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ABSTRACT

Coastal marine boundary layer jets (CMBLIJs) play an important role in coastal and inland rainfall in South China.
Using 21 years of ERAS and CMORPH rainfall data, two main CMBLIJs are found, one on each side of Hainan Island
(named BLJ-WEST and BLJ-EAST), which are always strengthened jointly. Both CMBLIJs often occur in the pre-summer
rainy season and exhibit an evident diurnal cycle with a maximum at night. With the emergence of the CMBLIJs, rainfall is
significantly enhanced in South China, particularly downstream of each CMBLJ. The response of rainfall to the CMBLIJs is
mainly attributed to convergence at the terminus of each CMBLJ, terrain-induced lifting, and relevant atmospheric
stratification. Coastal rainfall downstream of the BLJ-WEST is much weaker than that downstream of the BLJ-EAST
because of higher CIN over the Beibu Gulf, which is caused by lower temperature lapse rates and adiabatic heating in the
lee of the Annamite Range. The inland rainfall increases along with CMBLJ intensity, whereas coastal rainfall reaches a
maximum in the presence of moderate CMBLIJs rather than stronger CMBLIJs. Stronger CMBLJs induce stronger dynamic
lifting but higher CIN near the coastal area. Additionally, CAPE near the coast does not become highest with strongest
CMBLIJs, because the CAPE generation contributed by coastal dynamic lifting can be offset by the negative contribution
caused by the horizontal advection of cold and dry air from the Indochina Peninsula. Therefore, anomalous dynamic lifting,
moisture flux convergence, and CAPE/CIN associated with CMBLJ intensity jointly result in anomalous rainfall.
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Article Highlights:

¢ Two CMBLIJs, one on each side of Hainan Island, are observed in the pre-summer rainy season and exhibit a diurnal
cycle with a maximum at night.

¢ Coastal rainfall downstream of the BLJ-WEST is much weaker than that downstream of the BLJ-EAST because of
higher CIN over the Beibu Gulf.

¢ Inland rainfall increases along with CMBLIJ intensity, whereas coastal rainfall does not reach a maximum that
corresponds with strongest CMBLIJs.

1. Introduction

Low-level jets (LLJs) are regarded as an important

» This paper is a contribution to the special issue on Predictability, factor regulating the intensity and distribution of rainfall
Data Assimilation and Dynamics of High Impact Weather—In

Memory of Dr. Fuging ZHANG. (Stensrud, 1996; Rife et al., 2010; Du and Chen, 2018,
* Corresponding author: Yu DU 2019a). LLJs typically can be classified into two types, includ-
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layer jets (BLJ), both of which play distinct roles in rainfall
owing to different characteristics and formation mechan-
isms (Chen et al., 1994; Du et al., 2014; Zhang and Meng,
2018; Du and Chen, 2019b).

Compared to SLLJs driven by synoptic disturbances,
such as a low-pressure vortex or fronts, BLJs often occur
next to mountains, like the Rocky Mountains (Bonner,
1968) and Andes Mountains (Marengo et al., 2004), or off
coasts; some examples of coastal marine BLJs are the Califor-
nia coastal jet (Doubler et al., 2015), Chilean coastal jet (Garr-
eaud and Mufioz, 2005), BLJ in Bohai (Zhang et al., 2018),
and BLJ off the southeastern coast of China (Du et al.,
2015). However, due to observational limitations, coastal mar-
ine BLJs (CMBLIJs) have been studied less than BLIJs over
land, especially concerning their link to rainfall.

The formation mechanisms of the BLJs over land are
explained by two main theories, including ‘“Blackadar mech-
anism ” (or called inertial oscillation theory, Blackadar,
1957) and “Holton mechanism” (thermal forcing over slop-
ing terrain, Holton, 1967), or their combination (Du and
Rotunno, 2014; Shapiro et al., 2016). Unlike the BLJs over
land, CMBLIJs occur in the absence of obvious diurnal eddy
viscosity over the sea. Thus, the typical inertial oscillation
mechanism caused by diurnal vertical mixing in the bound-
ary layer does not work for CMBLJs. Du et al. (2015)
revealed that inertial oscillation triggered by the thermal con-
trast between the land and ocean plays an important role in
the CMBLJ off the southeast coast of China. Burk and
Thompson (1996) suggested that the California coastal jet is
also closely related to enhanced coastal baroclinicity. The
diurnal variation of the baroclinicity along with inertial and
friction effects can further affect the delay of the jet max-
imum in the early evening. In addition to baroclinicity,
coastal terrain has an influence on CMBLYJ intensity (Li and
Chen, 1998; Chakraborty et al., 2009; Jiang et al., 2010;
Chen et al., 2017b). For instance, the Somali jet is intensi-
fied by deflecting westerly low-level air northward due to
the East African mountains acting as a western boundary
(Krishnamurti et al., 1976).

Some previous studies have documented that CMBLIJs
can regulate rainfall near coasts via transporting moisture
and providing convergence (e.g., Neiman et al., 2002; Du
and Chen, 2019b), and their effects vary among regions.
The California Landfalling Jets Experiment statistically
links rainfall rates near the coastal mountains to the hourly
upslope flow of the California coastal jet (Neiman et al.,
2002; White et al., 2003), which is known as an atmo-
spheric river because of transferring abundant water vapor
(Smith et al., 2010). The Caribbean LLJ is found to coin-
cide with a maximum in rainfall off the Caribbean coast of
Nicaragua and Costa Rica (Amador et al., 2000; Whyte et
al., 2008), while the strong West African westerly jet res-
ults in enhanced coastal rainfall through low-level moisture
transports (Liu et al., 2020). In east Asia, a BLJ over the
northern South China Sea (NSCS) horizontally transports
moisture from the NSCS to Taiwan, favoring rainfall near
the southwestern coast of Taiwan (Tu et al., 2019).

Over southern China, both SLLJs and BLJs are
observed under variations in features (Du and Chen, 2019b,
Li and Du, 2021). SLLJs generally occur over land, whereas
BLIJs prevail over the NSCS. SLLJs have been widely stud-
ied in terms of their formation mechanisms and their relation-
ship with rainfall (Tao and Chen, 1987; Chen and Yu,
1988), however, BLJs and their impacts on rainfall are still
not well understood. Du et al. (2014) exhibited two high-
occurrence regions of CMBLIJs over the Beibu Gulf and
NSCS, which are both in proximity to the coast of South
China and on either side of Hainan Island. Therefore, it is
worth studying the detailed features of these two CMBLIJs
and their relationship with each other. Furthermore, since
CMBLIJs can induce convergence at their termini and inter-
act with coastal terrain, as well as provide favorable thermody-
namic conditions by transporting warm moist air, several
questions arise: (1) What is the relationship between the
intensity of the two CMBLIJs and rainfall? (2) What is the rel-
ative importance of the dynamic and thermodynamic effects
of the CMBLJs on rainfall?

The primary objective of the present study is to reveal
how the two CMBLIJs influence rainfall in south China
dynamically and thermodynamically from a climatological
point of view. The data and statistical methodology are
briefly described in section 2. In section 3, we present the stat-
istical characteristics of the two CMBLJs and their relation-
ship with each other. Section 4 describes different rainfall pat-
terns associated with the intensity of the two CMBLJs and fur-
ther discusses their relevant dynamic and thermodynamic
effects. The results of this study are summarized in section
5.

2. Data and Methodology

2.1. Data used in this study

The latest ECMWF atmospheric reanalysis, ERAS, is util-
ized to analyze the CMLLIJs’ activities and related atmo-
spheric processes. ERAS is the fifth generation of ECMWF
atmospheric reanalysis of the global climate and follows
ERA-Interim. Since ERAS has high spatial and temporal res-
olution with a horizontal grid spacing of 0.25° x 0.25° and a
time interval of 1 h, it has been widely used to identify low-
level jets (Du and Chen, 2019b; Kalverla et al. 2019; Chen
et al., 2021). Other datasets, like ERA-Interim, are also
examined and show similar results but with lower resolu-
tion.

To display the precipitation distributions associated
with the CMLLIJs, we used Climate Prediction Center morph-
ing technique (CMORPH) rainfall data (Joyce et al., 2004)
with a temporal resolution of 30 min and a horizontal resolu-
tion of 8 km. CMORPH is derived by low-orbit satellite
microwave data and geostationary infrared data. CMORPH
data presents good performance in rainfall estimates and has
been widely used in previous studies (Chen et al., 2018; Du
and Chen, 2018). For consistency in temporal resolution
and period coverage, both CMORPH rainfall data and
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ERAS5 data used in the present study cover from 1998 to  (2) below 600 hPa, the wind speed must decrease by at least

2018 and have a temporal resolution of 1 h. 3 m s~! from the height of the wind maximum to the wind

L . . minimum above that, and (3) the meridional wind compon-

2.2. Criteria for identifying CMBLJ ent at the jet vertical core is greater than zero. Thesepcri—

To identify the existence of a BLJ, the following cri- teria to identify a BLJ in East Asia have been widely used

teria are adopted: (1) the maximum wind speed is more than  in previous studies (Du et al., 2014; Du and Chen, 2019a;
10 m s~! within the lowest 100-hPa layer above the surface, Tu et al., 2019).
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Fig. 1. (a) Terrain height (shading, m). (b) Distribution of BLJ occurrence frequency (shading, %). Boxes A
and B are the regions selected for the BLJ-WEST and BLJ-EAST event definition, respectively.
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Based on the high-occurrence region of BLJs (Fig. 1),
we further classify CMBLIJ events as occurring over the
Beibu Gulf (BLJ-WEST) or NSCS (BLJ-EAST). BLJ-
WEST and BLJ-EAST events are defined as when more
than 50% of the grid points in boxes A and B of Fig. 1b sat-
isfy the BLJ criteria, respectively. There is no requirement
for the duration of the BLJ events, and the criteria of the
BLIJ events are hourly-based.

2.3. Budget of CAPE generation

The budget of convective available potential energy
(CAPE) is calculated to investigate the influence of the
CMBLJ on the change of CAPE distribution. The local
change of CAPE can be written as (Emanuel, 1994; Zhang,
2002; Chen et al., 2014; Chen et al. 2017a):
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when the air parcel is lifted from the source level py to the
level of neutral buoyancy pinp. Ty, and T, are virtual temper-
atures of the air parcel and the environment aloft. ¢, — ¢y
is the geopotential thickness of convection layer. R4 is gas
constant of dry air, and p is pressure. Based on the method
introduced by Chen et al. (2014), the local change of CAPE
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Furthermore, the local change of the air parcel’s equival-
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which means the boundary layer forcing can be further
divided into horizontal advection, vertical lifting, and
external diabatic heating Q. Q is calculated as a residual. In
addition to Q, the residual term also includes radiation
effects, rainfall evaporation, and sub-grid processes like turbu-
lence. The estimation errors of Q become large near the sur-
face. So, the generation of convective instability by various
processes due to LLJs can be calculated at a high accuracy
using hourly data. The difference of ACAPE/dt and
Termy, + Termg, represents a calculation error of this budget
estimate, which is relatively small in this case. In this way,
we can quantitatively analyze the influence of the CMBLJ
via the budget of CAPE.

3. Characteristics of the CMBLJs

3.1. Structures and variations of the CMBL]Js

Before the influence of the CMBLIJs on rainfall is elu-
cidated, it is necessary to investigate their own characterist-
ics, including spatial structures and temporal variations.

Figure 1b shows the horizontal distribution of the occur-
rence frequency of BLJs during January—December
1998-2018. Two regions with high occurrences of BLIJs are
identified over the Beibu Gulf (around 19°N, 108°E, a max-
imum of ~18%) and over the NSCS (in proximity to the north-
eastern coast of Hainan, around 19.5°N, 111.5°E, a max-
imum of ~14%). Compared to the two high-incidence
regions, BLJs rarely occur over land in South China. These
two high-incidence CMBLIJs on either side of Hainan Island
are the BLJI-WEST and BLJ-EAST. The vertical distribu-
tions in occurrence frequency of the two CMBLIJs show that
both the BLJ-WEST and BLJ-EAST have peaks at 950 hPa
(Fig. 2a). Compared to the BLJ-EAST, the BLJ-WEST
occurs more frequently below 950 hPa.

As shown in Fig. 2b, the occurrence frequencies of the
BLJ-WEST and BLIJ-EAST events exhibit pronounced
diurnal cycles with maximums at night (0200-0500 Local
Standard Time, LST = UTC + 8). The peak in occurrence of
the BLJ-WEST occurs ~2-3 h earlier than that of the BLJ-
EAST. In addition, the diurnal cycle amplitude of the BLJ-
WEST is larger than that of the BLJ-EAST. The diurnal
cycle mechanism of the two CMBLJs has been discussed in
previous studies (Du and Chen, 2019b; Kong et al., 2020).
Kong et al. (2020) documented that the BLJ-WEST mainly
occurs at night because the upstream wind strengthens and
flows over the Annamite Range after sunset, which includes
a hydraulic jump jet over the downstream of the mountain.
Du and Chen (2019b) suggested that the nocturnal enhance-
ment of the BLJ-EAST is caused by inertial oscillation
coupled with large-scale land—sea breeze circulation. It is
noted that a sharp decrease exists between 1700 and 1800
LST (and between 0500 and 0600 LST) in diurnal variation
of the two CMBLIJs because ERAS uses 12-h windows of
4D-Var data assimilation (from 0900 UTC to 2100 UTC
and 2100 UTC to 0900 UTC) (Chen et al., 2021).

Besides diurnal variations, the occurrence frequencies
of the two CMBLJs exhibit pronounced seasonal variations
with maximums in April-June, which is the early-summer
rainy season in South China. Additionally, the BLJ-WEST
events occur more frequently than the BLJ-EAST events
(28% vs 15%) in the early-summer rainy season (Fig. 2c).
Given the high occurrences of the CMBLJs and large precipit-
ation in South China, we mainly focus on the early-summer
rainy season in the remainder of this study.

Figure 3 presents the horizontal wind speeds at low
levels averaged during the BLJ-WEST events and the BLJ-
EAST events compared to those from the whole early-sum-
mer rainy season. During the BLJ-WEST or BLJ-EAST
events, the southerly or southwesterly low-level winds near
the coast of South China (~8-12 m s~!) are much stronger
than those for the seasonal mean (~0-6 m s~!). In general,
the locations of maximum winds are vertically tilted to the
north (Fig. 3) due to the rise in terrain or stronger boundary
layer mixing over the land. For instance, the 950-hPa south-
erly winds are centered in the Beibu Gulf and the NSCS
(Figs. 3a, ¢, and e), whereas the 850-hPa southwesterly
winds are greatest over land in southern China (Figs. 3b, d,



DU ET AL. 5

875 1 (a) 25 + (b)
= BLIWEST —BLJ-WEST
= 200 mBLJ-EAST 20
c(f D —BLJ-EAST
< 925 ‘?15
o - 5 F
1000 | | | 0 L T T T T T
0 2 4 6 8 10 12 14 16 18 2022 0 2 4 6
Frequency (%) Time (LST)
*r(e) 57 (d)
01 51 = BLJ-WEST
g 2y =BLJ-WEST &, mBLJ-EAST
> o0 L mBLJ-EAST >
= % 3
S 15 ¢ o
g 1 52
L 0F o
5 F ‘ 1
0 I B -l =8 .. 0

12 3 45 6 7 8 9 101112

Month

<9 9~10 10~1111~1212~1313~1414~15 15-16 >16
wind speed (m/s)

Fig. 2. (a) Vertical occurrence frequency distribution of BLJ cores for BLJ-WEST and BLJ-EAST events. (b) Diurnal cycle
and (c) seasonal variation of BLJ-WEST and BLJ-EAST event occurrence frequency during Jan-Dec 1998-2018. (d)
Histogram distribution of wind speed at 950 hPa averaged over boxes A and B for BLJ-WEST and BLJ-EAST events,

respectively.

and f). The wind maximum cores at 950 hPa over the Beibu
Gulf and the NSCS (Figs. 3c and 3e) correspond to high
occurrence frequencies of the two CMBLIJs (Fig. 1b). Dur-
ing the BLJ-WEST events, the wind core over the Beibu
Gulf (~12 m s71) is stronger than that over the NSCS (~10
m s71). On the other hand, southerly winds over the NSCS
(12 m s71) become strong during the BLJ-EAST events
while strong winds prevail over the Beibu Gulf (~12 m s1)
as well. These results suggest that the two CMBLJs are not
completely independent and are related with each other.

3.2. Relationship between the BLJ-WEST and the BLJ-
EAST

As shown in Fig. 4a, the occurrence frequency of the
BLJ-WEST (24%) is higher than that of the BLJ-EAST
(13%) during the early-summer rainy season. Interestingly,
the simultaneous occurrence frequency of BLJ-WEST and
BLIJ-EAST events (BLJ-WEST-EAST events) is particu-
larly high (~ 9.1%), which accounts for the majority of BLJ-
EAST events. These results suggest that the BLJ-EAST is typ-
ically accompanied by the BLJ-WEST. Figure 4b presents
the scatter diagram of 950-hPa wind speed averaged over
the CMBLIJs’ core regions during the BLJ-WEST, the BLJ-

EAST, and the BLI-WEST-EAST events. The linear regres-
sions of wind speeds for the two CMBLJs and their simultan-
eous occurrence show high correlations (R=0.63, 0.59, and
0.50 for the BLJ-WEST, BLJ-EAST, and BLJ-WEST-
EAST events, respectively), which further confirms a close
relationship between the BLJ-WEST and the BLJ-EAST
and implies that both CMBLIJs are controlled by the same
large-scale environment (e.g., monsoon flows) but with differ-
ent intensity of monsoonal airflow. When the airflow is
strong, the BLJ-EAST and BLJ-WEST tend to appear
together; when the airflow is weak, only the BLJ-WEST
occurs. Therefore, the BLI-EAST events show higher wind
speeds extending more eastward compared to the BLIJ-
WEST (Fig. 3). Since the two CMBLIJs may convey differ-
ent thermodynamic features derived from their different
upstream regions (e.g., Indochina Peninsula or South China
Sea), it is necessary to examine their varying effect on rain-
fall in South China.

4. Rainfall associated with CMBLJs

The spatial distributions of rainfall associated with the
two CMBLJs (BLJ-WEST and BLJ-EAST) are examined
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compared to the seasonal rainfall mean. Figure 5a shows the
climatological horizontal distribution of rainfall during the
early-summer rainy season (April-June). Four main rainfall
maximum centers (>0.4 mm h~!) occur over northeastern
Guangxi (Region L1), central Guangdong (Region L2), north-

ern Fujian (Region L3), and Yangjiang (Region C2). An addi-
tional minor rainfall maximum center (~0.35 mm h-!) is
observed in Shanwei (Region C3). The rainfall centers
agree well with surface observations (Luo et al., 2017).
During the BLJ-WEST or BLJ-EAST events, all the rain-
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fall centers are significantly strengthened compared to the sea-
sonal mean (Figs. 5b and c). The rainfall intensity over
Region L1 (~0.8 mm h~!) is larger than that over Region L2
(~0.6 mm h-') during the BLJ-WEST events (Fig. 5b),
whereas the rainfall over Region L2 (~1 mm h~!) becomes
stronger than that over Region L1 (~0.9 mm) during the
BLJ-EAST events (Fig. 5c). The enhanced rainfall is
closely linked to the strengthened low-level winds of the
BLJ-WEST or BLJ-EAST. The influences of the two
CMBLIJs on rainfall exhibit their similarities and differ-
ences. Next, we will discuss the detailed impact mechan-
isms from dynamic and thermodynamic perspectives.

4.1. Dynamical effects

From a dynamic perspective, Fig. 6 compares the ver-
tical cross sections of upward motion and meridional winds
along lines a—c of Fig. 5 during the early-summer rainy sea-
son, the BLJ-WEST events, and the BLJ-EAST events. Com-
pared to the seasonal mean, the vertical motion is
strengthened near the coasts and on the windward side of
mountains along with the enhancement of the BLJ-WEST
or BLJ-EAST (Fig. 6). During the BLJ-WEST or BLJ-
EAST events, strong CMBLJs peaking at 950-975 hPa

impinge on the coastal terrain, which induces evident ascent
with a center of 925 hPa near the coasts, including the south
coast of Guangxi (Region C1) and the southwest and south-
east coasts of Guangdong (Regions C2 and C3). Addition-
ally, the CMBLIJs extend further to the north at higher levels
due to the locations of their maximum winds being tilted
with height, and these winds impinge farther inland, reach-
ing higher mountains, and produce elevated mesoscale
ascent due to the CMBLIJs’ termini and terrain-induced lift-
ing (Fu et al., 2019). As a result, significant 850-hPa ver-
tical motion centers occur on the windward side of Yun-Gui
Plateau (Region L1), Nanling mountain (Region L2), and
Wuyi mountain (28°N, 118°E, Region L3), which are near
the termini of the CMBLJs. The intensified upward motion
is consistent with the enhanced low-level convergence
and/or moisture flux convergence related to the CMBLIJs
and their interaction with coasts or terrain (Fig. 7). The
upward motion averaged during the BLJ-EAST events
(Figs. 6¢c, f, and i) is slightly stronger (~0.05 Pa s~!) than
that in the BLJ-WEST events (Figs. 6b, e, and h) because of
stronger CMBLJs in the BLJ-EAST events (Fig. 3), result-
ing in more rainfall over South China in the BLJ-EAST
events (Fig. 5c).
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4.2. Thermodynamical effects

Apart from dynamical effects, rainfall can also be influ-
enced by the thermodynamic processes of the CMBLIJs. The
horizontal distributions of CAPE and CIN under the effect
of the CMBLJs are shown in Fig. 8. The CAPE and CIN
shown here are most unstable CAPE (MUCAPE) and sur-
faced-based CIN, respectively, which are directly obtained
from the ERAS dataset. In the seasonal mean, large CAPE
occurs over the NSCS with a maximum of 2000 J kg~! to
the south of Hainan Island (~17°N, 110°E, Fig. 8a) because
of abundant warm moist low-level airflow from the ocean.
The large CAPE is transported by low-level southerlies to
the north, with two branches surrounding Hainan Island,
and reaches Regions C1 and C2, respectively. During BLJ-
WEST events, more CAPE (~600 J kg~!) is induced by
warm moist air advection toward Region C1 and Region
C2, with stronger high-CAPE branches (Fig. 8c). The
branch of high CAPE to the east of Hainan Island becomes
more significant during the BLJ-EAST events compared to
the west branch (Fig. 8c vs Fig. 8e). Therefore, the CAPE pro-
duction induced by warm moist air advection accompanied
by CMBLIJs enhances rainfall near the coastal areas
(Regions C1 and C2). On the other hand, climatological
CIN is relatively large over the Beibu Gulf (~200-300 J kg=1),
with a maximum of ~400 J kg~! along the downstream side
(northeast) of the Annamite Range (Fig. 8b). When stronger
winds prevail and pass over the Annamite Range during the
BLJ-WEST or BLJ-EAST events, higher CIN (~150 or
200 J kg!) occurs downstream of the Annamite Range
(Figs. 8d and 8f), which mainly affects Region C1. There-
fore, high CIN caused by the CMBLIJs induces unfavorable
conditions for coastal rainfall in the region. The CMBLIJs
induce stronger convergence in both Regions C1 and C2 but
cause higher CIN in Region C1, which probably results in
weaker rainfall in Region C1 compared to Region C3.

Next, we explain why high CIN is observed down-
stream of the Annamite Range (over the Beibu Gulf). In the
lee of the mountain, isentropic surfaces are depressed and
characterized by a hydraulic jump (Fig. 9a), which results in
smaller temperature lapse rates at low levels (Fig. 10a). In
addition, relative humidity at 950 hPa along the lee of the
mountain is anomalously low (Fig. 10b) due to adiabatic heat-
ing (Fig. 9a). The two effects indicated above may jointly con-
tribute to anomalously large CIN values in the lee of the
mountain (Fig. 8b), which is consistent with the results from
using an idealized model found by Markowski and Dotzek
(2011). When the CMBLIJs occur, the two effects become
more significant (Figs. 9b and 10c—f) and thus yield larger
CIN values in the lee of the mountain (Figs. 8d and f).

4.3. Rainfall with varying CMBL] intensity

We further examine the variations of the rainfall pat-
terns along with CMBLJ intensity. The CMBLIs are classi-
fied into four categories based on the wind speed of the
CMBLIJ core averaged over region A or B of Fig. 1b. Weak,
moderate, strong, and extremely strong CMBLIJs are
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defined when the wind speed at 950 hPa of the CMBLJ core
is less than 11 m s°!, between 11 m s~! and 13 m s7!,
between 13 m s~! and 15 m s7!, and greater than 15 m s,
respectively. Figure 2d shows the histogram distribution of
wind speeds at 950 hPa for the BLI-WEST and BLJ-EAST.
Most of CMBLIJs are identified as weak or moderate (10—
13 m s~1). There are enough samples representing these four
categories. We also classify groups using different percent-
iles instead of the fixed threshold, and the results are consist-
ent with the fixed thresholds. Since the wind speed
threshold of 15 m s~! is located at around the 92nd percent-
ile, the fourth category (>15 m s~!) represents extremely

strong CMBLIs.

The horizontal distributions of rainfall under the effect
of the BLJI-WESTs or BLJ-EASTSs are shown in Fig. 11. As
we expected, the rainfall rates over the inland regions
(Regions L1-L3) increase along with CMBLJ intensity. In
particular, the enhanced BLJ-WEST tends to increase rain-
fall more over Region L1 compared to Regions L2 and L3
(Figs. 1la, c, e, and g), while the enhanced BLJ-EAST
tends to increase rainfall more over Regions L2 and L3
(Figs. 11b, d, f, and g). However, the variation of coastal rain-
fall associated with CMBLJ intensity is complicated com-
pared to the variation of inland rainfall. Coastal rainfall in
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Regions C1 and C2 becomes strongest during strong BLIJ-
WEST events (Fig. 11e) rather than extremely strong BLJ-
WEST events (Fig. 11g). Similarly, rainfall in Region C2
peaks during moderate BLJ-EAST events. In contrast,
coastal rainfall in Region C3 increases along with the intens-
ity of the BLJ-WEST or BLJ-EAST, which resembles the
behavior of inland rainfall but differs from the other coastal
rainfall centers.

Figure 12 further confirms the detailed variation of rain-
fall at different locations with CMBLJs of different intensit-
ies. Except for Regions C1 and C2 (black and dark blue
bars of Fig. 12), most Regions (L1-3, and C3) have rainfall

intensities that undergo nearly continuous increases with
increasing CMBLJ intensity.

Next, we explore the causes of non-monotone rainfall
variations with CMBLJ intensity in Regions C1 and C2.
Figure 13 shows the response of vertical motion to the vary-
ing CMBLIJs interacting with coasts and terrain. In addition
to locations upstream of inland mountains, upward motion
is maximized at around 950 hPa near the coastal areas due
to the convergence at the termini of the CMBLJs and the
induction by the variation in land—sea roughness (Fig. 13).
With the enhancement of the CMBLIJs, coastal lifting is
strengthened accordingly, which is consistent with the vari-
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ation of inland topographic lifting. In addition, stronger mois-
ture flux convergence is produced by stronger CMBLIJs
(Fig. 13). However, the strongest coastal lifting and mois-
ture flux convergence among the four categories do not res-
ult in the most rainfall in Regions C1 and C2 from the per-
spective of dynamics, which implies that thermodynamic pro-
cesses might play an important role.

The variation of CIN along with CMBLYJ intensity is fur-
ther examined (Fig. 14). It clearly shows that CIN near
Regions C1 and C2 becomes higher with stronger CMBLIJs
(Fig. 14). This happens because CIN is enhanced down-
stream of the Annamite Range and is accompanied with
stronger southwesterly flow (Fig. 9), which is confirmed by
Markowski and Dotzek (2011). The other possible reason is
that surface temperature is reduced (CIN thus increases)
over the Indochina Peninsula at night when the CMBLIJs are
strengthened, and CIN over the Beibu Gulf is increased by
cold and dry air over the Indochina Peninsula being transpor-
ted downstream by the southwesterly flow.

We also examine the variation of CAPE along with
CMBLJ intensity. The moderate (strong) BLJ-WEST pro-
duces larger CAPE in Regions C1-C3 than the weak (moder-
ate) BLJ-WEST (Figs. 15a and 15b) since more warm moist
air is transported by stronger southerly flow from the South
China Sea. When the BLJ-WEST strengthens further (from
strong to extremely strong), CAPE in Region C1 is instead
reduced because cold and dry air is transported from the
Indochina Peninsula to influence the Beibu Gulf (Fig. 15c).
In terms of BLJ-EASTS, a similar variation of CAPE with
CMBLJ intensity occurs (Figs. 15d—f). The strong
(extremely strong) BLJ-EAST results in lower CAPE in
Regions C1 and C2 compared to the moderate (strong) BLJ-
EAST (Figs. 15e and 15f). CAPE over the Indochina Penin-

sula becomes lower at night due to the radiation cooling
near the surface when the BLJ over the Indochina Penin-
sula (land) is strengthened, owing to inertial oscillation.

To further confirm that smaller CAPE is induced by
cold and dry air being transported from the Indochina Penin-
sula to the Beibu Gulf under the action of a stronger
CMBLYJ, we calculate the budget of CAPE generation in the
diurnal cycle (Fig. 16). Since the CMBLJ becomes stronger
at night, we mainly compare the nighttime and daytime hori-
zontal advection. Figure 16a shows that CAPE at 950 hPa
increases at the coast of the Beibu Gulf, by around 40—
80 J kg~! at 0200 LST. The CAPE at 950 hPa is computed
from lifting the parcel at the source pressure of 950 hPa
rather than at the surface. We chose 950 hPa as the base
level to calculate CAPE because the jet peaks at around 950
hPa and influences the transportation of warm moist air asso-
ciated with CAPE changes. It is noted that CAPE at 950
hPa has estimation errors in the inland region due to terrain
height, but we mainly focus on the CAPE over the ocean
and coastal area in the present study.

The CAPE change is mainly caused by boundary layer
forcing (Fig. 16b), while free-tropospheric forcing gener-
ates a relatively small CAPE change over both the ocean
and the land (Fig. 16c). As mentioned in section 2, bound-
ary layer forcing can be further divided into horizontal advec-
tion, vertical lifting, and external diabatic heating (Figs. 16d—
f). Figure 16d shows that vertical lifting can enhance CAPE
by more than 240 J kg~! at the coastal area. The warm and
humid air in the lower layer is uplifted by terrain along the
coastal area, which leads to the increase of convective instabil-
ity (CAPE thus increases). Because of nocturnal radiation
cooling near the surface, equivalent potential temperature
over the Indochina Peninsula becomes lower at night (Fig.
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16g). Horizontal advection brings relatively cold and dry air
from the Indochina Peninsula to the Beibu Gulf, leading to a
decrease of the warm and wet energy in the boundary layer
over the Beibu Gulf, and thus contributes negatively toward
CAPE generation by about —200 J kg~! (Fig. 16¢). Compar-
ing the patterns at 0200 LST and 1400 LST (Figs. 16e and
16h), the CAPE reduction due to the horizontal advection is
more significant over the Beibu Gulf at night when the
CMBLJ is more intense.

Therefore, the stronger CMBLIJ transports the cold and
dry air from the Indochina Peninsula to the Beibu Gulf
more quickly, resulting in a greater decrease of warm and
wet energy in the boundary layer and thus contributes more
negatively toward CAPE generation, which can offset the
CAPE generation contributed by coastal dynamic lifting. As
aresult, the decrease of CAPE generation inhibits the develop-
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ment of convection and weakens the nighttime precipita-
tion of the western coast.

5. Summary

In the present study, 21 years of hourly ERAS reana-
lysis and CMORPH satellite rainfall data are used to investig-
ate the characteristics of coastal marine boundary layer jets
(CMBLIJs) near the south coast of China and their impacts
on coastal and inland rainfall over South China. The
CMBLIJ frequency distribution indicates two main branches
of southerly CMBLIJs, one on either side of Hainan Island:
one over the Beibu Gulf (BLJ-WEST) and one over the
NSCS (BLJ-EAST). The two CMBLJs peak at around 950
hPa and exhibit significant seasonal variations with maxim-
ums in the pre-summer rainy season (April-June). Similar
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to boundary layer jets over the inland part of South China
(Du et al., 2014), the two CMBLIs are both strongest at mid-
night (~0200-0500 LST). The two CMBLJs are not independ-
ent each other and always strengthen together.

The two CMBLIJs show a close relationship with rain-
fall in South China. Coastal and inland rainfall is signific-
antly enhanced when the two CMBLIJs occur. The BLJ-
WEST tends to intensify rainfall downstream in northern
Guangxi, while the BLJ-EAST tends to intensify rainfall in
central Guangdong and western and eastern coastal Guang-
dong (Yangjiang and Shanwei). The enhanced rainfall is
mainly attributed to the lifting due to the convergence in the
terminus of the CMBLIJ or terrain-induced lifting interact-
ing with the CMBLIJ flow. CAPE changes induced by warm
moist air advection from the NSCS to coastal or inland

areas by the CMBLIJs are another favorable condition for
enhanced rainfall. Compared to coastal Guangdong, rainfall
near coastal Guangxi is much weaker because of higher
CIN in the Beibu Gulf downstream of the Annamite Range.
In the lee of the mountain, depressed isentropic surfaces
decrease the temperature lapse rate at low levels, while adia-
batic heating reduces relative humidity. These two effects
jointly contribute to anomalously large CIN in the Beibu
Gulf.

Dynamic lifting and anomalous CAPE and CIN associ-
ated with the CMBLJs jointly result in anomalous rainfall.
The inland rainfall nearly continuously increases along with
CMBLJ intensity because of stronger dynamic lifting and
stronger CAPE production induced by warm moist air advec-
tion under the effect of stronger CMBLIJs. In contrast, the rela-
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tionship between CMBLJ intensity and coastal rainfall does
not show a positive correlation, except for rainfall near Shan-
wei. Coastal rainfall reaches a maximum when moderate or
strong CMBLIJs occur, rather than extremely strong
CMBLJs. The non-monotone rainfall variations with
CMBLJ intensity are attributed to the combination of favor-
able and unfavorable factors along with CMBLIJ intensity.
With the intensification of the CMBLIJs, dynamic lifting is
enhanced (favorable condition) but CIN becomes higher
(unfavorable condition). In addition, CAPE over the coastal
area increases with an enhancement of the CMBLIJs due to
the warm and humid air uplifted by terrain-induced lifting.
However, CAPE in the coastal areas of Guangxi and Yangji-
ang is further reduced under extremely strong CMBLIJs
because of the negative contribution of CAPE generation
caused by the horizontal advection of cold and dry air from
the Indochina Peninsula offsetting the CAPE generation con-
tributed by coastal dynamic lifting.

In the future, it is necessary to examine CMBLJ activit-
ies using offshore observations from scientific research
ships to compare with the results of reanalysis. Higher resolu-
tion WRF simulations are required to explore the CMBLJ fea-
tures and mechanisms in details. Recently, Kong et al.
(2020) documented that the BLJI-WEST is mainly driven by
an upstream continental nocturnal LLJ crossing over the
Annamite Range of Vietnam, associated with a hydraulic
jump and topography blocking effects near Hainan Island.
However, the cause of another CMBLIJ high occurrence
region located east of Hainan Island is not well understood
and needs to be further studied. The influence of the
CMBLIJs on rainfall intensity is addressed in the present
study, but the detailed effects of the CMBLIJs on coastal and
inland convection initiation and development should be clari-
fied, from a climatological perspective, in the future.
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