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1 | INTRODUCTION

The simulation of extreme precipitation remains a great
challenge for numerical models, especially over regions
with a diverse underlying surface, for example, the
mountainous coastal cities. In numerical models, the
parameterization of cloud microphysics coupled with
model dynamics through latent heating, condensate
weight and radiative transfer is important in quantitative
precipitation forecasting (Randall et al., 2018). Uncer-
tainty in microphysics schemes is one of the major causes
of model errors (Tao and Moncrieff, 2009). Yu et al. (2018)
showed that microphysics scheme possessed even more
uncertainty than the planetary boundary layer scheme in
terms of precipitation forecast.

Bulk and bin micrsophysics parameterizations are
two approaches in representing microphysical processes.
Bulk microphysics parameterizes cloud and precipitation
processes by assuming semi-empirical description of par-
ticle size distribution, for example, exponential or gamma
distributions (e.g., Lin et al., 1983; Thompson et al., 2004;
Milbrandt and Yau, 2005; Mansell et al., 2010). Because
of the computational efficiency of bulk schemes, they are
more widely used in operational systems or research than
bin microphysics. Single-moment bulk schemes typically
predict the hydrometeor mixing ratios (e.g., Lin et al., 1983;
Kessler, 1995) and double-moment bulk schemes typically
predict the number concentrations of all or some of the
hydrometeors beyond the mixing ratios (e.g. Thompson
et al., 2004; Milbrandt and Yau, 2005). Many studies (e.g.
Morrison and Grabowski, 2007; Morrison et al., 2009;
Dawson et al., 2010; Igel et al., 2015; Johnson et al., 2016;
L. Luo et al., 2018; Qian et al., 2018; Y. Luo et al., 2008)
show that double-moment bulk schemes usually outper-
form single-moment schemes in terms of the ability to
more accurately simulate size sorting, raindrop breakup,
self-collection, evaporation process, etc. However, some
studies indicated single-moment schemes can produce
precipitation closer to observations than double-moment
schemes. For example, Huang et al. (2020) found that the
Weather Research and Forecasting (WRF) single-moment
six-class (WSM6) scheme performed better than the
Thompson and Morrison schemes in the simulation of a
record-breaking rainfall event over Guangzhou, China.
Therefore, there are lots of uncertainties in microphysics
schemes due to the lack of a benchmark model and
limited knowledge of the underlying physics (Morrison
etal., 2020).

Evaluation of microphysics schemes using available
observations is important in understanding biases in
microphysics schemes, which can lay a foundation for
further development of microphysics schemes and a ratio-
nal choice of microphysics schemes when simulating

different weather systems in different regions. Some field
campaigns have been conducted to collect intensive obser-
vations to verify and improve microphysics schemes, for
instance, the Mesoscale Alpine Program (MAP; Bougeault
et al., 2001), the Improvement of Microphysical Parame-
terization through Observational Verification Experiment
(IMPROVE; Stoelinga et al., 2003), the Olympic Mountains
Experiment (OLYMPEX; Houze Jr. et al., 2017), and the
Southern China Monsoon Rainfall Experiment (SCMREX;
Luo et al, 2017). Many studies utilized these valuable
observation data and other advanced instruments to eval-
uate microphysics schemes (e.g., Lin and Colle, 2009; Gao
etal., 2011, 2018; Suzuki et al., 2011; Morrison et al., 2012;
Grasso et al., 2014; Varble et al., 2014; Barnes and Houze
Jr., 2016; Naeger et al., 2017, 2020; Furtado et al., 2018;
Conrick and Mass, 2019; Planche et al., 2019; Tridon
et al., 2019; Wang et al., 2020; Huang et al., 2021). Lin
and Colle (2009) used the in-situ microphysical observa-
tions from IMPROVE-2 to examine four bulk schemes
in the WRF model. They showed that the rapid graupel
fallout resulted in overprediction of surface precipitation
along the Cascade windward slopes in some schemes.
The schemes that generated more graupel than snow pro-
duced more precipitation over the Oregon Coast Range
(Lin and Colle, 2009). Comparing with the observations
from surface disdrometer and polarimetric radar, Morri-
son et al. (2012) demonstrated that the Morrison scheme
(Morrison et al., 2009) produced a too large mean rain-
drop size and a weaker precipitation rate when simulating
a midlatitude squall line. Grasso et al. (2014) evaluated
the WSM6 microphysics scheme by comparing synthetic
Geostationary Operational Environmental Satellite-13
(GOES-13) imagery at 10.7 pm of simulated cloud fields
with observed GOES-13 imagery, and found that excessive
conversion from cloud water to graupel and accretion of
ice by snow caused the lack of ice in the upper troposphere.
Furtado et al. (2018) utilized the radar observations from
the SCMREX and cloud and precipitation retrieved from
satellites in the A-train constellation to investigate the
sensitivity of simulating a heavy rainfall case over South
China to cloud microphysics parameterizations. They
found that rain drop size distribution (DSD) strongly influ-
ences biases that are mainly due to the rain and low-level
clouds, whereas differences in the parameterization of
ice crystal sedimentation strongly influence variations in
the effects of high clouds. Planche et al. (2019) utilized
multifrequency cloud radar observations to assess the
performance of Morrison and Thompson microphysics
schemes in the simulation of a squall line over Oklahoma.
They revealed that the simulated DSD properties were
closely related to the parameterization of the melting pro-
cess in the Thompson scheme while they were strongly
affected by the breakup process in the Morrison scheme.

85U80 17 SUOWILIOD 3AIea1D) 3|edl|dde aup Aq pausenob e sso e O ‘88N 40 S3|NJ 10} AReiq1T 3UIIUO AB|IM UO (SUORIPUOD-PUe-SWIRY W00 A3 1M AReaq1BUTIUO//SAIY) SUORIPUOD pue SWiB | 843 89S *[£202/80/72] U0 Afelqiauliuo Ao |Im ewoue MO JO AisieAlun Ag €55 b/200T 0T/10p/woo Aa|1m AzeiqpuliuO'SBUL/SAIY WO1) papeojumoq ‘0 X0L8LLYT



LIET AL.

Quarterly Journal of the ERMets

Many observation instruments providing micro-
physical information, such as polarimetric radar and
two-dimensional video disdrometer (2DVD), have been
set up in South China in recent years. Some studies
took advantage of these observations to evaluate the
capability of different microphysics schemes to simulate
weather systems over South China (Qian et al., 2018;
Wu et al., 2021; Zhou et al., 2022). Wu et al. (2021) eval-
uated three double-moment microphysics schemes in
the simulation of the outer rainband of typhoon Nida
(2016) with polarimetric radar observations. They showed
that the Morrison and Thompson schemes overpredicted
the mass-weighted raindrop diameters while the WRF
double-moment 6-class (WDM6) scheme underpredicted
the diameters and produced excessive concentrations of
smaller raindrops due to overactive warm-rain processes.
Zhou et al. (2022) found that in a merger-formation bow
echo event, the Thompson scheme produced raindrop size
bias and weaker cold pools because of inefficient raindrop
breakup and rain evaporation. In general, it is likely that a
“right” precipitation result may result from inaccurate rep-
resentation of rain microphysics in the model. There are
also some studies evaluating the performance of different
microphysics schemes in simulating extreme rainfall over
South China (e.g., Huang et al., 2020; Dong and Li, 2023;
Zhou et al., 2023), but they seldom compared the simulated
microphysical characteristics with the observations. Dong
and Li (2023) used WSM6, WDM6, WRF single-moment
7-class (WSM7), and WRF double-moment 7-class
(WDM7) schemes to simulate an extreme rainfall case
with daily rainfall exceeding 1,000 mm along the South
China coast in August 2018. Zhou et al. (2023) assessed the
capability of the Milbrandt and Yau, Thompson, and Mor-
rison schemes to reproduce the precipitation and radar
reflectivity features during June 7-8, 2020. They both
found that accretion of cloud water by rain was the major
source of rain water. However, few studies focus on the
simulation of extreme rainfall under weak synoptic lifting,
which tends to cause severe disasters in South China (Luo
et al., 2016; Huang et al., 2019a; Huang et al., 2019b) and
puzzles forecasters as well as model developers. During
June 21-22, 2017, an extreme rainfall event (with a max-
imum one-hour precipitation of 165mm and a 12-hour
accumulated precipitation of 464.8 mm) occurred under
weak synoptic lifting over the mountainous coast of South
China (Figure 1a). The extreme rainfall was associated
with a quasi-stationary convective system (Figure 2a) sup-
ported by a mesoscale convergence line. Li et al. (2021)
showed that the WRF model with the National Severe
Storms Laboratory (NSSL) microphysics scheme was able
to reproduce the evolution of the convergence line, con-
vective system, and precipitation pattern in this event
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(Figure 1b). They found different roles of terrain, land-sea
contrast and cold-pool outflows in the formation of the
mesoscale convective system producing the heavy rain-
fall. They focused on the dynamic and thermodynamic
mechanisms for this event, but have not examined the
microphysical characteristics. The objectives of this paper
are to evaluate different microphysics schemes in the sim-
ulation of such extreme rainfall using observations from
the 2DVD along with polarimetric radar and to understand
the causes of the different results from the microphysics
schemes in depth, then providing a possible reference for
numerical experiment design for future study.

This paper is organized as follows. The next section
introduces the data and methods. Section 3 compares the
simulations with different microphysics schemes to the
observations. The closing section gives a summary and
conclusions.

2 | DATA AND METHODS

2.1 | Observation data

Data from the S-band polarimetric radar at Yangjiang
(crossed circle in Figure 1a) are used. The following
quality control procedures have been conducted for the
radar data: non-standard blockage mitigation, identifi-
cation of ground clutter and biological scatters, and
threshold checks for the cross-correlation coefficient and
signal-to-noise ratio. The polarimetric radar can provide
information about the particle size, shape, and orien-
tation by measuring the differential reflectivity (Zpr)
and other polarimetric variables besides the conventional
radar reflectivity (Zy) and radial velocity. Zpg is useful for
determining the mean particle size of the radar volume.
Larger raindrops are more oblate and have larger Zpg val-
ues. Combining Zy and Zpg gives information about the
DSD (Brandes et al., 2004; Kumjian, 2013). For compari-
son with the simulation, the radar data were interpolated
to a 1-km grid and 30 vertical levels at 500-m intervals.

In addition, the 2DVD (Schonhuber et al., 1997) pro-
vides in-situ observations of rain DSDs. The 2DVD at
Enping station (triangle in Figure 1la), which is located
about 10 km away from the auto weather station record-
ing the maximum rainfall during this event, is adopted
in this study. The measurement area of the 2DVD is
10cm X 10 cm. The diameter, fall velocity, and oblateness
of the raindrop can be derived. The data from the 2DVD
have been quality-controlled following Tokay et al. (2013),
and have been divided into 41 bins with central diame-
ters of 0.1-8.1 mm at 0.2-mm intervals to determine DSDs
every minute.
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FIGURE 1 The 12-hour (1200 UTC June 21-0000 UTC June 22, 2017) accumulated rainfall (shaded, mm) for the (a) observation, and
the simulations with the (b) NSSL, (c) Lin, (d) WSMS6, (e) Thompson, and (f) Morrison schemes. The crossed circle and the triangle in (a)
represent the locations of the Yangjiang radar and two-dimensional video disdrometer (2DVD), respectively. The blue rectangle in (b)
indicates the main precipitation region in the present event. The purple rectangles in (b) denote the key areas (Yangjiang, abbreviated to YJ,
and Mt. Tianlu, abbreviated to TL) of heavy rainfall mentioned in the text. Three plus marks indicate the locations of Tanshui, Gangmei,
Jinjiang stations (from left to right). Terrain heights are contoured by gray lines at 200 and 500 m; similarly for the rest of the figures. [Colour
figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2 The composite radar reflectivity (dBZ) from the (a) observation at 1800 UTC June 21, 2017, and the simulations with the
(b) NSSL, (c) Lin, (d) WSM6, (e) Thompson, and (f) Morrison schemes at 1700 UTC June 21, 2017. [Colour figure can be viewed at

wileyonlinelibrary.com]

2.2 | Model configurations

The model configurations in this study are identical
to those in Li et al. (2021), except for applying differ-
ent microphysics schemes. Version 3.9.1 of the WRF
model (Skamarock et al., 2008) was adopted. A 9/3/1-km

domain configuration was used with 50 vertical levels.
The ERA-Interim dataset (Dee et al., 2011) at a horizon-
tal resolution of 0.75° provided the initial and boundary
conditions. The outermost domain was integrated from
0000 UTC June 21 to 0000 UTC June 22, 2017, and the
two inner domains were activated six hours later but
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TABLE 1 Description of experimental design

Experiment Description

NSSL Using the NSSL scheme from the beginning of
the simulation (0000 UTC June 21). The
control simulation in Li et al. (2021)

Lin As the NSSL simulation but using the Lin
scheme

WSM6 As the NSSL simulation but using the WSM6
scheme

Thompson As the NSSL simulation but using the
Thompson scheme

Morrison As the NSSL simulation but using the Morrison
scheme

Replacement Running with the NSSL scheme first but the

experiments microphysics scheme was replaced by the
Lin/WSM6/Thompson/Morrison scheme at
1700 UTC June 21

NSSL_B As the NSSL simulation but with modified rain
self-collection/breakup processes

Thompson_B As the Thompson simulation but with modified

rain self-collection/breakup processes

ended at the same time. The physics schemes including
the Rapid Radiative Transfer Model for Global Climate
Models (RRTMG) long-wave and short-wave radiation
scheme (Iacono et al., 2008), Yonsei University’s plane-
tary boundary layer (PBL) scheme (Hong et al., 2006), and
Rapid Update Cycle (RUC) land surface scheme (Ben-
jamin et al., 2004) were used. Only the outermost domain
applied the Grell-Freitas cumulus scheme (Grell and
Freitas, 2014). Five microphysics schemes including the
NSSL scheme (Mansell et al., 2010), the Lin scheme (Lin
et al., 1983), the WSM6 scheme (Hong and Lim, 2006),
the Thompson scheme (Thompson et al., 2008) and the
graupel-like Morrison (Morrison et al., 2009) scheme were
tested. Outputs from the 1-km domain every 10 min are
analyzed in the following sections.

After a period of integration, the environment includ-
ing the mesoscale flows and the development of cold pools
may become quite different among different experiments.
To examine the microphysical processes in different micro-
physics schemes under a similar early environment, four
additional experiments (collectively referred to as replace-
ment experiments, Table 1) were designed, which were
run with the NSSL scheme first and then the micro-
physics scheme was replaced by the Lin, WSM6, Morrison
or Thompson scheme at 1700 UTC June 21, around the
formation of the linear convective system.

To make an apple-to-apple comparison with the polari-
metric observations, polarimetric radar variables were

derived with the polarimetric radar data simulator devel-
oped by Jung et al. (2008, 2010).

3 | EVALUATION OF DIFFERENT
MICROPHYSICS SCHEMES

There were two heavy rainfall areas in this event: the mid-
dle of Yangjiang and the east of Mt. Tianlu (Figure 1a).
The focus of this study is the microphysical characteristics
of intense hourly precipitation over the two areas. Jin-
jiang station to the east of Mt. Tianlu, Gangmei station and
Tanshui station in the middle of Yangjiang observed their
maximum hourly precipitation (165, 99, 111.4 mm) during
1800-1900, 1900-2000, 2000-2100 UTC June 21, respec-
tively. These three hours are analyzed in detail and two
key areas (purple rectangles in Figure 1b, referred to as YJ
and TL, respectively) are selected to perform the statistical
analysis.

3.1 | Precipitation

In terms of 12-hour (1200 UTC June 21-0000 UTC June
22, 2017) accumulated precipitation (Figure 1), the NSSL
simulation can reproduce the observed heavy rainfall
(exceeding 250 mm) over YJ and TL with a simulated
maximum accumulated precipitation of about 676 and
418 mm, respectively, while the simulations with other
microphysics schemes produce a heavy rainfall center with
smaller coverage over YJ and underpredict the rainfall
near TL with the simulated maximum accumulated pre-
cipitation less than 200 mm (Figure 1). This suggests that
the precipitation near TL where the terrain is more com-
plex has a greater uncertainty related to microphysics than
the precipitation over YJ. The NSSL, Lin, and Morrison
simulations overpredict the maximum accumulated rain-
fall in the northwest of YJ by more than 70%. The evo-
lution of reflectivity shows that all the schemes are able
to simulate the convective initiation near the mountains,
the convergence line and the linear convective system as
observed, although the simulated linear convective system
is not formed at exactly the same time as the observation
(Figure 2). The NSSL simulation produces more intense
storms with higher reflectivity (>55 dBZ, Figure 2b). The
convective system in the Thompson simulation is less con-
nected at that time (Figure 2e). In the WSM6 simulation,
few convective cells are initiated near the coastal hill by
1700 UTC June 21 and the convective band is narrower
(Figure 2d). The simulated convective storms near TL do
not maintain over there as long as those in the observa-
tion, and instead they move northeast quickly and weaken,
especially in the WSM6 and Thompson simulations, which
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accounts for weaker rainfall near TL in these simulations
(Figure 1).

3.2 | Raindrop size distribution

Figure 3 shows the distribution of rain rate R(D) calculated
with the 2DVD observations at Enping station and simula-
tions during the peak rainfall hour and during the 12-hour
period following Equation 1,

R(D) = gD%(D)N(D), 1)

where D is the diameter, N is the number concentration,
and v is the terminal velocity in units of m-s~! estimated
using the empirical terminal velocity-diameter (v-D) rela-
tionship from Brandes et al. (2002), that is,

v(D) = —0.1021 + 4.932D — 0.9551D?
+ 0.07934D% — 0.002352D*. @)

It should be noted that D in Equation 2 is in units of
mm during the calculation. The distribution of rain rate
as a function of D is presented in order to easily see the
contribution of rain drops for different sizes to the rain
rate.

All the microphysics schemes evaluated in this study
assume the rain DSD follows an inverse-exponential size
distribution:

N(D) = Noe P, (3)

where Ny and 4 are intercept and slope parameters, respec-
tively. The single-moment schemes (Lin and WSM6) adopt
a constant Ny of 8 x10°m~* while the N, can vary in
the double-moment schemes (Thompson, Morrison, and
NSSL). Using the rainwater mixing ratio, number concen-
tration (only double-moment schemes), assumed DSD,
and v-D relationship from the simulations, the simulated
distribution of rain rate can be derived and compared with
the observations. It should be mentioned that in order to
fairly compare how the DSD affects the rainfall in both
simulations and observations, the same v-D relationship
(Equation 2) is utilized to calculate the distribution of
rain rate. The difference between the terminal velocity
calculated with the v-D relationship within each micro-
physics scheme and that calculated by Equation 2 is not
considered here.

The distributions are divided into four cate-
gories based on the integral precipitation intensity R
for 0.lmm<D<81mm [ie, J,: ""R(D)dD]: (C1)
R>100mm-hr!; (C2) 50mm-hr~!<R<100mm-hr};
(C3) 20mm-hr ! <R<50mm-hr™'; (C4) 0.1mm-hr! <
R<20mm-hr!'. In the observation (black lines in
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Figure 3), for the highest rain rate (C1), small- and
medium-sized (1-4mm) drops are major contributors
to the rainfall (accounting for ~84% of the rainfall,
Figure 3a-c, Table 2). More large drops (>4.5 mm) appear
for the higher rain rate classes (C1, C2) (Figure 3a-f).
For the lower rain rate class (C4), rainfall is mainly con-
tributed by the medium-sized drops (2-3 mm, accounting
for ~58%) during the peak rainfall hour (Figure 3j), while
the statistics of the 12-hour period show that the main
contributors shift to the smaller drops (1-2 mm, account-
ing for ~57%) (Figure 31). During the peak rainfall hour,
the contribution of the small-sized drops (<2 mm) is more
significant for C3 (~34%, Figure 3g) compared with that
for C4 (~19%, Figure 3j).

In the simulations, in terms of higher rain rates (C1
and C2, Figure 3a-f), all the simulations except for the
NSSL simulation (red in Figure 3) present a smaller
diameter of peak rain rate than the observation, but
their rain rates at 1-2-mm diameters are close to the
observation (black in Figure 3). The NSSL simulation
is in better agreement with the observation at 3-4-mm
diameters. Larger raindrops make an important contri-
bution to the high rain rates in the NSSL simulation,
which is particularly evident in the distribution with rain
rate greater than 100 mm-hr~! (raindrops with diame-
ter >4mm account for more than half of the rainfall).
For C1 (Figure 3a—c), the Lin (green in Figure 3) and
Morrison (purple in Figure 3) simulations better fit the
observed DSD in the range of 1.5-2.1 mm, but still under-
estimate the medium-sized raindrops. The Thompson
simulation (orange in Figure 3) has a relatively narrow
distribution, and overestimates the small-sized raindrops
(raindrops with diameter <2mm account for ~40% of
rainfall). The DSD in the Lin (green in Figure 3) and
WSM6 (blue in Figure 3) simulations are prone to over-
predict small-sized (1-1.7 mm) raindrops and underpre-
dict medium-sized (2.5-3.5mm) raindrops at rain rates
lower than 100 mm-hr=! (C2-C4, Figure 3d-1). For the
lower rain rate class (C4), the peaks of all simulations
shift to smaller sizes (1.1-1.9mm) compared with the
observation (2.7 mm) during the intense hourly rainfall
period (Figure 3j,k). The contribution from raindrops with
2-3-mm diameter to the rain rate is much smaller in the
simulations (<34%) than that in the observation (~58%).
The maximum raindrop size over TL in the Morrison
simulation (purple in Figure 3) is larger than in other
simulations (Figure 3j).

Overall, the rain rate distribution of the NSSL simula-
tion tends to be broader in the case of higher rain rates
due to the smaller slope parameter. Rainwater mixing ratio
and number concentration in the NSSL simulation are also
examined and it is found that the grid points with a high
rain rate usually have a large mixing ratio and a relatively
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FIGURE 3 Observed and simulated distribution of rain rate [R(D)dD, where dD is the diameter bin size of 0.2 mm, the same as the
two-dimensional video disdrometer [2DVD] observed) for the maximum hourly rainfall period over the key areas TL (left), YJ (middle), and
during a 12-hour period over the main precipitation region (right). The black lines and associated gray shadings are identical in the left two
columns, which represent the observations from the 2DVD during 1800-1900 UTC June 21, 2017. The distribution data are classified by the
integral precipitation intensity: R > 100 mm-hr~! (first row), 50 mm-hr~! < R < 100 mm-hr~! (second row), 20 mm-hr~! < R < 50 mm-hr~!
(third row), 0.1 mm-hr~! < R <20 mm-hr~! (fourth row). The thick lines represent the median values, and the shadings with thin dotted lines
show the range between the 25th and 75th percentiles. Black: observation; red: NSSL simulation; green: Lin simulation; blue: WSM6
simulation; orange: Thompson simulation; purple: Morrison simulation.
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TABLE 2  Contribution (%) of rain drops for different sizes
(mm) to different integral precipitation intensity categories
(C1:>100 mm-hr~!; C2: 50mm-hr~! <R <100 mm-hr~1; C3:
20mm-hr~! <R <50 mm-hr!; C4: 0.1 mm-hr~! <R <20mm-hr1)
during the peak rainfall hour observed by the two-dimensional
video disdrometer. Here the results are shown based on the median
of drop size distributions

D< 1mm < 2mm<D 3mm< D>
Imm D<2mm <3mm D<4mm 4mm
Cl 10 23 35 26 6
c2 9 23 31 27 8
C3 9 25 41 21 3
C4 4 15 58 16 0

small number concentration (not shown), indicating the
existence of large raindrops.

To explore the microphysical structure of the precip-
itation systems over the two key areas, the contoured
frequency by altitude diagrams (CFADs; Yuter & Houze,
1995) of the observed Zy and Zpg and the correspond-
ing cumulative CFADs during 1800-1900 and 1900-2100
UTC June 21 derived from radar measurements are dis-
played in Figure 4. The CFAD bin sizes are 5dBZ for Zy
and 0.25dB for Zpr. The radar observation shows that
frequency maxima of Zy and Zpg values below 5km are
around 45 dBZ and 0.75 dB over both key areas. About 45%
of the Zy values are between 40 and 48 dBZ below 2.5 km
(the range between 50% and 95% contours in Figure 4a,b).
The precipitation systems over TL appear more intense
with 30% (red shadings) of 45dBZ Zy exceeding 4 km
while those over YJ have 30% of 45dBZ up to ~3.5km
(Figure 4a,b). At the low level, ~45% of the Zpr values
are between 0.5 and 1.6dB over TL, and between 0.75
and 1.5 dB over YJ (Figure 4c,d). The large Zpg values can
reach about 2.75dB. CFADs of Zy and Zpg only over the
convective areas (identified using the algorithm of Steiner
et al., 1995) within the key areas are also examined (not
shown), and the patterns are similar to those in Figure 4,
suggesting that convective precipitation is dominant dur-
ing the intense hourly rainfall period and the convective
properties are similar over the two areas.

Figures 5 and 6 show the CFADs of Zy and Zpg during
the maximum precipitation hour in each simulation. For
the TL area (left columns in Figures 5 and 6), the NSSL
simulation shows overpredicted low-level reflectivity
(Figure 5a). The frequency maxima in the Thompson sim-
ulation concentrate around lower Zy (20-35dBZ) and Zpr
(1.25-2.5dB) values at the low levels (Figures 5g and 6g),
which suggests the dominance of smaller raindrops in the
Thompson simulation and is consistent with the rain DSDs
in Figure 3. The Morrison simulation has slightly lower Zy

Royal Meteorological Society

values below 5 km and higher Zy; values above (Figure 5i)
than the observation. It has approximately 45% of the Zy
values between 36 and 45dBZ below 2.5km. It is also
noticed that the Morrison simulation exhibits the feature
of a bright band related to the melting of frozen particles
near 5 km, which is not observed. Most Zpg values in the
Morrison simulation concentrate around 3 dB (Figure 6i),
greater than the observation (~0.75dB, Figure 4c). When
it comes to the YJ area (right columns in Figures 5 and 6),
the NSSL and Lin simulations are apt to overpredict the
low-level reflectivity (Figure 5b,d), while the WSM6 show
slightly higher probabilities (~15%) around 35-40dBZ
below 3.5 km (Figure 5f). The precipitation system in the
NSSL simulation has high frequency around 50-dBZ Zy
up to 2.5km (Figure 5b) and around 3.5-4.25-dB Zpg
(Figure 6b). The Morrison simulation produces high prob-
abilities around 35 dBZ below 5km, and almost constant
upward (Figure 5j). Below 2.5 km, there are 95% (cumula-
tive frequency) of Zy values below 57 dBZ in NSSL, below
52dBZ in Lin, below 46 dBZ in WSM6, below 48 dBZ in
Thompson and Morrison simulations (right column in
Figure 5), compared with below 48 dBZ in the observation
(Figure 4b). In general, the overpredicted Zy and Zpg in
the NSSL simulation indicate the existence of more large
raindrops, in accordance with the above analysis of DSDs.

A joint probability density function (PDF) is produced
in Zy-Zpr space for both observation and simulations
(Figure 7). Every point in the diagram represents the total
frequency in the pair of Zg—Zpgr data bin normalized by
the total sample size (the number of grids within the blue
rectangle in Figure 1b and below 3 km during 1800-2100
UTC June 21). It shows a combination of Zy and Zpg,
and indicates a DSD (Brown et al., 2016). The PDF of the
observations is characterized by peak probabilities around
20-25dBZ and 0-0.25 dB (Figure 7a).

The PDF of the simulated Zy and Zpgr is shown in
Figure 7b-f. The Lin and WSM6 simulations have sim-
ilar PDFs (Figure 7c,d), which is also seen in Brown
et al. (2016). The high frequency around 5-10dBZ and
0dB suggests the prevalence of small raindrops, con-
sistent with the aforementioned analysis. The narrow
distribution in the Lin and WSM6 simulations is because
these schemes use a fixed intercept parameter and thus
an increase in liquid water content directly leads to a
decrease in the slope parameter. By contrast, the two free
DSD parameters in the double-moment scheme allow for
more variation of DSD, resulting in broader coverage of
the Zy-Zpr phase space (Putnam et al., 2017). Peak fre-
quency in the NSSL simulation is around 30-35dBZ and
2.5dB, and the maximum Zy and Zpg values are greater
than those in other simulations (Figure 7b). The PDF
of the Thompson simulation looks more similar to the
observation despite high frequency around higher Zpg
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The contoured frequency by altitude diagrams (CFADs, shaded) of the observed (a, b) reflectivity (Zy) and (c,d) differential

reflectivity (Zpr), and the corresponding cumulative CFADs (black contours) over the key areas TL (left) and YJ (right) during the maximum
hourly rainfall period. Black contours indicate the cumulative frequencies of 25%, 50%, 75%, and 95% respectively. [Colour figure can be

viewed at wileyonlinelibrary.com]

values (1-1.5dB) (Figure 7e). The Morrison simulation
exhibits high frequency around high Zy (35-40dBZ) and
Zpr (~2.75dB) (Figure 7f). The PDFs of the Morrison and
NSSL simulations indicate that the raindrops are generally
larger than those in the observation.

3.3 | Microphysical processes related
to rain production

It is of interest to investigate which microphysical pro-
cesses make a primary contribution to the characteristics

of DSDs in different microphysics schemes. The vertical
profiles of the main processes related to rain produc-
tion (Table 3) for the maximum precipitation hour aver-
aged over the two key areas (left and middle columns in
Figure 8) and for the 12-hour period over the main pre-
cipitation region (right column in Figure 8) are shown
in Figure 8. For all the schemes, the dominant processes
influencing rain mixing ratio below the freezing level
are the collection of cloud water by rain (PRACW) and
rain evaporation (PREVP). And the melting of graupel
(PGMLR) is evident near the freezing level. The con-
tribution from autoconversion of cloud droplets to rain
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FIGURE 5 Asin Figure 4a,b, but for the
simulated Zy; for the (a,b) NSSL, (c,d) Lin, (e,f)
WSMB6, (g,h) Thompson, and (L,j) Morrison
simulations. [Colour figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 7 The joint probability density function (PDF) of Zy and Zpg below 3 km over the main precipitation region: (a) observation,
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TABLE 3

Abbreviation

Changing rain mixing PRACW
ratio PRAUT

PREVP
PGMLR
PSMLR
PGACR
PSACR
PIACR
PHMLR
PHACR
PGSHR
PSSHR
PHSHR
PRSHR
PGEML
PSEML

NRAUT
NRACR

Changing rain number
concentration

NREVP
NGMLR
NSMLR
NGACR
NSACR
NIACR
NHMLR
NHACR

mixing ratio is trivial and is just visible in the Lin and
WSM6 simulations. The magnitude of the collection of
cloud water by rain during the maximum hourly pre-
cipitation period is greater (with the maximum value of
~2x107%kg-kg™!-s7!) in the NSSL simulation over TL
(Figure 8a), while it is greater (with the maximum value
of ~3x10"°kg-kg~!-s71) in the Lin simulation over YJ
(Figure 8e). For the 12-hour period over the main precip-
itation region, compared with other simulations (WSM6,
Thompson, and Morrison), the NSSL and Lin simula-
tions have a greater collection of cloud water by rain
(Figure 8c,f), consistent with the stronger rainfall in these
two simulations. The melting of graupel to rain in the
melting layer is active particularly in the Lin simulation
(Figure 8f). It implies that cold-phase processes, especially
the melting of graupel, are of significance to the production

Description

Description of the abbreviations for microphysical processes

Collection of cloud water by rain
Autoconversion of cloud droplets to rain

Evaporation of rain

Melting of graupel to rain

Melting of snow to rain

Collection of rain by graupel

Collection of rain by snow

Collection of rain by ice

Melting of hail to rain in the NSSL scheme
Collection of rain by hail in the NSSL scheme
Shedding of graupel in the NSSL scheme
Shedding of snow in the NSSL scheme
Shedding of hail in the NSSL scheme
Shedding of rain in the NSSL scheme
Enhanced melting of graupel by accretion of water in the WSM6 scheme
Enhanced melting of snow by accretion of water in the WSM6 scheme
Autoconversion of cloud droplets to rain
Self-collection/breakup of rain

Evaporation of rain

Melting of graupel to rain

Melting of snow to rain

Collection of rain by graupel

Collection of rain by snow

Collection of rain by ice

Melting of hail to rain in the NSSL scheme
Collection of rain by hail in the NSSL scheme

of rain in the Lin scheme, which is qualitatively con-
sistent with the previous finding of Luo et al. (2010) in
simulations of a heavy rainfall event along a Meiyu front
over the Huai River basin in central East China. The
melting of snow is generally smaller than the melting
of graupel in all the simulations except for the Thomp-
son simulation. On the other hand, the shedding pro-
cesses are explicitly considered in the NSSL scheme. The
magnitude of the shedding of graupel/hail is compara-
ble to the accretion of rain by graupel/hail above the
freezing level, and thus they almost offset each other
(Figure 8a-c). In terms of the variation in rain number
concentration in the double-moment schemes (Figure 9),
rain self-collection/breakup (NRACR) causes noticeable
reduction in the number concentration at the low levels
in the NSSL simulation (Figure 9a-c). More active rain
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with the (a—c) NSSL, (d-f) Thompson, and (g-i) Morrison schemes. [Colour figure can be viewed at wileyonlinelibrary.com]

self-collection is beneficial to the growth of raindrops,
and accounts for the shift to the large-diameter end in
the low-level DSD of the NSSL simulation (Figure 3).
The Thompson and Morrison simulations show large
NRACR values at the higher levels (~2-3 km for Thomp-
son, ~4.5-5km for Morrison; Figure 9d,g). The autocon-
version to rain (representing the collision and coalescence
of cloud droplets) is the major source of the rain num-
ber concentration below the freezing level. The melting
of graupel/snow is another source near 5km above mean
sea level in the three double-moment schemes while the
collection of rain by graupel and then melting also make
a notable contribution to the increase in rain number
concentration in the Morrison scheme.

3.4 | Results from the replacement
experiments

With the identical environmental conditions at 1700 UTC
June 21 generated by the NSSL simulation, the results
from the replacement experiments imply how the different
microphysics schemes affect the simulation of the sub-
sequent evolution of the convective system. Overall, the
simulated precipitation near TL becomes stronger in these
experiments (Figure 10) and is more similar to the observa-
tion compared with the corresponding experiments adopt-
ing the same microphysics scheme from the beginning of
the simulation (Figure 1). Specifically, the simulated max-
imum 12-hour accumulated precipitation over TL is 341,
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FIGURE 10 The seven-hour (1700-0000 UTC June 21-22, 2017) accumulated rainfall (left) for the replacement experiments with the
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experiments and the NSSL simulation (right). [Colour figure can be viewed at wileyonlinelibrary.com]
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390, 346, 332mm in the Lin, WSM6, Thompson, Morri-
son replacement experiments, respectively, closer to the
observed maximum value of 464.8 mm, compared with
197,99, 84, 119 mm in their corresponding original exper-
iments. The heavy rainfall centers in Yangjiang shift far-
ther north in these experiments compared with the NSSL
control simulation. It further demonstrates that the repre-
sentations of microphysical processes in the microphysics
schemes and their feedback to the thermodynamics fields
have a significant impact on the simulated evolution of
convection and associated rainfall even initialized with
similar environmental conditions and initial development
of convection. The simulated precipitation in the Lin
replacement experiment covers a larger area to the south-
west of TL (Figure 10a,b), which probably results from the
fast spread of cold pools. Figure 11 displays the evolution
of 300-K isotherms at 100 m above sea level which approx-
imate the leading edges of cold pools. The Lin replace-
ment simulation produces stronger cold pools while the
NSSL simulation and the Morrison replacement simula-
tion generate weaker cold pools that slowly spread south-
ward. In the Lin replacement simulation, the stronger cold
pools surge farther south, which was favorable for the
development of convective storms farther south near the
leading edge of cold pools with a back-building process,
accounting for the larger coverage area of rainfall. This
suggests that the thermodynamic fields quickly respond to
different representations of microphysical processes in dif-
ferent microphysics schemes. The average vertical profiles
of the budget terms for rain over the main precipitation
region also show that the Lin replacement simulation has
greater rain evaporation than other replacement simula-
tions (Figure 12), giving rise to the stronger cold pools. In
addition, the relative contributions from the main micro-
physical processes in the five schemes in Figure 12 are
similar to those in Figure 8.

In addition, to further examine the microphysical pro-
cesses in different microphysics schemes, identical instan-
taneous dynamic and thermodynamic fields were used
to drive the five microphysics schemes to obtain the
source and sink terms of rainwater. It should be noted
that a large number of instantaneous fields (a total of
180 output fields with 352 x 292 horizontal grids in each
output from the original NSSL, Thompson, and Morri-
son simulations) were used in order to provide differ-
ent environmental conditions and ensure the robustness
of the statistical results. The vertical profiles of aver-
aged source and sink terms of rainwater mixing ratio
and number concentration are presented in Figures 13
and 14, respectively. Only the grids with near-surface
rain rate of 20 mm-hr ~! or higher are averaged because
this study is more concerned with hourly heavy rainfall,

although the results using the threshold of 1 mm-hr™!

are similar. It is found that the NSSL scheme produces
relatively smaller rain evaporation rate at the lower lev-
els (Figure 13), because the rain DSD of the NSSL scheme
extends to larger raindrops and given the same rain mix-
ing ratio more larger raindrops will lead to a smaller
evaporation rate (Dawson et al., 2010; Gao et al., 2011,
Bryan and Morrison, 2012). The Morrison scheme has
greater PRACW values above 2 km (with a maximum value
around 11 x107%kg-kg~'-s7!; Figure 13m). Consistently,
the melting of graupel is prominent in the Lin scheme
(Figure 13d-f). In other words, it seems difficult for the Lin
scheme to produce the dominant role of warm-rain pro-
cesses (at least in the present event), which is important
in the formation of heavy rainfall during the pre-summer
rainy season in South China (Yu et al, 2022). Wu
et al. (2022) also demonstrated that the double-moment
schemes outperform the single-moment schemes in simu-
lating the warm-rain processes in their experiments for a
super typhoon. The large negative NRACR values are also
noted at the low levels in the NSSL scheme (Figure 14). In
anutshell, the rain self-collection/breakup processes show
distinctions among these microphysics schemes, and they
play a vital role in determining the rain DSD.

3.5 | Sensitivity to the rain
self-collection and breakup processes

In order to examine the impact of the rain self-collection
and breakup processes on the simulated rain DSD, two
sensitivity experiments based on the NSSL and Thompson
schemes were conducted. These two schemes are further
tested because they have relatively broader and narrower
DSDs respectively, as illustrated above.

In the NSSL scheme, rain self-collection and breakup
follow the method in Ziegler (1985),

E.a;N2V2E2 . < 50 um
NRACR:{ T e . (4)

E.a;N?v;,re > 50 um

where N, is the rainwater number concentration, v, is
mean drop volume, u is rain shape parameter, r. is col-
lector drop radius, and a;, a, are the coefficients in the
polynomial collection kernel for small drop and large
drop, respectively. The breakup effect is represented by a
breakup coalescence efficiency parameter E.,

1,79 < 0.03 cm
E. = {exp[-50(ry — 0.03)],0.03 < ry < 0.1 cm. (5)
0,70 >0.1cm
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When the mean drop radius (ry) is larger than 0.1 cm,
E. is set to 0, and the NRACR term becomes 0. In the sen-
sitivity experiment based on the original NSSL simulation,
the radius threshold of 0.1cm is changed to 0.05cm
(NSSL_B). Specifically, in the experiment NSSL_B, E. and
the NRACR term is 0 when ry is greater than 0.05 cm.

In the Thompson scheme, the rain self-collection and
breakup processes follow Verlinde and Cotton (1993) with
some modifications,

NRACR = aEN;q;, (6)

where a is the weighting factor, E is the collection effi-
ciency parameter, and g, is the rainwater mixing ratio. The
collection efficiency parameter E is a function of the mean
drop size,

E =1-exp[2,300(D — Dy)], (7)

where Dy, is the cutoff diameter from which the collection
efficiency begins to decrease due to the activated breakup

process. In version 3.9.1 of the WRF model, the Thompson
scheme sets Dy, to 1.95 mm. In our sensitivity experiment
based on the original Thompson simulation, Dy, is changed
to 2.5mm according to the observation (i.e., the breakup
process becomes less efficient) to test the sensitivity of
breakup process (Thompson_B).

Figure 15 shows that after the modification, the simu-
lated DSDs of both schemes fit the observation better. The
peaks shift to ~2.5mm for both schemes. However, both
schemes still underestimate smaller raindrops (<1.3 mm)
and overestimate larger raindrops (>3.7mm). In the
NSSL_B experiment, the heavy rainfall (> 250 mm) over
the middle of Yangjiang and Mt. Tianlu can still be sim-
ulated, but the location of heavy rainfall over Yangjiang
shifts slightly southward, and the coverage of heavy rain-
fall near Mt. Tianlu becomes smaller (Figure Sla) com-
pared with the original NSSL simulation (Figure 1b). The
cold pools get stronger and spread southward faster (not
shown), which partly accounts for the southward shift of
the heavy rainfall over Yangjiang. The frequency maxima

85U80 17 SUOWILIOD 3AIea1D) 3|edl|dde aup Aq pausenob e sso e O ‘88N 40 S3|NJ 10} AReiq1T 3UIIUO AB|IM UO (SUORIPUOD-PUe-SWIRY W00 A3 1M AReaq1BUTIUO//SAIY) SUORIPUOD pue SWiB | 843 89S *[£202/80/72] U0 Afelqiauliuo Ao |Im ewoue MO JO AisieAlun Ag €55 b/200T 0T/10p/woo Aa|1m AzeiqpuliuO'SBUL/SAIY WO1) papeojumoq ‘0 X0L8LLYT


http://wileyonlinelibrary.com

20 Quarterly Journal of the S RMets LIET AL.
Royal Meteorological Society
8.0 \ 8.0
1 | |
] AN PSACR ]
N i
N\ PGACR PIACR
6.0 \ \ \\ —--—PSMLR 60 - PSACR
1 AR T PeMLR 1 A Ngm—— PGACR
3 /N i ] AN T ~._ | ———PSMLR
3 MOaN PRACW i { o RN
5. 0 4 .': / -I' ————PRSHR 4.0 - A e B ﬁgg\l/_s
o Ry PHSHR * N
T 0 PSSHR 1 ¢ ———PRAUT
Py PGSHR |
iy PHACR PRACW
i PHMLR A H
2.0 : 2.0 H
(a) NSSL 1 i (b) Lin
—0.20' 0.00 ' 0.'20 o 0.:10 o 0.;30 ' —0.20' ' 0.;)0 o .' o 0.210 o 0.;30 '
8.0 8.0
PIACR . PIACR
60 PSACR 0 - PSACR
PGACR
§§§§§§§§§§ — --—PSMLR ] PGACR
= =S —-—-PGMLR i ; —--—PSMLR
o B PREVP ] —-—-PGMLR
S 40 1 T PRAUT 40 D N R PREVP
o PRACW j
————— PSEML T i ———PRAUT
—-——PGEML 4 :" PRACW
2.0 4 2.0 :
(c) WSM6 1 (d) Thompson
—0.20' ' 0.:10 o 0'60 ' —0.20' o 0.;)0 o 0.'20 o O.:lO S 0.;50 '
8.0 Conversion rate (10° kg kg™'s™)
60 4 PIACR
PSACR
- PGACR
13 —--—PSMLR
£ 40 —-—-PGMLR
o I Y (O I EEE PREVP
———PRAUT
PRACW
2.0 4
(e) Morrison
—0.20' o O.;)O o 0.'20 o 0.:10 o O.'SO '

Conversion rate (10 kg kg™'s™")

FIGURE 12 Asin Figure 8, but for the replacement experiments averaged over the main precipitation region during 1710-0000 UTC

June 21-22, 2017. [Colour figure can be viewed at wileyonlinelibrary.com]

of Zy and Zpp at the low levels in the NSSL_B experiment
shift to smaller values (45-50dBZ and 3dB, Figure S2)
compared with the original NSSL simulation (Figures 5b
and 6b), indicating the prevalence of smaller raindrops
after modification. In the Thompson_B experiment,
the coverage of heavy rainfall over Yangjiang becomes
larger, but the accumulated precipitation near Mt. Tianlu

is still less than 200 mm albeit with larger coverage of
precipitation over 70 mm (Figure S1b) compared with the
original Thompson simulation (Figure 1e). This implies
that surface precipitation is a result of many complicated
processes and their interaction. Nevertheless, these sensi-
tivity experiments confirm that the rain self-collection and
breakup processes greatly affect the simulated rain DSDs.
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3.6 | Results from two additional
extreme rainfall cases

To further consolidate the above conclusions, the five
microphysics schemes are used to simulate two more
extreme rainfall cases with hourly rainfall exceeding
100 mm-hr ~!. The accumulated rainfall in these two cases
is shown in Figures 16 and 17, respectively. One extreme
rainfall case is over the coastal region of eastern Guang-
dong (Huizhou and Shanwei) during June 7-8, 2020 with
a maximum hourly rainfall of 136.7mm (Figure 16a).
Convective storms were continuously developed near the
coastline due to frictional convergence along the coast-
line under the influence of a low-level jet. The other
extreme rainfall case is over the north of Huizhou on May
31, 2021 with a maximum hourly rainfall of 156.4 mm
and a three-hour accumulated rainfall of 400.9 mm (new
three-hour record in Guangdong) (Figure 17a). In this
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case, convective storms initiated to the west of Huizhou
moved eastward and strongly developed near the moun-
tains in the north of Huizhou.

For the case during June 7-8, 2020 (Figure 16), the
Lin and NSSL simulations (Figure 16b,c) outperform other
simulations in the generation of heavy rainfall over the
coastal region although the accumulated rainfall is weaker
than the observation (Figure 16a). Heavy rainfall centers in
the WSM6 and Morrison simulations (Figure 16d,f) have a
northward displacement compared with the observation.
Observation of the disdrometer in Shanwei shows that the
rain rate exceeding 100 mm-hr~! is mainly contributed by
raindrops with 1.5-4.5-mm diameter (black in Figure 18a).

The simulations using single-moment schemes (green and
blue in Figure 18a) have similar diameter of peak rain
rate to the observation (~2.5mm) but they overpredict
raindrops smaller than 2 mm and underpredict raindrops
with 3-4.5-mm diameter. The diameter of peak rain rate is
larger in the NSSL simulation (~4 mm, red in Figure 18a)
than the observation while those in the Thompson and
Morrison simulations (orange and purple in Figure 18a)
are smaller (~2mm). The overprediction of large (small)
raindrops is distinct in the NSSL (Thompson) simulation
(Figure 18a).

For the case on May 31, 2021 (Figure 17), the NSSL
simulation (Figure 17b) performs the best in terms of the

85UB01 SUOWWOD AR 8(cedljdde ay) Aq peusenob a1 sejoie YO ‘85N JO S3|NJ 10) ARIGIT BUIUQ A8]1M UO (SUONIPUOD-PUe-SULBI WD A8 |1 ARe.d1jBul[U0//:SANY) SUONIPUOD pue swie | 8y} 89S *[£202/80/v2] Uo Akeiqiauljuo A|im ewouepio 10 AiseAln Aq €56t b/z00T 0T/10p/woo A 1M AIqipUljUO STBW//SANY WOy papeojumod ‘0 ‘X0.L822FT


http://wileyonlinelibrary.com

24 Quarterly Journal of the SRMets LIET AL.
Royal Meteorological Society

24°N

23°N

24°N

23°N

24°N

23°N

5 15 30 70 140 200 250 (mm)
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the disdrometer in Huizhou. The rectangle in (b) indicates the area for the statistics of simulated rain DSDs in Figure 18b. [Colour figure can
be viewed at wileyonlinelibrary.com]|
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FIGURE 18 Asin Figure 3, but for observed and simulated distribution of rain rate for the cases (a) during June 7-8, 2020, and (b) on

May 31, 2021. Only the distribution data with integral precipitation intensity R > 100 mm-hr~! are shown.

intensity and location of heavy rainfall over the north
of Huizhou. The Thompson simulation (Figure 17¢) pro-
duces heavy rainfall in Huizhou but with weaker intensity
and southward displacement error. The other simulations
miss the heavy rainfall in Huizhou. Observation of the dis-
drometer in the north of Huizhou shows that raindrops
with 1-4 mm diameter make a major contribution to heavy
rainfall with a peak value at approximately 2 mm (black
in Figure 18b). Compared with the observation, the NSSL
scheme produces evidently more large raindrops (>4 mm)
(red in Figure 18b). The drop diameter of peak rain rate
in the NSSL simulation (3-3.5mm) is larger than that in
the observation while that in the Thompson simulation
(~1.8 mm, orange in Figure 18b) is smaller, which is con-
sistent with the analysis for the June 21-22, 2017 case.
The simulations of these two additional cases suggest the
possible general issue for the NSSL scheme to simulate
the extreme rainfall over South China, in which simulated
extreme rainfall rate is not from the right representation of
rain drop size distribution.

4 | SUMMARY AND CONCLUSIONS

In this study, a detailed process-based evaluation of five
bulk microphysics schemes (including two single-moment
schemes and three double-moment schemes) in the simu-
lation of an extreme rainfall event occurring under weak
synoptic lifting over the mountainous coast of South

China is first performed using the observations from the
polarimetric radar and two-dimensional video disdrome-
ter. Major findings are summarized as follows.

All the schemes produce the heavy rainfall over the
middle of Yangjiang and the NSSL scheme also simulates
the heavy rainfall over Mt. Tianlu well, but other schemes
underestimate the rainfall over Mt. Tianlu. However, the
“right” precipitation pattern is not produced by accurate
microphysical properties as observed. Observational anal-
ysis shows that large amounts of small- and medium-sized
(1-4 mm) raindrops are the main contributors to the heavy
rainfall. However, all the simulations do not accurately
replicate the observed DSD, and tend to underpredict the
medium-sized raindrops.

Notable differences are found in the simulated rain
drop size distribution among these microphysics schemes.
The Lin, WSM6, and Morrison simulations show better
agreement with the observed DSD in the small-sized range
(1-2 mm) for higher rain rates while the Thompson sim-
ulation produces more small-sized raindrops. The NSSL
simulation exhibits a broad distribution with more large
raindrops than other simulations, which is related to its
more efficient rain self-collection process at the low levels.
The NSSL simulation is able to produce high rain rates
close to the observation, but overestimates the low-level
Zy and Zpg. The above DSD features in these schemes are
also seen in the simulations of two other extreme rainfall
cases, implying the possible deficiency in these schemes
for simulating extreme rainfall over South China.
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The efficient collection of rain/cloud water by rain
and a proper rain evaporation rate play a leading role
in the formation of extreme rainfall in the NSSL simu-
lation. Proper interaction between environmental flows
and cold-pool outflows associated with rain evaporation
is one of the key factors in the simulation of convective
systems over South China with a moist environment
(e.g., Qian et al, 2018; Huang et al., 2019a; Huang
et al., 2019b; Huang et al., 2020). Modification of the rain
self-collection/breakup processes in the microphysics
schemes based on the observation shows promising
improvement in the simulated rain DSDs.

In a nutshell, there were two main aspects which
account for the “right” rainfall result but not from the
“right” representation of rain microphysics, particular in
the NSSL simulation. On the one hand, the NSSL sim-
ulation has a broad rain DSD with overpredicted large
raindrops and thus produces a high rain intensity. On
the other hand, the representation of rain DSD is also
related to rain evaporation in the microphysics scheme.
It should be noted that there are lots of uncertainties or
biases in models, not only in physics schemes but also in
environmental conditions such as wind flows and humid-
ity. The NSSL simulation produces cold pools associated
with rain evaporation interacting with environmental
flows that can maintain the convective system and then
affect the duration of heavy rainfall. The rain intensity and
duration are just in place to produce “right” accumulated
precipitation in the cases presented in this study.

This study indicates that microphysical characteris-
tics should be carefully examined in addition to surface
precipitation when simulating extreme rainfall. In par-
ticular, when discussing some factors strongly related to
microphysical processes such as cold pools, it is beneficial
to examine more microphysics schemes other than
draw a conclusion from only one microphysics scheme
(Li et al., 2015; Mallinson and Lasher-Trapp, 2019; Marion
and Trapp, 2019). In the future, more efforts are needed to
improve the representation of rain self-collection/breakup
and evaporation processes for the extreme rainfall over
South China based on more observations (especially obser-
vations at different height levels) of more cases. The impact
of improved DSD on rainfall forecasts also deserves further
study with process-based evaluations of more cases. More-
over, the number concentration of cloud condensation
nuclei has an effect on the rain self-collection and evap-
oration processes (Warner, 1968; Xue and Feingold, 2006;
Rosenfeld et al., 2008; Tao et al., 2012). It is significant
to explore how the characteristics of the cloud conden-
sation nuclei over such a mountainous coastal region
influence those microphysical processes and the forma-
tion of heavy rainfall. Last but not least, uncertainties of
ice-phase processes and their roles in storm dynamics and

precipitation (Morrison et al.,, 2020; Huang et al., 2021,
2022; Qu et al., 2022) need to be examined as well.
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