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ABSTRACT: Two types of heavy rainfall, namely warm-sector and frontal heavy rainfall, coexist in South China during the
presummer rainy season and manifest as varying mechanisms and features. They both exhibit close relationships with two
types of low-level jets (LLJs): the boundary layer jet (BLJ) and synoptic-system-related low-level jet (SLLJ), but in different
ways. The motivation of the present study is to elucidate the statistical relations between the two types of heavy rainfall and
LLJs over South China using TRMM rainfall data and ERAS reanalysis. Generally, warm-sector heavy rainfall mainly
occurs over coastal areas and during the early morning, which is primarily caused by the interaction between the nocturnal
BLJ and land breeze. In contrast, frontal heavy rainfall is mostly concentrated in inland regions and modulated by distinct
diurnal forcings at different locations. Statistical analysis indicates that 76% (62%) of the warm-sector (frontal) heavy
rainfall events are associated with LLJs. In the presence of heavy rainfall, low-level winds are often strengthened over Beibu
Gulf, northern South China Sea, and the south side of fronts, corresponding to two branches of southerly BLJs at
~950 hPa over the ocean and the southwesterly SLLIJs at ~850-700 hPa on land, respectively. Furthermore, BLJs are shown
to be linked to both types of heavy rainfall and with the most frequent occurrences of rainfall in their exit region, whereas
SLLIJs are more closely associated with frontal heavy rainfall. The left side (entrance) of the SLLJ axis is favorable for
frontal (warm-sector) heavy rainfall production. The regional rainfall distributions are affected by the structures and lo-
cations of LLJs.
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1. Introduction Previous studies have emphasized the important role of
LLJs in heavy rainfall. The presence of LLJs is recognized as
a key factor for convection initiation, organization, mainte-
nance, and propagation through enhanced moisture supply and
energy transportation to the rainfall regions (Higgins et al.
1997; Liu et al. 2014; Luo et al. 2017; Du and Chen 2019b). LLJs
can affect the diurnal variation of rainfall through their diurnal
cycles in wind speed and direction (Du and Chen 2019b; Wu
et al. 2020; Du et al. 2020a). Moreover, LLJs can induce low-
level convergence and upward motion in their exit region (Tao
and Chen 1987; G. Chen et al. 2017; Hodges and Pu 2018; Du
and Chen 2019a). In addition to the exit region, some previous
studies have documented another preferred location for heavy
rainfall—along the left side of the LLJ axis—due to 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). The left-front sector of LLJs with great
inertial stability is also found to be efficient in the accumulation
of warm moist air (Zhang and Zhou 2003).

Southerly or southwesterly LLJs frequently occur in South
China during the presummer rainy season (Du et al. 2014; Du
and Chen 2019b). The LLJs in South China can be further
classified into two types based on their characteristics and
formation mechanisms: boundary layer jets (BLJs) and syn-

Frequent occurrences of heavy rainfall rank as the primary
weather-related disasters in South China during the presum-
mer rainy season (April-June; Luo et al. 2017). Heavy rain-
fall in this rainy season, which contributes about 50% of the
annual rainfall, is often generated by mesoscale convective
systems (MCSs; Luo et al. 2017; Sun et al. 2019). The envi-
ronmental condition of the heavy rainfall is often characterized
by southwesterly monsoon or significant synoptic disturbances
(e.g., cold or quasi-stationary fronts; Li et al. 2020). Considering
whether it is driven by weak or strong synoptic-scale forcing, the
heavy rainfall can be classified into two types: warm-sector
heavy rainfall (WR hereafter) and frontal heavy rainfall (FR
hereafter; e.g., Huang 1986; Ding 1994). Climatological com-
parison by Wu et al. (2020) showed that WR favors coastal re-
gions of Guangdong Province and within the warm sector that is
located a few hundred kilometers ahead of a cold front or in the
absence of a cold front, while FR often occurs over the inland
areas in northern Guangdong and is associated with the passage
of fronts. Compared to FR, WR is found to be characterized by
strong intensity, concentrated precipitation, and sudden occur-
rences, and thus has low predictability (Huang 1986; Ding 1994;
Luo et al. 2017; Huang and Luo 2017; Du and Chen 2018; Wu

et al. 2020). optic system-related low-level jets (SLLJs; Du et al. 2014; Du
and Chen 2019b). The southerly BLJs are frequently observed

in Beibu Gulf (around 20°N, 108°E) and the northern South
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nocturnal wind maximum at 950 hPa (Du and Chen 2019b).
The formation mechanisms of the BLIJs over inland South
China are mainly influenced by boundary layer processes (Du
et al. 2014; Du and Chen 2019b), which can be explained by the
combination of inertial oscillation (Blackadar 1957) and diurnal
thermal forcing on elevated topography (Holton 1967). On the
other hand, the maximum occurrence frequency of the south-
westerly SLLJs is found farther north over inland areas of South
China. The SLLIJs often appear at 850-700 hPa in the early
morning and develop in response to the synoptic weather sys-
tems (Chen and Yu 1988; Du et al. 2014; Du and Chen 2019b).
The different roles of the BLJ and SLLIJ on heavy rainfall
have been noticed recently. The BLJs are found to be more
associated with the coastal rainfall through interacting with
coastal terrain (X. Chen et al. 2017; Du and Chen 2019a; Du
et al. 2020a,b), land-sea thermal contrast (X. Chen et al. 2017,
Wu et al. 2020), or differential friction of the underlying sur-
face (X. Chen et al. 2017; Zhang and Meng 2019; Li et al. 2020;
Du et al. 2020a,b). In contrast, the SLLJ can enhance inland
rainfall near the front via colliding with the northerly cold dry
flow (Du and Chen 2018; Li et al. 2020). Sometimes, the coupling
of the double LLJs (simultaneous occurrence of the BLJ and
SLLJ; Du et al. 2012; Du and Chen 2019a; Zhang and Meng 2019)
promotes the initiation of coastal WR through low-level con-
vergence at the terminus of the BLJ as well as midlevel diver-
gence in the entrance of the SLLJ (Du and Chen 2019a; Li et al.
2020). The two types of LLJs also differ in moisture trans-
portation (Du and Chen 2019b) and then influence the accumu-
lated rainfall amount (X. Chen et al. 2017). There is preferential
moisture transportation to the coastal rainfall by the BLJ and the
inland rainfall by the elevated SLLJ (Du and Chen 2019b).
Although the close relationship between LLIJs and heavy
rainfall has been illustrated in many previous case studies,
systematic studies in a statistical manner are still lacking. The
quantitative responses of different types of heavy rainfall (in-
cluding WR and FR) to varying BLJ or SLLJ are not yet well
understood. Therefore, the objective of the present study is to
examine the roles of two types of LLJs in different types of
heavy rainfall over South China based on the statistics as an
extension of the case study conducted by Du and Chen (2018,
2019a). We intend to address the following key questions: 1)
What are the differences and similarities in the statistical re-
lationships between the two types of heavy rainfall and LLIJs
over South China, including their diurnal variation, occurrence
frequency, spatial pattern, and relative location? 2) How and
why do their relationships vary with different locations in
South China? The paper is organized as follows: The data and
statistical methods used in the present study are introduced in
section 2. Section 3 compares the two types of heavy rainfall in
South China. Section 4 further presents the relations between
the two types of heavy rainfall (WR and FR) and LLJs (BLJ
and SLLJ) in detail. The results are summarized in section 5.

2. Data and methodology

a. Data

The 0.25° X 0.25° gridded rainfall data derived from Tropical
Rainfall Measuring Mission 3B42V7 (TRMM; Huffman et al. 2007)
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are used in this study to provide the rainfall estimates at 3-h
interval. In addition to long-term observations that facilitate
climatological studies, TRMM performs well in resolving the
features of warm season precipitation over China (Shen et al.
2010). The rationale behind using TRMM rainfall data is that
they better characterize the diurnal cycles of rainfall over
South China than CMORPH, which has been documented in
Chen et al. (2018). In addition, meteorological variables are
derived from the fifth generation of the European Centre
for Medium-Range Weather Forecasts (ECMWF) atmospheric
reanalyses (ERAS5) with a horizontal spatial resolution of
0.25° X 0.25° on 37 pressure levels for identifying LLJs and di-
agnosing environmental conditions. Even though ERAS is avail-
able at a high temporal resolution of 1 h, ERAS data at 0000,
0300, 0600, 0900, 1200, 1500, 1800, and 2100 UTC are em-
ployed in the present study in order to coordinate with the
TRMM precipitation availability. The period used in the
present study of TRMM rainfall data and ERAS reanalysis
covers from April to June for 1998-2019, which is the pre-
summer rainy season in South China.

b. Identification of rainfall types

The rainfall regions focused on in this study cover South
China, including Guangxi and Guangdong provinces (~104°-
118°E, 20°-27°N). Given that heavy rainfall affected by MCSs
typically generates a large amount of precipitation in a short
period, a heavy rainfall event is identified when 3-h accumu-
lative rainfall (0000-0300, 0300-0600, 0600-0900, 0900-1200,
1200-1500, 1500-1800, 1800-2100, and 2100-0000 UTC) at one
grid point equals or exceeds 30 mm in the study regions. The
identification is on an event basis with a fixed 3-h time window;
for example, heavy rainfall occurs during 0300-0600 and 0600—
0900 UTC on the same day would be counted twice and con-
sidered as two independent heavy rainfall events. To examine
the sensitivity of the identification, we tried a different time
window in the definition of a heavy rainfall episode (6-h ac-
cumulative rainfall = 30 mm) and found good consistency in
the rainfall patterns between the two criteria. The 3-h time
interval for a heavy rainfall event is used in the present study to
be consistent with the TRMM data, which provide more de-
tailed information on rainfall diurnal cycles. Additionally,
heavy rainfall events influenced by tropical systems (e.g., ty-
phoon) on the same day are excluded.

A total of 3898 heavy rainfall events are identified during the
presummer rainy seasons (April-June) for 1998-2019 and then
they are categorized as WR and FR types according to whether
they occur in weak or strong synoptic-scale environments. The
presummer rainy season behaves as a transitional period under
the influence of the strengthened tropical warm moist flow and
the weakened cold air from midlatitude systems (e.g., Huang
1986; Ding 1994; Li et al. 2020), both of which act on the for-
mation of heavy rainfall. Sometimes the strong warm moist
flow is dominant in rainfall production through interacting with
other local forcings (e.g., coastal terrain, cold pool, etc.), which
behaves as WR. Sometimes the southward intrusion of cold air
or a front (interaction between cold and warm air) dominates,
and the convection manifests as FR. The specific classification
of the two types of heavy rainfall follows the method described
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FI1G. 1. Methodology to identify WR and FR with the example case of 2100 UTC 10 May 2014. (a) 3-h cumulative rainfall (shading; mm)
and pseudoequivalent potential temperature at 1000 hPa (6; red contour with an interval of 3 K), superimposed with 1000-hPa horizontal
wind vectors (m s~ 1). (b) Vorticity at 850 hPa (shading; 10~> s~ 1; letter L denotes a low pressure vortex), 6. at 850 hPa (red contour with
an interval of 3K), and horizontal wind vectors at 850 hPa (m s™'). (c) Vertical-meridional cross section of temperature advection
(shading; 10> K s 1), 6. (black contour with an interval of 3 K), and meridional wind vectors (m s ') along the black solid line (112.5°E)

marked in (a). The orange solid lines and black boxes represent the locations of fronts and dense belts of 6.

in Huang (1986) and Liu et al. (2019). WR occurs more than
200 km away from a front or in an area dominated by low-level
southerly flows without a front. The scale of distance defined
here (200 km) is based on climatological frontal activities, so
that a WR event is less influenced by the front. On the other
hand, heavy rainfall within 200km away from the front is
identified as the FR type.

According to the definition of WR and FR above, FR is
closely associated with synoptic fronts, while WR is not affected
by fronts and with weak synoptic-scale forcing. Therefore, the
critical step in the classification is to examine whether the heavy
rainfall is influenced by the fronts, which are often featured by
high gradient zones of pseudoequivalent potential temperature
(6se) with the occurrences of large convective instability (Xie
1956). An example case characterized by double rainbands at
2100 UTC 10 May 2014 (Fig. 1) is used to illustrate the classifi-
cation procedure of heavy rainfall. Horizontal distributions of
related meteorological variables (e.g., fs., winds, and vorticity)
at 1000 and 850 hPa are examined first. A southwest-northeast-
oriented dense belt of 6. (black box) located in northern South
China can be observed at both 1000 and 850 hPa, where a shear
line (characterized by pronounced wind shear; orange solid line)
appears near the dense belt of 6. (Figs. 1a,b). Additionally, low
pressure vortexes (labeled L) at 850 hPa are collocated with the
shear line and a southwesterly SLLJ is embedded in the south-
eastern side of the low pressure vortexes (Fig. 1b). Since the
dense belts of 6 near the surface may be influenced by the
terrain, the vertical meridional cross section along the heavy
rainfall center (rainfall maximum; black line along 112.5°E in
Fig. 1a) is additionally analyzed following Liu et al. (2019) in
order to confirm the vertical incline structure of the front
(Fig. 1c). A dense zone of 6. occurs at 25°N at 1000 hPa and
extends northward to above 700 hPa (32°N), indicating a front
with a northward tilt. Wind shear is pronounced near the front,
and cold/warm temperature advection occurs on either side of it.

Southerly winds associated with warm air advection occur on the
south side while northerly winds associated with cold air ad-
vection are on the north side. Based on the horizontal and ver-
tical analyses above, the location of the front is identified and
determined in northern South China as the orange solid lines in
Fig. 1. According to the distance between the rainfall center and
the front in the horizontal analyses, the rainband in northern
Guanggxi located near the front is classified into FR type, while
the coastal rainband (around 22°N, 112.5°E in Guangdong) at a
distance of greater than 200 km from the front is WR.

The method above is applied for the classification of each
heavy rainfall event. Among 3898 heavy rainfall episodes,
1079, 2220, and 599 episodes are classified into WR, FR, and
DR (double rainband) types, respectively. The DR type indi-
cates that both WR and FR occur simultaneously in South
China. It can be seen that most of the heavy rainfall (WR or
FR) over South China occurs on its own. To clearly compare
the features of WR and FR, we only focus on the episodes of
WR and FR types considering the relatively low occurrence
frequency in the DR type. Compared to similar previous
studies concerning WR and FR in South China (e.g., Liu et al.
2019; Zhang and Meng 2019; Wu et al. 2020), the present study
considers larger regions with higher-resolution reanalysis data
and more objective classification method of heavy rainfall.

c. Identification of LLJs

In climatology, most of the BLJs exhibit southerly wind
maxima at 950 hPa in South China, while the wind speed
maxima of southwesterly SLLJs are most frequently found
between 850 and 700 hPa (Du and Chen 2019b). Considering
the mean height of LLJ occurrences, Zhang and Meng (2019)
defined the LLJs by horizontal wind speed maximum at typi-
cal pressure levels irrespective of vertical wind shear, as in
the regular operational synoptic analysis in southern China.
The criteria defined by Zhang and Meng (2019) are basically
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FI1G. 2. Distributions of (a),(b) 3-h cumulative rainfall (mm) and (c),(d) environmental background including 6,
(shading; K), wind speed (green contour = 8 ms ™' with an interval of 1 ms '), and wind vectors at 850 hPa during
the (left) WR and (right) FR events. The black boxes indicate three coastal WR centers marked as regions A, B, and
Cin (a) and two inland FR centers marked as regions D and E in (b). The red solid line in (d) indicates the location
of a front. The dots indicate the area where the difference of composite 3-h cumulative rainfall [in (a) and (b)] and
05 [in (c) and (d)] between WR and FR events are significant above the 90% level by two-tailed Welch'’s  test.

applied in the present study since we pay more attention to the
horizontal structures of LLJs. However, we tried to eliminate
the influence of strong upper-level winds on the identification
of LLIJs, so an additional criterion of vertical wind shear above
the levels of LLJs is added. Since the wind speed at 850 hPa is
generally larger than that at 950 hPa on average, the thresholds
we chose are varied for the BLJ and SLLJ. The BLJ is iden-
tified as the full wind speed maximum at 950 hPa larger than or
equal to 10ms™ ", and the wind speed at the jet core (the lo-
cation of maximum wind speed) greater than that at 850 hPa.
The SLLJ is defined as full wind speed maximum of 12ms ™' or
greater at 850 hPa, and when the wind speed at the jet core
exceeds the wind speed at the corresponding location of 700
hPa. Additionally, only LLJs with wind directions between 90°
and 270° that have southerly wind components are considered.

d. Identification of heavy rainfall associated with LLJs

To facilitate the discussion on the relations between heavy
rainfall and LLJs, we examined the presence of LLIJs at the
beginning of the 3-h rainfall event. If only the BLJ (SLLJ)
occurs in the range of 200 km from the heavy rainfall center,
the heavy rainfall event is considered as a BLJ (SLLJ) event
(Zhang and Meng 2019). In addition, heavy rainfall events
associated with either the BLJ or SLLJ are classified as LLJ
events, while heavy rainfall events associated with neither the

BLJ nor SLLJ are classified as non-LLJ events. Heavy rainfall
events associated with both the BLJ and SLLJ simultaneously
are considered as double-LLJ (DLLJ events. To obtain robust
results in this study, statistical significance tests are conducted.
The correlations between heavy rainfall and LLIJs discussed in
section 4b are significant at the 99% confidence level by two-
tailed Student’s ¢ test. The composited spatial distributions are
significant at the 90% confident level by two-tailed Welch’s
t test, which is used to compare the differences of various at-
mospheric variables between WR and FR events in section 3
(LLJ and non-LLJ events or regional WR/FR and total WR/FR
events in section 4).

3. Features of warm-sector and frontal heavy rainfall

To better understand the relationships between heavy
rainfall and LLIJs, the general characteristics of the two types of
heavy rainfall (WR and FR) over South China are first com-
pared in this section.

a. Spatial distribution

The climatological spatial distributions of 3-h accumulative
rainfall in WR and FR are compared in Figs. 2a and 2b.
Generally, WR and FR differ from each other in their loca-
tions and distributions. WR shows maximum centers along the
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FIG. 3. (a) Monthly and (b) diurnal variations of the occurrence frequencies (%) of WR and FR episodes over
South China. (c) Diurnal variations of 3-h region-averaged rainfall (mm) during the regional WR days over regions
A, B, and C (black boxes shown in Fig. 2a). (d) Diurnal variations of 3-h region-averaged rainfall (mm) during
regional FR days over regions D and E (black boxes shown in Fig. 2b).

coastline, located in Fangchenggang of Guangxi (region A),
Yangjiang of Guangdong (region B), and Shanwei of Guangdong
(region C). In contrast, the centers of FR occur over inland re-
gions, concentrating in the north of Guangxi (region D) and
central Guangdong (region E). In addition, the spatial distribu-
tions of occurrence frequencies of WR and FR events (not shown)
correspond well to the 3-h accumulative rainfall patterns.

b. Environmental background

The differences in the composite analyses of environmental
fields between WR and FR are shown at the onset time of
heavy rainfall events in Figs. 2c and 2d. In WR, strong south-
westerly winds at 850 hPa (=8 ms™’, indicated by the green
contours) prevail over South China (Fig. 2¢). But the winds in
FR are much weaker at 850 hPa (Fig. 2d). Accordingly, the
high 6, tongue in WR can penetrate farther north in contrast
to that in FR, implying a much warmer and moister environ-
ment in WR. In addition, a front (convergence line with large
thermal contrast, red solid line) exists in the north of South
China in FR (Fig. 2d), while WR is present under weak syn-
optic forcing (Fig. 2c).

¢. Monthly and diurnal variations

The monthly and diurnal variations of WR and FR are fur-
ther compared in Fig. 3. The occurrence frequency of WR

events exhibits a pronounced monthly variation and signifi-
cantly increases after the onset of the summer monsoon in June
(Fig. 3a). However, FR events often occur in May when it is
frequent for the convergence of southerly warm-moist and
northerly cold dry air masses (Fig. 3a).

Given the discrepancies between the spatial distributions of
WR and FR (Figs. 2a,b), we further divide the rainfall centers
into three coastal WR-subregions and two inland FR-subregions
shown in the black boxes of Fig. 2. Regional WR (FR) events are
thus identified when WR (FR) events occur only in those con-
cerned regions (regions A-C or D and E). To study the diurnal
cycles of rainfall, we further define regional WR (FR) days as
when at least one regional WR (FR) event occurs in the con-
cerned region in a day. Following the criteria described above,
108 (79), 162 (97), and 191 (103) regional WR events (days)
appear in regions A, B, and C, respectively. Similarly, there are
494 (264) and 304 (160) regional FR events (days) identified in
regions D and E.

The differences in diurnal variations of rainfall are further
explored among different regions. During the regional WR
days, all the three coastal WR centers (regions A, B, and C)
reach their rainfall peaks in the early morning around 0500—
1100 LST (2100-0300 UTC; LST = UTC + 8h; Fig. 3c).
However, the occurrence frequency of WR events over South
China peaks over 1100-1700 LST (0300-0900 UTGC; Fig. 3b),
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implying that the magnitude of WR is much higher in the early
morning than in the afternoon. In comparison, the diurnal
cycles of two inland FR centers are distinct from each other
(Fig. 3d). In region D, strong rainfall intensity is found at night
(0200-0500 LST; 18002100 UTC as well), which is possibly
attributed to the eastward propagating of MCSs formed over
the Yunnan-Guizhou Plateau in the afternoon (Jiang et al.
2017; Chen et al. 2018). On the other hand, rainfall in region E
reaches its maximum in the afternoon around 1700 LST due to
the solar heating effect (Wu et al. 2020; Chen et al. 2018). The
occurrence frequency of FR events in South China presents a
nocturnal peak over 0200-0500 LST (1800-2100 UTGC; Fig. 3b),
which may be mostly attributed to the diurnal variation of
the FR events in region D. In general, large variations in the
background environment result in significant differences in the
diurnal variations of WR and FR. Further analysis and dis-
cussion on the early morning rainfall peak of WR will be given
in the next section.

4. The relationships between heavy rainfall and LLJs

After the investigation into the two types of heavy rainfall in
South China, relations between the two types of heavy rainfall
and LLJs are further discussed in the present section including
their diurnal variation, occurrence frequency, spatial pattern,
and relative location.

a. Diurnal variations of LLJs and heavy rainfall

Previous studies (e.g., X. Chen et al. 2017; Xue et al. 2018;
Zhang et al. 2019) have documented that the accumulated
moisture (net moisture fluxes) in the boundary layer is a key
factor of the diurnal cycle of rainfall. Thus, to investigate the
primary cause of the early morning peak of WR, we first ex-
amine the diurnal variations of moisture fluxes into the three
WR subregions (regions A—C; black boxes in Fig. 2a). The low-
level moisture fluxes through four boundaries are calculated
based on

0- 71,[1)850 [ (qV)dxdp, (1)

Piogo %,

where g, g, and V are gravity acceleration, specific humidity,
and wind velocity perpendicular to the boundary, respectively.
The term Q indicates the integral of moisture fluxes over the
length of the boundary from x; to x, and from 1000 up to 850
hPa. The flux directed into the region is positive and the sum of
the fluxes over the four boundaries represents the net moisture
flux that converges into the region.

Figure 4 presents the low-level moisture fluxes through four
boundaries of the three regional WR centers as well as net
moisture fluxes during the regional WR days. In region A
(Fig. 4a), the magnitudes of moisture fluxes through the
southern and northern boundaries (yellow and blue dashed
lines) are much larger than those through the western and
eastern boundaries (gray and purple dashed lines) due to the
prevailing southerly winds at low levels. When compositing the
moisture fluxes through the southern and northern boundaries,
the fluxes (red solid line) show a similar diurnal variation with

JOURNAL OF CLIMATE

VOLUME 34

the net moisture fluxes (black solid line), characterized by a
maximum at 2300-0500 LST and a minimum at 1400 LST (Fig. 4a).
In comparison, the composited moisture fluxes through the
western and eastern boundaries (brown solid line) do not
show a significant diurnal cycle. As mentioned in section 3c, the
rainfall of WR over region A (green bars of Fig. 4a) peaks in
the early morning (0500-1100 LST), which is about 6h later
than the net moisture flux peak (2300-0500 LST). Similar
features in the diurnal variations of rainfall and moisture fluxes
are observed in regions B and C (Figs. 4b,c).

Since the diurnal variation of net moisture fluxes is almost
identical to the corresponding change of fluxes through the
southern and northern boundaries, only fluxes through the
southern and northern boundaries are analyzed in Fig. 5.
Figure 5 shows the diurnal perturbation moisture fluxes
(winds) at the low levels and corresponding divergence in the
three WR subregions during the regional WR days. In region
A, the diurnal variation of perturbation moisture fluxes is
similar to that of perturbation winds (Figs. 5a,b), while the
diurnal variation of specific humidity is not evident, but with
high moisture concentrated in the boundary layer (not shown).
The enhancement of low-level moisture transportation through
the southern boundary occurs during 2300-0500 LST (Fig. 5a),
which is attributed to the nocturnal strengthened BLJ and high
specific humidity at low levels. In contrast, the strongest outward
moisture fluxes from the northern boundary are also found over
2300-0500 LST extending from 975 to 850 hPa due to the pre-
vailing southerly winds (Fig. 5b). It is also noted that shallow
moisture inflow occurs below 975 hPa on the northern boundary
during this time, corresponding to the land breeze that occurs in
the land earlier than the sea (X. Chen et al. 2017). The coupling
of the BLJ and land breeze enhances the convergence over
2300-0500 LST below 975 hPa (Fig. 5c) and accumulates mois-
ture in region A by enhancing the inflow and weakening the
outflow, thereby contributes to the nocturnal net moisture flux
peak (Fig. 4a).

Similar analyses are conducted in regions B and C (Figs. 5d—
i) and show consistent diurnal variations of perturbation winds
and convergence with peaks at 2300-0500 LST in modulating
the diurnal variations of moisture fluxes. To elucidate the
thermodynamic forcing for the early morning rainfall peak of
WR, we further investigate the diurnal variation of convective
available potential energy (CAPE; not shown). CAPE de-
creases from 2300 to 0800 LST with a minimum at 0800 LST,
and then starts to increase with a peak at 1400 LST, which
might be affected by solar radiation. To some extent, the in-
creased CAPE in the early morning (0800-1100 LST) con-
tributes to the maintaining of the rainfall peak. However,
rainfall weakens quickly after 1100 LST despite increased
CAPE. Therefore, the thermodynamic effects (CAPE) on the
diurnal variation of WR are limited.

b. Occurrence frequency of heavy rainfall associated
with LLJs

The relationship in occurrence frequency between WR (or
FR) events and LLJs is investigated statistically. Figure 6a
exhibits that 76% (62%) of WR (FR) events in South China
are related to LLJs at the onset of the rainfall, whereas the
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FIG. 4. Diurnal variations of low-level net moisture fluxes (black solid line; kg m™'s™1),
moisture fluxes for boundary S (southern boundary; yellow dashed line), boundary N (northern
boundary; blue dashed line), boundary W (western boundary; gray dashed line), boundary E
(eastern boundary; purple dashed line), boundary S + N (red solid line), and boundary W + E
(brown solid line), and 3-h region-averaged rainfall (green bar; mm) during the regional WR
days over (a) region A, (b) region B, and (c) region C.

occurrence frequencies of WR and FR without LLJs are con-  Therefore, WR in southern China is often accompanied by
siderably lower (24% and 38%, respectively). DLLJ events double LLJs (coexistence of BLJ and SLLJ), which has also
account for more than half of heavy rainfall events associated  been reported by Zhang and Meng (2019). The connections
with LLJs, reaching 47% in WR and lower in FR (32%). between LLJs and two types of heavy rainfall on monthly and
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FIG. 5. Diurnal variations of composite boundary-averaged perturbation moisture fluxes (shading; kg m~2s~") and perturbation winds
(contoured every 0.4 ms™") through (top) boundary S, (middle) boundary N, and (bottom) region-averaged divergence (10 3s ") during
the regional WR days over (a)-(c) region A, (d)—(f) region B, and (g)—(i) region C. The diurnal perturbations (moisture fluxes or winds)
are calculated by subtracting the daily mean during the regional WR days. The fluxes directed into (outward off) the region are positive
(negative). The solid (dashed) contours indicate perturbation southerly (northerly) winds.

diurnal scales are further discussed. The heavy rainfall events as-
sociated with LLJs occur with higher contribution ratios than the
non-LLJ events on both monthly and diurnal scales (Figs. 6b,c),
particularly in WR, which indicates closer relationships between
LLJs and WR than FR. The contribution of LLJ-WR events to
total WR events reaches 88%-92% in the early morning (0200—
0800 LST; Fig. 6¢), which may be modulated by the diurnal vari-
ations of BLJ with a nocturnal peak (Du and Chen 2019b). The
contribution percentage of non-LLJ events starts to increase in the
daytime and peaks in the afternoon (14002000 LST; Fig. 6c),
suggesting favorable thermodynamic conditions for heavy rainfall.

In the existence of LLJs, the rainfall intensity in WR or FR
(LLJ-WR or LLJ-FR events) is much stronger compared to the
climate mean state (cf. Figs. 7a,b and 2a,b). In contrast, the
rainfall in South China is comparatively weaker during the non-
LLJ events (non-LLJ-WR and non-LLJ-FR events), without
prominent rainfall centers in the absence of LLIJs (Figs. 7c,d).
These results indicate that the LLJs contribute to the total
rainfall amount in both WR and FR substantially. In particular,
DLLJ (DLLJ-WR and DLLJ-FR) events reproduce stronger
coastal WR and inland FR (Figs. 7e,f) compared to the general

LLJ events (Figs. 7a,b), accompanied by stronger coastal BLJs
and inland SLLJs.

A more detailed comparison on the occurrence frequency of
heavy rainfall related to different types of LLJs is presented in
Fig. 8. It reveals that BLJs have a close relationship with both
WR and FR, but with slightly higher occurrence frequency in
WR events. In contrast, SLLJs occur more frequently during
FR than in WR because the occurrences of SLLIJs are synop-
tically driven in South China (Du and Chen 2019b). The re-
lated rainfall distributions show significantly different patterns
between BLJ and SLLJ events (Fig. 9). WR events associated
with BLJs (BLJ-WR events) are characterized by concentrated
rainfall over the coastal areas (Fig. 9a) due to coastal lifting by
BLJ interacting with other factors, which is distributed simi-
larly as the climatological WR pattern (Fig. 2a). Winds at
850 hPa during BLJ-WR events include some signals about
strong southwesterly flows but do not meet the SLLJ definition
(Fig. 9a). Rainfall often occurs along the coastal area of
Guangdong and central Guangdong during the BLJ-FR events
(Fig. 9b). However, with weaker SLLIJs, the inland FR center
over northern Guangxi weakens and migrates southward (Fig. 9b).
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FIG. 6. (a) Occurrence frequencies (% ) of WR (yellow bars) and FR (blue bars) events associated with LLJs, non-
LLJs, and double LLJs at the onset of the rainfall over South China. The results are significant at the 99%
confidence level by two-tailed Student’s 7 test. (b) Monthly and (c) diurnal variations of the contribution ratio (%)
of WR (yellow bars) and FR (blue bars) events associated with LLIJs (dark bars) and non-LLJs (light bars).

Furthermore, WR events accompanied by SLLJs (SLLJ-WR
events) show strong coastal heavy rainfall (Fig. 9c), but the
centers shift to the east of the coastline in Guangdong when
compared with the climatological rainfall pattern (Fig. 2a).
As for the SLLJ-FR events, rainfall centers in northern
Guanggxi are present but the original rainfall center in central
Guangdong is much weakened (Fig. 9d). Therefore, both BLJ
and SLLJ show close relationships with coastal and inland
rainfall.

c. Spatial pattern of LLJs associated with heavy rainfall

Besides occurrence frequency, the LLJ events also differ
from the non-LLJ events in their dynamic and thermody-
namic environments, especially in the LLJ structures. Figure 10
compares the composite perturbation environments during
the LLJ-WR and non-LLJ-WR events. The composite per-
turbations are computed by subtracting the seasonal mean
based on 1998-2019 during the presummer rainy season. The
southerly low-level winds prevail over South China on seasonal
average. During the WR events associated with LLJs, pertur-
bation southwesterly winds occur over the land of South China
at 850 hPa, corresponding to the SLLIJ core located over

southeastern Guangxi and northeastern Guangdong (Fig. 10a).
At 950 hPa, stronger southerly perturbation winds, namely
BLJs, exhibit two regional maxima: one over Beibu Gulf and
the other over the northern South China Sea (Fig. 10c). Such
wind distributions account for relatively strong convergence at
low levels along the coastline (Fig. 10e), which is favorable for
the warm-sector convection. The rising motion at low levels
shows a similar pattern with strong convergence in the exit
region of the BLJ (Fig. 10e). The enhanced CAPE is also ev-
ident along the coastline, which is driven shoreward by the
strengthened southerly winds (Fig. 10g). In contrast, such fa-
vorable environmental conditions for WR become much
weaker in the absence of LLIJs (Figs. 10b,d,f,h) and thus sup-
press rainfall (Fig. 7c). For instance, perturbation winds at 850
and 950 hPa during non-LLJ-WR events are much weaker than
those in the LLJ-WR events (cf. Figs. 10a—d), with reduced
convergence, weaker rising motion (Fig. 10f), and lower
CAPE (Fig. 10h) along the coastline accordingly. Higher
convective inhibition (CIN) is observed in the coastal areas of
Guangxi and western Guangdong in LLJ-WR events than in
non-LLJ-WR events, while lower CIN distributes in the
coastal regions of eastern Guangdong (Fig. 10g). Therefore,
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FIG. 7. Composite 3-h cumulative rainfall (mm) and horizontal wind speed at 850 hPa (red contour with an
interval of 1ms™!) and 950 hPa (black contour with an interval of 1 ms~!) during the (left) WR and (right) FR
events associated with (a),(b) LLJs, (c),(d) non-LLJ, and (e),(f) double LLJs. The dots in (a) and (c) and (b) and
(d) denote the area where the significance level of the difference of composite 3-h cumulative rainfall between LLJ
and non-LLJ events is greater than 90% by two-tailed Welch’s ¢ test. The dots in (e) and (f) are same as (a) and (b),

but between DLLJ and non-LLJ events.

the occurrences of LLJ-WR events are not necessarily ac-
companied by lower CIN.

Similar comparisons of environmental conditions between
LLJ-FR and non-LLJ-FR events are further examined in
Fig. 11. An evident shear line located in northern South China
is observed during the LLJ-FR events but is absent during the
non-LLJ-FR events at both 850 and 950 hPa (cf. Figs. 11a-d).

Stronger southwesterly perturbation winds are embedded in
the south of the front during the LLJ-FR events (Figs. 11a,c),
corresponding to the inland SLLJs at 850 hPa and the oceanic
BLJs at 950 hPa. Both the BLJs and SLLJs enhance the supply of
moister and warmer air toward the inland areas. Contrastingly,
the perturbation winds are weaker without a convergence be-
tween cold and warm air due to dominant northerly disturbances
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during the non-LLJ-FR events (Figs. 11b,d). Stronger conver-
gence at 850 hPa occurs in northern Guangxi during the LLJ-FR
events (Fig. 11e), which corresponds to one of the FR centers in
region D (Fig. 2b). The strong rising motion at low levels matches

(a) BLJ-WR
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the region with pronounced wind shear (Fig. 11e). Higher CAPE
in South China is a consequence of stronger BLJ and SLLJ during
the LLJ-FR events (Fig. 11g), which provides more favorable
conditions for moist convection. In comparison, the non-LLJ-FR
events show weaker low-level convergence and rising motion
(Fig. 11f), and much lower CAPE (Fig. 11h). No significant dif-
ference in CIN is found between LLJ-FR events and non-LLJ-FR
events in the region where FR prefers to occur (Fig. 11g).
Therefore, LLJ occurrences tend to supply more moisture to the
rainfall region, enhance low-level convergence, increase convec-
tive energy, and thus result in more intense rainfall. However,
CIN is not clearly associated with rainfall anomalies.

We further discuss the subregional variability in the re-
lationships between regional heavy rainfall and two types
of LLJs under varying environmental conditions (Fig. 12).
Regional heavy rainfall events are identified by the occur-
rence of heavy rainfall only in the concerned region (e.g.,
region A). Generally, the LLJs related to different regional
rainfall vary in morphology, strength, and location. Compared
to that of region A, the location of the SLLJ for the WR of
region B is farther east (cf. Figs. 12b and 12a) and the BLJ in

(b) BLJ-FR
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FI1G. 9. Asin Fig. 7, but for (a),(b) BLJ and (c),(d) SLLJ events. The dots in (a) and (b) denote the area where the
significance level of the difference of composite 3-h cumulative rainfall between BLJ and non-LLJ events is greater
than 90% by two-tailed Welch’s ¢ test. The dots in (c) and (d) are the same as in (a) and (b), but between SLLJ and
non-LLJ events.
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FIG. 10. Distributions of composite perturbation wind speed (shading; m s~ '), perturbation wind vectors, and
horizontal wind speed (contour with an interval of 1ms™!) at (a),(b) 850 and (c),(d) 950 hPa, (e),(f) perturbation
divergence (107> s~ 1) and vertical velocity (contour with an interval of —0.02 Pas™ ') at 975 hPa, and (g),(h) per-
turbation CAPE (J kg™ ") during the (left) LLJ-WR and (right) non-LLJ-WR events, superimposed with CIN
difference between LLJ-WR and non-LLJ-WR events (contour with an interval of 40J kg~ 1). Positive (negative)
CIN anomalies are plotted in solid (dashed) contours. The dots denote the area where the significance level of the
difference of composite variables between LLJ-WR and non-LLJ-WR events is greater than 90% by a two-tailed
Welch’s ¢ test.
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FIG. 11. As in Fig. 10, but for (a),(c),(e),(g) LLJ-FR events and (b),(d),(f),(h) non-LLJ-FR events. Note that
(e) and (f) are at 850 hPa; the brown lines in (a) and (c) indicate the locations of a front at 850 and 950 hPa. The dots
denote the area where the significance level of the difference of composite variables between LLJ-FR and non-LLJ-
FR events is greater than 90% by two-tailed Welch’s ¢ test.
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FIG. 12. The three top rows are as in Fig. 10, but for the regional WR events of (a),(f),(k),(p) region A, (b).(g),(1),(q) region B, and
(c),(h),(m),(r) region C. The remaining two rows are same as Fig. 11, but for the regional FR events of (d),(i),(n),(s) region D and
(e),(j),(0),(t) region E. The black boxes in (a)—(e) indicate regional rainfall centers marked as regions A—E in Fig. 2. The brown lines in (d),
(e), (i), and (j) indicate the locations of fronts at 850 and 950 hPa. The dots denote the area where the significance level of the difference of

composite variables between regional WR (FR) events and total WR (FR) events is greater than 90% by two-tailed Welch’s 7 test.

the area upstream of region B, over the northern South China
Sea, is stronger (cf. Figs. 12g and 12f). As for WR in region C,
wider and stronger SLLJ and BLJ extend farther eastward
(Figs. 12¢,h). The two types of LLIJs also manifest as larger
westerly wind components, which are beneficial for trans-
porting more water vapor to region C. Different LLJs pat-
terns for those regional rainfall result in distinct distributions
of convergence and CAPE, which are consistent with the

maximum regional rainfall. The results above suggest a close
relationship between the WR and two types of LLIJs.

Strong synoptic forcing associated with fronts (brown lines)
can be seen in both the FR of regions D and E, but in different
positions (cf. Figs. 12d,i and 12e,j). It can be seen that such
synoptic-scale disturbances are much weaker in the WR of re-
gions A-C. Compared to the FR of region D, the front collo-
cated with the 850-hPa SLLJ to its south moves southeastward
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FIG. 13. Occurrence frequencies (%) for the locations of (a) LLJ-WR and (b) LLJ-FR events relative to BLJ
(yellow line) and SLLJ (blue line). Letter F indicates that the heavy rainfall event is located in front of the BLJ
(SLLJ). The designations RF, R, RB, B, LB, L, and LF are analogous to F, but for different directions of heavy
rainfall relative to LLIJ: right front, right, right back, back, left back, left, and left front, respectively.

and is located in eastern South China for the FR of region E (cf.
Figs. 12e and 12d). A more pronounced southwesterly BLJ oc-
curs in the northern South China Sea at 950 hPa (cf. Figs. 12j and
12i), transporting high CAPE northeastward to the inland region
(Fig. 12t). Stronger convergence associated with frontal lifting and
higher CAPE are thus shown near rainfall regions (Figs. 12n,0
and 12s,t), contributing to more heavy rainfall. To summarize, the
locations, intensities, and morphology of the LLIJs can greatly
affect the convergence location and CAPE transportation
and then regulate the distributions of WR, whereas the
frontal lifting with the embedded LLJs plays a significant role
in FR production.

d. The location of heavy rainfall relative to LLJs

In the present section, the relationships in locations between
the two types of heavy rainfall and LLJs (including BLJs and
SLLJs) are discussed. Heavy rainfall events are further cate-
gorized according to their locations relative to the LLJs. Based
on the orientation of the LLJ’s axis and the LLJ’s core, eight
regions are defined as front (F), right front (RF), right (R),
right back (RB), back (B), left back (LB), left (L), and left
front (LF). If a jet has two or more cores, all the jet cores are
taken into account. The statistical results are illustrated by a
plot of wind roses, where each direction represents the location
of heavy rainfall relative to the LLJs (e.g., letter F means that
heavy rainfall occurs in front of the LLJs). Large differences
exist in the relative locations between the LLJ-WR and LLJ-
FR events. A majority of WR events occur in the front of BLJ
(51%) and the rear of SLLJ (37%), namely at the exit region of
BLJ and the entrance region of SLLJ (Fig. 13a). A double-LLJ
pattern has been reported by Du and Chen (2019a), which
provides mesoscale lifting for the coastal WR. By contrast, FR

is more frequent along the left side of the SLLJ axis (59%) as
well as at the terminus of BLJ (51%; Fig. 13b).

Figure 14 further illustrates the location of heavy rainfall
events accompanied by LLJs. WR in South China occurs more
frequently in coastal areas than in inland areas (Fig. 14a). Two
BLIJ cores over Beibu Gulf and the northern South China Sea are
accompanied by two corresponding SLLJ cores over southeastern
Guangxi and northeastern Guangdong. Therefore, WR tends to
occur at the exit region of BLJ as well as the entrance region of
SLLJ. The coupling of oceanic BLJ and inland SLLJ provides
low-level convergence and middle-level divergence in the coastal
areas (Du and Chen 2019a). However, FR often occurs in inland
areas (Fig. 14b). The location of BLJ in the FR resembles that of
the WR, while the SLLJ has more westerly wind components in
the FR. FR often occurs along the left side of the SLLJ axis where
positive vorticity contributes to the growth of convection. The
elevated SLLJ can also bring more water vapor to the inland
rainfall (Du and Chen 2019b). In contrast, BLJ is more conducive
to the moist and warm flow transportation to the coastal rainfall
regions. The results above provide a general estimate for the lo-
cation of heavy rainfall relative to the different types of LLJs.

5. Summary and discussion

Relations between two types of heavy rainfall and LLIJs in
South China are examined during the presummer rainy season,
using 22-yr (1998-2019) high temporal-spatial-resolution
ERAS reanalysis data and TRMM rainfall data. With the
combination of objective and subjective methods, the identi-
fied heavy rainfall episodes are classified into two types: warm
sector heavy rainfall (WR) and frontal heavy rainfall (FR). The
two types of heavy rainfall show significant differences in
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FIG. 14. The colored dots represent various occurrence numbers of (a) LLJ-WR and (b) LLJ-FR events (counted
based on the location of maximum heavy rainfall on an event basis). The gray shadings (m s~ ') represent composite
winds at 950 hPa (=9 m s~ ! with an interval of 1 ms ') and the blue shadings (m s~ ') represent composite winds at
850 hPa (=8 ms~ ' with an interval of 1 ms ') during (a) LLJ-WR and (b) LLJ-FR events. The black (blue) vectors

denote composite winds at 950 (850) hPa.

spatiotemporal characteristics. WR is mainly concentrated in
the coastal areas during the early morning hours, whereas FR
mostly occurs over the inland regions with varying rainfall di-
urnal cycles at different locations due to distinct diurnal forc-
ings. Under relatively weak synoptic forcing, the early morning
peak of WR is primarily attributed to the low-level conver-
gence of nocturnal accelerated BLJ and land breeze.

Both WR and FR are found to occur preferentially when
LLJs exist. It is found that 76% (62%) of the WR (FR) epi-
sodes are related to LLJs. Specifically, the spatial distribution
and intensity of WR (FR) are primarily determined by the LLJ
periods rather than the non-LLJ periods. During the WR
events accompanied by LLJs (LLJ-WR events), there are wide
SLLJs at 850 hPa over southeastern Guangxi and northeastern
Guangdong and two 950-hPa BLJ cores over Beibu Gulf and
the northern South China Sea. Such configuration of the LLJs
induces strong coastal convergence and increased convective
energy. Comparatively, during the WR events in the absence of
LLJs (non-LLJ-WR events), low-level winds are much weaker
and other favorable environmental conditions for convection
are absent. In addition to LLJs, strong synoptic forcing asso-
ciated with a front is present during the LLJ-FR events. In
contrast, northerly wind perturbations are dominant during the
non-LLJ-FR events in the absence of a well-defined front.

Heavy rainfall at different locations is greatly affected by the
location, morphology, and strength of the two types of LLIJs
and associated environmental conditions. The coupling of the
BLJ and SLLJ provides mesoscale lifting for WR as well as
results in strong moisture transportation but varies regionally.
During the WR events of Yangjiang (region B), the upstream
BLJ and downstream SLLJ tend to have larger intensity than
those of Fangchenggang (region A). In the WR of Shanwei
(region C), both BLJ and SLLJ occur farther east and tend to
be stronger with more westerly wind components, which is
conducive to stronger moisture transportation to region C.
Such discrepancies in LLJ structures lead to the position

coincidence of coastal convergence and rainfall centers in
different regions. Frontal lifting associated with SLLJ em-
bedded in its south occurs farther southeast in the FR of central
Guangdong (region E) than that of northern Guangxi (region
D), which greatly affects the convergence location and thus the
rainfall distribution.

The specific relationships in occurrence frequencies and locations
of the two types of heavy rainfall and LLJs are further explored.
BLJs are related to both types of heavy rainfall, particularly for WR.
On the other hand, SLLJs show a closer relationship with FR. In
terms of their relative locations, WR mostly occurs at the exit region
of BLJs as well as the entrance region of SLLJs, while FR is often
located at the exit of BLJs and along the left side of the SLLJ axis.

The present study clarifies the statistical relationships be-
tween the two types of heavy rainfall and LLJs. The conclu-
sions can also be further extended and enhanced with the use of
dense observations and high-resolution WRF simulations in
order to examine the finer structure of heavy rainfall and LLIJs.
In the future, the effects of two types of LLJs interacting with
other factors (e.g., terrain, cold pool, land-sea contrast, etc.) on
heavy rainfall need to be explored in statistics.
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