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Abstract
Observational studies indicate that northern Jiangsu Province is the most active area for the occurrence of squall lines in 
east China. While the roles of the large-scale atmospheric environment have been investigated, the effects of the terrain and 
lakes on the squall line in northern Jiangsu Province have not been well understood. In this study, the squall line occurring 
on 14 June 2009 is simulated to investigate the influences of the terrain and lakes. The squall line occurred under the influ-
ence of a short westerly trough at 500 hPa, one of the typical synoptic-scale patterns favorable for the development of squall 
lines in east China. Using the grid spacings of 3 km, 1 km and 333 m, the Weather Research and Forecast model (WRF) 
reasonably well simulates the evolution of the squall line and the extreme rainfall. Sensitivity experiments are conducted 
to examine the effects of Mountain Meng, Hongze Lake and Gaoyou Lake. It is found that the valley wind associated with 
Mountain Meng plays an important role in the early development of the squall line by enhancing the vertical wind shear 
at the low levels. The presence of the lakes leads to a relatively cold area, resulting in a temperature gradient toward the 
southeast at the low levels. The horizontal temperature gradient enhances the low-level vertical wind shear and promotes 
the development of the squall line.

1 Introduction

Squall lines are associated with strong surface winds, heavy 
rainfall, hail, and even tornadoes, usually causing sig-
nificant property damage and loss of life (e.g., Fujita and 
Wakimoto 1981; Johns and Hirt 1987; Przybylinski 1995; 
Jorgensen and Weckwerth 2003; Atkins et al. 2004). Obser-
vational studies indicated that the middle and lower reaches 
of Yangtze River are the active region of squall lines, and 
the maximum frequency of occurrence is in the northern 
part of Jiangsu Province (Ding 1993; Bei et al. 2002; Sun 
et al. 2010; Meng et al. 2013). Numerical simulations have 
been conducted to understand the role of the large-scale 

environment in the occurrence of squall lines, but little atten-
tion has been paid to the effects of mountains and lakes in 
the area.

The observational analysis shows that the squall line 
occurs in the middle and lower reaches of Yangtze River 
from March to October, with a peak in July (Meng et al. 
2013). The diurnal variation shows a major peak in the early 
evening and two minor peaks in the early morning and early 
afternoon. In Meiyu season, there is a short or long trough 
in northern China to the north of 30 °N, while the northwest 
Pacific subtropical high is to its southeast (Sampe and Xie 
2010). Moisture is transported through the southeasterly 
flow on the western flank of the subtropical high (Ding 1993; 
Meng et al. 2013). In addition to the westerly trough and 
subtropical high, the synoptic-scale circulation associated 
with the occurrence of squall lines in east China can also be 
associated with a cold vortex or tropical cyclone (Meng et al. 
2013). It is found that the low-level jet plays a role in trans-
porting water vapor and triggering convection, especially in 
Meiyu season (Xu et al. 2009). These studies highlight the 
importance of the large-scale atmospheric environment for 
the occurrence of squall lines.

Kodama and Barnes (1997) indicated that topography might 
cause persistent convergence in localized regions. Based on a 
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series of the field campaigns, such as the Southwest Monsoon 
Experiment/Terrain-Influenced Monsoon Rainfall Experiment 
(SoWMEX/TiMREX; Davis and Lee 2012), the Mesoscale 
Alpine Programme (MAP; Rotunno and Houze 2007) and the 
MAP Demonstration of Probabilistic Hydrological and Atmos-
pheric Simulation of Flood Events (MAP-DPHASE; Rotach 
et al. 2009) projects, and the Convective and Orographically 
Induced Precipitation Study (COPS; Wulfmeyer et al. 2011), 
it is suggested that an intense low-level, wet airflow imping-
ing on mountains can induce the occurrence of squall lines by 
providing sufficient moisture and triggering convection (Buzzi 
and Foschini 2000; Nuissier et al. 2008; Ducrocq et al. 2008). 
Some other studies also suggest that mountains provide an 
effective mechanism for triggering convection and accumulat-
ing the unstable energy (e.g., Smith 1979; Buzzi and Foschini 
2000; Bousquet and Smull 2003).

There are mountains with altitudes of more than 1000 m 
to the north of Jiangsu Province (Fig. 1a). Considering squall 
lines that affect north Jiangsu Province often start in this 
region, it is necessary to investigate the effect of the mountains 
on the formation of squall lines in northern Jiangsu Province. 
In addition, there are two relatively large lakes in northern 
Jiangsu Province (Fig. 1a). One is Hongze Lake, the fourth 
largest freshwater lake in China and the other is Gaoyou Lake, 
the sixth largest lake in China. Hongze Lake is centered at 33.5 
°N, 118.5 °E, covering an area of 2069 km2. Gaoyou Lake is 
to the southeast of Hongze Lake, with an area of 760 km2. 
Although previous studies have been carried out on numerical 
simulations, convection was not well simulated, because of the 
coarse resolution (Yu and Chen 1984; Qian 1987). Lericos 
et al. (2007) discussed the effect of coastline on the evolu-
tion of squall lines by the two-dimensional idealized model. 
The wind shear profiles were given in their simulation, but 
the effect of water on vertical wind shear was not included. 
To our knowledge, few studies have focused on the influence 
of mountains and lakes on the occurrence of the squall line in 
northern Jiangsu Province.

To understand why the squall line often occurs in northern 
Jiangsu Province, we focus on the effects of the mountains 
and lakes in this study by simulating the squall line that was 
observed on 14 June 2009. The overview of the squall line is 
presented in Sect. 2 and the design of the numerical experi-
ments is described in Sect. 3. In Sect. 4, the simulations of the 
squall line are verified with observational data, followed by 
the discussion of the effects of mountains and lakes in Sects. 5 
and 6. A brief summary of this study is provided in Sect. 7.

2  Overview of the 14 June 2009 squall line

In this study, the observational data from the operational 
S-band Doppler radars in Nanjing are used to identify the 
evolution of the squall line (Fig. 1b), which is similar to 
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Fig. 1  a Terrain altitude (shading, m) in the region of the squall 
line activity with the blue shading indicating the lakes. b Observed 
radar reflectivity (shading, dBZ) at 1300, 1500, 1700, 2200 BST 
14 June 2009. c Horizontal grids used for numerical simulations of 
quasi-linear convective systems on 14 June 2009. In each case, d01, 
d02, and d03 utilize 3-, 1-, and 0.333-km horizontal grid spacings, 
respectively. 3-km radar reflectivity simulated in the control experi-
ment. The contours of the updraft of 1 m s−1 at 1 km AGL indicate 
the approximate location of the gust front. The hours labeled with the 
system are relative to 1300 BST and 1700 BST 14 June 2009 in b and 
c, respectively. The black dots are the locations of related cities
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Weather Surveillance Radar-1988 Dopplers (WSR-88Ds) 
in the United States in terms of both their hardware and 
software. The station precipitation and wind observations 
are from the China Meteorological Administration (CMA). 
Moreover, the National Centers for Environmental Predic-
tion (NCEP) FNL (Final) Operational Global Analysis data, 
which are updated every 6 h on 1.0 × 1.0 degree, are also 
used for the simulation and analysis in this study.

Radar observation indicates that the initial convection 
of the squall line was first found to the west of Linyi City 
around 1400 Beijing Standard Time (BST) on 14 June 2009 
(Fig. 1b). Based on the FNL analysis, the formation of the 
squall line was associated with a short westerly trough at 
500 hPa in North China (Fig. 2a), one of the typical syn-
optic-scale patterns favorable for the development of squall 
lines (Meng et al. 2013), and a weak anticyclone at 850 hPa 
over northern Jiangsu Province (Fig. 2b). The field of equiv-
alent potential temperature (θe) at 500 hPa suggests that the 
northwesterly winds carried cold, dry air to about 30 °N, 
forming a relatively dense temperature contour (frontal) area 
on the border between Shandong and Jiangsu Provinces. In 
the pre-Meiyu season, the northwest Pacific subtropical 
high did not extend to the region. The calculated column-
integrated precipitable water shows a moderate band of 
44 kg m−2 to the South of the front (Fig. 2a).

At the same time, the convective available potential 
energy (CAPE) accumulated in the northern part of Jiangsu 
Province (Fig. 2b). A typical thermodynamic sounding 
from the FNL analysis with vertical variations of the wind 
in the frontal area is shown in Fig. 3. The near-surface air 
was nearly saturated and the average CAPE in the region of 
convective initiation was more than 900 J kg−1, and even 
more than 2400 J kg−1 at some locations. The convective 
inhibition and lift indices were as low as 1 J kg−1 and -8, 
respectively. Compared with the cases discussed in Meng 
et al. (2013), the thermodynamic condition was favorable 
for the occurrence of squall lines. In addition, the low-level 
vertical wind shear between 1000 and 600 hPa was more 
than 10 m s−1. Previous studies indicated that the strong 
low-level vertical wind shear perpendicular to the convec-
tive line is favorable for the formation and development of 
the convective line (e.g Rotunno et al. 1988; Weisman et al. 
1988; Keenan and Carbone 1992; Weisman 1993; Robe and 
Emanuel 2001; Weisman and Trapp 2003).

Over the next few hours, the convection cells along the 
front were organized into a squall line. The squall line then 
passed over Hongze Lake and Gaoyou Lake in northern 
Jiangsu Province (Fig. 1b). At 1730 BST, the squall line 
extended 200 km in length, with a distinct large bow echo, 
indicating that it reached the mature stage. The squall line 
then continued to move southeastward and began to decay 
at 2000 BST. It produced the accumulated precipitation of 

more than 70 mm. At some of the stations, the 2-min aver-
aged wind speed exceeded 27 m s−1.

3  Experimental design

In this study, the multiscale processes leading to the devel-
opment of the squall line on 14 June 2009 are simulated 
using a two-way triple-nested (3/1/0.333-km), Rotunn, 
cloud-resolving version of the Advanced Research Weather 
Research and Forecast model (WRF-ARW). The outermost 
domain covers an area of 600 km × 600 km with a Lam-
bert conformal map projection centered at 33.6 °N, 118.00 
°E. The size and location of each domain are shown in 

1400BST14JUN2009   LEV=500hPa

1400BST14JUN2009   LEV=850hPa
(b)

(a)

Fig. 2  a The fields of geopotential height (black contours, gpm), 
potential equivalent temperature (red contours, K), and winds (vec-
tors) at 500  hPa, and column-integrated precipitable water greater 
than 24 kg/m−2 (shading, kg m−2) at 1400 BST 14 June 2009 from 
the FNL analysis. b The fields of geopotential height (black contours, 
gpm), equivalent potential temperature (red contours, K), winds (vec-
tor) at 850 hPa, and CAPE (shaded, J kg−1) from the FNL analysis. 
The closed blue line outlines the area of Jiangsu Province. The red 
box indicates the position of the average area in Fig. 3
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Fig. 1c, where Domain 2 and Domain 3 cover an area of 
480 km × 480 km, 220 km × 220 km, respectively. In the con-
trol experiment (EXP-C), all domains consist of 60 vertical 
levels. The terrain resolution is 30 s. The model physics 
include the WSM6 microphysics scheme, YSU planetary 
boundary layer scheme, Dudhia shortwave radiation scheme, 
and Noah land surface scheme. The 3-km and 1-km domains 
start at 1000 BST (i.e., 0200UTC) 14 June 2009, 4 h before 

the occurrence of the observed convective cells on the bor-
der of Shandong and Jiangsu Provinces. The 0.333-km 
nested domain is activated 8 h later at 1800 BST, and then 
the experiment continues to integrate for 16 h. The FNL 
(Final) Operational Global Analysis data are used for the 
model initial and lateral boundary conditions that are inter-
polated at 1-h intervals. The discussion of the accumulated 
precipitation and the evolution of the squall line are mainly 
based on the output of the 1-km resolution domain, while 
the structure of the squall line at maturity stage (2130BST) 
is derived from the output of the 0.333-km nested domain 
since the data in the 0.333-km domain show finer structure 
of the squall line.

Three sensitivity experiments are designed to investi-
gate the effects of the mountains in Linyi City and the lakes 
in northern Jiangsu Province. The sensitivity experiment 
(EXP-M) examines the impact of terrain to trigger the con-
vection, in which all terrain above 100 m is set to 100 m 
and then, interpolate the meteorological variables in the 
vertical coordinates of the terrain. EXP-L1 and EXP-L2 
are designed to examine the effect of the lakes. The lakes 
are replaced by soil in EXP-L1 and are doubled in area in 
EXP-L2, respectively. In EXP-L2, we keep the shape of the 
lakes and enlarge the area. First, we counted the number of 
grids of water in the EXP-C, and then expand to the outside 
along the lakes. We continuously counter the total number of 
grids in this process. When the number of grids of the new 
water body is twice that of the original one, the lake area is 
considered to have doubled.

4  Verification of the control simulation

The evolution of the simulated squall line is shown in 
Fig. 1c, in which the radar reflectivity at 3 km and the verti-
cal motion of 1 m s−1 at 1 km are plotted over a 10-h period. 
Compared to the observation (Fig. 1b), the simulated con-
vection is initiated in the mountainous area to the west of 
Linyi City around 1600 BST, 4 h later than the observa-
tion. The convection is triggered about 50 km south of the 
mountains, which extend generally in the northwest–south-
east direction (Fig. 1a). Close examination indicates that the 
initial convection includes two areas of the enhanced radar 
reflectivity at 7 km (Fig. 4a). The strong ascending motion 
coincides with the enhanced reflectivity, surrounded by the 
subsidence. The updraft over 12 m s−1 can be found at 7 km 
in the stronger cell. Note that the surface precipitation has 
not formed yet at this time.

By 1930 BST, the convective cells evolve into a multi-
cell convective system between Suqian City and Huaian 
City. As shown by the shaded of the simulated 3-km reflec-
tivity exceeding 30 dBZ (Fig. 4b), the system is oriented 
in the northeast–southwest direction and extends about 
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Fig. 3  a The hodograph of average winds (vector, m  s−1) between 
1000 and 350 hPa at 1400 BST 14 June 2009 from the FNL analysis, 
which are averaged over the orange box in Fig. 2b; b The sounding at 
1400 BST 14 June 2009 from the FNL analysis, with the average area 
being shown in Fig. 2b
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100 km, with strong upward motion on the southwest 
side of the leading edge. The alternating updrafts and 
downdrafts suggest that the mesoscale convective system 
consists of convective cells. The radar reflectivity indi-
cates the formation of the bow echo at 1930 BST and the 
convective cells dissipate in the northern part due to the 
clockwise vertical wind shear (Fig. 3a). The system moves 
southeast like the observation and begins to influence the 
northern part of Jiangsu Province at 1930 BST.

Although the simulated convective cells start 3 h later 
than the observation, as shown in Fig. 4c, the squall line 
is well simulated in the control experiment. When the sys-
tem passes through Hongze Lake and Gaoyou Lake to the 
southeast of Huaian City, it develops into a squall line 
approximately 300 km in length by 2130 BST, with near-
mirror image cyclonic and anticyclonic book-end vortices 
at 3 km (Fig. 4c). Here, we use the contour of 1 m s−1 
ascending motion at 1 km AGL to roughly indicate the 
position of the gust front. The simulated gust front can 
be clearly seen in Fig. 1c. The strong winds greater than 
13 m s−1 at 2130 BST can be seen in Fig. 4c.

Figure 5a shows the streamlines of storm-relative flows 
along the line (AB) perpendicular to the squall line. The 
upward motion more than 12 m s−1 coincides with the 
strong reflectivity exceeding 45 dBZ. The frontal inflow 
is in the boundary layer near the gust front, extending 
upward through the convective region. Because of the 
strong northwest flow in the middle and upper levels, the 
ascending front-to-rear flow is weak and the precipitation 
is mainly in the convective region in this case. This is 
consistent with the observed gale disasters. Meanwhile, 
the rear-inflow jet and precipitation lead to a cold pool of 
− 5 K near the surface (Fig. 5b).

Figure 5b further shows the low-level cold pool and 
the pressure perturbations. Following Adams-Selin et al. 
(2013), the potential temperature perturbation is obtained 
by subtracting a constant of 300 K. We only plotted the 
negative contours and there are no negative potential tem-
perature perturbations in the middle or upper levels. The 
low-level cold pool is associated with positive pressure 
perturbations below 2 km. As pointed out by previous 
studies (e.g. Lemone et al. 1984; Fovell and Ogura 1988), 
a significant negative pressure perturbation, about 10 km 
wide, is located below the primary sloping buoyant con-
vective updraft. Farther to the rear, there is another area 
with negative pressure perturbations on a larger horizontal 
scale in the vicinity of the melting layer. Previous studies 
have suggested that the negative pressure here is associ-
ated with the positively buoyant air in the stratiform cloud 
above (Houze 1989). Although the stratiform cloud in our 
results is not well simulated, the reason for the negative 
pressure may also be this principle. In addition, there are 
positive pressure perturbations coinciding with the cold 

1930BST14JUN2009   LEV=3KM
(b)

Huaian

Suqian

1600BST14JUN2009   LEV=7KM
(a)

2130BST14JUN2009   LEV=3KM
(c)

A

B

Fig. 4  a The 7-km simulated radar reflectivity (shading, dBZ) and 
vertical velocity (contours m s−1) with solid and dash contours indi-
cating upward and downward vertical motion at 1600 BST 14 Jun 
2009, respectively. b Same as a, but for 1930 BST at 3  km. c The 
3-km simulated radar reflectivity (shading, dBZ) and storm-relative 
flow (vectors) at 2130 BST with the black contours indicating the 
horizontal wind speed of 13 m s−1 at 10 m. The line AB indicates the 
position of the vertical cross-section in Fig.  5. The Hongze Lake is 
highlighted by the blue shading
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pool and positive pressure perturbations aloft extending 
over the trailing stratiform region.

Although the model-simulated bow echo occurs about 
3–4 h later than the observed and the location is shifted 
about 100 km to the northwest, we can find that the model 
reasonably well simulates the evolution of the squall line 
and the extreme rainfall in the middle portion of the rain-
fall belt, especially the simulation of heavy precipitation 
areas (Fig. 6a, b). The structure of the simulated squall line 
is comparable to the general structure of the squall line 

revealed in previous studies. Note that the aforementioned 
biases are common in the simulation of real mesoscale con-
vection systems (e.g., Wheatley and Trapp 2008; Davis and 
Galarneau 2009).
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Fig. 5  a Vertical cross-section of radar reflectivity (shading, dBZ), 
storm-relative flow (streamlines) and vertical motion (contours, 
m s−1) with solid and dash contours indicating upward and downward 
vertical motion, respectively; b vertical cross-section of the simulated 
pressure perturbation (shading, hPa) and rain mixing ratio (green 
contours, 0.5 g kg−1). The cold pool potential temperature perturba-
tion below 0 K is plotted at 1 K intervals (thick black contours). The 
cross-section is plotted along the line in Fig. 4
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Fig. 6  The accumulate precipitation (shading, mm) from 1700 BST 
14 June to 0200 BST 15 June in a observation, b EXP-C and c EXP-
M, respectively. The black dots are the locations of related cities
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5  Effect of mountains

As discussed in the last section, the convective cells are 
initiated to the northwest of Linyi City, where Mountain 
Meng is located with 14 peaks over 1000 m in an area of 
1125 km2. Figure 7 shows the terrain in the region and the 
water vapor mixing ratio (QVAPOR) at 250 m at 1600 BST 
14 June 2009. We can see that the relatively high mixing 
ratio is mainly located to the south of the mountain area. 
Figure 7 further shows the terrain height and the obvious 
radar reflectivity near Linyi City at 1300 BST 14 June 2009. 
The convective cell occurs in the south slop of the mountain 
with the terrain height of about 200 m.

Figure 8a is the cross-section of streamlines, water vapor 
mixing ratio and vertical motion 1 h before the convection 
is triggered (~ 1500 BST) in EXP-C. The layer below 2 km 
is dominated by the southerly flows. When the low-level 
moist flows impinge the mountains, strong updrafts extend 
up to the height of 3 km. The low-level southerly flow and 
the middle-level northerly flow may be enhanced by the val-
ley wind since the mountain air is nearly warmest at ~ 1500 
BST. The valley wind strengthens the vertical shear at the 
low levels, which is important to the convection formation. 
In addition, the accumulation of water vapor about 50 km 
south of the mountain ridge may also contribute to convec-
tive instability by increasing the CAPE.

To examine the role of Mountain Meng, a sensitivity 
experiment (EXP-M) is designed, in which the terrain ele-
vation more than 100 m is set to 100 m and other settings 
are the same as those in EXP-C. Compared to the control 
experiment (EXP-C), the relatively strong updraft shifts 
southward between 70–80 km (Fig. 8b), where the vertical 

wind shear resulting from the low-level southerly flow and 
the middle-level northerly flow is clear. The valley wind is 
not clear and the convective cell forms about 3 h later than 
that in EXP-C. Lack of the mountain blocking leads to the 
warming of the air between 2 and 4 km, but the water vapor 
at the low levels decreases by about 1 g kg−1. As a result, 
the convective instability has not been significantly weak-
ened (Fig. 9a). On the other hand, the vertical wind shear at 
the low levels increases significantly due to the presence of 
Mountain Meng (Fig. 9b). At the beginning of the simula-
tion, the difference of vertical wind shear is about 1 m s−1, 
but the difference increases gradually with time in EXP-C, 
reaching 8 m s−1 before the convective cell forms at ~ 1500 
BST. The vertical shear in EXP-M is substantially weak-
ened, less than 4 m s−1 after 1200 BST.

The strong low-level vertical shear is important for the 
formation and development of squall lines (e.g Rotunno 
et  al. 1988; Weisman et  al. 1988; Keenan and Carbone 
1992; Weisman 1993; Robe and Emanuel 2001; Weisman 
and Trapp 2003). As shown in Fig. 10a, although the model 
also simulates the line-like convection that moves south-
eastward, it is much weaker than the squall line in EXP-
C. Figure 11a shows the simulated 7-km radar reflectivity 
and vertical motion at 1630 BST in EXP-M. Compared to 
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Fig. 7  The terrain height (colored contours, m) in the simulated 
domain, the water vapor mixing ratio (black contours, g  kg−1) at 
250 m, and observed radar reflectivity (shading, dBZ) at 1300 BST. 
The orange line and box indicate the position of the vertical cross in 
Fig. 8 and the average area in Fig. 9, respectively
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water vapor mixing ratio (green contours, g kg−1), wind (streamlines), 
and vertical velocity (contours). The red and blue contours indicate 
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EXP-C, respectively. b Same as a, but for 1600 BST in EXP-M. The 
cross-section is plotted along the line in Fig. 7
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Fig. 4a, the simulated convection is weaker in terms of the 
radar reflectivity and vertical motion. Although there are 
strong updrafts around 9 m s−1 at a height of 3 km, an organ-
ized linear mesoscale convective system has not appeared 
by 2000 BST (Fig. 11b). We also examine the simulated 
precipitation in EXP-M and find that the precipitation area 
is smaller than the result of EXP-C (Fig. 6b, c). 

We compare the temperature and meridional wind on the 
mountain and in the valley at the altitude of 1 km (Figure 
not shown). The temperature around the top of the moun-
tain during 1500 ~ 1700 BST is about 2  °C higher than 
that in the south valley at in EXP-C. The southerly wind is 
enhanced due to the thermal difference. When the moun-
tain is removed in EXP-M, the temperature difference does 
not exist and northerly winds are enhanced. Therefore, we 

conclude that the effect of the valley wind associated with 
Mountain Meng plays an important role in the early develop-
ment of the squall line observed on 14 June 2009 by enhanc-
ing the vertical wind shear at the low levels.
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Fig. 10  a The radar reflectivity (shading, dBZ) simulated in EXP-M 
at 3 km with the updraft of 1 m s−1 (contours) at 1 km AGL. b and c 
are the same as a, but for the EXP-L1 and EXP-L2, respectively
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6  Lake effects

As indicated in Figs. 4c and 5, the simulated squall line 
exhibits a typical mature structure after passing over the two 
lakes. It is suggested that the presence of Hongze Lake and 
Gaoyou Lake may promote the development of the squall 
line.

The effects of the lakes on the squall line are investi-
gated using two sensitivity experiments, called EXP-L1 and 
EXP-L2. In EXP-L1, the lakes are replaced by soil, while 
in EXP-L2 the areas of the two lakes are doubled. As sim-
ulated in the control experiment (Fig. 1c), the convective 
cells in EXP-L1 also start to the west of Linyi at 1600 BST 
(Fig. 10b). As indicated in this figure, the convective cells 
are unable to develop into a squall line without the effects 
of the lakes. In contrast, the squall line simulated in EXP-L2 
well develops with the doubled watery areas (Fig. 10c). It is 
strongly suggested that the lakes play an important role in 
the development of the squall line.

To understand the effect of the lakes, we compare the 
differences of the temperature and water vapor mixing ratio 
at 250 m between EXP-C and EXP-L1 before the squall 
line arrives at the lake region at 1700 BST (Fig. 12a). Com-
pared to EXP-C, the water vapor mixing ratio in EXP-L1 is 
smaller, while the temperature is higher in the lake region at 
the low levels. Under the influence of the lakes, the tempera-
ture below 2 km decreases by about 2 K. On the other hand, 
the water vapor mixing ratio increases by about 2 g kg−1 due 
to the presence of the water surface. As a result, the CAPE 
increases by 1000 ~ 1200 J kg−1 in the lake region (Fig. 12b). 
We conclude that the presence of the lakes leads to a more 
unstable environment for the development of the squall line.

As shown in Fig. 12a, the lake region is cold relative to 
the surrounding areas. In particular, the warm anomalies 
to the southeast of the lakes lead to a temperature gradi-
ent toward the southeast. The wind at the near surface is 
weak, while the wind is mainly dominated by the north-
west flow at 3 km (Fig. 12a, b). Based on the thermal wind 
relationship, the horizontal temperature gradient enhances 
the vertical wind shear at the lower levels. To demonstrate 
this, we compare the vertical wind shear between the near 
surface and 3 km in EXP-C and EXP-L1. At the beginning 
of the experiments, the vertical wind shear is the same in 
EXP-C and EXP-L1, about 7 m s−1 (Fig. 12c). However, 
the vertical shear at low level in EXP-C increases to about 
11 m s−1, while the vertical shear in EXP-L1 decreases to 
about 3 m s−1. The weaker low-level vertical shear is not 
conducive to the development of convection (e.g Rotunno 
et al.  1988). In addition to providing water vapor, the lakes 
promote the development of convection by enhancing the 
low-level vertical wind shear.

To further verify the results in EXP-L1, Fig. 10c shows 
the radar reflectivity and the contour of the updraft of 
1 m s−1 in EXP-L2. In this experiment, the lake areas are 
doubled. In contrast to EXP-L1, the convection is signifi-
cantly enhanced in EXP-L2, while the squall line passes 
through the lakes. The intensity of vertical motion and radar 
reflectivity are stronger than those from EXP-C. Consistent 
with the above discussion, the presence of the lakes in the 
northern part of Jiangsu Province promote the development 
of the squall line.

7  Summary

In this study, numerical experiments are conducted to focus 
on the effects of the mountains to the north of the plain of 
northern Jiangsu Province and the lakes that located in the 
central area of northern Jiangsu Province. The squall line 
selected in our simulations occurred on 14 June 2009.

The squall line occurred during the pre-Meiyu season 
under the influence of a short westerly trough at 500 hPa. 

1630BST14JUN2009   LEV=7KM

2000BST14JUN2009   LEV=3KM

Huaian

(a)

(b)

Fig. 11  a The simulated radar reflectivity (shading, dBZ) and verti-
cal motion (contours) at 7 km with solid and dash contours indicating 
upward and downward vertical motion (m  s−1) at 1630 BST 14 Jun 
2009 in EXP-M, respectively. b The same as a, but for 2000 BST 14 
Jun 2009 at 3 km
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The northerly transported the cold, dry air around 30 °N, 
meeting with the weak moist southerly northward flow at 
the low levels. The average CAPE in the region of convec-
tive initiation was more than 900 J kg−1 and the vertical 

wind shear between 1000 and 700 h Pa was ~ 8 m s−1. 
Using the WRF model with the grid spacings of 3 km, 
1  km, and 333  m, the squall line is well simulated, 
although the model-simulated bow echo occurs about 
3–4 h later than the observed and the location is shifted 
about 100 km to the northwest. The model reasonably well 
simulates the evolution of the squall line and the extreme 
rainfall in the middle portion of the rainfall belt. The 
structure of the simulated squall line is comparable to the 
general structure of the squall line revealed in previous 
studies.

A sensitivity experiment is conducted to examine the 
effects of Mountain Meng, in which the terrain elevation 
more than 100 m is set to 100 m. The model fails to simu-
late the development of the squall line and an organized 
linear mesoscale convective system does not form by 2000 
BST. Examination suggests that the presence of the moun-
tain leads to the circulation of the valley wind to the south 
of the mountain in the afternoon. The effect of the valley 
wind associated with Mountain Meng plays an important 
role in the early development of the squall line observed 
on 14 June 2009 by enhancing the vertical wind shear 
at the low levels, which is important for the formation 
and development of squall lines (e.g Rotunno et al. 1988; 
Weisman et al. 1988; Keenan and Carbone 1992; Weisman 
1993; Robe and Emanuel 2001; Weisman and Trapp 2003).

The effects of Hongze Lake and Gaoyou Lake are exam-
ined by conducting the two sensitivity experiments. The 
presence of the lakes leads to a relatively cold area in the 
region of the two lakes. The warm temperature anoma-
lies to the southeast of the lakes result in a temperature 
gradient toward the southeast at the low levels. Due to 
the thermal wind relationship, the horizontal temperature 
gradient enhances the westerly vertical wind shear. The 
sensitivity experiment indicates that the absence of the 
lakes can significantly reduce the low-level vertical wind 
shear. In other words, the lakes promote the development 
of convection by enhancing the low-level vertical shear. It 
should be pointed out that we only investigated the squall 
line on June 14, 2009. Further research is needed to fully 
understand the frequent occurrence of squall lines in the 
plain of northern Jiangsu Province.
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Fig. 12  a The difference of 250-m temperature (shading, K) and 
water vapor mixing ratio (contours, g  kg−1) between EXP-C and 
EXP-L1, and 250-m winds (vectors, m s−1) in EXP-C at 1700 BST. b 
The difference of CAPE (contours, J kg−1) between EXP-C and EXP-
L1 and winds (vectors, m s−1) at 3 km in EXP-C at 1700 BST. Blue 
shading highlights Hongze Lake and Gaoyou Lake. c The time series 
of vertical wind shear between 0.25 km and 3 km in EXP-C (black 
line, m s−1) and EXP-L1 (red line, m s−1), respectively. The vertical 
wind shear is averaged over the orange box in a 
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