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Abstract

The impacts of aerosols on the charge distribution of hydrometeors and lightning flash density in a tropical cyclone
(TC) were investigated using a meteorological model coupled with an explicit lightning model. The meteorological
model successfully simulated the tripole structure of charge density distribution in a TC, as reported by previous studies.
The impacts of aerosols were investigated through a sensitivity experiment with changing the aerosol number
concentration. The tripole structure became unclear with increasing aerosol number concentrations. The positive charge
distribution located in the lower layer was not seen, and raindrops with negative charge distribution reached the surface.
As a result, the vertical structure of the charge density was dipolar in the polluted case. As the tripole structure shifted to
dipole, the magnitude of the electric field tended to be large, and the flash number was large. By contrast, in the pristine
case, the tripole structure was dominant, and the flash number was much smaller than in the polluted case.
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Introduction
Aerosols, tiny particles in the atmosphere emitted from
various sources such as forest fires, sea spray, agricultural
waste, and industrial pollution, affect the microphysical
properties of clouds by serving as the nuclei for cloud
particles in a process called aerosol–cloud interaction
(ACI; Twomey 1977; Albrecht 1989). As a result of ACI,
the size of cloud particles decreases with the increasing
number of aerosols, and the cloud albedo is increased
(Twomey 1977). As well as the large cloud albedo, the rain
formation is suppressed (Albrecht 1989) with increasing
aerosols. Due to the suppression of rain formation, the
timing of the precipitation and the precipitation amount
are also changed with increasing aerosols. These interest-
ing features have motivated a large number of scientists to
investigate the ACI.
The impact of ACI on convective clouds and cloud

systems has been investigated by several observational
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studies (e.g., Sherwood 2002; Lindsey and Fromm 2008;
Jiang et al. 2009). They reported that a greater number
of small ice particles are observed near the top of con-
vective clouds when the aerosol number is large.
In addition to observations, numerical simulations

have also been used to interpret observational results
and understand the effects of ACI. During the last three
decades, a number of studies have investigated the impacts
of ACI on convective clouds and cloud systems (e.g., Khain
and Sednev 1995; Takahashi and Kawano 1998; Khain et al.
2001; Takahashi and Shimura 2004; Tao et al. 2007; Khain
et al. 2008b; Iguchi et al. 2008; Tao et al. 2012). Based on
these previous studies, Rosenfeld et al. (2008) suggested
that convective clouds can be invigorated according to the
increase in aerosol number concentration.
These studies on the effects of aerosols on convective

clouds have expanded the interests of scientists to
include the effects of aerosols on cloud systems, for
example, tropical cyclones (TCs). Rosenfeld et al. (2007)
and Cotton et al. (2007) investigated the effects of aero-
sol on TCs using numerical simulations and reported
that the intensity of TCs is reduced with increasing aero-
sols, as reviewed in Rosenfeld et al. (2012). Based on
their report, the reason for the reduction in TC intensity
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is the modulation of the pressure gradient between the
center and outer rain band region of TC as a conse-
quence of suppressing precipitation via ACI over the
outer rain band region. In addition to TC intensity,
Khain et al. (2008a) suggested the effect of aerosols on
lightning activity in TCs through their two-dimensional
spectral bin microphysical model nested from a three-
dimensional meteorological model. They reported that
collisions between graupels and ice crystals tend to
occur frequently in clouds generated under conditions of
high aerosol number concentration. The frequent colli-
sions between graupels and ice crystals result in frequent
charge separation and lightning. However, they did not
consider the charge density of hydrometeors, even
though lightning occurs to neutralize the charge density.
Instead, they identified the lightning activity using up-
ward velocity, total ice content, and cloud water content,
which made it difficult to discuss the effect of aerosols
on the charge density in TCs.
Numerical simulation based on a meteorological

model with an explicit lightning model (hereafter
lightning model; e.g., Takahashi 1984; MacGorman et al.
2001; Mansell et al. 2005; Hayashi 2006) is a powerful
tool for investigating the impact of aerosols on the
charge density and lightning activity in cloud systems. In
the lightning model, the charge density of hydrometeors
is explicitly predicted, and the impacts of aerosols on the
charge density and lightning can be investigated expli-
citly. Shi et al. (2015) investigated the impact of aerosols
on the lightning frequency of isolated convective clouds
by two-dimensional model. Mansell and Ziegler (2013)
investigated the impact of aerosols on the lightning ac-
companying a squall line using a meteorological model.
However, it was difficult to conduct numerical simula-
tions coupled with the lightening model that covered the
entire area of the TC due to the large computational
costs. Recent advances in computational power enable
us to conduct numerical simulations of TCs coupled
with a lightning model (e.g., Fierro et al. 2007; Fierro
et al. 2013; Fierro et al. 2015). Fierro and Mansell (2017
and 2018) reported that lightning is more active in the
outer rain band than in the inner core region, which
supports the previous observational studies (e.g., Molinari
et al. 1999; Cecil and Zipser 2002; Cecil et al. 2002; Abarca
et al. 2011). They also reported that the vertical structure
of the charge density is a tripole (i.e., positive to negative
to positive from cloud bottom to cloud top). However, the
series of numerical simulations of TCs with a lightning
model have not yet investigated the effect of aerosols on
the vertical structure of the charge density and the
lightning frequency in TCs.
TCs form over the tropical ocean, where the aerosol

number concentration is small, and move to mid-
latitude region with large amount of aerosol during their
lifecycle. This implies that TC is affected by the aerosol
during their lifecycle. The recent observational studies
indicated the relationship between the lightning fre-
quency and the lifecycle of TCs (e.g., Price et al. 2009;
DeMaria et al. 2012). Some of them imply that the
lightning frequency can be used as an index of the pre-
diction of the TC’s intensity (Price et al. 2009). However,
these studies did not discuss the effect of aerosols on the
lightning frequency. Thus, it is required to investigate
the impact of the aerosol on the lightning, if the
lightning is used for the index of the prediction.
We aimed to investigate the effect of aerosols on the

vertical structure of charge density and lightning fre-
quency in a TC using a meteorological model coupled
with a lightning model. To achieve this goal, we devel-
oped a new lightning model based on previous studies
and implemented it in a meteorological model. Numer-
ical simulations were conducted with different aerosol
number concentrations, and the results were analyzed to
reveal the effect of aerosols.

Methods
Model description and development of the lightning
model
The meteorological model used in this study was the
Scalable Computing for Advanced Library and Environ-
ment (SCALE; Nishizawa et al. 2015; Sato et al. 2015)
library version 5.0.0 We developed a new lightning
model and implemented it in SCALE in this study.
The prognostic variables for the lightning model were

charge densities of hydrometeors, as in previous studies
(Takahashi 1978; Mansell et al. 2005; Barthe et al. 2005;
Barthe et al. 2012; Fierro et al. 2013). The charge density
was treated as a tracer. The lightning model was adopted
for all microphysical schemes in SCALE, which is a
unique feature of the lightning model implemented in
SCALE. The hydrometeors were expressed by the various
methods in SCALE according to the cloud microphysical
schemes. SCALE has three types of microphysical schemes
that consider ice particles: a one-moment bulk scheme
(Tomita 2008), a two-moment bulk scheme (Seiki and
Nakajima 2014), and a one-moment spectral bin scheme
(Suzuki et al. 2010). The former two schemes predict
hydrometeors based on five categories (cloud, rain, ice,
snow, and graupel), while the third scheme predicts the
size distribution function (SDF) of seven categories of
hydrometeors (cloud, plate-like ice, columnar ice, dendrite
ice, snow, graupel, and hail). The charge density of each of
the five categories is predicted in the former two schemes,
while that of each size category is predicted in the third
scheme.
The lightning model is composed of three procedures:

charge separation, calculation of the electric field (E),
and neutralization (discharge) of charge density. For the



Fig. 1 Look-up table for the charge density of graupel with one
collision, used for the charge separation process in SCALE. The data
originated from Figure 8 of Takahashi (1978)
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charge separation, we considered non-inductive charge
separation, which is assumed to occur with the rebound
of snow/ice particles after the collision with graupel par-
ticles, as in previous modeling studies (Takahashi 1978;
Mansell et al. 2005). In addition to non-inductive charge
separation, inductive charge separation (Ziegler et al.
1991) is often considered by other models. However,
inductive charge separation was ignored in this study,
because the contribution of inductive charge separation
to the total charge density is much smaller than that of
non-inductive charge separation (Mansell et al. 2005;
Mansell et al. 2010).
The charge density of graupel (ρe,g) and ice/snow (ρe,i,

ρe,s) obtained by the rebound after the collision in each
time step was calculated based on the stochastic coales-
cence equation (cf. Pruppacher and Klett 2010) in the
three microphysical schemes as:

dρe;g
dt

¼ βδρ0
Z ∞

0

Z r2

0
ng r1ð Þni;s r2ð Þπ r1 þ r2ð Þ

� Vg r1ð Þ−V i;s r1ð Þ�� ��Ecoll 1−Ecoalð Þdr1dr2; ð1Þ
dρe;i=s
dt

¼ −
dρe;g
dt

; ð2Þ

where r1, r2, ng, ni,s, Vg, Vi,s, Ecoll, and Ecoal are the radius
of graupel, radius of ice/snow, number concentration of
graupel, number concentration of ice/snow, terminal vel-
ocity of graupel, terminal velocity of ice/snow, collision
efficiency, and coalescence efficiency, respectively. δρ’,
defined as:

δρ’ ¼ αδρ; ð3Þ
is the charge density separated by one collision and re-

bound, and α is given as

α ¼ 5:0 r2=r0ð Þ2Vg=V 0; ð4Þ
based on Takahashi (1984), where Vg is graupel terminal
velocity, and V0 and r0 are 8 m s−1 and 50 μm, respect-
ively. δρ is obtained from a look-up table (LUT) from
Takahashi (1978), as shown in Fig. 1. β is 1, 1 − [(T +
30)/13]2, and 0 for temperature (T) warmer than − 30 °C,
between − 43 and − 30 °C, and colder than − 43 °C, re-
spectively, based on Mansell et al. (2005). To avoid an
unrealistically large charge density, α is not permitted to
be larger than 10, based on Takahashi (1984).
The electric field (E) is calculated by solving the Pois-

son equation as:

∇2ϕ ¼ −
ρe x; y; zð Þ

ε
; ð5Þ

E ¼ −∇ϕ; ð6Þ
where ϕ and ε are electrical potential and atmospheric
permittivity, respectively, and ρe(x,y,z) is the charge
density of each grid, which is the sum of the charge
density of each hydrometeor in each grid. The calcula-
tion of Eq. (5) requires a large computational cost, as
shown in Table 1, and a fast Poisson solver is necessary.
In this study, the bi-conjugate gradient stabilized (Bi-
CGSTAB) method (van der Vorst 1992), which was ori-
ginally implemented in SCALE, was used to solve
Eq. (5).
To calculate the charge neutralization, two schemes

(MacGorman et al. 2001; Fierro et al. 2013) were imple-
mented into SCALE. Both schemes neutralize the charge
density when the electric field exceeds a threshold value
(Eint). The initial point of electric discharge is deter-
mined randomly among the grids in which |E| exceeds
the Eint. By the scheme of MacGorman et al. (2001), the
path of the lightning is explicitly calculated, and the
discharge occurs along the path. By contrast, in the
scheme of Fierro et al. (2013), the discharge occurs
within vertical cylinders with a radius of rcylinder around
the initial point. The details of both schemes are de-
scribed in the literature.

Experimental setup
The experimental setup of this study targeted on an ide-
alized TC, and it followed almost the same setup as a
previous study targeting an idealized TC (Miyamoto and
Takemi 2013), which was based on Rotunno and Emanuel
(1987). The differences in this setup are the grid reso-
lution, the lateral boundary, and the domain size. The
calculation domain covered 3040 × 2960 km2 with 5 km
horizontal grid spacing and a doubly periodic lateral
boundary. The number of vertical layers was 40, and the
layer thickness was gradually stretched from 200 to 1040



Table 1 Summary of elapsed time. Elapsed time of each process related to the lightning model during calculation of the last 12 h
in the control simulation

Process Calculation of the electrical field Neutralization Other cloud microphysics (including charge separation)

Elapsed time [s] 23,979 7.18 4768
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m at the model top (21 km). Rayleigh damping was
adopted for 3 km from the model top. SCLAE has three
microphysical schemes, the one-moment bulk, the two-
moment bulk, and the spectral bin scheme. The two-
moment bulk microphysical scheme (Seiki and Nakajima
2014) was used for this study. A Mellor–Yamada-type
turbulence scheme (Nakanishi and Niino 2006) was used.
The neutralization scheme of Fierro et al. (2013), where
Eint is 110 kVm−1 and rcylinder is 15 km, was used in this
study.
Horizontally homogeneous atmosphere with no wind,

as shown in Fig. 2, was assumed for initial condition. To
trigger TC’s rotation, an axisymmetric vortex based on
Rotunno and Emanuel (1987) was added at the center of
calculation domain. The maximum wind speed of the
vortex was 20 m s−1 with a radius of 120 km, and the
outermost radius of the vortex was 750 km. The Coriolis
force was added as the f-plane assumption with constant
Coriolis parameter f as 5 × 10−5 s−1. The surface sensible
and latent heat flux were calculated by a bulk scheme
(Uno et al. 1995) assuming a constant sea surface
temperature of 300 K, and surface pressure was set as
1000 hPa. To save on the required computational re-
sources, the calculation without the lightning model was
conducted for 192 h. During the 192 h, the idealized TC
achieved quasi-steady state. After 192 h, calculations
coupled with lightning model were conducted for 48 h.
Based on sensitivity experiments for the spin-up time,
Fig. 2 The initial profiles of a temperature, b vapor mixing ratio, and c tota
used in this study
we only analyzed the results of the last 36 h to avoid
artificial effects during spin-up.
To investigate the impact of aerosols on the charge

density of the TC, we conducted sensitivity experiments
for aerosols by running a parameter sweep of the aerosol
number concentration. In the double-moment bulk
scheme, the number concentration of cloud condensa-
tion nuclei (CCN; Nccn) is predicted by the following
equation (Twomey 1959):

Nccn ¼ N0s
k ; ð7Þ

where s is the supersaturation with unit of % diagnosed
from prognostic variable of SCALE (specific humidity,
total density, and potential temperature), N0 is the num-
ber concentration of CCN when s is 1%, and k (= 0.462)
is a constant. The N0 was set as constant value during
the whole time of the simulation, and it was changed as
10, 50, 100, 500, and 1000 cm−3 to investigate the effect
of aerosol. Based on the literature (e.g., Table 9.1 of
Pruppacher and Klett 2010), the range of N0 over the
ocean, where most TCs are generated, was from 25 to
400 cm−3. We henceforth called the simulation with
N0 = 100 cm−3, which is the geometric mean of 25 cm−3

and 400 cm−3, the control simulation. N0 = 500 cm−3 and
1000 cm−3 correspond to polluted conditions over the
continent, and N0 = 10 cm−3 and 50 cm−3 correspond to
conditions over pristine ocean.
l density, which is defined as summation of density of air and vapor,
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Results and discussion
Control simulation
To validate the newly developed lightning model, we
first checked the temporal evolution of maximum wind
velocity, the vertical distribution of hydrometeors, and
the charge density over the height (z)–radius (R) plane.
Figure 3 shows the time series of the maximum wind

velocity at the height of 1 km for the simulation without
the lightning model (up to 192 h). The maximum wind
velocity remained at about 25 m s−1 until 60 h from the
initial time of the simulation. It began to increase after
70 h, then rapidly increased from time of 70 to 100 h
(called rapid intensification; RI). After the RI, the max-
imum velocity gradually increased and reached steady
state (after time of 160 h). This temporal evolution was
similar to that simulated by previous studies (Miyamoto
and Takemi 2013), except that the maximum velocity at
steady state was about 10 m s−1 weaker than that of the
previous study. This weak velocity originated from the
coarser grid spacing of this study (5 km) compared with
that of the previous studies (2 km). Even though the
maximum wind was weak, the basic characteristics of
the TC lifecycle were reasonably reproduced.
The vertical structure of hydrometeors over the z–R

plane, averaged during the last 12 h of the simulation, is
shown in Fig. 4a. Eyewall clouds, which are mainly com-
posed of graupel, snow, ice, and liquid water (i.e., cloud
droplets and raindrops), are clearly seen within R smaller
than 60 km and lower than 14 km. Above the height of
14 km, ice particles and snowflakes extend to the outer
region (R > 60 km) as anvil cloud. These characteristics
are typically seen in the simulation of TCs (e.g., Franklin
et al. 2005). The large mixing ratio of hydrometeors
Fig. 3 Temporal evolution of maximum wind velocity at z = 1 km
(qhyd: sum of the mixing ratio of the five categories, i.e.,
cloud, rain, ice, snow, and graupel) below 6 km, where
the temperature was warmer than 0 °C, indicates that
warm rain processes, which do not include frozen hy-
drometeors, are dominant in eyewall clouds, as reported
by a previous study of a TC (Fierro and Mansell 2017).
These results demonstrate that SCALE successfully
reproduced the TC simulated by previous studies.
The vertical distribution of the charge density is shown

in Fig. 4b. Near the center of the TC (R < 50 km), the
charge density varied from positive to negative to posi-
tive from the model bottom to top, which is quantita-
tively consistent with the reports of observational studies
(e.g., Jacobson and Krider 1976; Krehbiel et al. 1979;
Brook et al. 1982) and modeling studies targeting iso-
lated convective clouds (MacGorman et al. 2001), squall
line systems (Mansell et al. 2005; Mansell and Ziegler
2013), and TC (Fierro et al. 2007; Fierro et al. 2013).
Thus, the structure of the charge density in TCs was
reasonably reproduced by the lightning model imple-
mented in SCALE.
The negative charge density between the height of 7

and 12 km is mainly composed of negatively charged
graupel and snow/ice (dash-dotted green and orange
lines, respectively, in Fig. 4b). The positive charge dens-
ity within the height above12 km originates from posi-
tively charged ice and snow particles (solid orange line
in Fig. 4b). The positive charge density within the height
below 7 km is composed of positively charged graupel
and raindrops obtained from melting graupel (solid
green and black lines in Fig. 4b).
To examine the reason for the polarity of graupel,

snow, and ice at each height, the charge separation for
each time step simulated in the model and temporal
evolution of charge density over z–R plane (Fig. 5) are
useful. Around the height of 7 km, the temperature is
warmer than − 10 °C. Under this condition, graupel is
positively charged (Fig. 5a), and ice and snow are there-
fore negatively charged (Fig. 5b) based on the LUT
shown in Fig. 1. Due to the positively charge separation
for graupels, graupels are positively charged at this
height during whole time of the simulation (Fig. 5d).
The positively charged graupel falls down due to its
greater density compared to ice and snow. The graupel
and raindrops generated by melting graupel make up the
positive charge density within the height below 7 km in
the inner core region (solid black contour line in Figs. 4b
and 5e). By contrast, the negatively charged snow and
ice are carried upward by the upward velocity of the eye-
wall region and are distributed between the height of 6
and 11 km (Fig. 5c).
Around the height of 11 km, in contrast to the height

of 7 km, graupel is negatively charged (Fig. 5a), and ice
and snow are positively charged (Fig. 5b) because the



Fig. 4 Number concentration of a sum of cloud water and rain water (black solid contour line), sum of ice and snow (orange contour line),
graupel (black dot-dashed contour line), and total hydrometeor qhyd (shaded area); and b charge density of graupel (green contour line), sum of
ice and snow (orange line), and cloud and rain (black contour line), and the total charge density over the z–R plane (shaded area). The variables
were tangentially averaged during the last 12 h of the simulation. Solid and dash-dotted contours in b show positive and negative charge
densities, respectively, and contour lines in a and b show 0.05, 1, 3, and 5 g kg−1 and 0.01, 0.1, and 0.3 nC m−3, respectively. The dotted line in b
indicates temperature (°C)

Fig. 5 a, b Charge density rate added to a graupel and b ice and snow by non-inductive charge separation over the z–R plane, tangentially
averaged during the last 12 h of the simulation. c, d Temporal evolution of charge density of c ice and snow and d graupel and rain tangentially
averaged over 20 km < R < 80 km, and e, f temporal evolution of charge density of graupel and rain tangentially averaged over e 20 km < R < 40
km and f 50 km < R < 80 km. The white dotted area in d–f indicated the charge density of raindrops. The dotted line indicates temperature (°C)
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Fig. 6 Temporal evolution of maximum wind velocity at z = 1 km as
150 min (min) moving averaged value with N0 = 10 cm−3 (green),
N0 = 100 cm− 3 (red), and N0 = 1000 cm− 3 (blue)
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temperature at this layer is included in the blue shaded
area of the LUT (Fig. 1). The positively charged snow
and ice are carried upward and create positively charged
anvil clouds above the height of 10 km (Figs. 4b and 5c).
Some of the negatively charged graupel falls down, while
the rest is elevated by the upward velocity and distrib-
uted between the height of 9 and 16 km (Fig. 5d).
The relationships between charge density and hydro-

meteor type described above support the report of Fierro
et al. (2007), which simulated a TC using a meteoro-
logical model coupled with a lightning model.
In addition to the tripole structure in the inner core

region, we note the negative charge density originating
from negatively charged raindrops (dash-dotted black
line in Fig. 4b) seen between the radius range of 50 and
80 km. The negatively charged raindrops are generated
from the melting of negatively charged graupels, and the
polarity exhibits a dipole structure from bottom to upper
layer. The graupels originally obtain negative charge
density above the height of 10 km. The graupels are
transported outside of the TC by the centrifugal force
with falling to lower layer. As a result of the transport by
the centrifugal force, the graupels are outside of eyewall
region (i.e., between the radius range of 50 and 80 km),
when they fall to the height of 0 °C (Fig. 5f).
The tripole pattern near the center and dipole pattern

outside the center are similar to the schematic illustra-
tion of the vertical structure of charge density and
hydrometeors of a squall line system derived from the
videosonde observation in Figure 7 of Takahashi and
Keenan (2004).
Effect of aerosols on hydrometeors and charge density
structure in a TC
The successful simulation of the vertical structures of
qhyd and charge density of the TC encouraged us to
investigate the impact of aerosols on these structures.
Figure 6 shows maximum wind velocity at the height
level of 1 km with N0 of 10 cm−3, 100 cm−3 (control
simulation), and 1000 cm−3 without the lightning model.
The impact of aerosols on the strength of the TC is
weak. This result is contrary to the reports of previous
studies (e.g., Rosenfeld et al. 2012; Khain et al. 2008a),
which suggested that a TC is weakened with increasing
aerosol number concentrations. This inconsistency is
explained by the difference in the structure of the TC in
the previous studies compared to that in the present
study. Based on the previous reports, an increase in
aerosols suppresses precipitation in the outer rain band
region and reduces the pressure gradient between the
outer rain band region and center of the TC through the
cold-pool dynamics and feedback. The change in pres-
sure gradient weakens the TC. For the TC simulated in
this study, the outer rain band was not clear, and the
cold-pool dynamics and feedback missed.
Figures 4a, 7a, and 8a show the vertical distributions

of the cloud water mixing ratio and cloud number con-
centration with N0 of 10 cm

−3, 100 cm−3, and 1000 cm−3.
In the inner core region, the qhyd below the melting level
(z = 6 km), mainly composed of liquid water particles,
became large at N0 of 10 cm−3. The qhyd decreased as
the aerosol number concentration increased. By contrast,
the qhyd above the melting level, which corresponds to
mixed-phase clouds, became large as the aerosol concen-
tration increased. The results can be interpreted using
the cloud invigoration hypothesis, suggested by Rosenfeld
et al. (2008) as follows.
In the pristine condition (when N0 is 10 cm−3), size of

hydrometeors around the cloud base tend to be larger
than the control case, as demonstrated by the smaller
number concentration of cloud droplets compared to
the control case (solid black contour line, Fig. 7a). The
large cloud droplets easily coalesce into large raindrops
and rain out before reaching the melting level. As a re-
sult, the warm rain process dominates. The dominant
warm rain process reduces the qhyd above the melting
level in the pristine condition.
By contrast, in the polluted condition (when N0 is

1000 cm−3), the size of cloud droplets is smaller due to
ACI, as demonstrated by the large number concentra-
tion of cloud droplets compared to the control case
(solid black contour line, Fig. 8a). In this case, the
coalescence is suppressed around the height of 7 km,



Fig. 7 a Number concentrations of water (black solid contour line; unit: cm−3), ice and snow (orange contour line; unit: L−1), and graupel (black
dot-dashed line; unit: L−1), and qhyd (shaded area). b Charge density of hydrometeors (shaded area), cloud and rain (black contour line), ice and
snow (orange contour line), and graupel (green contour line). c Charge density rate added to graupel by non-inductive charge separation over
the z–R plane simulated and d temporal evolution of the charge density of graupel tangentially averaged over 20 km < R < 80 km with N0 = 10
cm− 3. The white dotted area in d indicated the charge density of raindrops. The dotted line in b–d indicates temperature (°C). Solid and dash-
dotted contours in b show positive and negative charge charge densities, respectively. The contour lines in b show 0.01, 0.1, and 0.3 nC m−3,
respectively. The variables were tangentially averaged during the last 12 h of the simulation
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and rain generation is prohibited. As a result of the pro-
hibition on raindrop formation, cloud droplets remain
small and are easily carried above the melting level by
the updraft in the eyewall region. In this case, ice-phase
cloud particles become larger, as demonstrated by the
large qhyd around the height of 11 km (Fig. 8a).
These impacts of aerosols on cloud structure largely

affect the structure of charge density, as shown in Figs.
4b, 7b, and 8b. Under the pristine condition (when N0 is
10 cm−3; Fig. 7b), the positively charged anvil, which is
simulated within the height above 12 km in the control
case (Fig. 4b), is more obscure than in the control simu-
lation (Fig. 7b). Additionally, the positive charge density
composed of positively charged graupel and raindrops
below the height of 8 km is clearer than in the control
case (Fig. 7b, d). In contrast to the pristine condition,
the negative charge density is distributed from the
surface up to about the height of 10 km, and the tripole
structure is not seen under the polluted condition (when
N0 is 1000 cm

−3; Fig. 8b).
The reason for the dependence of the charge density

on aerosols can be examined from the distribution of
the charge separation rate of graupel, as shown in Fig. 8c.
The ice and snow particles are given the same charge
density, as shown in Figs. 5b, 7c, and 8c, but opposite
polarities.



Fig. 8 a Number concentrations of water (black solid contour line; unit: cm−3), ice and snow (orange contour line; unit: L−1), and graupel (black
dot-dashed line; unit: L−1), and qhyd (shaded area). b Charge density of hydrometeors (shaded area), cloud and rain (black contour line), ice and
snow (orange contour line), and graupel (green contour line). c Charge density rate added to graupel by non-inductive charge separation over
the z–R plane simulated and d temporal evolution of the charge density of graupel tangentially averaged over 20 km < R < 80 km with N0 =
1000 cm− 3. The white dotted area in d indicated the charge density of raindrops. The dotted line in b–d indicates temperature (°C). Solid and
dash-dotted contours in b show positive and negative charge charge densities, respectively. The contour lines in b show 0.01, 0.1, and 0.3 nC
m−3, respectively. The variables were tangentially averaged during the last 12 h of the simulation
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The non-inductive charge separation around the
height of 7 km, by which graupel is positively charged, is
clearly seen under the pristine condition (Fig. 7c). It
gradually becomes unclear with increasing aerosol con-
centrations, and it is not seen under the polluted condi-
tion (when N0 is 1000 cm−3; Fig. 8c). In the pristine
condition, the size of graupel generated around the
height of 7 km is larger than in the control simulation
due to ACI. In this case, the collision of graupel with ice
and snow easily occurs. Therefore, the non-inductive
charge separation rate is larger (Fig. 7c). The large
charge separation results in the large positive charge
density around the height of 7 km (Fig. 7b, d). In this
case, the large-sized positively charged graupel easily
falls down and melts into raindrops, resulting in the
widely distributed positive charge density below about 8
km height (Fig. 7b, d). The negatively charged ice and
snow generated by the collision with the graupel in this
layer are not easily carried to the anvil layer due to the
large size; therefore, the positively charged anvil is more
obscure under the pristine condition (Fig. 7b) than in
the control simulation (Fig. 4b), although the tripole
structure is weakly seen.
By contrast, under the polluted condition, the non-

inductive charge separation around the height of 7 km
is not clear (Fig. 8c). The unclear charge separation
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also originates from ACI described as follows. The size
of the graupel is smaller than in the control case due
to ACI, and the collision of graupel with ice/snow at
the height of 7 km is prohibited. This prohibition re-
sults in the small amount of non-inductive charge sep-
aration in the polluted case (Fig. 8c). Alternatively, the
collision of graupel and ice/snow frequently occurs at
the height around 11 km because the graupel gradually
becomes large while rising up to the height of 11 km,
and graupel is negatively charged in this layer (Fig. 8b,
d). The frequent collisions induce the large non-
inductive charge separation around the height of 11
km. The negatively charged graupel originating from
the charge separation falls down and melts into nega-
tively charged raindrops (Fig. 8d). This results in the
negative charge density from the surface to about the
height of 12 km. As a result of the processes shown
above, the dipole structure of the charge density is
seen in the polluted case.
In summary, the impact of aerosols is clear in the layer

in which non-inductive charge separation mainly occurs.
Due to the aerosol effect, the charge separation, which oc-
curs about the height of 7 km, is not clear in the polluted
condition. The tripole structure becomes obscure, and the
dipole structure is seen in the polluted condition.

Effect of aerosols on the number of lightning flashes in a
TC
The large impact of aerosols on the charge density re-
sulted in a large dependence of the number of flashes on
the aerosol concentration, as shown in Fig. 9. The flash
number is defined as the number that the neutralization
Fig. 9 Total number of lightning flashes accumulated during the last
36 h of the simulation with a parameter sweep of N0
scheme is called, and it cannot be compared with the
observed flash number. However, we can discuss the
relative difference of the flash number. The flash num-
ber in pristine and control simulations was mostly the
same regardless of the aerosol number concentration.
Under the polluted condition (i.e., when N0 is larger
than 500 cm−3), the flash number was much larger than
under the pristine condition. The dependence of the
flash number on the aerosol number concentration orig-
inates from the vertical structure of the charge density.
As described in the previous section, the tripole struc-
ture is seen in the control simulation and the pristine
condition. The tripole structure in pristine condition is
not clear with tangentially and temporally averaged
charge density (Fig. 7b), but tripole structure is clearly
seen in snapshot. By contrast, the vertical structure of
charge density is a dipole in the polluted condition. The
dipole structure tends to create a large |E| magnitude
because E is calculated as the gradient of the Laplacian
of the charge density (Eqs. (5) and (6)). The large |E| in
the polluted condition results in frequent occurrences of
|E| larger than Eint. As a result of the large |E|, the flash
number under the polluted condition is much larger
than that under the pristine condition. The dipole struc-
ture is clear when N0 is larger than 500 cm−3; therefore,
the flash number becomes large when N0 is larger than
500 cm−3.
These dependencies of the lightning frequency in TC

inner core upon aerosols should be compared with the
observation, but the dependency has not been observed
due to the difficulty to isolate the aerosol effects from
the observation. However, in view of the effect of the
aerosol on the lightning, the contrast of lightning fre-
quency over the ocean and the continent for convective
clouds in tropical region gives some hints to imply the
effect of aerosol on lightning with TCs. Over the contin-
ent, aerosol number concentration is larger than that
over the ocean. Satellite observation using Tropical
Rainfall Measuring Mission (TRMM) Lightning Imaging
Sensor (LIS) data (Zipser et al. 2006) and using TRMM
LIS and Optical Transient Detector (OTD) (Albrecht
et al. 2016) reported the larger frequency of the flush
over the continent than the ocean. In addition, an obser-
vational study reported the possibility of the positive
correlation between the aerosol optical depth and flush
number (Yuan et al. 2011). As well as these studies, the
dependency of the aerosols on the lightning density
simulated in this study is qualitatively similar to the re-
sults of the satellite observation using TRMM LIS data
(Liu et al. 2012; Stolz et al. 2015). They conducted the
statistical analyses using 9-year data of TRMM LIS
measurement and reported that the total lightning dens-
ity is larger with the larger aerosol number concentra-
tion. To understand the relationship between our results
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and the results of the satellite observation, we need to
make a detailed comparison between modeling results
and observation from satellite in the future.
Conclusions
In this study, the effects of aerosols on the charge distri-
bution and number of lightning flashes in a TC were
investigated by developing a lightning model and imple-
menting it in SCALE. The lightning model predicts the
charge density of the hydrometeors in each grid and
considers the non-inductive charge separation (Takahashi
1978), the calculation of the electric field (solving the Pois-
son equation), and the charge neutralization (MacGorman
et al. 2001; Fierro et al. 2013). Using SCALE coupled with
the lightning model, the effect of aerosols on the charge
distribution of a TC was simulated. The simulation results
revealed that the effect of aerosols on the strength of the
TC is small, but their impact on the charge distribution
and number of flashes in the TC is large. In the pristine
and moderate (control) conditions, the tripole structure,
which has been reported by a number of previous studies,
is clearly seen. By contrast, in the polluted condition, the
positive charge density near the melting level (z = 6–8 km)
is obscure, and the vertical structure of the charge distri-
bution is a dipole. The dipole structure originates from
the suppression of non-inductive charge separation
around the height of 7 km as a result of the suppression of
the collisions between graupel and ice/snow. The flash
number becomes large when the dipole structure occurs,
that is, under the polluted condition.
In this study, we focused on the charge distribution

and number of lightning flashes in an idealized TC
simulation. Based on the relationship between the
growth process of hydrometeors and charge density, the
dipole stricture and large flash number that occur with
large aerosol concentrations are possible in other types
of cloud systems. A previous modeling study showed a
dipole structure and large flash number under polluted
conditions for squall line systems (Mansell and Ziegler
2013). To completely validate the dipole structure and
understand the effect of aerosols on lightning frequency,
a comparison between model-simulated and observed
charge densities is necessary in the future.
We investigated the impact of aerosols on charge

distribution and lightning in an idealized TC with no
rain band in this study. Due to the unclear rain band,
the impact of aerosols on the TC intensity and lightning
over the outer rain band was small. Thus, we focused on
the impact of aerosols on the inner core in this study.
To obtain general knowledge of the impact of aerosols
on TCs, we must conduct numerical simulations for
TCs with rain bands and real TCs by nesting simulation
in the future.
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