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Abstract 

An extreme rainfall event in the coastal metropolitan city of Guangzhou, China is simulated by 

the Weather Research and Forecasting (WRF) model using three bulk microphysics schemes to 

explore the capability to reproduce the observed precipitation features by these schemes and their 

differences. The detailed comparison among the three runs in terms of radar reflectivity, 

precipitation, thermodynamic fields and microphysical processes are conducted. Results show that 

all the simulations can reproduce the two main heavy rainfall centers in Guangzhou and the first 

convection initiation. The accumulated precipitation in the simulation using the WSM6 scheme 

performs better than the others in terms of intensity and distribution compared to observations. 

The weaker accumulated precipitation in the second heavy rainfall center in the simulations using 

the Thompson and Morrison schemes result from their more dispersed precipitation distributions 

dominated by the cold pool intensity and distribution. The latent heating from the water vapor 

condensation dominates the convection initiation and storm development. The latent cooling from 

the rain water evaporation dominates the cold pool intensity and distribution, which influences the 

storm moving and subsequent convection propagation, and finally the intensity and distribution of 

surface precipitation. Sensitivity experiments of the latent heat confirm the dominant roles of latent 

heating/cooling, especially the water vapor condensation heating and rain water evaporation 

cooling, in the differences of the thermodynamic fields, storm development, convection 

propagation and surface precipitation among the three simulations. 

Keywords: microphysics parameterization; WRF; extreme rainfall; latent heat 
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1 Introduction 

There still are large uncertainties associated with the microphysics parameterization in current 

numerical weather prediction (NWP) (Khain et al., 2015). Spectral bin microphysics schemes 

(SBMs) predict the discretized particle size distribution (PSD) and allow greater PSD 

characteristic flexibility, which are supposed to be conceptually more realistic and more accurate 

than bulk microphysics schemes (BMPs) (Khain et al., 2004; Khain et al., 2015). However, Xue 

et al. (2017) simulated a squall-line event using three spectral bin microphysics schemes coupled 

into the Weather Research and Forecasting (WRF) Model, and found that different bin 

microphysics schemes simulated a wide spread of microphysical, thermodynamic, and dynamic 

characteristics of the squall line. Fan et al. (2017) performed an intercomparison study of a 

midlatitude mesoscale squall line using the WRF model with eight different cloud microphysics 

schemes (7 BMPs and 1 SBM), and indicated that there was large variability in simulated cloud 

and precipitation properties using different microphysics schemes, and SBM did not always 

outperform the others. Besides, SBMs have a high computational cost due to the prediction of 

discrete sizes. Therefore, BMPs are still preferred over SBMs in current NWP models (Huang and 

Cui, 2015; Huang et al., 2016b). 

Many previous studies have demonstrated different bin or bulk microphysics schemes 

frequently result in large differences in the simulated storm structures and precipitation 

characteristics (coverage and intensity) (Li et al., 2009; Dawson et al., 2010; Morrison and 

Milbrandt, 2011; Van Weverberg et al., 2012; Morrison et al. 2015; Huang et al., 2016a; Fan et al., 

2017; Xue et al., 2017; Han et al., 2018; Lee and Baik, 2018; Tiwari et al., 2018; Bao et al., 2019; 

Falk et al., 2019; Huang et al., 2019c; Johnson et al., 2019; Labriola et al., 2019; Mohan et al., 

2019). Morrison and Milbrandt (2011) performed idealized three-dimensional supercell 
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simulations using two double-moment bulk microphysics schemes in the WRF model, and found 

that many of the key differences between the baseline simulations were attributed to the different 

approaches in treating graupel and hail. Adams-Selin et al. (2013) indicated that bow echo 

development and longevity was highly sensitive to the graupel parameterization of microphysics 

schemes in the WRF model, and faster falling graupel led to more intense cold pools. While Xue 

et al. (2017) found fast falling hydrometeors have less time melting and evaporating, which leads 

to weaker cold pool. Choi et al. (2018) demonstrated that one scheme does not work best in all 

simulations of eight typhoons using five microphysics schemes of the WRF model, and suggested 

that the hydrometeor characteristics assumed in microphysics schemes should be carefully 

understood to simulate precipitating clouds. Bao et al., (2019) simulated an idealized two-

dimensional squall-line using three bulk microphysics schemes in the WRF model, and found that 

differences in the simulated squall line development were mainly attributed to the differences in 

the simulated population characteristics (e.g., hydrometeor size distributions) of snow, graupel and 

rainwater. Falk et al. (2019) simulated an idealized supercell using one bin and one double-moment 

bulk microphysics schemes with the Regional Atmospheric Modeling System (RAMS) to 

emphasize the importance of hydrometeor fall speed on the supercell evolution and the 

assumptions in the schemes may be more important than the scheme class itself. Bryan and 

Morrison (2012) demonstrated that double-moment schemes outperformed the single-moment 

schemes through evaluating idealized simulations of a squall line. Luo et al. (2018) simulated a 

hailstorm event in eastern China using multi-moment microphysics schemes and suggested that 

multi-moment schemes can produce more realistic hail distribution characteristics. However, some 

studies also show that single-moment schemes provide better precipitation estimates compared to 

multi-moment schemes (Parodi and Tanelli, 2010; Cassola et al., 2015; Huang et al., 2019a). It 

4 



  

           

        

        

     

          

     

          

              

       

        

       

       

     

       

        

       

        

         

        

            

          

  

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

means that microphysics schemes will have different performances in different dynamic and 

thermodynamic environments, and different types of storms (e.g., squall lines, supercells). It is 

hard to understand why microphysics schemes result in such different simulations due to too many 

differences among microphysics schemes, e.g., different fundamental construction of schemes, 

different assumptions in parameterization of the same microphysical process (Falk et al., 2019). 

Therefore, more intercomparison and sensitivity studies on microphysics schemes should be 

performed to explore the dominant factors leading to the different simulations for individual cases. 

Huang et al. (2019a) simulated an extreme rainfall event in a tropical coastal city using the 

WRF model nested with a very large-eddy simulation (LES). They mentioned that the simulation 

with the WRF single-moment 6-class microphysics (WSM6) scheme (Hong and Lim, 2006) 

outperformed the simulations with the Thompson double-moment scheme (Thompson et al., 2008) 

and the Morrison double-moment scheme (Morrison et al., 2009) through comparing the simulated 

radar reflectivity and precipitation against observations. However, the detailed comparison was 

not shown in their study. Besides, most previous intercomparison studies on microphysics schemes 

were performed in idealized simulations of squall lines or supercells (e.g., Dawson et al., 2010; 

Morrison and Milbrandt, 2011; Van Weverberg et al., 2012; Xue et al., 2017; Bao et al., 2019; 

Falk et al., 2019; Johnson et al., 2019). Therefore, it deserves further study on the differences 

among simulations with the three different microphysics schemes in this tropical deep convection 

shown in Huang et al. (2019a). What are the main microphysical pathways to cloud hydrometeor 

production? What are the main different microphysical processes among these simulations? How 

do the main microphysical processes influence the storm development? We will try to answer these 

questions in this paper. 
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The rest of the paper is organized as follows. Section 2 describes the extreme rainfall event and 

111 the numerical sensitivity experiments on microphysics schemes. Section 3 presents the results, and 

112 section 4 gives the summary and conclusions of the study. 

113 2 Event description, model setup and microphysics schemes 

114 The extreme rainfall occurred over the coastal metropolitan city of Guangzhou, southern China 

during 6–7 May 2017. A maximum daily rainfall of 524.1 mm and a maximum hourly rainfall of 

116 184.4 mm were recorded in this event, causing serious floods and property damage. Huang et al. 

117 (2019a and 2019b) conducted an observation analysis and a nested large-eddy simulation (LES) 

118 using WRF model to explore mechanisms associated with this extreme rainfall event. This event 

119 took place under relatively slowly evolving synoptic and mesoscale conditions over the trumpet‐

shaped topography of the Pearl River Delta. The counteraction between the warm, moist southerly 

121 flow and the precipitation-produced cold pool outflows repeatedly triggered new updrafts and 

122 convection cells upstream, supporting the initiation and maintenance of a long-lived (quasi-

123 stationary) back-building mesoscale convective system (Huang et al., 2019a). The sustained and 

124 moderately slantwise strong vertical updrafts, supported by the combination of buoyancy and 

dynamic acceleration and the shallow weak cool pools, generated the extreme precipitation rate 

126 (Huang et al., 2019b). 

127 Huang et al. (2019a) mentioned that, the WSM6 microphysical parameterization scheme 

128 produced better simulations compared to other double-moment microphysical parameterization 

129 schemes in this event. Therefore, it is necessary to have an in-depth understanding of the 

differences among the simulations using different microphysics parameterization schemes for this 

131 extreme rainfall. 
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In this study, we adopted the same model setups as described in Huang et al. (2019a) except for 

microphysics parameterization schemes. The WRF model version 3.8.1 (Skamarock et al., 2008) 

was configured with three one-way nested domains with horizontal resolution of 4.5, 1.5, and 0.5 

km, respectively. The model was integrated from 1200 UTC 06 to 0000 UTC 07 May 2017 (12 

hours), covering the intense period of rainfall over the Guangzhou city. The 0.5‐km domain was 

set up in LES mode, that is, no planetary boundary layer (PBL) parameterization scheme was used 

in this domain. Observation data from surface automatic weather stations, radiosondes, and wind 

profilers were assimilated into the model by the four-dimensional data assimilation (FDDA, 

Stauffer and Seaman, 1990) method during 1200 UTC 06–0000 UTC 07 May 2017 for 4.5- and 

1.5-km domains and 1200–1600 UTC 06 May 2017 for 0.5-km domain (Huang et al., 2019a). The 

model simulation with the single-moment WSM6 scheme (Hong and Lim, 2006) reproduced this 

extreme rainfall event successfully, in terms of convection initiation, propagation, and heavy 

rainfall amount (Huang et al., 2019a). More details of the model configuration and verification can 

be found in Huang et al. (2019a). The original simulation with the WSM6 scheme is referred to as 

the WSM6 run. There are other two advanced double-moment microphysics schemes used to 

compare in this study, i.e., the Thompson (Thompson et al., 2008) and Morrison (Morrison et al., 

2009) microphysics schemes. The simulations using Thompson and Morrison microphysics 

schemes are referred to as the THOM run and MORR run hereafter, respectively. All these three 

schemes predict mixing ratios of five cloud species, including cloud water, cloud ice, rainwater, 

snow and graupel. The detailed differences among these three cloud microphysics schemes can be 

referred to Bao et al. (2019). The model output data in the 0.5-km domain at 10-min intervals are 

used for analysis in this study. 
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154 3 Results 

3.1 Radar reflectivity and precipitation 

The radar reflectivity and precipitation fields are examined first to investigate the overall 

differences among the simulations with different microphysics schemes. Figure 1 shows observed 

and simulated composite reflectivity at 1600, 1700, 1800, 2100, 2200 and 2300 UTC 06 May 2017. 

In general, the simulated composite reflectivity from the simulations with different microphysics 

schemes are similar to each other in terms of the intensity and coverage (Fig. 1). A convection 

initiated and developed in Huadu District (HD) in all the simulations, which is consistent with the 

observations, though the simulated convection is displaced southwestward from the observation 

(Figs. 1a1–d3). The processes of simulated convections growing and merging resemble the 

observations. The simulated convective (composite reflectivity > 35 dBZ) and stratiform (15 dBZ 

< composite reflectivity < 35 dBZ) coverages are consistent with the observations (Figs. 1a4–d6). 

There also exist some small differences among the simulations, e.g., the convection over the 

western Guangzhou (Figs. 1b4–d4). From the accumulated precipitation in the Guangzhou region 

from 1600 UTC 06 May to 0000 UTC 07 May 2017 (Fig. 2), all the simulations reproduce the two 

main observed rainfall centers, i.e., one in HD and the other one between HP and ZC. Both 

maximum observed accumulated precipitation in Region A and Region B are larger than 240 mm 

(Fig. 2a). In the WSM6 run (Fig. 2b), the maximum simulated accumulated precipitation in Region 

A is over 200 mm, and it is more than 240 mm in Region B. And the location of maximum 

accumulated precipitation center in Region B in the WSM6 run is very close to the observation 

(blue crosses in Figs. 2a and 2b). In the THOM run (Fig. 2c), both maximum accumulated 

precipitation in Region A and Region B are less than 160 mm. In the MORR run (Fig. 2d), the 

maximum accumulated precipitation in Region A can reach 160 mm but less than 200 mm, and 
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the maximum accumulated precipitation reaches 200 mm, however, the location is more northward 

than the observation. Therefore, the accumulated precipitation of WSM6 run is more consistent 

with observations than those of THOM and MORR runs, especially the maximum accumulated 

precipitation center between HP and ZC in Region B. The precipitation distributions are more 

dispersed and the maximum accumulated precipitation is weaker in THOM and MORR runs, 

especially in THOM run. Besides, the edge of accumulated precipitation distribution extends more 

southward in WSM6 run than those in THOM and MORR runs, indicating the convective system 

moves faster in WSM6 run resembling the observations. 

To investigate the differences in the precipitation evolution among the simulations in more 

detail, Fig. 3 shows time series of area-averaged precipitation rate and water mass flux in the two 

rainfall centers (Region A and Region B) in WSM6, THOM and MORR runs from 1500 UTC 06 

May to 0000 UTC 07 May 2017 in 10-min intervals . The area-averaged water mass flux is defined 

as 

����� = ∯ ∑! ∈ (&,(,),*,+,,) ��!�"��.� + ∬ �/��.�,. 0 

where S includes the six surfaces bounding the volume within the examined region, r is air density, 

Qx is mixing ratio of water species including water vapor (v), cloud water (c), rainwater (r), cloud 

ice (i), snow (s) and graupel (g), Vn is a wind vector component normal to the surface (inward 

direction is positive and outward direction is negative), ds is an area element on the surface, A is 

the examined region area, and ES is surface evaporation flux (nearly zero in this case). That is, 

QFlux is the area-averaged net flux of water mass through the surfaces bounding the volume. The 

precipitation rate in Region A is generally larger in WSM6 run than those in THOM and MORR 

runs, particularly in period of 1810–2130 UTC 06 May 2017 (Fig. 3a). However, this relationship 

is different in Region B (Fig. 3b). From 2020 UTC 06 May, the area-averaged precipitation rates 
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in Region B from THOM and MORR runs are generally larger than that from WSM6 run (Fig. 

3b), while the maximum accumulated precipitation in Region B from THOM and MORR runs are 

smaller than that from WSM6 run (Figs. 2b–d). It is mainly due to the more dispersed precipitation 

distributions in THOM and MORR runs. The variation of precipitation rate is consistent with the 

variation of QFlux, and the variation of precipitation rate is delayed slightly in the both regions 

(Fig. 3), indicating incoming water mass quickly transforms into precipitation. 

From the precipitation rates in Region A (Fig. 3a), they are similar among the three simulations 

by 1800 UTC 06 May 2017, and then their differences enlarge. The difference among the model 

configurations of the three runs is only the microphysics schemes. The microphysics schemes may 

produce different amounts of latent heat, which will influence the atmospheric buoyancy and then 

change model dynamics (Huang et al., 2018; Huang et al., 2019b). Therefore, the difference in 

latent heating should dominate the differences among the three simulations. To confirm this 

hypothesis, three new sensitivity experiments were conducted to examine the role of latent heating 

by turning off latent heat from the microphysics schemes. The time series of area-averaged 

precipitation rate and QFlux in the two regions (Region A and Region B) in the no-latent-heating 

experiments from 1500 UTC 06 May to 0000 UTC 07 May 2017 in 10-min intervals are shown in 

Figs. 3c and 3d. After turning off latent heating from the microphysics schemes, the precipitation 

rates and QFlux in both regions from all the sensitivity experiments are almost the same in terms 

of the intensity and variation (Figs. 3c and 3d), which confirms the latent heating dominates the 

differences among the simulations with different microphysics schemes. 

3.2 Thermodynamic differences 

Latent heat release can influence the thermodynamic structures (equivalent potential 

temperature) and then change atmospheric buoyancy and dynamic features (e.g., vertical motions, 
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Huang et al., 2019b). The microphysics-induced vertical motions will in turn affect the cloud 

microphysical processes and cloud structure. To investigate the differences in thermodynamic and 

dynamic structures among the three simulations, Fig. 4 shows height-latitude cross sections of 

simulated equivalent potential temperature (qe), density potential temperature (qr) and along cross-

section winds in 0.5-km domain of the WSM6, THOM and MORR runs at 1800, 1900, 2200 and 

2300 UTC 06 May 2017. The qr here is defined following Emanuel (1994) and Panosetti et al. 

(2016). At the early stage of storm development (near HD at 1800 and 1900 UTC), the differences 

in the thermodynamic fields mainly exist in the storm region (Figs. 4a1–c2). There is larger qe in 

the upper levels within the storm region in the WSM6 run, followed by the MORR run, and the 

weakest in the THOM run (Figs. 4a1–c2), indicating stronger buoyancy exists in the upper levels 

in the WSM6 run. Accordingly, the vertical motion is relatively stronger in the WSM6 and MORR 

runs than that in the THOM run. There exists obvious cold anomaly in the lower levels in the 

WSM6 run (Figs. 4a1 and a2), indicating the stronger and deeper cold pool in the WSM6 run. At 

the later stage of storm (near the second rainfall center at 2200 and 2300 UTC), the thermodynamic 

fields have obvious differences among the different simulations due to the influence of the former 

convections and cold pool distributions (Figs. 4a3–c4). The height of strong warm anomaly in the 

upper levels is lower in the stage than the former stage. The coverages of warm anomaly (qe > 342 

K) are larger in upper levels in the THOM and MORR runs than that in the WSM6 run. The cold 

pool boundary (indicated by the 300-K qr) extends more southward in the WSM6 run than those 

in the THOM and MORR runs, indicating stronger cold pool is simulated in the WSM6 run. It is 

corresponding to the more southward distribution of accumulated precipitation in the WSM6 run 

(Fig. 2). 
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To further explore the causes of the differences in the thermodynamic fields among the 

simulations, vertical profiles of spatiotemporal-averaged potential temperature tendencies due to 

latent heating/cooling rate of condensation/evaporation (TH_LHRvl), latent heating/cooling rate of 

deposition/sublimation (TH_LHRvi), latent heating/cooling rate of freezing/melting (TH_LHRli) 

and total latent heating/cooling rate (TH_LHRT) in Region A during 1800–1900 UTC 06 May 

2017 and in Region B during 2200–2300 UTC 06 May 2017 in the WSM6, THOM and MORR 

runs are shown in Fig. 5. In Region A during 1800–1900 UTC 06 May 2017, TH_LHRT is 

obviously larger in the WSM6 (maximum is ~2.8 ́  10–3 K s–1) than those in the THOM (maximum 

is ~2.1 ´ 10–3 K s–1) and MORR (maximum is ~2.3 ´ 10–3 K s–1) runs in particular above the 0 °C 

layer (Figs. 5a, c and e), which causes the differences in qe in the upper levels in the three 

simulations shown in Figs. 4a1–c2. The total cooling tendency (TH_LHRT < 0 K s–1) in the lower 

troposphere below 1 km is stronger in the WSM6 run (Fig. 5a), resulting in stronger cold pool in 

the WSM6 run than in THOM and MORR runs (Fig. 4). TH_LHRvl dominates the total latent 

heating below ~7 km especially near the 0 °C layer in the three simulations (Figs. 5a, c and e). 

TH_LHRvi is dominant above ~7 km in the three simulations, and relatively stronger in WSM6 

and MORR runs. TH_LHRli is smaller than TH_LHRvl and TH_LHRvi in the three simulations. 

The latent cooling due to TH_LHRli exists from surface to the height of 0 °C in the WSM6 run, 

while it exists mainly from ~2 km to the height of 0 °C in THOM and MORR runs (Figs. 5a, c and 

e), which is associated with the ice-phase hydrometeor (especially graupel) distribution discussed 

below. In Region B during 2200–2300 UTC 06 May 2017, TH_LHRT is larger in THOM 

(maximum is ~2.6 ´ 10–3 K s–1) and MORR (maximum is ~2.3 ´ 10–3 K s–1) runs than that in the 

WSM6 (maximum is ~2.0 ́  10–3 K s–1) run (Figs. 5b, d and f). The height of maximum TH_LHRT 

dominated by TH_LHRvl is lower during 2200–2300 UTC than that during 1800–1900 UTC in the 
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268 three simulations, and TH_LHRvi weakens meanwhile, indicating the importance of warm-rain 

269 processes during 2200–2300 UTC (Huang et al., 2019b). The specific microphysical processes 

270 causing these differences in the latent heating profiles will be investigated in the next section. 

271 3.3 Microphysical differences 

272 The latent heating differences among the three runs are attributed to the differences in 

273 microphysical processes. Therefore, the detailed microphysical processes in the three simulations 

274 will be compared in this section. 

275 The distribution of cloud hydrometeors is examined first. Figure 6 shows the vertical profiles 

276 of spatiotemporal-averaged mixing ratios of cloud water (Qc), rain water (Qr), cloud ice (Qi), snow 

277 (Qs) and graupel (Qg) in Region A during 1800–1900 UTC 06 May 2017 and in Region B during 

278 2200–2300 UTC 06 May 2017 in the WSM6, THOM and MORR runs. In Region A during 1800– 

279 1900 UTC 06 May 2017, Qc has two peaks in all the three runs, one above the 0 °C layer, the other 

280 below the 0 °C layer (Figs. 6a, c and e), which may be associated with the large-scale vertical 

281 motions (Fig. 4). The magnitudes of Qc are a little larger in the WSM6 and THOM runs than that 

282 in the MORR run. The peak of Qr can reach 0.52 ´ 10–3 kg kg–1 in the WSM6 run, ~0.50 ´ 10–3 kg 

283 kg–1 in the THOM run, while ~0.47 ´ 10–3 kg kg–1 in the MORR run. Qr can reach 0.46 ´ 10–3 kg 

284 kg–1 near the surface in the WSM6 run, however, it is just ~0.33 ´ 10–3 kg kg–1 in the THOM and 

285 MORR runs (Figs. 6a, c and e). The differences in ice-phase hydrometeors especially snow and 

286 graupel are relatively obvious. There is much snow in the MORR run (maximum can reach 0.40 ´ 

287 10–3 kg kg–1), while the maxima of Qs in the WSM6 and THOM runs are ~0.12 ´ 10–3 kg kg–1 and 

288 ~0.14 ´ 10–3 kg kg–1, respectively (Figs. 6a, c and e). Much graupel is simulated in the WSM6 run, 

289 and the peak of Qg can reach 0.44 ́  10–3 kg kg–1 near the 0 °C layer (Fig. 6a). However, the amount 

13 



  

           

           

            

            

          

       

    

            

          

         

          

          

             

    

           

    

      

        

       

         

           

        

          

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

of graupel is much less in the THOM and MORR runs, whose maxima of mixing ratio are 0.20 ´ 

10–3 kg kg–1 and 0.22 ´ 10–3 kg kg–1, respectively (Figs. 6c and e). The magnitudes of cloud ice 

are relatively small in the all simulations (Figs. 6a, c and e). The ice-phase hydrometeors in the 

THOM and MORR runs mainly exist above the 0 °C layer (the total mixing ratio of ice-phase 

hydrometeors shown in Figs. 6c and e), while there are abundant ice-phase hydrometeors below 

the 0 °C layer (Fig. 6a), resulting in stronger latent cooling associated with melting in the lower 

levels (Fig. 5a). In Region B during 2200–2300 UTC 06 May 2017, the peaks of cloud water 

enlarge in the three runs, especially in the THOM run (maximum is ~0.28 ´ 10–3 kg kg–1). Qr near 

the surface decreases to ~0.38 ́  10–3 kg kg–1 in the WSM6 run (Fig. 6a), while it increases to ~0.40 

´ 10–3 kg kg–1 in the THOM and MORR runs (Figs. 6d and f). It indicates warm-rain processes 

enhance during the second stage of the rainfall. All the ice-phase hydrometeors especially graupel 

decrease in the WSM6 run (Fig. 6b), while they don’t change a lot in the THOM run (Fig. 6d). 

The maximum of Qg decreases by ~0.1 ´ 10–3 kg kg–1, while the peak of Qs increases by ~0.12 ´ 

10–3 kg kg–1 in the MORR run (Fig. 6f). 

Figs. 7–9 show vertical profiles of spatiotemporal-averaged microphysical conversion rates of 

cloud water, rain water, cloud ice, snow and graupel in Region A during 1800–1900 UTC 06 May 

2017 in the WSM6, THOM and MORR runs, respectively. In the WSM6 run, water vapor 

condensation is the dominant production term of cloud water, and the main sink terms of cloud 

water are collection by rain, collection by snow and graupel and autoconversion to rain (Fig. 7a). 

The main source and sink terms of cloud water in the THOM and MORR runs (Figs. 8a and 9a) 

are the same as those in the WSM6 run. Among the three runs, the stronger water vapor 

condensation in the WSM6 run (Fig. 7a) results in stronger latent heating due to TH_LHRvl (Fig. 

5a). The common dominant pathways for rain water production in the three runs are rain collecting 
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cloud water and graupel melting (Figs. 7–9b). The rainwater evaporation is the common sink term 

of rain water below the 0 °C layer (Figs. 7–9b), and stronger in the WSM6 run (Fig. 7b), 

corresponding to the stronger cold pool in the WSM6 run (Fig. 4). From the raindrop size 

distribution at 0.5 km in Region A during 1800–1900 UTC 06 May 2017 (Fig. 10), there are much 

more small raindrops in the WSM6 run, which is more favorable to evaporation. The near-surface 

sedimentation of rain water is stronger in the WSM6 run (Fig. 7b), followed by the MORR run 

(Fig. 9b), and it is the smallest in the THOM run (Fig. 8b). It is consistent with the larger surface 

precipitation rate in the WSM6 and MORR runs (Fig. 3a). 

The source and sink terms of cloud ice are relatively larger in the WSM6 run compared to those 

in the THOM and MORR runs (Figs. 7–9c), corresponding to larger amount of cloud ice in the 

upper troposphere in the WSM6 run than the other two runs (Figs. 6a, c and e). The water vapor 

deposition to form cloud ice is the dominant cloud ice production term in the WSM6 run (Fig. 7c), 

which mainly contributes to latent heating due to TH_LHRvi (Fig. 5a). As for the snow, the total 

snow tendency in the MORR run is the largest among the three runs due to stronger collection of 

rain water and cloud water by snow to form snow and the relatively smaller sink terms of snow in 

the MORR run (Figs. 7–9d), resulting in much more snow in the MORR run than the other two 

runs (Figs. 6a, c and e). The common dominant snow production terms in the THOM and MORR 

runs are snow collecting cloud water and water vapor deposition to form snow (Figs. 8d and 9d). 

The water vapor deposition to form snow in these two runs mainly contributes to latent heating 

due to TH_LHRvi (Figs. 5c and e). As for the graupel production, the total graupel tendency near 

the 0 °C layer in the WSM6 run is the largest (mainly due to the strongest sedimentation of graupel) 

among the three runs (Figs. 7–9e), resulting in much more graupel in the WSM6 run than the 

THOM and MORR runs (Figs. 6a, c and e). The source and sink terms of graupel are mainly above 
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2 km in the THOM run, corresponding to the graupel distribution in the THOM run (Fig. 6c). The 

main graupel production terms in the WSM6 run are collection between rain and snow to form 

graupel, collection of cloud water by averaged snow and graupel and collection between ice and 

rain to form graupel (Fig. 7e). The common main graupel production term in the THOM and 

MORR runs is collection of cloud water by graupel (Figs. 8e and 9e). The dominant graupel 

consumption in the three runs is graupel melting (Figs. 7–9e). 

The dominant microphysical processes in Region B during 2200–2300 UTC 06 May 2017 are 

the same as those in Region A during 1800–1900 UTC 06 May 2017 in the three runs, and the 

warm rain processes enhance and ice phase processes weaken (not shown), which is consistent 

with the distributions of thermodynamic fields (Figs. 4a3–c4) and cloud hydrometeors (Figs. 6b, 

d and f). 

Therefore, latent heating due to water vapor condensation to form cloud water dominates the 

differences among the three runs. Rain water evaporation dominates the cold pool intensity, which 

influences the convection moving and propagation. To confirm these conclusions, the other two 

groups of sensitivity experiments are conducted. One group turns off the latent heat due to water 

vapor condensation to form cloud water, and the other group turns off the latent heat due to rain 

water evaporation. Figure 11 shows the 8-h accumulated precipitation in the 0.5-km domain of the 

WSM6, THOM and MORR runs after turning off latent heating due to water vapor condensation 

to form cloud water and rain water evaporation in the Guangzhou region from 1600 UTC 06 May 

to 0000 UTC 07 May 2017. After turning off latent heating from water vapor condensation, 

precipitation in the three runs almost disappear (Figs. 11a–c), indicating the dominant role of 

condensation latent heating. After turning off latent cooling from rain water evaporation, 

precipitation in the three runs are more concentrated and much heavier compared to the original 
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359  runs,  and they are  similar to each other in terms  of distribution and intensity, especially between 

360 the  THOM  and MORR runs  (Figs. 11d–f).  The  hydrometeor distribution and microphysical  

361  processes  are  similar with those  in Region A  in the  original  experiments, except  larger magnitudes  

362  in the  sensitivity experiments  (not  shown).  It  indicates  rain water evaporation  cooling  dominates  

363  the  cold pool  intensity, and then  influences  the  convection moving and propagation, and finally 

364  affects the intensity and distribution of surface precipitation.   

365 4 Summary and conclusions  

366       In this  study, three  bulk microphysics  schemes  in the  Weather Research and Forecasting (WRF) 

367  model, the  single  moment  WSM6 scheme  and advanced double  moment  Thompson and Morrison 

368  schemes, are  selected  to simulate  an extreme  rainfall  event  in the  coastal  metropolitan city of 

369  Guangzhou, China  during 6–7 May 2017. The  detailed comparison  in terms  of radar reflectivity, 

370 precipitation, thermodynamic  fields  and microphysical  processes  are  conducted to investigate  how  

371  microphysics  scheme  influences  the  heavy rainfall  among the  three  runs. The  major findings  are  

372  summarized as follows.  

373       (1)  All  simulations  can reproduce  the  convection initiation in HD  and the  two main heavy 

374  rainfall  centers  in Guangzhou, which are  consistent  with the  observations  during this  extreme  

375 rainfall  event. However, the  accumulated precipitation in the  simulation using WSM6 scheme  

376  resembles  the  observations  in terms  of intensity and distribution  better.  The  simulation using 

377  WSM6 scheme  can produce  both stronger accumulated precipitation and precipitation rate  in the  

378  first  heavy rainfall  center in HD, and it  produces  stronger accumulated precipitation though the  

379  precipitation rate  is  relatively weaker in the  second heavy rainfall  center compared to the  

380 simulations  using the  Thompson and Morrison schemes  which have  more  dispersed precipitation 

381  distributions.  
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(2) The differences in latent heating from the different microphysics schemes dominate the 

differences in the thermodynamic fields, storm development and surface precipitation among the 

three simulations. After turning off latent heating from the microphysics schemes, the precipitation 

rates and water mass fluxes in both heavy rainfall regions significantly reduce (precipitation rates 

are close to zero) and are almost the same in terms of the intensity and variation in the three 

sensitivity experiments. 

(3) Much more graupel is simulated in the simulation using the WSM6 scheme, while much 

more snow is simulated in the simulation using the Morrison scheme. The latent heating from the 

water vapor condensation is dominant in all the three simulations, and its differences lead to 

different convection development. Stronger latent cooling from the rain water evaporation in the 

low troposphere in the simulation using the WSM6 scheme generates stronger cold pool, which 

influences convection moving and subsequent propagation, and finally the intensity and 

distribution of surface precipitation. It answers why less amount of rain water, weaker latent 

heating, and smaller precipitation rate are simulated in the second heavy rainfall center in the 

simulation using the WSM6 scheme, while finally larger accumulated precipitation is produced in 

this simulation. 

These results demonstrate the importance of the warm-rain processes including the water vapor 

condensation and rain water evaporation in this extreme rainfall event. The latent heating from the 

water vapor condensation dominates the convection initiation and storm development. The latent 

cooling from the rain water evaporation dominates the cold pool intensity, which influences the 

storm moving and subsequent convection propagation. The different simulation results using 

different microphysics schemes mainly result from the differences in these two processes. And the 

differences in these microphysical processes may be attributed to different rain water production, 
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405  drop size  distributions, conversion rate  parameterizations, etc. Therefore, how  to improve  the  

406  expression of these  processes  in the  model  in the  simulation and forecast  of tropical  convection 

407  requires more attention in future.  
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Figure captions 

Fig. 1. (a1–a6) Observed and (b1–b6: WSM6 run; c1–c6: THOM run; d1–d6: MORR run) 

simulated (in 0.5-km domain) composite radar reflectivity (dBZ) over the Guangzhou region at 

1600, 1700, 1800, 2100, 2200 and 2300 UTC 06 May 2017, respectively. The solid black lines 

represent Guangzhou City and its district borders. Tick marks are included every 50 km. The 

initials in (b1) are as follows: HD = Huadu District; CH = Conghua District; BY = Baiyun District; 

HP = Huangpu District; ZC = Zengcheng District; PY = Panyu District; NS = Nansha District. The 

dashed magenta rectangles represent the position of cross sections shown in Fig. 4. 

Fig. 2. Accumulated precipitation (mm) in the (a) observation, (b) 0.5-km domain of WSM6 run, 

(c) THOM run and (d) MORR run in the Guangzhou region from 1600 UTC 06 May to 0000 UTC 

07 May 2017. The blue crosses indicate the center of maximum accumulated precipitation in the 

observations. The black solid lines represent Guangzhou City and its district borders. The initials 

are the same as those in Fig. 1. Tick marks are included every 50 km. The dashed magenta 

rectangles represent the regions for average precipitation shown in Fig. 3. 

Fig. 3. Time series of area-averaged precipitation rate (solid thick lines, mm h–1) and water mass 

flux (circle-thin lines, mm h–1) in (a) Region A and (b) Region B in 0.5-km domain of WSM6 

(red), THOM (blue) and MORR (black) runs from 1500 UTC 06 May to 0000 UTC 07 May 2017 

in 10-min intervals. (c) as (a) and (d) as (b), but for the experiments turning off latent heat from 

the microphysics schemes. 

Fig. 4. Height‐latitude cross section of zonal‐mean simulated equivalent potential temperature 

(color shaded in K), 300-K density potential temperature (solid black lines), along cross-section 

winds (vertical velocity amplified by a factor of 5) in 0.5-km domain of (a1–a4) WSM6 run, (b1– 
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594

b4) THOM run and (c1–c4) MORR run at (a1, b1, and c1) 1800, (a2, b2, and c2) 1900, (a3, b3, 

and c3) 2200, and (a4, b4, and c4) 2300 UTC 06 May 2017. 

Fig. 5. Vertical profiles of spatiotemporal-averaged potential temperature tendencies (10–3 K s–1) 

due to latent heating/cooling rate of condensation/evaporation (red lines, TH_LHRvl), latent 

heating/cooling rate of deposition/sublimation (blue lines, TH_LHRvi), latent heating/cooling rate 

of freezing/melting (green lines, TH_LHRli) and total latent heating/cooling rate (black lines, 

TH_LHRT) in (a, c, e) Region A during 1800–1900 UTC 06 May 2017 and in (b, d, f) Region B 

during 2200–2300 UTC 06 May 2017 in the (a, b) WSM6, (c, d) THOM and (e, f) MORR runs. 

The horizontal dashed lines represent the height of 0 °C, and the vertical dashed lines represent 0 

K s−1. 

Fig. 6. Vertical profiles of spatiotemporal-averaged mixing ratios (10–3 kg kg–1) of cloud water 

(blue lines, Qc), rain water (red lines, Qr), cloud ice (black lines, Qi), snow (orange lines, Qs), 

graupel (green lines, Qg) and sum of ice-phase hydrometeors (Qi + Qs + Qg, black dashed lines) in 

(a, c, e) Region A during 1800–1900 UTC 06 May 2017 and in (b, d, f) Region B during 2200– 

2300 UTC 06 May 2017 in the (a, b) WSM6, (c, d) THOM and (e, f) MORR runs. The horizontal 

dashed lines represent the height of 0 °C. 

Fig. 7. Vertical profiles of spatiotemporal-averaged microphysical conversion rates (10–6 kg kg–1 

s–1) of (a) cloud water (C), (b) rain water (R), (c) cloud ice (I), (d) snow (S) and (e) graupel (G) in 

Region A during 1800–1900 UTC 06 May 2017 in the WSM6 run. The total microphysics 

tendencies of cloud water (QCTEND), rain water (QRTEND), cloud ice (QITEND), snow 

(QSTEND) and graupel (QGTEND) are shown by black solid curves. The horizontal dashed lines 

represent the height of 0 °C. 

Fig. 8. As in Fig. 7, but for the THOM run. 
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Fig. 9. As in Fig. 7, but for the MORR run. 

Fig. 10. Raindrop size distribution at 0.5 km in Region A during 1800–1900 UTC 06 May 2017 

in the WSM6 (blue), THOM (red) and MORR (black) runs. 

Fig. 11. Accumulated precipitation (mm) in the 0.5-km domain of (a, d) WSM6 run, (b, e) THOM 

run and (c, f) MORR run after turning off latent heat due to (a–c) water vapor condensation to 

form cloud water and (d–f) rain water evaporation in the Guangzhou region from 1600 UTC 06 

May to 0000 UTC 07 May 2017. The black solid lines represent Guangzhou City and its district 

borders. The initials are the same as those in Fig. 1. Tick marks are included every 50 km. 
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Fig. 1. (a1–a6) Observed and (b1–b6: WSM6 run; c1–c6: THOM run; d1–d6: MORR run) 

simulated (in 0.5-km domain) composite radar reflectivity (dBZ) over the Guangzhou region at 

1600, 1700, 1800, 2100, 2200 and 2300 UTC 06 May 2017, respectively. The solid black lines 

represent Guangzhou City and its district borders. Tick marks are included every 50 km. The 
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610 initials in (b1) are as follows: HD = Huadu District; CH = Conghua District; BY = Baiyun District; 

611 HP = Huangpu District; ZC = Zengcheng District; PY = Panyu District; NS = Nansha District. The 

612 dashed magenta rectangles represent the position of cross sections shown in Fig. 4. 
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Fig. 2. Accumulated precipitation (mm) in the (a) observation, (b) 0.5-km domain of WSM6 run, 

(c) THOM run and (d) MORR run in the Guangzhou region from 1600 UTC 06 May to 0000 UTC 

07 May 2017. The blue crosses indicate the center of maximum accumulated precipitation in the 

observations. The black solid lines represent Guangzhou City and its district borders. The initials 
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619 are the same as those in Fig. 1. Tick marks are included every 50 km. The dashed magenta 

620 rectangles represent the regions for average precipitation shown in Fig. 3. 
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Fig. 3. Time series of area-averaged precipitation rate (solid thick lines, mm h–1) and water mass 

flux (circle-thin lines, mm h–1) in (a) Region A and (b) Region B in 0.5-km domain of WSM6 

(red), THOM (blue) and MORR (black) runs from 1500 UTC 06 May to 0000 UTC 07 May 2017 

in 10-min intervals. (c) as (a) and (d) as (b), but for the experiments turning off latent heat from 

the microphysics schemes. 
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630  

Fig. 4. Height‐latitude cross section of zonal‐mean simulated equivalent potential temperature 

(color shaded in K), 300-K density potential temperature (solid black lines), along cross-section 

winds (vertical velocity amplified by a factor of 5) in 0.5-km domain of (a1–a4) WSM6 run, (b1– 

b4) THOM run and (c1–c4) MORR run at (a1, b1, and c1) 1800, (a2, b2, and c2) 1900, (a3, b3, 

and c3) 2200, and (a4, b4, and c4) 2300 UTC 06 May 2017.  
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638 

639 

640 Fig. 5. Vertical profiles of spatiotemporal-averaged potential temperature tendencies (10–3 K s–1) 

641 due to latent heating/cooling rate of condensation/evaporation (red lines, TH_LHRvl), latent 

642 heating/cooling rate of deposition/sublimation (blue lines, TH_LHRvi), latent heating/cooling rate 
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648

of freezing/melting (green lines, TH_LHRli) and total latent heating/cooling rate (black lines, 

TH_LHRT) in (a, c, e) Region A during 1800–1900 UTC 06 May 2017 and in (b, d, f) Region B 

during 2200–2300 UTC 06 May 2017 in the (a, b) WSM6, (c, d) THOM and (e, f) MORR runs. 

The horizontal dashed lines represent the height of 0 °C, and the vertical dashed lines represent 0 

K s−1. 
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650 

651 Fig. 6. Vertical profiles of spatiotemporal-averaged mixing ratios (10–3 kg kg–1) of cloud water 

652 (blue lines, Qc), rain water (red lines, Qr), cloud ice (black lines, Qi), snow (orange lines, Qs), 

653 graupel (green lines, Qg) and sum of ice-phase hydrometeors (Qi + Qs + Qg, black dashed lines) in 
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654 (a, c, e) Region A during 1800–1900 UTC 06 May 2017 and in (b, d, f) Region B during 2200– 

655 2300 UTC 06 May 2017 in the (a, b) WSM6, (c, d) THOM and (e, f) MORR runs. The horizontal 

656 dashed lines represent the height of 0 °C. 

657 

38 



  

  

                                                                                      

        

        

      

     

659

660

661

662

663

658 

Fig. 7. Vertical profiles of spatiotemporal-averaged microphysical conversion rates (10–6 kg kg–1 

s–1) of (a) cloud water (C), (b) rain water (R), (c) cloud ice (I), (d) snow (S) and (e) graupel (G) in 

Region A during 1800–1900 UTC 06 May 2017 in the WSM6 run. The total microphysics 

tendencies of cloud water (QCTEND), rain water (QRTEND), cloud ice (QITEND), snow 
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664 (QSTEND) and graupel (QGTEND) are shown by black solid curves. The horizontal dashed lines 

665 represent the height of 0 °C. 

666 
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669 Fig. 8. As in Fig. 7, but for the THOM run. 
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673 Fig. 9. As in Fig. 7, but for the MORR run. 
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675 

676 Fig. 10. Raindrop size distribution at 0.5 km in Region A during 1800–1900 UTC 06 May 2017 

677 in the WSM6 (blue), THOM (red) and MORR (black) runs. 
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Fig. 11. Accumulated precipitation (mm) in the 0.5-km domain of (a, d) WSM6 run, (b, e) THOM 

run and (c, f) MORR run after turning off latent heat due to (a–c) water vapor condensation to 

form cloud water and (d–f) rain water evaporation in the Guangzhou region from 1600 UTC 06 

May to 0000 UTC 07 May 2017. The black solid lines represent Guangzhou City and its district 

borders. The initials are the same as those in Fig. 1. Tick marks are included every 50 km. 
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