
Boundary-Layer and Low-Level Moisture Fluxes during Low-Level Jet Events in

South China and Their Relationship with Early Summer Rainfall

LIN SU,a,b JUNHAO HU,a,b YU DU,a,b JUNLU LI,c AND GUIXING CHENa,b

a School of Atmospheric Sciences, Sun Yat-sen University and SouthernMarine Science and Engineering Guangdong Laboratory (Zhuhai),
Zhuhai, China

b Key Laboratory of Tropical Atmospheric-Ocean System, Ministry of Education, Zhuhai, China
c School of Marine Sciences, Sun Yat-sen University, Zhuhai, China

(Manuscript received 16 September 2023, in final form 19 December 2024, accepted 10 January 2025)

ABSTRACT: Low-level jets (LLJs) play a key role in driving early summer rainfall in South and East China (SEC) by
supplying essential moisture and energy for convective processes. LLJs in South China (SC) are classified into two distinct
types: synoptic-system-related LLJ (SLLJ) and boundary layer jet (BLJ), each exerting distinct influences on rainfall mech-
anisms. This study investigates the individual influence of SLLJ and BLJ, as well as their interplay, on early summer rainfall
over SEC, with a focus on moisture flux dynamics. The findings reveal the independent yet equally significant contributions
of SLLJs and BLJs in shaping the pattern of early summer rainfall in SEC. Rainfall intensity over SEC correlates with the
intensity of BLJs. Strong BLJs result in pronounced boundary layer convergence and upward moisture transport, and thus
favorable for enhanced rainfall over SEC. The location of rainfall is closely associated with the pattern of SLLJs. South-
westerly SLLJs along the coast of SC enhances local low-level convergence and upward motions, leading to rainfall mainly
confined to SC. By contrast, a quasi-meridional-oriented SLLJ promotes the low-level northward advection of moisture, which
is elevated from the boundary layer by topography in SC. This part of moisture, along with the northward-transported mois-
ture within the boundary layer, is elevated to upper layers at the frontal zone in East China (EC), jointly contributing to
enhanced rainfall in EC. Overall, the moisture for rainfall in SC is mainly contributed by the transport of BLJs, whereas the
moisture for rainfall in EC is jointly attributed to the northward moisture advection by both BLJs and SLLJs.

SIGNIFICANCE STATEMENT: Low-level jets (LLJs) are frequently observed in South China (SC) during warm
seasons and play a key role in early summer rainfall over the region by providing the moisture and energy necessary for
convective processes. LLJs in the coastal south and continental China are classified into two types: synoptic-system-
related LLJ (SLLJ) and boundary layer jet (BLJ), each exerting distinct influences on rainfall mechanisms. Despite
their distinct characteristics and impacts on rainfall, the influences of SLLJs and BLJs on rainfall pattern are intercon-
nected with each other through their interactions. In this work, an in-depth study considering the boundary layer and
low level as a whole is conducted to fully understand not only the individual role of SLLJs and BLJs but also their inter-
action in shaping the spatial pattern of early summer rainfall in South and East China (SEC). The results reveal the dis-
tinct yet equally crucial roles of SLLJs and BLJs in determining the location and intensity of early summer rainfall over
SEC in a climatological manner and underscore the need for further investigation to quantitatively understand the indi-
vidual and interactive influences of SLLJs and BLJs on early summer rainfall across various SEC regions.
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1. Introduction

A low-level jet (LLJ) is referred to a narrow airflow found
in the lowest few kilometers of the atmosphere (Bonner 1968;
Stensrud 1996). LLJs are the result of temperature gradients,
which subsequently induce a pressure gradient and a corre-
sponding flow of air perpendicular to that gradient. Therefore,
LLJs predominantly occur in regions with significant thermal
contrast often brought about by large-scale topography or
land–sea contrast, such as the U.S. Great Plains (Helfand and
Schubert 1995; Whiteman et al. 1997), South America (Marengo
et al. 2002; Vera et al. 2006), East Africa (King et al. 2021;
Munday et al. 2021), and southeast China (Cui et al. 2023;

Du and Chen 2019a). LLJs are known to be important to the
rainfall in these regions as they carry abundant warm and moist
air originated from the tropical oceanic surface (Higgins et al.
1997; Monaghan et al. 2010; Stensrud 1996). LLJs influence rain-
fall through providing thermal and dynamic conditions condu-
cive to convections. LLJs induce positive vorticity (Beebe and
Bates 1955; Walters and Winkler 2001) and mass convergence
(Xia et al. 2006; Xia and Zhao 2009; Zhang and Ni 2009) along
the left side of their axes, making the region preferred for heavy
rainfall occurrences. In addition, LLJs can trigger convections in
the regions of their exits by producing low-level convergence
and upward motion through their interactions with local land–
sea contrast and terrains (Du et al. 2020a; Higgins et al. 1997;
Liu et al. 2014).

Numerous studies have revealed that LLJs are frequently
observed in South China (SC) during warm seasons and play
a key role in early summer (May–July) rainfall over SC and
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East China (EC) by providing the moisture and energy neces-
sary for convective processes (Du and Chen 2019a; Luo
2017). Annually, the most intensive rainfall period in South
and East China (SEC), including the presummer (May–June)
rainfall in SC and the mei-yu (June–July) in EC, is closely
linked to the activities of LLJs. According to the previous
studies, approximately 70% of the presummer heavy rainfall
events in coastal SC are associated with LLJs (Li and Du
2021); 84% likelihood that a heavy rainfall event will begin on
the next day in the region from EC to Japan when there is a
LLJ of at least 12.5 m s21 present at 700 hPa (Chen and Yu
1988); and in the Yangtze River valley, 79% of LLJs are ac-
companied by heavy rainfall during the mei-yu season, and
83% of heavy rainfall events are associated with LLJs (Wang
et al. 2003; Wang et al. 2019).

In recent studies, LLJs in the coastal south and continental
China are further classified into two types: synoptic-system-
related LLJs (SLLJs) and boundary layer jets (BLJs), based
on their characteristics and formation mechanisms (Cui et al.
2023; Du and Chen 2019a; Du et al. 2022, 2012, 2014, 2020a;
Zhang and Meng 2019; Zhang et al. 2022). SLLJs form in re-
sponse to synoptic weather systems and usually appear at
850–700 hPa, stretching from the South China Sea to inland
SC (Chen and Yu 1988; Du and Chen 2019a; Du et al. 2014).
In contrary, BLJs occur within boundary layer over the north-
ern SCS, with a nocturnal wind maximum at 950 hPa (Du and
Chen 2019a; Du et al. 2022; Li and Du 2021). SLLJs and BLJs
affect rainfall through different mechanisms. The former is
more associated with rainfall in inland areas through inter-
action with synoptic systems to the north, whereas the latter
is closely related to coastal rainfall through their intensive
interaction with local conditions (Du and Chen 2019a; Du
et al. 2022; Li and Du 2021; Zhang and Meng 2019). Particu-
larly, the simultaneous coexistence of a SLLJ and a BLJ
favors the formation of coastal convections arising from
low-level convergence induced by BLJ and midlevel diver-
gence caused by SLLJ (Du and Chen 2019b; Huang et al.
2022; Liu et al. 2020). These two types of LLJs also differ in
moisture transport (Du and Chen 2019a), which influences
accumulated rainfall (Chen et al. 2017). There is preferen-
tial moisture transport to the coastal rainfall by BLJs and
to the inland rainfall by the elevated SLLJs (Du and Chen
2019a).

Despite their distinct characteristics and impacts on rainfall,
the influences of SLLJs and BLJs on rainfall pattern are inter-
connected with each other through their interactions. Most
previous studies to date have focused on the respective role
of either SLLJs or BLJs in modulating rainfall pattern by sep-
arating the two completely; however, BLJ and SLLJ occur
simultaneously at a lot of time. In addition, different configu-
rations of the location, direction, and intensity of BLJ and
SLLJ may affect regional rainfall in different ways, to which
limited attention has been paid. An in-depth study consider-
ing the boundary layer and low level as a whole is needed to
fully understand not only the individual role of SLLJs and
BLJs but also their interaction in shaping the spatial pattern
of early summer rainfall in SEC. By utilizing a long-term rain
gauge record of rainfall in China and an atmospheric reanalysis

dataset spanning from 1976 to 2015 in this study, we investigate
the characteristics of different configurations of SLLJs and
BLJs in SEC with a particular focus on moisture flux dynamics
and further discuss their relationship with the spatial patterns
of early summer rainfall over the region. From a perspective of
moisture transport, this work is designed to address two key
scientific questions: 1) how does the early summer rainfall pat-
tern in SEC response to changes in boundary layer and low-
level moisture flux due to varying configurations of location,
direction, and intensity of LLJs? and 2) what are the roles of
horizontal/vertical moisture transports corresponding to differ-
ent configurations of LLJs in modulating the spatial pattern of
early summer rainfall in SEC? By answering these questions,
we aim to provide a more comprehensive understanding of the
intricate roles and interactions of SLLJs and BLJs in shaping
rainfall patterns in SEC. The remainder of the manuscript is
organized as follows: the data used for the study are intro-
duced in section 2, the method applied to the study is de-
scribed in details in section 3, the results are presented and
discussed in sections 4 and 5, and the conclusions are given in
section 6.

2. Data

a. Rainfall observations

The annual early summer (1 May–31 July) rainfall in SEC,
with a range of 188–318N, 1078–1248E (Luo et al. 2020; Zhang
et al. 2011) as demonstrated in Fig. 1, is derived from the rain
gauge record of daily rainfall at 410 stations across the region.
The station locations are depicted in Fig. 1a, and the mean
early summer rainfall during 1976–2015 at each station is pre-
sented in Fig. 1b. Overall, the mean early summer rainfall in
SEC shows two primary centers. One is situated in SC, specifi-
cally below 258N (highlighted by the red box in Fig. 1a), with
the heaviest rainfall primarily concentrated along the coast of
SC; the second center is found in EC, which is to the north
of 258N and the east of 1148E (indicated by the green box in
Fig. 1b); and the most significant rainfall is located at the
lower reaches of the Yangtze River. These two rainfall cen-
ters correspond to the presummer rainfall period in SC from
May to June, and the mei-yu period in EC from June to July,
respectively.

b. Atmospheric reanalysis

The fifth major global reanalysis produced by the European
Centre for Medium-Range Weather Forecasts (ERA5) data-
set with a horizontal resolution of 0.258 at a time interval of
1 h are used for the identification of LLJs in SC and calcula-
tion of associated moisture fluxes. The ERA5 combines great
amounts of historical observations into global estimates using
advanced modeling and data assimilation systems (Hersbach
et al. 2020) and has been reported to perform markedly better
compared to its coarser-resolution predecessors (He et al.
2021; Q. Jiang et al. 2021; Y. Jiang et al. 2021; Guo et al.
2021; L. Liu et al. 2021; Song and Wei 2021). A number of
studies have been conducted to comprehensively examine
the applicability of the ERA5 in representing historical
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meteorological fields, including temperature (Chao et al. 2020;
Tang et al. 2021; Zou et al. 2022), wind (Chen et al. 2021;
Y. Jiang et al. 2021; Guo et al. 2021), moisture (W. Zhang
et al. 2019; Y. Zhang et al. 2019), and precipitation fields
(Q. Jiang et al. 2021; Jiao et al. 2021; Wu et al. 2022; Xie et al.
2022) in China. These studies demonstrate a good perfor-
mance of the ERA5 in reproducing the spatiotemporal vari-
ability in meteorological fields across most regions of China
and even outperform satellite retrievals in some circumstan-
ces or regions.

3. Method

a. LLJ identification

The criteria described in Du et al. (2014) and Du and Chen
(2019a) are utilized to identify LLJ events in SC. The region
applied to LLJ identification is consistent with the domain of
SC (indicated by the red box in Fig. 1b). Based upon the 1-h
ERA5 data, a LLJ exists at a grid if the following two condi-
tions are fulfilled: the maximum wind speed at the grid is
larger than 10 m s21 below 700 hPa and the difference be-
tween the wind maximum and the wind minimum from above

the level of wind maximum to 600 hPa is at least 3 m s21. If
the wind maximum is detected below 900 hPa and it is south-
erly (with positive y components), the LLJ is identified as
a BLJ event, else if the wind maximum is detected above
900 hPa and it is southwesterly (with positive u and y compo-
nents), it is a SLLJ event. A BLJ (SLLJ) event over SC is de-
fined if BLJ (SLLJ) occurs at over 15% grid points over SC at
a specific hour; if both BLJ and SLLJ occur, it is defined as a
double-LLJ (DLLJ) event.

b. Moisture flux calculation

The boundary layer and low-level moisture flux QV at each
grid within SC are calculated as follows (Du and Chen 2019a;
Li and Du 2021; Montini et al. 2019; Varuolo-Clarke et al.
2022):

QV 5
1
g

�P2

P1

qV dp, (1)

where g is the acceleration of gravity (m s22), q is the specific
humidity (kg kg21), V denotes the u and y winds (m s21) at
each pressure level, and p is the atmospheric pressure (Pa).
Boundary layer and low-level moisture fluxes are vertically
integrated from surface to 900 hPa and 900 to 700 hPa,
respectively.

The horizontal boundary layer and low-level moisture
fluxes QT through the south, north, west, and east boundaries
of SC during various LLJ events are calculated by integrating
QV along each boundary of SC:

QT 5

� l2

l1

QV dl, (2)

where the difference between l1 and l2 is the length of the
south, north, west, and east boundaries of SC, which is indi-
cated by the red rectangle in Figs. 1b, 7, and 8. The net meridi-
onal (zonal) moisture flux over SC is the moisture flux
difference between the south (west) and north (east) bound-
ary of SC.

In addition, the vertical moisture exchange between the
boundary layer and low level over SC during various LLJ
events is also analyzed to discuss its possible contribution to
the early summer rainfall. The vertical moisture fluxes through
the 900- and 700-hPa surface, respectively, over SC are inte-
grated as follows:

Qv 5

�x2

x1

�y2

y1

qv dx dy, (3)

where v denotes the vertical velocity at 900- and 700-hPa sur-
face and the difference between x1(y1) and x2(y2) is the hori-
zontal size of SC in zonal (meridional) direction.

Last, the LLJs-associated moisture budget over the investi-
gated region is calculated based on the following equation
(Johnson 1992; Yanai et al. 1973):

(c 2 e) 1­Q′v′
­p

52
­Q
­t

2 V=Q 2 v
­Q
­p

, (4)

FIG. 1. Topography of SEC with (a) the location of the weather
stations used in this study and (b) annual early summer rainfall at
the stations over SC; the red box indicates SC; and the green box
indicates EC.
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where the first term on the right is the moisture tendency and
the second and last terms on the right are the horizontal and
vertical moisture advection. The sum of the three terms on
the left is the subgrid-scale term: c and e are the precipitation
and evaporation rate and the third term on the left is the sub-
grid-scale transport associated with convection overturning.
The overbar indicates a horizontal mean over the grid box
and the prime denotes deviations from this mean. The equa-
tion measures the apparent moisture sink due to the net con-
densation and vertical divergence of the vertical eddy
transport of energy. The results of the moisture budget calcu-
lation are used to diagnose the moisture balance associated
with LLJ events.

4. Boundary layer and low-level moisture fluxes during
LLJ events

a. Characteristics of horizontal moisture fluxes for LLJs

Figure 2 illustrates the occurrence frequency of LLJs in SC
during early summer of 1976–2015. Overall, BLJ events ex-
hibit the highest occurrence frequency among all LLJ events,
followed by SLLJ and DLLJ events. The mean occurrence
frequency of BLJ, SLLJ, and DLLJ events over 1976–2015 is,
respectively, 11%, 8%, and 5% of all hours during early
summer (Fig. 2a), with significant annual fluctuations (Fig. 2b).
The occurrence frequency of SLLJ events demonstrates the
most pronounced annual variability, ranging from 2% to 17% of
all hours during early summer. On the other hand, the occur-
rence frequency of BLJ and DLLJ events exhibits a range of
4%–17% and 0%–12% of all hours during early summer, re-
spectively. The interannual variability of the occurrence fre-
quency of LLJs is closely related to the variability of the South
China Sea summer monsoon, which is dominated by the vari-
ability of the surrounding atmospheric circulations, especially
the two subtropical highs over Pacific region, i.e., the western
North Pacific subtropical high and the Australian high (Wang
et al. 2020). In addition, the interannual variability of the BLJs is
also related to the variability of the boundary layer thermal

conditions, including the sea surface temperature over the north-
ern South China Sea and the land–sea thermal contrast over
South China (Du et al. 2015; Kong et al. 2020). In aggregate,
LLJ events occur in 10%–40% of all hours during early summer
in SC.

The mean boundary layer and low-level moisture fluxes
during various LLJ events are presented and compared with
the climatological mean during early summer in Fig. 3. In
terms of the climatological mean, both the boundary layer
(Fig. 3a) and low-level (Fig. 3b) moisture fluxes exhibit spatial
variations that are consistent with spatial patterns of winds at
their corresponding layer. The boundary layer moisture flux
over land, particularly near mountainous terrain, is substan-
tially lower than that over sea. This is jointly contributed by
two reasons. One is the weakening of the boundary layer
winds due to larger surface friction over land and the blocking
effect of the mountainous terrain. The other is the smaller
depth of the vertical moisture flux integration over land, par-
ticularly at topography. As illustrated in Fig. 4a, the meridio-
nally average surface pressure of the mountainous terrain at
;258N can reach nearly 950 hPa, indicating a reduced depth
of the boundary layer in this region. For similar reasons,
the boundary layer moisture flux splits into two branches at
Hainan and reveals two centers to the west and east of Hainan,
respectively. The lower boundary layer moisture flux at Hainan
corresponds to the highest mountain, Wuzhi Mountain in
Hainan. By contrast, the center of the mean low-level moisture
flux is situated to the west of SC, corresponding to the location
of the maximum wind speed (Fig. 3b), which is further inland
compared with the maximum of the boundary layer winds. In
the boundary layer, the maximum moisture flux is approxi-
mately 150 kg m22 s21, while the low-level moisture flux
reaches approximately 200 kg m22 s21.

For BLJ events, the maximum boundary layer wind speed
is also observed over the sea to the west and east of Hainan,
but with a significantly higher wind speed of approximately
10 m s21 compared to the early summer mean. The enhanced
winds to the west and east of Hainan results in a substantially
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FIG. 2. (a) Annual mean of the occurrence frequency of BLJs, SLLJs, and DLLJs; the red circles represent the
mean occurrence frequency of various LLJ events; the lines inside the boxes indicate the medians; the bottom and
upper edges of the boxes indicate the lower and upper quartiles; and the lower and upper whiskers represent the mini-
mum and maximum of the occurrence frequencies of various LLJ events; (b) the annual occurrence frequency of
BLJ, SLLJ, and DLLJ events over SC during 1976–2015.
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FIG. 3. Mean (left) BL and (right) LL moisture flux (shadings) and horizontal wind field (vec-
tors and contours) for (a),(b) all, (c),(d) BLJ, (e),(f) SLLJ, and (g),(h) DLLJ events during early
summer. (left) The shadow indicates topography higher than 500 m.
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FIG. 4. Cross sections for the mean (left) meridional and (right) zonal moisture flux (shadings) and winds (arrows and contours) for
(a),(b) all, (c),(d) BLJ, (e),(f) SLLJ, and (g),(h) DLLJ events during early summer. The mean meridional/zonal profiles are generated by
averaging the variables over all longitudes/latitudes in the investigated region shown in Fig. 1. Arrows indicate wind vectors in the (left)
y–z plane or (right) x–z plane. The dashed contours indicate velocity of the (left) meridional or (right) zonal wind component, note that
the vertical velocity is multiplied by a factor of 50. The solid contours indicate the mean (left) meridional or (right) zonal equivalent poten-
tial temperature. The black solid line indicates the mean surface pressure in (left) meridional or (right) zonal direction.
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stronger boundary layer moisture flux, reaching a maximum
of approximately 250 kg m22 s21 over the sea off the coast of
SC (Fig. 3c). Notably, the gradient of wind speed along the
coast of SC is significantly enhanced for BLJ events, com-
pared with the climatological mean in Fig. 3a. This augmented
gradient of wind speed, which is due to the low-level vortex in
the west of SC (Fig. 5c), results in strengthened convergence
along the coast, leading to boundary layer moisture conver-
gence at the region. Similarly, the low-level wind speed during
BLJ events is generally higher than the climatological mean,
with the high values located along the coast of SC at the
southeastward side of the vortex (Fig. 5d). The maximum
low-level wind speed (;8 m s21) is located at the Taiwan
Strait (Fig. 1a), leading to a maximum moisture flux of ap-
proximately 280 kg m22 s21 in that area (Fig. 3d). This maxi-
mum moisture flux is induced by a typical barrier jet that
usually occurs at the Taiwan Strait during early summer due
to the interaction between synoptic systems and coastal orog-
raphy (Chen et al. 2022).

Regarding SLLJ events, the spatial pattern of the mean
boundary layer winds show two differences from the case for
BLJ events, as presented in Fig. 3e. One difference is that the
wind speed to the west of Hainan is higher, while it is lower to
the east during SLLJ events. The two branches of BLJs to the
west and the east of Hainan appear frequently during early
summer, but with different formation mechanisms. The west-
ern branch is jointly contributed by the hydraulic jump jet off
the northeast coast of Vietnam, the inertial oscillation effect,
as well as the topography in Hainan, while the eastern branch
is mainly caused by the diurnal inertial oscillation (Du and
Chen 2019a; Kong et al. 2020). As a result, the intensity of the
western branch is typically higher than that of the eastern
branch. The other difference is that, without evident synoptic
systems dominating SC (Fig. 5e), the southwesterly boundary
layer winds with a velocity higher than 4 m s21 intrude north-
ward into further inland area during SLLJ events. Conse-
quently, compared to BLJ events, the center of the mean
boundary layer moisture flux during SLLJ events is situated
over the sea to the west of Hainan, with a maximum value of
approximately 280 kg m22 s21; moreover, the enhanced
boundary layer moisture flux exhibits a northward intrusion
further inland during SLLJ events, with the front edge reach-
ing ;248N in the west of SC and ;288N in the east. The core
of the low-level winds for SLLJ events presented in Fig. 3f ex-
tends from the Beibu Gulf (Fig. 1a) in the southwest SC to
EC, with a maximum wind speed of approximately 10 m s21

(Figs. 3f and 5f). This leads to a substantially higher low-level
moisture flux of approximately 350 kg m22 s21 in that area,
compared to the case for BLJ events.

The spatial patterns of the mean boundary layer (Fig. 3g)
and low-level (Fig. 3h) winds and moisture fluxes for DLLJ
events are similar to those of SLLJ events, but with substan-
tially higher values. Notably, the boundary layer moisture
flux for DLLJs also shows a northward intrusion to ;288N
(Fig. 3g), which is attributed to the northward intrusion of
boundary layer southwesterlies into inland area due to the ab-
sence of synoptic system over SC (Fig. 5g). The maximum
boundary layer and low-level wind speeds during DLLJ

events exceed 12 m s21, resulting in maximummoisture fluxes of
approximately 300 kg m22 s21 in the boundary layer (Fig. 3g)
and 400 kg m22 s21 in the low level (Fig. 3h), respectively.

b. Vertical profiles of the moisture fluxes for LLJs

The profiles of the mean meridional and zonal moisture
fluxes and winds for various LLJ events during early summer
are presented and compared with the early summer mean in
Fig. 4. As shown in Fig. 4a, the mean meridional moisture flux
over SC during early summer exhibit higher values below
950 hPa, particularly to the south of 228N. This is due to the
high moisture concentration in the lower layers of the atmo-
sphere; the meridional moisture flux shows the maximum lo-
cated off the coast of SC (;208N), corresponding to the location
of the maximum meridional winds. In addition, it shows an up-
ward motion at the southward side of the mountainous terrain
at ;258N, resulting in vertical transport of warm and moist air
at the location. This leads to an upward warm and moist tongue
stretching to 750 hPa and enhanced northward moisture flux
above the boundary layer near 258N. The mean zonal moisture
flux displays a center that stretches from 1078 to 1208E within
the layer between 850 and 750 hPa, aligning with the location of
the maximum zonal winds (Fig. 4b).

During BLJ events, the center of the meridional moisture
flux within the boundary layer is at the same location to
the early summer mean, but with substantially higher values
(Fig. 4c). Compared to the early summer mean, the meridio-
nal profile of BLJ events displays a more pronounced upward
motion from the coast at 228N to the mountainous terrain
near 258N, in the layer from surface to 800 hPa (Fig. 4c). This
enhanced upward motion is induced by the stronger boundary
layer convergence jointly resulted from the land–sea frictional
contrast (Bai et al. 2021; Du et al. 2020b; Li et al. 2021; Su
et al. 2023; Zhang et al. 2022), the vortex in the west of SC (Li
et al. 2020; Luo et al. 2020), and the increasing terrain height
from the coast of SC to the mountainous region at ;258N
(Chen et al. 2017; Du and Chen 2019a). The enhanced upward
transport of the warm and moist air results in an upward
tongue of equivalent potential temperature at ;258N, leading
to a warmer and moistened low level in the region compared
to the area to its south or north. The zonal moisture flux dis-
plays two centers (Fig. 4d). One is situated to the west of 1088E
between 950 and 900 hPa, aligning with the location of the
maximum boundary layer moisture flux to the west of Hainan
(Fig. 3d), and the other is observed at 850 hPa around 1188E,
corresponding to the maximum low-level moisture flux near the
Taiwan Strait (Fig. 3d).

For SLLJ events, the maximum meridional moisture flux is
also found within the boundary layer at ;208N (Fig. 4e), but
with lower values compared to the BLJ case. Nevertheless,
the meridional moisture flux for SLLJ events also exhibits a
significant upward motion during the northward transport of
warm and moist air from the coast to the mountainous terrain
at ;258N. This results in an upward tongue of equivalent po-
tential temperature at ;258N. Furthermore, the meridional
moisture flux for SLLJ events shows another region of up-
ward motion to the north of 288N in from the boundary layer
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FIG. 5. Mean (left) BL and (right) LL winds (arrows) and geopotential height (shadings)
for (a),(b) all, (c),(d) BLJ, (e),(f) SLLJ, and (g),(h) DLLJ events during early summer. The
contours indicate the wind speed.
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to levels above 850 hPa. This upward motion is likely associ-
ated with synoptic systems in the region, such as frontal sys-
tems (Chen et al. 2015; Liu et al. 2020; Luo et al. 2020).
Compared to BLJ events, the northward transport of bound-
ary layer moisture is enhanced during SLLJ events due to the
augmented boundary layer winds over the land area of SC
(Fig. 3e). This results in a greater amount of warm and moist
air being transported northeastward to the mountainous ter-
rain at ;258N, a portion of which is delivered to EC within
the boundary layer. The remaining fraction of the warm and
moist air is elevated to the SLLJ level by the topography, pro-
ducing pronounced increase in moisture in the SLLJ level in
the region. The enhanced moisture is then transported further
downstream by the SLLJ flows. The northeastward-transported
moisture in both the boundary layer and the SLLJ level under-
goes further elevation along the frontal zone at;288N (Fig. 4e).
The maximum zonal moisture flux for SLLJ events is observed
at 850 hPa between 1108 and 1208E, corresponding to the loca-
tion of the SLLJ core (Fig. 4f).

The meridional moisture flux for DLLJ events (Fig. 4g)
combines the characteristics observed in both BLJ (Fig. 4c)
and SLLJ events (Fig. 4e), but with substantially higher values
in both the boundary layer and low level. This results in an
enhancement in the upward motion during the northeastward
transport of the warm and moist air, leading to a deeper
tongue of equivalent potential temperature at ;258N, and
pronounced northeastward moisture transport in both BLJ
and SLLJ levels to the frontal zone at ;288N. The profile of
the zonal moisture flux during DLLJ events is similar with the
SLLJ case, but with a lower center located between 900 and
850 hPa and significantly higher values (Fig. 4h).

In general, the mean zonal moisture flux is substantially
lower than the meridional moisture flux from the surface to
700 hPa for all LLJ events, indicating that the moisture fluxes
over SC are primarily contributed by meridional moisture
transport.

c. Horizontal and vertical moisture fluxes at the
boundaries of SC during LLJ events

The mean horizontal and vertical moisture fluxes at the
boundaries of SC during various LLJ events are computed
and presented in Fig. 6. Within the boundary layer, the mois-
ture flux shows positive values at the east and south bound-
aries, as well as the 1000-hPa level, indicating incoming
moisture flux in SC. The moisture flux at the south boundary
accounts for over 75% of the total incoming moisture flux at
the boundaries of SC during BLJ (Fig. 6a), SLLJ (Fig. 6c),
and DLLJ (Fig. 6e) events. By contrary, the moisture flux
shows negative values at the west and north boundaries and
the 900-hPa surface, indicating outgoing moisture flux from
SC. The outgoing moisture flux through the 900-hPa surface is
the major contributor to the total outgoing moisture flux, in-
dicating upward moisture transport from the boundary layer
to higher levels in SC, which is consistent with the results in
section 4b.

In the low level, the moisture fluxes at the west and south
boundaries and the 900-hPa surface demonstrate comparable

contributions to the total incoming moisture flux at the
boundaries of SC during various LLJ events (Figs. 6b,d,f).
DLLJ events exhibit the largest horizontal incoming moisture
fluxes, with the incoming moisture fluxes at the west and
south boundaries being ;6500 and;6000 kg m22 s21, respec-
tively (Fig. 6f). In contrast, BLJ events have the smallest hori-
zontal incoming moisture flux of ;8600 kg m22 s21 (Fig. 6b).
The incoming moisture fluxes at the 900-hPa surface are con-
sistent with the outgoing moisture fluxes in the boundary layer
through the 900-hPa surface. The outgoing moisture fluxes at
the east boundary of SC for various LLJ events are compa-
rable to each other, with the values ranging from 4000 to
5000 kg m22 s21. The outgoing moisture fluxes at the north
boundary for DLLJ and SLLJ events are ;9500 kg m22 s21,
significantly higher than that of BLJ events, which is
;5400 kg m22 s21. This suggests a close relationship between
SLLJ and low-level outgoing moisture flux at the north
boundary of SC. Additionally, the outgoing moisture fluxes
at the 700-hPa surface for BLJ and DLLJ events (;3400 and
;2600 kg m22 s21) are significantly higher than that for SLLJ
events (;1500 kg m22 s21), indicating strong upward moisture
transport in the low level with the presence of BLJs.

5. Relationship between boundary layer and low-level
moisture fluxes of LLJs and regional rainfall patterns

a. Correlation between moisture fluxes of LLJs and
rainfall in SEC

The correlation between the boundary layer/low-level
moisture fluxes over SC during various LLJ events and early
summer rainfall at each station over SEC are calculated to in-
vestigate the potential linkage between the moisture fluxes of
LLJs and early summer rainfall patterns over SEC. It is worth
noting that the correlations between early summer rainfall
and the difference between the moisture fluxes at the south
and north boundaries (net meridional moisture flux) of SC ex-
hibit similar spatial patterns with those between early summer
rainfall and the difference between the moisture fluxes at the
west and south boundaries (net zonal moisture flux) of SC, al-
beit with opposite values. This suggests opposite influences of
the meridional and zonal moisture fluxes on early summer
rainfall over SEC. Furthermore, the correlations for the for-
mer are more significant. When considering the mean mois-
ture convergence over SC in calculating the correlations, the
relationship becomes less significant, particularly for the
boundary layer moisture convergence. This might be due to
two factors. First, the variation in meridional and zonal mois-
ture convergence may interfere with each other, reducing the
correlation between the mean moisture convergence and
early summer rainfall. Second, the boundary layer moisture
convergence is significantly influenced by local conditions,
such as terrain, land surface properties, and local circulations,
making the correlation between moisture convergence and
rainfall more complex. To summarize, the correlation analysis
suggests a closer relationship between the net meridional
moisture fluxes and early summer rainfall over SEC during
LLJ events. Consequently, this section focuses solely on
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FIG. 6. The mean incoming, outgoing, and net moisture fluxes in the (left) BL and (right) LL over SC for
(a),(b) BLJ, (c),(d) SLLJ, and (e),(f) DLLJ events during early summer.
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examining and discussing the correlations between early sum-
mer rainfall over SEC and the net boundary layer and low-
level meridional moisture fluxes over SC.

During BLJ events, a notable positive correlation is ob-
served between the net meridional boundary layer moisture
flux over SC and early summer rainfall at stations over the
east of SC (Fig. 7a). However, the correlation between net
meridional low-level moisture flux and early summer rainfall
is less pronounced, despite a significant positive correlation
being detected at scattered stations in the east of SC (Fig. 7b).
In contrast, no significant correlation is identified between
early summer rainfall to the north of SC and both the net me-
ridional boundary layer and low-level moisture fluxes over SC
during BLJ events.

Regarding SLLJ events, the net meridional boundary layer
moisture flux over SC demonstrates a significant positive cor-
relation with early summer rainfall at stations across the en-
tire SC, except for Hainan, and the south of EC (Fig. 7c).
Conversely, the net meridional low-level moisture flux dis-
plays a significant negative correlation with early summer
rainfall at stations in the north of EC and the northwest of
SC, with the most notable correlation occurring between 298
and 318N (Fig. 7d). The negative correlation can be attributed
to the fact that an increase in the net meridional moisture flux
over SC enhances the low-level moisture convergence. This
promotes the upward transport of low-level moisture over
SC, resulting in a lesser amount of low-level moisture being
transported to EC, and subsequently leading to reduced rain-
fall over EC. Additionally, a significant positive correlation is
observed between the net meridional low-level moisture flux
and early summer rainfall at stations to the south of 218N.

The correlations between early summer rainfall over SEC
and the net meridional boundary layer/low-level moisture
fluxes during DLLJ events (Figs. 7e,f) exhibit spatial distribu-
tions similar to those observed during SLLJ events. However,
there are some differences to note. First, the area with signifi-
cant positive correlations over SC is smaller compared to the
SLLJ case, with the correlation in the southwestern SC be-
coming insignificant (Fig. 7e). Additionally, the area with sig-
nificant negative correlations between early summer rainfall
and the net meridional low-level moisture flux during DLLJ
events are located further southward compared to the SLLJ
case, with the most significant correlation found between 278
and 318N (Fig. 7f).

To summarize, the correlation analysis reveals a significant
relationship between early summer rainfall over SEC and the
patterns of the net meridional boundary layer and low-level
moisture fluxes over SC. These fluxes represent the meridio-
nal moisture convergences in the boundary layer and low
level over SC, which are influenced by the prevailing type of
LLJs in SC. Specifically, a strong net meridional boundary
layer moisture flux in SC is associated with enhanced early
summer rainfall over the region. Moreover, the presence of
SLLJ during SLLJ and DLLJ events appears to amplify the
influence of the net meridional boundary layer moisture flux
on early summer rainfall in SEC, resulting in a higher correla-
tion over a larger area of SEC. Additionally, in the presence
of SLLJ, a weak net meridional low-level moisture flux over

SC, indicating a meridional low-level moisture divergence
over the region, contributes to enhanced early summer rain-
fall over EC.

b. Rainfall patterns associated with net meridional
moisture fluxes during LLJs

To investigate how the configuration of the net meridional
boundary layer and low-level moisture fluxes over SC influen-
ces the patterns of early summer rainfall over SEC, all LLJ
events are collected and categorized into four distinct quad-
rants based on the intensity levels of the net meridional
boundary layer and low-level moisture fluxes. The categoriza-
tion, as outlined in Table 1, involves assigning events to quad-
rant 1 (Q1) when both the net meridional boundary layer and
low-level moisture fluxes exceed their respective annual
means. Quadrant 2 (Q2) encompasses events characterized by
a net meridional boundary layer moisture flux below its an-
nual mean and a net meridional low-level moisture flux sur-
passing its annual mean. Quadrant 3 (Q3) includes events
with both the net meridional boundary layer and low-level
moisture fluxes falling below their annual means. Finally,
quadrant 4 (Q4) comprises events exhibiting a net meridional
boundary layer moisture flux exceeding its annual mean and a
net meridional low-level moisture flux lower than its annual
mean. The composites of hourly rain rate corresponding to
each quadrant are presented in Fig. 8.

The mean rainfall of each quadrant exhibits distinct charac-
teristics. In Q1 (Fig. 8a), augmented early summer rainfall is
predominantly concentrated over SC, where the mean hourly
rain rate exceeds 1 mm h21. For Q2 (Fig. 8b), the intensified
early summer rainfall remains centered at SC, but it becomes
more localized along the coast of SC; a substantial intensifica-
tion of rainfall is observed in EC compared to Q1. Q3 displays
the weakest early summer rainfall among all quadrants (Fig.
8c). The enhanced rainfall of Q3 is shifted northward and
westward, with the most intense rainfall occurring to the north
of 288N and to the west of 1118E. Finally, Q4 exhibits the largest
area of enhanced early summer rainfall among all quadrants
(Fig. 8d). The most intense rainfall of Q4 is concentrated along
the coast of SC and forms a southwest–northeast band extending
from the western SC to EC.

c. Horizontal and vertical moisture fluxes for
various quadrants

The composites of the boundary layer and low-level mois-
ture fluxes over SEC corresponding to each quadrant are pre-
sented in Fig. 9. For Q1, the southwesterly boundary layer
and low-level flows (Figs. 9a,b) along the coast of SC are in-
duced by the low-level vortex over SC (Figs. 10a,b). The low-
level vortex enhances the pressure gradient in the region,
which promotes the intensity of low-level southwesterlies in
the southern part of the vortex, as well as the meridional wind
shear and convergence in SC. The core of the boundary layer
moisture flux is in a southwest–northeast direction and lo-
cated over the north of the South China Sea (Fig. 9a). The
most intensified southwesterly low-level moisture flux is situ-
ated along the coast of SC (Fig. 9b), corresponding to the
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FIG. 7. Correlation coefficient between the early summer rainfall over SEC and the net (left) BL/(right) LL meridional
moisture flux over SC for the (a),(b) BLJ, (c),(d) SLLJ, and (e),(f) DLLJ events during early summer.
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location of the low-level vortex (Fig. 10b). These patterns of
boundary layer and low-level moisture fluxes correspond to
southwesterly BLJs and SLLJs at the coast of SC, as indicated
by the arrows in Figs. 9a and 9b. This configuration results in
strong meridional gradients of wind speed in both the bound-
ary layer and low level over SC and thus the boundary layer
and low-level moisture convergence in the region (Figs.
11a,b). As illustrated in Fig. 13a, the most significant gradient

of the meridional moisture flux is located near the coast of SC
(;228N) in the boundary layer, leading to an upward motion
from the boundary layer to 700 hPa at the coast. Furthermore,
the increasing terrain height from the coast to the mountain-
ous terrain at;258N, combining with the low-level wind shear
due to the vortex in the region, results in augmented vertical
motion of warm and moist air, leading to an upward tongue
of equivalent potential temperature reaching 700 hPa at the
topography. These conditions contribute to the development
of a strong upward moisture transport mostly confined to SC,
producing intense early summer rainfall over SC (Fig. 8a).

Compared with Q1, the mean moisture fluxes for Q2 ex-
hibit lower intensities in both the boundary layer (Fig. 9c) and
low level (Fig. 9d), particularly in the boundary layer, under a
weak synoptic condition without evident synoptic system
dominating SC (Figs. 10c,d). These moisture flux patterns cor-
respond to either weak BLJs located in the north of the South
China Sea, combined with weak southwesterly SLLJs or low-
level flows along the coast of SC, as indicated by the arrows in
Figs. 9c and 9d. The relatively low boundary layer moisture

TABLE 1. Definition of different moisture flux quadrants
in terms of the intensities of the net meridional BL and LL
moisture fluxes over SC. 1 indicates net meridional moisture
fluxes higher than its respective annual mean; 2 indicates net
meridional moisture fluxes lower than its annual mean.

Net meridional moisture
flux (kg m22 s21)

Quadrant

Q1 Q2 Q3 Q4

BL 1 2 2 1

LL 1 1 2 2

FIG. 8. Mean early summer hourly rain rate over SEC for (a) Q1, (b) Q2, (c) Q3, and (d) Q4.
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FIG. 9. Mean (left) BL and (right) LL moisture fluxes for (a),(b) Q1, (c),(d) Q2, (e),(f) Q3,
and (g),(h) Q4. The red and the green box indicates SC and EC, respectively. The arrows indicate the
location and direction of LLJs, and the size of arrows indicates the intensity of LLJs. (left) The shadow
indicates topography higher than 500 m.
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FIG. 10. Mean (left) BL and (right) LL winds (vectors) and geopotential height (shadings)
for (a),(b) Q1, (c),(d) Q2, (e),(f) Q3, and (g),(h) Q4. The blue contours indicate horizontal
wind speed.
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FIG. 11. Mean (left) BL and (right) LL meridional moisture divergence for (a),(b) Q1,
(c),(d) Q2, (e),(f) Q3, and (g),(h) Q4. The red and green box indicates SC and EC, respec-
tively. The blue lines indicate vertical velocity greater than 2 cm s21.
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flux (Fig. 9c) results in a considerably weaker meridional
moisture convergence (Fig. 11c) at coastal SC, resulting in sig-
nificantly weaker rainfall in SC (Fig. 8b) compared to Q1.
Nevertheless, in the case of Q2, the warm and moist boundary
layer air penetrates further northeastward due to the en-
hanced boundary layer winds over land area of SC and im-
pinges the topography at ;258N (Fig. 9c). As illustrated by
Figs. 9c and 12b, a portion of the warm, moist air bypasses the
topography and is transported further northeastward within
the boundary layer; the remaining fraction of the warm and
moist air is elevated by the topography into levels as high as
750 hPa, leading to an upward tongue of equivalent potential
temperature, which leans further northward in the SLLJ level
compared with Q1. This indicates a moisture transport from
SC to EC at the SLLJ level. The northeastward-transported
moisture in both the boundary layer and the SLLJ level is fur-
ther elevated along the frontal zone at ;288N (Figs. 10c and

12b), producing rainfall in EC (Fig. 8b). However, the rainfall
in EC is weaker than that in SC, due to the generally low in-
tensity of northeastward transport of moisture from SC to
EC.

Different from Q1 and Q2, both the boundary layer and
low-level moisture flux for Q3 have a quasi-meridional direc-
tion (Figs. 9e,f), due to the northward enhancement in the
South China Sea summer monsoon (Figs. 10e,f). The south-
erly boundary layer moisture flux exhibits its maximum inten-
sity over the sea to the west of Hainan (Fig. 9e), leading to
moisture convergence at the west of coastal SC (Fig. 11e).
The low-level moisture flux shows the highest values across
the boundary between SC and EC in a southwest–northeast
direction (Fig. 9f), producing a meridional moisture diver-
gence in low level over SC (Fig. 11f). These patterns of
boundary layer and low-level moisture fluxes correspond to
southerly BLJs over the north of the South China Sea and

FIG. 12. The cross section for the mean meridional moisture flux (shading colors), meridional wind (vectors), and
equivalent potential temperature (contours) for (a) Q1, (b) Q2, (c) Q3, and (d) Q4. The black solid line indicates the
mean surface pressure in the meridional direction.
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strong southwesterly SLLJs across the north boundary of SC,
as indicated by the arrows in Figs. 9e and 9f. The relatively
weak moisture convergence in the boundary layer and diver-
gence in the low level over SC results in significantly less rain-
fall in SC (Fig. 8c), compared with Q1 and Q2. Nevertheless,
Q3 exhibits a pronounced enhancement in the southwesterly
boundary layer moisture flux over inland area of SC, resulting
in an augmented northeastward penetration of the warm and
moist boundary layer air (Fig. 9e). Similar to the case of Q2, a
portion of the warm, moist boundary layer air splits into two
branches to the west and east of the topography at;258N, by-
passes the topography, and is transported further northeast-
ward within the boundary layer (Figs. 9e and 12c), resulting in
a notable stripe-shaped region of enhanced boundary layer
moisture flux extending from coastal SC to EC (Fig. 9e). The
remaining fraction of the warm and moist air is elevated
above 900 hPa by the topography, leading to an upward warm
and moist tongue near the location, and transported further
northeastward by the southwesterly SLLJs (Figs. 9f and 12c).
The northeastward-transported warm and moist air at both
SLLJ and BLJ levels impinges the tilted frontal zone at
;288N and keeps ascending to higher levels along the front
zone, producing enhanced rainfall in EC (Fig. 8c). The roles
of topography and secondary circulation associated with front
systems in the northward and upward transport of boundary
layer moisture from coastal SC to EC are consistent with
those described in previous studies (Chen et al. 2022; Du and
Chen 2019a; Tu et al. 2019, 2020).

The mean boundary layer moisture flux for Q4 shows a
similar pattern to that for Q3 but has the highest intensity
among all quadrants. The low-level vortex to the west of SC
(Fig. 9g) promotes the gradient of boundary layer moisture
flux off the coast of western SC (Fig. 9g) and results in the
greatest boundary layer moisture convergence and upward
motion at the coast and the topography in the west of SC
(Fig. 11g), producing enhanced rainfall in region (Fig. 8d).
Figures 9g and 12d further demonstrate that the northeast-
ward-transported boundary layer air also impinges the topog-
raphy at ;258N, producing a warm and moist tongue above
the boundary layer. After passing the topography, the two
branches of the boundary layer moisture flux show a lower in-
tensity than the Q3 case, due to the relatively southwesterly
boundary layer winds for Q4 (Figs. 9g and 10g), compared
with the southerly winds for Q3 (Figs. 9e and 10e). This leads
to a slightly smaller amount of moisture being transported
northeastward within the boundary layer (Figs. 9g and 12d).
The situation in the SLLJ level for Q4 is similar to Q3. The
warm, moist air elevated into the SLLJ level by the topogra-
phy at ;258N is transported further downstream by the
southwesterly SLLJs, resulting in a low-level moisture di-
vergence over the east of SC (Fig. 11h). The front zone at
;288N promotes the upward motion of the warm, moist air,
generating enhanced rainfall in EC (Fig. 8d). Note that the
configuration of Q4 is consistent with the double LLJ event
described by Du and Chen (2019a,b), which is closely asso-
ciated with the occurrence of heavy rainfall in both coastal
SC and inland regions.

In summary, the configurations of LLJs plays a crucial role
in shaping the spatial pattern of early summer rainfall in SEC.
Specifically, the intensity of the meridional boundary layer
moisture convergence in SC, which is related with the inten-
sity of BLJs and synoptic conditions in SC, directly influences
the intensity of early summer rainfall over SEC. A pro-
nounced meridional boundary layer moisture convergence in
SC induced by BLJs leads to intensified rainfall within SC,
particularly along the coastal region (Q1 and Q4). On the
other hand, enhanced rainfall in EC closely correlates with
southwesterly SLLJs over SC (Q3 and Q4), which significantly
enhances the northward transport of warm, moist air to EC in
addition to the boundary layer moisture transport. In addi-
tion, the topography at ;258N and the tilted front at ;288N
play important roles in the upward transport of moisture and
rainfall production in EC. Note that although the correlation
between the configuration of LLJs and rainfall pattern does
not exhibit a subseasonal transition, the characteristics of
LLJs do show subseasonal variations. BLJs and SLLJs con-
fined to coastal SC are closely related with low-level vortex in
SC (Q1 and Q2), which primarily occurs in presummer of SC
(May–June). By contrary, strong SLLJs located further inland
SC (Q3 and Q4) is associated with the northward enhance-
ment of the South China Sea summer monsoon and mei-yu
front, which typically occur after mid-June. This subseasonal
transition in the characteristics of LLJs leads to a transition in
moisture transport pattern and thus rainfall pattern. After
mid-June, a larger amount of moisture is transported from
SC to regions further northeastward, causing enhanced rainfall
in EC.

d. Moisture budgets in SC and EC

The moisture budgets in SC (indicated by the red box in
Figs. 9 and 11) and EC (indicated by the green box in Figs. 9
and 11) for Q1–4 are presented in Fig. 13 for an in-depth in-
vestigation on the moisture dynamics for each quadrant and
their contributions to early summer rainfall in SC and EC.
Note that the tendency terms for each quadrant in both EC
and SC are one order smaller than other terms and thus are
negligible.

For SC, the vertical advection term is dominant in the mois-
ture budget from the surface to 700 hPa, particularly for Q1
(Fig. 13a) and Q4 (Fig. 13d). This indicates that early summer
rainfall production in SC is mainly caused by vertical motions
due to terrain. The integral of the vertical advection term over
the boundary layer and low-level is 7.14 and 20.00 g kg21 s21 for
Q1 and 11.5 and 20.46 g kg21 s21 for Q4 (Tables 2 and 3). It is
worth noting that the horizontal advection term shows negative
values in a comparable order with the vertical advection term
from the surface to 700 hPa, with the minimum located at 900
hPa, particularly for Q3 (Fig. 13c) and Q4 (Fig. 12d). This corre-
sponds to the moisture outgoing from SC through horizontal ad-
vection in both the boundary layer and low level for Q3 and Q4
(Figs. 12c,d), with the maximum observed near 900 hPa. This
outgoing moisture from SC is mostly attributed to the meridi-
onal advection (figure not shown). The integral of the hori-
zontal advection term over the boundary layer and low level
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in SC is 23.11 and 27.63 g kg21 s21 for Q3 and 24.31 and
27.98 g kg21 s21 for Q4, respectively, suggesting a greater
amount of moisture outgoing from SC through horizontal ad-
vection at the SLLJ level for Q3 and Q4.

For EC, all the terms in the boundary layer show signifi-
cantly smaller values than those in the low level. Note that the
moisture budget below 900 hPa is not reliable for EC due
to the mean surface pressure over EC being approximately
950 hPa. In spite of this, the vertical advection term is domi-
nant in the moisture budget above 900 hPa, with the maxi-
mum located in 700 hPa for Q3 (Fig. 13g) and Q4 (Fig. 13h),
suggesting that rainfall production in EC, particularly above
800 hPa, is mainly contributed by vertical motions due to the

frontal system or topography. Nevertheless, the contribution of
the horizontal advection term to rainfall production in Q3 and
Q4 cannot be omitted. The horizontal advection term reaches
the maximum at 900 hPa, with values significantly greater than
the vertical advection term below 800 hPa for Q3 and Q4. This
indicates a considerable contribution of horizontal moisture
advection in the BLJ level and the lower SLLJ level to rain-
fall production in EC. The integral of horizontal advection
term over the low level is 6.22 and 6.55 g kg21 s21 for Q3
and Q4, respectively, and the low-level vertical advection
term is 7.1 and 9.7 g kg21 s21 for Q3 and Q4, respectively
(Table 3). This horizontal moisture advection is jointly con-
tributed by the meridional and zonal advection due to the

TABLE 2. Terms (1025 g kg21 s21) for the integrated apparent moisture sink in the BL (1000–900 hPa) average over SC and EC.

Terms ­Q/­t 2V=Q 2v(­Q/­p) (c 2 e)1 (­Q′v′ /­p)
Region SC EC SC EC SC EC SC EC

Quadrant
Q1 1.68 2.05 23.44 22.89 7.14 22.07 5.38 22.92
Q2 22.32 21.74 21.84 0.66 5.78 21.81 1.62 24.22
Q3 0.25 22.82 23.11 1.63 8.38 22.59 5.52 23.78
Q4 1.42 0.20 24.31 0.40 11.50 22.12 8.61 21.52

FIG. 13. Vertical profile for the tendency term (­Q/­t), horizontal moisture advection term (2V=Q), vertical moisture advection term
[2v(­Q/­p)], and subgrid-scale term [(c 2 e)1 (­Q′v′ /­p)] of the mean apparent moisture sink over (top) SC and (bottom) EC for
(a),(e) Q1, (b),(f) Q2, (c),(g) Q3, and (d),(h) Q4.
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southwesterly SLLJ stretching from SC to EC for Q3 (Figs.
9f and 10f) and Q4 (Figs. 9h and 10h). The low-level mois-
ture budget analysis further demonstrates the contribution of
SLLJ level moisture transport from SC to EC to rainfall en-
hancement in EC described in section 5b and explains the neg-
ative correlation between the net meridional low-level
moisture flux and early summer rainfall in EC, particularly
during SLLJ and DLLJ events (Figs. 7d,f).

6. Conclusions and discussion

Low-level jets (LLJs) play an important role in rainfall
through transporting abundant warm and moist air, vital for
convection activities. In this study, we delve into the impact of
two distinct LLJ types, the synoptic-system-related LLJ (SLLJ)
and boundary layer jet (BLJ), on rainfall mechanisms. By utiliz-
ing a long-term rain gauge record in China and an atmospheric
reanalysis dataset during 1976–2015, we scrutinize different con-
figurations of SLLJ and BLJ, encompassing pure SLLJ, pure
BLJ, and double-LLJ (DLLJ) events. Our focus lies in under-
standing their moisture flux and convergence patterns in South
China (SC) and their relationships with the early summer rain-
fall patterns over South and East China (SEC).

The results reveal a positive net meridional moisture flux in
the boundary layer over SC during all LLJ events, particularly
during BLJ events. By contrary, negative net meridional mois-
ture flux is observed in the low level over SC when SLLJ occurs
during SLLJ and DLLJ events. Furthermore, the net meridio-
nal boundary layer/low-level moisture fluxes, which vary with
different configurations of LLJs, exhibit a close relationship
with the spatial pattern of early summer rainfall in SEC.

The presence of BLJs, observed during BLJ and DLLJ
events, leads to robust meridional boundary layer moisture
fluxes off the coast of SC. The boundary layer wind conver-
gence due to low-level vortex, land–sea contrast, coastal ter-
rain, and in SC results in strong moisture convergence and
upward motions at coastal SC and consequently amplifies
rainfall in the region. SLLJs, observed during SLLJ and
DLLJ events, enhance the influence of boundary layer mois-
ture fluxes on early summer rainfall over a wider area, leading
to a stronger correlation between boundary layer moisture
fluxes and the early summer rainfall in SEC. Specifically, south-
westerly SLLJs sitting over inland SC indicates an increased
meridional low-level moisture flux through the north border
of SC. This results in abundant moisture being transported
northward to EC in the low level, leading to enhanced early
summer rainfall in the region.

Further categorizing LLJ events based on the intensity of
the net boundary layer/low-level meridional moisture fluxes
over SC unveils the significant roles of LLJs in determining
the pattern of early summer rainfall over SEC. The intensity
of BLJs directly influences the intensity of early summer rain-
fall over SEC. On the one hand, strong BLJs promote trigger
intense moisture convergence at the coast of SC, uplifting
boundary layer moisture to higher altitudes and generating
rainfall in the region and downstream areas (Q1 and Q4).
Conversely, weak BLJs tend to produce weak rainfall in SEC
(Q2 and Q3). On the other hand, the location of rainfall is
closely related to the direction/location of LLJs affected by
synoptic conditions.

A low-level vortex sitting in the west of SC tends to confine
the southwesterly BLJs and SLLJs to coastal SC, which pro-
motes a meridional moisture convergence over SC in the
boundary layer and low level. This leads to strong upward
moisture transport in SC, producing rainfall mainly in the re-
gion (Q1 and Q2), as illustrated in Fig. 14a. By contrary, the
absence of evident synoptic systems in SC results in northeast-
ward extension of BLJ flows from the coast to inland SC,
leading to northeastward transport of warm and air to further
inland area in the boundary layer. A portion of the boundary
layer warm and moist air impinges the topography at ;258N,
splits into two branches to the west and east of the topogra-
phy, bypasses the topography, and is transported further
northward within the boundary layer; the remaining fraction
is elevated above the boundary layer by the topography, lead-
ing to an upward warm and moist tongue above the topogra-
phy, and transported further northward by southwesterly
SLLJs. The northeastward-transported warm and moist air in
both the BLJ and SLLJ level impinges the frontal zone at
;288N and is further elevated to higher levels, producing en-
hanced rainfall in EC (Q3 and Q4), as illustrated in Fig. 14b.
In particular, when a strong BLJ stretching from the coast to
inland SC coincides with a strong southwesterly SLLJ situated
over inland SC, it promotes moisture convergence in SC, as
well as the moisture transport to EC in both BLJ and SLLJ
levels, leading to enhanced rainfall in both SC and EC (Q4).

This study sheds a light on the distinct yet equally crucial
roles of SLLJs and BLJs in shaping early summer rainfall
patterns over SEC in a climatological manner. Our results
underscore the need for further investigation to quantita-
tively understand the individual and interactive influences
of SLLJs and BLJs on early summer rainfall across various
SEC regions.

TABLE 3. Terms (1025 g kg21 s21) for the integrated apparent moisture sink in the LL (900–700 hPa) averaged over SC and EC.

Terms ­Q/­t 2V=Q 2v(­Q/­p) (c 2 e)1 (­Q′v′ /­p)
Region SC EC SC EC SC EC SC EC

Quadrant
Q1 2.27 2.34 24.78 0.16 20.00 3.90 17.50 6.39
Q2 0.34 20.43 23.86 2.64 9.70 5.03 6.18 7.25
Q3 1.48 23.17 27.63 6.22 7.07 7.10 0.92 10.15
Q4 2.25 22.74 27.98 6.55 20.46 9.70 14.73 13.51
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