
1. Introduction
Severe convective thunderstorms, which occur frequently during the warm season, cause significant loss of life 
and property amounting to several billion RMB in China. Among the threats they carry, lightning activity can 
be lethal and destructive. Convective merger (CM) is a process in which two or more convective cells or storms 
merge into a larger storm, then share a common cloud material and dynamical circulation, which is critical for the 
development, maintenance, and reinforcement of some intense weather systems like thunderstorms, hailstorms, 
and so on (Krauss et al., 2012; Ping et al., 2014). Storms that have experienced the CMs usually have a longer 
life cycle (Karacostas et al., 2016; Moseley et al., 2016), and exhibit a more complicated structure (French & 
Parker,  2012; Knievel & Johnson,  2002; Parker & Johnson,  2004; Romanic et  al.,  2019), and produce more 
intense precipitation (Glenn & Krueger, 2017; Sinkevich & Krauss, 2014) than those that have not.

Both observation and simulation studies indicate that the promotion of the cloud system features are due to 
the influence of CMs on the in-cloud thermodynamic processes (Ping et  al.,  2014; Zhou et  al.,  2020). With 
the upscaling of the cloud, the updraft parcel is less diluted by entrainment with dry air and is therefore more 
buoyant (Glenn & Krueger, 2017). On another hand, when the CM happens between the storms, their cold pools 
can collide and deepen, then generate positive feedback by mechanical or thermodynamic lifting, which is the 
so-called cold pool dynamics (Z. Feng et  al., 2015; Haerter & Schlemmer, 2018; Torri et  al., 2015; Torri & 
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Kuang, 2016). These enhanced vertical processes can bring water vapor to higher levels and participate more 
in the cold-cloud process. Therefore, the CM increases the diameter and thickness of the cloud while possibly 
producing more ice-phase particles, such as graupel and cloud ice (Bang & Zipser, 2019; Karacostas et al., 2016; 
Wen et al., 2017). Bang and Zipser (2019) found that oceanic storms that organize or merge into complexes can 
provide deeper updraft forces to produce graupel and electrification. In addition, there may be some particle 
transport processes between very close clouds. The video sonde data of the merging cells showed an abun-
dance of large and rapid-growth graupel within a narrow area just above the freezing level in the cloud, which 
might have been produced through the capture of supercooled droplets transported from upwind cells (Takahashi 
et al., 2001). Knupp et al. (2003) proposed the hypothesis that the upstream anvil seeding to downstream, leads to 
the increasing number of lightning in the three tornadic supercells from upstream to downstream.

Since the dynamics and microphysics of storms are greatly influenced by the CM, the intracloud electrification 
and lightning activities will also be affected (Bringi et al., 1997; G. Feng et al., 2007; MacGorman et al., 2007). A 
few observational studies have indicated that lightning activity will generally increase rapidly (or jump) following 
the onset of CM (Carey & Rutledge, 2000; Chen et al., 2020; Gauthier et al., 2010). By examining over 3.8 million 
convective cells, Gauthier et al. (2010) found a positive correlation between the spatial distribution of CM loca-
tions and cloud-to-ground (CG) flashes events. In an electrically active tropical convective complex, Carey and 
Rutledge (2000) discovered that the merged convective complexes produced 97% of the rainfall and mixed-phase 
ice mass and 100% of the CG flash events. Lu, Qie, Jiang, et al. (2021) found that a squall line formed through 
CM between local storms and external storms showed that the total frequency of lightning doubled within 18 min 
after the CM, due to the vigorous front cells promoted by the advancing rear-inflow jet.

Recent modeling studies suggested that global warming may result in increased surface temperatures, enhanced 
thermal instability, stronger moisture transport to the upper troposphere, and amplifying cloud-cloud interaction 
and mergers (Moseley et al., 2016; Tan et al., 2015). Therefore, some studies predict a higher frequency of more 
intense convective precipitation events (Keller et al., 2018; Lenderink et al., 2017; Moseley et al., 2019; Westra 
et al., 2014), more frequent lightning events (Chakraborty et al., 2021; K. Qie et al., 2021; Romps et al., 2014) 
in the future.

Based on these previous studies, the complex range of effects of the CM, such as reduced entrainment, cold pool 
dynamics, and microphysical influence, may effectively increase the number and collision of different types of 
ice particles in the mixed-phase layer, thus strengthen the non-induced electrification, and eventually enhance the 
lightning. It remains a difficult topic to establish a direct relationship between the CM and lightning enhancement 
according to these speculative factors. While high spatiotemporal resolution meteorological observations and 
coordinated lightning observations are promising approaches to better identify and quantify these effects, numer-
ical simulations can also serve as a necessary complement to help resolve small-scale processes that are difficult 
to observe (Fierro et al., 2006; Lagasio et al., 2017; Zheng et al., 2021).

In this study, we investigate the electrical characteristics of a severe squall line and the potential CM enhancement 
mechanisms of thermodynamics and microphysics. This is achieved using the Weather Research and Forecasting 
(WRF) model coupled with an explicit in-cloud electrification scheme and a bulk lightning parameterization, 
referred to as E-WRF (Fierro et al., 2013; Sun et al., 2021). The manuscript is organized as follows. Section 2 
introduces data and the E-WRF model. Section 3 describes the evolution properties of the squall line and its light-
ning activity. Section 4 validates the simulation by using S-band radar and lightning data. Section 5 presents the 
thermodynamic and microphysical processes that are associated with the simulated CM-induced lightning surge. 
Finally, major conclusions and a conceptual diagram of the CM-enhanced mechanism are provided in Section 6.

2. Data, Model, and Method
2.1. Lightning and Other Meteorological Data

The STORM973 (Dynamic-Microphysical-Electrical Processes in Severe Thunderstorms and Lightning 
Hazards) program provides a data set of thunderstorm observations in the Beijing Metropolitan Region (BMR). 
STORM973 aims to comprehensively understand the lightning characteristics and relationships between light-
ning activity and thermodynamics in thunderclouds (X. Qie et  al.,  2020). Several studies have already been 
conducted using STORM973 data, including lightning data from the Beijing Broadband Lightning Network 
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(BLNET) and an operational S-band Doppler radar from the Beijing Meteorology Bureau (Chen et al., 2020; Lu, 
Qie, Jiang, et al., 2021; X. Qie et al., 2020; Sun et al., 2021; Xiao et al., 2021). BLNET is a 3D lightning detection 
network covering the whole metropolitan area of Beijing and parts of the Hebei Province (110 km east-west and 
120 km north-south). BLNET consists of 16 stations able to geolocate both intra-cloud (IC) and CG lightning 
(Y. Wang et al., 2016) by using the time-of-arrival method. The average detection efficiency of BLNET is 93.2% 
for total lightning (Srivastava et al., 2017). Flashes are calculated from a flash-cluster algorithm screening and 
processing of the lightning sferics, that is, radio emission. Sferics within 400 ms and 15 km are grouped as one 
flash, and positive or negative CG is distinguished by whether the flash contains positive or negative return 
strikes (Lu, Qie, Jiang, et al., 2021; X. Qie et al., 2020).

A bilinear interpolation algorithm is adopted to transform the radar data into a regular Cartesian coordinate 
system with a horizontal resolution of 0.01° (latitude) × 0.01° (longitude) and a vertical resolution of 0.5 km (H. 
Wang et al., 2009).

2.2. Introduction of E-WRF

The base code for the E-WRF module is developed and implemented into the WRF model (version 3.9.1.1; 
Skamarock & Klemp,  2007) by Fierro et  al.  (2013). Coupled with the NSSL 2-moment 4-ice microphysical 
scheme (Mansell et al., 2010; Mansell & Ziegler, 2013; Ziegler, 1985) and an explicit electrification and lightning 
parameterization, E-WRF is capable to simulate in-cloud electrical processes and lightning activities. A complete 
and detailed introduction to the charge separation, discharge algorithm, and the related equation solver for the 
electric potential is provided in Mansell et al. (2005, 2010) and Fierro et al. (2013). Compared with some existing 
diagnostic lightning prediction schemes, the CG lightning flashes simulated by the E-WRF model show better 
performances (Dafis et al., 2018).

The NSSL bulk microphysical scheme predicts the mixing ratios and number concentrations for six classes of 
hydrometeor: cloud droplets, raindrops, ice crystals, snow, graupel, and hail. Noninductive charging schemes 
in E-WRF account for the charge separation resulting from rebounding collisions between ice particles (riming 
graupel-hail and snow-ice) in the presence of supercooled cloud water without the need for the pre-existing 
ambient electric field. The noninductive charging schemes used here are based on Saunders and Peck (1998) and 
Brooks et al. (1997), as described in Mansell et al. (2005, 2010). The simulations also calculate inductive charging 
(Mansell et al., 2005 based on Ziegler et al., 1991), in which charge separation happens during rebounding colli-
sions between cloud droplets and ice-phase particles (such as ice, graupel, and hail) in the presence of an electric 
field. Additionally, charge transfer during the mass exchange between hydrometeor species along with sedimen-
tation and advection of space charge are all considered. The 3D electric field is explicitly solved through the 
computationally efficient MPI multigrid elliptic equation solver (BoxMG; Dendy, 1987). The discharge process 
uses a bulk approach based on the work of Ziegler and MacGorman (1994) and MacGorman et al. (2001). The 
initiation of a discharge depends on the breakdown critical threshold (Ecrit), which can be constant (e.g., 120 kV 
m −1) or height-dependent (Dwyer,  2003). The bulk discharge expands into a cylinder with a specific radius 
(usually set to 6–12 km) centered on the initiation point and vertically extending throughout the model column.

The E-WRF 2D lightning output field “LIGHT” is the sum of lightning initiations in the cylinder column and can 
be calculated to estimate the flash origin density. The output from E-WRF also includes predicted 3D electrical 
parameters such as the electric potential, the x-component, y-component, and z-component of the electric field 
magnitude, the net noninductive/inductive charge separation rate, and the charge density carried by the six hydro-
meteor types considered in the NSSL scheme.

2.3. Simulation Setup

Figure 1 shows a map of the triple-nested WRF simulation domain used herein, with the innermost domain (d03) 
specifically designed to cover the whole metropolitan area of Beijing, Tianjin, and most of the Hebei province. 
Table 1 provides a summary of the basic WRF settings. The simulation started on 20150727 0000 UTC and 
ended at 1800 UTC. The NCEP FNL global operational analysis data set with a horizontal resolution of 1° × 1° 
is employed to derive the initial and boundary conditions for the simulations.



Journal of Geophysical Research: Atmospheres

LU ET AL.

10.1029/2021JD036398

4 of 20

Electrification is activated in d03 only. The settings are similar to the previ-
ous simulations (Dafis et al., 2018; Fierro et al., 2013; Sun et al., 2021). In 
this simulation, the background cloud condensation nuclei concentration is 
set to a higher value of 0.8 × 10 9 m −3, considering the pollution of Beijing 
(Sun et al., 2021). Both inductive and noninductive charging processes are 
considered, in which the noninductive rime accretion rate (RAR) scheme has 
been improved by Mansell et al.  (2010). The height-dependent breakdown 
electric field profile of Dwyer (2003) is used. The discharge cylinder radius 
is set to 6 km and 30% of the charge is removed per discharge within the 
cylinders (Fierro et al., 2013).

2.4. Identification of the CM

In this study, a cell (or larger, a storm) is identified as an area bounded 
by 30 dBZ composite reflectivity, with one (or quasi-continuous) very 
compact strong echo core (Gauthier et al., 2010; Lu, Qie, Jiang, et al., 2021; 
Westcott, 1994). The contact of the 30 dBZ boundary between two isolated 
cells or storms is considered the start of the CM, and the coalescence of the 
strongest echo cores (which is higher than 45 dBZ in this case) as the end of 
the CM.

Figure 1. Map of the triple-nested Weather Research and Forecasting simulation domain.

Parameter Property

Horizontal resolution 4.5 km, 1.5 km, 0.5 km

Number of vertical levels 34

Model top 50 hPa

Time steps 18 s

Simulation duration 18 hr

Number of grids points 310 × 310, 688 × 634, 1,276 × 1,012

Boundary layer scheme BouLac

Longwave radiation scheme RRTM

Shortwave radiation scheme Dudhia

Microphysics scheme NSSL 2-moment 4-ice

Cumulus parameterization scheme None

Surface layer scheme RMM5

Land surface scheme Noah

Table 1 
The Basic Configuration of the WRF Model and Its Physical 
Parameterizations
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3. Case Overview
As shown in Figure 2, the BMR area is characterized by mountainous in the 
north, northwest, and northeast, and plain in the southeast, and about 100 km 
from the sea to the east. Coupled with densely populated urban areas, it forms 
a complex underlying surface, which can affect the initiation and intensifica-
tion of convections through topographic uplift and urban heat effect.

Based on a 5-year observational study from 2014 to 2018, the squall line 
is one of the most common severe weather system types over the BMR (X. 
Qie et al., 2020). And the squall line on July 27, 2015 was one of the most 
severe thunderstorm cases that occurred during the STORM973 campaign. 
At 500 hPa, The BMR is affected by the two deep cold vortexes (northeast 
cold vortex near 125°E and Mongolia cold vortex near 100°E) and subtrop-
ical high (Figure 3a). The upstream Mongolia cold vortex moves fast to the 
east and constantly gets close to the northeast cold vortex, both bringing cold 
air in the northwest. And the subtropical high brings warm and humid airflow 
from the southwest, forming a wet tongue with specific humidity greater than 
70%, extending along Taihang Mountain. Moreover, a shear line formed in 
northwest of the BMR. The Beijing radiosonde at 1400 LST (= UTC + 8 hr) 
showed a surface water vapor mass mixing ratio exceeding 20 g kg −1. The 
convective available potential energy was over 3,400 J kg −1, and the convec-
tive inhibition was marginal below −20 J kg −1 (figure not shown). Conse-
quently, the pre-storm environment on that day was particularly favorable for 
the initiation of deep mixed-phase and electrified convection.

Figure 4 shows the composite reflectivity evolution of the squall line system. Multiple isolated cells were initi-
ated before 0700 UTC over the northwest mountainous region of the BMR (figures not shown), then propagated 
southeastward toward the BMR plain area under the background westerly wind. They strengthened and expanded 
after a series of mergers with small meso β and γ scale cells.

At 1100 UTC (Figure 4a), they formed into two main linear storms longer than 150 km labeled B and C0, with 
three smaller cells C1, C2, and C3 in front of storm C0. These storms propagated and gradually got closer to each 
other. The storms B and C0 were linked through a few small and dense newborn cells between storms B and C, 
and the small cells C1, C2, and C3 were also integrated into storm C0 (labeled C, Figure 4b), hence they started 
to grow upscale into a longer complex storm. Based on the CM criteria defined above, it is the beginning of the 

Figure 2. Surface elevation (m) around the Beijing Metropolitan Region 
(BMR). The 200 m indicated by the blue thick contour line was the dividing 
line of plain and mountainous areas.

Figure 3. (a) The 500 hPa geopotential height (black lines, dagpm) and temperature (shaded, ◦C), and (b) the 850 hPa geopotential height (black lines, dagpm), 
specific humidity (shaded, g/kg), and wind barb (m/s) at 0800 UTC on July 27, 2015. The red dashed box represents the Beijing area. The wind shear line is marked by 
a brown segment. (Reanalysis data from ERA-5, ECMWF.)
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CM (1142 UTC). In Figure 4c, there was a small cell (labeled A) that existed in the west of the main system, 
with a stable distance of about 30 km. The main storms kept merging, until 1230 UTC (Figure 4d), and the strong 
echo core was the most compact and was regarded as the end of the CM by definition. The mature structure of 
the squall line (labeled D) formed at this moment, with a length longer than 250 km. During the CM, lightning 
activity dramatically increased more than threefold within about 1  hr, from about 400  fl (6  min) −1 to about 
1,400 fl (6 min) −1 (described in detail in the following Section 4). The mature stage was sustained for more than 
1 hr (Figure 4e), during which the precipitation rate exceeded 40 mm hr −1 and was accompanied by strong gusts 
exceeding 14 m s −1, and hail (X. Qie et al., 2020). Then the squall line gradually weakened and split into three 

Figure 4. Composite reflectivity (color-shaded) was observed by the S-band Doppler radar (site location is marked with a 
pink dot) on July 27, 2015. The radar's effective detection radius was about 230 km (pink dashed circle). The main convective 
storms are labeled (A)–(D), respectively. The cells and storms involved in the squall line are marked by red circles. The 
convective merger period between storms B and C was 1142–1230 UTC.
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separate storms labeled D1, D2, and D3 (at 1400 UTC, Figure 4f), then quickly moved beyond the BMR area. 
This weather storm completely dissipated around 1700 UTC, and the total life cycle was about 10 hr.

4. Validation of the Model Simulations
Model verification and comparison based on the observational radar reflectivity and lightning flash data rate are 
conducted in this section. Figure 5 shows the composite reflectivity simulated by E-WRF. The general simulation 
evolution lagged the observation by about 48 min (Figures 5a–5e), but the decay stage in Figure 5f is 1 hr and 
36 min later than the observation (Figure 4f).

In general, the observed main storms B, C, and the formed squall line D aforementioned are successfully captured 
in the E-WRF simulation. And the key CM process between storms B and C compare quite well in time and space 
to the observations, which is the basis for later analysis. Also, cell A propagated slowly and did not participate 
in any merging with other storms in the simulation, which is consistent with the observation (Figures 4a–4e); 
however, the distance between cell A and the main storm, and the size of cell A are overestimated to some extent 
compared with reality.

The CM process is shown in Figures 5b–5d. The 30 dBZ boundaries of storms B and C connected at about 1230 
UTC (Figure 4b, as the start of the CM) and the 45 dBZ cores merged at 1318 UTC (Figure 5d, as the end of the 
CM), both lagged the observations by 48 min. The horizontal scale of the main body of squall line D is about 
230 km (Figures 5d and 5e), which is comparable to that of the observed squall line (about 250 km). The squall 
line becomes weak around 1536 UTC (Figure 5f). Even though the simulated life cycle lagged a few minutes, and 
the storms are shifted by about 80 km far to the east, the characteristics of storm evolution and storm merging 
processes can be regarded as well reproduced.

Figure 6 shows the spatial distribution of observed and simulated lightning activities. The majority of observed 
flashes are IC flashes, and all types of flashes are mainly distributed in the strong echo area within the convec-
tive line, some flashes are distributed just behind the convective line, and only a few occurred within the trailing 
stratiform area. The lightning activity in storm B is more vigorous than in storm C in both observation and simu-
lation. It is speculated that the reason may be that the trajectory of storm B is closer to the center of the BMR, so 
it is affected by the stronger heat island effect. The observation results show that after the CM (since 1142 UTC, 
Figure 6a), the lightning surged near the region between the old storms (called cloud bridge region R), and even 
exceeded that of storm B (1230 UTC, Figure 6e). In the corresponding period of the simulation (1230–1318 UTC, 
Figure 6f), there also generated a new lightning center, but the amplification is not as much as observed.

Figure 7 shows the normalized lightning flash (by maximum value) variation of observation and simulation. Here 
we take the normalized lightning to avoid focusing on differences in flash rates between the observations and 
simulations because of some reasons (e.g., the group algorithm in the observation, and discharge settings such as 
discharge ratio and radius). The observed thunderstorm complex entered the effective detection coverage of the 
BLNET at around 1000 UTC. The normalized total lightning flash rate simulated by E-WRF is quite consistent 
with the observations, especially after 1130 UTC. The lightning rates both rapidly increase in 18–24 min after 
the beginning of the CM and peak at this stage, followed by a sharp decline starting at 1300 UTC of observation 
and 1348 UTC of simulation (the lightning decline is much earlier than that of composite reflectivity, see in 
Figures 4e and 4f and Figures 5e and 5f). In general, the simulated lightning activity compares quite well in time 
and space to the observations, which are deemed suitable to conduct further in-depth analysis.

5. Results
5.1. Storm-Scale Lightning Activity

Figure 8 shows the stacked histogram of the simulated lightning flash frequency for main storms B, C, and D near 
the CM period. The sum of lightning flash frequency in B and C, or D accounts for over 95% of the total flash 
frequency of the squall line. The lightning activity associated with storm B is more pronounced and accounted for 
over 75% of the pre-CM flash total. At 1206 UTC (24 min before the CM), the flash frequency of both B and C 
decreases, with values reaching a minimum below 10 fl (6 min) −1. The lightning frequency surges by more than 
2.5 fold during the first 18 min following the beginning of the CM to reach peak values exceeding 30 fl (6 min) −1 



Journal of Geophysical Research: Atmospheres

LU ET AL.

10.1029/2021JD036398

8 of 20

Figure 5. Composite reflectivity (color-shaded) simulated by E-WRF (all simulation-times are observation-times+48 min, compared to Figure 4). The cells and storms 
involved in the squall line are marked by red circles. The convective merger (CM) period is 1230–1318 UTC. The black lines labeled (a)–(c) in (d)–(f) are the section 
lines along the leading convective line for Figures 10 and 12.
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at 1248 UTC. The very active lightning lasts about 1 hr and 18 min, then drops back to the pre-merger level of 
20 fl (6 min) −1 at 1348 UTC.

5.2. Thermodynamics of CM Process

Figure 9 shows the integrated updraft (i.e., w) volume of the whole system. After the CM, the volumes of w > 5 m 
s −1 at 5–9 km (centered at 6 km, the ambient temperature altitude information can be found in Table 2) and 
w > 2 m s −1 at 4–11 km (centered at 8 km) both increase significantly. However, the w > 5 m s −1 at the upper 
level (8–11 km) is larger around 1000 and 1100 UTC, which also produces lightning flashes (see Figure 7). The 
updraft zones are in different cells which are weakly organized during this time, so the lightning flashes are 
weaker than during the CM period. The high-level updraft at 9–12 km becomes weaker after the CM, and the 

Figure 6. Left column (a, c, e): Observed composite reflectivity (left column: shaded) and corresponding 6-min lightning flashes detected by BLNET. Right column 
(b, d, f): Simulated composite reflectivity (purple contour lines indicate 30, 40, and 50 dBZ) and corresponding 6-min simulated flash extent density by E-WRF. (a, b) 
are the beginning of the convective merger (CM), (c, d) are the middle of the CM, (e, f) are the end of the CM. The black square represents the selected region (R) near 
the cloud bridge. Flash extent density is the sum of the number of flashes that extend into the grid column (with radius of 6 km).
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strong updraft is more concentrated in the 0–20°C layer. The later Section 5.3 analyzes more details linking to 
microphysical processes. The w > 2 m s −1 contours over 18 km height before the CM is partially attributed to the 
numerical artifact.

Figure 10 shows a more detailed thermodynamic field around the CM period. The maximum updraft speed of 
storm B exceeds 27 m s −1 prior to the CM, and the intense precipitation produces a thick (about 1.5 km) and 
wide (about 40 km) cold pool. After the onset of the CM (Figure 10b), the updraft of storms B and C weakens, 
and the 30 dBZ echo top of storm B decreases from 14 to 12 km. However, a new updraft center forms near 
118°E at 4–8 km and then produces new cells. The cloud bridge is established both through the upper-level anvils 
and mid-level new cells. After the CM (Figure 10c), the new precipitation of the cloud bridge and its evapora-
tion connected the old cold pools, forming a very wide (at least 150 km) surface cold pool with an intensity of 
exceeded −3.5K. The extended cold pool dynamics lead to stronger near-surface convergence between storms, 
and, ultimately 30 m s −1 updraft which is conducive to the growth of new cells.

Figure 7. Temporal variation of the observed (red, corresponding to the bottom red time label) and E-WRF-simulated 
(blue, corresponding to the top blue time label) normalized total lightning flash frequency. The two time axes have a 48-min 
difference. The red and blue block marks the observational and simulated convective merger (CM) period.

Figure 8. Stacked histogram of the lightning flash frequency simulated by E-WRF for systems B, C, D, and total flash 
frequency of the whole system (dashed dark red line) around the convective merger (CM) period (dashed vertical blue lines).
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5.3. Electrical and Microphysical Characteristics

Figure 11 shows the vertical and temporal distribution of the storm-integrated net space charge. During the early, 
isolated multiple cell stage, the net space charge presents a normal tripolar (“Positive-Negative-Positive,” here-
inafter referred to as “P-N-P”) vertical structure. The lower P charge layer is located mainly at 1–4 km (AGL, all 
the same below), the N charge layer is a thicker layer mainly located at 5–12 km, and the upper P charge layer 
dominates primarily at 11–13 km.

When storms B and C weaken just prior to merging, the charge structure exhibits more distinct features: the 
average height of the upper P charge layer drops down to about 10 km while the main midlevel N charge layer 
becomes thinner. The lower P charge layer begins to dissipate before 1000 UTC then the original normal tripolar 
P-N-P charge structure shifts into a temporary inverted bipolar N-P vertical charge structure characterized by 
overall weaker charge magnitudes, which corresponds to the decrease in lightning activity from 1030 to 1130 
UTC (refer to Figure 7).

Before 1200 UTC, the positive and negative charge tended to be a more mixed structure and they both expanded 
to all levels at 0–13 km. When the CM begins (1230 UTC), a more clear five-layer (P-N-P-N-P) charge struc-
ture forms, including three P charge layers near 5 km, 10 km, and 13 km, and two N charge layers centered near 
7 km (already existing and its center shifts upward about 1 km), and 12 km. This five-layer (P-N-P-N-P) charge 
structure is basically caused by the charge of the convection region (see Figure 12 below for details), and it is 

Figure 9. Variation of the integrated volume of (a) w > 5 m s −1, and (b) w > 2 m s −1 of the whole squall line (color-shaded, 
units: km 3) from 0600 to 1800 UTC. It is calculated by the sum of the volumes of all grid that w > 5 m s −1 or w > 2 m s −1, 
and Volumegrid =  𝐴𝐴 ΔA × 𝐴𝐴 Δh (where the 𝐴𝐴 ΔA is 500 𝐴𝐴 × 500 m 2; 𝐴𝐴 Δh is the specific vertical resolution of this layer). The red 
dashed lines are the ambient isotherms of 0°C, −20°C, and −40°C. The blue dashed lines indicated the convective merger 
period.
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similar to that previously reported by Stolzenburg et al. (1998). Interesting, 
five-layer pockets already occur before CM (at 1200 UTC) in many segments 
of regions B and C (approximately 117.25°−117.5°E and 118°−118.5°E). 
We speculate that some physical processes (including the mixtures of 
elevated weak updrafts and downdrafts near 6–9 km) during CM may extend 
these pre-existing subregions throughout the line.

Figure  12 shows the net charge density of the leading-convective line 
(Figures  12a–12c), the vertical profile of vertical electric fields (Ez) of 
storms B and C, and the cloud bridge (Figures  12d–12f) around the CM 
period. During this time, the charge structure gradually evolves from stag-
gered smaller charge pockets to a vertically stratified five-layer structure, 
with larger net charge density values. The maximum absolute value of net 
charge density in the squall line is about 0.65 nC m −3 at 1200 and 1230 UTC, 
and then increases 2.5 times to about 1.6 nC m −3 at 1318 UTC. After the 
CM, the vertical five-layer charge structure forms. The wider charge regions, 
more dense charge, and the reduction of spacing between the layers lead to a 
dramatic increase in the Ez, especially at the cloud bridge, where it increases 
more than threefold, and ultimately results in a dramatic increase of lightning 
initiations.

Figure 13 shows the storm-integrated charge and mass of graupel, snow, and 
cloud ice, which made the most important contributions (>80%) to the net 
space charge among the six hydrometeor types. The contribution from the 
other three hydrometeor species (cloud water, hail, and rain) to the total net 
charge are relatively smaller and not shown.

The storm-integrated mass of graupel is relatively low, with the peak exceeding 
30 kg near 7 km. After the onset of the CM, the graupel is more concentrated 

vertically, probably due to the stronger mid-level (5–10 km, Figures 9 and 10) updrafts and weaker upper-level 
(>11 km) updrafts. From the Mansell et al. (2010, based on Saunders & Peck, 1998; Brooks et al., 1997) charging 
curve, graupel charges positively within regions of relatively strong updrafts (Figures 9 and 10) and larger RAR 
at lower levels (6–7 km, 0°C to −20°C, Figure 13), and charged negatively at higher altitudes (9 km, −20°C to 
−40°C), where temperatures and RAR were lower. During and after the CM, the graupel mass and positive charge 
both increase, contributing to the lowest P charge near 5 km (Figure 11).

After the onset of the CM, the storm-integrated snow mass and the charge of snow both increase dramatically, 
with a maximum exceeding 50 kg at 8–10 km, carrying a positive charge of more than 20 μC. It is worth noting 
that, the intensified w > 2 m s −1 and w > 5 m s −1 (Figure 9) are similar to the increased layer of mid-level snow 
and graupel mass, respectively. After the CM, the increase of mid-level snow (near 6 km) and graupel mass 
(near 8 km) correspond to the increase significantly in volumes of w > 5 m s −1 at 5–9 km (centered at 6 km) and 
w > 2 m s −1 at 5–10 km (centered at 8 km), respectively (Figure 9).

Cloud ice is lighter so distributes higher than any other hydrometeors, with a peak value of storm-integrated 
mass exceeding 40 kg at 12 km. The reduction of cloud ice mass at the upper level after the CM is also consistent 
with overall weaker high-level updrafts (9–12 km) in Figure 9. The final charge layers seem to be effectively 
influenced by sedimentation and advection of space charge, especially on a small mixing ratio, then resulting in 
a stable thin-upper-P and thick-lower-N charge centered at 13 and 6 km, respectively.

Here we analyzed the specific contributions of graupel, snow, and cloud ice (Figure 13) in forming a five-layer net 
space charge (Figure 11). The evolution of graupel storm-integrated mass influences the lowest P charge region. 
Prior to the CM, the storm-integrated graupel mass decreases, leading to the weakening of the lowest P charge 
layer and causing the decrease in lightning activity after 1100 UTC (refer to Figure 7). After the onset of the CM, 
the increases in the storm-integrated mass of graupel, raindrops, and hail (not shown) reinvigorates the lowest 
P charge layer. Meanwhile, both cloud ice and snow are chief contributors to the mid-lower N charge layer near 
7 km. The middle P charge layer near 10 km is almost completely associated with snow while the mid-upper N 

Height (km) Temperature (°C)

2.1 20

2.9 15

3.9 10

4.6 5

5.4 0

6.2 −5

7.0 −10

7.8 −15

8.5 −20

9.3 −25

10.1 −30

10.9 −35

11.6 −40

12.4 −45

13.2 −50

13.9 −55

15.5 −60

Table 2 
The Temperature (From −60°C to 20°C) Altitude of the Squall Line
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charge layer near 12 km is primarily attributed to cloud ice, with a comparatively smaller fraction from graupel 
(7%). The uppermost P charge layer near 14 km is almost exclusively attributed to cloud ice, with only a small 
fraction (4%) associated with snow and graupel.

5.4. Ice Particle Budgets

The budget equation of the mixing ratio is applied to analyze the changes in three hydrometeor types (cloud ice, 
snow, and graupel, abbreviated as qice, qsnow, and qgraupel, and uniformly expressed as qi herein) near the cloud 
bridge region (labeled R, where seems to be the most obvious changing area). The qi budget Equation 1 includes 
the tendency term, horizontal advection term, vertical transport term, and residual term:

Figure 10. Thermodynamic field of the convective line along (a)–(c) in Figure 5, (a) before the convective merger (CM), (b) 
at beginning of the CM, and (c) at end of the CM. Updraft 5, 10, and 15 m s −1 are in red lines; downdraft −5 m s −1 in blue 
lines; 10, 30, and 50 dBZ radar echo in the purple line, and perturbation potential temperature in color-shaded (area <0K 
considered as the cold pool). Blue arrows indicate circulation.
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𝜕𝜕𝜕𝜕𝑖𝑖

𝜕𝜕𝜕𝜕
= −⃖⃖⃖⃗𝑉𝑉ℎ ⋅ ∇𝜕𝜕𝑖𝑖 −𝑤𝑤

𝜕𝜕𝜕𝜕𝑖𝑖

𝜕𝜕𝜕𝜕
+ 𝐹𝐹𝑦𝑦 (1)

where qi is the mixing ratio at a level z probably of a specific zone, and the 𝐴𝐴 𝐴𝐴 and 𝐴𝐴 ⃖⃖⃖⃗𝑉𝑉ℎ are the vertical and hori-
zontal components of velocity. The residual term 𝐴𝐴 𝐴𝐴𝑦𝑦 includes microphysical source and sink terms (e.g., freezing, 
melting, condensation, and evaporation), turbulent diffusion, and computational errors.

Figure 14 shows the vertical/horizontal transport of specific ice-phase particles at their most concentrated level. 
Overall, CM plat a very important role in the local growth for graupel: there is no significant increase in graupel 
before the onset of the CM. During the CM, the graupel mass mixing ratio increases dramatically, during which 
time the horizontal transport, vertical transport, and residual terms all contribute at various levels. Horizontal 
transport is dominant at first, which indicates that the midlevel transport carries the graupel toward the cloud 
bridge region (R). After that, the vertical transport increases rapidly to exceed the effect of horizontal transport, 
which indicates that surrounding graupel particles are forming and growing, and are lofted by stronger vertical 
motions. The residual term provides a positive contribution at the beginning of CM, and then plays a largely 
negative role, which may be due to the conversion to other types of hydrometeors.

During the CM, the local variation of snow is basically weakly negative except near the end of the CM. After 
the CM begins, however, the vertical transport of snow becomes dominant, and the newly generated snow in the 
lower layer is transported to the upper layer by strengthening vertical motions. The contribution of the horizontal 
transport is relatively small.

Cloud ice shows significantly different characteristics. During the CM, the value of the local variation decreases 
by 1 order of magnitude. Vertical transport is also very small. The horizontal transport is more dominant than 
other terms.

In summary, the transport is very important in the cloud bridge area during the CM. The graupel near the cloud 
bridge (nearly at 7 km) increases due to the vertical transport corresponding to the strong updraft (see them in 
Figures 9 and 10).). At the high layer of the cloud bridge, both snow and cloud ice have less local growth (weak 
tendency term). We inferred that the strong mid-level updrafts between 6 and 9 km (Figures 9 and 10) may bring 
existing particles outside of the cloud bridge.

6. Conclusion and Discussion
A severe squall line resulting from the mergers of several incipient isolated thunderstorm cells and storms is 
simulated and studied using an explicit cloud electrification scheme E-WRF. Qualitative validation of the simu-
lation in terms of radar reflectivity and normalized flash frequency indicated that the model is able to reasonably 

Figure 11. Variation of integrated positive (red contour lines, from 2 to 8 μC), negative (blue contour lines, from 2 to 8 μC), 
and net space charge of the squall line (color-shaded, units:μC) from 0600 to 1800 UTC. The red dashed lines are the ambient 
isotherms of 0°C, −20°C, and −40°C. The blue dashed lines indicated the convective merger period.
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reproduce the thunderstorm complex and associated lightning activity, as well as the critical merger processes of 
the main individual cells and storms.

The simulated CM processes and the CM-driven lightning surge are generally consistent with the observations. 
The associated charge structure involves redistribution from a staggered charge pocket structure into a vertically 
stratified five-layer charge structure from near-surface to 15 km. The wider charge regions, more dense charge, 
and the reduction of spacing of different charge layers significantly increase the vertical electric field magnitude, 
which is a causative factor of the lightning surge.

The microphysical mechanism of the lightning surge is examined through budget analysis of ice-phase particles. 
The increase in middle-layer snow and lower-layer graupel near the cloud bridge is facilitated by both the vertical 
transport of newly formed particles and the horizontal transport from upstream. The cloud bridge is produced by 
the upstream anvil propagation downstream, and the budget analysis reveals that the horizontal transport is the 
primary source of high-level cloud ice mass. The increasing ice-phase particles in the middle and downstream 
regions strengthen the collision rate, therefore, enhancing the noninductive electrification. Convergence between 
two merging storms in the middle and lower layers results in the formation of a new but stronger updraft center as 
the CM progresses. Then the cold pool expands and the new cells near the cloud bridge grow fast.

Figure 12. The charge density of convective line along (a)–(c) in Figure 5, (a) before convective merger (CM), (b) at 
beginning of the CM, and (c) at end of the CM; the deep purple contour lines represent radar echo of 10, 30, 50 dBZ. (d)–(f) 
Correspond vertical profile of vertical electric fields (Ez) along the section lines of storm B (red section line and curve), cloud 
bridge (cb, black section line and curve), and storm C (blue section line and curve).
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Figure 15 summarizes the pre-CM and post-CM dynamics, microphysics and charge features based on this work 
and highlights the unique role of CM from significant enhancement near the cloud bridge. Before merging, the 
two main incipient storms have their own distinct echo and updraft centers and initially came into contact via 
upper-level anvil downstream transportation of ice. After merging, a single, stronger reflectivity core and updraft 
center is produced below the cloud bridge. Thus, large amounts of new graupel and snow are generated, as well 
as a trace of ice and hail. Together with the upstream particles' transportation at the upper levels, more frequent 
collisions result in an increased electrification rate, which strengthens the charge density in the middle and down-
stream, generating the five-layer charge structure. A similar five-layer charge structure in the mature stage of a 
squall line was observed by a lightning detection network over BMR (Liu et al., 2013), which suggests the exist-
ence of such a five-layer charge structure and confirms the simulation results here, to some extent.

Generally, the balloon-borne in-situ measurements provide only a snapshot of the gross vertical charge structure 
of a storm and inferred storm charge from the state-of-the-art 3D lightning mapping technology reflects just the 
charge region involved in lightning discharges. The smaller scale or transient charge regions are impossible to 
observe with today's technology. In this study, a high spatiotemporal-resolution numerical simulation provides 
deeper insight into the evolution of charge distribution and lightning activity during a thunderstorm merger. In 
the future, lightning mapping results together with X-band dual-polarization radar data will be utilized to obtain 
the lightning-involved charge structure and the real microphysics distribution during the merger process, so that 
we can better understand how clouds interact and how the electrical activity is affected when they approach each 
other.

Figure 13. Same as in Figure 11 but, in the left column (a)–(c) are the storm-integrated positive (red contour lines, 5–50 μC with spacing of 15 μC), negative (blue 
contour lines, −50 to −5 μC with spacing of 15 μC), and net charge (color-shaded, units: μC) of (a) graupel, (b) snow, and (c) cloud ice; in the right column (d)–(f), 
storm-integrated mass (color-shaded, units: kg) of (d) graupel, (e) snow, and (f) cloud ice.
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Figure 14. The variation of mixing ratios qi per 12 min of Tendency (blue), the horizontal transport (H_Transport; orange), 
vertical transport (V_Transport; green), and residual term (yellow) of the ice-phase particle equation at (a) 7 km (graupel), (b) 
10 km (snow), and (c) 12 km (ice). The convective merger is marked by the dashed blue lines.

Figure 15. Conceptual diagram of thunderstorm dynamics, microphysics, and charge structure under the influence of the merging process.



Journal of Geophysical Research: Atmospheres

LU ET AL.

10.1029/2021JD036398

18 of 20

Conflict of Interest
The authors declare no conflicts of interest relevant to this study.

Data Availability Statement
Reanalysis data are available from ERA-5, ECMWF (https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanal-
ysis-v5). The WRF-ELEC source package for running E-WRF is made publicly available at https://sourceforge.
net/projects/wrfelec/ (Fierro et al., 2013; Mansell et al., 2005, 2010). The BLNET lightning data, radar data, and 
the E-WRF outputs can all be found in the Zenodo repository (https://doi.org/10.5281/zenodo.6547800; Lu, Qie, 
Xiao, et al., 2021). The figures were processed by Origin (version 2018, https://www.originlab.com/) and NCL 
(version 6.6.2, https://www.ncl.ucar.edu/), and the scripts can also be found in the Zenodo repository (https://doi.
org/10.5281/zenodo.6547800; Lu, Qie, Xiao, et al., 2021).

References
Bang, S. D., & Zipser, E. (2019). Tropical oceanic thunderstorms near Kwajalein and the roles of evolution, organization, and forcing in their 

electrification. Journal of Geophysical Research: Atmospheres, 124, 544–562. https://doi.org/10.1029/2018JD029320
Bringi, V. N., Knupp, K., Detwiler, A., Liu, L., Caylor, I. J., & Black, R. A. (1997). Evolution of a Florida thunderstorm during the convec-

tion and precipitation/electrification experiment: The case of 9 August 1991. Monthly Weather Review, 125(9), 2131–2160. https://doi.
org/10.1175/1520-0493(1997)125<2131:eoaftd>2.0.co;2.CO;2

Brooks, I. M., Saunders, C. P. R., Mitzeva, R. P., & Peck, S. L. (1997). The effect on thunderstorm charging of the rate of rime accretion by 
graupel. Atmospheric Research, 43, 277–295. https://doi.org/10.1016/S0169-8095(96)00043-9

Carey, L. D., & Rutledge, S. A. (2000). The relationship between precipitation and lightning in tropical island convection: A C-band polarimetric 
radar study. Monthly Weather Review, 128(8), 2687–2710. https://doi.org/10.1175/1520-0493(2000)128<2687:trbpal>2.0.co;2;2

Chakraborty, R., Chakraborty, A., Basha, G., & Ratnam, M. V. (2021). Lightning occurrences and intensity over the Indian region: Long-term 
trends and future projections. Atmospheric Chemistry and Physics, 21, 11161–11177. https://doi.org/10.5194/acp-2020-1280

Chen, Z., Qie, X., Yair, Y., Liu, D., Xiao, X., Wang, D., & Yuan, S. (2020). Electrical evolution of a rapidly developing MCS during its vigorous 
vertical growth phase. Atmospheric Research, 246, 105201. https://doi.org/10.1016/j.atmosres.2020.105201

Dafis, S., Fierro, A., Giannaros, T. M., Kotroni, V., Lagouvardos, K., & Mansell, E. (2018). Performance evaluation of an explicit lightning fore-
casting system. Journal of Geophysical Research: Atmospheres, 123(10), 5130–5148. https://doi.org/10.1029/2017JD027930

Dendy, J. E., Jr. (1987). Two multigrid methods for three-dimensional problems with discontinuous and anisotropic coefficients. SIAM Journal 
on Scientific and Statistical Computing, 8(5), 673–685. https://doi.org/10.1137/0908059

Dwyer, J. R. (2003). A fundamental limit on electric fields in air. Geophysical Research Letters, 30(20), 2055. https://doi.org/10.1029/2003gl017781
Feng, G., Qie, X., Yuan, T., & Niu, S. (2007). Analysis on lightning activity and precipitation structure of hailstorms. Science in China - Series 

D: Earth Sciences, 50(4), 629–639. https://doi.org/10.1007/s11430-007-2063-8
Feng, Z., Hagos, S., Rowe, A. K., Burleyson, C. D., Martini, M. N., & Szoeke, S. P. (2015). Mechanisms of convective cloud organization by cold 

pools over tropical warm ocean during the AMIE/DYNAMO field campaign. Journal of Advances in Modeling Earth Systems, 7, 357–381. 
https://doi.org/10.1002/2014MS000384

Fierro, A. O., Gilmore, M. S., Mansell, E. R., Wicker, L. J., & Straka, J. M. (2006). Electrification and lightning in an idealized boundary-crossing 
supercell simulation of 2 June 1995. Monthly Weather Review, 134(11), 3149–3172. https://doi.org/10.1175/MWR3231.1

Fierro, A. O., Mansell, E. R., Macgorman, D. R., & Ziegler, C. L. (2013). Implementation of an explicit charging and discharge lightning scheme 
within the WRF-ARW model: Benchmark simulations of a continental squall line, a tropical cyclone, and a winter storm. Monthly Weather 
Review, 141(7), 2390–2415. https://doi.org/10.1175/MWR-D-12-00278.1

French, A. J., & Parker, M. D. (2012). Observations of mergers between squall lines and isolated supercell thunderstorms. Weather and Forecast-
ing, 27(2), 255–278. https://doi.org/10.1175/WAF-D-11-00058.1

Gauthier, M. L., Petersen, W. A., & Carey, L. D. (2010). Cell mergers and their impact on cloud-to-ground lightning over the Houston area. 
Atmospheric Research, 96(4), 626–632. https://doi.org/10.1016/j.atmosres.2010.02.010

Glenn, I., & Krueger, S. K. (2017). Connections matter: Updraft merging in organized tropical deep convection. Geophysical Research Letters, 
44, 7087–7094. https://doi.org/10.1002/2017GL074162

Haerter, J. O., & Schlemmer, L. (2018). Intensified cold pool dynamics under stronger surface heating. Geophysical Research Letters, 45, 
6299–6310. https://doi.org/10.1029/2017GL076874

Karacostas, T., Spiridonov, V., Bampzelis, D., Pytharoulis, I., Tegoulias, I., & Tymbanidis, K. (2016). Analysis and numerical simulation 
of a real cell merger using a three-dimensional cloud resolving model. Atmospheric Research, 169, 547–555. https://doi.org/10.1016/j.
atmosres.2015.09.011
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