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ABSTRACT

The effects of the initial cloud condensation nuclei (CCN) concentrations (100–3000 mg−1) on hail properties were
investigated in an idealized non-severe hail storm experiment using the Weather Research and Forecasting (WRF) model, with
the National Severe Storms Laboratory 2-moment microphysics scheme. The initial CCN concentration (CCNC) had obvious
non-monotonic effects on the mixing ratio, number concentrations, and radius of hail, both in clouds and at the surface, with
a CCNC threshold between 300 and 500 mg−1. An increasing CCNC is conducive (suppressive) to the amount of surface
hail precipitation below (above) the CCNC threshold. The non-monotonic effects were due to both the thermodynamics
and microphysics. Below the CCNC threshold, the mixing ratios of cloud droplets and ice crystals increased dramatically
with the increasing CCNC, resulting in more latent heat released from condensation and frozen between 4 and 8 km and
intensified updraft volume. The extent of the riming process, which is the primary process for hail production, increased
dramatically. Above the CCNC threshold, the mixing ratio of cloud droplets and ice crystals increased continuously, but
the maximum updraft volume was weakened because of reduced frozen latent heating at low level. The smaller ice crystals
reduced the formation of hail and smaller clouds, with decreased rain water reducing riming efficiency so that graupel and
hail also decreased with increasing CCNC, which is unfavorable for hail growth.
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1. Introduction
Atmospheric aerosol particles have a significant impact

on the temporal and spatial development of deep convective
storms, some of which can serve as cloud condensation nuclei
(CCN) and ice nuclei (IN) in the formation of cloud droplets
and ice crystals (Sun and Ariya, 2006). More CCN in a given
sounding environment generally result in reduced cloud par-
ticle size and suppressed precipitation, such that it may af-
fect the amount and type of precipitation (rain or hail) and
thus affect the development of convective cloud (Rosenfeld,
2000; Yin et al., 2000; Rosenfeld et al., 2008; Andreae and
Rosenfeld, 2008; Noppel et al., 2010; Mansell and Ziegler,
2013; Guo et al., 2015). China is suffering from worsening
air pollution; long-lasting episodes of severe haze have oc-
curred in recent years. The mean value of the CCN concen-
tration (CCNC) at the surface has been reported to be over
2500 cm−3 in haze conditions during spring and autumn in
central and northern China (Sun et al., 2012; Jia et al., 2016).
Consequently, it is important to determine whether hail will
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be influenced by the anthropogenic air pollution that is cre-
ating higher CCN in China. The monsoon area covers ap-
proximately 60% of mainland China in summer (Jiang et al.,
2015), and soundings in the China monsoon area are differ-
ent from those used in previous studies (Mansell and Ziegler,
2013; Carrió et al., 2014; Loftus and Cotton, 2014). The
maximum hail diameter of around 5–10 mm is the most com-
mon maximum hail size in the Inner Mongolia Autonomous
Region in northern China (Xie et al., 2010), where a typical
hail storm sounding is weaker than it is in the United States
(Mansell and Ziegler, 2013). There was a significant decreas-
ing trend in hail-day frequency from 1961 to 2010, correlat-
ing strongly with the weakening of the East Asian summer
monsoon (Zhang et al., 2017). The long-term trend of hail-
day frequency in China may be affected by aerosols, and this
is not fully understood (Li et al., 2016). Little research has
been conducted with regard to the CCN effects on hail us-
ing idealized simulations in this monsoon region of China
in summer, although the typical hail environment is usually
weaker than severe hailstorms.

CCN could potentially influence the thermodynamics of
the clouds in deep convection, such as cloud top heights,
radar reflectivity, and updraft velocity (Khain et al., 2005;
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Tao et al., 2007; van den Heever et al., 2011). Microphysical
effects are also influenced dramatically by CCN in deep con-
vective clouds. For example, CCN have a substantial influ-
ence on the microphysical properties of water and ice clouds,
which in turn affect the processes that lead to the formation
of hail (Andreae and Rosenfeld, 2008; Rosenfeld et al., 2008;
Liu and Niu, 2010; Fan et al., 2013). Some previous numeri-
cal simulations have indicated that an increased CCNC slows
warm-rain processes, so that more cloud water is carried up
to the freezing level and more latent heat is released to rein-
force the updraft. More supercooled water is then potentially
available for riming by frozen particles (van den Heever et
al., 2006; Khain et al., 2011; Carrió et al., 2014; Loftus and
Cotton, 2014). Several numerical studies have attempted to
simulate CCN effects on cloud microphysics and dynamics
(Xiao et al., 1988; Seifert et al., 2006; Noppel et al., 2010;
Khain et al., 2011; Yang et al., 2011; Carrió et al., 2014; Lof-
tus and Cotton, 2014).

A variety of numerical simulations have demonstrated the
monotonic effect of CCN on hail (Noppel et al., 2010; Khain
et al., 2011; Yang et al., 2011). Noppel et al. (2010) per-
formed a study combining four different CCN assumptions,
from 100 cm−3 to 2100 cm−3, with a broad cloud droplet size
distribution, using a simple two-moment bulk scheme, and
found that hail precipitation decreased with increasing CCNC
for a midlatitude storm in the southwest of Germany. How-
ever, Khain et al. (2011) simulated the same hail storm with
a two-dimensional (2D) bin scheme, with the opposite result,
showing that an increase in CCNC from 100 to 3000 cm−3

led to an increase in accumulated rain, with the hail mass and
the mass of supercooled water determining the efficiency of
riming and formation of large graupel and hail. These con-
flicting results could be due to differences in the microphysics
scheme and the model configuration. It is suggested that
different model setups and more sophisticated microphysics
should be used in future studies (Grabowski, 2014, 2015). As
CCNC increased from 300 to 5000 cm−3 in Hebei Province,
China, in a real-case run, the mixing ratios of small cloud
droplets and large ice-phase hydrometeor particles including
aggregates and graupel increased, while the mixing ratios of
large cloud droplets and rain drops and of small ice-phase
particles including pristine ice and snow decreased. The hail
number concentration and mixing ratio tended to decrease,
but the mean diameter of hail increased with large CCNC in
a two-moment bulk approach (Yang et al., 2011).

However, other independent studies found a non-
monotonic response of hail to CCN (Carrió et al., 2014;
Loftus and Cotton, 2014). Carrió et al. (2014) found that
a peak of simulated hail number concentration at the sur-
face for CCNC between 1500 and 2000 cm−3 occurred for
high cloud-base heights in the United States in a triple-
moment approach. However, the influence of CCN on hail-
increasing processes and hail-decreasing processes were not
addressed from a microphysics perspective. A similar non-
monotonic response of maximum precipitation rates and hail
number concentration was found at the surface. Another
triple-moment bulk microphysics scheme, with a sounding

near Goodland in the United States, showed that increases in
potential CCNC led to non-monotonic responses in nearly all
hydrometeor fields, and the overall storm dynamics and evo-
lution were largely unaffected, whereas storms with higher
CCNC did not produce hail at the surface in a two-moment
approach (Loftus and Cotton, 2014). The detailed conducive
or suppressive effects of CCN on hail remain largely un-
known from the perspective of microphysics combined with
dynamics.

There are several widely used microphysical parameter-
ization models for in-cloud processes, including Lagrangian
trajectory, bin, bulk, and hybrid bin parameterization mod-
els (Straka, 2009). Both the complete two-moment bulk mi-
crophysical scheme and the spectral bin model have pre-
dicted similar evolution of the important microphysical and
dynamical variables (Seifert et al., 2006). In the present study,
the relatively complicated National Severe Storm Laboratory
(NSSL) 2-moment scheme in the Weather Research and Fore-
casting (WRF) model was used to consider the effects of dif-
ferent initial CCNC on hail from an idealized hail storm with
a non-severe but typical hail case sounding in the monsoon
area, based on a real case in China. Although the IN effect is
important in microphysics processes, this study focused only
on CCN effects on hail. Even though the NSSL 2-moment
scheme cannot represent multimodal distributions, it has an
additional option to predict the CCNC, which is intended
for idealized cloud-resolving simulations. Further effort was
made to investigate the effects of CCN on the characteris-
tics of hail and other hydrometeor particles (cloud droplets,
rain droplets, ice crystals, snow, and graupel), both in clouds
and at the surface. A brief description of the microphysics
scheme and the simulation design of the sensitivity experi-
ments are given in section 2. Results are presented in section
3, followed by conclusions in section 4.

2. Microphysics scheme and experimental de-
sign

2.1. NSSL 2-moment microphysics

The Advanced Research WRF (WRF-ARW) model, ver-
sion 3.7.1 (NCAR, 2015) was used in this study. The model
is fully compressible and non-hydrostatic, with a run-time
hydrostatic option. The NSSL 2-moment scheme (Ziegler,
1985; Mansell et al., 2010; Mansell et al., 2010; Mansell and
Ziegler, 2013) is a bulk scheme that predicts the mass mixing
ratio and number concentrations of all hydrometeor species
(cloud droplets, rain drops, ice crystals, snow, graupel, and
hail). It also predicts average graupel particle density, and
allows graupel to span the range from frozen drops to low-
density graupel. There is an additional option in WRF-ARW
to predict the CCNC (intended for idealized simulations).
The scheme is intended for cloud-resolving simulations in re-
search applications (Wang et al., 2016b).

The initiation of cloud droplets follows Mansell et al.
(2010). The rates of cloud droplet number concentration Rc
initiated at the cloud base is calculated as
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where CCCN is the assumed CCNC at the specific height, k is
the exponent, w is the updraft speed, ∆t is the time step, and
B is the complete beta function.

The default primary ice nucleation rate RI in this scheme
is parameterized as Eq. (2) and Eq. (3) given by Phillips et al.
(2008), where A1 is 12.96, A2 is 0.639, S i is the saturation
ratio of water vapor with respect to ice, T is Kelvin tempera-
ture, and CIN is the default IN number concentration, which
is 1000 kg−1:

RI = 0.06CINemin(57.0,[A1(S i−1)−A2]) (243.15 < T < 268.15) ,
(2)

RI = 1000(emin(57.0,A1(S i−1)))0.03 (T 6 243.15) . (3)

Both hail and graupel densities can be predicted in this
scheme, for which the allowed ranges are 500–900 kg m−3

and 300–900 kg m−3. Graupel fall speeds follow the func-
tion given by Mansell (2010), with the drag coefficient rang-
ing from 0.45 to 0.8. Hail fall speed is treated the same as
that of graupel, except that the drag coefficient ranges from
0.45 to 0.6. The hail-growth process contains the following
processes: deposition of vapor to hail, collection of cloud
droplets by hail, collection of rain water by hail, collection
of ice crystals by hail, collection of snow by hail, and conver-
sion of graupel to hail. The hail-reducing process contains the
following processes: sublimation of hail, shedding of hail to
rain, melting of hail to rain, and multiplication of ice (Cotton
et al., 1986). The total hail distribution is subdivided by the
threshold diameter Dwet into two parts that are represented
by dry and wet growth. The conversion of graupel to hail is
assumed to occur when wet growth conditions exist. Further-
more, the conversion is only allowed at temperatures below
−2◦C to avoid spurious conversion too close to the melting
level.

Collection rate of rain water by hail is a two-component
process that take the following forms for the collection of
mixing ratio and number concentration, where h refers to hail
and r refers to rain drops:

∆Vh,r = [(Vh−Vr)2 + 0.04VhVr]
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Here, V is the mean fall speed, ∆Vh,r is the mean fall speed
difference between hail rain drops, qhacr is the collection rate
of mixing ratio, nhacr is the collection rate of number concen-
tration, δ is a coefficient function of the shape and exponent,
D is the mean volume diameter, and E is the average collec-
tion efficiency.

Further details of the microphysical scheme can be found
in Mansell et al. (2010) and Ziegler (1985).

2.2. Design of the simulations
The 3D idealized thunderstorm, which is a preset option

in the WRF model, version 3.7.1, was employed to inves-
tigate the CCN effects by changing the initial value of the
CCNC from 100 to 3000 mg−1 (Table 1) at the surface, so
that the effects of CCN on thermodynamics and microphysics
could be qualified in the absence of other effects including
land-surface processes, boundary-layer processes and radia-
tive processes. To make it a well-mixed boundary layer, the
CCNC (in units of mg−1) was set to a constant below 2 km
and decreasing exponentially from the 2 km height, following
Eq. (7):

CCCN = C0e( H
H0

)
, (7)

where C0 is the assumed initial CCNC at the surface in Ta-
ble 1, H is the height above 2 km, and H0 is 1448 constantly
(Duan et al., 2012).

The nested model configuration and convective initial-
ization for the simulations are given in Table 2. The initial
thermodynamic conditions for the simulations were given by
a Skew-T profile of temperature and dew-point temperature,
as shown in Fig. 1. Because of the unsuitable real-station
sounding at 0000 UTC for this afternoon-case at 0700 UTC,
the profile was based on a real-time high-resolution WRF
simulation (1-km resolution in the horizontal direction and 28
levels in the vertical direction, using the NSSL microphysics
scheme, but not shown here), using simulated sounding data
obtained near Ordos City in China at 0600 UTC 30 June

Table 1. Simulations performed to determine the sensitivity of hail
to CCNC.

Simulation Initial CCN (mg−1)

CCN100 100
CCN300 300
CCN500 500
CCN700 700
CCN1000 1000
CCN3000 3000

Table 2. Settings for the nested simulations used in this work.

Model option Domain 1 Domain 2

Grid dx = dy = 1.5 km dx = dy = 500 m
260×240 points 355×310 points

Vertical levels 51 51
Model top 20 km 20 km
Time steps 9 s 3 s
Simulation duration 2.5 h 2.5 h
Radiation parameterization Off Off

Surface parameterization Off Off

Coriolis parameter 9.3×10−5 s−1 9.3×10−5 s−1

pert coriolis On On
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Fig. 1. Skew-T plots of the WRF real-time simulation sounding at 0600 UTC
29 June 2013, near Ordos, China. Black line is the temperature and blue line
is the dew point temperature. Brown lines are isotherms (leaned to the right)
and the potential temperature (leaned to the left), and solid green lines are the
equivalent potential temperature; these three all use the temperature scale at the
horizontal 1000 hPa level near the bottom. The scale on the left side is the iso-
bars and the dashed green lines are the saturated humidity mixing ratio. The
two scales on the right side are wind-barbs and height scale.

2013. The values of the lifting condensation level, temper-
ature at the lifting condensation level, Showalter index, to-
tal precipitable water, and surface-based convective available
potential energy (CAPE) were 701 hPa, 11◦C, −2, 3 cm, and
1789 J kg−1, respectively. The maximum hailstone diameter
was 6 mm, observed at 53543 meteorological observational
station in Ordos City on this date, which was the non-severe
but typical maximum hail diameter of around 5–10 mm in the
Inner Mongolia Autonomous Region in China. It took about
2 h for the evolution of this hail storm, which was located
in the central warm area of a trough of low pressure. The
forward-tilting trough, the shear line at the low levels and
the convergence at the surface provided a favorable circula-
tion background for this hail storm according to the synoptic
chart.

3. Results of the simulations
Six simulations were conducted to investigate the impacts

of the initial CCNC on hail and other hydrometeors, both in
clouds and at the surface. This study focused not only on the

thermodynamic but also on the microphysical perspective.

3.1. Surface hail and total precipitation rate

Figure 2 shows a time series of the domain-averaged sur-
face hail and total precipitation rates for the cases in Table 1.
It was clear that the initial CCNC could potentially modify
the behavior of the surface precipitation. There were clear
delays in the onset of precipitation with increasing CCNC for
this idealized hail storm, in contrast to a previous study that
found surface precipitation began at almost the same time for
a supercell storm (Loftus and Cotton, 2014). However, the
delays consistently matched another previous study’s obser-
vation that an increase in the initial concentration of CCN led
to the formation of a large number of small droplets, with a
low collision–coalescence rate, resulting in a time delay in
raindrop formation (Khain et al., 2005). The assumption that
fewer CCN lead to a faster formation of surface precipitation
concurs with the assertion that clouds with low CCNC rain
out too quickly to mature into long-lived clouds (Rosenfeld
et al., 2008). As the CCNC increased, the maximum hail pre-
cipitation rate and accumulated hail precipitation increased
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Fig. 2. Time series of domain-averaged surface hail precipitation rate (left) and precipitation rate (right), in
mm min−1, for the cases in Table 1.

from cases CCN100 to CCN300, and then decreased when
the CCNC was over 500 mg−1. There appeared to be a thresh-
old value at a CCNC between 300 and 500 mg−1, which di-
vided the conducive and suppressive effects of CCNC on the
maximum hail precipitation rate and accumulated hail pre-
cipitation. The maximum total precipitation rate decreased
continuously with increasing CCNC from cases CCN100 to
CCN3000. This concurs with the assertion that precipita-
tion is considerably reduced and completely suppressed un-
der highly polluted conditions (Li et al., 2008). These dif-
ferent behaviors of total precipitation and hail precipitation
indicate the different effects of CCN on raindrop characteris-
tics and hail characteristics.

3.2. Effect of CCN concentration on hail characteristics
The evolution of the domain-averaged mixing ratio and

the number concentration of hail in cases CCN100 to
CCN3000 (Table 1) at different altitudes are presented in Fig.
3. The hail formed in 20–50 min of simulations in clouds
and was delayed slightly from cases CCN100 to CCN3000.
The mature stage of hail was also delayed when the initial
CCNC was increased in simulations. In cases CCN300 and
CCN500, the maximum mixing ratio and number concentra-
tion of hail were larger than in the other four cases. The
extension of the average hail mixing ratio (exceeding 0.05
mg kg−1) in the vertical orientation increased dramatically to
over 10 km when the initial CCNC was increased from cases
CCN100 to CCN500. However, the extension of hail in the
vertical orientation decreased slightly to 8.5 km as the initial
CCNC increased from cases CCN700 to CCN3000.

Figure 4 shows the maximum mixing ratio, maximum
number concentration, and maximum mean radius of hail
size distribution both in cloud and at the surface for an ini-
tial CCNC of 100 to 3000 mg−1. There was a remarkable
non-monotonic response of the maximum mixing ratio, num-

ber concentration, and radius of hail to the initial CCNC. In
the clouds, the maximum mixing ratio, number concentra-
tion, and radius of hail increased when the initial CCNC was
within the range of 100 to 500 mg−1. All these parameters
then decreased after reaching their peak values. At the sur-
face, the values of all these parameters increased at an initial
CCNC within a range of 100 to 500 mg−1 and then decreased
at higher CCNCs. The maximum mean radius of hail was
larger than 5.0 mm in cases CCN300 and CCN500, although
they were non-severe hailstones. The above analysis indi-
cated that the threshold value of the CCNC between 300 and
500 mg−1 was the same for the maximum mixing ratio, num-
ber concentration, and radius of hail, both in clouds and at
the surface. It would therefore be interesting to investigate
whether hail formation and growth depend on the dynamics
of the storm and whether the characteristics of all hydrome-
teors varied with the changes in CCNC (Mansell and Ziegler,
2013).

3.3. Effect of CCN on thermodynamics
The simulated maximum reflectivity, updraft volume and

microphysics latent heating all showed regular variations in
their evolutions with different initial CCNCs. An increase
in the CCNC led to a delay in the appearance of the maxi-
mum radar composite reflectivity factor from 30 to 60 min,
and an extension in the area of radar reflectivity (Fig. 5). The
area of increased radar reflectivity (exceeding 20 dBZ) was
mainly in the anvil area of the storms, which was due to
the large amount of smaller-sized cloud ice particles, lead-
ing to greater expansion and much slower dissipation of anvil
clouds (Fan et al., 2013). In all six cases, the maximum radar
composite reflectivity factor exceeded 50 dBZ. When the
CCNC was below the CCNC threshold (cases CCN100 to
CCN300), the maximum radar composite reflectivity factor
increased from 58 to 59 dBZ; however, it decreased to 50 dBZ
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Fig. 3. Time–height contours of domain-averaged hail mixing ratio, in mg kg−1, and hail number
concentration, in 10−3 kg−1 (black contours from 5 to 75 by 10), for the cases in Table 1.

(cases CCN300 to CCN1000) when the CCNC was above the
CCNC threshold. The maximum radar composite reflectivity
factor is a measurable variable that represents the intensity
of a storm or convective intensity (Szoke and Zipser, 1986;
Jiang, 2012). Overall, it can be inferred that there was also
a CCNC threshold effect on the hail storm intensity, which
can be measured by updraft volume (Deierling and Petersen,
2008; Mansell and Ziegler, 2013).

Results showed that the time series of updraft volume
(at temperatures colder than −5◦C, vertical velocities greater
than 10 m s−1, and maximum reflectivity greater than 35

dBZ) had clear relationships with varied CCN (Fig. 6a). The
peaks of maximum updraft volume continuously intensified
with an increase in the initial CCNC below the CCNC thresh-
old, whereas they weakened above the CCNC threshold. The
peaks of the maximum updraft volume increased from 12.3
to 18.0 in 1010 m3, then decreased to 2.9 in 1010 m3, and were
evidently affected by the CCNC (Fig. 6a), contrary to previ-
ous studies that reported no sensitive aerosol effect on ver-
tical velocity (Khain et al., 2011; Loftus and Cotton, 2014).
The discrepancy might be explained by differences in initial
sounding, model configuration and storm evolution.
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Fig. 4. Hail domain-maximum mixing ratio (green lines), maximum number
concentration (blue lines), and maximum mean radius of hail size distribution
(red lines), in clouds (solid lines) and at the surface (dashed lines), with respect
to the initial CCNC. The shaded area is the CCNC threshold.

To investigate the microphysics latent heating effect on
updraft volume, a vertical profile of the condensation and
frozen latent heating among cases in Table 1 from 10–30 min
and 35–55 min are shown in Figs. 6b and c, because greater
updraft volumes are driven by increased microphysics latent
heating (Mansell and Ziegler, 2013). There was a crucial
mixed-phase region in the mature stage of hail formation be-
tween 4 and 8 km, where the mixing ratio and the number
concentration of hail were highest (Fig. 3). In this region,
the variable latent heating and variable updraft volume to-
gether determined the non-monotonic behavior of hail at dif-
ferent initial CCNCs. From 10–30 min between 4 and 8 km,
peak values of the condensation latent heating rate increased
from CCN100 to CCN3000, but there was nearly no differ-
ence above the CCNC threshold (CCN700, CCN1000 and
CCN3000). However, the peak values of frozen latent heating

for the cases below the CCNC threshold were concentrated
between 4 and 8 km, while the cases above the CCNC thresh-
old were concentrated between 8 and 10 km because of the
formation of ice-phase hydrometeors at the higher level. That
means the difference in frozen latent heating would greatly
assist in increasing the updraft volume for cases below the
CCNC threshold. Meanwhile, both the peak height of con-
densation and frozen latent heating increased from CCN100
to CCN3000. When the storm developed between 35 and
55 min, all the peak values of condensation latent heating
showed a close pattern of around 0.12 K s−1 between 4 and 6
km, except CCN100, while the frozen latent heating in cases
below the CCNC threshold were still greater than above the
CCNC threshold near 6 km in height. The peak frozen latent
heating values of CCN300 and CCN500 were greater than
0.05 K s−1 near 6 km in height. When the CCNC was be-
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Fig. 5. Simulated domain-maximum equivalent radar composite reflectivity factor, in dBZ, with simulation times from 30 min
to 60 min [Column (a): 30 min; Column (b): 40 min; Column (c): 50 min; Column (d): 60 min], for the cases in Table 1.
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Fig. 6. (a) Time series of updraft volume (updraft speed greater than 10 m s−1; radar reflectivity greater than
35 dBZ; temperature below 0◦C), in 1010 m3, for the cases in Table 1. (b, c) Domain-maximum latent heating
profiles of vapor condensation (solid lines) and liquid water frozen (dashed lines), in K s−1, from (b) 10–30 min
and (c) 35–55 min, for the cases in Table 1.

low the CCNC threshold, the increased CCNC resulted in
more cloud water and more liquid water being frozen into
ice-phase hydrometeors between 4 and 8 km, which released
a greater amount of latent heat from vapor condensation and
liquid water frozen causing a stronger updraft volume (Fig.
6a). When the CCNC was above the CCNC threshold, the in-
creased CCNC could only lead to a little more condensation
latent heating between 6 and 8 km with more and smaller
cloud water droplets, which were quickly lifted to higher al-
titudes to form ice-phase hydrometeors, so that the center re-
gion of frozen latent heating was higher between 8 and 10
km, causing a decrease in updraft volume. Furthermore, it led

to the reduced rain auto-conversion process and reduced par-
cel buoyancy that could be attributed to a combination of in-
creased mass loading by cloud droplets (Mansell and Ziegler,
2013), and the steady reduction in rain production would
in turn result in less freezing because there were fewer and
fewer frozen rain drops to act as embryos for rapidly grow-
ing graupel. Therefore, the thermodynamic effects cannot be
isolated from the microphysics effects.

3.4. Microphysical effects of CCN
Hail formation and growth rely not only on the dynam-

ical but also the microphysical effects of CCN on all other
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hydrometeor fields. The four dominant hail-increasing pro-
cesses were as follows: collection of rain water by hail, col-
lection of cloud droplets by hail, conversion of graupel to
hail, and collection of snow by hail. The three dominant hail-
decreasing processes and their percentage contributions in all
six cases were as follows: melting of hail to rain, shedding of
hail to rain, and sublimation of hail (Fig. 7).

The increased CCNC in cases CCN100–CCN3000 led to
obvious increases in the total mass but decreases in the mean
radius of cloud droplets (Fig. 8). The simulations assumed
that a higher CCNC would result in higher cloud water con-
tent in the early stage of cloud evolution. There was also
a delay in the formation of rain drops, resulting primarily
from the slowed auto-conversion rate of small cloud droplets
into rain drops, resulting in a decrease in the total mass of
rain drops and reduced mass loading. The increase in the ra-
dius of rain drops under higher CCNCs might be caused by
the melting of large ice-phase hydrometeors (Fig. 8). As the
CCNC increased below the CCNC threshold, the net riming
rate increased drastically between 4 and 8 km at 30 min. As
the CCN increased above the CCNC threshold, the rain auto-
conversion process was effectively reduced and the net riming
rate decreased between 4 and 8 km, and its appearance was
delayed to 40 min (Fig. 9). The results show that the riming
rate was very consistent with the mixing ratio of hail (Fig.
3). The riming process of hail consists of the collection of
cloud droplets and rain water. Below the CCNC threshold,
the collection of rain water had a crucial role in the riming
process due to the increased rain water radius, whereas above
the CCNC threshold the collection of cloud droplets and rain
water were both important in the riming process, due to the
reduced mixing ratio of rain water (Figs. 8 and 9). Although
the riming rate reached a maximum in case CCN500, the hail-
decreasing process also reached a maximum in case CCN500.
The net increase in the rate of hail formation reached a maxi-
mum in case CCN300, which was within the CCNC threshold
domain (Fig. 7).

The increase in the CCNC also had an influence on the
total mass and equivalent sphere radius of ice-phase hydrom-
eteors. Large increases in the ice crystal total mass and a
decrease in the equivalent sphere radius in cases CCN100 to
CCN3000 can be seen in Fig. 8. The increase in the CCNC
caused a continual increase in the cloud total mass, but re-
sulted in a decrease in the average cloud droplet radius. Thus,
as the CCNC increased to the CCNC threshold, a mass of
small cloud droplets was transported above the freezing level,
enhancing heterogeneous nucleation and homogeneous nu-
cleation processes, resulting in a larger number of smaller-
sized ice crystals. As the CCNC increased above the CCNC
threshold, a larger mass of smaller cloud droplets was trans-
ported to a higher altitude to form an even greater number
of ice crystals, even smaller in size. The increased growth
of ice crystals through vapor deposition led to an increase in
the conversion of ice to snow. Snow aggregation was also en-
hanced. Therefore, increases in both the total mass and radius
of snow were also apparent as the CCNC increased, result-
ing in a continued growth in the collection of snow by hail

(Fig. 7).
In all cases, graupel formed after approximately 20 min

of simulation time, as can be seen from the time series of
the total mass of graupel (Fig. 8). The response of graupel
to the CCNC was similar to that of hail. The increase in the
CCNC from case CCN100 to CCN700 led to an increase in
the total mass of graupel, as more cloud water droplets were
frozen into the graupel in the enhanced net riming process,
and more ice and snow were converted to graupel embryos
at high levels. This is consistent with Mansell and Ziegler
(2013) in that most graupel was produced by rain drop freez-
ing until the CCNC threshold; although, the peak CCNC was
lower than theirs, possibly due to the weaker convection en-
vironment. However, the increase in the CCNC from cases
CCN700 to CCN3000 led to a decrease in the mixing ratio
of graupel, due to the reduced initiation of graupel by the
riming process of smaller ice crystals at high levels. There-
fore, a minimum rime density and fewer large supercooled
rain droplets were available to be frozen into graupel in the
model (Fig. 9). Consequently, the average conversion rate of
graupel to hail increased from case CCN100 to CCN300, and
then decreased to case CCN3000 (Fig. 7).

There was a delay in the formation of hail from 20 min to
40 min (Fig. 8), which was not the case for graupel, where
there was no delay from cases CCN100 to CCN3000, be-
cause of the different initiations of hail and graupel embryos.
Graupel was initiated by the riming of ice crystals or snow
particles, which were abundant in all CCN conditions with
a sufficient riming rate and riming density. But, hail em-
bryos were initiated by the conversion of large graupel whose
growth was limited by the riming process of smaller ice crys-
tals, and snow particles at high levels in different CCN con-
ditions. Below the CCNC threshold, the mixing ratio and the
number concentrations of hail increased from cases CCN100
to CCN500, mainly due to the enhanced riming process and
the enhanced conversion of graupel to hail, with the ease of
wet growth due to the riming conditions. Above the CCNC
threshold, the increase in the CCNC from case CCN700 to
CCN3000 led to a decrease in the mixing ratio and number
concentration of hail. As the radius of cloud droplets de-
creased, it led a decrease in the collection of cloud droplets
and auto-conversion by raindrops, so that less rain water was
available to support the collection of itself by hail (Figs. 7
and 8). Meanwhile, smaller cloud droplets reduced the rim-
ing density on ice-phase hydrometeors, so that graupel den-
sity was lower and less graupel was then available to sustain
the wet growth condition and enable conversion into hail in
the core region of the storm.

4. Conclusions and discussion
In this study, the effects of the initial CCNC on hail prop-

erties from the perspectives of thermodynamics and micro-
physics were evaluated using the WRF model with the NSSL
2-moment bulk scheme in a 3D idealized hail storm simula-
tion with a non-severe but typical sounding in China. The
results demonstrate that an increase in CCNC from 100 to
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Fig. 7. Bar charts showing the average rate of the individual processes in the overall hail-increasing process, hail-
decreasing process, and net increase, in kg kg−1 s−1, on the logarithmic scale, for the six cases in Table 1. The hail-
increasing process contains the following individual processes: deposition of vapor to hail (dpv), collection of cloud
droplets by hail (acc), collection of rain water by hail (acr), collection of ice crystals by hail (aci), collection of snow
by hail (acs), and conversion of graupel to hail (cng). The hail-decreasing process contains the following individual
processes: sublimation of hail (sbv), shedding of hail to rain (shr), melting of hail to rain (mlr), and multiplication of
ice (mul1).
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Fig. 8. Time series of the total mass, in kg (solid lines), and equivalent sphere radius, in mm, (dashed lines), for the six
types of hydrometeors for the cases in Table 1.

3000 mg−1 has an impact on hail properties, including the
mass mixing ratio, number concentration, and mean radius of
hailstones. Increased CCN leads to more small cloud water
droplets, which are lifted to high levels to form more small
ice crystals and snow. This leads to a decrease in the initia-
tion of hail, meaning delays occur in the formation of hail and
in the maximum radar composite reflectivity, as well as in the
surface hail precipitation, with the increasing initial CCNC.

The initial CCNC has an evident non-monotonic impact
on hail, with a CCNC threshold value between 300 and 500
mg−1, both in clouds and at the surface.

The following is a summary of the key findings regarding
the mechanisms:

(1) Below the CCNC threshold value, the mixing ratio
and number concentration of the small particles (i.e., cloud
droplets and ice crystals) is positively correlated with the
CCNC in the abundant water vapor environment in clouds.
Consequently, more condensation latent heat is released and

the center region of frozen latent heating is concentrated be-
tween 4 and 8 km altitude in the mature stage of the storm,
causing stronger updraft volume. More liquid cloud water
and rain drops are then carried to higher altitudes to be col-
lected by the graupel and hail embryos; therefore, surface hail
precipitation is enhanced.

(2) Above the CCNC threshold value, continued in-
creases in the CCNC lead to a huge number of smaller cloud
droplets sharing the relatively limited amount of water vapor
in clouds, resulting in a reduction in the warm-rain process.
Therefore, more cloud droplets are lifted to the higher frozen
altitude, leaving too few supercooled rain drops in the mixed-
phase region. The lack of supercooled rain drops leads to less
frozen drop production and therefore suppresses the riming
process of small graupel and hail particles, so the mixing ra-
tio, number concentration and maximum mean radius of the
hail size distribution decrease in clouds, and surface hail pre-
cipitation is reduced.
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Fig. 9. Time–height contours of the domain-averaged net hail riming rate, in mg kg−1 s−1 (color fill), and the mixing
ratio of supercooled rain water, in g kg−1 (black contours from 0 to 1.5 by 0.15), for the cases in Table 1. The net
riming rate is calculated by acc + acr− shr (in Fig. 7), and supercooled rain water is defined as the rain water where air
temperature is below 0◦C.

In addition, the surface hail precipitation rate seems to
be positively associated with the maximum peak value of up-
draft volume and microphysics latent heating between 4 and
8 km in the mature stage of the storm. Regarding the surface
total precipitation rate, an increased CCNC leads to a reduc-
tion in the warm-rain process; smaller rain drops require more
time to collect smaller cloud droplets, resulting in a delay in
the formation of larger rain drops. The terminal fall speed of
small ice crystals and snow at high altitudes is reduced with
an increase in the initial CCNC, resulting in a reduced density

and fall speed of graupel, and further contributing to the de-
layed surface total precipitation and extending the cloud anvil
area. Moreover, the total precipitation rate responds mono-
tonically to an increase in the CCNC. More CCN have a sup-
pressive effect on the total precipitation rate and an inhibitory
effect on the intensity of the hail storm when the CCNC is
well above the CCNC threshold because of the reduced par-
cel buoyancy and mass loading (Mansell and Ziegler, 2013).

This study was based on a hail storm simulation with a
2-moment bulk microphysical scheme, and it predicted the
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mixing ratio and number concentration for six hydrometeor
species. The input sounding was based on a monsoon-area
case in summer in China, where the environmental condi-
tions (e.g., moisture layer, CAPE, and wind shear) differed
from those in previous studies [although Carrió et al. (2014)
investigated the increased sensitivity of hail to CCN with in-
creasing cloud-base height]. Whether the above-mentioned
factors are the determining factors of the CCN impact on hail
should be investigated further. Our input sounding data had
several similarities and differences with those of Loftus and
Cotton (2014) and Mansell and Ziegler (2013). For exam-
ple, we had almost the same lifting condensation level and
temperature at the lifting level. However, our CAPE value
and wind shear were lower than theirs, and our water vapor
value was higher. The observation and simulation of hail size
up to about 6 mm and the weaker input sounding would put
this case in a non-severe category, which may have had hail
particles forming within a simpler updraft rather than recy-
cling in a severe hailstorm. The current study was based on
a relatively short-term investigation that ignored the dynamic
and thermodynamic feedbacks between the hail storm system
and its large-scale environment. Moreover, the occurrences
of hail in China are always different between the eastern and
western parts, where the base soundings of the storms are
also always different (Li et al., 2016; Wang et al., 2016a).
Therefore, it remains to be determined whether the effect of
the CCNC on hail varies with different input soundings, and
longer-time-scale hail storm responses to CCN should also be
investigated.
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