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Abstract

In this study, the impact of surface water body on the evolution of thunderstorm events crossing Hangzhou Bay is investigated
based on the observations and numerical simulations. The organized convective systems crossing Hangzhou Bay usually
weaken first after moving onto the water surface, and then re-intensify after landing onto southern coastline. The weakening
of storm over the bay is mainly ascribed to the low water surface temperature, that is, the decreasing of water surface tem-
perature is unfavorable for the development of storm. The re-intensification of storm over the southern coastline is due to the
boundary layer convergence strengthening along the sea—land interface. For the organized thunderstorm, the enhancement
of large-scale onshore wind can increase boundary layer convergence along both northern and southern coastlines, which
leads to enhancement of convection and precipitations on the northern coastline.

1 Introduction

The large water body as a specific surface can impact the
formation and evolution of convective system. Due to the
thermal contrast between land and water, the water surface
is usually predominately colder than the surrounding land
during daytime hours in warm season, which may impact
the evolution of the preexisting convective storms. In gen-
eral, large water body could tend to suppress convection and
precipitation when storms passing over them (e.g., Augus-
tine et al. 1994; Scott and Huff 1996), and then can cause a
10%—-20% decrease to downwind precipitation during sum-
mer season (e.g., Scott and Huff 1996).

Based on 111 convective storm events crossing Lake Erie
during 2001-2009, Workoff et al. (2012) shown that almost
storms tended to weaken over the lake. However, some
storms exhibited a steady state or tend to develop under
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some environments. The storm intensity changing over lake
and its sensitivity to atmospheric parameters both depend
on the types of storms. In general, the isolated and cluster
storms exhibited much greater weakening than organized
linear or complex convective systems. Lericos et al. (2007)
developed a conceptual model of how the land—water coast-
line affects the strength and structure of squall line. As the
squall line moved from the water surface onto the land, the
near-surface wind speed was reduced due to the friction
of land. Moreover, the warm land induces a small onshore
wind, which may further reduce the near-surface vertical
wind shear in the inflow layer. As a result, the updraft will
tilt to upshear and then weaken the squall line.

The severe storms could be triggered within the low-level
convergence line (e.g., Ogura and Chen 1977; Wilson and
Schreiber 1986). The boundary layer (hereafter BL) con-
vergence and low-level vertical wind shear induced by the
sea—land breeze are two important facts for the controlling
of trigging and evolution of convective systems when they
across large water body. The thermal contrast between land
and water and the BL friction could change the BL’s struc-
ture, and then further influence the evolution of organized
convective systems (e.g., King et al. 2003; Lericos et al.
2007; Mazo6n and Pino 2013).

The sea breezes are powerful generators of boundaries,
and the role of the sea-breeze circulation, including the sea-
breeze front, in triggering convection has long been rec-
ognized (Byers and Rodebush 1948; Leopold 1949; Pielke
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1974). The sea-breeze circulation is a product of thermo-
dynamic contrast between land and ocean, consisting of
onshore flow during daytime (sea breeze) and offshore flow
at night (land breeze) (e.g., Simpson 1994). The low-level
onshore flow within the sea-breeze circulation can advect
wet sea air into land, and a convergence zone between sea-
modified air and unmodified air forms, which could provide
both moisture convergence and lift to initiate convection
(King et al. 2003). As the interface between sea and land,
the irregular coastline can both affect the triggering and dis-
tribution of convection and precipitation along a sea-breeze
front (Neumann 1951; Purdom 1976; Abbs1983; Baker et al.
2001; Mazé6n and Pino 2013).

In the present study, through observations and numerical
simulations, we investigate how the strength and structure
of convective system crossing Hangzhou Bay in East China
evolved when the thunderstorm passed across colder water
surface and when it moved on land once again. The impact
of large water body and thermal contrast between sea and

land on the evolution of the storm is discussed. In Sect. 2, we
introduce data and numerical model. The results of numeri-
cal simulations are presented in Sect. 3, followed by discus-
sions in Sect. 4. Conclusions are given in Sect. 5.

2 Observations and numerical model
2.1 Observations and data

The bugle-shape Hangzhou Bay (hereafter HB) is a large
water body in northeastern Zhejiang province, China, with
the length of the bay mouth being 95 km and the average
south—north span being more than 40 km (Fig. 1a). The east
side of HB is the East China Sea and the west side is Hang-
zhou City. The terrain of both north and south side of HB are
relatively flat with an average elevation of less than 250 m.

In this study, observations and numerical simulations are
both used to investigate the HB’s impact on the evolution of

Fig. 1 a Hangzhou Bay region
with topography depicted by

the color shading every 250 m.
The average south—north span
of the bay is 40 km. The red star
shows the location of the radar
station in Ningbo. b Configura-
tion of the three nested model
domains (D1, D2, and D3) with
12-, 3-, and 0.75-km horizontal
grid resolutions, respectively.

¢ Detailed innermost domain:
thick curve indicates regions
where surface friction is altered
in experiment Fric, and dark
dots represent stations with -
intensified easterly wind speed
in experiment Bogus. The red
point A is the reference points
for analysis of thermodynamic
variables over Hangzhou Bay
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the thunderstorm crossing HB. A WSR88d Doppler Radar
located at 30 km south of HB south bank (Fig. 1a), which
provided radar reflectivity data for observational analysis.
The regional automatic meteorological station observa-
tions with a horizontal resolution of about 10 km are used
for the precipitation and surface wind analysis and data
assimilation.

The initial and boundary conditions of the simulation are
derived from the 0.5° X 0.5° Global Forecast System (GFS)
model operational analysis data of the National Centers for
Environmental Prediction (NCEP) with 6-h time interval.

2.2 Numerical model and experimental design

For numerical simulations, the Advanced Research WRF
(ARW) version 3.2 is implemented. We employ here three
two-way interactive nesting model domains (D1, D2, and
D3; see Fig. 1b) with 12-, 3-, and 0.75-km horizontal reso-
lution, respectively. The 0.75-km resolution inner domain
(Fig. 1c) has the grids of 401 x401. There are 35 o lay-
ers in the vertical direction for all the domains with the
model top defined at 50 hPa. The modified version of the
Kain—Fritsch cumulus convective parameterization scheme
(Kain and Fritsch 1990, 1993; Kain 2004) is used in the
outermost domain (D1); while for the inner two domains
(D2 and D3), no convective parameterization is used since
the explicit microphysics (Thompson et al. 2008) is at play.
The Thompson microphysics scheme and the YSU planetary
boundary layer parameterization (Hong et al. 2006) are used
for all three domains. WRF model can reproduce the sea-
breeze convergence and small-scale phenomena (e.g., Comin
et al. 2015).

To investigate the impact of HB, especially its cold-water
surface and BL convergence, on evolution and structure of
convective systems crossing HB, five sensitivity experiments
with different underlying surface are conducted (Table 1).
They are experiments replacing HB’s water surface with
land (NoBay), decreasing or increasing water surface tem-
perature of HB (TmpN and TmpP), intensifying easterly
wind speed over the Bay (Bogus), and increasing surface
friction along the coastline (Fric).

Specifically, in experiment NoBay, the water body of HB
is replaced by irrigated cropland in the numerical model,
and its soil temperature, vegetation coverage and other
ground information are all the same as that of the coastal
areas near HB. Through the comparison between the results
of the control experiment (CTRL) and those of NoBay, the
overall impacts of HB on storm evolution can be detected.
In experiments TmpN and TmpP, only the surface tempera-
ture in HB is changed, which can isolate the influence of
cold water surface temperature on the evolution of organ-
ized convective systems. The surface temperature perturba-
tion amplitude of HB is set to 2 K, and on the east side of
HB where it merges with the East China Sea, surface water
temperature perturbation amplitude decreases to zero lin-
early. In experiment Bogus, the easterly surface wind speed
within HB is increased by assimilating bogus data through
WREF-3DVar at locations shown in Fig. 1c. For the artificial
observations that are assimilated in experiment Bogus, the
easterly wind speed and sea-level pressure are increased by
2 ms~! and 1.5 hPa, respectively. To reduce sea—land breeze
circulation around HB, as shown in Fig. 1c, the experiment
Fric is implemented through increasing the roughness along
the interface between HB and land in the numerical model.
The underlying surface type of the grid points nearby HB
is “irrigated cropland”. In experiment Fric, the underlying
surface type is also set to “irrigated cropland” but the surface
roughness along the coastline of HB is changed from 0.18
(in CTRL) to 0.5. In a word, experiments Fric and Bogus are
implemented for assessing the impacts of sea—land breeze
intensity and environmental easterly wind on the evolution
of convective systems around HB, respectively.

2.3 Case overview

The change of thunderstorms’ intensity is greatly as cross-
ing HB, which brings great uncertainties to forecast. In this
paper, based on radar reflectivity and integrated observations
of surface rainfall, a compact organized linear or complex
convective system crossing HB and lasting for at least 3 h
is defined as the HB -influencing case. The isolated thun-
derstorms are excluded in this study, because it is hard to
track their intensity changes over the HB due to the short

Table 1 Numerical

. A Experiment Description
experimental design
CTRL Control experiment
NoBay Replacing water surface of Hangzhou Bay with cropland
TmpN —2 K perturbation added to surface temperature of Hangzhou Bay
TmpP 2 K perturbation added to surface temperature of Hangzhou Bay
Bogus Increasing easterly wind speed and sea level pressure over Hangzhou Bay to amplify
boundary convergence
Fric Increasing friction along Hangzhou Bay’s coastline to reduce boundary layer convergence
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life cycles. The analysis revealed that 11 organized thun-
der storms have passed over HB from 1 July 2006 to 31
July 2010 (Table 2). Among these convective systems, 64%
weakened or dissipated, while 36% maintained their inten-
sity over HB.

An organized thunderstorm generated at the northwest
side of HB at 1600 LST July 4, 2010 is chosen for detailed
analysis. The storm experienced the following strength
changes as passing over the HB: intensifying over the
coastline, weakening over colder water surface, and finally
strengthening again after landing on the south side of HB.
The evolution of storm is highly representative, whose pro-
cess accounts for about 64% of the organized thunderstorms
over the HB. At the same time, the large-scale environment
enforce of this case is relatively weak, and the thermal

Table 2 Intensity evolution of convective systems during their mov-
ing over Hangzhou Bay and their landing on the other side of the Bay

Time of cases Moving Landing on
overwater the other
surface side
From 0700LST to 1200LST 5 Jul. 2006 Weakened Intensified
From 0600LST to 1700LST 22 Aug. Weakened Intensified
2006

From 1600LST to 2100LST 25 Aug. Weakened Sustained
2006

From 1500LST to 2100LST 20 Jul. Sustained Intensified
2007

From 0700LST to 1200LST 21 Jul. Weakened Intensified
2007

From 1200LST to 1800LST 28 May Weakened Intensified
2008
From 1300LST to 1900LST 5 Sep. 2008 Sustained Intensified
From 1600LST to 2100LST 5 Jun. 2009 Sustained Sustained
From 1400LST to 2000LST 20 Jun. Weakened Sustained
2009

From 1500LST to 1900LST 30 Jun. Sustained Intensified
2010

From 1600LST to 2000LST 04 Jul. Weakened Intensified
2010

instability is strong, so that it can be used for better analysis
of sea—land breeze effect. The thunderstorm occurred north
of 500-hPa subtropical anticyclone with northwesterly wind
(Fig. 2a), which led the storm moving southeastward and
passing over HB from the north side to the southeast side.

During that time, the south—north temperature con-
trast around HB near 30°N was very small at 500 hPa and
850 hPa (Fig. 2a, b). But there were distinct differences in
the dewpoint depression, resulting in a dry line with wet
air on the north side and dry one on the south side. The
dewpoint depression was less than 4 K on the north side of
HB and more than 16 K on the south side of HB at 500 hPa.
It was indicated by the sounding of Hangzhou city that
environmental condition near HB was relative dry in the
low level and relative wet above before the thunderstorm
occurred (Fig. 3). Calculations of physical variables showed
a value of 1450 JKg™! for the convective available potential
energy (CAPE), a value of 44 K in the K-index (KI) and a
value of —4.5 K in the lifted index (LI) at Hangzhou at 0800
LST 4 July, which indicated strong unstable conditions near
HB. These environmental conditions were all in favor of the
generation and development of convective systems and the
dry line. The “dry-below—wet-above” vertical distribution
of moisture was likely to trigger the formation of strong
thunderstorm. Observations of 2-m temperature (Fig. 4)
showed that the temperature contrast between sea surface
(point A) and land (point B) increased gradually from 0800
to 1400 LST with the 2-m temperature growth from 4 to 7 °C
(Fig. 4). The horizontal wind speed over HB water surface
changed from southerly wind to easterly wind, which was
favorable for the enhancement of BL convergence along the
coastline. This was a distinct diurnal variation in sea—land
breeze.

Radar reflectivity indicated that the thunderstorm, which
was formed by the merging and strengthening of several
scattered convections around Taihu Lake on northwest of
HB, organized into a band-shape convective system and
moved southeastward quickly under the combined effects of
upper-level leading wind and inflow behind the thunderstorm
(not shown). The mean moving speed of the thunderstorm

Fig.2 Geopotential height at
500 hPa a and 850 hPa b (con-
tour; interval 2 dagm), dewpoint
depression (shaded; interval

4 K), temperature (°C) and wind
(full bar for 4 ms™) measured
by meteorological sounding at
0800 LST 4 July 2010

b
y’ b
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Fig.3 The sounding of tem-
perature (black line) and dew

Full barb:
5 1

AN

point temperature (gray line) at
Station Hangzhou at 0800 LST
4 July 2010 (Data from NCEP
reanalysis)

)

Fig.4 The 2-m temperature
(the numbers, °C) and 10-m
wind (full bar indicates 4 ms™") " ®
observed by regional automatic ’ -
meteorological stations of China ’
Meteorological Administra- %
tion at a 0800 and b 1400 LST 2 =

4 July 2010. The “A” and “B” S
denote as two points at the sea ) %
and land, respectively
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was about 14 ms~!, faster than the 2-min-averaged wind
speed on the surface; this was favorable for convergence at
the leading edge of thunderstorm. Both the maximum radar
reflectivity and the coverage range of 40 dBZ reflectivity
of the thunderstorm were the strongest as it approached the
north shore of HB, and became the weakest after moving
on to water surface (Fig. 5). The thunderstorm has an obvi-
ous bow-echo with a length of more than 200 km. The left
part of the bow-echo (elliptical area in Fig. 5) moved over
HB water surface and weakened gradually, then landed on
the south side of HB and intensified again. For example,
before entering the HB, the maximum radar reflectivity was
about 50-60 dBZ along the north shore of HB (Fig. 5b),
and it decreased to 40-50 dBZ as the storm moved over the
water surface (Fig. 5c). After landing on the south side of

120°E

HB, the radar reflectivity of the storm developed once again
to 50-60 dBZ, but its coverage range was comparatively
smaller (Fig. 5d).

Figure 6 shows the observed accumulated precipitation
and maximum surface wind speed during the event at each
station from 1500 LST to 2200 LST 4 July 2010. It was
illustrated that the large amount of rainfall appears on the
two banks of HB, while the precipitation over HB was rela-
tively smaller (Fig. 6a). This was consistent with the inten-
sity evolution of the mesoscale convective system as passing
through HB. The largest maximum wind speed is located
on water surface of HB, followed by the northern coast of
HB (Fig. 6b). The wind speed along the southern coast of
HB decreased gradually. The distribution of maximum wind
speed was not completely consistent with the variation of
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Fig.5 Radar reflectivity observed at the 1.5° elevation level, Elliptical area represents the part of the thunderstorm crossing Hangzhou Bay. a—f

are from 1700 LST to 1930 LST 4 July 2010 with 30-min time interval

Fig.6 a Accumulated pre-
cipitation (>5 mm, shading)
and b maximum wind speed
(>8ms™!, shading) observed
by regional automatic meteoro-
logical stations during the event
from 1500 LST to 2200 LST 4
July 2010
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radar echo in Fig. 5, which may be influenced by the bound-
ary friction contrast between land and water.

3 Results

After 2.5 h of integration (at 1630 LST 4 July), the thun-
derstorm has developed on the north shore of HB in CTRL
(Fig. 7a). Distinct sea—land breeze could be seen on the
north shore of HB. As a result, BL convergence existed
near the northern coastline of HB, and it could be further
strengthened by the southeasterly wind above the water
surface of HB; so, the thunderstorm could keep on inten-
sifying as it just arrived over HB (Fig. 7b). After that, the

@ Springer

thunderstorm traveled over the cold water surface, and its
intensity weakened (Fig. 7c, d) due to low surface tempera-
ture over HB. Finally, when the thunderstorm made its land-
ing on the south shore, the convective systems strengthened
once more (Fig. 7e, f). BL convergence caused by the north-
westerly inflow on the rear side of the thunderstorm and the
southeasterly wind above the HB surface was the main factor
strengthening the convective systems as the thunderstorm
landed on the southern coastline. The intensity variation of
the simulated thunderstorm is basically same as the observa-
tions (Fig. 5) but with a time-lag of about one hour.

The CTRL simulation also produces the observed pre-
cipitation distribution around HB very well, with heavier
precipitation on both sides of the sea shore than over HB
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Fig.7 Simulated 700-hPa radar reflectivity (dBZ) and 10-m horizontal wind (full bar for 2 ms™") in control experiment (CTRL) at a 1630, b

1700, ¢ 1800, d 1830, e 1900, and f 1930 LST 4 July 2010

(not shown), although the simulated areas of strong precipi-
tation on the sea shore were located a bit eastward compared
to the observation. The precipitation mainly existed on the
near-shore region of the northern coastline and on the inland
region of the southern coastline, with the maximum total
precipitation being 30-50 mm during this event.

For accessing the overall impacts of HB on the evo-
lution of storm, the underlying water surface of HB was
replaced by irrigated cropland in experiment NoBay, and
then the related evolution of convective systems is shown in
Fig. 8a—c. Convective systems in NoBay remained intensify-
ing rather than weakened in CTRL when it cross the original
HB region. The regions with the strongest strengthening of
convective intensity were located at the easternmost of the
artificial cropland, which became the new boundary between
land and sea. Furthermore, when the convective systems in
NoBay passed over the original southern coastline of HB,
the intensity of the storm did not strengthen compared with
that in CTRL. In terms of 10-m horizontal wind, the BL
convergence and the sea—land breeze in NoBay moved east-
ward and the BL convergence along the original coastline
weakened compared with that in CTRL (Fig. 9a, b), resulting
in the shift of location of convection developing. At the same
time, due to the change of underlying surface properties,
the isolated convection near HB started earlier and the wind
field structure in the bay area has been changed. The area

of the largest wind differences (Fig. 9a, b) corresponded
very well with the strong radar echo area in Fig. 8a—c. The
inflow and outflow of thunderstorms were the main factors
affecting the deviation of wind field in the convective area
in case of weak environmental wind. The land—sea-breeze
wind speed was relatively smaller in Nobay, and its influence
was more obvious on undeveloped convection area. Com-
pared with CTRL, precipitation in NoBay was obviously
increased in the central and eastern parts of the original HB,
while weakened along the south shore (Fig. 10a). The aver-
age precipitation in NoBay was equivalent to that in CTRL,
but the maximum precipitation is about 36.9 mm, which is
smaller than 52.7 mm in CTRL and 42.7 mm in observation
(Table 3). It is noteworthy that at the offshore of HB north-
ern coastline, precipitation in NoBay also decreased com-
pared with that in CTRL, which was caused by the lack of
BL convergdeep convection can be influencedence induced
by sea—land breeze (Fig. 9a, b).

The water surface is usually predominately colder than
land in the daytime during summer season. The surface
temperature difference between HB and its surrounding
seashore usually is up to 6-8 K, which is in favor of see-
breeze front formation. As shown in experiment TmpN,
the decreasing of sea surface temperature (SST) over HB
can suppress evolution of convective systems. Under the
pre-existing relative low SST, the +2 K SST perturbation
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Fig.8 Simulated 700-hPa radar
reflectivity (dBz) and 10-m

16:30 LST

18:00 LST 19:30 LST

horizontal wind difference

(full bar for 2 ms™') between
sensitivity experiments and
control experiments (CTRL).
a—c: NoBay, d—f: TmpN, g-i:
TmpP, j-1: Fric, m—o: Bogus at
1630, at 1800, and 1930 LST 4
July 2010, respectively
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has relative weak impact on radar reflectivity (Fig. 8d-i).
Before the storm moved onto HB, the evolutions of radar
reflectivity in TmpN and TmpP were similar to each other
(Fig. 8d, g). After storm passing over HB, the radar reflec-
tivity in TmpN weakened more quickly than that in TmpP
(Fig. 8e, h). As the storm landed on the south shore, the
radar reflectivity intensified in both experiments, which
was the same as in CTRL (Figs. 8f, i and 7f). In TmpN, by
decreasing SST over HB, convection over the HB was sup-
pressed more significantly, and both the rainfall over the
HB and on the south shore decreased, but the amplitude

@ Springer

was very small (Fig. 10b). In TmpP there were more sig-
nificant changes in spatial distribution of precipitation,
especially along the south coastline (Fig. 10c). Moreo-
ver, the precipitation in the onshore along the coastline
is strengthened, but weakened in offshore when the SST
over HB is increased (Fig. 10c). The maximum precipita-
tion in both TmpN and TmpP are similar to that in CTRL.
However, the average precipitation and maximal wind
speed in TmpP are slightly increased than those in TmpN
(Table 3). Therefore, lower SST over the HB has a certain
inhibitory effect on evolution of thunderstorms crossing
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Table3 The comparisons of simulated and observational average
precipitation (R,,.), maximal precipitation (R,,,,), and maximal wind
speed (U,,,,) on the 100 km? region around the radar station (location
of star in Fig. 1a), from 1200 LST to 2000 LST 4 July 2010

Experiment R, .(mm) R, (mm) Upa(ms™)
CTRL 17.7 52.7 12.2
NoBay 17.7 36.9 12.8
TmpN 16.6 582 13.6
TmpP 21.0 49.8 18.6
Bogus 18.1 50.1 13.4
Fric 13.5 42 8.4
Obs 26.2 42.7 17.4

HB, but a weak effect on the development of sea—land
breeze (Fig. 8d, g).

To evaluate the impact of strength of sea—land breeze
circulation on the convective systems around HB, two
sensitivity experiments on low-level wind perturbation
are performed. In experiment Fric, surface friction along
the coastline is enhanced, resulting in the suppression
on in-land intrusion of onshore sea-breeze and weaken-
ing of sea—land breeze circulation. In experiment Bogus,
both sea-level pressure gradient and easterly wind speed
were amplified to strengthen sea—land breeze. The radar
reflectivity of Fric and 10-m horizontal wind difference
between Fric and CTRL are shown in Fig. 8j-1. As shown
in Fig. 7, the mean wind direction around HB was mainly
easterly in CTRL. Caused by the decreasing of easterly
land-sea breeze over the coastline regions, the wind dif-
ference between Fric and CTRL was mainly in the west-
erly direction (Fig. 8j-1). Then, the convective systems in
Fric might transfer offshore, and heavy precipitation was
mainly located along the north coastal areas (Fig. 10d).
On the other hand, convection over the center of HB and
on the south coastline was both weakened and the weak-
ening amplitude was much larger than that in TmpN. The
average precipitation (13.5 mm) and maximal wind speed
(8.4 ms™") in Fric are both smaller than that in CTRL
(Table 3).

In Bogus, through changing the initial pressure gradient
force and easterly wind speed over HB, the land—sea-breeze
circulation could be altered, as well as the spatial distribu-
tion of convection along the coastlines (Figs. 8m, 9f). Com-
parison with that in CTRL, convection systems were intensi-
fied in Bogus. Under the easterly wind, the amplification of
precipitation on the north shore was more distinct than that
on the south shore (Fig. 10e), but the changing of average
precipitation around radar station area in south coast was
very small.

In a short summary, these five sensitivity experi-
ments indicate that the variations of the surface features
of Hangzhou Bay have obvious impact on the intensity

@ Springer

evolution of convective systems and the spatial distribution
of precipitation.

4 Discussion

Previous studies indicated that the evolutions of thunder-
storm and squall line are sensitive to CAPE and to environ-
mental vertical wind shear (Rotunno et al. 1988; Weisman
et al. 1988; Weisman and Rotunno 2004), both of which
could be obviously influenced by sea—land contrasts. It was
demonstrated by Scott and Huff (1996) that the Great Lakes
suppress mesoscale convective systems and precipitation
near the coastlines during summer, particularly in downwind
regions of the lakes, and all lakes could cause a downwind
decrease in rainfall by 10%-20%. Parker (2008) found that
in instances where the water surface is warmer than colder
surface layer ahead of a storm, the storm can intensify.

In temperature perturbation experiments, i.e., TmpN and
TmpP, the water surface temperature of HB was changed
slightly to alter environmental parameters around the bay,
such as sea—land temperature contrast, CAPE. However, the
water surface was still colder than land. The air temperature
above HB was altered through heat flux from water sur-
face, which could influence the atmospheric buoyancy and
then the evolution of convective systems. Figure 11 shows
the surface heat flux differences between the five sensitive
experiments and CTRL at 1800 LST 4 July 2010. In general,
obvious impact on heat flux can be found over HB, while
influences over inland areas were weaker. Similar as ine.g.,
Kehler-Poljak et al. (2017).

In NoBay, the whole HB is replaced by cropland. The
surface temperature of the fake cropland in “true” HB is set
to nearby surrounding seashore temperature, which was 6 K
higher than HB’s water temperature in CTRL. As a result,
difference of surface upward heat flux between NoBay and
CTRL was the biggest in all experiments, with the maxi-
mum difference exceeding 70 W m~2 (Fig. 11a). Similarly,
the atmospheric instability energy in NoBay in the center
of HB was also the highest, with the value of CAPE being
2571 Jkg~! exceeding that of CTRL (2098 Jkg™!), and its
LI was also higher than that in CTRL (Table 4). Heat flux
was influenced by water surface temperature perturbation
directly. For positive temperature perturbation in TmpP, sur-
face heat flux was increased (Fig. 11c), which favored the
development of convection. As for negative temperature per-
turbation, the results are opposite (Fig. 11b). Influenced by
heat flux, the value of CAPE in TmpP increased obviously.
For instance, TmpP had a CAPE of 2286 Jkg™! after 2.5 h of
integration, which is larger than that of CTRL by 188 Jkg™!
(Table 4). The convective inhibition (CIN) decreased from
34 Jkg! in CTRL to 28 Jkg~! in TmpP. Similarly, both LI
and precipitable water (PW) in TmpP also showed a more
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Fig. 11 Differences of surface
upward heat flux between
sensitivity experiments and
control simulation (CTRL): a
NoBay, b TmpN, ¢ TmpP, d
Fric, and e Bogus (>4 W m2:
shading; < —4 W m~2 dashing;
interval is 4 W m™2) at 4 h of
integration (1800 LST 4 July
2010)

(b) (c)

G

430 N

Table 4 Thermodynamic variables at point A in Fig. 1 at 2.5 h of
integration (1630 LST) before the storm approached the Hangzhou
Bay

Experiment CAPE (Jkg’l) CIN (Jkg’l) LI(K) PW (cm)
CTRL 2098 34 —-44 7.69
NoBay 2571 42 -49 7.72
TmpN 2086 34 —-4.2 7.65
TmpP 2286 28 —-4.5 7.72
Bogus 2048 35 —-4.1 7.53

In the table, abbreviations represent: CAPE convective available
potential energy (Jkg™!), CIN convective inhibition (Jkg™'), LI lifted
index (K), PW precipitable water(cm)

unstable tendency of the atmosphere. On the contrary, CAPE
in TmpN decreased slightly with amplitude of only 12 Jkg™",
and the CIN was almost unchanged. There was no linear
relationship between temperature disturbance and heat flux
change, because TmpP had a much larger heat flux change
compared to TmpN (Fig. 11b, c¢). As a result, the unstable
energy in TmpP changed more distinctly, and the energy
change was mainly focused on CAPE; while CIN, LI and
PW only varied slightly. In general, the lower the SST is, the
smaller the CAPE will be. So, lower SST can increase the
stability of the atmosphere and restrain convection. In the
wind perturbation experiment, heat flux difference (Fig. 11d,
e) mainly depended on the activity of convections. When
convective actions were active, substantial clouds resulted
in decreasing heat flux. As the convective systems traveled
onto the cold bay, the inland clouds decreased, inducing the
intensification of surface upward heat flux.

The boundary layer convergence zones caused by
sea—land breeze on the north coastline have already com-
bined with the outflow boundary of the thunderstorm by
1630 LST 4 July 2010 in CTRL. Therefore, there were
many irregular convergence zones along the north coastline
(Fig. 9a). Convergence zones around the south coastline can
be divided into three pieces, which are caused by the irregu-
lar shape of the southern coastline. As shown in Figs. 6a and
9a, heavy rainfall happened at the junction areas of the two
BL convergence zones. The irregular coastline can affect the
distribution of convective cloudiness and the amount of rain-
fall along a sea-breeze front (Neumann 1951; Purdom 1976;
Baker et al. 2001). The initialized location and convective
features of deep convection can be influenced by coastline
shape, which then could impact the evolution of BL conver-
gence zone (e.g., Abbs 1983). Boundary layer convergence
also depends on sea—land temperature contrast and atmos-
pheric circulation condition. When the water surface of HB
is replaced by cropland, the “true” sea—land boundary is
altered, resulting in obviously eastward shift of BL conver-
gence zone (Fig. 9b). Along the new sea—land interface, a
north—south sea-breeze front formed, which then led to an
adjustment on thunderstorm evolution (Fig. 8b, c).

Temperature perturbation over the HB can induce
changes to sea—land temperature difference and sea—land
breeze’s intensity, but it brought about little variation on
the shape of BL convergence zone, and only impacted
the spatial distribution and intensity of convergence zone
very slightly. When the water surface temperature of HB
was decreased in TmpN, BL convergence on the northern
coastline almost did not change, while that on the southern
coastline intensified (Fig. 9c). On the other hand, when
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positive temperature perturbation was added to the water

the north coastline moved offshore appreciably and that on
surface temperature of HB, the BL convergence zone on

the south coastline weakened slightly (Fig. 9d).
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Fig. 12 Vertical distributions of meridional wind difference (blue
contours with interval of 0.5 ms~; negative values are dashed)
between sensitivity experiments and control simulation (CTRL). a—b:
TmpN, c—d: TmpP, e—f: Fric, g-h:Bogus, and horizontal divergence

in sensitivity experiments (< —90 s~!, shading) along the south-north
section crossing the center of Hangzhou Bay (121.6°E) at 1630 and
1800 LST 4 July 2010
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Figure 12 shows that obvious BL convergence existed
around HB. Temperature perturbation can influence low-
level wind speed to alter the BL convergence, but the change
at 1630 LST 4 July 2010 was very limited (Fig. 12a, c¢). On
the north coast, the BL convergence in TmpN is much larger.
Then, the convective systems developed rapidly and moved
close to the southern coastline. At that time, low-level con-
vergence (1800 LST; Fig. 12b, d) was formed mainly due
to the co-effect of northerly wind from the outflow of the
thunderstorm and the southerly wind on the southern coastal
area of HB. Restrained by much colder water surface across
HB, the convection in TmpN were less active than those in
TmpP as the storm moved near the southern coastline of
HB. In addition, the intensity of both storm’s outflow and
BL convergence in TmpN was weaker compared with that
in TmpP, resulting in much heavier precipitation in TmpP
on the southern coastline (Fig. 10c, Table 3). The above dis-
cussions demonstrated that the boundary layer convergence
along the coastline caused by sea—land breeze and the colder
temperature of water surface can both impact the evolution
of mesoscale convective systems crossing HB. The convec-
tive systems are intensified as the storm moved near the
northern coastline of HB. After the storm moved to colder
water surface, the convective actions were suppressed. When
the storm made its landing on the southern coastline of HB,
its intensity would strengthen once more.

Besides sea—land temperature contrast, boundary layer
convergence on coastal areas can also be impacted by
onshore friction and atmospheric circulation conditions
(Wexler 1946; Azorin-Molina et al. 2009; Poljak et al.
2014). The results of Fric indicated that BL convergence
zone would move inland after the friction along the coastline
was intensified (Fig. 12e). As a result, it introduced decreas-
ing of easterly land—sea breeze over the coastline regions of
HB. The offshore convergence was weakened because of
the intensification of friction along the coastline, so that the
weakening of the storm was very quickly across HB, and
this induced even more inhibition on precipitation near the
southern coastline (Fig. 10d).

By enhancing easterly wind speed above HB in Bogus,
the BL convergence intensified obviously (Fig. 12g, h). The
cause was as follows: for organized convective systems,
when the storm approached the southern coastline, BL con-
vergence zones induced by sea—land breeze merged with
storm’s outflow convergence. As a result, the organized
convective systems near the southern coastline intensified
in Bogus (Fig. 80). In a word, as the increasing of onshore
easterly wind speed, stronger BL convergence could be trig-
gered through comprehensive influences of sea—land breeze.

5 Conclusions

Statistically, the intensity of organized convective systems
crossing over a large water body of Hangzhou Bay usually
experiences a process of intensifying on the northern coast-
line, weakening over colder water body, and finally strengthen-
ing on the southern coastline during summer. To explore the
mechanism accounting for such feature, a thunderstorm case
passing through Hangzhou Bay on 1300 UTC 4 July, 2010 was
simulated and analyzed. A series of sensitivity experiments
were also carried out to explore the impact of the surface tem-
perature and wind perturbations on the development of storm
crossing Hangzhou Bay. The conclusions are as the following.

First, the water surface temperature has obvious influence
on the storm intensity. When water surface temperature over
Hangzhou Bay was decreased, the surface heat flux was also
decreased leading to the weakening of the thunderstorm’s
intensity. As a result, boundary layer convergence and pre-
cipitation of the storm will be reduced at the time. When posi-
tive temperature perturbation is added on the water surface
temperature of HB, the inhibitive effects of cold surface on
the development of storm were attenuated. Furthermore, there
were positive influences on the intensification of precipitation
when the thunderstorm landed on the south shore.

Second, the wind perturbations had also impact on the
storm evolution. The intensification of the easterly wind will
increase the boundary layer convergence, the increased con-
vergence cooperated with the sea—land breeze will favor the
development of the thunderstorm along the northern coastline.
When the thunderstorm made landing on the south shore of
HB, the boundary layer convergence strengthened due to the
merging of intensified storm’s outflow with the sea-breeze
convergence. As a result, the total rainfall was also enhanced.

In this paper, we just concerned about a single thunderstorm
case. And through the numerical simulation of this case, the
influence mechanism of the broad water surface of Hangzhou
Bay on the development of convection was studied. In the next
step, the separation of large-scale and mesoscale weather sys-
tems through composite analysis of several thunderstorm cases
will be done to study the effect of sea—land breeze on the trig-
gering and enhancement of thunderstorms. Besides, the effects
of temperature difference between land and sea under different
environmental background on development of thunderstorms
convections passing over Hangzhou Bay are studied through
the comparison analysis of different cases.
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