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Key points 21 

1. Six-year climatology of warm-season MCSs in YHR are investigated using satellite, 22 

radar data and ERA5. 23 

2. Criteria setting for tracking MCSs significantly influences the derived features.  24 

3. Meiyu season MCSs featured longest duration, largest areas and heaviest 25 

precipitation, while the background circulation anomalies are the weakest. 26 

27 



Abstract 28 

Mesoscale convective systems (MCSs) are crucial in modifying the water cycle and 29 

frequently induce high-impact weather events over eastern China. Radar and CPC-4km 30 

satellite-derived infrared cloud top temperature (Tb) data were used to thoroughly 31 

analyze the long-term climatology of MCSs over eastern China, particularly in the 32 

Yangtze-Huaihe River Basin (YHR) in the warm season from 2013 to 2018. For the 33 

first time, we contrasted the effects of dataset selection and threshold setting on research 34 

outcomes. The large-scale environments of MCSs initiation were also investigated 35 

using the latest global reanalysis data ERA5. It is found that striction of thresholds, 36 

including duration, reflectivity/Tb, area, and linearity, would lead to a greater 37 

proportion of early-morning MCSs. Satellite-identified MCSs differed from radar-38 

derived ones, exhibiting afternoon diurnal peaks, faster movement speeds, longer travel 39 

distances, and expansive impact areas. The centre of MCS and related precipitation 40 

shifted northward from Pre-meiyu to Post-Meiyu seasons, contributing to up to 20% of 41 

total rainfall, with most MCSs moving along eastward trajectories. MCSs typically had 42 

the most significant impact in the Meiyu season because of the most prolonged duration, 43 

largest convective core area, and strongest precipitation intensity. Warm season MCSs 44 

initiated ahead of mid-level troughs and were related to strong anomalous low-level 45 

convergence and mid-level upward. The circulation anomalies were the strongest in the 46 

Pre-Meiyu season among the three sub-seasons, with most moisture sourced from the 47 

southwest. 48 

Plain Language Summary 49 

This work used radar and satellite data to analyze the climate characteristics of a kind 50 

of large thunderstorms known as mesoscale convective systems (MCS) in the Yangtze-51 

Huaihe River Basin (YHR) in eastern China. These systems cover large areas, lasting 52 

from a few hours to a few days. The analysis revealed that stricter tracking thresholds 53 

would lead to more early-morning MCSs. Satellite-identified MCSs differed from those 54 

identified by radar. They tended to have more thunderstorms in the afternoon, move 55 

faster, travel longer distances, and cover larger areas. MCSs also contributed to up to 56 



20% of the total warm-season rainfall in the YHR. MCSs typically had the most 57 

significant impact in the rainy season of eastern China from mid-June to mid-July. 58 

Warm season MCSs initiated ahead of low-pressure systems and were related to strong 59 

anomalous low-level convergence and mid-level upward motion. During the time 60 

before the rainy season, the large-scale forcing needed to be anomaly enough to trigger 61 

MCS formation. Most of the moisture that caused MCSs came from southwest direction 62 

instead of stemming locally during this period. 63 

1. Introduction 64 

Mesoscale convective systems (MCSs) are organized clusters of deep convective 65 

clouds with contiguous areas of precipitation larger than 100km at least in one direction 66 

and last several hours (Houze, 2004). MCSs contribute a large portion of total 67 

precipitation over areas including North America and China (Feng et al., 2018, 2019; 68 

Jirak & Cotton, 2007; Kukulies et al., 2021; Li et al., 2020) and have drawn much 69 

attention for causing high-impact extreme weather events, especially floods (Moore et 70 

al. 2012; Hu et al. 2021; Atiah et al. 2023). Flooding can often result from MCS rainfall 71 

with considerable size, long duration, and slow movement (Haberlie & Ashley, 2019; 72 

Nesbitt et al., 2006). For instance, several flood events in eastern China (Wang et al. 73 

2015; Yin et al. 2022; Wei et al. 2023) are indicated to be related to one or multiple 74 

MCSs. Under global warming, climate projections suggest that the frequency and 75 

intensity of MCS have increased (Feng et al. 2016; Taylor et al. 2017; Hu et al. 2020) 76 

and are expected to enhance in the future, casting higher demand for understanding 77 

climatology characteristics and related weather hazards. 78 

The climatology of MCSs, both globally and in specific regions such as the tropics, 79 

North America, and eastern China, has been extensively studied (Barnes and Houze, 80 

2015; Pfister et al. 1993; Anselmo et al. 2021; Haberlie and Asheley, 2019; Cui et al. 81 

2021). In eastern China, MCSs occur in three latitudinal zones, 20°, 30°, and 50°N, 82 

with frequency decreasing from lower to higher latitudes (Yang et al. 2015; Li et al. 83 

2020). In addition to spatial distribution, MCSs have significant temporal variability, 84 

affecting the interannual, seasonal, sub-seasonal, and hourly scale variability of 85 



precipitation in the region (Yang et al. 2015; Li et al. 2020).  86 

The Yangtze-Huaihe River basin (YHR) is one of the most developed regions in 87 

eastern China. Under the control of the Asian summer Monsoon, YHR is influenced 88 

intensively by active Meiyu fronts during the warm season, which creates a favourable 89 

environment with abundant moisture and active uplifting to initiate MCSs and thus 90 

brings about heavy precipitation. Previous research indicated that the YHR exhibits the 91 

most pronounced seasonal cycle of MCS precipitation in eastern China, over 92 

2.6mm/day in June (Li et al. 2020), contributing to around 30% of the total precipitation 93 

in the warm season (Yun et al. 2021). Therefore, understanding the characteristics of 94 

MCSs over YHR is substantial for disaster prediction and prevention. 95 

However, the climatic characteristics and properties (e.g., area, propagation speed, 96 

track length, precipitation intensity) of MCSs generated each year in eastern China 97 

differ between studies.  98 

The ability of different types of datasets to characterize MCS varies. For example, 99 

the frequency of MCSs south of the Yangtze River in the warm season obtained by Li 100 

et al. (2020) using precipitation observations is quite different from those obtained by 101 

Yang et al. (2015) using FY-2 satellite-derived infrared cloud top temperature over the 102 

similar region. The features of MCSs can also be different, while certain metrics can be 103 

similar between studies. For example, the MCS precipitation contribution to the total 104 

precipitation in the Yangtze-Huaihe River basin calculated by Kukulies et al. (2021) 105 

was around 25% which is close to the 30% result derived by Li et al. (2020). Previous 106 

studies have made progress in tracking and analyzing the climatology of MCSs over 107 

eastern China using satellites (Yang et al. 2015; Chen et al. 2019; Li et al. 2020), radar 108 

observations (Zheng et al. 2013; Tang et al. 2020) and precipitation data (Li et al. 2020; 109 

Yun et al. 2021). Infrared (IR) data of cloud top temperature from geostationary satellite 110 

data are often used to identify MCS by determining from continuous satellite imagery 111 

whether cloud top temperatures meet the established thresholds. However, the cold 112 

cloud region is not entirely equivalent to the intense precipitation region, leading to 113 

errors in the detection of MCSs (Feng et al. 2021). On the contrary, radar reflectivity 114 

data can reveal the convective structure beneath cold clouds and reflect the distribution 115 



of convective and stratiform clouds in mature MCSs, playing an essential role in 116 

studying the formation mechanism of MCSs (Houze et al. 1989; Cetrone and Houze, 117 

2009; Wang et al. 2019). However, in long-term climate studies, radar data is restricted 118 

by spatial and temporal heterogeneity and limited observational range over eastern 119 

China.  120 

Moreover, the discrepancies in MCS definitions can also lead to controversial 121 

results on MCS climatology. Previous studies using the data mentioned above usually 122 

identified MCSs by automatic object-based tracking algorithms using a set of criteria 123 

and thresholds. However, there is no common standard on intensity, time persistence, 124 

spatial extent, shape, etc. With radar reflectivity data, for example, Tang et al. (2020) 125 

defined MCSs in the YHR as convective areas with reflectivity over 35dBZ ≥1000km2 126 

with at least one direction longer than 100km and lasting more than 3 hours. Using 127 

cloud-top brightness temperature (Tb) data, Jirak et al. (2003) picked out MCSs from 128 

the Mesoscale Convective Complexes (MCCs) defined by Maddox (1980) based on the 129 

findings by Bartels et al. (1984) and further developed the definition into four MCS 130 

categories, and the most lenient condition is: 1) cold cloud region ≤-52℃ with area 131 

≥30000km2, 2) lasting longer than 3 hours, 3) eccentricity ≥0.2 at time of maximum 132 

extent. The classification and criteria are further modified and adopted in several studies 133 

focusing on eastern China (Yang et al. 2015; Liu et al. 2021). These differences can 134 

lead to biases in the influence of MCSs and induced weather events under long-term 135 

climate (Kukulies et al. 2023). Therefore, looking into any potential effects the 136 

threshold settings may have on the MCSs' properties is essential. 137 

Motivated by the above reasons, in this study, we aim to investigate the 138 

climatological characteristics of MCSs and MCS-induced precipitation over YHR for 139 

six years (2013–2018) from April to September with multi-year Doppler radar 140 

observations, NOAA (National Oceanic and Atmospheric Administration) CPC 141 

(Climate Prediction Center) Satellite data and IMERG precipitation data, and discuss 142 

the influence of dataset and definition of MCSs. The remainder of this paper is 143 

organized as follows. Section 2 describes the identification methods, evaluation metrics, 144 

and observational and reanalysis datasets used in this study. In Section 3, the results of 145 



sensitivity tests of MCS definition, MCS climatological features, and related 146 

precipitation characteristics are shown and discussed. Section 4 demonstrates the large-147 

scale background circulation during the initiations stage of MCS in warm seasons. The 148 

main conclusions are summarised in Section 5. 149 

2. Data and Methods 150 

2.1 Observational and reanalysis datasets  151 

MCSs in the YHR were identified and tracked using CPC-4km, satellite-derived 152 

IR brightness temperature (Tb) data with a horizontal resolution of 4 km released by 153 

the CPC (Janowiak et al. 2001). The CPC-4km dataset, merging different infrared 154 

channels of geostationary meteorological satellites currently in operation (visible 155 

channels are not included), can provide a global (60°S–60°N) coverage every 30 156 

minutes and has undergone viewing angle and parallax corrections. Previous studies 157 

have utterly utilized the CPC-4km Tb data to track MCSs by identifying cold clouds 158 

related to deep convections (Salio et al. 2007; Rehbein et al. 2018; Hu et al. 2021; 159 

Cheng et al. 2022). The merged precipitation data (IMERG), a multi-satellite derived 160 

precipitation retrieval product launched in the Global Precipitation Measurement (GPM) 161 

mission by NASA with a spatial resolution of 0.1 degree and a temporal resolution of 162 

30 minutes, was integrated into the MCS tracking algorithm. Since IMERG might offer 163 

the "best" precipitation estimations, IMERG has drawn attention and is employed in 164 

many fields (Ayat et al. 2021; Bolvin et al. 2021; Jiang et al. 2019) and is evaluated or 165 

used for studying MCS precipitation (Hayden et al. 2021; Kukulies et al. 2021; Feng et 166 

al. 2021; Chen et al. 2022). 167 

The analysis of MCSs over YHR also uses Doppler radar observations from April 168 

to July. The raw radar data were pre-processed and bilinearly interpolated into a 4km 169 

grid using the 88D2ARPS program of the Advanced Regional Prediction System 170 

(APRS, Xue et al. 2000) following Tang et al. (2020). Data quality control was first 171 

conducted, including removing non-meteorological echoes and de-aliasing radial 172 

velocity (Brewster et al. 2005). The radar observation covers the area of 110°E–125°E, 173 

27°N–40°N from seventeen stations, namely Nanhui (9210), Nanjing (9250), Wuhan 174 



(9270), Zhengzhou (9371), Nantong (9513), Yancheng (9515), Xuzhou (9516), Huaian 175 

(9517), Lianyungang (9518), Changzhou (9519), Taizhou (9523), Jinan (9531), 176 

Qingdao (9532), Hefei (9551), Fuyang (9558), Tongling (9562) and Hangzhou (9551), 177 

each of them detects an area with a diameter of 230km (Fig. 1A). The maximum value 178 

at each pixel within radar overlap regions was selected, which is a common approach 179 

in radar mosaic processing.  180 

Considering the detection range and inhomogeneity of radar detection, we chose 181 

110°E–125°E, 27°N–40°N as the MCS detection area, and 114°E–122°E, 30°N–36°N 182 

as the analyzing area, where radar sites are sufficient and dense. Only MCSs initiating 183 

in the analyzing area were counted in the evaluation. 184 

2.2 MCS Tracking 185 

The MCS thresholds to be tested are listed in Table 1, and S_P Def 1 was selected 186 

after sensitivity tests (described in Section 3.1). To identify and track MCSs over YHR, 187 

an objected-based tracking (OT) algorithm was developed. The OT algorithm can be 188 

exploited to track various systems with diverse datasets by altering thresholds and 189 

selecting process procedures. The study of Guo et al. (2022), which employed the OT 190 

algorithm to look into the features of precipitation systems and extreme precipitation 191 

across eastern China, demonstrated the viability of the OT method. In this work, the 192 

algorithm was modified to account for radar reflectivity and CPC-4km TB data, and a 193 

process to calculate the precipitation feature (PF) of potential MCS was included. 194 

2.2.1 Convection identification and tracking 195 

For consistency, radar reflectivity data was first interpolated into the same grid as 196 

CPC-4km Tb data, and only data at 00 and 30 minutes of each hour were used. The two 197 

datasets were then upscaled to an 8km horizontal resolution by taking a simple average 198 

of values at all grid points within an 8km radius of each grid point (Clark et al. 2014). 199 

The "smoothing" procedure can reduce over-segmentation and filter out small-scale 200 

signals to better identify mesoscale systems. To match with the upscaled Tb data, 201 

IMERG was interpolated into the 8km grid as well.  202 

The identification and tracking method takes five steps. First, the regions that 203 



satisfied the value and area thresholds at each time step were marked as convective core 204 

during the identification stage. Second, each convective core was expanded outward 205 

pixel by pixel to recognize the surrounding continuous areas with warmer cloud top 206 

temperature (or lower radar reflectivity), and the expanded area was considered as the 207 

potential stratiform cloud. The entire region was referred to as a cold cloud. If two or 208 

more convective cores existed at the same time, the largest core was prioritized for 209 

expansion, followed by the smaller ones. The expansion stopped when two adjacent 210 

cold clouds encountered each other at their boundaries. Third, the precipitation areas 211 

within each cold cloud are identified as a PF, and the relevant characteristics 212 

(precipitation rate, long axis, and LWR) are extracted. Fourth, the area overlapping 213 

method was adopted in the OT algorithm to connect cold clouds across successive time 214 

steps. Two cold clouds would be regarded as belonging to the same potential MCS if 215 

they overlapped for more than 50% of space in two successive time steps. If more than 216 

two cold clouds overlapped, the larger was included, while the smaller was assumed to 217 

end. If a cold cloud split, we assigned the largest split cloud to the potential MCS and 218 

initialized the smaller one as a new potential MCS at this time step. Tracking was 219 

performed on successive half-hourly data sets until the cold cloud area no longer met 220 

the 50% overlapping area criteria. Finally, all potential MCSs' durations and the PF's 221 

durations were examined to identify those exceeding the time criteria. The Tb-PF 222 

combined method has been used in recent research by Feng et al. (2021) and Kukulies 223 

et al. (2021). The potential MCSs passed the duration selection (and PF examination 224 

for tracking using satellite data) were labeled as MCS1, MCS2, …, MCSN, where N 225 

stands for the number of MCSs we have traced. 226 

2.2.2 Example of an MCS case 227 

Figs. 1a–l depicts the influenced areas of six randomly selected MCS examples 228 

detected by our tracker using radar and satellite data on 4th July 2013 (Case 1, Figs. 1a, 229 

b), 1st June 2014 (Case 2, Figs. 1e, f), 2nd June 2015 (Case 3, Figs. 1i, j), 2nd August 230 

2016 (Case 4, Figs. 1c, d), 10th June 2017 (Case 5, Figs. 1g, h), and 18th August 2018 231 

(Case 6, Figs. 1k, l), respectively. The affected areas of MCSs observed via radar and 232 



satellite are generally identical, although the MCSs generated from satellite tend to 233 

affect broader areas except for Cases 1 and 2. Figs. 1a–l also display the traveling routes 234 

of the MCSs to give examples of the centroid of objects and their trajectories that the 235 

OT algorithm catches. The trajectories of radar- and satellite-based MCSs are typically 236 

identical, notably for Case 2. In Case 4–6, the satellite-derived track lengths are 237 

significantly longer than those obtained from radar, which may be attributed to either 238 

an earlier beginning or a later dissipation. This phenomenon is because IR temperatures 239 

not only reflect deep clouds and convections but also high-altitude or cold clouds 240 

unrelated to convective in nature. The discrepancy in the observational aspect of MCS 241 

by radar and satellite may lead to such controversy in the conclusions. These results 242 

indicate that the MCSs monitored by the OT algorithm utilizing both radar and satellite 243 

data are generally consistent. In the following research, the OT algorithm serves as a 244 

foundation for understanding the features of MCSs. 245 

3. Characteristics of MCSs over YHR 246 

3.1 Effects of tracking criteria on MCS features 247 

To fully comprehend how the choice of MCS thresholds affects the outcomes of 248 

MCS climatology, we tested our tracking with different thresholds of MCSs (as listed 249 

in Table 1). Five kinds using radar reflectivity data and five kinds using CPC-4km Tb 250 

data merging with IMERG precipitation data were first examined to inspect how the 251 

factors, including thresholds of linearity, area, duration, and intensity of PF, can affect 252 

MCS properties. The key features of tracked MCSs identified by five different tracking 253 

criteria using Radar and Satellite data are illustrated in Figure 2. 254 

Firstly, MCSs obtained from radar data under five different criteria are assessed in 255 

this part. The influence of the extent of linear shape can be revealed by comparing 256 

R_Def 1 and 2. The frequency of MCS is affected by the linearity constraint, declining 257 

as the LWR threshold increases (Fig. 2a). However, the seasonal cycle peaks of MCSs 258 

vary between R_Def 1 and R_Def 2. Def 1 peaks in July, while R_Def 2 peaks in June, 259 

suggesting that the most linear MCSs tend to occur in June, and a strict LWR setting 260 

may filter out MCSs with a near-round shape (Fig. 2a). Comparing R_Def 1 and R_Def 261 



3 shows that the duration threshold also affects MCS frequency. With the duration 262 

threshold set to 4 hours, R_Def 3 detected approximately half of the MCSs detected by 263 

R_Def 1. Additionally, increasing the reflectivity threshold leads to a significant 264 

decrease in MCS frequency. This can be observed from the annual cycle of R_Def 4 265 

that in most months, the MCS frequency of R_Def 4 is approximately one-third that of 266 

R_Def 1 (Fig. 2a). Area threshold also impacts MCS frequency. Expanding the area 267 

threshold to twice that of Def 1 reduces MCS counts, such as in April (R_Def 5). 268 

The diurnal cycles of MCSs with different criteria are illustrated in Fig2. 1b. MCSs 269 

with lenient LWR limitation tend to have dual peaks at midnight (2100–0300 LST) and 270 

in the afternoon (1500–1800 LST). The bimodal diurnal cycle is particularly significant 271 

for Def 1 (Fig. 2b). However, the afternoon peak vanishes as the LWR was increased 272 

to ≥4 (R_Def 2, Fig. 2b), suggesting that linear MCSs require time to develop and 273 

concentrate, whereas MCSs with rounded convection cores tend to form in the late 274 

afternoon. Moreover, a stricter area threshold leads to a more pronounced midnight 275 

peak in the diurnal cycle compared to R_Def 1, while the afternoon peak weakens. 276 

The peak of the probability density function (PDF) of propagation speed (Fig. 2e) 277 

shifts toward higher values as the LWR threshold increases. R_Def 2, peaking at 60–278 

90 km/h with around 35%, exhibiting more fast-moving MCSs (≥60 km/h) and fewer 279 

at lower speeds (≤60 km/h). Comparing R_Def 4 and R_Def 1, a stronger reflectivity 280 

threshold shifts the MCS speed PDF peak to higher speeds. R_Def 4 peaks at 60–90 281 

km/h, approaching 50%, with a greater proportion of MCSs exceeding 90 km/h than 282 

R_Def 1. Similarly, R_Def 3 shows that stricter time thresholds maintain a consistent 283 

peak of speed PDF with R_Def 1, at about 58% in the 30–60 km/h range, slightly lower 284 

by 2%. However, there is a higher proportion of fast-moving MCSs (60–90 km/h) in 285 

R_Def 3, accounting for approximately 26%, while fewer slow-moving MCSs (0–30 286 

km/h) at approximately 11% compared to R_Def 1. On the contrary, a stronger area 287 

threshold (R_Def 5) increases the proportion of slow-moving MCSs (0–30 km/h) 288 

compared to R_Def 1, at approximately 25%, while reducing the proportion of fast-289 

moving MCSs (60–90 km/h) to around 10%.  290 

 For track length (Fig. 2d), linear MCSs (R_Def 2) moving farther than rounder 291 



MCSs (R_Def 1), with a reduced proportion within 0–400 km (around 76%) and a 292 

larger proportion surpassing 400 km compared to R_Def 1. Comparing R_Def 1 and 293 

R_Def 4, intensified reflectivity threshold does not necessarily result in longer MCS 294 

propagation. Despite the higher percentage of high-velocity MCSs in R_Def 4, this 295 

result may stem from the increased presence of short-lived MCSs (Fig. 2c), with the 296 

peak in the 3–7 h range, above 80%. A similar trend arises in the comparison between 297 

R_Def 5 and R_Def 1 when the area threshold intensifies. The proportion of shorter 298 

travel distances rises, with approximately 82% of MCSs falling within 0–400 km. This 299 

primarily results from an increased proportion of slower-moving MCSs. The track 300 

length proves responsive to duration constraints, with MCSs traveling farther 301 

(comparing R_Def 1 and R_Def 3, Figs. 2e, d). 302 

The PDF of the MCS coverage area shown in Fig. 2f is notably impacted by the 303 

LWR threshold. Compared to Def 1, the PDF of Def 2 exhibits two peaks. A substantial 304 

peak of roughly 7% is evident within 1,000–20,000 km2, and a generally higher 305 

proportion of MCSs areas exceeding 60,000 km2, suggesting broader influence 306 

potential. The area is also sensitive to convective intensity, as seen from the comparison 307 

between R_Def 4 and R_Def 1. The convection core area PDF peak in R_Def 4 shifts 308 

towards smaller areas as the reflectivity threshold strengthens, reaching its highest point 309 

within 1,000–20,000 km2, accounting for around 85% of the total. A strengthened 310 

duration threshold can bring in a smaller proportion of small-area MCSs and a larger 311 

proportion of large-area MCSs, as R_Def 3 has a smaller share of MCSs within 1,000–312 

20,000km2 and a more prominent peak of PDF of around 40% within 20,000–40,000 313 

km2, compared to R_Def 1. And R_Def 3 features a larger proportion of MCSs 314 

exceeding 60,000 km2. 315 

Furthermore, features of MCSs derived from five definitions using satellite data 316 

merging with IMERG precipitation are presented. In S_Def 1, only the cloud-top 317 

brightness temperature is used, while S_Def 2–5 incorporate limitations based on PFs. 318 

The comparison between S_Def 2 and S_Def 1 shows that the characteristics of MCSs 319 

in the YHR are not sensitive to the limitation of PF (when the precipitation rate is set 320 

to ≥2mm/h). The comparative analysis of the annual cycle, diurnal cycle, duration, track 321 



length, speed, and convective core area of MCS does not show significant differences 322 

(Figs. 2g–l). If the duration threshold is stricter, extending from 3 hours (S_Def 2) to 6 323 

hours (S_Def 3), the MCS counts can reduce dramatically, particularly in JJA, 324 

indicating that in spring and autumn, long-lived MCSs make up a larger proportion (Fig. 325 

2g). Shorter-lived convective clouds are more common in the summer, meaning that a 326 

stricter constraint on duration filters out more systems during summer compared to 327 

spring and autumn. Moreover, the diurnal cycle of MCS derived by S_Def 3 shows a 328 

unimodal cycle similar to previous definitions, but a greater portion of midnight MCSs 329 

are generated (Fig. 2h). As can be seen from the comparison of S_Def 2 and S_Def 4, 330 

the counts of MCS increase dramatically, especially in spring, by three times when the 331 

temperature threshold value gets higher (Fig. 2g). The diurnal cycle also shows that 332 

more MCSs generate in the afternoon and fewer MCSs in midnight in S_Def 4 333 

compared to S_Def 2 (Fig. 2h). When the requirement for area becomes stricter as can 334 

be seen from S_Def 5, the frequency of MCS decreases especially in July when the 335 

count increases by around 50 compared to S_Def 2 (Fig. 2g). Meanwhile, the afternoon 336 

MCS initiating during 2100–0600LST takes up more proportion while there are fewer 337 

afternoon MCSs (Fig. 2h). 338 

The effects of varying thresholds on parameters including duration, speed, track 339 

length, and area exhibit semblance to those derived from radar reflectivity data. 340 

Increasing the duration threshold, as seen from the comparison between S_Def 3 and 341 

S_Def 2, yields an augmentation in the proportion of MCSs with fast speed, long life 342 

span, far track length, and large area. Striction of the area threshold (comparing S_Def 343 

2 and S_Def 5) leads to an increased proportion of fast-moving and large-area MCSs, 344 

albeit contributing to a decrease in long-lived and far-traveling MCS percentage. A 345 

more lenient cloud top temperature threshold results in longer track length and life span, 346 

as well as faster propagation speed and larger area. However, the proportion of MCSs 347 

moving faster than 30km/h increases, which is a little different from the results derived 348 

from radar when the reflectivity threshold gets more lenient. 349 

Figure 2 represents notable distinctions between MCS characteristics when using 350 

radar and satellite data, as they focus on different aspects of MCSs. For example, 351 



satellite-identified MCSs exhibit a diurnal cycle peak primarily in the afternoon, 352 

whereas radar-identified MCSs display a pronounced midnight peak. Overall, satellite-353 

derived MCSs tend to have faster movement speeds, longer travel distances, and larger 354 

impact areas than those identified by radar. Disparities exist in the data and thresholds 355 

employed within the first group of definitions. For example, the minimum area 356 

requirements vary considerably in scale. Such discrepancies could result in the 357 

definitions within the first group identifying distinct systems or disparate segments of 358 

the same convective system, as compared to a complete system composed of stratiform 359 

and convection areas (defined by Satellite), where the area covered by the convection 360 

area (defined by Radar) is smaller. Radar reflectivity data primarily depicts 361 

precipitation by reflecting energy from precipitation targets. Figure S1 in the supporting 362 

information illustrates the precipitation exceeding 2mm/h (first column) and the radar 363 

reflectivity surpassing 35dBZ (second column) within the cloud shield of the MCS 364 

which was randomly selected, taking place on 26th June, 2015. Generally, the 365 

reflectivity pattern closely corresponds to the precipitation pattern, embedding within 366 

the large cold cloud shield area (orange shade) detected by Satellite. Despite the 367 

minimal influence of PFs (when set to 2mm/h) on MCS features, further investigation 368 

is needed to explore the impact of PF thresholds on MCSs characteristics. Therefore, 369 

the identification algorithm was improved by incorporating radar data as part of the PF 370 

determination to investigate PF threshold effects on MCS results. Next, we designed 371 

four threshold comparisons for the four aspects of PF, including radar 372 

reflectivity/precipitation amount, duration, and LWR, both for satellite-radar and 373 

satellite-IMERG, respectively (as shown in Figure 3). 374 

Figs. 3a–f show that increasing the reflectivity threshold from 35 dBZ (S_R_Def 375 

1) to 45 dBZ (S_R_Def 2) minimally affects MCS characteristics. However, a reduction 376 

in the duration threshold from 3 hours to 2 hours (S_R_Def 3) amplifies MCS counts, 377 

notably doubling in July compared to S_R_Def 1. Additionally, the diurnal cycle 378 

reflects an approximately 7% increase in afternoon-initiated MCSs (1500–1800LST). 379 

For the duration, a rise in MCSs with shorter lifespans accompanies a decrease in 380 

longer-lived MCSs proportion. Significantly, the proportion of MCSs with speeds in 381 



the 30–60 km/h range rises, while those exceeding 60 km/h decreases. Consequently, 382 

S_R_Def 3 reveals increasing MCSs with shorter travel distances (0–400 km) and fewer 383 

traveling exceeding 400 km. Regarding the area, the relaxation of the duration threshold 384 

primarily leads to a 6% increase in the proportion of MCSs within the 50,000–70,000 385 

km2 range, while the proportion of MCSs with exceptionally large area (≥150,000 km2) 386 

decreases. 387 

S_R_Def 4 compares the MCS characteristics without the LWR requirement. 388 

Notably, MCS counts surge considerably compared to S_R_Def 1, especially in July 389 

(Fig. 3a). From the diurnal cycle perspective, an approximately 8% increase in the 390 

afternoon-initiating MCSs percentage can be observed, while the midnight MCS 391 

proportion decreases (Fig. 3b). There is an increase in MCSs with a short lifespan of 3–392 

7 hours, while fewer proportions of MCSs with a duration exceeding 7 hours (Fig. 3c). 393 

An increased proportion of MCSs with slow movement speeds of 0–30 km/h is noted, 394 

while those exceeding 30 km/h decreases (Fig. 3e). Track length demonstrates an 395 

approximately 20% increase in MCSs with short distance of 0–400 km and a decline in 396 

longer tracks exceeding 400 km (Fig. 3e). More MCSs have areas below 70,000 km2 397 

and fewer exhibit larger areas (Fig. 3f).  398 

Figures 3g–l presents threshold comparisons for satellite-IMERG data. Comparing 399 

S_P_Def 1 and S_P_Def 2, increasing the precipitation intensity threshold from 2mm/h 400 

to 6mm/h insignificantly impacts MCS numbers in April, May, and September, but a 401 

noticeable reduction is observed during summer (JJA), as shown in Fig. 3g). Diurnally, 402 

S_P_Def 2 exhibits a higher proportion of early morning MCSs (0000–0900 LST) than 403 

S_P_Def 1, while the afternoon MCS proportion declines (Fig. 3h). S_P_Def 2 yields 404 

a slight 2% decrease in MCSs with a short lifespan of 3–7 hours, juxtaposed with an 405 

increase in those exceeding 7 hours compared to S_P_Def 1 (Fig. 3i). A decline in 406 

MCSs with slow speeds (0–30 km/h) coincides with an increase in those surpassing 60 407 

km/h (Fig. 3k). This leads to a rise in the proportion of MCSs with longer track length 408 

(≥400km) (Fig. 3j). In terms of area, a decrease in the proportion of MCSs within the 409 

30,000–50,000 km2 range coincides with an increase in larger MCS areas exceeding 410 

70,000 km2 (Fig. 3l).  411 



Raising the PF duration threshold from 2 to 3 hours (S_P_Def 3) has induced 412 

negligible alterations in MCS features. However, setting the LWR threshold for PF area 413 

to ≥2 (S_P_Def 4) triggers a notable MCS count reduction, particularly in July and 414 

August compared to S_P_Def 1 (Fig. 3g). Similar to S_P_Def 2, S_P_Def 4 experiences 415 

a decrease in afternoon MCSs and an increase in early morning MCSs. In terms of 416 

duration, S_P_Def 4 entails a decline of approximately 4% in MCSs with a short 417 

lifespan (3–7 hours), accompanied by an increase in those exceeding 7 hours (Fig. 3i). 418 

Regarding speed, a decrease in MCSs with slow movement speeds (≤60 km/h) aligns 419 

with an increase in faster-moving MCSs (Fig. 3k). Consequently, there is a rise in the 420 

proportion of MCSs covering longer travel distances (≥400 km) (Fig. 3j). In terms of 421 

area, there is an increase in the proportion of MCSs with larger areas (≥70,000km2) (Fig. 422 

3l). 423 

Based on the statistical results, the utilization of radar reflectivity to detect PF 424 

(S_R_Def 1) tends to reduce the MCS counts in contrast to the adoption of IMERG 425 

precipitation data (S_P_Def 1). Furthermore, it increases (decrease) the proportion of 426 

MCSs occurring in the early morning (afternoon). This outcome may be attributed to 427 

the filtration effect introduced by the setting of 35 dBZ and the condition of LWR≥2. 428 

However, a noteworthy similarity is evident when the criterion LWR≥2 criterion is 429 

omitted (comparing S_R_Def 4 with S_P_Def 1). This result implies rationality in the 430 

selection of 35 dBZ thresholds, which corresponds to 2 mm/h precipitation in YHR. 431 

Referring to the study by Feng et al. (2021) and considering the restricted availability 432 

of radar data for further research progress, we choose to use S_P_Def 1 as the threshold 433 

for the subsequent analysis. 434 

3.2 Spatial distribution of MCSs and related precipitation 435 

Generally, 180 MCSs were detected from satellite Tb data from April to September 436 

during 2013–2018. The locations influenced by MCS, as well as the MCS precipitation 437 

amount and contribution to the total precipitation in AMJJAS, and then in three sub-438 

seasons, are presented in Figure 4. The three sub-seasons, which are Pre-Meiyu within 439 

1st May–14th June, Meiyu within 15th June–15th July, and Post-Meiyu within 16th 440 



July–30th September, respectively, were selected based on the rainfall and environment 441 

of the Meiyu circulation over YHR (Ding, 1992; Mu et al. 2021). The region of Jiangsu 442 

Province downstream of the YHR exhibited the highest frequency of impacted locations, 443 

with about sixteen MCSs at each pixel annually (Fig. 4a). MCSs were least common in 444 

the Pre-Meiyu period among the three sub-seasons. The distribution center is south of 445 

Jiangsu Province, with roughly three MCSs (Fig. 4b). The number of MCSs rose during 446 

the Meiyu period. The center shifted northward by around 1 degree, with more than 6 447 

MCSs occurring annually (Fig. 4c). During Post-Meiyu, the center continued to migrate 448 

northwardly and eventually reached 35°N (Fig. 4d). The extensive south-north range of 449 

MCSs during this period is likely due to the extended period (77 days) when the rainfall 450 

belt experienced northward and southward propagation. 451 

The distribution of MCS precipitation shows consistency with the MCS frequency 452 

pattern and displays distinct seasonal characteristics. Throughout the AMJJAS, MCS 453 

precipitation is predominantly concentrated in the eastern part of Anhui Province, the 454 

southeastern part of Jiangsu Province, and the offshore eastern areas of Jiangsu (Fig. 455 

4e). During the Pre-Meiyu season, MCS precipitation is mainly concentrated in the 456 

southern regions of Anhui and Jiangsu Provinces, averaging about 3mm/day (Fig. 4f). 457 

Transitioning into the Meiyu season, the MCS precipitation band shifts northward by 458 

1–2 degrees and experiences a significant increase, peaking at over 6mm/day (Fig. 4g). 459 

In the Post-Meiyu season, MCS precipitation notably decreases, with the maximum 460 

reaching only 2.5mm/day (Fig. 4h). 461 

The MCS precipitation contribution follows a similar pattern. During the warm 462 

season, the highest contribution of MCS precipitation on land reaches up to 20%, 463 

distributed across the eastern Anhui, southern Jiangsu, and southern Shandong Province 464 

(Fig. 4i). In the Pre-Meiyu season, the high contribution zone of MCS precipitation is 465 

situated around the boundary between Anhui and Jiangsu provinces, approximately at 466 

32oN, reaching a maximum of 28% (Fig. 4j). During the Meiyu season, alongside the 467 

aforementioned high contribution area, another high contribution zone appears in the 468 

southern part of Shandong Province, reaching 32% (Fig. 4k). In the Post-Meiyu season, 469 

the relative contribution of MCS precipitation is the lowest, with the center retreating 470 



southward to approximately 31ºN in the southeastern corner of Jiangsu Province, with 471 

a maximum contribution of around 24% (Fig. 4l). 472 

3.3 Characteristics of MCS and related precipitation  473 

The probability density function (PDF) of the propagation direction of MCSs is 474 

presented in Figure 5a, and the propagation speed of the systems in 8 moving directions 475 

during the three sub-seasons is displayed in Figs. 5b–d. In this context, probability 476 

refers to the proportion of MCSs in a specific direction to the total number of MCSs. 477 

Eastward (E) propagating systems exhibit the highest proportion of MCSs, accounting 478 

for up to 45%, followed by northeast (NE) and southeast (SE) moving systems (Fig. 479 

5a). 480 

During the Pre-Meiyu season, eastward-moving MCS dominate, representing 481 

approximately 95% of all MCS during this period (Fig. 5b). In contrast, during the 482 

Meiyu (Fig. 5c) and Post-Meiyu (Fig. 5d) season, there is a higher proportion of MCSs 483 

exhibiting southward and westward movement compared to the Pre-Meiyu season. The 484 

windrose plots indicate that MCSs spread most rapidly during the Pre-Meiyu (Fig. 5b), 485 

with speeds within 60–90 km/h prevailing in the E and SE directions, accounting for 486 

up to 44% and 5%, respectively. Moreover, MCSs with speeds exceeding 90 km/h 487 

constitute about 35% of the total, a significantly higher proportion than in the other two 488 

sub-seasons. In the Meiyu season (Fig. 5c), MCSs exhibit the second-fastest movement 489 

speeds, and there is a higher proportion of MCS events with speeds above 60km/h 490 

compared to the Post-Meiyu season. 491 

MCS features, including lifetime, track length, propagation speed, convective core 492 

area, cold cloud area, convective core precipitation mean rate, convective core 493 

precipitation area, cold cloud precipitation mean rate, and cold cloud precipitation area 494 

in three sub-seasons, are displayed in Figure 6. Meiyu MCSs had a relatively longer 495 

duration than other sub-seasons, with a medium duration of around 5 hours. The fastest 496 

MCS speed occurred during the Pre-Meiyu season, while the slowest is in the Post-497 

Meiyu (Fig. 6c). Track length can thus be inferred from MCS propagation speed and 498 

lifetime characteristics (Fig. 6b). The Pre-Meiyu season stands out as the period when 499 



MCSs typically propagated the farthest. 25% of MCSs traveled more than 1000 km, 500 

and the medium track length was approximately 400 km in this sub-season (Fig. 6b), 501 

primarily due to the rapid speed at that season (Fig. 6c). The convective core area of 502 

MCSs shows little noticeable difference across the three sub-seasons, except for MCSs 503 

in Meiyu season MCSs being slightly larger than those in the other two seasons (Fig. 504 

6d). However, the cold cloud area varies significantly among the three sub-seasons, 505 

with the cold cloud areas the largest in Pre-Meiyu (Fig. 6e). The median area reaches 506 

300,000 km2, with 25% of the MCSs have an area of 450,000 km2. Similarly, the 507 

convective core precipitation area exhibits its maximum extent in the Meiyu season, 508 

with the median and 75th percentile values being the highest among the three sub-509 

seasons (Fig. 6f). In contrast, during the Pre-Meiyu season, the cold cloud precipitation 510 

was relatively smaller (Fig. 6f), even though the overall cold cloud precipitation area 511 

was the largest during this time (Fig. 6i). Whether considering the convective core or 512 

cold cloud precipitation mean rate (Figs. 6f, h), the Meiyu season consistently is the 513 

strongest, as evident from the highest median and 75th percentile values. Conversely, 514 

the Pre-Meiyu season experiences comparatively weaker average precipitation. This 515 

reflects that while cloud development within the cold cloud, apart from the convective 516 

core, is vigorous, the precipitation intensity remains significantly lower than during the 517 

Meiyu season. 518 

Generally, MCSs may typically have the most significant impact on affected 519 

regions during the Meiyu season because of the most prolonged duration, largest 520 

convective core coverage area, and strongest precipitation intensity. 521 

4. Large-scale circulation of MCSs 522 

In this section, to comprehend the critical large-scale forcing mechanisms for 523 

MCSs in the YHR, we examine the large-scale environments associated with MCS 524 

initiation spanning the months of April to September (AMJJAS) and the three sub-525 

seasons. The top-heavy diabatic heating profiles of MCSs, contributing to potential 526 

vorticity, have considerable influence on large-scale environments (Houze and Hobbs, 527 

1982; Schumacher et al. 2013; Yang et al. 2017). To minimize the potential feedback of 528 



MCSs on the large-scale environment, our analysis includes only the large-scale 529 

conditions at MCS initiation and the preceding three hours into the composites. 530 

Geopotential height (GH), specific humidity (Q), horizontal wind, and zonal wind (U) 531 

were analyzed. The anomalies depicted in each figure were calculated by subtracting 532 

the seasonal mean circulation from the circulation during MCS initiation within that 533 

specific season. 534 

In both upper- and mid-level, MCS genesis within the southwest flow ahead of an 535 

upper-level trough (Figs. S3a, c), with higher specific humidity higher in YHR than the 536 

surroundings (Figs. S3b, d). The initiation region aligns with the northwest side of the 537 

subtropical high-GH system (500hPa, Fig. S3c and Fig. 8a). During the AMJJAS, the 538 

upper-level westerly jet axis is located around 40ºN, featuring a U wind speed of 539 

approximately 30m/s (Fig. 8a). YHR region experiences primarily easterly wind 540 

anomalies at the upper-level (200hPa, Fig. 8e), accompanied by upper-level divergence 541 

anomalies (200hPa, Fig. S5i) and lower-level divergence anomalies (925hPa, Fig. S5e). 542 

Coupled with mid-level upward motion (500hPa, Fig. S5a), these conditions foster 543 

convective growth and maintenance.  544 

At the 700hPa level (Fig. 7a), the region of MCS initiation is positioned ahead of 545 

a low-GH system on the northwest side of the subtropical high-GH system over the 546 

ocean. Notably, this area is characterized by robust southwest winds exceeding 10m/s, 547 

facilitating the influx of warm and moist air. Anomaly fields unveil a prominent 548 

influence of a low-GH anomaly upon the YHR, accompanied by positive specific 549 

humidity anomalies approximating 3g/kg (Fig. 7e). Similar conditions prevailed at 550 

850hPa, where strong southwesterly moist air flow into and through the YHR (Fig. S4). 551 

The anomaly flow pattern at 850hPa (Fig. S4e) exhibits southwesterly with maximum 552 

strength in the southeastern area of the initiation zone. 553 

The large-scale environment for the three sub-seasons shows distinct differences. 554 

The influence of the subtropical high-GH system upon the YHR notably intensifies and 555 

shifts northward from the Pre-Meiyu season to the Post-Meiyu season, evident at 556 

500hPa (Figs. 8a–d). Meanwhile, the upper-level westerly jet stream migrates 557 

northward, with peak MCS-mean zonal wind strongest during the Pre-Meiyu season, 558 



surpassing 40km/h. At 700hPa, both the Pre-Meiyu (Fig. 7b) and Meiyu (Fig. 7c) 559 

seasons experience southwest winds exceeding 10m/s, while such winds substantially 560 

decrease in the Post-Meiyu season (Fig. 7d). Furthermore, the Pre-Meiyu season 561 

witnesses the lowest average specific humidity (Fig. 7b), while in Meiyu season, the 562 

moisture is the most abundant. This phenomenon can be attributed to the enhanced 563 

capacity of warmer air to retain water vapor. Additionally, East Asian Monsoon plays 564 

an essential role, as the moisture transport is not well established until mid-June. During 565 

the Meiyu season, the moisture is transported from the Indian Ocean and the subtropical 566 

western Pacific, following a pathway along the southeastern coast of China established 567 

under the control of the East Asian Monsoon (Lim et al. 2002). Anomaly fields are the 568 

most pronounced in the Pre-Meiyu season (Fig. 7f). This sub-season exhibits the most 569 

notable low-GH anomaly within the YHR, reaching up to -10gpm. Q anomalies exceed 570 

4g/kg, indicating a substantial moisture increase during MCSs initiate (Fig. 7f). Among 571 

the three sub-seasons, the Pre-Meiyu season displays the most prominent southwesterly 572 

wind anomaly, surpassing 5m/s (Fig. 7f). Conversely, while the Meiyu season has the 573 

highest average specific humidity, its specific humidity anomaly is the weakest, peaking 574 

at a modest 2g/kg (Fig. 7g). The GH anomaly is also weak. The YHR aligns between 575 

the centers of the low-GH anomaly and the high-GH anomaly, with the GH anomaly 576 

nearly negligible at the YHR center (Fig. 7g). The wind field anomaly is predominantly 577 

characterized by westerly wind components (Fig. 7g). During the Post-Meiyu season, 578 

the YHR experiences positive Q anomalies (approximately 3g/kg or lower) and low GH 579 

anomalies during MCS initiation (Fig. 7h). However, the gradient of the GH anomaly 580 

field is less pronounced than in the Pre-Meiyu season, yielding relatively weaker 581 

southwesterly wind anomalies (Fig. 7h). Moreover, during the Pre-Meiyu season, 582 

MCSs exhibit stronger lower-level convergence anomalies (Fig. S5f) and mid-level 583 

upward motion anomalies (Fig. S5b) at the time of their generation. 584 

Upon examining the average field, it becomes evident that the Meiyu season 585 

displays higher average specific humidity and temperature at all levels, surpassing those 586 

observed during the Pre-Meiyu season. However, when Pre-Meiyu MCSs are forming, 587 

there are notable positive anomalies in upper-level GH (and negative anomalies in the 588 



lower level), as well as wet anomalies and southwestern jet stream anomalies, along 589 

with lower-level (upper-level) convergence (divergence) and mid-level upward motion, 590 

all of which are the most intense than in Meiyu season. This phenomenon could be 591 

attributed to the Meiyu front in the large-scale circulation during this sub-season 592 

providing a conducive environment for convection growth and resulting in relatively 593 

smaller anomalies. Furthermore, small-scale local perturbations may facilitate MCS 594 

growth in the absence of large-scale dynamical forcing when mean-state moisture is 595 

plentiful enough. 596 

5. Summary and Discussion 597 

This study used the high-resolution CPC-4km Tb dataset, radar observation, and 598 

IMERG precipitation dataset from 2013 to 2018 to examine the spatiotemporal 599 

characteristics and features of MCSs and related precipitation in the Yangtze-Huaihe 600 

River Basin (YHR) in eastern China from April to September and across three sub-601 

seasons related to Meiyu season. The associated atmospheric large-scale environments 602 

of MCS initiation were also analyzed using the ERA5 reanalysis dataset. Furthermore, 603 

the impact of the selection of the dataset and threshold setting on the MCS features was 604 

investigated.  605 

The choice of MCS definition significantly impacted the results of MCS features, 606 

including frequency, annual cycle, diurnal cycle, duration, propagation speed, track 607 

length, and coverage area (see Table S1) by comparing five different MCS thresholds 608 

using radar and satellite data. Fewer MCSs have been obtained for both radar and 609 

satellite data as the thresholds, including duration, radar reflectivity or Tb, area, 610 

duration, and LWR for radar, became stricter, and the morning-initiated MCS took up 611 

a larger proportion in the diurnal cycle. Comparisons between radar- and satellite-612 

identified MCSs revealed distinctions. Satellite-identified MCSs exhibited afternoon 613 

diurnal peaks, faster movement speeds, longer travel distances, and expansive impact 614 

areas compared to radar-identified MCSs. 615 

Further exploration of PF threshold impact on MCSs was conducted by 616 

incorporating radar with satellite as part of the PF determination. Stricter PF criteria 617 



intensified the morning peak of the MCS diurnal cycle and increased the proportion of 618 

faster-moving, long-track-length, larger and longer-lived MCSs. Additionally, the result 619 

implies rationality in the selection of 35 dBZ thresholds, which corresponds to 2 mm/h 620 

precipitation in YHR. 621 

Generally, 180 MCSs were identified from satellite-IMERG data over the YHR 622 

during warm seasons from 2013 to 2018. The high-frequency centre of MCS 623 

distribution shifted northward from Pre-Meiyu to Post-Meiyu seasons. MCS 624 

precipitation shows consistency with MCS frequency. Eastward (E) propagating 625 

systems exhibit the highest proportion of MCSs, accounting for up to 45%, followed 626 

by northeast (NE) and southeast (SE) moving systems. 95% of Pre-Meiyu MCSs were 627 

eastward-moving, while a higher proportion exhibited southward and westward 628 

movement occurred in Meiyu and Post-Meiyu seasons compared to the Pre-Meiyu 629 

season. MCSs travel fastest during the Pre-Meiyu, followed by those in the Meiyu 630 

season. 631 

The life duration of MCS in the Meiyu season was longer than other sub-seasons. 632 

Propagation speed was the slowest in the Post-Meiyu season and the fastest in the Pre-633 

Meiyu season. Consequently, MCSs tended to travel the farthest during the Pre-Meiyu 634 

season. The convective core areas did not exhibit significant variation among the three 635 

sub-seasons except for the Meiyu season, when MCSs were slightly larger. Conversely, 636 

the cold cloud areas were the largest in the Pre-Meiyu season. During the Pre-Meiyu 637 

season, cold cloud precipitation was relatively smaller, even though the overall cold 638 

cloud precipitation area was the largest during this time. The area-average (for both 639 

convective cores and cold clouds) hourly MCS precipitation was the largest in the 640 

Meiyu season. Generally, MCSs typically had the most significant impact during the 641 

Meiyu season because of the most prolonged duration, largest convective core coverage 642 

area, and strongest precipitation intensity. 643 

This study also investigated the large-scale atmospheric environments associated 644 

with MCS initiation over the YHR during the warm season. Generally, in the warm 645 

season, MCSs commonly initiated ahead of upper- and mid-level troughs and on the 646 

northwest side of the subtropical high-GH system. The YHR exhibited higher moisture 647 



levels compared to surrounding areas. A robust low-level southwest wind controlled the 648 

YHR, transporting warm and moist air. Strong low-level convergence and mid-level 649 

upward motion were observed over YHR. In the Pre-Meiyu season, the most significant 650 

anomalies were observed. During the Meiyu season, although moisture and temperature 651 

were more abundant and higher at all levels compared to the Pre-Meiyu season, the 652 

anomalies in the large-scale circulation were the weakest. 653 

MCSs may exhibit different statistical characteristics depending on different 654 

chosen variables and threshold settings. Radars can capture MCS from the very 655 

beginning when convection cores start to form, while satellites observe MCSs by 656 

identifying their cold clouds. There are some possibilities that convective clouds 657 

dissipate before they are high or cold enough, which explains why fewer MCSs are 658 

derived by satellite than radar. Meanwhile, the high-altitude clouds associated with 659 

MCSs tend to propagate and immigrate faster than the ground-based convective cores, 660 

explaining the slightly longer duration, faster-and-farther propagation, and coverage 661 

area of satellite-derived MCSs. Threshold setting might also influence the detailed 662 

features of tracked MCSs. For example, the restriction of LWR strongly influences the 663 

diurnal cycle of MCSs. MCS characteristics differ significantly in various regions, so 664 

thresholds must be carefully selected accordingly. 665 
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Table and Figure Captions 678 

Table 1. Five definitions of MCSs using Satellite, Radar, and four definitions 679 

Satellite_IMERG and Satellite_Radar designed for threshold testing. Conv core 680 

represents convection core; PF represents precipitation feature; LWR represents length-681 

width ratio. 682 

Figure 1. (A) Topography over the Yangtze-Huaihe River Basin (YHR) and the 683 

distribution of 17 radar stations adopted in the YHR. The red circles represent the 684 

detection area of each station with a diameter of 230km. The black square denotes the 685 

analysis region in this study.  686 

(a–l) Examples of 6 random-selected MCS cases identified utilizing the OT algorithm 687 

from radar (the first and third columns) and satellite (the second and fourth columns), 688 

respectively. (a, b) Case 1, 4th July 2013. (e, f) Case 2, 1st June 2014. (i, j) Case 3, 2nd 689 

June 2015. (c, d) Case 4, 2nd August. (g, h) Case 5, 10th June 2017. (k, l) Case 6, 18th 690 

August 2018. The contour represents the sum of MCS masks within their life span. The 691 

red contours are the boundaries of the areas affected by the MCSs. The blue dots denote 692 

the centroid of the system at each time slice, and the red lines connecting the blue dots 693 

represent the trajectories of each MCS. The gray rectangle indicates the analysis region 694 

of this study. 695 

Figure 2. (1a) Annual cycle and (1b) diurnal cycle of MCS convection initiation, and 696 

PDFs of the (1c) duration, (1d) track length, total propagation distance of MCS centroid, 697 

(1e) speed, calculated as the division of track length by duration and (1f) convection 698 

core area, the average of convection core areas at each time step of MCSs derived from 699 

radar data using 5 definitions in the YHR. 700 

(2a–2f) Same as (1a–1f) but for MCSs derived from satellite data using 5 definitions. 701 

Figure 3. Same as Figure 2 but (1a–1f) for MCSs from satellite-radar data using 4 702 

definitions, and (2a–2f) for MCSs derived from satellite-IMERG using 4 definitions. 703 

Figure 4. Average spatial distributions of (a–d) MCS frequency, (e–h) MCS 704 

precipitation mean rate and (i–l) contribution fraction of MCS precipitation to the total 705 

precipitation in (a, e, i) AMJJAS, (b, f, j) Pre-meiyu, (c, g, k) Meiyu and (d, h, l) Post-706 

meiyu during the period from 2013 to 2018. 707 

Figure 5. (a) The frequency of MCSs moving in 8 directions. (b–g) Windrose plots of 708 

systems' propagation speed in (b) Pre-meiyu, (c) Meiyu and (d) Post-meiyu in 2013–709 

2018. 710 

Figure 6. Overall MCS features in three sub-seasons (Pre-meiyu, Meiyu and Post-711 

meiyu) over the YHR: (a) MCS duration (unit: h); (b) MCS track length (unit: km); (c) 712 

MCS propagation speed (unit: km/h); (d) MCS convection core coverage area (unit: 104 713 

km2); (e) MCS cold cloud (CCS) coverage area (unit: 104 km2), the average of cold 714 

cloud areas at each time step; (f) MCS convection core precipitation mean rate (unit: 715 

mm/h), the hourly average precipitation on each pixel within convection core of MCS; 716 

(g) MCS convection core precipitation area (unit: 104 km2), the average of precipitation 717 

areas within convection core at each time step; (h) MCS CCS precipitation mean rate 718 

(unit: mm/h), the hourly average precipitation on each pixel within CCS of MCS; (i) 719 



MCS cold cloud precipitation area (unit: 104 km2), the average of precipitation areas 720 

within the cold clouds at each time step. The boxes indicate the interquartile range (25th 721 

and 75th percentiles), the horizontal bars inside the boxes denote the medium values 722 

and the whiskers represent 10th- and 90th- percentile values. 723 

Figure 7. Composite (a, c) average and (b, d) anomaly of MCS initiation large-scale 724 

circulation at (a, b) 300hPa and (c, d) 500hPa levels in April–September during the 725 

period of 2013–2018. Shadings are specific humidity (unit: g/kg), arrows are wind (unit: 726 

m/s) and black contours are geopotential height (unit: gpm). The anomaly fields are 727 

calculated by subtracting the 6-year seasonal mean from the averaged field within three 728 

hours before the initiation of MCSs. 729 

Figure 8. Same as in Figure 7, but for 200hPa zonal wind speed (shading, unit: m/s), 730 

500hPa geopotential (contours, unit: gpm), and 200hPa wind (arrows, unit: m/s). 731 

  732 



 733 

Figure 1. (A) Topography over the Yangtze-Huaihe River Basin (YHR) and the 734 

distribution of 17 radar stations adopted in the YHR. The red circles represent the 735 

detection area of each station with a diameter of 230km. The black square denotes the 736 

analysis region in this study.  737 

(a–l) Examples of 6 random-selected MCS cases identified utilizing the OT algorithm 738 

from radar (the first and third columns) and satellite (the second and fourth columns), 739 

respectively. (a, b) Case 1, 4th July 2013. (e, f) Case 2, 1st June 2014. (i, j) Case 3, 2nd 740 

June 2015. (c, d) Case 4, 2nd August. (g, h) Case 5, 10th June 2017. (k, l) Case 6, 18th 741 



August 2018. The contour represents the sum of MCS masks within their life span. The 742 

red contours are the boundaries of the areas affected by the MCSs. The blue dots denote 743 

the centroid of the system at each time slice, and the red lines connecting the blue dots 744 

represent the trajectories of each MCS. The gray rectangle indicates the analysis region 745 

of this study.  746 

  747 



 748 

Figure 2. (a) Annual cycle and (b) diurnal cycle of MCS convection initiation, and PDFs 749 

of the (c) duration, (d) track length, total propagation distance of MCS centroid, (e) 750 

speed, calculated as the division of track length by duration and (f) convection core area, 751 

the average of convection core areas at each time step of MCSs derived from radar data 752 

using 5 definitions in the YHR. 753 

(g–l) Same as (a–f) but for MCSs derived from satellite data using 5 definitions. 754 

 755 



 756 

Figure 3. Same as Figure 2 but (a–f) for MCSs from satellite-radar data using 4 757 

definitions, and (g–l) for MCSs derived from satellite-IMERG using 4 definitions. 758 

 759 

 760 

Figure 4. Average spatial distributions of (a–d) MCS frequency, (e–h) MCS 761 

precipitation mean rate and (i–l) contribution fraction of MCS precipitation to the total 762 

precipitation in (a, e, i) AMJJAS, (b, f, j) Pre-Meiyu, (c, g, k) Meiyu and (d, h, l) Post-763 

Meiyu during the period from 2013 to 2018.764 



 765 

 766 

 767 

Figure 5. (a) The frequency of MCSs moving in 8 directions. (b–g) Windrose plots of 768 

systems' propagation speed in Pre-Meiyu (b), Meiyu (c) and Post-Meiyu (d) in 2013–769 

2018. 770 

 771 



 772 

Figure 6. Overall MCS features in three sub-seasons (Pre-meiyu, Meiyu and Post-773 

meiyu) over the YHR: (a) MCS duration (unit: h); (b) MCS track length (unit: km); (c) 774 

MCS propagation speed (unit: km/h); (d) MCS convection core coverage area (unit: 104 775 

km2); (e) MCS cold cloud (CCS) coverage area (unit: 104 km2), the average of cold 776 

cloud areas at each time step; (f) MCS convection core precipitation mean rate (unit: 777 

mm/h), the hourly average precipitation on each pixel within convection core of MCS; 778 

(g) MCS convection core precipitation area (unit: 104 km2), the average of precipitation 779 

areas within convection core at each time step; (h) MCS CCS precipitation mean rate 780 

(unit: mm/h), the hourly average precipitation on each pixel within CCS of MCS; (i) 781 

MCS cold cloud precipitation area (unit: 104 km2), the average of precipitation areas 782 

within the cold clouds at each time step. The boxes indicate the interquartile range (25th 783 

and 75th percentiles), the horizontal bars inside the boxes denote the medium values 784 

and the whiskers represent 10th- and 90th- percentile values. 785 

  786 

 787 

 788 



 789 

Figure 7. Composite (a–d) average and (e–h) anomaly of MCS initiation large-scale 790 

circulation at 700hPa level during MCS initiation in (a, e) April–September, (b, f) Pre-791 

Meiyu, (c, g) Meiyu and (d, h) Post-Meiyu during the period of 2013–2018. Shadings 792 

are specific humidity (unit: g/kg), arrows are wind (unit: m/s) and black contours are 793 

geopotential height (unit: gpm).  794 

 795 

  796 

 797 

 798 

Figure 8. Same as in Figure 7, but for 200hPa zonal wind speed (shadings, unit: m/s), 799 

500hPa geopotential (contours, unit: gpm), and 200hPa wind (arrows, unit: m/s). 800 

 801 



Table 1. Five definitions of MCSs using Satellite, Radar, and four definitions 802 

Satellite_IMERG and Satellite_Radar designed for threshold testing. Conv core 803 

represents convection core; PF represents precipitation feature; LWR represents length-804 

width ratio. 805 

S
at

el
li

te
 

  Def1 Def2 Def3 Def4 Def5 

Conv core Tb (ºC) ≤-52 ≤-52 ≤-52 ≤-38 ≤-52 

Conv core area (km^2) ≥3,0000 ≥3,0000 ≥3,0000 ≥3,0000 ≥6,0000 

Cold cloud Tb (ºC) ≤-32 ≤-32 ≤-23 ≤-23 ≤-32 

Cold cloud area (km^2) ≥4,0000 ≥4,0000 ≥4,0000 ≥4,0000 ≥8,0000 

Duration (h) ≥3 ≥3 ≥6 ≥3 ≥3 

PF rain rate (mm/h) 0 ≥2mm/h ≥2mm/h ≥2mm/h ≥2mm/h 

PF duration (h) 0 ≥2 ≥2 ≥2 ≥2 

PF long axis (km) 0 ≥100 ≥100 ≥100 ≥100 

R
ad

ar
 

  Def1 Def2 Def3 Def4 Def5 

Conv core Reflectivity (dBZ) ≥35 ≥35 ≥35 ≥40 ≥35 

Conv core area (km^2) ≥1,000 ≥1,000 ≥1,000 ≥1,000 ≥2,000 

Cold cloud Reflectivity (dBZ) ≥25 ≥25 ≥25 ≥25 ≥25 

Cold cloud area (km^2) ≥2,000 ≥2,000 ≥2,000 ≥2,000 ≥3,200 

Duration (h) ≥3 ≥3 ≥4 ≥3 ≥3 

LWR 2 4 2 2 2 

Long axis (km) ≥100 ≥100 ≥100 ≥100 ≥100 

S
at

el
li

te
_
IM

E
R

G
 

  S_P Def1 S_P Def2 S_P Def3 S_P Def4   

Conv core Tb (ºC) ≤-52 ≤-52 ≤-52 ≤-52   

Conv core area (km^2) ≥3,0000 ≥3,0000 ≥3,0000 ≥3,0000   

Cold cloud Tb (ºC) ≤-32 ≤-32 ≤-32 ≤-32   

Cold cloud area (km^2) ≥4,0000 ≥4,0000 ≥4,0000 ≥4,0000   

Duration (h) ≥3 ≥3 ≥3 ≥3   

PF rain rate (mm/h) ≥2 ≥6 ≥2 ≥2   

PF duration (h) ≥2 ≥2 ≥3 ≥2   

PF LWR 0 0 0 ≥2   

PF long axis (km) ≥100 ≥100 ≥100 ≥100   

S
at

el
li

te
_
R

ad
ar

 

  S_R Def1 S_R Def2 S_R Def3 S_R Def4   

Conv core Tb (ºC) ≤-52 ≤-52 ≤-52 ≤-52   

Conv core area (km^2) ≥3,0000 ≥3,0000 ≥3,0000 ≥3,0000   

Cold cloud Tb (ºC) ≤-32 ≤-32 ≤-32 ≤-32   

Cold cloud area (km^2) ≥4,0000 ≥4,0000 ≥4,0000 ≥4,0000   

Duration (h) ≥3 ≥3 ≥3 ≥3   

PF Reflectivity (dBZ) ≥35 ≥45 ≥35 ≥35   

PF duration (h) ≥3 ≥3 ≥2 ≥3   

PF LWR 2 2 2 0   

PF long axis (km) ≥100 ≥100 ≥100 ≥100   
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