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Abstract: The Regional Atmospheric Modeling System (RAMS) is used to investigate the effect of
aerosols acting as ice nuclei (IN) on the formation and growth of hydrometeor particles as well as
on the dynamics and precipitation of a severe storm in Northern China. The focus of this study
is to determine how the overall dynamics and microphysical structure of deep convective clouds
are influenced if IN concentrations are somehow altered in a storm environment that is otherwise
unchanged. Ice mixing ratios tend to increase and liquid mixing ratios tend to decrease with increasing
IN concentrations. High concentrations of IN reduce the mean hail diameter and hail particles with
smaller diameters melt more easily, which leads to a decrease in ground hailfall and an increase in
surface rainfall. Liquid water plays a more important role in the process of hail formation, while
the role of ice particles in the process of hail formation decreases with higher IN concentrations.
The role of small cloud droplets in the formation of raindrops is increased and the role of hail melting
in the process of raindrops formation is weakened with enhanced IN concentrations. Both latent
heat release and absorption significantly increase with increasing IN concentrations. Increasing the
concentration of IN by an appropriate amount is beneficial for increasing the total water content and
strengthening the updraft, leading to enhancement of a storm, but excessive IN concentrations will
inhibit the development of a storm.

Keywords: aerosols; ice nuclei; cloud microphysics; precipitation; severe storm

1. Introduction

The effects of aerosols on cloud dynamical structures, microphysical processes and precipitation
have attracted much attention over the past 50 years. Observations and numerical simulation results
have shown that aerosols can modify cloud microphysical processes and dynamical processes, and
can consequently alter the location, intensity and type of rainfall by acting as cloud condensation
nuclei (CCN) and ice nuclei (IN) [1,2]. The impacts of aerosols on solar radiation, cloud microphysical
processes and precipitation are uncertain [3,4]. The main uncertainty in regard to the influence of
aerosols on precipitation comes from the uncertainty in the ice phase process in clouds.

Statistical studies have shown that more than 50% of mid-latitude precipitation comes from
the melting of ice particles [5]. The mutual transformation of ice phase particles in clouds plays an
important role in the formation of precipitation [6-9]. Over the past three decades, there have been
many studies aimed at understanding the effects of aerosols on cloud droplets, but relatively few studies
have been investigated the impacts of aerosols on the formation of ice crystals. The IN concentrations
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in the atmosphere are very low relative to the concentration of aerosols; there is approximately
one IN for every 10° aerosol particles at —20 °C. Unlike CCN, IN are usually insoluble particles,
such as certain mineral dusts (mineral dustis atmospheric aerosols originated from the suspension
of minerals constituting the soil. It is composed of various oxides and carbonates), carbonaceous
aerosols and various biogenic particles [10-15]. The effects of IN on the ice phase processes in strong
convective clouds are extremely complex: there are no definite conclusions about the net effects of
IN on severe storm clouds [7]. Model studies show that dust from Asia and Africa acting as IN
can affect the formation of ice crystals in mixed clouds, which in turn affect cloud microphysical
properties [16,17] (including the hydrometeor phases and particle sizes), and ultimately alter the
characteristics of precipitation.

The influence of IN on cloud microphysical processes is affected by the change of the atmospheric
thermodynamic environment and will ultimately affect latent heat release, dynamic processes and
precipitation characteristics [18,19]. At present, there are no definite conclusions on the effects of IN on
strong convective precipitation, which vary by case and region [7]. In recent years, research results
have mainly drawn the following four conclusions: (1) The change of IN number concentrations
has little effect on precipitation [20]. (2) The increase of IN concentration is beneficial to the increase
of surface precipitation [21]. Observations [22] have shown that there was still a large amount of
supercooled water at —21 °C in clouds with abundant IN. The dust and biological particles transported
over long distances can act as IN to enhance orographic rainfall in California [23-25]. Simulations
demonstrated that increasing IN concentrations enhanced the riming rate, and dramatically reduced
the supercooled water content and increased the cloud glaciations temperature. Clouds with higher
IN concentrations glaciated at much warmer temperatures [14,23,26]. Increasing IN concentrations
can produce more rimed mass and enhance the Wegener-Bergeron-Findeisen (WBF) process due
to enhanced ice formation, thus increasing precipitable ice particles such as snow [27]. Crystals
can aggrade rime after colliding with supercooled cloud droplets [15,17,28-31], especially in more
turbulent clouds [32]. Increasing the IN concentrations increase latent heat release through the
freezing of small cloud droplets, strengthening the convective process and resulting in increased hail
and rain precipitation [33,34]. (3) An increase in IN will lead to a decrease in surface precipitation.
The number of graupel particles decreases but the number of hail particles increases with increasing
IN concentrations [35]. (4) The effects of IN are varied at different developmental stages of storm
clouds. Increasing IN increases the initial concentration of ice crystals. In the developing and early
maturation stages of hail clouds, a large number of ice crystals compete for water vapor with increasing
IN, and this competition prevents ice crystals from growing into snowflakes and inhibits the formation
and growth of hail embryos. During the later mature stage, updrafts intensify and more supercooled
water is transported above the freezing level, which is beneficial for the production and growth of
hail particles [2]. Increasing IN favors the formation of hail at this developmental stage. Increasing
IN concentrations produces more surface precipitation in the early development stage of convective
clouds, but less precipitation in the mature and dissipation stage of the storm [36]. Thus, it is necessary
to study the impact of IN on severe storms in different areas.

Although the influences of CCN on precipitation suppression are well understood [37-39],
the combined effects of CCN and IN on precipitation in mixed-phase clouds are not well established [40].
Although previous studies have shown that aerosols have possible effects on clouds and precipitation,
it is difficult to distinguish the effects of different influencing factors, including the meteorological
environment, cloud organization, and aerosol concentration. The ice particle formation mechanism
may differ from one mixed phase cloud to another. How squall line clouds respond to a change of
IN is highly uncertain. Considering that many microphysical processes are sensitive to the type of
aerosol (CCN or IN), the effects of aerosols on cloud microphysics could be complicated depending
on cloud dynamics and thermodynamics. Our current understanding of the influence of IN on
supercooled water and the cloud phase in various meteorological environments is poor. Therefore, it is
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essential to study the effects of IN on clouds and precipitation qualitatively and quantitatively using a
numerical simulation.

Global warming may significantly increase the damage caused by mid-latitude convective events
in the coming decades. An increase in average surface temperature could stimulate updraft, thereby
increasing hail intensity [41]. IN is an important factor that affects the evolution of convective clouds
such as severe storms. A severe storm can be an extremely disastrous weather event, which is often
accompanied by severe convective weather such as thunderstorms and strong winds. Aerosols can
affect the development of severe storms, and also affect the growth process of hail particles within the
cloud. Because it is difficult to obtain information about microphysical factors from observational data,
numerical models have become important tools to study the formation mechanism of hail. The results
of one-dimensional model simulations showed that the formation of hail is very sensitive to the initial
concentrations of CCN and IN [42]. If the aerosols strengthen the updrafts, the size of hail may increase.
Observations have demonstrated that the concentration of IN that can be activated at —20 °C increased
15 times in the 32 years between 1963 and 1995 in Beijing [43]. Understanding the impacts of IN
on mixed phase cloud precipitation over northern China has important implications for predicting
the hydrology and local climate of the region. Understanding the key processes and factors that
impact cloud phases is critical. Analysis of rainfall samples in combination with the meteorological
environment can provide insight into the effects of IN on precipitation. What role does IN play in
affecting cloud microphysics and precipitation? Many studies have focused on local artificial seeding
for hail suppression and precipitation enhancement, but there are few background studies on the
effects of an increase of the IN concentration on severe storms. The pollution in many regions of China
is significant, and the background levels of the IN of aerosols have an overall increasing trend, making
it necessary to perform research in this area. This study aims to (1) investigate the impact of IN on the
formation and characteristics of hydrometeor particles, (2) quantify the response of precipitation to
IN changes, and (3) understand the influence of IN on the dynamic structure and the thermal field of
severe convective clouds.

A strong squall line occurred in northern China between 0700 to 1100 UTC on 23 June 2011. Cold,
northwesterly winds occurred at the high altitudes and warm, moist southwesterly wind occurred
at the low altitudes. The cold air moved southward and encountered with the warm moist airflow
originating from the south, which provided unstable conditions for the generation of the squall
line. The squall line occurred in the front of the upper level trough and moved from northwest to
southeast. A detailed description of the weather conditions of this severe storm can be found in
previous studies [44]. The model setup and experiment design are described in Section 2, the sensitive
test results are analyzed in Section 3, the discussion is presented in Section 4 and the conclusions are
provided in Section 5.

2. Model Setup and Experiment Design

The Regional Atmospheric Modeling System (RAMS) of Colorado State University was used in
this study. The model uses fully elastic, compressible and non-static equilibrium equations, Standard
C staggered grid and generalized terrain following coordinates. This model covers comprehensive
physical processes. A two-moment bulk microphysics package was used to predict the mixing ratio and
number concentration of cloud droplets, drizzle, rain, pristine ice, snow, aggregates, graupel, and hail.
The model microphysics includes cloud nucleation, ice nucleation, vapor deposition, evaporation,
collision-coalescence, melting, freezing, sedimentation and secondary ice production. The two-stream
radiation model of Harrington takes into account the attenuation and scattering of hydrometeors [45].
RAMS microphysics is coupled to an advanced aerosol parameterization scheme that represents two
ammonium sulfate modes, two dust modes, three sea salt modes, and two regenerated aerosol modes
using a lognormal distribution. The model is fit for studying of aerosol effects on cloud systems across
scales. More detailed descriptions of this model can be found in previous studies [46-48]. Three nested
domains with horizontal grid spacing of 9 (178 x 224 grid points), 3 (208 x 201 grid points) and 1 km
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(250 x 242 grid points) were employed in this study, following a two-way nesting strategy. Figure 1
shows locations of the three nested domains. 42 unevenly spaced vertical levels extending from the
surface to 20.5 km. The minimum grid spacing at the lowest level is 75 m, the vertical grid stretching
ratio is 1.1 and the maximum grid spacing is 750 m.
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Figure 1. Locations of the three nested domains. G1, G2, and G3 represent domainl, domain 2, and
domain 3, respectively. The shaded area is the topography of the region. The characters represent: TJ,

g1

Tianjin; HB, Hebei Province; red star “*”, Beijing).

The numerical simulation was driven by NCEP reanalysis data (1° X 1° spatial resolution and 6 h
temporal resolution). The starting time of the simulation was 1800 UTC on 22 June and the model was
simulated for 24 h. The region of major precipitation is defined as Area A (40°—41° N, 116°-117° E).

The CCN concentrations were initially horizontally homogeneous, with a vertical profile that
linearly decreased with height up to an altitude of 4km. This CCN distribution is similar to several
in situ observations [34,49]. The initial CCN concentrations were specified at 1000 cm ™. The IFN is
displayed as a density-weighted decaying concentration profile with the maximum concentration of
Nien. The maximum number of nucleating IFN (ice forming nuclei) is dependent on supersaturation
with respect to ice and is shown as follows:

NN = Nipn X p%4 X exp(12.96 X (S; — 0.40)) x 10(~4077%5:+0.0975)

This formula calculates the maximum number of ice crystals that nucleate via the freezing of
deposited condensation upon IFN, where Ny is the predicted number of pristine ice crystals formed by
the freezing of deposited condensation, Ny is the concentration of IEN, S; is the ice supersaturation
predicted by the model, and p represents the air density. Observations [42] have showed that the
IN concentration during sandstorms is more than 100 times higher than that under normal weather
conditions. DeMott et al. [17] found that long distance transport of dust aerosols can increase IN
concentrations by 20-100 times. Due to the lack of atmospheric IN observation data for the same
period, three tests were initialized with IFN concentrations of 1 times (C1), 10 times (C2) and 100 times
(CB3) that of the parametric concentration from the above formula, respectively.C1 is the base case.
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3. Results Analysis

3.1. Effects on the Temporal and Spatial Distribution of Hydrometeor Particles

The vertically integrated liquid mixing ratios and ice mixing ratios are displayed in Figures 2
and 3, respectively. The maximum vertically integrated liquid water content and area covered by liquid
water decreases, but the clouds are better organized with an increase in the IN concentration. Therefore,
the distribution of liquid water content in the clouds is more concentrated and clouds develop more
vigorous with an increase in the IN concentration. Figure 3 shows that the coverage area and the
maximum value of the ice mixing ratio both clearly increase with higher IN concentrations. Because ice
phase condensate is the main component of the cloud anvil, the cloud anvil enhances with the increase
of IN. This is mainly because ice crystal concentrations increase with increasing IN concentrations, ice
crystals compete with each other for limited water vapor. Through the WBF process, large amounts of
super-cooled water are converted into ice crystals, resulting in a decrease in the liquid water content.
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Figure 2. Vertically integrated liquid mixing ratio in the major precipitation area A: at 0820 UTC, (a) C1;
(b) C2; (c) C3; at 0920 UTC, (d) C1; (e) C2; (f) C3; at 1020 UTC, (g) C1; (h) C2; (i) C3.
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Figure 3. Vertically integrated ice mixing ratio in the major precipitation area A: at 0820 UTC, (a) C1;
(b) C2; (c) C3; at 0920 UTC, (d) C1; (e) C2; (f) C3; at 1020 UTC, (g) C1; (h) C2; (i) C3.

A more detailed microphysical mechanism is described in the following section. In general, an
increase in the IN concentration can affect the spatial distribution of liquid and ice condensate and has
an important impact on the development of convection and cloud radiation. The vertical structures of
the hydrometeor mixing ratios at each developmental stage of hailstorm clouds are shown in Figure 4.
In the initial developing stage (Figure 4a,d,g), the total condensate mixing ratio and hail mixing ratio
clearly increase with increasing IN concentrations. The maximum total condensate mixing ratios
of C1,C2and C3 are 4 gkg™!,5gkg™! and 6 g kg™!, respectively. In addition, the maximum total
hail mixing ratios of C1, C2 and C3 are 1 g kg™!, 2 g kg™! and 3 g kg™!, respectively. During the
mature stage (Figure 4b,e h), the maximum total condensate mixing ratio is the largest in C3, and the
strong convection center expands over a wide range and can develop to a height of 10 km. During
the dissipation stage (Figure 4c,f,i), the Clstormweakens first, the storm clouds of C2 remain strong,
and C3 is weaker than C2 but stronger than C1. Therefore, appropriately increasing the concentration
of IN is beneficial for increasing the total water content, which enhances the storm. However, excessive
IN concentrations will inhibit storm development.
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Figure 4. Cross section along the line ‘a-b’ (Figure 2a) for hydrometeor mixing ratio (g kg™') (shaded
area shows total condensate mixing ratio; solid red lines represent the hail mixing ratio; dashed black
lines are rain mixing ratio) at 0820 UTC, (a) C1; (b) C2; (c) C3; at 0920 UTC, (d) C1; (e) C2; (f) C3; at 1020
UTC, (g) C1; (h) C2; (i) C3.

The vertical profiles of regionally averaged hydrometeor particles within the convective area
(Area A) are shown in Figure 5. After the increase in the IN concentration, the amounts of pristine
ice, aggregates, graupel and hail clearly increase during each developmental stage of the storm.
The variation trend of the amount of snow is less obvious. During the initial developing and mature
stages, the supercooled cloud water and rain water show a decreasing trend after the increase in the
IN concentration (above 4 km altitude), which is mainly related to the WBF process. Increasing IN
leads to an increase in ice crystals and a decrease in supercooled water caused by excessive ice crystals
competing for liquid water. During the dissipation stage, the ice particles grow large enough to fall and
form precipitation, and the high cloud water mixing ratio is a result of the melting of the ice species
such as ice crystals and aggregates with higher IN concentrations. The increase in rain water in the
lower layer is mainly produced by the increase in hail melting.



Atmosphere 2019, 10, 783

8 of 21

14
" Groeeee % Qe " o4 Qe 90 Qe
12 x x Qc2 12 X% Qe2 12 X% Qo2
Qc3 Qec3
— — —
£ 0™ £ 10 ) E
= 1 = ‘\::‘x —
— 8] & — 8 . -
N =
R : 2 5
‘T 6 [T F CE]
E 2 § E
o
4 4 {”’
2 2
0.1 0.2 0.1 0.2 0.3 0.4 0.4
* @m0 Qr
12 X% Qr2
L) —~ ~
£ £ E
X X =4
= = =
= x =
o Ry 2
1o} [5] [7}
- T T
-0 Qp1 o0 Qpl
x-----xQp2 X -ox Qp2
——— Qp3 Qp3
— ’g
£
x =
=
a
+= =
=
R=y 'g ]
© 6
- pu s
4 4 4
2 2 2
02 04 02 o %5 0.05 0 015 0.2
—_ ’g
E
x =
=
a
+= =
© =]
‘S [
[)
fu g T
44 4 4
24 2 2
0.02 0.04 0.05 0.1 0.15 0.2 0.05 0.1 0.15 0.2

Figure 5. Cont.




Atmosphere 2019, 10, 783 9 of 21

0820U 09200 102017

S

Height (km)

Height (km)
Height (km)

2 2 2
0.05 0.1 0.15 0.2 0.2 0.4 0.2 0.4
14
90 Qg1
x-----x Qg2
Qg3
— —
IS IS
i o4
X< =
- - .,
< = “x
=2 = x0T
[} [ 5
o= =4 pa
2 2 2
0.001 0.002 0.002 0.004 0.005 0.01
14
" %Qh1 60 Qh1
12 *xQh2 12 x----xQh2
Qh3
— —
g 10 IS
2L il
X =
+~ 8 -
-y o
2 >
O 6 [
I 5= b
4
2
0.1 0.2 0.5 0.1 0.2 0.3 0.4 0.5

Figure 5. Horizontally averaged mixing ratios of pristine ice (Qp), snow (Qs), aggregates (Qa), graupel
(Qg), hail (Qh), cloud (Qc) and rain (Qr) at 0820 UTC, 0920 UTC and 1020UTC. The abscissa is mixing
ratio (g kg™!) and the ordinate is height (km).

The time series of the regionally averaged mixing ratios of hydrometeor particles are shown in
Figure 6. With an increase in the IN concentration, both cloud water and rain water decrease in the
developing and mature stages but increase in the dissipation stage. The decrease in liquid water in
the early stage is mainly due to precipitation erosion while the increase in liquid water in the later
stage in the cloud is caused by the gradual decrease in precipitation and the increase in hail melting.
The pristine ice, snow, aggregates and graupel increase throughout the precipitation process, but the
hail clearly decreases during the main precipitation period. Small ice particles increase and the large
ice particles decrease with higher IN concentrations. This is mainly because the small ice crystals grow
by vapor deposition, and a large number of ice crystal compete for water vapor, but limited water
vapor inhibits the growth of ice particles. The larger is the concentration of IN, the smaller is size of ice
crystals. The hail particles grow by riming process. The hail diameter decreases with the increase of
IN number concentration, and the hail particles with smaller diameter melt more easily in the falling
process. Thus, the amount of hail on the ground is reduced.
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Figure 6. Series of area averaged mixing ratios of pristine ice (Qp), snow (Qs), aggregates (Qa), graupel

(Qg), hail (Qh), cloud (Qc), rain (Qr), liquid and ice at 0820 UTC, 0920 UTC and 1020UTC. The abscissa
is time and the ordinate is mixing ratio (g kg™1).

3.2. Effects of IN on Thehail Particle Characteristics and Microphysical Formation Processes of Hail, Rain and
Pristine Ice

The formation and growth of hail particles in clouds are very complicated. Various hydrometeor
particles are related to the formation of hail particles. To study the effects of IN on the microphysical
processes of hail formation, the contributions of each hydrometeor particle to hail formation are shown
in Table 1. The variable Ch.; (Chg, Ch;) represents the contributions of small cloud droplets (large
cloud droplets, rain) to hail generation through the ice-liquid water collisions. The variable Ch,
(Chg, Ch;, Chs) represents the relative contribution of aggregates (graupel, pristine ice, snow) to hail

particle formation. Hail formation is achieved through two main microphysical processes: aggregation
and accretion.
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Table 1. Amount (g kg™!) averaged over time (0800-1100 UTC) and over area A of each particle in the
cloud to hail in the four tests.

Experiment Chc;  Che Ch, Chg Ch; (1072) Ch, Chg Total

C1 141.6 42 24.0 8.6 3.6 158.8 4.8 342.0
C2 157.3 4.0 23.7 7.8 4.1 184.7 5.0 382.5
C3 223.6 3.9 27.6 8.7 6.4 235.7 59 505.4

Note: Ch = transfer amount (g kg’l) of each particle to hail. Subscript C1 = cloud1, C2 = cloud2, r = raindrop, I =
pristine ice, s = snow, a = aggregate, g = graupel; Total = Ch, +Ch,1 +Chy +Chg+Ch;+Ch; +Chs.

It can be seen from Table 1 that small cloud droplets (Ch;), aggregates (Ch,), rain (Ch;) and
graupel (Chg) are the major contributors to hail formation, with rain droplets contributing the most to
hail generation. The contribution rates of rain droplets to hail in C1, C2 and C3 are 46.4%, 48.2% and
46.6%, respectively. Contribution of small cloud droplets to hail formation in C1, C2 and C3 are 41.4%,
41.1% and 44.2%, respectively. Aggregates make a contribution of 7%, 6.1% and 5.4%to hail generation
in C1, C2 and C3, respectively. Contribution of graupel to hail in C1, C2 and C3 are 2.5%, 2% and 1.7%,
respectively. Comparing C1, C2 and C3, it can be seen that the addition of IN leads to the increase of
the contribution rate of small cloud droplets to hail formation and a decrease in the contribution rate of
aggregates and graupel to hail generation. Rain makes the largest contribution to hail formation in the
C2 case.

Liquid water includes small cloud drops, large cloud drops and raindrops. The total contribution
rates of liquid water to hail in C1, C2 and C3 are 89.1%, 90.5% and 91.7%, respectively. The remaining
contributions to hail formation are from ice particles (aggregates, graupel, pristine ice and snow). The
contribution rates of ice to hail formation in C1, C2 and C3 are 10.9%, 9.5% and 8.3%, respectively.
Therefore, when the IN concentration increases, the contribution rate of liquid water to hail formation
increases and the contribution rate of ice phase particles to hail formation decreases. In summary,
small cloud droplets, aggregates, rain and graupel are the key contributors to hail generation, with
rain droplets contributing the most. Increasing the IN concentration results in an increase in the
contribution rate of liquid water to hail formation, and a decrease in the contribution rate of ice particles
to hail formation.

The available hydrometeors within a cloud are considered to be transferrable from one hydrometeor
category to another. Small cloud droplets (2—40 pum), large cloud droplets (40-80 pm) and snow all
contribute to pristine ice generation. Table 2 shows the sum of the domain and time averaged relative
contributions of each particle type to pristine ice generation. The values of Ci; and Ci., signify the
relative contributions of small cloud droplets and large cloud droplets to pristine ice, which are achieved
by two main processes: ice nucleation and ice crystal growth from sublimation. The variable of Cis
represents the contributions of snow to pristine ice generation. The main process involved in pristine
ice generation is snow rupture which produces ice crystals and is an ice crystal multiplication process.

Table 2. Amount (g kg™!) averaged over time (0800-1100 UTC) and over area A of each particle in the
cloud to pristine ice in the three experiments.

Experiment Cicy Cicy Cis Total
C1 2.4 2.3 0.44 5.14
C2 25 24 0.45 5.35
C3 32 3.0 0.43 6.63

Note: Ci = transfer amount (g kg™!) of each particle to pristine ice. Subscript C1= cloud1, C2 = cloud2 and s = snow.
Total = Ci¢ + Ciep + Cis.

It can be observed from Table 2 that the pristine ice production increases with an increase in the
IN concentration. The contribution rates of small cloud droplets to pristine ice formation in C1, C2 and
C3 are 46.6%, 46.7% and 48.2%, respectively. The contribution rates of large cloud droplets to pristine
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ice formation in C1, C2 and C3 are 44.7%, 44.9% and 45.2%, respectively. The contribution rates of
snow to pristine ice formation in C1, C2 and C3 are 8.7%, 8.4% and 6.6%, respectively. The addition of
IN leads to an increase in the contribution rates of small cloud droplets and large cloud droplets to
pristine ice formation and a decrease in the contribution rate of snow to pristine ice generation.

The contributions of each hydrometeor particle to rain formation are shown in Table 3. The variable
Crj (Cr) represents the contributions of small cloud droplets (large cloud droplets) to rain generation
through auto conversion and rain collection of cloud droplets. The variable Cr, (Crg, Cry,, Crj, and
Cr;) represents the relative contribution of aggregates (graupel, hail, pristine ice, and snow) to rain
formation, which is achieved by the melting of the ice particles.

Table 3. Amount (g kg‘l) averaged over time (0800-1100 UTC) and over area A of each particle in the
cloud to rain in the three tests.

Experiment  Crcq Crc; (1072) Cr, (104  Crg (1072)  Cr; 1077) Crp, Crs (1075) Total

C1 90.9 65 4.7 43 3.7 46.6 44 138.2
C2 92.8 67 32 3.4 3.3 51.2 33 144.7
C3 77.5 60 1.9 3.9 1.1 52 49 130.1

Note: Cr = transfer amount (g kg’l) of each particle to rain. Subscript C1 = cloudl1, C2 = cloud2, r = raindrop, I =
pristine ice, s = snow, a = aggregate, g=graupel; Total = Cra+Crc1 +Cre+Crg+Crj+Cry +Crs.

It can be seen from Table 3 that small cloud droplets (Cry;) and hail (Cry) are the major
contributors to rain formation and that the contribution of small droplets to rain generation is
the largest. The contribution rates of small cloud droplets to rain formation in C1, C2 and C3 are 65.8%,
64.1% and 59.5%, respectively. The contribution rates of hail to rain formation in C1, C2 and C3 are
33.7%, 35.4% and 39.9%, respectively. The total production of rain water is largest in the C2 experiment,
implying that increasing the IN concentration by a certain amount is beneficial for the production of
rainfall, but excessive IN inhibits the formation of rainfall. With an increase in IN concentration, the
contribution of small cloud droplets to rain formation decreases and the contribution of hail melting to
rain formation increases.

The temporally and spatially averaged hail characteristics (including the mixing ratio,
concentration, and mean diameter) and the melting properties for the three sensitive experiments are
shown in Table 4. The effect of the IN concentration on the overall characteristics of hail particles can
be determined from this table. The hail mixing ratios and concentrations are the highest, but the hail
diameter is the smallest both within the cloud and under the base of the cloud in the C3 experiment.
These illustrate that the increase in IN favours the formation of small hail particles. On the other hand,
the small hail particles in C3 melt more both within the cloud and under the base of the cloud during
the falling process. Thus, increasing IN inhibits hailfall. Analysis of the effect of IN on hail particle
characteristics is useful for better understanding the effects of IN on surface precipitation.

Table 4. Spatial-time (0800-1100 UTC, Area A) averaged values of hail particles parameter in cloud
and on surface for SPR.

Q0,102 gkg™) Ny(m=) Dy, (mm) Querr(10° g kg ™)
Experiment
In Cloud/On In Cloud/On In Cloud/On In Cloud/Under
Surface Surface Surface Cloud Base
C1 17/0.2 44.2/0.02 6.49/8.4 31.5/1.99
C2 20.6/0.4 46.7/0.06 6.46/7.8 42.5/3.19
C3 25.9/0.5 55.0/0.07 6.38/7.6 61.3/3.21

Note: @: hail mixing ratio; ﬁ,, hail concentration; D_h: hail mean diameter; Q,,.;;: melting mixing ratio.
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3.3. Effects of IN on the Temporal and Spatial Distribution of Precipitation

The distributions of surface precipitation and perturbation pressure are displayed in Figure 7.
The change in IN has little effect on the distribution range of the precipitation belt. With the increase in
the IN concentration, the moving speed of the precipitation belt slightly increases, while the distribution
pattern of surface precipitation and perturbation pressure significantly change. The number of strong
precipitation centers clearly increases, and both the intensity of precipitation and the coverage of
strong precipitation centers increase. In summary, precipitation is more concentrated and its intensity
is enhanced with a higher IN concentration. The distribution patterns of perturbation pressure are
approximately the same for all three tests.

. () > [ s - 4:
2" P S A= !
v P A (s
////- o 210 /] ‘3/ 363
LLEUE (s 180 ‘0.91»”{_‘.4:// 13, v
0 ko

352
i i
A
Lt
e d ‘Q
Y
222
‘}%
3
oYY
AN

SRR o R 58
1'
IR AR
i i
AN 31-11«-\
(b B3ttty
1165
et r oS
X '—//40‘ - :.. -
e s
f‘.ww"

oy NS

o —~
- <
e

P R L

vc.r"O
- o
S
W
) \ ‘\‘
i
AN
(h RN
11656
10 10 10

Figure 7. Of surface precipitation and perturbation pressure at 0820 UTC, (a) C1; (b) C2; (c) C3; at
0920 UTC, (d) C1; (e) C2; (f) C3; at 1020 UTC, (g) C1; (h) C2; (i) C3; Shading area shows the surface
precipitation rate (units: mm h~!)and contour parts represents perturbation pressure (units: hPa), while
the solid lines indicate positive values and dashed lines give negative values of perturbation pressure.

In the early development stage (Figure 7a,d,g), the low-pressure system occurs in the front of the
rainfall region, while the high-pressure system appears in the back of the precipitation area. During the
mature stage (Figure 7b,e h), the high-pressure system occurs in the front of the precipitation region
and the low pressure system appears in the back of the rainfall area. During the dissipation stage
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(Figure 7c¢ i), the high pressure system covers the entire precipitation area. However, the location of
the pressure center is not completely consistent with varying IN concentrations, which leads to the
location of the rainfall center being different in the three tests.

The time series of the domain-averaged hailfall rate and rainfall rate are shown in Figure 8.
After an increase in the IN concentration, surface rainfall decreases at the beginning of the storm
development, but the surface precipitation increases during the mature and extinction stages of the
storm, indicating that the increased IN concentration has the effect of delaying precipitation. In the
early developing stage, precipitation is mainly formed by the collision of cloud and rain droplets.
Liquid water in the cloud is consumed by a large number of ice particles through the WBF process at
higher IN concentrations, and the surface precipitation decreases. During the mature and dissipation
stages, rainfall mainly originates from the melting of hail particles. Increasing IN concentrations
produces many smaller hail particles and the melting precipitation increases.
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Figure 8. Time series of domain averaged (Area A) hail precipitation rate (a) and rainfall rate (b) (units:
mm h™1).

Ground hailfall decreases at all developmental stages of the clouds with increasing IN, which
mainly because the hail diameter decreases in clouds, the amount of melting increases during hail fall,
and the amount of hail that reaches the ground decreases at higher IN concentrations.

3.4. Effects of IN on Latent Heat and Updrafts

The vertical profiles of the regionally averaged latent heat rate of the major storm region are
given in Figure 9. Both latent heat release and absorption significantly increase with increasing IN. In
the developing stage, cloud droplet evaporation plays a major role in latent heat absorption (cvap),
while latent heat release mainly comes from cloud droplet condensation (cc). During the mature and
dissipation stage, hail melting is the main source of the latent heat absorption (hmlt), while the latent
heat release mainly comes from the collection of super-cooled water by hail (hc, hr). In the developing
stage, the increase in latent heat release mainly occurs above 6km, which is mainly associated to
accretion of cloud water and rain by hail. While during the mature stage, the latent heat release mainly
appears at 4-6 km of altitude, which is mainly related to condensation of cloud water and accretion
of rain by hail [50]. During the dissipation stage, falling precipitation is linked to hail melting and
droplets evaporation, associated to latent heat absorption, causing cold downdrafts.
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Figure 9. Profiles of regionally averaged latent heating rate (units: °Ch~!) of the major storm region
(Area A) at 0820 UTC, (a) C1; (b) C2; (c) C3; at 0920 UTC, (d) C1; (e) C2; (f) C3; at 1020 UTC, (g) C1; (h)
C2; (i) C3; The variables in the figures are: cc (condensation of cloud water); ic (deposition of water
vapor into pristine ice); hr (accretion of rain by hail); hc (accretion of cloud water by hail); hmlt (melting

of hail); cvap (evaporation of cloud); cold (total cooling rate); warm (total warming rate); total (net
heating rate).

The vertical cross sections along the convective region for the airflow field are displayed in
Figure 10. During the developing stage, the front-to-rear flow has not formed in the C1 and C3 tests,
but has occurred in the C2 tests. During the mature stage, the front-to-rear flow is produced in all three
tests and is strongest in C2. During the dissipation stage, due to the intrusion of the air flow at 4-6 km
altitude, the front-to-rear flow has gradually dissipated in the C1 and C3 tests but is maintained in the
C2 test. Many previous studies have focused on the effects of CCN on warm clouds, but relatively few
studies have focused on the effects of IN on mixed clouds. During the developing stage, the 8-12 km
updrafts in C2 and C3 are significantly stronger than the updraft in C1, which is similar to the previous
studies [35]. The increase in updraft is closely related to the increase in latent heat release within the
cloud (Figure 9). A previous study [35] tested the effects of IN using two different IN concentrations,
while three different concentrations are used in this study. It can be seen that when the IN concentration
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is increased tenfold, the updraft is the strongest and lasts the longest. The downdraft associated to
precipitation fall is stronger in C2 scenario, which is linked to a greater melting of smaller but more
numerous hail hydrometeors. The updraft is weaker after a hundredfold increase in IN concentrations
than it is after a tenfold increase in IN concentrations. Thus, appropriately increasing the concentration
of IN strengthens the updraft, which is beneficial for the enhancement of the storm. However, an
excessive IN concentration will inhibit the development of the storm. This appropriate amount of IN is
important for guiding artificial hail suppression studies. In addition, a previous study [35] showed
that the IN concentration has a strong effect on updraft during the mature and dissipation storm stages,
while this study shows that the effect of the IN concentration on updraft is very clear throughout the
entire development process. Variations in IN concentrations, therefore, not only affect microphysical
properties but also have the potential to change the dynamics of the entire storm system.
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Figure 10. Cross section along the line ‘a-b” for airflow field at 0820 UTC, (a) C1; (b) C2; (c) C3; at 0920
UTC, (d) C1; (e) C2; (f) C3; at 1020 UTC, (g) C1; (h) C2; (i) C3; Shading represents horizontal wind
speed (m s71), arrows represents the airflow speed field (m s™1).

4. Discussion

We ran three simulations to detect the effect of IN on hail storms. The effect of IN on microphysical
transformation mechanism of hydrometeor particles is analyzed, which is of great significance for
understanding the effect of IN on cloud microphysics [27]. Several authors [33,34] have claimed that
the updraft and the latent heat release increase with increasing IN concentrations. Our results show
that increasing appropriate concentration of IN is good for the enhancement of storm, but excessive
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IN will inhibit the development of storm. The increase of latent heat release with increasing IN
concentrations is closely related to the condensation of cloud droplets and deposition of water vapor
into pristine ice [33-35]. Detailed analysis of various latent heat related processes are presented in
this study. The major latent heat release or absorption process varies with different development
stages of the storm clouds [50]. For instance, in the developing stage, latent heat release mainly comes
from cloud droplet condensation growth. While during the mature dissipation stage, the collection of
super-cooled water by hail is the major sources for the latent heat release.

Previous studies have found that there is a great uncertainty about the effect of aerosols on
precipitation [22-30]. The increase of IN may lead to an increase or decrease in precipitation [31-35].
Our results indicate that hail precipitation decreases with the increase of IN concentration, which is
contrary to the previous study [34]. This indicates that the influences of IN on hail precipitation varies
with different environmental conditions. The rainfall decreases in the early developing stage, while the
rainfall increases during the mature and dissipation stage, indicating that precipitation delays with
increasing IN [35]. Studies [48] found that the DeMott scheme reduced the precipitation of topographic
clouds, while the snow accumulation was closer to the observation. Other studies [51] pointed out that
it is necessary to add a correction factor cf to correct the deviation in the case of over-prediction of
precipitation by DeMott scheme. The overestimation or underestimation of precipitation in different
regions was closely related to the aerosol sampling error and the parameterization of various physical
processes in the process of establishing the formula. In the future work, it is necessary to continue to
improve the treatment of aerosols through more observations and simulations, so as to improve the
simulation of their physical effects on clouds and climate systems.

5. Conclusions

The precipitation processes of a severe storm in northern China are simulated by using the RAMS
meso-scale numerical model. Three sensitive tests are conducted to investigate the effects of IN on the
microphysical characteristics, the formation mechanism of hydrometeor particles and precipitation.
Figure 11 shows process flowchart for this study. It was found that variations in IN concentrations
not only affect the microphysical properties but also have the potential to change the dynamics of the
entire storm system. The main conclusions are as follows:

(1) A change in the IN concentrations can affect the spatial distribution of vertically integrated liquid
water mass and the ice condensate mixing ratio in the cloud. Liquid water covers a smaller area
and has a lower maximum amount of vertically integrated liquid water, the ice mass covers a
larger area and is better organized, and the cloud is more robust and has a higher maximum
vertically integrated ice condensate mixing ratio in the cases with greater IN concentrations.

(2) Most of the ice phase particles in the cloud (including pristine ice, snow, graupel and hail)
increase with an increase in the IN concentration, while supercooled cloud water and rain water
significantly decrease. The total amount of cloud and rain within the cloud decreases during
the developing and mature stage, but increases in the dissipation stage. The hail concentration
increases, the hail diameter clearly decreases, the amount of melting increases during hail particle
fall, and the amount of hail reaching the ground decreases. Thus, increasing the IN concentration
could reduce hailfall in this storm cloud.

(3) The number of heavy precipitation centers increases and the coverage of heavy precipitation
enhances with higher IN concentrations. Rainfall decreases in the early developing stage while
rainfall increases during the mature and dissipation stages, indicating that the increase in IN has
the effect of delaying precipitation. On the other hand, the hailfall decreases during all stages of
the storm development, indicating that the increase of the IN can play the role of hail reduction.

(4) Increasing IN leads to an increasing contribution rate of liquid water to hail formation but a
decreasing contribution rate of ice particles to hail generation. The contribution of cloud droplets
to pristine ice formation increases, while the contribution of snow to the formation of pristine ice
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)

(6)

decreases. The contribution of small cloud droplets to the formation of rain droplets decreases,
while the contribution of hail melting to the formation of rain increases.

Both latent heat release and absorption significantly increase in all stages of storm development
with increasing IN concentrations. In the developing stage, cloud droplets evaporation plays a
major role in latent heat absorption, while latent heat release mainly comes from cloud droplet
condensation. During the mature and dissipation stages, hail melting is the major sources of latent
heat absorption, while the latent heat release mainly comes from the collection of supercooled
water by hail.

An appropriate increase in IN is beneficial to the enhancement of the storm updraft, and excessive
IN will inhibit an increase in the updraft. Therefore, an appropriate increase in IN is beneficial for
the enhancement and maintenance of the storm, and excessive IN will inhibit the development of
the storm.
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Figure 11. For thought.

The conclusions obtained in this study can only represent this case, and cannot be generalized

to other regions of the world. More precipitation cases in different regions should be analyzed and
summarized to get more extensive conclusions.
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