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ABSTRACT

The Pearl River delta (PRD) region has undergone rapid urbanization since the 1980s, which has had
significant effects on the sea-breeze circulation in this region. Because the sea breeze plays an important role
in pollutant transportation and convective initiation in the PRD region, it is meaningful to study the effects of
urbanization on the sea breeze. In this study, three numerical experiments were conducted from 2 June to
31 August 2010 with land-use data from 1988, 1999, and 2010. For each simulation, characteristics of the
sea breeze such as the start time, end time, intensity, height, pumping ability, and inland penetration
distance were quantified. By comparing the characteristics of the sea breeze in these simulations, its re-
sponse to urbanization was quantified. The results show that urbanization enhances the duration, height,
and intensity of the sea breeze but blocks its inland penetration. One physical mechanism is proposed to
dynamically elucidate the response of the sea breeze to urbanization. Because the urban area in the PRD
region is concentrated near the coast, urbanization imposes a positive heating gradient on the coastal
region and a negative heating gradient on the region farther inland. The positive heating gradient may
intensify the sea breeze, and the negative heating gradient may prevent the sea breeze from propagating
farther inland.

1. Introduction intensify the heat island circulation over Shanghai
(Miao and Tang 1998). A sea-breeze front can be
more easily recognized with more urbanized land
use, but two additional hours are needed for the sea-
breeze front to penetrate farther inland (Lin et al.
2008). With the presence of an urban area, the prop-
agation speed of the sea-breeze front may be slowed
(Freitas et al. 2007; Leroyer et al. 2014). In the ab-
sence of the urban area, the head of the sea-breeze
front in New York City would extend vertically to a
much higher level (Thompson et al. 2007). If the ur-
ban heat island magnitude the night before is stron-
ger, the lake-breeze fronts of Lake Michigan tend

& Supplemental information related to this paper is availableat to propagate more slowly (Keeler and Kristovich
the Journals Online website: https://doi.org/10.1175/JAMC-D-18- 20]2) Interaction among the sea breeze, the Talpel

The sea breeze is fueled by land-sea thermal dif-
ferences in coastal regions (Simpson 1994). With the
extension of urban areas in coastal cities, the thermal
properties of land surface have been changed sig-
nificantly, which may affect sea breezes. Much atten-
tion has been dedicated to the effects of urbanization
on sea breezes. Ado (1992) found that an urban heat
island near the coast can strengthen the sea breeze in
the growing stage. A sea breeze from the East Sea
and a lake breeze from Lake Taihu were found to

0081.s1. urban heat island, and the mountains was found
to strengthen thunderstorms downstream of the sea
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found in Houston and in central Taiwan (Shepherd et al.
2010; Lin et al. 2008).

The Pearl River delta (PRD) region has undergone
rapid urbanization since the 1980s. Several researchers
have focused on the effects of urbanization on sea-
breeze events in this region. It was found that in-
dustrial development and urbanization in the PRD
region strengthens the daytime sea-breeze circulation

JOURNAL OF APPLIED METEOROLOGY AND CLIMATOLOGY

VOLUME 58

(b) CcClassification of Landuse 1999
Dominant category

category

23°N

22°40'N

22°20'N

N3°E 113°30'E 14°E 114°30'E

AR
sgg%%%“g gg%%tfiggésiéf
S8 131 B
gggE, R i

FIG. 1. Land use by category in (a) 1988, (b) 1999, and (c) 2010.

(Lo et al. 2007). Lu et al. (2010) found that the ur-
banization of Shenzhen may dramatically intensify
the sea breeze to the west of Hong Kong, and similar
results were also found by Wu et al. (2011). However,
most of these studies focused only on case studies,
which cannot illustrate the general effects of urbani-
zation on sea breezes. In addition, these studies did
not define any standard variables to quantify the onset
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FIG. 2. Terrain and coastlines in the PRD region. The coastlines
have been simplified into straight lines AG, DE, and BC.

time, cessation time, or strength of sea breezes, which
makes it difficult to quantitatively compare sea-breeze
events in different land-use scenarios. In this study, a
method to quantitatively characterize the sea breeze is
used to analyze and compare sea breezes simulated from
2 June to 31 August in 2010, with land-use data from 1988,
1999, and 2010. More information about the simulation
and the method is introduced in section 2, and the
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statistical results are shown and discussed in section 3. In
section 4, one physical mechanism is proposed to dy-
namically elucidate the response of the sea breeze to ur-
banization in the PRD region. Section 5 then concludes
the paper.

2. Data and methods

As illustrated by Fig. 1, the PRD region underwent
rapid urbanization between 1988 and 2010, especially
in Guangzhou, Zhongshan, Dongguan, and Shenzhen
(geographic places are shown in Fig. 2), and the urban
area is mostly concentrated in the coastal region. To
identify the effects of urbanization on sea breezes in
the PRD region, three numerical experiments with the
Weather Research and Forecasting (WRF) Model were
conducted from 2 June to 31 August 2010 with land-use
data from 1988, 1999, and 2010 (Fig. 1). In these simu-
lations, four domains were utilized in this two-way
nesting simulation and they cover eastern Asia (d01),
south China (d02), the PRD region (d03), and the
Pearl River estuary (d04), respectively (Fig. 3). The grid
spacing for these domains are 27, 9, 3, and 1km. The
WREF terrain-following vertical coordinate contains
47 eta levels, and 17 levels are within the first kilometer.
The initial and boundary condition were obtained
from NCEP FNL Operational Global Analysis data
with a horizontal resolution of 1° in latitude and lon-
gitude and a temporal resolution of 6 h. The Asym-
metric Convective Model, version 2 (Pleim 2007a,b),
was used in this simulation because it performs better
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FI1G. 3. Setup for the WRF domains. These four domains cover eastern Asia (d01), south
China (d02), the PRD region (d03), and the Pearl River Estuary (d04). Their grid spacing

are 27,9, 3, and 1 km, respectively.
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TABLE 1. The root-mean-square error of the 2-m temperature and
10-m wind speed in June, July, and August 2010. Observation data
from 644 stations in the PRD region are used here for data validation.

June July August
2-m temperature 1.87 2.11 1.87
10-m wind speed 1.51 1.44 1.39

than other planetary boundary layer schemes in the
PRD region (Xie et al. 2012). The Rapid Radiative
Transfer Model (RRTM) longwave radiation scheme

(a)
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(Mlawer et al. 1997), the Dudhia shortwave radiation
scheme (Dudhia 1989), the WRF single-moment three-
class microphysics scheme (Hong et al. 2004), and the
Noah Land Surface Model (Chen and Dudhia 2001)
were applied in all domains. The Grell-Devenyi en-
semble cumulus scheme (Grell and Dévényi 2002) was
applied in dO1 and d02. The root-mean-square error of
the 2-m temperature in each summer month ranged
from 1.87° to 2.11°C, whereas it ranged from 1.39 to
1.51ms ™! for 10-m wind speed (Table 1). The evaluation
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FIG. 4. (a) The Cartesian coordinate system in which diagnostic variables like frontogenesis
functions are evaluated. The red rectangle is the mean vertical cross section that is achieved by
averaging the three-dimensional physical variables in the black box over the y direction. (b) An
example of average sea-breeze circulation in the mean vertical cross section along coast AG. The
solid black line is the boundary of sea-breeze circulations. The coast lies on the origin point of the
x axis. The positive x axis represents land, and the negative values represent the sea.
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TABLE 3. Number of separable cases in Expl, Exp2, and Exp3
along with their Dgg, fy, and Hgg.

Numerical Expt Expl Exp2 Exp3
No. of separable cases 16 16 16
Inland penetration distance (km) 14.6 15 16.7
Pumping ability (m*s~") 904 966 1277
Height (m) 466 525 628

designed to illustrate the effects of urbanization on the
sea-breeze circulation. The method mentioned above
was used to quantify the sea breeze in the PRD region.
Twenty, 19, and 20 sea-breeze events were identified in
Expl, Exp2 and Exp3, respectively, and only 12 cases in
common were found in all of these three simulations.
The statistical results of these 12 cases are summarized
in Table 2. In Expl1, the average start time was 1125 LT,
and the average end time was 1715 LT. The mean start
time of sea-breeze events in Exp2 was 30 min earlier
than that of Expl [4 cases earlier; 8 cases no change
(Table 2)], and the mean end time was 40 min later
[6 cases earlier, 1 case later, and the rest no change
(Table 2)]. Therefore, the mean duration of the sea-
breeze events in Exp2 was 70 min longer [7 cases lon-
ger; the rest no change (Table 2)]. Relative to Expl,
the increased urban land use in Exp2 and Exp3 ap-
pears to have enhanced the intensity (9 cases stronger,
2 cases weaker, and 1 no change), Dsg (5 cases farther,
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3 cases shorter, and 1 no change), f, (7 cases stronger;
2 weaker), and Hsg (5 cases higher, 3 lower, and 1 no
change) of the sea-breeze events. Although the start
time, end time, duration, and Dgg of the sea breezes in
Exp2 are comparable to those in Exp3, f, (7 cases
stronger; 3 weaker), and Hsg (6 cases higher, 2 weaker,
and 2 no change) in Exp3 are still obviously enhanced
relative to Exp2. If considering all of the separable sea-
breeze cases (16 separable cases were found in all these
three simulations), the height and pumping ability of
the sea breeze both appeared to be enhanced with more
urban land use in Exp2 and Exp3 but the inland pen-
etration distance did not change as obviously (Table 3).
However, the average lateral boundary of the sea-
breeze circulation in Expl reached farther inland
than that in Exp3 at the start time, the strongest time,
and the end time (Fig. 11, described in more detail
below, only illustrates the boundary at the strongest
time). A similar phenomenon was also found by
Freitas et al. (2007).

Urbanization can enhance sea breezes and strengthen
their pumping ability. At the start time, the vertical
profiles of V and f, in Exp3 almost overlap with those
in Exp2, and both are larger than those in Expl1 (Fig. 5a).
In addition, the sea breeze and sea-breeze circulation in
Exp2 and Exp3 are lifted into higher levels. Similarly, at
strongest time, Vo and fy in Exp2 and Exp3 are larger
than that in Expl (Figs. 5c,d). For Exp2, urbanization
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FIG. 5. Average vertical profiles of (top) Vo (ms™!) and (bottom) f, (m®s™') in Exp1, Exp2, and Exp3 over coast AG at the (a) (b) start
time, (c) (d) strongest time, and (e) (f) end time. The maximum value of f, is fy;.
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whereas the near-surface potential temperature in
Exp3 decreases slightly with height, and the inversion

apparently intensifies the near-surface sea breeze, but
layer is lifted higher (Fig. 6¢). Similarly, at the end

the height of the sea breeze and sea-breeze circulation

remain the same as in Expl (Fig. 5c¢). In Exp3, however,
the sea breeze and sea-breeze circulation are more than
100 m higher. The near-surface sea breeze in Exp2 is
slightly stronger than that in Exp3, whereas at a higher
level, it is much smaller than that in Exp3. At the end
time, with more urban land use, the sea breeze is more

time, the vertical motion increases and the atmo-
spheric boundary layer becomes less stable as a re-
sult of urbanization in both Exp2 and Exp3 (Fig. 6e).
For Exp3, a thin unstable layer can be found near the
surface. In addition, at this moment, the lifted in-
version layer in Exp3 is also higher than those in the

other two numerical experiments.

intensive from the ground to the top, in conjunction
with its pumping ability (Figs. 5Se,f). Meanwhile, the
sea breeze and sea-breeze circulation are also higher.
The vertical motion above the convergent zone can
also be intensified by urbanization (Figs. 6b,d,f), and the
vertical profile of the potential temperature becomes
better mixed or even more unstable with more urban
land use (Figs. 6a,c,e). In addition, the height of the
lifted inversion layer is also increased. At the start time,
the vertical motion in Exp2 is not obviously increased
(Fig. 6b), and its profile of potential temperature is al-
most parallel with that in Expl (Fig. 6a). In Exp3,
however, the vertical motion is intensified dramatically.
With stronger vertical motion, the near-surface layer in
Exp3 becomes better mixed, and the height of the in-
version layer is increased. At the strongest time, with a
more urbanized PRD, the vertical motion inten-
sifies in the convergent zone near coast AG (Fig. 6d).
Meanwhile, the vertical profile of potential tempera-
ture in Exp?2 is still parallel with that in Exp3 (Fig. 6¢),

b. Characteristics of the sea breeze along coast DE

with different land-use scenarios

Along coast DE, 29, 33, and 35 sea-breeze events
were identified respectively in Expl, Exp2, and Exp3,
and 23 cases in common were found in all of these
three simulations. Similar to coast AG, the intensity,
height, and duration of sea-breeze events at coast DE
are also enhanced by urbanization (Table 4). Their

end time is also generally postponed by nearly 30 min,
whereas with more urban land use in Exp2 and 3 the
start time of the sea breeze is 13 min later than that in

Expl. Therefore, the duration is slightly increased,

but not as dramatically as for coast AG. The general

intensity of sea breezes at 50m is modulated by ur-
banization in a different manner from that for coast

AG. The intensities in Exp2 and Exp3 change only slightly

along coast DE, whereas they change significantly along
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coast AG. Nevertheless, with more urban land use, the
sea breeze along coast DE pumps more air from the
sea to the land and extends vertically to a higher level.
If considering all separable sea-breeze events, the
inland penetration distances in Exp2 and Exp3 are
shortened by urbanization (Table 5). This effect is
also supported by Fig. 12 (described in more detail
below) which illustrates that the lateral boundary of
the sea breeze in Exp1 is always located farther inland
than that in Exp3. The effects of urbanization on the
vertical profile of the sea breeze at coast DE are
similar to those at coast AG. The difference is that the
height of the inversion layer near coast DE is almost
the same in each scenario.

4. Physical mechanism to modulate the
urbanization effects on sea-breeze circulation

To illustrate the effects of urbanization on the sea
breeze at coasts DE and AG, the potential temperature,
pressure, solenoid term, atmospheric friction term, and
vorticity acceleration were evaluated on the mean ver-
tical cross section (Fig. 4a) and averaged among all sea-
breeze events at the start time, strongest time, and end
time. The potential temperature gradient, solenoid
term, and atmospheric friction term over the coast are
greater at all moments in Exp3 than in Expl; however,
the pressure field changes little (Figs. 11 and 12, below).
The sea breeze in Exp3 is higher than that in Exp1 at the
start time and the strongest time, but the inland pene-
tration distance in Exp3 is reduced, especially for the sea
breeze along coast DE (Figs. 11 and 12, below). In Exp1
at coast DE, as they propagate gradually inland, the sea-
breeze circulation and the mountain-valley circulation
(see section 2 in the online supplemental material) on
the land develop into a new circulation on a larger
horizontal scale (green line in Fig. 12a, below). At the
end time, all three circulations (one sea-breeze cir-
culation and two mountain-valley circulations) have
combined into one. However, in Exp3, the average
sea-breeze circulation (black line in Fig. 12 a, below)
does not merge with any other circulations, which
shortens its inland penetration distance.

The physical mechanism of sea-breeze circulation
proposed by Cheng and Fung (2019) is used in this sec-
tion to explain this phenomenon. As concluded by
Cheng and Fung (2019), for the sea breeze in the PRD
region, the positive vorticity acceleration that stimulates
sea-breeze circulation is mainly contributed by the so-
lenoid term, which in turn is mostly controlled by the
temperature gradient because the pressure gradient
force is nearly constant during the development of the
sea-breeze circulation.
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TABLE 5. As in Table 3, but for sea breezes at coast DE.

Numerical Expt Expl Exp2 Exp3
No. of separable cases 21 23 24
Inland penetration distance (km) 14.0 11.0 12.7
Pumping ability (m>s™!) 574 622 691
Height (m) 412 433 460

Considering the importance of the temperature gra-
dient, the frontogenesis function was thus used to di-
agnose the magnitude and spatial distribution of the
four factors [Egs. (2)-(5)] that contribute to the
temperature gradient. According to the frontogenesis
function (Ninomiya 1984),

d d
Z|V InT,|== |V Inf | = FG1 + FG2 + FG3 + FG4,
de' e Y T g e

1)
where the four forcing terms on the right-hand side are
FG1 = 1 V Inf -V iln@ (2)

[V, Ing [ [ 7 v P\dr ’

1 d e 2
= —_— @@ - -‘,— -
FG2 2|Vp ln6U| {(M ln0v> (6y 1n0v> }
X (a_u + a_v) , 3)
ox dy
1 11/9 z 9 2
_|Vp ln_9v| {E [(5111(%) - <5ln0v) ]

du v dlnb alnb [ov  du
X|——— ]+ r t(—+— ), and
dx dy ox dy \dx dy

4)

FG3 =

1 01nb
FG4 = —

m T (Vp ln@v . pr):| . (5)

In the above equations, 6, is virtual potential tem-
perature, V, is horizontal gradient operator on an iso-
baric surface, # and v are horizontal wind components,
and o is vertical wind component. FG1 and FG4 eval-
uate the effects of heterogeneous diabatic and adiabatic
heating, respectively, on the temperature gradient, and
FG2 and FG3 quantify the effects of convergence and
deformation, respectively, on the temperature gradient.
As discussed by Cheng and Fung (2019), among these
four factors FG1 (diabatic heating) is the ultimate
driving force of the sea-breeze circulation, and it can be
offset by FG4 (adiabatic heating). At the same time, the
sea breeze can also be sustained by convergence and
deformation in the convergent zone.
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FIG. 7. Average (a) FG1 (107 "' Km™!s™1), (b)) FG2 (1072 Km 's™1), (¢) FG3 (1072 Km™'s™h),
and (d) FG4 (10"""Km~'s ") along coast AG in Exp1. The thick black line is the zero contour of
fx, which can approximate the boundary of the sea-breeze circulation. (A)—(D) Asin (a)-(d), but
for Exp3.
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(a)FG1+FG4 and Wind Field in Exp1
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(C)FG1+FG2+FG3+FG4 and Wind Field in Exp1
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(107" Km™'s™") along coast AG in (top) Expl and (bottom) Exp3. The thick black line is the boundary of the sea-breeze circulation.

Frontogenesis functions were evaluated in the mean
vertical cross section along coast AG (Fig. 4a). As shown
in Fig. 7, urbanization has significant effects on fronto-
genesis functions. With more urban land use in Exp3,

is increased (Figs.

the diabatic heating and adiabatic cooling on the land

7A,D). Hence, the positive effects

of FG1 on the temperature gradient are offset by the
negative effects from FG4, and their overall effects
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FI1G. 9. Average relative area of urban land use near coast AG in (a) Expl and (b) Exp3, along with (c) the difference between (a) and
(b). Also shown is average surface sensible heat flux (W m~2) near coast AG at the start time (black line), strongest time (red line), and end
time (blue line) in (d) Exp1 and (e) Exp3, along with (f) the difference between (d) and (e). The coast lies at the origin point of the x axis.
The positive x axis indicates land, and the negative values represent the sea.
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FIG. 10. Similar to Fig. 9, but for coast DE.

(FG1 + FG4) are still enhanced by urbanization
(Fig. 8C). The convergence and deformation effects
(FG2 and FG3) from the offshore region to the con-
vergent zone are apparently intensified (Figs. 7B,C),
which may contribute to enhancement of the tem-
perature gradient and sea-breeze circulation there.
Meanwhile, FG2 and FG3 among the inverse flow
over the coastal region are decreased dramatically by
urbanization. Similar results also can be found along
coast DE.

Corresponding to the enhanced FG1 near coasts AG
and DE in Exp3, the surface sensible heat flux is also

(a)Temperature Gradient&Wind Field(Exp3-Exp1)
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(b)Solenoid&Wind Field(Exp3-Exp1)
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increased there with greater urban land use (Figs. 9 and
10). Because the urban region is concentrated in the
coastal region along these two coasts (Figs. 9b and
10b), the surface sensible heat flux increases inland
first and reaches its maximum at the most urbanized
region (Figs. 9¢ and 10e). It then shows an obvious
decrease farther inland. Therefore, a positive heating
gradient is imposed from the coast to the most ur-
banized region, and the temperature gradient is thus
increased (Figs. 11a and 12a). However, a negative
heating gradient is imposed on the region farther
inland; this negative gradient is conducive to the
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FIG. 11. The (a) temperature gradient difference (color shading; 10 ®K m™?), (b) solenoid difference (color shading; 10”7 s 2), and
(c) vorticity acceleration difference (color shading; 10”7 s~2), along with the wind field difference [vectors; identical in (a)—(c)] between
Expl and Exp3 at the strongest time near coast AG. The blue and red lines respectively show average pressure and potential temperature
contours [in Exp1 for (a) and (c); in Exp3 for (b)]. The thick green and black lines show the average boundary of the sea-breeze circulation
in Expl and Exp3, respectively.
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(a)Temperature Gradient(Exp3-Exp1)
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FIG. 12. Similar to Fig. 11, but for coast DE.

negative temperature gradient difference between
Expl and Exp3 (Figs. 11a and 12a), which could
induce a negative solenoid difference between Expl
and Exp3 (Figs. 11b and 12b). This negative sole-
noid difference could intensify the development of
anomalous negative vorticity acceleration that could
stimulate a negative vortex in front of the sea-breeze
circulation and suppress its inland propagation (Figs. 11c

Thermal
Dynamical

Process

| |
FG1
Diabatic Heating

FG4
Adiabatic Heating

(Ultimate Driving Force) (Secondary Driving Force)

and 12c). In contrast, the positive heating gradient over
the coast increases the temperature gradient and hence
intensifies the solenoid term there (Figs. 11b and 12b).
The enhanced solenoid term could offset the increased
negative effects of atmospheric friction and contribute
positively to vorticity acceleration (Figs. 11c and 12c).
Consequently, the sea-breeze circulation is intensified
in Exp3.

Dynamical
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[ |
FG2 FG3
Convergence Deformation

(Secondary Driving Force) (Secondary Driving Force)

Temperature
Gradient

Pressure Gradient

(Constant)

Friction

(Largest Negative Factor)

Solenoid

(Largest Positive Factor)

Vorticity
Acceleration

FIG. 13. Flowchart of the relationship between the variables used to diagnose the dynamic process of sea-breeze circulation in this study.
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5. Conclusions

In this study, three numerical experiments using land-
use data from 1988, 1999, and 2010 were conducted to
quantitatively characterize the response of the sea-
breeze circulation to the rapid urbanization of the
PRD region. The results show that with more urban land
use the duration, height, pumping ability, and intensity
of the sea breeze are obviously enhanced, whereas its
inland penetration distanced is shortened. In the con-
vergent zone, vertical motion is intensified and the
boundary layer becomes better mixed. In addition, the
near-surface unstable layer is more obvious and the in-
version layer is lifted to a higher level. Because urban
land use in the PRD region is concentrated in coastal
regions, from the coastal region to the most urbanized
area, a positive heating gradient anomaly is imposed
by urbanization, whereas a negative heating gradient
anomaly can be found from the most urbanized area to
somewhere farther inland. This positive heating gradient
anomaly in the coastal region contributes to the enhance-
ment of FG1 and the temperature gradient. The increased
temperature gradient strengthens the solenoid term and
thus intensifies the vorticity acceleration, which could fuel
sea-breeze circulation. The relationships among these
variables are shown in Fig. 13. However, a negative heating
anomaly is conducive to a negative vorticity acceleration
anomaly, which could prevent the sea-breeze circulation
(positive vortex) from propagating farther inland by
stimulating one negative vortex immediately in front of
the sea-breeze circulation.
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