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ABSTRACT

This study investigated the relationship between intense precipitation and vigorous

lightning flashes using the Weather Research and Forecasting model coupled with an

atmospheric electricity module WRF_ELEC. The WRF_ELEC module can describe

basic discharging process, but it cannot identify intra-cloud and cloud-to-ground flashes.

This study improved the discharging algorithm of WRF_ELEC by applying the

region-labeling method, which provides more detailed information on the electrical

properties and geometry of lightning flashes. Simulation results show that the proposed

method can significantly improve the lightning flash frequency. Also, it is able to reveal

the polarity of lighting flash associated with the microphysical structure of thunderstorm.

Positive cloud-to-ground flash is active at initial stage of thunderstorm when graupel

formation becomes significant. Intra-cloud flash is active at the mature stage of

thunderstorm when the updraft is strong enough to reach high levels. Negative

cloud-to-ground flash is active during the dissipating stage of thunderstorm when

precipitation results mainly from the outflow stratiform region. These important

indicators are valuable for the nowcasting of heavy precipitation.

Keywords: Region-labeling method, WRF model, lightning simulation, non-inductive

charge separation mechanism, bulk parameterization
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1. Introduction

Lightning occurs extensively in severe weather and can inflict casualties and

economic loss. The victims struck by lightning have 10-30% death rate, and most of the

survivors suffered from permanently disabled body functions (Ritenour et al. 2008).

Lightning flash also creates electromagnetic pulses which can disrupt or damage

electronic components. The mechanism of lightning and the relationship between

flashes and heavy precipitation have interested researchers for decades. From the aspect

of long-term climatology, lightning plays an important role on the formation of NO, and

O3, which are important troposphere greenhouse gases, during summertime (Zhang et.

al. 2003). In addition, the polarized ice crystals that orientate along the electric field

affect the albedo of anvil significantly. From the aspect of weather forecast and nowcast,

the thunderclouds with more flashes indicate that their ice phase process is more active,

subsequently producing heavier precipitation and, in extreme cases, resulting in

destructive hailstones. On the microscopic scale, charged hydrometeors may have

higher accretion rate and retain large sizes without breakup during collision. Therefore,

understanding the formation of lighting in thunderstorm is valuable for risk assessment

and for studying feedbacks of atmospheric electricity.

Lightning discharge is a rapid adjustment process that releases the instability in
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atmospheric electrical field. This process is difficult to simulate with weather models

(e.g. the Weather Research and Forecasting (WRF) model) due to the extraordinary

scale variation of discharging channels. The width of lighting channel (around an inch)

is much smaller than the grid size (0.5~30 km) of weather system models. On the other

hand, the length of lightning branches can stretch over numerous grids; therefore,

cross-grid communication is essential for lightning scheme. As such, current numerical

algorithm of discharge scheme depends on the spatial and temporal scale of the model.

Moreover, the time step used in the mesoscale model is much larger than that of the

lightning flash, so the whole cycle of discharge needs to be resolved instantaneously.

Lightning simulation methods can be divided roughly into two approaches: explicit

channels flash and bulk flash. One example of explicit channels flash is the dielectric

breakdown model (Niemeyer et al. 1984, Wiesmann and Zeller 1986, Mansell et al.

2002), which is originally applied to the breakdown process of plastics or gases. This

sort of model simulates step-by-step propagation of channel extension and branching.

Branching, bonding or extension of channel relates to the ambient electric field as a

probability function for any new segment that joins the channels. Each propagation step

iterates the electric potential to make sure that the channels are equipotential. The

simulation results are similar to the dielectric breakdown experiments. The channels

tend to propagate and branch in the region of larger charge density. However, the scale

2
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of dielectric breakdown models is much smaller than typical time steps and thus not

practical to be use in the WRF model.

The bulk lightning scheme reduces the sophistication of lightning structure by using

simple channel shapes. The parameterization in Helsdon et al. (1992) is a simple rod

that traces the environmental electric field bi-directionally, and can only perform

inter-cloud or intra-cloud (IC) channeling. The branching phenomenon is suppressed

because of the geometry limitation. MacGorman et al. (2001) presented a revised

lightning parameterization with a dumbbell shape to simulate the branched region with

high charge density at both ends of bidirectional channels. Since the space charge is

usually lifted in the air, cloud-to-ground (CG) channels are diagnosed from the channel

with low base. To simplify the lightning process and adapt to the WRF model, Fierro et

al. (2013) parameterized the channels using a cylindrical-shape discharging zone around

the initiation points. The channels stretch from ground to the top of model, such that all

channels are CG channels. In contrast to previous bulk lightning schemes, this study

incorporated the region-labeling (RL) method, which was commonly used in image

processing and also applied in convective cell analysis (Tsai and Wu 2017), to allow for

more flexible geometry of lightning discharging regions, and also to differentiate

between IC and polarized CG.

The main objectives of this study are to better understand how the geometry of

3
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discharging channel affects the lightning flashes properties, and to investigate the

possibility of nowcasting heavy precipitation using lightning signal.
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2. Methodology

This study used the three-dimensional compressible nonhydrostatic WRF model
(version 3.7.1) with Advanced Research WRF dynamic solver (WRF-ARW; Skamarock
et al. 2008). The initial and atmospheric electricity variables are derived by additional
physics module WRF_ELEC (Fierro et al. 2013) that is specifically incorporated into
the National Severe Storms Laboratory (NSSL) two-moment four-ice microphysics
scheme, which applies the charging physics from Mansell et al. (2005). The main
improvement in this study is the identification of lightning discharge channels. Basic
lightning discharge channel in WRF_ELEC assumes cylindrical geometry centered at
lightning initiation points. The proposed discharging method adapts the RL algorithm
(Tsai and Wu 2017) for both IC and CG identifications with flexible shapes related to
ambient electric field. The geometry difference of the above method is illustrated in Fig.

2-1. A thunderstorm case in 2008 over northern Taiwan is selected for model simulation.

2.1 Charging/Discharging Physics
2.1.1 Charging mechanism

A series of laboratory experiments (Takahashi 1978, Gardiner et al. 1985, Jayaratne
et al. 1983, Ziegler et al. 1991, Brooks et al. 1997, Saunders and Peck 1998) suggested

that non-inductive charge separation from riming graupel colliding with other solid
5
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hydrometers plays a big role in thunderstorm electric field construction. Laboratory
experiments generally agreed that the charges attached on graupel by non-inductive
charge separation are positive sign under high temperature and high riming accretion
rate (RAR) as illustrated in Fig. 2-2. This study calculates the non-inductive charge for
grid cell with the following equation (Mansell et al. 2005):
8q = BD{(V; — V) q(RAR) 1)

where B, a, b are coefficients depending on crystal size (cf. Table 1 in Mansell et al.
2005); subscript g and | represent graupel and the other ice-phase hydrometeor; D is the
mean volume diameter; V is mass-weighted terminal fall speeds; q(RAR) is charge
separation factor given by Mansell et al. (2005):

q.+(RAR) = 6.74(RAR — RAR,) (2a)

for positive charging (RAR > RAR,),

RAR—(RAR.—0.1)/2]?
(RAR;—0.1) ] D

q+(RAR) = 3.9(RAR, — 0.1) x (4| (2b)
for negative charging (0.1gm™2s™1 < RAR < RAR,).

The critical RAR (RAR,) is given by Egs. (21-23) in Mansell et al. (2005):

s(T): T > —23.7°C
RAR.(T) = {k(T): —23.7°C > T > —40°C ©)
0 : T < —40°C

s(T) =1+ 7.9262 x 107%T + 4.4847 x 1072T? + 7.4754 x 107373

+5.4686 X 107*T* + 1.6737 X 107°T> + 1.7613 x 107'T® (4a)
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k(T) = 3.4 [1 - (%)3] (4b)
However, the RAR, for the charging-sign reverse is still uncertain because it is difficult
to control the surface property of mixture hydrometeors in cloud chamber (Saunders
2008). The charge separation may come from the mass transfer of quasi-liquid layers of
hydrometeors (Baker et al. 1994). Because of the polarity of water, an overall
electrically neutral hydrometeor tends to be negative at the surface and positive in its
core. The negative charges at the surface transfer to another hydrometeor following the
mass flow of quasi-liquid layers when collision happens. Mass flow direction depends
on the thickness difference of quasi-liquid layers between hydrometeors. Hydrometeors
with warmer surface or higher growth rate have thicker quasi-liquid layers, and may
lose its mass when collision happens. Therefore, one hydrometeor, which has thicker
quasi-liquid layer, is positively charged after collision, and the other one is negatively
charged. Prior studies (Krehbiel 1986, Stolzenburg et al. 1998) show that there are two
mainly charged region at middle and upper level of thunderstorms. The middle one is
negatively charge and the other is positively charged (Fig. 2-3). There are thin charged
layers of opposite sign at the boundary of cloud base (positive) and cloud top (negative),
which are the inductive charges caused by main charged region.

2.1.2 Discharging Mechanism

The original WRF_ELEC uses a cylindrical volume with prescribed radius

7
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(typically 12 km) around the initial points to redistribute spatial charges (hereinafter
called the Cy method). The initial points are the grids with electric field magnitude
greater than an altitude-dependent threshold, E;,;;, defined as follows:
Einic = 284 X 10°(C) 2 (5)
Einit € (50,180)k—V
m
where p is the density of air and p,=1.225 kg/m? is a constant. Values of E;,;,from
the above equation is illustrated in Fig. 2-4. The channel size of the Cy method is
specific and does not depend on the ambient electric field. All spatial charges inside the
volume participate in the discharge. Neutralization of charges depends on the total
amount of charges (positive or negative) inside the channel and the charge density.
Charge density structure is conserved inside the channel but with a smaller magnitude
because of the neutralization of charges. However, there is no difference between the
neutralization of charges of IC and CG flashes.

This study modified the discharge module by determining the channel with RL
method (details given in the next section). The RL method connects adjacent regions
with significant electric field. The critical electric field is set to be a portion of Ej,,;;
using an insulating factor, t. Grids with electrical field magnitudes greater than tE;,;;
can then join the lightning flash channels. This method automatically changes the

geometry of channel according to the ambient electric field. IC and CG are identified

8
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through the altitude of channel base. IC channels occur in the air, such that the net

charge in the atmosphere is conserved during the neutralization process. CG channels

connect to the ground and direct the atmospheric charges to the Earth, so the charge is

not conserved in the air. The equations of charge neutralization are expressed as

follows:
- >0
PCG : dq = )/qp 1 (6a)
—Yqy 4<0
~¥q~ ¢>0
NCG : dq = P (6b)
-yq q<0
IC:dq =y(q—q) (6¢)

where PCG and NCG indicate positive and negative CG, respectively; g is the charge
density and dq is the change in charge density due to neutralization; g is the average
charge density in the channel; N and P are total negative and positive charges in the
channel, respectively; and y is a prescribed coefficient to control the magnitude of
neutralization. Magnitude of grounding current in CG depends on the major sign charge
in the channel. On the other hand, neutralization of charge in IC is limited by the minor
sign charge in the channel. Charges remaining from neutralization are redistributed

according to the charge density before discharge. To compare with the Cy method, the

effective radius of channel is defined as follows:

’ Ve
Rep = ;:h (7)

9
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where R,V,D are radius, volume and depth of channel, respectively.

2.2 Region-Labeling Method

The region-labeling (RL) method (also called connected-component labeling or blob

extraction) is an algorithm commonly used in computer visualization (Ballard and

Brown 1982) and has also been applied in cloud object analysis (Heiblum et al. 2016;

Tsai and Wu 2017). The algorithm detects contiguous region with a key property above

a prescribe threshold, as demonstrated in Fig. 2-5. In this study, the concerned property

is the electric field magnitude. The RL method is also applied to track convective cells

in this study (with the concerned property of cloud condensate amount). The temporal

tracking targets a series of convective cells by the overlapping region in the continuous

time interval, which is 2 minutes in this study.

2.3 Total Lightning Location System (TLDS)

The lightning data used in this study were from the Total Lightning Location System

(TLDS) measurements provided by the Taiwan Power Company. The TLDS is an array

of antenna that detects and ranges lightning by measuring the arrival time of LF/HF

radiation from CG flashes at multiple stations. For IC events, TLDS measures the

interferometry of VHF radiation and reports the two-dimensional location of flashes

projected on the ground. The system is more sensitive to IC than to CG events because

of the limitation of frequency band.

10
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The TLDS divides the lightning impulses into six categories indexed from 0 to 5.
Category 0 is singleton IC signal; 1 is the initial signal for continuous IC; 2 is the
transitional signal of continuous IC; 3 is the termination of continuous IC; 4 is CG
signal; 5 is returning stroke of CG. The simulated lightning is compared with category 0
for 1C and category 4 for CG, and the polarity of CG is determined by the sign of peak

current.

2.4 Model setup

The domain configuration and some notable options selected in WRF model are
shown in Fig. 2-6 and Table 1. The model runs with Cy lightning discharge method and
the RL method mechanism are designated as the control and experiment runs,
respectively. The insulating factor 7 is set to 0.2 for the main simulation. The
sensitivity of 7 is evaluated by virtual lightning discharge, and does not affect the
electricity of main simulation, with 7 ranged from 0.2 to 0.8.

Figure 2-7 shows the synoptic weather chart at the initial time of simulation, which
is 18:00 UTC, May 24™ 2008. The unstable weather condition before the mei-yu front
arrival is favorited for thunderstorm activities. The convection system in the simulation
is quasi-stationary at the offshore region and over the terrain. The rationale behind the

case selection is that RL method is a serial algorithm that cannot afford a large domain

11
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for fast convective system propagation.

12
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3. Results

3.1 Simulated convective system

Appendix Al shows the composite reflectivity from the Central Weather Bureau
(CWB) radars and simulated by model from 06:00 to 22:00 LST, May 25", 2008. Note
that the simulated electricity does not feedback to the microphysics or environmental
properties, therefore both RL and Cy methods have identical precipitation and storm
microphysical structures. There are two major convective systems in the simulation. The
earlier convective system was initiated at an offshore region, and is weaker than the
later one. The convective system simulated is somewhat stronger than observed, and is
more aggregated which exhibited a more linear structure. The later convective system
was initiated over land and propagated westward to merge with the dissipating offshore
convective system. By looking at the composite radar reflectivity and time series of
lightning flashes, it is found that the simulated systems lead the observed systems. So,
the simulated results are shifted forward by 3 hours in the comparison analyses.

With output rate of every two minutes, there are 121044 cloud segments being
labeled in this one-day simulation. Among the 121044 cloud segments, there are 7073
cloud series with their life-time distribution shown in Fig. 3-1. The lightning flashes are
produced by only one of the cloud series, which is the major series with 77504

segments including those being merged or split up. This series contains two major
13
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convective systems, one offshore and the other over the terrain. The evolution of size
and the ratio of updraft (speed > 0 m s™) volumes are shown in Fig. 3-2. The offshore
convection was initiated at 06:20 LST and diminished after 10:30 LST. The convective
system over terrain was initiated as chaotic convective cells from 09:20 to 11:40 LST
and then organized into a large convective system. A significant merger event seemed to
happen at 19:00; however, it is actually a merger between two dissipating anvil, which
marked the decline of the convection system that contrasts with the organization of the
chaotic convections. The following discussion of microphysical and electrical properties

is focused on this major cloud series.

3.2 Flash Frequency

The simulated frequencies of IC (Fig. 3-3a) and CG (Fig. 3-3b) flashes are of a
similar magnitude as observed, except during the peak hours of 13:00 to 15:00 LST
when the model underestimates IC and overestimates CG counts. However, the total
flash counts are similar. These biases are caused by the low 7 value that used which
tends to connect channel to ground. Thus, the CG channels release more energy than
usual and suppress the IC channels. In comparison, the Cy method generally
overestimates the total flash counts by a factor of two.

Figure 3-3c shows that PCG peak occurred at the early stage of thunderstorm

14
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activity, and it leads the precipitation peak by about an hour, which is different from the

results of Tai et al. (2017), who found that IC peak leads precipitation. IC flashes

developed following PCG during the mature stage of thunderstorm but without a

significant peak. NCG developed even later, with two major peaks occurred during the

dissipation stage of thunderstorm. After the second NCG peak, the precipitation

terminated as the storms die out.

The PCG flashes concentrated at the updraft region while the IC flashes are around

the edges of the updraft region (Appendix A2). On the other hand, the NCG flashes

distributed sporadically at the outflow stratiform region of the convection (Appendix

A3). The polarity of RL CG is opposite to the TLDS observed. The uncertainty of

lightning polarity and the relationship between precipitation and flashes will be

discussed in Section 3.3 and 3.4.

3.3 Microphysics Structure

Figure 3-4 shows the water content (mixing ratio) and tendency (Fig. 3-5) of each

hydrometeor category (QC: cloud drop; QR: raindrop: QI: cloud ice; QS: snow; and QG

graupel) in the main cloud system. The earlier convection offshore produces less

precipitation than the subsequent convection over terrain that developed after 09:20 LST.

At the initial stage of both convections, particles in cloud are mainly cloud drops (Fig.

15
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3-4d) and cloud ice (Fig. 3-4a). Raindrops (Fig. 3-4e) developed below the melting

level, indicating that they should be originated from graupel (Fig. 3-4c) or snow (Fig.

3-4b) melting. Significant riming for graupel formation happened at 06:00 LST, which

Is also the time for the first (but minor) PCG peak. Explosive formation of graupel

happened around 11:00 LST when the second and major peak of PCG occurred. The

upward-tilting-with-time pattern in cloud drops (Fig. 3-5d) and cloud ice (Fig. 3-5a)

suggests that these two hydrometeors form at the lifting region. In contrast, some

downward propagating patterns happen in raindrops (Fig. 3-5¢) and snow (Fig. 3-5b)

because these two hydrometeors grow by accreting other hydrometeors while falling.

The high variability of cloud drops tendency indicates that cloud drops form in the

convective region with significant updraft and downdraft. On the other hand, cloud ice

tendency is smoother than that of cloud drop because it mainly forms at the stratiform

region of cloud. The patterns of convective and stratiform regions can also be found in

the tendency of raindrops and snow, respectively. The graupel tendency (Fig. 3-5c¢) has

no significant vertical-propagation pattern, because the tendency of graupel depends on

the cloud drop concentration and the rimed ice/graupel particle size. The concentration

of cloud drop is greater at lower levels, but the rimed particles are somewhat higher

levels. Thus, the tendency of graupel is vertically invariant.

16
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3.4 Charges in Hydrometeor

Figures 3-6 and 3-7 show the charges carried by graupel, cloud ice, snow and rain
drops. Graupel particles that collide with ice particles tend to carry positive charges at
low (warmer) altitudes (Fig. 3-6a) and negative charges at high (cooler) altitudes (Fig.
3-7a), as the process depends on the ambient temperature and riming rate (Fig. 2-2). Ice
particles that collide with riming graupel at lower levels carry negative charges to the
higher levels and reach to the top of thunderstorm. These negatively charged ice
particles aggregate with each other and form snow particles, which combine the
negative charges from the colliding particles (Fig. 3-7b). On the other hand, ice particles
that collide with riming graupel at higher levels tend to carry positive charge. These
positively charged ice particles can aggregate and form positively charged snow
particles (Fig. 3-6b) at the middle level.

PCG peak revealed significant riming process at low levels. Graupel particles grew
explosively by riming process and produced plenty of positively charged graupel
particles that fall toward the cloud base. The concentrated charges at the cloud base
induced significant PCG flash events before heavy precipitation arrived at the ground.
Unceasing IC indicates that the updraft is strong enough to produce large snow particles
which carried negative charges. The negatively charged snow particles fall to lower

levels and neutralized the air containing positively charged graupel particles.

17
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NCG peak is the signal of termination of electrification at low levels. The negatively
charged particles fall to cloud base without any positively charged particles to be
neutralized. Therefore, negative charges released to the ground form NCG flashes. NCG
flashes also occurred in the outflow stratiform region of convective cloud, therefore the
electrification at low level is weak.

Figure 3-8 shows the space charge density in the cloud. The thunderstorm is overall
negatively charged. These are the remaining charges from the active PCG. Although the
size of lower positive region seems to be large as shown in Appendix A3, the charge
density is much less than the negative charge at middle level (Fig. 3-8). The top
positively charged region is also insignificant and somewhat overwhelmed by negative
charges. The graupel particle at low altitude carries more positive charges than
conventional knowledge, and ice particle carrying negative charge also contrasts with
prior studies (Krehbiel 1986, Stolzenburg et al. 1998). According to the conventional
knowledge of thunderstorm with triple-pole structure (main negative, upper and lower
positive charged region; Fig. 2-3), the riming accretion rate in thunderstorm should
lower than 1 gm™s™ (Fig. 2-2), as such the main charge region at lower level is
negatively charged and the upper level is positively charged. These results indicate that
the charging mechanism (Fig. 2-2) in the model may have some bias or the simulated

riming rates are unrealistically large, which lead to positive charging of graupel at low
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level. If an additional description of electric polarization of dielectric hydrometeors is
added into the model, this could reduce the instability of electrical field. At the same
time, it would induce opposite charge layers at the boundaries of the main charged
regions. These layers would reduce the cloud-to-ground flashes at cloud base and
trigger the transient luminous events at cloud top. Although this research focused on the
discharging process, it is nonetheless important to re-examine the charging mechanism

and the effects of dielectric property of hydrometeors in the future.

3.5 Polarity of Flash

Figure 3-9 shows the proportion of positive and negative charges carried by
hydrometeors in three types of flashes (i.e., PCG, NCG and IC). As indicated by Eq. (6),
the limiting reagent of charge neutralization is the positive charges, negative charges
and minor sign charges for PCG, NCG and IC, respectively. The results here agree with
the hypothesis discussed in the previous section. The most important electrified
hydrometeor is graupel, which carried about 80% of positive charges in PCG (Fig. 3-9a).
For the negative-charge-major IC (positive part of Fig. 3-9e), graupel particles also
carry 80% of positive charges in the channel. These two types of flash are the most
frequent flashes in simulated thunderstorms. For NCG at the dissipating stage of storm

activity, 50% of negative charges are on cloud ice while 40% are on snow. This strongly
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suggests that PCG and IC are indicators for the intense formation of low level graupel

particles which is a prerequisite for heavy precipitation formation.

3.6 Effective Channel Radii

Figure 3-10 shows the frequency of effective channel radii (Eq. 7) throughout the

entire simulation. The mode of radian increases when 7 decreases. With lower 7, the

conductivity of atmosphere is higher ,which is advantageous for channels to spread out

and connect with adjacent channels. The results suggest that the radian of 12 km for Cy

method flash channels is too large in most of the cases. Most of the radian of channels is

around 3 km. Only few IC and NCG channels are greater than 10km. Cy method

overdamps the charge density in weak flashes and underestimates the magnitude of

extreme cases. Fig. 3-11 shows that the channel of RL method is able to select an

adequate region to neutralize charges. The magnitude of flashes will not saturate even in

extreme cases.
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4. Summary and Future Work

This study developed a cross-grid communicating discharging process. This is
essential for lightning discharging process, but the numerical algorithm is incompatible
to the current electricity scheme in the WRF model. It takes lots of effort to break the
barrier of the grids in different parallel calculating components. With the flexibility of
lightning channel geometry, both IC and CG flashes are differentiable using the
proposed RL method. The RL method can also label the identical channels in different
grid spacing theoretically. This is an added value of the RL discharging method.

A key contribution of this study is a clearer realization of the features of
3-dimensional charge distribution that determine the discharge of lightning. With the RL
method, lightning channels adapt to an adequate geometry for involving the charged
hydrometers. Instead of the thin-tube channel that branches at two ends (MacGorman et
al. 2001), the discharging channel is more like a prolate or a dumbbell (Fig. 2-1). Like
typical bulk lightning discharge, the detailed structure of lightning channel cannot be
resolved within the WRF model. Charges remain in thin-tube channel is negligible in
kilometer-scale grid sizes.

In comparison to the original WRF_ELEC with Cy discharge, the RL method
provides more realistic descriptions of the discharge processes, including polarity of CG

and charge conservation of IC. The number of flashes reduced by 35% while the
21
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neutralization is weaker in IC flashes as compared with the Cy method. The lightning

flashes are charge sinks that release the instability of electric field. The RL method only

neutralizes charges over unstable region, which is more efficient to reduce the instability

than the Cy method. The unrealistic perturbation that would appear using the

WRF_ELEC scheme can be avoided by the channel selection strategy.

The sensitivity of 7 suggests that the prescribed radian of 12km in Cy method

overestimates the size of channel and neutralizes the charges unrealistically. Unrealistic

perturbation other than unstable region in Cy method can be minimized through the RL

method. However, the prescribed 7 in recent model is a preliminary assumption. The

real breakdown channel is determined by the conductivity of atmosphere, which is more

complex than the single factor 7.

The polarity information from the RL method reveals the relationship between

lightning and microphysical features of thunderstorm. PCG flash peak indicates the

initial conversion of graupel at low levels. IC flash indicates that the updraft is more

than enough to produce large-size ice-phase particles at high levels. NCG flash peak

occurs while the thunderstorm is decaying. Updraft in decaying thunderstorm cannot

provide enough cloud drops for riming process. Then, negatively charged graupel

particles fall to cloud base and induce NCG flashes. These specific events are valuable

for nowcasting and are important sign for heavy precipitation. However, the polarity of
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CG observed by TLDS is opposite with the RL simulated. TLDS detects the NCG peaks

at initial stage and PCG at dissipating stage, and the IC peaks is much stronger than the

RL method simulated. The RL simulated IC/CG ratio is 1:2.but the TLDS detected 3:1.

As it is difficult to configure the insulating factor due to the uncertainty of atmospheric

conductivity, there exists inconsistency between observed and modelled 1C/CG ratio.

However, the ability to differentiate between IC and CG contributes much to our

understanding of the relationship between lightning and convection. By adapting IC/CG

ratio as standard for regulating lightning module, discharge process can be calibrated

more systematically. We look forward to simulate more weather system and perform

sensitivity test on conductivity parameterization. Although the simulated sign of

changes do not match with observed lightning, the experience of this study is valuable

for the simulation of lightning with sophisticated geometry. By re-examine the charging

mechanisms and provide more comprehensive physics description, simulations may be

more comparable with observation and suitable for lightening forecast in the future.

Future work may include feedback effects on hydrometeors caused by electric fields,

for example, electrophoretic force that enhances the collision efficiency of

hydrometeors or changes in sedimentation speed. More case studies for other types of

thunderstorm convection are also desirable for gaining a broader sense of the

electrification processes. The convection current in different types of convective
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systems is an important boundary condition for ideal simulation of lightning channel
(Pasko et al. 1996) and thus is also worth paying attention in the future. Intensive
observation, such as balloon-carried electric field meter, can also be arranged to provide

more real-world verifications of model simulations.
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Figures
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%
. 2

(c) d)

Figure 2-1: A three-dimensional view of the discharge using the Cy method (a, ¢)
and the RL method (b, d). Upper panels show the region with significant positive
charges (orange) and negative charges (blue); the discharge regions are indicated
with green-shading areas. Lower panels are charge distribution after flash.
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Figure 2-2: The charge attached on graupel per-collision with ice/snow particle.
The values below -40°C are invalid and are filtered out during model iteration.
Mansell et al. (2005)

Figure 2-3: Schematic of the basic charge distribution in the convective region of
thunderstorm. (Stolzenburg et al. 1998)
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Figure 2-4: The critical electric field for diagnosis of initial points of lightning.
This is a demonstration of isothermal atmosphere with 293K.
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Figure 2-5: A demonstration of RL method labels an individual channel. Blue grid
is the initial grid with electric field magnitude greater than E;,;;. Gray grids are
the grids with electric field greater than tE;,;;, which is the potential to join the
channel. Red grids are grids which have been checked by RL method. Green grids
are contiguous grids that join the channel. The algorithm terminates while all of the

grids in the channel have been checked by RL method.
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Figure 3-1: Frequency of independent cloud series lifetime.
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Figure 3-2: Evolution of the main cloud series. Each dot is a contiguous cloud
segment. Colors denote the volume ratio of upward motion of each cloud segment.

34

doi:10.6342/NTU201803593



(a)

05/25 05:00 05/25 08:00 05/25 11:00 05/25 14:00 05/25 17:00 05/2520:00 05/25 23:00 05/26 02:00 05/26 05:00

2000
1000 —— Cy:24794 Lo
E —— RLIC: 6192 g
S —— TLDS IC: 10940 [15005
S so00 Q
% 1250 %
> >
600
© 1000 &
g g
T 400 750 &
o e
& 500
< =
200
3 250 ©
= —
01 —~ 0
05/25 02:00 05/2505:00 05/25 08:00 05/25 11:00 05/25 14:00 05/25 17:00 05/25 20:00 05/25 23:00 05/26 02:00
05/25 05:00 05/25 08:00 05/25 11:00 05/25 14:00 05/25 17:00 05/25 20:00 05/25 23:00 05/26 02:00 05/26 05:00
600 2000
Cy 17502
500 —— RL PCG: 4943 £

——- RLNCG:5144 15005

=

£

g (]
& 400 —— TLDS PCG: 483 |12504%
'-; R . ;
S 200 TLDS NCG: 2607 |10, 3
g S

750
E,' 200 5
L ls00 &
=
% 100 250 @
= Y
0 L D 0

05/25 02:00 05/25 05:00 05/25 08:00 05/25 11:00 05/25 14:00 05/2517:00 05/25 20:00 05/25 23:00 05/26 02:00

(©)

= 0.25
£ =
S E
Q 0.20
S 28
¥ £
g 015 E
) 5
=] ]
o 0108
£ =
G F
R 0.05 5
0.00

05/25 02:00 05/25 05:00 05/25 08:00 05/25 11:00 05/25 14:00 05/25 17:00 05/25 20:00 05/25 23:00 05/26 02:00
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are shown on the left axis, whereas that of Cy is shown on the right axis. The time

axis of observation is shifted and labeled at the upper axis.
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Figure 3-5: Similar to Figure 3-4, excepts it shows the tendency of hydrometeor

contents.
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Figure 3-6: Similar to Figure 3-4, excepts it shows the cumulative positive charge
attached on hydrometeors.
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Figure 3-7: Similar to Figure 3-4, excepts it shows the cumulative negative charge

attached on hydrometeors.
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Figure 3-8: Similar to Figure 3-4, excepts it shows the average space charge
density. Top: customized colorbar for positive charges; bottom: customized
colorbar for negative charges.
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Figure 3-9: Proportion of charges carried by hydrometeors in three types of flashes.
Left panels (a, c, e) are the limiting reagent of lighting: positive charges for PCG (a),
negative charges for NCG (c) and minor charges for IC (). Right panels (b, d, f) are
opposite-sign charges. Horizontal axis is the electric quantity of the limiting reagent

which determines the magnitude of neutralization.
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Figure 3-10: Frequency of effective channel radii under different insulating factor
scenario.
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Figure 3-11: Relation between effective channel radii and quantity of electric charge
inside channel. Shading denotes the CG counts. Contour denotes the IC counts with
values of 1, 10, 100, 1000.
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Table

Table 1: Notable option of the WRF model as used this study.

Simulation Period

20080524 187 ~ 20080525 18Z (24 hrs)

Domains setting

Domain 1 180 x180 (12 km) 30s
Domain 2 130 x 130 (4 km) 10s
Domain 3 196 x 160 (1.33 km) 3.33s
Vertical 50 layers; Pyp = 10 hPa
Physics Options

Cumulus Kain-Fritsch (D1 only)
PBL YSU

SW radiation New Goddard

LW radiation New Goddard

Surface layer MMS5 similarity

Land surface 5-layer thermal diffusion

Microphysics NSSL 2-moment 4-ice scheme
(steady background CCN)
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Appendix

Appendix Al: Composite reflectivity and three-dimensional view of the convective
cells.
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Figure Al: Composite reflectivity and three-dimensional view of convection cell. Left
panel: simulated hydrometeors with mixing ratio of 0.5g/kg. Blue: graupel; Salmon: cloud
drop; Green: rain drop; Red: cloud ice; Violet: snow; Brown: hail. Middle panel:
simulated S-band (10cm) composite reflectivity. Right panel: composite reflectivity by the
Central Weather Bureau radar system.
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Appendix A2: Spatial distribution of Simulated and Observed Flashes.
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Figure A2: Spatial distribution of Flashes. Left panel: simulated flashes by Cy method.
Middle panel: simulated IC by RL method; Right Panel: observed IC by TLDS.
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Appendix A3: Spatial distribution of simulated CG and three-dimensional view of space

charges.
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Figure A3: Spatial distribution of simulated CG and three-dimensional view of space
charge. Left panel: simulated space charge with concentration of 0.1nC/m°. Blue:
negative charges; Red: positive charges. Middle panel: simulated positive CG by RL
method. Right panel: simulated negative CG by RL method.
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