
1.  Introduction
Heavy rainfall, one of the most devastating natural hazards over South China, frequently occurs during the 
pre-summer (April to mid-June) rainy season (Luo et  al.,  2017). Based on the strength of synoptic forcing 
(Huang et al., 1986), heavy rainfall events are usually categorized into two major types, frontal heavy rainfall and 
warm-sector heavy rainfall (WR). The frontal heavy rainfall is closely linked to dynamic lifting by fronts or shear 
lines, whereas WR is within weakly forced synoptic environment often with a smaller horizontal scale. At pres-
ent, both global and regional numerical weather prediction (NWP) models have poor skill in forecasting heavy 
rainfall over South China, especially for WR (Huang & Luo, 2017). Studies (Huang et al., 2020; Luo et al., 2020) 
have demonstrated that microphysical processes are important to accurately predicting heavy rainfall over South 
China, but the relative contributions of warm-rain, riming, and ice-phase processes remain unclear.

Abstract  During 6–7 May 2017, a record-breaking nocturnal rainfall event occurred in Guangzhou, China, 
and it was a typical warm-sector heavy rainfall event under weak synoptic forcing. A prior observational 
study by the authors revealed that warm-rain microphysical processes were dominant and responsible for the 
record-breaking precipitation. In this study, the double-moment Morrison, Thompson and NSSL microphysics 
schemes in WRF are evaluated against polarimetric radar observations in their ability of reproducing observed 
microphysical characteristics. The Thompson scheme shows the greatest fidelity to the observed raindrop 
size distribution (RSD) median value, corresponding to the most amount of precipitation forecast. While 
the Morrison and NSSL simulations overestimate (underestimate) the raindrop size (number concentration), 
exhibiting continental-type convective precipitation. The three experiments slightly overestimate differential 
reflectivity (ZDR), but significantly underestimate specific differential phase (KDP) and liquid water content 
by about 30%–50%, implying the undervaluation of number of medium-sized raindrops. Examinations of the 
occurrence frequencies of ZDR, KDP, mass-weighted diameter, and logarithmic normalized intercept parameter 
for rain suggest that all three schemes fail to reproduce the full variability of observed RSD for the extreme 
rainfall. The vertical variations of RSD parameters and the Kumjian-Ryzhkov parameter space suggest that 
the collision–coalescence is the dominant warm-rain microphysical process but the simulated process is too 
weak. This may be attributed to the misrepresented RSD near the melting layer, where the raindrops with lower 
number concentration and larger sizes cannot grow through the collision–coalescence process as actively.

Plain Language Summary  Extreme rainfall is of great concern due to its potential to cause major 
disasters. Cloud microphysics has been considered one of the main sources of uncertainty in predicting rainfall 
at cloud-resolving resolutions. This study investigates the performances of three commonly used schemes 
representing cloud precipitation processes in an extreme rainfall case that occurred in the warm and moist 
environment of South China. The Thompson scheme is found to perform better in simulating raindrop sizes 
and surface precipitation. None of the three schemes reproduces the full variation of observed raindrops, and 
all of them underestimate raindrop size growth through collision processes. These results suggest areas needing 
improvement in microphysics schemes for predicting extreme precipitation in sub-tropical regions.
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Meteorologists often use NWP models with sophisticated physics parameterization schemes to simulate and 
understand the mechanisms of weather systems (Gao et al., 2021; Tao et al., 2003). As model resolution increases, 
the microphysics schemes become increasingly important for precipitation forecasting in NWP models, with bulk 
microphysics schemes most used (Mansell et al., 2010; Morrison et al., 2009). In recent decades, bulk micro-
physics schemes have become more complex and are including more hydrometeor species and more processes. 
However, the complexity of microphysics scheme does not necessarily lead to good forecast. Therefore, objec-
tive assessments of microphysics schemes are essential for improving quantitative precipitation forecast skill of 
NWP models, and their performances are dependent on weather regimes and types of precipitation. Due to the 
lack of observations, earlier evaluation studies have mostly focused on the comparison of precipitation, latent 
heating, and moisture budget using limited in-situ observations and small amount of remote sensing observations 
collected during field campaigns (Lou et al., 2003; Tao et al., 2003).

In recent decades, the observational technologies have seen great progress, especially with polarimetric weather 
radars that have become widely used in researches and operations (Kumjian, 2013; Zhang et al., 2019; Zhao 
et al., 2019). Many interesting features of severe storms, such as the differential reflectivity (ZDR) and specific 
differential phase (KDP) columns, and ZDR arc, have been found (Kumjian & Ryzhkov, 2008; Liu et al., 2018; 
Wang et al., 2019). Meanwhile, these measurements also provide additional information for evaluating micro-
physics schemes. For instance, ZDR, defined as the logarithmic ratio of the reflectivity factors at horizontal and 
vertical polarizations, is particularly useful for determining the size of raindrops, while KDP can be used to infer 
liquid water content (LWC). The combination of reflectivity factor for horizontal polarizations (ZH) and ZDR 
can reveal characteristics of the raindrop size distribution (RSD), as well as ‘‘fingerprints’’ of microphysical 
processes, such as evaporation, coalescence, and breakup (Carr et al., 2017; Kumjian, 2013).

Benefiting from their microphysical information content, high spatial resolution and coverage, polarimetric radar 
observations have been used to evaluate microphysics schemes in various severe storm simulations. For example, 
Brown et al. (2016) evaluated six microphysics schemes in the Weather Research and Forecasting model (WRF) 
for hurricanes Arthur and Ana. They found that most of the schemes produced a higher frequency of larger 
raindrops than observed. Wang et al. (2020) and Wu et al. (2021) assessed the model performance in simulating 
typhoons Matmo (2014) and Nida (2016), and highlighted the importance of reproducing warm-rain (ice-phase) 
processes for the heavy precipitation in the inner (outer) rainbands of the typhoon, respectively. Studies on 
supercells (Johnson et al., 2016; Putnam et al., 2014), hurricanes (Yang et al., 2019), and mesoscale convective 
systems (Putnam, Xue, Jung, Snook, & Zhang, 2017) indicated that double-moment schemes can better repro-
duce well-known polarimetric radar signatures than single-moment schemes, although in simulations for a squall 
line in Taiwan a single-moment scheme performed better based on the contour frequency by altitude diagrams for 
polarimetric parameters (You et al., 2020). All in all, microphysics schemes have considerably different perfor-
mance in simulating different types of storms over different climate regions. The applicability and performance 
of different microphysics schemes in a given climate region, such as South China, still need more research.

Furthermore, studies (Huang et al., 2020; Luo et al., 2020; Xu et al., 2018) show that WR in South China tends 
to have low-centroid cumulonimbus structures associated with weak updrafts, and high precipitation efficiency 
due to abundant water vapor. These characteristics imply that warm-rain processes are very active in WR events 
(Lu et al., 2023), but the relative importance of different warm-rain processes (i.e., evaporation, coalescence, size 
sorting, and breakup) and the ability of different microphysics schemes in simulating these processes deserve 
further investigation.

During 6–7 May 2017, a record-breaking nocturnal rainfall event occurred in Guangzhou, which is a typical 
WR under weak synoptic forcing (Wang et al., 2023). This study will compare the simulated microphysics char-
acteristics with three two-moment microphysics schemes within WRF for this extreme rainfall case using the 
Guangzhou S-band polarimetric radar (marked as GZPR in Figure 1b) observations. Several questions will be 
addressed: (a) Are the polarimetric variables and RSD simulated by different microphysics schemes consistent 
with observations? (b) How do the vertical variations of RSD parameters impact the surface precipitation? (c) 
What is the dominant warm-rain process responsible for these differences? How active are these processes?

The remainder of the paper is organized as follows: Section 2 describes the observations, data analysis method-
ologies, and numerical experiment configurations. Section 3 presents the evaluations of simulated precipitation, 
polarimetric variables, and RSD. Section 4 examines the warm-rain microphysical processes differences among 
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the schemes and investigates the key factor producing the unique RSD characteristics. A summary and conclu-
sions are presented in the final section.

2.  Data and Methodology
2.1.  The “5.7” Guangzhou Extreme Rain Event

A local extreme rain event occurred in Guangzhou during 6–7 May 2017, with record-breaking 3-hr accumulated 
precipitation amounts of 382 mm during the 2100 UTC 6 May - 0000 UTC 7 May period, which became the new 
records for Guangdong Province. The 15-hr accumulated rainfall exceeded 100 mm at 128 rain gauges, or at 30% of 
automatic weather stations (AWS) in Guangzhou (Figure 1a). The event brought many disasters, including urban 
waterlogging, landslides, and mudslides, to Guangzhou. However, this case occurred on the edge of the subtropi-
cal high without any obvious synoptic-scale weather systems (e.g., front, low-level jets). Namely, it is an extreme 
rainfall case under weak synoptic-scale forcing in the pre-summer rain season over South China (Xu et al., 2018). 
Both operational NWP models (e.g., those of European Center for Medium-Range Weather Forecasts, Global/
Regional Assimilation and Prediction System Mesoscale Model of the Chinese Meteorological Administration) 
and forecasters significantly underestimated the precipitation intensity of this event (Wu et al., 2018).

Figure 1.  The (a) observed and (b)–(d) simulated total precipitation from 1600 UTC 6 May to 0700 UTC 7 May. The black 
box represents the location of maximum observed total precipitation and the black star marks the location of GZPR. The 
green lines mark the borders of the districts of Guangzhou. The maximum total precipitation is provided in the top-right-hand 
corner of the panel and its location is marked by the black cross. The red boxes are centered on the respective locations of 
maximum accumulate precipitation and are used for diagnostic analyses focusing on the maximum precipitation centers. The 
green boxes are used for calculation of moisture flux. The horizontal and vertical axis labels are in longitude and latitude 
degrees.
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2.2.  Experiment Design and Microphysics Schemes

The Guangzhou extreme rain case is simulated using three different micro-
physics schemes in the WRF-ARW (v3.9.1). Details about the WRF config-
urations used in this study can be found in Section 3 of Yin et al. (2020). The 
simulations are configured with three two-way nested domains at 12, 4, and 
1.33 km horizontal grid spacings (please refer to Figure 2 of Yin et al. (2020) 
for the domain sizes). All domains use 57 vertical levels with stretching 
below 850 hPa and above 200 hPa. All simulations use the following physics 
parameterizations: the rapid radiative transfer model (Mlawer et al., 1997) 
for both shortwave and longwave; the Yonsei University PBL scheme 
(Hong et al., 2006); the MM5 Monin–Obukhov similarity scheme (Zhang & 
Anthes, 1982); the Noah-MP land surface scheme(Niu et al., 2011); the cumu-
lus parameterization scheme (Kain, 2004) in the two outer coarse-resolution 
domains, but not in the 1.33 km domain.

The model is initialized with the NCEP GFS Final Analysis (FNL) 0.25° 
data at 1200 UTC 6 May and is integrated for 20 hr. The 6-min intervals 
of model output match the intervals of GZPR observations. Observational 
studies (Wang et al., 2023; Xu et al., 2018) show that urban heat island is 
critical for convective initiation of this case. To realistically simulate the 
urban heat island effects, the experiments apply observation nudging toward 
hourly surface AWS observations from 1200 UTC 6 May to 0000 UTC 7 
May 2017, using the four-dimensional data assimilation function of WRF 
(Seaman et al., 1995).

The three microphysics schemes evaluated are the Morrison scheme (MORR, 
Morrison et  al.  (2009)), the National Severe Storms Laboratory scheme 
(NSSL, Mansell et al. (2010)), and the Thompson scheme (THOM, Thompson 
et al. (2008)). Table 1 lists the hydrometeor categories and variables predicted 
in each scheme. Specifically, the NSSL is fully double moment, the MORR 
and THOM are only partially double moment. MORR is double moment in 
rain, ice, snow, and graupel. The THOM scheme is double moment in cloud 
ice and rain (Table 1). The NSSL scheme predicts the number concentration 

of cloud droplets, but the MORR and THOM schemes prescribe the cloud droplet total number concentrations 
as constant values. In this paper, the default values of 2.5 × 10 8 and 10 8 m −3 are used for MORR and THOM, 
respectively. The initiation of cloud droplets in the NSSL scheme follows Ziegler (1985). The number concentra-
tion initiated at cloud base is adapted from Twomey (1959) with default prescribed values of cloud condensation 
nuclei (CCN) concentration of 6 × 10 8 m −3. Although the three microphysics schemes contain most of the cloud 
microphysical processes discussed in Braham and Squires (1974), there are significant differences among them. 
Taking auto-conversion as an example, the MORR scheme uses the equation of Khairoutdinov and Kogan (2000). 

One of its advantages is  that there is no need to define a threshold. The NSSL 
and THOM schemes adopt the approach of Berry and Reinhardt (1974), in 
which not only cloud water content but also cloud number concentration is 
incorporated. The auto-conversion rates from different schemes can differ by 
several orders of magnitude (Xu et al., 2020). All in all, many microphys-
ical processes deserve in-depth evaluations, but most of them do not have 
corresponding observations. Therefore, this study would focus on the micro-
physical processes (e.g., collision–coalescence) on which information can be 
retrieved from polarimetric radar measurements.

2.3.  Polarimetric Radar Measurements

During the rainfall event, radar echoes mainly occurred near GZPR radar 
station (Figure  1 black star), within a 100  km range. Thirteen hours (i.e., 
1600 UTC 6 May to 0500 UTC 7 May) of GZPR Level II data were obtained 

Figure 2.  Time series of (a) average hourly rainfall over the red boxes in 
Figure 1, and (b) the hourly rainfall at the point of maximum accumulated 
precipitation (the black box in Figure 1a and black x in Figures 1b–1d) from 
1600 UTC 6 May to 0500 UTC 7 May 2017.

MORR NSSL THOM

Cloud droplets Q q, Nt q

Rain q, Nt q, Nt q, Nt

Cloud ice q, Nt q, Nt q, Nt

Snow q, Nt q, Nt q

Graupel q, Nt q, Nt q

Hail NA q, Nt NA

Note. Here q denotes mass mixing ratio, Nt denotes total number concentration. 
Schemes that do not contain a given hydrometeor category are listed as not 
applicable (NA).

Table 1 
Prognostic Variables in the Microphysics Schemes Evaluated in This Study
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for our evaluation. GZPR was upgraded to polarimetric radar from the China New Generation Weather Radar/
SA (CINRAD/SA) in March 2016. GZPR transmits and receives the horizontal/vertical polarimetric pulses, the 
same as the polarimetric WSR-88D radars of the U.S. National Weather Service. Strict quality control to remove 
non-meteorological and unphysical radar echoes was performed as described in Wang et al. (2018). The data were 
then gridded to the model resolution using 88D2ARPS software from the Center for Analysis and Prediction of 
Storms.

2.4.  Microphysical Parameter Retrieval

To obtain RSD-related parameters, The RSD retrieval algorithm from Wang et al. (2019) is adopted for GZPR 
observations. The LWC, mass-weighted mean diameter (Dmr) and normalized intercept (Nwr) for raindrop are 
estimated from the combination of ZH and ZDR:

LWC = 1.023 × 10
−3
𝑍𝑍 × 10(

−0.0742𝑍𝑍3
DR

+0.511𝑍𝑍2
DR

−1.511𝑍𝑍DR),� (1)

𝐷𝐷mr = 0.7218 ×𝑍𝑍DR + 0.955,� (2)

𝑁𝑁wr =
4
4

𝜋𝜋𝜋𝜋w

(

LWC

D
4

mr

)

.� (3)

The coefficients are fitted from raindrop disdrometer observations, which is inaccurate for ice or mixed phase 
particles, so Equations 1–3 only apply to pure rain. The measurement errors for ZH, and ZDR for well calibrated 
S-band radars are typically 1 dBZ and 0.2 dB, respectively. The power-law statistical uncertainties of Dmr and 
LWC are about 0.15 mm and 0.8 g m −3, respectively.

The method from Ryzhkov et al. (2018) is adopted to estimate ice water content (IWC). In this method, the IWC 
is retrieved from KDP and Zdr according to

𝐼𝐼𝐼𝐼 𝐼𝐼 = 4.0 × 10
−3 𝐾𝐾𝐷𝐷𝐷𝐷𝜆𝜆

1 −𝑍𝑍−1
𝑑𝑑𝑑𝑑

,� (4)

where Zdr is in linear units (𝐴𝐴 𝐴𝐴𝑑𝑑𝑑𝑑 = 10
𝑍𝑍𝐷𝐷𝐷𝐷∕10 ) and λ is the radar wavelength in mm. To avoid the interference from 

liquid and mixed phase particles, this method is valid above the melting layer. Compared with snow disdrometer 
measurements, this method underestimates the IWC (Ryzhkov et al., 2018). The comparison results also show 
that the method is not sensitive to the shape of ice particles, but is affected by the degree of riming. It has a better 
chance to work at lower temperatures (i.e., −10 to −20°C) with lower likelihood of riming. Additionally, large 
ZDR errors will reduce the accuracy of the method if the ZDR is low. To avoid this situation, the approach of Wu 
et al. (2021), where a ZDR floor of 0.3 dB is set if ZDR < 0.3 dB, is adopted. It should be noted that the errors of 
polarimetric radar measurements would be larger above the melting layer (i.e., 0.3° km −1 for KDP), resulting in 
more uncertainty for the retrieved IWC, so the IWC result would only be used for qualitative analysis.

2.5.  Polarimetric Radar Simulator

The polarimetric radar simulator developed by Wang et  al.  (2016) is used to calculate polarimetric variables 
from the output of microphysics schemes (i.e., mixing ratios and number concentrations). Because the backscat-
tering of cloud water and cloud ice is minimal, only rain, snow, graupel, and hail categories are considered. The 
Rayleigh-Gans scattering theory is adopted to calculate the complex scattering amplitudes. Moreover, the simula-
tor uses the ratio of ice and water masses to characterize the melting model of snow, graupel, and hail, following 
Jung et al. (2008), and utilizes Fisher distribution to describe the canting angle distributions of particles.

3.  Results
3.1.  Rainfall Prediction With Different Microphysics Schemes

The accumulated rainfall from the WRF simulations using three microphysics schemes are compared with rain 
gauge observations near Guangzhou (Figure 1). The observed heavy rainfall (Figure 1a) is predominantly concen-
trated over the center of Guangzhou, with a maximum accumulation of 543 mm from 1600 UTC 6 May to 0700 
UTC 7 May (at the black box in Figure 1a). In general, the three experiments place the simulated precipitation 
in Guangzhou, but there are differences in the spatial distribution and intensity of rainfall across the schemes. 
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Experiment MORR (Figure 1b) produces the smallest amount of 15-hr accumulated rainfall (318 mm) whereas 
experiment THOM (Figure 1d) simulates a maximum accumulation of 553 mm, close to the observed 543 mm. 
The simulated rain of experiment NSSL basically falls on two regions, somewhat like observations, but it overes-
timates the area of 250 mm rainfall. The three experiments produce similar locations of maximum accumulated 
precipitation (black crosses in Figure 1), which are about 25 km east of observed maximum. For exploring the 
evolution of extreme rainfall and its microphysical processes, we define a squared area with a width of 11 model 
grid intervals (about 14.6 km, red dotted box in Figure 1) centered at the respective maximum of accumulated 
precipitation (black box and black cross in Figure 1).

Figure 2a compares the time series of hourly rainfall rates between observations and simulations averaged over the 
red boxes in Figure 1, which are centered on the respective maximum total rainfall locations. The observed aver-
age rainfall starts at 1900 UTC 6 May, and has a maximum of 59 mm hr −1 at 2200 UTC 6 May, and a secondary 
maximum of 36 mm hr −1 at 0300 UTC 7 May. All three experiments simulate the start and end times of rainfall 
reasonably well. The maximum of the THOM experiment (63 mm hr −1) is the closest to the observed maximum, 
although there is a time lag of 3 hr. The NSSL experiment reproduces the observed bimodal distribution with 
two peaks, but underestimates the precipitation intensity with a maximum of about 43 mm hr −1 that occurs at the 
correct time. Its secondary maximum is very close to the observed value and differs in timing by only 1 hr. The 
MORR experiment significantly under-predicts the peak precipitation rate, reaching only 33 mm hr −1 (Figure 2a).

In terms of the hourly rainfall at the point of maximum accumulated precipitation (Figure 2b), The NSSL scheme 
(green line in Figure 2b) produces a peak hourly rainfall rate that matches the observed very closely in both timing 
and amount, but its rainfall rate fluctuates significantly over the next few hours, unlike observation. The hourly 
rainfall pattern of the THOM experiment is more consistent with the observations, showing a single dominant 
maximum of ∼115 mm hr −1 that is over 15 mm hr −1 too large and delayed by 2 hr. As with the area average 
rainfall, the MORR experiment also underestimates the maximum by about 20 mm hr −1 and its peak is 3 hr late 
(blue line in Figure 2b). The NSSL experiment produces the best time evolution of the precipitation rate with two 
peaks while the THOM experiment better captures the maximum rainfall rate. In this study, we focus mainly on 
the microphysical characteristics of extreme rainfall within 2 hr near the maximum hourly precipitation, which 
will be quantitatively analyzed in the following section.

Cloud droplet is an important part of precipitation formation. Xiao et al. (2023) carried out an ensemble of sensi-
tivity experiments in which the initial cloud droplet number concentration was set to two values representing 
clean and polluted environments. They found that the changes in total surface precipitation of a simulated south 
China squall line ranged from −14% to 4%. Kedia et al. (2019) assessed the impact of aerosols on two heavy 
rainfall events in India using coupled meteorology–chemistry–aerosol (WRF-Chem) model simulations. They 
found an overall enhancement of total cumulative rainfall as high as 20% due to aerosols and gas chemistry in 
certain regions of their simulation domain. While the aerosol effects on precipitation is not the focus of this study, 
we did run an additional sensitivity experiment in which the prescribed cloud droplet total number concentra-
tion in the THOM scheme is set to 2.5 × 10 8 m −3 instead of the default value of 10 8 m −3. These values are more 
representative of continental and marine environments, respectively. Since Guangzhou is a coastal city with most 
low-level inflow coming from the ocean, it is unclear which value is more representative of the environment of 
the precipitation system in this study. The sensitivity experiment with the higher cloud droplet number concentra-
tion produces a better hourly rainfall time series, placing the hourly precipitation peak correctly at 2200 UTC (cf., 
Figure 2), but a lower average peak hourly intensity (∼40 mm hr −1 instead of the original ∼65 mm hr −1, compared 
to the observed peak of ∼60 mm hr −1, not shown) than the original THOM experiment. We plan to perform a 
systematic study on the aerosol effects on the extreme precipitation of this case separately.

3.2.  Prediction of Moisture Convergence and Convective Updraft

Moisture and upward motion are two essential ingredients for heavy rainfall. Therefore, moisture flux and aver-
age vertical velocity are used to examine the moisture supply and updraft for heavy rainfall, respectively. The 
moisture fluxes are calculated following the algorithm documented in Huang et al. (2019). The moisture flux 
into the main heavy rainfall area (green boxes in Figures 1b–1d, 113–114°E, 22.8–23.6°N) is calculated using 
the following equation:

𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑡𝑡 = ∫
𝐿𝐿𝑊𝑊

0

𝑄𝑄𝑣𝑣𝑈𝑈𝑊𝑊 𝑑𝑑𝑑𝑑𝑑𝑑 + ∫
𝐿𝐿𝐸𝐸

0

𝑄𝑄𝑣𝑣𝑈𝑈𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑 + ∫
𝐿𝐿𝑆𝑆

0

𝑄𝑄𝑣𝑣𝑉𝑉𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑 + ∫
𝐿𝐿𝑁𝑁

0

𝑄𝑄𝑣𝑣𝑉𝑉𝑁𝑁𝑑𝑑𝑑𝑑𝑑𝑑𝑑� (5)
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where QFluxt is the total moisture flux at a given level, through the four 
boundaries into the heavy rainfall area. Qv, U, V, and L are water vapor 
mixing ratio, east-west wind, north-south wind, and the length of each 
boundary, respectively. Subscripts W, E, S, and N represent west, east, north, 
and south,  respectively. For the wind vector component normal to boundary, 
inward direction is positive, and outward direction is negative. The average 
vertical motion at different levels and average precipitation are also calcu-
lated in the same area as the moisture flux.

Figure 3 shows the time-height cross sections of total moisture fluxes, aver-
age vertical motion, and average precipitation rates over the budget box. The 
three experiments produce a similar time-height pattern of moisture fluxes. 
There are strong inward moisture fluxes in the lower troposphere, mainly 
below 600  hPa, with maxima of over 10,000  kg  kg −1  m 2  s −1 that happen 
near the time of maximum rainfall. Above ∼600 hPa, the net moisture flux 
is outward while the maximum upward motion occurs at the same dividing 
level of 600 hPa. In the MORR and NSSL experiments, the 0.1 m s −1 contour 
of average upward motion reach between 400 hPa and 300 hPa levels with 
the maximum of >0.4 m s −1 at 0330 UTC 7 May, consistent with the timing 
of maximum moisture flux (∼10,000 kg kg −1 m 2 s −1) and maximum average 
precipitation rate (>0.9  mm 6  min −1). The updraft distribution of THOM 
experiment differs from those of MORR and NSSL experiments, with the 
0.1  mm  hr −1 contour mostly reaching only ∼400  hPa and the maximum 
amount is also lower at ∼0.3 m s −1. Correspondingly, the average precipita-
tion rate reaches only ∼0.7 mm 6 min −1.

3.3.  Polarimetric Structure for the Model and Observations

During the analysis period, the observed storms go through the convec-
tion initialization, development, maturity, and dissipation stages. At 2154 
UTC 6 May, the observed storms reach the maturity stage with a maximum 
observed ZDR of 4.6 dB and a maximum KDP of 5.2° km −1 at the 1.5 km height 
(Figures 4a2–4a3). All simulations capture the general distribution with the 
main radar echoes located north of GZPR (Figures 4b1–4d1). Also, all exper-
iments simulate the size and strength of convective regions (black contours in 
Figure 4) that are generally comparable to observations although the detailed 
structures have noticeable differences from observations. Following Wang 
et al. (2019), the convective regions are identified based on the depth of radar 
reflectivity. In contrast to ZH, the simulations produce quite different ZDR and 
KDP values among different microphysics schemes. All experiments underes-

timate the maximum ZDR values compared to observations (Figures 4b2, 4c2, and 4d2). The simulated KDP varies 
more than ZDR across the experiments. It should be noted that Figure 4 only compares the polarimetric structures 
at a given time, and of course it does not represent all differences in microphysical characteristics.

For forecast verification, it is common to compare observations and model simulation valid at the same time. 
However, the position error that grows fast during the forward model integration makes it difficult to compare 
storms at the same locations. Therefore, in addition to the horizontal distribution of polarimetric variables 
(Figure 4), we will further examine the frequency statistics of polarimetric variables. The statistical database 
encompasses the observed and simulated polarimetric variables over 121 model grid points centered on the 
respective maximum accumulated precipitation grid (the red boxes in Figure 1). To evaluate the performance of 
different microphysics schemes in the extreme rainfall simulation, the time windows of the data samples are  2 hr 
centered on the respective maximum hourly rainfall (i.e., observations at 2100–2300 UTC 6 May; MORR at 
0000–0200 UTC 7 May; NSSL at 2100–2300 UTC 6 May; THOM at 2300 UTC 6 May-0100 UTC 7 May).

The joint probability density function (JPDF) is created in ZH-ZDR space and ZH-KDP space, according to 
Brown et al. (2016). These JPDFs are normalized by the maximum frequency, such that 100% means the most 

Figure 3.  Time-height cross sections of total vertical moisture flux (shaded, 
kg kg −1 m 2 s −1) and average vertical velocity (black contours, m s −1) from 1600 
UTC 6 to 0500 UTC 7 May 2017 within the green boxes in Figures 1b–1d. The 
green solid curves are average precipitation rates (mm (6 min) −1) within the 
area (22.8–23.6°N, 113–114°E) from the total moisture flux.
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Figure 4.  CAPPI of the (a1–d1) ZH (units: dBZ), (a2–d2) ZDR (units: dB), and (a3–d3) KDP (units: ° km −1) at 1.5 km height from the observations (a1–a3), and 
simulations using Morrison scheme (b1–b3), NSSL scheme (c1–c3), and Thompson scheme (d1–d3) at 2154 UTC 6 May 2017. The star represents the location of 
GZPR radar. The black contours indicate the convective regions.
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commonly occurring joint value of ZH and ZDR (KDP), and the values over 50% are referred to as the modal 
distribution following Hence and Houze (2011). The JPDF of the observed ZH and ZDR below 4 km height is 
characterized by peak frequencies at 49 dBZ and 1.4 dB (black contours in Figure 5). The modal distribution is 
contained within 41–52 dBZ in ZH and 0.9–1.7 dB in ZDR. There are 7.2% of samples exceeding 50 dBZ of ZH 
and 2 dB of ZDR.

In contrast, the MORR experiment has modal distributions that extend from 44 to 53 dBZ in ZH and from 1.4 
to 2.1 dB in ZDR (Figure 5a). The ZDR values in the MORR experiment are larger than those in observations, 
implying that the MORR simulation produces larger raindrop sizes than the observations, especially for ZH over 
40 dBZ. In the NSSL experiment, more than 50% of the sample points exhibit JPDF of ZH -ZDR in the range of 
22–50 dBZ and 0.1–1.4 dB (Figure 5b). Among the simulations, THOM shows the greatest fidelity to the radar 
observations (Figure 5c). Peak frequencies from the THOM simulation are closest to the observations, followed 
by the MORR, and NSSL experiment performs the worst. Another noticeable feature is that the MORR experi-
ment has more large raindrops (i.e., 10%) with ZH exceeding 50 dBZ and ZDR exceeding 2 dB than observations 
(7.2%). The NSSL experiment is second (i.e., 8.2%) while there are almost no large raindrops (∼0.0%) in the 
THOM experiment. The ZH -ZDR distribution range for the THOM experiment is very narrow, only equivalent to 
20% of the observations. The narrowest distribution range should be closely related to the upper limit of raindrop’ 
diameter in the THOM scheme.

Figure 6 shows the JPDF of ZH and KDP. Because the intrinsic values of KDP are very small for stratus clouds, 
especially for light rain, meaning these data contain a lot of noise (Kumjian, 2013). Therefore, we only use the 
data from convective regions to calculate the JPDF of ZH and KDP. In the convective regions, all simulations, and 

Figure 5.  Frequency of occurrences (color shaded) of ZH (dBZ) and ZDR (dB) normalized by the maximum frequency of simulation from (a) MORR, (b) NSSL, 
(c) THOM. The red contours indicate the simulated percentages at 1% (dashed) and 50% (solid), while the corresponding observations from GZPR are given in black 
contours.

Figure 6.  Frequency of occurrences (color shaded) of ZH (dBZ) and KDP (° km −1) in convective area normalized by the maximum frequency of simulation from (a) 
MORR, (b) NSSL, and (c) THOM. The red contours indicate the simulated percentages at 5% (dashed) and 50% (solid), while the corresponding observations from 
GZPR are given in black contours.
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the observations exhibit a large slope between ZH and KDP, suggesting a rapid increase of KDP with the increase 
of ZH. The modal distributions of three simulations are located at the lower left of observed modal distributions. 
This indicates that all three experiments underestimate KDP. Meanwhile, the three experiments exhibit lower 
frequencies (9.8%, 18.1%, and 9.8% for MORR, NSSL, and THOM experiments, respectively) for ZH exceeding 
50 dBZ and KDP exceeding 2.0° km −1 than observations (i.e., 35.3%), again showing undervaluation of KDP. In 
all experiments, the simulation error of KDP is significantly greater than that of ZDR. Lastly, the three simu-
lations exhibit narrower spread in ZH -ZDR space and ZH -KDP space (dashed contours in Figures 5 and 6). It 
confirms that these double-moment microphysics schemes have realized variations in the intercept and slope 
parameters in the RSD model, but they are still unable to represent the full variability of observed RSD. Previ-
ous studies (Putnam, Xue, Jung, Snook, & Zhang, 2017; Wang et al., 2020; Wu et al., 2021; Yang et al., 2019) 
have also shown that neither single- nor double-moment schemes can faithfully reproduce the full variability of 
observed RSD. The narrower spread is directly related to the nature of double-moment schemes in which all radar 
variables are uniquely related to mixing ratios and number concentrations. Namely, only the intercept and slope 
parameters are variable in the RSD model.

To further evaluate the simulated RSD, a JPDF of particle size (Dmr) and number concentration (Nwr) for the 
raindrops of convective precipitation is calculated and normalized by the maximum occurrence frequency for 
observations and simulations (Figure 7). The measurements from GZPR shows that most raindrops (frequency 
50%) are distributed in the range of 1.8–2.1 mm for Dmr and 4.2–4.6 for log10Nwr with mean values of 2.12 mm 
and 4.21, respectively. In other words, the number concentration is representative of maritime convective precip-
itation (Bringi et al., 2003) while the particle size is close to that of continental clusters, that is, the raindrops are 
both relatively large in size and many in number. The accumulated precipitation can reach 543 mm because there 
are abundant medium-sized raindrops with diameters of 1–2 mm.

The MORR experiment produces the largest deviation with greater Dmr (mean value 2.24 mm) and lower log10Nwr 
(mean value 3.74) than the observations (Figure 7a). In particular, the MORR scheme seriously underestimates 
the number concentration of raindrops with sizes between 1.5 and 2.0 mm. This is consistent with its worst precip-
itation forecast. The NSSL experiment reproduces the shape of observed RSD (Figure 7b), but underestimates 
log10Nwr and produces too much raindrops with sizes exceeding 2.9 mm. The latter leads to the largest mean 
Dmr of 2.4 mm among the three experiments. Like the JPDF of polarimetric variables, the THOM experiment 
shows the smallest variability of Dmr-Nwr, but the mean value shows the greatest fidelity to the observations 
(Figure 7c). It produces the most abundant medium-sized raindrops among the three schemes, consistent with 
its most amount of precipitation produced. However, its Dmr is cut off at 2.12 mm because the scheme limits the 
maximum raindrop size to 5 mm. This also leads to no raindrops with ZH exceeding 50 dBZ and ZDR exceed-
ing 2 dB in the THOM experiment (Figure 5c). The difference of simulated RSD can be partly attributed to the 
different treatments of cloud droplet concentration among the three microphysics schemes. It should be noted 
again that the default THOM experiment prescribes cloud droplet total number concentration value of 10 8 m −3, 

Figure 7.  Frequency of occurrences (color shaded) of Dmr (mm) and logarithmic Nwr (mm −1 m −3) of simulated RSD for the convective precipitation from (a) MORR, 
(b) NSSL, and (c) THOM experiments over the convective regions. The observed and simulated percentages at 50% (5%) are black and red solid (dashed) line, 
respectively. The observed and simulated averages are mark with a black box and red circle, respectively. The two rectangles represent the maritime and continental 
types of convective precipitation reported by (Bringi et al., 2003).
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which is considered more representative of marine clouds. Generally, the three experiments do not reproduce the 
full variability of observed Dmr-Nwr.

3.4.  Vertical Distributions of Polarimetric Radar Fields and Hydrometeors

The vertical structure of convective storms is to a significant extent influenced by treatment of microphysical 
processes (Liu et al., 2018; Wu et al., 2021). To examine the differences, the vertical profiles of polarimetric 
variables and microphysical parameters are compared.

Figure 8 shows the vertical distribution of polarimetric radar variables of the three simulations and the GZPR 
observations. Below the melting layer, the three schemes show comparable ZH in the terms of median and range 
between 5th and 95th quantiles, with a small median deviation of −1.5 dBZ from the observations (Figure 8a). 
The three schemes have larger median ZDR values indicating large rain drops, especially in the MORR and NSSL 
experiments whose deviations are about 0.3 dB. These discrepancies between simulated and observed ZDR from 
this study are similar to those described in Yang et al. (2019) for the extreme rainfall from Hurricane Harvey 
(2017). The observed ZDR increases from the melting layer to the ground by about 0.8  dB, which indicates 

marked growth of raindrops through collision–coalescence processes (Carr 
et al., 2017). The simulations do not reproduce this structure well, however, 
with most of the ZDR increase occurring near the melting level instead of 
throughout the lower levels (Figure 8b). In addition, the three experiments 
have a large bias in the ZDR range below 3  km altitude, especially under-
estimating the 95th quantile. All three simulations seriously underestimate 
median KDP at all altitudes, whose deviation exceeds 50% below 2.5  km 
(Figure 8c). The shortage of raindrop number, especially the medium-sized 
raindrops (Figure 7), means low LWC, resulting in small KDP in the simula-
tions. The underestimation of KDP also appears in the simulations of a mesos-
cale convective system in the United States (Putnam, Xue, Jung, Zhang, & 
Kong, 2017; You et al., 2020). In the term of KDP range, the NSSL scheme 
has better skill than the MORR and THOM schemes.

The IWC and LWC in each simulation are calculated to compare with the 
estimation from the GZPR observations (Figure 9). Since the LWC retrieval 
algorithm is inaccurate for ice- and mixed-phase particles, only the LWC 
below the melting layer is shown in Figure 9a. Similar to the median KDP 
(Figure  8c), all simulations underestimate the median LWC at each level 

Figure 8.  Composite vertical profiles of median (a) ZH, (b) ZDR, and (c) KDP of the convective precipitation obtained from GZPR and WRF simulations using Morrison, 
NSSL, and Thompson microphysics schemes. The shaded polygons are the range between 5th and 95th quantiles. The profiles are not shown when the sample size is 
less than 200 in each layer. The gray lines indicate the level of 0°C and −20°C, respectively.

Figure 9.  As in Figure 8, but for (a) liquid water content, and (b) ice water 
content. The yellow and orange shadings denote the “aggregation zone”’ and 
“riming zone”, respectively.
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by ∼30–50% (Figure 9a), suggesting that the simulations fail to adequately 
produce the concentration of medium-sized raindrops in this extreme rainfall 
case. Besides, the decrease in observed LWC below 3 km altitude not seen 
in the simulation suggests that the evaporation and advection of the liquid 
hydrometeor may be underestimated. In addition, the size sorting caused by 
the increase of large raindrops should also be responsible for the LWC bias. 
These moisture-related processes are critical in the short-term heavy rainfall 
event (Huang et  al.,  2016). Consistent with the accumulated precipitation 
(Figure  2), the THOM experiment produces the largest median LWC and 
the rainwater mass content (Qrain), followed by the NSSL and MORR exper-
iments (Figures 9a and 10a).

Although the IWC retrieval method has limited accuracy, the different 
vertical gradient of the estimated and simulated IWC (rather than absolute 
values) shed some light on the differences of the ice-phase microphysical 
processes among simulations. The snow and graupel are considered in the 
calculation of IWC for each simulation. The peak of observed IWC appears 
at 5–6.5 km altitude, suggesting that the riming process may be more impor-
tant than other ice-phase microphysical processes (i.e., aggregation) in the 
warm-sector extreme rainfall. The three schemes cannot reproduce the ratio 
of riming processes and other ice-phase processes (Grazioli et al., 2015). It 
should be noted that the retrieval IWC has large uncertainty, and the above 
discussion needs to be carefully verified by more accurate observations 
(i.e., with a balloon-borne hydrometeor videosonde as documented in Sakai 
et al. (2006)).

Figure 10 shows the mixing ratio and total number concentration of rain, and 
the mass-weighted mean diameters of snow and graupel. There is an anom-
alous peak for rain total number concentration in the NSSL experiment  at 
the 8 km height (Figure 10b), but the corresponding mixing ratio is close 
to 0 g kg  −1 (Figure 10a). This indicates the presence of a larger number of 
very small rain drops at that level with very little mass, which should have 
little real influence on the precipitation processes. The cloud droplet number 
concentration is also larger at this level (not shown); apparently the main 
source of large rain total number concentration is auto-conversion from cloud 
droplets.

4.  Warm-Rain Microphysical Processes
As a typical WR event over inland South China, the “5.7” extreme rainfall event occurred without any obvi-
ous synoptic weather system. Sharp decreases in ZH above the freezing level (Figure 8a) coincident with low 
echo-top heights indicate that warm-rain processes are significant, where precipitation growth occurs primarily 

below the freezing level through the collision–coalescence process (Huang 
et al., 2020). Therefore, we will further analyze the capabilities of the micro-
physics schemes in simulating the warm-rain processes.

The vertical profiles of mass-weighted mean diameter (Dmr) and logarithmic 
normalized intercept (log10 Nwr) of raindrops below the melting layer within 
the convective regions are plotted in Figure  11. All experiments produce 
larger median raindrop sizes than the observations (Figure 11a), consistent 
with the median ZDR in Figure 8b. Specifically, the NSSL experiment has 
the largest bias in median Dmr (∼0.2 mm), but the best range (the shaded 
region in Figure 11a). Combined with the vertical profiles of the sizes of 
snow and graupel particles (Figures 10c and 10d) and the profiles of vertical 
velocity (Figure 3), the large raindrops near 4 km altitude should come from 
the melting of large snow and graupel particles. In numerical simulations, 

Figure 10.  Composite vertical profiles of the mixing ratio (a), and total 
number concentrations (b) of rain, and the mass-weighted mean diameter of 
(c) snow, (d) graupel obtained from MORR, NSSL, and THOM experiments. 
The shaded polygons are the range between 5th and 95th quantiles. The 
profiles are not shown when the samples size is less than 200 in each layer. 
The gray lines indicate the level of 0°C, −20°C, and −40°C, respectively.

Figure 11.  Same as Figure 8, but for (a) Dmr (mm) and (b) logarithmic Nwr.
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too strong updrafts can lead to overly active ice phase processes, such as riming and aggregation, and therefore 
unrealistically large graupel/snow particles. These large ice particles fall into the melting layer and melt gradually 
to become large-sized raindrops. These processes are likely responsible for the raindrop size deviations observed 
at the bottom of melting layer. In this case, the positive deviation of the raindrop sizes above the 3.5 km altitude 
can be partly attributed to the excessive simulation of ice particles, especially of large graupel (Wu et al., 2021). 
Overly active ice phase processes with unrealistically high graupel/snow contents appear to be a common prob-
lem for current models with bulk microphysics parameterization (Lang et al., 2011), especially in the warm-type 
heavy rain from East Asia (Song & Sohn, 2018). It should be noted that the diameter profiles of ice-phase parti-
cles extend to different heights due to different sample sizes, especially the graupel (Figure 10d). The distribution 
of log10 Nwr is opposite of Dmr. All three schemes underestimate the number concentration of raindrops in terms 
of median and range, especially the NSSL and MORR schemes. They have comparable log10 Nwr below 2.6 km, 
with negative biases exceeding 0.5. In other words, their simulated Nwr (4.5 × 10 3 mm −1 mm −3) is only equivalent 
to one-third of the observations (1.5 × 10 4 mm −1 mm −3). This insufficient rain production in the simulations can 
contribute to the underestimated surface precipitation. A serious underestimation of raindrop number concentra-
tion near the freezing level would reduce the efficiency of the collision–coalescence process (Wang et al., 2020).

The combination of Qrain (Figure 10a) and raindrop total number concentration (Nrain, Figure 10b) makes Dmr 
increase toward the ground. From the melting layer to the near surface, the Dmr increase from 1.8 to 2.15 mm in 
the observations, and the log10 Nwr decrease from 4.55 to 4.1 (Figure 11 black lines), implying that the collision–
coalescence process is active in the observed convective cells. In comparison, the three experiments exhibit 
smaller Dmr increase rates and log10 Nwr decrease rates, suggesting that the collision–coalescence process is insuf-
ficiently active, affecting the growth of raindrops on their way down.

Several studies (Kumjian et al., 2012; Zhang et al., 2006) have demonstrated that it is possible to obtain greater 
insight into the dominant precipitation microphysical processes by mapping polarimetric radar data onto certain 
parameter spaces. This study utilizes a parameter space that takes into account the vertical variations of ZH and 
ZDR, as developed by Kumjian et al. (2012) and referred to as the KR parameter space (after its principal devel-
opers). To avoid the interference of terrain and melting layer, the horizontal axis of the KR parameter space is 
defined by the difference in ZH (δZH; dBZ) between the surface (0.4 km) and the bottom of the melting layer 
(3.4 km). The vertical axis is defined by the difference in ZDR (δZDR; dB) over the same vertical layer. The gray 
text in each quadrant (Figure 12) indicates the dominant warm-rain processes within the KR parameter space, a 
detailed description of the reasoning behind can be found in Kumjian et al. (2012).

Figure 12 gives the frequency statistics of the KR parameter over the convective regions for the observations and 
three simulations. Because coalescence is the dominant warm-rain microphysical process during heavy rainfall, 
it is not surprising that most points lie in the first quadrant (e.g., see the statistical results in Yu et al. (2022)). 
The proportion of simulated coalescence is, however, lower than that of observations (80.9%). Among the simu-
lations, NSSL produces the lowest proportion of coalescence (61.1%), which can be attributed to the fact that 
some raindrops at 3.4 km altitude are too large to continually grow via the collision–coalescence process. Mean-
while, the three microphysics schemes also underestimate the intensity of coalescence in terms of the maximum 
frequency location (red crosses and texts in Figure 12). Compared with the observed δZDR value of 0.6 dB at the 
maximum frequency point, the simulated δZDR values are between 0.0 and 0.1 dB. These results are consistent 
with the vertical profiles of Dmr (Figure 11a) and ZDR (Figure 8b).

It is also notable that 14.6% of observed convective columns are located in quadrant II of the KR parameter 
space (Figure 12a), corresponding to size sorting and evaporation. While the three simulations underestimate the 
points in quadrant II with proportions of 12.4%, 4.6% and 12.3%, respectively (Figures 12b–12d). These insuffi-
cient evaporation processes may contribute to the underestimated decrease rate of LWC below 3 km (Figure 9a). 
Besides, the NSSL experiment produces much more breakup of raindrops (i.e., 23.2%) than the observations, 
suggesting overestimation of the number of large raindrops (Figure 7b). The simulation of supercell (Saleeby 
et al., 2022) also shows that NSSL and MORR schemes produce more large raindrops than THOM scheme.

The vertical variations of microphysical processes related to rainwater content in the MORR and THOM exper-
iments are then examined (Figure 13). The vertical profiles of average hydrometeor mass content transfer rates 
over the extreme rainfall regions (red boxes in Figure 1) show that the rainwater conversion from cloud droplets 
through accretion is dominant below  the freezing level, which is consistent with the result of the KR param-
eter space (Figure  12). Evaporation is the largest sink for rainwater content and is mainly active below the 
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2.8 km height (i.e., level of 10°C), which confirms the speculation in the quadrant II of the KR parameter space 
(Figure 12). Graupel melting processes are mostly active within a shallow layer below the freezing level, which 
is more obvious in the MORR experiment (Figure 13a).

5.  Summary and Conclusions
In this study, the Morrison (MORR), NSSL, and Thompson (THOM) micro-
physics schemes with their default settings are examined based on the simula-
tions of a local extreme rainfall event over Guangzhou during 6–7 May 2017. 
To evaluate the capabilities of these microphysics schemes in reproducing 
the microphysical characteristics of warm sector heavy rainfall, the simulated 
polarimetric variables and RSD parameters are compared with the Guang-
zhou polarimetric radar observations and their retrieved variables. In particu-
lar, the vertical variations of RSD parameters and the KR parameter space are 
diagnosed to investigate the dominant warm-rain processes affecting surface 
precipitation of this event.

Compared to observed precipitation, the three experiments reproduce simi-
lar spatial distributions of 15-hr accumulated precipitation. Comparatively 
speaking, the THOM scheme provides the most amount of precipitation, 
followed by the NSSL and MORR. While the NSSL scheme reproduces the 
bimodal distribution of observed precipitation. The vertical profiles of mois-
ture fluxes and the average vertical motion within a small area surrounding 
the maximum rainfall location indicate deeper convection in the MORR and 
NSSL experiments than that of THOM experiment.

Figure 13.  Vertical profiles of average hydrometeor mass transfer rates over the 
red boxes in Figures 1b and 1d for experiments MORR and THOM from 2300 
UTC 6 to 0000 UTC 7 May 2017. The source and sink terms of rain mixing 
ratio are: Evap., evaporation; Auto., auto-conversion; R.c.C, accretion of cloud 
droplets by rain; R.c.S, rain collecting snow; R.c.G, rain collecting graupel; S. 
melt, snow melting; G. melt, graupel melting; R.c.I, rain collecting ice. The 
gray lines indicate the level of 20, 10, 0, and −10°C from bottom to top.

Figure 12.  Frequency of occurrences (color shaded) of δZH (dBZ) and δZDR (dB) for the convective area from (a) RADAR, 
(b) MORR, (c) NSSL, and (d) THOM experiments. The red solid line represents the percentage of 50%. The maximum 
probability is marked with a cross and its coordinate values are given in red text. The dominant microphysical process and the 
corresponding probability of occurrence are given in each quadrant.
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Overall, the three schemes slightly underestimate (overestimate) the ZH (ZDR). In terms of the joint frequency 
distributions of ZH -ZDR and Dmr-Nwr, the THOM scheme better produces raindrop median size and number 
concentration, but its mass-weighted mean diameter is cut off at ∼2.12 mm, resulting from the assumption that no 
raindrops can be larger than 5 mm in the THOM scheme (Thompson et al., 2008). Compared to observations and 
the simulation of THOM, both MORR and NSSL experiments present larger raindrop sizes and lower number 
concentrations, although the NSSL experiment reproduces the shape of observed RSD. In particular, the MORR 
and NSSL experiments overestimate the occurrence frequencies of large raindrops.

All three experiments have large simulation errors in KDP, with almost ∼30–50% undervaluation below the 
melting layer. The possible reason is that the microphysics schemes underestimate the number concentration 
of medium-sized raindrops, resulting in lower liquid water content. For example, the Morrison scheme only 
produces one-tenth of observed raindrops with sizes of 1.5–2.0 mm, corresponding to the lowest precipitation. 
The occurrence frequency indicates that these double-moment microphysics schemes fail to reproduce the full 
observed RSD variability, which should be responsible for the extreme rainfall in this study.

The analysis results suggest that the coalescence is the dominant warm-rain process in all three simulations, with 
slightly lower proportions than observations. However, from the melting layer toward the ground, the coalescence 
intensity is significantly weaker than the observations in terms of the increase (decrease) rate of ZDR or Dmr 
(Nwr). This may be partly attributed to the assumption on coalescence efficiency in these schemes, which is low 
for the extreme rainfall. In addition, low initial raindrop concentration and excessively large raindrop size, espe-
cially at the height of 3–4 km, may be another important reason. The large raindrops above 3.5 km mainly come 
from the melting of ice-phase particles (i.e., snow and graupel). Besides, the greater number of large raindrops in 
the NSSL scheme likely leads to more breakup than observed.

This study documents the behaviors of several double moment microphysics schemes within the WRF model for 
simulating a warm-sector extreme rainfall event in South China. However, it is important to acknowledge that the 
conclusions drawn in this study are based on a single case. More case studies should be carried out to determine 
how general the conclusions of this paper are. In addition, the parameters of the microphysics schemes, including 
the constant prespecified cloud droplet total number concentration in the MORR and THOM schemes, and the 
prespecified CCN in the NSSL scheme, are all set to their default values. The performances of these microphysics 
schemes can be sensitive to the parameter settings, and such sensitivity will require separate in-depth studies. 
Meanwhile, we want to point out that other errors in the simulation model could compensate errors in microphys-
ics, therefore a better simulation of surface precipitation do not necessarily mean a better microphysics scheme. 
More systematic evaluations will be needed to draw such conclusions with confidence. The uncertainties and 
robustness of microphysical processes (e.g., the urban effects, and collection efficiency of between raindrops and 
other particles) can be more reliably assessed through ensemble simulations with perturbed initial conditions or 
different physics options. If the key results and conclusions are not sensitive to the initial condition perturbations, 
then we can trust the conclusions with more confidence. This can be a topic for further study.
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