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Abstract: Numerical weather prediction (NWP) models are indispensable for studying severe convec-
tive weather events. Research demonstrates that the outcomes of convective precipitation simulations
are profoundly influenced by the choice between single or double-moment schemes for ice precipita-
tion particles and the categorization of rimed ice. The advancement of dual-polarization radar has
enriched the comparative validation of these simulations. This study simulated a convective event in
Guangdong, China, from May 7 to 8, 2017, employing two bulk microphysical schemes (Morrison and
WDMS6) in the WRF v4.2 model. Each scheme was divided into two versions: one representing rimed
ice particles as graupel (Mor_G, WDM6_G) and the other as hail (Mor_H, WDM6_H). The simulation
results indicated negligible differences between the rimed ice set as graupel or hail particles, for both
schemes. However, the Morrison schemes (Mor_G, Mor_H) depicted a more accurate raindrop size
distribution below the 0 °C height level. A further analysis suggested that disparities between the
Morrison and WDMS6 schemes could be attributed to the intercept parameter (Ny) setting for snow
and graupel/hail in WDM6 scheme. The prescribed snow and graupel/hail Ny of WDM6 scheme
might influence the melting processes, leading to a higher number concentration but a reduced mass-
weighted diameter of raindrops. Reducing the intercept parameter for snow and graupel/hail in the
WDMB6 scheme could potentially enhance the simulation of convective precipitation. Conversely, the
increase in Ny might deteriorate the precipitation simulation performance of the WDM6_G scheme,
whereas the WDM6_H scheme exhibits minimal sensitivity to such changes.

Keywords: s-band polarimetric radar; convective precipitation; cloud microphysics

1. Introduction

Severe convective weather, including hail, tornadoes, and heavy rainfall, results from
deep convection and is highly destructive, causing significant damage to industrial and
agricultural sectors [1]. Accurate forecasting of such weather is crucial for disaster preven-
tion and mitigation [2]. Numerical weather prediction (NWP) models, which are used to
predict severe convective weather, depend heavily on cloud microphysics parameteriza-
tion [3]. However, the limitations in understanding and parameterizing cloud microphysics
introduce significant uncertainties into NWP forecasts [4-6].

In NWP models, microphysics schemes are categorized into bulk and bin schemes.
Bulk schemes use semi-empirical descriptions of particle size distributions (PSDs) to char-
acterize hydrometeor properties in clouds. Due to their computational efficiency, bulk
schemes are commonly used for precipitation prediction and simulation [7]. Bulk schemes
are classified as single-moment, double-moment, or triple-moment [8]. While triple-
moment schemes offer more detail, they also incur higher computational costs [9]. There-
fore, current NWP research mainly focuses on single-moment and double-moment schemes
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due to their balance between accuracy and computational efficiency. Single-moment
schemes predict one prognostic, the mass mixing ratio, whereas double-moment schemes
predict both the mass mixing ratio and number concentration [10,11].

Studies have shown that convective precipitation simulations are sensitive to the choice
between single-moment and double-moment schemes. By improving evaporation processes
and size sorting, Morrison et al. and Dawson et al. found that double-moment schemes
produce more accurate drop size distributions (DSDs) in idealized convective cases simu-
lations [12,13]. Furthermore, when simulating real cases, Jung et al. found that compared
to the Lin single-moment scheme, the Milbrandt and Yau (M-Y) double-moment scheme
generated radar reflectivity more consistent with observations due to improved raindrop size
sorting [14]. Similarly, Putnam et al. noted that the double-moment scheme more effectively
simulated the cold pool, convective line, and stratiform region in mesoscale convective system
(MCS) simulations, resulting in more accurate precipitation predictions [15].

In bulk microphysical schemes, hydrometeors are classified into liquid-phase and
ice-phase particles. Ice particles, with their varied densities and complex shapes, signifi-
cantly influence cloud microphysical processes and introduce uncertainty into convective
precipitation simulations [8]. As computational power has advanced, the treatment of
ice-phase processes in NWP has been improved. Rutledge and Hobbs initially included
ice-phase processes in cloud microphysics, categorizing frozen hydrometeors as “cloud
ice” and “snow” [16]. They later expanded the scheme to include rimed ice category, such
as “graupel” or “hail”, which is found to have a substantial impact on precipitation [17].
Research showed that adding rimed ice category strengthens simulated precipitation and
aligns results more closely with observations [12,18]. Thereafter, bulk schemes, like Mor-
rison and WDMBS, allow rimed ice to represent either high-density, fast-falling hail or
low-density, slower-falling graupel [12,19].

Numerical simulations of idealized supercell cases have shown that precipitation
and convective cloud structure are sensitive to the rimed ice category [20,21]. Simulating
the idealized case by Morrison scheme with graupel resulted in an unrealistically wide
convective region compared to the scheme with hail [22]. Meanwhile, the WDM6 scheme
with hail caused hail particles to fall out of the updraft quickly, minimizing melting or
evaporation in the idealized simulation [23]. However, some studies suggested that the
sensitivity of the rimed ice category to precipitation in real-case simulations is limited
and might be influenced by specific environmental conditions [24,25]. Weverberg et al.
extended the research to larger-scale, longer-duration simulations, finding that sensitivity
may be less significant in idealized squall line simulations [26]. Therefore, it is crucial to
explore the impact of rimed ice categories on precipitation over longer simulation durations
in real convective processes.

Evaluating the effects of microphysical structures and convective cloud characteristics
in simulations is challenging when only comparing precipitation and radar reflectivity with
observations. Li et al. showed that while the NSSL scheme effectively simulated rainfall
regions, it failed to accurately reproduce drop size distribution (DSD) [7]. Accurate obser-
vations of convective clouds are essential for evaluating simulations and understanding
convective processes. The aircraft observations are limited and costly due to the unique
flow field structures [27], while remote sensing provides higher temporal and spatial res-
olution. Traditional single-polarization Doppler radar provides limited microphysical
information [6]. In contrast, dual-polarization radar transmits and receives polarized
electromagnetic waves in two orthogonal directions, providing rich information about
microphysical data on hydrometeors [28]. The polarimetric radar data (PRD) simulator
converts numerical simulation variables into radar polarimetric quantities, facilitating
direct comparison between simulation results and dual-polarization radar signals [29].

In recent years, PRD simulators have been widely used to evaluate microphysical
schemes. Jung et al. and Snyder et al. simulated idealized supercell events to evaluate how
well different schemes reproduce the characteristics of polarimetric radar observations [14,
30]. Zhou et al. used PRD simulator developed by Jung et al. to reexamine the effects of rain
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breakup and evaporation efficiency on precipitation [14,31,32]. Kocher et al. employed the
CR-SIM PRD simulator to analyze polarization variables for different schemes near Munich,
Germany [3]. These studies demonstrate that PRD simulators provide detailed insights for
evaluating numerical simulations of real convective precipitation. However, there is a need
for further exploration of the effects of different microphysical parameterization settings,
such as the choice of single or double moment, and rimed ice category in real convective
precipitation simulations.

Although previous work has shown that precipitation simulation results are sensitive
to the choice of single-moment or double-moment schemes for ice phase hydrometeors and
rimed ice categories, the underlying microphysical processes remain unclear. Moreover,
simulating severe convective weather in southeastern China, particularly Guangdong,
poses challenges due to weak synoptic forcing and a moist environment [31]. To address
this, we simulated a convective precipitation event in southeastern China using two bulk
schemes: a fully double-moment scheme (Morrison) and a double-moment scheme for
liquid-phase processes only (WDMS6). Additionally, we compare the results of the two
schemes with graupel and hail representing the rimed ice category, focusing on the sen-
sitivity of convective precipitation to the properties of rimed ice particles. This research
provides valuable insights into setting of microphysical schemes for summer convective
precipitation simulations in southeastern China.

The article is organized as follows: Section 2 describes the data and methods used.
Section 3 presents the evaluation and analysis of the results. Discussion and conclusions
are provided in Section 4.

2. Materials and Methods
2.1. Model Configurations and Description of Physical Schemes

In this study, we use the Weather Research and Forecasting model (WRF v4.2) to simulate
a mesoscale convective precipitation event in southern China from 18:00 UTC on 7 May to 18:00
UTC on 8 May 2017. The analysis focuses on the period from 00:00 UTC to 18:00 UTC on May 8,
excluding a 6-h spin-up period. The simulation employs a two-way nested grid with 3 km and
1 km resolutions, with the innermost grid consisting of 481 x 481 grid points. The simulation
domain is shown in Figure 1.
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Figure 1. Nested domains of the WRF model simulation.

The initial and boundary conditions are derived from the fifth-generation European
Centre for Medium-Range Weather Forecasts reanalysis data (ERA5). The planetary bound-
ary layer scheme used is the Mellor-Yamada-Janjic (MY]) scheme, and the surface layer
scheme is the Eta Similarity scheme. The land surface scheme is represented by the unified
Noah land-surface model. The Rapid Radiative Transfer Model (RRTM) for the Global
Climate Model (GCM) scheme is for both shortwave and longwave radiation. Four dif-
ferent microphysical schemes setting are selected for the study: the Morrison scheme
with graupel (Mor_G) and hail (Mor_H) representing rimed ice particles, and the WDM6
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scheme with graupel (WDM6_G) and hail (WDM6_H) representing rimed ice-phase parti-
cles (Appendix A summarizes the main characteristics of Morrison and WDM6 schemes).
In the Morrison scheme, graupel is assigned a density of 500 kg/m?, while hail has a
density of 900 kg/m?3. For the WDM6 scheme, graupel has a density of 500 kg/m? with an
Np of 4 x 10° m~*, and hail has a density of 700 kg/m? with an Nj of 4 x 10* m~*. The
rimed ice category can be switched between graupel and hail based on these parameters.
The microphysical variables predicted by the different schemes are presented in Table 1.

Table 1. Summary of microphysics options for WDM6 and Morrison scheme.

Scheme Mixing Ratio Number Concentration
WDM6 Qe Qr Qi Qs Qg/n Nn** N Ny
Morrison Qc Qr Qi Qs Qg /h Nr Ni Ns Ng/h

Np**: CCN number concentration, c: cloud, r: rain, i: ice, s: snow, g: graupel, h: hail.

2.2. Dual-Polarization Radar and Precipitation Data

Radar observation data were from the Guangzhou S-band polarimetric radar (GZPR).
The GZPR is a dual-polarization radar with a wavelength of 10 cm, a beamwidth of 0.92°,
a resolution of 0.25 km, and the sampling interval was set to be approximately 6 min.
Polarimetric radar observations are susceptible to noise, necessitating the application of
quality control to the radar data in this study. A threshold check was performed using a
combination of the cross-correlation coefficient (opv), signal-to-noise ratio (SNR), and Kpp.
The details can be found in [33]. After quality control, the polarimetric radar data were
interpolated onto a Cartesian coordinate system with a horizontal grid spacing of 1 km and
a vertical grid spacing of 200 m using the 88D2ARPS software in the Advanced Regional
Prediction (ARPS) version 5.2.14 from the Center for Analysis and Prediction of Storms
(CAPS). In polarimetric radar data, measurements of the radar reflectivity at horizontal
polarization (Zy;), the differential reflectivity (Zpr), the specific differential phase (Kpp),
and ppy are used to characterize precipitation processes. Beyond Zy, the Zpg, indicative of
hydrometeor shape, and the Kpp which primarily represents the liquid water content in a
sample volume, are two frequently used polarimetric variables [28]. The precipitation data
originate from a 0.1° grid dataset that merges hourly precipitation measurements from
Chinese automatic surface stations with CMORPH retrievals [34]. This combined dataset
includes both surface and satellite observations.

2.3. PRD Simulator Introduction

The PRD simulator developed by Center for Analysis and Prediction of Storms (CAPS)
to simulate polarimetric variables using the WRF outputs [14,32,35]. This simulator em-
ploys the T-matrix method to create scattering amplitude lookup tables for all hydrometeor
categories as a function of particle diameter, assuming a proportion of liquid water in ice
categories. The hydrometeor PSD moments extracted from the WRF outputs are employed
to calculate the intercept, shape, and slope parameters of the presupposed gamma distribu-
tion. The PRD simulator supports X, C, and S band wavelengths and is compatible with
various microphysical schemes, including Lin, WSM6, Thompson, M-Y, Morrison, WDM6,
and NSSL [35]. For this study, we only focused on the S-band wavelength for comparison
with the radar observation data form the GZPR.

3. Results
3.1. The Evaluation of the Simulated Accumulation Rainfall

We compare accumulated precipitation from different schemes with observational data
from Chinese automatic surface stations with CMORPH retrievals by Figure 2. This Figure
shows the spatial distribution of 18-h surface accumulated precipitation from 00:00 to 18:00 on
8 May. According to the grade of precipitation (GB/T 28592-2012) [36], severe rainfall (12-h
totals exceeding 30 mm) was mainly observed in central Guangdong Province. Other regions
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experienced moderate to heavy rainfall (12-h totals between 5 and 30 mm). All four schemes
underestimated precipitation intensity, predicting fewer areas of severe rainfall and generally
simulating light to moderate precipitation (12-h totals between 1 and 15 mm) elsewhere. The
Mor_G and Mor_H schemes, however, predicted larger and more concentrated areas of severe
rainfall compared to the WDM6_G and WDM6_H schemes, though these areas still fell short
of observed values. Additionally, the Mor_G and Mor_H schemes simulated more extreme
heavy rainfall areas (12-h totals exceeding 70 mm) than observed.
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Figure 2. The spatial distribution of the 18-h accumulated surface precipitation for the 18-h period
from 00:00 to 18:00 on 18 May, (a) represents the Mor_G scheme, (b) represents the Mor_H scheme,
(c) represents the WDM6_G scheme, (d) represents the WDM6_H scheme, and (e) represents the
observation from Chinese automatic surface stations with CMORPH retrievals.

We conducted a qualitative analysis of accumulated precipitation results for various
schemes and will proceed with a detailed quantitative analysis. Taylor diagrams, which
summarize the correlation between simulated and observed fields, are used to compare
the performance of different simulation schemes [37]. To facilitate the comparison of
simulation results with observational data by the Taylor diagram, the simulation results are
interpolated onto the observed grid points (0.1° x 0.1°). Figure 3 shows the comparison
results. The reference field is represented by observation data, with a correlation coefficient
of 1.0 and a normalized standard deviation of 1.0. For the Mor_G scheme, the simulated
correlation coefficient is 0.59 with a normalized standard deviation of 1.013. The Mor_H
scheme has a correlation coefficient of 0.548 and a normalized standard deviation of 1.028.
The WDM6_G scheme produces a correlation coefficient of 0.59 and a normalized standard
deviation of 0.764, while the WDM6_H scheme results in a correlation coefficient of 0.52
and a normalized standard deviation of 0.921.
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Figure 3. Taylor diagram for the 18-h accumulation rainfall for different schemes (the reference
field is the observation from Chinese automatic surface stations with CMORPH retrievals, and
normalized standard deviation is to normalize for the standard deviation by the standard deviation
of the corresponding observed field).

The Mor_G and WDM6_G schemes show higher correlation coefficients than the
Mor_H and WDM6_H schemes, indicating a better reproduction of overall rainfall spatial
distribution. The Morrison schemes (Mor_G, Mor_H) have normalized standard deviations
close to but slightly above 1, suggesting that they capture precipitation intensity trends
reasonably well but slightly overestimate heavy rainfall. The average 18-h accumulated
precipitation is 20.39 mm for the Mor_G scheme and 18.77 mm for the Mor_H scheme.
Thus, the Mor_H scheme can effectively simulate cumulative precipitation, although it
has a lower correlation coefficient due to positional deviations in heavy rainfall areas.
In contrast, the WDM6_G scheme has an average precipitation of 14.75 mm, while the
WDMB6_H scheme averages 15.81 mm. Both WDM6 schemes significantly underestimate
heavy rainfall, as evidenced by their lower average precipitation and normalized standard
deviations well below 1. Despite the higher correlation coefficient of the WDM6_G scheme,
its simulation of rainfall intensity remains inadequate. Overall, the Morrison schemes
perform better than the WDM®6 schemes, with Mor_G slightly outperforming Mor_H, and
WDMB6_H outperforming WDM6_G.

3.2. Evaluation of Radar Reflectivity and Polarization Variables

This study examines the mature stage of the convective system, which represents its
peak intensity and greatest hazard. We selected the strongest domain-averaged hourly
precipitation times for analysis by Figure 4: 10:00 for the Mor_G and Mor_H schemes
and the observation, and 9:30 for the WDM6_G and WDM6_H schemes. Horizontal
spatial distributions of radar reflectivity at different heights were compared between dual-
polarization radar observations and simulations from all four schemes (Figure 5). All four
schemes effectively simulated both the strong echo region areas with radar reflectivity
> 40 dBZ (hereafter referred to strong echo region) and the weak echo region corresponding
to the trailing stratiform region (hereafter referred to as weak echo region).

The Mor_G and Mor_H schemes displayed broader radar reflectivity distributions
than the WDM6_G and WDM6_H schemes. In the weak echo region, the radar reflectivity
values and spatial distributions of Mor_G and Mor_H schemes were closer to observations.
Below the 0 °C height level, except for the snow size in the Morrison scheme is larger than
that in the WDM6 scheme between 3000-4000 m, there were no significant differences
in both the number concentration and diameter of snow and graupel (hail) between the
Morrison and WDMB6 schemes in the weak echo region (Figures S1-54). The primary
variation in radar reflectivity arises from differences in raindrop values distribution. The
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Mor_G scheme, which categorize rimed ice as graupel, simulate a wider but less intense
strong echo region compared to the Mor_H scheme. Adams-Selin et al. found that graupel,
with its slower fall velocity compared to hail, is more affected by updrafts, leading to a
broader graupel distribution and a wider strong echo simulation [23]. This characteristic is
less pronounced under 3000 m in the WDM®6 simulations. This could be due to graupel
particles in the WDM6_G scheme are almost completely melted at 3000 m (Figure S5),
making it impossible for the scheme to simulate the characteristic of a broad distribution of
graupel that leads to a widening of the strong radar reflectivity region.

o
o

N N
&0 \UQ

Domain-averaged hourly precipitation (mm)

o P (¢ ®

Time
Figure 4. Domain-averaged hourly precipitation variation from 00:00 to 18:00 (UTC) over time. The
red line represents the Mor_G scheme, orange line represents the Mor_H scheme, blue line represents

the WDM6_G scheme, green line represents the WDM6_H scheme, and black line represents the
observation from Chinese automatic surface stations with CMORPH retrievals.
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Figure 5. Horizontal cross-sections of radar reflectivity at different height, from left to right: 1000 m,
2000 m, 3000 m, 4000 m, and 5000 m. (al-a5) represent the Mor_G scheme, (b1-b5) represent the
Mor_H scheme, (c1-c5) represent the WDM6_G scheme, (d1-d5) represent the WDM6_H scheme,
and (el-e5) represent the observations.
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Subsequently, by evaluating the radar polarimetric variables (Zpr and Kpp) simulated
by different schemes in Figures 6 and 7, we show that the Mor_G and Mor_H schemes
produce spatial distributions of Zpr and Kpp that more closely match the observations.
Figure 6 shows horizontal cross-sections of Kpp at different heights. Observed Kpp values
do not vary significantly with height. Strong echo regions of radar reflectivity exhibit a
high Kpp value band, while weak echo regions show low Kpp values. In four simulations,
Kpp values increase with decreasing height in strong echo areas, more pronounced in the
Mor_G and Mor_H schemes. Compared to WDM6_G and WDM6_H, the Mor_G and
Mor_H schemes simulate a wider and higher Kpp value band in strong echo regions, with
increasing intensity and range as height decreases. These schemes also simulate lower
Kpp values in the middle of weak echo regions. In contrast, the WDM6_G and WDM6_H
schemes show a gradual decrease in Kpp values in this region. Below 3000 m, the Kpp
values in these regions cannot be simulated. Overall, Kpp simulations in Mor_G and
Mor_H are closer to observations.
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Figure 6. Same as Figure 5, but for the horizontal cross-sections of Kpp at different height levels.

Figure 7 presents horizontal cross-sections of Zppr at various heights. High Zpr values
correspond to strong echo regions, with lower Zpg values in the rear areas and decreasing
range with the reduction in altitude. All simulations show increasing Zpr values as height
decreases, most notably in Mor_G and Mor_H. Simulations also depict a high Zpg value
band in strong echo regions at lower levels (1000-3000 m), weakening with a decrease
in height. Mor_G and Mor_H significantly overestimate this band’s intensity and extent,
especially Mor_H. In weak echo regions, only Mor_G and Mor_H simulate Zpg values,
which are overestimated at lower levels.
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Figure 7. Same as Figure 5, but for the horizontal cross-sections of Zpy at different height levels.

3.3. Evaluation of Spatial Distribution of Raindrop Diameters

Figure 8, presenting horizontal cross-sections of simulated raindrop mass-weighted
diameters at various heights, as calculated by the PRD simulator, reveals that the differences
of the values and spatial distribution of radar reflectivity, Kpp, and Zpr between Morrison
and WDMB6 scheme are mostly influenced by the larger raindrop size in Morrison scheme.
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Figure 8. Horizontal cross-sections of raindrop mass-weighted diameters at different height levels,
from left to right: 1000 m, 2000 m, 3000 m, 4000 m, and 5000 m. (al-a5) represent the Mor_G scheme,
(b1-b5) the Mor_H scheme, (c1-c5) the WDM6_G scheme and (d1-d5) the WDM6_H scheme.

In regions of strong echo, all four schemes simulate large raindrop sizes: between
2 and 4 mm at 1000-3000 m and 1-3 mm above 3000 m. This consistency allows all simula-
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tions to represent high Zpr values in strong echo regions. Conversely, in weak echo areas,
raindrop diameters at 3000—4000 m reach 1-2 mm with the Mor_G and Mor_H schemes,
whereas the WDM6_G and WDM6_H schemes mostly show diameters below 1 mm. At
10002000 m, Mor_G and Mor_H schemes predict larger diameters (2-4 mm), which may
lead to an overestimation of Zpg values. In contrast, the WDM6_G and WDM6_H schemes
simulate very small raindrops that completely evaporate as the height decreases in the
middle of the weak echo region, resulting in failures to simulate radar reflectivity and
polarization variables. Zhou et al. also noted that the WDM6 schemes underestimate Zpg
due to smaller simulated raindrop sizes [31]. In all simulations, raindrop diameters increase
with decreasing height, likely due to raindrop size sorting [12]. However, the WDM6_G
and WDM6_H schemes capture this feature only in strong echo regions. Consequently,
ZpR increases with decreasing height for all simulations, but the WDM6_G and WDM6_H
schemes only perform well in strong echo areas.

Kpp is influenced by both raindrop diameter and the distribution of raindrop number
concentration. Figure 9 shows the spatial distribution of simulated raindrop number
concentration. In the Morrison scheme, a band of high raindrop number concentration
appears in the strong echo region, while the number concentration is lower in the weak
echo region. This distribution corresponds more closely with the characteristics of high
Kpp values, particularly below 3000 m. Moreover, there is little difference in raindrop size
between the strong and weak echo regions below this height. For the WDM6 schemes,
raindrop number concentration shows little variation between strong and weak echo
regions, but raindrop diameter is larger in the strong echo regions, aligning with the Kpp
values distribution. Thus, the Kpp values distribution in the Morrison schemes are more
closely linked to raindrop number concentration, especially below 3000 m. In the WDM6
schemes, Kpp distribution is primarily driven by raindrop diameter.
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Figure 9. Same as Figure 8, but for the horizontal cross-sections of raindrop number concentration at
different height levels.

The choice of rimed ice category (graupel for Mor_G and WDM6_G, hail for Mor_H
and WDM6_H) has minimal impact on simulated raindrop sizes below freezing, resulting
in similar spatial distributions of accumulated precipitation. Bryan and Morrison, and
Weverberg et al., also found that sensitivity to rimed ice category is low in idealized squall
line simulations [22,26]. While, in this convective event, significant differences in raindrop
diameters between double-moment (Mor_G and Mor_H) and partially double-moment
(WDM6_G and WDM6_H) schemes result in variations in precipitation distribution.
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3.4. The Microphysical Processes and Parameters Related to Rain Production

From Figure 10, which is the probability density functions (PDFs) of raindrop mass
mixing ratio, number concentration, and mass-weighted diameter with height, we inves-
tigate that the key causes of differences in raindrop size are rain number concentration.
The WDM6_G and WDM6_H schemes simulate raindrops with diameters exceeding 2 mm
above the 0 °C height level, whereas in the Mor_G and Mor_H schemes, most raindrops
are smaller than 1 mm. Below the 0 °C height level, raindrop diameters are generally larger
in the Mor_G and Mor_H schemes compared to the WDM6_G and WDM6_H schemes,
with a more pronounced increase in diameter with decreasing height in the former. Despite
similar distributions of raindrop mixing ratio below the 0 °C height level across simulations,
the number concentration is significantly higher in the WDM6_G and WDM6_H schemes
than in the Mor_G and Mor_H schemes. This difference is likely due to the varying number
concentrations of raindrops below the 0 °C height level.
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Figure 10. PDFs of raindrop microphysical variables for the Mor_G, Mor_H, WDM6_G, and WDM6_H
schemes from left to right. The red line represents the average height of the 0 °C height level across
all grid points. (al-a4) represent the PDF of raindrop mass mixing ratio, (b1-b4) represent the PDF of
raindrop number concentration, and (c1-c4) represent the PDF of raindrop mass-weighted diameter.

By analyzing the mass mixing ratio and number concentration conversion rates for
raindrop source/sink terms (details in Table A1) across all four schemes shown in Figure 11,
we can investigate the reasons for differences in raindrop number concentration below the
0 °C height level. The primary contributor to the sink terms for raindrop mass mixing ratio
in all schemes is evaporation. The source terms are mainly influenced by the melting of
snow and graupel/hail and the collection of cloud droplets by raindrops. In the Mor_G and
WDM6_G schemes, graupel melting contributes more to raindrop mass mixing ratio than
snow melting. In the Mor_H and WDM6_H schemes, hail’s higher fall speed and a longer
distance of melting allows it to survive in a lower height, contributing to stronger radar
reflectivity and explaining the increased extent and intensity of the strong echo region.
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Figure 11. Mixing ratio and number concentration conversion rate related to source and sink terms of
raindrop for the Mor_G, Mor_H, WDM6_G, and WDM6_H schemes from left to right. The red line
represents the average height of the 0 °C height level across all grid points. (a—d) represent the mass
mixing ratio conversion rate, and (e-h) represent the number concentration conversion rate.

In all schemes, the sink terms for raindrop number concentration are primarily due to
raindrop self-collection. For the source terms, the Mor_G and Mor_H schemes are mainly
influenced by the shedding of melting raindrops from graupel/hail, auto-conversion
of cloud water to rain, and the melting of graupel/hail and snow. Conversely, in the
WDM6_G and WDM6_H schemes, the primary contributions come from the melting of
graupel/hail and snow. Raindrop self-collection is sensitive to the rimed ice category
(graupel or hail), with a more pronounced decrease in raindrop number concentration
below the 0 °C height level in the Mor_G and WDM6_G schemes compared to the Mor_H
and WDM6_H schemes. This is likely due to higher simulated raindrop concentrations in
Mor_G and WDM6_G compared to Mor_H and WDM6_H. Snow melting is more significant
in the WDM6_G and WDM6_H schemes than in the Mor_G and Mor_H schemes, while
cloud-to-rain auto-conversion is lower in WDM6_G and WDM6_H, indicating more cloud
droplets are converted to raindrops in the Mor_G and Mor_H schemes between 3000 and
1000 m. The melting of graupel/hail contributes significantly more to raindrop number
concentration in the WDM6_G scheme compared to Mor_G and Mor_H, and is minimal
in the WDM6_H scheme due to the larger size and lower number concentration of hail.
Overall, the differences in raindrop number concentration below the 0 °C height level
among the four schemes are primarily due to variations in the contribution of ice-phase
particle melting.

The melting of ice-phase precipitation particles is governed by different melting param-
eterizations in the various schemes (details are in Appendix A). The number concentration
of raindrops generated by the melting of these particles is proportional to the raindrop
mixing ratio. Unlike the Morrison schemes (which use a double-moment approach for ice
particles), the WDMB6 schemes (using a single-moment approach) represent the relationship
between raindrop number concentration and mixing ratio through the ratio of the intercept
parameter (Ny) to the slope parameter (A) of ice-phase particles. Consequently, the A and
Ny values for snow and graupel/hail in the WDM6 scheme influence the raindrop number
concentration produced by melting.

Building on these insights, we analyzed the differences in A and Ny for snow and
graupel between the Morrison and WDM6 schemes, and discussed how these differences
affect the melting processes in each scheme. Figures 12 and 13 illustrate the PDFs of A and
Ny for snow and graupel/hail across the four schemes. Above the 0 °C height level, A for
snow is lower in the Mor_G and Mor_H schemes compared to the WDM6_G and WDM6_H
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schemes. As height approaches the 0 °C height level, the differences between the Morrison
and WDMBS6 schemes diminish. Both schemes show a decreasing trend in Ny for snow
with the reduction in altitude. For graupel/hail, A values are similar between the Mor_G,
Mor_H, WDM6_G, and WDM6_H schemes, but Ny is higher in the Morrison schemes,
leading to slower fall speeds and enhanced growth conditions for graupel/hail [38].
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Figure 12. Particle size distribution parameters of snow for the Mor_G, Mor_H, WDM6_G, and
WDMB6_H schemes from left to right. The red line represents the average height of the 0 °C height

level across all grid points. (a-d) represent the PDF distribution of snow A, and (e-h) represent the
PDF distribution of snow Nj.
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Figure 13. Same as Figure 12, the particle size distribution parameters for graupel/hail.
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Below the 0 °C height level, A for snow and graupel/hail decreases with the reduction
in height in the Mor_G and Mor_H schemes but remains unchanged in the WDM6_G and
WDMS6_H schemes. Despite these changes, the A values are similar between the Morrison
and WDM6 schemes. There are significant differences in the Ny values: in the Morrison
schemes, Ny for snow and graupel/hail decreases notably as the height drops, while in the
WDMB6 schemes, N remains constant.

3.5. Sensitivity Experiment Results

Differences in Ny values for snow and graupel/hail particles between the Morrison
(Mor_G and Mor_H) and WDM6 (WDM6_G and WDM6_H) schemes may influence melt-
ing processes, leading to significant variations in raindrop concentration and diameter, and
thus affecting simulated precipitation. We designed two sets of sensitivity experiments to
investigate the impact of Ny settings for snow (Nps) and graupel/hail (Nog,1) in the WDM6
scheme on precipitation simulation. The Ny decreases with temperature and is defined
as a function with a constant of 2 x 10° m~* (the equation can be found in Appendix A.
The Nyg, set at 4 x 10° m~* for graupel and 4 x 10* m~ for hail. They were adjusted by a
factor of 10. Figures 14 and 15 show the conversion rates for raindrop mass mixing ratio
and number concentration in these tests. Changes in Nos had minimal impact on raindrop
mass mixing ratios. However, decreasing/increasing Nos similarly affected snow melting
contributions to raindrop concentration and reduced raindrop self-collection, with a more
pronounced effect in the WDM6_H scheme.
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Figure 14. Left two columns are mixing ratio conversion rate related to source and sink terms of
raindrop for WDM6_G and WDM6_H schemes, while right two columns are number concentration
conversion rate related to source and sink terms of raindrop. The red line represents the average height
of the 0 °C height level across all grid points. (a-d) represent the experiment with Ngg =2 x 10° m~4,
(e—h) represent the original simulation with Ngog =2 x 106 m~—4, (i-1) represent the experiment with
Ngs =2 % 107 m~%.

Reducing Nog decreased the contribution of graupel/hail melting to raindrop mass
mixing ratios between the 0 °C height level and 2000 m, causing graupel/hail to melt
at lower levels. Lowering N also weakened the processes of graupel/hail melting and
raindrop self-collection in both WDM6_G and WDM6_H schemes, with a smaller effect
in WDM6_H. Conversely, increasing Ny significantly increased these contributions in
the WDM6_G scheme, while the change in the contribution of hail melting to raindrop
number concentration for WDM6_H was consistent with WDM6_G but relatively small
due to lower hail concentration. Raindrop self-collection remained almost unchanged in
the WDM6_H sensitivity experiments for Nog.
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Figure 15. Same as Figure 14. (a-d) represent the experiment with Nog = 4 x 10° m—/ Nog =4 % 10° m™4,
(e-h) represent the original simulation Nog =4 x 106 m~*/Ngp =4 x 104 m™#, (i-1) represent the experiment
with Nog =4 x 10/ m™*/Ng, =4 x 10° m ™.

To further investigate the effects of varying Ny for snow and graupel/hail on rain-
drop number concentration and diameter, Figures 16 and 17 show the differences in PDF
distributions between the sensitivity experiments and the original simulations. For the
WDMG6_G scheme, decreasing Nos mainly affects the 2000-4000 m range, where the pro-
portion of raindrop concentrations between 10-10° kg ! increases while concentrations
above 10% kg~! decrease. The proportion of raindrops with a mass-weighted diameter
between 1 and 2 mm slightly increases. In contrast, for the WDM6_H scheme, decreasing
Ny results in reduced raindrop number concentration below the 0 °C height level, with a
more pronounced decrease with the reduction in altitude. Between 2000 and 4000 m, the
proportion of raindrops with a mass-weighted diameter below 1 mm decreases, while the
proportion with diameters between 1 and 2 mm increases.
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Figure 16. Left two columns display raindrop number concentration of WDM6_G and WDM6_H
schemes. Figures show the difference in PDF between the sensitivity experiment and the original
simulation result with unmodified Ny. While the right two columns present same comparisons for
the raindrop mass-weighted diameter. The red line represents the average height of the 0 °C height
level across all grid points. (a—d) show the differences when Npg = 2 x 10°> m~* minus the original
simulation result with Ngg = 2 x 10 m~%, (e-h) represent the experiment with Ngg =2 X 10" m—*
minus the original simulation result.
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Figure 17. Same as Figure 16. (a-d) represent the experiment with Nog =4 1° m™*/Ngp =4 x 10° m ™4,
(e-h) represent the experiment with Ngg =4 x 107 m™*/Ng, =4 x 10° m™,

Increasing Nog leads to a significant rise in raindrop number concentration in the
2000-4000 m range for both schemes, while the effect diminishes below 2000 m. Overall,
the proportion of raindrop concentrations exceeding 10° kg ! increases. For the WDM6_G
scheme, the proportion of raindrops with a mass-weighted diameter below 1 mm increases
more noticeably below 2000 m compared to the WDM6_H scheme.

Meanwhile, decreasing Nog leads to a reduction in the proportion of raindrop con-
centrations between 10° and 10% kg’l below 1 km for both WDM6_G and WDM6_H
schemes, while increasing the proportion between 10? and 10 kg~! in the WDM6_G
scheme. Changes in raindrop diameter are minimal for both schemes. In the WDM6_G
scheme, the proportion of raindrops with diameters below 1 mm decreases, whereas in
the WDM6_H scheme, the proportion of diameters between 0 and 2 mm decreases. The
WDMB6_G scheme shows a slight increase in diameters between 1 and 2 mm, while the
WDM6_H scheme shows an increase in diameters over 2 mm. Increasing Npg in the
WDMB6_G scheme results in a more significant increase in raindrop number concentration
exceeding 10* kg~! and a decrease between 10? and 103 kg~! in the 2000-4000 m range
compared to the WDM6_H scheme. The proportion of raindrops with diameters below
1 mm increases significantly in the WDM6_G scheme, with no significant changes in the
WDM6_H scheme.

In summary, decreasing N leads to a more pronounced increase in raindrop size in
the WDM6_H scheme compared to the WDM6_G scheme. However, raindrop size changes
are not significant in either scheme when Nog decreases. Conversely, an increase in Nog
causes a more significant decrease in raindrop diameter in the WDM6_G scheme compared
to the WDM6_H scheme.

Finally, Figure 18 illustrates the 18-h accumulated surface precipitation for various
sensitivity experiments, which indicates that altering Nos has a more significant effect
on the spatial distribution of precipitation than changing Nog. In the WDM6_G scheme,
decreasing Nos or Nog increases the extent of precipitation exceeding the severe rainfall
level, with a more pronounced effect when Ny is reduced. Additionally, reducing Nos
results in the simulation of more extreme heavy rainfall regions. Conversely, increasing
Nos or Nog reduces the precipitation area above the severe level, with a more noticeable
decrease when Ny is increased.
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Figure 18. The spatial distribution of 18-h accumulated surface precipitation. (a) represents the
original WDM6_G simulation results (Ngg = 2 x 106 m—4, Nog = 4 x 106 m—%), (b—e) represent
simulation results of WDM6_G under different under different sensitivity experiments. (b) represents
the results with Ny =2 x 10® m—4, Nog =4 x 10° m—%, (¢) represents the results with Ngg = 2 106
m™4, Nog =4 x 107 m~4, (d) represents the results with Ngg = 2 x 10> m ™4, Nog =4 x 10° m~4,
(e) represents the results with Nps = 2 X 107 m™4, Nog =4 x 106 m—4. (f) represents the original
WDMB6_H simulation results (Ngg = 2 x 10® m ™4, Nog =4 % 10* m™%), (g—j) represent simulation
results of WDM6_H under different under different sensitivity experiments.

For the WDM6_H scheme, decreasing Nos or Ny also enlarges the precipitation areas
above the severe level, particularly increasing extreme heavy rainfall regions, especially
when Ny is reduced. However, increasing Nos or Nog has minimal impact on the extent of
precipitation above the severe level, but decreases the extreme heavy rainfall areas, with a
more significant reduction when Ny is increased compared to changes in Nyg.

4. Discussion

Based on the study, it was found that the simulated spatial distributions of radar
reflectivity, Zpg, and Kpp are linked to raindrop size and number concentration simulations.
The Mor_G and Mor_H schemes produce a broader distribution of radar reflectivity and a
greater coverage of weak echo regions compared to the WDM6_G and WDM6_H schemes.
However, the Mor_G and Mor_H schemes tend to overestimate raindrop diameters, leading
to higher Zpgr values in some areas. Conversely, the WDM6_G and WDM6_H schemes
simulate smaller raindrops in weak echo regions (4000-3000 m), resulting in negligible
Kpp and ZpR values at these heights and below. Zhou et al. and Wu et al. have also noted
that the Morrison scheme’s larger Zpr values are due to an overestimation of average
raindrop diameters [31,39], while the WDM6 scheme’s smaller Zpr values result from a
higher concentration of small and medium-sized raindrops [40,41].

We analyze the causes of differences in raindrop size distributions between the Mor-
rison and WDM6 schemes. Wu et al. attributed the Morrison scheme’s overestimation
of raindrop diameter to an underestimation of pristine ice particle concentration, while
the WDMB6 scheme’s more active warm rain processes result in smaller raindrop diame-
ters [39]. However, our analysis of precipitation in Guangdong on 8 May 2017, attributes
the WDMB6 scheme’s overestimation of raindrop concentration and underestimation of
raindrop diameter to the fixed Ny for ice-phase particles below the 0 °C height level.

Additionally, schemes using graupel as the rimed ice category (Mor_G and WDMé6_G)
simulate a broader range of strong echo regions but with lower intensity, mainly due to the
slower fall speed of graupel [5]. In contrast, larger and heavier hail, which fall out of the
updraft earlier, result in less melting and evaporation, thus concentrating rainfall in the
convective precipitation band [23].

The research also indicated the choice of rimed ice phase particles has a little impact on
real-case precipitation studied in this work. Bryan and Morrison demonstrated that precip-
itation is minimally sensitive to the rimed ice category in idealized squall line simulations
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using the M-Y scheme [22]. Similarly, Weverberg et al. found that the rimed ice category
has little influence on precipitation in both Morrison and M-Y scheme simulations [26].
For this study on real case, whether graupel or hail represents rimed ice particles has a
minor effect on raindrop size distribution below the 0 °C height level, making the spatial
distribution of cumulative precipitation less sensitive to the rimed ice category.

Figures 19 and 20 show the affected microphysical processes and the changes in various
microphysical variables in the sensitivity experiments for Nos(g/n) of snow (graupel/hail).
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Figure 19. Microphysical processes influenced by snow Ny in sensitivity experiment of WDM6_G
and WDM6_H scheme.
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5. Conclusions

Four “bulk” microphysics schemes were used to simulate a severe convective precipi-
tation event in Guangdong from May 7 to 8, 2017. These schemes include the Morrison
scheme with graupel and hail representing rimed ice particles (Mor_G, Mor_H) and the
WDMB6 scheme with similar representations (WDM6_G, WDM6_H). The simulations were
evaluated based on polarimetric observations and PRD simulator results. The study
assessed how the choice between single-moment and double-moment ice microphysics
schemes, and the rimed ice category (graupel or hail), affects convective precipitation
simulations. Key findings include:

1.  All schemes underestimated overall precipitation intensity and the extent of severe
rainfall areas. The Mor_G and Mor_H schemes predicted larger and more concen-
trated severe rainfall areas compared to WDM6_G and WDM6_H. Additionally,
Mor_G and Mor_H simulated more extreme heavy rainfall areas than observed.

2. Significant differences in the distribution of mass-weighted raindrop diameter with
height were simulated based on the choice of single-moment or double-moment ice-
phase schemes. These differences impacted the spatial distribution of cumulative precip-
itation, primarily due to variations in raindrop concentration below the 0 °C height level,
influenced by ice-phase melting processes. The N values for snow and graupel/hail in
the WDMB6 scheme affected the melting contributions to raindrop concentration.

3. Sensitivity experiments on the WDM6_G and WDM6_H schemes showed that reduc-
ing Nos or Nog increased precipitation areas above severe rainfall levels, with more
significant effects in the Nos reduction experiment. Increasing Nos or Nog had the
opposite effect, more pronounced in the Ny increase experiment. For WDM6_H, re-
ducing Nos or Nog also expanded precipitation areas above severe rainfall levels, with
more substantial changes in the Ny reduction experiment. However, increasing Ny
or Nog did not significantly affect precipitation areas above severe levels but reduced
extreme heavy rainfall areas, with a larger effect in the N4 increase experiment.

This study demonstrated that altering the assumed Ny for ice-phase precipitation
particles does not significantly impact the simulation of cumulative precipitation for light
to moderate rainfall levels. Further research is required to explore factors affecting pre-
cipitation intensity in these ranges. Additionally, while this study examined the effects
of microphysical processes on convective precipitation simulations, it did not address the
influence of dynamical processes. These aspects should be investigated in future studies.
Furthermore, this research focused on a single real-case event using only the Morrison and
WDMS6 schemes. Future studies should analyze multiple cases across different times and
regions and incorporate the triple-moment microphysics schemes [42,43].

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/rs16193749/s1, Figure S1: Horizontal cross-sections of
snow number concentration at different height levels, from left to right: 1000 m, 2000 m, 3000 m,
4000 m, and 5000 m. (al-a5) represent the Mor_G scheme, (b1-b5) the Mor_H scheme, (c1-c5)
the WDM6_G scheme and (d1-d5) the WDM6_H scheme; Figure S2: Same as Figure S1, but for
the horizontal cross-sections of graupel number concentration at different height levels; Figure S3:
Horizontal cross-sections of snow mass-weighted diameters at different height levels, from left to
right: 1000 m, 2000 m, 3000 m, 4000 m, and 5000 m. (al-a5) represent the Mor_G scheme, (b1-b5) the
Mor_H scheme, (c1-c5) the WDM6_G scheme and (d1-d5) the WDM6_H scheme; Figure S4: Same as
Figure S3, but for the horizontal cross-sections of graupel mass-weighted diameters at different height
levels; Figure S5: Horizontal cross-sections of graupel mass mixing ratio at different height levels,
from left to right: 1000 m, 2000 m, 3000 m, 4000 m, and 5000 m. (al-a5) represent the Mor_G scheme,
(b1-b5) the Mor_H scheme, (c1-c5) the WDM6_G scheme and (d1-d5) the WDM6_H scheme.
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Appendix A
Appendix A.1. Introduction of Microphysical Schemes
Appendix A.1.1. WDM6 Scheme

The WDMB6 scheme is the extended version of the WSM6 which adds the prognostic
number concentration of cloud and rainwater together with the cloud condensation nuclei
(CCN). The WDMS6 scheme predicts the mass mixing ratios of cloud droplets, raindrops,
ice crystals, snowflakes, and graupel/hail, but it only predicts the number concentrations
of cloud droplets, raindrops, and CCN [19]. In the WDM6 scheme, the cloud-raindrop size
distributions are assumed to follow the normalized form. The ice-phase microphysics of
WDMS6 scheme is same as WSM6 scheme. Snow and graupel/hail are assumed to have
Marshall-Palmer (M-P) size distributions of the form. The intercept parameter for snow
(Nogg) is defined as a formula increased as the temperature decreases [44], which can be
expressed as:

Nos(m™#)= 2 x 106 x [0-12(To=T)] (A1)

The intercept parameter for graupel/hail (Nog/Nop) is assumed as a constant [45].

Appendix A.1.2. Morrison Scheme

The two-moment microphysics scheme which is based on the parameterization of
Morrison et al. [11] implemented into WRF predicts the mass mixing ratios and number
concentrations of five hydrometeor species: cloud droplets, cloud ice, snow, rain, and
graupel/hail. The cloud and precipitation particle size distributions are represented by
gamma functions.

Appendix A.2. Introduction of Melting Schemes

In the Morrison scheme, when calculating the changes in the number concentration
of snow and graupel/hail due to melting, it is assumed that the changes in number
concentration are proportional to the changes in mass mixing ratio caused by melting. It is
shown in Equation (A2):

Nyt (m 3s71) = Ixtmtt) Ny, (A2)

In the WDMS6 scheme, the change in the number concentration of snow and grau-
pel/hail due to melting is given by Equation (A3).

Ax(mit) % Nox
9Ix Ax

Nx(mlt) (m73sil) = (A3)
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Appendix B

Table Al. Sources and sinks of raindrop mass mixing ratio and number concentration below the 0 °C
height level.

Abbreviation Description

Accretion of cloud water by averaged
snow / graupel
Enhanced melting of graupel by accretion
of water in the WDMS6 scheme
Enhanced melting of snow by accretion
of water in the WDMS6 scheme
PRACW Collection of cloud water by rain
PREVP Evaporation of rain
PGMLT Melting of graupel to rain
PSMLT Melting of snow to rain
PRAUT Auto-conversion of cloud droplets to rain
NPRACG Shedding of graupel in the Morrison
scheme
NSUBR Evaporation of rain
Enhanced melting of graupel by accretion
of water in the WDMS6 scheme
Enhanced melting of snow by accretion
NSEML of water in the WDM6 scheme
NRCOL Self-collection and break-up of rain-drops
NGMLT Melting of graupel to rain
NSMLT Melting of snow to rain
NRAUT Auto-conversion of cloud droplets to rain

PAACW

PGEML
Production ratio for
mixing ratio PSEML

Production ratio for NGEML
number concentration
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