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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 response 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 further inland. The positive heating
gradient may intensify the sea-breeze, and the negative heating gradient may prevent
the sea-breeze from propagating further inland.
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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 further inland. (The positive heating gradient may intensify the sea-breeze,

and the negative heating gradient may prevent the sea-breeze from propagating further inland.

Keywords: Sea-breeze - Solenoid Term - Frontogenesis Function - PRD Region - Urbanization

1 Introduction

The sea-breeze is fueled by land-sea thermal differences in coastal regions (Simpson 1994).
With the extension of urban areas in coastal cities, the thermal properties of land surface are
changed significantly, which may affect sea-breezes. Much attention 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 intensify the heat island circulation over Shanghai (Y ou-
hua 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 further inland (Lin et al. 2008).
With the presence of an urban area, the propagation speed of the sea-breeze front may be slowed
(Freitas et al. 2007; Leroyer et al. 2014). (In the absence 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). Interaction among the sea-breeze, the Taipei urban heat island, and the mountains was
found to strengthen thunderstorms downstream of the sea-breeze (Chen et al. 2007). Similar results

have also been found in Houston and in central Taiwan (Shepherd et al. 2010; Lin et al. 2008).
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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 industrial development and urbanization in the PRD region strengthens the
daytime sea-breeze circulation (Lo et al. 2007). Lu (2010) found thatthe urbanization 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 urbanization on sea-breezes. In addition, these studies did
not define any standard variables to quantify the onset 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 statistical results are shown and discussed in Section 3. In Section 4, one physical
mechanism is proposed to dynamically elucidate the response of the sea-breeze to urbanization in

the PRD region. Section 5 then concludes the paper.

2 Data and Methods

As illustrated by Figure 1, the PRD region underwent rapid urbanization between 1988 and
2010, especially in Guangzhou, Foshan, Zhongshan, Dongguan, and Shenzhen, 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 were conducted from 2 June to 31 August 2010
with land-use data from 1988, 1999, and 2010 (Figure 1). These simulations used domain settings

designed by Xie et al. (2012). The weather research and forecasting terrain-following coordinate
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contains 47 eta levels, and 17 levels were within a height of 1 km. Asymmetric Convective Model
Version 2 was used in this simulation, because it performs better than other planetary boundary
layer schemes in the PRD region (Xie et al. 2012). For this simulation, the root-mean-square error
of the 2-m temperature ranged from 1.87°C to 2.11°C, whereas it ranged from 1.39 to 1.51 m/s for
a 10-m wind speed. The evaluation results showed that the overall performance of the weather

research and forecasting model over the PRD region is reasonable with this configuration.

The method identified by (Cheng and Fung, 2017) was used to quantitatively characterize
the sea-breeze in different land-use scenarios. As shown in Figure 2 (a), the three main coasts in
the PRD region were simplified as straight lines AG, BC, and DE. We focused mainly on coasts
AG and DE because coast BC has shifted considerably over the past 30 years. The horizontal wind
field is decomposed into divergent and non-divergent parts with the method introduced by Cao
and Xu (2011) and Xu et al. (2011). Along coasts AG and DE, the normal divergent velocity (/)
and mormal original velocity (V,) were spatially averaged. Positive signals of V,, were taken as
sea-breeze events along each coast if they began after sunrise and finished and appeared with a
positive V,,. (The start time of a sea-breeze was defined as the time at which Vj, and V,, are both
positive, whereas the time at which any of them Will beé negative was taken as the end time. V;, at
a height of 50 m was taken as the intensity of the sea-breeze. In the averaged vertical wind field
(Figure 2 (b)), the height at which the V, over the coast first changes from positive to negative was
considered as the height of the sea-breeze (Hgp ). Integrated V,, over height (i:€.(fy) is also
evaluated, and its zero contours are used to indicate the boundary of atmospheric circulation. The
inland lateral boundary illustrated by f, can also be used to estimate the inland penetration distance

of the sea-breeze (Dsp). In addition, [fy @t the height of Hsp Over the coast (f) can also quantify


jianping.huang
Highlight

jianping.huang
Highlight

jianping.huang
Highlight

jianping.huang
Highlight

jianping.huang
Highlight

jianping.huang
Highlight

jianping.huang
Highlight

jianping.huang
Highlight

jianping.huang
Highlight


88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

the pumping ability of the sea-breeze circulation. fy and Hgg were evaluated for separable sea-

breeze events that have clear boundaries.

3 Statistical Results

3.1 Characteristics of Sea-Breeze along Coast AG with Different Land-Use Scenarios

Three numerical experiments with land-use data from 1988, 1999, and 2010 were 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 and statistical results are summarized in
table 1. In Exp1, the average start time was 11:30, and the average end time was 17:20. The average
start time of sea-breeze events in Exp2 was 35 min earlier than that of Expl, and the end time was
45 min later. Therefore, the mean duration of the sea-breeze events in Exp2 was 80 min longer.
The increased urban land-use in Exp2 and Exp3 appears to have enhanced the intensity of the sea-

breeze events. In addition, the statistical results of Exp2 and Exp3 are quite similar.

Separable sea-breeze cases in these three experiments were selected with the method
mentioned in Chapter 2; nine separable cases were found in Exp3 along with €ight cases each in
Expl and Exp2. Their characteristics are summarized in Table 2. With more urban land-use in
Exp2 and Exp3, the height and pumping ability of the sea-breeze both appeared to be enhanced,
but the inland penetration distance did not change as obviously. However, the average lateral
boundary of the sea-breeze circulation in Exp1l reached further inland than that in Exp3 at the start
time, the strongest time, and the end time. (Figure 8 only illustrates the boundary at the strongest

time.) A similar phenomenon was also found by Freitas et al. (2007).
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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 Exp1. In addition, the sea-breeze and sea-breeze circulation in Exp2 and Exp3
are lifted into higher levels. Similarly, at strongest time, V,, and fy in Exp2 and Exp3 are larger
than that in Expl. For Exp2, urbanization apparently intensifies the near-surface sea-breeze, but
the height of the sea-breeze and sea-breeze circulation remain the same as in Expl. 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
intensive from the ground to the top, in conjunction with its pumping ability. Meanwhile, the sea-

breeze and sea-breeze circulation are also higher.

The vertical motion above the convergent zone can also be intensified by urbanization
(Figure 4 (b) (d) (f)), and the vertical profile of the potential temperature becomes better mixed or
even more unstable with more urban land-use (Figure 4 (a) (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 increased,
and its profile of potential temperature is almost parallel with that in Expl. 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 inversion layer is increased. At the strongest
time, with a more urbanized PRD, the vertical motion intensifies in the convergent zone near coast
AG. Meanwhile, the vertical profile of potential temperature in Exp2 is still nearly parallel with
that in Exp3, whereas the near-surface potential temperature in Exp3 decreases slightly with height,
and the inversion layer is lifted higher. Similarly, at the end time, the vertical motion increases and

the atmospheric boundary layer becomes less stable as a result of urbanization in both Exp2 and
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Exp3. For Exp3, a thin unstable layer can be found near the surface. In addition, at this moment,

the lifted inversion layer in Exp3 is also higher than those in the other two numerical experiments.

3.2 Characteristics of Sea-Breeze along Coast DE with Different Land-Use Scenarios

Similar to coast AG, the intensity, height, and duration of sea-breeze events at coast DE
are also enhanced by urbanization (Table 3). 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 12
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 50 m is modulated by urbanization in a
different manner from coast AG. The intensities in Expl and Exp2 change only slightly, where in

Exp3 the intensity changes significantly.

The characteristics of separable sea-breeze events are summarized in Table 4. 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. However, compared with Expl, the inland penetration distances in
Exp2 and Exp3 are shortened by urbanization. This effect is also supported by Figure 10, which
illustrates that the lateral boundary of the sea-breeze in Expl is always located further 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

1s almost the same in each scenario.

4 Physical Mechanism to Modulate the Urbanization Effects on Sea-Breeze Circulation
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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 vertical cross-section (Figure 2 (a)) and averaged among all sea-breeze
events at the start time, strongest time, and end time. The potential temperature gradient, solénoid
term, and atmospheric friction term over the coast are greater at all moments in Exp3 than in Exp1;
however, the pressure field changes little. The sea-breeze in Exp3 is higher than that in Expl at
the start time and the strongest time, but the inland penetration distance in Exp3 is reduced,
especially for the sea-breeze along coast DE. In Expl at coast DE, as they propagate gradually
inland, the sea-breeze circulation and the mountain-valley circulation on the land develop into a
new circulation on a larger horizontal scale (green line in Figure 10 (a)). At the end time, all three
circulations (one sea-breeze circulation and fwo mountain-valley circulations) have combined into
one. However, in Exp3, the average sea-breeze circulation (black line in Figure 10 (a)) 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 (2017) is
used in this section to explain this phenomenon. As concluded by Cheng and Fung (2017) , for the
sea-breeze in the PRD region, the positive vorticity acceleration that [Stimulateés sea-breeze
circulation is mainly contributed by the solenoid térm, 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.

Considering the importance of the temperature gradient, the frontogenesis function was thus
used to diagnose the magnitude and spatial distribution of the four factors (FG1 to FG4) that
contribute to the temperature gradient. FG1 and FG4 evaluate the effects of heterogeneous diabatic

and adiabatic heating, respectively, on the temperature gradient, whereas FG2 and FG3 quantify
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the effects of convergence and deformation, respectively, on the temperature gradient. As
discussed by Cheng and Fung (2017) , 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).
Meanwhile, the sea-breeze can also be sustained by convergence and deformation in the

convergent zone.

Frontogenesis functions were evaluated in the mean vertical cross-section along coast AG
(Figure 2(a)). As shown in Figure 5, urbanization has significant effects on frontogenesis functions.
With more urban land-use in Exp3, the diabatic heating and adiabatic cooling on the land is
increased, whereas the adiabatic heating induced by the downward flow mainly above the sea is
increased. Hence, the positive effects of FG1 on the temperature gradient are offset by the negative
effects from FG4, and their overall effects (FG1 + FG4) are still enhanced by urbanization (Figure
6 (C)). The convergence and deformation effects (FG2 and FG3) from the offshore region to the
convergent zone are apparently intensified (Figure 5 (B) (C)), which may contribute to
enhancement of the temperature 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 increased there with greater urban land-use (Figure 7 and 9). Because the urban
region is concentrated in the coastal region along these two coasts (Figure 7 (b) and 9 (b)), the
surface sensible heat flux increases inland first and reaches its maximum at the most urbanized
region (Figure 7 (e) and 9 (e)). It then shows an obvious decrease further inland. Therefore, a

positive heating gradient is imposed from the coast to the most urbanized region, and the
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temperature gradient is thus increased (Figure 8 (a) and 10 (a)). However, a negative heating
gradient is imposed on the region further inland; this negative gradient is conducive to the negative
temperature gradient difference between Expl and Exp3 (Figure 8 (a) and 10 (a)), which could
induce a negative solenoid difference between Expl and Exp3 (Figure 8 (b) and 10 (b)). (This
negative solenoid 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 (Figure 8 (c) and 10 (c)). In contrast, the positive heating gradient
over the coast increases the temperature gradient and hence intensifies the solenoid term there
(Figure 8 (b) and 10 (b)). The enhanced solenoid term could offset the increased negative effects
of atmospheric friction and contribute positively to vorticity acceleration (Figure 8 (c) and 10 (c)).

Consequently, the sea-breeze circulation is intensified in Exp3.

5 Conclusions

In this study, three numerical experiments using land-use data from 1988, 1999, and
2010 were conducted to quantitatively characterize the teésponse of the sea-breeze circulation to
the rapid urbanization of the PRD tegion. 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 convergent zone, vertical motion is intensified
and the boundary layer becomes better mixed. In addition, the near-surface unstable layer is more
obvious, and the inversion layer is lifted to a higher level. Because urban land-use in the PRD

region is concentrated in ([€oastal reégions, from the coastal region to the most urbanized area, a

10
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positive heating gradient anomaly is imposed by urbanization, whereas a negative heating gradient
anomaly can be found from the most urbanized area to somewhere further inland. This positive
heating gradient anomaly in the coastal region contributes to the enhancement 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 Figure 11. However, a negative heating anomaly is conducive
to a negative vorticity acceleration anomaly, which could prevent the sea-breeze circulation
(positive vortex) from propagating further inland by stimulating one negative vortex immediately

in front of the sea-breeze circulation.
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283  Table 1. Average start time, end time, duration, and intensity of sea-breeze events along coast AG

284  in numerical experiments with different land-use data.

Numerical Experiment Exp1 (1988) Exp2 (1999) Exp3 (2010)
Start Time 11:30 10:55 10:50
End Time 17:20 18:05 17:50
Duration 5h 50 min 7 h 10 min 7h
Intensity (m/s) 2.26 2.51 247

285

286  Table 2. Number of separable cases, average inland penetration distance (Dgsg), pumping ability

287  (fn), and height (Hgp).

Numerical Experiment Expl Exp2 Exp3
Number of Separable Cases 16 16 16
Inland Penetration Distance (km) 14.6 15 16.7

Pumping Ability (m3/s) 904 966 1277
Height (m) 466 525 628

288

289 Table 3. Average start time, end time, duration, and intensity of sea-breeze events along coast DE

290 in numerical experiments with different land-use data.

Numerical Experiment Expl Exp2 Exp3

Start Time 10:30 10:42 10:42

End Time 16:55 17:23 17:26
Duration 6 h 25 min 6 h 41 min 6 h 44 min

Intensity (m/s) 1.97 1.98 2.14

291

14



292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

Table 4. Number of separable cases, average inland penetration distance (Dsg), height (Hgg), and

pumping ability (f).
Numerical Experiment Expl Exp2 Exp3
Number of separable cases 21 23 24
Inland Penetration distance (km) 14.0 11.0 12.7
Pumping Ability (m3/s) 574 622 691
Height (m) 412 433 460
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Figure 2. (a) Terrain and coastlines in the PRD region. Coastlines are simplified into straight lines
AG, DE, and BC. In this study, most variables related to coast AG were evaluated in the Cartesian
coordinate system designed in Figure 2 (a). Its y-axis coincides with coast AG, and the x-axis
overlaps line A;A,. We focused mainly on variables on the mean vertical cross-section (red
rectangle in Figure 2 (a)), which is achieved by averaging the three-dimensional physical variables
in the black box over the y direction. Using the wind field in Figure 2 (b) as an example shows the
average sea-breeze circulation in the mean vertical cross-section along coast AG. The same method

was also used for coast DE.

16



328

©
329

Height (m)

330

331 -4 —é é —‘1 0 1 é é 4 -

332

333 01 A \\

T T T T
-800 -400 0 400 800

Height (m)
(o2}
8
/
/

334

335  Figure 3. Average vertical profile of V, in m/s (a) (c) (e) and f, in m%/s (b) (d) (f) in Expl, Exp2,
336  and Exp3 over coast AG at the start time (a) (b), the strongest time (c) (d), and the end time (e) (f).

337  The maximum value of f, is fy.
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344  Figure 4. Average vertical profile of vertical velocity (W) (in m/s) (a) (c) (e) and potential
345  temperature (T,,) (in K) (b) (d) (f) in Expl, Exp2, and Ex3 over convergent zone near coast AG at

346  the start time (a) (b), the strongest time (c)(d), and the end time (e) (f).

17



347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

(a)FG1 and Wind Field in Exp1 (D)FG2 and Wind Field in Exp1 (C)FG3 and Wind Field in Exp1 (d)FG4 and Wind Field in Exp1

150 150
1050 f- 1050
950 950
850 850
3 750 750 f
z 650 650
g 550 550 |~
x 450 450 |+
350 350 |,
250 250 -
150 150 ; 150
50 = ol o ock et -~ % WA S - shat 50 (=3 3Vl vt - T 50 LM o L 50 = TR At
3228-24-20-16-12 -8 4 0 4 8 12 16 20 24 3228-24-20-16-12 -8 4 0 4 8 12 16 20 24 3228-24-20-16-12 -8 4 0 4 8 12 16 20 24 3228-24-20-16-12 -8 4 0 4 8 12 16 20 24
Distance from Coast(km) Distance from Coast(km) Distance from Coast(km) Distance from Coast(km)
(A)FG1 ana Wind Field in Expd (B)FG2 ana Wind Field in Expd (C)FG3 and WInd Fieid in Exp3 (D)FG4 and WInd Fieid in Exp3
1150 150 — 1150 - 1150
1050 b= 1050 b=

e 1050 fersss - 1050 f=.,
950
850

750

650
550
450
350
250
150

Height(m)

AR ARREEE
1612 8 4 0 4 8 12 16 20 24

L2y

e ey TRELR
9228242016128 4 0 4 8 12 16 20 24

6128 4 0 4 8 12 16 20 24 16128 4 0 4 8 12 16 20 24

Distance from Coast(km) .....,1..... Distance from Coast(km) __ - Distance from Coast(km) _ - Distance from Coast(km) __ -
T T T— T T T — T T — T
28 4 0 4 8 12 28 4 0 4 8 12 28 4 0 4 8 12 28 4 0 4 8 12

Figure 5. Average FG1 (a), FG2 (b), FG3 (c), and FG4 (d) along coast AG in Expl. FG1 and FG4
are given in 1071 - k- m™1 - 571 and FG2 and FG3 are given in 10712 - k- m~1 - 571, The thick
black line is the zero contour of the stream function, which can approximate the boundary of the
sea-breeze circulation. (A) through (D) are similar to (a) through (d) but they are for FG1 (A), FG2

(B), FG3 (C), and FG4 (D) along coast AG in Exp3.
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Figure 6. Average FG1+FG4 (a), FG2+FG3 (b), and FG1+FG2+FG3+FG4 (c) along coast AG in
Expl. FG1+FG4 and FG1+FG2+FG3+FG4 are given in 10711 - k- m~! - s71, and FG2+FG3 is

1

given in 10722 - k-m™1- 571, The thick black line is the zero contour of the stream function,

which can approximate the boundary of the sea-breeze circulation. (A) through (C) are similar to
(a) through (c) but they are for FG1+FG4 (A), FG2+FG3 (B), and FG1+FG2+FG3+FG4 (C) along

coast AG in Exp3.
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Figure 7. (a) (b): Relative area of urban land-use near coast AG in Exp1l and Exp3. (d) (e): Average

surface sensible heat flux (w/m?) near coast AG at start time (black line), strongest time (red line),

and end time (blue line) in Expl (d) and Exp3 (e). The difference between (a) and (b) is shown in

(c), and the difference between (d) and (e) is shown in (f).
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Figure 8. Color-filled contours show (a) the temperature gradient difference (107° k/m) between
Expl and Exp3 at the strongest time, (b) the solenoid difference (107 s72) between Expl and
Exp3, and (c) the vorticity acceleration difference (1077 s72) between Expl and Exp3. The wind
field in (a) through (c) is the difference (m/s) between the average wind field in Expl and Exp3.
In (a) (c), blue line shows average pressure contours in Expl, and red line shows potential
temperature contours in Expl, whereas the blue line in (b) shows average pressure contours in
Exp3, and the red line shows average potential temperature contours in Exp1l. The thick green line
shows the average boundary of sea-breeze circulation in Expl, and the black line shows the

average boundary of sea-breeze circulation in Exp3.
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Figure 9. Similar to Figure 7, but for coast DE.
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Figure 10. Similar to Figure 8, but for coast DE.
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439  Figure 11. Flow chart of the relationship between the variables used to diagnose the dynamic

440  process of sea-breeze circulation in this study.
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