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ABSTRACT: An afternoon heavy rainfall event occurred over coastal Nantong, an area of 70–100 km downstream
from the Shanghai–Suzhou–Wuxi–Changzhou city belt over the Yangtze River Delta, under the influences of weak
southwesterly monsoonal flows and lake/sea breezes on 26 July 2018. An observational analysis shows the emergence
of pronounced urban heat island (UHI) effects along the city belt during the late morning hours. A series of nested-
grid cloud-permitting model simulations with the finest grid spacing of 1 km are performed to examine the impacts of
urbanization on convection initiation (CI) and the subsequent heavy rainfall event. Results reveal the generation of
lake breezes and warm anomalies in the planetary boundary layer along the city belt and low-level convergence,
thereby inducing upward motion for CI. The southwesterly flows of the monsoonal warm–moist air, enhanced by the
UHI effects along the city belt, allow the development of convective cells along the city belt, some of which merge
with convective clusters during their downstream propagation, and the ultimate generation of several distinct heavy
rainfall centers by local convective clusters over coastal Nantong where atmospheric columns are more moist and po-
tentially unstable under the influences of sea breezes. Sensitivity simulations show small contribution of Nantong’s
UHI effects to the heavy rainfall event. The above findings help elucidate how the UHI effects could assist the CI in a
weak-gradient environment, and explain why urbanization can contribute to increased downwind mean and extreme
precipitation under the influences of favorable regional forcing conditions.

SIGNIFICANCE STATEMENT: The urban heat island (UHI) effects tend to produce more rainfall on its downwind
side than that on the other sides, but alone could hardly account for the generation of heavy rainfall. This study exam-
ines the influences of the UHI effects associated with a city belt over the Yangtze River Delta on generating an after-
noon heavy rainfall event over coastal Nantong that is 70–100 km downwind from the city belt. Results show (i) the
downwind advection of the UHI effects; (ii) the initiation of convective storms along the city belt, and their subsequent
downstream propagation, leading to the generation of heavy rainfall over Nantong; and (iii) an important role of sea
breezes in generating the heavy rainfall event.
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1. Introduction

Urbanization could produce significant influences on local
precipitation, i.e., with more rainfall over urban regions and
on the downwind side (e.g., Changnon 1968; Shepherd and
Burian 2003; Lei et al. 2008; Niyogi et al. 2011). Earlier stud-
ies suggest that urbanization could lead to 5%–25% in-
creases in rainfall, particularly within 50–75 km downwind
of urban centers during summer months (Changnon et al.
1981). Based on a recent meta-analysis assessment of 85
studies from 48 publications, Liu and Niyogi (2019) found
that mean rainfall is enhanced by 16% and 18% over cities
and their (about 50 km) downwind areas, respectively. With
the rapid urbanization globally, many studies focus on the
impact of urbanization on local heavy rainfall changes. For
example, Kishtawal et al. (2010) claimed that urbanization

makes significant impacts on the increases of heavy rainfall
events over urban regions in India. Niyogi et al. (2011) found
that more than 60% of storms change their structures over the
Indianapolis area, with only 25% over the rural regions, based
on a radar-based climatology of thunderstorm cases during
2000–09 summers. Li et al. (2020) noted an increase of ;35%
in hourly rainfall rate during 1981–2011 in urbanized Kuala
Lumpur, Malaysia, which is about 3 times more than that in the
nearby rural areas. In China, more occurrences of heavy hourly
rainfall are observed on the downwind side of the Pearl River
Delta (Wu et al. 2019) and the Yangtze River Delta (Jiang et al.
2020), which are the two most economically developed agglom-
erations in China, during the rapid urbanization period as com-
pared to those during the preurbanization period (i.e., prior to
the mid-1990s).

In contrast to climatological analysis, numerous case studies
of urbanization effects have been conducted during the past
two decades, especially through numerical simulations. Results
show that urbanization can alter local low-level flow patterns,Corresponding author: Da-Lin Zhang, dalin@umd.edu
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and the planetary boundary layer (PBL) structure and depth,
mainly through the urban heat island (UHI) effects, facilitating
convection initiation (CI) (Zhong and Yang 2015; Li et al.
2017a; Yin et al. 2020; Li et al. 2021; Sun et al. 2021). Results
also show that convective storms could be strengthened over
the Beijing urban region, leading to the generation of more
rainfall when the UHI effects are pronounced, whereas moving
storms may detour around the urban center and produce more
rainfall on the lateral sides and downwind regions when the
UHI effects are weak (Miao et al. 2011; Dou et al. 2015). More-
over, urban-induced rainfall may be significantly enhanced by
nearby complex topography (Li et al. 2017b; Yin et al. 2020;
Sun et al. 2021), and land–water contrasts (Doan et al. 2021).
Urban size would also affect the downwind thunderstorm de-
velopment and hence rainfall potential (Kingfield et al. 2018).

It is evident from the previous studies that the relative impor-
tance of urbanization versus various local surface forcings and
environmental conditions in determining rainfall production
could vary markedly among different urban regions (Zhang
2020). In general, urbanization alone could hardly produce
heavy rainfall, defined herein as greater than 20 mm h21 or
50 mm day21 over a significant area (Li et al. 2017c), because
the generation of heavy rainfall involves the synergetic interac-
tion between urban-induced circulation and some external
forcings such as local topography and land–water contrasts

even in the presence of ample moisture (Zhang 2020; Chen
et al. 2022). Despite the growing interest in the impact of
urbanization on heavy rainfall during the recent years, few
case studies have been performed to understand the genera-
tion of heavy rainfall under the influences of multiple UHIs of
different sizes coupled with land–water contrasts. Thus, the
purpose of this study is to fill in this gap by exploring the im-
pact of multiple UHIs on a heavy rainfall event that occurred
in the northern portion of the Yangtze River Delta (YRD), lo-
cated in coastal East China. Specifically, the YRD has under-
gone rapid urbanization since the early-to-middle 1990s
(Liang and Ding 2017; Jiang et al. 2020). The YRD urban ag-
glomeration consists of several metropolitan areas, such as
Shanghai, Suzhou, Wuxi, Changzhou, Nanjing, and Hangzhou
(see Fig. 1a for their locations). Of relevance to this study is
that Suzhou, Wuxi, and Changzhou, often referred to as
Suzhou–Wuxi–Changzhou (SXC) in China, are almost bonded
to form a city belt on the south of the Yangtze River and the
west of Shanghai. Nantong, relatively a smaller city located at
the northern shore of the Yangtze River, is 70–100 km away
from the city belt and usually on the downwind side during the
summer (southwesterly) monsoon period (Fig. 1a).

Rapid urbanization over the YRD region has significantly
changed its regional climate. Liang and Ding (2017) found
that Shanghai became like a “rain island” with increasing

FIG. 1. (a) The dominant land use over the YRD region in 2018 derived from the RESDC. Stars denote the locations
of major cities over the YRD region, namely, Shanghai, Suzhou, Wuxi, Changzhou, Nanjing, Nantong, Hangzhou, and
Ningbo (similar for the rest of the figures). Circles denote major districts, namely, the Kunshan and Zhangjiagang dis-
tricts of Suzhou, the Jiangyin district of Wuxi, the Haimen and Rudong districts of Nantong, and Chongming Island of
Shanghai. Thick and thin gray lines represent the borders of provinces and cities, respectively. Black lines represent the
100-m terrain elevation. The purple box represents the YRD region under study [as shown in (b)]. (b) The observed
6-h accumulated rainfall (shaded; mm) over the YRD region during the period of 1000–1600 LST 26 Jul 2018. In (b),
a triangle and a cross symbol (3) denote the locations of Rudong and Haimen, two districts of Nantong, where heavy
rainfall amounts of 89.2 and 69.3 mm were observed, respectively; an asterisk (*) denotes the location of the Shanghai
sounding shown in Fig. 2b; the plus signs (1) denote the locations of the three wind profilers; and purple lines represent
Lake Tai and the Yangtze River.
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trends in heavy rainfall over the major urban area during the
recent urbanization period (i.e., 1981–2014). A climatological
analysis by Jiang et al. (2020) revealed substantial increases in
heavy rainfall over the YRD urban agglomeration, including
Shanghai and SXC, with a downstream high value in Nantong,
during the rapid urbanization period (i.e., 1997–2018), as com-
pared to the preurbanization era (i.e., 1975–96). The regional
climate and rainfall over the YRD region could be significantly
influenced by local land–water contrasts, complex topography
(albeit low elevated), and the interaction of urban-induced circu-
lations between the clustered cities. In this regard, Zhang and
Chen (2014) noted the downstream enhancement of the UHI ef-
fects over Wuxi by that over Suzhou, a process first found by
Zhang et al. (2009), through a numerical modeling and observa-
tional case study. By comparing model simulations with and
without urban regions, Wan et al. (2013) detected more occur-
rences of rainfall on the downwind side of the Shanghai–SXC
city belt. Similarly, a numerical simulation of urbanization effects
by Zhu et al. (2015) shows that the presence of Shanghai in-
creases surface temperature and the PBL depth on its downwind
city, Kunshan (see Fig. 1a for its location). Since significant in-
creases of heavy rainfall were detected over Nantong from a
44-yr climatological analysis [see Figs. 3 and 7 in Jiang et al.
(2020)], we may conjecture that the increased rainfall was
closely related to the urbanization associated with the city belt
on the south of the Yangtze River. To validate this hypothesis,
the heavy rainfall event of 26 July 2018 over coastal Nantong
with CI occurring along Shanghai–SXC is simulated. This event
also contributed to the climatological high rainfall values over
Nantong shown in Jiang et al. (2020). The objectives of this
study are to (i) document the large-scale environment in which
the heavy rainfall event occurred, including theCI and subsequent
storm development; (ii) obtain a reasonable cloud-permitting

simulation of the heavy rainfall event, as verified against de-
tailed observations; and (iii) examine to what extent the heavy
rainfall event over coastal Nantong was determined by the up-
stream urban clusters, i.e., the Shanghai–SXC city belt, and the
urbanization of Nantong aswell as local coastal flows.

The next section provides an overview of the case. Section 3
describes the model configurations and experiment design, and
shows verifications of the model simulation against various ob-
servations. Section 4 shows a detailed analysis of the impacts of
urbanization on CI and the subsequent heavy rainfall event
over Nantong. Section 5 presents three sensitivity experiments
due to different urbanization components and examines the
overall, upstream, and Nantong-related urban impacts on the
heavy rainfall production. A summary and conclusions are
given in the final section.

2. Case overview

The heavy rainfall event of concern took place on the north of
the Yangtze River mainly during the period of 1000–1600 LST (lo-
cal standard time5 UTC1 8 h) 26 July 2018. During this period,
there were seven automated weather stations (AWSs) that re-
corded the hourly rainfall rates of more than 50 mm h21. A 6-h ac-
cumulated rainfall maximum of 89.2 mmwas recorded in Rudong,
which is located to the northeast of the Nantong city (see Fig. 1b
for its location), with an hourly amount of 66.7 mm at 1500 LST.
Another 6-h accumulated rainfall center of 69.3 mm, with an
hourly amount of 54.1 mm at 1400 LST, took place in Haimen,
which is located to the east of the Nantong city (Fig. 1b).

Although significant rainfall also occurred near Hangzhou
and Ningbo, the associated processes are not discussed herein
because they are not related to the heavy rainfall event of in-
terest. In addition, the urban impacts of Nanjing, a large city

(a) (b)

FIG. 2. (a) The NCEP-FNL reanalysis at 0800 LST 26 Jul 2018: geopotential height (blue lines; gpm) and tempera-
ture (shaded; 8C) at 850 hPa, and horizontal winds (a full barb is 4 m s21) at 900 hPa. Light and dark green lines
denote the 100- and 500-m terrain elevation, respectively. Nested model domains used for the WRF simulations
with a grid spacing of 3 km (D02) and 1 km (D03), respectively, are marked by black rectangles. The purple rect-
angle represents the YRD region used for regional analysis in this study. (b) A sounding taken at the Shanghai observatory
(see Fig. 1b for its location) at 0800 LST 26 Jul 2018, but with no data available above 200 hPa. A full barb is 4 m s21.
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to the west of Changzhou, are ignored because of the occur-
rence of little rainfall nearby and little influences on the heavy
rainfall event under study.

Figure 2a shows the large-scale flows in the lower troposphere
at 0800 LST 26 July 2018, which was about 2 h prior to the CI of
the heavy rainfall event under study. The YRD region, illus-
trated by a purple box, was situated over the alluvial plain with
mountains of 100–500-m altitude to the south. The large-scale
environment was influenced by a subtropical high, centered in
the west North Pacific basin, and a southwesterly monsoonal
flow, with a short-wave trough at 850 hPa on the northwest of
the box. At the regional scale, the YRD was dominated by a
weak shear line with flows of 2 m s21 at 900 hPa that appears to
be associated with the trough at 850 hPa [see Yao et al. (2020)
for a detailed description of the characteristics of shear lines oc-
curring in East China]. In addition, the 850-hPa thermal field ex-
hibited a weak gradient, varying in the range of 218–228C over
the YRD region. An 0800 LST sounding taken at Shanghai, as
given in Fig. 2b, exhibits wind speeds of less than 4 m s21 up to
500 hPa, and conditional instability with large convective avail-
able potential energy (CAPE) of about 3558 J kg21. It is evident
that the heavy rainfall event took place under a weak-gradient
environment with weak flows and significant conditional instabil-
ity. This is typically favorable for the occurrence of the enhanced
UHI effects (Changnon 1969; Shepherd 2005; Zhang 2020).

3. Model description and verification

a. Model description

The heavy rainfall event is simulated herein using the
Weather Research and Forecast (WRF, v3.9.1) Model. Two-
way interactive, triply nested domains with the respective grid
spacing of 9, 3, and 1 km are used. The innermost two do-
mains (i.e., D02 and D03), as shown in Fig. 2a, cover the (x, y)
areas of 1299 km 3 1254 km and 700 km 3 652 km, with grid

points of 4333 418 and 7003 652, respectively. The outermost
domain (i.e., D01) covers an (x, y) area of 2403 km 3 2205 km
with 267 3 245 grid points (not shown), and it is centered at
318N, 1188E. A total of 57 sigma levels are used in the vertical.
The following model physics schemes are used for all the
domains: (i) the WRF double-moment 6-class microphysics
scheme (Lim and Hong 2010); (ii) the RRTMG schemes
for both shortwave and longwave radiative flux calculations
(Lacono et al. 2008); (iii) the MYJ PBL scheme (Mesinger
1993; Janjić 1994); (iv) the Monin–Obukhov scheme for the
surface layer (Zhang and Anthes 1982; Janjić 2002); (v) the
unified Noah land surface scheme (Chen et al. 2011); and
(vi) the single-layer urban canopy model (Chen et al. 2011).
Only in the outermost domain, is the Kain–Fritsch cumulus
parameterization scheme (Kain 2004) activated. The above
physics options have been often used to simulate the UHI
effects and associated heavy rainfall events (e.g., Zhang et al.
2011; Wan et al. 2013; Yin et al. 2020).

To better represent the effects of urbanization, the land-
use dataset in 2018 with 1-km grid spacing from the Resour-
ces and Environment Scientific Data Center (RESDC), the
Chinese Academy of Sciences (http://www.resdc.cn/data.aspx?
DATAID=98) is adopted and transferred to the format used in
theWRF (Fig. 1a). The dataset includes 25 land-use types, such
as builtup lands with different degrees of urbanization, crop-
lands for different uses, and it has beenwidely used in the previ-
ous studies of land resources surveys (e.g., Liu et al. 2014; Li
et al. 2015) and urban–rainfall relationship (Wu et al. 2019;
Jiang et al. 2020). The National Centers for Environment Pre-
diction’s final (NCEP-FNL) reanalysis datawith 0.258 grid spac-
ing at 6-h intervals from 0200 LST 26 July 2018 are used as the
model initial conditions and the lateral boundary conditions.

During our preliminary experimentation, the NCEP-FNL re-
analysis, used as the model initial conditions, underestimates the
nocturnal UHI effects along the city belt over the YRD region,

FIG. 3. Comparison of (a) the AWSs observed to (b) the NCEP-FNL surface (z 5 2 m) temperature at 0200 LST
26 Jul 2018. Black lines represent the 100-m terrain elevation.
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which may be attributed to its relatively coarse resolution. As a
result, the simulated CI during latemorning hours is significantly
delayed, as verified against the observed. For example, Fig. 3
compares the observed surface temperatures from the AWSs to
the FNL reanalysis at 0200 LST 26 July (i.e., the model initial
time). Strong UHI effects were detected over the cities, espe-
cially near the urban centers of Suzhou, Wuxi, and Nantong,
where the observed surface temperatures exceeded 328C that
were 38–48C warmer than the rural areas. The UHI effects over
Shanghai were weaker due likely to the cold air advection in the
lowest 100-hPa layer from the ocean surface (Fig. 2b). In con-
trast, the FNL reanalysis shows the surface temperatures of
about 308C along the Shanghai–SXC city belt, which is about
28C cooler than the observed (cf. Figs. 3a,b). On average, the
FNL data are about 0.58C colder than the observations over the
YRD region. Locally, theUHI centers in the FNL data are nota-
bly deviated from those of the observed, especially over Suzhou
andWuxi (cf. Figs. 3a,b).

To minimize the influences of the underestimated UHI ef-
fects in the initial condition, the four-dimensional data assimila-
tion (FDDA) of Stauffer and Seaman (1990, 1994) and Stauffer
et al. (1991) is applied by activating the surface observation
nudging (Liu et al. 2008) in the innermost 1-km grid-spacing do-
main (i.e., D03) from 0200 to 0800 LST 26 July. Hourly surface
observations of temperature, moisture, and winds at about
7400 AWSs are used for this purpose. This dataset has been
quality controlled and archived by the National Meteorological
Information Center (NMIC) of China, and widely used for re-
gional weather and climate studies (e.g., Yu et al. 2010; Luo et al.
2016; Chen et al. 2018). The innermost domain is then integrated
freely for 8 h (i.e., from 0800 to 1600 LST 26 July). The simulated
CI occurs 2.5 h after turning off the observation nudging, i.e.,
near 1030 LST. In addition, the analysis nudging (Stauffer and
Seaman 1994; Liu et al. 2008) is applied to the outer two domains
(i.e., D01 and D02) throughout the entire integration period in
order tominimize error growth in the larger-scale flows.

b. Model verification

In this section, we verify the 8-h simulation of the heavy
rainfall event against various observations (e.g., surface analy-
ses, and radar observations). Statistically, regional mean dif-
ference and root-mean-square error (RMSE) in surface
temperature between the simulation and observations (i.e.,
simulation minus observation) is 20.98 and 1.88C, respectively
(Fig. 4), valid at 1000 LST. Note that the cold bias inherited
from the FNL reanalysis, as mentioned before, persists into the
simulation beyond 1000 LST. This is because numerical models
tend to “forget” quickly the nudged surface-layer temperature
and wind in a stable PBL once free integration starts. More-
over, some differences can be expected since the observed sur-
face temperature and wind are obtained at the 2- and 10-m
level, respectively, whereas the simulated are defined as the
surface-layer average.

Next, more attention will be given to ascertaining how well
the WRF model reproduces the CI along the city belt on the
south and subsequent generation of the heavy rainfall centers on
the north of the Yangtze River. Figure 4 compares the AWS-
observed surface temperatures and horizontal winds from the
2-h simulation, valid at 1000 LST that was about 0.5 h prior to
the CI. Surface temperatures higher than 378–388C were ob-
served at Shanghai, Suzhou and Wuxi, and the other urban re-
gions, with the urban–rural differences of 38–48C (Fig. 4a). This
shows the presence of the UHI effects prior to CI. Despite the
presence of the previously mentioned cold bias, the simulated
surface temperature anomalies agree reasonably well with
those observed, with warm anomalies centered over the urban
areas of Shanghai, Suzhou, Wuxi, and Changzhou, as well as
Nantong and other small towns (cf. Figs. 4a,b). In addition, the
simulation produces systematically positive wind speed
biases with a regional average of 0.8 m s21 compared to
the observations, which could be attributed partly to the in-
terpolation of surface winds from the model surface layer of

FIG. 4. Comparison of (a) the AWSs observed to (b) the 2-h simulated surface (z5 2 m) temperature and (z5 10 m)
horizontal wind vectors, valid at 1000 LST 26 Jul 2018.
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45–50-m depth to the 10-m level. However, both the simula-
tion and observations show weak sea breezes that begin to
develop along the coastal regions, as indicated by onshore
surface winds along the coastline.

Figure 5 compares the vertical profiles of horizontal wind
vectors in the PBL between the real-timeDoppler radar-based
wind profiler data and the simulation at Nantong and Shanghai
(see Fig. 1b for their locations). The wind profiler data were
collected and quality controlled by the China Meteorological
Administration (CMA) with vertical spacings of 120 and
60 m at Nantong and Shanghai, respectively, and they have
been assessed to be reliable for general applications (Liu
et al. 2020). In general, both the observed and simulated
winds in Nantong are westerly and about 2–4 m s21 in the
lowest 2.5-km layer. Some notable differences between them
are mainly in the lowest 700-m layer, where the credibility of
the wind-profiler data is low (,30%). For regions in Shang-
hai, including both inland and coastline, the simulated winds
veer from southwesterly to northwesterly with height, which
agrees well with the observations. In particular, the simula-
tion could reasonably reproduce the directional transition
from westerly winds below 0.8 km to northerly winds be-
tween 0.8 and 1.6 km and northwesterly above at the coast-
line in Shanghai.

After verifying the UHI effects and horizontal winds in the
PBL at 1000 LST, Fig. 6a shows the initiation of convective
cells less than one hour later, slightly downstream from
Shanghai, Suzhou, and Wuxi. It is evident that sea and lake
breezes assisted in the storm formation near Shanghai and the
latter two cities, respectively. Note the development of weak
convergence between the Yangtze River and the city belt,

where towns of Jiangyin and Zhangjiagang are located (see
Fig. 1a for their locations). By 1200 LST, CI occurred at Chang-
zhou and Nantong with scattered convective cells developing
along the above convergence zone (Fig. 6c). More pronounced
convergence zone occurred near Nantong as sea breezes pro-
gressed inland. Note also that all the convective cells, though
scattered, tended to produce significant convergence along
(evaporatively driven) cold outflows on the north of the city
belt, except near Nantong where new convection just devel-
oped at the sea breeze front. Some cells dissipated shortly af-
ter their formation, while the others were merged into
clusters under the influences of the sea breezes and cold out-
flows. Two more pronounced convective clusters with one
near Haimen and the other moving toward Rudong, denoted
by “E” and “N,” respectively, were locally formed at
1400 LST (Fig. 6e). It was the two clusters with a lifetime of
2–3 h that produced heavy rainfall in the coastal Nantong re-
gion (cf. Figs. 1b and 6e), because the individual convective cells
were generally short-lived, i.e., less than 1 h. The short-lived
nature could be attributed to the presence of weak vertical
shear such that the convective cells tended to remain locally
by the outflow-induced circulation and then dissipated in the
stable atmospheric columns above cold pools (Rotunno et al.
1988). The two clusters began to dissipate shortly after. By
1600 LST, most of the Nantong regions were distributed
with widespread outflows in the surface layer and remnant
clouds with weak rainfall from the dissipating clusters
(Fig. 6g). By comparison, sea breezes along the coastline and
the Hangzhou Bay played an important role in modulating
the urban-induced circulations throughout the 8-h integra-
tion period.

FIG. 5. Comparison of the observed (left column of barbs) and the simulated horizontal wind
vectors (right column of barbs) in the lowest 2.5-km layer at three wind profiler stations (see
Fig. 1b for their locations), valid at 1000 LST 26 Jul 2018. Colors are used to show the credibility
(%) of the observed winds. A full barb is 4 m s21.
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A comparison of Figs. 6a–d shows that the model simulates
reasonably well CI on the downstream side of the Shanghai–
SXC city belt, albeit 15–30 min later than the observed. The ef-
fects of sea and lake breezes on the CI are also well simulated.
The delayed CI results in the delayed formation of cluster S be-
tween Wuxi and Nantong (cf. Figs. 6c–f). The delayed CI could
be attributed partly to the typical model spinup problems, and

partly to the cold biases of surface temperature (Fig. 4) inher-
ited from the FNL reanalysis. In addition to the formation of
cluster S, the model mimics the formation of new convective
cells ahead of dissipating cells on the downstream side of the
city belt, a characteristic of discrete propagation. As will be seen
in section 4, cluster S fails to move northward across the Yangtze
River due to the presence of a shallow stable layer over the wa-
ter surface; similarly for the observed. So, cluster S does not con-
tribute directly to the heavy rainfall accumulated but indirectly
through its cold outflows to the CI and convective organization
on the north of the Yangtze River. Despite the delayed CI, the
model also reproduces the local formation of clusters E and N
around the Nantong city at 1406 LST, although they appear to
be more loosely organized than the observed (cf. Figs. 6e,f).
Clusters E and N exhibit significant dissipation with divergent
outflows by 1600 LST, albeit at some distance on the northwest
of the observed (cf. Figs. 6g,h). Of significance is that few con-
vective cells are present along the city belt and Shanghai by
1600 LST, which is consistent with the observed. In addition,
the model reproduces the sea-breeze-induced convective cells/
clusters on the southwest of Shanghai, and a large multicell
cluster around Hangzhou by 1600 LST (cf. Figs. 6e–h). In con-
trast, few convective cells appear offshore in both the observa-
tion and simulation during the 8-h integration period, due to
the presence of stable atmospheric columns over the ocean
surface under the control of the subtropical high.

Figure 7 shows the simulated 6-h accumulated rainfall ending
at 1600 LST. In general, both the distribution and magnitude of
the simulated rainfall amount compare favorably to the observed
(cf. Figs. 7 and 1b). Pronounced rainfall of 40–60 mm took place
primarily over the coastal Nantong region (i.e., at Haimen,
Rudong, and a couple of AWSs to the northwest), near the
southern bank of the Yangtze River in association with cluster S,
and Shanghai, but with little rainfall occurring along the city belt
(Fig. 1b). The WRFModel reproduces reasonably well the accu-
mulated rainfall centers in the coastal region, with a heavy rain-
fall center near Haimen and another center near Rudong, as
denoted by a blue cross and a triangle sign in Fig. 7, respectively.
However, besides some position errors, the model-simulated
heavy rainfall area coverages are smaller than the observed, es-
pecially at Rudong, due to the simulated clusters E and N that
are more loosely organized than the observed (cf. Figs. 6e,f), as
mentioned before. Perhaps, the most obvious difference is that
the simulated rainfall intensity of more than 60 mm over the
Nantong city is much higher than the observed. This overpre-
dicted rainfall intensity can be traced back to the lacking forma-
tion of a storm on its east by 1200 LST (cf. Figs. 6c,d) such that
the presence of local conditional instability would facilitate the
generation of more rainfall than the observed at the Nantong
city. (This will be further discussed near the end of section 4.) As
a result, the simulated cluster E consumes more moisture that
would be otherwise available for rainfall generation downstream
by cluster N having a weaker intensity than the observed. All
these help explain why the simulated heavy rainfall area cover-
age at Rudong is much smaller than the observed. Nevertheless,
the model produces little rainfall along the Shanghai–SXC city
belt and over a large area between the Yangtze River and Hang-
zhou, which agree well with the observed (cf. Figs. 7 and 1b).

FIG. 6. Horizontal maps of the (a),(c),(e),(g) observed and
(b),(d),(f),(h) simulated composite radar reflectivity (shaded; dBZ),
superimposed with surface (z 5 10 m) streamlines. Letters, “E,”
“N,” and “S,” denote three heavy-rain-producing convective clus-
ters mentioned in text. Two elongated rectangles A–B and C–D in
(b) denote the area-averaged vertical cross sections used in Figs. 9a
and 9b, respectively.
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Figure 8 compares the time series of the simulated hourly
rainfall at the two major rainfall centers (i.e., over coastal
Nantong) to the observed. Haimen and Rudong received the
peak hourly rainfall rates of 54.1 and 66.7 mm h21, respectively,
at 1400 and 1500 LST. The heavy-rain-producing clusters moving
through Haimen and Rudong lasted for less than 3 h (cf. Figs. 8,
1b, and 6e). It is evident from Fig. 8 that the model reproduces
well the initiation, the peak occurrence, and the ending time of
heavy rainfall at Haimen, although its peak hourly rainfall rate is
about 10 mm h21 smaller than the observed. Of interest is that
in spite of the smaller heavy rainfall coverage, the simulated
peak intensity at Rudong is closer to the observed, albeit with an
hour lag in the initiation and peak intensity. The simulated
weaker intensities could be attributed to the grid spacing of 1 km
that is still too coarse to reproduce the needed intense updrafts
for the generation of heavy rainfall (Bélair and Mailhot 2001;
Yau et al. 2004).

Based on the above results, we may state that despite the
presence of some model errors, the CI and subsequent storm
development as well as the heavy rainfall locations are reason-
ably well reproduced. Thus, the model simulation can be used
in the next section to explore the impact of urbanization on the
CI along the city belt, and the generation of the heavy rainfall
event over the Nantong region.

4. UHI impacts on the convection initiation

To help gain insight into the UHI-induced CI under the gen-
eral environmental conditions, Fig. 9a shows a vertical cross

section of the equivalent potential temperature (ue), potential
temperature (u), temperature perturbations, and cloud water
along the low-level southwesterly flow through the CI locations
of Suzhou at 1030 LST, when CI just begins. Note several water
bodies, e.g., associated with Lake Tai, the Yangtze River, and
the East China Sea, that are characterized with lower-u air in
the lowest 500-m layer, implying that the PBL over the water
surfaces are convectively stable. This helps explain why cluster S
and most convective cells fail to propagate northward across the
Yangtze River (cf. Figs. 9 and 6). This can also be seen from the
generation of little or northward decreasing rainfall amounts to
the river (Figs. 7 and 1b). In contrast, a distinct warm anomaly
of more than 0.58C in the lowest 500-m layer takes place at
Suzhou (Fig. 9a), which results from its UHI effects. Although
the warm anomaly is still weak at this early morning hour, the
thermal-low-induced low-level convergence has induced favor-
able upward motion leading to the formation of cloud water,
i.e., CI. Similarly, there exists a warmer and deeper tempera-
ture perturbation of more than 1.08C in the lowest 1-km layer
near the Shanghai city as compared to that at Suzhou, leading
to the formation of a thicker PBL (1.5 km) and the triggering
of cloud condensation with strong upward motion (Fig. 9b),
and the development of intense convection (Fig. 6d).

Note that the PBL depth increases downstream, as indicated
by more elevated 308–309-K isentropic surfaces from Suzhou
northeastward until reaching the coastline, where maritime
lower-u air begins to intrude inland, i.e., through sea breezes
(Fig. 9a). The downstream increased PBL depth results partly
from the advection of monsoonal warm-moist air, and partly by
the advection of the UHI effects associated with the city belt, as
indicated by lower-u columns in the lowest 1-km layer over
Lake Tai but well-mixed (i.e., u 5 constant) higher-u columns
on the downwind side of Suzhou. The latter is consistent with
the downstream propagation of the UHI effects found by
Zhang et al. (2009). It is worthwhile to mention that this in-
creased PBL depth on the downwind side of the city belt could
be a frequent regional phenomenon under the dominant con-
trol of the subtropical high with a southwesterly monsoonal
flow over theYRD region.However, previous studies only paid

FIG. 7. Simulated 6-h accumulated rainfall during 1000–1600 LST
26 Jul 2018 (shaded; mm), superimposed by horizontal wind vectors
at 900 hPa at 1100 LST 26 Jul 2018. The blue cross symbols and trian-
gles represent the simulated locations of rainfall centers, which are
compared to the observed as indicated by black signs in Fig. 1b.
An elongated rectangle E–F denotes the area-averaged vertical
cross section used in Fig. 11.

FIG. 8. Time series of the observed (solid) and simulated
(dashed) hourly rainfall rates (mm h21) near Haimen and Rudong
during the period of 1100–1800 LST 26 Jul 2018.

MONTHLY WEATHER REV I EW VOLUME 151822

Brought to you by China Earthquake Network Center | Unauthenticated | Downloaded 03/15/23 04:36 AM UTC

Think
高亮

Think
高亮



attention to the downstream enhancement of the UHI effects
along the city belt due to the influences of westerly flows (e.g.,
Zhang et al. 2011; Zhu et al. 2015), as mentioned in section 1,
rather than normal to it. Of importance is that several high-ue
domes take place from Suzhou to Nantong, making this region

favorable for triggering new convection in the presence of low-
level convergence. Similar signals can be detected along the cross
section from Shanghai to Nantong. While relatively higher-ue air
is distributed from Shanghai to Nantong and beyond, relatively
lower-ue air is advected from the Hangzhou Bay to Shanghai

(a)

(b)

FIG. 9. Vertical cross section of the area-averaged equivalent potential temperature
(ue; shaded; K), temperature perturbations (contoured in red starting from 0.58C at intervals of
0.58C), potential temperature (u; blue dashed contours at intervals of 1 K), cloud water (dark
green contours for 0.05 g kg21), superimposed with in-plane flow vectors (m s21) with vertical
motion amplified by a factor of 10, along elongated rectangles (a) A–B and (b) C–D in Fig. 6b,
valid at 1030 LST 26 Jul 2018. The temperature perturbations are calculated by subtracting the
rural mean temperatures at the location shown by purple squares, and at altitudes above the
surface. Terrain is shaded in black, with water surfaces denoted by light green bars underneath
the bottom frame. Blue stars denote locations of urban areas where convection is initiated.
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(Fig. 9b). This helps explainwhy convective storms do not propa-
gate southward along the coastline fromShanghai in both the ob-
servation and simulation (Fig. 6).

To see further the impact of the UHI effects on CI, the simu-
lated soundings, taken at the warm-anomaly center at Suzhou at
0.5 h prior to (i.e., 1000 LST) and after (i.e., 1100 LST) the CI,
respectively, are given in Fig. 10a, showing that the PBL is well
mixed up to 850 hPa, due to the solar heating enhanced by the
UHI effects, with weak vertical shear in the lower half of the tro-
posphere prior to the CI. This sounding also exhibits the exis-
tence of dry air above 500 hPa, which accounts for the source of
evaporatively driven downdrafts causing the generation of sur-
face cold outflows shown in Fig. 6. This preconvective sounding
reveals the presence of significant conditional instability with
large CAPE. By 1100 LST, the CI is triggered as the air at the
urban PBL top reaches saturation, and then an intense updraft

driven by latent heat release begins to develop, leading to the
formation of clouds in the 850–600-hPa layer (cf. Figs. 10a and 9a).
In contrast, the air near the urban PBL top at the Wuxi city
does not reach saturation even at 1100 LST, which explains
why its CI occurs about one hour later than that at Suzhou (cf.
Figs. 10a,b and 6b,d). Similarly, CI does not occur near Nan-
tong, even though its vertical column is conditionally unstable,
until convectively generated outflows arrive there (cf. Figs. 10c
and 6f).

To help understand why CI occurs along the city belt but
heavy rainfall takes place over the Nantong region, Fig. 11
shows time series of the most unstable CAPE (MUCAPE;
i.e., from the most unstable air parcel in the lowest 300-hPa
layer), surface wind speeds, and specific humidity along the
rectangle E–F, as given in Fig. 7, i.e., from where CI first takes
place near Wuxi to where heavy rainfall occurs at Nantong,

FIG. 10. Simulated soundings at (a) the CI location at Suzhou, i.e., given by a blue star beneath the frame of Fig. 9a,
(b) the Wuxi city, and (c) the Nantong city, i.e., given by blue stars in Fig. 6b, valid at 1000 LST (blue) and 1100 LST
(red) 26 Jul 2018. A full barb is 4 m s21. Soundings at 1000 LST at both Wuxi and Nantong are not shown because of
their little differences from those at 1100 LST.
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during 1300–1600 LST. Note that this time–distance cross sec-
tion is plotted through cluster S and the Nantong city, rather
than Haimen or Rudong, for the sake of qualitative under-
standing of the downstream discrete propagation of convective
storms, in spite of the overpredicted rainfall amount at the
Nantong city. It is evident that (i) higher MUCAPE (as high
as 4000 J kg21) and specific humidity (greater than 21 g kg21)
prior to the occurrence of rainfall (i.e., 1330 LST) are distrib-
uted in the coastal region due to the transport of moisture by
sea breezes (cf. Figs. 11 and 6d); (ii) much less MUCAPE,
though still with high moisture content, appears on the south
of the Yangtze River by 1330 LST; (iii) the rapid reduction of
MUCAPE after rainfall occurs; and (iv) relatively weak con-
vergence and intense divergence near the Nantong city before
and after the occurrence of rainfall, as indicated by the right-
ward-decreasing southwesterly flow, and the divergent north-
easterly–southwesterly flows, respectively. Although CI occurs
first on the downwind side of the Wuxi city near 1330 LST
[note some delay from the CI to the generation of 1 mm
(6 min)21], the MUCAPE and moisture fields on the south of
the Yangtze River are less favorable than those on the north for
the generation of intense convection and heavy rainfall. Appar-
ently, these conditions help explain why heavy rainfall tends to
take place on the north rather than south of the Yangtze River
in the present case. Nevertheless, the southwesterly outflows so
generated on the northeast of theWuxi city, where light rainfall
starts, (and the northwest of the Shanghai city; see Figs. 6b,d)

help trigger new convective cells, some of which are merged for
the formation of cluster S by 1406 LST on the southern bank of
the Yangtze River. Asmentioned before, the water body, albeit
narrow, appears to interrupt convective development, espe-
cially for the northward propagation of cluster S across the
river, as indicated by much reduced rainfall rates in Fig. 11 and
decreasing rainfall amounts toward the river in both the obser-
vations and simulation (cf. Figs. 1b and 7). However, the (cold)
southwesterly outflows generated by cluster S interacting with
the moist easterly flows, which are enhanced by outflows from
convective storms near Haimen (Fig. 6f), induce pronounced
surface convergence near the Nantong city, leading to the gen-
eration of more rainfall than the observed there. Sustained
(area-averaged) rainfall rates of 5–7 mm (6 min)21 are seen
during the period of 1430–1515 LST, which are more or less
consistent with the accumulated heavy rainfall coverage shown
in Fig. 7.

5. Sensitivity simulations

Since the timings and locations of the CI and associated rain-
fall distributions and centers are reasonably simulated, the
model simulation can be used as a control simulation (CNTL
experiment) to perform a series of sensitivity simulations in or-
der to analyze to what extent the UHI effects of the city belt
versus Nantong account for the generation of heavy rainfall on
the north of the Yangtze River.

FIG. 11. Time series of the area-averaged rainfall rate [shaded; mm (6 min)21], MUCAPE
(colored contours increasing in magnitude from blue to red; J kg21), in-plane surface (z5 10 m)
wind speeds [contoured in solid (i.e., southwesterly) and dashed (i.e., northeasterly) in black
starting from 4 and24 m s21, respectively, at intervals of 4 m s21], and surface (z5 2 m) specific
humidity (dotted shadings for $21 g kg21) that are taken along a rectangular area E–F through
Wuxi and Nantong, as given in Fig. 7, valid during 1300–1600 LST 26 Jul 2018. Light green bars
underneath the bottom frame represent water bodies. The blue stars denote the locations of the
Wuxi and Nantong cities.
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a. Experimental design

Three sensitivity simulations are conducted to examine the
UHI effects of the city belt versus Nantong on the generation
of heavy rainfall (Table 1). They are done by removing the ur-
ban impacts of different regions with the corresponding
model settings changed while keeping all the other settings
identical to those used in the control simulation. In the first
simulation, the urban and builtup land uses over all of the
three domains are replaced by croplands that are as same as
those over the neighboring rural regions in order to test the
overall impact of urbanization on the rainfall over the YRD
region, hereafter referred to as the NoUrban experiment. To
eliminate the influences of the UHI effects from the initial
conditions, warm anomalies of the FNL reanalysis from the
surface layer to 850 hPa over the YRD urban regions
(119.008–122.508E, 29.758–32.508N) are removed. In addition,
the observed surface meteorological fields are no longer
nudged, and the single-layer urban canopy model is turned
off. In the second simulation, the roles of the city belt in de-
termining the heavy rainfall over the Nantong region are ex-
amined by replacing the urban and its nearby builtup land
uses over the Nantong region with croplands, which is re-
ferred to as the NTOff experiment. Moreover, the initial UHI
effects over the Nantong region are removed, and the obser-
vation nudging of the UHI effects for the Nantong region is
turned off. In the third simulation, the urban impact of Nan-
tong on the development of heavy rainfall over its own terri-
tory (i.e., NTOn) is examined by replacing the urban and its
nearby builtup land uses on Nantong’s upstream, including
the city belt, with croplands. The associated UHI effects along
the city belt in the model initial conditions are also removed.

b. Effects of regional urbanization

By replacing all of the urban and builtup land uses over the
three domains with croplands (i.e., NoUrban), the model pro-
duces quite a different rainfall distribution from that in CNTL

(cf. Figs. 12a and 7). Specifically, significant rainfall occurs
mainly on the west of Hangzhou as a result of complex topog-
raphy. In contrast, a few weak rainfall spots of ,30 mm are
generated along the Yangtze River banks, and over areas be-
tween Hangzhou and Shanghai. Of particular relevance is that
little rainfall occurs over the plain area on the north of Hang-
zhou, and along the Shanghai–SXC city belt as in CNTL. In
addition, no CI is triggered by noon over the urban regions as
in CNTL, despite the presence of similar surface flow patterns
in the two simulations (not shown). Only a few scattered storms
develop along the Yangtze River banks later, e.g., by 1406 LST
(Fig. 12b), which coincide closely with the surface convergence
zone. Although a storm propagates to Haimen from the south,
it produces less than 10-mm rainfall with little evidence of cold
downdraft air as in CNTL. Moreover, the CIs of all the storms
are significantly delayed, as compared to those in CNTL. The
distribution and evolution of the convergence zone represent
onshore movement of sea breezes interacting with lake- and
river-induced circulations that contribute to the afternoon CI in
the north of the YRD region. This result indicates that the sea/
lake/river breezes could trigger some scattered and short-lived
storms during the afternoon hours along the Yangtze River
banks, including Nantong, but they could not produce organized
convective storms with heavy rainfall over the coastal Nantong
region. On the other hand, this result helps explain why heavy
rainfall occurs over Nantong, rather than during the course of
the propagating storms, in both the observations and CNTL, be-
cause of the enhanced convergence and more moisture available
from the maritime PBL, as also mentioned in section 4.

To help further understand the role of the city belt in trigger-
ing CI, Fig. 13a shows the differenced fields of near-surface tem-
perature and winds between CNTL and NoUrban (i.e., CNTL
minus NoUrban) at 1030 LST, i.e., CI just begins along the city
belt. Apparently, the near-surface temperature increases more
than 0.58C over the YRD region under the influences of urbani-
zation, with sharp increases of more than 1.08C at the urban

TABLE 1. Description of experiment design.

Expt Description

CNTL 1) Include apparent UHI effects over the YRD region in the initial conditions
2) Observation nudging of the UHI effects during 0200–0800 LST 26 Jul
3) Single-layer urban canopy model

NoUrban 1) Replace urban and builtup land uses by croplands within D01, D02, and D03
2) Remove the apparent UHI effects over the YRD region in the initial conditions
3) Turn off observation nudging
4) Turn off the single-layer urban canopy model

NTOff 1) Replace urban and builtup land uses by croplands only over the Nantong region
2) Remove the UHI effects over the Nantong region in the initial conditions
3) Observation nudging of the UHI effects within D03 except for the Nantong region
4) Single-layer urban canopy model

NTOn 1) Replace urban and builtup land uses by croplands except for the Nantong region
2) Apparent UHI effects only over the Nantong region in the initial conditions
3) Observation nudging within D03 only for the Nantong region
4) Single-layer urban canopy model
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areas (e.g., the Shanghai, Suzhou, and Nantong cities). The large
area of “warmer air” downstream from the city belt, which is
distinct from little changes in the upstream near-surface tem-
perature, represents the downstream cascade of the UHI effects
(Zhang et al. 2009). The differenced near-surface wind vectors
show the presence of convergence toward urban centers. After
all, the changes in both the surface temperature and winds
reflect the UHI and urban canopy effects of the city belt and
Nantong (Shepherd 2005; Zhang 2020). A south–north ver-
tical cross section through Shanghai shows that the PBL
warm anomalies at the Shanghai city disappear in NoUrban,
with the 308–309-K isentropic contours nearly flat northward
to Nantong, as compared to those in CNTL (cf. Figs. 13b and 9b).
Note, however, that the 308–309-K isentropic contours over
Nantong are as elevated as those seen in CNTL, which is con-
sistent with the subsequent CI of a convective storm near
Haimen (Fig. 12b). These elevated isentropic contours result
likely from the lifting of the lower-level convergence associ-
ated with sea breezes, as suggested by favorable upward mo-
tion ahead of the sea-breeze front (Fig. 13b). The above
results confirm the importance of warm anomalies and surface
convergence in triggering CI along the city belt, the enhanced
UHI effects toward Nantong and beyond in the downstream
propagation of the convective storms initiated at the city belt,
and the enhanced convergence of sea breezes in producing the
heavy rainfall event over the coastal region.

c. Effects of upstream versus local urbanization

As mentioned earlier, upstream urbanization may exacerbate
theUHI effects and cascade downwind (Zhang et al. 2009), which
tends to destabilize atmospheric columns downstream. Nantong,
a developing city with several well-developed cities to its south, is
located on the east coast and downstream of the urban agglomer-
ations in summer. To explore to what extent Nantong itself and
the upstream cities affect its local heavy rainfall, two sensitivity

simulations are conducted by removing the urban and builtup
land uses associatedwithNantong and the city belt, respectively.

By treating Nantong’s urban area as a rural area (NTOff), the
model produces some notable but relatively small differences in
the distribution and amount of rainfall over the coastal Nantong
region, as compared to those in CNTL (cf. Figs. 14a and 7). For
example, the rainfall distribution around the Nantong city
changes from a circular to a south-north-oriented pattern ex-
tending to near Rudong, and the rainfall center at Haimen ap-
pears closer to the coastline. They could be attributed to the
interaction of propagating storms with the low-level conver-
gence zone associated with the sea-breeze front (cf. Figs. 14a
and 12b). Turning off Nantong’s urban impacts also produces
slightly less rainfall near the Nantong city, Haimen, and over re-
gions along theYangtzeRiver banks. There are little differences in
the near-surface temperature and winds between NTOff and
CNTL, except with a warm anomaly of less than 1.08C and
weak convergence nearby the city center under the influence of
urbanization (Fig. 14c). This sensitivity simulation indicates
that Nantong’s UHI effects do help destabilize to some extent
atmospheric columns and enhance low-level convergence for
the development ofmore organized convective storms.

In contrast, treating the urban regions along the city belt
as rural (i.e., NTOn) produces subtle differences in the total rainfall
distribution and amount from those in CNTL (cf. Figs. 14b and 7).
In particular, this simulation with only Nantong’s urbanization
effects does not produce heavy rainfall in the northern YRD re-
gion. Instead, only a few scattered rainfall centers of 10–30 mm
take place outside of the Nantong city. Moreover, little rainfall
occurs over a large area from the city belt to Nantong, and
along the coastal regions from the southern Shanghai to Hai-
men. The differenced near-surface temperature and winds be-
tween CNTL and NTOn show that warm anomalies occur not
only along the city belt but also over the coastal Nantong re-
gion, where wind vectors (i.e., sea breezes) strengthen in the
presence of the city belt (Fig. 14d). This simulation indicates

���

FIG. 12. (a) As in Fig. 7, but for NoUrban. (b) As in Fig. 6f, but for NoUrban at 1406 LST 26 Jul 2018.
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the dominant roles of the city belt in determining the heavy
rainfall event over the Nantong region, including Haimen
and Rudong. Nantong’s urban impacts could produce some
scattered storms with the aid of sea breezes, but they are
too weak to trigger more organized, heavy-rain-producing
storms.

To help understand the different convective behaviors in
the vicinity of Nantong among the different simulations, Fig. 15
compares soundings taken at the Nantong city prior to CI (i.e.,
1300 LST) from the four simulations. All the simulations pro-
duce a well-mixed PBL up to 850 hPa, but that Exp. CNTL has
the warmest (except in the lowest 50-hPa layer) and moistest
PBL with saturation already occurring in the 850–800-hPa layer
by 1300 LST, whereas NoUrban has the coldest and driest PBL.

As mentioned in section 4, this saturated layer in CNTL re-
sults from the advection of warm and moist air by the south-
westerly flow prior to 1300 LST (cf. Figs. 10c and 15) and
low-level convergence between southerly cold outflows
from Shanghai and the city belt and northeasterly (moist)
sea breezes (cf. Figs. 15, 6d, and 11). Of interest is that the
northeasterly sea breezes in CNTL are “retreated” eastward
and replaced by southwesterly to southeasterly flows when
the builtup land uses are replaced by croplands, i.e., in
NoUrban, NTOn, and NTOff. This indicates that the en-
hanced UHI effects in the coastal region increase the land–
sea temperature contrast and thus strengthen the sea breezes,
thereby leading to transport of more moisture into the PBL
near Nantong.

(b)

(a)

FIG. 13. (a) Differences in the fields of near-surface (z 5 100 m) temperature (shaded; 8C)
and horizontal winds between CNTL and NoUrban at 1030 LST. (b) As in Fig. 9b, but for
NoUrban.
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6. Summary and conclusions

In this study, the impacts of urbanization on the CI and sub-
sequent heavy rainfall under the influences of sea and lake
breezes and complex surface conditions over the YRD region
during the hours of 0800–1600 LST 26 July 2018 are examined
using a series of cloud-permitting simulations with the finest
grid spacing of 1 km. Observations show that this heavy rain-
fall event took place under a weak-gradient environment with
weak flows, controlled by a subtropical high centered over the
northwest Pacific Ocean and weak southwesterly monsoonal
flows. CI occurred on the downstream sides of the Shanghai–SXC
city belt with the aid of sea and lake breezes during the morning
hours, but heavy rainfall centers appeared in the afternoon at

Haimen (69.3 mm) and Rudong (89.2 mm), which are located
over the coastal Nantong region about 70–100 km downwind
from the city belt.

In general, a control simulation, initialized with the observa-
tion nudging of surface temperature, moisture, and winds over
the YRD region, reproduces reasonably well the observed UHI
effects at the multiple urban centers by 1000 LST, CI shortly af-
ter on the downstream sides of the city belt and the subsequent
merging to convective clusters during their downstream propa-
gation, and the ultimate generation of heavy rainfall centers
near Haimen, Rudong and the other locations over the Nantong
region. Specifically, distinct warm anomalies in the lowest
500–1000-m layer are seen at Shanghai and Suzhou with the

FIG. 14. (a),(b) As in Fig. 7, but for NTOff and NTOn, respectively. (c),(d) As in Fig. 13a, but for differences between
CNTL and NTOff in (c) and between CNTL and NTOn in (d).
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ambient convergence along the fronts of sea and lake breezes,
leading to the CI. Some convective cells dissipate shortly after
their formation, whereas the others are merged into convective
clusters. Results show that the PBL depth increases from the
Shanghai–SXC city belt downstream to Nantong, due to the
advection of monsoonal warm–moist air and the UHI effects,
providing favorable conditions for the initiation of new con-
vection at the convectively generated outflow boundaries asso-
ciated with weakening storms. The heavy rainfall event is
generated by locally formed convective clusters over the
coastal Nantong region where atmospheric columns are more
potentially unstable with higher moisture content under the
influences of sea breezes. The control simulation (and observa-
tions) also shows the impact of theYangtzeRiver on the interrup-
tion of convective development associated with the northward
propagating convective cells/clusters due to the presence of a shal-
low stable layer over the water surface.

Sensitivity simulations are performed to examine to what ex-
tent the UHI effects of the city belt versus Nantong account for
the subsequent generation of heavy rainfall over the coastal
Nantong region. Results show little rainfall over the plain area
on the north of Hangzhou, including the Shanghai–SXC city
belt, after replacing urban and builtup land uses by croplands
over the YRD region. The coastal Nantong region only experi-
ences small amount of rainfall associated with sea breezes. By
comparison, the downstream propagation of the UHI effects
from the city belt increases the thermal contrasts across the

coastline and the associated onshore moisture convergence,
thereby assisting in the generation of heavier rainfall over the
coastal Nantong region. A comparison of two contrasting sensi-
tivity simulations (i.e., NTOff and NTOn) illustrates that only
slight reductions in rainfall occur near theNantong city, Haimen,
and over regions along the Yangtze River banks when Nantong
is treated as a rural area, whereas only small amount of rainfall
appears in the northern YRD when the Shanghai-SXC city belt
is treated as rural areas. These results indicate that Nantong’s
UHI effects do help destabilize to some extent atmospheric col-
umns and enhance low-level convergence for the generation of
some rainfall, but they do not contribute significantly to the
heavy rainfall event over the coastal Nantong region.

In conclusion, we may state that (i) the UHI effects of the
Shanghai-SXC city belt under the influences of sea and lake
breezes facilitate CI at some preferred locations; (ii) the down-
stream advection of the UHI effects in the presence of the
favorable monsoonal warm–moist airstream assists in the subse-
quent downstream propagation of convective storms, which are
initiated near the city belt and then merged into convective clus-
ters, to the north of the Yangtze River; and (iii) the heavy rain-
fall event over the coastal Nantong region is generated by local
convective clusters that are embedded in an environment in
which the atmosphere is more potentially unstable with ample
moisture under the influences of sea breezes. The above results
support the recent IPCC (2021) Sixth Assessment Report, stating
that urbanization has contributed to “increases in mean and

FIG. 15. Simulated soundings at the Nantong city from CNTL (red), NoUrban (black), NTOff
(orange), and NTOn (blue), valid at 1300 LST 26 Jul 2018. A full barb is 4 m s21.
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extreme precipitation over and downwind of the city, especially
in the afternoon and early evening (medium confidence).” Rec-
ognizing some limitations and weaknesses with the present case
study, the above findings not only help explain why more rainfall
tends to take place on the downwind side of major cities, but
also have important implications to the understanding of the
UHI effects on the CI and downstream propagation of convec-
tive storms, leading to the eventual generation of heavy rainfall
at locations where the regional environment is favorable.
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