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The representation of cloudmicrophysical processes in models has always been a
challenge leading to uncertainty in convective simulations. This paper evaluates
the effect of cloud microphysical parameterizations on the simulation of
mesoscale convective systems (MCSs) through a realistic banded convection
process. A series of numerical simulation experiments are performed using the
Weather Research and Forecasting (WRF) model at a convection-permitting scale
with a 3 km horizontal grid spacing. Specifically, four experiments considering
different hydrometeor species within the WRF single-moment-microphysics
schemes (WSMMPs) are conducted, and three additional sensitivity tests
change the graupel particle properties. The results indicate that the significant
differences in the times of convection initiation across the experiments reach
120min, and more hydrometeor species may lead to later convection initiation.
Moreover, the frozen graupel hydrometeor characteristics can appreciably alter
the simulated convective morphology, even more than other hydrometeor
species. When the graupel becomes smaller (such as Graupel-like), the fall
speed of the graupel particles decreases. Therefore, more numerous graupel
particles reside in clouds for a longer time, and experience more atmospheric
diabatic heating and cooling effects. As a result, the simulated convective systems
exhibit strong banded convective echo characteristics, the surface 10-m wind
gust increases, and the cold pools associated with additional melting and
evaporation become stronger, accelerating the propagation of the system. In
contrast, larger and less abundant graupels (e.g., Hail-like) have a faster fall speed,
and the atmospheric diabatic heating and cooling decrease by shortening the
duration of their residence time within the clouds, resulting in a weak quasi-linear
convective system, weak surface 10-m wind gust, unobvious cold pool, and
slower propagation. Comparisons of the experiments further demonstrate that
the fall speeds of frozen graupel particles largely impact the vertical distribution of
the hydrometeors and the related microphysical processes.
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1 Introduction

With the rapid advancement of high-performance computing
technology, kilometer-scale numerical models such as convection-
permitting and cloud-resolving scale models (CRMs) have been
gradually applied to operational forecasting around the world such
as in some developed countries (Wang et al., 2019; Wedi et al., 2020;
Ma et al., 2022). In these atmospheric models, cloud microphysics
parameterization schemes are required to explicitly address the
behaviors of clouds and precipitation (Tapiador et al., 2019),
particularly for localized severe convective events (Morrison
et al., 2020). Thus, it is necessary to improve our understanding
and accurately perform cloud microphysics parameterization for
both short- and medium-range weather forecasting.

Compared to an explicit bin microphysics scheme, considerable
efforts have been made toward evaluating and improving bulk
microphysics schemes. Bulk microphysics have higher
computational efficiency, represent the size distributions of
hydrometeors through an exponential function or gamma-type
distribution function (Kessler, 1969; Cotton et al., 1986), and can
better reproduce the characteristics of hydrometeors and
meteorological elements in complex convective systems such as
squall lines and supercell storms.

Typically, bulk schemes include cloud particles (e.g., cloud
droplets and ice crystals) and precipitation particles (e.g.,
raindrops, snowflakes and graupel particles), which are
primitively based on earlier work (Kessler, 1969; Lin et al., 1983;
Rutledge and Hobbs, 1983). A simplified ice-phase microphysics
process was proposed by Dudhia (1989) for use in the cloud-
resolving models applicable to the Weather Research and
Forecasting Model; however, the coexistence of mixed phases of
ice and water had not yet been sufficiently considered. Subsequently,
Hong et al. (2004) considered the cloud ice deposition process in the
schemes to optimize the simulation of high clouds and precipitation
amounts, and thus, the cloud ice process was reasonably reproduced.
In addition, the introduction of various solid particles and
microphysics processes such as riming, ice multiplication, and
collision–coalescence has further improved the simulations of the
microphysics parameterization (Hong and Lim, 2006; Thompson
et al., 2008).

The microphysics process related to ice-phase particles is an
important factor to consider when simulating organized convective
systems. The solid hydrometeor, owning to the additional release of
freezing latent heat, enhances the vertical motion and reasonably
reproduces the convective updraft compared with liquid particles
(Fovell and Ogura, 1988). In addition, the simulated stratification
precipitation characteristics agree well with observations (Tao and
Simpson, 1989). Moreover, the melting and cooling effect of solid
particles generates colder cold pools beneath convective downdrafts,
allowing the convection to be more vigorous and fast-propagating
(Szeto and Cho, 1994). In a high-resolution squall line simulation
over northern Jiangsu Province in China, Xu et al. (2017)
demonstrated that the graupel or hail aloft contribute the most
to surface precipitation compared to other liquid-phase
hydrometeors. Ding and Liu (2015) noted that the different
diameters of the graupel and hail in microphysics schemes are
the main reason for the differences in the simulated amounts of
precipitation. Recently, Jouan and Milbrandt (2019) also

demonstrated that the effect of the concentrations of activated
cloud condensation nuclei (CCN) on deep convective systems
was largely influenced by the ice-phase parameterization process,
especially the graupel growth rate. In addition, a rainstorm
simulation in the warm region of southern China conducted by
Zhou and Lu (2020) showed that graupel particles have a certain
influence on the strength of cold pools.

In particular, the effect of solid particles on simulated convective
systems can be rather different when considering different solid
particle species. Bryan and Morrison (2012) used hail particles
instead of graupel particles to simulate a squall line. Their results
suggest that stratified precipitation region was slightly smaller, and
the low-level cold pools occurred earlier and became stronger, which
might have resulted from the larger size of the particles and their
faster fall speed. A recent study conducted by Bae et al. (2019)
demonstrated that introducing the hail hydrometeor can enhance
the convective activity along the leading edge of a squall line and
reduce the precipitation in the trailing stratiform regions. The results
of the idealized bow-echo convective simulation conducted by
Adams-Selin et al. (2013a) suggest that graupel particles with a
faster fall speed led to colder and wider cold pools. However, some
studies have suggested that smaller solid particles have a larger
surface area to volume ratio, and their melting process can enhance
low-level cooling, leading to stronger cold pools (Xue et al., 2017).
Idealized supercell simulations conducted by Gilmore et al. (2004)
further generated strong convective updraft when graupel particles
were considered, which can be explained by the release of latent heat
from a large number of small graupel particles through deposition
and accretion processes. In contrast, larger hail particles may lead to
weaker collection and evaporation, thus contributing to a warmer
cold pool (Cohen and McCaul, 2006). In addition, Falk et al. (2019)
reported that differences in the fall speeds of ice-phase particles have
a direct effect on the simulations of convective systems, while the
size characteristics of solid particles may be indirectly responsible for
their fall speeds.

The results of the aforementioned studies indicate that even a
few modifications to the microphysics parameterization may lead to
changes in the size, spatial distribution characteristics, and physical
properties of each hydrometeor (James et al., 2006), thus resulting in
significant differences in the simulation of the characteristics of
convective systems (Weisman, 1993; Adams-Selin et al., 2013b).
However, most previous studies have been based on ideal numerical
models, and only a few studies have focused on real case studies. To
capture the characteristics of mesoscale convective systems and
understand how convective systems initiate and mature, it is
necessary to conduct studies with convection-permitting scale
numerical models. Moreover, a previous analysis of an individual
case has been more focused on the mesoscale dynamical processes
(Wu et al., 2018), and few studies have investigated the effects of
different hydrometeors species and particle parameters of
microphysics schemes on convective systems, especially from the
perspective of microphysical processes. The insights provided by our
study could be helpful in improving operational forecasting skills
and the developing microphysics parameterization schemes.

The goals of this study were 1) to evaluate the effects of the
diversity of hydrometeors species on the simulated convective mode
and morphology in terms of a real case; and 2) to explore the
sensitivities of a convective system structure and associated
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thermodynamic process to graupel particle parameters. The reason
for specifically changing the graupel parameters was their large
impact on the microphysical heating and cooling rates based on
previous studies (Falk et al., 2019). To this end, we chose a local
banded convective system process that occurred in northern China
to carry out a series of numerical simulations and sensitivity tests at a
convection-permitting scale.

The rest of this paper is organized as follows: the experimental
designs, data, and methods are presented in Section 2. Section 3
provides the background and observed mesoscale features of a local
banded convective event. Section 4 analyzes and compares the
effects of the different schemes and graupel particle
characteristics on the initiation and development of the
convective system. The graupel characteristics and the
mechanism by which they influence the convective system are
discussed in Section 5, and the summary and conclusions are
presented in Section 6.

2 Model and methodology

2.1 Model configuration

The non-hydrostatic mesoscale Weather Research and
Forecasting (WRF) Model version 4.3.1 (Skamarock et al., 2008)
was used in this study to simulate a convective event at a convection-
permitting scale. The model had a mixed vertical coordinate with
51 layers (top of model extends to 50 hPa). In the horizontal
direction, the model was configured in three one-way nested
domains, with horizontal grid spacings of 27 km, 9 km, and
3 km, and the center of the domain was located at 35.7°N, 115°E.
The simulation area is shown in Figure 1. The simulation was
initialized at 1800 UTC on 8 August 2020, with a time step of
90 s and was integrated for 36 h, of which the first 6 h were

considered to be the model spin-up period and were not used in
the analysis. The initial and lateral boundary conditions were
obtained from the National Centers for Environmental Prediction
(NCEP) Global Data Assimilation System/final (GDAS/FNL) global
reanalysis data (Kalnay et al., 1996), which are updated every 6 h and
have a horizontal resolution of 0.25° × 0.25°. The outputs of the
innermost 3 km domain were saved every 15 min, and the
subsequent analysis of the simulation results mainly focused on
the innermost domain. Based on previous studies on convective
simulations (e.g., Hu et al., 2022), the configurations of the physical
parameterization schemes used in the model included the rapid
radiative transfer model for general circulation models applications
(RRTMG) scheme (Iacono et al., 2008) for both the long- and short-
wave radiation, the Mellor-Yamada-Janjic (MYJ) planetary
boundary-layer scheme (Janjic, 1994), and the Noah land surface
scheme (Tewari et al., 2004). The Kain–Fritsch eta (KF; Kain, 2004)
cumulus convective parameterization scheme was used in the
outermost and intermediate domains.

2.2 Experimental design

Four bulk microphysics parameterization schemes were selected
in this study to analyze and compare the effects of the different
hydrometeor categories on the evolution of the convective system
and the related thermodynamic processes. The four schemes
selected were the WRF single-moment 3-class (WSM3; Hong
et al., 2004) scheme with water vapor, cloud water/ice, and rain/
snow; the WRF single-moment 5-class (WSM5) scheme with water
vapor, cloud water, cloud ice, rain, and snow; the WRF single-
moment 6-class (WSM6; Hong and Lim, 2006) scheme with
additional graupel particles; and the WRF single-moment 7-class
(WSM7; Bae et al., 2019) scheme with hail added to the WSM6
(Table 1). The differences in the hydrometeor species and particle

FIGURE 1
The topography (shaded; m) of (A) the triply nested weather research forecasting (WRF) simulated domains and (B) the finest domain D03.

Frontiers in Earth Science frontiersin.org03

Wu et al. 10.3389/feart.2023.1149518

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1149518


phases could lead to the redistribution of the hydrometeors mass
(Van Weverberg et al., 2013), and thus could affect the
microphysical processes.

To further evaluate the sensitivity of the graupel hydrometeor
properties to the simulation of the convective system, three
additional sensitivity experiments were conducted with varying
intercept parameter, density, and fall speed relationships for the
graupel hydrometeor based on the WSM6 scheme, according to the
sensitivity experiments on graupel particles conducted in previous
studies (Adams-Selin et al., 2013a), namely, the WSM6-Graupel-
Like, WSM6-Middle-Like, and WSM6-Hail-Like experiments. For
the WSM6-Graupel-Like experiment, the graupel particles are
smaller in size, lighter in mass, and have slower sedimentation
velocities, that is, small graupel particles. The WSM6-Hail-Like
experiment contains graupel particles with a larger diameter,
heavier mass, and faster fall speed, which are similar to large
graupel particles or hail particles, and the parameters for the
graupel particles in the WSM6-Middle experiment have
intermediate values. The microphysics schemes and the graupel
parameter settings for all of the experiments are listed in Table 1.
The increase in the mixing ratio of the graupel particles directly
results in an increase in their diameter, whereas the surface-to-
volume ratio of large particles is usually smaller, which could further
lead to a decrease in their melting and evaporation rates. In addition,
changes in the density and fall speed of graupel particles would also
affect their residence time within the cloud and to a certain extent
the duration of the phase change process.

Figure 2 shows the relationships between the graupel particle
diameter and the number concentration and fall speeds for the
experiments containing graupel hydrometeor. Generally, the
number concentration of the graupel particles decreases with
increasing diameter for a graupel mixing ratio of 1 g kg−1 and air
density of 1 kg m−3 (Figure 2A), and an increase in the graupel
particle diameter directly increases the fall speeds (Figure 2B).
Moreover, the difference in fall speeds increases as the diameter
increases. Because the WSM6 and WSM7 schemes have the same
function relationship for graupel particles, their curves overlap. The
relationship between the graupel particle diameter and the fall speed

also indicates that for the same graupel particle diameter, the
WSM6-Hail-Like experiment, WSM6, and WSM7 have the
highest fall speed compared to the others, followed by the
WSM6-Middle-Like experiment, and the graupel particles in the
WSM6-Graupel-Like experiment have the slowest fall speed. Thus,
the graupel particles with different properties are given in the
respective experiments to investigate their effects on the
morphology and thermodynamic processes of the convective
system.

2.3 Methodology

To characterize the convective morphology and evaluate the
simulation performances of the different experiments, the radar
reflectivity factor dataset from an S-band Doppler weather radar in
Tianjin (Z9220), China, for this event was used. The hourly wind
fields at 10-m from the automated surface observation stations were
also collected to examine the simulation results. The precipitation
product was obtained from the National Aeronautics and Space
Administration’s (NASA) integrated multi-satellite retrievals for
global precipitation measurement (GPM) (IMERG; Huffman
et al., 2020) dataset, which is available at 30-min intervals with a
0.1° gird spacing. Based on previous widely used definition of
convective systems (Trier et al., 2017; Zhang et al., 2019), this
study uses a radar reflectivity of 30 dBZ echo as the threshold for
convective precipitation, classified as stratocumulus precipitation
(15–30 dBZ) and convective precipitation (≥30 dBZ). Based on
widely used convective initiation and development definitions
based on radar reflectivity (e.g., Mulholland et al., 2018;
Mulholland et al., 2019; Zhang et al., 2019), the convection
initiation is defined as the time when the radar reflectivity
exceeding 30 dBZ echo that cover at least 40 grid points, which
then developed into a quasi-linear convective system. Although the
threshold of 30 dBZ may not be rigorous, this approach is largely
reasonable in allowing comparison between observations and model
simulation results with acceptable initiation timing biases. And the
convection development is subjectively determined by evaluation

TABLE 1 Model experimental design and characteristics of graupel particle conducted in this study.

Simulation
name

Microphysics
scheme

Graupel size
distribution (m−4)

Graupel slope
parameter (λG)

Graupel fall speed
(m s−1)

Graupel
density
(kg m−3)

avG bvG

Original experiments: hydrometeors species comparison

WSM3 WSM3 — — — — — —

WSM5 WSM5 — — — — — —

WSM6 WSM6 n0G exp(−λGDG) λG � (πρGn0GρqG
)0.25 VG � avGD

bvG
G (ρ0ρ )0.5 500 330 0.8

Sensitivity experiments: graupel particle property comparison

WSM6-Graupel-
like

WSM6 300 270 0.8

WSM6-Middle-like WSM6 700 285 0.8

WSM6-Hail-like WSM6 950 330 0.8

WSM7 WSM7 500 330 0.8
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when the strength and range of simulated reflectivity began
decreasing with time.

To analyze the influence of the microphysics process on the
propagation of the banded convective system, the cold pool
properties were characterized by introducing the near-surface
buoyancy. As in the work of Correia et al. (2008) and
Mulholland et al. (2019), the cold pools were defined using the
surface buoyancy:

B � g(θ − �θ
�θ

) + 0.61g qv − qv( ), (1)

where g is gravitational acceleration, θ is the model output potential
temperature at 2 m, �θ is the ambient potential temperature at 2 m, qv
is the model output water vapor mixing ratio at 2 m, and qv is the
ambient water vapor mixing ratio at 2 m. The ambient potential
temperature and water vapor mixing ratio were determined by
taking the average of the southern region over the convective
system (dashed box in Figure 6A). The region was selected to
represent the relative atmospheric environment uninfluenced by
the convective system during this period. According to the buoyancy
equation (Eq. 1), a negative B value indicates the presence of a cold
pool, and the larger the negative value is, the stronger the cold pool is
(Verrelle et al., 2015).

3 Overview of the 9 August
2020 convective event

3.1 Synoptic-scale background and
observed precipitation

A heavy precipitation event caused by local convection occurred in
northern China on 9 August 2020. The horizontal distributions of the
geopotential heights and wind fields at 500 hPa and 850 hPa are shown
in Figure 3A. At 1200 UTC on 9 August 2020, a well-organized low-
pressure systemwas located at high latitudes in themid-level (500 hPa).
Accompanied by the low-pressure system, a short-wave trough centered

to the northwest of northern China moved eastward, and the westerly
winds were dominant over northern China. At lower levels, an 850 hPa
southwesterly low-level jet (LLJ) with horizontal wind speeds of greater
than 5 m s−1 was enhanced across the southern part of northern China,
which was conducive to moisture transport. Simultaneously, in the
northwestern part of northern China, northeasterly winds were present.
These wind field features induced both horizontal and vertical wind
shear over this region. Figure 3B shows the distribution of the IMERG
6 h accumulated precipitation during 1,000–1600 UTC on 9 August
2020. As the convective system propagated southeastward, it resulted in
a northeast-southwest oriented rain band over the Beijing-Tianjin-
Hebei region in northern China. The rainfall center was located in
the Beijing region with a maximum rainfall accumulation of about
120 mm.

3.2 Banded convective system features

The evolution of the convective system during this period was
depicted by the observed composite radar reflectivity at Tianjin
station during this period (Figure 4). At 1000 UTC on 9 August, a
weak stratiform precipitation system was first observed near the
border area between northern Hebei Province and Beijing
(Figure 4A). The hourly precipitation product from the GPM
exhibited a scattered distribution (not shown), and the
automated surface observation stations revealed that surface
southerly winds dominated. Then, the system moved
southeastward and developed. By 1200 UTC, a blocky
convective echo appeared in the northern part of Beijing,
accompanied by strong northerly winds at the surface
(Figure 4B). Subsequently, the northwesterly winds at the
surface dominated the northwestern sector, causing local
convergence with the original southerly winds in the south. As
a result, this mesoscale convective system was intensified,
extending to cover most of the Beijing area and exhibiting a
banded echo characteristic (Figure 4C). In addition, the
precipitation increased. By 1400 UTC, the convective system

FIGURE 2
(A) The relationship of graupel hydrometeor diameters and number concentration with graupel mixing ratio of 1 g kg−1 and air density of 1 kgm−3. (B)
Mass-weighted mean graupel hydrometeor fall velocity (m s−1) for a range of diameters for different experiments. Temperature is fixed at 268.15 K, and
pressure is assumed to be at 900 hPa. It is noted that the curves of graupel number concentration ofWSM7 test overlaps with that of WSM6 in (A), and the
mean fall velocity of WSM6, WSM6-Hail-like and WSM7 are same in (B) because of their same graupel particle distribution function.
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developed to maturation when the echo reached 55 dBZ in the
border area between Tianjin and Beijing, exhibiting an obvious
bowed convective line (Figure 4D). The 1-h precipitation reached
more than 30 mm between 1,300 and 1400 UTC. Then, the
convective echo weakened, indicating that the convective system
tended to die out during its eastward movement. Finally, the
banded convective system moved out of the Tianjin area at
0000 UTC on 10 August, which was the end of the entire
precipitation process.

4 Results of simulations for different
experiments

4.1 Impacts on convection initiation

Figure 5 shows the simulated composite radar reflectivity and
surface 10 m wind fields at the moment of convection initiation for
the different experiments. It can be seen that for all seven
experiments, the convection was initiated by the convergence of

FIGURE 3
(A) Horizontal distributions of the 500 hPa (blue solid lines; gpm), 850 hPa (red solid lines; gpm) geopotential heights and 500 hPa (blue vectors; m
s−1), 850 hPa (red vectors; m s−1) wind fields with low-level jet at 850 hPa (shaded; m s−1) valid at 1200 UTC 9 August 2020, the red circle marker in (A)
denotes the location where banded convective occurred; (B) the observed 6-h total precipitation (shaded; mm) of the National Aeronautics Multi-
satellite Retrievals for GPM (IMERG) starting from 1000 UTC 9 August 2020.

FIGURE 4
The surface observed composite radar reflectivity (shaded; dBZ) superimposed 10-m wind fields (vectors; m s−1) from automated surface
observation stations at (A) 1000 UTC, (B) 1200 UTC, (C) 1300 UTC and (D) 1400 UTC on 9 August 2020, respectively.
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the low-level local southwesterly and northwesterly winds in the
border area between eastern Beijing and Tianjin, which is in good
agreement with the observed wind field characteristics (Figure 4).
However, the simulated location of the convection initiation is
shifted to the northeast compared with the observations, which
may be related to the strong south winds in the model, causing the
simulated convergence zone to be located farther north. It should be
noted that all of the simulations have more or less the same
positional bias, indicating an inherent systematic bias in the
model-driven fields. Thus, we conclude that the seven
experiments basically reproduced the convective process reasonably.

Further comparative analysis revealed that in terms of the
convection initiation location, the WSM3, WSM5, WSM6, and
WSM6-Graupel-Like experiments produced convection initiation
roughly southeast of Beijing, whereas the WSM6-Middle, WSM6-
Hail-Like, and WSM7 experiments produced convection initiation

more to the east of Beijing. Compared with the simulated locations
of the convection initiation, more differences come in the simulated
convection initiation time. Table 2 displays the time of the convection
initiation in each experiment according to the definition of convection
initiation. The difference significantly varied by as much as 120 min. A
prominent feature is that the convective system tended to initiate later
when more hydrometeor species were included. Specifically, the
WSM3 and WSM5 experiments without graupel particles produced
the earliest time of convection initiation, about 1015 UTC and
1030 UTC, respectively, followed by the WSM6 experiment. In
contrast, the WSM7 experiment with hail particles produced the
latest initiation. Additionally, the set of three sensitivity experiments
revealed that the larger the graupel particle diameter was, the later the
simulated convection initiation time was. In general, the convection
initiation times of all of the simulations were slightly earlier than the
observed time.

FIGURE 5
Simulated composite radar reflectivity (shaded; dBZ) superimposed horizontal wind fields at 10 m (vector; m s−1) at time of convective initiation for all
seven experiments: (A) WSM3, (B) WSM5, (C) WSM6, (D) WSM6-Graupel-Like, (E) WSM6-Middle-Like, (F) WSM6-Hail-Like and (G) WSM7 experiments.
The red circle marker in (D) denotes the location where convective initiated at first; and the statistical times of convection initiation for each experiment
are shown in Table 2.

TABLE 2 Times of convective initiation and development for all seven experiments.

Experiment names Times of convection initiation (UTC) Times of convective development (UTC)

WSM3 10:15 12:00

WSM5 10:30 12:15

WSM6 11:15 12:30

WSM6-Graupel-Like 11:15 12:30

WSM6-Middle-Like 12:00 12:30

WSM6-Hail-Like 12:15 12:30

WSM7 11:45 12:45
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4.2 Impacts on the development of the
convective system

During the convective development stage, for the seven
experiments (Figure 6), significant differences occurred in the

simulated convective morphology. The WSM3 and WSM5
experiments produced the broadest area of convective reflectivity,
exceeding 30 dBZ, compared to the others (Figures 6A, B), which
was caused by a large amount of small liquid hydrometeors (e.g., cloud
drops and rain drops) instead of solid hydrometeors within the cloud.

FIGURE 6
Simulated composite radar reflectivity (shaded; dBZ) at time of convective development for all seven experiments: (A)WSM3, (B)WSM5, (C)WSM6,
(D)WSM6-Graupel-Like, (E)WSM6-Middle-Like, (F)WSM6-Hail-Like and (G)WSM7 experiments. The black lines correspond to the positions of the cross
section for each experiment shown in Figures 14, 15. In Figure 6A, the grey solid box contains the area used to calculate the graupel particles
characteristics in Figures 11, 12, and the grey dashed box indicates the region used to calculate environmental conditions for surface buoyancy. The
specific times of convective development for each experiment are shown in Table 2.

FIGURE 7
Simulated 10-mwindmaximum speed (shaded; m s−1) at time of convective development for all seven experiments: (A)WSM3, (B)WSM5, (C)WSM6,
(D)WSM6-Graupel-Like, (E)WSM6-Middle-Like, (F)WSM6-Hail-Like and (G)WSM7 experiments. The blue contours indicate simulated 15 dBZ composite
radar reflectivity.
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Moreover, the convective systems in the WSM6 and WSM6-Graupel-
Like experiments produced a strong banded convective echo structure,
with the strongest reflectivity of 50–55 dBZ occurring near the eastern
boundary of the Beijing area (Figures 6C, D). This suggests that
differences in the graupel properties seem to play an important role
in convective morphology. One possible explanation for this may be
that smaller graupel particles with slower descent speeds modulate the
latent heating and evaporative cooling source by adjusting the
hydrometeor distributions. These changes further led to wider
updrafts and downdrafts. In contrast, the convective systems with
large graupel and hail particles (e.g., in the WSM6-Middle-Like,
WSM6-Hail-Like and WSM7 experiments) exhibited a weak quasi-

linear echo structure, which was mainly located in eastern Beijing
(Figures 6E–G). All of the experiments had similar convective
development stage times (Table 2), whereas as with their earlier
convection initiation times, the WSM3 and WSM5 experiments had
slightly earlier convective development times.

4.3 Impacts on maximum 10-m wind speeds

The microphysical processes also resulted in changes in the
surface wind fields through the cooling effect of low-level
downdrafts. A relatively strong surface 10 m wind gust around
the leading edge of the convective system (enclosed by blue
contour in Figure 7) occurred in all of the experiments during
the development stage. Compared with the WSM3 experiments, the
WSM6 andWSM6-Graupel-Like experiments with graupel particles
were characterized by a larger coverage area of wind speeds of
greater than 12 m s−1 (Figures 7A–D), suggesting that considering
the solid particles could benefit the intensification of the surface
wind gusts. However, as the size of the graupel particles increased, a
relatively weaker surface 10 m wind gust occurred inWSM6-Middle
and WSM6-Hail-Like experiments (Figures 7E, F). Although the
WSM7 experiment also contained graupel particles, like the
WSM6 experiment, the introduction of large hail particles
appeared to hamper the intensification of the surface wind fields,
and the wind speed was approximately 10 m s−1 (Figure 7G).

4.4 Impacts on the propagation of
convective system

To further compare the effects of the microphysical processes on
the propagation of the convective system, similar to the 10-m wind

FIGURE 8
Simulated surface potential temperature (shaded; K) at convective development stage for all seven experiments: (A)WSM3, (B)WSM5, (C)WSM6, (D)
WSM6-Graupel-Like, (E)WSM6-Middle-Like, (F)WSM6-Hail-Like and (G)WSM7 experiments. The blue contours show the simulated 15 dBZ composite
radar reflectivity.

FIGURE 9
Time series of simulated area-averaged surface buoyancy (units:
m s−2) of cold pools within the whole convection bands for all seven
experiments beginning at 0900 UTC 9 August 2020.
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maximum speeds, the simulated surface potential temperature is
displayed to evaluate the surface cold pools (Figure 8) in the different
experiments during the development stage. Figure 9 shows the time
series of the area-averaged surface buoyancy during this period
computed using Eq. 1. The simulated surface potential temperature
embedded in the convective echo region was colder in the
WSM6 and WSM6-Graupel-Like experiments (Figures 8C, D),
which is associated with the stronger cold pools driven by the
convective downdraft. Thus, in these experiments the minimum
buoyancy was attained earliest (at 1230 UTC) and was maintained

for about 3 hours (Figure 9). As a result, a faster propagating
convective system induced by the strengthened cold pools with a
longer life cycle was generated. These features can be explained by
the fact that smaller graupel-like particles with slower fall speed (see
Figure 13) experienced more cooling through melting and
evaporation processes above and below the melting level in
downdrafts. In the WSM3 and WSM5 experiments, the cold
surface potential temperature was mainly solely formed due to
the solid snow particles (Figures 8A, B). Although similarly
strongest cold pools in WSM3 experiment was generated at the

FIGURE 10
Vertical cross sections (along the black line in Figure 6) of the graupel (shaded; g kg−1), cloud water (purple dot dashed lines; g kg−1), rain water (red
dashed lines; g kg−1), cloud ice (green solid lines; g kg−1), snow (black solid lines; g kg−1) and hail (orange solid lines; g kg−1) mixing ratios with the isotherm
lines (black dashed lines; Isopleth interval is 20°C) at convective development stage for all experiments: (A) WSM3, (B) WSM5, (C) WSM6, (D) WSM6-
Graupel-Like, (E) WSM6-Middle-Like, (F) WSM6-Hail-Like and (G) WSM7 experiments. The grey areas indicate the terrain height.
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latest by (1430 UTC) among all of the simulations, the less negative
buoyance continued throughout most of the time before (Figure 9),
which may have resulted from the additional time needed for the
snow to fall below the melting level (Adams-Selin et al., 2013b).
Therefore, the propagation speeds of the simulated convective
systems in the WSM3 and WSM5 experiments were not as fast
as those in the WSM6 and WSM6-Graupel-Like experiments. In
contrast, the WSM6-Middle, WSM6-Hail-Like and
WSM7 experiments lead to the non-obvious cold surface
potential temperature covering a smaller area (Figures 8E–G) and
less negatively buoyancy cold pools most of the time (Figure 9),
supporting the conclusions of Cohen andMcCaul, (2006). It is noted
that a deepen cold pool occurred in WSM7 experiment after
1330 UTC. These features imply that due to their rapid fall
velocity, the large graupel or hail particles seem to reduce the
cooling effects by shortening their duration in the downdrafts
(Figure 13). In these cases, the simulated convection moved less

and was shorter-lived, particularly in the WSM6-Hail-Like
experiment.

5 Effect of sensitivity of graupel
characteristics on convective system

5.1 Cloud microphysical characteristics

To understand the influences of the hydrometeor species and
graupel particle properties on the microphysical characteristics of the
convective system, Figure 10 shows the vertical distribution of each
hydrometeor mixing ratio along a cross section through the
convective system in the development stage for all of the
experiments. The seven experiments produced significantly
different vertical distribution hydrometeor characteristics. Without
complex graupel and hail particles, the convective clouds in the

FIGURE 11
Contoured frequency by altitude diagrams (CFADs) of horizontally and temporally averaged volume-weighted mean diameter of graupel particles
(10−3 m) for (A)WSM6, (B)WSM6-Graupel-Like, (C)WSM6-Middle-Like and (D)WSM6-Hail-Like experiments. The area averaging was over grey solid box
in Figure 6A, and temporal averaging was from 0900 UTC to 1700 UTC on 9 August 2020. Note that the ranges of abscissa differ between experiments
and the colour bar for the increasing logarithmic values [from blue (1) to red (104)] is used to describe the occurrence frequency.
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WSM3 and WSM5 experiments were dominated by liquid particles,
including cloud water and raindrop, as well as snow in the upper
troposphere (Figures 10A, B), which reasonably supported the
broadest area of stronger convective reflectivity (Figures 6A, B).
Both the WSM6 and WSM6-Graupel-Like experiments are
dominated by graupel and snow species above the melting level
(approximately 4 km), and the graupel mixing ratio in the WSM6-
Graupel-Like experiment was the largest among the experiments
(Figures 10C, D). Below the melting layers, cloud water and
rainwater were the main hydrometeors. Compared with the
WSM6-Graupel-Like experiment, the hydrometeor mixing ratio
was slightly lower in WSM6. Whereas in the WSM6-Middle-Like
experiment (Figure 10E), a rather small graupel mixing ratio was
produced at middle levels (6–10 km). The WSM6-Hail-Like
experiment produced the smallest total mixing ratio associated
with the convective system (Figure 10F), in which the least graupel
mainly occurred at low levels (2–6 km). In theWSM7 experiment, the
graupel mass was not less abundant in the upper troposphere, and the
hail was primarily located at low levels (Figure 10G).

The vertical distribution characteristics of the hydrometeors seem
to be closely related to the graupel hydrometeor properties. The
temporally and spatially averaged contoured frequency by altitude
diagrams (CFADs; Yuter and Houze, 1995) of the graupel particle
diameters and fall speeds for the WSM6-related experiment are
provided in Figures 11, 12, respectively. And the Time series of
median graupel sizes and fall speeds are exhibited in Figure 13. It
can be seen that smaller graupel particle diameters (less than 0.5 mm;
Figure 11A) with slower fall velocities (less than 0.8 m s−1; Figure 12A)
occurred in the middle and upper levels in the WSM6-Graupel-Like
experiment. Similar characteristics occurred in the WSM6 experiment,
but the diameters (less than 0.6 mm) were somewhat larger and descent
speeds (less than 1.2 m s−1) were somewhat faster than those in the
WSM6-Graupel-Like experiment (Figures 11B, 12B). Because of
smaller fall velocities (Figure 13B), the graupel hydrometeor was
retained 3 km above the ground level (AGL), which is consistent
with the results of Van Weverberg et al. (2013). Only when the
diameter and descent speed of the graupel particles increased did
the graupel particles begin to occur at low altitudes of <3 km in the

FIGURE 12
Same as in Figure 11, but for the mass weighted fall speed (m s−1) of graupel particles in (A)WSM6, (B) WSM6-Graupel-Like, (C) WSM6-Middle-Like
and (D) WSM6-Hail-Like experiments.
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WSM6-Middle-Like experiment (Figures 10E, 11C, 12C, 13A).
Similarly, the WSM6-Hail-Like experiment produced graupel
particles throughout the troposphere due to their largest fall speed
(Figures 11D, 12D, 13B). In addition, recall that a general relationship
between the graupel hydrometeor diameter and number concentration
is applied in the WSM6-related schemes (see Section 2.2). This means
smaller graupel particles with larger number concentration were
generated in the WSM6-Graupel-Like experiment. As a result,
abundant graupel particles occurred above the melting layers.
Apparently, these characteristics are consistent with the vertical
distributions of the hydrometeors in the WSM6-Graupel-Like
experiment (Figure 13). Therefore, the WSM6-Hail-Like experiment
produced the least graupel particles at lower levels and the particles had
the largest sizes, which was related to their smallest number
concentration and fastest fall velocities.

5.2 Contributions of microphysical diabatic
heating process

The above analyses indicate that the differences in the vertical
distributions of the hydrometeor in the different experiments
were largely due to the differences in the graupel particle

properties. More importantly, these differences potentially
impacted the microphysical diabatic heating process associated
with convective clouds. To further elucidate the dynamic and
thermodynamic effects related to the graupel particles on the
convective system, Figures 14, 15 show vertical cross sections of
the heating and cooling sources with instantaneous flow through
the convective system at the development stage for all of the
experiments. In the WSM3 experiments, a large mount of cloud
water condensation and rain below 9 km AGL and deposition
above the melting level dominated (Figure 14A), which resulted
in an enhanced convective updraft within the clouds and a wider
convective core. In addition, the cooling effects were mainly from
the sublimation cooling of the cloud ice and snow (Figure 15A).
The evaporation cooling process was relatively weak, although
the melting cooling process in the upper layer was obvious
compared to the others. The WSM5 experiment seems to
generate less heating related to condensation and deposition
(Figure 14B), and the evaporation and sublimation cooling
effects were dominant but small (Figure 15B). The graupel
and snow species contributed considerably to the heating
associated with the deposition in the WSM6 and WSM6-
Graupel-like experiments (Figures 14C, D), which was mainly
attributed to smaller graupels with a larger number
concentration. These hydrometeors spread horizontally more
rapidly than they fell out, allowing them to remain in the
atmosphere longer before reaching the melting layer. It should
also be noted that the cloud water and rainwater were also
responsible for the large amount of heating related to
condensation (Figures 15C, D). In this case, a stronger
convective updraft must be generated, thus explaining the
formation of the banded and even bowed convective echo
structures. Furthermore, during the period when the smaller,
more numerous graupels fell slowly below the melting levels, the
effects of the surface area-to-volume and fall speed of the
graupels must have enlarged the cooling rates through
evaporation and sublimations aloft (Figure 15D), which
eventually resulted in a stronger surface 10-m gust wind and a
deeper, more negatively buoyant cold pool, as well as a faster
convection propagation. This is consistent with the results of Xue
et al. (2017), that is, the highest condensate production and
evaporation were produced when low terminal velocities
associated with graupel were considered in their semi-
idealized squall-line simulation.

The condensation heating in the WSM6-Middle-Like and
WSM6-Hail-Like experiments was not extensive as in the
WSM6-Graupel-like experiment (Figures 14E, F) and consisted
of some deposition at high altitudes. The rare, large, and fast-
falling hail-like particles may have inhibited the intensification of
the system by weakening the updrafts, which were responsible for
the weak quasi-linear echo structure in the WSM6-Hail-Like
experiment. In view of the cooling effects, it is clear that they
produced similar vertical distributions of microphysical
evaporation cooling. Compared with the WSM6-Middle-Like
experiments, the WSM6-Hail-Like experiment produced
stronger cooling and the peaks tended to be closer to the
surface, which could be associated with their weak vertical
velocities (Figures 15E, F). It should also be noted that the
cooling effects of both experiments were dominated by

FIGURE 13
Time series of median (A) graupel sizes (10−3 m) and (B) graupel
fall speeds (m s−1) over the whole domain shown in Figure 6 for WSM6,
WSM6-Graupel-Like, WSM6-Middle-Like and WSM6-Hail-Like
experiments.
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evaporation instead of sublimation in the WSM6-Graupel-like
experiment, suggesting that the largest diameter and fastest
sedimentation of the hail-like particles shortened their
residence time within the clouds. These combined effects lead
to weaker surface winds, a warmer cold pool, and slower
propagation. A compromise between features occurred in the
WSM7 experiment, in which the heating and cooling effects were
intermediate between those in the WSM6-Graupel-like and
WSM6-Hail-Like experiments (Figures 14G, 15G). Overall, the
effects of the graupel particle parameters had more significant
influences on the convective morphology and cloud
microphysical structure than the hydrometeor categories. The
sizes of the graupel particles led to the differences in their falling
velocity. The vertical distribution characteristics of each

hydrometeor were changed, and thus, the structures of the
cloud dynamics and microphysical diabatic heating were
modulated. However, the graupel fell very slowly, which
extended its residence time in the atmosphere, thereby
affecting the duration of the atmospheric diabatic heating.

6 Summary and conclusion

In this study, the role of microphysics parameterization in the
evolution of the 9 August 2020 banded mesoscale convective system
over northernChinawas investigated. A series of convection-permitting
scale WRF simulations were conducted in which the hydrometeor
categories within the bulk microphysics schemes were increased and

FIGURE 14
Vertical cross sections (along the black line in Figure 6) of heating source from condensation (shaded; 10−3 K s−1), deposition (black solid lines; 10−3 K
s−1) and freezing (dark blue dashed lines; 10−3 K s−1) superimposed instantaneous flowwith the isotherm lines (black dashed lines; Isopleth interval is 20°C)
at convective development stage for all seven experiments: (A)WSM3, (B)WSM5, (C)WSM6, (D)WSM6-Graupel-Like, (E)WSM6-Middle-Like, (F)WSM6-
Hail-Like and (G) WSM7 experiments. The grey areas indicate the terrain height.
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decreased and the graupel hydrometeor properties were changed to be
more like graupel or hail particles. The results of the microphysics-
related experiments highlighted the effects of the graupel particle
properties on the convection initiation and development of this local
banded convective system. The influences on the convection initiation
included changes in the location and time. The convection initiation
occurred relatively earlier when fewer hydrometeor categories were
considered in theWSM3 andWSM5 experiments, and vice versa in the
WSM6 and WSM7 experiments, which may be attributed to the
additional time required for the release of the freezing latent heat.
Even when a lot of changes in the hydrometeor species and properties
were made, the convective system was formed in all of the experiments,

but its strength and location differed. This suggests that the trigger
mechanism was more dependent on the local low-level wind
convergence for this event, regardless of the microphysics
parameterization. The factors influencing the convective
development included the convective system characteristics such as
the convective echo structure, surface wind fields, and potential
temperature, which then affected the lifetime and propagation of the
convective system. The variations in the graupel hydrometeor
properties potentially influenced the simulated convective
morphology. Specifically, the WSM6-Graupel-Like experiment was
characterized by a banded or bowed echo characteristic, stronger
surface wind gusts, cold pools, and fast convective propagation;

FIGURE 15
Vertical cross sections (along the black line in Figure 6) of cooling source from evaporation (shaded; 10−3 K s−1), sublimation (black solid lines; 10−3 K
s−1) and melting (purple dashed lines; 10−3 K s−1) superimposed instantaneous flow with the isotherm lines (black dashed lines; Isopleth interval is 20°C) at
convective development stage for all seven experiments: (A) WSM3, (B) WSM5, (C) WSM6, (D) WSM6-Graupel-Like, (E) WSM6-Middle-Like, (F) WSM6-
Hail-Like and (G) WSM7 experiments. The grey areas indicate the terrain height.
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while the WSM6-Hail-Like experiment displayed a weak quasi-linear
echo, weak surface wind gusts, unobvious cold pools, and slow
movement.

The vertical structure of the hydrometeor mixing ratio of the
simulated convective clouds further revealed that in the WSM6 and
WSM6-Graupel-Like experiments, larger mixing ratios of graupel
and snow occurred in the middle and upper troposphere. According
to the statistical CFADs of the graupel particle properties and the
relationship between the graupel hydrometeor diameter and
number concentration, the graupels generated in the WSM6-
Graupel-Like experiment were characterized by a smaller
diameter, slower fall velocity, and larger number concentration.
Their slower fall speed lead to their occurrence at higher altitudes
compared with the existence of graupel particles at lower levels in
the WSM6-Hail-Like experiment, and hence, the diabatic heating
process was adjusted. Moreover, the enhanced diabatic
microphysical heating rates of the deposition of abundant
graupel particles and the condensation of cloud water and
rainwater with strong updrafts potentially supported the
formation of the banded or bowed echo characteristics in the
WSM6-Graupel-Like experiments. However, the reduced
sedimentation resulted in the occurrence of long-lived graupel
particles within the cloud, further affecting the duration of the
atmospheric diabatic cooling and thus strengthening the downdrafts
via sublimation. These features all helped explain why the
experiments produced abundant small and slow-falling graupel-
like practices, the surface wind gust intensified, the cold pools
deepened, and the convective propagation accelerated relative to
the production of a few large and fast-falling hail-like solid practices.
Future work should include microphysics budget analysis for each
hydrometeor, and the relative contribution of each microphysics
process should be considered to quantitatively determine the specific
diabatic contributions of the convection initiation, maturity, and
propagation. Also, our work focused on the influences of graupel
particle properties, and other ice-phase particles such as rimed ice
and snow still need to be examined.

While this study revealed some important effects of
microphysical parameterizations on the evolution of a convective
system in a single convection event, more universal conclusions are
desirable for more cases or operational applications. Moreover, only
the WSMMPs were employed, but it is reasonable to expect similar
conclusions would be achieved for multi-moment microphysics
schemes and spectral bin microphysics schemes. An interesting
extension of this study would be to explore the relative
importance of the solid particle properties parameterization and
the types of bin or bulk microphysics schemes to the simulated
convective system. This means that more field programs and
detailed observations of particle parameters are warranted to
verify the simulated distribution characteristics of the hydrometeors.

In general, this study focused on how the evolution of a convective
system responded to adjustments in the hydrometeors species and
graupel parameters within microphysics schemes. The conclusions
could be useful in improving the representation of graupels in
microphysics schemes and are instructive for developing more
accurate simulations of convective system morphology and
characteristics. We remind forecasters to be aware of the importance
ofmicrophysics parameterization in operational forecasting. Finally, the
knowledge of the sensitivity of the microphysical parameterizations in

the simulated convective system has implications for the design of
future convective-scale ensemble forecasting systems.
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