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Abstract: We explored the role of the water vapor content below the freezing level in the response
of idealized supercell storm electrical processes to increased concentrations of cloud condensation
nuclei (CCN). Using the Weather Research and Forecasting model coupled with parameterizations
electrification and discharging, we performed 30 simulations by varying both the CCN concentration
and water vapor content below the freezing level. The sensitivity simulations showed a distinct
response to increased concentrations of CCN, depending on the water vapor content below the
freezing level. Enhancing CCN concentrations increased electrification processes of thunderstorms
and produced a new negative charge region above the main positive charge center when there were
ample amounts of water vapor below the freezing level. Conversely, there were weak effects on
electrification and the charge structure in numerical experiments initialized with lower water vapor
content below the freezing level.
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1. Introduction

Previous simulation studies on the effect of aerosol particles on thunderstorm electrification [1–3]
have shown that increasing the aerosol concentration leads to the formation of numerous small droplets.
These small droplets suppress the collision-coalescence processes and the formation of raindrops. They
are then transported above the freezing level, where they enhance the development of ice particles.
More ice particles participate in the electrification process under polluted conditions, resulting in
an enhancement of this process. Observational studies [4–9] have indicated that anthropogenic
aerosol particles produced from metropolitan regions, highways, and factories increase the intensity
of thunderstorms, and the density and frequency of lightning. The emission of smoke from forest
fires also has a marked impact on the electric processes of thunderstorms, leading to an increase in
lightning activity around and downwind of forest regions, an increase in the percentage of positive
cloud-to-ground lighting flashes, and a reduction in the percentage of negative cloud-to-ground
lighting flashes [10–13].
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Aerosol particles influence the electrification processes in thunderstorms by influencing liquid
water and ice-phase particles. However, the effect of aerosol particles on the microphysical
processes and precipitation of convective clouds is different under different environmental conditions.
Saleeby et al. [14–16] investigated winter snowfall events over the Park Range of Colorado using
Colorado State University’s Regional Atmospheric Modeling System. Their results showed that an
increase in aerosol particles leads to a reduction in the size of cloud droplets and an increase in the
concentration of droplets, although the total amount of precipitation was not changed. Tao et al. [17]
showed that the effects of aerosols on convective systems, including their microphysical processes and
precipitation, changed under different environmental conditions, by discussing a case of sea breeze
convection, a tropical mesoscale convective system, and a mid-latitude squall line. Relative humidity
plays a crucial part in the effect of aerosol particles on clouds [18].

Under conditions of low relative humidity, aerosol particles have little impact on the microphysical
processes of clouds and the amount of precipitation, whereas they have an obvious impact on clouds
under conditions of high relative humidity. Stevens and Feingold [19] showed that clouds can be
interpreted as a buffered system in which significant changes in aerosol concentration have little
effect on surface precipitation as a result of the complicated dynamic and microphysical processes
in clouds. Saleeby et al. [16] showed that the influence of aerosol particles on convective clouds is
important under the conditions of high relative humidity and large riming growth, whereas it is
unremarkable when the amount of supercooled water is low. To investigate the aerosol effect on clouds
under different conditions of low-level water vapor, Carrió and Cotton [20] showed that an increase
in aerosol particles increases the content of supercooled water and enhances the growth of riming
and ice-phase precipitation under conditions with a high amount of low-level moisture. Increasing
aerosol concentration had little impact on microphysical processes and ice-phase precipitation under
conditions of a low amount of low-level moisture.

As the concentration of aerosol particles increases, the amount of supercooled water and ice-phase
particles may also increase, leading to more ice-phase particles participating in the electrification
process and enhancing the intensity of lighting activity during thunderstorms. Under conditions
of a high moisture content and obvious riming growth, aerosol particles affect the microphysical
processes of the cloud, but show little effect at low moisture content. The purpose of our study is to
investigate how the effect of aerosol particles on thunderstorm electrification processes is sensitive to
changes in environmental conditions, such as the amount of water vapor. The effect of aerosol particles
on electrical activity may be different under different water vapor conditions, because the electrical
activity is mainly influenced by ice-phase microphysical processes. To discuss the effect of aerosols
on the electrification of thunderstorms at different water vapor content, the Weather Research and
Forecasting (WRF) model, coupled with electrification and discharge parameterizations, was used to
simulate electrification for different amounts of water vapor below the freezing level and different
concentrations of initial cloud condensation nuclei (CCN).

2. Brief Description of the Model

There is a general consensus that the main electrification mechanism in thunderstorm is
non-inductive. Non-inductive electrification and a simple discharge scheme are coupled in the
Morrison two-moment bulk mixed-phase microphysics scheme [21,22] of the WRF (v 3.4.1) model
for discussing the effects of vapor condition under the freezing level and different initial CCN
concentrations on the electrical development of thunderstorm.

The Morrison microphysics scheme forecasts the mixing ratios and the concentration of cloud
droplets, raindrops, ice crystals, snow particles, and graupel particles. Detailed microphysical processes
are considered in the Morrison scheme, such as condensation and auto-conversion of cloud droplets;
sublimation, deposition, and accretion of ice crystals; and ice multiplication, heterogeneous, and
homogeneous freezing of raindrops and cloud droplets.
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Non-inductive electrification is considered in this paper, resulting from rebounding collisions
between large and small ice particles. The charge separation rate between large and small ice particles
is [23]:

∂ρ

∂t
= β∆Q

(
1− Exy

)
Exy
−1 (nxacy

)
(1)

where ∆Q is the mean rebounding collision charge separation amount, Exy is the collection efficiency,
nxacy is the collection rate between large and small ice particles, and β is the limited coefficient for
charge separation rate.

The mean rebounding collision charge separation amount in SP98 scheme is:

∆Q = BdaVbδq± (2)

where B, a, and b are constants [23]; V is the relative fall speed; and d is the diameter of ice crystal or
snow particle. The charge amount and polarity of a graupel particle (δq) are a function of the rime
accretion rate RAR and the critical rime accretion rate RARC, if RAR > RARC, then the graupel are
negatively charged, and vice versa.

The electric potential Φ is computed through solving the Poisson equation:

∇2Φ = −ρ

ε
(3)

The electric permittivity ε is constant (8.859 × 10−12 N−1·m−2·C2); ρ is the charge density at
the grid point. The electric field E is solved through calculating the electric potential negative
difference [24]:

E = −∇Φ (4)

Further details of the microphysical, electrification, and discharge processes in this model have
been discussed by Zhao et al. [3].

3. Experimental Design

This study conducted idealized three-dimensional (3D) simulations of thunderstorm clouds.
The simulation domain was 160 km × 80 km × 20 km, with a horizontal resolution of 0.5 km and
41 vertical levels. The total simulation time was 60 min and the time step was 2 s. The initial
thermodynamic sounding profile (Figure 1) was based on that of Weisman and Klemp [25] and was
used to trigger an ideal continental thunderstorm, which was used as the baseline sounding. A very
typical supercell thunderstorm can be simulated by using this thermodynamic sounding profile.
Therefore many previous studies [23,26–30] discussed the cloud microphysics, precipitation, and
electrical activities of an ideal continental thunderstorm by using the thermodynamic sounding profile
used in our paper. These studies prove that the macro- and micro-physical structure and electrical
characteristics of a typical continental thunderstorm can be simulated by using this thermodynamic
sounding profile. To explore sensitivity tests under different water vapor conditions and initial CCN
concentrations, these parameters were varied simultaneously. In this study, we assumed that the
aerosol particles consist of ammonium sulfate with 100% solubility, and serve as CCN to influence the
microphysical and electrical processes of a thunderstorm. The concentration of CCN exponentially
decreases with height.

Thirty numerical experiments were conducted by varying the water vapor conditions and CCN
concentrations. Figure 2 illustrates the sensitivity experiments conducted in this study. The initial
CCN concentration was changed from 300 to 1500 cm–3 at 300 cm–3 intervals to represent changes
in the concentration of aerosol particles. The sounding profile of Weisman and Klemp [25] was used
to change the vapor mixing ratio (qv) below the freezing level to represent the variation in the water
vapor conditions [20]. The water vapor mixing ratio was decreased to 85% in intervals of 3% with
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respect to the baseline sounding (without changing the water vapor content). The water vapor mixing
ratios of the sensitivity tests were about 97%, 94%, 91%, 88%, and 85% of the baseline sounding.
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Figure 2. Each point represents an individual simulation. The horizontal axis denotes simulations with
increasing initial CCN concentrations. The vertical axis shows the water vapor content with respect to
the sounding.

4. Results and Discussion

4.1. Aerosol Effects on the Intensity of Electrical Activity and Sensitivity to Vapor Conditions

Figure 3 shows the space–time peak values of the positive and negative charge densities at
18 min of simulation, i.e., before the first flash when the positive and negative charges had not yet
been neutralized in the thunderstorm. The peak values of the positive and negative charge densities
intuitively reflect the intensity of electrification intensity in the thunderstorm. In the cases with baseline
sounding (without changing the water vapor condition), the peak value of the positive charge density
increased significantly from 0.44 to 0.89 nC·m−3 as the initial CCN concentration increased from
300 to 1500 cm−3 and the negative charge density changed from –0.86 to –1.47 nC·m−3 as the initial
CCN concentration increased. Under conditions with ample amounts of water vapor, the electrical
activity of the thunderstorm was significantly enhanced with increasing concentrations of aerosols.
As the vapor mixing ratio decreased, the peak values of the positive and negative charge densities
also decreased with respect to the baseline sounding and were <0.1 nC·m−3 at vapor mixing ratios
<94%. The response of the peak values of the positive and negative charge densities to an increase in
aerosol concentration became less significant with decreasing water vapor content. For low amounts
of water vapor, increasing the aerosol concentration had little impact on the peak values of the
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positive and negative charge densities. Hence, the effects of aerosols on the intensity of electrification
were suppressed at low amounts of water vapor, leading to a lower sensitivity of the intensity of
electrification to changes in aerosol concentration.
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Figure 3. Peak values of (a) positive and (b) negative charge density (nC·m−3) at 18 min of simulation
under different vapor conditions and initial CCN concentrations.

This study considered the non-inductive electrification process that results from rebounding
collisions of ice-graupel and snow-graupel. The number of ice-phase particles directly affects the
intensity of electrical activity of the thunderstorm [31–33]. Figure 4 shows the mean concentration of ice
crystals, snow particles, and graupel particles at 18 min of simulation under different vapor conditions
and initial CCN concentrations. For the cases with baseline sounding, the mean concentrations of ice
crystals, snow particles, and graupel particles increased by 12%, 40%, and 36%, respectively, when
the initial CCN concentration was increased from 300 to 1500 cm−3. As the aerosol concentration
increased, more ice-phase particles were produced in the thunderstorm and participated in the collision
separation process under conditions with sufficient vapor, enhancing the thunderstorm electrification
process. Previous studies [1–3] have suggested that as more ice-phase particles participate in the
process of collision separation, the intensity of electrical activity is enhanced. As the amount of water
vapor decreases, the response of the concentrations of ice crystals, snow particles, and graupel particles
to changes in the aerosol concentration becomes less significant, especially for the water vapor contents
<91% of that for the baseline sounding. The effect of aerosol particles on the concentration of ice-phase
particles is suppressed by decreasing the water vapor content, leading to a lower sensitivity of the
intensity of electrical activity to a change in the aerosol concentration. Because the electrification
process is dominated by the collision separation between ice-phase particles, the intensity of electrical
activity, which is directly influenced by the number of ice-phase particles, becomes less sensitive to
increasing aerosol concentrations at lower water vapor contents (Figure 3).
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Figure 4. Mean concentration (in cm−3) of (a) ice crystals, (b) snow particles, and (c) graupel particles
at 18 min of simulation under different vapor conditions and initial CCN concentrations.

The effects of aerosols on the intensity of lightning at different water vapor contents and initial
CCN concentrations is shown by the mean flash rate (Figure 5). In the cases with baseline sounding,
the mean flash rate was higher and increased with increasing initial CCN concentration. The mean
flash rate was increased by about 16.7% as the initial CCN concentration changed from 300 to 1500 cm–3.
The electrification processes in thunderstorms are caused by rebounding collisions between ice-phase
particles [34]. As the thunderstorm develops, the charges carried by ice-phase particles accumulate
and this will lead to an increase in the electric field in the cloud. When the electric field exceeds the
discharge threshold, a flash is triggered and part of the charge is neutralized; the electric field will
then be below the discharge threshold. The electric field will accumulate again until the next flash
is triggered [23,24,28,31]. As the water vapor content decreased, the mean flash rate decreased by at
least 86%. This illustrates the importance of water vapor content in the intensity of electrical activity.
The increase in the flash rate with increasing aerosol concentrations weakened with a decrease in the
water vapor content. At the lowest water vapor content (85% of the baseline sounding), the mean flash
rate remained almost constant with increasing aerosol concentrations. Previous studies [1–4] have also
indicated that an increase in the concentration of aerosol particles enhances the intensity of electrical
activity. However, this does not apply to all thunderstorms under different conditions, and there are
still uncertainties in the effects of aerosol on thunderstorm microphysics and electrification processes.
At low water vapor contents, the intensity of electrical activity is little changed with increasing aerosol
concentrations, which shows that the effects of aerosol on thunderstorm electrical activity are heavily
dependent on the amount of water vapor present.
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Aerosol particles affect thunderstorm electrical activity by influencing the hydrometeors and
related microphysical processes. Figure 6 shows the variation in the mean number concentration
of cloud droplets, raindrops, ice crystals, snow particles, and graupel particles with time for initial
CCN concentration of 300 and 1500 cm−3. The concentration of cloud droplets in a thunderstorm
significantly increases and the size of the droplets decreases with increasing concentrations of aerosols
(Figure 6a). In the simulations with the lowest water vapor content (85% of the baseline sounding),
the increase in the concentration of cloud droplets caused by increasing initial CCN concentrations was
smaller than in the simulations with ample amount of water vapor (100% of the baseline sounding).
Fewer droplets were activated at lower amounts of water vapor, when the concentration of aerosol was
greater. As the concentration of aerosol particles increased, the size of the cloud droplets decreased
and the collision and coalescence processes were suppressed, resulting in fewer raindrops. Figure 6b
shows that increasing the aerosol concentration had a significant impact on the concentrations of
cloud droplets and raindrops after 25 min of simulation with an ample amount of water vapor.
The difference in the concentration of raindrops caused by changes in the aerosol concentration
became unremarkable at the lowest water vapor content (85% of the baseline sounding). Fan et al. [18]
showed that aerosol effects on precipitation were significant under relatively humid conditions, but
became less significant under conditions with limited water vapor. The water vapor content affected
the concentration of ice crystals, which decreased with decreasing water vapor content. However,
the influence of aerosol particles on the concentration of ice crystals was less obvious and there was
little difference in the concentration of ice crystals at different aerosol concentrations under both ample
water vapor (100% of the baseline sounding) and limited water vapor (85% of the baseline sounding)
conditions. For high amounts of water vapor, the concentration of snow particles increased with
increasing aerosol concentrations, but changed very little at the lowest water vapor content. In this
study, the non-inductive electrification processes result from rebounding collisions of ice-graupel and
snow-graupel. Miller et al. [35] and Mansell et al. [2] suggested that graupel particles play a part in the
electrification processes and have a direct impact on thunderstorm electrical activity. Figure 6e shows
that increasing aerosol concentrations resulted in the formation of more graupel particles, which is
more significant under the conditions of ample amounts of water vapor. In the simulations with a
low water vapor content, increasing the aerosol concentration had little effect on the concentration of
graupel particles.
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Figure 6. Mean concentration of (a) cloud droplet, (b) raindrops, (c) ice crystals, (d) snow particles, and
(e) graupel particles over time for initial CCN of 300 and 1500 cm−3 under water vapor conditions of
85% and 100% of baseline sounding.

These results are consistent with previous studies [36–42] in which increasing the initial CCN
concentrations reduced the droplet size, enhanced condensation growth, and reduced the efficiency
of the collision and coalescence of droplets. This led to more small droplets being transported above
the freezing level and enhanced the growth of ice-phase particles under conditions of ample amounts
of water vapor. Under conditions of limited water vapor, the increase in the concentration of cloud
droplets caused by aerosols became less significant and fewer small droplets were carried above the
freezing level, leading to fewer raindrops and ice-phase particles. Under conditions of ample amounts
of water vapor, there was an obvious influence of aerosols on the ice-phase particles and related
microphysical processes, resulting in a significant change in the electrical activity of thunderstorms.
In addition, the weak ice-phase microphysical processes and fewer ice-phase particles suppressed
the influence of aerosols on electrical activity, leading to a lower effect of aerosols on the intensity of
electrical activity under limited water vapor conditions (Figure 5).

Graupel particles are very important in electrification processes [35], and aerosols have different
effects on graupel particles for different amounts of water vapor. Figure 7 shows the mass conversion
rates of graupel particles, including the accretion of snow by cloud droplets to form graupel, the
accretion of ice crystals by rain to form graupel, the accretion of rain by graupel particles, and
the accretion of snow by rain to form graupel particles. The conversion rate of the accretion of
snow by cloud droplets to form graupel particles is significantly increased with increasing aerosol
concentrations under conditions with ample amounts of water vapor, but is very low or almost zero
when there are only low amounts of water vapor. Under conditions with ample amounts of water
vapor, the conversion rate of the accretion of ice crystals by rain to form graupel particles increases
with increasing aerosol concentrations, mainly due to the larger ice crystals present under polluted
conditions. The effects of aerosol on the conversion rate under conditions with ample amounts of water
vapor were consistent with previous studies [43,44]. The conversion rate decreased at lower amounts
of water vapor, leading to a lower sensitivity to increasing aerosol concentrations. There were more
graupel particles as the aerosol concentration increased with ample amounts of water vapor, leading to
an increase in the conversion rate for the accretion of rain by graupel. The conversion rate of accretion
of rain by graupel was relatively lower for lower amounts of water vapor, resulting in a lower response
to the aerosol concentration. When there were ample amounts of water vapor, the number of snow
particles increased with increasing aerosol concentrations; however, the concentration of raindrops
decreased under polluted conditions and the concentration of snow was very low, resulting in a lower
conversion rate for the accretion of snow by rain to form graupel. There was no obvious effect of the
aerosol concentration on the conversion rate of the accretion of snow by rain at lower amounts of
water vapor.
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Figure 7. Mass conversion rates of graupel particles with time for initial CCN of 300 and 1500 cm−3

under water vapor conditions of 85% and 100% of baseline sounding, including (a) the accretion of
snow by cloud droplets to form graupel, (b) the accretion of ice crystals by rain to form graupel,
(c) the accretion of rain by graupel, and (d) the accretion of snow by rain to form graupel.

Under conditions with ample amounts of water vapor, the conversion rates for the accretion
of snow by cloud droplets to form graupel, the accretion of ice crystals by rain to form graupel,
the accretion of rain by graupel, and the accretion of snow by rain to form graupel increased with
increasing aerosol concentrations, leading to more graupel. When the water vapor content decreased,
the conversion rates for graupel were suppressed and the effect of aerosol concentration on the
graupel particles was also suppressed. Hence, the effect of aerosol concentration on ice-phase particles
depended on the amounts of water vapor present.

4.2. Response of Aerosol Effects on the Charge Structures to the Amount of Water Vapor Present

Figure 8 shows the peak values of positive and negative charge density. In the simulations with
baseline sounding (ample amount of water vapor), the change in aerosol concentration affected the
charge structures. When the initial CCN concentration was 300 cm–3, the structure retained dipolar
throughout the simulation. However, when the initial CCN concentration was 1500 cm–3, the charge
structure was dipolar in the initial stage of simulation and then a new negative charge region appeared
above the main positive charge center after 34 min of simulation. When the water vapor content
decreased to 94% of the baseline sounding, the charge structure of the thunderstorm was still dipolar
at low aerosol concentrations and there was also a new negative charge region above the main positive
charge center; however, the negative charge region appeared late and decreased. As the water vapor
content decreased further to 85% of the baseline sounding, the charging process of thunderstorm
appeared later, and the charge structure remained dipolar as the initial CCN concentration increased.
Therefore, the reduction in water vapor content suppressed the effects of the aerosol concentration on
the charge structure.
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Figure 8. Time–height peak values of positive (solid line) and negative (red dashed line) charge density
(nC·m–3) for initial concentrations of CCN of 300 (a) and 1500 cm–3 (b) under water vapor conditions
from 100% to 85% of the baseline sounding at 3% intervals (from top to bottom).

The main charging mechanism considered in this study was the non-inductive electrification
resulting from rebounding collisions of ice-graupel and snow-graupel. The charge structures directly
depended on the polarity of the charge carried by the ice-phase particles. As a result of the large
number of ice crystals, the charging states of the ice crystals were analyzed. Figure 9 shows the peak
values of the positive and negative charge density carried by the ice crystals. Under ample water
vapor conditions (baseline sounding), the ice crystals were mainly distributed at a height of 7–10 km
and were always positively charged when the initial CCN concentration was 300 cm–3. As the initial
CCN concentration is increased to 1500 cm−3, the ice crystals were distributed more widely (at a
height of 6–11.5 km), with the ice crystals becoming positively charged in the first 30 min of simulation
and some of the ice crystals above a height of 8 km becoming negatively charged later. This shows
the charge reversal of ice crystals in this region. When the water vapor content was 94% of that in
the baseline sounding, the ice crystals charged positively when the initial CCN concentration was
300 cm−3, whereas some of the ice crystals above a height of 8 km became negatively charged with
increasing concentrations of aerosol. The distribution of the negative charge region decreased with
decreasing amounts of water vapor. As the amount of water vapor decreased further to 85% of that in
the baseline sounding, the distribution of the charge carried by the ice crystals decreased and the ice
crystals charged positively only. Therefore, the negatively charged region that appeared above the
main positive charge center under conditions of ample amounts of water vapor and high initial CCN
concentrations was caused by the negative charge carried by the ice crystals. Under conditions with a
low water vapor content, increasing aerosol concentrations did not lead to a reversal of charge carried
by the ice particles, resulting in similar charge structures between clean and polluted simulations.
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Figure 9. Time–height peak values of positive and negative charge density carried by ice crystals for
initial concentrations of CCN of 300 (a) and 1500 cm–3 (b) under water vapor conditions from 100% to
85% of baseline sounding at 3% intervals (from top to bottom).
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The polarity of charges carried by ice particles after the rebounding collision depends on the
difference between the RAR and the RARC [34]. If RAR > RARC, then the graupel particles carry
positive charge and the rebounding ice crystals or snow particles carry negative charge. When
RAR < RARC, graupel particles carry negative charge, and the rebounding ice crystals or snow
particles carry positive charge. To analyze the high-level negative charge carried by the ice crystals,
the positive deviation of RAR and RARC was plotted in Figure 10. In the simulations with the baseline
sounding, the region of the positive deviation of RAR and RARC became broader with increasing
aerosol concentration, especially above a height of 8 km, which is the main region for rebounding
collisions between ice particles. This led to a negative charge carried by ice crystals and a positive
charge carried by graupel particles in this region. When the water vapor content decreased to 94% of
the baseline sounding, the distribution of the positive deviation of RAR and RARC decreased. As the
water vapor content decreased further to 88% of the baseline sounding, the distribution of the positive
deviation of RAR and RARC decreased further and was mainly distributed below a height of 7 km,
where the collision of ice-phase particles was too low. There was therefore no change in the charge
polarity of ice particles with increasing aerosol concentration when the amount of water vapor was low.
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Figure 10. Time–height positive deviation of RAR and RARC (in g·m–2·s−1) for initial concentrations
of CCN of 300 (a) and 1500 cm−3 (b) under the water vapor conditions from 100% to 85% of baseline
sounding at 3% intervals (from top to bottom).

In this model, RARC is a function of temperature and remains unchanged at the same temperature,
whereas RAR depends on the liquid water content (see Figure 11). In the simulations with baseline
sounding, the distribution of liquid water was higher with increasing aerosol concentrations and
reached a height of 9.5 km after 30 min of simulation. In polluted cases, the liquid water content was
greater, especially at a height of 6–8 km after 30 min of simulation, because more small droplets were
transported to higher levels. As the water vapor content decreased to 94% of the baseline sounding,
the distribution of liquid water content became lower at a height of 9 km, although an increasing
concentrations of aerosol increased the liquid water content. When the water vapor content decreased
further to 85% of the baseline sounding, the distribution of liquid water was very close to that of the
increase in aerosol concentration and was mainly found below 8 km. Under conditions of limited
water vapor, the lower sensitivity of the cloud droplets to the aerosol concentration resulted in the
liquid water content above the freezing level remaining constant as aerosol concentration increased.
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Figure 11. Time–height of liquid water content for initial concentrations of CCN of 300 (a) and 
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Figure 11. Time–height of liquid water content for initial concentrations of CCN of 300 (a) and
1500 cm−3 (b) under the water vapor conditions from 100% to 85% of the baseline sounding at 3%
intervals (from top to bottom).

Under conditions of ample amounts of water vapor, more cloud droplets were transported
above the freezing level for polluted cases, leading to a higher liquid water content and a positive
deviation of RAR and RARC at high levels. In this region, a charging reversal was seen for ice particles
during the rebounding collision process, resulting in the graupel becoming positively charged, the ice
crystals/snow particles becoming negatively charged, and a small negatively charged region appearing
above the main positive charge center. As the water vapor content decreased, a lower sensitivity of the
cloud droplets to an increase in the aerosol concentration led to a smaller difference in the liquid water
content between the clean and the polluted simulations with a lower distribution for liquid water.
There was no positive deviation of RAR and RARC in the region with rebounding collisions of ice
particles, resulting in no change in the charge structure with increasing aerosol concentrations. Hence,
the reduction in the water vapor content suppressed the effects of aerosols on the charge structure.

5. Summary and Conclusions

Non-inductive electrification and a simple discharge process were coupled with Morrison
two-moment bulk mixed-phase microphysics scheme in the WRF model. Thirty susceptibility tests
were simulated to explore the effects of aerosol concentration on the development of electrification
in thunderstorms under different vapor conditions by varying the initial CCN concentration and the
water vapor content below the freezing level.

Our results showed that the previously reported [1–5] enhancement in the lightning activity of
thunderstorms as the concentration of aerosols increases is not universal. Under conditions of ample
amounts of water vapor, increasing the aerosol concentration resulted in the formation of more small
cloud droplets, reducing the collision coalescence efficiency of the cloud droplets and suppressing the
warm rain process. More small droplets were transported to above the freezing level and this enhanced
the lightning activity resulting from the participation of more ice particles in the electrification process.
As the water vapor content decreased, the sensitivity of cloud droplets, rain droplets, and ice particles
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to an increase in the aerosol concentration decreased, leading to smaller differences in the intensity of
lighting activities between the clean and polluted simulations.

Under conditions with ample amounts of water vapor, more cloud droplets were transported
above the freezing level in polluted simulations, leading to the formation of more liquid water and
the charge reversal of ice particles at high levels. This resulted in the formation of a negative charge
region above the main positive charge center in the polluted simulations. Under conditions with low
amounts of water vapor, the profile of effective liquid water content in the polluted cases was close
to that in the clean cases, resulting in a similar charge distribution between the clean and polluted
simulations as a result of the low amounts of water vapor reducing the sensitivity of the liquid water
content to the concentration of aerosol.

A decreasing water vapor content below freezing level hinders the development of thunderstorms,
especially in the ice-phase processes. The effects of aerosols on the electrical processes of thunderstorms
depended on the liquid water content and the concentration of ice particles above the freezing level.
Reducing the water vapor content below the freezing level weakened the ice-phase processes and
then suppressed the effects of aerosols on the intensity of electrification and the charge structure.
The effects of aerosol concentration on cloud microphysical processes are very complicated [45],
resulting in different effects of aerosol concentrations on the electrical processes of thunderstorms at
different stages of development with a strong dependency on the condition of water vapor below the
freezing level.
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