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ABSTRACT

Warm-sector heavy rainfall in southern China refers to the heavy rainfall that occurs within the warm sector
hundreds of kilometers south of a front or without a front during April-June, characterized by poor pre-
dictability and a close relationship with low-level jets (LLJs). Based on 45 warm-sector heavy rainfall episodes
in 2013 and 2014 in southern China, this study examines their general characteristics and evaluates the per-
formance of convection-permitting WRF Model simulations from an LLJ perspective. The results show that
64% of the warm-sector heavy rainfall episodes are associated with an LLJ (LLJ type) and 36% are not
(no-LLJ type). The LLJ type is distinct from the no-LLJ type, with large rainfall accumulation along the
coastal area. It is more common for LLJs to occur at both 800 and 925 hPa in the LLJ type, where there is a
wide 800-hPa LLJ west of Guangdong Province and two 925-hPa LLJs over Beibu Gulf and the South China
Sea (SCS). The coastal convergence associated with the terminus of the LLJ on 925 hPa is conducive to the
coastal rainfall. WRF generally presents lower QPF skill in the LLJ type than in the no-LLJ type, due to the
severe underestimation of coastal rainfall. The QPF skill of the LLJ type is significantly correlated with
the forecast accuracy of LLJs, especially at 925 hPa. The north bias of the simulated LLJ on 925 hPa over the
SCS and the associated overestimation of wind speed below ~900 hPa over the inland region weaken the
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coastal convergence and eventually lead to the underestimation in coastal precipitation.

1. Introduction

The presummer rainy season (April-June) is the first
rainy season in southern China. It occurs during the
early stage of the East Asian summer monsoon (Ding
1994) and contributes approximately half of the annual
precipitation amount in southern China (Luo et al.
2017). During the presummer rainy season, the heavy
rainfall associated with mesoscale convective systems
(MCSs) frequently takes place in southern China in
the warm sector hundreds of kilometers to the south
of a cold or quasi-stationary front or without any front
(e.g., Luo et al. 2013; Wang et al. 2014; Wu and Luo
2016), which is often termed warm-sector heavy rain-
fall (Huang 1986). Without strong synoptic-scale forc-
ing, the precipitation in the warm sector is greatly
influenced by monsoonal inflow from the South China
Sea (SCS) (e.g., Chen et al. 2017; Zhang and Meng
2018) and modulated by the land-sea contrast (Chen
et al. 2015; Chen et al. 2016) and complicated terrain
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(Chen et al. 2018) (Fig. 1) in southern China. With
these unique and complex multiscale atmospheric
processes, the warm-sector heavy rainfall often oc-
curs abruptly without perceptible prediction clues and
produces local extreme precipitation with relatively
poor quantitative precipitation forecast (QPF) skill
(He et al. 2016), leading to severe floods and consid-
erable losses of life and property (Zhou et al. 2003).
The low-level jet (LLJ) is commonly observed in
southern China during presummer rainy season (e.g.,
Du et al. 2014; Luo et al. 2017). The LLJs over this
region can be generally classified into two types
(Chen et al. 1994; Du et al. 2012, 2014).The first type is
synoptic-system-related LLJ (SLLJ), which occurs
within low-level free troposphere (900-600 hPa); the
second type is boundary layer jet (BLJ), which oc-
curs in the boundary layer and can be influenced
by both boundary processes and large-scale weather
systems (Du and Chen 2018). Inertial oscillation,
land-sea thermal contrast, orographic blocking,
or ageostrophic winds offshore veering southward by
the Coriolis force and combining with the southerly
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FIG. 1. Topography (shaded) of the region of focus over
southern China and the rain gauge distribution (red dots) in
Guangdong Province.

geostrophic wind have been considered as important
formation mechanisms for southerly BLJs in this re-
gion (Du et al. 2014, 2015). The formation of south-
westerly SLLJs in this region is usually associated
with low-level baroclinicity relevant to extratropical
cyclone to the north of southern China (Du et al. 2014),
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southwest vortex (Zhang and Meng 2018), or diabatic
effects (Chen and Yu 1988; Chen 1982).

LLJs advect warm and moist air from SCS and Beibu
Gulf to southern China and serve as prominent source of
instability for heavy-rain-producing MCSs. Based on
ensemble sensitivity analyses of a presummer extreme
rainfall event in 2014 in southern China, Zhang and
Meng (2018) found that rainfall intensity was highly
sensitive to the upstream low-level moisture flux. In ad-
dition, the LLJ provides dynamical forcing that enhances
the vertical motion favorable for the initiation and
maintenance of heavy rainfall events (Zhang et al. 2016;
Du and Chen 2018). Based on a case study, Du and Chen
(2018) proposed that convergence near the terminus of
the BLJ overlapped with the divergence near the en-
trance of the SLLJ was quite important for the initiation
of the warm-sector heavy rainfall in coastal region in
southern China. LLJ may also contribute to elevated
convection initiation in warm sector through enhancing
adiabatic cooling by weak vertical ascent and suffi-
cient horizontal moisture transport (Zhang et al. 2019).
However, most previous studies on LLJs in warm-sector
heavy rainfall have focused on the mechanisms of indi-
vidual cases. A good understanding of the general
characteristics of warm-sector heavy rainfall and asso-
ciated LLJs and the relationship between them is of
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FIG. 2. (a) Distribution of the frequency of LLJ occurrence within the 29 LLJ-type warm-sector heavy rainfall

episodes (including start and end times). (b) Distribution of average LLJ heights of LLJ-type episodes (including
start and end times). (¢) Composite horizontal wind speed profiles of LLJ-type episodes at B1, B2, S1, and S2
[locations denoted in (a),(b)].
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FIG. 3. WRF nested domains for the verification experiments.

great practical use in daily forecasting but is still lacking
in the literature. Moreover, how the relationship be-
tween LLJ and warm-sector heavy rainfall differs
from the well-established relationships between LLJ
and convective precipitation elsewhere in the world
(e.g., Stensrud 1996) is also worth investigating to
expand current knowledge.

To improve the prediction of warm-sector heavy
rainfall, it is necessary to evaluate the QPF skill and
understand the model deficiencies in predicting the
precipitation and associated physical processes. Huang
and Luo (2017) provided a concise evaluation of the
QPF performance of five mainstream global ensemble
prediction systems for southern China during the pre-
summer rainy season. They found that locally produced
torrential rainfall is less predictable than the rainfall
associated with synoptic-scale forcing in global models,
even with shorter forecast lead times. Nevertheless, the
performance of regional convection-permitting WRF
Model simulations in warm-sector heavy rainfall re-
mains unknown. Zhang et al. (2016) demonstrated the
positive impact on QPF of assimilating wind profiling
radar observations in the Global/Regional Assimila-
tion and Prediction System during the presummer
rainy season in southern China, implying the impor-
tance of accurate low-level wind observations in QPF
over this region. Squitieri and Gallus (2016) examined
the forecast accuracy of LLJs over the Great Plains in
the United States and proved the significant correla-
tions between total wind direction and MCS pre-
cipitation forecast skill. However, the general forecast
accuracy of LLJs in warm-sector heavy rainfall in
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TABLE 1. Statistics of warm-sector heavy rainfall episodes.

Year LLJ no-LLJ Total
2013 16 7 23
2014 13 9 22
Total 29 (64%),including 21 DLLIJ, 16 (36%) 45

6 SLLJ, and 2 BLJ.

southern China and its relationship with QPF skill
are yet to be revealed. Understanding the limitations
of LLJ forecasts in warm-sector heavy rainfall and
how influential the LLJ is on precipitation forecasts
is of vital importance to eventually improve the QPF
skills.

Based on 45 warm-sector heavy rainfall episodes
collected from the presummer rainy season in Guangdong
Province (Fig. 1) in southern China in 2013 and
2014, the present study is aimed at demonstrating
the general characteristics of warm-sector heavy rain-
fall in southern China and the associated QPF skill
in convection-permitting WRF Model simulations
from an LLJ perspective. Specifically, statistics, di-
urnal variations and the rainfall distribution of dif-
ferent types of warm-sector heavy rainfall in terms of
LLJs were obtained; typical LLJ structures and their
association with heavy rainfall were revealed through
composite analyses. In addition, the QPF skill of
convection-permitting WRF Model simulations for
warm-sector heavy rainfall was evaluated for the
identified heavy rainfall episodes; the model defi-
ciencies in predicting precipitation and LLJs and the
relationship between the accuracy of simulated LLIJs
and QPF skill were investigated. Section 2 describes
the data and methods used in this study. Section 3
presents the general characteristics of warm-sector
heavy rainfall and LLJs. The QPF skill of warm-sector
heavy rainfall and the LLJ forecast accuracy and their
relationship are also evaluated in section 3. Section 4
summarizes the study’s key findings.

2. Data and methods
a. Observational and analysis data

The hourly rainfall observations used in this study
were from a dense network of automated rain gauges
over Guangdong Province (Fig. 1) operated by Guangdong
Meteorological Bureau, totaling 1394 in 2013 and
2014. The rain gauges were generally distributed
evenly, except over river deltas, where the terrain is
flat and the gauges are denser. The hourly rainfall
observations were interpolated into a 0.1° X 0.1° grid
for the convenience of comparison with simulated
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FIG. 4. Composite 6-h-accumulated precipitation (shaded) of observations for (a) LLJ-type and (b) no-LLJ-type warm-sector heavy
rainfall episodes. (c),(d) Asin (a),(b), but for WRF simulations. The terrain height of 100 m is contoured in bold gray. The magenta dots in
(b) denote where the difference between the composite observation of LLJ and no-LLJ types are significant at 90% level by Welch’s ¢ test.
The yellow lines in (a), which are also given in Fig. 6, denote the paths along which the vertical cross sections in Fig. 7 are plotted.

rainfall. Synoptic charts obtained from the China Me- in a contiguous area extending at least 50 km in at
teorological Administration (CMA) provide the syn- least one direction in Guangdong Province con-
optic conditions for the identification of warm-sector sidering that the MCSs and their associated rainfall
heavy rainfall. The National Centers for Environmen- areas in warm sector could be in various shapes.

tal Prediction Global Forecast System (GFS) analysis 2) The geometric center of heavy rainfall is at least
(Kalnay et al. 1990; Kleist et al. 2009), with a horizontal 200km away from the synoptic front at any pressure
grid spacing of 0.5° and a 6-h time interval, was used for level during the heavy rainfall episode (Ding et al.
composite analyses and the identification of LLJs. GFS 2011; He et al. 2016). The information of synoptic
analysis was also used as the initial and boundary fronts and the northern cold highs used in the
conditions in the WRF simulations. following criteria (number 3) were obtained from

CMA operational analysis synoptic charts.

b. Criteria for identifying warm-sector heavy rainfall 3) The synoptic conditions with northern cold high

episodes and LLJs near the surface intruding into Guangdong Prov-
During the presummer rainy season (April-June) in ince were excluded to avoid the influence of cold
2013 and 2014, warm-sector heavy rainfall episodes were air from the north following He et al. (2016). In
identified based on the following criteria: addition, the heavy rainfall is not associated with

1) The gauge-observed rainfall accumulation is tropical cyclones.

greater than 50mm in a 6-h time range (0000- Following Du et al. (2014), the LLJ was identified as
0600, 0600-1200, 1200-1800, and 1800-0000 UTC)  when the maximum wind speed is greater than 10ms "
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under 600 hPa and the wind speed decreases by at least
3ms ! from the height of the wind maximum to the wind
minimum above that. In addition, the low-level jets iden-
tified in the current study are characterized by southerly
wind components given the typical synoptic-scale patterns
of warm-sector heavy rainfall in southern China. For a
warm-sector heavy rainfall episode, if there are grid points
that satisfy the LLJ definition in the range of 200 km from
the rainfall center at either the start or the end time of the
6-h rainfall episode and these grid points are contiguously
extending for at least 100 km in at least one direction, then
the episode is classified as the LLJ type.

Based on the 29 LLIJ-type episodes obtained using the
LLJ criteria in the present study, we examined the dis-
tribution of the frequency and the average LLJ height
(Figs. 2a,b). Two high-frequency areas of LLJ occur-
rence are located to the west and south of Guangdong
Province (Fig. 2a) with the jet heights at ~840-780
and ~900-960 hPa, respectively (Fig. 2b). Following
the definition of SLLJ and BLJ in Du et al. (2012) and
Du et al. (2014), in the current study, the LLJ with jet
height no higher than 900 hPa is classified as BLJ and
the LLJ with jet height higher than 900hPa as
SLLJ. Therefore, these two high-frequency areas
correspond to SLLJ and BLJ, respectively. The ver-
tical wind profiles in these two areas (Fig. 2¢) reveal
distinct features of these two types of LLIJs: the SLLJ
(e.g., S1 and S2) to the west of Guangdong has higher
jet height with larger jet intensity, while the BLJ (e.g.,
B1 and B2) to the south of Guangdong has lower jet
height with smaller jet intensity. Given that the mean
jet heights of SLLJ and BLJ (over the domain of
Fig. 2a) are 800.4 and 932.8 hPa, the horizontal wind
speed at 800 and 925 hPa were chosen to represent the
characteristics of SLLJ and BLJ. Considering that the
horizontal jet stream over certain threshold of total
wind speed is frequently used as the guidance in op-
erational forecasts over southern China (Huang 1986;
Ding et al. 2011), for those LLJ type episodes in the
present study, if there are grid points with the hori-
zontal wind speed at 800hPa (925hPa) larger than
10ms ™' in the range of 200 km from the rainfall center
at either the start or the end time of the 6-h rainfall
episode and these grid points are contiguously ex-
tending for at least 100 km in at least one direction,
then the episode is classified as the SLLJ (BLJ) type.
Heavy rainfall episodes associated with both the SLLJ
and BLJ are classified as the double-LLJ (DLLJ) type.

c¢. Numerical model configurations

The identified warm-sector heavy rainfall episodes
were simulated using version 3.9.1.1 of the WRF-ARW
Model (Skamarock et al. 2008). Initial and lateral
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FI1G. 5. Diurnal variation of the frequency of (a) all and (b) LLJ-
and no-LLJ-type warm-sector heavy rainfall episodes.

boundary conditions were obtained from GFS
analysis (gridded at 0.5° X 0.5°), and the lateral
boundary conditions were updated every 6 h. Three
two-way nested domains (Fig. 3) with 40 stretched
vertical levels (following Du et al. 2014) and 27-, 9-,
and 3-km horizontal grid spacings were used. All
simulations were initialized 12 h before the episode
of interest started, and integrated for 36 h with a spin-
up period over 0-12h, since previous studies have
indicated that the model performs best at short ranges
over 12-36h (e.g., Chien and Jou 2004; Wang et al. 2017).
The WREF single-moment 5-class microphysics scheme
(WSMS; Hong et al. 2004), the Yonsei State University
PBL scheme (YSU; Hong et al. 2006), the Dudhia
shortwave (Dudhia 1989), and the Rapid Radiative
Transfer Model (RRTM) longwave radiation scheme
(Mlawer et al. 1997) were used for all three domains.
The Grell-Devenyi ensemble cumulus scheme (Grell
and Devenyi 2002) was used for d01 and d02. No cu-
mulus parameterization was used for d03.

d. Objective evaluation metrics

The equitable threat score (ETS) and the bias
score (BS) (Wilks 1995; Jolliffe and Stephenson 2003;
Wang et al. 2017) are widely used in the evaluation of
QPF skill. At a given rainfall threshold, they are de-
fined as
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F1G. 6. Composite low-level synoptic environment at the start time of different types of warm-sector heavy
rainfall episodes revealed by GFS analysis, including geopotential height (contoured in blue every 10 gpm),
horizontal wind speed (shaded every 2ms '), and wind vector at (a) 800 hPa in the LLJ type, (b) 800 hPa in the
no-LLJ type, (c) 925 hPa in the LLJ type, and (d) 925 hPa in the no-LLJ type, and precipitable water (shaded every
2mm) of (e) the LLJ type and (f) no-LLJ type. The paths for the vertical cross sections in Fig. 7 are given in
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F1G. 7. Composite vertical cross sections at the start time of (a) LLJ-type (path A-B in Fig. 6a) and (b) no-LLJ-
type (path A-B in Fig. 6b) warm-sector heavy rainfall episodes revealed by GFS analysis, including horizontal
divergence (shaded every 0.3 X 107°s™ 1), horizontal wind speed (contoured every 2ms™ ' in bold green), and
CAPE (contoured at 100, 200, 500, 1000, and 2000 J kg~ ! in dashed red). (c),(d) As in (a),(b), but for the vertical

cross sections along path C-D given in Figs. 6¢ and 6d.

ETS=(H - R)/(H + M + FA—R), ¢8)
R=(H+ M)X(H+FA)/N, (2)
BS=(H +FA)I(H + M), 3)

where H, M, and FA are the number of hits (observed
and predicted), misses (observed but not predicted), and
false alarms (predicted but not observed), respectively,
among all verification points N. The ETS is the fraction
of correctly predicted observed events excluding ran-
dom hits. A perfect ETS is 1.0, while —1/3 is the lower

limit and O is the threshold for no skill. The BS is the
ratio between predicted and observed events, with 1 as
the threshold for over (>1) and under (<1) prediction.

In the present study, the ETS and BS were also cal-
culated through a neighborhood-based method fol-
lowing Clark et al. (2010, hereafter C10), who used
circular geometry with radius 7 to define neighborhoods.
Quoting C10 (p. 1499): <If an event is observed at a grid
point, this grid point is a hit if the event is forecast at the
grid point or at any grid point within a circular radius r of
this observed event. Similarly, if an event is forecast at a

—

(a)—(d) (bold white lines, same as the yellow paths given in Fig. 4a). The referenced vector is given in the bottom
right. Beibu Gulf and the South China Sea (SCS) are denoted in (b). The black dots in (a)-(d) denote where the
difference between the composite horizontal wind speed of LLJ and no-LLJ types are significant at 90% level by
two-tailed Welch’s ¢ test. The black dots in (e),(f) denote where the difference between the composite precipitable
water of LLJ and no-LLJ types are significant at 90% level by two-tailed Welch’s ¢ test. The locations of Guangdong

and Guangxi Provinces are given in (f).
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FI1G. 8. Composite 6-h-accumulated precipitation (shaded) of observations for (a) DLLJ-type and (b) SLLJ-type

warm-sector heavy rainfall episodes. (c),(d) Asin (a),(b), but for WRF simulations. The terrain height of 100 m was
contoured in bold gray. The magenta dots in (b) denote where the difference between the composite observation of
DLLJ and SLLJ types are significant at 90% level by Welch’s ¢ test. The yellow lines in (a), which are also given in

Fig. 9, denote the paths along which the vertical cross sections in Fig. 11 are plotted.

grid point, the grid point is a hit if an event is observed at
the grid point or at any grid point within r of this forecast
event. A miss is assigned when an event is observed at a
grid point and none of the grid points within » forecast
the event, and false alarms are assigned when an event is
forecast at a grid point and not observed within r of the
forecast. Correct negatives are assigned in the same
way as for the traditional ETS computation.” Unlike the
traditional point-to-point criteria, the neighborhood-
based criteria are relaxed by considering the adjacent
grid points within a specified radius of influence, which
avoids the punishment of small displacement errors in
decent forecasts (Ebert 2008; Squitieri and Gallus 2016).
Compared with other neighborhood-based definitions
such as McMillen and Steenburgh (2015) and “‘neigh-
borhood maximum” approach (e.g., Sobash et al. 2011;
Barthold et al. 2015), C10’s criteria produce less misses
and false alarms but more correct negatives, leading to
higher ETSs, thus C10 method is more lenient (Schwartz
2017). Considering the rather limited predictability of
warm-sector heavy rainfall in southern China, it may be
more appropriate to examine the QPF skills using C10’s
criteria. Both rain gauge observations and WRF simu-
lations were interpolated into a 0.1° X 0.1° grid for the

evaluation. The 6-h accumulated rainfall of each rainfall
episode on the grid points over Guangdong Province
(Fig. 1) was evaluated with a radius of influence of 0.5°
[ETS,—s, hereafter, r represents the number of grid
spacing for analysis (0.1°)] and without a radius of in-
fluence (ETS, ).

To evaluate the LLJ as object and avoid the sub-
jectivity in identifying LLJ position and strength in
each episode, we applied the ETS and BS approach
(without a radius of influence) for total wind speed at
800 and 925 hPa similar to precipitation but looking at
grid points where the total winds meet certain thresh-
olds. Given a certain threshold of total wind speed that
can be used to identify LLJs, ETSs and BSs can be used
to evaluate the forecast accuracy of LLJ distribution
and strength to some extent. Following Squitieri and
Gallus (2016), for each 2D wind field at the start time
of the rainfall episode, the threshold was chosen as
the 65th percentile of the total wind speed at cer-
tain pressure levels over the domain bounded by 17.5°—
27.5°N and 107.5°-117.5°E, which means only the top
35% strongest wind speeds were considered. In addition,
the forecast accuracy of LLJs and associated weather
variables was also measured by mean error (ME) over
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FIG. 9. As in Fig. 6, but for DLLIJ-type and SLLJ-type warm-sector heavy rainfall episodes.
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F1G. 10. Rainfall and 925-hPa LLJ distribution in the two BLJ-type episodes. The shadings are 6-h accumulated
precipitation in Guangdong Province during (a) 0600-1200 UTC 8 May and (b) 0000-0600 UTC 9 May 2013. Also shown
are the 925-hPa horizontal wind speeds over 10ms ™' (contoured in blue every 2ms ') and 925-hPa wind vectors at the
start time of the rainfall episode from GFS analysis data. The referenced vector is given in the bottom right.

the same domain as in Fig. 1 at 800 and 925 hPa. The ME
is defined as

ME=1% (x,-v),
ni=o

where #n is the total number of grid points, X; is the WRF
output, and Y; is the GFS analysis variable at the same
grid point. Considering the relatively small sample size
of LLJ-type warm-sector heavy rainfall episodes (29,
shown later in Table 1), the Spearman rank correlation
R was applied to evaluate the magnitude of correlation
between QPF skill (ETSs) and the ETSs of LLJ forecast,
similar to Squitieri and Gallus (2016). The correlation R
is defined as

6;(xi_yi)2
R=1- nn*—-1) °

where 7 is the sample size and x; and y; are the ranks of
the variables to be correlated (Myers and Well 2003).
Based on Table A10 of Conover (1971), for a sample size
of 29, the 90% and 95% levels of statistical significance
of the Spearman rank correlation are 0.2443 and 0.3113.

3. Results

a. General characteristics of warm-sector heavy
rainfall

A total of 45 warm-sector heavy rainfall episodes
in 2013 and 2014 were identified and classified into

LLJ-type and no-LLJ-type episodes based on the cri-
teria given in section 2, exhibiting distinct rainfall dis-
tributions. 64% of the warm-sector heavy rainfall
episodes (29 episodes) were classified as the LLJ type
(Table 1). Notably, there is still a considerable portion
(36%) that is unassociated with LLIJs, implying that the
occurrence of an LLJ is not a necessary condition for
warm-sector heavy rainfall in southern China. The
composite 6-h accumulated precipitation in LLJ-type
warm-sector heavy rainfall (Fig. 4a) is mainly concen-
trated along the coastline and the windward slope of
mountains in central Guangdong Province (Fig. 1). The
coastal lifting induced by the differential friction and
the small hills is likely the primary cause for the strong
coastal rainfall in the LLJ type (e.g., Colle and Yuter
2007; Chen et al. 2017), while the rainfall along the
windward slope is probably due to windward inland
terrain lifting. For the no-LLJ type (Fig. 4b), the ac-
cumulated precipitation is much smaller in amount and
distributed relatively evenly over the inland region,’
which could be attributable to the diurnal propagation
of the land-sea-breeze fronts during low-wind days
without LLJs (Chen et al. 2017; Wang and Sobel 2017).

! The statistical significance of the differences of accumulated
precipitation, precipitable water, CAPE, horizontal wind speed,
and horizontal convergence between composites were exam-
ined by either two-tailed Student’s ¢ test (same sample sizes) or
two-tailed Welch’s ¢ test (different sample sizes) and the dif-
ferences between composites discussed hereafter are significant
at 90% level.
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FI1G. 11. Composite vertical cross sections at the start time of (a) DLLJ-type (path A-B in Fig. 9a) and (b) SLLJ-

type (path A-B in Fig. 9b) warm-sector heavy rainfall

episodes revealed by GFS analysis, including horizontal

divergence (shaded every 0.3 X 107°s™ "), horizontal wind speed (contoured every 2ms™ ' in bold green), and
CAPE (contoured at 100, 200, 500, 1000, and 2000 J kg ! in dashed red). (c),(d) As in (a),(b), but for the vertical

cross sections along path C-D given in Figs. 9c and 9d.

The diurnal variation of the frequency of warm-sector
heavy rainfall was further investigated. Generally, the
warm-sector heavy rainfall in Guangdong Province
presents a daytime peak over 1400-2000 LST, with a
close second peak over 0800-1400 LST (Fig. S5a). The
diurnal variation of the LLJ type is quite distinct
from the no-LLJ type (Fig. 5b). The LLJ type peaks over
0800-1400 LST, which is earlier than the peak in the no-
LLJ type (1400-2000 LST). Notably, the frequency over
the early morning (0200-0800 LST) in the LLJ type is
much higher than that in the no-LLJ type (Fig. 5b),
which may be partly attributed to the diurnal variation
of the BLJ (Du and Chen 2018) and the coastal con-
vergence between the enhancing land breeze from
evening to early morning and the strong southerly
monsoonal flow (Chen et al. 2017). The composite
synoptic environments at 800 and 925 hPa in the dif-
ferent types of warm-sector heavy rainfall are pre-
sented in Fig. 6. The composite environments were

obtained through averaging the weather variable
fields from GFS analysis at the start time of the heavy
rainfall episode (hereafter the same) to avoid as much
as possible the contamination of convection, since the
convection at the start time of most selected episodes
is absent or relatively weak. In both types, south-
westerly winds are dominant at 800 hPa (Figs. 6a,b)
but are more southerly at 925hPa (Figs. 6¢,d). The
low-level horizontal wind speed in the LLJ type
(Figs. 6a,c) is significantly larger than that in the no-
LLJ type (Figs. 6b,d). The 800-hPa jet stream core
(>12ms™!) is located at the junction between
Guangdong and Guangxi (Fig. 6a). At 925hPa, there
are two LLJs located in Beibu Gulf and the SCS, and
the jet core in Beibu Gulf is stronger than that in the
SCS (Fig. 6¢). The dual-core LLJ at 925 hPa may be
associated with the surface condition, and the friction
over the island may lead to the weakening of the jet
at 110°E and consequently the split in jet structure.
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F1G. 12. Boxplots of (a) ETS and (c) BS of the 6-h QPF of WRF simulations in the LLJ-type (red) and no-
LLJ-type (blue) episodes at different rainfall thresholds. (b),(d) As in (a),(c), but for the neighborhood-

based ETS and BS with a radius of influence of 0.5°

(r = 5). The gray line in (c),(d) denotes a BS of 1.

The plotting style for all box-and-whisker plots is exemplified in (c). The whiskers extend to the most
extreme data points that are not considered outliers. Points are identified as outliers if they are larger than
qs +1.5(g3 — q1) or smaller than g; — 1.5(¢q3 — ¢q1), where ¢, and g3 are the 25th and 75th percentiles (same for

the boxplots hereafter).

In addition, the precipitable water in LLJ type
(Fig. 6e) is significantly larger than that in no-LLJ
type (Fig. 6f) over the southeastern coastal region,
which may be due to stronger moisture transport in
LLIJ type.

Besides horizontal differences, the LLJ type also dif-
fers from the no-LLJ type in the vertical structure of the
dynamic and thermodynamic environments. Composite
vertical cross sections were taken along the axis of SLLJ
(path A-B given in Fig. 6a) and the axis of BLJ (path
C-D given in Fig. 6¢) for both the LLJ type and no-LLJ
type (Fig. 7). The magnitudes of the horizontal wind
speed and associated divergence are generally larger in
the LLJ type than in the no-LLJ type. In the LLJ type,
there is a jet core near 800 hPa over 109°-111°E in the
cross section along the axis of SLLJ (Fig. 7a), which is
consistent with the location of SLLJ shown in Fig. 2b.

The convergence near 113°-114°E corresponds to the
inland heavy rainfall shown in Fig. 4a. Notably, this
convergence is at ~925 hPa and not quite relevant to the
terminus of SLLJ (near ~112°E) but rather seems more
like a result of windward inland terrain lifting near
925 hPa, which indicates that the terminus of SLLJ may
not directly contribute to the inland heavy rainfall. The
cross section along the axis of BLJ in LLJ type (Fig. 7c)
reveals a jet core near 925 hPa over 19°-20.5°N which is
consistent with the location of BLJ shown in Fig. 2b.
There is large convergence (~1.8 X 10 s~ ') over the
coastal region and the inland windward slope below
900 hPa in the LLJ type (Fig. 7c), which corresponds to
the large rainfall accumulation over these two regions
(Fig. 4a). The drastic decline of the wind speed due
to differential friction near the coast and the lifting of in-
land mountains (Fig. 7¢) is conducive to the convergence.
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FIG. 13. Composite low-level synoptic environment at the start time of LLJ-type warm-sector heavy rainfall
episodes revealed by WRF simulations, including geopotential height (contoured in blue every 10 gpm), horizontal
wind speed (shaded every 2ms ™), and wind vector at (a) 800 and (b) 925 hPa. The referenced vector is given in
the bottom right. The yellow box denotes the same domain as in Fig. 1. The paths for the vertical cross sections in

Fig. 16 are given as the bold white lines.

The coastal convergence is stronger than the inland
convergence (Fig. 7c), which is consistent with the larger
intensity of coastal rainfall in Fig. 4a. In addition, the
near-surface CAPE over coastal region (22°N in path C-D)
in LLJ type (Fig. 7c) is significantly larger than that in
no-LLJ type (Fig. 7d), which is favorable for the heavy
coastal rainfall in LLJ type. Over the inland region
(111°-115°E in path A-B), the CAPE below 900 hPa in
no-LLJ type (Fig. 7b) is generally larger than LLJ type
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(Fig. 7a), which might contribute to more widely dis-
tributed inland precipitation in no-LLJ type.

b. LLJ-type warm-sector heavy rainfall

The LLJ-type warm-sector heavy rainfall epi-
sodes were further classified into DLLJ, SLLJ, and
BLJ types, as described in section 2b. Among the
29 LLJ-type episodes, there are 21 DLLJ-type epi-
sodes, 6 SLLJ-type episodes, and 2 BLJ-type episodes
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FIG. 14. LLJ forecast accuracy and its correlation with ETSs of precipitation. (a) The boxplots of the ETS (black)
and BS (blue) of LLJ at 800 and 925 hPa at the start time of LLJ-type episodes over the domain shown in Fig. 6.
(b) Spearman rank correlations between the 6-h QPF ETS,— (solid) and ETS, _s (dashed) at 5-50 mm thresholds in
the LLJ type and ETSs of total wind at 800 and 925 hPa at the start time of LLJ-type episodes over the domain
shown in Fig. 6. The outer black lines in (b) delineate the statistically significant Spearman rank correlation value as
a function of sample size at the 95% confidence interval of rejecting the null hypothesis as defined in Conover
(1971). The inner black lines in (b) are for the 90% confidence interval.
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(Table 1), suggesting that it is more common for the
LLJ at 800 and 925 hPa to exist simultaneously during
warm-sector heavy rainfall. Considering the small
sample size in the BLJ type, only the DLLJ and SLLJ
types were examined through composite analyses.
The composite 6-h accumulated precipitation distri-
bution in the DLLJ type (Fig. 8a) greatly resembles
that in the LLJ type, which reconfirms the dominant
percentage of the DLLIJ type. With weak precipitation
over the coastal region, the SLLJ type is characterized
by strong precipitation over the inland mountainous
region (Fig. 8b), which is probably due to the wind-
ward lifting of inland mountains. The horizontal wind
speed in the DLLIJ type is significantly larger than in
the SLLJ type at both pressure levels (Fig. 9). In the
DLLJ type, the LLJs are distributed similarly as in
the LLJ-type but with stronger and wider jet streams
(Figs. 9a,c). The SLLJ has its main core over Beibu
Gulf and eastern Guangxi Province and its northern
end over the northeastern Guangdong Province
(Fig. 9a). This composite pattern of LLJs in the DLLJ
type is different from the double-LLJ pattern in
Du and Chen (2019), where the core of SLLJ was
located to the north of Guangdong, making the en-
trance of the SLLJ perfectly situated over the ter-
minus of the BLJ. In the SLLJ type, the jet stream at
800hPa (Fig. 9b) extends from eastern Guangxi to
northeastern Guangdong and the LLJ over the SCS
at 925hPa is absent (Fig. 9d). For both of the two
BLJ type episodes, the rainfall is concentrated along
the coast and influenced by strong southeasterly
winds in the boundary layer (Fig. 10), indicating a
close relationship between the BLJ and coastal heavy
rainfall. Notably, there is no significant difference
in precipitable water between DLLJ and SLLJ
type over Guangdong Province and SCS (Figs. 9¢,f),
indicating that the moisture condition is relatively
similar between these two types of warm-sector
heavy rainfall.

Similarly, a composite vertical cross section was taken
for the DLLJ type (path given in Figs. 9a,c) and SLLJ
type (path given in Figs. 9b,d) (Fig. 11). In the DLLIJ
type, the jet structure and associated horizontal di-
vergence resemble those in the LLJ type with stronger
intensity. In the SLLJ type, the large-wind core over
the offshore region along path C-D (Fig. 11d) is weaker
than the DLLJ type (Fig. 11c) by ~4ms™'. As a result,
the near-surface convergence over coastal region was
much smaller (Figs. 11c,d), which may have led to its
absence of coastal rainfall accumulation. However, the
CAPE below 900 hPa over inland region in Guangdong
Province (111°-115°E in path A-B) in SLLJ type (Fig. 11b)
is larger than that in DLLJ type, which suggests a more
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F1G. 15. Boxplots of MEs of the (a) wind component and (b)
water vapor mixing ratio at 800 and 925 hPa at the start time of the
LLJ-type episodes over the yellow box given in Fig. 13a (same
domain as in Fig. 1). The plotting style for all box-and-whisker plots
is exemplified in Fig. 12c.

favorable thermodynamic environment for heavy rainfall
over inland region.

To summarize, as the dominant type of warm-sector
heavy rainfall, the LLJ type is distinguished by extreme
rainfall accumulation over the southern coastal region
and is commonly accompanied by LLIJs at both 800
and 925 hPa. Located near the terminus of the offshore
LLJ over the SCS at 925hPa, the heavy rainfall in the
coastal region is closely related to the coastal conver-
gence below ~900 hPa.

c. WRF simulation evaluation

WREF simulations severely underestimate the rainfall
in both the LLJ and no-LLJ types with a worse per-
formance in the LLJ type (Fig. 4). The heavy rainfall
over the coastal region in the LLJ type is generally
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underestimated (Figs. 4a,c), while the inland rainfall
distribution in the no-LLJ type is captured decently
(Figs. 4b,d). In terms of the median, both ETS,_, and
ETS,_sat 10-50 mm in the LLJ type are lower than that
in the no-LLJ type (except for ETS,_, at 10 mm and
ETS,_5 at 30mm) (Figs. 12a,b), indicating the overall
better rainfall simulation in the no-LLJ type. The ETSs
of precipitation simulations gradually decrease with
increasing thresholds and the forecast skill is nearly
lost at S0mm for both types without applying neigh-
borhood verification (Fig. 12a). The medians of the
BS are all smaller than 1 (Figs. 12¢,d) in no-LLJ type,
while they are generally smaller than 1 in LLJ type
except for an overestimation at higher thresholds
(BS,—p at 40 and 50mm and BS,_5 at 50 mm), sug-
gesting that convection-permitting WRF simulations
underestimate the light rainfall in both LLJ type and
no-LLJ type.

The WRF simulations of LLJ-type episodes were
further examined because of their higher frequency but
relatively poor forecast skill. In general, WRF simula-
tions underestimate the 800-hPa wind speed but over-
estimate the 925-hPa wind speed and low-level moisture
over the region of focus during LLJ-type warm-sector
heavy rainfall episodes. At 800 hPa, the simulated LLJ
has a similar location but is weaker compared with GFS
analysis data (Fig. 13a and Fig. 6a); at 925hPa, WRF
simulations reproduce the observed double LLIJs as
shown in Fig. 6¢ with a weaker jet over Beibu Gulf and a
more-to-the-north jet over the SCS (Fig. 13b).

ETSs, BSs, and MEs were calculated to evaluate the
forecast errors of LLJs quantitatively. Results show that
the forecast accuracy of jet stream on the two pressure

levels are comparable according to their similar ETSs
(Fig. 14a). However, the strength of the jet on 925 hPa is
overestimated with the median of BS higher than 1 while
the intensity of the jet on 800hPa is underestimated,
to a smaller extent relative to that of the over-
estimation on 925hPa, with the median of BS lower
than 1 (Fig. 14a). This feature is confirmed further in
the MEs of the horizontal wind component at 800 and
925hPa (Fig. 15a) over the yellow box in Fig. 13 (the
same domain as Fig. 1) at the start time of each LLJ-
type episode. Results show that the horizontal wind
speed is underestimated at 800 hPa but more seriously
overestimated at 925 hPa in terms of the median ME,
which is particularly true for the 925-hPa v component
(with a median ME of 1.18 ms™'). These results cor-
roborate the weaker jet at 800 hPa and more-to-the-
north jet over the SCS at 925 hPa exhibited in the WRF
simulations (Fig. 13). The simulated low-level moisture
is overall higher than that of the GFS analysis, with a
median ME of 0.11 gkg ! at 800 hPa and 0.63 gkg ' at
925hPa (Fig. 15b).

The severe underestimation of the coastal rainfall in
the LLJ-type WRF simulations might mainly be at-
tributable to the north bias of the offshore LLJ over
the SCS at 925hPa. As shown in the simulated LLJ-
type composite vertical cross section along SLLJ
axis (Fig. 16a; path given in Fig. 13a), the jet core
near ~800 hPa over 109°~111°E is weaker and the in-
land convergence near 114°E in the simulation is more
to the east compared with GFS analysis (Fig. 7a). In
the vertical cross section along the BLJ axis (Fig. 16b;
path given in Fig. 13b), the offshore jet core near
~925hPa in the simulation is stronger and shifted to
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the north with an increment of 2ms ™! in inland wind

speed over 20.5°-22.5°N below ~900hPa compared
with GFS analysis (Fig. 7c). With the northern in-
trusion of the BLJ, the horizontal wind speed gradi-
ent near the coastal region is greatly weakened,
which eventually leads to the underestimation of
coastal convergence over 20.5°-22.5°N and the asso-
ciated heavy rainfall. Due to the low-level moisture
overestimation, the simulated CAPE over the region
of interest is generally larger than that in GFS analysis
in both cross sections, indicating a more beneficial
thermodynamic environment in WRF simulations for
heavy rainfall. However, even with higher CAPE, the
heavy rainfall along the coast is still underestimated
due to the lack of dynamic convergence.

Further evidence on the relation between the forecast
accuracy of BLJ with the QPF skills of warm-sector
heavy rainfall in southern China was found by calcu-
lating the Spearman correlation coefficient between 6-h
QPF ETSs in LLJ type episodes and ETSs,— of the LLJ
at the start time of the LLJ-type episodes (Fig. 14b).
Results show the most significant correlation between
the ETS of total wind on 925hPa and the ETS,_5 of
precipitation. Higher ETS of total wind on 925 hPa is
significantly correlated with higher ETS,_s of pre-
cipitation, while there is no significant correlation
between ETS of total wind on 800hPa and ETS of
precipitation (Fig. 14b). These results demonstrate
that the forecast accuracy of BLJ is the most signifi-
cantly correlated with the QPF skills of warm-sector
heavy rainfall in southern China.

Notably, the simulated coastal rainfall maximum
shifts to west to around 21.5°N, 111.5°E near Yangjiang
City compared with the observation. This shift may be
attributed to the forecast errors of both the near-surface
convergence associated with BLJ and precipitable
water. On the one hand, the 975-hPa convergence at
22°N, 113°-114°E, where the heavy coastal rainfall
maximum occurs in the observation, is weaker in
simulation due to the northern intrusion of BLJ
(Fig. 17b) compared with GFS analysis (Fig. 17a);
on the other hand, at 21.5°N, 111.5°E, the near-surface
convergence in simulation is similar but the pre-
cipitable water is larger than GFS analysis by ~4 mm,
which may have helped the simulated coastal rain-
fall maximum shift to the west. Furthermore, since
southerly wind is stronger in the simulation, the lifting
by mountains near the simulated rainfall maximum
may have played an important role, too.

The WRF simulations of the DLLJ type generally
resembles those of the LLJ type. As shown in Figs. 8a
and 8c, the heavy rainfall over the coastal region in the
DLLJ type is nearly missed in the WRF simulations.
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FI1G. 17. Composite horizontal wind speed (contoured in green
every2ms” 1), horizontal divergence of —1 X 10™>s™! (contoured
in dashed white), horizontal wind vector at 975hPa, and pre-
cipitable water (shaded every 1 mm) at the start time of LLJ-type
episodes in (a) GFS analysis and (b) WRF simulations.

Similar to the LLJ type, the absence of coastal rainfall is
associated with the north bias of the simulated 925-hPa
LLJ over the SCS. Compared with the GFS analysis
results, the simulated jet core at ~800hPa (Figs. 19a
and 1la) and the simulated jet stream at 800hPa
(Figs. 18a and 9a) are weaker. The north bias of the
simulated 925-hPa LLJ over the SCS in the DLLJ
type is even more apparent than that in the LLJ type,
with the high-wind region (over 10ms™') intruding
into Guangdong Province (Fig. 18c) and the jet core at
~925hPa moving toward the coastal region (Fig. 19c¢),
which is consistent with the positive ME of the 925-hPa
wind mentioned earlier. As a result of the north bias of
the 925-hPa LLJ, the inland southerly winds below
~900 hPa are overpredicted (Figs. 19c and 11c), which
eventually leads to the underestimation of coastal
convergence and associated heavy rainfall.

The inland rainfall maxima in the SLLJ type are
overpredicted over a wider inland region (Figs. 8b,d).
At 800 hPa, the simulated jet stream is narrower and
weaker than in the GFS analysis (Figs. 18b and 9b). At
925hPa, the LLJ over Beibu Gulf is reproduced by
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FIG. 18. As in Figs. 9a—d, but for WRF simulations.

WRF with comparable intensity (Figs. 18d and 9d),
and the LLJ over the SCS is absent, similar to in the
GFS analysis. For both DLLJ and SLLJ types, CAPE
below ~900hPa is generally larger in WRF simula-
tions (Fig. 19) compared with GFS analysis (Fig. 11),
indicating a more favorable thermodynamic environ-
ment. The overestimation of water vapor mixing ratio
at low levels shown in Fig. 15 may have contributed to
the larger CAPE in WRF simulations.

4. Conclusions

In the present study, a total of 45 warm-sector heavy
rainfall episodes in 2013 and 2014 over Guangdong
Province in southern China were identified and classi-
fied into LLJ-type and no-LLJ-type episodes based on
their relationship with LLJs. The LLJ-type episodes
account for 64% and are characterized by heavy rain-
fall along the southern coast and the windward slope of

the mountains in central Guangdong, which is associ-
ated with the coastal lifting induced by differential
friction and windward lifting of inland mountains. The
no-LLJ-type episodes account for 36%, and feature
generally smaller rainfall amounts and a relatively even
distribution over the inland region. Compared with the
no-LLJ type, LLJ-type episodes have a much higher
frequency in the early morning (0200-0800 LST),
which may be associated with the diurnal variation of
BLJ and coastal convergence between the enhancing
land breeze from evening to early morning and the
strong southerly monsoonal flow.

Composite analyses reveal distinct environments in
the different types of warm-sector heavy rainfall. Al-
though both the LLJ and no-LLJ types occur under
low-level southwesterly winds, the low-level horizon-
tal wind speeds in the LLJ type are much larger than
those in the no-LLJ type. In the LLJ type, the 800-hPa
LLJ core is located at the junction between Guangdong
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FIG. 19. As in Fig. 11, but for WRF simulations.

and Guangxi Provinces, while at 925hPa there are two
LLJs, over Beibu Gulf and the SCS, respectively. Verti-
cally, two large wind speed cores are observed over the
offshore region at ~925hPa and to the west of Guang-
dong at ~800hPa, which correspond to the BLJ and
SLLJ. The drastic decline of the onshore winds below
900 hPa because of differential friction near the coast and
the blocking of inland mountains, result in strong con-
vergence over the coastal region and the inland windward
slope in the LLJ type, which is consistent with the large
rainfall accumulation over these two regions. The ther-
modynamic environment in the LLJ type is characterized
by more sufficient precipitable water and stronger con-
ditional instability over coastal region, which is conducive
to the overall stronger coastal rainfall in the LLJ type
warm-sector heavy rainfall.

The LLJ-type warm-sector heavy rainfall episodes
were further divided into 21 DLLIJ-type, 6 SLLIJ-type,
and 2 BLJ-type episodes, indicating the common oc-
currence of an LLJ at both 800 and 925hPa during
warm-sector heavy rainfall in southern China. The rain-
fall and LLJ distributions in the DLLJ type resemble

those of the LLJ type; whereas, in the SLLJ type, the
coastal rainfall is greatly weakened, which is probably
due to the lack of coastal convergence associated with the
absence of a 925-hPa LLJ over the SCS.

WREF simulations of all the identified warm-sector
heavy rainfall episodes and associated LLJs were eval-
uated. Convection-permitting WRF simulations present
lower ETSs in the LLJ type than in the no-LLJ type,
since the heavy rainfall over the coastal region in the
LLJ type is severely underestimated. The QPF skill of
the LLJ-type warm-sector heavy rainfall is significantly
correlated with the forecast accuracy of LLIJs, especially
the accuracy of 925-hPa winds. The WRF simulations
generally overestimate the 925-hPa wind speed and the
moisture at both pressure levels, but slightly underesti-
mate the 800-hPa wind speed. The heavy rainfall along
the coast in the LLJ type (especially in the DLLIJ type) is
severely underestimated in the WRF simulations, which
could mainly be attributed to the north bias of the off-
shore LLJ over the SCS at 925hPa. With the northern
intrusion of the strong BLJ, the horizontal wind speed
gradient near the coastal region is weakened, which
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eventually leads to the underestimation of coastal con-
vergence and associated heavy rainfall.

The present research pinpoints that the major de-
ficiency of WRF simulations of warm-sector heavy
rainfall in southern China is the severe underestimation
of coastal rainfall, which is closely related to the positive
bias of horizontal wind within the boundary layer over
the inland coastal region. Within the specific regime in
southern China, the positive inland wind bias is likely
to be associated with the insufficient contrast of the
roughness between land and ocean and lack of subgrid-
scale terrain influence in the numerical model, which is
worth investigating in a future study.
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