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Abstract: The merging of a fast-moving bow echo with a convective cell of a hook-echo signature 

was studied by using polarimetric radar detections. Gusts with wind speeds near 35 m s–1 were 

recorded by the surface station, which caused significant damage. A convective cell with a meso-

vortex signature, which is hereafter referred to as a mini-supercell, was observed over the northeast 

of the bow echo before the convective merging. It was found that the mesovortex possessed cyclonic 

circulation and resembled a supercell-like feature. The merging of the bow echo and the mini-super-

cell strengthened the updraft near the apex of the bow echo. The enhanced updraft was also demon-

strated by the appearance of a differential reflectivity (ZDR) column with a topmost height of 4 km 

above the melting layer (~4 km). The bow was separated into northern and southern sectors after 

merging with the mini-supercell, leading to the gusty wind over the surface of the south sector. 
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1. Introduction 

Convective merging is a common weather phenomenon. Researchers began to study 

the merging of convective systems as early as the 1940s [1] and conducted numerous ob-

servational studies later on [2–6]. Convective merging is a complex nonlinear process in-

volving dynamics and cloud physics, and the newly formed systems are characterized by 

significantly increased cloud thicknesses and sizes, strengthened upward motions, and 

greater precipitation areas and intensities [7–12]. 

The merging of a bow echo and a convective cell is an uncommon process, which is 

caused by the difference in moving speed between two different types of convective sys-

tems [13]. Bow echoes usually develop from squall lines and can also be formed by merg-

ing, for example, the merging of organized convective cells [14] or squall lines merging 

with a preline convective cell [15–18]. Fujita [19] first illustrated the typical characteristics 

of a bow echo, i.e., an inflow jet region accompanied by downbursts at the rear of the bow 

echo. Later on, many studies improved the conceptual model of bow echoes through in-

vestigating radar observations and numerical simulation [20–26]. They noted that a rear-

inflow notch (RIN) boundary appearing in a bow echo was closely linked to the location 

of a rear-inflow jet (RIJ) and that notable outflows occurred on the two sides of the RIJ. 
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These findings suggested a pair of counter-rotating vortices located on both ends of the 

bow echo, that is, the book-end vortices [27]. They usually enhance the strengths of mid-

level RIJs [28,29]. 

Studies on the merging of bow echoes and convective cells have yielded mixed re-

sults. For example, the merging of a bow echo and a supercell has two potential results: 

The supercell weakens and becomes part of the bow echo, thereby strengthening the bow 

echo; or the rapid weakening of the bow echo strengthens the supercell and leads to the 

development of a comma-shaped severe precipitation cell [30,31]. In addition, the merg-

ing of a bow echo and a convective cell is highly likely to trigger tornadoes [32]. Convec-

tive merging is one of the main error sources in numerical model prediction results [33]. 

How to provide early warnings of the development and the evolution of a merged con-

vective system is still a challenge in the nowcasting of severe weather [34]. 

Doppler radars have played a vital role in nowcasting severe weather events and 

monitoring the evolutionary characteristics of convective structures [35]. In addition, the 

usage of dual polarization data provides more information for severe weather analysis. 

The updraft of a severe convective system can be identified by the characteristics of dif-

ferential reflectivity (ZDR) [36]. Liquid water and partially frozen hydrometeors can be 

lofted considerably above the environmental 0°C level in the updrafts of convective 

storms owing to the thermal perturbation from latent heating within the updraft and to 

the non-instantaneous drop freezing [37]. In situ observations of the aircraft show ZDR 

columns (upward extensions of positive ZDR) composed of substantial amounts of super-

cooled liquid water and collocated with the updraft [38–42]. The dual-Doppler analyses 

and numerical modeling results suggest that ZDR columns collocate with updrafts and the 

depth of ZDR columns tends to be proportional to the updraft intensity [43–45]. 

On 30 April 2019, a bow echo intercepted a supercell-like convective cluster (mini-

supercell) occurring in Southeastern China and merged into a stronger convective system. 

This case is not the same as those studied previously [30–32]. This merging process did 

not produce a tornado, but a damaging straight-line wind. As a specific type of convective 

cell, a supercell is larger, longer-lived and more violent than an ordinary convective cell. 

In radar observation, the echo structure of a supercell has a vault (weak echo region, 

WER), an overhang echo, an echo wall in the vertical direction, and a hook echo in the 

horizontal direction [46]. The mini-supercell is a small, moderately intense supercell storm 

with characteristics similar to those of classic supercells, including a unicellular echo with 

multicellular substructures, an extended lifetime, a collar cloud, and a flanking line of 

cumulus [47]. The merging process of a bow echo and a mini-supercell led to a short pe-

riod of heavy rainfall and an instantaneous wind gust with a speed exceeding 34.3 m s−1. 

A gusty wind of this intensity was not predicted in the nowcasting of the meteorological 

department. Although severe convective weather occurs frequently in Southeast China, 

the merging process of a bow echo and a convective cell is not common. In order to un-

derstand the causes of this damaging wind and provide a basis for the early warnings of 

similar merge processes in the future, this case needs to be studied. The gust front is re-

lated to a downburst, and the RIJ of the bow echo plays an important role in damage wind. 

In this study, we will focus on analyzing the evolutionary characteristics of an RIJ during 

the merging process and examine the possible formation mechanism for the intense gusty 

wind. 

Section 2 describes the data and the methodology. Section 3 presents the synoptic 

background. Section 4 describes the merging process and the evolution of the RIJ. The 

possible formation mechanism for the gusty wind and the impacts of the merge upon the 

gusty wind formation are also examined. Section 5 provides a discussion. The conclusions 

are summarized in Section 6. 
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2. Data and Methods 

2.1. Data 

The locations of the instruments used in this study are summarized in Figure 1. The 

region within the black box is the main study area; that is, the location of the wind gust 

event and its associated convective processes (Figure 1a). The observations from the China 

Meteorological Administration (CMA) operational S-band dual-polarization Doppler ra-

dar at Xiamen (WSR-98D; DPXM) in the study area were used to document the evolution 

of the merging process. The other two CMA operational S-band radars (WSR-88D; BFQZ, 

BFLO) located at Quanzhou and Longyan near the study area were also employed. All 

radars operated in VCP21 mode, which completed a volume scan with nine elevations 

(0.5°, 1.5°, 2.4°, 3.4°, 4.3°, 6.0°, 9.9°, 14.6°, and 19.5°) every 6 min. The unambiguous range 

was 150 km, and the unambiguous velocity was 26.5 m s–1. The range resolution of the 

radar was 0.5 km, and the beam width was 1°. The quality control procedures were 

performed on each elevation. Considering the topographical impacts of the low altitude 

in the study area, the Doppler velocities of 0.5° and 1.5° with values less than 0.25 m s–1 

and the corresponding reflectivity data were excluded to reduce the contamination of 

nearby ground clutter and any remaining spurious information in the computation of the 

deviation of each data point from its local mean [48]. 

The automatic weather stations (AWSs) used in this study are shown by the red dots 

in Figure 1b (the area indicated by the black square in Figure 1a). The 5 min interval sur-

face observation data around the wind damage site were used to describe the surface chart 

during the merging process. Radiosonde station data (indicated by the red triangle in Fig-

ure 1b) were used to analyze wind, temperature, and humidity profiles and to determine 

convective parameters. The six-hourly (1° × 1°) reanalysis data downloaded from the web-

site of the U.S. National Centers for Environmental Prediction (NCEP) were used to de-

scribe the synoptic pattern. The local standard time (LST; LST = UTC + 8) was used in this 

paper. 

 

Figure 1. Multiple observations used in this study: (a) three operational S-band Doppler radars 

(DPXM, BFQZ, and BFLO); and (b) automatic weather stations (AWSs; indicated by red and blue 

dots) and a radiosonde (indicated by the red triangle). The blue dot in (a) indicates the site where 

the wind gust with a maximum speed of 34.3 m s−1 was recorded. 

2.2. Processing of Radar Data 

The ZDR column was used to identify the updraft locations in severe thunderstorms 

[37]. A three-dimensional contiguous volume of ZDR was identified and defined as a ZDR 

column, when the ZDR elements in the three-dimensional contiguous volume were all 

greater than 1 dB and extended up to an altitude at least 500 m higher than the environ-

mental 0 °C level and their corresponding reflectivity were all greater than 10 dBZ. 



Atmosphere 2021, 12, 1511 4 of 18 
 

 

The technique of retrieving a wind field from dual-Doppler radar data, which is 

based on the ODD (Over-Determined Dual-Doppler) technique by Ray et al. [49], was de-

veloped by Luo et al. [50]. This technique makes it possible to realize the advantages of a 

radar network and obtain optimum wind fields among those retrieved from each pair of 

multiple radar systems. The retrieved wind was used to analyze the evolution of the 

mesoscale wind structure during the merging. The details of this method are provided in 

Appendix A. 

3. Synoptic Pattern and Convective Environment Overview 

3.1. Synoptic Pattern 

Figure 2 shows the synoptic chart at 14:00 LST on 30 April 2019. The 200 hPa diver-

gence region relating to South Asia high over the Indochinese Peninsula, which was con-

ducive to convective development, was over Southeastern China (Figure 2a). The 500 hPa 

subtropical high was located to the south of the study area. The geopotential height in the 

study area was approximately 5820 geopotential meters (Figure 2b). A southerly trough 

was located over Southwestern China that was relatively weak in intensity. The region 

where the merge process occurred was under the control of a southwesterly flow in front 

of the southerly trough. The shear lines on 850 hPa (Figure 2c) and 925 hPa (Figure 2d) 

were located over this region, extending inland towards South China and gradually mov-

ing southward. There was a notable low-level southwesterly jet on the south side of the 

shear line on 925 hPa (Figure 2d), with its center located over the coastal region of South 

China and its intensity exceeding 18 m s−1. A banded high pseudo-equivalent potential 

temperature (𝜃𝑠𝑒) tongue with a central value of 344 K extended from the coastal region 

of South China to the southern coastal region of Southeastern China. 

 

Figure 2. Weather charts at 14:00 LST on 30 April 2019: (a) 200 hPa wind (arrow), temperature (red 

broken lines; unit: °C), and divergence (shading; unit: 10–5 s−1); (b) 500 hPa geopotential height (iso-

line; unit: 10 geopotential meters), temperature (red broken lines; unit: °C), and wind (arrow; unit: 

m s−1); (c) 850 hPa; and (d) 925 hPa winds (arrow; unit: m s−1) with a total wind speed (shading; 

unit: m s−1) and 𝜃𝑠𝑒 (contour; unit: K). The red triangle marks the area where the wind gust oc-

curred. 
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The analysis above indicated that there was a jet stream with high 𝜃𝑠𝑒  over the 

coastal region of South China at 850 and 925 hPa. Thus, the coastal region was in a zone 

of high temperature and moisture, which implied greater instability, conducive to the 

triggering and maintenance of a convection. 

3.2. Convective Environment 

Figure 3a shows the skew T-log P diagram of the radiosonde station in Xiamen at 

08:00 LST on 30 April 2019. The wind profile distribution indicated that the winds were 

uniformly southwesterly from the surface to 500 hPa. This was conducive to the transport 

of water vapor. The winds at the upper levels veered westerly strongly. The wind velocity 

at 300 hPa reached 32 m s−1. The upper- and low-level vertical wind shears were signifi-

cant, which could tilt the storm and reduce the obstruction of raindrops falling to the 

updraft so as to benefit the development of the convection. The vertical distribution of 

water vapor showed that a moist layer was located between 800 and 550 hPa. Dew point 

depression increased above the moist layer, indicating a dry layer above the middle trop-

osphere. Another dry layer was below 800 hPa. This unique structure helped to increase 

conditional instability. The 0 °C level was approximately 4.3 km above the ground. The K 

index was 36, the Showalter index was 0.45, and the convective available potential energy 

(CAPE) was 619 J kg−1, while it reached 1812 J kg−1 12 h later. Thermodynamic instability 

can trigger the occurrence and development of severe convection and eventually result in 

severe convective weather events (e.g., lightning, strong winds, and short-term heavy 

rainfall). Figure 3b shows the profiles of potential temperature (θ), 𝜃𝑠𝑒, and saturated 𝜃𝑠𝑒 

[51]. The multilevel equivalent potential temperature declined with height in the mid–

lower levels (850–600 hPa), where there existed obvious convective instability. In addition, 

the low-level warm advection helped to increase the vertical instability. 

 

Figure 3. (a) Skew T-log P diagram of the sounding at 08:00 local standard time (LST) on 30 April 

2019 with temperature (in blue), dew point temperature (in green), and stratification (in red) 

curves. Wind bards (long feather: 4 m s−1) are plotted on the right. Heights are given along the 

standard pressure levels (meters above ground level, or m AGL). The 0 °C level was at ~4.3 km 

AGL. (b) Potential temperature (in black), 𝜃𝑠𝑒 (in brown), and saturated 𝜃𝑠𝑒 (in blue). 
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4. Observational Features of Convective Merging Processes 

4.1. Overview on Merging Processes 

A linear convective system moved northeastward along the coastline in South China 

on the afternoon of 30 April 2019. The southern side of the linear echo evolved into a bow 

echo (Figure 4a) and moved at a higher speed of 17 m s−1 at 16:30 LST. In the regions 

impacted by the linear convective system, the gust wind speed was observed to be greater 

than 18 m s−1 on the south side of the linear convective system, that is, the location of the 

bow echo. Between 17:30 and 18:00 LST, the bow echo encountered and merged with an 

isolated supercell-like cell (mini-supercell; Figure 4b). A wind gust event occurred near 

the merging region. The maximum wind gust observed at the AWS (F2293 Dazhai) in 

Xiamen reached 34.3 m s−1. The wind direction turned from southeasterly to northwesterly 

and the surface pressure rose to 1.9 hPa within 10 min, while the wind gust occurred (Fig-

ure 4c). Subsequently, the air temperature and the dew point temperature decreased 

quickly and significantly, and the air temperature decreased by 3.7 °C, accompanied by a 

short-lived but severe precipitation of more than 1 mm per minute. 

 

Figure 4. (a) The evolution of the bow echo (radar composite reflectivity factor ≥ 45 dBZ) at 30 min 

intervals between 15:30 and 18:00 LST on 30 April 2019. The wind vector represents gusts (≥18 m 

s−1) with different colors. (b) Locations of the bow echo and convective cells before merging 

(shaded, composite reflectivity; unit: dBZ). (c) Time series of the two-minute mean wind speed 

(yellow line; unit: m s−1) and direction (black arrow), the temperature (red line; unit: °C), the dew 

point temperature (blue dashed line; unit: °C), pressure (black line; unit: °C), and 5 min rainfall 

(green bars; unit: mm) from AWS F2293 (Dazhai). The peak gust is shown by the brown open cir-

cle. 
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4.2. Development and Evolution of the Mini-Supercell 

4.2.1. Development of the Mini-Supercell 

At 14:00 LST on 30 April 2019, the average surface air temperature in Xiamen was 

approximately 30 °C (Figure 5a), and southerly wind prevailed in this region. Beginning 

at 15:00 LST, there was ephemeral rain in the mountainous area in the north of Xiamen 

(not shown), which led to a notable decrease of 2–6 °C in surface air temperature (Figure 

5b). In the precipitation area, the surface wind direction turned to the north, accompanied 

by an increase in relative humidity and a small increase in surface pressure. These char-

acteristics were consistent with the outflow boundary at the leading edge of a cold pool, 

which might result from precipitation and evaporation [52]. A front-like interface formed 

in the front of the cold pool. Due to the notable changes in wind speed and direction, an 

intense convergence of air flow appeared along the interface. As demonstrated in Figure 

5c, the surface wind field in Central Xiamen presented a pronounced convergence follow-

ing the precipitation in the north. In addition, convective cells appeared in the surface 

convergence zone and developed rapidly. The convective cells were organized and devel-

oped along the surface convergence zone before, merging, developing (Figure 5d) moving 

slowly to the northeast, and finally merged with the bow echo. 

 

Figure 5. The surface temperatures (shaded; unit: °C) at 14:00 LST (a) and 15:40 LST (b) and the 

surface wind field (arrow, units: m s−1) and the radar composite reflectivity (shaded, units: dBZ) at 

15:35 LST (c) and 15:58 LST (d) on 30 April 2019. The dashed line in (b,c) indicates the surface con-

vergence line. 

Before merging with the bow echo, the local convection developed into three severe 

convective cells, i.e., A (a mini-supercell with a hook-shaped echo), B, and C (Figure 6a). 

The merging process mainly occurred between mini-supercell A and the bow echo, while 
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cells B and C gradually weakened. The size and the intensity of the mini-supercell were 

weaker than those of a typical supercell, but they have similar structural characteristics. 

The vertical structure of the mini-supercell is shown in sections D–E in Figure 6a, parallel 

to the storm’s path (Figure 6c), and sections F–G in Figure 6a, perpendicular to the storm’s 

path (Figure 6d). There were a bounded weak echo region (BWER), an overhang echo, 

and an echo wall. The BWER usually occurs, when water droplets are carried and lifted 

up by a strong updraft. The occurrence of a BWER generally indicates that the updraft 

rotates significantly around the vertical axis of the convective cell. This rotation has been 

verified by Doppler velocity data. The plan position indicator (PPI) of the mini-supercell 

indicated a Doppler velocity dipole located at 4–5 km, with a maximum radial velocity 

difference of 29.5 m s−1 (Figure 6b). 

 

Figure 6. (a) Mini-supercell with a hook-shaped structure (shaded, 4.3° plan position indicator 

(PPI); unit: dBZ). (b) Mini-supercell with a velocity dipole (shaded, 6° PPI, and the direction of the 

positive Doppler radial velocity is northeast; unit: m s−1) in PPI before merging with the bow echo. 

(c) Cross-section (shaded; unit: dBZ) along sections D–E in (a). (d) Transverse section (shaded; 

unit: dBZ) along sections F–G in (a). 

4.2.2. Variation Features in the Mini-Supercell 

A dual-polarization radar was used to track the strong echo centers of the mini-

supercell at the time when the merging began to take place. The cross-section along the 

strong center was interpolated at the same intervals, as the radar volume scanned. The 

radar reflectivity (Z) at 17:40 LST (Figure 7c) showed that the 50 dBZ echoes reached a 

height of 7 km before the merging, and that the vertical height of the ZDR column was only 

approximately 6.5 km (the height of the 0 °C layer was 4.3 km). Five minutes later (at 17:45 

LST), there was an obvious echo connection between the two convective systems (Figure 

7d). The mini-supercell connected with the bow echo, exhibiting a feature of the BWER. 

At that time, the vertical height of the ZDR column increased to approximately 8 km. The 

rising of the ZDR column suggested that the vertical motion began to intensify. The nega-

tive Doppler velocity (V) portion of the region, where the mini-supercell was located, de-

creased markedly in size. The wind velocity at a height of 5–7 km increased. The front of 

the positive velocity region relating to the bow echo exhibited a feature of convergent 

uplifting. At 17:50 LST (Figure 7e), the ZDR column continued to rise up, and its maximum 

height reached approximately 8.5 km. The strong echo center and the echo bottom were 

both lifted upward. The characteristics of the BWER were prominent. The outflow region 
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in the front of the bow echo was lifted upward. The upper-level strong velocity center 

relating to the mini-supercell further increased in size. The outflow region and the strong 

velocity center showed a tendency to join together. After only one volume scan (i.e., at 

17:55 LST), the strong echo center reached a height of 9–10 km and exceeded 60 dBZ in 

intensity, and the 50 dBZ echoes reached a height of more than 11 km (Figure 7f). How-

ever, the main part of the ZDR column lowered by 2.5 km, implying that the updraft began 

to weaken. At that time, the mini-supercell achieved its strongest state. The bottom of the 

echo lowered notably, indicating the occurrence of heavy precipitation. In addition, the 

outflow region of the bow echo connected with the Doppler velocity center of the mini-

supercell. The strong velocity center of the mini-supercell lowered significantly (a wind 

gust with a maximum of 34.3 m s−1 was observed at that time) (Figure 7b). Between 18:00 

and 1805 LST (Figure 7g,h), there was subsequently a significant decrease in echo inten-

sity. The echo lowered notably. The upper-level Doppler velocity center disappeared. The 

front of the low-level jet relating to the bow echo descended toward the ground. 

 

Figure 7. (a) The 1.5° PPI radar reflectivity distribution of the mini-supercell and the bow echo, the 

wind barbs (the magnitudes of the short barb, the long barb, and the flag are 2, 4, and 20 m s–1) 

mark the locations of the maximum wind speed observed every 5 min (17:45 LST to 18:05 LST 

from left to right). (b) The observed extreme gust wind speed nearby (red line; unit: m s–1) and the 

maximum horizontal distribution of the Doppler velocity (blue line; unit: m s–1). (c–h) The vertical 

structure evolutions of differential reflectivity (ZDR; shaded; unit: dB) (upper panels), Z (shaded; 

unit: dBZ) (middle panels), and V (shaded, the mean Doppler velocity and the direction from A to 

B is positive (southwesterly); unit: m s−1) (bottom panels) from 17:40 LST to 18:05 LST. The cross-

sections in (c–h) are along lines A–B in Figure 7a. In Figure 7c–h, the black dashed line marks the 0 

°C level, the top of the Z of ≥50 dBZ is shown by a blue dashed line, and the vertical leading edge 

of ZDR of ≥1 dB is shown by a black curve. 

The evolution characteristics of the ZDR column were indicative of the variation in 

updraft intensity. The merging strengthened the updraft and lifted the echo as a whole, 

increasing its intensity. However, the updraft was short-lived, and the height of the strong 
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echo could not be maintained. The falling and dragging of precipitation particles contrib-

uted to the cold pool wind gust intensity. 

4.3. Evolution of the RIJ during the Merging 

4.3.1. Features of the Bow Echo before the Merging 

The characteristics of the bow echo were typical before the merging. The PPI (Figure 

8a) and the vertical cross-section (Figure 8c) of the reflectivity showed that a large gradient 

region was in the front of the bow echo, with a weak echo region (WER) on one side of the 

inflow. The echo apex lied above the WER accompanying an RIN boundary (i.e., an RIJ). 

The PPI of the Doppler velocity from the BFQZ showed that the negative velocity region 

of the jet protruded toward the front of the bow echo and that the front of the surface 

outflows was collocated with the apex location of the bow echo. The storm-relative veloc-

ity illustrated the book-end vortices characteristic of the bow echo clearly (the environ-

mental average velocity of about 20 m s−1 of the bow echo area within the dashed line in 

Figure 8b was subtracted). The maximum velocity difference between the positive and 

negative centers reached 26 m s−1. The cross-section along lines A–B (the direction in which 

the cell was moving) (Figure 8d) showed that the core of the RIJ was at a height of 3 km 

and the jet (≥20 m s−1) reached an altitude of 4–5 km. The front of the high velocity in the 

lower layer was in a high reflectivity gradient region and also in the front of the bow echo. 

The moving direction of the convective system implied that the soon-to-be-merged region 

was located at the apex of the bow echo, rather than in its book-end vortices region. 

 

Figure 8. (a) Reflectivity (shaded; unit: dBZ) of BFQZ at 0.5° PPI at 17:28 LST. Doppler velocity (shaded; unit: m s−1; dashed 

area; storm-relative velocity; the storm motion is shown in the bottom-right panel) (b) and their corresponding cross-

sections of (c) reflectivity (shaded; unit: dBZ) and velocity (shaded; unit: m s−1) (d) along black lines A and B in (a). 

4.3.2. Evolution of the RIJ during the Merging 

The bow echo was split into two parts during the merging. Then, the bow echo en-

countered the mini-supercell at about 17:33 LST (Figure 9a). When the bow echo inter-

cepted the mini-supercell at 17:39 LST (Figure 9b), the frontal boundary of the negative 

Doppler velocity turned from a forward protruding shape to a smooth one. The reflectiv-

ity greater than 45 dBZ of the mini-supercell merged with the bow echo between 17:44 

and 17:49 LST (Figure 9c,d), and the velocity boundary shape of the bow echo changed 
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significantly. The merging occurred near the apex of the bow echo. The 1.5° Doppler ve-

locity showed that the RIJ extended to the two flanks of the merging area. The wind gust 

was collocated with the extended region of the RIJ in the south. In addition, the velocity 

evolution indicated that the negative dipoles of the mini-supercell merged with the south 

part of the velocity boundary (Figure 9d,e), with the positive dipole disappearing at 17:59 

LST. 

 

Figure 9. Doppler velocities (upper panels) (shaded; unit: m s−1) and reflectivity (bottom panels) 

(shaded; unit: dBZ) at 0.5° PPI observed by BEQZ at 17:33 LST (a), 17:39 LST (b), 17:44 LST (c), 

17:49 LST (d), and 17:54 LST (e). The dashed line indicates a front of radial velocity greater than 20 

m s−1 relating to the bow echo. The dashed arrows show the inflows. The black triangles indicate 

the locations of wind damage. 

The low-level cyclonic-circulation structure of the mini-supercell was destroyed dur-

ing the merging at 17:50–17:55 LST, but the middle-level cyclonic-circulation structure still 

existed, overlapping with the RIJ of the bow echo in the vertical direction. The multiple 

PPIs of DPXM indicated that five minutes before the occurrence of the wind gust, the re-

flectivity values in the merging core region close to the mini-supercell were greater than 

60 dBZ and located 6.5 km above the ground (i.e., at 17:50 LST) (Figure 10a; “SC” means 

mini-supercell, and “RIN” refers to rear-inflow notch which indicated the position of the 

RIJ). The Doppler velocities showed that a significant Doppler velocity dipole implying a 

typical cyclonic structure existed near the strong echo center. In the southern sector of the 

extended region of the bow echo (also the extended area of the RIJ), a Doppler velocity 

ambiguity appeared at the core of the jet (Figure 10c). At 17:55 LST, the high reflectivity 

core remained above 6.5 km with the movement of the bow echo. The strong echo center 

was almost kept quasi-stationary, and the dipole size in the middle layer decreased. The 

RIJ of the southern part of the bow echo extended below the mesocyclone, overlapping 

with a positive vorticity region. The intensity of the RIJ was strengthened. 
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Figure 10. Reflectivity (shaded; unit: dBZ) structures of multiple PPIs (0.5°, 3.4°, 9.9°, and 14.3°) at 

17:50 LST (a) and 1755 LST (b). Doppler velocity (shaded; unit: m s−1) structures of multiple PPIs 

(0.5°, 3.4°, 9.9°, and 14.3°) at 17:50 LST (c) and 1755 LST (d). The black arrow indicates the moving 

direction of the system. Here, “SC” means mini-supercell, “RIN” refers to rear-inflow notch, 

“MESO” refers to mesocyclone, and “VC” (indicated by the dotted arrow) indicates velocity core 

in low-elevation PPIs. 

4.4. Kinematic Features during the Merging 

The retrieved wind field showed that the RIJ separated and subsided during the bow 

echo merging with the mini-supercell. At 17:45 LST (Figure 11a), a weak velocity region 

with an echo intensity of over 40 dBZ appeared in the joining area of the two systems, 

when the mini-supercell came into contact with the echo. The RIJ of the bow echo sepa-

rated into two sectors. The south part of the RIJ extended toward the south side of the 

mini-supercell, becoming more prominent at 17:50 LST (Figure 11b). The RIJ separation 

might be a result of the precipitation impeding. During the merging, the RIJ extended to 
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both sides of the weak velocity area (17:55 LST; Figure 11c). The reflectivity in the weak 

velocity area increased, and the RIJ in the south was significantly strengthened. 

A vertical cross-section along the southern RIJ (also across the damaging gust wind 

site) illustrated a downdraft when the gust wind occurred (Figure 11a–c). At 17:45 LST 

(Figure 11d), the reflectivity greater than 50 dBZ reached a height of 4.5 km, but it dropped 

to 3.5 km at 17:50 LST (Figure 11e). The dropping of the reflectivity core implied that a 

downdraft might occur. This was verified by the retrieved wind field at 17:55 LST (Figure 

11f). The jet extending to the surface might contribute to the surface damage winds. 

 

Figure 11. The retrieved horizontal wind field (black arrows; unit: m s−1), reflectivity (shaded; unit: 

dBZ), and absolute values of horizontal velocities (green contours; units, m s−1) at 3.5 km at 17:45 

LST (a), 17:50 LST (b), and 17:55 LST (c). (d–f) The cross-sections of the retrieved wind field along 

lines A–B in (a) at the same times as in (a–c), respectively. The green contours in (d–f) mean the 

vertical component and the updraft were positive. 

5. Discussion 

In this study, the time variation when a bow echo and a mini-supercell merged was 

described in detail. The time variation of these observations can reveal the physical pro-

cesses to a certain extent. This study helps to understand the possible mechanism of gusty 

winds in the merge process. 

The cross-section evolution of the mini-supercell showed that the ZDR column was 

enhanced from the beginning of the merging process and reached 4 km above the 0 °C 

level at 17:50 LST, which indicated that a severe updraft lifted water droplets to a maxi-

mum height of 4 km above the 0 °C level before condensing into ice crystals. At the same 

time, the characteristics of the BWER in the vertical structure of reflectivity also indicated 

a severe updraft, which promoted the convective echo development. The updraft en-

hancement of the mini-supercell in the merging was probably caused by convergence as-

sociated with downburst outflow at the rear of the bow echo. Subsequently, the structure 

of the supercell was destroyed rapidly, and there was no updraft maintenance, resulting 

in the convective echo dropping and a stronger downdraft. 

The fracture of the Doppler velocity front of the bow echo showed the blocking effect 

of the mini-supercell against the gust front during the merging process, which can be 

clearly seen in Figure 9. This phenomenon may occur because of the entrainment and 

dropping of liquid water particles in the mini-supercell, blocking the rapid movement of 
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the bow echo. This terrain-like blocking effect divided the RIJ of the bow echo into two 

segments. The funneling effect formed by airflow obstruction may accelerate the jet flow 

on both sides of the mini-supercell in this process, and this feature was described in Sec-

tion 4.4. 

In conclusion, the formation of a ground gale may be due to the following reasons: 

(1) the downburst of the bow echo helped to produce the damaging straight-line winds. 

The maximum gust wind speed observed before merging was 24.6 m s–1. Therefore, this 

is the basis for the formation of the intense gusty wind in the process; (2) in the merging 

process, the rapid enhancement of the updraft in the mini-supercell transported more pre-

cipitation particles to high altitudes and strengthened the subsequent subsidence. It may 

add a downward component to the low-level jet and strengthen the gust wind on the 

ground; (3) the precipitation particles had a blocking effect on the jet flow. Specifically, 

the column blocking of precipitation particles made the jet unable to pass through the 

convective cells, forming a barrier similar to a terrain to squeeze the jet and accelerate the 

flow locally; (4) in addition, the fast-moving bow echo led to a short merging time with 

the mini-supercell. It destroyed the low-level structure of the mini-supercell and formed 

an around flow. At a certain time (Figure 10), the vortex in the middle layer of the cell still 

existed and overlapped with the jet on the south side of the lower level in the vertical 

direction. Whether this feature enhanced the jet at the lower level needs further investiga-

tion and clarification. 

6. Conclusions 

In this study, we investigated the merging of a bow echo and a mini-supercell over 

Xiamen in Southeast China using multisource observation data such as multiple weather 

radars. The conclusions are as follows: The low-level water vapor and convective instabil-

ity provided favorable conditions for the occurrence and development of the convective 

systems, such as the multiple convective cells and the bow echo. The bow echo and the 

mini-supercell merged near the apex of the bow echo, with the mini-supercell becoming 

strengthened. The updraft of the mini-supercell was strengthened significantly, which 

was evidenced by the morphological evolution of the ZDR column and the structural char-

acteristics of the mini-supercell. However, this phenomenon lasted only for a short period. 

The velocity boundary of the bow echo was destroyed, when the merging took place. The 

RIJ was separated into two parts, which extended toward the south and north flanks of 

the mini-supercell, respectively. The region affected by the south part of the RIJ core was 

approximately consistent with the area where the damage wind event was observed on 

the ground. 

The merging led to a severe convective weather event. While a severe weather alert 

was issued operationally, this merging was not captured by the operational numerical 

forecast model. It is possible to forecast the upstream bow echo moving in the threaten 

region and its related severe convective weather. It is nearly impossible, however, to pre-

dict the intensity of the wind gust resulting from the merging of two convective systems. 

The Doppler velocity and the wind field retrieved from dual-radar data revealed the evo-

lutionary characteristics of the merging of the bow echo and the mini-supercell with mes-

ocyclone. The morphological evolution of the ZDR column indicated the variation charac-

teristics of the updraft during the merging. The updraft lasted only for a short time. The 

mini-supercell echoes in the merging were lifted, strengthened and then lowered rapidly. 

These processes were closely related to the time, when the surface wind gust occurred. 

The disruption of the bow echo velocity boundary accelerated the southern outflow jet. 

The movement of the Doppler velocity core was directly linked to the surface wind gust. 

The possible mechanism of the gust wind formation was discussed in Section 5. The merg-

ing was much more complicated when compared with the individually developing mini-

supercell or bow echo. The merging mechanism and the primary cause of the damaging 

wind gust need to be further investigated. Particular focus should be placed on analyzing 

the following: (1) whether or not there exists a terrain-like blocking and accelerating effect 
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when a bow echo is obstructed by a mini-supercell and the airflow separation appears in 

the two flanks of the mini-supercell; (2) whether or not the overlapping of the upper-level 

mesocyclone and the surface outflow front relating to the bow echo is directly linked to 

the occurrence of the wind gust; and (3) whether or not the downward momentum caused 

by heavy precipitation during the merging can directly contribute to the wind gust occur-

rence and the explosive development of the mini-supercell. 
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Appendix A 

The method used in this study is the dual-radar wind field inversion method by Luo 

et al. [50]. 

The radar-data-processing method can be briefly described as follows. (1) The se-

lection of the dynamic earth coordinate system: The coordinate origin is set at the center 

of the earth, the Z axis passes through the target point and points to the zenith, and the X 

and Y axes point to the east and north of the target point, respectively. The coordinate 

system is not fixed and changes with the change in the target point. (2) The interpolation 

of the radar data: The radar volume scan data are interpolated into the retrieved grid. The 

retrieved grid adopts the grid with equal longitude, latitude, and height. The horizontal 

resolution used in this study was 0.01° × 0.01°, and the vertical resolution was 0.5 km. 

During interpolation, the Cressman distance weight interpolation method is adopted in 

the horizontal direction to suppress clutter. Linear interpolation is adopted, because there 

are few scanning levels in the vertical direction. (3) The realization of retrieving the wind 

field from the radial velocity: The iterative equations of the wind field are firstly estab-

lished. The first estimated value of vertical velocity is then calculated using the mass con-

tinuity equation after setting the initial values of u-wind and v-wind. The iterative method 

is used to calculate the three-dimensional wind field. 

By setting the coordinates of the observation target as P (0,0, 𝑧), the frequencies can 

be expressed as: 

𝑣𝑟1 =
(−𝑥01)

𝑅1
𝑢 +

(−𝑦01)

𝑅1
𝑣 +

(𝑧−𝑧01)

𝑅1
(𝑤 − 𝑤𝑡),  (A1) 

𝑣𝑟2 =
(−𝑥02)

𝑅2
𝑢 +

(−𝑦02)

𝑅2
𝑣 +

(𝑧−𝑧02)

𝑅2
(𝑤 − 𝑤𝑡),  (A2) 

𝑅1 = [(−𝑥01)
2 + (−𝑦01)

2 + (𝑧 − 𝑧01)
2]

1

2,  (A3) 

𝑅2 = [(−𝑥02)
2 + (−𝑦02)

2 + (𝑧 − 𝑧02)
2]

1

2,  (A4) 
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where (𝑥01, 𝑦01, 𝑧01) and (𝑥02, 𝑦02, 𝑧02) are the coordinate positions of the two Doppler radar 

antennas; 𝑣𝑟1 and 𝑣𝑟2 are the Doppler velocity of the two radars; R1 and R2 are the dis-

tances of the two radars to the P; 𝑤𝑡 is the falling velocity of precipitation particles in 

static atmosphere. 

The vertical velocity was calculated by the continuity equation: 

𝜕𝑤

𝜕𝑧
= −(

𝜕𝑢

𝜕𝑥
+

𝜕𝑣

𝜕𝑦
),  (A5) 

𝑤(𝑧 = 𝑧0) = 0,  (A6) 

where 𝑧0 represents the height of the lower grid point of the lowest effective interpola-

tion point. 

The error of the retrieved wind field is related to the direction, speed, and spatial 

position of the wind field (Figure A1a). The authors of [53] point out that the best wind 

speed can be retrieved when the real wind direction is located on the angular bisector of 

the radial angle between the two radars and the best wind direction can be retrieved when 

the real wind direction is perpendicular to this angular bisector. When the included angle 

(α; Figure A1a) of the radial velocities detected by two radars is close to 90°, the error is 

small, and the error is largest at 180° (near the baseline) [54]. The smaller the distance (d; 

Figure A1a) between the target and the baseline, the greater the error. Therefore, the fol-

lowing methods were adopted for the radar networking of the retrieved wind field: (1) for 

areas covered by only one dataset, select this group; (2) for areas covered by two datasets, 

assess the included angle (α) between the retrieved point and the radar and select the 

group close to 90°. If the angle of the two groups in some areas is complementary, then 

assess the distance from the retrieved point to the radar baseline and select the group with 

the greater distance; (3) for the area covered by more than three groups of data, select the 

group of which the included angle between the retrieved point and the radar is closest to 

90°. 

In addition, due to the distance of radar BELO (103.3 km to DPXM and 133.5 km to 

BFQZ) and the high altitude (1.5 km), it was impossible to retrieve a wind field below 3 

km with two other radars. The low-level wind field could not be retrieved near the base-

line of DPXM and BFQZ (Figure A1b). The location of the mini-supercell was near the 

baseline, so it was necessary to define its updraft evolution features with the ZDR column. 

 

Figure A1. (a) Diagram of influencing factors for the dual-radar retrievals error. (b) The 

baseline of the three radars (black dashed line) and the optimal retrieved areas of DPXM 

and BFQZ (gray shadows). 
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