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ABSTRACT

Convection-permitting numerical experiments using the Weather Research and Forecasting (WRF) Model
are performed to examine the diurnal cycles of land and sea breeze and its related precipitation over the south
China coastal region during the mei-yu season. The focus of the analyses is a 10-day simulation initialized with
the average of the 0000 UTC gridded global analyses during the 2007-09 mei-yu seasons (11 May-24 June)
with diurnally varying cyclic lateral boundary conditions. Despite differences in the rainfall intensity and
locations, the simulation verified well against averages of 3-yr ground-based radar, surface, and CMORPH
observations and successfully simulated the diurnal variation and propagation of rainfall associated with the
land and sea breeze over the south China coastal region. The nocturnal offshore rainfall in this region is found
to be induced by the convergence line between the prevailing low-level monsoonal wind and the land breeze.
Inhomogeneity of rainfall intensity can be found along the coastline, with heavier rainfall occurring in the
region with coastal orography. In the night, the mountain—plain solenoid produced by the coastal terrain can
combine with the land breeze to enhance offshore convergence. In the daytime, rainfall propagates inland
with the inland penetration of the sea breeze, which can be slowed by the coastal mountains. The cold pool
dynamics also plays an essential role in the inland penetration of precipitation and the sea breeze. Dynamic
lifting produced by the sea-breeze front is strong enough to produce precipitation, while the intensity of
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precipitation can be dramatically increased with the latent heating effect.

1. Introduction

The land and sea breeze is a localized circulation driven
by the diurnal varying differential heating between land
and ocean. This phenomenon can be found in almost every
coastal area around the world from the tropics (e.g., Qian
2012) to the polar regions (e.g., Bromwich et al. 2005).
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Nowadays, more than 40% of the world population lives
within 150km of the coastline; thus the land- and sea-
breeze circulations may have a huge impact on air pollu-
tion (e.g., Zhang et al. 2007), precipitation (e.g., Mapes
et al. 2003a,b; Warner et al. 2003), and local climate (e.g.,
Dai et al. 1999) over these regions. The physical mecha-
nisms and dynamical features of the land and sea breeze
have been well studied in the literature (e.g., Crosman and
Horel 2010; Rotunno 1983). Although the differential heat
capacity of land and ocean is the fundamental driving force
of land and sea breeze, other geophysical variables like
latitude dependence (e.g., Rotunno 1983), ambient wind
(e.g., Qian et al. 2009), shoreline curvature (e.g., Baker
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et al. 2001), inland terrain (e.g., Qian 2012), atmospheric
stability (e.g., Walsh 1974), land cover (e.g., Zhang et al.
2005), land use (e.g., G. Chen et al. 2015), and the urban
heat island circulation (e.g., Freitas et al. 2007) can also
dramatically influence the characteristics of the land and
sea breeze. In consequence, the land- and sea-breeze cir-
culations often vary markedly from region to region.
Diurnal variation of coastal rainfall produced by the land
and sea breeze has also been the subject of many past
studies (e.g., Burpee and Lahiffi 1984; T.-C. Chen et al.
2014; Zhang et al. 2005), given its significance on coastal
weather and climate as well as on human activities. Ther-
mal circulations related to the land and sea breeze can
collapse into fronts with potent updrafts along and ahead of
the front surfaces (Fovell 2005). When these fronts are
lifted by inland terrains (Wang and Kirshbaum 2015) or
collide with other boundary layer convergence lines, such
as gust fronts (Kingsmill 1995), they can produce intense
precipitation and bring extreme meteorological disasters to
coastal areas. Meanwhile, latent heating/cooling from
precipitating clouds can feed back to the progression and
characteristics of the land and sea breeze (e.g., Segal et al.
1986). The land and sea breeze may also induce rainfall far
away from the coastline, such as nocturnal offshore con-
vection produced by the convergence line between the land
breeze and prevailing onshore wind (Houze et al. 1981; Yu
and Jou 2005) and gravity waves (Mapes et al. 2003a).
Several field campaigns were designed to better un-
derstanding of coastal rainfall produced by land- and
sea-breeze circulations, such as the BMRC Australian
Monsoon Experiment (AMEX; Holland et al. 1986), the
Land/Sea Breeze Experiment (LASBEX; Banta et al.
1993), the Convection and Precipitation/Electrification
Experiment (CaPE; Atkins et al. 1995), and the Dominica
Experiment (DOMEX; Wang and Kirshbaum 2015)
based on observations from sounding, aircraft, and
Doppler lidar. Complimentary insights also come from
extensive statistical and climatological studies. Burpee
and Lahiffi (1984) used the 3-yr standard surface, upper-
air, precipitation, and satellite data to investigate the
area-average rainfall variations on sea-breeze days in
south Florida. They found that sea breeze can strongly
modulate the development of deep convection and
produces a sharp midafternoon peak in rainfall. Based
on 10 yr of surface rainfall observations, Kousky (1980)
found most coastal areas of northeast Brazil have a
nocturnal peak in rainfall activity, which is likely at-
tributable to the convergence between the mean on-
shore flow and offshore land breeze. Kishtawal and
Krishnamurti (2001) examined the diurnal cycle of
summer rainfall over Taiwan using long-term TRMM
Microwave Imager (TMI) observations. They pointed
out that the increase of convective activity during the
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late afternoon over Taiwan may be induced by local-
ized mass convergence caused by the sea breeze.

However, observations alone may not be sufficient to
elucidate all thermodynamic and dynamic processes of
the land and sea breeze related to recurring rainfall.
Numerical models are often used to simulate and un-
derstand the physical mechanisms (e.g., Mapes et al.
2003a). For example, Silva Dias and Machado (1997)
used a two-dimensional nonhydrostatic model to com-
pare the development of convection on days with and
without the sea breeze in Sao Paulo, Brazil. Rao and
Fuelberg (2000) focused on the role of Kelvin—-Helmholtz
(KH) instability in determining the time and location of
convection behind the sea-breeze front over Cape Can-
averal, Florida. Baker et al. (2001) coupled the atmo-
sphere and land surface models to identify the roles of
initial soil moisture, coastline curvature, and land-breeze
circulations on sea-breeze-initiated precipitation over
central Florida. Wapler and Lane (2012) investigated a
case of offshore convective initiation by interacting land
breezes near Darwin, Australia, using convection-
permitting simulations and observation data.

The south China coastal region is one of the maximum
rainfall centers in China during the warm season (Luo
et al. 2013; Xu et al. 2009). Affected by the coastal terrain,
land-sea contrast, and monsoon flow, the diurnal vari-
ability of precipitation in the region becomes very com-
plex and is probably produced by various physical
processes (e.g., Chen 2009). Through long-term surface
(e.g., Yuet al. 2007), satellite (e.g., Chen et al. 2009; Chen
2009), and radar (X. C. Chen et al. 2014, 2015, hereafter
C15) observations, diurnal variations of coastal rainfall in
the region have been studied extensively in the literature.
Results show that the rainfall diurnal variations have
profound seasonality (Chen 2009). During late summer
(July and August), rainfall occurs mostly in the early af-
ternoon because of the solar heating effect. While, during
the mei-yu season (May to June, also called the pre-
summer rainy season of south China), rainfall also occurs
frequently from midnight to the morning (X. C. Chen et al.
2014). Using 3 yr of radar observations, C15 found that the
diurnal cycle of precipitation during the mei-yu seasons is
closely related to the land- and sea-breeze circulations. The
offshore convergence between the land breeze and prevailing
onshore monsoon wind initiates an offshore rainfall line
during early night, and this rainfall line is pushed to inland
areas by a sea-breeze front during daytime. However, be-
cause of the limitations in observations, several key questions
remain to be further explored beyond C15, which are the
focus of the current modeling study: What are the diurnal
variations and vertical structure of the land and sea breeze
over this region? What kind of impact does the coastal terrain
have on the land and sea breeze and its related rainfall? Will
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the related rainfall influence the propagation and intensity of
the land and sea breeze as a feedback? In this paper, com-
plimentary to the observational study of C15, numerical
simulations with the Weather Research and Forecasting
(WRF) Model will be employed to answer these questions.
Through both control and sensitivity tests, the impacts of
coastal mountains, the cold pool dynamics (induced by
evaporative cooling of rainfall), and latent heating effects on
the land and sea breeze and its related precipitation, diurnal
variations will also be investigated. The experimental de-
sign is described in section 2. Section 3 presents an over-
view of the simulations and a comparison with the
observations. The impact of coastal terrain on the land and
sea breeze and rainfall is discussed in detail in section 4,
and the impact of latent heating and cooling effects on the
development of daytime rainfall is reported in section 5.
Section 6 gives the concluding remarks of the study.

2. Numerical model and experimental design

The Advanced Research WRF Model (Skamarock
et al. 2008), version 3.7, is used for this study. Simulations
are performed over a single domain that covers most of
the south China coastline with 139 X 199 horizontal grid
points and 4-km grid spacing (Fig. 1a). There are 50 ver-
tical levels with the top at 50 hPa and a 5-km sponge layer
within the upper part of the model domain. The wind and
temperature fields have been relaxed in the sponge layer.
An additional experiment raising the top to 10 hPa with an
8-km sponge layer resulted in no apparent difference in
simulation results (not shown). In C15, Guangzhou op-
erational radar data were used to investigate the diurnal
cycle and propagation of the mei-yu season rainfall over
the south China coastal region. The position of the
Guangzhou operational radar (GZRD) is shown by a
black triangle in Fig. 1a. The black circle (150 km in ra-
dius) shows the spatial coverage of the GZRD, which is
roughly the Pearl River Delta (PRD) region. The PRD is
characterized as a plain surrounded by moderate-height
(400-800 m) mountains on the north and the coastline to
the south. The model domain is designed to provide a
broader coverage of the diurnal variations of land and sea
breeze and its related precipitation over the south China
coastal region (compared to the coverage of the Guangzhou
radar). The model employs the Yonsei University (YSU)
boundary layer scheme (Hong et al. 2006), the five-layer
thermal diffusion surface model (Skamarock et al. 2008),
the Rapid Radiative Transfer Model (RRTM) longwave
(Mlawer et al. 1997) and Dudhia shortwave (Dudhia 1989)
radiation schemes, and the WRF single-moment 5-class
microphysics scheme (Hong et al. 2004).

The primary goal of the experiments is not to simulate
each individual event, but to capture the general
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characteristics of the diurnal variations of the land and
sea breeze and its related rainfall over the south China
coastal region during the 2007-09 mei-yu seasons in
comparison with the 135-day diurnally averaged radar
observations in C15. The initial and lateral boundary
conditions are derived from the National Oceanic and
Atmospheric Administration (NOAA) Global Forecast
System (GFS) 0.5° X 0.5° operational reanalysis data
available every 6 h. The control experiment (CNTL) is a
10-day simulation initialized with the 135-day-averaged
GFS reanalysis at 0000 UTC and uses the 135-day-
averaged GFS reanalysis at 0000, 0600, 1200, and 1800 UTC
as boundary conditions, which cycle periodically in
time (i.e., from 0000 to 0600 to 1200 to 1800 UTC and
then back to 0000 UTC). Similar methodology has also
been used to study the diurnal variation of precipitation
over other regions (Bao and Zhang 2013; Sun and Zhang
2012; Trier et al. 2010; Zhang et al. 2014). This meth-
odology can filter out temporal variations in environ-
mental conditions across all spatial scales but allow
repeated development of diurnal signals such as the land
and sea breeze and mountain—plain solenoids (MPS).
Unlike in previous research that focused on individual
case studies, we averaged three mei-yu seasons of re-
analysis data as the initial and boundary conditions.

As shown in Fig. 1a, a large number of bays exist on the
south China coast. The biggest one is the Pearl River Bay,
located at the center of the domain. These bays can cause
the sea breeze to bow landward relative to the straight
sections of coastline on either side and induce enhanced
upward—-downward vertical motion related to the position
of bays but distributed asymmetrically (Miller et al. 2003).
As a simplification while not losing generality, we used a
two-dimensional filter to smooth the coastline in experi-
ment IDEAL (the modified coastline is shown in Fig. 1b).
The surface types are also prescribed as water over the
ocean and evergreen broadleaf over land to simplify the
influence from the underlying surface. Other configura-
tions in IDEAL remain the same as in CNTL. To lessen
the sensitivity to model spinup, the first day of the 10-day
integrations is excluded for all analyses in this study.
Figures 1c and 1d show the mean wind and relative hu-
midity fields at 850 hPa for the final 9 days in CNTL and
IDEAL. Low-level wind fields are dominated by south-
westerlies in both experiments with higher humidity over
the inland area and lower humidity over the ocean area.
The mean wind fields on the 0.994-sigma level for the final
9 days in CNTL and IDEAL are shown in Figs. 1e and 1f.
Both in CNTL and IDEAL, the near-surface prevailing
wind is onshore southerly flow, which transports the
warm, moist air from ocean to land.

Three sensitivity experiments (HALF, FAKEDRY,
and NOVAP) are designed to further examine the
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FIG. 1. Model domain and topography with (a) real coastline and provincial borders and (b) modified coastline.
Orography is shown by the grayscale. Location of the Guangzhou radar is marked by a black triangle and the 150-km
observation range of GZRD is shown with a black circle. The averaged horizontal wind (vectors, ms~ !, see reference
vector below each panel) and relative humidity (color shadings) at 850 hPa for the final 9 days in (c) the CNTL
experiment and (d) the IDEAL experiment. The averaged horizontal wind (vectors, ms™ !, see reference vector
below each panel) and wind speed (color shadings) at the 0.994-sigma level for the final 9 days in (e) the CNTL
experiment and (f) the IDEAL experiment.
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TABLE 1. List of control and sensitivity experiments.

Experiment Coastline Terrain height Latent heating and cooling
CNTL Original Original Turned on
IDEAL Smoothed Original Turned on
HALF Smoothed Half Turned on
FAKEDRY Smoothed Original Turned off
NOVAP Smoothed Original Only the cooling associated with the
evaporation of liquid water is turned off
HALF-NOVAP Smoothed Half Only the cooling associated with the

evaporation of liquid water is turned off

impact of terrain height, cold pool dynamics, and latent
heating on the land- and sea-breeze circulations and
their related precipitation. All three sensitivity experi-
ments are configured the same as IDEAL, except that
terrain height in HALF is reduced to half; all forms of
latent heating and cooling (between ice, liquid, and va-
por) are turned off in FAKEDRY, and only the cooling
associated with the evaporation of liquid water is turned
off in NOVAP, which essentially shuts off the mecha-
nisms for cold pool formation from moist convection.
The configuration information of different sensitivity
experiments is listed in Table 1.

3. Simulation results and comparison with
observations

a. Comparison with 3-yr averages of radar and
surface observations

The accumulated precipitations of CNTL and IDEAL
are compared with the quantitative precipitation estimation
(QPE) from GZRD. Figures 2a and 2b present the spatial
distributions of GZRD-observed averaged hourly pre-
cipitation (averaged hourly precipitation means hourly
rainfall normalized by days here) between 0500-0600 and
1500-1600 LST (2100-2200 and 0700-0800 UTC) during
the 2007-09 mei-yu seasons. We use Z-R relationships to
estimate precipitation intensity (X. C. Chen et al. 2014).
Radar echoes are first used to separate convective and
stratiform precipitation following Steiner et al. (1995). For
convective precipitation, the relationship of Z = 32.5R"%,
is used, and, for stratiform precipitation, Z = 200R" is
applied. The total rainfall refers to the sum of these two
types of rainfall. Radar QPE shows an early morning pre-
cipitation line along the coastline (Fig. 2a). This line prop-
agates southeast to the open sea in the morning. At noon,
another rainfall line is initiated on the inland side of the
coastline (not shown here) and then propagates inland in
the afternoon (Fig. 2b). At 1500 LST, a new precipitation
region can be found on the south slope of mountains in
front of this inland-propagating rainfall line (see the dashed
circled area in Fig. 2b). In C15, they hypothesized that the

nocturnal offshore rainfall is induced by the land breeze,
while the daytime inland-propagating rainfall is closely re-
lated to the development of the sea breeze.

Figures 2c and 2d show the spatial distributions of
average hourly rainfall for the final 9 days in CNTL. The
intensity of rainfall in CNTL is noticeably stronger than
that in GZRD observations (different color bars are
used in Figs. 2a,b vs Figs. 2c,d), especially for the
windward slopes of north mountainous area during the
early morning (Fig. 2a vs Fig. 2¢). Overprediction of
rainfall at the windward slopes during the mei-yu season
has also been reported in previous studies of Chien et al.
(2002) and Yang et al. (2004), likely because of in-
adequate resolution, deficiency in the model physics,
and/or inaccurate representation of atmospheric flow in
the mountainous region. On the other hand, CNTL is an
idealized experiment that used the averaged reanalysis
data as its initial and boundary conditions to study the
general characteristics of the rainfall diurnal cycle while
the radar-derived hourly rainfall is an average of many
individual precipitation processes. In the meantime,
radar QPE may also underestimate the rainfall over
complex terrain (Wang et al. 2016). Thus, one should not
expect the CNTL-simulated rainfall to match exactly
what was derived from the radar estimation during these
three mei-yu seasons. Nevertheless, despite differences
in the rainfall intensity and locations, CNTL still
can capture the basic diurnal features of the land-and-
sea-breeze-related precipitation with timing and loca-
tion similar to the observations: that is, the early
morning rainfall line along the coastline (Fig. 2c) and the
inland-propagating rainfall line during afternoon
(Fig. 2d). For the IDEAL case, after the modification of
coastline shape and simplification of the underlying
surface types, the diurnal variation of precipitation is
still very similar with CNTL (Figs. 2e.f).

Wind observations from two national automatic
weather stations (AWS, shown by black squares in
Fig. 2a) have also been used to further investigate
whether the IDEAL experiment can properly simulate
the land and sea breeze over south China. Figure 3
shows the diurnal variations of the perturbation wind
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FIG. 2. Spatial distributions of average hourly precipitation (mm) between (left) 0500-0600 and (right) 1500-1600 LST

from (a),(b) GZRD QPE; (c),(d) the CNTL experiment; and (e),(f) the IDEAL experiment. The black squares in
(a) show the spatial distributions of two AWS stations (IDs: 59476 and 59481). Orography is superimposed onto each
panel and is shown as black contours with a 150-m interval. The heavy solid lines in (e) and (f) indicate the modified
coastlines, and the dashed lines in (b), (d), and (f) indicate the precipitation lines. The heavy black dashed circles in the left

and right columns indicate the precipitation lines along the coastline and inland mountainous area, respectively.

(subtract the average daily mean wind) direction and
speed at the 10-m height observed by these two stations
during the 2007-09 mei-yu seasons (shown by black
lines). Perturbation wind with a direction between 90°
and 270° is offshore (land breeze), and that with a di-
rection smaller than 90° or larger than 270° is onshore

(sea breeze). Over the coastal regions, the sea breeze
begins to establish around noon and turns to a land
breeze near midnight (Figs. 3a,b). Diurnal cycles of the
simulated perturbation wind direction at the 10-m
height over these two stations in IDEAL are shown by
the red lines in Figs. 3a and 3b. It is found that IDEAL



DECEMBER 2016

CHEN ET AL.

360 ]
270t 1

—— Observed
—— IDEAL

—_
O o
o O

4799

- N W
(o]

(o))

N
o

Qo

W ind Direction ( °)

o

-
- W

©

Wind speed (m/s)

o

o U1 o L1 o W
— T
e
(Sl
O |
D
(o]
—_
I

o
w
(o))
\\e]

12 15 18 21 24
HOUR (LST)

FI1G. 3. Diurnal variations of perturbation wind (a),(b) direction and (c),(d) speed at 10-m
height observed by AWS (a),(c) 59476 and (b),(d) 59481 (black lines). Simulated diurnal
variations of perturbation wind direction and speed at 10-m height near the two AWS stations
in the IDEAL experiment are shown in red lines.

verified well against the AWS observations (Figs. 3a,b).
The diurnal cycles of the observed and simulated pertur-
bation wind speed at the 10-m height over these two sta-
tions also have a similar pattern (Figs. 3c,d), except that the
simulated wind speed is slightly larger. Overall, the diurnal
variations of the land and sea breeze can be captured over
both stations in IDEAL. Also, the diurnal variations of the
land and sea breeze can be affected by the combined
forcing of both the diurnal and semidiurnal modes. Using
the Fourier analysis method, we have compared the di-
urnal and semidiurnal modes of the surface perturbation
wind directions in observations and IDEAL. The results
show that both modes can be captured in IDEAL (not
shown here). This level of agreement means that we can
examine the mechanisms of the land and sea breeze and its
related rainfall with the simpler coastline configuration.
All analysis hereinafter will focus on the simulation results
of IDEAL unless otherwise specified.

b. Overview of simulated rainfall in IDEAL

Figure 4 shows the spatial distribution of average
hourly rainfall in IDEAL over the whole model domain
(Fig. 1b). Similar to C15, the diurnal variation of rain-
fall over the south China coastal region can be divided
into two stages: from night to early morning, rainfall is
initiated along the coastline (Figs. 4a,b) and forms into an
offshore rainfall line parallel to the coastline (Figs. 4c,d).

By noontime, the original precipitation line propagates to
the offshore direction, and a new rainfall line begins to
form inland, highlighted by the dashed line in Fig. 4e. From
early to late afternoon, this rainfall line propagates to in-
land areas with a new rainfall zone forming on the south
slope of the inland mountains (Figs. 4f,g). This line finally
dissipates in the evening (Fig. 4h).

There is strong inhomogeneity of rainfall intensity
along the coastline with heavier rainfall occurring in the
regions with coastal mountains during the initiation stage
of the nocturnal offshore rainfall line (Figs. 4a,b, high-
lighted by black dashed circles). Because the heavier
rainfall regions are out of the coverage area of GZRD,
the high-resolution global precipitation dataset from
NOAA'’s Climate Prediction Center Morphing Tech-
nique (CMORPH; Joyce et al. 2004) during the 2007-09
mei-yu seasons is used to verify the simulation results.
CMORPH has been verified with Chinese rain gauge
reports from ~2000 stations and exhibits the best per-
formance among satellite precipitation estimates in de-
picting the spatial pattern and temporal variations
(available every 30min and every 0.007° X 0.007° in
latitude—longitude) of precipitation (Shen et al. 2010).
Figure 5 shows the spatial distribution of average hourly
rainfall over the simulation domain between 0000 and
0100 LST. Similar to the simulations in IDEAL,
CMORPH shows two nocturnal rainfall maxima near the
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mountainous region along the coast. In contrast, pre-
cipitation is much weaker over the flat coastal regions (in the
middle of two coastal rainfall maxima). This inhomogeneity
shows that the coastal terrain can distinctly influence the
diurnal variation of the land and sea breeze, which can
further change the strength of its related precipitation. The
detailed impacts of the coastal terrain height on nocturnal
offshore precipitation will be discussed in the next section.

4. Diurnal variations of the land and sea breeze and
the impact of coastal terrain

In this section, the development and evolutions of the
land and sea breeze in the south China coastal regions
will be documented, with a focus on the differences
between the regions with and without coastal orography.
A sensitivity experiment on terrain height (HALF) is
designed to examine the possible physical mechanisms
of the inhomogeneity of nocturnal coastal rainfall.

a. Diurnal cycle of the land and sea breeze

Figure 6 shows the hourly evolution of the land breeze
over the south China coastal region from 0100 to 0800 LST.
The average daily mean wind has been subtracted to
reveal more clearly the diurnal variations of coastal
circulations. The perturbation north-south wind com-
ponent v/ is further colored to represent the strength of
the land and sea breeze, since the coastline is oriented
approximately in the east-west direction. Hours after
the sunset (Fig. 6a), there still exists a weak residual sea
breeze over the inland area. At the same time, a clear
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but weak land breeze begins to establish along the
coastline. The land breeze becomes stronger and ex-
tends to farther onshore and offshore regions from
0200 to 0700 LST (Figs. 6b—g). Over the subregions with
coastal mountains, the land breeze and the convergence
ahead (not shown here) are much stronger than other
subregions, which leads to stronger updraft and heavier
rainfall over these mountainous regions, as described in
section 3. In the early morning, the land breeze reaches
its strongest stage (Fig. 6h). Almost all inland and off-
shore areas over the south China coastal region are
featured as offshore perturbation wind except for some
inland mountainous areas that are far from the coastline.
The strongest offshore perturbation wind is still located
around the coastline at this time. As shown in Figs. 4a—d,
the nocturnal offshore rainfall line from 0100 to 0800
LST is triggered in front of the land breeze, consistent
with the observational analysis of C15. This indicates
that initiation of offshore rainfall line over this region is
closely related to the convergence between the land
breeze and the prevailing low-level onshore wind
(Fig. 1d).

Development of sea breeze over the south China
coastal region is shown in Fig. 7. At noontime, the re-
sidual land breeze can still be found over some inland
plain regions. For the inland mountainous regions, the
flow has already changed to the onshore direction. This
is closely related to the MPS circulation and will be
discussed later. At the same time, sea breeze begins to
establish along the coastline (Fig. 7a), though it is rather
weak, given that the surface temperature contrast is still
small between inland and ocean surface at this time (not
shown). An inland rainfall line can be found along the
front of the sea breeze, where convergence between the
sea breeze and the residual offshore wind can be found
(Fig. 4e). With an increase in solar heating, wind speed
of the sea breeze becomes stronger. The sea breeze ex-
tends farther inland and to the offshore regions during
the early afternoon (Figs. 7b—d). The rainfall line also
propagates to the inland areas associated with the inland
penetration of the sea-breeze front (Fig. 4f). The line of
maximum onshore wind stays around the coastline with
little inland propagation but becomes wider in the di-
rection normal to the coastline during these 3 h. In the
late afternoon, the line of maximum onshore wind
quickly propagates to the inland areas (Figs. 7e-g).
Meanwhile, a gust front is formed ahead of the rainfall
line, and, subsequently, a new precipitation zone
forms on the south slope of the inland mountains
(Fig.4g). There are clear along-coast variations in inland
penetrating speed of the sea breeze. The inland-
propagation speed of the sea-breeze front is faster over
the plain areas (in the center on the line) and slower over
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the mountainous areas (on both sides of the line). In the
early evening, the sea-breeze circulation reaches its
mature stage, while most of the inland areas are cov-
ered by onshore wind except for some mountainous
regions. The original maximum onshore wind line dis-
sipates, while the new onshore wind maximum on the
south slope of inland mountains remains at this time
(Fig. 7h).

To elucidate the impact of coastal terrain on the land-
and sea-breeze circulation, the cross sections over dif-
ferent subregions with and without coastal terrains are
presented in Figs. 8 and 9. Figure 8 shows the diurnal
variation of the perturbation wind field over the sub-
region with coastal mountains (shown by the green box
in Fig. 8a). All Hovmoller (Fig. 8b) and cross-sectional
(Figs. 8¢c—j) diagrams have the same horizontal spatial
dimension, which is along the meridian of the green box
(shown by the red arrow) and zonally averaged (Fig. 8a).
The Hovmoller diagram of v/ on the second lowest
model level (the 0.994-sigma level, about 50 m above the
surface) is shown in Fig. 8b. Consistent with the daily
evolutions of the surface wind in Figs. 6 and 7, clear land-
and sea-breeze circulations can be found. Over the
subregion, the land breeze begins to establish on the
coastline (around 21.5°N) from 0000 LST. The strength
of the land breeze increases gradually and reaches its
strongest stage around 0800 LST. Accompanied by the
strengthening process, expansion of the land breeze can
also be found both onshore and offshore. The offshore
part of the land breeze over this region is very robust,
which induces a strong convergence in its leading edge
(Fig. 8b). The offshore convergence becomes the stron-
gest around 0500 LST and falls off then. Wind on the
coastline changes to an onshore sea breeze from 1200
LST. The sea breeze reaches its strongest stage on the
coastline at 1500 LST and begins to expand farther both
onshore and offshore. The inland-propagation speed of
the sea breeze is rather small over this subregion
(around 2.3ms ! on average, estimated from Fig. 8b).
Especially from 1500 to 2000 LST, the sea breeze almost
stalls at the coastline with little inland propagation (see
also Fig. 7b). Besides the diurnal variation of the land-
and sea-breeze circulations, an MPS circulation can also
be clearly found around 24°N between the inland
mountain and basin. The cross section of the north—
south mean wind component v (color-filled contours),
equivalent potential temperature (black contours), and
mean wind vectors (arrows) is shown in Fig. 8c. We can
find that the averaged prevailing low-level wind is on-
shore wind, which brings warm, moist air from ocean to
land. However, the speed of this onshore wind has an
obvious decrease around the coastline because of the
blockage of coastal mountains.
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To further reveal the diurnal variations of the land
and sea circulation over this subregion, Figs. 8d—j show
the cross sections of (at 4-h intervals) the north—south
perturbation wind component v’ (color-filled contours),
the equivalent potential temperature (black contours),
and perturbation wind vectors (arrows) over this sub-
region. At 0000 LST, most coastal areas from 21° to 23°N
are still featured as a sea breeze (Fig. 8d). Only the wind
on the lowest 100-m levels near the coastline has
changed to a land breeze (Fig. 8b). At 0400 LST, the
thickness of the land breeze over the coast region in-
creases, and the wind speed also becomes stronger
(Fig. 8e¢). Negative v/ can be found above the basin,
which is the downslope wind of the nighttime MPS cir-
culation. In the early morning, the land breeze reaches
its strongest stage (Fig. 8f). At this time, a clear circu-
lation (shown by the red cycle in Fig. 8f, combination of
the land breeze and the downslope wind of coastal
mountains) can be found between the coastal mountains
and the open ocean, with the updraft over the ocean and
downdraft over the coastal mountains. At noontime
(1200 LST; Fig. 8g), with the increase of solar heating,
convection can be clearly found over the inland area and
the temperature gradient between coastal mountains
and the ocean is much stronger than that in the early
morning (Fig. 8f). Surface solar heating over the
mountain ranges and the adjacent slopes has driven a
flow reversal from the nighttime pattern. A clear up-
slope flow can be found on the coastal slope of inland
mountains (around 24°N). Sea breeze also begins to
establish along the coastline (Fig. 8b) but still under the
lowest 200m and much weaker than the inland MPS
circulation. At 1600 LST (Fig. 8h), convection over in-
land regions becomes rather vigorous, and the temper-
ature gradient between the coastal mountains and ocean
reaches its strongest stage. Both the sea breeze and MPS
circulations between the inland basin and the mountains
are very clear at this time, with an offshore direction
compensating flow above the low-level onshore winds.
The inland penetration of the sea breeze is blocked by
the coastal mountains and mainly stalls over the south
side of the mountain peak. During the evening hours
(2000 LST; Fig. 8i), the sea breeze has merged with the
downslope wind of the MPS circulation around 22.3°N,
and most inland areas feature an onshore wind. Down-
slope winds have also become established on the slope of
inland mountains (around 24°N) at this time.

Figure 9 shows diurnal variations of the perturbation
wind field over the subregion without coastal mountains
(shown by the red box in Fig. 9a). As in Fig. 8b, a clear
land- and sea-breeze circulation can be found on the
Hovmoller diagram in Fig. 9b. Both the land and sea
breeze begin to develop along the coastline (around
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22.2°N) and then expand farther inland and offshore,
which is consistent with the mountainous subregion as
shown in Fig. 8b. However, obvious differences can also
be found for both the land-breeze and sea-breeze cir-
culations between these two subregions. For the land
breeze, the initiation over this flat subregion is about
1.5h later than that over the mountainous subregion.
Also, the intensity of the land breeze and the offshore
convergence in front of the land breeze over the ocean
surface is weaker, which can explain why nocturnal
precipitation along the coastline in this subregion is
weaker than that over the mountainous subregion, with
detailed physical mechanisms discussed later. For the
sea breeze, the initiation over the flat subregion is 1h
later than that over the mountainous subregion. After
the sea breeze reaches its strongest stage around 1500
LST, its leading front propagates farther inland with an
inland-propagating speed around 3.5ms ™', while there
is another offshore expansion of the sea breeze with the
leading-edge-propagating speed around 3.3ms™'. The
faster inland propagation of sea breeze may be related
to the absence of the coastal mountains in this sub-
region. In the meantime, another convergence line ini-
tiated around 1500 LST can be found farther inland
(~25km) north of the sea breeze (Figs. 9b, 7¢), which
subsequently induces new precipitation on the south
slope of the inland mountains (see also Fig. 4). This new
convergence line is likely a gust front produced by the
cold pool to be further discussed in section 5. As in
Fig. 8c, the prevailing low-level wind along this cross
section is directed onshore. Without the blockage of
coastal mountains, this onshore wind can bring moist,
warm air from ocean to an area farther inland (Fig. 9¢).

At 0000 LST (Fig. 9d), most areas over this region are
still dominated by a sea breeze (onshore perturbation
wind). By 0400 LST (Fig. 9e), a clear land breeze can be
found near the coastline, which reaches its mature stage
at 0800 LST (Fig. 9f). The circulation (shown by the red
cycle in Fig. 9f, a combination of the land breeze and the
downslope wind of inland mountains) between the ocean
and inland areas over this subregion is much broader,
with weaker updraft over the ocean surface (Fig. 9f) than
that over the subregion with coastal mountains (Fig. 8f).
In the meantime, there is a nighttime MPS circulation
developed between the inland mountains and plain
around 24°N at 0800 LST that is distinct from the land-
and sea-breeze circulations over the ocean (Fig. 9f). At
noon (1200 LST; Fig. 9¢), with the increased solar heat-
ing, the horizontal temperature gradient between coastal
mountains and the ocean is strengthened; however, there
is no clear sea breeze at this time. At 1600 LST (Fig. 9h),
convection over inland regions becomes rather vigorous.
A sea-breeze circulation between ocean and land is
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clearly established, with the offshore-directed compen-
sating wind above the low-level onshore winds. With no
coastal mountains, the sea breeze propagates inland more
easily, reaching the most inland area by the evening
(2000 LST; Fig. 9i) and then subsequently merges with the
inland MPS circulation (between the plains and the inland
mountains). Meanwhile, the offshore compensating wind
remains visible above the low-level onshore wind.

b. Sensitivity experiment on terrain height (HALF)

As described in previous sections, the coastal moun-
tains can be very influential to the intensity of nocturnal
offshore rainfall. The impact of the coastal terrain on the
nocturnal offshore rainfall has been studied over many
different coastal areas by observations (e.g., Yu and Jou
2005) and numerical models (e.g., Barthlott et al. 2014;
Mapes et al. 2003a). To further investigate the effect of
coastal mountain height on the nocturnal offshore
rainfall over south China, experiment HALF is per-
formed, in which all the terrain has been reduced to half
of the original height.

Figure 10a shows the difference of the wind fields
between IDEAL and HALF (IDEAL minus HALF)
along the cross section shown in Fig. 8a. Only the coastal
area and the lowest 1 km are shown here. At 0000 LST,
around the initiation time of offshore precipitation, an
additional circulation can be found above the slope of
coastal mountains with a low-level offshore (or down-
slope) wind and an onshore (or upslope) compensating
wind above it when the terrain is higher (IDEAL). As-
sociated with the low-level offshore wind is stronger
low-level convergence that can induce strong offshore
precipitation near the coastline during the night
(Figs. 10d,e). The characteristics of this circulation are
similar to the nighttime MPS in previous studies (e.g.,
Sun and Zhang 2012; Zhang et al. 2014). Moreover
convection initiation, and subsequent precipitation due
to the lift of coastal terrains, may produce a cold pool on
the windward slope, which can further induce an
offshore-directed wind (Qian 2012).

To elucidate the physical mechanisms responsible for
the formation of the stronger nocturnal offshore rainfall
over this subregion with coastal terrains, we further
compared experiments NOVAP and HALF-NOVAP,
as shown in Fig. 10b. The only difference between
NOVAP (HALF-OVAP) and IDEAL (HALF) is that
cooling associated with evaporation is turned off, which
essentially shuts off the mechanisms for cold pool for-
mation from moist convection. Without the cold pool, a
stronger circulation can still be found over the seaward
slope of the coastal mountains in NOVAP than IDEAL,
indicating that the cold pool dynamics may not be es-
sential for the nocturnal downslope wind over the



4808

JOURNAL OF THE ATMOSPHERIC SCIENCES

— o4ms

(M/s) (mm)

00—0100 LST | W75

0000 LST “1d) é/o
Nz
'} ’ 225 % <

o

Height(km)
IS

Latitude( °)

N
%]

2 15
e 115 112 1125 05
< Longitude( °)
_g.’ (mm)
T 23
* | (e): 0000-0100 LST 75
~ 2
225 6.5
=< - 55

22

)
wv

Latitude( °)
w » ¢
O

08
£ 06 215
£ 25
5 0
Lo4 2 15
-0.5
o2 M : 115 12 1125 03
212 214 216 21.8 22 222 224 226 B Longitude( °)

FIG. 10. Differences of v/ (color-filled contours, ms™ ') and wind vectors (ms~ !, vector above each panel =
0.4ms™'): (a) between IDEAL and HALF experiments along the cross section shown by the green box in Fig. 8a,
(b) between NOVAP and HALF-NOV AP experiments along the cross section shown by the green box in Fig. 8a,
and (c) between IDEAL and HALF experiments along the cross section shown by the red box in Fig. 9a at 0000 LST. The
interpolated topographic profiles are shown by black shading. Spatial distributions of average hourly precipitation be-
tween 0000 and 0100 LST in the (d) IDEAL and (e) HALF experiments. Orography is superimposed onto the figure in

VOLUME 73

black contours with a 150-m interval. The heavy black solid line in (d) and (e) indicates the coastline.

coastal mountains. In contrast, Fig. 10c shows the dif-
ference in the wind fields between IDEAL and HALF
experiments along the cross section shown in Fig. 9a.
With mountains much farther away from the coastlines,
MPS associated with the inland mountains has less in-
fluence over the coastal region along this cross section.
Consequently, the offshore wind and convergence have
no apparent weakening with the decrease of the inland
terrain height (Fig. 10c). Results from these sensitivity
experiments suggest that the MPS circulation produced
by the coastal terrain can combine with the land breeze
that strengthens the offshore convergence during night,
which is likely the primary reason why the mountainous
coastal region has stronger nocturnal offshore rainfall.

5. Thermodynamics in inland propagations of sea
breeze and precipitation

There are two main factors causing the formation of a
sea-breeze circulation. The first is differential heating in
the boundary layer due to the land and sea contrasts. The
second is the latent heating and cooling effect in

precipitating clouds triggered by the boundary layer cir-
culation (Khain et al. 1996). As pointed out by Nicholls
et al. (1991) and Boybeyi and Raman (1992), the ther-
modynamic forcing of convection plays a very important
role in the sea-breeze circulation. But among the litera-
ture based on linear and analytical models (e.g., Dalu and
Pielke 1989; Drobinski and Dubos 2009; Niino 1987; Qian
et al. 2009; Rotunno 1983), few studies have focused on
the influence of the latent heating and cooling effects of
sea breeze and its related precipitation.

To illuminate the impact of the latent heating and
cooling effects, only the sea breeze and daytime pre-
cipitation over the subregion without coastal mountains
will be examined here (the red box in Fig. 9a). Latent
heat release from condensation can reinforce the up-
draft that sustains growing precipitation particles and
prevents them from falling out of the clouds earlier, both
of which can lead to stronger thunderstorms and heavier
rainfall. On the other hand, evaporative cooling from
precipitation produces a surface cold pool, which can
initiate new convection and accelerate the propagation
of updraft and rainfall belt (e.g., Bao and Zhang 2013).
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(b) NOVAP.

The FAKEDRY and NOVAP experiments are per-
formed to analyze how latent heating and cold pools can
influence the development and penetration of sea
breeze and the associated precipitation in the subregion
without coastal topography.

The Hovmoller diagrams (along the meridional axis
in Fig. 9a) of v/ on the second lowest model level (the
0.994-sigma level, about 50m above the surface) of
FAKEDRY and NOVAP are shown in Fig. 11. As
discussed in section 4a, the sea breeze in IDEAL begins
to establish along the coastline from 1200 LST and
subsequently propagates inland at a speed of around
3.5ms~! (Fig. 9b). A gust front produced by the cold
pool can be found north of the sea-breeze front. This
gust front induces new precipitation on the south slope
of inland mountains later (Fig. 4g). For FAKEDRY,
the initiation time of sea breeze is also at 1200 LST. The
speed of the inland propagation of the sea breeze in
FAKEDRY is around 3.0ms™ ' (Fig. 11a), which is
slightly slower than IDEAL (Fig. 9b). Since all the la-
tent heating and cooling is shut off in FAKEDRY, no
gust front can be found in front of the sea breeze. For
the NOV AP experiment, the inland-propagating speed
(around 1.2ms ') of the sea breeze is much slower
than in both IDEAL (Fig. 9b) and FAKEDRY

(Fig. 11b). Rainfall is much heavier in NOVAP (not
shown here) because the local convection is enhanced
in the absence of evaporative cooling (Bao and Zhang
2013). The gust front is also absent in NOV AP because
the cold pool formation from moist convection has
been essentially shut off.

The difference in inland sea-breeze propagation be-
tween the above three experiments implies that con-
vection initiated by the sea breeze can impede the inland
propagation of the sea-breeze boundary (Fig. 11a vs
Fig. 11b), while the cold pool produced by the convec-
tion can increase the inland-propagation speed (Fig. 9b
vs Fig. 11b). The convective impediment may be in-
duced by the ambient cloud cover of convection, which
could weaken sea breeze because of the loss of incoming
solar radiation (Segal et al. 1986). However, the detailed
physical mechanisms still need further investigations.

Since the inland-penetrating speeds of sea breezes in
IDEAL and FAKEDRY are similar, the associated
precipitation from these two experiments is further
compared. The hourly rainfall in IDEAL and
FAKEDRY is shown in Fig. 12. From 1300 to 1600 LST,
distinct rainfall lines can be found in both the IDEAL
and FAKEDRY experiments. The intensity of pre-
cipitation in FAKEDRY is much weaker than in
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FIG. 13. Diurnal variations of vertical profiles over CPRD of v/ and w’ in (a),(c) IDEAL and (b),(d) FAKEDRY,
respectively.

IDEAL. Inland propagation of the rainfall line in
FAKEDRY is also slightly slower than in IDEAL,
which reaches the center region of the Pearl River
Delta (CPRD), as shown by the red box in Fig. 12, 1h
later than IDEAL.

The convective available potential energy (CAPE),
convective inhibition (CIN), level of free convection
(LFC), and lifting condensation level (LCL) over the
CPRD in the IDEAL and FAKEDRY experiments have
been calculated, respectively. Results show that the av-
eraged atmospheric stabilities in the two experiments are
similar over CPRD around the elapsed time of the sea
breeze and the related rainfall line (from 1300 to 1600 LST).
The CAPEs of IDEAL and FAKEDRY are 1467.7 and
1388.9Jkg ! on average. In both experiments, CIN is too
small (5.8Jkg ! in IDEAL and 1.8Jkg ' in FAKEDRY)
to be of much significance. While the averaged LFCs (of
IDEAL and FAKEDRY are 942.6 and 946.8 m) and LCLs
(762.8 and 857.7m) are similar in both experiments.

With similar atmospheric stabilities, the differences in
rainfall intensities over the CPRD during afternoon
may be induced by the dynamic and thermodynamic

differences between IDEAL and FAKEDRY. Diurnal
variations of v/ over the CPRD in IDEAL and
FAKEDRY are shown in Figs. 13a and 13b. Negative
(positive) v/ represents the offshore (onshore) wind. The
height of the land-and-sea-breeze top over the CPRD
in IDEAL is around 1.2km (Fig. 13a) and near 1.0km in
FAKEDRY (Fig. 13b). The arrival time of the sea-breeze
front in IDEAL is 1h earlier than that in FAKEDRY.
The convergence zone between the sea breeze and re-
sidual land breeze over the CPRD is also stronger and
deeper in IDEAL, while the return flow above the land
and sea breeze is stronger in the FAKEDRY experiment.
Figures 13c and 13d show the diurnal variations of per-
turbation vertical wind speed in the IDEAL and
FAKEDRY experiments. In IDEAL, clear updraft can
be found around the elapsed time of the sea breeze and
the related rainfall line (from 1300 to 1600 LST, shown by
the black dashed circle in Fig. 13c). The updraft is weak
below the LFC but increases dramatically above it. In
FAKEDRY, the updraft is much shallower near the
elapsed time of the sea breeze and the related rainfall
line. However, the height of updraft in FAKEDRY is still
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higher than LCL and LFC, and weak rainfall can still be
produced over the CPRD (Figs. 12g,h). These results
show that differences in both the dynamic and thermo-
dynamic processes are responsible for the rainfall dif-
ferences between these two experiments.

6. Summary and discussion

Complimentary to the observational study of C15, this
modeling study investigates the diurnal variations of the
land and sea breeze and related precipitation over the south
China coastal region during the mei-yu seasons. Using high-
resolution WRF simulations, particular emphasis is given to
the impact of coastal mountains, dynamic, and thermody-
namic forces on the diurnal cycles of the land and sea breeze
and the associated rainfall. The WRF idealized simulation
verified well against 3-yr averaged ground-based radar,
surface, and CMORPH observations, along with the re-
alistic diurnal variation and propagation of rainfall associ-
ated with the land and sea breeze over south China.

It was found that the diurnal cycle of precipitation
over the south China coastal region during the mei-yu
season can be divided into the nocturnal and daytime
stages. From night to morning, an offshore rainfall line is
initiated parallel to the coastline around 0000 LST,
which subsequently propagates to the open sea. This
nocturnal offshore rainfall is induced by the conver-
gence between the prevailing low-level southerly wind
and the counterpropagating land breeze. Apparent in-
homogeneity of rainfall intensity can be found along this
rainfall line, with heavier rainfall occurring in the region
with higher coastal orography. A sensitivity experiment
in which the terrain height is halved (HALF) shows that
mountain breeze produced by coastal terrains can merge
with the land breeze, resulting in increased intensity of
offshore convergence and heavier precipitation during
the nighttime (Fig. 14). During the daytime, a new
rainfall line begins to form on the shore side of the
coastline at noon and propagates to the inland area
thereafter. This propagation is closely related to the
inland penetration of the sea breeze. Mountains near the
coastline retard the inland penetration of the sea breeze
for the first few hours of the starting sea-breeze circu-
lation. A gust front produced by the rainfall line further
induces a new rainfall line on the southern slope of the
inland mountains during late afternoon.

The impact of cold pool and latent heating release on
the evolution of the land and sea breeze and related
rainfall diurnal variations are further examined through
two additional sensitive experiments that are performed
with a similar setup to the control experiment (IDEAL).
In an experiment that only turned off latent cooling
from the evaporation of liquid water (NOVAP), the
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FIG. 14. Schematic diagrams of the nocturnal offshore rainfall in
the regions (a) with and (b) without coastal orography.

inland-penetrating speed of the sea breeze and its re-
lated rainfall line becomes much slower than in IDEAL.
Because the cold pool formation from moist convection
is essentially shut off, no gust front can be found in front
of the rainfall line associated with the sea breeze in
NOVAP. In another experiment that turned off all la-
tent heating and cooling (FAKEDRY), the inland-
penetrating speed of sea breeze and its related rainfall
line is slower than IDEAL but faster than NOVAP,
indicating that the convection initiated by sea breeze can
prevent the inland penetration of the sea breeze, while
the cold pool produced by the convection can increase
the inland-propagation speed of the sea breeze. Compar-
ison of precipitation between IDEAL and FAKEDRY
shows that the inland propagation of the rainfall line as-
sociated with the sea breeze is similar between IDEAL
and FAKEDRY, while the rainfall line in IDEAL arrives
in CPRD 1h earlier than that in FAKEDRY. However,
the precipitation intensity is much weaker in FAKEDRY.
Simulation results show that the convective available po-
tential energy, convective inhibition, lifting condensa-
tion level, and level of free convection over the CPRD
in IDEAL are similar to those in FAKEDRY around
the elapsed time of the sea-breeze-induced rainfall line.
Convergence ahead of the sea-breeze front in both
experiments is strong enough to induce precipitation,
while latent heating can strengthen the intensities of
updraft and precipitation substantially.

Since the initial and boundary conditions used in this
study are the averages of the 135-day reanalysis data,
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larger-scale synoptic flow variability, such as that induced
by midlatitude fronts and tropical cyclones, is filtered out.
The complex interactions between the land and sea
breeze and other synoptic systems and the influences on
rainfall diurnal variations over the region are the subjects
of future investigation. For example, based on long-term
radar observations, X. C. Chen et al. (2014) found that the
strength of the low-level jet can dramatically change the
pattern of rainfall spatial distribution over south China.
Under the influence of a strong low-level jet, the rainfall
will be heavier and more concentrated along the coastline
over south China. Further modeling studies are also
needed to provide deeper insight into the mechanisms of
coastal precipitation under the influence of the low-level
jet with varying intensity. The 4-km grid spacing used in
this study may be insufficient in fully resolving weakly
forced circulations like the horizontal convective rolls
that can be important in the land- and sea-breeze pre-
cipitation process (Fovell 2005). Future investigations
with higher spatial resolutions are planned to study the
importance of weakly forced circulations on the land- and
sea-breeze-related precipitation over south China. In
addition, the vertical structure of precipitating clouds and
variation of surface flux over the region also require fur-
ther investigation, as was done in Saito et al. (2001) and
Persson et al. (2005).
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