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Abstract An extreme rainfall event with maximum 12 hr accumulated rainfall of 464.8 mm associated with
a quasi-stationary mesoscale convective system occurred over the western coastal region of South China in
June 2017. An observational analysis shows that early convective storms were initiated near the mountains and
moved northeastwards. Moreover, a convergence line between cold northerly winds and warm southerly winds
in the lower levels was formed, which favored the development of the quasi-stationary system. Cold northerly
winds were associated with land breeze, downslope winds as well as previous rainfall during earlier period, and
cold pool outflows during later period. Cloud-resolving simulations were performed to examine the roles of
terrain, land-sea surface roughness contrast, and cold pool outflows in the formation of heavy rainfall. Results
demonstrate that land-sea surface roughness contrast and mountains in the middle of Yangjiang and Jiangmen
facilitated the formation of the convergence line during earlier period, and cold pool outflows sustained it
during later period. Besides orographic lifting, coastal hills helped reduce the stability. Mountains in the middle
of Yangjiang hindered the movement of the convective system, without which the associated heavy rainfall
would shift farther north. Mt. Tianlu with westward concave morphology played a vital role in the formation

of local convergence and the concentration of heavy rainfall. Without it, the total rainfall in the region of
interest was reduced. This study suggests the importance of representing processes associated with the complex
underlying surface in models for the prediction of heavy rainfall in coastal regions.

1. Introduction

Many coastal regions in the world are hotspots for heavy rainfall, for example, the South China (Luo et al., 2017),
India (Romatschke & Houze, 2011), the eastern United States (Hitchens et al., 2013; Lombardo & Colle, 2010),
Brazil (Mattos & Machado, 2011; Rodrigues & Ynoue, 2016), and Mediterranean (Cohuet et al., 2011; Duffourg
et al., 2015). Complex underlying surface and associated horizontal heterogeneities in low-level temperature,
moisture, and winds over the coastal regions greatly challenge the forecasts for heavy rainfall. The behavior of
storms varies in different coastal environments with different topographical settings. Under a weakly forced syn-
optic environment, mesoscale boundaries which indicate lifting are crucial for the heavy rainfall over the coast-
al regions. The mesoscale boundaries can originate from land surface heterogeneities (e.g., land-sea contrast),
differential latent heating/cooling (e.g., cool pool outflows), etc. The mesoscale boundaries are usually evident
as mesoscale boundary-layer convergence lines along which horizontal convergence of the airflow occurs. The
location and intensity of rainfall are affected by the factors that influence the convergence lines, for example, local
terrain, land-sea contrast, and cold pool outflows.

Orographic effects on the development of convection have been well documented. Lifting of moist flow by a
mountain can trigger deep convection (Caracena et al., 1979; Marwitz, 1983; Rasmussen & Houze, 2016; Weck-
werth et al., 2014). Convergence between downslope flows and low-level moist flows also favors the development
of deep convection (Houze, 2012; C. C. Wang et al., 2005). Moreover, terrain morphology is noticed to regulate
wind direction and speed (Whiteman, 2000), thus affecting the location of convergence and convection. Such
cases have been found in the Alps (Schneidereit & Schir, 2000), Taiwan (Lin et al., 2001), Himalayan (Houze
et al., 2007; Romatschke et al., 2010), Beijing (H. Li et al., 2017a, 2017b), etc. Although the orographic effects
have been widely studied, the detailed mechanisms may be quite different in different climate zones, or even
in different locations of a climate zone, and necessitate more specific study. How the representation of terrain
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features especially their small-scale features affects the quantitative simulation of heavy rainfall over the moun-
tainous region is another issue worth further investigation.

In coastal regions, horizontal temperature gradient due to different heating capacity between soil and water
generates land/sea breeze circulations. Convergence or mesoscale disturbance associated with land/sea breezes
provides favorable conditions for convective initiation (CI; Byers & Rodebush, 1948). Many case studies about
heavy rainfall over different regions demonstrate that land/sea breeze circulations have significant impacts on
the development of convection, for example, in Florida (Baker et al., 2001; Kingsmill, 1995), Guangdong (Liu
et al., 2001; Meng et al., 2014), Darwin (Wapler & Lane, 2012), Taiwan (Miao & Yang, 2020; Tu et al., 2014),
Hainan Island (Liang et al., 2017). However, strong synoptic winds may obscure land/sea breezes (Arritt, 1993).
In addition, interaction between land/sea breezes and orographic effects modulates the formation of conver-
gence and moisture distribution, making the location of CI more variable (Barthlott & Kirshbaum, 2013; Liang
etal.,2017; Tuetal., 2014; C. C. Wang & Kirshbaum, 2015). Compared with difference in temperature, disconti-
nuity in surface roughness between land and sea is less discussed to date. Lean et al. (2009) found that roughness
effect was the primary cause for the initial formation of the convergence line which was the key factor in the
development of a thunderstorm in southern England. Lee et al. (2019) concluded from a case study of coastal
precipitation over Korean Peninsula that roughness discontinuity made great contribution to the formation of
convergence zone.

It has been well known that cold outflow boundaries resulting from pre-existing precipitation systems can trigger
convection (e.g., Huang, Liu, Liu, & Knievel, 2019; Huang, Liu, Liu, Li, & Knievel, 2019; Khairoutdinov & Ran-
dall, 2006; Lima & Wilson, 2008; Purdom, 1976; Weckwerth & Wakimoto, 1992; Wilhelmson & Chen, 1982;
Wilson & Mueller, 1993). The interaction of cold pool with environmental conditions affects the evolution of
convection (e.g., James et al., 2005; Rotunno et al., 1988; Weisman & Rotunno, 2004). The roles of cold pool
depend on the convective lifecycle stage, and vary under different surface conditions (e.g., Dai et al., 2021). Dai
et al. (2021) and Grant et al. (2018) found that even with weakened cold pools, the convection can be enhanced
in their simulations because of more upright updrafts between the cold pool and the environment in later stages,
or due to less entrainment of cold pool air into updrafts. In the presence of topography, the impact of cold pool
outflows on the development of convection involves more complex processes. Bennett et al. (2011) and Corsmei-
er et al. (2011) showed that cold-pool outflows or gust front from previous precipitation systems interacting with
thermal flows over complex terrain enhanced convergence and the development of convection near the Black
Forest Mountains. Xu et al. (2012) revealed that high terrain in Taiwan trapped the cold pool and sustained the
long-lived mesoscale convective system over the upstream ocean and southwest coast of Taiwan. When it comes
to the mountainous coastal regions, the processes become even more complicated under the influence of ocean,
for example, marine atmospheric boundary layer (MABL) and land/sea breeze. F. Wu and Lombardo (2021) con-
ducted idealized numerical simulations to reveal that the collision between the descending storm outflows and a
moving MABL could lead to intense storm and precipitation over the sloping terrain.

The western coastal region of South China is characterized by the inland Mts. Yunwu and Tianlu, some hills
near the coastlines (e.g., Mt. Longgao), and South China Sea on the south (Figure 1a). Heavy rain frequently hits
the western coast of South China during the pre-summer rainy season (April-June) posing a threat to lives and
property safety (N. Wu et al., 2020; Zhong & Tian, 2020). Statistical studies reveal that CI and extremely heavy
rainfall occur even more frequently over the western coast than the eastern coast of South China (Bai et al., 2020;
N. Wu et al., 2020). Most extreme hourly rainfall (more than 40%) over the coastal region of South China during
the pre-summer rainy season occurs under weak synoptic forcing (Luo et al., 2016), and quantitative precipitation
forecast (QPF) skill for the extreme rainfall remains poor. A better understanding of how different factors (e.g.,
terrain, land-sea contrast, and cold pools) combine to influence the heavy rainfall under weak synoptic forcing
over the western coast is essential for improving QPF skill. However, unlike the central and eastern coast of
South China (e.g., Du, Chen, Han, Bai, & Li, 2020; Du, Chen, Han, Mai, et al., 2020; Huang, Liu, Liu, & Kniev-
el, 2019; Huang, Liu, Liu, Li, & Knievel, 2019), few studies have elucidated the relative roles of these factors in
the formation of heavy rainfall over the western coast. Previous study (e.g., H. Wang et al., 2014) revealed the
lifting mechanism by mesoscale boundaries over the western coast through observational analysis but the relative
contribution of different factors remained to be further explored due to the limitation in observations. Therefore,
in the present study, an extremely heavy rainfall event over the western coast of South China occurring during
June 21-22, 2017 is selected to investigate the roles of different factors in the formation of heavy rainfall through
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analyses of observations and numerical simulations. This event is selected for a few reasons. It breaks the records
of 1 and 3 h accumulated rainfall for Jiangmen with 165 and 365.1 mm respectively. Moreover, the heavy rainfall
was localized and concentrated near mountains about 50 km away from the coastlines, which provides a good
example to study the combined effects of terrain and land-sea contrast. The operational numerical models failed
to predict this extreme rainfall. Two main questions as follows will be addressed in this study:

e What are the relative roles of mountains in different locations, land-sea contrast in surface roughness, and cold
pool outflows in the initiation and maintenance of convective storms?
¢ To what extent do these factors affect the intensity and location of rainfall?

The next section provides an overview and observational analysis of the selected case. Section 3 describes the
model configuration as well as the design of sensitivity experiments, and the verification of the control simulation
(CNTL). Section 4 discusses the roles of different factors through comparison between sensitivity experiments
and the CNTL. A summary and conclusions are given in the final section.

2. Observational Analysis

From the night of June 21 to the morning of June 22, 2017, heavy rainfall occurred in the western coastal region
of South China, mainly in Yangjiang and Jiangmen, with maximum 12 h accumulated rainfall from 20:00 LST
(=UTC + 8 h) June 21 to 08:00 LST June 22 reaching 464.8 mm. The 12 h accumulated rainfall exhibited a
southwest-northeast oriented band closely related to the mountains (Figure 1b). The extreme rainfall (12 h ac-
cumulated rainfall >250 mm) mainly concentrated in the east of Mt. Tianlu and in the area with relatively low
altitudes between Mts. Yunwu and Tianlu. Intense hourly rainfall more than 100 mm was first observed near Mt.
Tianlu from 01:00 to 04:00 LST June 22 (Figures 1c—le), and then in the middle of Yangjiang from 04:00 LST
June 22 (Figure 1f). Extreme hourly rainfall of 165 mm was observed in Datian, Jiangmen (denoted by a plus
mark in Figure 1d) from 02:00 to 03:00 LST June 22.

2.1. Synoptic Situation

Figures 2a and 2b show that a weak trough at 500 hPa approached Guangdong province from the west. Mean-
while, the subtropical high was extending westwards, and the 5,880 gpm isobar already reached the coastline
of Guangdong province at 20:00 LST June 21 (Figure 2a). Guangdong province was located between the weak
trough and the subtropical high, which was conductive to the development of convection (Figure 2b). At the mid-
dle and lower troposphere, southwesterly wind prevailed over Guangdong. Sea surface temperature near Yang-
jlang and Jiangmen remained ~29°C during this rainfall event, about 1°C higher than that near the eastern coast
of Guangdong (not shown). Southwesterly winds continuously transported warm and moist air into the region of
heavy rainfall. As the subtropical high extended westwards, southwesterly wind over the sea adjacent to Guang-
dong gradually turned to be southerly (Figure 2b). The wind speed at 850 hPa over Guangxi, Guangdong, and the
adjacent sea got stronger (>12 m s71), forming a southerly low-level jet. Cross-sections of horizontal wind speed
along 111.75°E show that the low-level jet appeared farther south over the sea at 20:00 LST June 21 but at a lower
level of ~950 hPa (Figure 2c). Then the low-level jet extended higher and northwards to the land with a high-
speed core of ~13 m s~! at ~900 hPa at 02:00 LST June 22 (Figure 2d). This pattern of the jet was similar to the
statistical result in Z. Li et al. (2020). The lower-level jet at ~950 hPa resulted in convergence near the coastline
while the jet at a higher level (~900 hPa) led to divergence above. As a result, convergence in the boundary layer
coupled with divergence aloft was present near the coast, which was beneficial to the development of upward
motion and the occurrence of convection. Furthermore, the low-level jet facilitated the transport of moisture.

A morning sounding at Yangjiang (blue profiles in Figure 3) indicates a moist layer from the surface up to about
450 hPa. It remained moist below 500 hPa in the sounding at 20:00 LST June 21 (red profiles in Figure 3) while it

Figure 1. (a) Terrain over Yangjiang and Jiangmen (shaded, m). The cities' names are abbreviated as follows: JM (Jiangmen), MM (Maoming), YJ (Yangjiang).

The mountains mentioned in the text are labeled in purple. (b) 12 hr accumulated rainfall from 20:00 LST June 21 to 08:00 LST June 22, 2017 based on rain gauge
observations (shaded, mm). The location of Yangjiang station is denoted by a pink star. (c—f) Hourly rainfall starting from (c) 01:00, (d) 02:00, (e) 03:00, (f) 04:00 LST
June 22, 2017, respectively. The purple plus mark in (d) denotes the location of maximum hourly rainfall. Terrain heights are contoured by gray lines at 200 and 500 m;

similarly for the rest of the figures.
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Figure 2. The ERA-Interim reanalysis at 20:00 LST June 21 (left column), and 02:00 LST June 22, 2017 (right column). (a, b) Geopotential height (solid blue contours
at intervals of 20 gpm) and temperature (dashed red contours at intervals of 2°C) at 500 hPa, winds (a full barb is 4 m s~!) and equivalent potential temperature (shaded,
K) at 850 hPa. Guangdong and Guangxi provinces are marked as GD and GX respectively in the figures. (c, d) Vertical cross-sections along 111.75°E of horizontal
wind speed (shaded, m s™!), divergence (dashed white contours for —5, —4, ..., —1 X 107 s, solid white contours starting at 1 X 10~> s~! at intervals of 1 x 1073 s7!),
and in-plane wind vectors with vertical motion (w) amplified by a factor of 100. The triangle indicates the position of coastline.

became moister above 350 hPa compared with that at 08:00 LST. A dry layer existed in the middle layer from 500
to 350 hPa in the sounding at 20:00 LST. It is notable that temperature below 150 hPa at 20:00 LST was generally
higher than that at 08:00 LST. Both soundings show gradual veering of southwesterly winds at lower levels to
northwesterly winds at 300 hPa, and then northeasterly winds at 250 hPa, indicating the presence of weak warm
advection through the mid-lower troposphere. At 20:00 LST, very small convective inhibition (CIN, 0.7 J kg™!),
low lifting condensation level (LCL, ~980 hPa) and level of free convection (LFC, ~972 hPa) imply that only
small lifting was needed to initiate convection. Rather large surface-based CAPE (~3,480 J kg™!) suggests that
unstable and moist conditions were favorable for the development of convection.
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Figure 3. Soundings were taken at Yangjiang station (see Figure 1b for its location) at 08:00 (blue) and 20:00 (red) LST June
21,2017.

2.2. Radar Observations

Composite radar reflectivity in Figure 4 shows the evolution of the precipitation system. Precipitation mainly oc-
curred in the inland mountainous area in the afternoon of June 21. Around 22:30 LST, new convective storms ini-
tiated on the south (windward) side of Mt. Tianlu, and then intensified when moving northeastwards. Meanwhile,
new convective storms also developed on the north of Mt. Longgao near the coastline, and moved northeastwards
(Figures 4a—4c). These convective storms experienced upscale growth and organized into a southwest-northeast
oriented convective band after 01:30 LST June 22 with intense convective core in the east of Mt. Tianlu and
the area with low altitudes between Mts. Yunwu and Tianlu (Figure 4d). This quasi-stationary convective band
maintained for about 4 h, resulting in the extremely heavy rainfall. Around 05:00 LST June 22, three short south-
west-northeast oriented convective bands were formed in the middle of Yangjiang (Figure 4g), and continued to
bring heavy rainfall there (Figure 1f). Afterward, the convection gradually weakened, and moved northwards.

Radial velocity at the elevation angle of 0.5° from Yangjiang radar in Figure 5 shows that southerly winds pre-
dominated over the observed region. Radial winds approaching toward the radar was found near Mts. Ehuang-
zhang and Yunwu, indicating the existence of northerly or northwesterly flows probably related to downslope
winds (Figure 5a). Convergence was formed between these northerly-northwesterly flows and ambient southerly
flows. After 01:12 LST June 22, radial winds toward the radar appeared near the opening (i.e., east) of the west-
ward concave region of Mt. Tianlu (Figure 5c), which were associated with cold pool outflows. It also suggests
the enhancement of convergence zone near this area. After 03:24 LST June 22, the radial winds toward the radar
over this region gradually disappeared as the intense convection weakened and moved away from this region
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(Figures 5e and 5f). This period with radial winds toward the radar near Mt. Tianlu coincided with the maximum
hourly rainfall (i.e., 02:00-03:00 LST June 22) during this event.

2.3. Surface Observations

Surface observations at 22:00 LST June 21 present that cold northerly winds (some land breezes and downslope
winds) prevailed in the northern mountainous area while warm southerly winds remained in the southern coastal
area (Figure 6a). The cold air in the mountainous area was not only caused by cooling at night but also affected
by previous rainfall. Northerly winds were weak, which was probably associated with complex terrain and large
surface roughness in the northern area. In contrast, land breezes did not develop near the coast, and winds over
there were predominantly driven by large-scale flow. Southerly winds near the coast continually transported
warm moist air from the ocean. A southwest-northeast oriented convergence line as well as thermal boundary
between the cold northerly winds and warm southerly winds can be clearly seen in the middle of Yangjiang (in-
dicated by dashed pink lines in Figure 6). This mesoscale boundary favored the development, organization, and
maintenance of convection. In addition, the westerly and southerly winds impinged on and were lifted by Mt.
Tianlu, which also facilitated CI. After 00:00 LST June 22, the convergence line somewhat weakened as southerly
winds grew stronger and intruded further inland. As the convective band formed and maintained in the middle
of Yangjiang and Jiangmen, the convectively induced outflows enhanced the northerly flows (Figure 6e). The
speed of the northerly flows became more comparable to the speed of the southerly flows on the south side of the
convergence line. Consequently, the convergence between them was enhanced again, which was evident in the
east of Mt. Tianlu. This convergence line between northerly outflows and southerly flows continued to support
the maintenance of the convective system. After 04:00 LST June 22, the southerly winds in Jiangmen retreated
to farther south and became weaker, and instead cold northerly winds were dominant (Figure 6f), leading to the
weakening of convection due to insufficient energy supply from the southerly winds. On the other hand, southerly
winds in Yangjiang did not weaken markedly, and thus the convergence line persisted there, keeping invigorating
the convection (Figure 4g).

Overall, both the large-scale and local conditions were favorable for the development of convection. In particular,
the development and maintenance of the quasi-stationary convective system were closely related to the conver-
gence line, which is also found in M. Wu and Luo (2016). However, it is of interest to explore how different
factors affected the formation of convergence line, and why the heaviest rainfall occurred near the mountains.
Cloud-resolving simulations of this event were conducted to address these questions.

3. Model Configuration and Verification
3.1. Model Configuration

The version of 3.9.1 of Weather Research and Forecasting (WRF) model (Skamarock et al., 2008) was used to
simulate this heavy rainfall event. One-way, three nested grids (9/3/1 km) were used with 50 vertical levels. The
outermost domain was initialized at 08:00 LST June 21, 2017, and the two inner domains were activated at 14:00
LST June 21, 2017. The integration of all domains ended at 08:00 LST June 22, 2017. The initial and boundary
conditions were provided from the ERA-Interim data set with a resolution of 0.75° at 6 h intervals. The following
physical schemes were used: RRTMG longwave and shortwave radiation scheme (Iacono et al., 2008), Yonsei
University's planetary boundary layer scheme (Hong et al., 2006), Rapid Update Cycle land surface scheme
(Benjamin et al., 2004), and National Severe Storms Laboratory two-moment microphysics scheme (Mansell
et al., 2010). Grell-Freitas cumulus scheme (Grell & Freitas, 2014) was adopted only in the outermost domain.

In order to investigate the roles of terrain, land-sea roughness contrast, and cold pool outflows on the formation
of heavy rainfall, five sensitivity experiments were conducted (Table 1). In these sensitivity experiments, except
that some of the above factors were modified, all other configurations were identical to CNTL. For example, to
understand the impact of the coastal hills on the formation of the heavy rainfall, the hills near the western coast-
line of Yangjiang were removed (Exp. NSMT, Figure 7a). Exp. ROU in which surface roughness over the land in
the dashed blue rectangle in Figure 8 is set to be the same as that over the sea was designed to test the effect of
differential surface roughness during this rainfall event. The influence of convectively generated cold outflows
was examined through Exp. NEVP, in which evaporation of rainwater was allowed but no associated evaporative
cooling was in the thermodynamic equation.
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04:00 LST June 22, 2017. Dashed pink lines indicate the convergence lines.
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3.2. Verification of the Control Simulation

The simulated 12 h accumulated precipitation in CNTL (Figure 8) is compared with the observation (Figure 1b).
The simulation successfully reproduced the heavy rainfall in the middle of Yangjiang and in the west of Jiang-
men, although produced more rainfall near the Maoming-Yangjiang border than the observation. The equitable
threat score of the 12 h accumulated precipitation at the 250 mm threshold was 0.6 for CNTL. Figure 9 shows
the evolution of simulated composite radar reflectivity. Overall, the initiation and evolution of convective storms
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Figure 8. As in Figure 1b, but for the simulated 12 h accumulated rainfall (shaded, mm) for CNTL. The dashed pink
rectangle indicates the region for the calculation of water vapor flux (referred to as “region HR” in the text). The dashed blue
rectangle denotes the region where the surface roughness over the land is modified in Exp. ROU.
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Table 1

Description of Experiment Design

Experiment Description

CNTL The control simulation.

NSMT The mountains near the western coastline of Yangjiang were removed (Figure 7a).

NMMT The mountains in the middle of Yangjiang were removed (Figure 7b).

NNMT Part of Mt. Tianlu was removed (Figure 7c).

ROU The surface roughness over the land in the dashed blue rectangle in Figure 8 was

set to be the same as that over the sea.

NEVP Evaporative cooling was turned off at 01:00 LST June 22, 2017.

were well simulated. As in observation, new convective storms also initiated near coastal hills and the south of
Mt. Tianlu, and then moved northeastwards in the simulation (Figures 9a and 9b). Later, a southwest-northeast
oriented convective band was formed near Mts. Yunwu and Tianlu around 01:00 LST June 22, and maintained for
about 4 h (Figures 9¢c-9f). After 04:00 LST June 22, the convective band became less connected, and some short
convective bands were formed (Figure 9g).

The simulated near-surface winds and temperature are presented in Figure 10. Temperature gradually decreased
from the southern coastal area to northern mountainous area. Southerly winds dominated over the sea and coastal
area. Winds became weaker inland (Figure 10a). The CNTL reproduced the convergence line in the middle of
Yangjiang. Later, as the convective system developed, cold pool outflows were generated and confronted with the
southerly flows, enhancing the convergence (Figures 10c and 10d).

To sum up, the CNTL successfully reproduced the evolution of the convective systems and resultant heavy rain-
fall. CI and the formation of quasi-stationary convective system near mountains were well simulated. The distri-
bution of rainfall, especially heavy rainfall >250 mm in CNTL also fitted the observation well despite of more
elongated shape. The relevant persistent southerly winds near the coastlines and the convergence between warm
southerly flows and cold outflows were also captured in the simulation. Therefore, it is reasonable to examine the
model results in detail to reveal the roles of different factors in the formation of heavy rainfall.

4. Results of Sensitivity Experiments
4.1. Roles of Terrain

Terrains in different locations might exert different influences on the development of convective storms during
this event. Their specific influences are investigated by comparison between CNTL and sensitivity experiments
with specific mountains removed. That is, the coastal hills, mountains in the middle of Yangjiang, and part of Mt.
Tianlu were removed in Exps. NSMT, NMMT, and NNMT, respectively (Figure 7).

As mentioned in the observational analysis, orographic lifting by the coastal hills and Mt. Tianlu helped to initiate
convection at earlier time. The evolution of simulated reflectivity in the sensitivity experiments without some
mountains shows that CI near the original locations of mountains was less frequent (Figures 11, 13, and 14),
providing evidence that the existence of mountainous terrain assisted CI near the mountains.

CI mostly occurred on the northeast of the coastal hill (Figure 9a). Cross-sections of water vapor, temperature,
CIN, and in-plane winds through the coastal hill illustrate the CI process near the coastal hill (Figure 12). The
cross-sections for CNTL clearly show that a capping layer with CIN value ~30 J kg~! existed at around 0.5 km
above sea level (ASL) over the ocean on the south of the hill (Figure 12a). A cold region was seen around
0.4-1.3 km ASL over the south side of the hill. Southerly flows along with abundant moisture were lifted by
the terrain, leading to condensation. As the cloud moved northwards into the north area of the hill, it developed
into stronger convection with additional aid of leeside convergence (Figure 12b). Without the coastal hill (Exp.
NSMT), the initial cloud was more difficult to develop, and tended to be restricted below the capping layer (Fig-
ure 12c¢). Total rainfall in the region enclosed by the dashed pink rectangle in Figure 8 (referred to as “region HR”
hereafter) in NSMT was ~20% less than that in CNTL (Figure 11c). The difference in the total rainfall between
the sensitivity experiment and CNTL can be referred to Figure S1 in Supporting Information S1. In short, the
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Figure 9. As in Figure 4, but for the simulated composite radar reflectivity (dBZ) for CNTL at (a) 22:30 LST June 21, (b)
00:00, (c) 01:00, (d) 02:00, (e) 03:00, (f) 04:00, and (g) 04:30 LST June 22, 2017. Purple line AA’ in (a) marks the location of
vertical cross-sections shown in Figure 12. Purple lines BB’ and CC’ in (d) mark the location of vertical cross-sections shown
in Figure 16.
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Figure 10. The simulated 2 m temperature (shaded, °C) and 10 m winds for CNTL at (a) 22:00 LST June 21, (b) 00:00, (c) 02:00, and (d) 04:00 LST June 22, 2017.
Dashed pink lines indicate the convergence lines.

coastal hill did play a role in lifting moist air. Moreover, the thermal structure of boundary layer over the sea re-
stricted the development of convection and determined that the convection could hardly be initiated until reaching
the coastal hills.

Since two centers of heavy rainfall were located near the mountains in the middle of Yangjiang (i.e., the northeast
of Mt. Ehuangzhang and the south of Mt. Yunling), it is of interest to examine the influence of these mountains
on the formation of heavy rainfall. In NMMT, with these mountains removed (Figure 7b), more convective storms
initiated on the south side of Mt. Yunwu, and the storms initiated near the coastline moved fast to the south side of
Mt. Yunwu, leading to the formation of a linear convective system near the south side of Mt. Yunwu (Figures 13a
and 13b), farther north than the linear convective system in CNTL. Consequently, the heavy rainfall in Yangjiang
shifted to farther north (Figure 13c). Figure 13d shows that the southerly winds could penetrate farther inland
until they met the northern mountains and turned to be easterly winds. Warm and moist air transported by the
southerly winds somewhat counteracted the cooling effect at night on the north of the original Mts. Ehuangzhang
and Yunling, which hindered the development of northerly land breeze as well. The low-level temperature on
the north of the original Mt. Ehuangzhang was about 1°C warmer in NMMT than that in CNTL, and northerly
winds could hardly be found there in NMMT. It is also noticed that the near surface winds became weaker over
the modified terrain (i.e., the original location of Mts. Ehuangzhang and Yunling) in NMMT compared with
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Figure 11. The simulated radar reflectivity for Exp. NSMT at (a) 22:30 LST June 21, and (b) 00:00 LST June 22, 2017. Line AA’ in (a) shows the same location as
that in Figure 9a. (c) As in Figure 1b, but for the simulated 12 h accumulated rainfall (shaded, mm) for Exp. NSMT.

those in CNTL. This is because in CNTL, in the presence of Mts. Ehuangzhang and Yunling, the near-surface
winds over the mountains were at a high elevation with fewer obstructions (e.g., buildings) around them at the
same elevation, and thus the winds were close to the environment winds at the same elevation which are usually
stronger than those at a lower elevation.

Comparison between NMMT and CNTL demonstrates that the mountains in the middle of Yangjiang contributed
to the formation of the convergence line and obstructing the northward movement of the convective storms.

In NNMT, after removing part of Mt. Tianlu (Figure 7c), convective storms and associated rainfall near Yang-
jiang-Jiangmen border was notably reduced (Figures 14a—14c). The total rainfall in the region HR was ~17% less
than CNTL. In the absence of Mt. Tianlu, the low-level winds turned to be more uniform near Yangjiang-Jiang-
men border, and the convergence was weaker than that in CNTL. This difference between NNMT and CNTL
was more distinct when cold pool outflows strengthened (Figure 14d). The westward concave morphology of
Mt. Tianlu complicated the wind direction near Mt. Tianlu, resulting in favorable local convergence under the
synoptic situation of this event.
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Figure 12. Vertical cross-sections along the line AA’ given in Figures 9a and 11a of CIN (shaded, J kg™'), temperature (contoured in solid gray at intervals of 1°C),
water vapor (contoured in dashed maroon at intervals of 1 g kg™"), cloud water (contoured in white starting at 0.1 g kg™! at intervals of 1 g kg™"), and rainwater
(contoured in green starting at 0.1 g kg™! at intervals of 1 g kg™"), superimposed with in-plane vectors with vertical motion amplified by a factor of 10 for (a, b) CNTL,
and (c, d) Exp. NSMT at 21:00 (left column), and 22:30 LST (right column) June 21.

In order to further explore the importance of the small-scale terrain features on the formation of heavy rainfall,
an additional experiment was conducted using terrain data with a coarser resolution (Figure S2a in Supporting
Information S1). That is, the same model configurations were adopted as CNTL, but terrain data with a 2-arcmin
resolution were used in this sensitivity experiment instead of that with a 30-arcsec resolution in CNTL. The 12 h
accumulated precipitation in this experiment was overall weaker than that in CNTL, especially the area of heavy
rainfall >250 mm near Mt. Tianlu much smaller (Figure S2b in Supporting Information S1). Fewer local con-
vergence zones were found near Mt. Tianlu due to more uniform winds near the smoother terrain, which could
account for less CI and rainfall near the mountains. In addition, it suggests that detailed representation of the
terrain features is essential for predicting heavy rainfall over this mountainous coastal region.
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Figure 13. The simulated radar reflectivity for Exp. NMMT at (a) 22:30 LST June 21, and (b) 04:00 LST June 22, 2017. (c) As in Figure 11c but for Exp. NMMT. (d)

As in Figure 10a but for Exp. NMMT.

4.2. Role of Surface Roughness

Besides the orographic effects, the convergence line in the middle of Yangjiang was found to be crucial to the
development of convective storms. The convergence line was formed by the weak winds over the northern moun-
tainous area and relatively strong southerly winds near the coast. It is hypothesized that land-sea surface rough-
ness contrast can be one of the causes affecting the formation of convergence line. In most previous studies on
the impact of land-sea contrast on the development of convection over South China, they conducted sensitivity
experiments with the coastal land replaced by ocean, and mixed up the roles of land-sea thermal and surface
roughness contrasts (e.g., Du, Chen, Han, Mai, et al., 2020). In the present study, to examine the role of surface
roughness, the surface roughness over the land in the dashed blue rectangle shown in Figure 8§ was reduced to be
the same as that over the sea (Exp. ROU). Low-level winds in ROU are compared with those in CNTL. As the
surface roughness was reduced over the land in ROU, the southerly winds were less weakened over the land, and
could intrude further inland than those in CNTL (Figure 15d). As a result, the convergence line did not form in
the middle of Yangjiang.
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Figure 14. The simulated radar reflectivity for Exp. NNMT at (a) 22:30 LST June 21, and (b) 02:00 LST June 22, 2017. (d) As in Figure 11c but for Exp. NNMT. (c)

As in Figure 10c but for Exp. NNMT.

Since the convergence also influenced the moisture supply for heavy rainfall, the water vapor flux across the four
boundary surfaces surrounding the region HR was calculated by:

QFlux = #,p0,V,do, (D

where p is air density, Q, is mixing ratio of water vapor, V_is wind component perpendicular to each surface
(positive values indicate inward direction), and do is an element on the surface. Figure 16a shows water vapor flux
(solid lines) together with area-averaged accumulated rainfall (dashed lines) within the region HR at 1 h intervals.
The temporal variation of both water vapor flux and rainfall was similar in CNTL and ROU. Rainfall sharply in-
creased from 23:00 LST June 21, and increase in water vapor flux occurred about 1 h earlier than that in rainfall.
Water vapor flux and hourly rainfall in ROU were overall less than those in CNTL. The general decline in rainfall
appeared earlier in ROU than that in CNTL. Vertical distribution of water vapor flux further shows that the most
distinct inward water vapor was found around 0.5 and 2 km ASL in both CNTL and ROU (Figures 16b and 16¢).
Maximum water vapor flux in CNTL was greater than that in ROU by ~6%. Negative water vapor flux appeared
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Figure 15. The simulated radar reflectivity for Exp. ROU at (a) 02:00, and (b) 04:00 LST June 22, 2017. (d) As in Figure 11c but for Exp. ROU. (c¢) As in Figure 10a

but for Exp. ROU.

below 1 km and around 3 km after 03:00 LST June 22 in ROU, earlier than that in CNTL, which was consistent
with the earlier decline in rainfall in ROU.

Without the support of convergence line in terms of dynamic effect as well as moisture accumulation, convective
storms were difficult to maintain over the middle of Yangjiang, and quickly moved out of the region (Figures 15a
and 15b), leading to less accumulated rainfall and earlier end of rainfall (Figure 15¢). On the whole, the total
rainfall in the region HR was markedly reduced by ~44% compared with CNTL. This further confirms that the
convergence line was of vital importance to the formation of heavy rainfall.

4.3. Role of Cold Pool Outflows

Northerly outflows associated with the cold pools generated by the convective systems also played a role in sus-
taining the convection development during the later period through converging with the environmental southerly
flows, especially in the east of Mt. Tianlu. If the evaporative cooling was turned off just after the formation of
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the convective band at 01:00 LST June 22 (Exp. NEVP), southerly flows would dominate over Yangjiang and
Jiangmen even in the later period in NEVP (Figure 17d) rather than the expansion of northerly outflows in CNTL
(Figures 10c and 10d). In the absence of the convergence between northerly outflows and southerly flows, the
convective storms moved northwards faster until they were blocked by the northern mountains. A convective
band was formed between Mts. Yunwu and Tianlu around 03:00 LST June 22 (Figure 17a), but gradually dissipat-
ed 1 h later (Figure 17b). Correspondingly, a distinct rainfall band was formed over there in NEVP (Figure 17¢),
which did not appear in CNTL, and rainfall over the middle of Yangjiang and the east of Mt. Tianlu was much
reduced compared with CNTL. Total rainfall in the region HR in NEVP was ~33% less than that in CNTL. In
short, cold northerly outflows helped to maintain the convergence line and the associated convective system in
the middle of Yangjiang and the east of Mt. Tianlu during the later period, favoring the continuous production of
rainfall over this area.

Vertical cross-sections of reflectivity, divergence, and cold pool height passing through the intense convective
storms in the middle of Yangjiang (Line BB’ in Figure 9d) and near Mt. Tianlu (Line CC’ in Figure 9d) are shown
in Figure 18. The depth of the cold pool is defined as the height at which perturbation virtual potential tempera-
ture (6, first exceeds —1 K. Virtual potential temperature (6,) is calculated by:

0, = 0(1 + 0.608g, — g — q), @

where 0 is potential temperature, and ¢, g, and g, are mixing ratio of water vapor, cloud water, and rainwater,
respectively. 8 is defined as departure from the domain-average of 6. Figure 18a shows that convectively gener-
ated outflows and southerly flows sustained low-level convergence near 21.93°N at 02:00 LST June 22. At 03:00
LST, while low-level convergence still existed, enhanced convergence was produced in the middle levels due to
latent heating, inducing strong upward motion greater than 20 m s~! (Figure 18b). As for the cross-session near
Mt. Tianlu (Figure 18e), a notable cold pool with a depth of ~2 km was generated under the intense convective
storm in CNTL. The outflows associated with the cold pool converged with southeasterly flows, and thus en-
hanced the upward motion ahead of the cold pool, which was beneficial to the continuous development of con-
vection. The combined effects of cold pool and environmental conditions favored the development of convection
(Rotunno et al., 1988). At 03:00 LST, intense convection moved slightly eastwards (Figure 18f). Although the
cold pool was shallow at that time, convergence between outflows and southeasterly flows was distinct, and so
did upward motion. In the cross-sections from NEVP (Figures 18c, 18d, 18g, and 18h), the cold pool was hardly
found, and southerly southeasterly flows dominated in the low levels. Convergence was comparatively shallow
and upward motion in the area with intense convection was weaker than that in CNTL. Consequently, intense
convection could not maintain in the middle of Yangjiang or near Mt. Tianlu in NEVP as long as that in CNTL.

To further compare the effects of different factors, hourly rainfall averaged over the region HR for CNTL and five
sensitivity experiments are displayed in Figure 19. The reduction in ROU and NEVP was most significant. The
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Figure 17. The simulated radar reflectivity for Exp. NEVP at (a) 03:00, and (b) 04:00 LST June 22, 2017. (d) As in Figure 11c but for Exp. NEVP. (c) As in
Figure 10d but for Exp. NEVP.

start time of rainfall was similar in all the experiments, but the peak time (i.e., time with the maximum hourly
rainfall) and decrease appeared earlier in the sensitivity experiments than that in CNTL. The decrease in rainfall
appeared earliest in NEVP, indicating the indispensable role of convectively generated cold pool outflows in the
maintenance of the precipitation system.

4.4. Ensemble Analysis

The impacts of different factors evaluated by a deterministic forecast may involve uncertainties associated with
the initial conditions and boundary conditions (e.g., Berner et al., 2011; Hamill & Colucci, 1997; Schwartz
etal., 2010; Zhuang et al., 2021). An ensemble method can help filter out some uncertain signals. In order to con-
solidate the conclusions drawn from the above deterministic experiments, a set of ten-member ensemble simula-
tions were produced with initial conditions and boundary conditions perturbations introduced. The corresponding
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Figure 18. Vertical cross-sections along the lines BB’ (a—d) and CC’ (e-h) given in Figures 9d and 17a of reflectivity (shaded, dBZ), divergence (dashed purple
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column) June 22.
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Figure 19. Temporal variation of area-averaged hourly rainfall over the dashed pink rectangle in Figure 8 for CNTL (black),
NSMT (blue), NMMT (gold), NNMT (purple), ROU (red), and NEVP (pink) from 21:00 LST June 21 to 08:00 LST June 22.

NSMT, NMMT, NNMT, ROU, NEVP experiments (Table 1) were performed based on each ensemble member.
Other model configurations were identical to the CNTL.

The ensemble mean 12 h accumulated rainfall also presents the centers of heavy rainfall in the middle of Yang-
jiang and in the west of Jiangmen albeit with smaller amounts (Figure 20a). It implies that even slight uncertainty
in the initial and boundary conditions can result in perceptible differences in the rainfall forecast. The ensemble
simulations for the sensitivity experiments show that without the coastal hills, total rainfall in the region HR was
reduced by ~3% (Figure 20b). Without the mountains in the middle of Yangjiang, the heavy rainfall in Yangjiang
was located to farther north (Figure 20c). With part of Mt. Tianlu removed, the heavy rainfall center in the west
of Jiangmen diminished (Figure 20d). When the surface roughness over the land was reduced, or the evaporative
cooling was restricted, the convergence line was weakened and the rainfall in the region HR was much reduced
by ~43% in ROU and ~23% in NEVP, respectively (Figures 20e and 20f). The drastic reduction in ROU from
both deterministic and ensemble experiments further indicates the vital role of land-sea surface roughness con-
trast in the formation of heavy rainfall during this event. The results from each ensemble member are displayed
in Figure S3 in Supporting Information S1. In terms of the differences between the sensitivity experiments and
the control simulation, each ensemble member shows similar results to the deterministic experiments and the
ensemble mean.

In general, the impacts of terrain, land-sea surface roughness contrast, and cold pool outflows on the rainfall based
on the ensemble experiments are consistent with the conclusions drawn from the deterministic experiments, al-
though the specific values of the difference in the ensemble mean rainfall between the control simulations and
the corresponding sensitivity experiments are not equal to those calculated from the deterministic experiments.
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5. Summary and Conclusions

Using observations and numerical simulations, the formation of extremely heavy rainfall produced by a qua-
si-stationary mesoscale convective system over the western coastal region of South China during June 21-22,
2017 is investigated. The influences of terrain, land-sea surface roughness contrast, and cold pool outflows on
the development of convection and associated rainfall are examined through a series of sensitivity experiments.

Synoptic analysis shows that southerly winds continually conveyed warm, moist air to South China. After mid-
night, low-level jet originating from the South China Sea extended to the land, enhancing boundary-layer con-
vergence near the coastal region. Thermodynamic environmental conditions including small CIN, low LCL and
LFC, and large CAPE were favorable for the development of convective storms.

Initial convective storms developed in the northeast of Mt. Longgao near the coastline, the windward side of Mt.
Tianlu, or the middle of Yangjiang. A quasi-stationary convergence line between weak cold northerly winds and
strong warm southerly flows was formed in the middle of Yangjiang and the west of Jiangmen, which played a
crucial role in supporting the development, organization and maintenance of convective storms, similar to the
extreme rainfall case studied in Huang, Liu, Liu, Li, and Knievel (2019). The convective storms moved north-
eastwards and were organized along the convergence line into a linear convective system. The linear convective
system maintained near the convergence line for about 4 h, continuously dropping rain over Yangjiang and Jiang-
men. Cold pool outflows associated with the convective system continued to converge with the southerly flows,
sustaining the convergence and thus the maintenance of the linear convective system.

A series of high-resolution simulations was performed using the WRF model to further examine the roles of
terrain, land-sea surface roughness contrast, and cold pool outflows in the formation of the heavy rainfall. The
CNTL successfully reproduced the evolution of convection and the distribution of heavy rainfall. A sensitivity
experiment with hills near the coastline removed shows that CI occurred less frequently near these hills. Besides
the orographic lifting effect, the coastal hills also acted to reduce the stability, facilitating the development of
shallow clouds to deep convection near the coast. When the mountains in the middle of Yangjiang (farther from
the coastline) were removed, more convection initiated near the south side of the northern mountains. The con-
vergence line became unclear over the middle of Yangjiang. As a result, a linear convective system maintained
near the south foot of the northern mountains instead of the middle of Yangjiang. Centers of heavy rainfall shifted
to farther north. The mountains in the middle of Yangjiang not only directly lifted the warm moist air to achieve
CI, but also affected the formation of convergence line and the movement of convection. As for Mt. Tianlu, it
facilitated the lifting of impinging flows and the formation of local convergence. With Mt. Tianlu removed, heavy
rainfall near Mt. Tianlu became less distinct, and the total rainfall in the region of interest was reduced.

The vital role of the differential surface roughness between land and sea in the formation of the convergence line
was illustrated by a sensitivity experiment where the surface roughness over the land was reduced. The conver-
gence line could not form and the net moisture flux was reduced in this experiment, leading to less accumulated
rainfall.

During the later period of this event, the cold pool outflows converged with the ambient southerly flows, support-
ing the maintenance of convergence and associated linear convective system. When the evaporative cooling was
turned off, the convective storms quickly moved farther north, and consequently a relatively weak rainfall band
was formed farther north.

Coastal regions are characterized by heterogeneous underlying surface, which leads to the various and compli-
cated distribution of low-level winds, temperature, and moisture, greatly challenging accurate weather forecasts.
This study suggests that it is important to capture the persistent strong southerly winds (both speed and direction)
over the land near the coastline and over the adjacent sea, and the quasi-stationary mesoscale boundary (a con-
vergence line as well as a thermal boundary) formed under the combined influence of synoptic flows, terrain,
land-sea contrast, and cold pools for the prediction of heavy rainfall over the coastal region of South China in
this event. The experiments using other analysis datasets (including ERAS, GFS, FNL, and CFSR) as initial and
boundary conditions were also run. The initial fields provided by these analysis datasets show some differences
in moisture, temperature, winds, etc. Results show that low-level winds in Yangjiang near the coastline and over
the sea turned to be more southwesterly after 22:30 LST June 21, and lifting by the mountains in the middle of
Yangjiang and the convergence line was less distinct in those experiments than that in CNTL. Consequently, most
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heavy rainfall fell in the west of Jiangmen, and heavy rainfall in the middle of Yangjiang was missing in those
experiments (Figure S4 in Supporting Information S1).

In the ongoing work, the cloud microphysical characteristics and processes associated with extreme hourly rain-
fall of 165 mm are further explored by both observational analysis and process-based modeling study, and they
will be compared with the record-breaking rainfall event studied in Huang et al. (2020).
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