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Abstract: Both cities and lakes have significant impacts on regional precipitation. With global warm-
ing, extreme precipitation events in Eastern China have increased significantly, and the single/joint
influences of metropolises and lakes on extreme precipitation still need to be quantitatively evaluated.
To reveal the impact of the single/joint influences of metropolises and lakes on the shear line torrential
rain process, the Suzhou-Wuxi-Changzhou Metropolitan Area (SXCMA) and Lake Taihu in Eastern
China were selected as the study area. Utilizing a WRF model, comparative studies of sensitivity
simulations were conducted for the two typical extreme precipitation events caused by the low-level
shear line (LLSL) on 27 June 2015 (EP627) and 25 September 2017 (EP925). Both results show that the
existence of Lake Taihu and SXCMA will increase precipitation in the study area. SXCMA has a more
obvious effect on enhancing precipitation, which is about twice the effect of Lake Taihu. SXCMA
mainly strengthens the intensity and movement of the surface convergence line (SCL) in the study
area and indirectly affects the shift of the LLSL, which finally affects the intensity and location of
precipitation. Lake Taihu affects the intensity and movement of SCL, triggering ground vertical
convections due to lower surface roughness, and acts as a land-lake breeze and water vapor source,
which will affect the distribution and intensity of precipitation.

Keywords: extreme precipitation; metropolitan area; shallow lake

1. Introduction

As of 2018, China has an urban population of 837 million, making it the most populous
country in the world and accounting for about 20% of the global urban population. By 2050,
China’s urban population may increase by 255 million [1]. With the continuous growth of
the urban population and the rapid expansion of urbanization, the impact of urbanization
on regional weather and climate has become increasingly prominent, especially the changes
in the temporal and spatial distribution of precipitation, which cannot be ignored.

The analysis of a large number of observations and numerical simulations in the past
shows that cities have a significant impact on the precipitation intensity and location in
an urban area [2–6], among which a considerable part of the research results found that
precipitation in the leeward increases and proposed the following possible mechanisms:
The thermal properties of the underlying surface of the city will produce unstable atmo-
spheric conditions, which will affect the generation, intensification, and displacement of
the mesoscale circulation [7]. Increased urban surface roughness enhances surface con-
vergence [8]. Urban buildings block and divide the transit weather system [9]. Urban
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irrigation and industrial activities increase the water vapor content of the lower atmo-
sphere [10]. Cities change cloud microphysical processes by providing abundant sources of
cloud condensation nuclei and increasing aerosol concentration [11].

Relative to other land surface classifications, a lake has a smaller albedo, lower surface
roughness, and higher heat capacity. In addition, lakes also provide sufficient water vapor
for the lower atmosphere [12]. Therefore, the lake–atmosphere interaction is significantly
different from other land-atmosphere interactions in terms of the regional water cycle and
energy budget and affects the weather and climate around the lake area [13–16]. Previous
studies have shown that lakes can enhance the precipitation in the downwind area, which
is called lake-effect precipitation [17–20]. This phenomenon not only occurs in large and
deep lakes, but also in small and medium-sized lakes [21,22]. In addition, lakes will also
affect the movement and intensity of the transit weather system, which will lead to changes
in the temporal and spatial distribution of precipitation [23–25].

In Eastern China, dense cities and numerous lake–river networks coexist. For lakeside
cities, the interaction between the urban heat island effects and the lake–land breeze
circulation makes the precipitation mechanism more complicated [26,27]. Lake Taihu,
located in southern Jiangsu Province, is the third largest freshwater lake in China, with
an area of about 2400 km2, which is deeper (2.5 m) in the west and north and shallower
(<1.5 m) in the east, with an average depth of about 1.9 m [28]. In the past few decades,
the Lake Taihu Basin has experienced rapid urbanization. The Suzhou-Wuxi-Changzhou
Metropolitan Area (SXCMA) adjacent to Lake Taihu has a total population of 21.95 million,
accounting for 28% of the total population of Jiangsu Province, and their GDP (Gross
Domestic Product) is 378.6 billion yuan, accounting for 40% of Jiangsu’s total GDP, which
is an important part of the population and economy in the Yangtze River Delta urban
agglomeration [29]. Previous studies have shown that the temperature difference between
Lake Taihu and the surrounding land will form conspicuous lake–land breeze circulation,
which will affect the weather/climate conditions of the surrounding area [30–32].

Studies have shown that climate change will potentially increase the frequency and
intensity of extreme precipitation [33]. Per degree of increase in China due to global
warming, heavy rainfall events are expected to increase by 6.52% (5.22–8.57%) [34], and
global warming has been thought to be the main factor that has caused the increase in
heavy rainfall in Eastern China [35]. Furthermore, extreme precipitation events in the
middle and lower reaches of the Yangtze River also showed a significant increase [36,37].
Peng et al. evaluated extreme precipitation events in China in the past 58 years (1960–2017)
and in the future (2011–2100) based on observations and Coupled Model Intercomparison
Project Phase 5 (CMIP5) projections, finding that the precipitation amount and the extreme
precipitation index in southeastern China show an increasing trend in both historical
and future stages. Zhang et al. found that the location and intensity of the Western
Pacific Subtropical High (WPSH) has a significant impact on the extreme precipitation
in Eastern China [38], and the combined effects of the WPSH and the South Asian High
will lead to continuous extreme precipitation events [39]. Typhoons, Meiyu fronts, and
low-level vortex/shear line have made considerable contributions to extreme precipitation
events in the lower reaches of the Yangtze River [40,41]. Gao and Xie analyzed data from
meteorological stations in the Yangtze River Basin from 1960 to 2011 and found that stations
with a significant upward trend were mainly located in the mainstream and tributaries,
as well as near large lakes [42]. Liu et al. analyzed the observation data of meteorological
stations in Eastern China, finding that during 1955–2011, the heavy rainfall in both rural and
urban stations increased significantly [35]. Kang et al. analyzed the extreme precipitation
index using meteorological observation data from 1980 to 2015, and the results show that
the extreme precipitation intensity index of the SXCMA shows an upward trend, indicating
that urbanization will increase extreme precipitation [43]. In recent years, increasing studies
have shown that Lake Taihu and the surrounding SXCMA are experiencing increasing
extreme precipitation events.
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With the rapid progress of urbanization and the increase of extreme precipitation
events against the background of climate change, the impact of Lake Taihu and SXCMA
on extreme precipitation cannot be ignored. However, there is little research in this field
as to whether there is any interaction between the Lake Taihu and the SXCMA in the
process of extreme precipitation, and how much the impact on the regional precipitation
can be, which are topics worthy of discussion and study. In this study, experiments were
designed to analyze the single or joint impact of metropolises and lakes in Eastern China.
Section 2 describes the extreme events, datasets, model configurations, and experiments.
Results are included in Section 3 in terms of the validations of the control runs, the compar-
isons between sensitive runs and control runs, and the mechanisms. Section 4 concludes
and discusses.

2. Materials and Methods
2.1. Two Extreme Precipitation Events

The shear line is one of the main weather systems that triggers precipitation over the
Yangtze-Huaihe River area. Ma et al. found that the number of shear line torrential rain
days in the Yangtze-Huaihe River area from June to July of 1981–2013 accounted for nearly
75% of the rainstorm days [44], so the shear line is closely related to the occurrence of
torrential rain. Based on the daily precipitation of three meteorological stations in Wuxi,
Changzhou, and Suzhou from 2014 to 2018, taking the 99th percentile daily precipitation
amount as the extreme precipitation threshold, the 27 June 2015 (EP627) and 25 September
2017 (EP925) precipitation events caused by low-level shear line (LLSL) were selected as
the examples of extreme precipitation events in this study.

EP627: The torrential rain occurred on 27 June 2015, when the 500 hPa WPSH extended
westward and northward along with a westerly trough on the east coast of China, and the
shear line occurred on 850 hPa over the Yangtze-Huaihe River area. Affected by the above
system, a torrential rain belt (>100 mm) appeared in the central part of Anhui Province
to the southern part of Jiangsu Province (Figure 1a–c). The center of the torrential rain
appeared in the Jiangnan area of southern Jiangsu Province. Rainfall of more than 200 mm
happened at several meteorological stations.

EP925: The torrential rain occurred on 25 September 2017. The 500 hPa WPSH
intensified and extended westward. Visible westerly troughs existed in southwest China,
along with LLSLs and jets. Against the background of the above circulation, torrential rain
occurred in the southern part of the Huanghuai area, the northern and Eastern Yangtze-
Huaihe River area, and the northeastern Jiangnan area. On the 24th, torrential rain was
concentrated in southern Jiangsu Province, Shanghai, and northern Anhui Province. Heavy
rain (>50 mm) appeared at 63 meteorological stations, 13 of which showed torrential rain
(>100 mm). On the 25th, Heavy rain occurred at 43 meteorological stations in southern
Jiangsu Province and Shanghai, 11 of which displayed torrential rain (Figure 2a–c).

The two extreme precipitation events induced severe floods of local rivers, lakes, and
parts of farmland, traffic interruption, and urban waterlogging, which caused considerable
economic losses. Therefore, research on this type of extreme precipitation can provide a
further understanding of the role of SXCMA and Lake Taihu in the torrential rain process,
which will help improve the model’s ability to predict similar torrential rain disasters and
improve the level of disaster prevention and mitigation.

2.2. Model Configuration

Weather Research and Forecasting (WRF), as a fully compressible and nonhydrostatic
mesoscale weather forecast model, is widely used in the fine research of meso- and small-
scale weather systems. WRF version 3.8.1 was used in this study. Considering the impact
of the Tibetan Plateau on precipitation in east China [45], the model uses two-way four-fold
nesting, and the outermost grid includes the entire Tibetan Plateau, with grid resolutions
of 27, 9, 3, and 1 km. To account for the limitation of computing resources, the model is
divided into 30 layers in the vertical direction, and the number of horizontal grid points
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are 207 × 165, 238 × 334, 508 × 640, and 895 × 868. The specific locations of the domains
are shown in Figure 3a.
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Figure 1. The distributions of the daily precipitation (unit: mm) for (a) the station observations,
(b) the Merged, (c) the GPMI and (d–f) three simulations (control, Nocity, and Nolake) for EP627.
The right-bottom R denotes the spatial correlation coefficients between the observation and the
corresponding dataset.
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(b) the Merged, (c) the GPMI and (d–f) three simulations (control, Nocity, and Nolake) for EP925.
The right-bottom R denotes the spatial correlation coefficients between the observation and the
corresponding dataset.
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Figure 3. (a) The domains for WRF simulations and the terrain height for the outer domain (unit: m);
(b) The land use of study area, derived from the 20-category IGBP-Modified MODIS.

Per the impact of the parameterization combinations on simulation, commonly used
microphysics, cumulus (used in 27 km and 9 km), boundary layer, and longwave and
shortwave radiation parameterization schemes were used for the high-resolution simula-
tion in Eastern China [46–51]. Combinations of eight microphysics schemes (Lin, WSM5,
WSM6, Goddard, Thompson, Morrison 2-mom, WDM6, and NSSL 2-mom), two boundary
layer schemes (YSU and MYJ), two cumulus schemes (Kain-Fritsch and Grell-Devenyi),
four longwave and shortwave radiation schemes (RRTM, Dudhia, CAM, and RRTMG),
and the Noah-MP land surface scheme are performed and evaluated with the observed
precipitation. The optimal combination of the WSM6 microphysical scheme, RRTM long-
wave radiation scheme, Dudhia short-wave radiation scheme, MYJ planetary boundary
layer scheme, Kain-Fritsch cumulus convection scheme (turned off for the domain 3 and 4),
Noah-MP land surface scheme was selected and used in the control run.

ERA-Interim with a time interval of 6 h was used as the forcing. The lake model in
WRF 3.8.1 [52] was turned on. The simulation period of EP627 is from 02:00 LST on 26 June
to 20:00 LST on 27 June 2015. The first 18 h was taken as spin-up time. The simulation
period of EP925 is from 08:00 LST on 24 September to 20:00 LST on 25 September 2017. The
first 12 h is the spin-up time. The output interval is one hour.

2.3. Experiments

Besides the control run (Figure 3b), two sensitivity simulations were designed for
EP627 and EP925. The first replaces SXCMA in the control simulation with the land use
type of the nearest grid cell, which is named Nocity in the following. The second replaces
the entirety Lake Taihu in the control simulation with the land use type of the nearest
grid cell, which is named Nolake in the following. The rest remains the same as in the
control run.

2.4. Observation Data

Four type observation data sets are used:

(1) S-band raw radar data of CINRAD-SA Doppler weather radar in Changzhou (119.780◦ E,
31.901◦ N), Jiangsu.
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(2) Observation data of national hourly automatic rain gauge stations.
(3) China’s automatic stations and CMORPH (Climate Prediction Center MORPHing tech-

nique) merged the hourly precipitation grid data set (Merged) provided by the China
Meteorological Data Service Centre. The data set integrates the hourly precipitation
of more than 30,000 automatic observation stations across China with the real-time
satellite precipitation products retrieved by CMORPH, producing the merged data
with a spatial resolution of 0.1◦ and a temporal resolution of per hour, which has a
high accuracy in China, as well as captures the main changes of hourly precipitation
during heavy precipitation [53].

(4) The Global Precipitation Measurement (GPM) Integrated Multi-satellite Retrievals
for GPM (IMERG) Final Precipitation L3 Half Hourly 0.1-degree × 0.1-degree V06
(GPMI) [54]. The data set applies the unified algorithm that provides rainfall esti-
mates by combining data from all of the passive-microwave instruments in the GPM
Constellation, performs well in the lower reaches of the Yangtze River [55], and has
a better capture of the actual variation tendency of hourly precipitation in extreme
precipitation events [56].

The nearest neighboring grid cells to the station sites are used in the evaluation with
the station records. We focus on the daily amount, locations, and hourly propagation of the
extreme precipitation belts. The spatial correlation coefficients between the Merged, the
GPMI, and the station observation data were used to detect the similarity of the precipitation
pattern between the observations and the Merged or GPMI.

2.5. Forecast Skill Scores

To verify the quantitative precipitation forecast of the model based on the total num-
bers of observed and forecasted occurrences and non-occurrences of the contingency table
under a selected threshold (Table 1), the statistical results are divided into four categories:
hits (a), false alarms (b), misses (c), correct negatives (d). The four types of skill scores are
computed from the contingency table [57]; Bias Score (BIAS) measures the ratio of the fre-
quency of forecasted events to the frequency of observed events (perfect score = 1). Threat
Score (TS) measures the fraction of observed events that were correctly predicted (perfect
score = 1). Equitable Threat Score (ETS) is TS adjusted for hits associated with random
chance (perfect score = 1). True Skill Statistic (TSS) uses all elements in the contingency
table to give an overall assessment of the forecast (perfect score = 1). The equations of those
scores are as follows:

BIAS =
a + b
a + c

(1)

TS =
a

a + b + c
(2)

ar =
(a + b)(a + c)
a + b + c + d

(3)

ETS =
a − ar

a + b + c − ar
(4)

TSS =
a

a + c
− b

b + d
(5)

Table 1. A contingency table of forecast and observation events for a selected threshold.

Observation
Forecast

Yes No

yes a c
no b d
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3. Results
3.1. Control Run Evaluations
3.1.1. EP627

The EP627 station observation shows that the large precipitation event is mainly dis-
tributed the north of Lake Taihu. The pattern correlation coefficients of daily precipitation
between the observations and the Merged, GPMI, and three simulations all passed the
significance test of α = 0.01. The correlation between the control run and the observation is
0.79, which ranks second, behind the Merged and even higher than GPMI (Figure 1d). The
correlation coefficients of daily precipitation between Nocity and observations and Nolake
and observations are 0.63 and 0.64, respectively (Figure 1e,f). In terms of the capability of
torrential rain forecasting (≥50 mm), the control run has a lower BIAS and higher TS, ETS,
and TSS than Nocity and Nolake (Table 2), presenting the best forecast skill.

Table 2. The skill scores of torrential rain (≥50 mm) in the control, Nocity, and Nolake runs for
two events.

2015 2017

Ctrl Nocity Nolake Ctrl Nocity Nolake

BIAS 1.08 1.12 1.17 0.70 0.58 0.62
TS 0.83 0.76 0.77 0.70 0.58 0.62

ETS 0.67 0.56 0.56 0.47 0.35 0.39
TSS 0.80 0.71 0.71 0.70 0.58 0.62

Among the four curves of the diurnal variation of the average hourly accumulated
precipitation within the study area (Figure 4a), the Merged is closest to the observation
data. The control run is similar to the observation data, but the curve is steeper than that
of the observation. The curve of GPMI differs greatly from the observation data. On the
whole, the control run basically expresses the spatial distribution and temporal changes of
the extreme precipitation process in the study area.
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From the composite reflectivity detected by the radar, it is known that the shear line
is located near Changzhou at 15:01 and starts to intrude into the study area, then arrives
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in Wuxi at 16:01, and finally moves to Suzhou at 17:00 (Figure 5a1–a3). The control run
simulation generally follows the radar-detected the position of the shear line, but with a
slightly higher intensity than the observation (Figure 5b1–b3).
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3.1.2. EP925

EP925 shows the center of precipitation located north of Lake Taihu, where 10 stations
accumulated precipitation of more than 100 mm. As in EP627, the pattern correlation
coefficients between the observation and the Merged, GPMI, and three simulations all pass
the significance test of α = 0.01. The two sensitivity runs (Nocity and Nolake) have a low
spatial correlation with observed precipitation, only 0.38 and 0.56 (Figure 2e,f), indicating
that the distribution of 24 h of accumulated precipitation changed greatly. As for the skill
scores of torrential rain, the control run shows the best forecasting skill among all three
experiments, with the lowest BIAS and top TS, ETS, and TSS (Table 2).

For the diurnal variation of the average hourly accumulated precipitation within the
study area (Figure 4b), the Merged is the closest to the observation data. The curves of
the control run and the observation data are relatively similar, although there are some
differences to the observation data, which exhibit better results than GPMI in the hourly
precipitation propagations. In general, the control run can basically reflect the overall
precipitation spatial distribution and the variations in hourly precipitation in the study area.

The composite reflectivity exhibits that the shear line passes through Changzhou,
Wuxi, and Suzhou at 12:03, 13:01, and 14:05, respectively (Figure 5c1–c3). In the control run,
the position of the shear line at the corresponding time is quite close to radar observation,
but a little stronger than observation (Figure 5d1–d3).

Both events illustrate that although it can discern the large-value area of 24 h ac-
cumulated precipitation, GPMI does not perform as well in the overall distribution of
accumulated precipitation intensity as Merged. This indicates that the Merged is better
at capturing the precipitation amount and the propagation of these two precipitation pro-
cesses than the GPMI, which may be due to the different data sources and methods for
data generation.

3.2. Precipitation Differences between Sensitive Runs and Control Run
3.2.1. EP627

Large precipitation concentrates in the two areas of Changzhou and Wuxi and centers
near Changzhou, which reaches up to 180 mm in the control run (Figure 6a1). For Nocity,
the precipitation at SXCMA is less than that of the control run, and the difference is about
20~50 mm (Figure 6a4). The area of the precipitation center is relatively smaller and to the
south of the one in the control run (Figure 6a2). For Nolake, the precipitation concentration
zone is similar to the control run (Figure 6a3) but with smaller magnitudes (Figure 6a5).
The Nocity and Nolake simulations produce 10.6% and 5.8% less precipitation than the
control run, respectively (Table 3).

Table 3. A comparison of the simulated daily precipitation (units: mm) for the control and two
sensitive runs and the relative biases in the sensitive runs compared to the control run for two events.

EP627 EP925

Ctrl 91.2 66.1

Nocity 81.5 55.6

Nolake 85.9 61.3

(Nocity-Ctrl)/Ctrl −10.6% −15.9%

(Nolake-Ctrl)/Ctrl −5.8% −7.3%

In the hour with the most intense precipitation in the study period(15:00–16:00), a large
precipitation concentration zone shows in the southeast area of Changzhou (Figure 6b1),
with a central intensity of about 55 mm. The Nocity run shows the rain belt to the north
of Changzhou (Figure 6b2). The Nolake run shows an apparent precipitation center in
northern Changzhou (Figure 6b3), and its intensity is close to that of the control run. Both
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sensitive runs show less precipitation than that of the control run in the southern part of
Changzhou (Figure 6b4,b5).
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Figure 6. The distributions of the simulated daily precipitation (unit: mm) in the (a1) control and
(a2,a3) two sensitive (Nocity and Nolake) runs for EP627, as well as (a4,a5) the differences between
the sensitive runs and the control run. (c1–c5) are the same as (a1–a5), but for EP925. (b1–b5) and
(d1–d5) are the same as (a1–a5), but for the maximum hourly precipitation which occurred from
15:00–16:00 for EP627 and from 13:00–14:00 for EP925. The line AB in (b1) and the line CD in (d1) are
the cross sections used in the latter analyses.

3.2.2. EP925

The control run simulates a significant precipitation to the northwest of Changzhou,
with an intensity of about 180 mm (Figure 6c1). The precipitation belts of the Nocity and
Nolake runs locate to the north of that in the control run (Figure 6c2,c3), resulting in lower
precipitation at SXCMA than in the control run (Figure 6c4,c5). According to the results of
the statistical analysis, when considering the average 24 h accumulated precipitation in the
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study area, the Nocity and Nolake runs have 15.9% and 7.3% less precipitation than the
control run, respectively (Table 3).

The LLSL of EP927 passes through Changzhou, Wuxi, and Suzhou at 12:03, 13:01, and
14:05, respectively. The most intense precipitation occurs at Wuxi from 13:00–14:00. The
control run produces visible precipitation near Wuxi (Figure 6d1), with a center intensity
of about 55 mm. Nocity does not simulate a clear precipitation center around Wuxi
(Figure 6d2). For Nolake, the range and intensity of the precipitation area near Wuxi are
weaker than the control run (Figure 6d3). The difference in precipitation intensity shows
that there is a large area of negative value around Wuxi between Nocity/Nolake and
the control run (Figure 6d4,d5), and the central values reach about −40 mm/−25 mm,
respectively.

3.3. Differences in Surface Skin Temperature and Local Circulation

Taking the surface skin temperature (SKT) as a representative element of surface
energy accumulation, we further analyzed the SKT one hour before the most intensive
hourly precipitation induced by shear line.

3.3.1. EP627

The SKT of SXCMA at 14:00 is significantly higher than the surrounding environment,
forming a high temperature zone in the control run (Figure 7a1). The SKT of SXCMA
in Nocity is 2~3 ◦C lower than the control run (Figure 7a2). Nolake has a 3~4 ◦C higher
temperature over the lake than the control run (Figure 7a3).

As the LLSL approaches the study area at 15:00, the near-surface wind forms evident
high wind speed zones in Changzhou and Wuxi (Figure 7b1), and the high-speed center
near Changzhou is as large as 15 m s−1. At the same time, the surface convergence line (SCL)
corresponding to the LLSL is generated near Changzhou (Figure 8a1) with an intensity of
about −4 × 10−3 s−1. For Nocity, the area of near-surface high wind speed and the SCL
are formed in the northwest, outside Changzhou (Figures 7b2 and 8a2), and the range and
intensity are distinctly weaker than the control run. Although the near-surface wind speed
is higher in Nolake than in the control run in Changzhou (Figure 7b3), the wind speeds
in Wuxi, Suzhou, and Lake Taihu are significantly lower than in the control run, with a
difference of about 2~3 m s−1. At the same time, the position of the SCL of Nolake is to the
southeast of the control run (Figure 8a3), with little difference in intensity between the two.

From the cross-sectional view, the control run clearly produces a strong vertical
circulation over Changzhou (Figure 9a1). The center intensity of the vertical ascending
motion is about 4 m s−1. The vertical circulation blocked the low-level water vapor
transport from the south (Figure 9b1), causing the accumulation of water vapor and forming
a large water vapor center of about 45 g s−1 hPa−1 cm−1. When combined with Figure 6b1,
it can be found that the center of the large value of water vapor flux also corresponds well
to the location of the precipitation center in southern Changzhou. Nocity only forms a weak
vertical ascending motion (~1 m s−1) over Changzhou (Figure 9a2). Although an evident
center of water vapor fluxes exists in the low level (Figure 9b2), no strong precipitation
center forms in Changzhou due to a lack of vertical circulation (Figure 6b2).

Nolake produces two vertical circulations (Figure 9a3). The circulation on the south
side originated from the vertical upward movement formed by the strong convergence
of the ground, and the other circulation on the north side originated from the vertical
ascending motion caused by the LLSL. The north one is obviously stronger, leading to more
precipitation from the southern center of the water vapor fluxes (Figure 9b3). The precipita-
tion zone is therefore significantly more northern than in the control run (Figure 6b3).

3.3.2. EP927

The SKT of Wuxi and Suzhou in the control run is higher than the surrounding envi-
ronment by about 1 to 2 ◦C (Figure 7c1). The Nocity run is consistent with the surrounding
environment (Figure 7c2), being 1~2 ◦C lower than the control run. The urban SKT of
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Nolake is not much different from the control run (Figure 7c3), but the SKT in the northern
half of Lake Taihu is about 1 ◦C lower than in the control run.
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Figure 7. The spatial distributions of the simulated surface skin temperature (unit: ◦C) at one hour
before the hour with the most intense precipitation, at (a1–a3) 14:00 in EP627 and at (c1–c3) 12:00 in
EP925. (b1–b3) and (d1–d3) are the near-surface wind speed (unit: m s−1) and the wind direction
(the arrows) at the starting point of the hour with the most intense precipitation, at 15:00 in EP627 and
at 13:00 in EP925. 1–3 denote the control and two sensitive (Nocity and Nolake) runs, respectively.
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Figure 8. The spatial distributions of the near-surface wind direction and divergence (unit: 10−3 s−1)
for the (a1,b1,c1) control, (a2,b2,c2) Nocity, (a3,b3,c3) Nolake runs for EP627.

In the control run, LLSL is generated from Wuxi to the north side of Lake Taihu
(Figure 7d1). A high wind speed center is formed in Wuxi, with an intensity of about
14m s−1. However, in Nocity, no clear wind speed center can be found (Figure 7d2). In
Nolake, a high wind speed center in Wuxi is produced, but with a much lower intensity of
only 10m s−1 (Figure 7d3). Corresponding to the LLSL, the SCL is moving from Changzhou
to Suzhou with a intensity of −3.2 × 10−3 s−1 from 12:00–14:00 (Figure 10a1,b1,c1). By
contrast, Nocity shows no explicit SCL (Figure 10a2,b2,c2), and Nolake is much weaker
than the control run (Figure 10a3,b3,c3).
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Figure 9. The cross sections of the (a1–a3) vertical velocity (unit: m s−1) and (b1–b3) water vapor flux
(unit: g s−1 hPa−1 cm−1) at 15:00 along the AB in Figure 6b1 for EP627 in the (a1,b1) control, (a2,b2)
Nocity, (a3,b3) and Nolake runs. (c1–c3,d1–d3) are the same as (a1–a3,b1–b3), but at 13:00 along the
CD in Figure 6d1 for EP925. The urban area is marked between two dashed purple vertical lines.

Under the cross-sectional part, the control run has formed two conspicuous vertical
upward movement zones in the urban area of Wuxi and near the northern edge of Wuxi,
and two corresponding vertical circulations. The vertical circulation to the north is stronger
(Figure 9c1), leading to the accumulation of water vapor on the south side of the circulation,
and the two vertical circulations have an obvious water vapor flux center on the south



Atmosphere 2022, 13, 306 15 of 23

side (Figure 9d1), with intensities around 50 and 35 g s−1 hPa−1 cm−1, respectively. There
is a good corresponding relationship with the precipitation center of Figure 6d1. Nocity
has no marked vertical upward movement in the urban area (Figure 9c2), and no vertical
circulation is formed. Accordingly, no significant precipitation is produced (Figure 6d2).
For Nolake, there is a weak vertical ascending movement at the northern edge of the urban
area, and a vertical circulation is formed (Figure 9c3). A visible water vapor flux center is
also shown on the south side of the vertical circulation (Figure 9d3). However, because the
number and intensity of the vertical circulations are markedly weaker than in the control
run, there is no significant precipitation in the urban area (Figure 6d3).
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3.4. Differences of Shear Line and Water Vapor Propagation
3.4.1. EP627

Since the extreme precipitation is caused by the LLSL, we chose the movement of
the 850 hPa shear line shift in the study area to explore the impact of SXCMA and Lake
Taihu on the LLSL. In the control run (Figure 11a1,b1,c1), the 850 hPa shear line passes
through Changzhou at 15:00, further intensifies to reach southeast of Wuxi at 16:00, and
then gradually weakens and moves to the southeast of Suzhou at 17:00. The corresponding
SCL (Figure 8a1,b1,c1) has the same moving direction and changing trend as the 850 hPa
shear line, except that the SCL does not significantly weaken at 17:00. The difference
between the two appears at 15:00. The position of the SCL is clearly to southeast of the 850
hPa shear line, but the positions of the two basically coincide at 16:00 and 17:00.
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Atmosphere 2022, 13, 306 17 of 23

The moving direction of the 850 hPa shear line in Nocity is consistent with the control
run (Figure 11a2,b2,c2). The intensity and position at 15:00 are similar to those of the control
run, but the moving speed is significantly slower for the next two times and the location is
more northwest. However, the intensity changes little and does not intensify and weaken
as markedly as in the control run. The corresponding SCL shows an intensifying trend
(Figure 8a2,b2,c2), and the position is similar to the 850 hPa shear line, but its intensity
is clearly weaker than in the control run. The moving direction of the 850 hPa shear line
in Nolake is also consistent with the control run (Figure 11a3,b3,c3). The intensity of the
850 hPa shear line at 15:00 is close to the control run, but it is significantly weakened in the
next two times, and at 17:00 it is almost dissipated. The intensity of the corresponding SCL
does not change much (Figure 8a3,b3,c3); its position is more southeast than the 850 hPa
shear line, but its intensity is evidently weaker than in the control run, and the SCL in Lake
Taihu at 17:00 has clearly dissipated.

It is worth noting that the 850 hPa shear line has discontinuous fractures at 15:00 and
17:00, which occurs in Changzhou at 15:00 and at the southeastern edge of Lake Taihu at
17:00. By combining the profile (Figure 9a1) and the movement of the SCL (Figure 8a1,c1),
it is known that convergence of strong near-surface wind near SXCMA and Lake Taihu will
form strong vertical movement from the surface to the low level, further affecting the flow
field of the pressure layer where the LLSL is located and causing the LLSL to break.

For a better attention to the changes of water vapor in the lower layer within the study
area during the movement of the shear line, a 1000−850 hPa water vapor flux integration is
introduced to show the distribution of water vapor in the lower layer. In the control run,
along with the movement of the shear line, large water vapor flux centers (Figure 12a1,b1,c1)
will be generated on both sides of the shear line, and some large value centers are located
in the areas where SXCMA and Lake Taihu are located. Especially at 17:00, the range
and intensity of the large value center of water vapor flux above Lake Taihu, where the
shear line is located, is the most distinct. For Nocity, although there is also a large water
vapor flux near the shear line, the range and intensity of the large value distribution are
clearly weaker than in the control run (Figure 12a2,b2,c2), which is mostly related to the
weaker shear line. The intensity and range of the large water vapor flux in Nolake is far
inferior to that of the control run (Figure 12a3,b3,c3), which is evidently related to the lack
of Lake Taihu, leading to less water vapor supply in the lower levels and a weaker shear
line than the control run. More precisely, with or without Lake Taihu, the water vapor
flux differences around the lake in the lower levels can range from 50 to 400 kg m−1 s−1

(Figure 12a4,b4,c4).

3.4.2. EP925

In EP925, the characteristics of the LLSL of 925 hPa are more obvious than that
of 850 hPa. Therefore, the shift of the 925 hPa shear line in the study area is chosen
to explore the impact of metropolises and lakes on the LLSL. In the control run, the
925 hPa shear line gradually moves from southern Changzhou to Wuxi with little en-
hancement (Figure 13a1,b1) and develops into a low vortex when moving to Suzhou
(Figure 13c1). Corresponding to the shear line position, there has always been a strong SCL
on the ground (Figure 10a1,b1,c1). For Nocity, no conspicuous shear line is generated at
925 hPa (Figure 13a2,b2,c2), and no strong SCL is generated on the corresponding ground
(Figure 10a2,b2,c2). The 925 hPa shear line of Nolake is more distinct only in Changzhou
(Figure 13a3), and the other two times are weaker and less visible (Figure 13b3,c3). Al-
though the corresponding SCL exists, its intensity is not as strong as in the control run
(Figure 10a3,b3,c3).

In terms of the distribution of water vapor in the low level, marked large water vapor
fluxes near metropolises and lakes formed accompanied by the movement of the shear
line in the control run (Figure 14a1,b1,c1). For Nocity, because no conspicuous shear line
occurs, there is no large water vapor flux (Figure 14a2,b2,c2). A large value center of water
vapor flux exists in Nolake (Figure 14a3,b3,c3), but its intensity and range are obviously
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inferior to the control run. This is evidently related to the loss of Lake Taihu, which leads
to a decrease in water vapor in the lower level and in the intensity of the shear line. More
specifically, with Lake Taihu, the control run produces 50 to 150 kg m−1 s−1 more water
vapor flux around the lake in the lower levels than Nolake (Figure 14a4,b4,c4).
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Figure 12. The spatial distributions of the water vapor fluxes (shaded, unit: kg m−1 s−1) integrated
from 1000 hPa to 850 hPa and the mean horizontal wind directions (arrows, unit: m s−1) for the
(a1,b1,c1) control, (a2,b2,c2) Nocity, (a3,b3,c3) Nolake runs, and (a4,b4,c4) the difference of water
vapor fluxes between the control and Nolake runs for EP627.

3.5. Mechanism of Metropolises and Lakes Impacts on the Shear Line Torrential Rain

Through the analysis of the simulation results of EP627 and EP925, we can summarize
the impact mechanisms of metropolitan areas and shallow lakes in the process of shear
line heavy rain as the following: Metropolises and lakes affect the SKT through their
special surface properties. Especially for metropolises, the SKT is significantly higher
than the surrounding environment in the daytime. When the LLSL passes, a strong
SCL corresponding to the shear line is generated. The strong vertical convective motion
generated by the strong SCL interacts with the LLSL to intensify each other and ensure that
the LLSL is maintained or intensified during the movement.

In addition, we compared the shape and intensity of the LLSL while they are born
near the study area until the time before they intrude into the study area in the control
and two sensitivity runs of the two cases (figure omitted). It is found that the presence or
absence of a city has a significantly greater impact on the intensity and shape of the LLSL
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near the city than near the lake. The LLSL generated northwest of Changzhou is weaker
when there is no city, while when there is no Lake Taihu, the intensity and shape of the
LLSL are not much different from the control run.
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A lake, through the lake–land breeze effect and its lower surface roughness, has an
impact on the intensity and movement of the SCL, and will trigger strong ground convection
around the lake under appropriate conditions. This can indirectly adjust and affect the shear
line rainfall belt position, and as source of water vapor, it will directly increase the intensity
of precipitation for the supply of low-level water vapor to the surrounding environment.
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Figure 14. The spatial distributions of the water vapor fluxes (shaded, unit: kg m−1 s−1) integrated
from 1000 hPa to 850 hPa and the mean horizontal wind directions (arrows, unit: m s−1) for the
(a1,b1,c1) control, (a2,b2,c2) Nocity, (a3,b3,c3) Nolake runs, and (a4,b4,c4) the difference of water
vapor fluxes between the control and Nolake runs for EP925.

It is worth noting that in EP627, when the temperature difference between the
metropolises and the surrounding environment was large, the SCL was strong, and the
position of the SCL was quite different from the LLSL. The strong vertical convection
formed by the SCL can extend to the pressure layer where the LLSL is located and causes
the shear line to discontinuously break over the urban area, resulting in a change in the
location of the precipitation.

4. Conclusions and Discussion

This study simulated the two extreme precipitation events of EP627 and EP925 caused
by LLSL using a WRF model at 1 km high-resolution. Two sensitivity runs are conducted
and explore the relative impacts of Lake Taihu and SXCMA on shear line extreme precipita-
tion when compared with the control run. The main conclusions are as follows:

(1) Under the interaction of Lake Taihu and SXCMA, the precipitation in the study area
will increase significantly. The simulation results in EP627 show that the SXCMA and
Taihu Lake have increased precipitation by 10.6% and 5.8%, respectively, while for
EP925 the numbers are 15.9% and 7.3%, which means that the influence of Lake Taihu
and SXCMA on stronger shear line precipitation (EP627) is significantly weaker than
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that of a strong shear line (EP925). In addition, the SXCMA has a more obvious effect
on enhancing precipitation—about twice that of Lake Taihu.

(2) SXCMA mainly affects the intensity and movement of the SCL in the study area, and
the strong vertical convection formed through the SCL will interact with the LLSL
and indirectly affect the intensity and movement of the LLSL. This, in turn, affects the
intensity and location of precipitation. SXCMA will markedly affect the generation
intensity and shape of the LLSLs near the study area, and the impact of SXCMA on
the LLSLs is significantly greater than that of Lake Taihu, as in EP925, Nocity did not
produce distinct shear lines in the low level.

(3) Lake Taihu plays an important role in maintaining the SCL during its movement
due to lower surface roughness and lake–land breeze. Under the strong lake–land
temperature difference, strong vertical convection on the ground will be triggered
around Taihu Lake, then adjust and affect the location and intensity of the LLSL
precipitation. In addition, Lake Taihu’s supply of water vapor to its surroundings will
intensify the precipitation in the study area.

This paper explores the impact of Lake Taihu and the surrounding metropolitan area
on the shear line torrential rain process in Eastern China. Although some discoveries have
been made, there are also some shortcomings. For example, the specific impact mechanism
of the metropolis on the surrounding LLSL generation process is still unclear, so further
exploration and analysis are needed. In addition, the conclusion of this article is based on
the study of two events. To obtain a more reliable conclusion, more typical cases may need
to be added.
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