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The sensitivity of planetary boundary layer (PBL) parameterization schemes in a
marine boundary layer jet and associated precipitation is investigated in this study.
Six PBL parameterization schemes in the Weather Research and Forecasting
Model, including YSU, MYJ, MYNN, ACM2, BouLac, and UW schemes, are
examined in simulating a marine boundary layer jet (BLJ) over South China
Sea and associated coastal precipitation during a warm-sector heavy rainfall
event (19–20 May 2015) near the coast of South China. The results show that YSU,
MYJ, MYNN, and BouLac schemes can generally reproduce the coastal warm-
sector heavy rainfall with 6-h accumulated precipitation exceeding 50 mm, but
not for the ACMs and UW schemes. No convection initiation occurs in the
ACM2 run, while rainfall is located to further north with weaker intensity in the UW
run. Meanwhile, weakest and strongest BLJs are simulated in the ACM2 and UW
runs, respectively. In the ACM2 run, the weaker BLJ with the maximum wind
speed less than 17 m s�1 induces weaker convergence and lifting in the upwind
side of the coastal terrain as well as less water vapor transport to the coastal area,
which thus inhibit convection initiation. On the contrary, the too strong BLJ in the
UW run with large area of wind speed greater than 18 m s�1 causes the northward
movement of convection along with cold pools, and rainfall moves further north
accordingly. The differences in BLJs’ strength among PBL schemes are attributed
to varying simulated low-level vortex on the northern side of the BLJ through
veering ageostrophic winds. The intensity of the simulated low-level vortex is
affected by variations in boundary layer mixing over land and associated vertical
temperature strati�cation under different PBL schemes.
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1 Introduction

The pre-summer rainy season over southern China
(April—June) is the �rst rainy season on the mainland of China,
which contributes approximately half of the annual precipitation
(Luo et al., 2017) and causes severe �oods or mudslides and large
economic and human losses (Zhou et al., 2003). Heavy rainfall
during the pre-summer rainy season often occurs near the front or
in the warm sector hundreds of kilometers away from the front,
which are regarded as frontal heavy rainfall and warm-sector heavy
rainfall, respectively (Ding, 1994; Luo et al., 2017). Differences and
similarities between the two types of heavy rainfall in South China
are found in their initiation and maintenance mechanisms (Luo,
2017).

Previous studies have documented that the southerly marine
boundary layer jet (BLJ), as one type of low-level jet (LLJ), play an
important role in warm-sector heavy rainfall (Luo et al., 2017; Du
and Chen, 2018; Zhang and Meng, 2018). Du and Chen (2018), Du
and Chen (2019a), Du and Chen (2019b), Du et al. (2020a) and Du
et al. 2022) demonstrated that the spatial structure and temporal
evolution of the BLJ exert a signi�cant in�uence on the convection
initiation and development of warm-sector heavy rainfall. Based on
statistical analysis (Wu et al., 2020; Li and Du, 2021), most warm-
sector heavy rainfall cases are accompanied by the LLJs. Zhang and
Meng (2018) used ensemble sensitivity analyses to examine the
controlling factors of a persistent warm-sector rainfall event over
southern China, and found that the LLJ was essential in rainfall
intensity. In addition, the LLJs interacting with local terrain at the
coastal area and the cold pools are important for the initialization
and maintenance of warm-sector heavy rainfall over southern China
(Wu and Luo, 2016; Du et al., 2020b).

Lack of obvious synoptic-scale forcings (e.g., a front or shear
line), the formation mechanisms of warm-sector heavy rainfall over
southern China have not been well understood compared to frontal
heavy rainfall, and thus its quantitative precipitation forecast (QPF)
skill remains rather low (Luo, 2017; Luo et al., 2017). Ensemble-
based analyses showed that warm-sector rainfall events have a large
ensemble spread, which indicated their limited practical
predictability (Du and Chen, 2018; Zhang and Meng, 2018; Wu
et al., 2020). Zhang and Meng (2019) demonstrated that the
quantitative precipitation forecasting skill in warm-sector heavy
rainfall associated with a LLJ was generally lower than that
without LLJ.

The formation of LLJs is attributed to inertial oscillation
driven by turbulent vertical mixing in the boundary layer
(Blackadar, 1957), diurnal thermal contrast (Holton, 1967)
and their combination (Du and Rotunno, 2014). Since PBL
schemes in the numerical simulation parameterize the vertical
turbulent transport of momentum and heat, different PBL
schemes may produce varying boundary layer structures and
thus affect the simulated performance of LLJs (Salmond and
McKendry, 2005; Steeneveld et al., 2008; Steeneveld, 2014). Smith
et al. (2018) evaluated the WRF model’s ability to simulate

nocturnal LLJs through three common boundary layer
parameterization schemes, and found Quasi-Normal Scale
Elimination (QNSE) run performed slightly better than Yonsei
University (YSU) runs and the Mellor–Yamada Nakanishi Niino
(MYNN) runs. Storm et al. (2009) demonstrated that different
PBL schemes have the capability to capture some essential
characteristics of the observed LLJs, such as location and
timing, while the simulated LLJ wind speeds were sensitive to
the PBL schemes.

A warm-sector heavy rainfall event occurred during
19–20 May 2015 at coast of South China with the maximum
daily rainfall reaching 542 mm (Wu and Luo, 2016), which was
one of the most intense heavy rain events during the pre-summer
rainy season of that year (Luo et al., 2017). The ensemble
forecasts from the European Center for Medium-Range
Weather Forecasts (ECMWF) initialized at 0000 UTC 19 May
or 1200 UTC 19 May completely missed this warm-sector rainfall
event over the east coastal area of Guangdong Province (Shen
et al., 2020). Wu and Luo (2016) analyzed this coastal warm-
sector rainfall event by observations and documented that a
mesoscale boundary, formed between the cold dome and the
warm-and-moist air from the ocean (marine BLJ), caused the
formation and maintenance of the quasi-linear-shaped MCS. Wu
et al. (2020) further studied this same case by ensemble-based
sensitivity analysis on the practical and intrinsic predictability
and demonstrated that a stronger low-level southerly wind
(marine BLJ) over the sea and a considerable surface cooling
over the northern mountains were favorable for the warm-sector
convection initiation. However, how the strength of simulated
upstream marine BLJ in�uences the simulated warm-sector
heavy rainfall event in the WRF model worth further study,
and the response of the BLJ over the South China Sea to the
planetary boundary layer (PBL) parameterization schemes is still
not clear.

The objective of the current study is to examine the
sensitivity of planetary boundary layer parameterization
schemes in simulating warm-sector heavy rainfall over
southern China associated with a marine boundary layer jet.
Data and methodology used in the present study are provided in
Section 2. Section 3 brie�y introduces the warm-sector rainfall
event we studied. The relationships between the BLJ and coastal
warm-sector rainfall under different PBL schemes are
investigated in Section 4. Section 5 presents the sensitivity of
PBL parameterization schemes on the BLJ. Finally, concluding
remarks and discussion are given in Section 6.

2 Data and method

2.1 Observational data

The radar re�ectivity obtained from the S-band weather
radar in Shanwei, Guangdong (station number: Z9660; the red
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asterisk marked in Figure 1A) is utilized to illustrate the
convection initiation and upscale growth in the warm-sector
heavy rainfall event. The precipitation amount at 1-h intervals
from 289 surface weather stations in the analysis domain (Figures
1B, C) are used, and these weather stations are densely
distributed over southern China.

2.2 Numerical model

The Weather Research and Forecasting (WRF) Model
(WRF-ARW, version 4.0) was applied in this study to
simulate the warm-sector heavy-rainfall event. The model is
initialized at 1200 UTC 18 May 2015 with the initial and
lateral boundary conditions every 6 h from National Center
for Environmental Prediction (NCEP) FNL operational global
analysis data with spatial resolutions of 1°. Two model domains
D01 and D02, with a horizontal grid spacing of 12 km and 4 km
respectively, are shown in Figure 1A. The inner domain (D02) is
one-way nested within an outer domain (D01). The vertical grid
in the WRF Model employs 50 pressure levels, and the pressure of
the model top is 50 hPa.

The physical parameterizations used in both two domains
include the Thompson microphysics scheme (Thompson et al.,
2008), the Rapid Radiative Transfer Model for Global Climate
Models (RRTMG) longwave and shortwave radiation schemes
(Iacono et al., 2008), and the uni�ed Noah land surface model
scheme (Livneh et al., 2011). The Kain–Fritsch convection
parameterization scheme (Kain, 2004) is used in D01 but not
applied in D02. This model con�guration is commonly used in
this area and achieves good performance in simulating heavy
rainfall events (Du and Chen, 2019a).

The PBL parameterization schemes and associated surface
layer schemes are varied in the simulations. Six PBL schemes
were applied to examine the sensitivity of the PBL schemes,
including 1) the Mellor-Yamada-Janjic PBL Scheme (MYJ)
(Janji�, 2002), 2) the Yonsei University PBL Scheme (YSU)
(Hong et al., 2006), 3) Mellor–Yamada Nakanishi Niino
(MYNN) Level 2.5 PBL Scheme (Nakanishi and Niino,
2006), 4) Asymmetric Convection Model 2 PBL Scheme
(ACM2) (Pleim, 2007a; Pleim, 2007b), 5) Bougeault-
Lacarrere PBL Scheme (BouLac) (Bougeault and Lacarrere,
1989), and 6) University of Washington (UW) Boundary
Layer Scheme (Bretherton and Park, 2009). MYJ scheme is
applied with associated MYJ surface layer scheme, while the
other �ve PBL schemes are used with revised MM5 Monin-
Obukhov surface layer scheme (Jiménez et al., 2012). MYJ
scheme, MYNN2.5 scheme, BouLac scheme and UW scheme
are local schemes, while YSU scheme and ACM2 scheme are
non-local scheme. Considering YSU scheme is widely used to
simulate warm-sector heavy rainfall events and boundary
layer jet over Southern China (Zhang and Meng, 2019;
Dong et al., 2020; Du et al., 2014; Du et al., 2020), and the
warm-sector heavy rainfall event we studied was well
simulated with YSU scheme, the YSU scheme is regarded
as a control run in the present study.

2.3 Momentum balance analysis

The momentum balance analysis is conducted to investigate
the controlling forcings that cause the difference of simulated LLJ
by various boundary layer schemes. The horizontal momentum
equation can be written as

FIGURE 1
(A) Domain con�gurations of D01 and D02 and terrain height (units: m, shaded). The circle with a radius of 230 km is centered at the S-band
weather radar in Shanwei; (B) Horizontal distribution of accumulated rainfall (mm, colored dots) during 1200 UTC 19 to 0000 UTC 20 May
2015 based on surface observations from surface weather stations; (C) Horizontal distribution of 6-h accumulated rainfall (mm, colored dots) during
1500 UTC 19 to 2100 UTC 20 May 2015. The location of colored dots represents the location of these weather stations. Grey shading represents
topography height (m), and Mount Lianhua and Mount Emeizhang are labeled.
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Where the local acceleration of the x and y wind component
(term I) could be decomposed into horizontal advection (term
II), the Coriolis force acting on ageostrophic wind (term III), and
the residual in the x and y directions (term IV).

Since the LLJ’s direction is not along the x or y direction, the
horizontal momentum from (x, y) coordinates are transformed
into right-hand coordinates (x’, y’), with the y’ axis pointing to
the LLJ’s direction (Zhang et al., 2003; Du et al., 2014). In this
way, the wind speed in the y’ axis direction could be written as

v� � u sin � + v cos � (2.3)

where � is the angle between the y’ axis and the y axis.
The momentum balance in the y’ direction (along the LLJ’s

direction) can be written as:

Term I �
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zt

sin � +
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zt

cos � (2.4)

Term II � �u
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� � sin � + �u
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� � cos � (2.5)

Term III � f v � vg� � sin � � f u � ug� � cos � (2.6)

Term IV � Fx sin � + Fy cos � (2.7)

3 Case overview

On 19–20 May 2015, a warm-sector heavy rainfall event
occurred along the coastal area of Guangdong province
(Figure 1B and Figure 2). This heavy rainfall was mainly
maintained during 1200 UTC 19 May to 0000 UTC 20 May
(Wu et al., 2020), with the 12-h accumulated precipitation
(1200 UTC 19-0000 UTC 20 May) exhibits a west-east-
oriented precipitation area to the south of the Mount Lianhua
where rainfall amounts at 21 stations exceed 100 mm (Figure 1B).

Figure 2 presents the temporal evolution of the composite
radar re�ectivity observed by the Shanwei S-band radar. The
convection was initiated (composite radar re�ectivity exceeds
35 dBZ) after sunset at around 1200 UTC 19 May (Figure 2A),
and developed into a quasi-stationary well-de�ned nocturnal
rain band along the coast and over the south of the Mount
Lianhua (Figures 2B–F), leading to persistent local rainfall for
more than 12 h. During this rainfall event, a boundary layer jet at
925 hPa was present over South China Sea (Shen et al., 2020), and
yields a wind-speed convergence zone near the coast, where the

FIGURE 2
(A–F) Temporal evolution of composite radar re�ectivity (unit: dBZ, shaded) from the S-band radar from 1200 UTC 19 May to 2100 UTC 19 May.
Contour lines represent topography height in an interval of 100 m.
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warm-sector heavy rainfall mainly occurs (Wu et al., 2020). More
detailed descriptions on this case have been introduced by Wu
and Luo (2016) and Wu et al. (2020).

4 Variations of LLJ and rainfall with
PBL schemes and their relationship

Figure 3 shows the temporal evolution of simulated radar
re�ectivity simulated by the YSU scheme. Similar to the
observations, the simulated warm-sector convection was
triggered over the south of the Mount Lianhua, with the radar
re�ectivity greater than 30 dBZ at 1200 UTC 19 May, and then
was developed and maintained near the coastal terrain. The
initiation and maintenance of the warm-sector heavy rainfall
can be well captured by the YSU scheme, although the simulated
radar re�ectivity is weaker than the observations (Figure 2).

The variations in the 6-h accumulated precipitation from
1500 UTC to 2100 UTC 19 May, which is the most obvious
period of precipitation, among the six runs with different
boundary layer parameterization schemes (YSU, MYJ,
MYNN2.5, ACM2, BouLac, and UW) and the observations
greater than 25 mm (black dots) are presented in Figure 4.
The ACM2 run did not simulate the warm-sector rainfall at

all without convection initiation (Figure 4D), while simulated
rainfall in the UW run is much weaker and tends to further north
(Figure 4F). Except for the ACM2 and UW runs, other sensitivity
runs (MYJ, MYNN, and BouLac) generally reproduce the warm-
sector coastal heavy rainfall as the control run with 6-h
accumulated precipitation over 50 mm (Figures 4A–C, E). The
equitable threat scores (ETS) with 25-mm threshold and a radius
of 20 km (5 grid points) of 6-h accumulated precipitation
simulated by six schemes are calculated through a
neighborhood-based method (Clark et al., 2010; Zhang and
Meng, 2019). If an event is observed at a grid point, this grid
point is a hit if the event is forecast at any grid point within a
circular radius. Unlike the traditional point-to-point criteria, the
neighborhood-based criteria avoids the punishment of small
displacement errors in decent forecasts (Ebert 2008; Squitieri
and Gallus 2016). Result shows that the ETS of YSU scheme
(0.75) is not only signi�cantly greater than that of ACM2 scheme
(0.0) and UW scheme (0.0), but also slightly higher than the ETS
of MYJ scheme (0.44), MYNN scheme (0.30) and BouLac scheme
(0.52). Therefore, the simulation by YSU scheme is reasonable to
select as the control run in this study.

Previous studies have documented that the warm-sector
heavy rainfall over southern China is closely related to the
marine BLJ (Zhang and Meng, 2018; Wu et al., 2019; Zhang

FIGURE 3
As in Figure 2, but simulated by the YSU scheme. Contour lines represent topography height in an interval of 100 m.
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and Meng, 2019; Du et al., 2020a). Therefore, variations in the
950-hPa horizontal wind �eld simulated by different boundary
layer parameterization schemes are examined (Figure 5). All
sensitivity runs with different boundary layer schemes can
successfully simulate the BLJ over South China Sea with wind
speed greater than 12 m s�1 but with different intensity. Among
those sensitivity experiments, the ACM2 run simulates the
weakest BLJ with the maximum wind speed less than 17 m s�1

(Figure 5D), while the UW run simulates the strongest BLJ with
the wind speed over large area greater than 18 m s�1 (Figure 5F).
The coastal heavy rainfall was not well reproduced in the both
runs (ACM2 and UW, Figure 4).

The temporal evolution of area-averaged wind speed
among different PBL schemes is further presented in
Figure 6. Since the location of low-level jet varies in
different PBL schemes, the analysis region (black box in
Figure 5) was selected to cover the center of maximum wind
speed as much as possible in all schemes. Similarly, the
simulated BLJ intensity undergoes strongest or weakest
during the most analysis period in the UW (black line in
Figure 6) or ACM2 (red line in Figure 6) runs, respectively.
Next, we will explore whether the strongest or weakest BLJs
simulated by the UW scheme and the ACM2 scheme leads to
their poor ability to simulate the initiation and maintenance
of warm-sector heavy rainfall event. Therefore, the following

research mainly focus on the comparison of YSU scheme,
ACM2 scheme and UW scheme in details.

In order to investigate the reasons of the poor ability to
simulate the initiation and maintenance of the warm-sector
heavy rainfall between the ACM2 and UW runs, the difference
of speci�c humidity at 950 hPa in the ACM2 scheme or the UW
scheme and the YSU scheme are compared in Figure 7. Compared
with the YSU run, the speci�c humidity over the south side of
coastal terrain in the ACM2 run is apparently smaller by 1.5 g kg�1

(Figure 7A), which is not favorable for convection initiation. On
the contrary, the speci�c humidity around the coastal terrain in the
UW run is larger than that in the YSU run by 0.6 g kg�1, especially
in the leeward slope of the coastal terrain (Figure 7B) due to the
stronger upstream BLJ over the South China Sea.

Furthermore, the vertical cross section of vertical motion
around the rainfall center (along the black line in Figure 7A) are
shown in Figure 8 at 1300 UTC 19 May. In the YSU run, the
vertical cross section shows upward motions on the windward
slope of coastal terrain (Figure 8A), and turn to downward
motion near the mountain top and leeward slope. The
difference in meridional wind and vertical motion between
the ACM2 run and control run (Figure 8B) shows that the
low-level meridional winds in the ACM2 run is weaker than
those in the YSU scheme at around 22.8°N–23.2°N, leading to the
weaker upward motion near the coastal area (Figure 8B). The

FIGURE 4
The simulated 6-h accumulated rainfall amount (shaded, mm) form 1500 UTC to 2100 UTC 19 May in the (A) YSU, (B) MYJ, (C) MYNN, (D) ACM2,
(E) BouLac and (F) UW run. Black dots represent observed 6-h accumulated rainfall greater than 25 mm.
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upward motions in the ACM2 run are located over the sea at
around 22.5°N–22.8°N (Figure 8B), where downward motions
occur in the YSU run (Figure 8A). On the contrary, the low-level
meridional winds simulated by the UW scheme is stronger than

those in the YSU run, causing stronger upward motions in the
upslope of the coastal terrain at 23.2°N (Figure 8C).

The insuf�cient speci�c humidity and upward motion in the
ACM2 run indicated unfavorable conditions for the initiation of
warm-sector rainfall, while the suf�cient water vapor and
stronger upward motion in the UW run should be bene�cial
to convection initiation and growth. However, the precipitation
simulated by the UW scheme is much weaker and occurs to
further north compared to the control run. Figure 9 presents the
temporal evolution of radar re�ectivity simulated by the UW
scheme. Compared with the YSU scheme (Figure 3), the UW run
can successfully trigger convection with the maximum radar
re�ectivity greater than 35 dBZ at 1,200–1300 UTC 19 May
(Figures 9A, B), which is even stronger than that in the YSU
run. However, after 1500 UTC 19 May, the UW run could not
successfully capture the development and maintenance of
convection in the windward slope of coastal terrain (Figures
9C–F). At 2100 UTC 19 May, the simulated warm-sector rainfall
in the UW run developed and got matured on the lee side of
Mount Emeizhang, with the maximum radar re�ectivity of
55 dBZ. Different from the UW run, both the radar
re�ectivity observed by Shanwei S-band weather radar and
simulated in the YSU run show that the convection is

FIGURE 5
The 950-hPa horizontal wind �eld simulated by the (A) YSU, (B) MYJ, (C) MYNN, (D) ACM2, (E) BouLac and (F) UW scheme.

FIGURE 6
Temporal evolution of area-averaged 950-hPa wind speed
over the black box in Figure 5A of different boundary layer
schemes form 1200 UTC 18 May to 1800 UTC 19 May.
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maintained locally and con�ned along the coast, especially over
the southern windward slope of Mount Emeizhang (Figures
2C–F; Figures 3C–F).

Previous studies have documented that the cold pool
generated by convection (during 0500 UTC to 1100 UTC
19 May, not shown) is an important factor for the locally
development and maintenance of rainstorm over the
windward slope of coastal terrain (Wu and Luo, 2016).
The cold pools simulated by the UW and YSU scheme are
further compared in Figure 10. Cold pool is identi�ed as
thermal buoyancy, B � g(�v � �v)/�v (Du et al., 2020b), where
g is the acceleration of gravity (m*s�2), �v is the virtual

potential temperature (K), and �v is the area-averaged
virtual potential temperature (K). The results show that
the strength and location of the cold pools (red circles in
Figure 10) in the UW and YSU runs are similar at 1200 UTC
19 May, with the thermal buoyancy over the south of the
Mount Lianhua reaches �0.03 m s�2 (Figures 10A, B).
However, at 2100 UTC 19 May, the cold pool simulated by
the two schemes showed a signi�cant difference. The cold
pool in the YSU run still anchors over the south side of Mount
Lianhua and the upwind slope of Mount Emeizhang (labeled
in Figure 10), whereas the cold pool in the UW run moves to
the lee side of Mount Emeizhang.

FIGURE 7
Difference of 950-hPa speci�c humidity at 1200 UTC 19 May between (A) the ACM2 scheme and YSU scheme, (B) the UW scheme and YSU
scheme.

FIGURE 8
Vertical cross section of vertical motion (shading; m s�1) and wind vectors (meridional wind vs. 100 × vertical motion) along the black line in
Figure 7A at 1300 UTC 19 May of (A) the YSU scheme, (B) between the ACM2 scheme and YSU scheme, and (C) the UW scheme and YSU scheme.
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Vertical cross sections of the thermal buoyancy and vertical
motion along the black line in Figure 10 at 2100 UTC 19 May
are further shown in Figure 11 to illustrate the uplift effect at
the leading edge of the cold pool. In the YSU run, the south
edge of the cold pool and related vertical motion expand
southeastward to 23.1°N. In contrast, the south edge of the
cold pool and strong upward motion simulated in the UW run
are located to farther north (23.2°N). Since the BLJ in the UW
run is stronger, the cold pool generated by previous convection
moved to the northeastward accompanied by the southwesterly
BLJ, rather than maintained locally. Therefore, at around
2100 UTC 19 May, the warm-sector heavy rainfall
simulated in the UW run developed on the lee side of
Mount Emeizhang.

5 Sensitivity of PBL parameterization
schemes on LLJ

As mentioned in the previous section, the BLJ intensity has
an important in�uence on the occurrence and development of
the warm-sector rainfall. Thus, the sensitivity of different
boundary layer parameterization schemes on the BLJ intensity
will be further discussed in this section.

Figure 12 shows the 950-hPa geostrophic and ageostrophic
winds at 1200 UTC 19 May simulated by different boundary
layer schemes (YSU, ACM2, and UW). The geostrophic winds
are obtained from the smoothed geopotential height by
applying a low-pass Barnes’s �lter (Barnes, 1964), and the
ageostrophic winds are calculated by subtracting the
geostrophic winds from �ltered total wind (Zeng et al.,
2019; Du et al., 2020a). Due to the small area of inner
domain (D02), proper �ltered results cannot be obtained
from D02. Thus, �ltered geostrophic and ageostrophic
winds are obtained from D01 instead. A low-pressure
vortex (red box in Figures 12A, D) occurred over the
eastern coastal area, and the BLJ was located on the
southwest of the vortex. The vortex intensity is varied
among the three sensitivity experiments. The vortex
simulated by the UW scheme is strongest with a largest
area of the geopotential height lower than 475 geopotential
meters at 950 hPa, and the minimum geopotential height
reaches 470 geopotential meters. The corresponding
southwesterly geostrophic and nearly southerly
ageostrophic wind over the southwest or south side of the
vortex (especially over the South China Sea) become strongest
in the UW run. On the contrary, the vortex simulated by the
ACM2 scheme becomes weakest, with the minimum

FIGURE 9
As in Figure 3, but simulated by the UW scheme.
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geopotential height of 477.3 geopotential meters. Accordingly,
the geostrophic and ageostrophic winds associated with the
vortex are weakest in the ACM2 run. As for the YSU scheme,
the intensity of the geostrophic wind, ageostrophic wind and
vortex is between the ACM2 scheme and UW scheme.

Furthermore, the momentum budgets at 950 hPa over the
BLJ region are calculated for the different sensitivity experiments,
as shown in Figure 13. The local acceleration of the BLJ in the
UW run (black line in Figure 13A) is apparently larger than that
in the YSU run and in the ACM2 run especially during 2000 UTC
18 May to 1000 UTC 19 May (between the two dash lines in
Figure 13A), and the ACM2 run presents the minimum local
acceleration (red line in Figure 13A). Hence, individual terms in
the horizontal momentum equation are calculated averaged over
2000 UTC 18 May to 1000 UTC 19 May. It is found that the
smaller (larger) effect of Coriolis force on ageostrophic wind is
one of reasons for the weaker (stronger) BLJ simulated by the
ACM2 scheme (UW scheme) (Figure 13B). The veering
ageostrophic winds are found in the three sensitivity
experiments but with different rotation amplitudes
(Figure 13C). The results above indicate the role of inertial
oscillation, which makes the ageostrophic winds gradually

veer to southwesterly that is the direction of the BLJ. The
strongest inertial oscillation in the UW run leads to the
strongest BLJ. In addition to the inertial oscillation, the
horizontal advection also contributes to the difference of the
BLJ intensity. Since the low-pressure vortex moves from west to
east (black spots in Figures 12D–F), the effect of horizontal
advection is attributed to the movement of the vortex.

The differences in the vortex intensity simulated by different
boundary layer schemes might be caused by varying turbulence
intensity. The vertical velocity variance �2

w is used to measure the
stability of the boundary layer (Bonin et al., 2015; Bonin et al.,
2020). Small �2

w indicates weak turbulent mixing and stable
boundary layer. Figure 14 shows the evolution of �2

w below
1.5 km over the land of the domain 2 calculated from vertical
velocity with temporal resolutions of 6 min. During
0000–2000 UTC 19 May, �2

w of the ACM2 scheme is smaller
than that of the YSU scheme, indicating weaker turbulent mixing
intensity of the ACM2 scheme (Figure 14B). Thus, the higher
temperature near the surface layer cannot be fully mixed with the
lower temperature in the upper layer during the daytime,
resulting in a larger vertical temperature gradient
(Figure 15A). On the contrary, �2

w of the UW scheme is larger

FIGURE 10
Thermal buoyancy (shaded) with wind vectors at 250 m in the (A,C) YSU scheme run, (B,D) UW scheme run at (A,B) 1200 UTC 19 May and (C,D)
2100 UTC 19 May.
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FIGURE 11
Vertical cross sections of thermal buoyancy (shading; ms�2) and wind vectors (meridional wind vs. 100 times of vertical motion) at 2100 UTC
19 May in the (A) YSU scheme run and (B) UW scheme run.

FIGURE 12
Horizontal distributions of (A,C) geostrophic wind and (D–F) ageostrophic wind velocity (shading; ms�1) and wind vectors at 950 hPa at
1200 UTC 19 May in the (A,D) YSU scheme run, (B,E) ACM2 scheme run and (C,F) UW scheme run. Black spots in Figures 12D–F represent the
minimum geopotential height of the vortex at 0000 UTC, 0600 UTC and 1200 UTC 19 May in the YSU scheme run, ACM2 scheme run and UW
scheme run, respectively.
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FIGURE 13
(A) Temporal evolution of the local acceleration of the BLJ (winds at 950 hPa) simulated by different PBL schemes, (B) individual terms in the
horizontal momentum equation at the 950-hPa level averaged over 2000 UTC 18 May to 1000 UTC 19 May, and (C) clockwise rotation of mean 950-
hPa ageostrophic wind, averaged over the black box in Figure 5A.

FIGURE 14
Temporal evolution of the vertical velocity variance �2

w during 0000-2000 UTC 19 May in (A) the YSU scheme, (B) the differences of �2
w between

the ACM2 scheme and YSU scheme, and (C) between the UW scheme and YSU scheme; (D) The evolution of wind tendencies in the x and y direction
due to PBL Parameterization (YSU scheme, ACM2 scheme and UW scheme) averaged over the land of domain 2 below 1 km height.
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than that of the YSU scheme, indicating stronger turbulent
mixing intensity (Figure 14C) and thus smaller vertical
temperature gradient in the UW run (Figure 15A).
Figure 15A shows that the differences of strati�cation are not
only located in the lower levels, but only can well extend above
6 km, and the results of �2

w above 1.5 km is consistent well with
that below 1.5 km. Considering the reason of the PBL schemes
itself, the YSU scheme is a non-local PBL scheme with an explicit
treatment entrainment process at the top of the PBL (Hong et al.,
2006), the ACM2 scheme is a hybrid local-nonlocal scheme with
non-local upward mixing and local downward mixing, and extra
considers the interaction between the lowest layer and each and
every layer above (Pleim, 2007a; Pleim, 2007b). That means the
PBL schemes could not only affect the lower levels below the
planetary boundary layer, but also could affect the mid-to higher
levels.

The wind tendencies contributed by PBL
parameterization are also used to estimate turbulent
mixing intensity directly. The wind tendencies in the x and
y directions are averaged over the land of domain 2 below
1 km height. Figure 14D shows that the negative wind
tendencies in the UW (ACM2) scheme are more (less)
apparent compared to the YSU scheme, especially during
the daytime (0000 UTC 19 May to 1200 UTC 19 May). The
results indicate that PBL schemes produce weakest turbulent
mixing in ACMs and strongest turbulent mixing in UW,
which is consistent well with �2

w.
Furthermore, varying temperature strati�cation caused by

the boundary layer turbulent mixing can affect the intensity of
low-pressure vortex. Compared to the YSU scheme, the lower
temperature at the upper layer due to the weaker turbulent

mixing of the ACM2 scheme (Figure 15A) mainly accounts
for the weaker low-pressure disturbance at 950 hPa simulated
by ACM2 scheme. The change of geopotential height (z) can be
expressed as (Markowski and Richardson, 2010):

zz Pb( )
zt

�
zz Pt( )

zt
� �

Rd

g
�

Pb

Pt

zTv

zt
d ln P,

where pt and pb are pressure levels at the top and bottom, and Tv

is the virtual temperature. Assuming that zz(Pt)
zt � 0, the equation

then can be simpli�ed as zz(Pb)
zt � �Rd

g �Pb

Pt

zTv
zt d ln P. Since the

initial conditions [z(Pb)] for different boundary layer schemes
are same, the comparisons in the change of geopotential height
for different boundary layer schemes can be simpli�ed as the
comparisons in �Rd

g �Pb

Pt
Tvd ln P, which means the change of

geopotential height is closely related to the temperature
strati�cation. The result calculated by the equation
�Rd

g �Pb

Pt
Tvd ln P at 0900 UTC 19 May for the different

boundary layer parameterization schemes are shown in
Figures 15B, C, where Pb is set to 950 hPa and Pt is set to the
pressure of the model top (50 hPa).

Because of the larger (small) vertical temperature gradient in
ACM2 (UW) scheme (Figure 15A), the negative change of
geopotential height above 950 hPa simulated by the ACM2
(UW) scheme is less (more) than that in YSU scheme
(Figures 15B, C), resulting in a weaker (stronger) low-pressure
vortex simulated by the ACM2 (UW) scheme.

The reason from the PBL schemes itself might play an
important role in BLJ formation. The UW scheme is
characterized by the use of moist-conserved variables, an
explicit entrainment closure, downgradient diffusion of
momentum, and conserved scalars within turbulent layers

FIGURE 15
(A) Vertical pro�le of the difference of temperature between the ACM2 scheme and YSU scheme (purple line), and between UW scheme and
YSU scheme (orange line) averaged over the low-level disturbance (red box in Figure 12D) at 0900 UTC 19 May; and the differences of �Rd

g �Pb

Pt
Tvd ln P

(m) at 0900 UTC 19 May (B) between the ACM2 scheme and YSU scheme, and (C) between the UW scheme and YSU scheme.
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(Bretherton and Park, 2009), so the entrainment
parameterization of the UW moist turbulence scheme and
the updraft microphysics can be easily extended (Park and
Bretherton, 2009), indicating stronger turbulent mixing
intensity. Yang et al. (2013) also documented that the UW
scheme with a moist turbulence parameterization overpredict
the height of the low-level jet and the wind speed. The
turbulent mixing intensity of the ACM2 scheme is relative
weak in this case, so the higher temperature near the surface
layer cannot be fully mixed with the lower temperature in the
upper layer during the daytime, resulting in a weaker vortex
and further smaller effect of Coriolis force on ageostrophic
wind. According to Hong et al. (2006), the YSU scheme
decreases boundary layer mixing in the mechanically
induced forced convection regime, so that the excessive
mixing in the mixed layer in the presence of strong winds
is resolved. Jiménez et al. (2012) also documented that an
increase in Prandtl number for unstable conditions is utilized
the YSU scheme, which will result in weaker mixing during
daytime. Under these circumstances, the turbulent mixing
intensity simulated by YSU scheme is weaker than that in UW
scheme in this study, resulting in weaker BLJ compared with
that in UW scheme.

6 Summary and discussion

In this study, the WRF model is used to investigate the
sensitivity of planetary boundary layer (PBL) parameterization
schemes in simulating boundary layer jet (BLJ) over South China
Sea and its downstream warm-sector heavy rainfall during
19–20 May 2015 at the coast of South China.

Six PBL parameterization schemes are examined in the
present study including YSU, MYJ, MYNN, ACM2, BouLac,
and UW. Expect for the ACMs and UW schemes, YSU, MYJ,
MYNN, and BouLac schemes can generally simulate the
warm-sector coastal heavy rainfall with 6-h accumulated
precipitation exceeding 50 mm. No convection initiation is
found in the ACM2 run, while simulated coastal rainfall is
relatively weak and occurs to further north in the UW run.

All the six boundary layer schemes can simulate the
boundary layer jet over the South China Sea with a wind
speed greater than 12 m s�1 at 950 hPa, but with the varying
jet’s intensity. The ACM2 run simulates the weakest BLJ, while
the UW run produces the strongest BLJ among the sensitivity
experiments.

Compared with the YSU run, the weaker BLJ induces
weaker convergence and lifting as well as less water vapor
transport over the south side of Mount Lianhua in the
ACM2 run, which are not favorable for the convection
initiation and growth. On the contrary, the UW scheme
can successfully simulate the convection initiation of warm-
sector heavy rainfall on the south side of mountains with a

maximum radar re�ectivity of 35 dBZ, but the development
and maintenance of convection in upwind side of Mount
Emeizhang are not well preformed. The too strong BLJ in
the UW run results in the northward movement of the cold
pool associated with convection, and thus yields the
development of convection on the leeside of Mount
Emeizhang.

Variations in boundary layer mixing over land among different
PBL schemes results in different vertical temperature strati�cation and
further affects the intensity of low-pressure vortex at low levels. The
weaker (stronger) mixing intensity of ACM2 scheme (UW scheme)
induces the weaker (stronger) low-pressure vortex. Furthermore, the
varying intensity of the low-pressure vortex with different PBL
schemes causes different strength of BLJs on the south side of the
vortex through veering ageostrophic wind.

The sensitivity of different PBL schemes in precipitation has
been widely discussed in previous studies. The evolution of
convective systems and associated rainfall is found to be
highly sensitive to the PBL parameterization (Xu and Zhao,
2000; Que et al., 2016). Previous studies have also pointed out
high sensitivity of simulated heavy rainfall in South China to the
PBL schemes (Cai et al., 2005; Zhao, 2008; Dong et al., 2019). The
different boundary layer schemes cause varying divergence �elds,
and further affect the rainfall forecasting performance in South
China (Cai et al., 2005). However, few studies have focused on the
sensitivity of the BLJ over the South China Sea to the PBL
parameterization, even if it is known that the southerly
marine BLJ plays an important role in warm-sector coastal
heavy rainfall (Luo et al., 2017; Du and Chen, 2018; Zhang
and Meng, 2018). Thus, we innovatively regard the BLJ as a
bridge to explore the effects of PBL schemes on the heavy rainfall
associated with BLJs. The results can also implicit the in�uence
mechanisms of BLJs on heavy rainfall from a perspective of
numerical simulations and forecasts.

In summary, the present study suggests that simulated
marine boundary layer jet over the South China Sea and
associated precipitation are sensitive to the PBL schemes.
However, it is unreasonable to conclude that one particular
scheme is better or worse than others on simulating warm-
sector heavy rainfall only through a case study. Besides, the
initial perturbations and lateral boundary conditions were also
sensitive to heavy rainfall events. Therefore, we plan to simulate
more similar warm-sector heavy rainfall events associated with a
marine boundary layer jet over southern China, to statistically
study which boundary layer scheme is the best on simulating
warm-sector heavy rainfall event in South China.
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