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Abstract In recent years, fast economic development demands for more land use and thus many reclamation
projects are initiated around the Sanmen Bay, Zhejiang, SE China in the East China Sea, for which tidal and
storm surge levels are reassessed. A two-dimensional numerical model based on an advanced circulation
model (ADCIRC) was applied to evaluate the impact of reclamation projects on tidal and storm surge levels
in the bay. The results show that the shoreline relocation and topographic change had opposite eﬀects on
tidal heights. Shoreline relocation decreased the tidal amplitude, while siltation caused topographic change
and increased the amplitude. Such variations of the amplitude were signiﬁcant in the top areas of Sanmen
Bay. Three types of typhoon paths were selected for a case study to investigate the impacts of shoreline
relocation and topographic change on storm surge level. Results show that the maximum increase in storm
surge level due to shoreline relocation was less than 0.06 m. The rise of peak surge level due to the change of
topography was signiﬁcant and the peak surge level rose when siltation increased. The maximum surge level
rise occurred in the path of northwest landing typhoons, which exceeded 0.24 m at the top of the bay. The
rise in peak surge level can potentially lead to severe damages and losses in Sanmen Bay and more attention
needs to be paid to this problem of shoreline change in the future.
Keyword: Sanmen Bay; reclamation project; tidal height; peak surge level

1 INTRODUCTION
Sanmen Bay of Zhejiang Province is a semi-closed
bay of the East China Sea, which is about 40 km long
from the mouth to the head, and this palm-shaped bay
has several ﬁngers with an average width of ~4 km
(Fig.1). Semidiurnal tides are dominant in Sanmen
Bay and the mean tidal range exceeds 4.2 m. The
harmonic analysis of tidal currents has shown that the
major axis of the current ellipse is in a SE-NW
direction. Thus, the tidal currents ﬂow mainly towards
the northwest during ﬂood tides and the southeast
during ebb tides (Zhu et al., 2015). The Sanmen Bay
region suﬀers from severe damages from strong
winds, storm surges, and inland ﬂooding induced by
tropical cyclones. According to the 1949–2017

statistics, about three to four typhoons aﬀect the bay
every year. The storm surges in Sanmen Bay are
signiﬁcantly enhanced due to its trumpet-like
geometry and funneling eﬀects.
In the last 30 years, many coastal reclamation
projects are initiated for agricultural, industrial, and
recreational uses in the world (Kennish, 2001;
Hoeksema, 2007; Tian et al., 2008). Coastal
reclamation projects have resulted in a rapid loss of
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Fig.1 The location of Sanmen Bay and the land reclamation projects (orange area)
Red stars are tidal stations and black dots are ports in Sanmen Bay.

vegetated coastal wetlands and coastline change. The
morphology, hydrodynamics, sediment transportation,
and landscape of coastal areas have been altered
signiﬁcantly (Cearreta et al., 2002; Arkema et al.,
2013; Cheong et al., 2013). From 2004 to 2017,
reclamation projects in an area of exceeding 110 km2
have been carried out in Sanmen Bay (Chen et al.,
2015), which have reduced the estuary area
signiﬁcantly (Fig.1).
The reclamation projects have a great inﬂuence on
tidal and storm surge levels. Coastal wetlands act as
natural buﬀers to reduce wave height and weaken
storm surges (Crain et al., 2009; Duarte et al., 2013;
Yu et al., 2016). However, dikes, levees, and other
coastal engineering structures prevent coastal
wetlands from migrating inland, leading to the
exposure of low-lying coastal areas to storm surges
(Temmerman et al., 2013; Tian et al., 2016). Benavente
et al. (2006) studied two types of storm surges and
found that a long-term coastline change could increase
exposure to storm surges and waves. Guo et al. (2009)
applied the unstructured grid ﬁnite volume coastal
ocean model (FVCOM) to investigate the response of
Hangzhou Bay to tropical typhoons. The results show
that shoreline relocation and seabed deformation
resulted in higher storm surges near reclamation
areas. Xie et al. (2007) performed depth-averaged
storm surge modeling and found that shoreline

replacement had the most notable impacts on local
ﬂooding. Ding and Wei (2017) found that land
reclamation in the Bohai Sea altered natural coastline
structure and increased the maximum sea level by
0.1–0.2 m.
Previous studies show that numerical models are
widely used for evaluating the impact of reclamation
(Liu et al., 2006; Du et al., 2007). However, there are
few studies considering the impact of coastal
reclamation on both tidal and storm surge levels in
Sanmen Bay. The reclamation projects mainly aﬀect
tidal and storm surge levels through shoreline
relocation and bed topography deformation. Thus,
after extensive land reclamation in Sanmen Bay, the
tidal and storm surge levels need to be reassessed.
The change of tidal and storm surge levels should also
be considered for engineering design and coastal
protection. In this paper, a two-dimensional (2D)
model with unstructured mesh was established, which
suits the complex coastline in Sanmen Bay. This
model was validated with observed tidal constituents
and storm surge levels and applied to investigate the
impact of shoreline relocation and bed topography
change on both tidal and storm surge levels.
This paper is organized as follows. The numerical
model is described and validated in Section 2. In
Section 3, the impact of shoreline relocation and bed
topographic change on both tidal and storm surge
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levels are examined. The conclusions are presented in
Section 4.

The surface wind stress parameters (τsx, τsy) are
computed as follows:

2 METHOD

 sx  a CdWx Wx2 Wy2 ,

2.1 Model description

 sy  a CdWy Wx2 Wy2 ,

A 2D advanced circulation model (ADCIRC)
developed by Luettich et al. (1993) is used to simulate
the tide and storm surge in Sanmen Bay. ADCIRC
uses unstructured triangular grids in the horizontal
plane to resolve dynamics on complex shorelines.
Primitive equations are formulated using traditional
hydrostatic
pressure
and
the
Boussinesq
approximations. ADCIRC solves the primitive
equations with the ﬁnite element method in space and
with the ﬁnite diﬀerence method in time. ADCIRC
can be run either as a 2D depth-integrated model or as
a three-dimensional (3D) model. The 2D model
calculates bottom stress as a quadratic function of
depth-averaged currents while the 3D model usually
considers vertically sheared currents that enable a
more sophisticated estimation of bottom stress. In this
paper, our emphasis is on surface elevations forced by
tide and storm surge. Thus, 2D model is used for tidal
and storm simulation in our study, which is suﬃcient
to reproduce storm surges and tide level and makes
the computation process more eﬃcient (Proctor and
Flather, 1989; Tang et al., 1996; Idier et al., 2012).
The 2D shallow water equations are:
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where ρa is air density; (Wx, Wy) are the x and y
components of wind speed and Cd is the wind drag
coeﬃcient. Following Garratt (1977), the drag
coeﬃcient is calculated as follows:
Cd 0.001(0.750.067 Wx2 Wy2 ).

(5)

Bottom stress components (τbx, τby) are computed
using the quadratic law:

 bx  0 C f U U 2 V 2 ,
 by  0 C f V U 2 V 2 ,

(6)

where Cf is bottom drag coeﬃcient and determined by
model calibration.
2.2 Wind ﬁeld of typhoons
The analytical wind model from Holland (1980)
was applied to reconstruct the wind ﬁeld for
calculating storm surges. The pressure and wind
proﬁle are calculated as follows:
B

 R 
Ps r  Pc Pn  Pc - max  ,
 r 
B

(7)
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where r is the distance from the typhoon center; Pn is
the ambient pressure; Pc is the central pressure; Rmax is
the maximum wind radius; and Wg is wind speed. The
B parameter is deﬁned by
B=1.5+(980–Pc)/120.

(9)

The Rmax is calculated by the following formula
developed from Willoughby and Rahn (2004):
(3)

where (U, V) are the x and y depth-averaged velocity
components; ζ is free surface elevation; h is the still
water depth; H=h+ζ is the total water level; f is the
Coriolis force parameter; g is gravitational
acceleration; Ps is sea surface atmospheric pressure;
0 is seawater density; (τsx, τsy) are the x and y
components of surface wind stress; (τbx, τby) are the x
and y components of bottom stress; and (Dx, Dy) are
the horizontal momentum diﬀusion terms.

Rmax=51.6exp(-0.0223Vmax+0.0281φ),
where Vmax is the maximum wind and φ is latitude.
As B increases, the wind becomes stronger near the
radius of maximum winds. For larger B, the wind
drops oﬀ more abruptly both inside and outside the
radius of maximum wind (Hubbert et al., 1991). The
inﬂow angle caused by friction contributes to wind
ﬁeld asymmetry and a constant angle of 25° was used
in this study. The central pressure and position data
were retrieved from the China Meteorological
Administration tropical cyclone database (Ying et al.,
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Table 1 Comparison between simulated and observed
harmonic constants
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Fig.2 The model domain and grids

2014).
Due to the lack of observed wind data in Sanmen
Bay, the wind ﬁeld from the Holland model cannot be
veriﬁed directly. However, the Holland wind model is
widely applied in storm surge calculation and
reproduces the wind proﬁles accurately in previous
studies. Furthermore, the surge elevation forced by
Holland wind model is veriﬁed by measured data
from a tidal station in the next section, which ensures
the reliability and accuracy of storm surge model.
2.3 Model setup
In this study, the computational domain covered
the Bohai Sea, Yellow Sea, and the East China Sea,
with a range of 114°–130°E and 20°–41°N (Fig.2).
The grid size ranged from 25 km at the open boundary
to 200 m in Sanmen Bay. The domain space was
discretized into 140 079 triangular cells with 98 200
nodes. The bathymetry data were obtained from
GEBCO’s gridded bathymetric data sets at 30 arcsecond intervals (available online from https://www.
gebco.net/) and were interpolated into each grid point.
Mean sea level was used as the model datum. The
model was forced at open boundaries by nine tidal
constituents extracted from the global tidal model
TPXO7.2 (available online from http://volkov.oce.
orst.edu/tides/otps.html), including M2, S2, N2, K2, K1,

Amplitude (m)
Phase (°)
Tidal
constituent Observed Model Error Observed Model Error
M2

1.86

1.86

0

253

253

0

S2

0.81

0.80

-0.01

287

283

-4

K1

0.31

0.32

0.01

200

199

-1

O1

0.23

0.21

-0.02

174

176

2

M2

2.04

2.03

-0.01

256

254

-2

S2

0.82

0.85

0.03

291

287

-4

K1

0.33

0.33

0

201

199

-2

O1

0.22

0.21

-0.01

174

177

3

O1, P1, Q1, and M4. The typhoon wind ﬁeld was
generated by the Holland wind model and imposed
through surface boundary conditions. The model was
run with a cold start when the currents and water level
at the initial time are set to zero. The initial shoreline
without considering reclamation projects was used
for model calibration for tide and storm surge. A
wetting and drying algorithm is included in the
ADCIRC model. Total water elevation at each node is
checked against a minimum wetness height. If the
water elevation is larger than the minimum value, the
node remains active in the model calculations.
However, if the total elevation falls below this
minimum value, the node is removed from the
calculations. In this paper, the minimum wetness
height is set to 0.05 m. There is no river ﬂowing into
Sanmen Bay. So the eﬀect of river ﬂow is not
considered in our model simulation.
2.4 Model calibration for tides
The model was run for 70 days by tidal forcing,
without considering wind forcing. Model results from
the last 60 days were used for harmonic analysis of
tidal constituents. The observed tidal constituents
were calculated from measured data from the Jiantiao
and L1 stations in Sanmen Bay (Fig.1). The
comparison of four main tidal constituents (M2, S2,
K1, and O1) is presented in Table 1. Amplitude errors
of tidal constituents were less than 0.04 m while tidal
phase errors were within 5°. Overall, the model
reproduced the tide satisfactorily in Sanmen Bay. The
amplitudes of M2, S2, K1, and O1 in Sanmen Bay were
obtained by applying harmonic analysis to a time
series of elevation in each model grid. Figure 3 shows
the distribution of amplitudes for the main tidal
constituents. The results suggest that semidiurnal
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Fig.3 The distribution of amplitudes for main tidal constituents
a. M2 constituent; b. S2 constituent; c. K1 constituent; d. O1 constituent.

tides are dominant in Sanmen Bay where amplitudes
of the M2 and S2 constituents are much larger than
those of K1 and O1. The amplitude of the M2 constituent
gradually increased from 1.6 m at the bay mouth to
2.1 m at the top of the bay while S2 constituent
amplitude increased from 0.7 m to 0.9 m. However,
the tidal amplitudes of the K1 and O1 constituents
were almost consistent across Sanmen Bay. The mean
tidal amplitudes of K1 and O1 were 0.3 m and 0.2 m,
respectively.
2.5 Storm surge validation
Based on the sea level records from Jiantiao station,
the typhoon paths that caused surge levels exceeding
for 0.8 m are plotted in Fig.4a. They can be classiﬁed
into three categories according to the direction of the
typhoon movement. The three typhoons (Ted in
September 1992, Rammasun in July 2002, Khanun in
September 2005) that cause the highest surge level
from each type of path category were selected for the
case study. Their paths are shown in Fig.4b.
L1 was a temporary station that worked for one
month only, so measured hourly data from Jiantiao
station was used for storm surge validation. The time

series of surge levels at Jiantiao station for each
typhoon case was obtained by subtracting the
astronomical tide from the total level. Figure 5 shows
a comparison between the observed and modeled
data. The storm peaks were in good agreement with
observations for the three typhoon cases. Typhoon
Khanun caused the highest surge level among the
three typhoon paths, with the peak level value
reaching 2.48 m. When typhoon Khanun approached
Sanmen Bay, seawater rapidly poured into the bay
due to the strong southeast wind. The funneling eﬀect
also strengthened the surge level. The peak levels of
typhoon Ted and Rammasun were 0.96 m and 0.98 m,
respectively, much lower than typhoon Khanun.
When typhoons Ted and Rammasun passed through
Sanmen Bay, there was a large angle between the
wind vectors and the orientation of Sanmen Bay,
precluding seawater from pouring into the bay.

3 RESULT AND DISCUSSION
3.1 Inﬂuence of land reclamation on tidal amplitude
First, the eﬀect of shoreline change due to land
reclamation on tidal amplitude was examined by
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comparing the amplitudes of four main tidal
constituents using the initial shoreline and the new
shoreline following reclamation. The diﬀerences of
amplitudes for the four tidal constituents in the
Sanmen Bay are shown in Fig.6. The shoreline
relocation mainly aﬀected the semidiurnal tidal
constituents. The amplitudes of the M2 and S2
constituents decreased by 0.08–0.12 m and 0.03–
0.06 m from the bay mouth to the top of the bay,
respectively. The eﬀect on diurnal tidal constituents is
very minor and the amplitude diﬀerences for the K1
and O1 constituents were less than 0.02 m.
Reclamation projects not only aﬀect tidal heights
through shoreline relocation but also have a series of
additional eﬀects. Serious siltation can be caused
after the reclamation construction, leading to changes
of topography in Sanmen Bay. As is known, there is a
dynamic equilibrium between sediment moving and
hydrodynamic process. The sediment deposition and
erosion aﬀected by tides, currents, and waves can
signiﬁcantly modify the shoreline and topography.
After massive land reclamation projects, the currents
are impeded by a seawall and the probability of
sediment deposition increases. The tidal-duration
asymmetry due to the reclamation projects also
changes the net sediment transport (Kumar and
Jayappa, 2009; Yu et al., 2012; Gao et al., 2014).
Thus, serious silting occurred as a result of currents
and ﬂux aﬀected by reclamation and both the tidal
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Fig.5 The comparison between simulated and observed
surge levels at Jiantiao station
a. typhoon Ted; b. typhoon Rammasun; c. typhoon Khanun.
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Fig.6 The diﬀerences of tidal amplitudes due to shoreline relocation
a. M2 constituent; b. S2 constituent; c. K1 constituent; d. O1 constituent.

Table 2 Simulation schemes for the eﬀect of topographic
changes on tidal heights
Case number

Siltation in Sanmen Bay (m)

1

0

2

1

3

2

heights and the depths are changed according to Eqs.2
and 3. Several numerical experiments were used to
investigate the inﬂuence of topographic change on
tidal heights. The speciﬁc experimental schemes are
shown in Table 2.
Based on the experimental schemes above, three
numerical cases were run using the new shoreline
with land reclamation. Figure 7 shows the amplitude
diﬀerences of the four main tidal constituents between
case 1 and case 2. The amplitude diﬀerences of the
tidal constituents between case 1 and case 3 are shown
in Fig.8. As shown in Fig.7, when the siltation in the
Sanmen Bay reached 1 m, the amplitude of the M2
constituent increased by 0.02–0.03 m, mainly at the
Baijiao waterway, Jiantiao waterway and the top of

the bay. There were almost no eﬀects on the other
constituents. With siltation up to 2 m, the main eﬀects
were on the amplitudes of the semidiurnal constituents.
The amplitude of the M2 constituent increased by
0.05–0.06 m at the top of the bay and by 0.03–0.04 m
in the Baijiao waterway and Jiantiao waterway. The
diﬀerences in the M2 constituent amplitude in other
regions such as the Shipu waterway and the bay
mouth were not obvious. For the S2 constituent, the
amplitude increased in the range of 0.02–0.03 m at
the top of Sanmen Bay. The eﬀects on the amplitudes
of diurnal constituents were minor.
In general, shoreline relocation and topographic
change had opposite eﬀects on tidal heights. Shoreline
relocation caused the tidal amplitude to decrease,
however, topographic change due to siltation led to an
increase in amplitude. The reduction in amplitude
was larger than the increase. Signiﬁcant variations of
amplitude mainly occurred at the top of Sanmen Bay.
The eﬀect on diurnal constituents was minor and can
be ignored. The results suggested that the tidal heights
in Sanmen Bay will decrease at ﬁrst, and then increase
due to siltation over time.
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Table 3 The simulation schemes for the shoreline relocation
study for the three typhoon cases

a

Typhoon path
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Surge
level
variation (m)
0.24
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Fig.9 Peak surge level variations due to shoreline relocation
a. typhoon Ted; b. typhoon Rammasun; c. typhoon Khanun.

3.2 Inﬂuence of land reclamation on storm surge
Similar to the study in Section 3.1, the eﬀect of
shoreline relocation due to land reclamation on storm
surge was investigated by comparing the simulated
peak surge levels between the initial shoreline and the
new shoreline with the implementation of reclamation
for each typhoon case. The simulation schemes are
shown in Table 3.
The six numerical experiments were run and the
diﬀerences in peak surge levels due to shoreline
relocation for each typhoon case are presented in
Fig.9. As seen from Fig.9, variations of peak surge
levels were quite diﬀerent for the three typhoon cases.
For typhoon Ted, the peak surge levels were lower by
0.08–0.12 m, especially at the top of Sanmen Bay.
The surge levels in the middle of Sanmen Bay and the
Baijiao waterway also decreased by 0.04 m. For

Case number

Coastline condition

1

Initial coastline

2

Coastline with land reclamation

3

Initial coastline

4

Coastline with land reclamation

5

Initial coastline

6

Coastline with land reclamation

Table 4 The simulation schemes for topographic change
studies for the three typhoon cases
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1979
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Case number

Siltation in Sanmen Bay (m)

1

0

2

1

3

2

4
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5

1

6

2

7

0

8

1

9

2

typhoon Rammasun, the shoreline change has some
eﬀect in the Baijiao waterway and caused the peak
surge levels to increase by 0.04 m. However, the
variations of surge levels during typhoon Khanun
were complex. The surge levels near Qingshan Port
and Liyang Port deceased by 0.06 m while the levels
at the Jiaotiao waterway and Shepan waterway
increased by 0.04–0.06 m.
In general, the eﬀects of shoreline change on surge
levels were quite diﬀerent depending on the typhoon
paths. Surge levels decreased signiﬁcantly at the top
of Sanmen Bay for the path of typhoon Ted. There
was little eﬀect on peak surge levels for the path of
typhoon Rammasun. Both an increase and a reduction
of surge levels occurred for the path of typhoon
Khanun. Increases of surge levels are more important
because they can overtop the dikes and cause ﬂooding
to coastal areas. From this point of view, shoreline
relocation has had a limited eﬀect on storm surge
levels, since the maximum increase in surge levels
was less than 0.06 m.
As mentioned in Section 3.1, the topographic
change due to siltation may also aﬀect the storm surge
levels in Sanmen Bay. Nine numerical experiments
using the new shoreline were carried out to predict the
variations of storm surge levels due to topographic
change. The numerical schemes are shown in Table 4.
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Fig.10 The diﬀerences of peak surge levels due to topographic change
(a) and (b): siltation at 1 m and 2 m on path of typhoon Ted; (c) and (d): siltation at 1 m and 2 m on path of typhoon Rammasun; (e) and (f): siltation at 1 m
and 2 m on path of typhoon Khanun.

The diﬀerences in peak surge level due to
topographic change for the three types of typhoon
paths are plotted in Fig.10.
For typhoon Ted, a decrease of ~0.03 m in the peak
surge levels occurred at the top of Sanmen Bay when
siltation reached 1 m. However, the peak surge level
increased when siltation reached 2 m. The peak surge
levels in the Baijiao and Jiantiao waterways rose by
~0.06 m. An increase in peak levels of 0.12–0.16 m
occurred in Qingshan Port, Liyang Port, and Shepan

waterway near the top of the bay. There was also an
increase of ~0.08 m near Xiayangtu.
The diﬀerences in peak surge levels for typhoon
Rammasun were quite small. The peak surge levels
increased by 0.04 m in the Baijiao waterway and
decreased by 0.04 m near Liyang Port and Qingshan
Port when the siltation level was 1 m. Even when the
siltation reached 2 m, the peak surge levels in the
Baijiao waterway increased by 0.07 m only. Thus, the
path of Rammasun had only a small eﬀect on storm
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surge after the reclamation of land.
For typhoon Khanun, the surge levels changed
signiﬁcantly due to siltation. The surge levels in the
whole Sanmen Bay mainly increased. When siltation
reached 1 m, an increase in peak levels by 0.10–
0.14 m occurred in the Jiantiao waterway and Shepan
waterway near the top of the bay. The rise of peak
surge levels was much higher in the southwest part of
Sanmen Bay. When the siltation reached 2 m, the rise
of peak surge levels was more obvious. The change of
topography caused an increase of 0.20–0.24 m at the
top of the bay and the Jiantiao waterway. Peak surge
levels near the Xiayangtu reclamation also increased
by 0.15 m. There was an increase of ~0.08 m in the
Baijiao waterway.
As discussed above, the rise of peak surge level
due to the change of topography in the path of Khanun
was much larger than that of the other typhoon paths.
The maximum increase in surge levels exceeded
0.24 m and a signiﬁcant rise in surge levels mainly
occurred at the top of the bay, Jiantiao waterway and
near the Xiayangtu reclamation. The peak surge levels
were intensiﬁed when siltation increased. Taking the
combined eﬀects of shoreline relocation and
topographic change into consideration, the rise of
surge levels could exceed 0.30 m for the path of
typhoon Khanun.

4 CONCLUSION
In this study, a 2D numerical model based on the
ADCIRC model is established to evaluate the impact
of the reclamation project on tidal and storm surge
level in the Sanmen Bay. The results show that
shoreline relocation and topographic change had
opposite eﬀects on tidal heights. Shoreline relocation
decreased the tidal amplitudes, while topographic
change due to siltation increased the amplitudes,
which is more signiﬁcant at the top of Sanmen Bay.
Three types of typhoon paths were applied for
simulation, showing that the eﬀects of shoreline
relocation on surge levels were quite diﬀerent
depending on the typhoon paths, and the maximum
increase in surge level was no more than 0.06 m. On
the other hand, the rise of surge peak levels due to the
change of topography was more signiﬁcant and the
peak surge levels were intensiﬁed when siltation
increased. The maximum surge level rise occurred in
the path of the northwest landing typhoons and
exceeded 0.24 m at the top of the bay. When the
combined eﬀects of shoreline relocation and
topographic change were considered, the maximum

1981

rise of surge-level could exceed 0.30 m. The eﬀect of
land reclamation on tides and storm surges should be
considered in engineering design and coastal
protection in the future since it could potentially lead
to serious damage and losses in Sanmen Bay.
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