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Abstract Numerical modeling is applied to elucidate the formation mechanism of the large lower
positive charge centers (LPCCs) observed during thunderstorms over the Tibetan Plateau based on the
simulation of a storm at the northeastern boundary of the plateau. Four sensitivity tests were carried out to
explore the impacts of inductive charging, reversal temperature, and the choice of noninductive charging
scheme. The results show that the unique environmental conditions of the Qinghai‐Tibet Plateau, which
include weak convection and low freezing level, are fundamental to the formation of large LPCC. A
weakened charge density in the upper positive charge center highlights the role of a LPCC in lightning
initiation although the charge density of the LPCC has no obvious change compared to that in the LPCC of
the typical tripole structure. This accounts for Tibetan Plateau thunderstorms having low frequencies of
lightning flashes, which occur mainly in the lower dipole. Inductive electrification, which provided more
than 50% of the positive charge on graupel and increased the positive and negative charge on cloud drops by
2 orders of magnitude, is an important complement to the lower dipole of the tripole charge structure
originally established by noninductive electrification. The inductive electrification also evidently enhances
the LPCC and the middle negative charge center while slightly reducing the upper positive charge center.
Subsequently, the lightning activity is strengthened, and lightning flashes are more likely to be initiated at
the lower dipole. Varying the reversal temperatures and noninductive charging scheme does not
fundamentally affect the formation of the LPCC.

1. Introduction

The Qinghai‐Tibet Plateau is the highest plateau in the world. Thunderstorms on the plateau show special
characteristics in terms of charge structure and lightning activity (Cui et al., 2009; Qie, 2005; Qie et al.,
2005; Qie et al., 2006; Qie et al., 2009; Zhagn et al., 2004; Zhang et al., 2009; Zhang et al., 2015).

A tripole charge structure can more accurately represent a typical thunderstorm than the traditional dipole
model (e.g., Bateman et al., 1999; Marshall & Stolzenburg, 1998; Marshall & Winn, 1982; Mo et al., 2002;
Simpson & Scrase, 1937), but the lower positive charge center (LPCC) in the tripole structure is small and
may not always be present (e.g., Williams, 1989). Many observations of thunderstorms over the region of
the Tibetan Plateau have been carried out for many years (e.g., Cui et al., 2009; Qie, 2005; Qie et al., 2005;
Qie et al., 2006; Qie et al., 2009; Zhagn et al., 2004; Zhang et al., 2009; Zhang et al., 2015; Zhao et al.,
2004; Zhao et al., 2010). These studies have mainly found tripole charge structures, but the LPCCs are larger
than usual, which is considered the distinguishing characteristic of Tibetan Plateau thunderstorms (e.g., Cui
et al., 2009; Qie, 2005; Qie et al., 2005; Qie et al., 2006; Qie et al., 2009; Zhagn et al., 2004; Zhang et al., 2009;
Zhao et al., 2010).

The Naqu area (about 4,500 m above sea level, ASL) is located in the center of the Tibetan Plateau. Zhagn
et al. (2004) and Qie et al. (2005) analyzed storm data in this area for the summer of 2002 and found that most
intracloud (IC) lightning flashes during thunderstorms in the initiation and mature stages initiated in the
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lower dipole of a tripole charge structure. Qie (2005) proposed that thunderstorms over the central Tibetan
Plateau have larger‐than‐usual LPCCs in their tripole charge structures.

Li et al. (2013) analyzed data of lightning radiation sources from a 3‐D lightning mapping system distributed
across seven stations during an isolated thunderstorm in Datong (about 2,500 m ASL), Qinghai province, at
the northeastern edge of the Tibetan Plateau, and found an inverted dipole structure during the developing
and mature stages when a positive electric field was dominant in the storm. Other observations in the same
area have also confirmed the tripole structure in thunderstorms and have provided evidence for the exis-
tence of an upper positive charge center (UPCC; Zhang et al., 2009). In Pingliang (about 1,400 m ASL),
another area on the northeastern edge of the Tibetan Plateau, a tripole structure with a large LPCC, was also
observed through electric sounding measurements of an isolated thunderstorm (Zhao et al., 2010).

In the Chinese Inland Plateau (about 1,600 m ASL) adjacent to the Tibetan Plateau, Liu et al. (1989) found
large LPCCs at the bottoms of storms. Using a seven‐site network of slow antennas in Zhongchuan (about
1,500 mASL) at Lanzhou, a city on the same plateau, Cui et al. (2009) also found tripole structures with large
LPCCs; IC lightning flashes were approximately evenly distributed between the lower and upper dipole.

Further data for Tibetan Plateau thunderstorms show that they can be divided into two categories (special
type and normal type), according to the polarity of the surface electric field evolution beneath the thunder-
storm during its mature stage (Qie et al., 2009). A negative surface E field beneath storm was defined as the
special type, and a positive surface E field the normal type. Both types can be basically represented with a
tripole structure, and the special type is characterized by a larger‐than‐usual LPCC. The special type occurs
more frequently above higher ground and thus is most frequently observed in the central Tibetan Plateau
(Qie et al., 2009).

Qie et al. (2005) estimated the large LPCC to be at about 1.7 km above ground level (AGL) based on multi-
station measurements of electric field change produced by lightning discharges in thunderstorms above the
central Tibetan Plateau (4,508 m ASL). Using a 3‐D lightning mapping system distributed at seven stations
(the central station is about 2,500 m ASL), Li et al. (2013) assessed the height of the large LPCC of a thunder-
storm over the northeast edge of the Qinghai‐Tibet Plateau to be about 1–3.5 km AGL in the developing and
mature stages and 3 km AGL in the dissipating stage. During the dominant positive electric field period on
the ground, all 41 IC lightning flashes they observed occurred between the main negative charge center at 4
km AGL and the positive charge center at 3 km AGL (during the same time, the distances of most sensors to
the reflectivity core of the storm changed from several to about 10 km). Electric sounding data of an isolated
thunderstorm over the northeastern edge of the Tibetan Plateau (1,400 m ASL) showed a LPCC between 3.1
and 3.9 km AGL (Zhao et al., 2010).

Tripole charge structures with large LPCCs have also been found in other regions (e.g., Krehbiel et al., 2003;
Rust & MacGorman, 2002). However, thunderstorms over the Tibetan Plateau are characterized by lower
lightning flash rates than seen in other places. In a thunderstorm on 4 August 2002, over the northeastern
edge of the Qinghai‐Tibet Plateau, the maximum flash rate was only 2 flashes per minute (fl/min; Qie
et al., 2005). Overall, thunderstorms over the Tibetan Plateau have an average flash rate of only 1 fl/min
(Qie, 2005). Only in their mature stage does this increase to about 2.2 fl/min (Li et al., 2013). In five
thunderstorms over the northeastern Tibetan Plateau, the maximum detected lightning frequency was
about 3.6 fl/min, and values were mostly less than 2 fl/min (Zhang et al., 2015).

The characteristics of Tibetan Plateau thunderstorms, such as the lower lightning flash rate and tripole
charge structure with large LPCC, are significantly different from those of most low‐altitude thunderstorms.
The causes of these differences remain unclear.

Qie et al. (2005) observed the dominance of IC lightning flashes in the lower part of a storm (only a few
flashes occurred in the upper part) in the central region of the Tibetan Plateau. Even in the lower plateau,
lightning flashes initiated equally often in the upper and lower dipole (Cui et al., 2009). Qie et al. (2005)
attributed significant lightning flashes in the lower dipole to more vigorous charging activity in the lower
part of the storm. In addition, Qie et al. (2009) found that the temperature difference between the surface
and 2 m above the surface and air humidity measured prior to the storm are two key parameters influencing
the formation of the LPCC, as a larger temperature difference and lower humidity appeared to favor a
large LPCC.
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For thunderstorms with a typical tripole charge structure (i.e., small LPCC), various model studies have pro-
posed noninductive charging between graupel/hail and ice crystals to account for the formation of the LPCC
(e.g., Bateman et al., 1999; Bruning et al., 2007, 2010; Jayaratne & Saunders, 1984; Kuhlman et al., 2006;
Mansell et al., 2005; Takahashi, 1984; Ziegler et al., 1991). Kuhlman et al. (2006) suggested that both induc-
tive and noninductive charging of similar magnitude acted to form the LPCC. MacGorman et al. (2005) pro-
posed that inductive charging may contribute to the additional charge regions found at lower altitude
outside the updraft. Through numerical simulations, Guo et al. (2004) indicated that in a storm with weak
updraft, the main charging process depended on charge transfer between graupel and cloud drops below
the reversal temperature isotherm, which led to a weak dipole in the lower part of the storm.

Although most of these previous results for the formation of LPCCs are based on the classical tripole struc-
ture (normal or inverted), which has the LPCC always subordinate to the UPCC, some researchers have dis-
cussed charge structures with the LPCC stronger than the UPCC (e.g., Mansell & Ziegler, 2010). These
studies neglected the unusual tripole structure with a large LPCC (as shown by Tibetan thunderstorms).
Krehbiel et al. (2003) believed that the lower dipole with a dominant positive charge center in their observa-
tions of the Severe Thunderstorm Electrification and Precipitation Study was consistent with reversed‐
polarity charging of graupel and hail. Zhao et al. (2010) suggested that the lower positive charge area consists
of positively charged graupel falling by gravity to below the 0 °C layer.

Most of these conclusions were reached by studying storms with environmental conditions very different
from those of the Tibetan Plateau. The storms produced a large number of lightning flashes, unlike those
over Tibet. It is therefore reasonable to expect that the charge structure and charging processes of Tibetan
storms are quite different from those studied elsewhere. In this study, we use a fine‐resolution 3‐Dnumerical
model that considers charging and discharging mechanisms to determine the formation mechanism of the
large LPCC within the tripole structure of storms above the Tibetan Plateau.

2. Background
2.1. Numerical Model

Tan et al. (2005), Tan et al., 2014, Tan et al., 2014, Tan et al., 2016, Tan et al., 2017) coupled the charging and
discharging mechanisms (Gardiner et al., 1985; Hallett & Saunders, 1979; Ziegler et al., 1991) in a 2‐D cloud
model developed by Hu and He (1987). The 3‐D cloud model used here was developed further based on this
2‐D cloud model. Compared with the 2‐Dmodel, the 3‐Dmodel simulates cloud shapes closer to reality; the
various properties of the simulated cloud are therefore more comparable to observed parameters.
Consequently, the development of a lightning flash simulated in a quasi‐real cloud has a 3‐D morphology
similar to that of real lightning. This can aid analyses of the environmental conditions during the initiation
and propagation of lightning in clouds, although this is not the focus of this study.

The nonhydrostatic balance equation is adopted for the dynamic framework. The microphysical parameter-
ization simulates five categories of hydrometeors: cloud drops, ice crystals, raindrops, graupel, and hail. The
model considers 27 cloud microphysical processes, such as evaporation‐condensation, coagulation, auto-
matic transformation, nucleation‐multiplication, and melting‐freezing (Table 1). All hydrometeors are
impacted by sedimentation and drag force. However, the terminal falling speed of cloud drops is set near
0 because of their small size (the diameter of cloud drops is usually dozens of microns), implying that they
almost have no sedimentation and only move with ambient airflow. In addition, ice crystals, which are
important particles in many microphysical processes and electrification, originate from the processes of
nucleation (activation of ice nuclei), multiplication (a secondary ice production process; Hallett &
Mossop, 1974), and condensation. They can then grow through colliding and merging with cloud drops,
raindrops, and other ice crystals. They can also be consumed through evaporation, melting, collision, and
merging with graupel or hail. Ice crystals can also be converted into graupel (Hu & He, 1987).

The model uses the wind field, air pressure, temperature, and dew point temperature, usually obtained
through sounding, as the initiation field. A damp and hot volume with humidity and temperature higher
than that of the environment is set artificially to initiate convection. The volumewas placed at the horizontal
center of the simulation domain (a horizontal square of 76 km × 76 km with the vertical height of 20 km
AGL) with its center height of 1.5 km AGL. The disturbed area was a cube with a side length of 3 km; its
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bottom face was at ground level. The temperature increase of the volume center was 6 °C, and the increase of
humidity is 60% of the difference between the ambient air humidity, which was the humidity of the ambient
air when and where the disturbed area was added, and the saturation value. The temperature and humidity
perturbations decrease with increasing distance from the center of the disturbed area.

The noninductive charging is simulated using the noninductive charging parameterization proposed by
Gardiner et al. (1985). The charge transferred between graupel/hail and ice crystals per collision is calculated
through the following formula:

δqxi ¼ 7:3D4
i V i−V xj j3δLf τð Þ (1)

where x indicates graupel/hail; Di is the diameter of ice crystals; Vi and Vx represent the vectors of terminal
falling velocity of ice crystals and graupel/hail, respectively; δL is the coefficient of liquid water content
(LWC); and f(τ) is a function of the reversed temperature (Ziegler et al., 1991):

f τð Þ ¼ −1:7×10−5τ3−0:03τ2−0:05τ þ 0:13 (2)

where τ = − 21T/Tr. The parameter T is the environmental temperature, and Tr is the reversal temperature,
which was set as −15 °C (Gardiner et al., 1985).

The inductive charging between graupel/hail and cloud drops in the dry growth process was parameterized
by Ziegler et al. (1991):

∂Qci

∂t
¼ π3

8
6Vi

Γ 4:5ð ÞEicErNcN0iD
2
c πΓ 3:5ð Þε cosθh iEzD

2
i−Γ 1:5ð Þ Qci

3Ni

� �
(3)

whereQci is the amount of charge on ice particles; the subscripts c and I indicate cloud drops and ice particles
(including ice crystals, graupel, and hail), respectively; Dc is the feature diameter of cloud drops; Nc and Ni

indicate the number of cloud drops and ice particles condensing, respectively; Vi is the group velocity of ice
particles; N0i indicates the intercept number concentration of ice particles; Ez is the vertical electric field; Eic
and Er indicate the collision and rebound coefficients, respectively, set here as 0.8 and 2.2 × 10−3 (Brooks &
Saunders, 1994; Ziegler et al., 1991); Γ(x) is the gamma function; θ indicates the rebound angle (<cosθ>
means the average value of cosθ); and ε is the electrical permittivity of air.

The charges on the hydrometeors are conserved as follows:

∂Qeh

∂t
¼ −u

∂Qeh

∂x
−v

∂Qeh

∂y
−w

∂Qeh

∂z
þ 1
ρ
∂ρVhQeh

∂z
þ DQeh

þ SQeh
(4)

where Qeh indicates the charge on hydrometeors; u, v, and w are three components of wind speed; Vh indi-
cates the average terminal velocity of the hydrometeors; ρ is the density of air; DQeh

stands for the subgrid
turbulence exchange of the charges on the hydrometeors; and SQeh

indicates the source and sink of charges
on the hydrometeors, mainly including the charge increasing caused by electrification processes, the charge
change due to discharge, and the charge transfer caused by phase change. As the presence of ions is not

Table 1
Microphysical Processes Considered by the Model

Cloud drops Raindrops Ice crystals Graupels Hails Vapor

Cloud drops CMwh CEvc
Raindrops CMcr, Acr CMrr CMir, FMir FMgr FMhr CEvr
Ice crystals CMci, NMci CMri CMii CEvi, NMvi
Graupels CMcg CMrg, Mrg CMig, Aig CEvg
Hails CMch CMrh CMih Agh CEvh

Note. (1) The first capital letters indicate the microphysical process (see note 2); the first lowercase letter indicates the consumed item; the second lowercase let-
ters indicate the generated item or action item. (2) CM is the process of collision andmerging; FM is freezing andmelting; CE is condensation and evaporation; A
is automatic transformation; NM is nucleation and multiplication; CMwh indicates the wet growth limit of hail (during this process, only a part of cloud water
colliding with hail can be captured and freeze into ice on hail, and another part of the captured cloud water remain liquid).
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considered here, the evaporation and sublimation of particles will not remove any charge originally depos-
ited on the particles.

The vertical boundaries of the domain in the model meet the radiation boundary conditions in equation (5):

∂vn
∂t

¼ −Cb
∂vn
∂xn

(5)

where n indicates the normal direction of the boundary; vn and xn are the speed along the normal direction
and the normal coordinate, respectively; and Cb indicates the horizontal phase velocity of the gravity wave,
which is replaced by the phase velocity of the layer adjacent to the boundary at the previous moment.

At the ground boundary, the vertical speed w is set as zero. When the vertical advection of other parameters
above the ground is outflow, the upwind scheme is adopted on the bottom boundary; for inflowing, the deri-
vative in the normal direction is zero. The top boundary is set to be a sponge layer. In addition, subgrid
exchange is not considered on boundaries. These boundary conditions mean that the total charges simulated
in the clouds can be lost.

The lightning parameterization scheme used here was developed by Tan et al., 2006, Tan et al., 2006, Tan
et al., 2007, Tan, Liang, et al., 2014, Tan, Tao, et al., 2014, Tan et al., 2016) based on Mansell et al. (2002).
The same scheme was applied to the 3‐D mesh. It adopts the stochastic dielectric breakdown model with
the concept of bidirectional leaders (Kasemir, 1960). The electric field strength threshold of breakdown
for lightning initiation is set as a function of altitude (Marshall et al., 1995):

Einit ¼ ±167ρ zð Þ
ρ zð Þ ¼ 1:208 exp −

z
8:1

� �
8<
: (6)

Here, Einit indicates the breakdown threshold (kV/m) for lightning initiation, ρ is the air density (kg/m3),
and z is altitude (km). The threshold for propagation is set to be 75% of Einit. The lightning channel is set
to have a constant internal electric field strength of 500 V/m. The charge amount induced at one end of
the channel is equal to the amount of charge of the opposite polarity induced at the other end. However,
when simulating a lightning channel, the positive or negative leader of the channel will develop based on
its environmental conditions, and thus, negative and positive leaders can develop individually without being
forced to start or terminate simultaneously. Lightning develops forward step by step with its positive or nega-
tive leaders extending a successive channel point each time. The impact of channel potential on an ambient
one during discharging is also considered. If a new extension point of the lightning channel appeared, the
electric potential would be resolved. When no new extension point could be found in the whole simulation
domain, or lightning channel reached any border of the simulation domain, the lightning event terminated
(Tan, Tao, et al., 2014). It means that no lightning channel could stretch out of the simulation domain. At the
end of a discharge, the amount of charge simulated in the channel is redistributed according to the propor-
tions of the total surface area of the hydrometeor particles on the channel, regardless of the charges origin-
ally carried on these particles (Mansell et al., 2002; Ziegler & MacGorman, 1994).

Only when a lightning channel develops to a height threshold of 250 m above the ground, the resulting flash
can be treated as a cloud‐to‐ground lightning flash (CG). Then, propagation is stopped for all the branches of
the same polarity as the one that reached ground. But the branches of the opposite polarity can continue to
develop. The potential of the grounding point of the CG is set to be 0, the internal electric field strength in the
grounding leader falls to 200 V/m, and the internal electric field strength of the channel, which is the IC part
of the CG flash with the opposite polarity in relation to the grounded leader, remains at 500 V/m. The
charges in the lightning channel are not taken as zero but induced by environmental electric field, which
is different from Mansell et al. (2002) but the same as Mazur and Ruhnke (1998). Hereafter, the potential
distribution in the entire channel is then recalculated. Due to the redistribution of potential in the lightning
channel, the potential difference between upward leader tip and the environment might increase sharply.
This makes the lightning channel possible to generate new follow‐up channels and triggers subsequent dis-
charges. The subsequent discharge initiates from the original upward leader tip. The polarity is determined
by the charges carried by the subsequent discharge channel. The thresholds for the initiation and
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propagation are both set to 150 kV/m. In order to be able to simulate a reasonable CG flash discharge and the
subsequent discharges in the cloud after the CG flash, the number of subsequent discharges is limited to five,
because the time for the channel of a CG to remain highly ionized should be limited.

In addition, not all simulated discharges are treated as lightning flashes. Only a discharge with either of the
bidirection leaders developing at least five grid cells can be recorded as a lightning flash. Statistics on the
duration of flashes in Tibetan Plateau thunderstorms show an average time of about 326.3 ms, with a max-
imum of about 1,008.5 ms (Zhang et al., 2015). Based on these statistical results, the time step (1 s) used in
our simulation is sufficient for most of the lightning duration times encountered on Tibetan Plateau.
Therefore, any single lightning event in our simulation will be considered as initiating and finishing within
one time step. Furthermore, based on the average duration, the total number of flashes per step is limited to
at most three. This guarantees the simulation of most normal lightning flashes.

The simulation time step is set as 1 s. The spatial resolution of the model is 500 m horizontally and 250 m
vertically. The simulation domain covers a ground area of 76 × 76 km, and its top is 20 km AGL. The simula-
tion results were outputted every 1 min. Because our purpose was not to describe the detailed structure of
every lightning event (which would greatly increase the computation cost), the fine resolution used by
Tan et al. (2005), Tan, Tao, & Zhu, 2006, Tan, Tao, Zhu, Ma, & Lu, 2006, Tan et al., 2007, Tan, Liang,
et al., 2014, Tan, Tao, et al., 2014, Tan et al., 2016) for channel structure simulation was not adopted here.
In this study, lightning was simulated within the 250 m × 250 m × 250 m grid cells, which were interpolated
from the original grid cells of 500 m × 500 m × 250 m (Tan et al., 2017).

In addition, because ice crystals and snow crystals are not separate species in the microphysics scheme, a
process is added to reflect the different effects of ice crystals and snow crystals during electrification. In
themicrophysical scheme used here, all kinds of particles are assumed to have a certain spectral distribution,
expressed as

N Dð Þ ¼ N0D
α exp −λDð Þ; (7)

where D indicates the particle diameter, α is a constant with different values for different particle types, and
N0 and λ are parameters that are functions of mixing quality and mixing concentration of particles. For ice
crystals, α = 1 (Hu & He, 1987). Based on the distribution and mean diameter of ice crystals, the proportion
of ice crystals larger than a given diameter (300 μm is used here for distinguishing ice and snow crystals) can
be estimated. In the case of noninductive charging of graupel, this proportion of ice crystals is treated as
snow crystals, which are more efficient than ice crystals in terms of the noninductive charging of graupel
(Gardiner et al., 1985).

Because the nearest sounding station in Xining, Qinghai province, was about 35 km from the Datong obser-
vation area containing the observation equipment, and the soundings were taken twice a day (at 0000 and
1200 UTC), the simulation started in an initiation field interpolated to Datong from the National Centers
for Environmental Prediction reanalysis data on 10 August 2013. The sounding data on that day showed
the pressure near the ground to be about 700 hPa. Therefore, reanalysis data below 700 hPa were reserved
to construct the initiation field. Figure 1 shows the curves of temperature, dew temperature, air mass rising,
and wind field in T‐logp coordinates. The temperature of the ground (at a pressure of 700 hPa) was about
13 °C. The low ground temperature on the plateau lowers the height AGL of temperature stratification.
For example, the heights of the isotherms of 0 and−30 °C in the sounding were less than 2 km (at a pressure
of ~550 hPa) and less than 7 km (at a pressure of ~283 hPa), respectively.

The Tibetan Plateau features low ground temperature in summer. As the highest plateau in the world, it has
a ground temperature lower than that elsewhere at same latitude (Ye et al., 1979). Its 0 °C isotherm is there-
fore not far above the ground. This benefits the formation of ice particles under conditions of weak updraft
and also their subsequent electrification.

The calculation for the initial field gives a convective available potential energy (CAPE) of less than 600 J/kg.
The air parcel ascent curve indicates that as long as an air mass is lifted slightly, even to a low level, the water
vapor in the mass would condense. The lifting condensation level is near the 10 °C isotherm (400–500 m
AGL). The curves of temperature and dew point temperature show a higher relative humidity near the
ground, but when the air pressure decreased to below ~500 hPa (at ~2.7 km AGL), the relative humidity
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declined quickly, corresponding to the rapidly expanding difference between the temperature and the dew
point temperature. Further analysis indicates that the relative humidity only exceeds 60% in a narrow
height range from about 1 to 4 km AGL and has a median value of about 42.4% outside this height range.

The summer monsoon transports water vapor from the Indian Ocean to the Tibetan Plateau, although some
water vapor is lost during transport. Qie et al. (2014) observed that the intense deep convective systems over
the Tibetan Plateau are likely be generated at moderate relative humidity (40–60%). The relative humidity
condition of the initial field in our simulation agrees with these observations.

2.2. Thunderstorm Observation

A weather system crossed over the observatory in Datong (about 2,500 m ASL), which included a ground
electric field mill, from west to east on 10 August 2013. A cell of the system passed above the observatory
(Figure 2a). The electric field on the ground, as measured at the observatory, became increasingly negative
as the cell was approaching the observatory, an obvious positive polarity when the cell was above the obser-
vatory, and a relatively large negative increase as it receded from the observatory (red line in Figure 3). In the
simulation result, a sampling point on the ground at the forefront of the simulated cell, which gradually
entered under the cell with the movement of the cell, was selected. The evolution of electric field strength
at the sampling point showed a similar change: (1) From 13 to 21 min, the surface electric field had a nega-
tive change when the cell core was behind the sampling point, and reached its negative peak at 20 min; (2)
when the main body of the cell was above the sampling point, the surface electric field showed an obvious
positive polarity, matching the observation; and (3) after the main body of the cell had passed the sampling
point, the surface electric field also showed an obvious negative change.

Analysis of the radar reflectivity of the storm cell indicates that the 30‐dBZ echo top of the storm cell was at
its peak of ~11.5 km AGL at the start of the volume scanning at 0418 UTC. It then decreased gradually.
During the radar volume scanning from 0430 to 0436 UTC, the main body of the cell was above the obser-
vatory, and the maximum horizontal diameter of the reflectivity core exceeded 10 km (Figure 2a); the
30‐dBZ echo top was ~10 km AGL, and the main reflectivity core (>40 dBZ) was located below 5.5 km
AGL (Figure 2b; all heights mentioned hereafter are AGL). During this time, the surface electric field at
the observatory was principally positive (Figure 3).

Figure 1. Skew T‐logp plot of temperature T (thick black line) and dew point Td (thick blue line) from National Centers for Environmental Prediction reanalysis
data at 1200 UTC on 10 August 2013. The T for a parcel yielding less than 600 J/kg of CAPE is represented by a thick red dashed line. Environmental winds (m/s) are
plotted to the right with flags. The barbs on the flags indicate the wind speed (short 2 m/s and long 4 m/s), and the direction of each flag indicates wind
direction (upper, north; down, south; left, west; and right, east). The light red lines are equipotential temperature lines, cyan lines are wet adiabatic lines, yellow‐
green lines are equal saturation specific humidity lines, thin gray lines are isobars, and thick gray and white spaced lines are isotherms.
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A 3‐D lightning radiation source mapping system observed the lightning flashes occurring in the cell. The
distribution of lightning radiation sources after 0406 UTC indicates that the charge structure participating
in lightning discharges was a negative dipole, with the negative charge center at 5–6 km and the main posi-
tive charge center at 3–5 km. A sample lightning radiation source distribution is given in Figure 4. The dis-
tribution indicates that this IC lightning initiated between a positive charge center at about 3 km and a
negative charge center at about 5 km. Because the lightning radiation source data can only confirm the
charge structure participating in lightning discharges, it cannot exclude the existence of an UPCC that is
not active in lightning discharging. However, lightning radiation source observations have identified an
inverted dipole structure in the lower level.

3. Results
3.1. General Microphysical Evolution

Figure 5 shows horizontal and vertical sections of the hydrometeor concentration at the position of maxi-
mum concentration when the simulated storm was weakening (at 24 min). The hydrometeors are distribu-
ted mainly (with concentration >0.1 g/m3) within a horizontal diameter of more than 10 km and at heights

from about 1 to 5–6 km. The spatial characteristics of the main distribu-
tion area of hydrometeors are consistent with those of the reflectivity core
observed in the weakening storm cell (Figure 2). Furthermore, the for-
ward flank in the simulated hydrometeor concentration core (Figure 5b)
also appeared in the observed reflectivity core (Figure 2b). This reflects
the impact of a forward leaning updraft and suggests that the simulation
and observation have similar flow field structures.

Although the distributions of the simulated hydrometeor core and the
radar reflectivity core are similar, the observed upper boundary of weak
reflectivity is higher than that of the simulation. Figure 2a shows several
convective cells located close to each other. Their stratiform clouds and
the anvils would certainly have interfered with each other. This means
that these higher weak‐reflectivity tops may have been influenced by
the stratiform clouds or the anvils of the previously developed convective
cells. However, the simulated storm developed alone, and thus, the simu-
lated weak echo top was relatively low.

The main height range of cloud water peaked at 15 min, and the highest
upper boundary of cloud water distribution was ~7 km (Figure 6a). The
maximum peak cloud water content of ~3.93 g/m3 appeared at a height
of 5.25 km at 11 min.

Figure 2. Composite reflectivity at (a) 0430 UTC and (b) a vertical section along the red line in (a). The location of the
electric field mill is shown by a magenta cross in (a).

Figure 3. Evolution of the measured ground vertical electric field (black
line; red lined indicates denoised data) and its simulated values (black
dash‐dotted line).
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Figure 4. Distribution and evolution of radiation sources of a discharge at 043211 UTC.

Figure 5. (a) Horizontal and (b) vertical sections of the concentration core of hydrometeors, including graupel, hail, ice
crystals, raindrops, and cloud drops at the position with the maximum concentration in the simulation at 24 min. Red
dot‐dash lines in (b) show isotherms of−15,−10, and 0 °C. Gray lines mark the cloud boundary (the mixed concentration
of cloud drops and ice crystals [including ice crystals and snows] of 10−6 g/m3).
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The microphysical scheme used here does not separate snow from ice crystals, but a distinction can be made
by considering the average diameter. Ice crystals can be classified as either Type 1 (with average diameter
<300 μm) or Type 2 (i.e., snow crystals with average diameter ≥ 300 μm). Both Type 1 (ice crystal 1) and
Type 2 (ice crystal 2) include snow and ice crystals, although the former comprises mainly ice crystals and
the latter snow. The inclusion of ice crystals in the Type 2 group means that it cannot simply be called snow.
Figures 6c and 6d show the larger type to dominate with its content being 1 or 2 orders of magnitude greater
than that of the other. Type 1 crystals appeared during two very short periods, with a maximum concentra-
tion of only 9.6 × 10−3 g/m3 (Figure 6c). The concentration of Type 2 crystals reached its peak of 0.57 g m‐3 at
a height of 6.5 km at 16 min. For most of the time that ice crystals existed (13–50 min), the greatest Type 2
crystal content was above 0.1 g/m3. Therefore, over half of all the ice crystals in the thunderstorm were clas-
sified as snow in the simulation. Under the combined influence of gravity and the downdraft caused by fall-
ing graupel, these large ice crystals were also falling. This could explain the gradual decrease in the height
range of the Type 2 crystals during the period of graupel descent. While the following analysis mentions
ice crystals, suggesting both types, the results are mainly caused by Type 2 crystals.

The ice crystal content shows a peak soon after their first appearance, reaching a maximum near 6 km at
15–17 min. The greatest content of ice crystals then decreased as they descended in height (Figure 6d).
During the period when the ice crystal content was close to its peak, the main distribution height of the
crystals remained basically stable.

The initial height range of graupel is similar to that of the ice crystals. As the graupel content increased,
the main distribution height began to fall. A core of graupel content emerged at heights of 3–4 km until
24–25 min (Figure 6b).

Considering together the evolutions of peak cloud water content, peak graupel content, and peak ice crystal
content, it can be seen that the formation of ice particles consumed large amounts of liquid water, thus

Figure 6. Time‐height plots for (a) peak cloud water content, (b) peak graupel content, (c) peak ice crystal 1 content,
(d) peak ice crystal 2 content, and (d) updraft volume per model level (250‐m thickness). Right‐hand axis gives environ-
mental air temperature (denoted by gray ticks).
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decreasing the cloud water content. Simultaneously, the appearance of large ice particles (i.e., graupel),
which were too large for the updraft to lift or to maintain at the current height, caused the updraft to
decrease. The upper boundary of the updraft volume dropped (Figure 6e) with the descended main
distribution of ice particles (Figures 6b and 6d). The evolution of the upper boundary of the updraft
volume was roughly coincident with the evolutions of the lower boundaries of the peak graupel content
and the ice crystals. These results suggest that the outflow convergence is too weak for further growth of
the updraft and ice particles. The energy of the initial impulse has been mostly expended.

The evolutions of the layered total number of both ice crystal types show that the Type 2 crystals are predo-
minant (Figure 7). The peak value of the layered total number of the Type 1 crystals is ~1.54 × 1013, com-
pared with ~2.26 × 1014 for the Type 2 crystals. The duration time for the Type 2 crystals lasts for more
than 50 min and occurs around a height of ~5 km (from ~2.5 to ~7.5 km). The distribution area for the
Type 1 crystals continues for less than 10 min and extends vertically for more than 1 km. This means that
the peak content and the total number of the Type 2 crystals clearly exceed those of Type 1. Therefore, ice
crystals with relatively large diameters are dominant.

The layered number of the Type 2 crystals changes evidently only during the first stage of the evolution
period (Figure 7b). It increases significantly to its peak before 17 min, shows a rapid decreasing during
17–25 min, and thereafter a gentle change with time (horizontally).

Further analysis shows that the main processes of ice crystal growth are nucleation (NMvi), multiplication
(NMci), and collision‐merging of ice and cloud drops (CMci). The greatest mass growth of ice crystals is
due to NMvi, while CMci makes the lowest contribution (Figure 8). The mass growth due to NMvi is about
1 order of magnitude greater than that due to NMci, and both are significantly greater (≥104 times) than that
due to CMci. In the early stage of ice crystal formation, NMvi dominates (Figure 8a), whereas NMci mainly
impacts the mass growth of crystals during the last stage (Figure 8b), and CMci contributes to mass growth
during the main period of descent (Figure 8c).

The evolutions of the average diameters of graupel and Type 2 crystals in Figure 9 indicate that most of the
time and in most height ranges, the average diameter of graupel is relatively small (0.1–0.2 cm) and does not
greatly change. Above about 3 km AGL, the average diameter of the Type 2 crystals shows a slight change,
fluctuating between 0.03 and <0.15 cm. It suggests that the storm produces many ice crystals with a rela-
tively large diameter and graupel with a relatively small diameter.

Figure 9 shows two periods in which the average diameter of the graupel changes: At the initial stage and
when it descends to a low level (near 2 kmAGL). The greatest changes in the average diameter of ice crystals
also occurred when they descended. These results, combined with those in Figure 8, indicate that during the
first stage of ice particle initiation, cloud water is preferentially deposited on ice cores through nucleation.

Figure 7. Time‐height plots showing the total number of ice crystals of (a) Type 1 and (b) Type 2 (b) per level.
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These ice cores grow quickly into ice crystals, and then into graupel. However, when graupel is formed, the
limited cloud water prevents continuous growth. Only when graupel and ice crystals descend to a low level
can multiplication result in a resumption of graupel formation. Therefore, moderate relative humidity in the
atmosphere, which has been observed in most initiation fields of intense deep convective systems developing
over the Tibetan Plateau (Qie et al., 2014), might be the cause of ice crystals in Tibetan Plateau
thunderstorms having relatively large diameters compared to that of conventional storms. It promotes the
growing of the existing ice particles because the limited water vapor preferentially rimes on the surface of
the already formed ice particles but may inhibit the formation of smaller ice crystals.

3.2. Dynamical Evolution

The peak updraft reached amaximum of ~16.9 m/s at 10min, later dropping to 3.6–6.8 m/s during the period
of lightning activity. However, the updraft volume (w > 5 m/s) kept increasing until 17 min. The maximum
updraft volume in one level reached ~3.38 km3 at a height of 4 km (Figure 6e). The updraft volume then
reduced gradually and disappeared before 25 min.

Figure 8. Layered mass growth of ice crystals (grams per level) through (a) the ice crystal nucleation process (NMvi), (b) ice crystal multiplication process (NMci),
and (c) collision and merging process between ice crystal and cloud drop (CMci).

Figure 9. Time‐height plots showing the average diameters of (a) graupel and (b) Type 2 crystals per level.
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The simulated Tibetan Plateau thunderstorm has a lower CAPE, and subsequently a lower maximum
updraft speed, than those a small continental multicell storm (Mansell & Ziegler, 2010). Although the max-
imum value of updraft volume (w > 5 m/s) is higher, the vertical extension and duration of the updraft are
less than those of the small continental multicell storm (Mansell & Ziegler, 2010). These all indicate that the
convection in the Tibetan Plateau thunderstorm is relatively weak.

Feng et al. (2002) observed that the convective clouds of Tibetan Plateau thunderstorms are horizontally nar-
row. Using Tropical Rainfall Measuring Mission (TRMM) data and limited radar observations, Fu et al.
(2002, 2006) found that a weak convection with relatively long vertical extension is the main type of convec-
tion over the Tibetan Plateau. These observations reflect that the convection in Tibetan Plateau thunder-
clouds is always weak (although detail updraft speeds in these clouds are seldom detected directly). This
is largely consistent with our simulation results.

The relatively weak updraft cannot push ice particles, especially large ice particles, to a higher level after
they have formed. Therefore, the electrification time for these ice particles above the reversal temperature
isotherm is shortened. This might cause the charge density of the UPCC to decline significantly. However,
after these ice particles fall through the reversal temperature isotherm, they experience electrification activ-
ity of the same duration and efficiency as in a usual thunderstorm. This causes the detected charge density of
the LPCC in Tibetan Plateau thunderstorms to have no evident fluctuation relative to that detected in the
LPCC of normal thunderstorms with a traditional tripole charge structure (Marshall et al., 1995; Marshall
& Rust, 1991; Zhao et al., 2010). It may be precisely because the sharp weakening of the UPCC relatively
emphasizes the LPCC, but the charge density of the LPCC is not increased significantly. Therefore, the light-
ning frequency in Tibetan Plateau thunderstorms is always low.

3.3. Surface Electric Field

The simulated electric field on the surface just ahead of the simulated cell is plotted as the dash‐dot line in
Figure 3. When the simulated cell passes over a location, the surface electric field shifts obviously in the posi-
tive direction, similar to the change of measured electric field when the real cell passes over the observatory.
Even the value of the positive peak approximately matches themeasured positive peak filtering the impact of
lightning discharges.

Before and after this positive change, the surface electric field showed a negative change both in the obser-
vation and the simulation. Moreover, the amplitudes of the negative change before the positive change were
both less than those after the positive change. These similar changes in surface electric field demonstrate
that the charge structures in the real and simulated thunderstorms are similar when they pass through
the electric field mill and the surface reference point. These results show that the lowest two charge centers
in the thunderstorm comprise a negative dipole structure.

Figure 10 illustrates the locations of the sampling points of the surface electric field relative to the simulated
cell and the net charge distribution in the vertical direction at the sampling point at 20, 27, and 36 min,
respectively, which correspond to the three times of peak simulated surface electric field strength at the sam-
ple point shown in Figure 3. At 20min, the sampling point is obviously ahead of themain area of ice particles
(Figure 10a). At this time, the main charge structure is composed of a weak positive charge center above a
weak negative charge center (Figure 10d). Because the positive charge center is stronger than the negative
charge center in the charge density value, the polarity of the overall charge is positive. This causes the
negative direction of the surface electric field at the sampling points. A slight tile of the dipole structure
shown in Figure 10d further enhances the negative field at the sample point. At 27 min, the main area of
ice particles has moved above the sampling point (Figure 10b), and a large LPCC has formed (Figure 10e).
But due to the similar distances of the MNCC and the LPCC, and a greater magnitude of the negative charge
in theMNCC than the positive charge in the LPCC, the polarity of the overall charge is negative. This is lead-
ing to the positive direction of the surface electric field at the sampling point. Simultaneously, an updraft is
acting on the left of the main area of ice particles. The forward sloping distributions of charge layers and the
main areas of ice particles all demonstrate a forward sloping outflow of hydrometers. The continuous area of
negative charge from the middle negative charge layer to the ground indicates that some hydrometers carry-
ing negative charge have descended toward the ground. This causes the surface electric field of the sampling
point to become positive. At 36 min, the main density of ice particles has decreased and there are two main
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centers of ice particle density located left and right of the sampling point (Figure 10c). The vertical
distribution of lower positive charge extends to near the ground (Figure 10f), because hydrometeors with
positive charge have fallen to the ground. This causes the surface electric field of the sampling point to be
negative, as depicted in Figure 3.

3.4. Simulated Lightning Activity

The first simulated lightning flash initiated at 24.4 min from a height of 4.5 km, and the last flash ended at
32.8 min at 3.25 km (Table 2). The simulated lightning activity lasted for about 8.4 min, and 14 lightning
flashes were simulated with a maximum frequency of only 3 fl/min.

The initiation heights of the simulated lightning flashes were relatively stable. Most of the simulated
lightning flashes, except for three flashes (Nos. 1, 9, and 12 in Table 2), initiated from a mean height of
3.34 ± 0.13 km. Compared with the charge structure of the thunderstorm shown in Figure 11, these lightning
flashes were all initiated between the MNCC and the LPCC.

If the largest distance between any two cells in the lightning channel is defined as the scale of a lightning
flash, the simulated lightning flashes all show relatively small scales (Table 2), ranging from 1.27 to
2.52 km (with a mean of 1.82 ± 0.35 km). Figure 12 illustrates an example of the distribution of a simulated
lightning channel initiating between the MNCC and the LPCC. Its vertical extension is less than 2 km, and
its horizontal extension in the X and Y directions are 1 and 1.75 km, respectively.

The charge transferred by these simulated lightning flashes was 1.08 ± 0.37 C per flash. The maximum and
minimum charges neutralized by one flash were 1.54 and 0.58 C, respectively (Table 2). Compared with the
charges transferred by lightning flashes simulated in a small continental multicell storm (Mansell & Ziegler,

Figure 10. Thunderstorm cloud data at (a and d) 20, (b and e) 27, and (c and f) 36 min. (a–c) Horizontal projections (g/m3) of the total concentration of ice crystals
and graupel (yellow lines). Gray scales indicate the distribution of the ground electric field strength. Red crosses indicate the sampling points of the simulated
surface electric field shown in Figure 3. Black lines are the horizontal projection of the cloud boundary. (d–f) Vertical charge structures of net charge density (color
contour), and airflow field (only marked at cells with evident vertical air motion [|w|> 1 m/s]) at the sampling point. The pink dashed lines in (a)–(c) indicate the
locations of the profiles in (d)–(f), respectively.
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Table 2
Parameters of the Simulated Lightning Flashes

No. Time (min)
Initiation
height (km)

Charge
transfer (C)

Scale of lightning
flash (km)

Discharging
dipole

1 24.4 4.50 0.58 1.82 Upper
2 25.0 3.50 0.71 1.37 Lower
3 25.2 3.50 0.74 1.27 Lower
4 25.4 3.50 1.29 2.21 Lower
5 26.2 3.50 1.31 2.02 Lower
6 27.0 3.25 1.22 2.02 Lower
7 27.3 3.25 0.58 1.62 Lower
8 28.2 3.25 1.50 2.15 Lower
9 28.2 4.00 1.51 1.58 Upper
10 29.0 3.25 0.84 1.89 Lower
11 29.7 3.25 1.52 2.52 Lower
12 29.7 3.75 1.54 1.46 Upper
13 30.8 3.25 1.05 1.82 Lower
14 32.8 3.25 0.79 1.79 Lower
Mean 3.50 1.08 1.82
* 20.0 5.75 0.18 0.79 Upper
* 20.0 5.75 0.23 0.71 Upper
* 20.0 5.25 0.21 0.61 Upper

Note. * indicates the discharge, which effect is left in and can be seen in Figures 11d and 13a but the length of which is
very short and does not meet the standard of flash defined in this study. Therefore, it is listed in the table but does not
count the number of lightning flashes.

Figure 11. (a) Layer total positive charge. (b) Layer total negative charge. (c) Layer net charge. (d) Peak positive/negative
(gray line/blue dash line) charge density per level. Red crosses in (c) indicate the initiation heights of the simulated
lightning flashes.
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2010), the charges transferred by the lightning flashes in the Tibetan thunderstorm were an order of
magnitude smaller.

In the simulation of Mansell and Ziegler (2010), the vertical extensions of the negative channels in the LPCC
were significantly larger than those in our simulation. They could exceed 5 km vertically when they strike
the ground, with most of the negative channels developing downward more than 2 km. In contrast, our
simulation found that the scale of most of the simulated lightning channels is around or below 2 km
(Table 2). This means that the vertical extension of the negative channels of the simulated lightning flashes
is relatively short. The smaller spatial extension also explains the smaller charge transfers. The small charge
transfer and the small scale of the lightning flashes caused the lightning discharges to have an indistinct con-
tribution to the layered net charge distribution. Moreover, our simulation outputted results every 1 min,
which was long enough for charging processes to smooth most of the impact of discharging. Therefore,
Figure 11 shows no sharp reduction in net positive charge, as found in the simulation results of Mansell
and Ziegler (2010). However, the charge redistribution due to discharge remains visible in Figure 11d.
Some high charge densities appear abruptly in the height range of charge regions with opposite polarity.
These abnormal charge centers were caused by frequent discharges in a small space during a short time.
Although these discharges can lead to a relatively high charge density in a small space, they are responsible
for small total charges relative to the layered charge amount. Therefore, their impact on the layered charge
amount cannot be seen from Figures 11a–11c. Furthermore, because of the charge supply by continuous
charging processes, the durations of these anomalous charge centers are all small (several minutes). This
also confirms the above explanation of the indistinguishable influence of discharge on the layered
charge distribution.

3.5. Charge Structure

The evolution of the layer's net charge (Figure 11c) identifies a predominantly dipole charge structure in the
first period (before ~25 min). The amount of positive charge in the UPCC peaked during this period
(Figure 11a). The greatest total positive charge in one layer (~5.21 C per level) appeared at 23 min. The peak
positive charge density of the UPCC was mostly within 0.5–1.0 nC/m3 (Figure 11d): Only for a very short

Figure 12. Distribution of the simulated points of the lightning flash initiating between the lower dipole at 29.68 min
(blue and red dots indicate the points developing in negative and positive charge regions, respectively; pink cross
locates the initiation position)
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time at a very narrow height range did it reach a very high value (Figure 11c), relating to the charge
redistribution due to discharge. At around 20 min, three discharges between the UPCC and the MNCC
occurred rapidly. However, as their negative or positive leaders all advanced only one or two steps before
they stopped developing, they were not treated as lightning flashes. Although these discharges
significantly changed the charge distribution and charge density, as show in Figure 13a, the amount of
layered charges shown in Figure 11 did not fluctuate, because the changes in charge were very small
(total charges transferred by the three discharges were ~0.18, 0.23, and 0.21 C, respectively) compared
with the total amount of layered charges.

In addition, during the period of the initial positive dipole (before 25 min), the maximum electric
field strength between the UPCC and the MNCC (downward) reached ~91 kV/m and appeared in the
level of 5 km at 20 min. Before 23 min, the maximum upward electric field strengths were all founded
above the UPCC and reached the peak of ~39 kV/m at 19 min; after that, they all appeared below the
MNCC and exceeded 90 kV/m frequently (12 out of 19 output times) before 41 min but never reached
100 kV/m.

When the positive charge in the UPCC was declining gradually, the positive charge in the LPCC started to
increase. Figure 11a shows the obvious appearance of positive charge at the lower level after 25 min. After
the lower positive charge emerged, the charge structure in the thunderstorm evolved from a dipole to a tri-
pole (Figure 11c). The greatest positive charge shown by one level of the LPCCwasmore than 3 C per level at
~30 min, less than in the UPCC.

Although the maximum amount of positive charge in the LPCC was less than that reached in the UPCC, the
peak positive charge density of the LPCC was obviously greater than that of the UPCC. For most of the time
that the LPCC lasted, the peak positive charge density exceeded 1 nC/m3 (Figure 11d). Several areas with
high positive charge density at similar heights to themain negative charge center in Figure 11d resulted from
the redistribution of charges by lightning flashes. However, throughout most of the UPCC, and formost of its
existence, the peak positive charge densities were only 0.5–1 nC/m3. The absolute value of the peak charge
density of the MNCC exceeded 0.5 nC/m3, while the LPCC maintained its high charge density. The maxi-
mum layered charge amount in the UPCC was greater than in the LPCC (Figure 11a), and the peak charge
densities in the LPCC were generally larger than in the UPCC (Figure 11d). These show that the upper cen-
ter consisted of a large area of low‐density charge, and the lower center comprised a relatively small area of
high‐density charge. According to Gauss's law, a high charge density is important for the intensely strength-
ening of an electric field, which passes through the volume with the high‐density charge and grows along
electric field line. In the same polarity charge area with high charge density, the electric field strength can
easily reach a high value through a shorter growth path. Thus, there is more opportunity for the electric field
to achieve the breakdown threshold in an area with high charge density than in an area with low charge den-
sity. This accounts for all the lightning discharges being simulated at the lower dipole.

Figure 13. Vertical profiles of net charge density (nC/m3) at the positions of the net positive charge density center at (a) 20, (b) 27, and (c) 34min. Red dot‐dash lines
indicate heights of −15, −10, and 0 °C. Pink arrows show the electric field at the grids with an absolute value of electric field strength greater than 50 kV/m. Gray
lines outline the cloud boundary.
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The vertical profiles of net charge density at different times (Figure 13) verify the evolution of charge struc-
ture mentioned above. The plots represent the times of prelightning activity (Figure 13a), lightning activity
(Figure 13b), and postlightning activity (Figure 13c). They also illustrate the evolution of the primary charge
structure from dipole to tripole, and from tripole to dipole again: The preactivity dipole was between the
UPCC and the MNCC; the postlightning dipole occurred between the MNCC and the LPCC.

In a classical triple polarity structure, the main positive charge center is always above the main negative
charge center, and the charge density of its center is invariably larger than that of the LPCC (e.g.,
Marshall & Rust, 1991; Marshall & Winn, 1982). However, the simulated Tibetan Plateau thunderstorm
deviated from this: While Figure 11c shows a classical triple charge structure (although with comparable
total positive charges in the UPCC and LPCC), the charge density of the LPCC is evidently greater than that
of the UPCC. This is also seen in Figure 13. During (Figure 13b) and after (Figure 13c) the lightning activity,
the charge density of the LPCC was greater than that of the UPCC.

We now consider the distribution of relatively strong electric field (>50 kV/m). During the lightning activity
(Figure 13b), a relatively strong field formed between the MNCC and the LPCC and also the MNCC and the
UPCC. After lightning activity, it was only distributed between the MNCC and the LPCC. However, before
the lightning started, it only existed between the UPCC and the MNCC. Most simulated lightning flashes
originated between the MNCC and the LPCC.

The characteristics of this simulated LPCC are consistent with those of the LPCCs observed in Tibetan
thunderstorms (e.g., Cui et al., 2009; Li et al., 2013; Qie, 2005; Qie et al., 2005; Qie et al., 2006; Qie et al.,
2009; Zhagn et al., 2004; Zhang et al., 2009; Zhang et al., 2015).

In addition, as mentioned in section 3.4, no CG flashes were simulated. Many previous observations of
Tibetan Plateau thunderstorms have also found relatively small numbers of negative and positive CG flashes
(Cui et al., 2009; Qie et al., 2005; Qie et al., 2009). Even during the whole lifetime of some Tibetan Plateau
thunderstorms, no positive CG flashes and only some negative CG flashes were observed (Qie, 2005;
Zhang et al., 2009). This might be contributable to the large LPCC in these thunderstorms becoming a barrier
to the vertical development of leaders (Iudin et al., 2017). Nag and Rakov (2009) indicated that a descending
leader would be decelerated when it developed into the lower positive‐charge region. However, if this region
was deep enough, it would result in a change in the propagation direction of the descending negative leader
to predominantly horizontal (Coleman et al., 2008) and thus forms a horizontal intracloud lightning flash
(Tessendorf et al., 2007). The usually large LPCC in Tibetan Plateau thunderstorms appears to favor this,
so some researchers have proposed that the lower positive‐charge region is conducive to intracloud dischar-
ging while possibly restricting the generation of CG flashes (Nag & Rakov, 2009; Qie, 2005). This might
explain the rare CG flashes in Tibetan Plateau thunderstorms.

3.6. Charge Sources of the LPCC

According to the charge distribution in Figure 11, the LPCC was located at heights of 1.5–3.5 km and the
greatest positive charge amount in one level of the LPCC occurred at ~2.5 km. Figure 11d shows that the
charge density center of the LPCC remained between 2 and 3 km.

The total charge amounts on hydrometeors per level are shown in Figure 14. The main hydrometeor type
carrying a positive charge under 4 km was graupel, followed by cloud drops.

The height range of 1.5–3.5 km included various hydrometeors with positive charge (e.g., cloud drops, ice
crystals, graupel, raindrops, and hail). Of course, the raindrops with relatively large charges stayed within
a very narrow height range near 2 km, and their positive charge was 1 or 2 orders of magnitude less than that
on the cloud drops, graupel, and ice crystals (Figure 14d). The positive charge on hail was also 1 or 2 orders of
magnitude less than that on the other three hydrometeor species (Figure 14e). Therefore, the positive
charges on the raindrops and hail have negligible impact compared with the cloud drops, ice crystals,
and graupel.

Ice crystals had the same magnitude of positive charge as cloud drops and graupel but were located mainly
above 3 km (Figure 14b): The core of ice crystals with high positive charge density was at 5–6 km. Near and
below 4 km (the main distribution height of theMNCC), the amounts of negative and positive charges on ice
crystals were comparable, with the negative charges being slightly greater. This suggests that the charges
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carried on ice crystals make a limited contribution to the formation of the MNCC of the initial positive
dipole. Within the height range of the charge density center of the LPCC (2–3 km), the hydrometeor with
the greatest positive charge amount was graupel, which showed a maximum positive charge per level
exceeding 6 C; the greatest positive charges on cloud drops per level reached 1–2 C, while ice crystals did
not exceed 0.5 C per level. Therefore, the greatest contribution to the high charge density of the LPCC is
the positive charge on graupel, followed by cloud drops.

As shown in Figures 6a and 6b, the peak contents of cloud drops and graupel were basically at the height
range of the LPCC (near 3 km) after the formation of the LPCC. The size of cloud drop may be from 1 to
2 orders of magnitude smaller than that of graupel. This means that the concentration of cloud drops is much
greater than the concentration of graupel. Moreover, the distribution areas of cloud drops are often larger
than that of graupel. These determine that the total number of cloud drops is much larger than the number
of graupel. Therefore, although the charge carried by a single cloud drop is significantly smaller than the
charge carried by a single graupel, the amount of charge carried by the cloud drops is considerable from
the overall effect in a large volume. This should be the main reason for the high contribution rate of charge
on rain drops to LPCC.

3.7. Charging Mechanisms for the Large LPCC

The above analysis shows that the positive charges on graupel and cloud drops at a low level were the main
contributors of positive charges in the large LPCC. In the charging mechanisms considered in our model,
graupel obtains positive charge through noninductive charging below the reversal temperature; cloud drops
charge inductively (by colliding and rebounding with graupel) in the strong downward electric field.

Figure 15 illustrates the layer integrated noninductive and inductive charging rates on graupel, which par-
ticipated in both charging processes. Graupel was noninductively positively charged only whenwarmer than

Figure 14. Layer total charges on various hydrometeors. Red and gray contour lines represent positive and negative charges, respectively (only the data within the
cloud boundary we defined were included in the statistics).
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the reversal temperature; consequently, the main positively charging area
appeared below 5 km (Figure 15a). Because the cloud interior was usually
warmer than the surrounding temperature at the same height, the upper
boundary of this area was slightly higher than the height of –15 °C shown
on the right axis. Within the positively charged area of graupel marked in
Figure 11a, the charging rates exceeded 0.01 C/s per level. The maximum
noninductive charging rate was ~0.04 C/s per level.

Figure 15a shows a distinct gap around 3.5 km at 23–27 min. The results
for the growth sources of ice crystals indicate that within this height range
at this time, multiplication became the main source of the layered mass
growth of ice crystals (Figure 8b). The multiplication here had the same
magnitude as nucleation during the first stage (Figure 8a), and its contri-
bution evidently increased the average diameters of graupel and ice crys-
tals at this height range (Figure 9). The growth helped enhance the
noninductive charging efficiency, leading to a charging center forming
at a low level. The relatively low charging efficiency between the charging
centers at the low and high levels appears as a gap in Figure 15a.

During inductive charging, the maximum negative charging rate on
graupel (corresponding to positive charging on cloud drops) was about
−0.1 C/s per level, located within 4.5–5.0 km and appearing from 23
to 25 min (Figure 15b). Compared with the net charge evolution
(Figure 11), this strong inductive charging occurred between the UPCC
and the middle negative charging layer. During the lightning activity, a
relatively weak center of inductive charging emerged at a lower level of

2–3 km at 27–29 min. The maximum charging rate of this center was more than −0.04 C/s per level. This
center likely developed owing to the impact of the downward electric field below the LPCC when the
LPCC formed.

The maximum positive charging rate on graupel (greater than 0.13 C/s) appeared within 3.0–4.0 km at near
25 min (Figure 15b). This value was slightly higher than that of the noninductive charging rate at the same
height range during the same time shown in Figure 15a. Compared with the net charge evolution
(Figure 11), this strong positive inductive charging occurred at the lower part of the MNCC. Moreover,
the height range and duration of this strong positive inductive charging were basically the same as the sub-

sequent lower positive noninductive charging center in Figure 15a. The
positively charged graupel through these two charging processes formed
the main part of the LPCC.

In addition to these charging processes, the graupel could acquire supple-
mentary charge (either positive or negative) through riming or collision
merging with other charged particles. Charged graupel could lose charge
(either positive or negative) through melting. Some microphysical pro-
cesses, such as the melting of positively charged ice crystals, and the
breaking down of positively charged raindrops, can bring positive charge
to cloud drops. The simulation showed that above ~4 km, overall effect of
these processes on the charges of graupel was positive; below this level,
the effect was mainly negative (Figure 16). These charge changes on grau-
pels were small, whether positive or negative, mostly on the order of a few
tens of nC/s per level. Compared with the charging rates shown in
Figure 11, the charges changed by these processes were minor.

These results indicate that the charging processes were the main sources
of the positive charges of the LPCC, and the positive inductive charging
rate on cloud drops was comparable to the positive noninductive charging
rate on graupel. However, inductive charging works only in a strong elec-
tric field, which can only be formed by charges separated through

Figure 16. Evolution of overall change rates of layered charges on graupel
acquired and lost through microphysical processes such as melting, rim-
ing, and collision merging.

Figure 15. (a) Noninductive and (b) inductive charging rates, integrated
by model level (250‐m thickness), between graupel and ice crystals. Gray
lines and blue dashed lines indicate the positive and negative charges
obtained by graupel through the charging process, respectively.
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noninductive charging. Therefore, the noninductive charging was the basis of the formation of the LPCC,
and the inductively positively charged graupel and the inductively positively charged cloud drops made
up the LPCC.

4. Sensitivity Tests

The above analysis shows that the LPCC comprised positively charged graupel and cloud drops, with the
inductive charging of the latter occurring at a comparable rate to the noninductive charging rate of the grau-
pel, without which the charging could not have occurred. This section first considers the impact of the induc-
tive charging process on the formation of the LPCC and the lightning activity in a Tibetan Plateau
thunderstorm. Fundamentally, the reversal temperature will affect the environmental electric field respon-
sible for the inductive charging occurred. Therefore, the impact of the reversal temperature on the LPCC and
the effects of another parameterization scheme for the noninductive charging mechanism are also consid-
ered here through the following tests: (1) The inductive charging mechanism was disabled in the simulation
(DI), (2) the reversal temperature was varied from −15 °C originally to −10 °C (RN10) and −20 °C (RN20),
and (3) the scheme of Takahashi (1978, 1984) was used to replace the parameterization scheme of Gardiner
et al. (1985; ST). Selected parameters of lightning flashes simulated in all these sensitivity tests and the ori-
ginal simulation (OS) are compared in Table 3.

4.1. Excluding the Inductive Charging Mechanism

Test DI excluded the inductive charging mechanism. Its simulated duration of the main lightning activity
(except for the first lightning flash that occurred far ahead of the main period of lightning concentration)
was shortened from ~8.4 to ~5.2 min. The first lightning flash in the main lightning concentration period
(at 1,586 s) was delayed by ~1.5 min compared with the OS, and the last lightning flash ~0.9 min was sooner.
Nine lightning flashes were simulated, compared with 14 in the OS.

One lightning flash initiating at the upper dipole was ~10.8 min earlier than the first lightning flash of the
main lightning activity (~26.4 min). At the time that this lone lightning flash was generated, the layered
charge amounts of the UPCC and the MNCC were less than 1 C per level (Figure 17c). However, the distri-
bution of the peak net charge densities showed that in both the UPCC and the MNCC, charge densities
exceeded 1 nC/m3 for a short time. A discharge developed both negative and positive leaders for just five
steps, which is the threshold to be counted as lightning given in section 2.1. In fact, this showed that the
areas with relatively high density in the UPCC and the MNCC during the first stage were small. It was very
difficult to generate another discharge with a given standard length between the UPCC and the MNCC. On
the other hand, compared to those short discharges between the UPCC and theMNCC in the OS, the appear-
ance of a long discharge also indicates that the charge of these two charge regions or at least one of the charge
regions is enhanced after the inductive charging is turned off.

Although the simulated lightning activity was weakened, the average charges it neutralized increased to 1.24
C per flash with a standard deviation of 0.43 C. The maximum charge transfer by one lightning flash
increased to 1.69 C, while the minimum decreased to 0.45 C in the lone lightning flash mentioned above.
Excluding this flash, the minimum charge transfer by one lightning flash during the main lightning activity
period was 0.74 C, which was evidently larger than that in the OS.

Seven of the nine simulated lightning flashes initiated at a low level (3.25 km). Of the two that did not, one
started well before the main lightning activity period at 6.75 km and the other during the main lightning
activity period at 4 km. Compared with the net charge distribution at the same time (Figure 17), these
two flashes were initiated between the UPCC and the MNCC.

The evolutions of the positive and negative charges (Figure 17) illustrate the following consequences of
excluding inductive charging:

(1) The positive charges of the LPCC were apparently reduced. The layered total positive charges in the
LPCC were mostly greater than 1 C per level with the peak value of ~1.8 C per level (Figure 17a).
However, in the OS, the layered total positive charges in the LPCC easily exceeded 2 C per level, with the
maximum value of ~3.9 C per level. The peak value in the DI declined by ~54% compared to the OS. In addi-
tion, the duration of the LPCC was shortened. In test DI, an area in the LPCC with layered total positive
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charges greater than 1 C per level emerged at 26 min and lasted for ~12 min (Figure 17a). In contrast, the OS
had this area appearing at ~25 min and lasting for ~15 min, being ~3 min longer than in test DI. The peak
positive charge density in the LPCC also weakened. In Figure 17d, the area with peak positive charge density
greater than 1 nC/m3 is small, but the equivalent area in the OS is relatively large and
continuous (Figure 11d).

(2) The positive charges of the UPCC increased slightly, and its area of high positive charges lasted longer
than in the OS. The maximum layered total positive charges in the UPCC were enhanced slightly to 5.52
C per level. The area of the UPCC with layered total positive charges greater than 4 C per level lasted for
~13 min, ~5 min longer than in the OS.

(3) The charges in the MNCC evidently decreased. The maximum layered total negative charges declined
from −8.61 to −6.02 C per level. Although the maximum negative charge density became greater (from

Table 3
Selected Parameters of Simulated Lightning Flashes in Sensitivity Tests and the Original Simulation

Flashes between the upper dipole Flashes between the lower dipole

Number

Average
initiation height

(km)

Average scale
of lightning
flash (km)

Average charge
transfer per
flash (C) Number

Average
initiation height

(km)

Average scale
of lightning
flash (km)

Average charge
transfer per
flash (C)

DI 2 5.38 1.24 0.77 7 3.25 2.21 1.38
RN10 7 3.25 1.88 1.05
RN20 4 3.81 1.56 0.79
ST 9 3.50 1.95 1.18
OS 3 4.08 1.62 1.21 11 3.34 1.88 1.05

Figure 17. Test DI. (a) Layer total positive charge. (b) Layer total negative charge. (c) Layer net charge. (d) Peak positive/negative (gray line/blue dashed line)
charge density per level. Red crosses in (c) indicate the initiation heights of simulated lightning flashes.
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−3.48 to −5.58 nC/m3), the high‐density negative charges lasted for a shorter time than in the OS. The area
with negative charge density greater than−0.5 nC/m3 was obviously fragmented, and the area with negative
charge density greater than −1 nC/m3 was smaller (Figure 17d).

Cloud drops, as direct participants in inductive charging, were the hydrometeors most strongly affected by
the absence of inductive charging. The layered amounts of positive and negative charges dropped by 2 orders
of magnitude (Figure 18a). Especially in the high level (about 6 km) before the 20 min, the significant nega-
tive charges in the OS were replaced by the positive charges less than 2 orders of magnitude. Moreover, at the
level of the MNCC distribution (near and below 4 km), the major polarity of the charges on cloud drops
reversed from negative in the OS to positive. The cloud drops only carried negative charges at around and
below 3 km.

The layered positive and negative charges on ice crystals both increased slightly (Figure 18b), suggesting that
some microphysical processes, such as freezing and riming of the charged cloud drops, may affect the
charges on the ice crystals, but only slightly. In addition, the weakened lightning flashes initiating at the
upper dipole might impart more charges to ice crystals compared with those flashes in the OS (Table 3).
This might also explain the slightly enhanced charges on the ice crystals.

The layered negative charges on graupel evolved similarly to those in the OS, but the time of the maximum
value appearance advanced from 21 min in the OS to 19 min, the height of the center rose from 5 to 5.5 km,
and the maximum value of layered negative charges also had slight decreasing from −10.86 to −10.68 C per
level; simultaneously, the peak layered positive charges on graupel decreased by ~57.8% (Figure 18c). This
indicates that inductive charging had a marked influence on the positive charges on graupel at low levels,
which should be the main reason for the charge reduction of the LPCC.

The charges on raindrops and hail remained negligible, being 2 to 3 orders of magnitude less than those on
graupel, ice crystals, and cloud drops (Figures 18d and 18e).

Figure 18. Layered total charges on various hydrometeors in test DI. Red and gray contour lines represent positive and negative charges, respectively.
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The comparison between Figures 14 and 18 showed that with the exclusion of the inductive charging pro-
cess, (1) in the high level (near 6 km in Figure 18), the negative charges on cloud drops disappeared, while
charges on ice crystals (positive) and graupel (negative) had no evident change, resulting the enhancement
of the UPCC; (2) in the middle level (about 3–5 km in Figure 18), the substitution of a lot of negative charges
on cloud drops by weak positive charges was the main reason causing the weakening of the MNCC (within
this height range, the positive and negative charges carried by graupel had a similar degree of decline); (3) in
the low level (near and below 3 km in Figure 18), the decreasing of the positive charges on graupel was
obvious, weakening the LPCC.

On the whole, the exclusion of inductive charging significantly weakened the LPCC, diminishing the
MNCC, and enhancing the UPCC. But compared to layered total charge, charge density is more important
for lightning initiation. Figure 17d showed that the change of the peak density in the UPCCwas not obvious,
the peak density of the LPCC was also weakened, but the reduction of the peak density of the MNCCwas the
most significant, especially during the peak density of the UPCC was relatively strong. These changes
resulted most of lightning flashes still occur between the lower dipole.

4.2. Varying the Reversal Temperature

Figure 19 gives the results of tests RN20 and RN10 using reversal temperatures of −20 and −10 °C.
Comparison of these results those of the OS, identifies the following similarities: Most of the lightning
flashes initiate at the lower dipole, and the evolution of the charge structure is the same. This indicates that
a change in reversal temperature does not impact the main characteristics of lightning activity in Tibetan
Plateau thunderstorms.

Three main differences are observed with increasing reversal temperature (starting with RN20 and then to
OS and RN10).

1. The amount of layered charge in the MNCC increases, but the amount in the LPCC decreases, while that
in the UPCC first rises and then falls.

2. The charge density in theMNCC increases. It decreases in the LPCC and does not evidently change in the
UPCC. Both the OS and test RN10 show an area with peak negative charge density of > −1 nC/m3 near
25 min (Figures 11d and 19h), whereas test RN20 shows no such area (Figure 19g). Simultaneously, the
areas with high charge density (>1 nC/m3) in the LPCC show a marked reduction with increasing rever-
sal temperature (Figures 11d, 19g, and 19h).

3. The numbers of simulated lightning flashes in tests RN20 and RN10 are four and seven, respectively, but
both are less than in the OS. The time of first lightning flash is gradually delayed as the reversal tempera-
ture increases, but the duration of lightning activity increases first from 6.4 (RN20) to ~8.4 min (OS) and
then decreases to ~4.0 min (RN10).

Comparison of the layered charging rates in Figures 15 and 20 shows the following changes with increasing
reversal temperature.

1. The center of layered positive noninductive charging evidently descends from 5–6 km (Figure 20a) to
3–4 km (Figure 20b). The value at the center also decreases from 0.098 to 0.035 C per level. The area of
the lower positive center shown in Figure 20a is not evidently changed (including the center value, dura-
tion, and vertical extension) with increasing reversal temperature. However, the higher positive center
with the maximum rate in Figure 20a shrinks significantly with increasing reversal temperature and
finally disappears in Figure 20b.

2. For the layered negative noninductive charging rate, the main distribution and the center value show a
slight change with increasing reversal temperature. A decrease in reversal temperature clearly lifts the
lower boundary of the area with a relatively high rate.

3. For the layered inductive charging rate, the value of the negative center increases continuously from
0.072 to 0.107 C per level, and the height of the layered negative inductive charging center also increases,
but the height of the layered positive inductive charging center decreases continuously from ~ 4 km to
below 3.5 km. The value of the positive center increases first from 0.122 to 0.146 C per level and then
decreases to 0.108 C level.

All these results indicate that a colder reversal temperature will significantly increase the positive noninduc-
tive charging, which provides more positive charges to the LPCC. This aids the formation of a larger and
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higher‐density LPCC. Conversely, the increase in height of the reversal temperature isotherm negatively
impacts the range of the negative noninductive charging, although its center is not evidently changed.
This leads to a weakening of the UPCC, whose positive charges come mainly from this charging process.
The negative charges for the MNCC generated by this charging process are also reduced. This causes a
weaker MNCC in test RN20. The reduced UPCC and MNCC leads to reductions in discharge capacity at
the upper and lower dipole, despite the significant increase in the LPCC. Increasing the reversal
temperature significantly strengthens the negative inductive charging. The height of the main activity also
clearly rises, thus further enhancing the MNCC. This maintains the lightning activity at the lower dipole,
despite the weakening of the LPCC.

4.3. Noninductive Charging Parameterization of Takahashi

To ensure that our simulated LPCC is not unduly influenced by the use of a specific noninductive charging
mechanism, the parameterization of Takahashi (1978, 1984) was adopted to replace the scheme of Gardiner
et al. (1985). The values of charge transfer (δq) per collision and rebound of graupel and snow crystal were
interpolated from the figure of δq versus temperature and LWC (Figure 8 in Takahashi, 1978). The effects of
particle size and impact speed described by Marshall et al. (1978) were also considered (Takahashi, 1984).
Finally, δq was multiplied by a factor of 5(Di/D0)

2|vgT − viT|/v0, where D0 = 100 μm and v0 = 8 m/s, and
vgT and viT are the terminal descent speeds of graupel and snow crystals, respectively. The value of this

Figure 19. Results of tests RN20 and RN10. (a and b) Layer total positive charge. (c and d) Layer total negative charge.
(e and f) Layer net charge. (g and h) Peak charge density per level: positive (gray line) and negative (blue dashed line).
Red crosses in (c) indicate the initiation heights of simulated lightning flashes. (a), (c), (e), and (g) are the results for test
RN20; (b), (d), (f), and (h) are the results for test RN10.
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factor was limited to ≤10 (Takahashi, 1984). Because the main distribution area of δq given by Takahashi
(1978) was within an area with LWCs of 0.01–30 g/m3 and temperatures of −30 to 0 °C, charge transfers
outside these ranges were set to 0.

The simulation results indicate that the distributions and evolutions of the positive and negative charges are
similar to those in the OS (Figures 21a–21c). A positive dipole charge structure first emerged at a high level; a
tripole charge structure followed, which finally evolved into a low‐level dipole structure (Figure 21c).

The LPCC contained the dominant share of both charge amount and charge density. The maximum value of
the layered positive charge amount (~4.48 C per level) appeared in the LPCC and was greater than that in the
UPCC (Figure 21a). For a long period (from ~26 to 33 min), the maximum densities of the LPCC all exceeded
1 nC/m3, while no charge density was found at this height in the UPCC (Figure 21d).

All of the simulated lightning flashes were generated in the lower negative dipole. The average initiation
height of all the simulated lightning flashes was 3.5 km; the range was 3.25–4.25 km (Figure 21c).

The integrated noninductive and inductive charging rates also gave rise to similar trends to those obtained
using Gardiner's scheme (Figure 22). Graupel obtained positive charges through noninductive charging in
two charging centers: one at 3–4 km (near −10 °C) and another at 4–5.5 km. They are similar to the results
obtained using Gardiner's scheme. The center for the inductive positive charging of cloud drops (between 2
and 4 km) was below that for graupel; however, in the OS this center (between 4 and 5 km) was above that
for graupel.

In general, the use of Takahashi's noninductive charging scheme also simulated the LPCC, and most of the
lightning flashes were generated at the lower dipole. These results are all consistent with observed Tibetan
thunderstorms. This demonstrates that the formation of the LPCC in our simulation is not readily affected

Figure 20. Results of tests RN20 and RN10. (a and b) Noninductive charging rates, integrated bymodel level (250‐m thick-
ness), between graupel and ice crystals. (c and d) Inductive charging rates, integrated by model level, between graupel and
cloud drops. Gray lines and blue dashed lines indicate positive and negative charges, respectively, obtained by graupel
through charging. (a) and (c) are the results for test RN20; (b) and (d) are the results for test RN10.
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by the choice of non‐inductive charging scheme. The environmental and
microphysical conditions in Tibetan Plateau thunderclouds are the
fundamental factors affecting the formation of the large LPCC.

5. Discussion

Many characteristics of the charge structure in our simulated Tibetan
Plateau thunderstorm are observed in winter storms in Japan: (1) At the
initial stage, both charge structures represent positive dipoles and further
transform into tripoles; (2) the proximity of the cloud charges to the
ground; (3) the relatively low rate of lightning occurrence; and (4) grau-
pels are thought to be the main carriers of negative charge and also the
carriers of the LPCC (Kitagawa & Michimoto, 1994).

Low updraft in both thunderstorms should be the main reason for these
similarities. Kitagawa and Michimoto (1994) reported that a tripole or
dipole structure with LPCC could be observed only in winter storms with
the −10 °C isotherm higher than 1.4 km. They also stated that only when
the updraft velocity at the −10 °C isotherm was greater than 2 m/s could
the tripole charge structure be formed in Japanese winter thunderclouds
(Kitagawa & Michimoto, 1994). Despite this, the duration of tripole or
dipole structures with a LPCC in Japanese winter storms is very short,
typically less than 10 min in early or late winter and less than a few
minutes in midwinter (Kitagawa & Michimoto, 1994). These results indi-
cate a very low updraft in Japanese winter storms.

Figure 21. Results of test ST. (a) Layer total positive charge. (b) Layer total negative charge. (c) Layer net charge. (d) Peak positive/negative (gray line/blue dashed
line) charge density per level. Red crosses in (c) indicate the initiation heights of simulated lightning flashes.

Figure 22. Results of test ST. (a) Noninductive charging rates, integrated by
model level (250‐m thickness), between graupel and ice crystals.
(b) Inductive charging rates, integrated by model level, between graupel and
cloud drops. Gray lines and blue dashed lines respectively indicate positive
and negative charges obtained by graupel through charging.
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Although the environmental conditions (e.g., complex terrain, very high altitude, and sparse population) in
the Tibetan Plateau cause great difficulties when observing thunderstorms, researchers have used TRMM
data and limited radar observations to observe that weak convection with a long vertical extension is the
main type of convection over the Tibetan Plateau (Fu et al., 2002, 2006). Convective clouds over the plateau
have relatively low tops. The updraft usually reaches its peak below 400 hPa, which also limits the main
water vapor to below the level of 400 hPa; the main ice particles, except for ice crystals, are distributed below
8 km AGL (Li et al., 2012). These results also imply that the updraft in Tibetan Plateau thunderstorms is
weaker than in thunderstorms at low altitude.

As noted by Kitagawa (1992), the low updraft velocity in winter thunderclouds does not allow graupel to stay
suspended in the clouds, and thus, they fall rapidly. The relatively weak updraft in Tibetan Plateau thunder-
storms also cannot carry ice particles to a higher level, and they start to fall soon after they form. The lower
starting drop height leads these ice particles to fall below the height of the reversal temperature, which initi-
ates the positive charging on the graupel. This leads to a similar trend in the charge structure of both storm
types as a LPCC forms and the dipole becomes a tripole.

Low updraft also cannot produce many graupel and maintain them in clouds long enough to experience effi-
cient charging. This leads to low charge density, which is the major reason for the low lightning frequency in
both storm types.

Both of the thunderstorms have a relatively low 0 °C isotherm. In a summary of Chinese research on the
meteorology of the Tibetan Plateau, Ye et al. (1979) indicated that the ground temperature on the plateau
is lower than that elsewhere at the same latitude but is higher than that in regions with the same altitude.
A low ground temperature usually corresponds to a low 0 °C isotherm. For example, the 0 °C isotherm of
the sounding data used in this study is less than 2 km, which is very low for summer soundings on a plain.
In Japanese winter storms, the 0 °C isotherm is also very low owing to the season. Kitagawa and Michimoto
(1994) reported this isotherm to be near or less than 1 km, or even on the ground. A very low 0 °C isotherm
aids the formation of ice phases (even in the case of very weak updraft), whichmakes electrification possible.
This is why thunderstorms can be generated even under the weak convection of these two regions. A very
low 0 °C isotherm can result in the charged ice particles appearing near the ground. Therefore, the cloud
charges in both types of storm are close to the ground.

Although some features of Tibetan Plateau thunderstorms and Japanese winter storms are very similar, the
thermal‐dynamical source of their initiations is different. The winter storms in Japan are formed by the
advection of Siberian cold air masses over a warm current, the Tsushima current, along the Japan Sea
coast (Goto & Narita, 1991; Kitagawa, 1992). Updraft in Japanese winter storms comes mainly from the
slow lifting movement of the entire air layer. This results in weak updraft in these storms and their low
top. In the cases studied by Kitagawa and Michimoto (1994), the 20‐dBZ top never exceeds 6 km; the model
illustration of winter thunderclouds in the mature stage has a cloud top below 8 km (Kitagawa &
Michimoto, 1994).

As the highest plateau in the world, the Tibetan Plateau has much thinner air and more intense solar radia-
tion than lowland areas (Ye et al., 1979, Chapter 1). Yang et al. (2004) reported that sensible heat is the domi-
nant energy sustaining the atmospheric boundary layer growth, which is strongly associated with
convections in the Tibetan Plateau. Toumi and Qie (2004) also proposed that the sensible heat flux plays
an important role in modifying the efficiency of generating lightning from cloud buoyancy. The updraft gen-
erated by the sensible heat of the ground is stronger than that in Japanese winter storms. Radar observations
in Naqu, a city in the center of the Tibetan Plateau, show that the daily maximum echo top (20 dBZ) of con-
vective clouds can almost exceed 10.5 km ASL (6 km above radar level) every day (Uyeda et al., 2001). This is
higher than the results of Kitagawa andMichimoto (1994). According to Michimoto (1993), clouds will exhi-
bit relatively strong lightning activity when the altitude of the−10 °C isotherm is higher than 1.8 km. As the
Japanese winter storms always occur over the sea or above the coastal regions, the heights of AGL and ASL
are almost equal. In the sounding used in this study (Figure 1), even the 0 °C isotherm reaches a similar
height. These results imply that Tibetan Plateau thunderstorms have a stronger updraft than Japanese
winter storms. The stronger updraft can maintain large ice particles, especially graupel, for a longer time,
which gives them a longer time for electrification. The longer electrification leads to a higher charge density
and thus forms a large LPCC.
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Another difference between these two types of thunderstorm is the percentage of positive CG flashes. The
percentage of ground flashes lower positive charges in Japanese winter storms is relatively high (about
33%; Suzuki, 1992). In contrast, the large LPCC in Tibetan Plateau thunderstorms causes rare, sometimes
no, positive CG flashes although a few negative CG flashes were observed during the whole storm lifetime
(Qie, 2005; Zhang et al., 2009). Observations found that the durations of LPCCs in Japanese winter
storms were less than 10 min in early or late winter and less than a few minutes in midwinter (Kitagawa
& Michimoto, 1994). However, The large LPCC was observed to endure for dozens of minutes in
Tibetan Plateau thunderstorms (Cui et al., 2009; Qie, 2005; Qie et al., 2005; Qie et al., 2006; Qie et al.,
2009; Zhagn et al., 2004; Zhang et al., 2009; Zhang et al., 2015; Zhao et al., 2004; Zhao et al., 2010). An electric
sounding in a Tibetan Plateau thunderstorm gave a considerable charge density of the LPCC (Zhao et al.,
2010). These imply that the LPCCs in Tibetan Plateau thunderstorms may be larger than those in
Japanese winter storms. As the same reason mentioned at section 3.5, the larger LPCC in Tibetan Plateau
thunderstorms may restrict the generation of CG flashes, but a weak LPCC in Japanese winter storms
induces more CG flashes to occur.

This analysis, combined with other research on the tripole charge structures with LPCC in many different
regions, including the High Plains of America in summer (Hamlin et al., 2003), Japanese coastal areas in
winter (Kitagawa & Michimoto, 1994), and the Tibetan Plateau in summer (Qie et al., 2009), suggests that
a large LPCC tends to form in a thunderstorm with relatively weak updraft, which cannot lift large ice par-
ticles to a higher level to experience the common (negative) noninductive charging process. Therefore, the
negative charges on these large ice particles are lower than usual. Correspondingly, the positive charges
forming the UPCC in these thunderstorms are also lower than usual. Large ice particles, such as graupel
and snow, fall below the reversal temperature isotherm soon after they are produced and are then noninduc-
tively positively charged (Williams, 2018); thus, they form the main body of the LPCC.

Although various works have confirmed that the charge density of the LPCC in Tibetan Plateau thunder-
storms is higher than that of the UPCC (Cui et al., 2009; Qie, 2005; Qie et al., 2005; Qie et al., 2006; Qie
et al., 2009; Zhagn et al., 2004; Zhang et al., 2009; Zhao et al., 2010), the rate of decreasing charge density
in the UPCC seems higher than the rate of increasing charge density of the LPCC. This is in contrast to
the charge densities derived from electric field sounding data for thunderstorms with a traditional tripole
charge structure. Zhao et al. (2010) used electric sounding data of a Tibetan Plateau thunderstorm to calcu-
late that the density of the LPCC was ~0.9 nC/m3 and that of the UPCC was ~0.4 nC/m3. Compared with the
maximum charge densities of the lowest three charge layers, distributed according to the traditional tripole
structure and derived from balloon soundings (Marshall, Rison, et al., 1995), the charge density of the LPCC
is almost equal to the maximum charge density of the lowest positive charge region. However, the rate of
decrease in charge density in the UPCC to the sublowest positive charge region reaches more than 86%.
When compared with the charge densities of the traditional tripole structure (the maximum positive charge
center is just above the maximum negative charge center, and a relatively weak positive charge center is
below the maximum negative charge center) detected in the storms of New Mexico and northern
Alabama (Marshall & Rust, 1991), the density of the UPCC in the Tibetan Plateau thunderstorm (Zhao
et al., 2010) drops by ~4 nC/m3 relative to the density of the main positive charge center. The density of
the LPCC (Zhao et al., 2010) only decreases by 0.2 nC/m3 relative to the density of the comparably weak posi-
tive charge center. These results indicate that compared with the traditional tripole structure, the LPCC in
both Tibetan Plateau thunderstorms and normal thunderstorms has a small change in charge density, but
the charge density of the main positive charge center has a larger decline in normal thunderstorms than it
does the UPCC in Tibetan Plateau thunderstorms. Although electric field sounding data over the Tibetan
Plateau remain scarce, thus limiting our understanding of the charge density in the LPCC, we can infer that
the LPCC in these relatively weak thunderstorms is prominent in relation to the significantly weakened den-
sity of the UPCC. In a usual thunderstorm, a large amount of lightning flashes are initiated between the
upper dipole, while the lightning flashes initiated between the lower dipole are relatively small. Although
the number of lightning flashes initiated between the lower dipole in Tibetan Plateau thunderstorms has
basically maintained the normal level, the significantly weakened charge density in the UPCC greatly weak-
ens the number of flashes occurring between the upper dipole, resulting the overall number of flashes has
dropped dramatically. This can explain why the lightning frequency in these thunderstorms is always
weaker than in usual thunderstorms.
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6. Conclusions

A 3‐D numerical model coupling charging and discharging processes is used here to simulate a storm over
the Tibetan Plateau. The simulated thunderstorm showed a primarily tripole charge structure with a large
LPCC. Its simulated lightning flashes occurred with very low frequency, and most of them initiated in the
lower dipole. These characteristics agree with observation in the same region of the Tibetan Plateau (Li
et al., 2013) and many previous observations of Tibetan Plateau thunderstorms (Cui et al., 2009; Qie,
2005; Qie et al., 2005; Qie et al., 2006; Qie et al., 2009; Zhagn et al., 2004; Zhang et al., 2009; Zhang et al.,
2015; Zhao et al., 2004; Zhao et al., 2010). Some sensitivity tests explored the impact on the result of inductive
charging, reversal temperature, and a different noninductive charging scheme.

The findings show that noninductive charging, especially the positive noninductive charging of graupel,
laid the foundation for the formation of the tripole structure with a large LPCC. Inductive charging further
enhanced the lower dipole. The UPCC was composed of positively charged ice crystals and a small amount
of positively charged graupel. The negative charges of the MNCC were carried mainly by cloud drops, ice
crystals, and graupel. The LPCC consisted mainly of positively charged graupel and cloud drops. These
results are consistent with some previous studies on LPCC formation (Krehbiel et al., 2003; Rust &
MacGorman, 2002). The unique environmental conditions, including low freezing level and weak convec-
tion, in the Tibetan Plateau appear to be the root cause of the formation of the large LPCC. As the highest
plateau in the world, the Tibetan Plateau has a ground temperature that is lower than those elsewhere at
the same latitude in the summer (Ye et al., 1979). Correspondingly, the freezing level in the Tibetan
Plateau is also very low to the ground, which facilitates the formation of ice particles under conditions
of even weak updraft, and so allows subsequent electrification. The impact of the low freezing level on
the generation of a thunderstorm can also be seen in Japanese winter storms, which have a weaker
updraft and a lower 0 °C isotherm (Kitagawa, 1992; Kitagawa & Michimoto, 1994). The Tibetan Plateau
has much thinner air and more intense solar radiation than lowland areas (Ye et al., 1979). Sensible heat
is the dominant energy driving convection and lightning activity in the Tibetan Plateau (Toumi & Qie,
2004; Yang et al., 2004). Using TRMM data and some limited radar observations, a weak convection that
extended over a large vertical distance is found to be the main type of convection in the Tibetan Plateau
(Fu et al., 2002, 2006). The initial environmental field of the thunderstorm simulated here has the CAPE
<600 J/kg, and the maximum updraft speed is ~16.9 m/s. There parameters characterizing convective
intensity are also weaker than those for storms in other areas (Mansell & Ziegler, 2010, 2013) but higher
than those in Japanese winter storms (Kitagawa, 1992; Kitagawa & Michimoto, 1994). Considering
together the analysis of the charge structures found in a nonsevere thunderstorms in the High Plains of
America (Hamlin et al., 2003), Japanese winter storms (Kitagawa & Michimoto, 1994), and Tibetan
Plateau thunderstorms (Qie, 2005), it seems that a large LPCC tends to appear in a thunderstorm with
relatively weak updraft.

Weak convection weakens the normal electrification processes that occur above the reversal temperature
isotherm. This leads to electrification occurring under the reversal temperature isotherm becoming rela-
tively more prominent. As a result, the UPCC is significantly weakened, while the LPCC is not evidently
changed. This may be the reason why the LPCC in Tibetan Plateau thunderstorms looks so large.
However, its density is not significantly increased relative to the density observed in the LPCC of other areas
(Marshall, Rison, et al., 1995; Marshall & Rust, 1991; Zhao et al., 2010). The weakness of electrification over-
all also leads to the low lightning frequency seen in Tibetan Plateau thunderstorms.

The sensitivity tests showed that inductive charging can enhance the LPCC and the MNCC, and slightly
weaken the UPCC, although noninductive charging was fundamental to the tripole charge structure and
a large LPCC. Inductive electrification provided more than 50% of the positive charges on graupel and
increased the amounts of positive and negative charges on cloud drops by 2 orders of magnitude. Without
inductive charging, the layer total positive charges in the LPCC were mostly below 2 C per level, a value
easily reached by the LPCC in the OS. The maximum value of the layered total positive charges in the
LPCC dropped by ~53.8% relative to that in the OS. The positive charge density in the LPCC also weakened.
The maximum value of the layer total charges of the MNCC and the UPCC were reduced by ~30% and
increased by ~6%, respectively. These changes led to fewer lightning flashes initiating (a reduction by
~35.7%), shorter lightning activity (~38.1% reduction in duration of main lightning activity).
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Varying the reversal temperature mainly affected the formation time and the upper boundary of the
LPCC. Therefore, the start of lightning activity was delayed, and the initiation heights of lightning
flashes decreased.

The noninductive charging schemes used in this study (Gardiner et al., 1985; Takahashi, 1978) simulated
similar charge structures with a LPCC, thus indicating that the formation of the LPCC will not be affected
by the noninductive charging schemes. The environmental and microphysical conditions in Tibetan
Plateau thunderclouds are the key to the formation of the large LPCC.
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