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ABSTRACT

A two-dimensional cloud model with electrification and lightning processes is used to investigate the role of inductive
charge separation in thunderstorm clouds. For the same dynamic and microphysical evolution, four cases that the same non-
inductive charging parameterization is combined with different inductive charging process are compared. Non-inductive
charge separation alone is found to be sufficient to produce a dipolar charge structure. Intracloud (IC) and positive cloud-to-
ground (+CG) flashes are initiated between a main negative charge region and an upper positive charge region. The inductive
charging process between graupel and cloud droplets exhibits a normal tripole charge structure, consisting of a lower posi-
tive charge region under the main negative charge region. In the simulated tripole structure, negative cloud-to-ground (-CG)
flashes are initiated between the main negative and lower positive charge regions. In addition, inductive charge separation
between the graupel and ice crystal is found to be capable of producing strong charge separation in a dipole charge structure.

Tests with inductive graupel-ice crystals process produce more flashes than that in the other cases.
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1. INTRODUCTION

At present there are two primary categories of charge
separation mechanisms that have been proposed to explain
thunderstorm electrification: the non-inductive charging
mechanism and inductive charging mechanism. The non-
inductive charging separation mechanism has been well ex-
amined using a host of laboratory experiments and model
studies (Takahashi 1978; Jayaratne et al. 1983; Gardiner et
al. 1985; Saunders et al. 1991; Ziegler et al. 1991; Saunders
and Peck 1998). In addition, the comparison of laboratory-
based non-inductive charging parameterizations in a full
simulation model (with coupled dynamics and microphys-
ics) has revealed significant differences between the results
(Helsdon et al. 2001; Mansell et al. 2005). However, in con-
trast to non-inductive charging that been well understood
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the influence of inductive charging on electrification and
lightning discharge is highly uncertain.

Inductive charging, formed between colliding and re-
bounding cloud particles which are polarized by a vertical
electric field, is one of a number of charging mechanisms
(Aufdermaur and Johnson 1972; Jennings 1975; Sartor
1981; Mason 1988; Brooks and Saunders 1994). In addi-
tion, within the inductive charging mechanism there are two
different sets of colliding and rebounding cloud particles
(ice-ice and ice-drop interactions). Since most droplets will
freeze onto the graupel, the charge transfer is weak. It has
been suggested that there is also the possibility of ice parti-
cles rebounding which will lead to inductive charge transfer
(Rawlins 1982; Helsdon et al. 1992, 2001). However, sever-
al studies suggested that electrification via inductive charg-
ing occurs only when ice particles experience rebounding
collisions with cloud droplets in the presence of an electric
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filed (Ziegler et al. 1991; Mansell et al. 2005; Fierro et al.
2006, 2008; Pinty and Barthe 2008). Because contact times
for ice-ice interactions are too short for electrical currents
to transfer charge, the lower conductivity of ice makes po-
larization charging transfer ineffective (Ziegler et al. 1991;
Mansell et al. 2005). Therefore, more detailed laboratory
experiments dealing with the inductive process should be
carried out.

Due to the lack of observations, an in-depth study of
storm electrification requires numerical simulations. Several
different inductive charging theories have been studied us-
ing numerical cloud models. However, many thunderstorm
models have included the inductive charging process but
with conflicting results (Kuettner et al. 1981; Rawlins 1982;
Helsdon et al. 2001; Mansell et al. 2005; Mansell 2010;
Mansell and Ziegler 2013). Because different inductive
parameterizations were used in these modeling studies, we
have little knowledge about the role of inductive processes
in the evolution of thunderstorm electrification. For exam-
ple, inductive charging between ice particles can increase
the magnitude of charge separation and further strengthen
the electric field in thunderstorms (Kuettner et al. 1981;
Rawlins 1982; Helsdon et al. 2001). In addition, Mansell et
al. (2005) stated that inductive processes with graupel-cloud
droplet interaction have a great impact on the development
of lower charge regions. However, as described in Mansell
(2010) and Mansell and Ziegler (2013), the inductive pro-
cess was not considered because it was suggested that the
magnitude inductive charge separation rate was generally
weaker than non-inductive charging. The impact of induc-
tive charge separation on electrification therefore needs to
be evaluated when considering the different inductive charg-
ing processes. On the other hand, as charge distributions in
thunderstorms are closely related to the lightning discharge
characteristics (Carey and Rutledge 1998; Coleman et al.
2003; Qie et al. 2005; Tan et al. 2006,2012,20144a, b), these
different inductive processes perhaps have a great influence
on lightning discharge.

From the above studies one can conclude that few at-
tempts have yet been made to investigate the inductive
charging effect on electrification and lightning discharge in
cloud models. The objective of this study is to compare the
electrification, charge distribution and lightning discharg-
es (includes IC and CG lightning) when (1) non-inductive
process is at work, (2) including non-inductive process, the
inductive process operates between graupel and cloud drop-
lets, (3) considering non-inductive process and the induc-
tive process between graupel and ice crystals, (4) the three
processes working together. For this purpose, a two-dimen-
sional (2D) cumulus model with detailed cloud microphys-
ics, electrification and lightning discharge scheme is used.
Numerical experiments are tested mainly for the relation-
ship between the inductive process and electrification in
thunderstorms.

2. MODEL DETAIL

The numerical model used in this study was developed
by Hu and He (1987). It is a non-hydrostatic cumulus model.
As described in Shi et al. (2015), prognostic equations in this
model are included for momentum, pressure, potential tem-
perature, mixing ratio and hydrometer particle concentration,
and cloud droplet spectral width, which is used to calculate
the cloud droplet conversion into rain. The main cloud physi-
cal processes are activation, condensation and evaporation,
collision, auto conversion, nucleation and multiplication,
melting, and freezing. The model includes 28 kinds of micro-
physical processes. The 28 kinds of microphysical processes
are: cloud condensation nuclei (CCN) activation; ice crys-
tal, rain, cloud droplet, graupel, and hail condensation and
evaporation; collisions between cloud droplets and ice crys-
tals, rain, graupel, as well as hail; collisions between rain and
ice crystals; collisions between rain and graupel, and hail;
collisions between ice crystals and graupel, and hail; nucle-
ation and multiplication of ice crystals; auto conversions into
cloud-rain, ice-graupel, and graupel-hail; freezing of rain into
graupel; melting of graupel, hail, and ice into rain; collection
of ice, collection of rain, and welt growth of graupel. It must
be stated that the cloud droplet concentration is assumed to be
constant in the original model version. Therefore, we made
some improvements to the model. A background field for the
initial aerosol spectrum and concentration was added to this
model. We fit a classic scheme for aerosol activation based
on the Kohler equation (Pruppacher and Klett 1997), and the
cloud droplet activation concentration can replace the origi-
nal constant (detailed can been seen in Shi et al. 2015).

For electrification, graupel-ice non-inductive collision-
al charging is calculated in the model. In the current study
the model uses the GZ (Gardiner/Ziegler) non-inductive
charging scheme (Fig. 1), which is adapted from Ziegler et
al. (1991). As can been seen from Fig. 1, the sign of charge
acquired by the graupel depends on the cloud water content
and the ambient temperature. Based on Mansell et al. (2005),
the reversal temperature (Tr) is -15°C. At temperatures be-
low Tr, graupel (ice) charges negatively (positively) and at
higher temperatures the charging sign is reversed.

Electrification via induction in the model occurs when
graupel collide with cloud droplets/ice crystals. Inductive
collision charging parameterization is based on Ziegler et
al. (1991). The inductive grapuel-cloud droplet/ice crystal
charging rate can be given by:

0.\ s [ 6.0Vg] ,
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Where Q,, is the individual charge from grapuel, D,; and D,
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are the diameter of cloud droplets and graupel, respectively.
V, is the falling speed of grapuel, N.; and N, are the cloud
droplet/ice crystal and graupel concentrations, respectively.
Ny, is the number concentration intercept for graupel. I' is
the complete gamma function, and E. is the vertical electric
field. The symbols E,.; and E, ; denote graupel-cloud drop-
let/ice crystal collision efficiency and rebound probability,
respectively. 6 is the polar collision angle. According to
Mansell et al. (2005), coefficients for inductive graupel-
cloud droplet charging (E,. = 0.01 and cosf = 0.4) in this
study are between the moderate to strong values which range
from E,. = 0.007 to 0.015 and cos® = 0.2 to 0.5. In addi-
tion, coefficients for inductive graupel-ice crystal charging
E,.=0.7and cosf =0.2.

Lightning discharges are parameterized based on Tan
et al. (2006, 2014a, b). Lightning initiation uses the run-
away electron threshold for break-even field and thereafter
bidirectional channels (with positive charge on one end and
negative on the other) are propagated in a stochastic step-
by-step fashion. The leaders of IC (intracloud) lightning do
not reach ground, and a height threshold (1.5 km or 6 grid
points above ground) is used to define a flash to be a CG
(cloud-to-ground) lightning (includes +CG and -CG).

Under these conditions, a resolution of 250 m and time
steps of 2 seconds are used to calculate the microphysical
and electrification processes in the 76 x 20 km domain.
Thereafter, a conversion scheme from coarse to fine resolu-
tion charge distribution is used when simulating fine resolu-
tion (25 m) discharge processes. Since the spatial potential
field and intensity are uniquely determined by the spatial
charge distribution and boundary conditions, one can assign
the coarse grid charge density directly to all fine resolution
grids within 250 x 250 m of the coarse grid. When discharge
terminates, the charge density value averaged over all fine
resolution grids is mapped back to the coarse grid.

3. MODEL INITIALIZATION AND EXPERIMENT
METHODOLOGY

All simulations were carried out for 80 min. To initiate
the cloud, a temperature perturbation (4.5 K) and a relative
humidity perturbation (80%) were applied for one time step
att=0 at a height of 1 km, in the middle of the domain. Fol-
lowing Yin et al. (2000), the aerosol distribution was fitted
by superimposing three log-normal distribution functions.
The aerosol concentration decreased with height and main-
tained the same in the horizontal direction. The concentra-
tion can be expressed as:

N,(z)=N(Z =0)Xexp(-z/2) )

N is the aerosol concentration on the ground. The initial
aerosol concentration for this study is 100 cm™.

A SEET (Studies of Electrical Evolution in Thunder-
storms) mountain storm was simulated in this study. The
SEET case was conducted in July and August of 1999 at
the Langmuir Laboratory for Atmosphere Research in the
mountains of central New Mexico (Coleman et al. 2003).
The atmospheric sounding profiles (Fig. 2) on 31 July 1999
came from NCEP (National Centers for Environmental Pre-
diction) grid data near the observation site. This environ-
mental sounding has been used in related studies (Tan et al.
2006, 2014b; Tao et al. 2009) and is suitable for simulation.

Four Simulation cases were performed to conduct dif-
ferent inductive charging processes. The modeling arrange-
ment is shown below:

Case 1: Only including non-inductive process.

Case 2: Including non-inductive process, the inductive pro-
cess operates between graupel and cloud droplets.

Case 3: Considering non-inductive process and the induc-
tive process between graupel and ice crystals.

Case 4: All three processes are applied.

4. RESULTS

4.1 Dynamic and Microphysics Evolution

In the towering cumulus growth stage of thunderstorm
(before 30 min), the updraft velocity increases rapidly with
the release of latent heat from the cloud droplet (activated
from aerosol particles) condensation process (see Fig. 3).
The cloud water content also rises rapidly under the effect
of rising updraft. At about 20 min of simulation, the maxi-
mum updraft velocity speed is 11.74 m !, and the maximum
cloud water content is 5.62 g kg'. The raindrop content in-
creases significantly due to auto-conversion by cloud drop-
lets. Meanwhile, the maximum mixing ratio and raindrop
number concentration are 7.71 g kg and 1.29 x 10° kg™,
respectively (see Fig. 4c).

The cloud top height reveals a maximum of about 10 km
at about 40 min, and the storm goes into the developing
stage. Ice crystal formation starts after 25 min of simula-
tion and increases very rapidly (see Fig. 4a). The ice crys-
tal content is distributed mainly between 5 km (-20°C) and
10 km (-60°C) level and reaches their peak around 40 min.
Some ice crystals are initiated from vapor deposition onto
ice nuclei. These ice crystals help initiate the collision co-
alescence between ice crystals and raindrops. Thereafter,
secondary ice crystals are produced during cloud droplet
graupel riming collection of cloud droplet with diameter
greater than 24 um. Ice crystals reach their maximum mixing
ratio of 1.79 g kg!' (the maximum number concentration is
9.97 x 107 kg'') at about 40 min. Graupel is firstly produced
by ice-graupel auto-conversion, and both the collisions be-
tween cloud droplets and graupel and collisions between rain-
drops and ice crystals play a signification role in the devel-
opment of graupel growth. The time-height graupel mixing
ratio and number concentration (Fig. 4b) show a maximum
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Fig. 1. Charging zones of the GZ non-inductive ice-ice parameterization (Jayaratne et al. 1983; Gardiner et al. 1985; Ziegler et al. 1991). The rever-
sal temperature (for CWC > 0.1 g m?) is set at Tr = -15°C.

a
@ 0. (®)
= ~
~

100 100

200 200

300 300
]
& 400 400
:
e
-}

500 500

—V
--U

600 600-]

700 700

800 T T T T T T T T 800 T T T T T T T

170 180 190 200 210 220 230 240 250 -25 -20 -15 -10 -5 0 5 10 15
T & Dew Point (K) U&V(mSY)

Fig. 2. Initial profiles of temperature (T), dew point (Td), and horizontal winds U and V for SEET case (Coleman et al. 2003) used in the simulation.
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Fig. 3. The temporal evolution of space maximum mixing ratio of cloud droplets and contours of the maximum updraft with values of 2, 5,7, 10,
and 15 m s™'. (Color online only)
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Fig. 4. Time-height plots showing the mixing ratio (shaded region) and number concentration of hydrometer particles evolution. Isotherms (thin
horizontal red lines at -50, -40, -30, -20, 0, and 10°C is at same in all panels. (a) Ice crystals (number concentration with contour intervals of 10°,
10°, 107, and 10% kg™). (b) Graupel (number concentration with contour intervals of 102, 10%, 10%, and 10° kg™). (c) Rain (number concentration with
contour intervals of 103, 104, 10°, and 10° kg™'). (d) Hail (number concentration with contour intervals of 1,2, 3, and 4 kg™'). (Color online only)

at about 33 min, and the maximum mixing ratio and grau-
pel number concentration is 6.30 g kg and 2.74 x 10* kg,
respectively. The raindrop content decreases due to conver-
sion into graupel after 30 min but will receive compensation
for collisions with cloud droplets. Meanwhile, most of the
raindrops begin to move down to the height of 0°C. During
this period, because of some graupel particles experiencing
the accretion of raindrops, hail particles are produced from
graupel particles conversion (Fig. 4d).

In the dissipation stage (after about 50 min), the up-
draft velocity decreases gradually with the development of
precipitation particles (Fig. 3). Due to the consumption of
cloud water content, the content of cloud water rapidly de-
creases, and thus new raindrops cannot be formed by cloud
droplet auto-conversion. Raindrops then begin fall to the
ground and hail and graupel begin to descend into the warm
layer and melt into rain. Due to the high fall velocity and
high melting rate of hail, it is easier for hail to get into the
warm layer, with graupel staying longer in the cloud as it
has small scale and low melting rate (Figs. 4c and d).

4.2 Charging Rate

Because the same kinematic and microphysical proper-
ties are present, only the electrification characteristic is dif-
ferent among the four cases. Since the non-inductive charge
separated during collisions between ice-phase particles
generally depends on temperature, the relative velocity of

the collisions, hydrometeor concentration and the super-
cooled droplet size spectrum (Takahashi 1978; Jayaratne et
al. 1983; Gardiner et al. 1985; Saunders et al. 1991; Brooks
et al. 1997; Saunders and Peck 1998), the contributions
of the non-inductive charging process to electrification in
these four cases are the same. The time evolution of the
non-inductive charging rate is presented in Fig. 5. Non-
inductive charge separation started at 25 min and the posi-
tive non-inductive charging rates are highest at altitudes of
3.5 - 8.5 km, while the negative non-inductive charge resides
mainly at 3.5 - 4 km. The absolute charging rate magnitude
in the positive charge region is much larger than that in the
negative charge region. It is therefore clear that ice crystals
from the GZ non-inductive charging scheme charge posi-
tively at lower temperatures (< -15°C), and ice crystals gain
a negative charge in some regions where the temperature is
higher (> -15°C). In addition, a large fraction of the charge
separation occurs where the cloud water content (CWC) be-
low 1 g m?3, so ice crystals predominantly obtain positive
charge in the area where the CWC is lower.

The three sensitivity tests with different inductive charg-
ing processes have different inductive charging rates. A pic-
ture of the inductive charging rates is listed by the time-height
plots in Fig. 6. The inductive charging rate between graupel
and cloud droplets is defined as Qgc, while Qgi represents
the inductive charging rate between graupel and ice crys-
tals. Figure 6a shows that the positive or negative inductive
charging rates roughly reside between 2 - 8 km. The absolute
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magnitude of positive inductive charging of graupel is weak
(compared to the negative inductive charging rate), but it per-
haps makes a great contribution to the lower positive charge
region. It can be seen from Fig. 6b that Qgi in Case 3 is much
larger than Qgc in Case 2, and graupel particles obtain only
negative charge during the inductive process because of the
electric field vertical direction in thunderstorms remaining un-
changed (the charge structure remains steady). In general, Qgi

in Case 4 is roughly similar to that in Case 3 (Figs. 6b and c),
because of the same electric field environment in the region
(4 - 8 km) where the initial charge is produced from non-in-
ductive charge separation. In addition, two inductive charge
separation processes combine resulting in a stronger inductive
graupel-cloud droplets charging rate (Fig. 6d). This is prob-
ably because of the further increasing electric field from the
inductive charging between graupel and ice crystals.
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Fig. 5. Non-inductive charge separation by ice crystal per minute for four simulation cases. Isotherm (horizontal red lines at 0, -15, and -40°C) is in
the panel. The blue contour (short dashed) denotes cloud water content of 1 g m™. (Color online only)
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Fig. 6. Time-height plots showing the inductive charging rate evolution. (a) Inductive process between graupel and cloud droplets in Case 2; (b)
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4.3 Charge Structure and Lightning Discharges

Four cases are performed for the charge structure be-
fore lightning occurs in thunderstorm clouds. The focus
here is on the inductive process relevant to the charge struc-
ture in the early electrical development stage. It can be seen
from Fig. 7a that the storm at 32 min depicts a normal di-
pole charge structure consisting of a negative charge region
at 6 - 7.5 km altitude and a positive charge region above
7.5 - 8.5 km. The storm charge structure at 32 min for Case
2 is shown in Fig. 7b. The storm has a classic triple structure
with a relatively weak positive charge between 3 - 4 km (can
also be called lower positive charge). This three charge lay-
er arrangement is referred to as the ‘normal tripole’ (Simp-
son and Scrase 1937; Williams 1989). Compared to Case 1,
the inductive process between graupel and cloud droplets
in Case 2 contributes mainly to the lower positive charge.
The storm in Case 3 also exhibits a dipole charge structure
(Fig. 7c). The charge density magnitude in Case 3 is larger
than that in Case 1. The vertical range of the lower nega-
tive charge region in Case 3 reaches about 6 km, obviously
greater than that in Case 1. Therefore, one can conclude that
inductive charge transfer during collision between ice par-
ticles leads to stronger electrification. As both the non-in-
ductive charge separation and inductive graupel-ice crystal
charge separation in Case 3 only has an effect on enhancing
the main negative and positive charge regions (see Fig. 7¢),
the charge structure remains a dipole. As can be seen from
Fig. 7d, Case 4 generates a normal triple, which is attributed

mainly to the inductive charging between graupel and cloud
droplets. Meanwhile, the charge density magnitude in Case
4 is larger than that in Case 2. This is due to the combined
effect of two kinds of inductive charging processes.

As expected from the previous results the stronger
charge separation is able to support more lightning activi-
ties and the charge structure characteristic exerts a substan-
tial influence on the lightning type (Tan et al. 2014a, b).
The focus here is on the dominant charge properties relevant
to lightning discharges. Table 1 shows the total number of
lightning flashes in four cases. Cases 3 and 4 exhibit more
lightning flashes than Cases 1 and 2 and this is likely attrib-
uted to inductive charging between graupel and ice crystals
producing stronger charge separation (see Table 1).

Lightning activities from four cases responding to the
charge structure are shown in Fig. 8. A total of 14 lightning
flashes, including 2 positive ground flashes are produced
during the Case 1 simulation (Fig. 8a). The initiation points
for all lightning flashes reside between 6 - 8 km, between
an upper positive charge region and a lower negative charge
region. In the dissipation stage (about 60 min), since a di-
polar charge structure became closer to the ground, +CG
flashes that composing of a negative leader traveling upward
through the upper positive charge region and a positive lead-
er traveling downward through the negative charge region
to ground are prone to be generated (Fig. 8a). As can been
seen in Figs. 8a and c, the two cases (Cases 1 and 3) develop
similar charge distributions that can be described as a normal
dipole. Under this condition, the Case 3 simulation produces
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Fig. 7. Charge structure in the early electrical development stage (32 min) for four cases. Isotherms (thin horizontal lines at 0, -15, and -40°C) are
respectively in four panels, and thick black lines show contour structure characteristics of thunderclouds. (Color online only)
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Table 1. Summary of total lightning flashes for each simu-

lation.
Charging The number of flashes
Scheme IC CG Tot No. of flashes
Case 1 12 2 14
Case 2 10 7 17
Case 3 19 9 28
Case 4 13 17 30
14F ' Case 11C: 12 1 14F ' Case 2 IC: 10 ' E
E (a) +CG: 2 ] (b) +CG: 5
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Fig. 8. Time-height maximum simulated charge separation (Contours at 0.1, +1, 3, +5, +10, and +20 nC m™, red lines denote positive charge, and
black lines indicate negative charge). Lightning initiation heights are indicated by * (IC), + (+CG), - (-CG). (Color online only)

a total of 28 lightning flashes, with no negative ground flash
produced. However, in Case 3, the lower negative charge
region develops downward to about 2 km (Fig. 8c), which
is favorable for a positive leader traveling downward to the
ground, and thus the number of +CG flashes in Case 3 is
greater than that in Case 1.

Results obtained from the Case 2 and 4 simulations are
comparable to the storms in Cases 1 and 3. As shown in
Figs. 8b and d, 17 total, 10 IC, 2 -CG, and 5 +CG flashes
are produced by Case 2, while Case 4 generates 30 in total,
13 IC, 7 -CG, and 10 +CG flashes. The different lightning
types are closely associated with the charge structure (Tan et
al. 2014a, b). For the Case 2 and 4 simulations, these storms
present a tripole structure in the 32 - 45 min time range.
-CG flashes occur when the lower positive charge region
has sufficient charge density to cause high electric fields
(Figs. 8b and d) and the negative CG lightning initiation
point height is between 4 - 6 km. -CG flashes begin be-
tween the main negative charge and lower positive charge,
which is consistent with previous observations (Williams

1989; Pawar and Kamra 2004; Qie et al. 2005; Nag and Ra-
kov 2009). However, Case 4 shows a stronger net positive
charge region than Case 2, contributing to the initiation of
more -CG flashes. In addition, the charge structure turns into
a dipole in two cases after 45 min of simulation. Therefore,
only +CG and IC can be produced during this period.

5. CONCLUSIONS

This study investigated the inductive charging process
effect on electrification and lightning discharge using a 2D
thundercloud model. In the chosen mountain storm simula-
tion, four cases were carried out driven by different induc-
tive charging processes. The analyses of results are conclud-
ed the following:

(1) The non-inductive charging rates are highest at altitudes
of 3 - 8.5 km, where the absolute charging rate magni-
tude in the positive charge region is much larger than
that in the negative charge region. Under this condi-
tion, charge separation in Case 1 only considering the
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non-inductive charging process produce a dipolar charge
structure which allows initial lightning (including IC
and +CG flashes) between a main negative charge re-
gion and an upper negative charge region.

(2) The Case 3 produces more IC and +CG flashes under
a dipolar charge structure as compared to Case 1. It is
found that the inductive charging process between ice
crystals and graupel can increase the charge production
but does not alter the charge structure type.

(3) The tripolar charge structure in the developing stage is
produced via inductive charge separation between grau-
pel and cloud droplets. Cases 2 and 4 develop a lower
positive charge that is involved in -CG flashes. In addi-
tion, Case 4 based on two inductive charging processes
have greater lightning production than the other Cases.

Due to the limitations of the 2D model, the frequency

of lightning obtained from 2D cloud model is relatively
small as compared to some observations (Carey and Rut-
ledge 1996, 1998; Lang et al. 2000; Blyth et al. 2001). The
induced opposite polarity charges are deposited in the re-
gions where the bidirectional leaders pass during a lightning
discharge (following Tan et al. 2007 and Tao et al. 2009).
Therefore, there is a charge re-distribution in thunder-
storms. However, this impact may be much greater in the
2D model than that in the 3D model. Therefore, the charge
recovery time after a lightning discharge is much longer in
the 2D model than in the 3D model. This process results
in a decrease in lightning production in the 2D model. 3D
modeling studies will be conducted in forthcoming studies.
The main objective of the present paper is to present the
effect of different inductive charge separation processes on
electrification and lightning discharge in thunderstorms. We
believe that the results obtained using the 2D model provide
an adequate description. The specific 2D modeling date is
different from that in the 3D model, but we still believe that
the inherent physical mechanisms and lightning discharge
characteristics in the two model categories are similar.
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