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Key Points: 14 

• 22-year regional WRF convection-permitting simulation reproduces MCS climatology in 15 

East China but overestimates intensive precipitation. 16 

• WRF convection-permitting model captures the MCS diurnal cycle though produces an 17 

earlier peak adjacent to complex terrain. 18 

• Shear effects on MCSs in East China could be captured by WRF convection-permitting 19 

model. 20 

  21 
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Abstract 22 

Mesoscale convective systems (MCSs) are active precipitation systems in East China. The 23 

increasing frequency and intensity of MCSs highlight the need for better simulation and 24 

forecasting. This study conducted a 22-year (2000–2021) JJA simulation at a CP resolution (4 km 25 

grid spacing) using the WRF model (WRF-CPM) over East China. The WRF-CPM model’s ability 26 

to reproduce MCSs was evaluated against satellite infrared-retrieved cloud top temperature, 27 

IMERG V06 precipitation, and global reanalysis data ERA5. Results show that WRF-CPM 28 

captures the observed MCS frequency and precipitation patterns but overestimates them in most 29 

areas, which might be related to the overestimated moisture and CAPE. The model also reproduces 30 

the eastward propagation of MCSs, albeit at a slightly faster speed and longer duration. MCSs in 31 

WRF-CPM exhibits realistic life cycles in terms of cloud top temperature, convective core area, 32 

and precipitation. WRF-CPM tends to overestimate rainfall frequency over 20 mm/h while 33 

underestimates rainfall per MCS, possibly due to an overestimated number and area. The model 34 

captures the diurnal cycle of MCSs well in most of East China, though it shows a 2-hour delay in 35 

southeast China and produces the peak a few hours earlier to the east of Tibetan Plateau. Total 36 

column water vapor (TCWV) and wind shear are well-established factors controlling MCS 37 

behavior and rainfall, yet capturing the effects remains a challenge for CP models. This study is 38 

the first to show that WRF-CPM can capture the shear effect on MCS precipitation, showing an 39 

increase in precipitation with stronger shear and higher TCWV.  40 

Plain Language Summary 41 

Mesoscale convective systems (MCSs) cause significant rainfall and extreme weather in East 42 

China during the summer. As these systems become more frequent and intense, better simulation 43 

and forecasting are needed. Traditional models struggle to accurately represent MCSs due to 44 

their coarse resolutions. This study used a high-resolution model (WRF-CPM) to simulate MCSs 45 

over East China from 2000–2021. The evaluation with satellite data showed that while WRF-46 

CPM can accurately capture the spatial distribution of MCSs, it tends to generate too many 47 

MCSs. The eastward movement of MCSs is also simulated in WRF-CPM but at a slightly faster 48 

speed and longer duration. The model realistically represented MCS life cycles. However, the 49 

model overestimated the frequency of heavy rainfall but underestimated the amount of rainfall 50 

per MCS, probably due to an overestimated number and area of MCSs. It captured the peak time 51 
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of MCS well in most of East China, except for a 2-hour delay in the southeast and a failure to 52 

reproduce the midnight peak near the Tibetan Plateau. The model also accurately represented the 53 

relationship between MCS precipitation and changes in east-west winds with height. 54 

1. Introduction 55 

Mesoscale convective systems (MCSs) are clusters of thunderstorms modulated by 56 

mesoscale circulations that encompass contiguous areas of precipitation, typically spanning a 57 

spatial scale of at least 100 km (Houze, 2004, 2014). MCSs are a crucial part of global hydrology 58 

cycle as they often produce extended and extensive precipitation, contributing significantly to the 59 

overall rainfall in tropical and subtropical areas (Feng et al., 2021).  60 

East China lies within the monsoonal belt, marked by recurrent convection due to the 61 

convergence of cold and warm air masses, alongside pronounced thermal gradients between land 62 

and sea, rendering it a hot spot for MCSs (Cheng et al., 2022; Lu, Tang, et al., 2024; M. Wu & 63 

Luo, 2016). This region, densely populated and economically prosperous, stands as the linchpin 64 

of China's economic landscape. Consequently, the persistent MCS occurrences and the risk of 65 

extreme weather events bear significant ramifications for both regional and national economies. 66 

Researches indicate a rising trend in the frequency and intensity of MCSs during the past 67 

20 years over most areas of eastern China (Guo et al., 2023; Li et al., 2023). Theoretical 68 

considerations suggest that precipitation associated with MCSs could potentially intensify and 69 

prolong under future warmer climatic conditions, attributed to heightened atmospheric moisture 70 

content as indicated by Clausius-Clapeyron scaling (Berg et al., 2013; Tang et al., 2023; Ye et al., 71 

2017). Studies using convection-permitting models indicate that, in mid-latitude regions such as 72 

North America, MCSs contribute a higher proportion of total precipitation (Haberlie et al., 2023; 73 

Prein et al., 2017). Therefore, it is necessary to conduct reliable model simulation and future 74 

projections of MCSs and their related precipitation.  75 

Most general circulation models (GCM) and regional climate models (RCM) with coarse 76 

horizontal resolution (100–10km) cannot regenerate MCSs accurately, e.g. coupled model 77 

intercomparison Project Phase 6 (Eyring et al., 2016), coordinated regional climate downscaling 78 

experiment (Giorgi et al., 2009). The small spatial extents over which convection occurs and the 79 

abrupt transitions between intense precipitation and no precipitation might partly be the reason for 80 

the limited forecasting accuracy for MCSs (Schumacher & Rasmussen, 2020). Meanwhile, as the 81 
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coarse resolution models rely on convection parameterization, essential mechanisms, such as cold 82 

pools (Houze, 2014), mesoscale circulations (Yang et al., 2017), vertical wind shear (Baidu et al., 83 

2022; Houze., 2004; Richardson, 1999; Weisman & Rotunno, 2004), crucial for MCS genesis and 84 

maintenance were not explicitly represented. 85 

Advancements in computing capabilities have facilitated the emergence of regional and 86 

global convection-permitting models (CPMs), characterized by finer grid spacing (≤4km), 87 

enabling the explicit resolution of crucial aspects of deep convection and eliminating the need for 88 

convection parameterization (Lucas-Picher et al., 2021; Rasmussen et al., 2020; Stevens et al., 89 

2024). Regional CPMs have been applied to provide more reliable climate information (Guo et al., 90 

2020; Lucas-Picher et al., 2021; Prein et al., 2015; Rasmussen et al., 2020) and future projections 91 

(Klein et al., 2021; Senior et al., 2021). CPMs have demonstrated their capacity to enhance 92 

precipitation simulations, particularly in capturing diurnal variations (Guo et al., 2020; Li et al., 93 

2021; Li et al., 2020; Meredith et al., 2021; Ou et al., 2020; Scaff et al., 2020), although they tend 94 

to overestimate the amount of precipitation (Yun et al., 2020). Several studies have utilized 95 

regional CPMs to investigate MCSs in South Asia, US, and west Africa, revealing their ability to 96 

capture various characteristics, including duration, diurnal cycle, and intense precipitation 97 

(Berthou et al., 2019; Chen et al., 2022; Prein et al., 2020). To date, there has been limited 98 

investigation into the capability of CPMs to simulate MCSs in East China. Existing studies have 99 

primarily focused on the evaluation of global (Li, et al., 2023) or  regional (Yun et al., 2021) CPMs 100 

with horizontal resolutions from 10km to 3km, spanning 4–10 years, in simulating MCSs and their 101 

precipitation characteristics. These investigations have revealed that CPMs exhibit reliability in 102 

representing the climatological attributes and diurnal cycle of MCS rainfall. However, no regional 103 

CPM studies covering the extensive domain of East China over a time period of up to two decades 104 

have been conducted. Such long-term simulations are crucial for advancing understanding of MCS 105 

mechanisms, as they provide sufficiently large sample sizes for further composite analysis, 106 

especially in arid and semi-arid regions where MCSs are relatively infrequent. Therefore, it is 107 

imperative to explore whether CPMs can effectively capture the features of MCSs over eastern 108 

China in long-term simulations covering a large spatial domain.  109 

Total column water vapor (TCWV) and shear are well-established factors controlling MCS 110 

behavior and rainfall. MCS rainfall is indicated to be related to TCWV (Fitzpatrick et al., 2020). 111 

Additionally, recent observational studies have demonstrated that wind shear influences rainfall 112 
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intensities in squall line MCSs (Klein et al., 2021; Long et al., 2023; Senior et al., 2021; Wang et 113 

al., 2019). Strong shear tilts convective cells, effectively separating updrafts and downdrafts, 114 

which enhances convective activity and increases precipitation intensity. Strong vertical wind 115 

shear is often associated with long-lived storms of moderate speed and size, which are 116 

characterized by colder brightness temperatures and higher rain rates (Baidu et al., 2022). Idealized 117 

Large Eddy Simulation (LES) studies by Mulholland et al., (2021) further reveal that stronger 118 

updrafts and reduced entrainment dilution, driven by shear, contribute to these effects on MCSs. 119 

Capturing shear effects remains a challenge for CPMs (Senior et al., 2021), highlighting the need 120 

for further model development. Recent work by Maybee et al., (2024) demonstrates that while 121 

older versions of Met Office Unified Model (UM) failed to simulate shear effects, the latest version 122 

successfully captures them. As external forcings, both vertical wind shear and TCWV play a 123 

crucial role in shaping the intensity and organization of MCSs by influencing their internal 124 

structure and dynamic processes. Therefore, assessing the ability of the WRF-CPM to accurately 125 

capture these factors is essential.  126 

This study conducted a 22-year (2000–2021) regional climate simulation with a horizontal 127 

resolution of 4km using Weather Research and Forecasting (WRF) model. Additionally, to detect 128 

MCSs from model output, the simulated cloud top temperature was computed utilizing the 129 

Community Radiative Transfer Model (CRTM) with WRF outputs. The main objective of this 130 

study is to investigate the performance of long-term convection-permitting simulation in 131 

reproducing MCS, MCS precipitation properties including climatology features, duration, 132 

propagation, area, and diurnal cycle, as well as the external forcing, particularly shear effects. 133 

The subsequent sections of the paper are structured as follows. Section 2 describes CPM 134 

model configuration, observation datasets, and analysis methods utilized in this study. WRF-CPM 135 

simulations of MCS climatology, properties, MCS precipitation features, and associated shear 136 

effect are analyzed in section 3. Concluding remarks are given in section 4. 137 

2.  Data and Methods 138 

2.1 Observational Data 139 

CPC-4km (Janowiak et al., 2001), which is a satellite-derived IR brightness temperature 140 

(Tb) released by the Climate Prediction Center/NCEP/NEWS/NOAA (CPC), was used to identify 141 



manuscript submitted to replace this text with name of AGU journal 

 

and track MCSs. The CPC-4km dataset is generated by merging several infrared channels of 142 

geostationary meteorological satellites. It covers the global area from 60°S–60°N with a horizontal 143 

resolution of 4 km and a temporal resolution of 30 minutes and has undergone viewing angle and 144 

parallax corrections. Although the CPC-4km dataset has a high data availability of 97.52% in East 145 

Asia, missing data—often referred to as the “satellite puzzle”—can still introduce uncertainties in 146 

detecting and tracking MCSs (Teramura et al., 2019). These gaps may arise from satellite 147 

maintenance, data transmission issues, and the limitation of satellite coverage. Previously CPC-148 

4km Tb data has been utilized to investigate the climatology and historical trends of MCSs in East 149 

China (Cheng et al., 2022; Feng et al., 2021; Y. Guo et al., 2023; Lu, Tang, et al., 2024) by 150 

identifying cold clouds related to deep convection. 151 

The merged precipitation data (IMERG, V06B), which is launched by NASA in the Global 152 

Precipitation Measurement (GPM) mission, is a multi-satellite derived precipitation retrieval 153 

product that provides precipitation estimation at 0.1° × 0.1° horizontal resolution every 30 minutes 154 

globally (60°S–60°N). The final product is formed by integrating retrievals from multi-satellite 155 

sources, including passive microwave and IR sensors. These retrievals are then merged with 156 

estimates obtained from the GPM Core Observatory (Tan et al., 2019). IMERG has drawn much 157 

attention and is employed to evaluate MCS precipitation (Chen et al., 2022; Feng et al., 2021; 158 

Kukulies et al., 2021) since it might offer the best precipitation estimations (Kidd et al., 2017). 159 

2.2 Model Configuration 160 

The fully compressible and nonhydrostatic WRF model Version 4.3.3 (Skamarock et al., 161 

2019) was used in this study to investigate MCSs and their related precipitation over eastern China. 162 

The 31km ERA5 reanalysis (Hersbach et al., 2020) was used as initial and lateral boundary 163 

conditions, and was downscaled to the CP scale to generate regional climate model simulation. 164 

The bottom boundary conditions were 3-hourly sea surface temperature data (SST) from ERA5, 165 

monthly Green Vegetation Fraction (GVF) and Leaf Area Index (LAI) from the original WRF 166 

dataset. The model was run on an 840×840 grid with a horizontal resolution of 4km, covering the 167 

most area of East China (Figure 1) under Lambert projection. The sponge boundary scheme was 168 

applied to the model boundaries and buffer zone, which consists of 15 layers. Vertically there are 169 

50 levels, and the model top height is 50 hPa. WRF simulations were conducted for 23 summers 170 
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since 1999 to 2021, initialized from every 21st May and integrated until 1st September. The first 171 

ten days each summer were used as spin-up time. 172 

The physical parameterization schemes chosen are listed in Table 1. Specifically, the 173 

cumulus convective parameterization was switched off so that the convection features were 174 

explicitly resolved. Such choice of physical parameterization scheme follows previous work by 175 

Guo et al., (2020, 2022), where CP-resolution WRF simulation was conducted decadal long over 176 

eastern China, and its ability of reproducing summer precipitation was evaluated. The turbulence 177 

and mixing option was set as 1 (default) which evaluates the second-order diffusion term on 178 

coordinate surfaces. The model simulation is named as WRF-CPM hereafter. 179 

Diurnal cycle of total precipitation simulated by WRF-CPM was evaluated by comparing 180 

with IMERG V06 and ERA5 (see Supporting Information). Results show that WRF-CPM 181 

improves the representation of rainfall diurnal cycle especially in the East of Tibetan Plateau 182 

compared to ERA5 (SI, Figures S1 and S2). 183 

To generate cloud top temperature of WRF-CPM, the Community Radiative Transfer 184 

Model (CRTM, Weng et al., 2005), version 2.3.0, was employed to produce imagery from the 185 

Himawari-8 satellite, specifically utilizing the near-infrared channel at 11.2 μm. The three-186 

dimensional variables from WRF-CPM output, including pressure, temperature, water vapor, and 187 

the mass mixing ratio of cloud water, rainwater, graupel, snow and ice, and the two-dimensional 188 

fields encompassing latitude, longitude, and surface temperature were passed to the CRTM to 189 

calculate the cloud top temperature. 190 

2.3 Tracking Method 191 

Observed and simulated MCSs were tracked based on Tb and precipitation by the Object-192 

based Tracking (OT) algorithm (Guo et al., 2022) which identifies cold convective clouds through 193 

Tb and also includes a process to calculate the precipitation feature (PF) of potential MCSs. 194 

The WRF-CPM output and CPC-4km Tb data were initially upscaled to an 8 km horizontal 195 

resolution by averaging values from all grids within an 8 km radius of each grid point (Clark et al., 196 

2014), then conducting a Gaussian filter on a 3×3 window. The sensitivity test on the smoothing 197 

window (not shown) indicates that the selected smoothing procedure is able to mitigate 198 

oversegmentation and eliminate small-scale signals, thereby enhancing the identification of 199 
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mesoscale systems, while it still retains details in the high-resolution model simulation. To align 200 

with the upscaled Tb and precipitation data, IMERG was also interpolated onto the 8 km grid. 201 

In this study, we define an MCS as a convective system with: 202 

(1) Cold cloud system (CCS) with Tb ≤- 32℃, area≥ 40,000 km2; 203 

(2) Convection core with Tb ≤ -52℃, area ≥ 30,000 km2 embedded in CCS; 204 

(3) A PF with rain rate ≥ 2mm/h, major axis > 100km in convection core;  205 

(4) Both (1) and (2) last for at least 3 hours, and (3) lasts for longer than 2 hours 206 

continuously. 207 

Such a definition follows Feng et al., (2021), Houze, (2018), and Yang et al., (2015). The 208 

threshold values of cloud top temperature, cloud areas, and PF were selected based on tests over 209 

the Yangtze-Huaihe River basin in eastern China, where we compared climatology and properties 210 

of MCSs derived from CPC-4km Tb data using IMERG or radar reflectivity as PF. For more 211 

details, see Lu et al. (2024). 212 

The MCSs were identified and tracked through five steps (SI, Figure S1). Initially, regions 213 

meeting value and area thresholds at each time step are designated as convective cores during the 214 

identification phase. Subsequently, each convective core is expanded outward, pixel by pixel, to 215 

encompass contiguous areas exhibiting warmer cloud top temperatures, thereby forming potential 216 

stratiform clouds and were marked as cold cloud. In the third step, precipitation areas with 217 

contiguous rainy area ≥ 2mm/h within each cold cloud with major axis ≥ 100 km are identified as 218 

PFs. The fourth step employs the area overlapping method in the OT algorithm to connect cold 219 

clouds across successive time steps. If two cold clouds overlap for more than 50% of areas in two 220 

successive time steps, they are considered part of the same potential MCS. Tracking continues 221 

until the cold cloud areas no longer meet the 50% overlapping area criteria. Finally, all potential 222 

MCS duration and PF duration are assessed to identify those exceeding the time criteria. The 223 

potential MCSs that meet the duration selection criteria are labeled as MCS1, MCS2, ..., MCSN, 224 

where N represents the total number of MCSs traced.  225 
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2.4 Analysis methods 226 

In this study, we first identified, tracked, and labeled MCSs within the region of interest at 227 

each time-step (1-h time intervals). Using the mask files of all identified MCSs, we generated a 228 

corresponding MCS precipitation dataset.  229 

The probability density function (PDF) of MCS precipitation on each pixel was calculated 230 

as the ratio of the number of MCS precipitation pixels within each bin to the total number of 231 

pixels (time steps×grid points). The distribution of MCS contributions to total precipitation was 232 

determined as the fraction of total MCS precipitation to total precipitation within each bin. 233 

Additionally, the PDF for each MCS was calculated based on its areal hourly average 234 

precipitation, derived by dividing total precipitation by the hourly average area and duration of 235 

each MCS.  236 

At each MCS time step, the mass centroid of convection cores was tracked to determine 237 

propagation speed, track length, and direction. To analyze the relationship between MCS 238 

propagation and mean flow, we used the complex correlation coefficient method (Kundu, 1976) 239 

to assess the correlation of MCS propagation and mean flow, accounting for both direction and 240 

speed. 241 

Here, we flatten the 2 dimensional u, v components of 22-year JJA average mean flow and 242 

MCS propagation to 1D representation, and define the horizontal velocity vector at pixel 𝑘 as: 243 

                                                              𝑤(𝑘) = 𝑢(𝑘) + 𝑖𝑣(𝑘)                                                       (1) 244 

where 𝑖 = √−1. 245 

The complex correlation coefficient between mean flow (𝑤! ) and MCS (𝑤" ) is their 246 

normalized inner product: 247 

                                                  𝜌 = 	
#!∗(%)##∗(%)'''''''''''''''''

(#
!
∗(%)#!(%)'''''''''''''''''(#

#
∗(%)##(%)'''''''''''''''''                                                 (2) 248 

Here, the asterisk (*) indicates the complex conjugate, and the bars indicate arithmetic mean. 𝜌 is 249 

a complex number where the magnitude represents the overall correlation strength (hereinafter 250 

CORR) and the phase angle indicates the average counterclockwise angle of 𝑤" with respect to 251 

𝑤!.  252 

In terms of the east-north components, (2) can be expanded as: 253 
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The phase angle is: 255 

                                                          𝛼 = 𝑡𝑎𝑛,! )!+#,+!)#''''''''''''''''
)!)#,+!+#''''''''''''''''                                                            (4) 256 

3. Results 257 

3.1 MCS spatial distributions 258 

The spatial distributions of annual average MCS numbers, annual total rain rate of MCSs, 259 

and their contribution to total precipitation from observation (CPC-4km and IMERG) and WRF-260 

CPM, and their differences in JJA during 2000–2001 are illustrated in Figure 2. During the 261 

summer season, the coastal region in southwest China experiences the highest frequency of MCSs, 262 

peaking at approximately 45 per year (Fig. 2a). This frequency exhibits a southwest-to-northeast 263 

decreasing gradient. Additionally, a significant number of MCSs, approximately 30 per year, are 264 

observed to the east of the Tibetan Plateau. MCSs are notably infrequent in northern China, 265 

particularly in regions such as northeastern China and northwestern China, where MCS 266 

occurrences are nearly absent (Fig. 2a). The WRF-CPM model accurately represents these spatial 267 

characteristics over land; however, it tends to overestimate precipitation over most region of East 268 

China (Fig. 2e). Specifically, notable overestimation can be observed in regions such as the 269 

southeast of the Yungui Plateau, the eastern coastal areas, and northeastern China (Fig. 2c). 270 

Moreover, WRF-CPM generates fewer MCSs in east Tibetan Plateau. The underestimation of 271 

MCSs in the ocean near the southern boundary of WRF-CPM is pronounced, primarily due to the 272 

distinct boundaries between the CPC-4km and WRF-CPM in this area. To assess whether the 273 

southern boundary of the model domain strongly affects oceanic MCSs and subsequently 274 

influences MCSs over land through propagation, we analyzed MCS propagation in the sea-land 275 

transition along the South China Sea coastline (not shown). The results indicate that the southern 276 

boundary exerts a limited impact on land-based MCSs. This is primarily because the southern 277 

boundary is located approximately five degrees of latitude from the coastline, making it 278 

challenging for MCSs originating near the southern model boundary to propagate into the main 279 

study area.  280 

The observed distribution of MCS rainfall is similar to that of MCS numbers across 281 

mainland China (Fig. 2d). The highest rain rates, surpassing 360 mm/year, are concentrated in the 282 

southwestern coastal area of China. In the eastern region of the Sichuan basin, MCS rain rate is 283 
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notably elevated, reaching 340 mm/year. In these areas, MCSs account for at least 35% of total 284 

precipitation (Fig. 2g). Additionally, a considerable amount of MCS precipitation is recorded 285 

along the eastern coast of China, amounting to 180 mm/year (Fig. 2d), with MCS precipitation 286 

contribution to 25% of the total precipitation in the region (Fig. 2g). Compared to the deep tropical 287 

areas, where MCSs account for over 50–70% of total precipitation (Zhao, 2022), their contribution 288 

in eastern China is relatively smaller. MCSs in East China occur less frequently than those 289 

embedded in the Intertropical Convergence Zone (ITCZ). Moreover, the lower MCS contribution 290 

observed in our study, compared to previous work focusing on mid-latitudinal MCSs (Feng et al. 291 

2021; Li et al. 2020; Yun et al. 2021), primarily stem from the stricter threshold on convective-292 

core area. The simulated MCS rain rate (Fig. 2e) and MCS precipitation contribution (Fig. 2h) by 293 

WRF-CPM exhibit patterns similar to the observed data. However, there is a notable 294 

overestimation of MCS rain rate observed in the hotspot regions of MCS precipitation, exceeding 295 

300 mm/year, as well as in northeastern China where it reaches around 50 mm/year (Fig. 2f). This  296 

discrepancy corresponds to the areas where there is an overestimation of MCS numbers. A positive 297 

bias in the contribution of MCS precipitation is evident in southwestern regions, although a larger 298 

area of overestimation is observed in the eastern and northeastern parts of China, exceeding the 299 

observations by approximately 12% (Fig. 2i). Conversely, notable underestimation is observed in 300 

the eastern Tibetan Plateau, with a deviation of around -16% (Fig. 2i). 301 

Since atmospheric instability and water vapor are essential for MCS formation, we 302 

examined the 22-year average summer CAPE and TCWV distributions from ERA5 and WRF-303 

CPM (Figure 3). ERA5 data show a decrease in TCWV across China from east to west and south 304 

to north. In the third-step terrain, TCWV averages ~55 kg/m2, decreasing northward to ~30 kg/m2. 305 

The second-step terrain sees further declines to ~20–30 kg/m2, except in the Sichuan Basin, where 306 

TCWV is higher due to topography-related water vapor sink effect. Northwest China has the 307 

lowest TCWV, around ~10 kg/m2. TCWV over South China Sea and Indochina Peninsula is higher 308 

than that in China mainland (Fig. 3b).  309 

CAPE, a measure of atmospheric instability, also decreases from southeast to northwest. 310 

Southeastern coastal areas average ~1300 J/kg, peaking at nearly 2000 J/kg along the South China 311 

Sea coast. Additionally, there is a band of high CAPE values (~2300 J/kg) in the lower reaches of 312 

the Yangtze River, which is related to the quasi-stationary Meiyu front that persist in this region 313 

during summer. An extreme high value of CAPE reaching to ~2300 J/kg exists in South China sea. 314 
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With the low-level southwest monsoonal air-flow, instable warm and moist air is transported from 315 

the ocean to land area of China, providing favorable conditions for the activity of MCSs in summer 316 

(Fig. 3e).  317 

Overall, the WRF-CPM tends to overestimate CAPE across most regions except northwest 318 

China (Figs. 3d, f), corresponding to an overestimation of MCS numbers. The model also 319 

overestimates TCWV in southern coastal areas, the second-step terrain east of the TP, and 320 

northeastern China (Figs. 3a, c), leading to an overestimation of MCS precipitation in these regions. 321 

3.2 MCS propagation 322 

Figure 4 displays the 22-year spatial patterns of duration, propagation speed, and 323 

propagation direction of MCSs in East China from both CPC-4km and WRF-CPM simulations. 324 

Median values are displayed to minimize the influence of outliers on the statistical results. Because 325 

this study focuses on land-based MCSs, data over the ocean were excluded. Observationally, the 326 

MCS duration spans at least 3 hours across most regions in East China, with the longest durations 327 

observed in the southwest coastal area, reaching around 9 hours (Fig. 4a). Regions situated in the 328 

middle of China, east of the plateau, exhibit longer MCS durations compared to their surroundings 329 

(Fig. 4a). The spatial pattern of MCS duration from WRF-CPM closely resembles that from CPC-330 

4km (Fig. 4b). In eastern China, the duration of MCSs simulated by WRF-CPM is, on average, 331 

one hour longer than that of CPC-4km MCSs, except in the eastern Tibetan Plateau, where 332 

simulated MCSs duration is approximately 3 hours shorter (Fig. 4c). 333 

The observed MCS speeds vary across East China, ranging from around 10 m/s in the 334 

Sichuan Basin, gradually increasing to 14 m/s in the southeastern area and 20 m/s in the 335 

northeastern China (Fig. 4d). The combination of long durations and slow speeds in the Sichuan 336 

Basin and southwestern coastal areas leads to prolonged MCS rainfall, explaining the high MCS 337 

rain rate and contribution of MCS rainfall to total precipitation in these regions (Figs. 4d and g). 338 

The WRF-CPM simulation captures the spatial distribution of speed well with a spatial correlation 339 

coefficient at 0.86 (Fig. 4e). Speeds are simulated faster in a wide range of area especially in north 340 

China for up to 5 m/s. MCSs are reproduced slower in lower-reach of Yangtze River, northeast 341 

China and the north to Sichuan Basin (Fig. 4f).  342 

In general, most MCSs in China propagate southeasterly (Fig. 4g).  MCSs in southern 343 

China and East Tibetan Plateau tend to move more southerly, while those in the YRB and 344 
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northeastern China exhibit more easterly movement (Fig. 4g). WRF-CPM captures the spatial 345 

distribution of MCS propagation direction well with a correlation coefficient of 0.86. The WRF-346 

CPM simulation reproduces the southerly movement of MCSs in southern China and the easterly 347 

propagation in the YRB and northeastern China (Fig. 4h), but simulates easterly propagation of 348 

MCSs near Sichuan basin and north China (Fig. 4i).  349 

Another question we explore is the influence of mean flow on MCS propagation. We 350 

examined the relationship between MCS propagation speed and direction and the wind fields at 351 

200 hPa, as well as the 500–850 hPa wind shear (Figs. 4g, h). Quantitatively, the correlation 352 

between MCS propagation and the 200hPa wind is strong, with a complex correlation coefficient 353 

of 0.76 and a clockwise shift of 1.05º. This is followed by a correlation of 0.72 with 500–850hPa 354 

wind shear, showing a counterclockwise shift of 4.08º (Table 2). A high correlation of 0.62 is also 355 

observed with 500hPa winds. These results highlight the critical role of upper-level winds, mid-356 

level winds, and deep wind shear in influencing MCS propagation.  357 

The WRF-CPM model shows a higher correlation coefficient than ERA5, indicating that 358 

while simulated MCSs do not perfectly match satellite observations, WRF-CPM effectively 359 

captures the response of convection to wind and background fields. The mean flow between WRF-360 

CPM and ERA5 are subtle, as WRF-CPM uses ERA5 for initial and boundary conditions. 361 

Analyzing biases in MCS propagation from mean flow is challenging, some trends are evident. 362 

For example, faster MCSs in southwestern China might result from a southeasterly bias in 200hPa 363 

winds, while counterclockwise propagation biases in central-northern China may be linked to a 364 

westward wind bias at 200hPa. Additionally, as a terrain-transition region, complex topography 365 

gradients pose challenges for models in representing planetary boundary layer (PBL) processes 366 

that alter convection organization and propagation (Kukulies et al., 2023; Ma et al., 2024). In YHR, 367 

the northwestward shift and slower MCS speeds are associated with wind shear biases, and the 368 

upper-level convergence bias associated with a cyclonic circulation bias at 200hPa, which 369 

decreases upward motion and slows MCS propagation. The direction bias in northeastern China 370 

may stem from a significant difference in the number of MCSs detected in simulations (390) versus 371 

observations (86), with WRF-CPM producing more locally initiated MCSs due to overestimated 372 

moisture and instability in this region (Figure 3). The variation in propagation direction, 373 

influenced by subtle differences in circulation patterns compared to ERA5, may reflect biases in 374 

WRF-CPM’s storm response to the background circulation. 375 
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Yet in different regions, the driving factors vary. In southwest China, upper-level winds 376 

are key (Zhang et al., 2025). In southeast China, land-sea circulation, deep-layer wind shear, lower-377 

level monsoonal flows, moisture transport, and CAPE also play important roles (Wang et al., 378 

2024). In the Yangtze-Huaihe River basin, factors like the low-level jet, vertical wind shear, stable 379 

nocturnal boundary layer, evaporative cooling and cold outflows affect quasi-stationary MCSs 380 

(Zhao et al., 2020). The dynamics of MCS propagation and the possible processes leading to the 381 

model behavior is worth a deeper and more systematic investigation by conducting more detailed 382 

analysis such as composite analysis in the future. 383 

 384 

3.3 MCS properties 385 

To enhance our comprehension of the pattern of simulated MCS rainfall bias, the 386 

probability density function (PDF) and cumulative distribution function (CDF) of MCS 387 

precipitation for every pixel over 6 sub-regions are depicted in Figure 5. In each of the six regions, 388 

WRF-CPM indicates an underestimation of the probability for light and moderate MCS rainfall, 389 

particular below 12mm/h in ETP, YRB, SEC, and NEC (Figs .5a, b, c, e), and under 15mm/h in 390 

NC and NWC (Figs .5d, f). Conversely, WRF-CPM exhibits substantial overestimation of the 391 

probability for extreme MCS precipitation across all six sub-regions (Figs .5a–f). Consequently, 392 

in IMERG, moderate and light rainfall contributes more to the total MCS precipitation compared 393 

to WRF-CPM, while the reverse is observed for extreme rainfall (Figs .5g–l). Therefore, it is the 394 

overestimation of precipitation surpassing approximately 15mm/h on each pixel that results in the 395 

overall overestimation of total MCS rainfall as portrayed in Fig .5f. 396 

Aside from examining the spatial characteristics of MCSs and frequency distributions of 397 

hourly pixel MCS rainfall, the temporal evolution of MCS properties is also investigated. The 398 

lifetime of each individual MCS is divided into 10 normalized life stages, following the method 399 

outlined in (Bouniol et al., 2016), where stage 1 signifies initiation and stage 10 represents system 400 

dissipation. This division is achieved by linearly interpolating the original values. Figure 6 401 

illustrates the relationship between MCS area, average rain rate, total precipitation, and the areal 402 

average cloud top temperature of MCS convective cores throughout their normalized life cycle. 403 

The cloud top temperature of MCS convective cores reaches its lowest point at stage 2 in 404 

both observation and WRF-CPM simulation, gradually rising towards the dissipation stage (Figs. 405 
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6a and c). The areal average core precipitation is the most intense when an MCS is detected, 406 

peaking at stage 1, diminishing gradually as the MCS evolves (Fig. 6a). The average MCS 407 

precipitation (including the stratiform areas) is highest at stage 2 (Fig. 6c). Generally, WRF-CPM 408 

produces colder convective cores compared to satellite observations. The convective area expands, 409 

reaching its peak at stage 5 (Fig. 6b), after which stratiform clouds begin to grow until stage 7. 410 

Convective clouds decay more quickly than stratiform clouds. The areal total rain rate of 411 

convective cores exhibits a similar evolution to that the convection areas (Fig. 6b). The observed 412 

CCS area peaks at stage 7, with the total precipitation the largest at stage 5. Following stage 5, the 413 

total rainfall of the MCS decreases at a faster pace than the decline in MCS area (Fig. 6d). While 414 

WRF-CPM generates larger MCSs (Figs. 6b, d), the total rain rate is smaller (Figs. 6b, d). 415 

Consequently, the average rain rate of convective cores is also lower in WRF-CPM (Figs. 6a, c). 416 

The bias may stem from the underestimated WRF-CPM cloud top temperature generated by 417 

CRTM, causing MCSs in the model to appear larger than those in satellite observations. This leads 418 

to lower average precipitation per pixel in the simulated MCSs compared to the observed ones. 419 

From Figure 2 and Figure 5, it is evident that the total precipitation attributed to MCS is 420 

overestimated, primarily due to an excessive contribution from extreme precipitation pixels. 421 

However, Figure 6 reveals that both the areal average and total precipitation of MCS is smaller in 422 

the WRF-CPM simulation compared to satellite data. To gain deeper insights into the structure of 423 

MCS precipitation, another MCS precipitation PDF from aspects of each MCS across 6 sub-424 

regions is represented in Figure 7. Unlike Figure 5 which illustrates MCS precipitation probability 425 

distribution from the perspective of pixels, here the samples are the hourly areal average 426 

precipitation for each MCS. Generally, the probability of observed MCS average rainfall peaks at 427 

around 3 mm/h, with probabilities ranging from 22.4% to 40% (indicated by pink lines). WRF-428 

CPM exhibits peaks shifting the left, centered around 2 mm/h with higher probability. Furthermore, 429 

satellite data shows a larger probability on larger precipitation bins than WRF-CPM. However, 430 

analysis of the sample counts of MCSs indicates that WRF-CPM tends to generate an excessive 431 

number of MCSs in most regions, except for the NWC. Meanwhile, the average area of MCSs is 432 

larger in WRF-CPM simulation (Figs. 6b, d). These discrepancies imply that while satellite-433 

derived MCSs exhibit more intense rainfall compared to model-simulated ones, WRF-CPM 434 

generates an excessive number of MCSs, leading to an overestimation of total MCS rainfall in the 435 

model. 436 
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To understand the long-term properties of MCSs in East China and evaluate CPM's ability 437 

to capture the features, Figure 8 shows the violin plot of average convection core areas, 438 

propagation speed, CCS area, duration, propagation distance, mean and total convective 439 

precipitation, mean and total CCS precipitation in 6 subregions. Violin plots offer a visual 440 

representation of data distribution through density curves. The width of each curve represents the 441 

approximate frequency of data points with each value bins. 442 

In general, WRF-CPM captures the features of MCSs across all six sub-regions, albeit with 443 

some discernible biases. Observed convection core areas exhibit a median value of approximately 444 

8,000 km2 (Fig. 8a), while CCS areas have a median value of around 20,000 km2 (Fig. 8c). Notably, 445 

WRF-CPM tends to generate larger MCSs, particularly evident in SEC and NWC. In NC, while 446 

WRF-CPM produces MCSs with smaller core areas, it yields larger CCS areas. Conversely, in 447 

YRB and NEC, WRF-CPM simulates smaller CCSs. The behavior that WRF-CPM produces MCS 448 

with larger CCS but smaller convective cores may stem from CPMs’ tendency to generate smaller 449 

but more intense precipitation events (Prein et al., 2013). During summer, CPMs often 450 

underestimate the area of convective clouds (Prein et al., 2015). Additionally, we assume that the 451 

microphysics scheme used in this study (WSM5) appears to contribute to these biases. The scheme 452 

tends to produce insufficient cloud water in the mid and lower levels while generating excessive 453 

rain water especially at upper level (Guo et al., 2019), resulting in smaller convective clouds. 454 

Simultaneously, the enhanced cooling effect in the upper levels could promote the formation of 455 

larger cold cloud areas, leading to an overestimation of stratiform cloud coverage. In most regions, 456 

WRF-CPM exhibits a tendency to generate MCSs that propagate at faster speeds (Fig. 8b) and 457 

endure for longer duration (Fig. 8d). However, in YRB, the distribution of propagation speeds is 458 

skewed towards slower values (Fig. 8b), likely due to biases in the slight mid- and lower-level 459 

wind shear simulated by WRF-CPM, which is incorrectly oriented toward the west and southwest. 460 

Consequently, MCSs simulated by WRF-CPM travel longer distances, with a greater portion 461 

falling within longer track length value bins, except in YRB where track length is more 462 

concentrated in shorter bins (Fig. 8e). The observed average pixel core precipitation demonstrates 463 

median values ranging from 2.5 mm/h in NWC to 5 mm/h in NC (Fig. 8f), while CCS precipitation 464 

exhibits median values ranging from 1.8 mm/h in NWC to 3.8 mm/h in NC (Fig. 8h).Moreover, 465 

observed total core precipitation displays median values ranging from 15,000mm in NWC to 466 

21,000 mm in NC (Fig. 8g). The median values of total CCS precipitation hovers around 25,000 467 
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mm, except in NC where it is approximately 30,000 mm. In comparison to satellite data, MCS 468 

precipitation simulated by WRF-CPM shows a more concentrated distribution around the medium 469 

(25th percentile) value for pixel-average (total) precipitation, for both core rainfall and CCS 470 

rainfall. Additionally, although WRF-CPM underestimates the average MCS precipitation amount 471 

across all six sub-regions, its overestimation of both the number of MCSs and CCS areas leads to 472 

an overestimation of the spatial distribution MCS precipitation, as shown in Figure 2. 473 

3.4 Diurnal cycle 474 

To depict the spatial and temporal variability of MCS precipitation in eastern China, 475 

Figure 9 illustrates the diurnal cycles (shown as Beijing Time, BJT) of annual-mean accumulated 476 

precipitation amounts for six sub-regions, presented as a function of longitude. The precipitation 477 

is averaged in latitude and summed in longitude. The MCS precipitation exhibits eastward 478 

propagation across all six domains, consistent with previous analyses indicating predominantly 479 

eastward movement in MCSs. Two peaks in longitudinal total precipitation are observed in SEC, 480 

with one starting from 105°E starting after 1800 BJT and the other to the east of 110°E starting 481 

from early morning. Nocturnal rainfall originates from the southeast of TP and then moves 482 

eastward. In the afternoon, MCS rainfall begins to develop over plain areas. This phenomena is 483 

consistent with the data shown in Fig. 9a and aligns with findings from previous study (Chen et 484 

al., 2009; Liu et al., 2021). Notably, MCS rainfall also starts in the coastal region east of 115°E 485 

from early morning after 0400 BJT. The early-morning rainfall is likely triggered by the 486 

convergence of land-sea breeze (Dong et al., 2023). In most regions, the diurnal peak of MCS total 487 

precipitation occurs at night, typically around 1800–2000 BJT (Figs. 9f, j, n, q, v), except in ETP 488 

(Fig. 9b). Additionally, another is observed in the early morning, around 0300 BJT, in regions 489 

including ETP (Fig. 9b), YRB (Fig. 9f) and SEC (Fig. 9j). Overall, the WRF-CPM model captures 490 

the eastward propagation trend and longitudinal peak locations of total MCS precipitation, 491 

although displaying biases in peak timing and rainfall area ranges compared to observations (Figs. 492 

9c, g, k, o, s, w). For instance, in ETP, the model exhibits a rain peak area for midnight rainfall 493 

shifted 1° eastward compared to CPC-4km, and a false signal at 1800 BJT to the east of 107.5°E 494 

(Fig. 9c). WRF-CPM reproduces the morning peak in YRB but misinterprets its location, 495 

overestimating MCS precipitation around 118°E. Meanwhile, WRF-CPM simulates continuous 496 

rainfall from 2100 BJT to 0900 BJT around 103°E, where the propagation of MCS rainfall is 497 

weaker than observed (Fig. 9b). Similar eastward biases are evident in YRB (Fig. 9g) and NWC 498 
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(Fig. 9w). Additionally, in SEC, the west rain peak propagates for a longer duration, extending 499 

until 1700 BJT, which is 3 hours longer than observed in CPC-4km (Fig. 9k). The WRF-CPM 500 

overestimates both the magnitude of MCS precipitation and amplitude of its diurnal cycle in NEC 501 

(Fig. 8o), where simulated total MCS precipitation is approximately 1.5 times the observed. This 502 

discrepancy may be attributed to the model’s strong overestimation of MCS numbers in NEC. 503 

Figure 10 presents a comparison of the spatial distribution of diurnal peak time for 22-year 504 

JJA MCS initiation and maturation numbers derived from CPC-4km and WRF-CPM simulation. 505 

The topography, represented by contour lines at elevations of 4,000m, 2,000m, and 600m, is also 506 

depicted. Pixels with fewer than 5 MCSs are treated as missing values. The peak time for MCS 507 

initiation exhibits some relationship with topography and distance from the ocean. In the eastern 508 

part of China, where altitudes are below 600m, the initiation peak typically occurs in the late 509 

afternoon around 1700 LST, progressing to later hours further north, reaching nightfall around 510 

1900 LST (Fig. 10a). In regions with intermediate topography, ranging from 600m to 2,000m in 511 

the central part of China, the majority of areas experience initiation peaks during the night around 512 

2000 LST, with basin areas to the east of the plateau (Sichuan Basin) showing even later peaks 513 

around midnight (Fig. 10a). Such midnight storm peak might be related to the diurnal cycle of 514 

low-level jets which are enhanced in the midnight, and the diurnal variation of temperature 515 

advection from Tibetan Plateau (Chen et al., 2010). Warm and moist mid-level advection from the 516 

Tibetan Plateau suppresses the initiation of afternoon thermal convection by stabilizing the 517 

troposphere. Reduced warm mid-level advection allows the release of accumulated low-level 518 

unstable energy, favoring nocturnal rainfall. Meanwhile, enhanced low-level moisture flux 519 

convergence and warm advection from lower latitudes due to the intensified nighttime low-level 520 

jet creates an environment conducive to the initiation of MCSs (Li et al., 2024; Li et al., 2024; Wu 521 

& Li, 2023). The WRF-CPM model generally captures the midnight peak, albeit with an 522 

advancement of approximately 2 hours. In the East of Tibetan Plateau, where elevations exceed 523 

4,000m, MCSs are predominantly detected in the afternoon around 1700 LST (Fig. 10a). The 524 

maturation peak typically occurs 1 to 3 hours later than the initiation peak (Fig. 10g).  525 

The diurnal peak patterns derived from WRF-CPM simulations closely resemble those of 526 

CPC-4km, particularly in the eastern part of China, with the exception of a one-hour later peak 527 

observed in southeastern China. However, in the central regions of China, WRF-CPM simulation 528 

fails to capture the early-morning peak. Instead, it generates an afternoon peak (Fig. 10b). 529 
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Analyzing the disparities between CPC-4km and WRF-CPM, the most significant advancement in 530 

initiation peak timing is observed in regions with intermediate topography between 4,000 m and 531 

2,000 m, where the advancement can exceed 6 hours (Fig. 10c). In regions with steep topography 532 

gradients, strong surface heating combined with monsoonal circulation drives nocturnal 533 

convection. The convergence of cold downhill winds from radiatively cooled mountains and warm, 534 

moist monsoonal wind creates a favorable environment for convection to initiate (Karki et al., 535 

2017). WRF-CPM might struggle to accurately capture the diurnal variation of thermal 536 

characteristics related to complex topography, which can affect its representation of MCS 537 

precipitation. Figure S4 illustrates that WRF-CPM indeed produces an early-morning peak with 538 

total MCS rainfall of approximately 100 mm, which is around 50 mm less than that derived from 539 

satellite observations. Additionally, a larger peak is generated in the afternoon, with total MCS 540 

precipitation reaching around 130 mm at 1800 BJT, coinciding with the period when the MCS 541 

total rainfall is the smallest in satellite data. A further analysis of the diurnal cycle of low-level 542 

(850hPa) temperature reveals that WRF-CPM exhibits a quicker thermal response to solar 543 

radiation, with earlier heating from 0600 BJT and cooling from 1800 BJT over steep topography 544 

between the first- and second-step topography (not shown). Although it is challenging to confirm 545 

whether WRF-CPM simulates the radiation or land-atmosphere response in these regions 546 

wrongly—given that ERA5 results at 850 hPa are not entirely realistic—we hypothesize that this 547 

quicker thermal response fosters more favourable conditions for convection in adjacent regions. 548 

Consequently, this could lead to an earlier peak in the MCS diurnal cycle over second-step 549 

topography, further potentially affecting downwind regions to the east. 550 

3.5 Shear effect 551 

Figure 11 illustrates the relationship between average maximum precipitation and 600–552 

925 hPa wind shear, as well as TCWV, for MCSs detected in CPC-4km and WRF-CPM. The wind 553 

shear and TCWV data are sourced from ERA5 for observed MCSs. Wind shear was estimated as 554 

the averaged shear within the MCSs. It is observed that the average maximum rain rate of MCSs 555 

within the same TCWV bins generally increases following the rise in zonal wind shear (Fig. 11a). 556 

Additionally, all MCSs detected by satellite were accompanied by an average TCWV exceeding 557 

10 kg/m2. The increase in TCWV results in higher MCS maximum rain rates when wind shear is 558 

strong (Fig. 11a). The WRF-CPM simulation generally reproduces this feature (Fig. 11b). Notably, 559 

in the WRF-CPM model, no MCSs are detected when both wind shear and low-level specific 560 
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humidity are low. The minimum TCWV of simulated MCSs is above 20 kg/m2, occurring when 561 

wind shear exceeds 12 m/s, and the requirement for water vapor becomes more stringent as wind 562 

shear decreases. The heatmaps differ because WRF-CPM does not track precisely the same MCSs 563 

as those observed by satellite, resulting in variation in the number of MCSs per bin between WRF-564 

CPM and ERA5. Moreover, satellite-derived MCSs may not fully align with the circulation 565 

conditions in ERA5. Despite these discrepancies, a correlation coefficient of 0.65 between ERA5 566 

and WRF-CPM heatmaps indicates that WRF-CPM effectively reproduces the overall features 567 

among wind shear, TCWV, and maximum MCS precipitation. In particular, WRF-CPM captures 568 

the trend that, within the same TCWV bins, the maximum MCS rain rate increases with zonal wind 569 

shear, and within the same zonal wind shear bins, the rain rate increases with TCWV. 570 

4. Discussion and Summary 571 

Mesoscale convective systems play a vital role in the global hydrological cycle and are 572 

associated with frequent high-impact weather events. Coarse-resolution models struggle to capture 573 

MCSs due to their large scales, which prevent the accurate representation of convection’s spatial 574 

extents of convection and the abrupt transitions between intense precipitation and no precipitation. 575 

Furthermore, these models rely on convection parameterizations that cannot explicitly resolve key 576 

mechanisms, such as vertical wind shear, cold pools, and mesoscale circulations. This study 577 

conducted a long-term convection-permitting (CP) simulation spanning 22 summers from 2000 to 578 

2021 in eastern China. An object-tracking algorithm was utilized to analyze the MCS climatology 579 

and assess the CP model's capability to capture MCSs in this region. The results are summarized 580 

as follows: 581 

In summer, MCSs are prevalent across eastern China, with the highest frequency observed 582 

in the coastal regions of southwest China, displaying a southwest-to-northeast decreasing gradient. 583 

MCS rainfall distribution mirrors that of MCS hours, concentrated in the southwestern coastal area, 584 

where MCSs contribute to at least 20% of total summer precipitation. The Yangtze-huaihe River 585 

basin (YRB) also experiences considerable MCS rainfall, accounting for about 15% of total 586 

precipitation. The WRF-CPM generally overestimates MCS frequency, MCS precipitation, and its 587 

contribution to total summer rainfall across most area of eastern China, except of the eastern 588 

Tibetan Plateau. This overestimation is consistent with previous studies reporting excessive mean 589 

precipitation in convection-permitting models (Berthou et al., 2019; Guo et al., 2020; Kendon et 590 
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al., 2019; Yun et al., 2021). Further analysis on TCWV and CAPE highlights their key roles in 591 

supporting MCS activity. WRF-CPM tends to overestimate both CAPE and TCWV in regions, 592 

such as northeastern China, where it also overestimates MCS numbers and precipitation. 593 

The 22-year average spatial distribution of MCS duration, propagation speed, and direction 594 

in East China shows MCS durations of at least 6 hours in most regions, with the southwest coastal 595 

area reaching up to 12 hours. WRF-CPM simulations generally produces longer durations, 596 

particularly in the central and northeastern China, by over 3 hours. MCS propagation speeds range 597 

from 20 m/s in the East TP and to 12 m/s the Sichuan Basin, increasing to 16 m/s in the southeast. 598 

WRF-CPM accurately reflects the spatial distribution of speeds but shows faster speeds by 599 

approximately 2 m/s in most regions, except for slower speeds in central and southeastern China. 600 

Most MCSs propagate southeasterly, with some moving southerly in southern China and the East 601 

TP, and easterly in the YRB and northeastern China. The WRF-CPM simulates these patterns well 602 

but with a slight easterly bias.  603 

Average upper-level winds (200hPa), mid-level winds (500hPa), and deep wind shear 604 

(500–850hPa), exhibit strong correlation with MCS propagation. Although the WRF-CPM model 605 

exhibits biases in the simulation of MCS, it demonstrates a relatively accurate convection response 606 

to large-scale wind fields. Region-specific factors, including land-sea circulation, monsoonal flow, 607 

and vertical wind shear, further modulate MCS propagation, underscoring the need for more 608 

detailed investigations into these dynamics.  609 

The probability density function (PDF) of hourly pixel MCS rainfall reveal that the 610 

overestimation of total MCS rainfall is primarily attributed to the overestimation of extreme 611 

rainfall on each grid. Analysis of MCS properties, based on their normalized life cycle (stages 1 612 

to 10) indicates that MCSs in eastern China reach their coldest cloud top temperature and 613 

maximum convection core precipitation at stage 2, near the initiation stage. The area of MCSs 614 

peaks near the middle of the life cycle, close to the dissipating stage. While the WRF-CPM 615 

captures this life cycle evolution, it tends to generate colder cloud top temperatures, larger cloud 616 

areas, and smaller MCS rainfall compared to observations. 617 

The PDFs of hourly areal average precipitation for each MCS reveal that the probability of 618 

average MCS rainfall peaks around 3.5mm/h, with a 10% probability. However, WRF-CPM shifts 619 

its peak to the left, around 2 mm/h, with higher probabilities, indicating that WRF-CPM tends to 620 
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simulate insufficient rainfall. The bias of overestimating total MCS rainfall, despite 621 

underestimating average MCS precipitation, is likely due to the overestimation of MCS counts and 622 

their area. 623 

WRF-CPM generally performs well in simulating MCS properties, including area, 624 

propagation speed, track length, duration, and rainfall, albeit with some noticeable biases. MCS 625 

areas are typically overestimated by WRF-CPM, except in the YRB and Northeast China (NEC). 626 

Additionally, MCSs simulated by WRF-CPM tend to travel at faster speeds and persist for longer 627 

duration, resulting in longer track lengths, except in YRB. However, the observed MCS 628 

precipitation is generally underestimated by WRF-CPM, with the distribution being more 629 

concentrated between median and 25th percentile values. 630 

MCS precipitation exhibits distinct diurnal features, characterized by eastward propagation 631 

across all six sub-regions, consistent with the eastward propagation direction of MCSs. In most 632 

regions, the diurnal peak of MCS precipitation occurs in the late afternoon or at night, typically 633 

around 1800–2000 LST. Additionally, an early-morning peak can also be observed, especially in 634 

the East Tibetan Plateau (ETP). Overall, WRF-CPM effectively captures the eastward propagation 635 

trend and longitudinal peak location of MCS precipitation. However, some deviations are noted, 636 

such as the eastward shift of rain peak in ETP and NWC, as well as the longer propagation 637 

observed in SEC. 638 

The spatial distribution of diurnal peak timing of 22-year summer MCS initiation and 639 

maturation reveals a relationship with topography and distance from the ocean. An afternoon peak 640 

is prevalent in the eastern part of China on plain areas near the ocean, occurring around 1700 LST, 641 

progressing to later hours further north to around 1800 LST. A midnight to early-morning peak 642 

can be observed in intermediate topography east of the Tibetan Plateau, occurring from 2000 LST 643 

to 0300 LST. Over the Tibetan Plateau, MCSs typically initiate in the afternoon at around 1700 644 

LST, with maturation typically occurring 1–3 hours after the initiation peak. 645 

Although the 4 km WRF-CPM improves the simulation of the diurnal cycle compared to 646 

the driving ERA5 dataset, some biases remain. WRF-CPM captures the diurnal pattern well, 647 

particularly in eastern China, though it shows a one-hour later peak in the southeastern area. 648 

However, the early-morning peak in central northern China is not captured; instead, an afternoon 649 

peak appears. Further analysis reveals that while WRF-CPM generates an early-morning peak, it 650 
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also simulates a false strong afternoon peak. Therefore, the diurnal peak shifts earlier, especially 651 

over the second-step topography. Such bias might stem from WRF-CPM's limited ability to 652 

capture the thermal diurnal variation related to complex topography (Jeworrek et al., 2021; Liu et 653 

al., 2022; Ma et al., 2022), where the convergence of cold downhill winds from a radiatively cooled 654 

high mountains with warm-moist monsoonal wind triggers nocturnal convection. leading to an 655 

earlier onset of favorable conditions for convection, particularly near steep topography. 656 

Additionally, boundary layer, radiation, and land-surface parameterizations may still affect local 657 

thermodynamic and dynamic processes, influencing the diurnal cycle of convection genesis 658 

(Cintineo et al., 2014; Halladay et al., 2024; Lipzig et al., 2023). Further investigation is needed to 659 

understand this process in detail.  660 

Analysis based on ERA5 shows that summer MCS in East China exhibit a relationship 661 

with vertical wind shear and TCWV. As wind shear and humidity intensify, the maximum rain 662 

rate of MCS increases. This study is the first to demonstrate that the WRF-CPM can also replicate 663 

these effects, confirming its capability to simulate convection system response to the background 664 

circulation.  665 

This study presents the most extensive convection-permitting regional climate model 666 

simulation in eastern China to date, boasting the highest spatial resolution, longest coverage time, 667 

and broadest spatial extent. The model's capability in capturing MCSs, MCS precipitation, the 668 

MCS diurnal cycle, and other relevant features has been confirmed through the evaluation. 669 

Moreover, our study is the first to show that WRF model can capture shear effects controlling 670 

MCS behavior and rainfall, indicating the model’s capability to simulate MCS dynamics. The 671 

demonstrated effectiveness of these simulations underscores their potential reliability and value in 672 

further investigations into regional climate changes and their impacts. With its extensive temporal 673 

and spatial coverage, the simulation offers ample data for conducting further analysis of MCS 674 

mechanisms. 675 
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Table 1. Physical scheme selected in CP-resolution WRF model 960 

S. 

no 

Physics Scheme WRF Options References 

1 Cumulus scheme /  

2 Microphysics scheme WRF Single-moment Schemes 

(WSM5) 

(Hong et al., 2004) 

3 Planetary boundary physics 

scheme 

Yonsei University Scheme 

(YSU) 

(Hong et al., 2006) 

4 Shortwave and longwave 

scheme 

CAM shortwave and longwave 

schemes 

(Collins et al., 2004) 

5 Land surface Noah-MP land surface model (Niu et al., 2011) 
 961 

Table 2 Complex correlation coefficient and phase angle between 850hPa, 500hPa, 200hPa, 962 

wind 500–850hPa wind shear and MCS propagation from WRF and Satellite/ERA5. 963 

    850hPa 500hPa 200hPa wind shear 

WRF CORR 0.54 0.8 0.85 0.78 

  Angle -78.47 22 6.48 7.02 

Sate&ERA5 CORR 0.51 0.62 0.76 0.72 

  Angle -49.56 34.3 -1.05 4.08 

 964 

  965 
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 966 

Figure 1. The topography (m) of WRF simulation domain and the 6 sub-regions, namely 967 

Southeast China (SEC), Yangtze-Huaihe River Basin (YRB), East Tibetan Plateau (ETP), North 968 

China (NC), Northwest China (NWC), and Northeast China (NEC). 969 
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 970 

Figure 2. (a, b) The spatial distribution of 22-year average JJA (2000–2021) MCS counts 971 

derived from (a) CPC-4km and (b) WRF-CPM, (d, e) the 22-year annual total JJA MCS 972 

precipitation (mm) pattern from (d) IMERG and (e) WRF-CPM, (g, h) the spatial distribution of 973 

22-year average MCS rainfall contribution to the total precipitation (%) from (g) IMERG and (h) 974 

WRF-CPM, and (c, f, i) the differences of (c) MCS numbers, (f) MCS mean rain rate, and (i) 975 

MCS rainfall contribution between CPC-4km/IMERG and WRF-CPM. 976 
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 978 

Figure 3. Spatial distribution of 22-year average (a–c) total column water vapor and (d–f) CAPE 979 

from (a, d) WRF-CPM, (b, e) ERA5, and (c, f) differences between them 980 

 981 
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 982 

Figure 4. Spatial patterns for median values of MCS features: (a–c) duration, (d–f) propagation 983 

speed, and (g–h) MCS propagation vectors (red vectors). Panels show results from (a, d, g) CPC-984 

4km, (b, e, h) WRF-CPM, and (c, f) their differences. (i) Differences of MCS propagation 985 

direction. Panels (g–h) also include 22-year JJA average 200hPa (yellow vectors) and 500–986 

850hPa wind shear (blue vectors) from (g) ERA5 and (h) WRF-CPM. 987 
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 989 

Figure 5. (a–f) The probability density function (PDFs) for MCS precipitation on each pixel 990 

during 2000–2021 from IMERG (pink lines) and WRF-CPM (blue lines) over 6 sub-regions. (g–991 

l) The percentage contribution of rainfall amount in each bin to the total precipitation from all 992 

bins. The bin size used to construct the plots is 1 mm. 993 
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 995 

Figure 6. Relationship between average (a) convection core cloud top temperature and average 996 

rain rate, (b) convection core area and total precipitation, (c) convection core cloud top 997 

temperature and CCS average rain rate, and (d) CCS area and total precipitation within the 998 

normalized life cycle of MCSs. The lifetime of each individual MCS is divided into 10 999 

normalized life stages. Stage 1 represents initiation and stage 10 represents dissipation. The 1000 

property value at each normalized life stage is linearly interpolated from the original life cycle. 1001 
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 1003 

Figure 7. The probability density functions (PDFs) for hourly areal average precipitation (unit: 1004 

mm/h) of each MCS from CPC-4km (pink lines) and WRF-CPM (blue lines) in 6 sub-regions 1005 

from 2000–2021. Unit for Y axis is %. The sample counts of MCSs from CPC-4km and WRF-1006 

CPM for each sub-region are indicated in the lower right corner of each panel. 1007 
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 1009 

Figure 8. Violin plots for the average (a) convection core area (105 km2), (b) propagation speed 1010 

(km/h), (c) CCS area (105 km2), (d) duration (h), (e) propagation distance (km), (f) mean 1011 

convective precipitation (mm/h), (g) total convective precipitation (104 mm), (h) CCS 1012 

precipitation (mm/h), and (i) total CCS precipitation (104 mm). 1013 
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 1015 

Figure 9. Hovemöller diagram for 22-year annual average JJA MCS precipitation in six sub-1016 

regions for (a, e, i, m, q, u) satellite, and (b, f, j, n, r, v) WRF-CPM. (c, g, k ,o ,s, w). The satellite 1017 

precipitation is overlapped over WRF-CPM precipitation (black contour) in second columns. 1018 

Diurnal cycle of total JJA MCS precipitation amount in MCS from Satellite (pink line) and 1019 

WRF-CPM (blue line). 1020 
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 1022 

Figure 10. Spatial distribution of 22-year (2000–2021) average diurnal peak hour of MCS (a–c) 1023 

initiation, (d–f) maturation, and (g–i) hours between mature and initiation from (a, d, g) CPC-1024 

4km and (b, e, h) WRF-CPM, and (c, f, i) their differences. The shading is the hour of the day 1025 

(LST), and the contour is the topography for 4000m, 2000m, and 600m. The gray lines are the 1026 

boundaries of China and each province, and the black lines represent the coastline. 1027 
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 1029 

Figure 11 Heatmap of maximum hourly precipitation of each MCS as a function of total column 1030 

water vapor (TCWV) and 600–925 hPa wind shear from (a) Satellite and (b) WRF-CPM. 1031 
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