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Abstract This study investigates the possible relationship between changes in monsoonal (May–
June) rainfall diurnal variations over the south China coast and urban surface processes using hourly
rain gage data during 1981–2014 and semi-idealized numerical simulations. The continuous landward
penetration of regional climatic rainband observed prior to urbanization is blocked by the city. The
morning precipitation initiated at the coast “jumps” to the downstream area of city in the late afternoon,
causing a 2 hr delay of the rainfall peak time. Simulations clearly reproduce this change by turning off/on
the urban land use, and demonstrate a direct connection between the change of rainfall diurnal variations
with a magnitude-enhancing but slower-penetrating sea breeze as well as the thermodynamic conditions
modified by the city. Individual impacts of sensible heating, evapotranspiration, and friction from urban
surface are examined using various sensitivity experiments. Urban sensible heat is found to act as the
energy source to enhance the sea breeze and induce the asymmetric low-level urban inflow that blocks
the penetration of sea breeze and changes the rainfall location. Evapotranspiration and latent heat flux
suppressed by the impervious urban surface causes a drier boundary layer and lower CAPE over the city.
The “jumping” of the climatic rainband may result from the competing interaction of the dynamic and
thermodynamic factors. Urban friction has little impact on the daytime rainfall, but could slow down
seaward wind speed and enhance coastal convergence in the early morning if no strong urban heat island
is present.
1. Introduction
With more than half of the world’s people living in urban areas today, urbanization is closely associated
with the sustainable development and ecosystems (United Nations, 2018). As coastal cities are more economically developed, they tend to attract more people and hence can easily develop into urban agglomerations. Human activities (e.g., fuel consumption, anthropogenic aerosol emission, and land-use/land-cover
change) in cities will greatly affect global to regional climate (IPCC, 2019), increasing the frequency of
disastrous weather like heat waves, hazes, and floods (Liang et al., 2018; Misumi et al., 2019; World Meteorological Organization, 2014). Urban expansion modifies the surface energy balance in built-up areas,
maintaining the urban heat island (UHI) by thermal contrast between urban center and its perimeter. The
extensive use of impervious materials, such as concrete and asphalt hinders liquid water infiltration and
evaporation. Tall-building commercial districts and high-density residential houses in urban areas slow
down the flow within the urban canopy layer. Varying degrees of changes in temperature, humidity, and
wind are observed in major cities around the world (Bornstein & Johnson, 1977; Gedzelman et al., 2003;
Hao et al., 2018; Kim & Baik, 2005; Z. Li et al., 2011; Lokoshchenko, 2017; Shreffler, 1979).

© 2021. American Geophysical Union.
All Rights Reserved.
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Many studies have suggested that convective storms and precipitation may change with the expansion of the
urban area through modification by the underlying physical and chemical processes (Arnfield, 2003; Fan
et al., 2016; Han et al., 2014; Shepherd, 2005). Hypotheses that have been proposed to explain such changes include the following: (a) UHI-induced convergence and updraft at the downwind side could dynamically initiate moist convection under favorable thermodynamic conditions (Baik, 1992; Baik et al., 2001;
Changnon, 1979; Hjelmfelt, 1982; Rozoff et al., 2003); (b) increased surface roughness causes a near-surface
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Figure 1. (a) Model domain, topography (shading, m) and idealized urban
area (filled with black squares, and also marked by the blue line in b). (b)
Land-use setup of the experiments NoUrban and WithUrban. The surface
types of evergreen broadleaf forest, cropland/grassland mosaic, and sea
in NoUrban are shaded by green, dark pink, and blue colors, respectively.
WithUrban shares the same land use as NoUrban, except that the urban
area (blue line) is set to high density residential. The red and blue dots in
(b) indicate the location of conventional weather stations at urban and
suburban areas. The terrain higher than 300 m is also shown by the thin
black lines in (b) and subsequent figures.

10.1029/2021JD035318

wake flow, appearing as a horizontal recirculating vortex (D.-L. Zhang
et al., 2019); hence, thunderstorms bifurcate and bypass the city (Bornstein & Lin, 2000; Dou et al., 2015, 2020; Y.-Z. Zhang et al., 2017); (c)
aerosol-cloud interactions affect the radiation transfer, which determines
when and where clouds are formed (Albrecht, 1989; A. Ding et al., 2013;
Twomey, 1977; Y. Yang et al., 2016); precipitation under high aerosol
concentration can be either suppressed or enhanced depending on the
relative contributions of reduced warm-cloud droplet size and its dynamic feedbacks resulting in higher cloud tops (Han et al., 2012; Rosenfeld, 1999; Rosenfeld et al., 2008). As a whole, the complex interaction
among these mechanisms, the specific regional atmospheric environments and the underlying forcings make it difficult to fully understand
the detailed physical mechanisms leading to the rainfall changes over
different cities (Han et al., 2014).
Previous numerical studies on the land-surface/boundary-layer processes mostly focused on (a) the theoretical analyses using idealized models
(Baik, 1992; Baik et al., 2007), (b) the regional climate change in seasonal/yearly episodes (Trusilova et al., 2008; X. Wang et al., 2014), and (c) the
storm evolution in real cases (Huang et al., 2019; Yin et al., 2020). Using
two- and three-dimensional cloud-resolving models, Baik et al. (2001)
and Han and Baik (2008) reproduced the structure of stationary gravity
waves and updraft cells along the downwind direction of the surface heating center in analytic solutions. They indicated that the time required for
the formation of the first cloud water decreases and the location of cloud
is closer to the heating center as the UHI intensity increases. By comparing simulations of six fine-weather episodes in pre-urban and urban land
use, M. Li et al. (2015) found that urbanization along the Yangtze River
Delta accelerates local thermally induced circulations (i.e., UHI circulation, sea breeze, and lake breeze) through regulating the surface heat flux
and the above-surface thermal structure. Furthermore, to investigate the
impacts of multi-circulations on the convection initiation of an isolated
thunderstorm over the Beijing metropolitan area, H. Li et al. (2017) performed a series of sensitivity experiments with regard to terrain morphology, convectively generated cold outflow, and urbanization. Their results
also demonstrated a direct link between the faster occurrence of cloud
condensation and the urban-induced flow changes caused by the aforementioned thermal and frictional factors.

The Pearl River Delta (PRD) metropolitan area (black squares in Figure 1a), located in the coastal region of south China, has also experienced
noticeable urban expansion in the last 30 yr (Figure 2), leading to growing concerns on precipitation change in this area due to urbanization.
Past studies indicated that land–sea contrast and complex terrains act
as key factors in modulating the diurnal cycle of precipitation over this
coastal region during the East Asian Summer Monsoon season (April–
September; G. Chen et al., 2009; X. Chen et al., 2014; X. Chen et al., 2017;
Z. Jiang et al., 2017). Based on radar observations, X. Chen et al. (2015)
found a bimodal distribution of coastal convective rainfall, with a maximum in the early afternoon and a
secondary peak in the early morning. Precipitation propagates offshore from the evening to the early morning and penetrates to the inland area during the afternoon. Furthermore, numerical studies from X. Chen
et al. (2016, hereafter C16) demonstrated that the nocturnal offshore rainband is induced by the land-breeze
front, and enhanced at the coastline with significant terrain where the nocturnal downslope wind strengthens the offshore convergence; while the daytime inland-penetrating precipitation is mainly produced by the
sea-breeze front. However, in order to extract clean land and sea breeze signals, the land use over the PRD
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Figure 2. Time series of the built-up area (102 km2) of Guangzhou and Shenzhen. The total permanent population of
these two cities has accounted for 43.3% of the whole PRD population by 2016. The dashed line denotes the average
linear trends (km2 yr−1) of the two cities’ expansion before and after 1998. Data source: Statistics Bureau of Guangdong
Province.

region in C16 is prescribed as broadleaf plants. The influence of the underlying urban surface on the diurnal
cycle of inland rainfall over the PRD has not been studied.
Observational studies have reported an increasing trend of maximum daily precipitation in the PRD urban
areas compared with nonurban areas during the rapid urbanization period (Su et al., 2019; Yan et al., 2020).
Extreme hourly rainfall events tend to occur abruptly in strong UHI intensity (M. Wu et al., 2019). Studies
on typical cases revealed that the urban-induced flows are effective to initiate the torrential rain under favorable thermodynamic conditions in the warm sector (Gao et al., 2021; Jun et al., 2018; Yin et al., 2020),
and also help to sustain the updraft in frontal rainstorms to produce more precipitation (Wen et al., 2020).
However, few studies have focused on the changes of the spatial pattern and diurnal variations of rainfall
due to the urban expansion over the PRD. The mechanisms behind such changes still remain unclear,
which is important in improving weather forecasting skills.
In this study, we therefore investigate the impacts of urbanization on the spatial distribution and diurnal
cycle of summer monsoon precipitation over the PRD metropolitan area. Hourly rain gage observations
from 1981 to 2014 are used to compare the climatologies in the pre-urbanized and rapid-urbanization stages. Semi-idealized numerical simulations with diurnally cyclic-in-time lateral boundary conditions and an
urban canopy model (UCM) are used to test and verify the total impact of urban surface expansion on the
rainfall diurnal variations over the south China coast. Through a series of sensitivity experiments, the individual impacts of urban sensible heat, evapotranspiration, and friction on rainfall are examined.

2. Data and Methods
2.1. Data
Quality-controlled hourly rain gage data from 86 national-level surface stations in the Guangdong province
(see Figure 3) for the 34-year period 1981–2014 are used to establish a climatology of the diurnal cycle of
summer monsoon precipitation (May–June) over the PRD region. During this period, the PRD region has
experienced explosive urbanization expansion in terms of the population, economy, and in particular the
geographical space. There is an obvious dividing point in the speedup of urban construction which can be
used as the criterion to distinguish the condition of underlying surface. For example, in the two economic
engines of the PRD region, Guangzhou and Shenzhen (two biggest cities in south China with complete statistics), the annual growth rate of built-up area after 1998 is 10 times higher than that before 1998 (Figure 2).
Therefore, the past three decades can be simply divided into two stages, the pre-urbanized (1981–1997) and
the rapid-urbanization (1998–2014), and the summer monsoonal rainfall diurnal variations in each of these
two stages is examined.
To help understand the variations in the climatology, an idealized urban area is added to the model land use
in the numerical simulations (Figure 1a; see the next subsection for a detailed description). The data for the
global composite of nighttime lights (latest available year is 2013) from the Defense Meteorological Satellite
Program’s Operational Linescan System (DMSP-OLS), which is widely utilized in the estimations of builtup areas (e.g., X. Jiang et al., 2020; M. Wu et al., 2019; Yan et al., 2020) are used to identify the urban outline
and urban weather stations in the PRD region. We used the brightness value of 30 as a threshold to identify
LI ET AL.
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Figure 3. Distributions of the peak time (LST) of monsoonal rainfall (amount) diurnal cycle over Guangdong province in (a) Pre-urbanized, (b) Rapidurbanization stages, and (c) Their difference. (d–f) as in (a–c), but for the rain intensity (mm hr−1) at each peak time. The black arrow in (a) denotes the
surface to 850-hPa mean wind direction during the Mei-Yu season. Purple crosses and diamonds indicate the location of urban and suburban stations. The
administrative districts of the PRD are shown by the thin black lines. The locations of Guangzhou, Foshan, and Shenzhen are marked as G, F, and S in panel
(d). The white dashed lines in panels (a) and (b) outline the PRD metropolitan area, and the core downtown area of Guangzhou and Foshan, respectively. The
blue dashed circles in panels (d) and (e) denote the regions of high rain intensity.

the urban area, which is consistent with the distribution of impervious surface extracted from Landsat
images (L. Zhang & Weng, 2016). The outline of the urban area is then smoothed to reduce the local-scale
phenomenon caused by irregular land surface.
To evaluate the simulations, hourly UHI intensity around the Mei-Yu seasons (11 May–24 June, as in C16)
of 2007–2009 is calculated using averaged 2-m temperature at 12 urban and 12 suburban low-altitude surface stations that are sorted relative to the urban outline delineated from nighttime lights data (Figure 1b).
The coastal stations are not included because the temperatures here could be modified by marine air. A
total of 10 events in no-rain nighttime and another 10 events in moderately rainy daytime are selected to
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represent the mean climate condition under monsoon and urban effects (Table S1 in Supporting Information S1). The model results are compared to the mean of these events and discussed in the next section.
2.2. Model Setup
In C16, the authors used version 3.7 of the WRF-ARW (Skamarock et al., 2008) with averaged initial conditions and diurnally cyclic-in-time lateral boundary conditions to capture the diurnal variations of coastal
rainfall and its connections with land–sea breeze and monsoon flows during the 2007–2009 Mei-Yu seasons
(11 May–24 June). For a better comparison, we use the same model configuration as C16 to simulate the
rainfall diurnal cycle over the PRD metropolitan area but with a more realistic land-use setup. The model
domain is centered on the PRD region (Figure 1a) with a horizontal grid spacing of 4 km. The vertical grid
contains 50 uneven sigma levels, and 11 levels are within 1 km above the surface. All the experiments are
set as 10-day simulations initialized with the 135-day-averaged GFS analysis (0.5° resolution) at 0000 UTC
during the 2007–2009 Mei-Yu seasons and use the same analysis at 0000, 0600, 1200, and 1800 UTC as the
boundary conditions, which cycle periodically in time (i.e., from 0000 to 0600 to 1200 to 1800 UTC and then
back to 0000 UTC). This method can filter out the transient signals within an averaged atmospheric background environment while retaining the mean monsoonal flow as well as the diurnal variations like the
land–sea breeze and quasi-stable perturbation like the UHI circulation. Many earlier works have taken this
approach to study the characteristics of diurnal rainfall processes in different regions (Bao & Zhang, 2013;
Sun & Zhang, 2012; Trier et al., 2010; Y.-C. Zhang et al., 2014). In order to avoid bringing uncertainties from
model spin-up into the results, the first day of each 10-day simulation is abandoned. All analyses in this
study will be focused on the averages of the last 9-day integrations in different experiments.
Two control experiments are conducted using the modified land use. The inland surface types are prescribed as evergreen broadleaf forest at elevations above 50 m and cropland/grassland mosaic below 50 m
in the NoUrban experiment (Figure 1b), while the urban area extracted from nighttime light data is set to
high density residential in the WithUrban experiment (within the blue line in Figure 1b). Despite the simplification, this arrangement can capture the major land-use change before and after urbanization of the
PRD. Similar methods to deal with underlying surface are widely used in the studies of urban climate and
weather (L. Chen et al., 2018; B. Yang et al., 2019; W. Zhang et al., 2018; Zhao & Wu, 2017). Besides that,
all the water parts within the PRD (less than one fifth of the urban area) are removed in all experiments as
in C16 using a two-dimensional filter. As shown in C16, this simplification retains the basic characteristics
of the land–sea breeze perpendicular to the coastline, without losing accuracy to describe the diurnal variations of surface wind and rainfall.
As in C16, the following physics parameterizations are adopted: the WRF single-moment 5-class (WSM5)
microphysics scheme (Hong et al., 2004), the Kain-Fritsch cumulus scheme (Kain, 2004), the Yonsei University (YSU) scheme (Hong et al., 2006) for the planetary boundary layer (PBL), the Rapid Radiative Transfer Model (RRTM) longwave (Mlawer et al., 1997), and the Dudhia shortwave (Dudhia, 1989) radiation
schemes. Furthermore, to gain a better representation of urban effects on surface heat, moisture, and momentum in this study, the Unified Noah land surface model (F. Chen & Dudhia, 2001) is coupled with the
single-layer urban canopy model (SLUCM; F. Chen et al., 2011), instead of the five-layer thermal diffusion
scheme used in C16. Embedded within the first model layer, the physical processes included in the SLUCM
(Kusaka et al., 2001; Kusaka & Kimura, 2004) are (a) shadowing, reflections and trapping of radiation from
buildings (or the so-called street canyons), which is critical in calculating the skin temperatures at urban
surfaces (roof, wall, or road); (b) impervious urban surfaces with an adequate drainage system, which prevent evaporation from the ground; and (c) exponential wind profile in the canopy which is used to calculate
the friction velocity dragged by the street canyons. The impacts of anthropogenic heat and aerosols are not
included in present paper, but can be extended in the future.
2.3. Sensitivity Experiments
Most recent studies on urban climate and weather have regarded the urban effects as an integrated external forcing on the atmosphere above (Gao et al., 2021; Huang et al., 2019; W. Zhang et al., 2018), but few
of them mentioned the individual role of specific physical processes in the urban area. Based on a series
LI ET AL.
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Table 1
Summary of Sensitivity Experiments
Physical processes in urban area simulated by UCM
Expt
NoUrban

Intensity (mm·hr-1)

Latent heat flux
(evapotranspiration)

Friction

Cropland

Moist
processes
On

Urban

Yes

Yes

Yes

On

OnlyH

Urban

Yes

No

No

On

OnlyQ

Urban

No

Yes

No

On

OnlyF

Urban

No

No

Yes

On

Yes

Yes

Off

Cropland

Off

WithUrban_dry

Urban

Yes

OnlyH_dry

Urban

Yes

No

No

Off

OnlyQ_dry

Urban

No

Yes

No

Off

OnlyF_dry

Urban

No

No

Yes

Off

of sensitivity experiments conducted with the WRF-SLUCM, Miao et al. (2011) investigated the evolution
of a localized summer heavy rainfall in Beijing which was caused by a moving squall line. They designed
the sensitivity tests as a case only with the friction effect, a case only excluding the friction effect, and a
case only excluding the latent heat from UCM. Results showed that the sensible and latent heating induced by the Beijing urban area is more important than the associated friction effect, with latent and sensible heating having equally important roles in the modification of the simulated precipitation. As in Miao
et al. (2011), several sensitivity experiments are performed in this study to further examine the individual
impacts of sensible heating, evapotranspiration and friction from the urban surface on the rainfall diurnal
cycle over the PRD region. To discern clearer signatures of urban effects
from the interactions with moist processes, all experiments in this study
(mm)
are also performed in a fake-dry condition with microphysics and cumulus schemes turned off. The configuration information of different experiments is summarized in Table 1. The hourly perturbation wind fields of
each experiment in the following analyses are obtained by subtracting
the average daily mean wind field (which is regarded as the base state not
influenced by urban effects) in the experiments without the urban land
surface (NoUrban or NoUrban_dry, respectively).

(b) Rapid-urbanization

(mm)

3. Results
3.1. Observed Diurnal Variations

Local Solar Time (LST)

Figure 4. Normalized diurnal variations of rainfall (amount) at different
rain intensity over Guangzhou and Foshan in (a) Pre-urbanized and (b)
Rapid-urbanization stages. The method of normalization is defined as
(Rh − Ravg)/Ravg. Rh is the annual monsoonal rainfall during May–June at
each hour (LST) accumulated at eight stations in Guangzhou and Foshan
(CH, ZC, HD, GZ, SS, NH, PY, and SD in Figure 1b), of which the samples
are all greater than a specific rain intensity (0.1, 0.5, 1, 5, 10, or 20 mm hr−1
unevenly). Ravg represents the hourly mean of Rh, and is marked at the
right axis.

LI ET AL.

Sensible heat
flux

WithUrban

NoUrban_dry

(a) Pre-urbanized

Land-use map

The observed peak times of the monsoonal rainfall diurnal variations
over the south China coast in the pre-urbanized and rapid-urbanization
stages are compared in Figures 3a–3c. Similar to the results shown in
previous studies (G. Chen et al., 2009; X. Chen et al., 2015; C16; Z. Jiang
et al., 2017), the daytime rainfall generally initiates at the coast in the
morning and penetrates inland as a rainband driven by the sea-breeze
front during the afternoon (Figure 3a). However, significant differences
(Figure 3c) exist in the northwest of the PRD metropolitan area (dashed
line in Figure 3a), especially near the core downtown area (dashed square
in Figure 3b) of Guangzhou and Foshan (see the labels in Figure 3d).
Time of the maximum rainfall is delayed by about 2 hr in Guangzhou
and Foshan during the second period (Figure 4). In the pre-urbanized
stage, the strongest precipitation usually occurs near noon time, while
during the rapid-urbanization period, the heavier rainfall occurs in the
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Figure 5. Diurnal cycle of 2 m temperature (°C) at cropland/grassland mosaic (dark pink line) from NoUrban
(averaged on urban stations in Figure 1b), suburb (green dashed line), urban area (red line) from WithUrban (averaged
on suburban or urban stations in Figure 1b, respectively), and the UHI intensity (black line, °C) in WithUrban.

late afternoon. There is a narrow transition zone between the core downtown area and the coastal region
(Figure 3b), which seems to indicate that the continuous movement of rainband is blocked by the city
and will be discussed in details in the following sections. The morning precipitation initiated at the coast
“jumps” to the north of city in the late afternoon, which also implies that more abrupt and short-duration
rainfall could occur near the city as shown in M. Wu et al. (2019). The changed peak time of precipitation
overlaps with the evening rush hour of traffic, which will pose a challenge to urban drainage system and
emergency response.
Figures 3d–3f compare the observed spatial distributions of rain intensity at the peak time in the pre-urbanized and rapid-urbanization stages over the south China coast. High intensity precipitation mainly occurs
over the coastal and eastern inland terrain (Figure 1a), which is closely related to orographic lifting effects
(Rao et al., 2019). Notable changes occur in the PRD region before and after urbanization (Figure 3f). The
maximum rain intensity increases from 4.25 to 4.75 mm hr−1, the location of which also shifts westwards
from the windward side of the mountains to the foothills, and extends into the east of the PRD metropolitan
area (dashed circles). There is another belt of medium intensity rainfall (>4.25 mm hr−1) extending from
the mouth of the Pearl River to the north of the core downtown area of Guangzhou and Foshan (Figure 3e).
The latter region corresponds well to the peak time in the late afternoon, while the former maximum region
covers a longer and variable time range, from noon to late afternoon (Figure 3b). The results of rain-gage
data during the rapid-urbanization stage in this study agree with the estimations from TRMM satellite (W.
Li et al., 2011). Observations show a more complicated pattern of rainfall change near the urban area than
the mountains despite the large change of peak time from afternoon to morning in the mountainous region
north of the PRD (Figures 3c and 3f). It should be attributed to a variety of anthropogenic factors and their
competing interaction under the monsoon over the city.
3.2. Results From Control Experiments
Figure 5 gives the simulation results of surface temperature and UHI intensity in NoUrban and WithUrban.
The cropland in the PRD before urbanization is replaced by the urban area in WithUrban which causes a
heat anomaly in the urban PBL. The maximum UHI intensity at night is 2.4°C in the simulation, comparable to the 2.7°C in the observation. But contrary to the common sense during fine weather that usually
the daytime UHI is markedly weaker than the nighttime (Basara et al., 2008; Eastin et al., 2018; Gedzelman
et al., 2003; Kim & Baik, 2005; P. Yang et al., 2013), observations in the PRD show that the maximum UHI
intensity in rainy daytime could reach a high level—2.9°C, even higher than the nighttime. We put forward
two hypotheses to explain this phenomenon. First one is that the formation of UHI and clouds might share
the same favorable or unfavorable factors in the daytime’s PBL processes. So, they tend to grow or dissipate
at the same time. Second, seeing that the precipitation in the suburbs is about twice that in the urban area
(Table S1 in Supporting Information S1), a more reasonable explanation in the present case is that the
inhomogeneity of precipitation caused by urban effects in turn enhances the intensity of UHI. Overall,
despite an underestimate of the UHI intensity—0.9°C in the afternoon since the anthropogenic heat is not
LI ET AL.
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Figure 6. Distributions of average hourly precipitation (mm) between (a) 1200 and 1300; (b) 1500 and 1600; (c) 1800 and 1900 LST in experiment NoUrban.
(d–f) as in (a–c), but for WithUrban. The differences between WithUrban and NoUrban are shown in (g–i), respectively. The dashed lines in (a–c) indicate the
positions of rainband. The black dashed box in (d) indicates the position of cross sections in Figures 8, 9, 11, and 14.

considered in simulation, WithUrban could reflect the thermal difference from land surface processes between urban and suburban areas throughout the day and night.
The basic framework of rainfall diurnal variations over the south China coast is captured in NoUrban as
in C16. A rainband forms near the coast at noon (Figure 6a). It moves to the inland areas successively in
the afternoon and eventually stops at the terrain north of the PRD until the evening (Figures 6b and 6c).
However, in WithUrban, less convection initiation appears in the southern part of the PRD metropolitan
area at 1200 LST, and very little precipitation is produced (Figures 6d and 6g). By 1500 LST, the rainband
penetrates northwards and is enhanced to cover the center of the PRD (near 23°N) in NoUrban (Figure 6b).
Meanwhile in WithUrban, the rainband is blocked to the southeast of the PRD metropolitan area, with
weak precipitation scattering in the urban center (Figures 6e and 6h). At 1800 LST, the rainband has moved
to the north of the PRD in NoUrban (Figure 6c), but in WithUrban, there is enhanced rainfall concentrated
in the northern edge of the PRD metropolitan area and maintain itself for the next 3 hr (Figures 6f and 6i).
The rainfall timing and intensity markedly change in Guangzhou and Foshan during the sea-breeze phase
LI ET AL.
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(Figure 7). For WithUrban, the rain intensity in this region decreases at
1400 LST, and begins to increase and concentrate in the late afternoon.
The average change of rain intensity at each station can reach 2 mm hr−1.
The peak time is delayed for 4 hr compared with NoUrban, which is close
to the observations shown in Figures 3 and 4. The two control experiments correctly reflect the change of rainfall diurnal variations before
and after urbanization.

4. Changes of Local Circulations Due to Urbanization
The close relationships between the rainfall diurnal variations and the
land–sea breeze over the south China coast have been documented
Figure 7. Simulated hourly rainfall (mm) accumulated at eight stations
in C16, which is reproduced in the two experiments (Figure 8 and Figure
in Guangzhou and Foshan (CH, ZC, HD, GZ, SS, NH, PY, and SD in
S1 in Supporting Information S1). The start/end time of sea breeze along
Figure 1b) during the sea-breeze phase.
the coastline in WithUrban (Figure 8b) is 1.5 hr earlier/later than that in
NoUrban (Figure 8a). The 3-hr longer lifetime of sea breeze is powered by
the excess heat trapped by and stored in the urban area from solar radiation which means that the land–sea
thermal contrast is easier to build in the morning but harder to be reversed at night (Porson et al., 2007; Segal et al., 1997; Steyn, 1998). The intensified land–sea thermal contrast also promotes the magnitude of sea
breeze from 2.4 to 3.6 m s−1. It helps to enhance the convergence ahead of the sea-breeze front. However, the
continuous penetration of sea breeze is interrupted by the negative perturbation wind from the north of the
urban area (demarcated by red dashed lines in Figure 8b), which is the low-level inflow of the UHI circulation (Figures S1d and S1e in Supporting Information S1). Different from the cyclical land–sea breeze, the
horizontal UHI flow parallel to the prevailing wind is a kind of quasi-stable flow owing to the warmer urban
area than suburb maintaining all day long (Figure 5). As a result, the enhanced main body of sea breeze in
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v (m s−1) in experiment NoUrban at the 0.994-sigma
Figure 8. (a) Hovmoller diagram of zonal-averaged perturbation
level along the meridian of the black dashed box in Figure 6d. (b) As in panel (a), but for WithUrban. The urban area is
marked with the red dashed lines.
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Figure 9. Cross sections of perturbation wind vector
(vE and w, streamlines)
E
K) at (a) 1400, (b) 1600, and (c) 1800 LST in experiment NoUrban. (d–f) as in (a–c), but for WithUrban. Cross sections of wind increment vector
(vE and w ,
E and v  (shadings, m s−1) at (g) 1400, (h) 1600, and (i) 1800 LST due to urbanization (WithUrban−NoUrban). All cross sections are zonal averaged
streamlines)
along the meridian of the black dashed box in Figure 6d. The urban area is marked with a red solid horizontal line.

WithUrban (Figure 8b) reaches and stops at the north edge of urban area after 1800 LST (Figure S1f in Supporting Information S1). The extent of land–sea breeze’s inland penetration decreases from 200 to 120 km,
and the total speed of penetration decreases from 4.6 to 2.8 m s−1 compared with NoUrban (Figure 8a).
The vertical structures of perturbation wind in the afternoon in the two experiments clearly show that the
local diurnal circulations are enhanced due to urbanization (Figure 9). The sea breeze can quickly form a
closed circulation at 1400 LST in WithUrban, and the depth of the sea breeze increases from 500 m to 1 km
to fill the whole boundary layer (Figures 9a and 9d). The return flow of sea breeze can extend to beyond
3 km under the influence of convection ahead of the sea-breeze front (Figure 9d). The development of UHI
circulation is later than that of sea breeze because the magnitude of land–sea thermal contrast is much
greater than that between urban and suburban areas (Figures 9d and 9e). At 1600 LST, a closed UHI circulation is formed over the inland side of the city as the counterpart of sea breeze (Figure 9e). This pattern of
vertical structure resembles the laboratory study in water tank experiment (Cenedese & Monti, 2003) and
the two-dimensional numerical modeling on the coastal city of Tokyo (Yoshikado, 1992) except that the
UHI circulation is stronger in the PRD but an asymmetric pattern was obvious in Tokyo. The reason for this
difference may be attributed to the larger size of the PRD metropolitan area, which helps to raise the motion
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scale and keep the heat island in the whole boundary layer from being advected away. At 1800 LST, the seabreeze head (Figures S1c and S1f in Supporting Information S1) as well as the UHI circulation (Figure 9f)
continues to move downstream from the gravity current of sea breeze and dissipates (X.-M. Hu & Xue, 2016;
Sha et al., 1993). However, a new-born stagnant region develops at the north edge of the city (Figure 9f).
The robust stagnant region that is caused by the large pressure drop (similar as shown in Figure 12a) in the
city lasts for 6 hr, and continues to prevent the sea breeze from penetrating into the inland region (Kusaka
et al., 2019; Yoshikado, 1990, 1992). As a result, the convection system triggered by sea-breeze front could
stay in the north edge of the city for a long time to produce heavy rainfall.
The cross-sections of Uurban in Figure 9 shows the vertical structures of wind increment due to urbanization.
There are two branches of enhanced ascending motion, which are distributed in the front of sea breeze
and the north side of the city (Figure 9g). The updraft branch of sea breeze gradually merges with the UHI
circulation (Figure 9h), as is shown by Yoshikado (1992). In the afternoon, the enhancement of ascending
motion over the city was limited to the lower layer below 3 km, and it does not develop upwards (Figures 9g
and 9h). In the north side of the city in the early evening, the ascending motion extends to a high level,
resulting in heavy rainfall (Figure 9i). And further away from the city, the northern mountainous region is
shrouded by the downdraft branch of the UHI circulation which may hinder the growth of precipitation
in the afternoon (Figure 9h). This may help to explain the change of the time of maximum rainfall from
afternoon peak to morning peak in this region (Figures 3a–3c).

5. Impacts of Different Physical Processes From Urban Surface
Although the sea breeze, which is the controlling dynamic factor of rainfall diurnal variations, is powered by the land–sea thermal contrast, the development of the sea-breeze circulation and frontogenesis are
also found to be influenced by the surface roughness length and turbulent motions in the PBL (Boybeyi
& Raman, 1992; Courault et al., 2007; Dailey & Fovell, 1999; Drobinski & Dubos, 2009; Kala et al., 2010;
Kraus, 1992). In addition, the thermodynamic environment is another critical factor to determine the location of storms, the amount of precipitation, and feedbacks between convection and local circulations (G.
Chen et al., 2014, 2017; Wen et al., 2020; C. Hu et al., 2021). To clarify how the different aspects of urban
effects alter the local circulations and rainfall diurnal variations, we perform sensitivity experiments in
which the sensible and ground heat (OnlyH), the evaporation and latent heat (OnlyQ), and the friction
effect (OnlyF) from the urban surface are considered separately (Table 1).
Figure 10 shows the spatial distributions of hourly rainfall in the afternoon. In OnlyH, the rainband initiating at the coastal region quickly moves inland and strengthens. A bulk of vigorous convection gathers at
the eastern edge of the PRD metropolitan area at 1500 LST and lasts at the north edge of the PRD metropolitan area until evening (Figures 10a and 10d). The result of OnlyQ is just the opposite. The development
of precipitation over urban area is suppressed, but the surrounding suburbs are not affected (Figures 10b
and 10e). In OnlyF, the inland movement of the rainband is pretty close to that in NoUrban (Figures 6b
and 6c), although precipitation reduces in the urban center and increases in the north of the city, slightly
(Figures 10c and 10f).
Clear signals of land and sea breezes can be found in all of the sensitivity results, but the strength and
penetration of sea breezes greatly differ from one another (Figure 11). The diurnal pattern of OnlyH is
the nearest to that of WithUrban, except that the magnitude of surface perturbation wind is greater due to
the enhanced moist convection (Figures 8b and 11a). Despite lack of rainfall, the result of OnlyQ is close
to NoUrban (Figures 8a and 11b). In OnlyF, there is noticeable wind speed reduction that shortens the
life time of sea breeze and enhances the nighttime convergence along the coast (Figures 8a and 11c). The
sensitivity experiments suggest the dominance of urban sensible heating in changing the local circulations.
The positive anomaly of heating gradient imposed by urban sensible heat could strengthen the solenoid
term and thus intensifies the vorticity acceleration and frontogenesis (Cheng & Fung, 2019; Cheng, Fung,
& Tse, 2019). Therefore, the low-level lifting motion ahead of the sea-breeze front is enhanced and coupled
with the thermal bubble over city to help trigger and maintain moist convection (Figures 10a and 10d; Figures S2a–S2c and S3d–S3f in Supporting Information S1). However, the thermodynamic condition over city
regulates the intensity of moist convection and rainfall (Figures 10b and 10e; Figures S2d–S2f and S3g–S3i
LI ET AL.
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Figure 10. Distributions of average hourly precipitation (mm) between 1500 and 1600 LST in experiments (a) OnlyH, (b) OnlyQ, and (c) OnlyF. (d–f) as in
(a–c), but for the results between 1800 and 1900 LST.

in Supporting Information S1). Only urban friction is insufficient to affect daytime rainfall diurnal cycle
(Figures 10c and 10f), because although it reduces surface wind speed (Figure 11c), the rest of the boundary
layer forcing ahead of sea-breeze front is not affected (Figures S2g–S2i and S3j–S3l in Supporting Information S1). The relative importance of the three effects on changing the local circulations and rainfall is consistent with Miao et al. (2011). Detailed explanations are described in following subsections, respectively.
5.1. Surface Sensible Heat
Figure 12 shows the hourly evolution of the increments of surface wind and potential temperature by importing the sensible heating from urban surface in OnlyH. As insolation increases in the morning, the UHI
intensity over the PRD region reaches 2°C at 1200 LST (Figure 5). Before heavy precipitation develops,
the surface wind field is characterized by asymmetric acceleration pointing to the interior of the city (Figure 12a). In the meridional direction, the urban area is sandwiched between the sea and the mountains
without separation. This geographical feature causes the enhancement of sea breeze along the coastline, but
urban inflow and upslope wind may cancel each other to the north of the urban area. In the zonal orientation, enhanced urban inflow occurs to the west of city, where the Coriolis force component produced by the
perturbation pressure gradient perpendicular to coastline act in the same direction to the perturbation pressure gradient force in parallel with coastline; but weakened urban inflow occurs to the east of city, where the
two forces act in opposition. The unbalanced wind increment around city pushes convection system moving to northeast corner of the PRD metropolitan area, where cold pool is produced (Figures 10a and 12b).
Compared with a weak cold pool in NoUrban, vigorous convection in OnlyH leads to more evaporation
cooling near surface. The region that the enhanced cold pool can affect extends northwards from the east
of the PRD metropolitan area to the mountains and the influential time ranges from noon to late afternoon
(Figures 12c and 12d). Thus, the combination of asymmetric urban inflow and cold pool may explain the
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Figure 11. As in Figure 8, but for the experiments (a) OnlyH, (b) OnlyQ, and (c) OnlyF.

dynamic aspect in appearance of the high intensity rainfall region in observation (blue dashed circle in Figure 3e). The convection band does not cross mountains in OnlyH (Figures 10a,10d, 12c, and 12d), because
the thermodynamic environment is also important and will be discussed in the next subsection.
5.2. Evapotranspiration
Urban surface affects the energy exchange between earth and atmosphere by changing the net incoming
solar radiation and the surface energy partition. Figure 13 shows the simulated surface energy budget
averaged on urban stations in dry experiments, which is comparable to similar previous studies (Coutts
et al., 2007; M. Li et al., 2014; Shaffer et al., 2015; Tso et al., 1991). The maximum daytime sensible and
ground heat fluxes in WithUrban_dry and OnlyQ_dry are almost twice as much as those in NoUrban_dry
(Figures 13a–13c). Thus, the daytime UHI presents as the cumulative sensible heat difference between
urban and rural surfaces increases and the extra heat stored in the ground helps to maintain the nighttime
UHI (Figure 5). However, the latent heat flux in WithUrban_dry and OnlyQ_dry decreases to less than
50 W m−2, compared to 400 W m−2 in NoUrban (Figures 13a, 13b, and 13d). The impervious urban surface
hinders the evaporation of soil water and the reduction of green vegetation fraction in city leads to the decrease of plant transpiration. At 1400 LST, the reduction of water vapor mixing ratio in OnlyQ_dry reaches
1.5 g kg−1 throughout the PBL, compared with NoUrban_dry (Figure S4 in Supporting Information S1). The
resulting urban dry land has been noticed in many large cities and is responsible for the summer precipitation reduction through drying the boundary layer and the subsequent decrease in CAPE (Hao et al., 2018;
Kaufmann et al., 2007; Trusilova et al., 2008; C. Zhang et al., 2009).
The totally available CAPE for precipitation is fueled ahead of the sea-breeze front under moderate monsoonal wind speed and moisture supply (Figure 14 and Figure S3 in Supporting Information S1). The gravity current of sea breeze pushes the CAPE downstream to the inland side of city from 1400 to 1800 LST
(Figures 14a–14d and 14e–14h). We focus on relativity rather than quantity of the results because fake-dry
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Figure 12. Wind increment (arrays, m s−1) and potential temperature increment (shadings, K) on the 0.994-sigma level at (a) 1200, (b) 1400, (c) 1600, and (d)
1800 LST due to the sensible heat flux from the urban surface (OnlyH−NoUrban). The green contours in (a) show the pressure drop (−0.2 to −0.5 hPa) on the
0.994-sigma level.

experiments are incomplete in the physical processes that can consume CAPE. Compared to NoUrban_dry,
the surface-based CAPE is diminished 50% at 1400 LST after considering the urban dry land effect in OnlyQ_dry (Figures 14a and 14d). The result of OnlyQ shows that such level of CAPE reduction is enough
to eliminate precipitation (Figures 10b and 10e) although dynamic forcing is kept the same as in NoUrban
(Figures 8a, 9a–9c, and 11b; Figures S2d–S2f and S3g–S3i in Supporting Information S1). The urban dry
land effect should account for the weak precipitation over urban area in WithUrban. Using the CAPE diagnostic function, G. Chen et al. (2014, 2017) suggest that advection term is crucial in regulating the diurnal
cycle of moist instability, but in this study, we attach importance to the air-mass transformation near the
coast. From the perspective of energy exchange, CAPE is proportional to the sum of internal and latent heat
energy of low-level atmosphere. The CAPE portion associated with latent heat energy decreases instantly as
surface latent heat flux declines (Figure 14d). But in addition to the internal energy, surface sensible heating also partially transforms into the kinetic energy that is employed in the PBL turbulence and sea-breeze
circulation. Thus, it should take more time for surface sensible heating to energize the internal energy of
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Figure 13. Simulated surface energy budget averaged on urban stations shown in Figure 1b of the experiments (a) NoUrban_dry, (b) WithUrban_dry, (c)
OnlyH_dry, and (d) OnlyQ_dry for ground heat flux (GNFX, W m−2), latent heat flux (LHFX, W m−2), and sensible heat flux (SHFX, W m−2).

low-level atmosphere. And due to the extra surface sensible heat flux from urban area, CAPE eventually
increases to an appreciable level in WithUrban_dry by 1800 LST (Figures 14b and 14f). At this time, deep
convection occurs in this high CAPE region in WithUrban (Figure 6f). And more precipitation is produced
in OnlyH (Figures 10a and 10d) because the urban dry island effect that is the reduction of moisture and
associated CAPE is excluded (Figures 13c, 14c, and 14g; Figure S4 in Supporting Information S1).
5.3. Friction Effect
In the early morning, two wind patterns can be distinguished according to the wind direction on land
(Figure 15). The inland wind direction of OnlyF_dry is southeast, the same as NoUrban_dry, for the reason
that friction force increases as the wind blows from sea to land, except that the deceleration is greater in
OnlyF_dry in which the urban friction effect is considered (Figures 15c and 15d). However, if only UHI is
included, the inland wind direction of OnlyH_dry turns to southwest as the Coriolis effect of UHI low-level
inflow works and the wind deceleration near the coast weakens due to the superposition of UHI inflow on
prevailing wind (Figure 15b). The wind pattern of WithUrban_dry is close to OnlyH_dry, which means that
UHI effect can override friction effect when they coexist (Figures 15a and 15b). Therefore, the coastal wind
deceleration caused by urban friction effect may only appear under weak UHI intensity.
The convergence (divergence) between land (sea) breeze and southerly prevailing wind is induced at the
coastline (C16). Furthermore, the increment (decrement) of divergence (convergence) due to daytime
(nighttime) UHI effect can reach half of the magnitude in NoUrban_dry (Figures 15a–15c). But the increment of convergence due to urban friction effect only emerges after sunset because it can be suppressed by
daytime vertical diffusion (Figure 15d). As demonstrated in C16, coastal mountains are responsible for the
formation of offshore rainfall center on two franks of the PRD region. After taking urban friction effect into
consideration, the magnitude of convergence at the PRD coast reaches the same level as in mountainous region (Figure 15d). This enhanced convergence may help to trigger the offshore rainfall in south of the PRD
metropolitan area. However, rainfall observation is lack on the offshore side for the rain gauge data used in
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Figure 14. Cross sections of CAPE (shadings, J kg−1) at 1400 LST in experiments (a) NoUrban_dry, (b) WithUrban_dry, (c) OnlyH_dry, and (d) OnlyQ_dry.
(e–h) as in (a–d), but for the results at 1800 LST. All cross sections are zonal averaged along the meridian of the black dashed box in Figure 6d. The urban area is
marked with the blue dashed lines.
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Figure 15. Full model wind (arrays, m s−1E) and v (shadings, m s−1) on the 0.994-sigma level at 0600 LST; and diurnal cycle of meridional divergence
(−10−5s−1) at the coastal region of the PRD (yellow bars) and the coastal mountainous region (black lines) in experiments (a) WithUrba_dry, (b) OnlyH_dry, (c)
NoUrban_dry (OnlyQ_dry), and (d) OnlyF_dry. The green bars inside/outside the yellow bars denote the excesses/deficits of meridional divergence (−10−5s−1)
from NoUrban_dry. The NoUrban_dry and OnlyQ_dry share the same result, because moist processes are decoupled with dynamic framework in fake-dry
experiments. The PRD metropolitan area, the coastal region of the PRD and the coastal mountainous region are shown by the blue line, the yellow dashed box
and the green dashed box, respectively.
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this study. To reveal the urban influence on offshore rainfall, an observational research using satellite data
is planned in the future.

6. Summary and Discussion
Using 34-year hourly rain gage data, we present a climatology on diurnal cycle of monsoon precipitation
over the PRD region during two periods that are before or within rapid urban construction. We perform
semi-idealized numerical simulations with diurnally cyclic-in-time lateral boundary conditions on modified land use without or with urban surface to explore the possible influence of urban expansion on changing rainfall diurnal cycle and local circulations. And a series of sensitivity experiments are conducted to
investigate the individual role of sensible heat, evapotranspiration, and friction from urban surface. The
major findings can be summarized as follows:
1. O
 bservational results show that the PRD region has experienced obvious variation of monsoonal rainfall
diurnal cycle before and after urbanization. The continuous landward penetration of regional climatic
rainband is blocked by the city. The morning precipitation initiated at the coast “jumps” to the north of
the city in the late afternoon. The peak time of rainfall in urban area is delayed by 2 hr from 1500 to 1700
LST. Rain intensity at the peak time is enhanced along a southwest-northeast oriented belt that points
from the east edge of the PRD metropolitan area to the foothills.
2. Idealized simulations show that the expansion of urban surface in the PRD region could play an important role in altering the timing and intensity of diurnally cyclic rainfall by affecting the penetration speed
and intensity of regional climatic rainband that is triggered by sea breeze under southerly background
wind. After urbanization, the magnitude of sea breeze increases, but the total speed and extent of sea
breeze’s inland penetration decrease when it passes through the city. For vertical structures in the afternoon, stronger ascending motion ahead of the sea-breeze front gradually merges with the updraft branch
of UHI circulation to the inland side of city until 1800 LST. While the northerly UHI low-level inflow
and following stagnant region stop the penetration of sea breeze at this region where heavier rainfall is
produced and maintained over the enhanced convergence.
3. Comparisons between sensitivity experiments reveal that urban sensible heating plays the leading role
in changing local circulations; reduction of evapotranspiration dries the boundary layer and weakens
the CAPE over the city; increased urban friction could slow down surface wind speed and enhance
coastal convergence under weak UHI intensity. The “jumping” of climatic rainband may occur in an
environment that dynamic forcing is enhanced through interaction of sea breeze and UHI circulation
but thermodynamic condition turns bad due to urban dry island. The combination of asymmetric urban
inflow and cold pool in favorable thermodynamic condition may explain the appearance of high intensity rainfall belt in the east of metropolitan area.
Factors among different scales are mentioned to affect precipitation around city (Sharma et al., 2021). Aerosol radiative and microphysical effects in polluted weather can delay the timing of heavy convective storms
through stabilizing the boundary layer first and then transporting more liquid water to the freezing level in
cloud (Guo et al., 2016; Lee et al., 2016). However, we conclude that only the circulation changes related to
urban expansion is enough to alter rainfall diurnal cycle. Recent work asserts a more notable impact from
anthropogenic aerosol than from urban heating-induced stronger sea breeze on enhancing updraft and rain
intensity (Fan et al., 2020). But we find that urban surface can regulate rainfall amount across a broad range
by activating urban dry island or not. More investigations are required to pay direct attention to how the
dynamic and thermodynamic conditions of storm evolution is affected by what kinds of human activities,
and measure their contribution together, rather than to highlight one aspect in a split way.
The idealized simulations of this study focus on the impacts of urbanization on the changes of rainfall diurnal cycle and local circulations. We therefore use the same monsoon background for all simulations, which
is averaged over the entire 2007–2009 Mei-Yu seasons (C16). Actually, monsoonal wind speed and direction
are key factors that can considerably influence the spatial distribution and diurnal cycle of heavy rainfall.
For example, based on radar observations and sensitivity simulations, X. Chen et al. (2014, 2017) showed
that the inland propagation rainband that is driven by the sea-breeze front is replaced by a quasi-stationary
rainfall maximum along the coastline due to the differential land–sea friction as the wind speed increases
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from the lower third to the upper third. Using an objective classification, C. Wang et al. (2021) found three
types of location and diurnal cycle of the heavy rainfall over the south China coast corresponding to the
different synoptic patterns that the background wind veers from the southwest to the southeast. Here, we
test three separate urban physical processes under moderate southerly monsoonal flow and moisture supply. Further studies on varying background wind and urban parameters may provide more insights into
how synoptic patterns and monsoonal wind speed affect the urban effects on diurnal rainfall. In addition,
more ensemble and case studies to show the reasons why the daily weathers deviate from their climate
background when the slow-varying mean flow interacts with the complicated boundary layer and complex
terrain also require future investigation (e.g., Gao et al., 2021; Kusaka et al., 2019). The rainfall over south
China has experienced significant interdecadal changes during 1990s as urban expansion occurs (Y. Ding
et al., 2008; R. Wu et al., 2010; G. Chen et al., 2021; also see Figure 4). Simulations on long term evolution
of the changes in large-scale circulation (wind speed, direction, and diurnal cycle) accompanying urbanization using climate model may help to distinguish the natural and artificial variations of rainfall.

Data Availability Statement
The observational data can be accessed at https://doi.org/10.5281/zenodo.4800717, while the simulations
are available at https://doi.org/10.5281/zenodo.4801692.
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