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ABSTRACT

Southerly  flow  within  marine  atmospheric  boundary  layer  (MABL)  plays  an  important  role  in  the  production  of
extreme  rainfall  (ER)  on  the  South  China  coast  (SCC).  This  study  proposes  a  new  perspective  in  that  the  Indochina
Peninsula, which is upstream of the northern South China Sea (SCS) in the monsoon airflow, augments the southerlies in
the MABL through thermodynamic forcing and thus enhances ER on the SCC. Using the 99th percentile hourly rainfall as
the threshold, this study defines 337 coastal ER days in 30 early summers from 1988 to 2017. The ER days feature strong
diabatic heating and downdraft-related adiabatic heating over the Indochina Peninsula, enhancing the southwestward low-
level temperature gradient over the northern SCS, which is key to strengthening the southerlies within the MABL. Strong
MABL southerly  winds  produce  pronounced  water  vapor  convergence  over  the  SCC.  Moreover,  the  diurnal  variation  in
heating  near  the  peninsula  has  an  impact  on  the  diurnal  variation  in  the  MABL  wind  velocities  over  the  northern  SCS,
which is closely related to the diurnal ER cycle on the SCC. In numerical simulations of a typical heavy rainfall episode,
ER  on  the  SCC  is  significantly  weakened  by  eliminating  diabatic  heating  or  terrain  of  the  Indochina  Peninsula  in  the
sensitivity  experiments.  Weakened  heating  over  the  peninsula  leads  to  weaker  MABL  southerlies  and  horizontal
convergence near SCC, thus substantially inhibiting coastal convection.
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Article Highlights:
•   Asymmetric  heating over  the  Indochina  Peninsula  produces  a  strong low-level  temperature  gradient  over  the  northern
SCS.

•  The thermal structure enhances the southerly flow in MABL and the ER on the SCC.

•  The diurnal ER cycle on SCC is modulated by the diurnal variation in heating over the Indochina Peninsula.
 

  

 1.    Introduction

Situated at the forefront of the East Asian summer mon-
soon’s influences, South China stands out as a region charac-
terized by the greatest rainfall amounts and the most frequent
occurrences of extreme rainfall (ER) in China (Zhang et al.,
2011; Luo et al., 2017). After the onset of the East Asian sum-
mer monsoon, a substantial influx of warm and moist air is
transported  from  the  tropical  ocean  into  South  China
(Fig. 1), leading to a surge of rainfall. It forms the first rainy

season, typically spanning from May to June, known as the
early-summer rainy season in South China (Ding, 1992). In
fact, 40%–60% of the annual rainfall in South China occurs
in the early-summer rainy season,  among which more than
50% is  contributed  by  heavy rainfall  events  resulting  from
intricate  interactions  involving multiscale  synoptic  systems
(Sun et al., 2019; Luo et al., 2020). Previous studies have cate-
gorized the early-summer ER into synoptic-forcing ER and
warm-sector ER. Synoptic-forcing ER is closely associated
with  synoptic  systems,  including  surface  fronts,  low-level
wind  shear,  and  low-level  vortices  (Li  et al.,  2020; Luo
et al.,  2020).  By  contrast,  warm-sector  ER occurs  within  a
warm and  humid  zone  with  weak  gradients  of  temperature
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and humidity, which is usually observed at the South China
Coast  (SCC)  (Sun  et al.,  2019; Wu  et al.,  2020a).  Rainfall
accumulation on the SCC is mainly contributed by warm-sec-
tor ER (Luo et al., 2016; Wu et al., 2020a; Zeng and Wang,
2022). The combination of weak synoptic forcing, diverse for-
mation mechanisms, and the characteristics of being particu-
larly intense, abrupt, and localized, makes the prediction of
ER  on  the  SCC  very  challenging  (Sun  et al.,  2019; Luo
et al., 2020).

Numerous  studies  have  revealed  the  close  relationship
between  the  intensity  of  low-level  winds  and  ER  in  South
China.  According  to  the  previous  statistics,  approximately
70% of the early-summer ER events in South China are asso-
ciated  with  low-level  jets  (Li  and  Du,  2021).  In  particular,
the formation of  nocturnal  boundary-layer  jets  (BLJs)  with
a maximum of wind velocity at ~950 hPa play a crucial role
in  producing  heavy  rainfall  on  the  SCC  (Du  and  Chen,
2019a; Zhang  and  Meng,  2019; Dong  et al.,  2021; Li  and
Du,  2021; Du  et al.,  2022; Du  and  Yi,  2025; Su  et al.,
2025). Moreover, ER on the SCC is characterized by a pro-
nounced diurnal variation, manifesting a primary early-morn-

ing peak and a secondary afternoon peak (Jiang et al., 2017;
Chen  et al.,  2018),  further  noting  that  the  early-morning
peak is associated with the nocturnal intensification of bound-
ary-layer  southerly  flow  (Chen  et al.,  2016; Du  et al.,
2020a; Su et al., 2021; Gao et al., 2022; Zhang et al., 2022;
Su  et al.,  2023; Huang  et al.,  2024).  Enhanced  southerlies
within the marine atmospheric boundary layer (MABL) pro-
duces  pronounced  moisture  convergence  and  ascending
motions through their interactions with local factors, such as
coastal  terrain  (Du  et al.,  2020a; Zhang  et al.,  2022; Su
et al.,  2023)  and  land-sea  breeze  circulations  (Chen  et al.,
2016; Su et al., 2021; Gao et al., 2022; Huang et al., 2024),
as  well  as  urban  heat  island  effects  (Yin  et al.,  2020; Sun
et al., 2021), providing a conducive environment for the pro-
duction of coastal ER. Numerical studies have also demon-
strated the high sensitivity of ER on the SCC to the intensity
of southerly flow within the MABL (Du and Chen, 2019b;
Zhang and Meng, 2019; Du et al., 2020b; Wu et al., 2020b;
Shen  and  Du,  2023).  These  results  suggest  that  a  precise
depiction of the characteristics of MABL southerlies is criti-
cally  important  to  the  accurate  prediction  of  heavy  rainfall
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Fig.  1. Precipitable  water  (grey  shadings)  and  columnar  water  vapor  flux
(vectors)  over  the  sea,  averaged  during  early  summers  from  1988  to  2017.
Shadings over  land denote  the terrain height.  The black-solid  frames denote
the two key regions,  Region-C and Region-S,  and the blue frame shows the
domain for the WRF model. The black-dashed frame shows Region-P, where
the  terrain  and  categories  of  underlying  surface  are  modified  in  sensitivity
experiments.
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on the SCC.
The formation of BLJs is associated with an enhancement

in  the  boundary-layer  winds  jointly  induced  by  thermody-
namic  and  dynamic  factors.  The  inertial  oscillation  of  the
boundary-layer wind is attributed to the diurnal variation in
eddy viscosity  (Blackadar,  1957).  The  baroclinic  boundary
layer induced by the asymmetric surface heating at sloping
orography or near coastal regions also modulates the bound-
ary-layer  flows  (Holton,  1967).  Additionally,  these
boundary-layer  flows  can  be  augmented  by  the  orographic
blocking effect in mountainous regions (Li and Chen, 1998;
Zhang  et al.,  2006; Chakraborty  et al.,  2009; Jiang  et al.,
2010; Finnigan et al.,  2020).  BLJs  over  the  northern South
China Sea (SCS) have been demonstrated to be attributed to
a  combination  of  the  above  three  factors  (Du  et al.,  2015;
Du  and  Chen,  2019a; Tu  et al.,  2019; Xia  et al.,  2023; Du
et al.,  2024).  Particularly,  the  terrain  and  land-sea  contrast
in the Annamite Range along the east coast of the Indochina
Peninsula  (see  the  terrain  in Fig.  1),  which  is  upstream  of
the northern SCS in the summer monsoon flow, are demon-
strated in recent studies to play an important role in the forma-
tion of the BLJs in the Beibu Gulf (Kong et al., 2020; Wang
et al., 2022; Du et al., 2024). The MABL winds near the lee-
ward  side  of  the  Annamite  Range  undergo  a  nocturnal
enhancement owing to the inertial oscillation. These intensi-
fied winds traverse the mountainous barrier of the Annamite
Range  and  restrengthen  through  a  hydraulic  jump,  which
accelerates the downstream MABL flows through momentum
advection, thereby instigating the formation the BLJs. Sensi-
tivity  experiments  reveal  that  deactivating  the  surface  heat
flux in simulations yields the minimum occurrence frequency
of BLJs over the Beibu Gulf,  underscoring the critical  role
of  the  asymmetric  surface  heating  by  the  Annamite  Range
in producing BLJs (Kong et al., 2020).

Nevertheless, the effects of the asymmetric surface heat-
ing  near  the  Indochina  Peninsula  on  the  production  of  ER
on the SCC and its diurnal variation remains unclear. Based
upon statistical analyses and convection-permitting numeri-
cal simulations, this study attempts to address the following
two questions: (1) How does the low-level thermal structure
over the Indochina Peninsula enhance the southerly airflow
within MABL over the northern SCS (Region-S in Fig. 1)?
(2) In what ways do the enhanced MABL southerlies modu-
late  ER  on  the  SCC  (Region-C)  and  its  diurnal  variation
through thermodynamic and dynamic processes? Primarily,
this  study  defines  the  coastal  ER days  in  30  early  summer
periods, and analyzes the thermodynamic forcing related to
the  MABL  southerly  flow  during  these  days.  In  addition,
the diurnal variation in ER and its mechanisms are discussed
in two episodes. Further, the impacts of the Indochina Penin-
sula on the coastal ER are analyzed based on the numerical
simulations  of  a  typical  case.  Aside  from  Region-C,  the
Beibu Gulf coastal area (Fig. 1) is also included in the SCC,
but  the  synoptic  characteristics  and  mechanisms  for  ER  in
this region are quite different from Region-C, and thus, are
not focused on in this study. The remainder of this paper is

organized as follows. Section 2 describes the data and meth-
ods  used in  this  study,  including the  model  configurations.
Section  3  shows  the  synoptic  characteristics  related  to
coastal ER. Section 4 discusses the low-level thermodynamic
forcing and its impacts on the MABL wind. Section 5 exam-
ines  diurnal  variability,  and  section  6  discusses  the  results
of numerical experiments. Finally, section 7 includes a sum-
mary and conclusion.

 2.    Data and methods

 2.1.    Data

This study shows the rainfall climatology in early sum-
mers  (May  and  June)  from  1988  to  2017.  Hourly  rainfall
amounts, recorded by the national surface meteorological sta-
tions (Figs. 2a, b), are used to show the spatiotemporal distri-
butions of coastal ER and to define ER days. The model eval-
uation  uses  observations  from  automatic  weather  stations
(AWSs) and upper-air stations [see section 2 of the Electronic
Supplementary Materials (ESM) ].

Two reanalysis datasets are involved in this study. The
statistical  analyses  shown in  sections  3–5 are  based  on  the
East  Asia  Reanalysis  System  (EARS)  (Yin  et al.,  2023).
This dataset has a time interval of 3 h, a horizontal resolution
of 12 km × 12 km, and 74 vertical layers. The fifth generation
of the European Centre for Medium-Range Weather Forecasts
reanalysis  (ERA5)  dataset  (Hersbach  et al.,  2020)  is
employed to generate the initial and lateral boundary condi-
tions for  the numerical  experiments  discussed in  section 6.
The ERA5 dataset encompasses 37 vertical layers and has a
horizontal resolution of 0.25° × 0.25°.

 2.2.    Definition of ER days

Considering the severe disasters caused by short-duration
ER events (Westra et al., 2014), this study focuses on the anal-
ysis  of  extreme  hourly  rainfall  (EHR).  The  hourly  rainfall
amounts  over  0.1  mm  recorded  by  each  station  during  the
30  early  summers  are  sorted  in  ascending  order,  and  the
99th  percentile  values  are  considered  as  the  thresholds  for
EHR (Fig. 2a). As shown in Fig. 2b, the early-summer accu-
mulated  EHR exhibits  three  areas  with  values  greater  than
100 mm. The largest one extends along the coast from Maom-
ing  to  Zhuhai,  with  the  maximum  accumulated  EHR  of
245.7 mm observed at Yangjiang. The other two EHR centers
are  located  near  Guangzhou  and  Shanwei,  respectively.
Note  that  the  ER  near  the  Beibu  Gulf  is  also  profound
(Figs. 2a, b), but its mechanisms are quite different (e.g., Du
et al., 2022) and thus are not the focus of this study.

Region-C includes 60 stations. If the total frequency of
EHR  recorded  in  Region-C  during  one  day  exceeds  3
(which is 5% of the station number in Region-C), this day is
classified  as  an  ER day.  If  more  than  one  station  recorded
EHR, the total frequency is the sum of their EHR numbers,
considering the heavy rainfall that either lasted for multiple
hours  or  impacted  multiple  stations.  Based  on  this  defini-
tion,  this  study  finds  337  coastal  ER  days,  accounting  for
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18.4% of  the  total  days.  As  shown in Figs.  2c and 2d,  the
ER-day proportion has a similar tendency to that of the aver-
age EHR. The 10-day EHR amount is within 10–15 mm in
May,  while  the  ER-day  proportion  is  within  14%–20%
(Fig. 2c). The most frequent onsets of the summer monsoon
occurred  in  late  May,  after  which  the  rainfall  rapidly
increases.  The ER-day proportion reaches its  peak of more
than  24%  in  early  June,  while  the  10-day  EHR  amount
increases  by  ~5  mm.  The  years  of  1998,  2005,  2008,  and
2010 featured the most significant peaks in both the seasonal
EHR  amount  and  ER-day  proportion,  while  the  years  of
1990,  1994,  1999,  and  2000  consituted  the  low  points
(Fig. 2d).

 2.3.    Force analysis

To  investigate  the  thermodynamic  forcing  in  the
MABL, which is closely related to the production of coastal
ER, force analyses are conducted along both x and y direc-
tions:
 

du
dt
= −∂ϕ
∂x
+ f v−Fx , (1)

 

dv
dt
= −∂ϕ
∂y
− f u−Fy , (2)

 

I II III IV
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where , ,  and  denote  the  westerly  component,
southerly component,  geopotential,  and Coriolis parameter,
respectively.  and  denote the friction forces along the
x and y directions, which are mainly caused by the eddy vis-
cosity. Thus, the four terms in Eqs. 1-2 denote the accelera-
tion, geopotential gradient, Coriolis force, and friction, respec-
tively. Following Gao et al. (2024), the geopotential gradient
in MABL can be decomposed into three terms: 
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Fig.  2. Spatial  and  temporal  distributions  of  the  early-summer  extreme  hourly  rainfall  (EHR)  over  the  SCC:  (a)
threshold  of  EHR at  the  99th  percentile,  and  (b)  Seasonal  accumulated  EHR amount  averaged  during  1988–2017.
The dark grey shadings in (a-b) denote topographic heights greater than 400 m, and the frames outline Region-C. (c)
Time series of the 10-day accumulated EHR amount in Region-C and the proportion of ER days in ten-day intervals.
(d) Interannual variations in seasonal accumulated EHR amount in Region-C and the proportion of ER days in each
early-summer period.
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p0

p
p0 ⟨Tv⟩

Rd

free atmosphere (  is set to 700 hPa), and term III (i.e., the
thermal  contrast  term)  is  the  thermal  wind  between  and

.  denotes the average virtual temperature within the
two layers, and  denotes the specific gas constant of dry
air. Since the thermal wind is given according to the hydro-
static  equilibrium  hypothesis,  a  non-hydrostatic  residual
should be considered in the real atmosphere, which is given
by term IV.

 2.4.    Numerical experiments

Based  on  numerical  experiments,  this  study  discusses
the impacts of the upstream thermal structure on the produc-
tion of ER on the SCC during 1–20 June 2022 (see section 1
of  the  ESM for  an overview of  this  case).  The simulations
are  conducted  using  the  Advanced  Research  WRF  model
(Skamarock  et al.,  2021)  version  4.3.3,  and  the  model
domain is shown in Fig. 1. The model has a horizontal resolu-
tion  of  3  km  ×  3  km  and  51  vertical  layers.  The  6-hourly
ERA5  reanalysis  data  are  used  to  generate  the  initial  and
boundary conditions. The simulation starts at 0000 UTC 27
May and stops at 0000 UTC 21 June, with the first five days
(27–31  May)  considered  as  the  spin-up  time.  The  WRF
model  employs  the  Thompson  two-moment  microphysics
scheme  (Thompson  et al.,  2008),  the  Yonsei  University
(YSU)  planetary  boundary  layer  scheme  (Hong  et al.,
2006), the Unified Noah Land Surface Model (Tewari et al.,
2004), and the Rapid Radiative Transfer Model for General
Circulation  Models  longwave/shortwave  radiation  scheme
(Iacono et al., 2008).

Three sensitivity experiments (Exp-NoDH, Exp-NoTrr,
and  Exp-NoDHTrr)  are  conducted.  Their  comparisons  to
the  control  experiment  (denoted  by  Exp-Ctrl)  evaluate  the
changes in the coastal rainfall on the SCC induced by different
upstream  heating.  The  sensitivity  experiments  share  the
same model configurations as Exp-Ctrl, but the topography
and  diabatic  heating  in  the  Indochina  Peninsula  (Region-P
in Fig.  1)  are  modified.  Exp-NoDH  (where “NoDH”
denotes “no diabatic heating”) shuts down the latent heating
of  microphysical  processes  and  sensible  heating  over  the
land surface in Region-P,  while the Exp-NoTrr experiment
(where “NoTrr” denotes “no terrain”)  decreases  the  terrain
heights in Region-P to 0. Exp-NoDHTrr (where “NoDHTrr”
denotes “no diabatic heating and terrain”) conducts both the
modifications in Exp-NoDH and Exp-NoTrr. It is plausible
that both the diabatic and adiabatic heating in the low levels
of Region-P is weakened in the sensitivity experiments.

 3.    Synoptic characteristics

The SCC meets strong MABL southerly flow from the
northern SCS during ER days, which produces pronounced
water  vapor  convergence  near  the  coastline.  As  shown  in
Figs.  3a,  the  SCC  lies  to  the  east  of  a  shallow  trough  of
700-hPa geopotential height (GPH) during ER days, which
forces a low-level southwesterly wind. Figure 3b shows ER-
day  anomalies,  which  are  the  differences  of  variables
between the ER days and their respective seasonal average.

The negative GPH anomaly over South China and the positive
GPH anomaly over the SCS exhibit a stronger 700-hPa geopo-
tential  gradient  and  higher  wind  velocity  than  the  seasonal
average (Fig. 3b). Note that the 700-hPa westerly component
is much larger than the southerly component near the SCC,
making the wind velocity almost parallel to the coastline. If
the wind directions at lower layers do not change with pres-
sure,  the  coastal  topographic  lifting  should  be  quite  weak
since the convergence mainly depends on the wind compo-
nent perpendicular to the coastline. However, there is signifi-
cant  vertical  wind  shear  (VWS)  within  the  700–950-hPa
layer. The southerly component increases with pressure, and
its  maximum occurs in the MABL, which is  the key cause
for coastal lifting in many ER events. The average southerly
component  at  950  hPa  in  Region-S  is  6.8  m  s–1,  which  is
two times that at 700 hPa (Fig. 3a).

As  shown  in Figs.  3c and 3d,  the  precipitable  water
over  the  sea  increases  rapidly  from  south  to  north,  and
exceeds  60  mm  near  the  SCC,  which  is  over  4  mm  larger
than  the  seasonal  average  (Fig.  1).  The  columnar  water
vapor fluxes exhibit a clear path for moisture transport from
southwest (Fig. 3c). Compared to the seasonal average, the
moisture  transport  during  ER days  is  stronger  to  the  south
of  the  SCC  and  weaker  to  the  north  (Fig.  3d),  enhancing
coastal  convergence of  water  vapor,  which is  conducive to
the production of  coastal  ER. The meridional  cross-section
shows a thickened moist layer with raised contours of water
vapor mixing ratio near the coastline, where the updraft is sig-
nificant  (Fig.  4a).  The  greatest  anomaly  of  water  vapor
occurs at ~800 hPa over the SCC (Fig. 4b), which is caused
by stronger convergence and updraft below this level.

The strong southerly winds in the MABL indicate a pro-
nounced low-level baroclinicity, which is closely related to
the thermal structure over SCS. The MABL over the western
SCS is much warmer than the surrounding areas with a 950-
hPa  potential  temperature  that  exceeded  304  K  during  ER
days (Fig. 3a), which is ~0.8 K higher than the seasonal aver-
age (Fig. 3b). It produces a strong thermal contrast over the
northern  SCS,  where  the  temperature  rapidly  decreases
from southwest to northeast. As shown in Fig. 4c, there is a
strong  downdraft  over  the  leeside  of  the  Annamite  Range,
leading to strong adiabatic heating, which together with the
diabatic heating over Indochina Peninsula produces the signif-
icant  warm  area  over  the  western  SCS  (Fig.  3a).  The
stronger  synoptic  forcing  during  ER days  further  enhances
the downdraft,  leading to the positive anomaly of potential
temperature in the MABL (Fig. 4d). On the other hand, the
downdraft  also  decreases  the  moisture  and  produces  a  dry
layer, enhancing the convective inhibition over Beibu Gulf,
which  does  not  affect  the  sea  area  to  the  east  of  Hainan
Island (i.e., Region-S). As a result, rainfall amount near the
Beibu Gulf is much lighter than that in Region-C when both
areas meet BLJs (Du et al., 2022).

The  characteristics  of  the  low-level  wind  field  and
thermal  structure  during  coastal  ER  days  are  quite  robust
and do not change significantly with different rainfall areas
on the SCC. Based on the same definition, 387 ER days can
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be  found  for  a  larger  Region-C  (Fig.  5a),  which  includes
166 stations, while 366 ER days can be found for a smaller
Region-C, which includes 49 stations (Fig. 5c). The distribu-
tion  of  the  700-hPa  geopotential  height  field  during  both
episodes (Figs. 5a, c) shows a shallow trough over southwest
China, which are similar to that during the original 337 ER
days  (Fig.  3a).  The  700–950-hPa  VWS  over  the  northern
SCS and 950-hPa warm tongue near the Indochina Peninsula
are also similar (Figs. 5a, c and 3a), but the warm tongue dur-
ing ER days for the larger Region-C is stronger (Figs. 5b, d
and 3b),  which leads to stronger low-level baroclinicity.  In
general, the synoptic characteristics in ER days are not sensi-
tive to the scope of Region-C.

 4.    Low-level thermodynamic forcing

The asymmetric  heating over  the  Indochina Peninsula,

which results from much stronger adiabatic and diabatic heat-
ing over land than over sea, enhances the low-level thermal
contrast over the northern SCS. This thermal structure pro-
duces significant VWS between the MABL and the free atmo-
sphere. Figure  6 shows  the  average  vertical  profiles  of  all
the terms in Eqs. 1–4 in Region-S. The zonal Coriolis force
related  to  the  southerly  component  results  in  accelerations
of 1.6 × 10–4 m s–2 at 700 hPa increasing to 3.2 × 10–4 m s–2

at 950 hPa (blue line in Fig. 6a), corresponding to the low-
level VWS (Fig. 3a). It is nearly balanced with the variations
in zonal geopotential gradient and friction (orange and light
purple lines in Fig. 6a), which is enhanced by 1.2 × 10–4 and
0.4  ×  10–4 m  s–2 between  the  two  layers,  accounting  for
74.1% and 26.9% of the increase in Coriolis force (blue line
in Fig.  6a)  (the  extra  ~1%  contributes  to  the  variations  in
zonal acceleration). Furthermore, the zonal thermal contrast
term  (purple  line  in Fig.  6b)  contributes  120.7%  to  the
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Fig.  3. Synoptic  characteristics  for  ER  events.  The  left  column  shows  the  700-hPa  geopotential  height  (contours;
units:  gpm)  and  wind  velocities  (red  vectors),  as  well  as  the  950-hPa  potential  temperature  (shadings)  and  wind
velocities  (black  vectors)  averaged  during  (a)  ER  days  and  (b)  their  anomalies.  The  right  column  shows  the
precipitable  water  (shadings)  and  columnar  water  vapor  flux  (vectors)  averaged  during  (c)  ER  days  and  (d)  their
anomalies.  The black frame in (a)  shows the Region-S, and lines A-B and C-D in (c)  show the two cross-sections
cited in Fig. 4. The anomalies that are not significant at the 0.05 level are not shown in the lower row.
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increase  in  the  geopotential  gradient  at  950 hPa  relative  to
that  at  700  hPa,  while  the  non-hydrostatic  residual  (pink
line  in Fig.  6b)  offsets  it  by  20.7%.  This  indicates  that  the
zonal thermal contrast dominates the structure of geopotential
in the MABL and plays an important role in the strengthening
of MABL southerly flow. Meanwhile, the meridional geopo-
tential gradient (orange line in Fig. 6d) is 2.2 × 10–4 m s–2 at
700 hPa and decreases to 1.6 × 10–4 m s–2 at 950 hPa, which
is also dominated by the thermal contrast  term (purple line
in Fig. 6d) with a contribution of 119.3%. The weakening of
the meridional Coriolis force and corresponding westerly com-
ponent  of  pressure  gradient  force  (blue  line  in Fig.  6c)
depends  on  both  the  geopotential  gradient  and  friction
(orange  and  light  blue  lines  in Fig.  6c),  with  contributions
of 46.3% and 50.2%, respectively. Note that the large merid-
ional friction is a result of strong southerlies in the MABL,
which is also related to the zonal thermal contrast.

To  investigate  the  impacts  of  low-level  baroclinicity
and the related synoptic characteristics, ER days with strong
and  weak  baroclinicities  are  selected  based  on  the  VWS
within 700–950 hPa in Region-S. The daily VWS in all the
ER  days  are  sorted  in  ascending  order,  and  the  days  with
VWS weaker  than  the  25th  percentile  value  are  defined  as
weak  baroclinicity  days  (denoted  by  type-WkB),  while
those with VWS stronger than the 75th percentile value are
defined as strong baroclinicity days (denoted by type-StB).
Figure 7 shows their differences in terms of low-level wind,

thermal  structures,  and  ER  amounts.  During  type-WkB
days,  Region-S  is  to  the  west  of  the  subtropical  high  with
weak southerly flow at 700 hPa (Fig. 7a). Forced by a weak
thermal  contrast,  the  southerly  component  at  950  hPa  is
only 1.4 m s–1 larger than that at 700 hPa. Type-StB features
stronger synoptic forcing than type-WkB with a larger west-
erly component in Region-S (Figs. 7a, b). The stronger dia-
batic heating over the Indochina Peninsula and stronger down-
draft-related adiabatic heating near the leeside of the Anna-
mite  Range  for  type-StB  produces  a  much  warmer  MABL
over the western SCS than type-WkB. The thermal contrast
intensifies MABL southerlies, resulting in enhanced conver-
gence  near  the  coastal  areas.  The  southerly  component  at
950 hPa is 5.3 m s–1 larger than that at 700 hPa in Region-S
(Fig. 7b). The northward moisture transport for type-StB is
much stronger than type-WkB, which is mainly attributed to
the  increment  of  wind  velocities  below  700  hPa  (Figs.  7c,
d). It produces a stronger gradient of moisture over the north-
ern SCS and more precipitable  water  in  Region-C,  and the
coastal ER amount for type-StB is 37% greater. Meanwhile,
one-half  of  the  northward  moisture  transport  is  caused  by
the increment of wind velocities related to low-level baroclin-
icity, even for type-StB, and the proportion is much less dur-
ing other ER days (Figs. 7c, d). This indicates that the mois-
ture  transport  is  mainly  driven  by  the  synoptic  forcing,
while the low-level baroclinicity has an auxiliary effect.

Furthermore,  there  is  a  close  correlation  between low-
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level thermal contrast and VWS in Region-S (Figs. 8a, c). A
warmer  MABL  over  the  western  portion  of  Region-S  is
often accompanied by stronger southerlies in MABL. Mean-
while, stronger southerlies enhance the warm advection and
thus the meridional thermal contrast, which exacerbates the
weakening  of  the  westerly  component  with  height.  These
two mechanisms both enhance the wind component perpendic-
ular  to  the  coastline  in  MABL,  which  is  conducive  to
coastal convergence and production of coastal ER. The corre-
lation  coefficient  between  the  east-west  thermal  contrast
and  the  increment  of  southerly  component  is –0.783
(Fig. 8a), and that between the north-south thermal contrast
and the increment of westerly component is 0.7 (Fig. 8c). In
general, a stronger 700-hPa wind often leads to stronger 950-
hPa  wind,  with  a  correlation  coefficient  of  0.649  between
the 700- and 950-hPa southerly components (Fig. 8b) and a
correlation  coefficient  of  0.801  between  700- and  950-hPa
westerly components (Fig. 8d). Nevertheless, these correla-

tions  vary  with  the  intensity  of  baroclinicity.  Strong  low-
level  baroclinicity  leads  to  intensified  MABL  winds,  even
with  weak  synoptic  forcing  in  the  free  atmosphere.  This
explains the weaker correlations between 700- and 950-hPa
winds  for  type-StB  compared  to  type-WkB  (Figs.  8b, d).
Note that all correlations shown in Fig. 8 are statistically sig-
nificant at the 0.05 level. The correlations related to the differ-
ences of all variables shown in Fig. 8 between type-StB and
type-WkB are also statistically significant at the 0.05 level,
except  for  that  of  the  700-hPa  southerly  component.  The
nature of this exception is straightforward since the 700-hPa
southerly  components  are  weak  during  both  episodes,  and
the  strong  950-hPa  southerlies  for  type-StB  are  mainly
forced by the low-level baroclinicity.

 5.    Diurnal variation

The impacts of heating near the Indochina Peninsula on
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the diurnal rainfall cycle over the SCC are discussed in this
section.  As  shown  in Fig.  9d,  the  coastal  EHR  during  ER
days  exhibits  a  notable  diurnal  cycle,  with  a  primary  peak
after sunset (at 1900 LST) and a secondary peak after mid-
night (at 0300 LST) (Fig. 9d), which can be attributed to the
diurnal variations in offshore wind and land-sea thermal con-
trast.

Stronger  southerlies  in  the  MABL  lead  to  stronger
coastal convergence, increasing the probability of ER occur-
rence. The 950-hPa southerly wind component in Region-S
varies between 6–7.5 m s–1, which has a much larger ampli-
tude  than  that  above  850  hPa  (Fig.  9b).  It  exhibits  two
peaks,  one  in  the  afternoon  (at  1700  LST)  and  the  other
early in the morning (at 0500 LST). The increases in coastal

EHR in the afternoon and at night are both accompanied by
the strengthening of MABL southerly flow (Figs. 9b, d), indi-
cating that the wind velocity in the MABL is an important fac-
tor in modulating the diurnal cycle of coastal ER. The diurnal
variation  in  offshore  wind velocity  in  the  MABL is  forced
by the diurnal cycle in low-level thermal structure (e.g., Du
et al., 2015). As shown in Fig. 9a, the potential temperature
in Region-P shows a warmer anomaly in the afternoon than
at night (Fig. 9a). Thus, the enhancement in geopotential gra-
dient in the northern SCS is more significant during the day-
time, which subsequently forces a larger southerly wind com-
ponent anomaly (Fig. 9b). This causes the EHR peak in the
afternoon to be more significant during ER days than in all
the early summers (Fig. 9d). On the other hand, the coastal

 

dc

Z
o

n
a

l

46.3% 119.3%

ba

P
re

ss
u

re
 (

h
P

a
)

74.1% 120.7%

×10-4 m s-2 ×10-4 m s-2

Geopoten�al gradient

Coriolis force

Fric�on

Accelera�on

Non-hydrosta�c residual

Thermal contrast
M

e
ri

d
io

n
a

l

 

Fig. 6. Force analyses in Region-S during ER days. The upper row (lower row) shows all the terms in
the zonal (meridional) force analysis. The black- and orange-dashed lines in the left column denote
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thermal  contrast  induces  a  land  breeze  superposed  on  the
background  southerly  flow,  enhancing  the  coastal  conver-
gence (e.g., Chen et al., 2016). The low-level air temperature
onshore  is  usually  lower  than  that  offshore  near  the  SCC.
Hence, the nocturnal cooling over the land surface is more sig-
nificant than that over sea surface, leading to a stronger land-
sea  thermal  contrast  after  sunset,  which  can  be  seen  in  the
diurnal  variation  in  the  difference  of  potential  temperature
between the northern and southern boundaries of Region-C
(Fig.  9c).  This  also  corresponds  to  the  occurrence  of  the
EHR  peak  in  the  early  morning.  The  anomaly  of  north-
south  thermal  contrast  shows  a  significant  enhancement  in
the afternoon (Fig. 9c), which is produced by the stronger off-
shore southerly winds during daytime (Fig. 9b) as well as a

cooler  land  surface  (since  the  SCC meets  heavier  rainfall).
In summary, the warm anomaly over the Indochina Peninsula
during  ER  days  makes  the  enhancement  of  the  MABL
southerly flow over the northern SCS and land-sea thermal
contrast near the SCC more significant during daytime, thus
the EHR peak in the afternoon is more significant.

As  shown  in Fig.  10,  the  wind  velocities  and  thermal
structures during ER days with stronger low-level baroclinic-
ity are more likely to have drastic diurnal variations. Type-
StB features larger amplitudes of diurnal variations in poten-
tial  temperature  over  Region-P  (Figs.  10a, b).  The  mean
amplitude of 950-hPa potential  temperature for type-StB is
32% larger than that for type-WkB. This forces more a dra-
matic  diurnal  variation  in  the  low-level  southerly  winds

 

a

c

Type-WkB

b

Type-StB

K

8.4/3.15.1/3.7

4.6 6.3

3

4

5

6

7

8

9
d

400 kg m-1 s-1 400 kg m-1 s-1

25 N

20 N

15 N

10 N

25 N

20 N

15 N

10 N
105 E       110 E 115 E 105 E       110 E 115 E 

305

304

303

302

301

mm

62

60

58

56

54

52

50

mm

9

8

7

6

5

4

3

 

Fig.  7. Synoptic  characteristics  for  two types  of  ER events:  type-WkB (left  column)  and type-StB (right  column).
The upper  row shows the 700-hPa geopotential  height  (contours;  units:  gpm) and wind velocities  (red vectors),  as
well  as the 950-hPa potential  temperature (shadings) and wind velocities (black vectors).  The black frames denote
Region-S, and its average southerly components at 950 (700) hPa are given by the black (red) numbers. The lower
row  shows  the  average  daily  EHR  amount  (dots),  precipitable  water  (shadings),  700–1000-hPa  water  vapor  flux
(blue vectors),  and its part  caused by the increment of horizontal wind below 700 hPa (yellow vectors).  The black
frames denote Region-C, and its average EHR amounts are given by the black numbers.
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over  the  northern  SCS (Figs.  10c, d).  The  mean amplitude
of  the  950-hPa  southerly  wind  component  in  Region-S  for
type-StB is 32% larger than that for type-WkB. Meanwhile,
the thermal contrast  in Region-C also displays a more pro-
nounced  diurnal  variation  for  type-StB  (Fig.  10e),  which,
together with the diurnal variations in wind velocities, ampli-
fies  the  diurnal  EHR  cycle.  The  mean  EHR  amplitude  for
type-StB is 21% larger than for type-WkB.

The diurnal variation in offshore MABL temperature is
usually controlled by the warm airflow from land, since the
eddy heat transport is  weak over the sea surface. Thus, the
large  amplitudes  of  950-hPa  potential  temperature  extend
from the Indochina Peninsula to the northern SCS (Fig. 11).
Diabatic heating over the peninsula is much stronger during
type-StB days, accompanied by more drastic diurnal variation
over  both  the  peninsula  and  the  northern  SCS  (Figs.  7a, b
and 11a, b). The amplitudes of 950-hPa potential temperature
for type-StB are ~0.5 K larger than type-WkB near the Anna-
mite Range and ~0.2 K larger in Region-S, forcing a more

pronounced  diurnal  variation  in  950-hPa  southerlies
(Figs.  11a, b).  On  the  other  hand,  type-StB  also  features
stronger  diabatic  heating  over  South  China  (Figs.  7a, b),
which  leads  to  larger  amplitudes  of  thermal  contrast  in
Region-C (Fig. 10e).

 6.    Results of numerical experiments

As shown in section 2 of the ESM, the Exp-Ctrl well cap-
tures  the  spatiotemporal  distribution  of  ER  as  well  as  the
low-level  thermal  structure  in  Region-C  during  1–20  June
2022.  Thus,  further  analyses  are  based  on  the  comparison
between the Exp-Ctrl and the sensitivity experiments, which
employ the same model configuration.

Both  the  total  rainfall  and  EHR  amounts  on  the  SCC
decrease  with  the  modified  surface  heating  or  presence  of
terrain  in  Region-P  (Fig.  12).  For  Exp-NoDH,  EHR at  the
eastern  center  is  reduced  substantially  (Figs.  12b, d).  The
western  EHR  center  almost  disappears  in  Exp-NoTrr  and
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Exp-NoDHTrr, while the EHR amounts at the northern center
significantly  decrease  (Figs.  12b, f, h).  The  average  EHR
amounts  in Region-C in Exp-NoDH, Exp-NoTrr,  and Exp-
NoDHTrr  are  27.2%,  33%,  and  46.7%  less  than  Exp-Ctrl
(Figs.  12d, f, h),  which  are  more  significant  than  the
changes in total rainfall (Figs. 12c, e, g). This suggests that
heavier  rainfall  is  more  sensitive  to  the  changes  in  the
Indochina Peninsula.

The cooling over the Indochina Peninsula weakens the
MABL  southerlies  over  the  northern  SCS  (Figs.  13a, c).
The  950-hPa  potential  temperatures  over  the  western  SCS
in sensitivity experiments are 0.5–2 K lower than Exp-Ctrl,
leading to a weaker thermal contrast and thus weaker baroclin-
icity in the MABL. The 950-hPa zonal geopotential gradient
in  Region-S  is  weaker  in  the  sensitivity  experiments  than
Exp-Ctrl,  which  weakens  the  southerlies.  The  average
950-hPa  southerly  components  in  Region-S  decrease  by
0.95,  1.25,  and  1.36  m  s–1 in  Exp-NoDH,  Exp-NoTrr,  and
Exp-NoDHTrr,  respectively  (Figs.  13a, c).  The  impacts  of
modifying  the  terrain  and  diabatic  heating  are  different,
since  the  former  has  both  dynamic  and  thermodynamic
effects. Without the blocking effect of mountains, the south-
westerly wind near  the Indochina Peninsula is  enhanced in
Exp-NoTrr, but the cooling over the western SCS weakens
the southerlies in Region-S (Fig. 13b). Nevertheless, souther-
lies  over  the  entire  SCS  are  weakened  in  Exp-NoDH
(Fig.  13a)  due  to  the  elimination  of  diabatic  heating.  Exp-
NoDHTrr features its most significant decrease in southerly
components in Region-S, indicating a superposition of terrain
and  diabatic  heating  effects.  The  weakening  of  southerlies
reduces MABL moisture and thus lowers the convective avail-
able potential energy (CAPE). The 950-hPa mixing ratio of
water vapor is decreased by 0.2–0.5 g kg–1 to the southeast

of  Hainan  Island  (Figs.  13d, f).  The  average  CAPE  in
Region-S  decreases  by  140.4,  166.9,  and  320.1  J  kg–1 in
Exp-NoDH,  Exp-NoTrr,  and  Exp-NoDHTrr,  respectively
(Figs.  13d–f).  Note  that  the  changes  in  terrain  in  the  latter
two  experiments  decrease  the  consumption  of  water  vapor
over the Indochina Peninsula and increase the MABL mois-
ture, which offsets the impacts of cooling and increases the
local CAPE (Figs. 13e, f).

The  weakened  coastal  convergence,  together  with  the
lower CAPE, inhibits the convection and thus the production
of EHR over the SCC. As shown in Fig. 14a, the southerlies
near  the  coastline  have  a  structure  typical  of  a  BLJ,  with
the  southerly  wind  component  exceeding  10  m  s–1 below
900 hPa.  The  coastal  convergence  triggers  intense  convec-
tion, which can be seen from the absolute values of vertical
velocity. In sensitivity experiments, the southerly wind com-
ponents  near  the  coastline  are  decreased  by  more  than
1  m  s–1 (Figs.  14b–d),  which  hardly  reach  10  m  s–1.  This
weakens the convergence in the boundary layer and updraft
over the SCC. The absolute values of vertical velocity near
the coastline are decreased by 10%–30% in sensitivity experi-
ments  (Figs.  14b–d),  indicating  a  substantial  weakening  of
convection.

 7.    Summary

ER events on the SCC involve complex multiscale mech-
anisms, which makes their prediction very challenging (Sun
et al.,  2019; Luo et al.,  2020). The strong southerlies in the
MABL are usually a prerequisite for the production of ER,
since they transport warm moist air from the northern SCS
and produce  coastal  convergence  through interactions  with
local  factors  such  as  the  coastal  terrain  (Du  et al.,  2020a;
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Fig.  11. Amplitudes  of  diurnal  variations  in  potential  temperature  (shadings)  and southerly  components  (contours;
units: m s–1) at 950 hPa during (a) type-WkB and (b) type-StB days. The black frames denote the two key regions.
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Zhang et al., 2022; Su et al., 2023) and land-sea breeze circu-
lations  (Chen  et al.,  2016; Gao  et al.,  2022; Huang  et al.,

2024), as well as urban heat island effects (Yin et al., 2020;
Sun et al., 2021). Based upon statistical analyses and convec-
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Fig.  12. 20-day  rainfall  amounts  (left  column)  and  EHR  amounts  (right  column)  during  1–20  June  2022
simulated by different numerical experiments (marked at the left). The numbers in (c–h) represent the changes
in the average rainfall amounts in Region-C for sensitivity experiments relative to Exp-Ctrl. Black frames in the
right column denote Region-C, and the red ellipses indicate the three areas with the greatest EHR.
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tion-permitting numerical simulations, this study proposes a
new perspective,  in  that  the  Indochina  Peninsula,  which  is
located  upstream  of  the  northern  SCS  in  the  monsoon  air-
flow, augments the southerlies and moisture transport in the
MABL  through  thermodynamic  forcing  and  thus  plays  an
important role in the production of ER on the SCC.

Using the 99th percentile hourly rainfall as the threshold
of EHR, 337 days in 30 early summers from 1988 to 2017
are defined as the coastal ER days. Compared to the seasonal
average, the coastal ER days feature stronger diabatic heating
over the Indochina Peninsula as well as stronger downdrafts
over the leeside of the Annamite Range, producing a much
warmer  MABL  over  the  western  SCS  and  thus  enhancing
the low-level baroclinicity over the northern SCS. The 950-
hPa potential temperature decreases from southwest to north-
east over the northern SCS. According to the force analyses,
the horizontal thermal contrast dominates the vertical varia-
tion in geopotential  gradient,  which, together with the fric-
tion,  leads  to  significant  700–950-hPa  VWS.  Specifically,
the southerly component increases with pressure, while the
westerly  component  decreases  with  pressure.  Thus,  the
daily average 700–950-hPa VWSs are closely correlated to

the daily thermal contrasts. The strengthening of southerlies
in the MABL enhances the moisture transport and produces
a  center  of  pronounced  water  vapor  convergence  over  the
SCC.

The ER days with strong and weak low-level baroclinici-
ties, which are denoted by the type-StB and type-WkB days,
are selected based on the 700–950-hPa VWS for comparative
analyses.  The  950-hPa  potential  temperature  over  the
Indochina Peninsula  and the  western  SCS is  much warmer
during  type-StB  days  than  during  type-WkB  days,  further
establishing the important role of heating over the peninsula
in generating low-level baroclinicity over the northern SCS.
The stronger southerlies in the MABL for type-StB produce
a stronger gradient of moisture and more precipitable water
near the SCC compared to that in type-WkB, thus its coastal
ER amount is 37% greater. Moreover, type-StB days feature
more drastic diurnal variations in both the MABL wind veloci-
ties and the land-sea thermal contrast, thus the amplitude of
its  diurnal  variation  for  coastal  ER is  21% larger  than  that
for type-WkB.

To  investigate  the  impacts  of  Indochina  Peninsula  on
ER on the SCC, this study conducts a series of numerical sim-
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Fig. 13. Comparison of thermal structures and wind velocities in the MABL between sensitivity experiments and Exp-Ctrl
during 1–20 June 2022. Each column shows the difference between an experiment and Exp-Ctrl (marked at top). The upper
row shows  the  differences  in  potential  temperature  (shadings)  and  wind  velocity  (vectors)  at  950  hPa,  and  the  lower  row
shows the differences in CAPE (shadings) and mixing ratio of water vapor at 950 hPa (contours). The dashed, thin-solid, and
thick-solid lines denote the values of 0, –0.2, and –0.4 g kg–1, respectively. Black frames outline Region-S. Line A-B in (d)
shows  the  cross-section  referenced  in  Fig.  14.  Black  numbers  in  the  upper  row  and  in  the  lower  row  denote  the  average
differences of southerly component and CAPE in Region-S, respectively.
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ulations of a typical heavy rainfall episode during 1–20 June
2022 using the WRF model with a horizontal resolution of
3 km × 3 km. The control experiment well captures the spa-
tiotemporal distribution of ER as well as the low-level thermal

structure over the SCC. The sensitivity experiments modify-
ing  the  terrain  or  diabatic  heating  of  the  eastern  Indochina
Peninsula  can  significantly  weaken  ER  on  the  SCC  with
decreasing rates ranging from 27.2%–46.7%. The modifica-
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Fig.  14. Cross-section along line A-B in Fig.  13d:  (a)  Absolute  values of  vertical  velocity (shadings)  and in-plane
wind  velocities  (vectors;  the  vertical  velocity  is  multiplied  by  50)  for  Exp-Ctrl;  (b)  Same  as  in  (a),  but  for  the
differences  between  Exp-NoDH and  Exp-Ctrl;  (c)  Same as  in  (a),  but  for  the  differences  between  Exp-NoTrr  and
Exp-Ctrl; (d) Same as in (a), but for the differences between Exp-NoDHTrr and Exp-Ctrl. Red triangles denote the
location of the coastline.

 

 

Fig. 15. Schematic diagram of how the temperature gradient over the northern South China
Sea produced by the upstream heating enhances the MABL southerlies  and thus ER on the
SCC. See the text for more details.
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tions in sensitivity experiments weaken the heating over the
peninsula, leading to a cooler MABL over the western SCS,
which significantly weakens the transport of warm moist air
in the MABL through thermodynamic forcing. The weakened
coastal  convergence,  together  with  lower  CAPE,  inhibits
moist convection over the SCC.

According  to  the  above  results,  the  impacts  of  the
Indochina  Peninsula  can  be  summarized  as  follows
(Fig. 15).  The diabatic heating over the peninsula, together
with downdraft-related adiabatic heating over the leeside of
the Annamite Range, produces a warm region in the MABL
over  the  western  SCS.  The  southwest  warm  advection
extends  its  margin  to  the  northern  SCS  and  produces  a
strong  southwestward  temperature  gradient.  Forced  by  the
baroclinicity,  the  zonal  geopotential  gradient  and southerly
component  increase  with  pressure.  Thus,  the  southerlies  in
MABL  are  much  stronger  than  in  the  free  atmosphere,
which  enhances  the  transport  of  warm,  moist  air  in  the
MABL,  increasing  the  precipitable  water  and  CAPE  near
the SCC. The strengthening of  MABL southerlies  can also
induce  the  coastal  updraft  through  terrain-induced  conver-
gence near the coast. Both impacts are conducive to the pro-
duction of ER on the SCC. Moreover, the diurnal variation
in heating near the peninsula impacts the diurnal variations
in the MABL wind and ER on the SCC through thermody-
namic forcing.

This  study  involves  regions  of  several  countries,  and
the results indicate that a better understanding and higher pre-
diction skill of regional extreme weather might be achieved
by improving the observation systems through international
cooperation.  Besides  the  Indochina  Peninsula,  Hainan
Island also features a notable heating effect upon its surround-
ing areas (Fig. 3a). The MABL wind can directly bring the
warm air from Hainan Island to the SCC, which modulates
the coastal thermal structure and rainfall. However, its spatial
scale might be quite different from the processes discussed
in this paper, and will be analyzed in future work.
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