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Abstract

The impact of the directional propagation of mesoscale convective systems (MCSs)
on precipitation structures during the pre-summer rainy season in South China remains
unclear. Using multi-satellite datasets, this study aims to reveal the features and
mechanisms of precipitation influenced by MCS propagation from the perspective of both
cloud microphysics and diurnal forcing of land-atmospheric system. The study region
mainly consists of three contiguous coastal regions (A1, B1, and C1 from southwest to
northeast). Controlled by the steering flow, MCSs tend to move from region A1 to C1 with
direction parallel to the coastline with a speed of 50 km h='. Although region A1 and C1
are both hilly regions, the results show that region A1 is the only key region for initiation
and development of MCS, while MCSs in region C1 mainly come from the upstream
regions. The directional propagation of MCS causes the propagation of diurnal rainfall
peaks, while strong precipitation may accelerate the dissipation of MCS in region C1. The
activities of MCSs enhanced ice-phased precipitation processes by spreading more
droplets and therefore near-surface rainfall in region B1 and C1, whereas the hilly surface
in region C1 further promoted liquid-phased processes by uplifting southerly low-level
flow. Of all the thermodynamic parameters, the daytime vertically moistest layer above

the boundary layer over the coastal regions plays a key role in the initiation and
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56 development of MCS. These results contribute to a deeper understanding of MCS-related
57 precipitations over coastal regions.

58

59 Keywords MCS; precipitation; propagation; coastal regions; diurnal forcing of land-
60 atmospheric system
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1. Introduction

The life cycle of precipitating cloud is resulted from complex atmospheric

thermodynamics and cloud microphysical processes (Houze, 2014). These atmospheric

thermodynamics are very complex including wind shear, terrain dynamics, lift of synoptic

system, surface-atmospheric radiation, and latent heat changes (Ooyama, 2001). The

microphysical processes involve nucleation, phase transition and collision-coalescence

growth of cloud particles, as well as deposition, riming, aggregation, melting, and

evaporation of precipitation droplets (Rosenfeld et al., 2008; Li and Shen, 2013). A

comprehensive understanding of the evolution and mechanisms of precipitating clouds

under the combined influences of these processes is crucial for comprehending the

atmospheric water cycle and global energy balance (Oki and Kanae, 2006). Therefore, it

has become a primary focus of research in meteorology.

Among the various atmospheric thermodynamics, the diurnal forcing of the land-

atmospheric system driven by solar radiation has a direct impact on precipitating clouds,

resulting in universal diurnal cycle of cloud and precipitation (Li et al., 2008; Zhou et al.,

2008; Chen et al., 2009). Early numerical simulations showed that the diurnal variation of

low clouds is mainly influenced by changes in saturation vapor pressure, whereas the diurnal

variation of high clouds over land areas is mainly controlled by atmospheric instability

(Bergman, 1997). During the East Asian summer monsoon, the diurnal variation of

precipitation over most regions in South China peaks at afternoon because of surface
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heating (Yu et al., 2007), which is consistent with most land areas worldwide (Nesbitt and

Zipser, 2003). On the opposite, the diurnal peak of precipitation in coastal areas often occurs

in the morning due to the influence of land-sea thermal contrast (Cui, 2008; Chen et al.,

2018).

Specifically, under the diurnal forcing of land-atmospheric system, the diurnal variation

of precipitation clouds sometimes exhibits interesting propagation features (Carbone et al.,

2002). For instance, the diurnal variation of summer precipitation in the Yangtze River valley

shows a characteristic eastward propagation, with peak rainfall occurring from midnight to

morning for upper to lower reaches of the Yangtze River (Wang et al., 2004; Zhang et al.,

2019). Influenced by the sea-breeze circulation, cold cloud with precipitation continuously

shifts inland throughout the night and then moves seaward throughout the morning during

DJF over the Indonesian Maritime Continent (Marzuki et al., 2013). The daily rainfall peak

over the Himalayas propagates from midnight to early morning in the slopes and foothills

affected by the nighttime downslope flow (Pan et al., 2021). The directional propagation of

clouds further influences the micro-properties of cloud and precipitation along the

propagation paths (Chen et al., 2020; Zhang et al., 2022a). Therefore, revealing of

propagative properties of precipitating clouds and their relevant mechanisms are important

for high-resolution studies and predictions of regional precipitation.

The pre-summer rainy season in South China, which lasts from April to June, is a critical

period for studying monsoon precipitating clouds, as it accounts for 40% to 60% of the

4
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102  regional total annual precipitation (Luo et al., 2017; Sun et al., 2019). Previous studies
103 indicated that the Mesoscale Convective Systems (MCSs), known the largest of the
104 convective storms (Houze, 2004), propagate with a speed of approximately 50 km h-"
105  towards the northeast along the coast during the pre-summer rainy season in South China
106 (Li et al., 2020). Considering that numerous precipitations in South China are related to
107  MCSs (Luo et al., 2017; Zhang and Meng, 2018; Shen et al., 2020; Zhang et al., 2023), such
108  propagation feature could reflect on the diurnal variation of precipitation. In fact, previous
109  studies have also investigated the diurnal propagation of precipitation in South China from
110  other perspectives. For instance, Fang and Du (2022) revealed that the diurnal rainfall
111 offshore propagation exists across ~78% of all coasts caused by inertia—gravity waves due
112  to the land-sea thermal contrast, including the coasts of South China (Du and Rotunno,
113 2018). However, due to the steering flow, MCSs tend to move along the coast rather than
114 seaward or landward (Zhang et al., 2022a). The impacts of MCS movement on diurnal
115  propagation of precipitation in South China need further investigation.

116 In this context, this paper aims to address the above issue from the perspective of the
117  interaction of the diurnal forcings of land-atmospheric system and cloud microphysics.
118  Multiple observations including cloud-top information from Himawari-8 Advanced Image
119  (AHI), 3-D precipitation microphysics from Global Precipitation Measurement (GPM) Dual-
120 frequency Precipitation Radar (DPR), as well as gridded precipitation and reanalysis

121 products were used in this study. The study mainly consists of three sections. Section 3.1

5
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illustrates the propagation signals of MCS and rainfall; section 3.2 elucidates the impact of

MCS propagation on precipitation microphysics; section 3.3 discusses the inner

mechanisms.

2. Data and Method

2.1 Data usage

The MCS information used in this study was obtained from Advanced Himawari Image

(AHI) equipped on Himawari-8 satellite. The AHI works at 16 bands with wavelength from

0.46 to 13.3 ym and spatial resolution from 0.5 to 2 km (Bessho et al., 2016). Among those

bands, the 10.4 ym band is a split-window channel and can well reflect the temperature

information of cloud top or surface. We used the 10.4 um brightness temperature on 0.05°

x 0.05° grids with a temporal interval of 10 minutes (http: //ftp.ptree.jaxa.jp). Following the

Mapes and Houze (1993), MCS was defined as connected grids with brightness temperature

less than 235 K, which indicates ice-phased cloud top. In addition, the threshold of

brightness temperature can be different in many other studies depending on its usage. For

instance, Marzuki et al. (2017) used a threshold of 210 K to fit the average rainfall estimated

by X-Band Doppler Radar. We used an eight-domain recognition algorithm to identify MCSs

(Chen et al., 2019; Feng et al., 2021), in which adjacent pixels (from eight direction) with

brightness temperature less than 235 K belong to the same MCS.

Two types of precipitation products provided by GPM were used in this study. One is

6
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142  the GPM dual-frequency precipitation radar (DPR) level-2 orbital product 2ADPR. GPM DPR
143  consists of a Ku-band (KuPR, 13.6 GHz) and a Ka-band radar (KaPR, 35.5 GHz). The GPM
144 2ADPR data can provide users with 3-D precipitation observations including corrected
145  reflectivity, rain type, rain rate, and DSD information with horizontal resolution of ~5 km and
146  vertical interval of 125 m based on a series of dual-frequency algorithms (lguchi et al., 2012;
147  Hamada et al., 2016). Since GPM DPR operates at a low orbit of ~407 km above the Earth’s
148  surface, it usually covers the same location from 67°S to 67°N only 1-2 times per day.

149 Considering the sample size required for studying the diurnal variations of precipitation,
150  another precipitation product called the Integrated Multi-satellite Retrievals for the GPM
151  (IMERG) was also used in this study. IMERG is the GPM level-3 gridded precipitation
152 product on 0.1° x 0.1° grids with temporal interval of 0.5 h. It provides users with calculated
153  rain rates from multiple satellite visible—infrared and microwave sensors together with rain-
154  gauge observations. The quality index of IMERG is high over the South China due to
155  abundant rain gauges and validate microwave estimates (Huffman et al., 2015).

156 For consistency in this study, all valid precipitation pixels from either GPM 2ADPR or
157  IMERG were restricted as larger than 0.5 mm h-'. Precipitation consists of MCS-related and
158  MCS-unrelated precipitation. Precipitation pixel was thought to be related to MCS if they are
159  closer than 50 km. Specifically, the threshold, whether it is 0, 50, or 100 km, does not affect
160  the main results of this study.

161 The latest ERAS reanalysis dataset provided by the European Centre for Medium-
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Range Weather Forecasts (ECMWF) was also used in this study (Hersbach et al., 2020).
The ERAS dataset provides wind, temperature, and geopotential on 37 pressure levels from

surface to top of atmosphere with horizontal resolution of 0.25° and temporal interval of 1 h.

2.2 Focused area

To ensure data consistency, this study opted for the pre-summer rainy season in South
China, from April to June, spanning five years (2016—-2020). The 925 hPa wind in the coastal
and adjacent ocean areas of South China presented consistently southerly winds, with an
approximate speed of 3 m s~! (Fig.1c). This finding suggests that the South China Sea is
the primary source of moisture transport in this region. Due to the presence of the western
Pacific subtropical high (indicated by the 5880 m contour), the 500 hPa wind field near the
study region showed a southwest-to-northeast orientation, almost parallel to the coastline,
with a speed of ~10 m s~ (Fig. 1d). Since the MCSs and associated cloud clusters are
typically distributed at altitudes ranging from approximately 4—10 km, we contend that the
500 hPa (~5.8 km) wind direction can indicate the direction of steering flow for MCS
(Carbone et al., 2002; Li et al., 2020). Therefore, the MCS should move from southwest to
northeast along the coastline.

Based on the direction of moisture transport, the direction of MCS movement, and the
underlying surface conditions, the study area was delimited using six adjacent

parallelograms as depicted in Fig. 1a. Among the three land regions (A1, B1, and C1), A1

8
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182 and C1 are hilly regions and thought to be two key regions for convective initiation (Bai et
183  al., 2020); region B1 indicates the Pearl River Delta Plain. Regions A2, B2, and C2 are the
184  corresponding nearshore waters. Despite the decreasing trend of specific humidity from
185  southwest to northeast over land (A1-C1; Fig. 1c), the average rainfall showed an increasing
186  trend from 0.3 mm h=' to 0.45 mm h~' (Fig. 1b), which should be linked to the transport of
187  hydrometeors caused by MCS movement. In the ocean regions, the average rainfall also
188  showed an increasing trend from 0.1 mm h=" in the west of A2 to 0.4 mm h-"in the center
189  of C2 along the direction of MCS movement (Fig. 1b).

190 The preliminary statistical analysis suggests that the interregional transport of
191  hydrometeors caused by the propagation of MCS plays a crucial role in the formation and
192  development of precipitation in the study area. Therefore, it is of significant scientific value
193  to conduct further quantitative investigations on this topic.

194

195 3. Results

196 3.1 Propagation signals of MCS and rainfall

197 Firstly, we identified MCS with a threshold of <235 K, and calculated the latitude-mean
198  diurnal variation of MCS frequency and mean brightness temperature for both land and
199  ocean regions (Fig. 2). Specifically, MCS frequency represents the proportion of MCS
200 samples to total samples at each grid. Due to the operational interval of Himawari-8 AHI, the

201  statistics do not contain data at 1040 LST and 2240 LST.

9
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In the land regions, the period of 08—16 LST was crucial for MCS development due to
solar heating; Therefore, MCSs always reached their maximum area at around 16 LST; The
maximum MCS area turned into the highest MCS frequency at around 16 LST (Fig. 2a).
Along the meridional direction, the MCS frequency kept similar in Regions A1 and B1, while
it decreased with increasing longitude in Region C1 during the peak period (10-22 LST).
The pattern of MCS frequency in C1 showed a fishtail-like contraction with a slope of around
50 km h-"' (diagonal dashed line in Fig. 2a), consistent with the calculated movement speed
of MCS using optical flow method and previous studies (Li et al., 2020; Zhang et al., 2022b).
Together with the increasing brightness temperature of MCS in C1, we think that the
environmental conditions, including abundant rainfall in C1, were relatively unfavorable for
MCS development, leading to the gradual dissipation of MCS during its eastward movement
(Fig. 2c). In addition, although the eastward propagation of MCS seems not obvious in the
climatological scale of MCS frequency or brightness temperature over land (Fig. 2a & 2c), it
did generally exist and can be clearly seen if we reduce the total time scale to 7 days or
shorter (Fig. S1 in the supplementary file).

In contrast to the land regions, the ocean regions exhibited a lower overall occurrence
frequency of MCS due to the lower rate of surface heating (Fig. 2a & 2b). The only prominent
feature in ocean regions occurred in Regions B2—C2 at around 12-18 LST, indicating that
more MCSs were formed in B2 around 12 LST and then propagated towards C2 with a

speed of about 50 km h~' (diagonal dashed line in Fig. 2b). The findings in Fig. 2 reveal

10
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222  significant eastward propagation characteristics of MCSs in the study area. The subsequent
223  sections will focus on the changes in precipitation induced by MCS propagation.

224 In addition, the diurnal variations of MCS number and MCS area are showed in Fig. S2
225 in the supplementary file. They presented similar features to MCS frequency and mean
226  brightness temperature (Fig. 2).

227 Similarly, we analyzed the latitude-mean diurnal variations of the total rainfall and
228  contribution of MCS to total rainfall using the Himawari-8 and IMERG gridded product (Fig.
229  3). The diurnal variations of MCS-related rainfall are also presented in Fig. S3 in the
230  supplementary file. Our results indicate that in the land regions, the diurnal rainfall peak
231  occurred at around 16 LST (Fig. 3a), which corresponded well with the peak time of MCS
232  frequency (Fig. 2a). The contribution of MCS activity to precipitation reached 90% at nearly
233 all times over the land regions (Fig. 3c), suggesting that the diurnal rainfall peak was
234  primarily caused by MCS activity. The latitude-mean diurnal rainfall peak showed two
235  propagation bands at around 16 LST over the land regions, one from A1 to B1 and the other
236  from B1 to C1 (Fig. 2a), indicating that new MCSs initiated in both the A1 and B1 regions.
237  The propagation speeds of the two bands were both around 50 km h~', which was consistent
238  with the moving speed of MCSs.

239 On the contrast, the diurnal variation of rainfall over the ocean regions peaked at around
240 08 LST (Fig. 3b). The MCS activity was relatively not active at that time (Fig. 2b), while still

241  more than 90% rainfall was MCS-related rainfall (Fig. 3d). The diurnal propagation of rainfall

11
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was less obvious over the ocean regions (Fig. 3b) compared with the land regions.

Both the previous studies and our results showed that the propagation speed of MCS
(or diurnal rainfall peak) was significantly larger than the steering flow (Li et al., 2020; Fig.
2&3). Here, to figure out the inner mechanism, we present a case analysis detected by GPM
2ADPR and Himawari-8 AHI. Specifically, this individual case was chosen for two main
reasons. Firstly, this case was an MCS-related precipitation case and it was located at the
front of MCS. Secondly, the occurring time of this event was consistent with the diurnal peak
of rainfall. The rainfall area was not too small and the maximum rainfall intensity was high.
As shown in Fig. 4, this precipitation event was characterized by two distinct precipitation
centers in region B1 and C1, respectively. The maximum near-surface rain rate in both
regions exceeded 10 mm h-"' (Fig. 4a). The precipitation center in region B1 was dominated
by stratiform precipitation, while there exhibited numerous convective samples near the
coastlines in region C1.

Figure 5 displays the half-hourly horizontal distributions of the MCS associated with the
precipitation event, which was detected near the time of Fig. 5e. The MCS gradually shifted
eastward over time, with the core region of lowest brightness temperature shifting from the
center of A1 at 1410 LST to the east of B1 at 1810 LST (Fig. 5). During the 4-hour period,
the MCS moved approximately 200 km with a speed of 50 km h~' (consistent with the
statistics). Prior to the time of DPR swath, the MCS area gradually increased while the

minimum brightness temperature kept below 215 K, indicating that the MCS was in the

12
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262  mature stage (Fig. 5a—e). After the time of DPR swath, the MCS area gradually decreased
263  and the minimum brightness temperature gradually increased, indicating that the MCS was
264 in the dissipation stage (Fig. 5e—i). Consequently, the DPR precipitation event occurred
265  during the transition stage from mature to dissipation. It takes abundant from MCS and may
266  further accelerate the dissipation of the MCS.

267 It is noteworthy that new convective cores were continuously generated ahead of the
268 moving MCS (Fig. 5). Similar phenomena have been extensively reported in the literature,
269  which were associated with the reverse updrafts and moist adiabatic instability ahead of the
270  storm motion (Kingsmill and Houze, 1999). These phenomena provide a reasonable
271  explanation for the significantly faster propagation of MCSs compared to the steering flow
272 (<20 ms™).

273

274 3.2 Microphysics within precipitation

275 In this section, we will utilize the dual-frequency detections from GPM 2ADPR to
276  examine the 3-D characteristics of precipitation in the study area. The aim is to uncover the
277  possible impact of MCS propagation on precipitation microphysics. During the pre-summer
278 rainy season in South China, GPM 2ADPR detected a total of 5135, 7427, and 5461
279  precipitation pixels in Regions A1, B1, and C1 (land), as well as 2326, 3902, and 4008
280  precipitation pixels in Regions A2, B2, and C2 (ocean). Among them, there were respectively

281 3260, 6352, 4262, 1405, 2914, and 3305 precipitation samples related to MCS. Due to the

13
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relatively small number of precipitation samples, we will solely perform statistics within each
overall region, instead of using the latitude average as in section 3.1 and 3.3.

The Probability Density Functions (PDFs) of near-surface rain rate for precipitations
related to MCS activity are showed in Fig. 6a and 6b. The total rainfall, average near-surface
rain rate, and the proportion of heavy rainfall gradually increased from A1 to C1 (Fig. 3a &
6a). It is because the atmospheric precipitable water gradually accumulated in the form of
cloud water with the development of eastward movement of MCS. From region A1 to C1,
weak precipitations with rain rate <2 mm h~" accounted for 62.1%, 42.6%, and 41.6% of the
total samples, while heavy precipitation with rain rate > 10 mm h~' accounted for 5.62%,
11.6%, and 14.3% of the total samples, respectively. Over the ocean regions from A2 to C2
(Fig. 6b), weak precipitation accounted for 53.2%, 41.9%, and 44.6% of the total samples,
while heavy precipitation accounted for 10.5%, 10.3%, and 14.0% of the total samples,
respectively.

As for the PDFs of storm-top height (STH), a bimodal distribution with peaks at 6 km
and 11.5 km was observed only in A1, while the other land regions exhibited a unimodal
distribution around 6 km (Fig. 6¢). We attributed it to that numerous MCSs in A1 were newly
born and still in developing stage, with high cloud tops and rain tops (Zhang and Fu, 2018).
Over the ocean regions, there was a gradual increasing trend in STH from A2 to C2 (Fig.6d).
High precipitation samples with STH > 10 km accounted for 16.2%, 22.9%, and 27.3% of

the total precipitation samples in A2, B2, and C2, respectively.

14
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302 The Contoured Frequency by Altitude Diagram (CFAD) analysis is a useful tool to

303 investigate the vertical structure of precipitation (Houze et al., 2007). For land regions, the

304 CFAD of A1 showed a bimodal distribution with peaks at 7 km and 12.5 km (Fig. 7a), which

305  corresponded to the bimodal distribution of STH (Fig. 6¢). We attributed the higher peak to

306  numerous newly triggered MCS. The ice-phased reflectivity was more prominent in B1 and

307 C1 than in A1 due to the eastward movement of existing MCS (Fig. 7a—7c). The enhanced

308 ice-phase precipitation processes in B1 and C1 led to stronger echo intensity near the

309 freezing layer, resulting in a significant reduction in the proportion of weak precipitation.

310 Moreover, the CFAD of MCS-related precipitation in C1 showed a more dispersed

311  distribution compared to B1, particularly below melting layer (Fig. 7b & 7c). This implied

312 more active liquid-phased processes in C1, leading to a higher proportion of heavy

313  precipitation (Fig. 6a).

314 For the ocean regions, the ice-phased reflectivity was quite weak in region A2,

315  suggesting it may originate from the edge areas of MCSs (Fig. 7d). By contrast, the ice-

316  phased reflectivity was much stronger in B2 and C2 (Fig. 7d—f), consistent with higher MCS

317  frequency (Fig. 2b). The distribution pattern of CFAD in region C2 was wider than that in B2,

318  with higher potential STH and near-surface reflectivity. Moreover, the top of CFAD in C2

319  exhibited a double peak (Fig. 7f), indicating the generation of new MCSs.

320 We further calculated the average profiles of Droplet Size Distribution (DSD) for MCS-

321  related precipitation (Fig. 8). The most prominent feature is that dBN,, gradually increased

15
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from southwest to northeast over land regions (A1-C1; Fig. 8a). The increase of dBN,, from

A1 to B1 mainly occurred in the altitude of 5 km, indicating that the existing MCS spread

more droplets during its development and eastward movement. By contrast, the increase of

dBN,, from B1 to C1 mainly occurred from 7 km to near-surface, suggesting the generation

of numerous new precipitation droplets due to ice-phased rime splintering process and

liquid-phased collision process.

The Dy, profiles over three land regions showed intersection at around 6 km (Fig. 8c).

Above 6 km, precipitation droplets were averagely larger in region A1 than in B1 or C1,

which is related to the higher generation height of precipitation droplets during the initiation

and developing stage of MCS. Correspondingly, the growth rate of D,, with decreasing

height was significantly faster in region B1 or C1 than in A1, indicating more active ice-

phased riming and aggregation processes. Due to the generation of new droplets, the D,

in region C1 was similar to B1 above 6 km, while lower than B1 below 6 km.

In addition, given that both A1 and C1 are hilly regions while B1 is plain, the monotonical

increase of dBN,, from A1 to C1 is less likely to be affected by terrain. We still think that the

terrain does affect the microphysics of MCS-related precipitation, but it was less important

than the propagation of MCS. In our opinion together with the results in the following section,

the hilly surface in A1 promoted the atmospheric instability and therefore was favor for MCS

development; the hilly surface in C1 increased updraft, which leads to the leading to the

fragmentation of liquid-phased precipitation droplets (larger dBN,, and smaller D,, below

16
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342  melting layer).

343 For ocean regions, the overall characteristics of DSD profiles were similar to their

344  corresponding land regions, but with smaller regional differences in magnitude (Fig. 8b &

345  8d). Moreover, the regional differences among ocean regions were also due to the ice-

346  phased processes above 6 km, indicating existing MCS spread more droplets with

347  development and eastward movement. D, was averagely the largest in region B2, while the

348 smallest was in B1; the difference was also influenced by the riming and aggregation

349  processes. These findings highlight the crucial role of the ice-phase processes in the MCS-

350 related precipitation over the ocean regions.

3561

352 3.3 Diurnal forcings of land-atmospheric system

353 Cloud and precipitation result from the interactions between atmospheric

354 thermodynamics and cloud microphysical processes (Houze, 2014). For a better

355 understanding of the revealed diurnal variation and microphysics of MCS-related

356  precipitation in the previous sections, we will try to reveal the key atmospheric

357 thermodynamics from the perspective of diurnal forcing.

358 The diurnal variation of relative humidity plays a key role in the triggering and

359  development of MCS (Bergman, 1997). Figure 9 illustrates the two-dimensional distributions

360  of relative humidity on local time and longitude over the land and ocean regions. The most

361  prominent feature of relative humidity over land is that a vertically moist layer existed near
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the surface during nighttime while it exhibited above the Planetary Boundary Layer (PBL)

top during daytime (Fig. 9a—c).

Fig. 10 presents the conceptual models for the variation of the moistest layer. During

nighttime when the atmospheric layer was stable, the relative humidity decreased with

increasing height (Fig. 10a). During daytime over the land regions (Fig. 10b), on the one

hand, strong surface heating within PBL led to the increase of saturation vapor pressure and

the decrease of relative humidity with increasing height within PBL (Fig. 9a—c). On the other

hand, the depth of PBL increased more over land than ocean. Thus, the water vapor content

above the PBL came from lower oceanic atmosphere during daytime compared to the

nighttime, which increased the relative humidity over the PBL top (Fig. 10b). This led to the

presence of a prominent moist layer above the PBL during daytime, which favored the

formation and development of MCS. In addition, the moisture layer was significantly deeper

with longer duration in Region A1 than in B1 or C1 (Fig. 9a—c), consistent with the key role

of region A1 in MCS initiation.

For the ocean regions, the regional differences of relative humidity were mainly

observed at the height of 900-700 hPa, which was more prominent during nighttime (Fig.

9d—f). The increased relative humidity from A2 to C2 was favorable for precipitation and

might be linked with the reverse moistening by the eastward propagation of MCS.

Due to the diurnal reverse of sea-land breezes circulation, the vertical velocity exhibited

peak values over land regions at 16 LST (Fig. 11a—c), which were consistent with the peak
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382 times of MCS and precipitation (Fig. 2 & 3). Among the land regions, the upward velocity at

383 16 LST was the strongest in region A1, followed by C1, and the weakest in B1. The sort of

384 upward velocity at 16 LST is caused by two aspects with different impact on MCS and

385  precipitation. The first one is that the moist layer above PBL increased the atmospheric

386 instability, showed as decreasing 6, with height (Fig. 11a—c), which was the highest in

387 region A1 and favored the development of MCS. The other one is that the hilly surface lifted

388  the southerly low-level flow and promoted updraft.

389 The atmospheric layer was more stable in ocean regions compared to that in the

390  continental regions (Fig. 11). The diurnal peaks of updraft and rainfall occurred respectively

391  at nighttime (04 LST) and early morning (08 LST) over the ocean regions (Fig. 3b & Fig.

392  11d-f), showing the importance of cloud-top radiation cooling for the development of MCS

393  and precipitation. The time lag between updraft and rainfall may be attributed to the temporal

394  sequence of radiation cooling, cloud development (release latent heat), updraft, intensified

395  convection, and finally precipitation. In addition, due to the convergence forced by the friction

396  between low-level flow and underlying surface, the updraft existed at nearly all time in the

397  study region and brought heavy rainfall near the coastline (Fig. 1b & 11).

398

399 4. Conclusion and Discussion

400 The life-cycle evolution of precipitating clouds plays a vital role in the atmospheric water

401  cycle, and is directly affected by the diurnal forcing of land-atmosphere system driven by
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421

solar radiation. Using high-resolution cloud, precipitation, and environmental datasets, this

study aims to reveal the features and mechanisms of precipitating clouds over the coasts of

South China influenced by the directional propagation of MCS. Both cloud microphysics and

diurnal forcing of land-atmosphere system are analyzed in this study; and the main findings

are discussed below.

The selected research regions consist of three contiguous coastal regions (A1-C1) as

well as three corresponding offshore area (A2—C2). During the study period in the pre-

summer rainy season from 2016 to 2020, the atmospheric moisture flux was mainly

southerly at lower layers from South China Sea as a result of the Eastern Asia summer

monsoon. Driven by the steering flow at mid-high layers of atmosphere, MCSs tended to

move from A1(A2) to C1(C2) with routines parallel to the coasts. The speed of MCS (~50

km) far exceeded the steering flow as reported in previous studies (Li et al., 2020), which

we think may be due to continuously generated convective cells ahead of moving MCS.

Over the coastal regions, MCS activities contributed more than 70% of the total rainfall.

A1 and C1 had similar surface type of hills, and were reported to be the two key regions for

convective initiation of warm-sector heavy rainfall (Bai et al., 2020). However, our results

suggested that only A1 was the key region for convective initiation, while MCSs over C1

mainly came from upstream rather than initiated locally. The MCS frequency kept similar

over A1-B1 while it decreased sharply in C1; and the brightness temperature of MCS

increased from B1 to C1. MCSs would like to initiate over A1 due to the vertically moistest
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422 layer above PBL and the most unstable atmospheric layer. It soon propagated eastward to

423  B1 and transformed into mature stage. MCSs would begin to dissipate over C1 with heaviest

424  precipitation.

425 It is found that the diurnal propagation of MCS had a huge impact on precipitation

426  characteristics over the coastal regions of South China. Firstly, it caused the propagation of

427  diurnal rainfall peaks over A1-B1 and B1-C1 with propagation speed the same as MCS

428  speed. Similar diurnal propagation features due to MCSs were also shown by previous

429  studies over the Yangtze River and the Himalayas (Wang et al., 2004; Pan et al., 2021),

430 indicating it can exist widely in the world. Secondly, the propagating MCS from upstream

431  brought large amounts of cloud water and strengthened the ice-phased processes of

432  precipitation. Therefore, both the total rainfall and the droplet density above freezing layer

433  increased sharply from A1 to C1 despite the decreasing low-level specific humidity. Thirdly,

434  the surface type also played a key role in the MCS-related precipitation microphysics. The

435  hilly surface in Region C1 led to a more pronounced land-sea contrast conditions compared

436  to B1. This, in turn, lifted the southerly low-level flow, leading to the generation of numerous

437  new precipitation droplets in the mid-to-low levels in C1. Consequently, the droplet density

438  was higher in C1 compared to B1, while the average droplet size was smaller in C1.

439 Over the offshore regions, the MCS frequency, as well as its contribution to total rainfall,

440  was much lower than the coastal regions. The nighttime cooling played a rather important

441 role in formation of MCS and precipitation. The influence of MCS propagation on
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461

precipitation was less obvious compared to coastal regions. Because the underlying

surfaces and environmental conditions were similar among A2—-C2, the moderate variations

in MCS-related precipitation primarily arose from the ice-phase precipitation processes

rather than liquid-phase precipitation processes.
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Fig. 1. Average distributions of (a) terrain height, (b) IMERG hourly rainfall, (c) ERA5 925

hPa specific humidity overlapped with wind field, and (d) ERA5 500 hPa geopotential

height overlapped with wind field during the pre-summer rainy season (April-June) in

2016-2020. The six parallelograms indicate our study regions.

Fig. 2. Diurnal variations of (a—b) MCS frequency and (c—d) brightness temperature of

MCS, averaged by latitude over the study regions derived from Himawari-8 AHI. The

intervals of time and longitude are 1/6 hour and 0.05°, respectively.

Fig. 3. The contributions of (a—b) half-hourly rainfall to daily rainfall and (c—d) MCS to

rainfall (attributed to MCS if within 50 km) averaged by latitude over the study regions.

The intervals of time and longitude are 0.5 hour and 0.05°, respectively.

Fig. 4. Horizontal distributions of (a) near-surface rain rate and (b) rain type for an MCS-

related precipitation event detected by GPM 2ADPR at 1613 LST, 5 June, 2016.

Fig. 5. Hourly distributions of Himawari-8 10.8 um brightness temperature for the detected

event. The DPR precipitation event occurred near the time of panel (e).

Fig. 6. PDFs of (a—b) near-surface rain rate and (c—d) STH for MCS-related precipitations

detected by GPM 2ADPR during the pre-summer rainy season in 2016—2020. The

interval of near-surface rain rate is constant in the log coordinate (A(lg RR) = 0.1), and

the interval of STH is 0.25 km.
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600 Fig. 7. CFADs of Ku-band reflectivity of MCS-related precipitations over the study regions

601 during the pre-summer rainy season in 2016—2020. The intervals of height and
602 reflectivity are 0.5 km and 1 dBZ, respectively. The two dashed lines indicate the
603 average heights of melting layer.

604 Fig. 8. Average profiles of (a—b) dBN,, and (c—d) D, for precipitations over the study

605 regions during the pre-summer rainy-season in 2016—2020.

606  Fig. 9. Diurnal variations of relative humidity over the study regions derived from ERAS

607 during the pre-summer rainy season in 2016—2020.

608  Fig. 10. Conceptual models for the formation of moistest layer over the study region: (a)

609 nighttime and (b) daytime. The blue shadows indicate the vertically moistest layer.

610 Fig. 11. The same as Fig.9, but for vertical velocity overlapped with equivalent potential

611 temperature 6, (units: K). Negative vertical velocity indicates updraft. Decreasing 6,
612 with height indicates conditional instable atmospheric layer.
613
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2016-2020. The six parallelograms indicate our study regions.
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Fig. 2. Diurnal variations of (a—b) MCS frequency and (c—d) brightness temperature of

MCS, averaged by latitude over the study regions derived from Himawari-8 AHI. The

intervals of time and longitude are 1/6 hour and 0.05°, respectively.
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631  Fig. 4. Horizontal distributions of (a) near-surface rain rate and (b) rain type for an MCS-

632 related precipitation event detected by GPM 2ADPR at 1613 LST, 5 June, 2016.

633

34



634

635

636

637

24N

22N

20N

24N

22N

20N

24N

22N

20N

For Peer Review

(b) 1440 LST

(c) 1510 LST

220

112E 114E

225

230

235

(K)

Page 36 of 42

Fig. 5. Hourly distributions of Himawari-8 10.8 um brightness temperature for the detected

event. The DPR precipitation event occurred near the time of panel (e).
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639  Fig. 6. PDFs of (a—b) near-surface rain rate and (c—d) STH for MCS-related precipitations

640 detected by GPM 2ADPR during the pre-summer rainy season in 2016—2020. The

641 interval of near-surface rain rate is constant in the log coordinate (A(lg RR) = 0.1), and

642 the interval of STH is 0.25 km.
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645 Fig. 7. CFADs of Ku-band reflectivity of MCS-related precipitations over the study regions

646 during the pre-summer rainy season in 2016—2020. The intervals of height and
647 reflectivity are 0.5 km and 1 dBZ, respectively. The two dashed lines indicate the
648 average heights of melting layer.
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652 regions during the pre-summer rainy-season in 2016—2020.
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during the pre-summer rainy season in 2016—2020.
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Fig. 9. Diurnal variations of relative humidity over the study regions derived from ERA5
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660 Fig. 10. Conceptual models for the formation of moistest layer over the study region: (a)

661 nighttime and (b) daytime. The blue shadows indicate the vertically moistest layer.
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The same as Fig.9, but for vertical velocity overlapped with equivalent potential

temperature 6, (units: K). Negative vertical velocity indicates updraft. Decreasing 6,

with height indicates conditional instable atmospheric layer.
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