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ABSTRACT

A theoretical discussion of the discharge effects of upward lightning simulated with a fine-resolution 2D thunderstorm
model is performed in this paper, and the results reveal that the estimates of the total induced charge on the upward
lightning discharge channels range from 0.67 to 118.8 C, and the average value is 19.0 C, while the ratio of the induced
charge on the leader channels to the total opposite-polarity charge in the discharge region ranges from 5.9% to 47.3%, with
an average value of 14.7%. Moreover, the average value of the space electrostatic energy consumed by upward lightning is
1.06x10° J. The above values are lower than those related to intracloud lightning discharges. The density of the deposited
opposite-polarity charge is comparable in magnitude to that of the preexisting charge in the discharge area, and the
deposition of these opposite-polarity charges rapidly destroys the original space potential well in the discharge area and
greatly reduces the space electric field strength. In addition, these opposite-polarity charges are redistributed with the
development of thunderstorms. The space charge redistribution caused by lightning discharges partly accounts for the
complexity of the charge structures in a thunderstorm, and the complexity gradually decreases with the charge
neutralization process.
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Article Highlights:

* Effects of upward lightning discharges on the space potential, electric field and electrostatic energy are discussed, and

some qualitative conclusions are drawn.

* The neutralization of the induced charge on the leader channels and the recovery of thundercloud electrical parameters

are studied.

* Differences between the discharge effects of upward and intracloud flashes are analyzed.

1. Introduction

According to the initiation location of lightning, cloud-
to-ground (CG) lightning flashes are divided into down-
ward and upward flashes. Downward flashes are dominant
in summer thunderstorms, and they are typically initiated
between the negative charge region and the positive charge
region. However, upward flashes only account for a small
part of the total number of lightning events, which gener-
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ally originate from high structures under certain favorable
thunderstorm conditions, such as Japanese winter thunder-
storms (Takagi et al., 2006; Wang et al., 2008; Michishita et
al.,2019; Mikietal., 2019) or summer thunderstorms with rel-
atively low convective activity (Jiang et al., 2014a; Pineda
etal., 2018, 2019). Upward flashes can be independently initi-
ated from high structures or triggered by surrounding light-
ning discharges that induce transient electric field enhance-
ment (Wang et al., 2008; Warner et al., 2013; Yuan et al.,
2017). With the increase in tall buildings, communication
towers and wind power generators worldwide, studies on
upward lightning have aroused increasing interest from
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many researchers.

McEachron (1939) first reported upward flashes initi-
ated from the top of the Empire State Building in New
York. Since then, many researchers worldwide have per-
formed a series of studies on upward flashes, such as statist-
ical research on the electrical parameters of upward flashes,
classification of upward flashes, initiation and propagation
characteristics of upward flashes, and triggering mechan-
isms of upward flashes (Flache et al., 2008; Diendorfer et
al., 2009; Warner et al., 2012; Saba et al., 2016; Pu et al.,
2017; Becerra et al., 2018; Schumann et al., 2019; Wu et al.,
2019). These studies have achieved good results. However,
relevant research on the discharge effects of upward flashes
remains in its infancy. In this research, three effects of
upward lightning discharges are considered: charge concentra-
tion reduction in clouds, maximum electric field decrease in
clouds, and space electrostatic energy consumption. As a
kind of discharge between clouds and the ground, upward
lightning is in fact equivalent to transferring the in-cloud
charge to the ground, thus releasing the in-cloud charge on
the whole. Observations have illustrated that the charge neut-
ralized by an upward flash ranges from a few coulombs to
tens of coulombs (Biagi et al., 2009; Jiang et al., 2013;
Zhang et al., 2017). However, it remains unclear how
upward lightning discharges affect the charge distribution in
thunderclouds and how to reconfigure the charge in thunder-
clouds. Many observations have confirmed that, in certain
cases, the preceding lightning may trigger the subsequent
lightning (Wang et al., 2008; Lu et al., 2009), which implies
that the electric field in the whole space does not necessar-
ily decrease during or after discharges and may instead rise
in certain areas. It is difficult to obtain the electric field
change in the whole space before and after lightning dis-
charge with existing observation methods, and we can only
evaluate the ground electric field change at the moment of
lightning discharge through atmospheric electric field mills
and slow and fast antennas (Weidman and Krider, 1980; Mar-
shall et al., 2009; Qie et al., 2011). Therefore, evaluation of
the effect of discharge on the space electric field remains a
problem worth studying. In addition, from the perspective
of observation, evaluation of the electrostatic energy con-
sumed by upward lightning discharge can at present only be
achieved via ground electric field observations combined
with source charge modeling (Uman, 1987; Qie et al.,
2013). This approach requires many assumptions and may
only provide a rough estimate. Therefore, efficient and accur-
ate assessment of the electrostatic energy consumed during
upward lightning discharge is also an important direction in
lightning physics.

In summary, previous studies remain insufficient on
either the effect of upward lightning discharge on space
charge, electric field and potential or the evaluation of the
electrostatic energy consumed by upward lightning dis-
charge. Observations may obtain the characteristics of real
lightning and the charge structure on the sounding traject-
ory, but due to the limitations of observation conditions and
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methods, it is impossible to obtain comprehensive thunder-
cloud electrical parameters and various data types related to
lightning before and after its occurrence, and it is difficult to
conduct sensitivity experiments. Therefore, in order to effect-
ively evaluate the effects of upward lightning discharge on
charge, electric field and subsequent discharge, it is neces-
sary to supplement the corresponding modeling approach.

Researchers have conducted extensive lightning numer-
ical simulation studies, and have attained great progress in
the establishment of models and development of discharge
parameterization schemes (Mansell et al., 2002; Tan et al.,
2006, 2019; Tudin et al., 2017; Xie et al., 2018; Attanasio et
al., 2019; Da Silva et al., 2019; Tran and Rakov, 2019).
Some have focused on the study of a certain physical pro-
cess of lightning, such as the M component, fast positive
breakdown, upward leader initiation and connection pro-
cess. These are small-scale physical models that cannot simu-
late complete lightning discharge. Others have mainly dis-
cussed the relationship between lightning discharge fea-
tures and thunderstorm electrical parameters. These belong
to the thunderstorm model, and most thunderstorm numer-
ical models can simulate intracloud (IC) and CG flashes (in
this paper, CG flashes specifically refer to downward
flashes) (Mansell et al., 2002; Tan et al., 2014; Guo et al.,
2016). However, upward flashes are initiated from small-
scale electric field distortions, which results in high model res-
olution requirements, and existing thunderstorm models, in
particular 3D models, do not satisfy the above initiation condi-
tions. Tan et al. (2016) realized the simulation of upward
flashes for the first time with a 2D thunderstorm model, and
Tan et al. (2019) evaluated the relationship between the devel-
opment of upward flashes and thundercloud electrical para-
meters by improving the upward lightning discharge
scheme. Against this background, the thunderstorm model
improved by Tan et al. (2019) is adopted in this study to simu-
late upward flashes. Using these upward lightning cases, the
effects of upward lightning discharges on the charge struc-
ture, space electric field and electrostatic energy are dis-
cussed in detail. The differences between the discharge
effects of upward and IC flashes are analyzed. In addition,
the neutralization of the induced charge on the channels and
the recovery of thundercloud electrical parameters are also
investigated.

2. Simulation methods

In this paper, a 2D thunderstorm model containing an
improved upward lightning discharge scheme is adopted to
conduct a theoretical discussion of the discharge effects of
upward lightning. Note that the thundercloud microphys-
ical and electrification processes mainly provide the back-
ground charge for lightning initiation, which is not the focus
of this paper. The following section mostly introduces the
lightning discharge scheme.

2.1. Upward lightning parameterization

In the thunderstorm model, the size of the entire simula-
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tion domain is 76 km x 20 km, the simulation duration is
80 min, the spatial resolution of the cloud module is 250 m,
the temporal resolution is 2 s, and the spatial resolution of
the discharge module is 12.5 m (the time concept is not con-
sidered during leader development). The discharge module
consists of IC, CG, and upward lightning discharge
schemes, where IC and CG lightning discharge schemes
have been previously introduced in detail by Tan (2006) and
Tan et al. (2014). Therefore, we briefly describe the upward
lightning discharge scheme [details have been provided in
Tan et al. (2019)], including upward lightning initiation,
propagation, termination, induced charge calculation, and
upward lightning definition.

2.1.1.

Upward flashes commonly originate from high struc-
tures and propagate into charged clouds (Rakov and Uman,
2003; Warner, 2012). Researchers have found that the ambi-
ent electric field distortion caused by high structures is the
main reason for upward lightning initiation (Diendorfer et
al., 2009; Guimaries et al., 2014). Hence, we establish a
250-m grounded structure in the model.

Bazelyan et al. (2008, 2015) reported that the corona
space charge produced from the tip of high structures exerts
a shielding effect on the ambient electric field. It is difficult
for an upward leader to initiate from high structures under
the action of a slowly rising thunderstorm electric field.
When the ambient electric field is rapidly enhanced by an
approaching downward leader, an upward leader may be initi-
ated easily. Based on this consideration, the initiation
threshold for self-initiated upward lightning and other-
triggered upward lightning should be differently selected
(note that, in the model, upward lightning immediately occur-
ring after the preceding lightning is defined as other-
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triggered upward lightning). Referring to the settings adop-
ted in Tan et al. (2019), we choose ambient electric fields of
11.2 and 8 kV m~! in our model as the initiation thresholds
of self-initiated and other-triggered upward lightning, respect-
ively, instead of simulating the distortion process at the tip
of the building. Due to the influence of the model dimen-
sion and resolution, the threshold adopted in our model may
be slightly different from that determined via electric field
observations (Zhou et al., 2012; Becerra et al., 2018), but
this threshold is appropriate for our current model.

The initiation process of upward lightning and relevant
thresholds are shown in Fig. 1a, and the physical sign conven-
tion is adopted for the direction of the electric field. Figure 1b
illustrates the electric potential distortion at the tip of the
building, and the distorted electric potential rapidly
decreases as it moves away from the tip of the building.

Polarity asymmetry between positive and negative lead-
ers has been presented by researchers (Williams, 2006; Willi-
ams and Heckman, 2012; Montanya et al., 2015; Qie et al.,
2017; Yuan et al., 2019), but our model is a stochastic dis-
charge model. In contrast to physical models, it is difficult
for our model to distinguish these two types of leaders due
to its physical nature. Moreover, upward lightning propag-
ates unidirectionally, whose leader channels are usually of a
single polarity. The simulated results obtained by selecting
different thresholds for positive and negative leaders are
almost the same as those obtained with the same thresholds.
Therefore, we refer to Iudin et al. (2017) and Tan et al.
(2019), and do not distinguish between positive and negat-
ive leaders in the upward lightning discharge scheme.

2.1.2.  Upward lightning propagation and termination

In recent years, with the improvement of observation
methods, mainly the increasing frame speed and sensitivity

Two-dimensional thunderstorm model

Model Setup :

® Simulation time: 80 min

® Simulation domain: 76 km <20 km
125 m

® Resolution:

<>

125 m

Fig. 1. Schematic diagram of upward lightning initiation and distortion of the space potential at the tip of the building.
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of high-speed cameras, a large amount of upward lightning
originating from the tips of buildings has been observed.
Jiang et al. (2014b) reported several upward flashes
observed from a 325-m-tall meteorology tower in Beijing,
and the results reveal that upward flashes exhibit a branched
structure, such as one-way propagation or multibranch exten-
sion, which is similar to IC and CG flashes. According to
the treatment methods of lightning propagation applied in
Mansell et al. (2002) and Tan et al. (2014), upward light-
ning also adopts the stochastic step-by-step propagation
scheme. Therefore, we choose 150 kV m~! as the propaga-
tion threshold of upward flashes in the model (this value is
effective and largely determined by our model spatial resolu-
tion). If the absolute values of the potential gradient
between leader channels (whether positive or negative lead-
ers) and ambient points exceed the above threshold, posit-
ive leader channels or negative leader channels are exten-
ded one step forward. When multiple adjacent points meet
the propagation threshold, a new channel point is stochastic-
ally chosen from among all possible extensions, and the outer-
most leader channels tend to propagate along the direction
of the maximum electric field (Mansell et al., 2002). Note
that only one new channel segment is added at a time (a posit-
ive leader channel segment or a negative leader channel seg-
ment).

In our parameterization scheme, the concept suggested
by Kasemir (1960) was adopted to solve leader channels;
namely, the leader channels are regarded as good conduct-
ors, and the charge is induced on the leader channels by the
ambient electric field. The equivalent charge transfer on the
channels is obtained by the change in the induced charge,
and the charge relaxation process is considered by setting a
nonzero internal electric field [for example, the value of 500
V m~! adopted in Tan et al. (2019)], which is much smaller
than the thunderstorm electric field. The induced charge on
leader channels does not need to be solved when leader chan-
nels propagate, because the influence of the charge on space
potential is contained by satisfying the fixed boundary condi-
tion imposed by the channel potential (Mansell et al., 2002).
After each new extension, the electric potential of the entire
simulation domain except the leader channels (which is
treated as a fixed boundary) is updated by solving Poisson’s
equation:

—&

Vip=—, (1)
P

where ¢ is the potential at grid points except the leader chan-
nels, p is the charge density, and ¢ is the electric permittiv-
ity. Since the simulated leader channels do not contain micro-
scopic processes of lightning development, certain details can-
not be discussed, such as streamer-to-leader transition, and
negative differential resistance behavior. However, our
scheme exhibits a certain rationality regarding the interpreta-
tion of the macroscopic properties of lightning channels and
the overall effects of lightning discharge.

In our model, upward lightning is terminated under two
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conditions. One condition is that leaders propagate to the sim-
ulation domain boundary; the other condition states that no
leader channel points meet the propagation condition of
upward lightning.

The simulation results revealed that certain upward lead-
ers aborted after several steps to dozens of steps and failed
to propagate into the charged cloud. Considering that the pur-
pose of this study is to discuss the effects of upward light-
ning discharge on thundercloud electrical parameters, these
upward leaders were not chosen as research objects. Only
those upward leaders that entered thunderclouds were
defined as upward lightning and selected as the dataset of
this study. It is worth noting that, due to the limitation of the
current scheme, channel decay was not considered, and the
simulated upward lightning flashes did not contain the sub-
sequent return stroke. The discharge effects of upward light-
ning discussed in this study were limited to the discharge
effects of upward lightning without a return stroke.

2.1.3. Induced charge deposition, neutralization and

redistribution

When upward leaders propagate, the induced charge on
the leader channel points does not need to be considered.
When upward lightning terminates, the induced charge on
the leader channel points needs to be calculated by solving
Poisson’s equation. Because the ion attachment process is
not explicitly handled in our model, the free ion charge term
is not considered. The charges released by the upward
leader channels are instantaneously distributed to different
types of hydrometeor particles. Charges received by each
hydrometeor category are proportional to its total surface
area, as presented by Ziegler and MacGorman (1994):

g
opi = —_ op, (2)

T
l

where Jdp; is the charge density deposited on the hydromet-
eor category k, oy is the total surface area of hydrometeor cat-
egory k, and dp is the charge density at a grid point on the
leader channel. These charges are assumed to be transpor-
ted to other regions through thundercloud microphysical
processes (e.g., turbulent exchange, advection transport, and
gravity sedimentation) and continue to influence the sub-
sequent lightning discharge. If the leader extends outside
the thundercloud to a region without hydrometeors, the
induced charge is not traced by the model. This may influ-
ence the subsequent charge distribution and lightning disch-
arge, but compared to the uncertainty caused by the model
resolution and cloud microphysical processes, the influence
of a small amount of induced charge may be ignored.

It should be noted that charge neutralization and redistri-
bution are complicated issues, and the relevant details
remain unclear. Different possibilities may have their own
rationalities. Our scheme is a parameterized treatment of gen-
erally observed phenomena, and many physical processes
are simplified. Therefore, the simulation results only
provide a reasonable estimate of the discharge effects of
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upward lightning, and particular uncertainties remain, such
as the polarity asymmetry between positive and negative lead-
ers, channel decay, and the ion attachment process. The treat-
ment of these processes is also a target for future parameteriz-
ation improvement.

2.2. Simulation of upward lightning

In order to obtain universal conclusions regarding the dis-
charge effects of upward lightning, upward flashes under dif-
ferent types of thunderstorms should be simulated. Thus,
two sounding profiles (temperature, pressure, humidity, and
wind) are selected as the initial conditions of our model [sim-
ilar to Tan et al. (2019)]; these two sounding profiles per-
tain to a mountain thunderstorm and a plain thunderstorm,
respectively. The selection of these two sounding profiles as
the initial background conditions for the simulations does
not reproduce these two specific thunderstorms, but rather
generates two new types of thunderstorms called ST A
(with the general characteristics of a mountain thunder-
storm) and ST B (with the general characteristics of a plain
thunderstorm), which provide various charge backgrounds
for the initiation of upward lightning. It should be noted that
upward lightning initiation is very difficult. In this research,
we adopt two methods (Tan et al., 2019) to facilitate the
occurrence of upward flashes: (1) changing the location of
the 250-m grounded structure: as long as the ambient elec-
tric field at an altitude of 250 m in the simulation domain
exceeds the initial threshold, the structure will be placed
there; (2) adjusting the intensity of the thunderstorm: the max-
imum temperature and relative humidity of the bubble disturb-
ance center constantly change. Finally, 147 upward light-
ning cases are obtained, which are adopted as the dataset to
study the discharge effects of upward lightning.

3. Simulation results

Coleman et al. (2003) observed that lightning dis-
charge appears to deposit opposite-polarity charges in relat-
ively localized regions of both the main negative charge and
the upper positive charge, rather than simply neutralizing
the space charge near the discharge channels. The charge
density of the deposited charge is comparable to that of the
preexisting charge, and these charges may affect the distribu-
tion of thunderstorm electrical parameters, and thus influ-
ence the development of subsequent lightning. Moreover,
Tan et al. (2007) revealed the effects of IC lightning dis-
charge on the space charge, electric field, potential, and
space electrostatic energy by computer simulations. In con-
trast to the bidirectional leader development process of IC
and CG lightning, upward lightning is a unidirectional
leader discharge. However, how does the latter affect the
space charge, potential, electric field and -electrostatic
energy? How long does it take to recover the damage
caused by upward lightning to the space potential and elec-
tric field? In this section, the discharge effects of all upward
lightning cases simulated by our model are discussed, and
the effects of upward lightning discharge on thundercloud
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electrical environment parameters are also quantitatively eval-
uated.

3.1. Induced charge on leader channels and space

charge redistribution

Figure 2 shows two upward flashes. The upward flash
(UL 1 from ST A) shown in Fig. 2a is an upward negative
flash corresponding to the dipole charge structure. Figures 2a
and b show the distribution of the space charge before and
after UL 1, respectively. The upward flash (UL 2 from ST
B) shown in Fig. 2c is an upward positive flash correspond-
ing to the tripole charge structure. Figures 2c and d show
the distribution of the space charge before and after UL 2,
respectively. After the upward lightning discharge, a large
number of induced charges are deposited in the upward
leader channels. As shown in Fig. 2, UL 1 and UL 2 both
enter the bottom charge region. UL 1 propagates into the
main negative charge region, and after leader channels are ter-
minated, a large number of positive charges were deposited
in the original discharge channels. The maximum charge dens-
ity in the bottom charge region before the discharge is —1.12
nC m-3, while the maximum positive and negative charge
densities in the bottom charge region after discharge are
1.36 and —1.09 nC m3, respectively. The results reveal that
after UL 1 discharges, the induced charge on the lightning
channels is of the same order of magnitude as the space
charge in the discharge region. According to the treatment
of the induced charge in the model, the charge is not immedi-
ately neutralized by the surrounding space charge, but with
the subsequent turbulent exchange, advection transport, grav-
ity sedimentation and electrification, the charge gradually
mixes with the surrounding space charge, and then prepares
for the subsequent discharge. UL 2 propagates into the bot-
tom positive charge region, and the maximum charge dens-
ity in the bottom charge region before the discharge is 1.53
nC m3, while the maximum positive and negative charge
densities in the bottom charge region after discharge are
1.45 and —1.72 nC m3, respectively. Similar to the analysis
of UL 1, the upward lightning discharge does not immedi-
ately reduce the charge density in the whole space but
implants a considerable amount of induced charges into the
leader channel, thus forming a more complex charge struc-
ture, which may be one of the reasons for the occurrence of
the associated lightning. The above simulation results in this
study are consistent with those observed by Coleman et al.
(2003).

The leader channel length, induced charge estimate,
and ratio of the induced charge on the discharge channels to
the total opposite-polarity charge in the discharge region
(R,o) are given in Table 1. Assuming that the charge density
distribution on all sides of the cloud is consistent, the estim-
ated value of the total induced charge generated by the
upward lightning discharge is equal to the product of the
total charge in the discharge region, the horizontal range of
the thundercloud (which is an artificially defined variable
and approximately equal to ®r/2) and R;., where the hori-
zontal radius (r) of the thundercloud is taken from the 3D
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Fig. 2. Lightning channels and charge distribution. (a) Upward lightning channel structure for UL 1 (from ST A) and
pre-discharge charge distribution. (b) Post-discharge charge distribution. (c) Upward lightning channel structure for
UL 2 (from ST B) and pre-discharge charge distribution. (d) Post-discharge charge distribution. The purple diamonds
represent the initiation points of the upward lightning flashes. The red channels represent the upward positive
leaders, and the blue channels represent the upward negative leaders. The black solid lines are for positive charge and
the dashed lines are for negative charge, with the contour values starting at 0.1 nC m=3 with intervals of 0.5 nC m=3
[the charge distributions are all from a coarse resolution (250 m) model].

Table 1. Upward leader channel length, induced charge and R;..
Charge structure Charge regions affected byupward flashes Channel length (km) Induced charge (C) R;
UL 1 Dipole Main negative 8.85 28.8 26.7%
UL 2 Tri-pole Lower positive 8.85 -34.4 17.1%

R;.: Ratio of the total induced charge on the leader channels to the original charge on the discharge channels.

thunderstorm simulation results. The cloud radius r of ST A
and ST B is 10 and 15 km, respectively, which is the same
as those used in Tan et al. (2007), which facilitates a compar-
ison of the discharge effect of upward lightning in this study
to the discharge effect of IC lightning in Tan et al. (2007).
UL 1 is simulated in ST A, where the upward positive
leader propagates into the main negative charge region, the
channel length of the upward positive leader is 8.85 km, the
induced charge is 28.8 C, and R;. is 26.7%. UL 2 is simu-
lated in ST B, where the upward negative leader extends
into the bottom positive charge region, the channel length of
the upward negative leader is 8.85 km, the induced charge
is =34.4 C, and R;. is 17.1%. Comparing these two cases,

the results indicate that the channel length of these two
cases is the same, and the induced charge of UL 1 is less
than that of UL 2, but the R;. of UL 1 is larger than that of
UL 2. The main reason is that the thunderstorm correspond-
ing to UL 2 develops vigorously and the thundercloud size
is larger than that corresponding to UL 1. The total cloud
charge of UL 2 is much more than that of UL 1. Although
the induced charge in UL 2 is considerable, it still only
accounts for a small proportion of the total cloud charge.
Table 2 provides the statistical characteristics of the simu-
lated 147 upward lightning flashes in ST A and ST B.
Among them, 101 upward flashes are from the ST A, and
46 upward flashes are from the ST B. The average channel
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Table 2. The R;. and induced charge of all upward lightning.
Thunderstorm Frequency of Average channel Induced charge of upward  Induced charge of upward
case upward flashes height (km) positive flashes (C) negative flashes (C) Ry
ST A 101 6.26 —0.67 to —18.5 8.03-118.8 8%—-47.3%
STB 46 8.38 —-15.92 to -76.39 7.75-21.84 5.9%-17.8%

length of the simulated upward flashes in ST A is 6.26 km,
which is obviously smaller than the average length (8.38 km)
of the upward lightning flashes obtained in ST B. The main
reason is that ST B develops more vigorously, and the aver-
age cloud-base height is larger. When upward lightning is ini-
tiated in ST B, the range and magnitude of the correspond-
ing bottom charge are usually larger, and the resulting
upward leaders fully extend after entering the bottom
charge region. The induced charge in the upward positive
flashes simulated in ST A ranges from —0.67 to —18.5 C,
which is lower than the induced charge in the upward posit-
ive flashes simulated in the ST B. Because the upward posit-
ive flashes simulated in our model usually propagate into
the bottom positive charge region, as mentioned above, the
range and magnitude of the bottom charge region in ST B
are usually larger, and the intensity of the bottom potential
well (potential extremum region) is also stronger, which is
conducive to the propagation of upward leaders and neutraliz-
ation of charge. The induced charge in the upward negative
flashes simulated in ST A ranges from 8.03 to 118.8 C, and
the average value is slightly larger than that simulated in ST B.
The reason is that most of the upward negative flashes simu-
lated in ST A occur under the dipole charge structure, which
extend into the main negative charge region. The upward neg-
ative flashes simulated in ST B usually occur under the
multi-layer charge structure, which propagate into the bot-
tom negative charge region. The range and amount of the
charge in the bottom negative charge region are far smaller
than those in the main negative charge region. The upward
positive leaders in the main negative charge region develop
more vigorously and neutralize more charges. The R;. in ST
A ranges from 8% to 47.3%, while that in ST B ranges from
5.9% to 17.8%. The average induced charge in all upward
flashes simulated in ST A is 18.3 C, and the average value
of R;. is 15.8%. In ST B, the average induced charge in all
upward flashes is 20.4 C, and the average value of R is
12.3%. By analyzing all upward lightning cases simulated
by our model, the results reveal that the absolute value of
the total induced charge ranges from 0.67 to 118.8 C, the aver-
age value of which is 19.0 C, and the R;. ranges from 5.9%
to 47.3%, the average value of which is 14.7%. The above res-
ults are lower than those of IC lightning in Tan et al. (2007)
and consistent with the induced charge obtained by observa-
tions in Berger (1977) and Michishita et al. (2019), which
also proves that our simulations are reasonable.

3.2. Variations of space potential, electric field and
electrostatic energy before and after discharge

It is generally believed that the energy released during
lightning discharge comes from the electrostatic energy

stored in the form of the electrostatic field in thunderstorms.
How much, though, does an upward flash influence the
space potential, electric field and electrostatic energy in thun-
derclouds? So far, there has been no relevant research. In
this section, the effects of an upward flash on the space poten-
tial, electric field and electrostatic energy are quantitatively
discussed.

Figure 3 shows the distributions of the space potential
and vertical electric field before and after UL 1. Comparing
Figures 3a and b, it is found that a negative potential well
exists in the bottom space before the upward lightning dis-
charge, and the potential extremum at the center of the poten-
tial well is —55.2 MV. After UL 1 enters the negative poten-
tial center, the original negative potential well is destroyed,
a new potential well with a smaller range is formed at the ori-
ginal position, and the potential at the center of the new poten-
tial well changes to —17 MV. Comparing Figures 3c and d,
it is found that the vertical electric field distribution is posit-
ive, negative and positive from top to bottom before the dis-
charge, and the maximum electric field is located at the junc-
tion of the positive and negative charge regions. The max-
imum electric field in the discharge region is —47.5 kV m~!,
After the discharge, the positive electric field area in the bot-
tom space is greatly reduced, and the electric field
extremum changes to 14.1 kV m~1.

Figure 4 shows the distributions of the space potential
and vertical electric field before and after UL 2. Similar to
UL 1, a positive potential well exists in the bottom space
before the discharge, and the potential extremum at the cen-
ter of the potential well is 65.9 MV. After the discharge, the
original positive potential well is destroyed, a new negative
potential well is formed at the original position, and the poten-
tial at the center of the new potential well changes to —17.7
MYV. Moreover, the vertical electric field extremum in the bot-
tom space before the discharge is —22.4 kV m~!. After the dis-
charge, the direction of the vertical electric field in the dis-
charge area changes from downward to upward, and the elec-
tric field extremum changes to 11.4 kV m~!. UL 1 and UL 2
both enter the bottom charge region, thereby destroying the
bottom potential wells and even causing the disappearance
of the bottom potential wells. Similarly, the space distribu-
tion ranges of the bottom electric fields decrease signific-
antly after the discharges, and even the polarity of the elec-
tric field reverses.

Selecting UL 1 and UL 2 as examples, the maximum vari-
ations of the space potential (AU) and vertical electric field
(AE) before and after the discharges are listed in Table 3,
where AU and AE are equal to the value after discharge
minus the value before discharge. The AU and AE caused
by UL 1 are 70.2 MV and —-26.4 kV m~!, respectively. The
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Fig. 3. Upward lightning channels and space potential and vertical electric field of UL 1. (a) Upward lightning
channel structure and pre-discharge space potential. (b) Post-discharge space potential. (c) Upward lightning channel
structure and pre-discharge space electric field. (d) Post-discharge space electric field. In (a, b) the black solid lines
represent positive potential and the dashed lines represent negative potential, with the contour values starting at 0
MV. In (c, d) the black solid lines are for positive electric field (physics sign convention) and the dashed lines are for

negative electric field, with contour values starting at £0 kV m~!. The details are the same as those in Fig. 2.

AU and AE caused by UL 2 are —107.4 MV and 29 kV m~!,
respectively. In regard to UL 1 and UL 2, the changes of the
potential and electric field in the discharge area caused by
these two upward flashes are comparable. Compared to the
effects of IC lightning reported by Tan et al. (2007), the
effects of one upward flash on the space potential and elec-
tric field are much smaller [the AU and AE caused by IC light-
ning discharge are =215 MV and 139 kV m™! respectively;
these data are from Table 4 in Tan et al. (2007)].

As mentioned above, the space charge around the chan-
nel is not immediately neutralized after the upward light-
ning discharges. Instead, a large amount of induced charge
accumulates in the leader channels, and is slowly neutral-
ized by the surrounding space charge through the sub-
sequent turbulent exchange, advection transport, gravity sedi-
mentation, etc. However, the space potential and electric
field in the discharge region are immediately destroyed after
the upward lightning discharge, and the polarity of the poten-
tial and electric field in this region are even reversed. Regard-
less of the effects of discharge on the charge, potential or elec-
tric field, none of these considerations enable a good evalu-
ation of the overall effect of upward lightning discharges.

Therefore, the concept of electrostatic energy is introduced
here. The density of the electrostatic energy at each point in
space (ee) is given as follows:

ee = 0.5sE> 3)

where ¢ is the electric permittivity, and E is the electric field
at grid points. First, the total electrostatic energy of the simu-
lated surface (ee,.,) is calculated, and then the total electro-
static energy in space is calculated by multiplying ee,_. and
the horizontal range of the cloud. The total electrostatic
energy consumed by an upward lightning discharge (Aee) is
equal to the total electrostatic energy in space before a dis-
charge minus the total electrostatic energy in space after a dis-
charge.

As indicated in Table 3, the Aee of UL 1 is 4.82x108 J,
and that of UL 2 is 3.46x10° J. The average electrostatic
energy consumed by upward lightning in ST A is 5.96x108 J,
while the average electrostatic energy consumed by upward
lightning in ST B is 2.16x10° J, and the average value of all
upward lightning is 1.06x10° J. These values are one order
lower than the average electrostatic energy consumed by IC
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Fig. 4. Upward lightning channels and space potential and vertical electric field of UL 2. (a) Upward lightning
channel structure and pre-discharge space potential. (b) Post-discharge space potential. (c) Upward lightning channel
structure and pre-discharge space electric field. (d) Post-discharge space electric field. The details are the same as

those in Fig. 3.

Table 3. Pre-discharge and post-discharge maximum changes in the space potential and vertical electric field and the electrostatic

energy variation of the two upward lightning cases.

AE (kV m™1) AU (MV) Pre-discharge ee,_, (J m™") Post-discharge ee,_, (J m™!) Aee (J)
UL 1 -26.4 70.2 2.23x10° 1.93x10° 4.82x108
UL 2 29.0 -107.4 1.55%100 1.41x10° 3.46x10°

lightning. The main reason is that IC lightning belongs to
the bidirectional leader discharge, which simultaneously
propagates in two charge regions. Therefore, in general, the
longer the IC lightning channels are and the larger the
action area is, then the greater the amount of neutralized
charge there is, and the more significant the influence on the
space potential, electric field and electrostatic energy. In addi-
tion, IC lightning discharge usually deposits a large number
of positive charges in the main negative charge region,
which may cause the upward positive leader to pass through
the main negative charge region into the upper positive
charge region along positive charge deposition channels.
This issue will be discussed in further work.

3.3. Induced charge neutralization and background
charge reconstruction

The effects of upward lightning discharges are not to

neutralize the surrounding space charge immediately, but to
deposit the induced charge on the discharge channel and
gradually neutralize the surrounding space charge with the
subsequent process. In this section, UL 1 is taken as an
example to discuss the slow neutralization process of charge
on the discharge channel.

In order to better describe this process, R,.,, (defined as
the ratio of the residual charge on the channels to the total
induced charge on the channels after the discharge), E, .,
(the maximum vertical electric field in the discharge
region), ee,_,, and Q; (the absolute value of the total charge
in the bottom charge region) are introduced. Their changes
over time are shown in Fig. 5. After the UL 1 discharge (UL
1 occurs at 68.4 min, which corresponds to the thunder-
storm dissipation stage), E, ., and ee,_, decrease rapidly, and
this process lasts tens to hundreds of milliseconds, which is
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consistent with the duration of a single upward lightning dis-
charge. The subsequent slow rise process corresponds to the
reconstruction of the electric field in the cloud, which
depends on the turbulent exchange, advection transport, grav-
ity sedimentation and electrification in the cloud. There are
obvious differences in this process among different regions,
thunderstorms and thunderstorm stages.

R, reflects the degree of neutralization between the
induced charge and the space charge around the discharge
channels. The lower the R.,, the more sufficient the
induced charge neutralization and the smaller the residual
effect of the previous lightning discharge. The time taken to
reduce R, to 30% is defined as the relaxation time of
charge neutralization (7), and the 7 of UL 1 is 48 s. This pro-
cess is very slow compared to the time of a single upward
lightning discharge, which also conforms to the previous ana-
lysis. The charge density in the discharge region does not
decrease immediately, but with the turbulent exchange, advec-
tion transport, gravity sedimentation and electrification,
these charges gradually neutralize with the surrounding
space charges. It is revealed by the change of Q;, as shown
in Fig. 5. Oy exhibits a large drop after the discharge of UL
I, but in contrast to the rapid rise after E,,, and ee,,
decline, the decline process of Q; lasts 36 s. First, the
charge deposited in the discharge channel rapidly neutral-
izes the surrounding space charge, and then the neutraliza-
tion process decelerates. Finally, due to the gravity sedimenta-
tion and electrification, Q; increases gradually, and a new
space charge distribution is formed. UL 2 occurs at 46.8
min, which corresponds to the thunderstorm mature stage.
The 7 of UL 2 is 40 s, which is shorter than that of UL 1.
This occurs because the UL 2 discharge is simulated in the
plain thunderstorm (ST B) and occurs in the thunderstorm
mature stage. The electrification and activity of plain thunder-
storms are much higher than those of mountain thunder-
storms (UL 1 is simulated in ST A, which belongs to a moun-
tain thunderstorm), and the neutralization process of the

induced charges of opposite polarity in the channels for UL
2 is faster. Figure 6 shows the post-discharge space charge dis-
tributions at nine different times for UL 1, which reflects
the neutralization process of the induced charges and sur-
rounding space charges and the redistribution of the space
charges. Combining the changes of R, and Q;, as shown
in Fig. 5, it is found that the neutralization process of the
induced charges and surrounding space charges exhibits a
sharp deceleration. R, decreases from 100% to 65%,
which takes 14 s; R, decreases from 65% to 30%, which
takes 34 s; while R, decreases from 30% to 5%, which
takes 50 s. Subsequently, it takes nearly 3 min for the posit-
ive charge deposited in the discharge channel to be com-
pletely neutralized, as shown in Fig. 6. The reason why the
positive charge on the discharge channel has decreased and
no subsequent increase process occurs is that UL1 occurs at
the thunderstorm dissipation stage, and the electrification pro-
cess can be neglected. Therefore, the induced positive
charge deposited in the negative charge area continues to
decrease until it is completely neutralized. As shown in Fig. 5,
ee,_, reaches 4.73x10° J m~! before the subsequent light-
ning (the subsequent lightning occurs at 73.3 min), which is
twice the electrostatic energy before UL1. This occurs
because the subsequent advection transport, gravity sediment-
ation etc. result in the gradual concentration of the original
scattered charges. Although the total charge does not
increase, the charge distribution becomes more concen-
trated and the average charge density increases, which
enhances the space electric field and increases the electro-
static energy. Comparing the charge structures shown in
Figs. 2a and 6, the charge distribution shown in Fig. 2a as a
whole indicates a dipole charge structure. The charge distribu-
tions from 68.53 to 71.80 min shown in Fig. 6 exhibit mul-
tiple-layer and complex charge structures, and the charge dis-
tributions at 73.10 min return to the dipole structure. Cole-
man et al. (2003) presented that recurring lightning charge
deposition increases the complexity of storm charge struc-



456 DISCHARGE EFFECTS OF UPWARD LIGHTNING VOLUME 38
14t (a) 6855 min 1 14f (b) 68.60 min 1 4f () 68.80 min ]
~ 12 4 ~ 12F 4 ~ 12F 1
£ £ £
R 1 < 10F 1 < 10F ]
- . e (@ 0 ]
E 135S s8f RN 135 sf S 1
E , b= rT S N2 4 = T~ NI
= ’ 1< 6f~_ . at 1< epa_ ;@:' :
; SO 1 4o ]
L N L L L L L L ' L L L N L N - L s
44 46 48 50 52 54 42 44 46 48 50 52 54 42 44 46 48 B0 52 54
X (km) X (km) X (km)
14f (d) 69.10 min 1 '4f (e) 69.50 min 1 14f (f) 70.00 min
—~ 12 414 ~ 12¢ 4 ~ 12r 1
£ £ 5
< 1o 1< 10f 1< 10 ]
g IS @:? LS (@, g |9 (A
> 8fF (e = 7 1 3 8} (- = 7 1 2 8t = .
= TS ST = TSN = [ IR P4
< 6F \ \ ’? ) 1 < sF ) Ve ] 1 < 6F -~ \ /]U_/ Y ]
P V- - ~ - <)\ - - <\~ -
s ° Y 1 4 7 i$ = 1
42 44 46 48 50 bB2 54 42 44 46 48 50 52 54 42 44 46 48 B0 52 54
X (km) X (km) X (km)
14t (9) 7060 min ] 14F (h) 7180 min 1 "4F (D) 73.10 min 1
~ 12F 1 = 12 4 ~ 12} 7
£ £ £
< 1of 1 < 10k 1< 10t ]
N g 3 = (&
z 8f "n_="o 2 8f 12 8f TR ]
= FTSNNT Al = \ = PRGN = \"\JO\T, \
< L ' T n T 1 < L T - 1 < L —-0.1-~ ]
6 L VO" 6 «_7 I’D‘-—/ 6 N _ \\,\
af ] 4F . 4F ]
42 44 46 48 50 52 54 42 44 46 48 50 52 54 42 44 46 48 50 52 54
X (km) X (km) X (km)

Fig. 6. Post-discharge space charge distributions at nine different times for UL 1. The details are the same as those in Fig. 2.

tures. The induced charge neutralization process shown in
Fig. 6 partly verifies the above conclusion. Moreover, the
complexity of the charge distribution gradually decreases
with the induced charge neutralization process and eventu-
ally returns to the classical dipole or tripole charge struc-
ture.

In summary, after a lightning discharge, the impact of
upward lightning discharge does not immediately disappear.
The induced charges deposited in the discharge channel will
gradually neutralize with the surrounding space charges.
This process usually lasts tens of seconds or even several
minutes, thus forming a new charge distribution and impos-
ing a lasting effect on the subsequent lightning discharge.

4. Conclusion and discussion

In this paper, the discharge effects of upward flashes sim-
ulated with a thunderstorm model are discussed. The effects
of upward lightning discharge on the space charge, poten-
tial, electric field, and electrostatic energy are quantitat-
ively evaluated, and some qualitative conclusions are drawn
by analyzing all upward lightning cases. The difference
between the discharge effects of upward and IC flashes is
analyzed. In addition, the slow neutralization process of the

induced charge and surrounding space charge after upward
lightning discharges is also studied. The main conclusions
are as follows:

The maximum charge density in the bottom charge
region before the UL 1 discharge is —1.12 nC m~3, while the
maximum positive and negative charge densities in the bottom
charge region after the discharge are 1.36 and —1.09 nC m=3,
respectively. The maximum charge density in the bottom
charge region before the UL 2 discharge is 1.53 nC m=3,
while the maximum positive and negative charge densities
in the bottom charge region after discharge are 1.45 and
—1.72 nC m3, respectively. Upward lightning discharges do
not immediately decrease the charge density in the whole dis-
charge space but implants a considerable amount of induced
charge into the leader channel. The estimates of the total
induced charge on the upward leader channels range from
0.67 to 118.8 C, and the average value is 19.0 C. The R;,
ranges from 5.9% to 47.3%, and the average value is 14.7%.

After the upward lightning discharge, the space poten-
tial and electric field in the discharge region change immedi-
ately and dramatically, and even the polarity of the space
potential and electric field reverse. Taking the two light-
ning flashes analyzed in this paper as an example, the AU
and AE caused by UL 1 are 70.2 MV and -26.4 kV m~!,



MARCH 2021

respectively, and the AU and AE caused by UL 2 are —107.4
MV and 29 kV m~!, respectively. The average electrostatic
energy consumed by upward lightning discharge is
1.06x10° J. The above effects (including the total induced
charge) are all smaller than the discharge effects of IC light-
ning obtained in Tan et al. (2007). Neutralization of the
induced charge is a slow process, which depends on the turbu-
lence exchange, gravity sedimentation, advection transport,
electrification, etc. The relaxation times of UL 1 and UL 2
are 48 and 40 s, respectively. During this time, the induced
charge on the leader channel decreases to 30% of the ori-
ginal channel charge. This time scale is much longer than
that of a single discharge, which indicates that although light-
ning discharge has ended, it still persistently impacts the
reconstruction of the space charge structure, potential and
electric field. In addition, lightning charge deposition
increases the complexity of the space charge structure, and
the complexity gradually decreases with the neutralization
process.

All upward lightning cases simulated with the thunder-
storm model are all from ST A and ST B, and whether the dis-
charge effects of upward flashes discussed in this paper are
universal requires further verification. This also necessit-
ates us to simulate more types of thunderstorms in future stud-
ies. In the third section, the relevant analysis on the neutraliza-
tion of the channel induced charge and the reconstruction of
the background charge remains superficial, lacking an in-
depth analysis combined with microphysics and electrifica-
tion processes. Free ion neutralization and ion attachment pro-
cesses are not considered in our model, which may cause
the overestimation of the relaxation time of charge neutraliza-
tion. An important goal of the next stage is to deepen the
understanding of thunderstorm microphysics and electrifica-
tion and to thoroughly analyze the microphysical mechan-
ism of charge neutralization and reconstruction after light-
ning discharge.

The research results in this paper are obtained with a
2D model, which only reflects features in the simulation
plane. The induced charge and consumed electrostatic
energy given in our study are both 3D estimates under the iso-
tropy assumption, and they may be slightly different from
real 3D simulation results. The change of space charge struc-
ture caused by a single lightning discharge based on a 3D
model is much smaller than that based on our model; space
charge structures in a 3D model are more complex and the
lightning frequency is higher than those in our model,
which is more conducive to the discussion of charge neutraliz-
ation, recovery, and effects on subsequent lightning dis-
charges. Moreover, the 2D model underestimates the intens-
ity of thunderstorm microphysical processes to a certain
extent, including turbulence exchange, gravity sedimenta-
tion, advection transport, etc. This decelerates the neutraliza-
tion process between the leader channel charge and the sur-
rounding space charge, thereby overestimating the relaxa-
tion time. It is clear that 2D simulations are inevitably ideal-
ized and only exhibit lightning characteristics on a profile.
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However, a significant advantage of 2D models is the
option of using fine resolution, which is important to accur-
ately describe the lightning initiation, discharge effect, and
lightning morphology. While the computational load of 3D
fine-resolution simulations is very high, no such model has
yet been developed. Our team has achieved some progress
in 3D parallel computing, and we believe a relevant model
will be established in the near future.

Comparing IC lightning discharge to CG lightning dis-
charge, the former usually transports charge between the
main negative charge region and the upper positive charge
region, which does not involve charge exchange between
clouds and the ground. CG lightning discharge transfers
charge between clouds and the ground. It remains unclear
whether this difference causes a major discrepancy in sub-
sequent discharges. Moreover, downward flashes usually
transfer charge from the main negative charge region to the
ground, while upward flashes mainly neutralize the charge
in the bottom charge region. Whether it will also make a dif-
ference in the type of subsequent lightning is another open
question. These issues are all worthy of further research.
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