B terms were still positive
in the downdraft region (Figs. 12b,d). The PGF_B term weak-
ened below about 1.5 km MSL, thus favoring the develop-
ment of downdraft in the boundary layer. The negative B_TV
term changed little (Fig. 12f) because of the low-level latent
cooling, and hence, cold pool intensity hardly changed over
time (Figs. 11a,b). Yet the B_HL term was enhanced between
about 2.0-4.5 km MSL (Fig. 12h), indicating that the hydro-
meteor loading played a vital role in the strengthening and
upward extension of the downdrafts at the cold pool leading
edge.
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FIG. 12. Simulated vertical pressure gradient forces (shading; m s~2) caused by (a) dynamical pressure perturbation
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apex at 0300 UTC 21 Apr 2017. Also shown are the system-relative winds (vectors; the vertical velocity is exaggerated
by 5 times for clear visualization), 40-dBZ radar reflectivity (black solid contour), and downdrafts (red dashed con-
tours at an interval of —0.5 m s~ ). (b),(d),(),(h),(j) As in (a), (c), (e), (g), and (i), but at 0330 UTC. The locations of
the vertical planes are indicated by the orange lines in Figs. 9a and 9b.

From 0430 UTC, the diabatic heating gradually weakened weakened and the RIJ became elevated again above 1.5 km
and lacked its feature of backward tilt (Figs. 10e,f), given the ~ MSL (Figs. 11e,f) which reduced the downward transport of
decaying of convection in the central and southern parts of high momentum. The near-surface high winds thus ceased at
the bow echo (Figs. 8e—-g). Consequently, the downdrafts the bow apex (Fig. 9f).
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tours are the composite reflectivity of 35 and 50 dBZ.

c. High winds in the merger stage

Both the intensity and area of high winds were significantly
enhanced in the merger stage (Figs. 6, 7, and 9). It agrees with
the finding of French and Parker (2012) that the merger can
help strengthen the damaging surface winds. In the study of
the idealized squall line-supercell merger (French and Parker
2014), the more severe winds were attributed to the locally
enhanced cold pool in the merger area which in turn strength-
ened the R1J. In this case, however, the cold pool was not en-
hanced by the merger.
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Figure 13 shows the temperature perturbations at 500 m
MSL. (This height is close to the surface given the terrain in
Guangdong Province.) At 0400 UTC (Fig. 13a), the cold pool
of the bow echo was generally 2—4 K colder due to the weak
diabatic cooling. To the east of the bow echo, there was a con-
vergence line at about 23°20’N, with cold northerlies from the
north and warm southerlies from the south. This line is actu-
ally part of the synoptic-scale shear line (Fig. 2d). Benefiting
from the large-scale convergence, scattered convective cells
developed along the shear line which organized into a zonal
convective line at 0500 UTC (Figs. 13b,c). In the next 2 h, the
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FIG. 14. Simulated horizontal winds (vectors) and vertical vorticity (contours; s 1) at 1500 m MSL at (a) 0400 UTC,
(b) 0500 UTC, (c) 0600 UTC, and (d) 0700 UTC 21 Apr 2017. Positive and negative vertical vorticity are denoted by
red and blue lines, respectively, which start from +1 X 107> s~! at an interval of +2 X 107> s™!. Gray shadings are

the composite reflectivity (dBZ).

convective line gradually merged with the northern part of
the bow echo (Figs. 13d—f). During the merger, there was little
increase in the intensity of the cold pool which remained to
be 2-4 K colder. Indeed, the cold pool in the central and
southern parts of the bow echo showed a weakening trend
with time, due to the dissipation of convections there. How-
ever, the RIJ did not get weakened and was even stronger
than in the early stage, as revealed by the isoline of 35 m s™!
at 1.5 km MSL (Fig. 9g). The jet core was evidently biased to
the north of the bow apex where a cyclonic vortex was present
(Figs. 9f-i1). With a diameter of ~40-60 km, this meso-3-scale
vortex appeared to be the cyclonic one of the line-end vortex
pair that formed at the two ends of QLCSs, which can en-
hance the RIJ (e.g., Weisman and Davis 1998; Meng et al.
2012).

Figure 14 depicts the evolution of the relative vertical vor-
ticity (vertical vorticity for simplicity) at 1.5 km MSL. The
leading convective line of the QLCS was dominated by
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positive vertical vorticity, especially in its northern part.
Negative vertical vorticity was found at the southern end
which was relatively weak. This asymmetric development of
the line-end vortex pair is likely due to the Coriolis forcing
that inhibits the anticyclonic circulation via vertical stretching
of planetary vorticity as the system lifetime extends past 1/f
for approximately 3 h (Skamarock et al. 1994). During the
merger, the cyclonic circulation became more concentrated in
the northern part of the convective system, with the maximum
vertical vorticity increased from 5.4 X 1072 s~ 1 at 0400 UTC
to 1.1 X 1072 s~ ! at 0700 UTC (Figs. 13a,d). In response to
the vortex intensification, stronger northwesterly/westerly
winds were induced along the southern flank of the vortex
than in the early stage, which helped enhance/maintain the
RIJ in the merger stage.

Although the RI1J was strong in the merger stage, the near-
surface high winds were not produced by the descent of the
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MSL, below which there were updrafts (over 3 m s~ ') rather
than downdrafts.

To better reveal the origin of near-surface high winds, the
trajectories of air parcels within the region of horizontal wind
speed of >20 m s~ ! at 100 m AGL (Fig. 9g) were examined.
A number of 30 parcels were released at 0600 UTC and

0.0 = = =
1224°E  11239°E 11254 11269E  112.84E  112.99°E  traced backward for 60 min. The parcel trajectories were cal-
[ e culated using the WRF Model output at 3-min interval based
-3 2 -1 1 2 3 ms’

FIG. 15. Simulated system-relative winds (vectors; the vertical
velocity is exaggerated by 5 times for clear visualization), ground-
relative horizontal wind speed (dark green contours; m s~ '), and
vertical velocity (shading; m s™') in the vertical plane across the
high-wind center at 100 m ALG at 0600 UTC 21 Apr 2017. The
location of the vertical plane is given by the orange line in Fig. 9g.

RIJ. This is clearly shown in Fig. 15 which presents the hori-
zontal wind speed and vertical velocity in the vertical plane
across the maximum near-surface high wind at 0600 UTC (see
its location in Fig. 9g). The RIJ was elevated above 2 km

on a fourth-order Runge-Kutta scheme (e.g., Xu et al. 2017;
Abulikemu et al. 2019; Wei et al. 2022; Zhang et al. 2023). As
shown in Fig. 16a, these parcels came from both northeast and
southeast of the bow echo, depending on their final locations.
More importantly, these parcels came from the low level below
500 m AGL (Fig. 16¢c). For comparison, the backward trajecto-
ries of air parcels within the high-wind region near the bow apex
at 0500 UTC (i.e., early stage) were also calculated. Different
from in the merger stage, most of these parcels came from above
3 km AGL behind the bow echo (Figs. 16b,d), which were in as-
sociation with the descending RIJ.
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FIG. 16. (a) The 1-h (0500-0600 UTC) backward trajectories of air parcels in the region of high winds > 20m s~ ! at
100 m AGL. Also shown are the horizontal winds (vectors) and speed (17.2, 20, 25, and 30 m s~ '; blue contours) at
100 m AGL and composite reflectivity (shading; dBZ) at 0600 UTC 21 Apr 2017. The two parcels analyzed in Fig. 19
are colored green. (b) As in (a), but for the 1-h (0400-0500 UTC) backward trajectories of air parcels near the bow
apex. (c),(d) The time evolution of parcel heights.
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Brought to you by UNIVERSITY OF OKLAHOMA LIBRARY | Unauthenticated | Downloaded 08/26/24 09:04 PM UTC



1466

Height (km MSL)

0500

0530 0600

Time (UTC)

0630 0700

FIG. 18. The time-height plot of the vertical vorticity (shading;
10™*s™1) averaged within the box encompassing the vortex at the
northern end of the bow echo.

For the generation of high winds in the merger stage, the
fact that the R1J remained elevated and the high-wind air par-
cels originated from low altitudes implied a different mecha-
nism from the descent of R1J in the early stage. Note that the
high winds occurred on the southern flank of the cyclonic
line-end vortex (Fig. 9g). It suggested that the low-level rota-
tion of the vortex played an important role in enhancing the
near-surface high winds, similar to the enhancement of R1J by
the midlevel rotation. At 0500 UTC (Fig. 17a), the peak verti-
cal vorticity at 500 m MSL was 4.8 X 1072 s™!, located behind
(i.e., to the west of) the leading convective line. Over time,
the vertical vorticity wrapped cyclonically into the region of
deep convection featured by high reflectivity (Figs. 17b—d).
The low-level rotation achieved its peak intensity at 0700 UTC
when the maximum vertical vorticity reached 9.7 X 1073 57!
(Fig. 17e). Then the low-level rotation decreased rapidly at
0730 UTC (Fig. 17f).

The rapid increase in the vertical vorticity at 500 m MSL in-
dicated a downward development of the line-end vortex in
the merger stage. At 0500 UTC, the maximum vertical vortic-
ity was located at ~2.0 km MSL, which gradually lowered to
about 0.5 km MSL at 0700 UTC (Fig. 18). The changes in
vertical vorticity can be explained according to its budget
equation:

AL ou au)

V. — )V — du | dv
eV Ve Wi “*4u+@

_ (8w6v _ 8w6u)7 5)

axoz  dyoz

where ( is the relative vertical vorticity, V;, — c is the system-
relative wind, fis the Coriolis parameter (also known as plan-
etary vorticity), and V;, = (u, v) and w are the horizontal and
vertical velocities, respectively. The first and second terms on
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the rhs of Eq. (5) are the horizontal and vertical advections
(HAD and VAD) of relative vertical vorticity, respectively.
The third term indicates the vertical stretching (STR) of abso-
lute vertical vorticity (i.e., relative vertical vorticity plus plane-
tary vorticity), with the last one denoting the vertical tilting
(TLT) term.

Figure 19a presents the evolution of the vertical vorticity at
500 m MSL between 0500 and 0600 UTC averaged within a
48 km X 48 km box encompassing the vortex (see Figs. 17a—c),
along with individual budget terms given in Fig. 19b. The verti-
cal vorticity integrated according to Eq. (5) was in good
agreement with that interpolated from the model output. The
box-mean vertical vorticity increased by about 40% during this
time. The HAD term contributed negatively because of the
relatively weak vertical vorticity outside the vortex. The VAD
term also had a negative contribution, given the low-level up-
drafts (Fig. 15) and positive d£/0z in the vortex region. The lat-
ter was owing to that the vertical vorticity generally increased
with height below about 2 km MSL (Fig. 18). The increase in
the low-level vertical vorticity was thus caused by the TLT and
STR terms, especially the latter which had a contribution of
three times of that of the TLT.

The importance of STR in enhancing the vertical vorticity
can also be revealed by the budget of vertical vorticity follow-
ing the air parcel’s trajectory, i.e.,

DL _

Dt

u av) _ (awav _ awau)‘ ©)

*“+4&+@ axaz ayaz

Lagrangian vertical vorticity budgets are conducted for the high-
wind parcels in Fig. 16a during the period of 0530-0600 UTC.
Before 0530 UTC, these parcels were far away from the bow
echo, especially for those coming from the southeast direction.
Two parcels (i.e., P1 and P2 denoted by the green trajectories in
Fig. 16a) are selected which represent the parcels coming from
the southeast and northeast directions, respectively. P1 and P2
were close to the maxima of vertical vorticity which was lo-
cated between the two maxima of the horizontal wind speed
(see Fig. 22a). As shown in Figs. 19¢c and 19d, the initial verti-
cal vorticity of the two parcels was very weak at 0530 UTC
which increased rapidly in the next 30 min. For P1 from the
southeast, the increase of vertical vorticity was dominated by
the STR term (Fig. 19¢). Yet it was the TLT term that was re-
sponsible for the vertical vorticity growth of P2 from the
northeast. The different mechanisms of vertical vorticity inten-
sification are due to that the parcels coming from the southeast
finally reached the region of evident convergence at 0600 UTC
while their northeast analog terminated in the region of weak
convergence and even divergence (Fig. 20a). Nevertheless,
for the average of high-wind parcels, the increase in the verti-
cal vorticity was primarily induced by the STR term, consis-
tent with the case of box mean (i.e., Eulerian framework).
This is because most of the high-wind parcels came from the
southeast which experienced significant low-level conver-
gence (Fig. 20a).

The major role of the STR term in enhancing the vertical
vorticity indicates the importance of convergence in the
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FIG. 19. (a) Time evolution of mean vertical vorticity averaged in the region of the low-level vortex (see the green

boxes in Figs. 17a—c) at 500 m MSL between 0500 and 0600 UTC 21 Apr 2017, with the (b) HAD, VAD, TLT, and
STR terms. (c),(d) The Lagrangian vertical vorticity budgets for two representative air parcels (P1 and P2; see
Fig. 16a) terminating in the high-wind region of 100 m MSL at 0600 UTC, respectively. Solid and dashed black lines
in (a), (c), and (d) represent the vertical vorticity interpolated from the model output and integrated according to the

budget equations of vertical vorticity.

development of a low-level vortex. As shown in Fig. 20a, local
convergence stronger than —7 X 107> s~ was found near the
intense convection of composite reflective > 50 dBZ in the
northern bow echo. Weaker but more widespread conver-
gence was found to the east where the large-scale shear line
was present (Fig. 13). Figure 20b gives the evolution of the
mean convergence averaged in the northern part of the bow
echo where it interacted with the large-scale shear line and
merged with the convection to its east. During 0330 and
0430 UTC, the low-level convergence first increased and then
decreased, consistent with the evolution of the bow echo.
That is, the leading convective line (of composite reflectivity
> 45 dBZ) was continuous at 0330 and 0400 UTC which,
however, was segmented at 0430 UTC (Figs. 8a,b,d). The low-
level convergence turned to increase again from 0430 UTC,
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which also agreed with the redevelopment of the bow echo as
evidenced by its continuous convective line at 0500 UTC
(Fig. 8e). At 0430 UTC, scattered convective cells were just
developed along the large-scale shear line which had not yet
merged with the bow echo (Figs. 8d and 13b). Note that the
northern part of the bow echo intersected the large-scale
shear line, to the north of which the prevailing northerlies in-
tensified with time since 0400 UTC (Fig. 21). In response to
the enhanced large-scale convergence, the decaying QLCS
became redeveloped, similar to the initiation and organization
of convective cells along the shear line. As these cells evolved
into a zonal convective line and merged with the bow echo af-
ter 0500 UTC, the peak intensity of convection (in terms of
maximum composite reflectivity) in the northern bow echo
intensified (Figs. 8 and 13), with the low-level convergence
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FIG. 20. (a) Simulated horizontal winds (vectors) and conver-
gence (shading; 107> s~') at 500 m MSL at 0600 UTC 21 Apr 2017.
The black contours are the composite reflectivity of 35 and 50 dBZ.
(b) Time-height plot of horizontal convergence (shading; 10™*s™")
averaged within the box in (a) that covers the northern bow echo
where the system interacted with the large-scale shear line and
merged with the convection to its east.

enhanced more notably (Fig. 20b). This led to the rapid inten-
sification of the low-level vortex through vertical stretching of
vertical vorticity (Fig. 19).

Finally, to quantify the contribution of low-level vortex to
the near-surface high winds, the rotational horizontal winds
were retrieved from the vertical vorticity field at 100 m AGL
by solving a two-dimensional Poisson equation of streamfunc-
tion as in Wakimoto et al. (2006) and Xu et al. (2015b). Then
the rotational parts were subtracted from the total horizontal
winds to obtain the horizontal winds without a low-level
vortex. Figures 22a and 22b compare the horizontal winds at
100 m AGL with and without the vortex at 0600 UTC, for ex-
ample. In the presence of the low-level vortex, high winds
of over 20 m s~ ! mainly occurred on the southeastern flank of
the vortex. When the vortical flow is removed, the area of
high winds shrinks considerably, with the high-wind center
shifted northward by about 20 km. Thus, the vortex acts to en-
hance the horizontal wind speed on its southern side where
the vortical flow is in the same direction as the ambient flow
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(e.g., Wakimoto et al. 2006; Atkins and St. Laurent 2009;
Xu et al. 2015b). By contrast, the maximum wind speed north
of the vortex is weakened by ~5 m s~ L. It suggests that the
low-level vortex is able to increase the area covered by the severe
winds although reducing the maximum wind speed. Figure 22¢
gives the number of the grid points of horizontal wind speed >
172 m s~ ! within the box encompassing the vortex (see the blue
box in Fig. 22a). Also shown is the number of high-wind grid
points without the vortex. Clearly, the number of high-wind
grids is almost halved when the low-level vortex is removed
during 0600-0700 UTC. Later as the vortex weakened, its influ-
ence on the number of high-wind grids decreased as well.

5. Summary and discussion

In this work, the dynamics of near-surface high winds
produced by an unusually long-lived QLCS in South China on
21 April 2017 are investigated. Based upon the observation of
operational radars and automatic weather stations, there were
two episodes of high winds during the evolution of the QLCS.
In the early stage, high winds mainly occurred at the apex of a
small bow segment embedded in the southern QLCS. Later
as the QLCS evolved into a large bow echo, much stronger
high winds were produced at the system’s northern end where
it merged with another MCS to the east.

A convection-permitting simulation was conducted using
the WRF Model to study the storm-scale thermal and dynami-
cal processes responsible for the two episodes of high winds.
In the early stage (Fig. 23a), the generation of high winds was
ascribed to the local R1J behind the apex of the small bowing
segment, which occurred as a gravity wave response to the
thermal forcing in the leading convective line region. Initially,
the RIJ was elevated above 2.0 km MSL, but it descended to
the surface in response to the enhancement of low-level dia-
batic cooling which strengthened the downdrafts. Budget
analyses of vertical momentum showed that the downdrafts at
the leading edge of the RIJ were initiated by the negative
buoyancy of the cold pool and then strengthened by the
weakened buoyancy-induced upward pressure gradient force
in the boundary layer and enhanced hydrometeor loading
above. High winds emerged near the bow apex as the de-
scending RIJ transported high momentum to the surface.

The high winds in the merger stage formed in a manner dis-
tinctively different from that in the early stage (Fig. 23b).
Backward trajectory tracking revealed that the high-wind par-
cels originated from low levels rather than descending from
aloft with the R1J. The superposition of ambient flow with the
rotational flow of a low-level meso-g-scale vortex notably en-
hanced the area of high winds. This vortex was the northern
one of the line-end vortices forming at the two ends of the
bow echo. Initially, the line-end vortex was most evident at
about 2.0 km MSL, with weak low-level rotation (Fig. 23a).
When the northern part of the bow echo interacted with an
intensifying large-scale shear line to its east, convection reor-
ganization occurred owing to the large-scale convergence.
Meanwhile, scattered convective cells developed along the
shear line (Fig. 23a) which eventually evolved into a zonal
convective line that merged with the northern bow echo. The
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FIG. 21. Simulated meridional wind (shading; m s~ ) at 500 m MSL at (a) 0400 UTC, (b) 0430 UTC, (c) 0500 UTC,
and (d) 0530 UTC 21 Apr 2017. Black contours are the composite reflectivity of 35 and 50 dBZ.

merger greatly enhanced the low-level convergence which in
turn increased the low-level rotation via vertical stretching of
vertical vorticity.

This work focused on the storm-scale dynamics governing
the generation of high winds, given the limit of 4-km model
resolution. According to the observation of radar radial ve-
locity, we also identified for this QLCS a number of meso-
y-scale vortices (i.e., MVs) which are capable of contributing
to the high winds (e.g., Wakimoto et al. 2006; Atkins and St.
Laurent 2009). The role of MVs will be further studied using
subkilometer-scale simulations to more thoroughly under-
stand the multiscale dynamics of high winds. Besides dynami-
cal processes, microphysical processes also greatly affect the
evolution of QLCSs and their high winds (e.g., Mahoney and
Lackmann 2011; Adams-Selin et al. 2013; Zhou et al. 2020).
In this work, the key microphysical processes controlling the
intensity of the cold pool and downdrafts remain unclear
which will be investigated according to polarimetric radar ob-
servation and numerical simulation in future research. More-
over, it should be noted that this work is a case study. Both
the observational and idealized numerical studies of French
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and Parker (2012, 2014) showed considerable sensitivities of
high winds to the environment conditions and the merger lo-
cation. More QLCS cases in China will be examined to better
understand the relationship between the merger and high
winds.

The findings provide some useful insights into the opera-
tional forecast/warning of high winds caused by QLCSs. The
merger of QLCS with another MCS can help prolong the con-
vective system by convection reorganization in the merger re-
gion and produce even stronger high winds than by the RIJ.
Thus, in addition to the bow-apex region, the merger region
also deserves close monitoring which represents a location of
potentially more damaging winds.
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Data availability statement. The ERAS reanalysis data can ~ As for the severe weather reports and radar observations,
be downloaded from https://doi.org/10.24381/cds.bd0915¢c6.  please contact the corresponding author. The WRF Model
The atmospheric sounding data at Hongkong can be down-  outputs have been uploaded to the repository for archive
loaded from http://weather.uwyo.edu/upperair/sounding.html.  (Ju 2023).
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FIG. 23. Conceptual model for the generation of near-surface high winds in the (a) early and (b) merger stages of the QLCS.
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