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ABSTRACT

Convection initiation (CI) and the subsequent upscale convective growth (UCG) at the coast of South
China in a warm-sector heavy rainfall event are shown to be closely linked to a varying marine boundary layer
jet (MBLYJ) over the northern South China Sea (NSCS). To elucidate the dynamic and thermodynamic roles
of the MBLJ in CI and UCG, we conducted and analyzed convection-permitting numerical simulations and
observations. Compared to radar observations, the simulations captured CI locations and the following
southwest-northeast-oriented convection development. The nocturnal MBLJ peaks at 950 hPa and signifi-
cantly intensifies with turning from southwesterly to nearly southerly by inertial oscillation. The strengthened
MBLJ promotes mesoscale ascent on its northwestern edge and terminus where enhanced convergence zones
occur. Located directly downstream of the MBLYJ, the coastal CI and UCG are dynamically supported by
mesoscale ascent. From a thermodynamic perspective, a warm moist tongue over the NSCS is strengthened by
the MBLJ-driven mesoscale ascent as well as by a high sea surface temperature. The warm moist tongue
farther extends northeastward by horizontal transport and arrives at the coast where CI and UCG occur. Near
the CI location, rapid development of a low-level saturated layer is mainly attributed to the mesoscale ascent
and low-level moistening associated with the MBLJ. In addition, subsequent CI happens on either side of the
original CI along the coast due to the delay of low-level moistening, which partly contributes to linear con-
vective growth. Furthermore, ensemble simulations confirmed that a stronger MBLJ is more favorable to CI
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and UCG near the coast.

1. Introduction

Convection initiation (CI) and subsequent upscale
convective growth (UCG) are major forecast chal-
lenges, especially during the night (Weckwerth and
Parsons 2006; Weckwerth et al. 2019; Trier 2003). CI and
UCG can occur both near and away from surface
boundaries. CI and UCG near the surface boundaries
are often influenced and modulated by fronts (Trier and
Parsons 1993; Moore et al. 2003; Trier et al. 2020), cold
pools (Rotunno et al. 1988; Schumacher and Johnson
2005; Keene and Schumacher 2013; Liu et al. 2018), and
terrain effects (Wang et al. 2014; Mulholland et al. 2019).
In contrast, CI and UCG away from surface boundaries
often occur during the night, and their mesoscale and
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small-scale features are poorly captured by numerical
models (Wilson and Roberts 2006; Davis et al. 2003).
Nocturnal CI and UCG are typically associated with
low-level jets (Du and Chen 2019a; Gebauer et al. 2018;
Trier et al. 2017; Shapiro et al. 2018) and bores or gravity
waves (Haghi et al. 2017; Parsons et al. 2019). Among
these factors, low-level jets (LLJs) are regarded as an
important precursor to CI and a vital supporting ele-
ment to UCG (Maddox 1983; Coniglio et al. 2010, 2011).

The LLJ over the Great Plains of the United States
(GPLLJ) is one of the most researched jets with regard
to its characteristics (Bonner 1968; Whiteman et al.
1997), formation mechanisms (Blackadar 1957; Holton
1967), and its role in heavy rainfall including CI and
UCG (Trier and Parsons 1993; Trier et al. 2017).
GPLLJs develop in the boundary layer above sloping
terrain and veer from southerly to southwesterly at
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night. Inertial oscillations (the Blackadar mechanism;
Blackadar 1957) and thermally driven slope flows (the
Holton mechanism; Holton 1967) can jointly account
for the formation of GPLLJs (Du and Rotunno 2014;
Shapiro et al. 2016). Previous and recent studies have
proposed detailed mechanisms of GPLLJs in CI and
UCG, particularly as a result of field campaigns like the
International H20O Project (IHOP_2002; Weckwerth
and Parsons 2006) and the Plains Elevated Convection
at Night field campaign (PECAN_2015; Geerts et al.
2017). The GPLLJ can alter the dynamic and thermo-
dynamic structure of the lower atmosphere layer as-
sisting CI and UCG (Pitchford and London 1962;
Maddox 1983; Astling et al. 1985; Trier et al. 2006;
Fedorovich et al. 2017; Gebauer et al. 2018). Trier and
Parsons (1993) found that nocturnal convection over
the Great Plains is often initiated and develops by the
strengthening low-level convergence at the northern
terminus of the GPLLJ, transporting warm moist air
from the south, as well as destabilizing the environ-
ment. Recent studies further reveal that the spatial and
temporal heterogeneity of GPLLJs enhance conver-
gence and updrafts at the top and eastern edge of the
LLJ as a possible mechanism of CI (Fedorovich et al.
2017; Gebauer et al. 2018; Smith et al. 2019). Nocturnal
GPLLJs produce gentle but persistent mesoscale ver-
tical motions in the presence of a warm moist tongue
(Shapiro et al. 2018). Such mesoscale ascent contrib-
utes to the development of moist absolutely unstable
layers (MAULSs) by local cooling and moistening, which
promotes CI (Trier et al. 2017).

Relative to the GPLLIJs, the role of LLJs in heavy
rainfall in China involving the CI or UCG processes
remains less clear (Luo et al. 2017; G. Chen et al. 2017,
X. Chen et al. 2017; Du and Chen 2019a; Zhang and
Meng 2019; Shen et al. 2020). Similar to the scenarios of
the GPLLJ, the nocturnal LLJs in the southwesterly
monsoon over southern China are found to trigger or
maintain convection at its northern terminus by en-
hancing low-level convergence and transporting mois-
ture (G. Chen et al. 2017). Zhang et al. (2019) studied
elevated CI in a weak-lifting environment in central
eastern China and found that a MAUL caused by weak
lifting and moisture transport associated with a LLJ
contributes to CI. Whether the spatial and temporal
heterogeneity of LLJs in China play a role in CI and
UCG as GPLLJs remains in need of further clarification.

Features and meteorological effects of LLIJs in China
are more diverse as China has more complicated to-
pography and active synoptic forcing (e.g., monsoon
flow and mei-yu front) than that of the United States.
Two types of LLJs in China have been identified (Du
et al. 2012, 2014): (i) a boundary layer jet (BLJ) that

MONTHLY WEATHER REVIEW

VOLUME 148

occurs below 1km and manifests as a distinct diurnal
cycle with a nocturnal maximum, which is similar to
the GPLLJ in formation mechanisms (e.g., Blackadar
mechanism and Holton mechanism; Du et al. 2015);
and (ii) synoptic-weather-related LLJ (SLLJ) that
occurs at higher levels than the BLJ and is always
associated with synoptic or subsynoptic forcings. BLJs
are often observed over or next to high terrain and
coastal areas, whereas SLLJs are always accompanied
by the mei-yu front (a stationary front with strong
moisture and temperature gradient in the monsoon
season) over southern China. Owing to various LLJs
in South China interacting with terrain, the relation
between the LLIJs and heavy rainfall in South China
and relevant processes remain a challenging question.
Through statistical study, Du and Chen (2019b) docu-
mented that marine BLJ (MBLJ) over the northern
South China Sea (NSCS) and SLLJ inland of South
China coast exhibit varying characteristics and regulate
rainfall distribution distinctly. Du and Chen (2018)
studied a heavy rainfall event in South China and found
that the SLLJ and the MBLJ are more closely linked to
the inland frontal heavy rainfall and coastal warm-sector
heavy rainfall, respectively. The coupling of the MBLJ
and SLLJ (double LLJs) facilitates CI near the coast by
low-level convergence at the terminus of the MBLJ and
midlevel divergence at the entrance of SLLJ (Du and
Chen 2019a; Zhang and Meng 2019; Z. Li et al. 2020).

Compared to the evolution of SLLJs associated with
synoptic disturbances affecting CI and UCG in heavy
rainfall (Chou et al. 1990; Chen and Yu 1988; Chen et al.
1994; Chen et al. 1998; Luo et al. 2020), their counterparts
in the BLJ have been less documented, in particular for
the MBLJ over the NSCS due to a lack of observations
over the ocean (Luo et al. 2017). Recent studies found
that the interaction of MBLJ over the NSCS with coastal
terrain or terrain farther north near the south coast of
China plays an important role in CI and UCG (Zhang and
Meng 2019; H. Li et al. 2020). Given a lack of observa-
tions over the NSCS, high uncertainty of the MBLJ in-
tensity and location might greatly limit the forecast skill
for CI and UCG. How the evolution of the MBLJ over
the NSCS influences coastal convection dynamically and
thermodynamically is not well known and needs to be
further studied. Understanding the role of the MBLJ
provides useful predictors that could aid the coastal
convection forecast in South China.

Therefore, we perform high-resolution simulations as
well as use observations to examine the multiscale
mechanisms of the nocturnal CI and UCG at the coast
of South China in a heavy rainfall event. We have
developed a present two-part study to clarify this issue.
The present paper (Part I) focuses on the effect of the
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FIG. 1. Domain configurations of D01 and D02 and terrain height
(shaded). White crosses indicate the locations of Shantou and Lufeng.

MBLJ over the NSCS located upstream of coastal con-
vection, while local forcings including terrain effects and
cold pools will be investigated in Part II. The observational
data and numerical simulation configuration are described
in section 2. In section 3, we provide an overview of the
coastal CI and UCG in a heavy rainfall case and the per-
formance of numerical simulations thereof. Section 4 di-
agnoses the dynamic and thermodynamic effects of the
MBLJ on CI and UCG. In section 5, ensemble simulations
are further analyzed to examine the mechanisms proposed
in section 4. Finally, section 6 summarizes our results.

2. Data and methods
a. Observational data

The Climate Prediction Center morphing technique
(CMORPH) rainfall data (Joyce et al. 2004) with hori-
zontal spatial resolution of 8 km and temporal resolution
of 30min is used to show the observed accumulated
precipitation in South China (Chen et al. 2018). Mosaic
radar reflectivity obtained from operational weather
radars is utilized to characterize the convection mor-
phology in the heavy rainfall event and also to evaluate
the capability of numerical model simulations de-
scribed later. NCEP Final (FNL) Operational Global
Reanalysis data provides the synoptic background of
heavy rainfall. The upper-air soundings from Shantou
(23.35°N, 116.66°E), Guangdong near the CI location
are applied to illustrate environmental stratification
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FIG. 2. Geopotential heights at 500 hPa (black lines, contour
interval = 20 gpm) and 850 hPa (shaded) superimposed with hor-
izontal wind barbs at 925hPa (red indicates = 8ms ') at
1800 UTC 21 Jun 2018 from the NCEP FNL (Final) Operational
Global Analysis data. The red contours represent the 6-h accu-
mulated precipitation of 50mm from 1800 UTC 21 Jun to
0000 UTC 22 Jun. The black “L” marks the location of a low
pressure zone. The yellow line indicates a trough at 500 hPa, while
the green line indicates a shear line at 925 hPa. The Guangdong
province is indicated by the thick black line. The black crosses
indicate the locations of Shantou and Lufeng.

structures and to compare with numerical model re-
sults as well.

b. Numerical model

The Advanced Research version of the Weather
Research and Forecasting Model (WRF-ARW; version
3.9.1; Skamarock et al. 2008) was used in the present
study. Figure 1 shows the domain configuration: the
inner domain (d02), with a horizontal grid spacing of
4km, is one-way nested within an outer domain (d01)
with a horizontal grid spacing of 12km. The model
has a vertically stretched grid with 51 levels' with finer
grid spacing in the boundary layer (approximately
9 levels below 900 hPa). The model top is at 50 hPa

Ly layer levels: 1.0000, 0.9974, 0.9940, 0.9905, 0.9850, 0.9800,
0.9700, 0.9600, 0.9450, 0.9300, 0.9100, 0.8900, 0.8650, 0.8400, 0.8100,
0.7800, 0.7500, 0.7100, 0.6800, 0.6450, 0.6100, 0.5700, 0.5300, 0.4900,
0.4500, 0.4100, 0.3700, 0.3300, 0.2900, 0.2500, 0.2100, 0.1750, 0.1450,
0.1150, 0.0900, 0.0650, 0.0450, 0.0250, 0.0100, and 0.0000.
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FI1G. 3. Observed hourly radar composite reflectivity (shaded) from 1700 to 2200 UTC 21 Jun 2018. Red ellipses
indicate the locations of convection initiation and growth. The blue box is used in Fig. 5. Local time = UTC + 8 h.

with a 5-km-deep gravity wave absorbing layer. The
simulations are initialized from the 1200 UTC 21 June
2018 NCEP FNL data with lateral boundary condition
updates every 6h. The Kain-Fritsch convection pa-
rameterization (Kain 2004) is used in dO1 but turned off
in dO2. Both domains use the Thompson et al. (2008)
bulk microphysics scheme, the YSU boundary layer
scheme (Hong et al. 2006), the Rapid Radiative Transfer
Model for Global Climate Models (RRTMG) longwave
and shortwave radiation schemes (Iacono et al. 2008),
the revised MMS Monin—-Obukhov surface-layer scheme
(Jiménez et al. 2012), and the unified Noah land surface
model (Livneh et al. 2011).

To examine the mechanisms of CI and UCG, this
study conducted a 20-member WRF ensemble simula-
tion initialized with the Global Ensemble Forecast
System (GEFS) data (Toth and Kalnay 1993). The
GEFS is a weather forecast made up of 21 separate
forecasts conducted by NCEP. The GEFS is initialized
by the method of Ensemble Transform with Rescaling
(ETR) (Wei et al. 2008) and Stochastic Total Tendency

Perturbation (STTP). The configuration of our WRF
ensemble simulations is the same as the control run
above. The first member of GEFS is a deterministic
forecast of GFS, while the control run is driven by FNL
(i.e., the reanalysis of GFS), and thereby the WRF
simulation initialized with the first member of GEFS is
similar to the control run. Therefore, 20-member WRF
ensemble simulation is performed, which is initialized
with the 2nd to 21st members of GEFS.

3. Convection initiation and growth in a heavy
rainfall

On 21-22 June 2018, heavy rainfall occurred both at
the coast of South China and over southwestern China
(Fig. 2). Figure 2 presents the synoptic conditions at
1800 UTC 21 June as well as 6-h accumulated precipi-
tation from 1800 UTC 21 June to 0000 UTC 22 June. A
deep SW-NE-oriented trough at 500 hPa (yellow line)
occurred over northern China while a low pressure
vortex at 850hPa (labeled “L’’) was centered over
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FIG. 4. Simulated hourly radar composite reflectivity (shaded) from 2000 UTC 21 Jun to 0100 UTC 22 Jun 2018. Red
ellipses indicate the locations of convection initiation and growth. The blue box is used in Fig. 5. Local time = UTC + 8 h.

southwestern China (26°, 115°N). A west—east-oriented
shear line at 925 hPa (solid green line) appeared east of the
low pressure vortex as well as north of Guangdong. The
6-h accumulated precipitation near the junction of Sichuan
and Guangxi (26°N, 117°E) was in excess of 50 mm and was
mainly forced by the synoptic disturbance of the low
pressure vortex. Meanwhile, heavy rainfall greater than
50mm in 6h was also observed at the east coast of
Guangdong near Shantou, which is located to the north-
west of the subtropical high. Given the absence of obvious
synoptic forcing (far away from the front or shear line), the
coastal heavy rainfall near Shantou is regarded as a type of
warm-sector heavy rainfall that remains a challenge for
understanding and forecasting (Luo 2017; Luo et al. 2017
Sun et al. 2019; Wu et al. 2020a,b). Located at the upstream
of the heavy rainfall near Shantou, strong southerly-to-
southwesterly winds at 925 hPa (>8 ms™ ', indicated by the
red wind barbs) prevailed over the northern region of the
South China Sea, which is identified as a MBLJ. In this
study, we mainly focus on the effect of the MBLJ on the
coastal CI and UCG during this heavy-rainfall event.

To illustrate CI and subsequent UCG processes in
detail, the hourly evolution of the radar composite
reflectivity is shown in Fig. 3. At the eastern part of
the coast of Guangdong (23.1°N, 115.7°E, near Lufeng,
west of Shantou), CI occurred at night (1800 UTC;
Fig. 3b). Herein CI is defined as the first occurrence of
radar reflectivity greater than 35dBZ (e.g., Weckwerth
and Parsons 2006). Such nocturnal CI and rainfall are
typically observed at the coasts of South China (Bai et al.
2020b; Chen et al. 2018). Then the convection developed
and was organized into a SW-NE-oriented mesoscale
convective system (MCS) along the coast from 1800 UTC
21 June to 0000 UTC 22 June (Figs. 3¢,d). This transition
from isolated convection into a larger MCS is typically
called UCG. In the UCG process, the linear MCS stayed
in the vicinity of the coastline and its length gradually
increased along the coastline.

Compared to the radar observations, the numerical
simulation accurately captures the general features of CI
and UCG in this event (cf. Figs. 3 and 4). In the simu-
lation, CI occurs at a similar location to that in the
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FIG. 5. Hourly evolution of averaged radar composite reflectivity
within the blue boxes in Figs. 3a and 4a from the observation (blue
line) and the simulation (red line). The time axis is shifted by 3 h for
comparison between the observation (blue fonts) and the simula-
tion (red fonts).

observations (near Lufeng) but is delayed by approxi-
mately 3 h. The simulated convection organizes into the
dominant SW-NE-oriented MCS along the coast, which
is also similar to the observations (Figs. 4c,d). The
comparison in the evolution of averaged reflectivity in
the coastal region (blue boxes in Fig. 3a and Fig. 4a)
between the observation and simulation (Fig. 5) shows
their consistency in the development and decay of the
coastal MCS except for 3-h delaying. It is noted that the
simulation generates more moderate and stratiform-like
precipitation to the north and west of the MCS com-
pared to the observations (cf. Figs. 3 and 4). The dif-
ference might come from errors of microphysics scheme
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(e.g., Luo et al. 2010) or the topographic blocking of
radar scans at low elevation angles by the northern
terrain (Bai et al. 2020a). A possible reason for the delay
of the simulated MCS is the model spin-up issue. The
simulated convection tends to be initiated and devel-
oped later than the observed convection, as it takes time
to generate hydrometeors in the model downscaling to
finer resolutions than the initial conditions. Another
reason may be the errors in the initial conditions and
physics schemes that influence the timing and location of
the simulated MCS. Despite the timing difference, the
horizontal scale, structure, and location of CI and sub-
sequent UCG in the numerical simulation are generally
consistent with the radar observations.

We further examined the observed and simulated
ambient convection environment prior to CI (1200 UTC
21 June) by comparison of upper-air soundings at the
Shantou sounding station. As shown in Fig. 6, it is rela-
tively humid through the vertical column (below 300 hPa)
in both the observations and the simulation. The tem-
perature profiles (lapse rate) are nearly or somewhat
greater than those of the moist adiabatic. Despite of some
differences, the simulation agrees with the observation in
showing a rather large CAPE value (3237 vs 2462 Jkg '),
which is favorable for convection growth in the following
hours. CAPE is quite sensitive to the temperature and
humidity near the surface, which can be challenging for
the modeling due to complex underlying surface near the
coasts. Nevertheless, the simulation can reasonably cap-
ture the general profiles of temperature and humidity.

The above evaluation suggests that the numerical
simulation exhibits a fair skill in simulating the CI and

(b) WRF
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CAPE=24621/kg
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TIVYNIYY YN

1000

-30 -20 -10 0 10 20
Temperature (C)

FIG. 6. Skew T-logp diagrams at the Shantou sounding station (indicated in Fig. 1) at 1200 UTC 21 Jun from (a) the
observations and (b) the WRF numerical simulation.
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(a),(c),(e) 1400 and (b),(d),(f) 1800 UTC 21 Jun 2018 from the numerical simulation. The blue lines define the cross
section in Fig. 8.
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FIG. 8. Vertical cross sections along the blue line in Fig. 7 of (a),(c) wind speed (shaded), equivalent potential
temperature (contours, K), and flow vectors (black vectors along the cross section and with vertical velocity am-
plified by 100); and (b),(d) divergence (shaded), water vapor mixing ratio (contours, kgkg™'), and flow vectors
(black vectors) at (a),(b) 1400 and (c),(d) 1800 UTC 21 Jun 2018.

UCG processes and associated atmospheric environment.
Hence, it is reasonable to further explore the mechanisms
of CI and UCG using the numerical simulation.

4. Effects of MBLJ on CI and UCG

Figure 7 shows the evolution of horizontal winds at
different levels. At the 850- and 700-hPa levels (Figs. 7a—-d),
the strong southwesterlies over Sichuan (near 25°N, 110°E)
become stronger from 1400 to 1800 UTC, this strength-
ening is consistent with the low pressure shown in Fig. 2.
Another strong southwesterly wind core (around 27°N,
117°E) is located to the south of the shear line (see Fig. 2).
These two strong wind streams are, we believe, a type of
SLLJ. At 950hPa (Figs. 7e,f), in addition to strong winds
over Beibu Gulf, southerly-to-southwesterly winds over
the NSCS, that are identified as the MBLJ, gradually in-
tensify with a maximum core value of over 10ms™'. The
southwesterly MBLJ encounters the coast near Lufeng,
which perhaps contributes to CI and UCG near Lufeng.

As shown in Figs. 8a and 8c, the vertical cross sections
of winds and equivalent potential temperature 6, along
the blue line in Fig. 7 clearly show the vertical structure
of the MBLJ. The MBLJ mainly occurs below 900 hPa
over the ocean with a maximum core at ~950hPa. The
vertical structure of 6, illustrates warm moist air is
confined within the MBLJ (below 900 hPa). From 1400
to 1800 UTC 21 June prior to the coastal CI, the MBLJ
develops and migrates to the north (right side in the
Fig. 8), which induces increases in low-level conver-
gence and mesoscale ascent near the coast (Figs. 8b,d).
At 1400 UTC, low-level convergence is not evident near
the coast when the MBLYJ is relatively weak (Figs. 8a,b).
With enhancement of the MBLJ at 1800 UTC, low-level
convergence increases and therefore upward motions
intensify at the exit of the MBLJ, in particular near the
coast (Figs. 8c,d). Such MBLJ-driven mesoscale as-
cent at the exit of the MBLJ may cause CI and sup-
port subsequent UCG through upward displacements
and low-level moistening. It is worthy to note that
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coast-driven enhancement also plays an important
role, which will be discussed in detail in Part II.

Note that the double LLJs first proposed in Du and
Chen (2019a) were also found in this event. In addition
to low-level (1000-900 hPa) convergence at the exit of
the MBLJ, midlevel (700-500hPa) divergence by the
entrance of SLLJ (27°N, 117°E) appears near south
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coast of China (Figs. 7 and 8b,d). Such low-level con-
vergence and midlevel divergence jointly promote the
mesoscale lifting near the coast. The results are gener-
ally consistent with Du and Chen (2019a). In the current
study, we further concentrate on the evolution of the
MBLJ associated with coastal convection, on which few
previous studies have focused. We will show how the
MBLJ evolution affects coastal CI and subsequent UCG
from the perspective of dynamics and thermodynamics
in the following.

a. Dynamic effect of MBLJ

To illustrate the relation between the horizontal struc-
ture of the MBLJ and MBLJ-driven ascent, the horizontal
distribution of the horizontal winds at 950hPa together
with vertical motions at 950 hPa prior to CI are shown in
Fig. 9. Figure 9 shows that low-level upward motions are
significant in the region characterized by enhanced gradi-
ents of horizontal wind speed (convergence) associated
with the MBLJ exit. There are three pronounced low-level
mesoscale ascent zones near the northwestern and north-
eastern edge of the MBLJ as well as its terminus (indicated
by ellipses in Fig. 9), while upward motions are not evident
along the axis of the MBLJ. The nocturnal MBLJ evolu-
tion in intensity and direction can alter the location and
intensity of low-level ascent zones (Fig. 9). At 1400 UTC,
the relatively weak southwesterly MBLJ produces rela-
tively weak upward motion at 950 hPa at its northwestern
edge (black ellipse) which in part affects the coast near
Lufeng (Fig. 9a). At 1800 UTC prior to CI, the MBLJ
intensifies in wind speed while shifting from southwesterly
to nearly southerly (the westerly decreases while the
southerly increases). Such development and evolution of
the MBLJ is validated in ERAS (not shown). Owing to the
development of the MBLJ, low-level mesoscale ascent
zones associated with the MBLIJ correspondingly vary in
intensity and location. Besides that the low-level mesoscale
ascent in the zones is enhanced, the ascent zone at the
terminus of the MBLJ moves to the coast near Lufeng with
the varying direction of the MBLJ. Therefore, before CI,
the enhanced mesoscale ascent (indicated by black ellipse)
on the northwestern edge and terminus of the MBLJ to-
gether influence CI near Lufeng (Fig. 9b).

Next, we explain the nocturnal evolution of the MBLJ
by the decomposition of geostrophic winds and ageo-
strophic winds. Figure 10 shows the evolution of geo-
strophic and ageostrophic wind vectors at 950 hPa during
1300-1900 UTC 21 June 2018. The geostrophic winds are
obtained from the smoothed geopotential height by
applying a low-pass Barnes’s filter (~1000km, Barnes
1964), while the ageostrophic winds are calculated by
subtracting the geostrophic winds from filtered total
wind. This filtering method has been widely applied in
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FIG. 10. Distribution of geostrophic winds (blue vectors) and ageostrophic winds (red vectors) at 950 hPa from
(a) 1300 to (d) 1900 UTC 21 Jun 2018. The big red arrows indicate the general direction of ageostrophic wind over

that area.

previous studies of the physical mechanisms of diurnal
low-level winds (Xue et al. 2018; Zeng et al. 2019). The
geostrophic winds over the NSCS are southwesterly (in-
dicated by blue vectors in Fig. 10) since it is mainly driven
by the large-scale circulation (southwesterly monsoon).
The southwesterly geostrophic winds even slightly de-
crease during the nighttime due to the weakening land—
sea thermal contrast, which is not consistent with the
enhancing nocturnal MBLJ. By contrast, the ageostrophic
winds (indicated by red vectors in Fig. 10) exhibit a
clockwise rotation from northwesterly to southeasterly
during the period 1300-1900 UTC, which is similar to the
climatological veering of diurnal wind perturbation asso-
ciated with the MBLJ (Du and Chen 2019b). Du and Chen
(2019b) suggested that such diurnal wind perturbation is
closely related to the large-scale (planetary-scale) land—
sea-breeze circulation, which has also been found in Huang
et al. (2010) and Huang and Chan (2011). The ageo-
strophic winds veer under the Coriolis force, which is
similar to the inertial oscillation mechanisms driven by the
thermal contrast between land and ocean (Du et al. 2015;
Du and Chen 2018). Therefore, the nocturnal clockwise
rotation of ageostrophic winds might be attributed to the

inertial oscillation associated with the large-scale sea-
breeze circulations, and mainly causes the variation in in-
tensity and direction of the MBLJ at night in this event.

b. Thermodynamic effect of MBLJ

Prior to CI, a warm moist tongue, centered at ap-
proximately 20°N, 112.5°E (indicated by high equivalent
potential temperature at 950 hPa in Figs. 11a—c) over the
NSCS gradually enhances and extends northeastward
along the northwestern edge of the MBLJ to the coast
near Lufeng during 1400-2000 UTC (Figs. 11a—c). Note
that the warm moist tongue is mainly characterized by a
high-humidity zone through comparison of evolutions
in equivalent potential temperature 6, (Figs. 11a—c) and
water vapor mixing ratio ¢, at 950 hPa (Figs. 11d-f).
Figure 11 shows that the moist tongue reaches the coast
and thus results in water vapor saturation by low-level
moistening in the layers from 1000 to 600 hPa near the
coastal region where CI occurs at 2000 UTC. Figure 12
shows that at the CI location the environmental lapse
rate gradually increases and exceeds the moist adia-
batic rate during the period 1600-2000 UTC; the CAPE
correspondingly increases from 506 to 2156Jkg .
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21 Jun 2018.

Eventually, a deep saturated layer (MAUL) within
1000-600 hPa forms at 2000 UTC (Fig. 12c), which is
associated with CI. Therefore, the low-level moistening
plays an important role in supporting CI by its effect on
the thermodynamics.

Next, we will elucidate the mechanisms for the low-
level moistening. Figure 13a presents the evolution of
area-averaged ¢, and relative humidity RH at 950 hPa
over regions A-E in Fig. 11 where convection initiates
and develops during the period 1300-2300 UTC 21 June
2018. The ¢, (RH) increases from 0.178kgkg ™' (83%)
t00.195kgkg ' (98% ) during the period 1300-2000 UTC
prior to CL. To examine the contributions to the g, in-
crease, the budget of g, is quantitatively diagnosed as
follows:

aq

d
he _v.vg SR, (1)

ot h1v

- W

where dq,/dt is the local change of ¢,, while =V - V,q,
and —w(9dq,/dz) are horizontal and vertical transport
terms, respectively, and R represents the residual term.
The value of dq,/dt is calculated by hourly centered time
difference as (9q,/9t), = (qu,,,, — Gu,_,,)/2At, where At = 1h.
It is noted that some highly transient convective signals
cannot be represented in the local tendency term with such a
relatively coarse time resolution. The value of R is calculated
from dq,/0t + V - V,q, + wdq,/dz. In reality, R includes the
contribution from subgrid mixing (vertical turbulence
mixing) in the boundary layer, condensation/evaporation
effect, and computational errors (e.g., interpolation error
associated with complex terrain near the coasts). In the
region without cloud or convection, the contribution from
the PBL should be the major portion of R (Figs. 13b-f).
So, we expect a small difference between these two terms
as shown in Figs. 13b—f, which also suggests a reasonability

for the calculation of R (i.e., the computational errors
are small).

Figure 13b shows all the terms at 950 hPa in Eq. (1)
averaged over region A and indicates that the vertical
transport term is the main contributor to the local
moistening, which peaks at around 1700 UTC prior to
CI. The water vapor is vertically transported from lower
layers containing more water vapor by the mesoscale
ascent associated with the terminus of the MBLJ (Fig. 8d)
while the horizontal transport term plays a minor role.
Since the low-level moistening is closely related to the
strengthening and expanding of the moist tongue over
the ocean as mentioned previously, we further examine
the evolution of water vapor and associated moisture
budgets located upstream of the CI location near the
moist tongue (e.g., regions B and C in Fig. 11). Similar
to region A, Fig. 13a shows that g, also experiences
increase in regions B and C (up to values > 0.02kgkg 1),
since regions B and C are closer to the center of the moist
tongue. In contrast to region A, horizontal transport,
vertical transport and the residual term contribute ap-
proximately equally to the local moistening in region B
(Fig. 13¢c). Mesoscale ascent over the northwestern edge
of the MBLJ induces vertical transport of water vapor,
whereas moisture originated from the center of the moist
tongue flows horizontally northeastward along with the
MBLIJ. Since region B is situated at the upstream of re-
gion A, the horizontal transport term in region B reaches
its peak earlier than in region A (1600 vs 1800 UTC, cf.
Figs. 13b,c). The residual term also has a fair contribution
to local moistening, which is mainly due to the vertical
turbulence mixing in the marine boundary layer. In the
center of the moist tongue (region C), the vertical tur-
bulence mixing in the marine boundary overlaying high
SST becomes dominant for the enhancement of moisture
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FIG. 13. (a) Evolution of water vapor mixing ratio (¢,, g kg ') and relative humidity (RH, %) at 950 hPa averaged
over regions A-E in Fig. 11 during the period 1300-2300 UTC 21 Jun 2018. (b) Evolution of area-averaged local
tendency (black line) of ¢, (gkg™'s™') at 950 hPa, and its components including horizontal transport (red line),
vertical transport (gray line), residual term (orange line), and tendency caused by vertical turbulence mixing in the
boundary layer (blue line) over region A of Fig. 11. (c)—(f) As in (b), but for regions B-E, respectively. The CI
timing (2100 UTC 21 Jun) is marked by a triangle in (a).

(Fig. 13d). Region Cis in proximity to the warm center of
SST (~304 K) that produces a large upward moisture flux
(QFX) at the sea surface (Fig. 14). High QFX is a source
of vertical turbulence mixing of moisture in the marine
boundary layer which enhances the moist tongue over
the ocean. We have illustrated low-level moistening in
a warm moist tongue by mesoscale ascent, horizontal
transport as well as vertical turbulence mixing. In

turns, the warm moist tongue with a lateral variation
of the convective boundary layer buoyancy might be
effective in generating vertical motion in the presence
of nocturnal LLJs, which is consistent with the theory
of Shapiro et al. (2018).

As for the UCG process, in addition to the effect of
cold pools, which will be discussed in Part II, CI subse-
quently and continuously occurs on the west and east
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sides of the original CI location along the coast (e.g.,
region D and region E) and thus results in the growth of
SW-NE-oriented MCS (Figs. 3 and 4). The differences
in CI timing along the coast is a result of varying ther-
modynamic condition. The increase of water vapor in
regions D and E is delayed by 3-4 h, compared to that in
region A, and therefore CI in regions D and E occurs
later. The convection cells, in close proximity to each
other, then merged and organized into a larger MCS.
The moisture budget in region D (Fig. 13¢) shows the
dominant term for the moisture increase is the horizontal
transport term which becomes significant at 2100 UTC;
this happens because the moist tongue gradually moves to
the north and affects region D later (Fig. 11). For region E
where moisture increases later too, the horizontal and
vertical transport terms jointly contribute to the local
change of moisture (Fig. 13f). The delayed vertical
transport is related to the eastward movement of the
MBLJ (Fig. 9) and eastward expansion of the moist
tongue (Fig. 11). The movement of the MBLJ and moist
tongue is attributed to the southeasterly steering flow
(Figs. 7a,b).

Since the SST over the NSCS may influence CI by the
low-level moistening processes diagnosed above, sensi-
tivity experiments with regard to SST are further con-
ducted to confirm it. Given that the SST over the NSCS
varies spatially from 300 to 304 K (Fig. 14a), we perform
LowSST and HighSST runs where the SST is modified
to a constant value of 300 and 304K, respectively.
Figure 15 shows that, compared to the control run,
convection initiation and growth occur later and earlier
in the LowSST and HighSST runs, respectively. The
reason is because the moist tongue over the NSCS in-
creases as the SST increases (Figs. 16a—c), and the

enhanced moist tongue is favorable to CI near the coast
by thermodynamic processes. As shown in Fig. 16, the
MBLIJ is intensified (weakened) in LowSST (HighSST).
This effect on MBLJ intensity is due to vertical turbu-
lence mixing (not shown) which is stronger (weaker) in
HighSST (LowSST). Although the higher SST inhibits
convection by inducing weaker mesoscale lifting at ter-
minus of a weaker MBLJ, the higher SST promotes
convection by the incursion of an enhanced moist tongue
to the coast. In general, the thermodynamic (moisture)
effect is more significant than the dynamic effect, re-
garding SST sensitivity.

5. Ensemble simulations

To confirm the dynamic and thermodynamic effects of
the MBLJ proposed above, 20 ensemble members are
collectively analyzed. Figure 17 displays the radar com-
posite reflectivity at 2100 UTC from 20 ensemble mem-
bers. Based on their CI, ensemble members are classified
into two groups: (i) good members in which CI is similar
to that in the control run in terms of timing and location
or (i) bad members in which CI is weaker or occurs later
than the control run. The criterion for good or bad
members is whether radar reflectively greater than
35dBZ occurs near Lufeng at 2100 UTC 21 June 2018.
The two groups are compared in atmospheric back-
ground environments to elucidate the role of the MBLJ.

Figure 18 shows the composites of 950-hPa winds
averaged from good or bad members. The MBLJ tends
to be stronger in the good members than bad members
(cf. Figs. 18a,b and 18d,e). The differences in winds
(vectors) at 950 hPa between good and bad members
(Figs. 18c,f) show that onshore low-level winds over the
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ocean perpendicular to the coasts (southeasterly) is fa-
vorable to CI. It is because stronger onshore low-level
winds encounter coastal terrain and induce stronger
upward motions near the coastal terrain (Fig. 18) by
orographic lifting and coastal convergence. The coastal
terrain and coastline play dynamic and thermodynamic
roles in CI and UCG, which will be investigated in detail
in Part II. Furthermore, Figs. 18c and 18f show that the
950-hPa moisture content over the ocean near the coast in
good members is larger than that in bad members, sug-
gesting a stronger simulated moist tongue in good members.

Figure 19 presents the scatter diagram of horizontally
averaged water vapor mixing ratio and wind speeds at
950 hPa horizontally averaged in regions A and B among

ensemble members. A majority of the good members
exhibit features with higher wind speeds and higher
water mixing ratio compared to the worse members,
which is consistent with what we expect (stronger MBLJ
and moisture tongue are more favorable to Cl and UCG
near the coast).

We further explore the moisture budgets among the
ensemble members to explain varying moisture in-
creases. Since the vertical transport term of water vapor
mixing ratio is a main contributor in low-level moist-
ening for region A as shown in Fig. 13b, we concentrate
on the vertical transport terms among those ensemble
members. Figure 20 clearly shows that the vertical
transport term reaches its peak earlier in the good
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mixing ratio at the time of CI depends on the initial
water vapor mixing ratio in the model at 1200 UTC (g,)
as well as the accumulated vertical transport term during
1200-1800 UTC (gy). The scatter diagram of g, and g,
at 950 hPa (Fig. 20b) shows that good members are gen-
erally characterized by either high g, (>18.0gkg™") or
high ¢y (>1.5gkg™"). In summary, the stronger MBLJs
with enhanced low-level moistening in the warm moist
tongue along its northeastern edge and terminus are more
favorable to CI at the coast near Lufeng.

6. Summary

In the present study, we examined a case of coastal CI
and its subsequent UCG in a heavy rainfall event in South
China (21-22 June 2018), mainly concentrating on the
dynamic and thermodynamic effects of a marine bound-
ary layer jet (MBLJ) from convection-permitting simu-
lations. The convection was initiated at the east coast of
Guangdong province (near Lufeng), which was located
hundreds of kilometers away from a shear line and a low
pressure vortex at 850hPa. The newborn convection
gradually developed into a larger SW-NE-oriented linear
convective system along the coast, which we called up-
scale convective growth (UCG). The convection initia-
tion, growth and relevant atmospheric environment can
be well reproduced by convection-permitting simula-
tions and this provides a good opportunity to explore
the physical mechanisms.

0.0 0.5 10 15 2.0
Accumuated Vertical transport of q, (g kg™)

FI1G. 20. (a) Evolution of the vertical transport of water vapor
mixing ratio (¢,, gkg 's™') at 950 hPa averaged over region A in
Fig. 11 during 1300-2300 UTC 21 Jun 2018 from the memO1-
mem?20 runs. (b) Scatter diagram of accumulated vertical transport
of ¢, (gkg™!) during 1200-1800 UTC and initial water vapor
mixing ratio (g kg~ ") at 1200 UTC 21 Jun 2018 averaged in region
A. Red and blue lines in (a) or dots in (b) indicate good and bad
members, respectively.

CI and subsequent UCG near the coast are situated
downstream of a southwesterly low-level jet over the
NSCS. The LLJ speed maximized at 950 hPa in the ma-
rine boundary layer, which we regard as the MBLJ. The
analysis of the numerical simulation indicates that the
spatial structure and temporal variation of the MBLJ
exert a significant influence on CI and UCG by its influ-
ence on mesoscale ascent and low-level moistening near
the south coast of China. The major findings in this study
are summarized in the schematic diagram based on the
main aspects of dynamics and thermodynamics (Fig. 21).

Mesoscale ascent is apparent on the northwestern and
northeastern edges and on the terminus of the MBLJ,
where large gradient zones of horizontal wind at 950 hPa
or convergence exist. The intensity and location of the
mesoscale ascent vary along with the evolution of the
MBLI. In the late afternoon, the southwesterly MBLJ is
relatively weak, and thereby the mesoscale ascent on
the edges of the MBLJ is correspondingly weak. After
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FIG. 21. Schematic diagram depicting the convective initiation and growth near the coast
associated with a varying MBLJ. Mesoscale ascent on the northwestern and northeastern
edges and terminus of the MBLJ is enhanced and moved as the MBLJ develops in intensity
and evolves from southwesterly to nearly southerly, which supports CI and UCG near the
coast dynamically. A warm moist tongue over the ocean is also strengthened by low-level

moistening associated with the MBLJ-driven mesoscale ascent overlaying high SST.

midnight, the MBLJ intensifies and turns to nearly south-
erly. The mesoscale ascent on the edges of the MBLJ be-
comes stronger as the MBLJ intensifies. Hence, CI and
UCG near the coast are promoted by the strong mesoscale
ascent particularly on the northwestern edges and terminus
of the MBLJ. Through analysis of geostrophic and ageo-
strophic winds in the MBLYJ, the nocturnal development of
the MBLJ is shown to be linked to an inertial oscillation
associated with the large-scale sea-breeze circulation

A warm moist tongue gradually develops over the NSCS
and extends northeastward to the coast. The warm moist
tongue is approximately located at the northwestern edge
of the MBLJ and overlays the area of high SST. Strong
vertical turbulence mixing of moisture in the marine
boundary layer greatly humidified the marine boundary
layer in proximity to high SST area. Subsequently, the

moisture in the marine boundary layer is horizontally
transported northeastward along with the MBLJ as well
as being vertically transported by the mesoscale ascent.
Compared to the horizontal transport, the vertical trans-
port becomes a main contributor to low-level moistening
near the CI location. These processes contribute to the
evolution from a subsaturated condition in the lower layer
to deep conditionally unstable layers with high relative
humidity that support CL Since low-level moistening oc-
curs several hours later on either side of Lufeng along the
coast, subsequent CI occurrences appear later than the first
CI near Lufeng. The sequence of CI contributes to the
growth of a SW-NE-oriented linear MCS along the coast.
Sensitivity experiments with varying SST suggest that a
higher SST accompanying by a stronger moist tongue is
more conductive to CI at the coast.
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A total of 20-member ensemble simulations are con-
ducted using the WRF Model initialized with the Global
Ensemble Forecast System (GEFS) data to further
confirm that the effect of the MBLJ is associated with
mesoscale ascent and low-level moisture. Two groups of
good members and bad members are classified based on
their ability to produce the observed CI. Compared to
the bad members, the good members have a stronger
MBLJ with enhanced low-level moistening and lifting
along its northeastern edge and terminus, which readily
leads to CI near the coast.

This study is the first part of a two-part series study on
convection initiation and growth at the coast of South
China. In the present study (Part I), our focus is on the
role of MBLJ, which is a mesoscale forcing. More de-
tailed local meso- to small-scale forcings including ter-
rain effects and cold pools in the same case will be
investigated in Part II. In the future, more cases of CI
and UCG near the coast of South China will be studied to
clarify various mechanisms, which may vary in the other
atmospheric conditions. Owing to a lack of observations
in the NSCS, upper-air soundings deployed from scien-
tific research ships or dropsondes obtained from aircrafts
are required to sample the spatial and temporal features
of the MBLJ and to evaluate the capability of numerical
simulations and forecast skill of the MBLJ.
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