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Abstract In South China, boundary layer jets (BLJs) often coexist with synoptic-system-related low-level
jets (SLLIJs) aloft, forming double low-level jets (DLLJs). This study examines the structural diversity of DLLJs
and their impacts on rainfall. DLLIJs are classified by their horizontal positioning into three types: Type-C
(Connected, comprising 66% of all DLLJ events) with partial overlap, Type-O (Overlapped, 31%) with nearly
coincident cores, and Type-D (Displaced, 3%) without overlap. Type-C develops mainly between continental
low pressure and South China Sea high-pressure systems during April-June. Type-O occurs primarily south of
land-based low-pressure anomalies during June—August, and Type-D is frequent during April-May along high-
pressure flanks. All BLJs and SLLJs exhibit nocturnal wind maxima, primarily caused by the combined effects
of enhanced pressure gradient force from pressure tides and weakened friction. In Type-O, SLLJs display an
afternoon increase in wind speed, as weak oceanic friction at 750 hPa cannot offset daytime acceleration from
pressure tides. DLLIJs strongly modulate rainfall patterns through low-level lifting that depends on wind
structures and local terrains. Type-C generates two rainbands: one on the windward side of Nanling Mountains,
driven by the orographic lifting and BLJ-SLLJ coupling, and another over the Yangtze River Basin, associated
with SLLJ hydraulic jumps on the leeside of Nanling Mountains and low-level shear convergence. Type-O
enhances coastal rainfall by deep-layer convergence from overlapping BLJs and SLLJs combined with coastal
orographic lifting. Type-D yields the weakest rainfall related to weaker BLJs. These results highlight the
structural diversity of DLLJs and provide new insights for improving rainfall forecasts.

Plain Language Summary In South China, two different strong wind streams often form in the
lower atmosphere: boundary layer jets and synoptic-system-related low-level jets. When they occur together,
they create double low-level jets (DLLIJs). This study found that DLLJs can be grouped into three structural
types that are closely associated with the seasonal variations in dominant synoptic disturbances. They can lead
to different rainfall patterns, as a result of the low-level lifting induced by various wind structures and complex
terrains. The findings improve our understanding of DLLJ diversity and may help promote rainfall forecasts.

1. Introduction

Low-level jets (LLJs), defined by wind speed maxima within the boundary layer or lower troposphere, are
profound atmospheric phenomena (Lima et al., 2018; Rife et al., 2010; Stensrud, 1996). In East Asia, LLJs mainly
occur during the active period of southwesterly monsoon flows and greatly regulate summer rainbands (Chen
et al., 2006, 2017; He et al., 2016). Southwesterly LLJs can transport abundant moisture from tropical oceans to
the continent, and enhance low-level lifting and convective instability at their northern terminus, thereby trig-
gering heavy rainfall (Bonner, 1968; Chen et al., 2014; Higgins et al., 1997; Monaghan et al., 2010; Wang &
Chen, 2025; Zeng at al., 2022). Thus, understanding LLJs' activities and impacts is vital for studying extreme
weather and regional climate in East Asia and for improving weather forecasts.

LLJs exhibit considerable variability in vertical structures and spatial distribution. Based on the height of wind
speed maxima, LLJs are classified into boundary layer jets (BLJs) below 1 km and synoptic-system-related LLJs
(SLLJs) at 1-4 km (Chen et al., 1994; Du et al., 2014; Zheng et al., 2026). In South China (Figure 1a), both types
of LLJs occur frequently (Dong et al., 2021; Du et al., 2022; Kong et al., 2020; Li & Du, 2021; Li et al., 2020; Lin
& Du, 2025; Zhang et al., 2024). BLJs typically develop over adjacent oceans, such as the Beibu Gulf (BBG, also
known as the Gulf of Tonkin) and the northern South China Sea (NSCS) (Figure 1b), whereas SLLIJs tend to form
on the land of South China in association with westerly disturbances (Figure 1c). When BLJs and SLLIJs coexist,
they form double LLJs (DLLIJs; Du et al., 2012). Previous case studies of extreme events have revealed three
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Figure 1. (a) The terrain height (shading, m) in South China. The red box is
the region selected for double low-level jet (DLLJ) identification. The left
(right) side of the red dashed line corresponds to the DLLJ subregions in the
BBG (NSCS). Red labels represent Guangdong Province (GD), Guangxi
Province (GX), and Hunan Province (HN). (b) Composite mean
precipitation rates (shading, mm h™") and 950-hPa horizontal winds
(vectors, m s~ V) during the identified DLLJ events over the BBG and the
NSCS from April to September (2001-2023). The hatched areas denote
statistical significance at the 95% confidence level. (c) Composite 750-hPa
horizontal winds (vectors, m s~') and relative rainfall intensity (shading, %)
for all DLLJ events. The relative rainfall intensity refers to the ratio of the
mean precipitation rate during DLLJ events to the climatological mean
precipitation rate. Blue and red arrows represent the wind cores of SLLJs and
boundary layer jets, respectively, during all DLLJ events.

spatial configurations of DLLJs based on the relative positioning between
BLIJs and SLLIJs: (a) coexisting with a certain horizontal distance (Du &
Chen, 2019b), (b) partially overlapping, where land-based SLLJs extend over
marine BLJs (Du & Chen, 2019b; Yang et al., 2025; Zhou et al., 2022), (c)
nearly complete overlapping of the two jets (Luo & Du, 2023; Zhou
et al., 2022). These configurations of BLJs and SLLJs indicate various wind
structures, which are probably associated with the evolution of synoptic
disturbances. Although these three DLLJ configurations have been identified
in case studies, their climatological behavior remains less understood. A
further investigation of DLLIJs' diversity is thus crucial for our understanding
of LLJ activities.

LLJs in South China often persist for several days and exhibit pronounced
diurnal cycles, indicating modulation by both synoptic-scale disturbances
and regional subdaily forcings. On the synoptic scale, LLJs often develop
along the northwestern periphery of the Western Pacific Subtropical High or
the southeastern flank of low-pressure systems, where enhanced pressure
gradients favor their formation (He et al., 2016; Liu et al., 2023; Wang
et al.,, 2003). On the subdaily time scale, LLJs typically peak between
midnight and predawn (Du & Chen, 2019a; Du et al., 2014). Their nocturnal
strengthening may arise from two key processes: (a) inertial oscillation in
winds driven by the diurnally varying boundary-layer turbulent mixing
(Blackadar, 1957; Xue et al., 2018), and (b) diurnally varying pressure
gradients driven by horizontal thermal contrasts over sloped terrains (Hol-
ton, 1967) or between land and sea (Du, Rotunno et al., 2015; Du, Chen
et al.,, 2015). Moreover, regional pressure gradients may be regulated by
global pressure tides, particularly semi-diurnal cycles (Huang et al., 2010;
Lindzen & Chapman, 1969). While these mechanisms are widely used to
explain diurnal LLJ cycles, their combined effects under different synoptic
backgrounds remain unclear, especially for the formation of LLIJs at
different altitudes and in different regions. Therefore, investigating the
formation dynamics of various DLLJ types will enhance our understanding
of the physical processes governing DLLJ diversity.

It is widely recognized that DLLIJs play a key role in heavy rainfall by
fostering favorable dynamic and thermodynamic environments (Cui
et al., 2023; Du & Chen, 2018; Huang et al., 2022; Luo & Du, 2025; Liu
et al., 2020; Ma et al., 2023; Zhang & Meng, 2019; Zhou et al., 2022). For
instance, Du and Chen (2019b) noted that coupling between BLIJs' exits and
SLLJs' entrances produces boundary-layer convergence and mid-level
divergence, thereby strengthening low-level lifting and convective initia-
tion. Luo and Du (2023) revealed that the overlapping of BLJs and SLLJs can
generate a deep convergence/lifting layer that may support long-lived
convective systems. Xu et al. (2023) further showed that the coupling of
925-hPa BLJs and 850-hPa SLLJs enhances the poleward transport of moist
static energy and increases vertical wind shear and vorticity, ultimately
intensifying rainfall. Su et al. (2025) highlighted that the different BLJ-SLLJ
configurations may modulate moisture fluxes, leading to different rainfall
patterns in South China. In addition, LLJs at varying altitudes may interact
with local terrain, where orographic lifting and coastal convergence further
influence rainfall distribution (Du & Chen, 2019a; Du et al., 2020). Collec-
tively, these previous studies based on extreme case analyses indicate that the
impacts of DLLIJs on rainfall strongly depend on their structural character-
istics, including altitude, orientation, and interactions with terrain. This
highlights the need for a climatological perspective to examine how different
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DLLJ types modulate rainfall through their dynamic and thermodynamic processes, which is essential for clar-
ifying the complex rainfall patterns in South China.

Previous studies have shown that DLLJs are active in South China and greatly regulate rainfall. This study
conducts a climatological analysis of DLLJ diversity, focusing on their characteristics, formation processes, and
rainfall impacts. We also pay attention to the regional contrasts between BBG and NSCS, because of some
differences in terrains, background flows, and distances to westerly disturbances. Double low-level jets (DLLIJs)
are categorized into three types based on the relative distances between BLJs and SLLJs, allowing for comparison
of their differences. The paper is organized as follows. Section 2 introduces data and methods. Section 3 presents
the climatology of the three DLLJ types during the warm season, including their occurrence frequency, duration,
spatial patterns, and temporal variations. Section 4 examines the synoptic disturbances and regional subdaily
forcings that govern the formation of each type. Section 5 further discusses their detailed impacts on rainfall.
Section 6 presents the relationship between the DLLIJs in the BBG and the NSCS. Finally, Section 7 provides
conclusions and discussions.

2. Data and Method
2.1. Data

To characterize the atmospheric conditions associated with DLLIJs, we employ the fifth-generation atmospheric
reanalysis from the European Centre for Medium-Range Weather Forecasts (ERAS; Hersbach et al., 2020). The
ERAS reanalysis provides a horizontal resolution of 0.25°, hourly temporal intervals, and 37 vertical pressure
levels, which performs well in representing diurnal wind cycles over China (Chen et al., 2021). Note that, the 12-
hr window of data assimilation in the ERAS5 reanalysis induces artificial drops in wind speeds over South China
around 1700-1800 and 0500-0600 Local Solar Time (LST) (Chen et al., 2021; Jourdier, 2020). To minimize this
issue, we apply a five-point running average to the data for the diurnal cycle analysis (Section 4.2). Rainfall
distributions related to DLLIJs are examined using the latest version of Integrated Multi-satellite Retrievals for
GPM, which offers a 30-min temporal interval and 0.1° spatial resolution (IMERG; Huffman et al., 2023). The
IMERG data effectively capture the diurnal variations of rainfall, although the early morning rainfall intensity is
slightly overestimated (Cui et al., 2020; Li et al., 2018). Both ERAS and IMERG data sets were analyzed for the
warm season (April-September) from 2001 to 2023. The results of this study rely on the reliability of ERAS to
represent LLJ structures and of IMERG to capture rainfall patterns. In addition, we identify the days with a
tropical cyclone located west of 120°E and exclude such days from our analysis. The best-track data set of tropical
cyclones is provided by the Shanghai Typhoon Institute (Ying et al., 2014).

2.2. Definition and Classification of Regional DLLJ Events

In this study, we mainly focus on the regional events of DLLJs. We examined two key sub-regions (Figure 1a): the
BBG with its northern land (106°E-110.5°E, 15°N-30°N) and the NSCS with its northern land (110.5°E-117°E,
15°N-30°N). For brevity, these are hereafter referred to as DLLJs over the BBG and NSCS, respectively. The
definition and classification of regional DLLJ events involve three steps: (a) identifying BLJ and SLLJ occur-
rences at given grid points; (b) defining regional events based on the horizontal extents of the LLIJs; and (c)
classifying DLLJ types by the distances between BLJs and SLLIJs.

Step 1: Identification of LLIJs at given grid points

Following a modified approach from Du and Chen (2019a), we define the criteria for identifying LLJs as follows:
the maximum wind speed within the lowest 400-hPa layer above the surface must exceed 10 m s, and the wind
speed must decrease by at least 2.5 m s~' from the height of the wind maximum to the wind minimum above it. A
BLJ is identified when the level of maximum winds is within the lowest 100 hPa above the surface with a
southerly wind. An SLLJ is identified when the maximum wind level is between the lowest 100 hPa and the
lowest 400 hPa above the surface, with a southwesterly wind.

Step 2: Definition of the regional LLJ events based on horizontal extents

We focus on the regional events of LLJs that have a spatial scale of meso-a (Orlanski, 1975) or larger and last for
several hours. First, we consider that the regional LLJs shall have a certain zonal extent. We adopt a criterion that
the grid points meeting the criteria of Step 1 are more than a proportion (15%) at any given latitude in the sub-
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Lat A SLLJ southern boundary the regions of interest during the regional LLJ events. The wind speeds in the
—— BLJ northern boundary vicinity of LLJs are slightly smaller but comparable to those in the LLJs.
Thus, we introduce an additional criterion that the zonal-mean wind speed in
Type-D Type-C Type-O ’
30N ( yp‘ ) (Typ ) (Typ ) the sub-regions exceeds 10 m s~" in the key layers of 950 and 750 hPa. These
‘ key layers have the maximum occurrences of BLJs and SLLIJs, respectively
AR g | SL (Du & Chen, 2019a).

observed near the coast of South China within 15°N-24°N, and they are al-

f We further examine the positions of regional LLJs. The BLJs are mostly
A ways located south of SLLJs (Du & Chen, 2019a; Du et al., 2014). To esti-

15N mate their relative distance, we identify the northern boundary of BLJs and
Time the southern boundary of SLLJs. We also identify the centroid of SLLJs as the

average of two latitudes: one with the highest proportion of grid points

Figure 2. Schematic diagram illustrating the classification of double low- meeting the criteria of Step 1, and the other with the strongest zonal-mean

level jet types. Blue (orange) shadows indicate SLLJ (boundary layer jet
(BLJ)) latitudinal extents. Black arrows depict the direction from the BLJ

wind speed at 750 hPa.

northern boundary toward the SLLIJ centroid, while purple arrows represent Step 3: Classification of DLLJ types.

the direction from the BLJ northern boundary toward the SLLJ southern

boundary. Type-D, Type-C, and Type-O correspond to the displaced, Based on the relative distances between the BLI's boundary and SLLIJ's
ConneCtFedi and overlapped configurations between BLJs and SLLJs, boundary/centroid, we can categorize DLLIs into three types as shown in the
respectively.

conceptual diagram in Figure 2:

o Type-D (Displaced): SLLJ's southern boundary is in the north of BLIJ's northern boundary, with no over-
lapping edges.

¢ Type-C (Connected): SLLJ's southern boundary is in the south of the BLJ's northern boundary, but its centroid
lies outside the BLJ domain (partial overlap).

e Type-O (Overlapped): The southern boundary and the centroid of the SLLIJ lie within BLJ's domain, indicating
core overlap.

Finally, a DLLJ event is defined when the same DLLIJ type lasts for at least 3 hrs, allowing for an interruption of
up to 1 hr. An example defining the three types of DLLJs in April 2001 and 2002 is shown in Figure S1 of
Supporting Information S1.

3. Characteristics of the Three DLLJ Types
3.1. Occurrence Frequency and Duration

Figures 3a and 3b show the occurrence frequencies of the three DLLIJ types. From April to September during
2001-2023, a total of 691 DLLJ events were identified over the BBG and 317 over the NSCS. Among them, 461
cases in the BBG and 204 cases in the NSCS are categorized as Type-C events, which feature partial overlap
between BLJs and SLLJs, making this the most frequent category (accounting for 66% of all events). In addition,
308 Type-O events (30% of all events), marked by almost horizontal overlap of BLJs and SLLJs, are identified,
including 220 in the BBG and 88 in the NSCS. Only a small fraction (4%) are classified as Type-D, where BLJs
and SLLJs do not overlap. Notably, most DLLJs documented in previous studies (Du & Chen, 2019b; Zhou
etal., 2022) fall into Type-C under this classification, highlighting their pivotal role in the initiation of convection.

Figures 3c and 3d illustrate the duration of the three DLLJ types. The mean durations of Type-C and Type-O
events are 7-8 hr, with most cases lasting from 4 to 10 hr. In contrast, Type-D events are shorter lived, with a
mean duration of 4-5 hr. In the BBG, Type-O events tend to persist slightly longer than Type-C events
(Figure 3c), whereas in the NSCS, the mean duration of Type-O events is 1.15 hr shorter than that of Type-C
events (Figure 3d). These multi-hour lifetimes suggest that DLLJs are governed by both synoptic-scale sys-
tems and regional subdaily forcings, an aspect further examined in the following analysis of physical processes.

3.2. Spatial Patterns of DLLJs

Figure 4 depicts the horizontal structures of the three DLLJ types. As expected, in the BBG, strong BLJs
exceeding 10 m s~! at 950 hPa are observed over the ocean for all DLLJ types (warm contours and vectors in
Figures 4a—4c). Type-D shows the weakest BLJs and the smallest horizontal extent, dominated by southeasterly
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Figure 3. (a, b) Number (counts) of double low-level jet (DLLIJ) events by type for (a) the BBG and (b) the NSCS. Values in
parentheses indicate the total number of events. (c, d) Box-and-whisker plots showing the duration (hours) of each DLLJ type
for (c) the BBG and (d) the NSCS. The middle point represents the mean duration of the DLLJ events, the line in the box
indicates the median, the top and bottom of the box represent the interquartile range, and the upper (lower) short lines denote
the 90th (10th) percentile.

winds (Figure 4a). BLJs in Type-C reach a maximum speed of 12 m s, primarily from southerly flows
(Figure 4b). Type-O displays the highest BLJ intensity, with peak winds of 14 m s™' from southwesterly flows
(Figure 4c). At 750 hPa, southwesterly winds associated with SLLJs are present in all types (cold contours and
vectors in Figures 4a—4c). The SLLJ core in Type-D is located near 27°N, displaced from the marine BLJ
(Figure 4a). Type-C features a broader area of SLLJ winds exceeding 10 m s~ that extends farther south, partially
overlapping with the BLJ (Figure 4b). In Type-O, moderate-intensity SLLJ shifts ocean-ward, coinciding with the
BLJ and extending northeastward (Figure 4c). These features indicate that DLLJ types primarily depend on the
position and extent of the SLLIJs. The intensity of BLJs increases as the SLLJs approach the coast, suggesting that
the southward propagation of synoptic disturbances may enhance the marine BLIJs.

In the NSCS, BLIJs in all three types are located over the ocean (warm contours and vectors in Figures 4d—4f).
BLJs in Type-D are the weakest and dominated by southeasterly flows (Figure 4d), while BLJs in Type-C are
characterized by southerly winds peaking at 12 m s~' (Figure 4e). BLJs in Type-O are mainly southwesterly
winds with the largest spatial extent (Figure 4f). SLLIJs in all types also display southwesterly flows but differ
notably in their north—south positioning (cold contours and vectors in Figures 4d—4f). In Type-D, SLLJs are
situated north of 25°N and remain separated from the marine BLJs (Figure 4d), covering a larger area than those in
the BBG (Figure 4a). Type-C exhibits the strongest SLLJs (Figure 4e), positioned farther southeast than those
over the BBG (Figure 4b). SLLIJs in Type-O are located over the NSCS, overlapping with the BLJs (Figure 4f). In
addition, for the same DLLJ type, SLLIJs in the NSCS show a more pronounced zonal wind component than those
in the BBG.

ZHOU ET AL.

5of22

85U8017 SuoWWoD aAIee.D 8|qedljdde ays Aq pausenob are sajoe VO ‘8sn JO S9N 10} Ar1q1T 8UIUO A8]IM UO (SUOIPUCD-PUe-SWLBIWI0D A8 1M ARe.q 1 Bu [UO//SdNY) SUORIPLOD pue sWie 1 8y} 88S *[9202/70/T0] uo Ariqitauluo A(1m ‘AiseAiun ueusbuoyz Aq 26vSr0Arsz0z/620T 0T/10p/uoo A 1m Ariqieuljuosqndnfie//sdny woly pepeojumoq ‘2 ‘9202 ‘96686912



At ,
M\I Journal of Geophysical Research: Atmospheres 10.1029/2025JD045497
AND SPACE SCIENCES
35°N z = \
(a) Type-D so0nPa (d) Type-D 3\
o 750 hPa .\
30°N A . - ~ - 4
= - P
- 10 T. s 7 ij ié /
oN| i / /] ;T
25°N ‘9@p% (R\ \ . [
Jjtoms™ \ !
¥ ~ .
20°N :
15°N
35°N
30°N
25°N
20°N
15°N
35°N
30°N
25°N
20°N
15°N
100°E 105°E 110°E 115°E 120°E 125°E 100°E 105°E 110°E 115°E 120°E 125°E
Figure 4. Composite distribution of horizontal wind speeds at 950 hPa (warm color contours of 10-12 m s™" and red vectors)
and 750 hPa (cold color contours of 10-12 m s™! and blue vectors) for Type-D (a, d), Type-C (b, e), and Type-O (c, f) events
in the BBG (a—c) and NSCS (d—f). Black (purple) boxes outline the main regions of the boundary layer jets (SLLJs) for the
three double low-level jet types and will be referenced and discussed in Section 4.2.
Vertical cross-sections further reveal the intensity and relative positions of BLJs and SLLIJs (Figure 5). In all three
types, BLIJs are located at 950 hPa over the ocean, while SLLJs are centered at 750 or 800 hPa. Type-C exhibits
the strongest SLLJs, which are positioned on the windward slopes of the Nanling Mountains (Figures 5c and 5d).
This positioning facilitates the SLLJs to cross the mountains. Compared to the 800-hPa SLLJs in BBG Type-C
(Figure 5c¢), SLLJs in NSCS Type-C show a stronger wind core at 750 hPa (Figure 5d). In contrast, SLLJs in
Type-D are situated north of the Nanling Mountains (Figures 5a and 5b), whereas those in Type-O are located
over the ocean (Figures 5e and 5f).
3.3. Monthly and Diurnal Variations
Figure 6a presents the monthly variation in DLLJ occurrence frequency. DLLIJs primarily occur from April to July
during the warm season over South China. In the BBG, the frequency reaches its primary peak in April, with a
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Figure 5. Vertical structures of horizontal wind speed (m s, shading) and vectors (upward vectors indicate southerly winds)
for Type-D (a, b), Type-C (c, d), and Type-O (e, f) events in the BBG (a, ¢, and e) and NSCS (b, d, and f) along the green lines
A-B and C-D in Figures 4a and 4b, respectively. The two black dashed lines represent the 950-hPa and 750-hPa levels,
respectively. The gray shading represents terrain and the black triangles mark the latitude of the Nanling Mountains (around
25°N).

secondary peak in June. In contrast, the NSCS features a major frequency peak in June. Figure 6b depicts the
diurnal variation in DLLJ occurrence frequency. DLLJs exhibit a pronounced diurnal cycle, with a nocturnal peak
between 0000 and 0500 LST. The peak over the BBG occurs at 0300 LST, while that over the NSCS is delayed by
2 hrs to 0500 LST. Notably, due to the 12-hr window of data assimilation in the ERAS reanalysis, the occurrence
frequency exhibits a decline between 1700 and 1800 LST in both regions. Moreover, a moderate DLLJ frequency
persists during the daytime in both regions.

Figure 7 further shows the monthly distributions and diurnal cycles of the three DLLJ types. In terms of monthly
variation, Type-D is most frequent in April and May over the BBG and the NSCS (Figures 7a and 7b). Type-C
occurs primarily from April to June (Figures 7c and 7d). In the BBG, Type-C peaks in April (Figure 7c), whereas
its peak in the NSCS is delayed to June (Figure 7d). Type-O occurs mainly from June to August (Figures 7e
and 7f). The occurrence frequency of Type-O peaks in June over the BBG (Figure 7¢) but shifts to July-August in
the NSCS (Figure 7f). These pronounced seasonal differences and regional contrasts among DLLJ types may be
attributed to the southward migration of mid-latitude westerly systems and the northward progress of monsoon
flows (Du & Chen, 2019a; Li & Du, 2021; Zhou et al., 2022).
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Figure 6. (a) Monthly variation in the number of double low-level jet (DLLIJ) occurrences (counts) in the BBG and the NSCS.
(b) Diurnal variation in the number of DLLJ occurrences (counts) during the warm season.

All three DLLJ types exhibit a nocturnal maximum in occurrence frequency. Additionally, Type-O in the BBG and
Type-C/Type-O in the NSCS maintain a moderate frequency during the daytime (Figures 7d—7f). This pattern of
diurnal variation may be associated with the relatively longer durations of these event types (Figures 3¢ and 3d).
The physical processes underlying these diurnal features will be further examined in the following section.

4. Physical Processes Governing the Three DLLJ Types
4.1. Evolution of Synoptic Patterns

To examine the differences in synoptic-scale disturbances and their temporal evolution among the three DLLJ
types, we composite 750-hPa geopotential heights, their corresponding anomalies, and wind fields, which are
mainly associated with SLLJs. The composite time ¢ = O hr is defined as the onset of each DLLJ event, with
t = =24 hr and t = +24 hr denoting 24 hr before and after onset, respectively.

Figure 8 shows the evolution of synoptic systems at 750 hPa for the three DLLJ types in the BBG. Type-D events
are characterized by the strengthening of the subtropical high, which extends from the western Pacific to South
China between ¢ = —24 hr and t = 424 hr (Figures 8a—8c). This subtropical high inhibits the southward migration
of westerly disturbances from mid-high latitudes (Figure 8b), thereby forcing SLLJs to form northeast of the
Yunnan-Guizhou Plateau and remain displaced from the marine BLJs. Type-C events are affected by an
anomalous high-pressure system persisting over the South China Sea and an anomalous low-pressure system
associated with the southwest vortex over the Sichuan Basin (Figures 8d-8f). From ¢t = —24 hr to = O hr, the
intensifying low-pressure system enhances the land-sea pressure gradient (Figures 8d and 8e). This enhanced
gradient facilitates the development of SLLJs over the southeastern Yunnan-Guizhou Plateau, where they
partially overlap with marine BLJs. In contrast, Type-O events occur in the wake of a retreating high-pressure
system, enabling westerly disturbances (land-based lows) to propagate into South China (Figures 8g—8i). This
propagation not only intensifies the pressure gradient but also induces a near-complete overlap between SLLIJs
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Figure 7. Monthly and diurnal variations in the occurrence frequency (counts) of three double low-level jet types in the BBG
(a, ¢, and e) and the NSCS (b, d, and f).
and BLJs. Moreover, the weakening of the oceanic high-pressure system may facilitate the eastward and
southward movement of westerly disturbances (Figures 8e vs. 8h), thereby triggering the sequential occurrence of
Type-C followed by Type-O events (black boxes in Figure S2 of Supporting Information S1). Thus, diverse DLLJ
ZHOU ET AL. 9 of 22

85U8017 SuoWWoD aAIee.D 8|qedljdde ays Aq pausenob are sajoe VO ‘8sn JO S9N 10} Ar1q1T 8UIUO A8]IM UO (SUOIPUCD-PUe-SWLBIWI0D A8 1M ARe.q 1 Bu [UO//SdNY) SUORIPLOD pue sWie 1 8y} 88S *[9202/70/T0] uo Ariqitauluo A(1m ‘AiseAiun ueusbuoyz Aq 26vSr0Arsz0z/620T 0T/10p/uoo A 1m Ariqieuljuosqndnfie//sdny woly pepeojumoq ‘2 ‘9202 ‘96686912



. ¥Yeld )
M\ Journal of Geophysical Research: Atmospheres 10.1029/20251D045497
Type-D Type-O
40°N
3 Y " (@)
35°N 1ripetan : } Imibetan 257 ITibetan
— Plateau / Plateau Plateau
£ 30°N - ; / 1
<t CVun-Gui
QA 25°N {Plateau” ]
1
20°N - .
1poN e\ T o Y
40°N
o} 7 (e) T(h)
35°N 1ripetan / Iribetan Iribetan
Platea Plateau Plateau
& 30°N 1 1 1
o 25°N . - -
20°N - . -
15°N - r T
40°N :
0 \>
+ 35°N 1 1= It
o Pl A Plotaay
< 30°N N4 1
Al
+ 25°N . -
20°N 1 .
15°N — g T ——

100°E

110°E  120°E 100°E  110°E  120°E 100°E  110°E  120°E

750-hPa geopotential height anomalies (gpm)
BT T T [ [ T T T [ [

-40 -30 -25-20 -15-10 -5 0 3 6 9 12 16 18 21

Figure 8. Composite 750-hPa geopotential height anomalies (shading, gpm), geopotential height (contoured every 10 gpm), and wind speeds (pink vectors, m s~ ") for
(a—) Type-D, (d—f) Type-C, and (g—i) Type-O in the BBG. The (top) —24 hr, (middle) O hr, and (bottom) +24 hr indicate the times corresponding to 24 hr before, at, and
24 hr after the onset of Type-D, Type-C, and Type-O events, respectively. The symbols “H” and “L” denote the centers of anomalous high-pressure systems and
anomalous low-pressure systems, respectively. The geopotential height anomalies are calculated by subtracting the climatological mean geopotential height from April
to September of 2001-2023.

structures are modulated by the position of westerly disturbances and the intensity of high-pressure systems.
These synoptic configurations regulate the north—south positioning of SLLIJs, thereby generating diverse coupling
structures with marine BLJs.

Figure 9 illustrates the evolution of synoptic systems at 750 hPa for the three DLLJ types in the NSCS. Type-D
events feature an anomalous high-pressure system over the South China Sea (Figures 9a-9c¢), which is located
farther southwest compared with its counterpart over the BBG (Figure 9b vs. Figure 8b). As a result, the SLLJs
extend to the northern area of the NSCS and exhibit stronger westerly components. Type-C events are influenced
by an anomalous high-pressure system over the South China Sea (Figures 9d-9f), though this system is slightly
weaker than its counterpart over the BBG (Figure 9e vs. Figure 8e). This weaker high-pressure system exerts less
blocking effect on the movement of shear lines and low-pressure disturbances from the Sichuan Basin, enabling
them to propagate farther southward (Figures 9d and 9e). By ¢ = O hr, these low-pressure disturbances and the
South China Sea high together form a north-low-south-high pressure dipole (Figure 9¢), which contrasts sharply
with the northwest—southeast dipole observed for Type-C events in the BBG (Figure 8e). This contrast explains
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Figure 9. As shown in Figure 8, but for the NSCS. The brown bold lines indicate the shear lines and westerly troughs.

the more pronounced westerly component of SLLJs in Type-C events over the NSCS. Unaffected by high-
pressure systems, Type-O events feature anomalous low-pressure systems extending to coastal areas, accom-
panied by the southward intrusion of mid-latitude westerly troughs (Figures 9g—9i). Over the NSCS, sustained
pressure gradients drive southwesterly SLLIJs that overlap with the marine BLJs.

Overall, the three DLLJ types are associated with varying synoptic disturbances. Type-D events feature dominant
anomalous high-pressure systems over South China or the NSCS. Type-C events are affected by both anomalous
low-pressure systems over land and high-pressure systems over the South China Sea. Type-O events are linked to
land-based low-pressure anomalies. Moreover, circulation characteristics at 950 hPa (Figures S3 and S4 in
Supporting Information S1) are analogous to those at 750 hPa, indicating that BLJs are also modulated by
synoptic disturbances (Du & Chen, 2018; Luo & Du, 2023).

4.2. Governing Processes of Diurnal Variation

The occurrence frequencies of the three DLLJ types over the BBG and the NSCS exhibit obvious diurnal vari-
ations (Figure 7). This subsection further explores the detailed physical processes underlying these diurnal cycles
of wind speeds in SLLJs and BLJs for each type, following the momentum balance method proposed by Du
et al. (2014). The governing equation for meridional momentum balance is analyzed at 750 hPa (950 hPa) within
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Figure 10. (a, b) Diurnal variations of average wind speeds (m s~") at 750 hPa in the purple boxes in Figure 4 for the three
types of double low-level jet in the BBG and the NSCS. Panels (c, d) same as (a, b), but for 950 hPa in the black dashed boxes
in Figure 4. To minimize the impact of the 12-hr assimilation window in the ERAS reanalysis, a five-point running average
was applied to smooth the time series.

the purple boxes (black dashed boxes) in Figure 4. The coordinate system is defined as follows: The y-axis aligns
with the direction of daily mean wind, and the x-axis is perpendicular to the y-axis toward the right.

d d d d
LY L W
dat ox dy dy

TD HAD PGF CF Fr

where the terms represent local acceleration (TD), horizontal advection, pressure gradient force (PGF), Coriolis
force (CF), and frictional/residual terms (Fr). The vertical advection is neglected here due to its minor
contribution.

Figure 10 depicts the diurnal variations in wind speed at 750 hPa (SLLIJs) and 950 hPa (BLJs) for the three DLLJ
types. For SLLJs, Type-D and Type-C exhibit a prominent nocturnal wind maximum: the wind speed peaks at
~0300 LST for BBG events (Figure 10a) and ~0500 LST for NSCS events (Figure 10b). In contrast, Type-O
events show relatively minimal diurnal cycles, featuring wind speed increases at night and in the afternoon.
Moreover, a morning increase in wind speed is also present in Type-C events over the NSCS. For BLJs, all types
display pronounced nocturnal maxima, with the peak timing of Type-D events preceding that of Type-C and
Type-O events by about 2 hrs (Figures 10c and 10d).

Figure 11 depicts the momentum budget analysis for 750-hPa (SLLJs) and 950-hPa (BLJs) winds across the three
DLLJ types. The analysis elucidates the diurnal wind variations by evaluating the contributions of the PGF
(driving force), Fr (dissipative force), and CF (deflective force). For 750-hPa SLLIJs, the PGF shows a semi-
diurnal pattern with daytime and nighttime peaks in all types (blue lines in Figures 11a—11f), which is driven
by the semi-diurnal cycle of pressure tides (Huang et al., 2010; Lindzen & Chapman, 1969). For Type-D and
Type-C events, Fr is strongly negative during the daytime due to enhanced surface heating and turbulent mixing
over land, and it weakens at night (gray lines in Figures 11a, 11b, 11d, and 11e). In contrast, Type-O events
(marine SLLJs) maintain near-zero Fr throughout the day (Figures 11c and 11f), which is attributed to the
inherently lower boundary-layer height over the ocean. The CF term undergoes a phase reversal, negative during
the daytime and positive at night (purple lines in Figures 11a—11f), indicative of inertial adjustment in response to
large-scale land-sea thermal contrasts (Du, Rotunno et al., 2015; Du, Chen et al., 2015). Therefore, the nocturnal
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Figure 11. (a—f) Diurnal variations of each term (10~ m s~ hr™") in the horizontal momentum equation at 750 hPa averaged over the purple boxes in Figure 4,
respectively. (g-1) Diurnal variations of each term (10~ m s~" hr™") in the horizontal momentum equation at 950 hPa averaged over the black dashed boxes in Figure 4.
To minimize the impact of the 12-hr assimilation window in the ERAS reanalysis, a five-point running average was applied to the data.

acceleration of SLLJs is mainly due to an increase in PGF combined with reduced turbulent friction, with CF
exerting an indirect influence. During the daytime, strong friction over land (Type-D/C) counteracts the daytime
PGF peak, suppressing wind acceleration. Over the ocean (Type-O), sustained weak friction allows both daytime
and nighttime PGF peaks to effectively accelerate winds.

For 950-hPa BLJs (Figures 11g—111), the PGF is consistently positive, with a less prominent semi-diurnal signal
than that of the 750-hPa PGF (blue lines; Figures 11g—111 vs. Figures 11a—11f). The Fr term not only exhibits
greater negative magnitudes than at 750 hPa but also weakens after sunset (gray lines; Figures 11g—111 vs.
Figures 11a—11f). The CF term follows a trend analogous to that at 750 hPa (purple lines in Figures 11g—111).
Thus, the nocturnal acceleration of BLJs mainly results from the combined effects of enhanced PGF from pressure
tides and weakened friction. The earlier peak in Type-D events arises from southeasterly background flows,
which shorten the time for ageostrophic winds to rotate clockwise and align with the background winds via
inertial oscillations (Figure S5; Blackadar, 1957). In addition, Type-D exhibits a weaker 950-hPa nocturnal
enhancement than Type-C and Type-O. This is consistent with prior findings that small nocturnal wind en-
hancements are correlated with weak background flows (Chen, 2020; Shapiro et al., 2016).

Overall, all BLJs and SLLIJs exhibit nocturnal wind maxima, primarily driven by the combined effects of
enhanced PGF from pressure tides and weakened friction at night. For Type-O, marine SLLJs show an afternoon
increase in wind speed, as weak oceanic friction at 750 hPa fails to offset daytime acceleration from pressure
tides. Previous studies have mainly emphasized the impact of boundary-layer thermal effects on the diurnal BLJ
variations (Du & Rotunno, 2014). Our findings highlight the critical role of semi-diurnal pressure tides in driving
PGF variations, particularly for SLLJs at higher elevations. We further clarify that the competition between the
PGF from pressure tides and the friction governs the diurnal variation of LLJs over both oceanic and continental
regions.
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Figure 12. Composite rainfall accumulated within 9 hr after the onset of (a) Type-D, (b) Type-C, and (c) Type-O events
(shading, mm) in the BBG. Panels (d—f) are same as (a—c) but in the NSCS.
5. The Impact of DLLJs on Precipitation
During the active phases of DLLIJs, precipitation in South China is obviously enhanced, forming two east-west-
oriented rainbands (Figures 1b and 1c; Li & Du, 2021). In this section, we further explore how variations in DLLJ
structures impact rainfall patterns.
5.1. Rainfall Patterns Associated With Three DLLJ Types
Figure 12 shows the rainfall patterns of the three types of DLLIJ events. In the BBG, Type-D events exhibit rainfall
centered over the Sichuan Basin, with weak rainfall in southern China (Figure 12a). In contrast, Type-C events
generate an east-west-oriented rainband along 28°N in the Yangtze River Basin, along with weaker rainfall at the
south of Nanling Mountains (Figure 12b). For Type-O events, rainfall is concentrated south of the Nanling
Mountains and west of the Wuyi Mountains, with enhanced coastal rainfall along the coast of South China
(Figure 12c).
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(e, f) Type-C, and (i, j) Type-O events in the BBG (a, e, and i) and the NSCS (b, f, and j). The “V” symbols denote low vortices. The brown lines indicate shear lines, and

the blue arrows represent anticyclonic circulations. (¢, d, g, h, k, and 1) Composite of integrated vertical moisture flux convergence (shading, g m

~2 57! and moisture

flux (vectors, 500 kg m~! s™!) from the surface to 600 hPa for (c, d) Type-D, (g, h) Type-C, and (k, 1) Type-O events in the BBG (c, g, and k) and the NSCS (d, h, and 1).

In the NSCS, Type-D events produce scattered rainfall centers in the Yangtze River Basin (Figure 12d), likely due
to the coexistence of Type-D (NSCS) and Type-C (BBG), as will be discussed in Section 6. Type-C events feature
two prominent east-west-oriented rainbands: one north of the Nanling-Wuyi mountains and another south of the
Yunnan-Guizhou Plateau and Nanling Mountains (Figure 12e). Compared to the rainbands of Type-C events in
the BBG, these two rainbands are slightly south-shifted and exhibit greater intensity (Figures 12b vs. 12e). For
Type-O events, rainfall is concentrated along the South China coast and adjacent marine areas (Figure 12f), while
rainfall in central China is suppressed. Notably, Type-O events in both regions trigger anomalous rainfall in
northern Vietnam (18.5°N, 104°E). This is likely due to orographic lifting, as airflow over the Indochina
Peninsula crosses the Annamite Mountains (Kong et al., 2020).

Overall, Type-D events yield the weakest rainfall in southern China, with their rainbands situated farthest north.
Type-C events generate two east-west-oriented rainbands flanking the Yunnan-Guizhou Plateau and Nanling
Mountains, while Type-O events notably affect rainfall along South China's coast, underscoring their critical role
in regional hydrometeorological processes.

5.2. Circulation Patterns and Moisture Transport

Figure 13 depicts 750-hPa circulation patterns mainly related to SLLJs and integrated vertical moisture flux
convergence (IVMFC, surface-600 hPa) associated with DLLIJs. Type-D events are characterized by a dominant
anticyclonic circulation in South China, creating an environment, that is, unfavorable for rainfall (Figures 13a
and 13b). For the BBG, Type-D events involve moisture advection along the northwestern edge of the anticyclone
and meridional wind shear near the Sichuan Basin (Figures 13a and 13c). Collectively, these factors drive localized
rainfall in the Sichuan Basin. For the NSCS, Type-D events are marked by a slight southward movement of the
anticyclonic circulation (Figure 13b), which in turn shifts the water vapor convergence center to the lower Yangtze
River reaches (Figure 13d).
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Type-C events exhibit anticyclonic flow over the NSCS in conjunction with an intensified shear line in the
Yangtze River Basin (Figures 13e and 13f). For the BBG, enhanced winds south of the shear line facilitate
moisture transport from the South China Sea to the Yangtze River Basin, thereby forming a robust east-west
oriented moisture convergence zone (Figures 13e and 13g). For the NSCS, the shear line in Type-C events
shifts further south and extends eastward to the middle reaches of the Yangtze River, promoting the development
of a closed low vortex (Figure 13f). To the south of this shear line, enhanced convergence gives rise to a
prominent moisture convergence zone aligned in a southwest—northeast direction (Figures 13f and 13h).

Type-O events feature a shear line that shifts southward and stretches, accompanied by an intensified closed low
vortex (Figures 13i and 13j). Along the coast of South China, a cyclonic circulation with positive vorticity forms,
triggering coastal rainfall. In the BBG, the low-vortex center extends to the northern boundary of Guangxi
Province, with strong southwesterly coastal flows exceeding 10 m s~ (Figure 13i). These flows drive enhanced
moisture convergence from the ocean to the western foothills of the Wuyi Mountains (Figure 13k), which is
attributed to the coupling of marine BLJs and northeastward-extending SLLIJs. In the NSCS, the low vortex and
shear line in Type-O events shift southward to central Guangxi Province, generating a coastal cyclonic circulation
(Figure 13j). Moreover, moisture transport from LLJs over the NSCS leads to enhanced rainfall along the coast
and adjacent coastal areas (Figure 131).

These differences in moisture convergence and vorticity align well with the rainfall patterns of the three DLLJ
types. Rainfall is jointly modulated by both DLLIJs and synoptic disturbances. Marine BLJs regulate the intensity
of moisture transport, with stronger marine jets transporting more moisture from the ocean to the land. The
meridional movement of SLLJs, which is driven by shifts in shear lines, further regulates the north—-south
positioning of moisture convergence zones. Moreover, the coupling of low-level vortices and LLJs enhances
convergence, thereby boosting local rainfall intensity.

5.3. Convergent Lifting Under Three DLLJ Types

Figure 14 further presents latitude-vertical cross-sections of divergence, vertical motion, and meridional wind for
the three DLLJ types in the BBG and NSCS. In Type-D events, low-level convergent flow and upward motion are
the weakest (Figures 14a and 14b), resulting in suppressed rainfall due to insufficient dynamical lifting. For Type-
C events, strong southerly BLJs impinge on the Nanling Mountains, which generate intense boundary-layer
convergent lifting (1,000-900 hPa) on the windward slopes (Figures 14c and 14d). Meanwhile, downward
motion occurs on the leeward side, with secondary upward motion forming downstream of this subsidence zone
(Figures 14c and 14d). The dual rainbands associated with Type-C events can thus be attributed to the hydraulic
jump effect (Rotunno & Bryan, 2018). On the windward side, convergence in the BLJ exit region couples with
mid-level (900-700 hPa) divergence in the SLLJ entrance region, producing mesoscale lifting that favors
convective initiation. In addition, windward lifting in Type-C events over the BBG is weaker than that over the
NSCS, likely owing to a lower SLLIJ core level (800 hPa, Figure 5c) and reduced convergence intensity. On the
leeward side, rainfall is associated not only with shear line convergence but also with hydraulic jump lifting
induced by the elevated SLLJs crossing the mountains. Moreover, in Type-C events over the NSCS, rainfall on
the eastern side of the northern rainband is obviously enhanced (Figure 12e), which may be linked to the
orographic lifting on the windward side of the Wuyi Mountains, induced by westerly SLLJs impinging on the
range (Figure 14d). In contrast, Type-O events feature pronounced low-level convergence and upward motion
near the windward slopes of mountains and coastal zones (Figures 14e and 14f). In the BBG, Type-O events
exhibit moderate convergent uplift on the leeward slopes (Figure 14e), driven by interactions between the
northeastward-extending SLLIJs and the western flank of the Wuyi Mountains. These results highlight that DLLJs
strongly modulate regional rainfall through convergence/divergence and low-level lifting that depend on wind
structures and local terrains.

6. The Relationship Between DLLJs in the BBG and the NSCS

Analyses shown in the preceding sections indicate that the occurrence of DLLIJs is closely related to the posi-
tioning of synoptic disturbances. As westerly disturbances move southward, different DLLJ types may occur
concurrently or sequentially in the BBG and NSCS. In this section, we use conditional probability to examine the
various types of DLLIJs that occur jointly in the two regions, so that we can clarify how the regional DLLJs
develop with the moving westerly disturbances.
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Figure 14. Latitude-vertical cross-sections of the composite divergence (shading, 107> s~1), meridional wind (contours and
vectors, m s_1) and vertical motion (vectors: —0.01 Pa s™") averaged over 105°-120°E within 9 hr after the onset of (a, b)
Type-D, (c, d) Type-C, and (e, f) Type-O events in the BBG (a, ¢, and e) and the NSCS (b, d, and f). The gray shading
represents terrain.

Figure 15 shows the conditional probabilities of the three DLLJ types in the BBG when any given DLLJ type
occurs in the NSCS. When Type-D events appear in the NSCS, Type-C events in the BBG have a high occurrence
probability of 39.3%. The synoptic pattern is characterized by a low vortex northwest of the Nanling Mountains
and an anticyclone over the South China Sea (Figure 16a). When Type-C events occur in the NSCS, the
occurrence probabilities of Type-C and Type-O events in the BBG are 22.8% and 18.3%, respectively. For the
joint occurrence of NSCS Type-C and BBG Type-C, the anticyclone over the South China Sea moves southward,
while the low vortex accompanied by a shear line shifts southward with a slight eastward movement (Figure 16b).
For the joint occurrence of NSCS Type-C and BBG Type-O, the anticyclone over the South China Sea retreats
further eastward, and the low vortex related to the shear line migrates southward to the vicinity of the Nanling
Mountains (Figure 16¢). When Type-O events appear in the NSCS, Type-O events in the BBG have a high
occurrence probability of 31%. In this situation, the NSCS is not affected by the anticyclone, allowing westerly
disturbances to propagate further southward to the southern region of the Nanling Mountains (Figure 16d).
Overall, the BBG has a smaller distance from westerly disturbances (i.e., low vortices), leading to an earlier phase
of transition between different DLLJ types compared with that in the NSCS.

Figure 16 further presents rainfall distributions for coexisting DLLJs in these two regions. For the joint occurrence
of NSCS Type-D and BBG Type-C, rainfall is relatively weak and located in the Yangtze River Basin
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(Figure 16a). When NSCS Type-C and BBG Type-C occur concurrently,
rainfall in the Yangtze River Basin intensifies obviously (Figure 16b), which
is probably attributed to the hydraulic jump of SLLJs. Meanwhile, weak
rainfall also occurs on the windward slope of the Nanling Mountains
(Figure 16b). This rainfall pattern is similar to that of NSCS Type-C and BBG
Type-C (Figures 12b and 12e), with its intensity slightly weaker than that of
NSCS Type-C but stronger than that of BBG Type-C.

For the coexistence of NSCS Type-C and BBG Type-O, the rainband over the
Yangtze River Basin exhibits a marked enhancement and a further south-
eastward shift, extending to the northern flank of the Nanling-Wuyi Mountains
(Figure 16¢). This enhancement may be related not only to the hydraulic jump
of SLLJs but also to orographic lifting by the Wuyi Mountains. In addition,
rainfall is also markedly enhanced on the southern sides of the Nanling
Mountains (Figure 16¢), probably due to orographic lifting and mesoscale
uplift induced by BLJ-SLLJ coupling. This rainfall pattern is comparable to
that observed for NSCS Type-C and BBG Type-O (Figures 12c and 12e). For
the joint occurrence of NSCS Type-O and BBG Type-O, rainfall is concen-
trated in the southern area of the Nanling Mountains (Figure 16d). This dis-
tribution arises from the combined effects of deep-layer convergence from
overlapping BLJs and SLLIJs, as well as coastal orographic lifting. Thus, the
concurrent presence of DLLIJs in these two regions leads to a linear super-
position of the rainfall patterns that correspond to each DLLJ type.

950 hPa
750 hPa

(c) Type-C (NSCS) & Type-O (BBG)
v ¥
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Figure 16. Composite distributions of mean rainfall rate (shading, mm h™"), horizontal wind speeds at 950 hPa (warm color
contours of 10-12 m s~! and red vectors) and 750 hPa (cold color contours of 10-12 m s~! and purple/black barbs) when
double low-level jets occur simultaneously in the BBG and NSCS. The “V” symbols denote low vortices. The brown lines
indicate shear lines, and the blue arrows represent anticyclonic circulations.
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Figure 17. Schematic diagrams of the favorable synoptic disturbances and rainfall patterns for the three groups of double low-
level jet (DLLJ) events in the BBG and the NSCS. These three groups are chosen based on their relatively high occurrence
frequencies, as shown in Figure 15. Type-D events in the BBG are not shown here, as they are few in number and do not co-
occur with DLLJs in the NSCS.
7. Conclusions and Discussions
Low-level jets (LLJs) in South China exhibit diverse structures, and are typically classified into BLJs and
synoptic-system-related low-level jets (SLLJs) based on the height of their maximum wind speed. BLJs primarily
occur over offshore regions such as the Beibu Gulf (BBG) and the northern South China Sea (NSCS), while
SLLJs form over land and propagate with synoptic disturbances. When BLJs and SLLIJs coexist in a region, they
form DLLJs. This study investigates the structural diversity of DLLIJs and their impacts on rainfall during the
warm season (April-September), using 23 years of ERAS reanalysis and IMERG rainfall data. The study focuses
on the BBG and the NSCS, and their adjacent northern landmasses. The main findings are illustrated in Figure 17
and are summarized as follows:
DLLIJs occur in three coupling patterns: Displaced (Type-D, comprising 3% of all DLLJ events) with no hori-
zontal overlap between BLJs and SLLIJs; Connected (Type-C, 66%) with partial horizontal overlap; and Over-
lapped (Type-O, 31%) with nearly coincident cores. The intensity of BLIJs increases as the horizontal distance
from SLLJs decreases (Type-D < Type-C < Type-O), suggesting that the southward propagation of synoptic
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disturbances may enhance the marine BLJs. BLJs in Type-D are dominated by southeasterly winds, whereas both
BLJs and SLLJs in Type-C and Type-O are southwesterly winds.

The three DLLJ types exhibit different monthly variations in occurrence frequency, associated with various
synoptic disturbances. Type-C events mainly occur from April to June, driven by the interaction between
anomalous low-pressure systems over land and anomalous high-pressure systems over the South China Sea. In the
BBG, Type-C is shaped by developing southwest vortices and South China Sea high pressures, forming a
northwest-southeast dipole. In the NSCS, Type-C is affected by the coupling of low-pressure disturbances
associated with shear lines and the South China Sea high pressures, creating a north-low-south-high dipole. Type-
O events mainly occur from June to August south of land-based low-pressure anomalies. In the BBG, they are
affected by the southward movement of an anomalous low-pressure system, while in the NSCS, they emerge from
coastal anomalous low-pressure systems coupled with southward intrusions of mid-latitude westerly troughs.
Type-D events are confined to April-May along the western/northern flanks of high-pressure anomalies.

The occurrence frequency of DLLIJs features a pronounced diurnal cycle, with a primary nocturnal peak between
0000 and 0500 LST. The peak occurs earlier in the BBG (0300 LST) and later in the NSCS (0500 LST),
respectively. All three DLLJ types exhibit a nocturnal maximum in occurrence frequency. Momentum budget
analysis reveals that both BLJs and SLLIJs strengthen at night due to enhanced PGF from pressure tides combined
with weakened frictional forces. In Type-O, SLLIJs also exhibit an afternoon increase in wind speed, as weak
oceanic friction at 750 hPa fails to counteract the daytime acceleration induced by pressure tides.

DLLJs strongly modulate rainfall patterns through low-level lifting that depends on wind structures and local
terrains. Type-C generates two major rainbands: one on the windward (southern) side of the Nanling Mountains,
driven by orographic lifting and mesoscale lifting from BLJ exits coupling with SLLJ entrances; and another over
the Yangtze River Basin, in association with SLLJ hydraulic jumps when SLLJs pass the Nanling Mountains and
the low-level convergence along shear lines. Type-O mainly enhances coastal rainfall through deep-layer
convergence (shear line) from overlapping BLJs and SLLJs combined with coastal orographic lifting. Type-D
produces the weakest rainfall because of relatively weak BLJs. For the same DLLJ type, events in the NSCS
produce stronger rainfall than those in the BBG, and their associated rainbands are positioned further south.
Moreover, as westerly disturbances move southward, SLLJs and BLJs can form different combinations over the
BBG and NSCS. The concurrent presence of DLLIJs in these two regions leads to a linear superposition of the
precipitation patterns corresponding to the individual DLLJ types.

This study presents the first climatology of diverse DLLJ structures over the BBG and NSCS, clarifying their
synoptic-scale and regional subdaily forcing processes along with their impacts on rainfall. The results extend our
understanding of how LLJs at different levels modulate rainfall distribution over southern China (Du &
Chen, 2019a; Li & Du, 2021), and offer new theoretical insights to enhance the forecasting of warm-season heavy
rainfall. In particular, the different DLLJ structures identified in this study provide a framework for rainfall
forecasting. Recognizing these structures can help predict the likely location and intensity of heavy rainfall,
thereby improving precipitation forecasts and flood warnings during the Meiyu season. However, DLLJs are also
common in other regions of China, such as eastern and central areas (Cui et al., 2023; Luo & Du, 2023), where
they considerably influence the initiation, intensity, and duration of precipitation. Whether the DLLJ classifi-
cation proposed in this study applies to other regions remains to be verified. Furthermore, this study also doc-
uments transitions between different DLLJ types, and the processes governing these transitions and their effects
on rainfall evolution require further investigation. Finally, although this study compares the rainfall impacts of
various DLLJ types, it is necessary to quantitatively assess the relative contributions of terrain, synoptic forcing,
and DLLJ dynamics under different DLLJ types through high-resolution case simulations and sensitivity
experiments.
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