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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 � rst 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-in� ow jet (RIJ). 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 RIJ leading edge. The
vertical momentum budget revealed that the downdrafts were initiated by the negative buoyancyof 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� nally 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 � ow. The � ndings 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 RIJ.

SIGNIFICANCE STATEMENT: Quasi-linear convective systems (QLCSs) are proli � c 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� rst
episode resulted from the descending rear-in� ow jet (RIJ) as in the case of single QLCSs. The second and stronger one
was due to the superposition of ambient� ow with a line-end vortex that developed downward given the enhanced low-
level convergence by the merger. This� nding sheds light on the importance of mergers in high-wind generation which
has even greater damaging potential than the RIJ.
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1. Introduction

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 s2 1 (e.g., Coniglio et al.
2011; Xu et al. 2015a). Traveling more than 1000 mi in 24 h,

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-in � ow 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 RIJ 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
between the upshear-tilted convective updrafts and the surfaceCorresponding author: Xin Xu, xinxu@nju.edu.cn
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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
RIJ 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 RIJ as well.

A � eld 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 scienti� c 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-g-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 out � ow 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 � ow and
the MV rotational � ow 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.

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 5-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 identi � ed 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 s2 1) reports, with the
most severe wind (32.4 m s2 1) 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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QLCS are examined in section 4. Section 5summarizes the key
� ndings 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 inFig. 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 s2 1. The environment conditions of the QLCS
are studied using the hourly, 0.2583 0.258� fth major global rean-
alysis produced by ECMWF (ERA5) ( Hersbach et al. 2020). An
upper-air sounding at Hongkong (see its location in Fig. 1a) is
also utilized.
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FIG . 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).

K-1

FIG . 2. (a) The geopotential height (black solid contours; 10 gpm), temperature (red dashed contours;8C), and hori-
zontal winds (vectors) at 500 hPa and horizontal wind speed (shading; m s2 1) 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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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 con� gured with a single domain of 6853
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–Janjić (MYJ) planetary boundary layer (PBL) scheme
(Janjić 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 uni� ed
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 ERA5 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.

Nevertheless, South China was just located on the right entrance
region of an exceptionally strong upper-level jet max (. 70 m s2 1)
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 228N, 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 � nally reconverged in the down-
stream region of the plateau (Wu et al. 2015). The low-level
southwesterly � ow transported warm, moist air of high equivalent
potential temperature (ue) 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-ue tongue
at 228N, 1108E. 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 kg2 1 and a weak convection inhibition

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.
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(CIN) of 2 2.1 J kg2 1. The downward convective available
potential energy (DCAPE) is 1028.3 J kg2 1 which suggests a
high potential for the occurrence of strong downdrafts. Due
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 s2 1

(25 m s2 1) from the surface to 3 km (6 km), which was condu-
cive to the development of organized QLCS.

�2�-�$�4 �%�F�D�B�Z�J�O�H���.�$�4
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FIG . 4. Composite re� ectivity (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 inFig. 2a.
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b. Evolution of the QLCS and associated high winds

Figure 4 shows the composite re� ectivity (i.e., column maxi-
mum re� ectivity) 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� nally 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

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

0418 UTC 0430 UTC

0448 UTC 0500 UTC

0512 UTC 0530 UTC

dBZ

FIG. 5. As in Fig. 4, but for the composite re� ectivity (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.
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