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Abstract

The Xiangshan Bay is a semi-enclosed and narrow bay, which is characterized by large scale tidal flats and has
been historically utilized through coastal construction and aquaculture engineering. The hydrodynamic model
using the Finite Volume Coastal Ocean Model (FVCOM) was constructed to examine the changes of tidal
dynamics due to the variation of tidal flat slopes. According to the model results, a decreased slope of a tidal flat
would amplify the M, tidal amplitude and delay the M, tidal phase in the inner harbor, due to an increased tidal
prism, and vice versa. The amplitude of the main shallow-water tide M, would be amplified/dampened in the
entire bay due to the changed bottom friction, if the tidal flat’s slope were reduced/increased at the Tie inlet. The
phase was advanced. The change of a tidal flat’s slope at the Tie inlet had greater impacts on tidal amplitude,
phase and duration asymmetry, than that at the Xihu inlet. The impact of changes of the tidal flat slope at the Xihu
inlet was small and was constrained locally. Changes in the tidal flats’ slopes at the Tie and Xihu inlets changed
the tidal duration asymmetry, residual current and tidal energy via modulating tides. The ebb dominance
decreased when the tidal flat’s slope at the Tie inlet was changed. Decreased/increased ebb dominance occurred
when the tidal flat’s slope was reduced/increased at the Xihu inlet. The residual current and tidal energy density
was amplified/dampened and more/less tidal energy was dissipated, with reduced/increased slope at both of the

inlets. The findings in this study are instructive to coastal engineering and estuarine management.
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1 Introduction

A tidal flat’s slope can change local hydrodynamics and bot-
tom stress (Franz et al., 2014; Shi et al., 2012). Hence, it is funda-
mental to study the response of tides to changes in a tidal flat’s
slope at a macro-tidal estuary with a large tidal flat area in order
to understand its transport properties, such as sediment trans-
port, and to develop bay planning, such as port construction
(Rees et al., 2014). In particular, the mechanics of sediment
transport can determine the fate of a bay’s morphology, the silta-
tion or erosion pattern of a navigation channel and the genera-
tion of a turbid zone (Jiang et al., 2013).

The reduction of tidal flat areas modulates the tidal character-
istics (Friedrichs and Aubrey, 1994; Friedrichs and Madsen 1992),
including the amplitude and phase of the tidal constituents, par-
ticularly the shallow water tides, through modulating bottom dis-
sipation and advection processes in the tidal flat areas. Con-
sequently, the tidal duration asymmetry is changed, such as in
the Darwin Harbour, Australia and Jiaozhou Bay, China (Li et al.,
2012; Gao et al., 2014). The loss of tidal flat areas increases flood
dominance in the Xiangshan Bay (Li et al., 2017). Large-scale re-
clamation of tidal flats in the Bohai Sea, Yellow Sea and East

China Sea has increased the tidal amplitude and onshore sedi-
ment transport (Song et al., 2013). The reduction of tidal flat
areas changes the suspended sediment concentration and net
sediment fluxes through modulating tides and tidal duration
asymmetry. The formation mechanism of estuarine turbidity
maxima (ETM) is consequently changed. For example, the tidal
pumping effect is one of the most important factors in forming
the ETM in the Changjiang Estuary (Li et al., 2016). More sedi-
ment is pumped landward in the Darwin Harbour (Li et al., 2014)
and Jiaozhou Bay changes from erosion to siltation (Gao et al.,
2017), due to the increased tidal pumping effect caused by the
loss of tidal flat areas.

The Xiangshan Bay is a semi-enclosed bay situated in a north-
east-southwest direction, with scattered islands distributed in
and out of the bay (Fig. 1a). The bay is 60 km long from the
mouth to the upper head. Its width shrinks from about 18 km at
the mouth to about 4 km near the mouth of the Xihu inlet. Itis a
deep water shelter with an average depth of 10 m and large tidal
flats over more than 30% of its water area (563 km?) (Dong and
Su, 1999a). The tidal flats’ slopes around the Tie inlet and the Xi-
hu inlet are about 1/600 and 1/400, respectively. The slopes were
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Fig. 1. Map of the Xiangshan Bay. a. Model domain and observation stations of the Xianshan Bay, elevation data were collected from
the three stations of Xize, Wushashan and Qiangjiao, current data were collected at Stas 1, 2 and 3; b. depth of the model domain,
positive value indicates downward, shading for water depth is with respect to the mean surface level in 2003; c. model grids; d. the

water depth in the Tie inlet; and e. the water depth in the Xihu inlet.

calculated by the ratio of the vertical distance to the horizontal
distance, of the 0 m and 5 m water depth contour. The average
annual wave height is only 0.4 m in the outer bay. There are three
inlets, the Xihu inlet, the Tie inlet and the Huangdun inlet. Rivers
running into the bay are smaller than around the tidal prism of
Xiangshan Bay. Tides in Xiangshan Bay are semi-diurnal with
maximum tidal ranges of about 6.5 m when tides propagate to-
wards the bay head (Xu et al., 2014). Compared with other
factors, tides dominate the sedimentation processes in Xiang-
shan Bay (Gao et al., 1990). Many studies have been carried out
on tides in a bay, to understand tidal exchange (Azofra et al.,
2014; Chen and Su, 1999; Cai et al., 1985), tidal response time and
deformation (Dong and Su, 1999a, 1999b; Ksanfomality et al.,
1997; Mishra et al., 2015; Seo et al., 2015).

With the development of the marine economy and coastal en-
gineering around the Xiangshan Bay, claiming new land from the
sea has become a potential way to satisfy the demand (Niu and
Yu, 2008). As a result, a number of natural tidal flats have been
lost or modified. The slopes of natural tidal flats are between
1/100 and 1.6/100 (Lee et al., 1998). The constructed coastlines
have changed the tidal flats’ areas and slopes. Around the Xiang-
shan Bay, about 42 km? land was reclaimed from the sea by 2003,
and another 35 km? land was reclaimed by 2010 (Zeng et al.,
2011). Similarly, the tidal flat in the Changjiang Estuary was also
claimed as land or accreted due to sediment erosion from the

subaqueous delta (Zhu et al., 2016). Changes in tidal flats impact
the characteristics of tidal asymmetry through modulating tides,
and consequently affect the transport of nutrients, pollutants and
sediment, which determine the erosion and deposition pattern of
a bay. Therefore, some tidal flats have been reconstructed to re-
store previous damage and to create artificial tidal flats to mitig-
ate lost functions (Lee et al., 1998; Montalto et al., 2006), e.g., tid-
al flats at the south coast of the Hangzhou Bay. Research has
been done on the effects of reduced tidal flat areas, e.g., impact of
reclamation on hydrodynamics.

On the contrary, dredging and sand mining in estuaries is an-
other way to satisfy fast developing urban construction and port
development (Trop, 2017; Uscinowicz et al., 2014), and this has
caused a reduction of the tidal flat elevation. Dredging is usually
done to deepen navigational channels. However, the deepened
channels can be partly refilled by re-suspended sediment from
the vicinity, thereby inducing subaqueous deltas and tidal flat
erosion (Dallas and Barnard, 2011). Sand mining has often meant
sand being removed from sandbars, or even directly from tidal
flats. At the mouth of Xiangshan Bay, a reduction of the sand
beach elevation of the Qitou Estuary occurred and the tidal cur-
rents were impacted due to sand mining (Jin et al., 2006). A loss
of sand can induce bathymetry change and coastal erosion, as
occurred in Xiamen (Chen and Cai, 2001) and the Shandong
Peninsula (Gao and Han, 2003).
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The reduced/increased tidal flat slopes around the Tie inlet
impact on the tides and tidal duration asymmetry in the bay (Li et
al., 2017). However, the impacts of tidal flat slope changes by dif-
ferent degrees and in different locations on tidal dynamics still
needs further examination to help tidal flat restoration and biolo-
gical-environmental management of tidal flats.

The primary aims of this study are to build and calibrate a hy-
drodynamic model of the Xiangshan Bay using field survey data
collected by the State Key Laboratory of Satellite Ocean Environ-
ment Dynamics (SOED). We then use the numerical model to ex-
amine the impacts of changes in tidal flat’s slope on the tidal dy-
namics in bays. The results in this study can be used for sedi-
ment and pollutant transport research in the near future.

2 Methods

The numerical model FVCOM and the calculation of tidal
asymmetry are described in this section. The model calibration is
conducted via comparing modeled and observed tidal elevations
and currents.

2.1 Model description
The Finite Volume Coastal Ocean Model (FVCOM) (Chen et
al., 2003) is a three-dimensional hydrodynamic model. The un-
structured grid used by FVCOM is especially suited to study the
Xiangshan Bay, which has a complex shoreline geometry and dy-
namic physical processes. FVCOM solves the three-dimensional
momentum, continuity and density equations using a finite-
volume method to allow mass conservation to be strictly main-
tained. The continuity equation is
9¢  9(Du) 9(Dv)
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where ( is the height of the free surface; D is the total water
column depth; x, y and o are the eastward, northward and vertic-
al coordinates, respectively; u, v and w are the corresponding ve-
locity components. The model employs the Mellor-Yamada
level-2.5 turbulence closure scheme (Mellor and Yamada, 1982)
for vertical mixing, and uses the Smagorinsky scheme for hori-
zontal mixing (Smagorinsky, 1963). The drag coefficient C, is as-
signed as 0.000 3 in the bay according to field observation (Xu et
al., 2014). The drag coefficient C, of the ESC domain is determ-
ined by matching a logarithmic bottom layer to the model at a
height z; above the bottom,
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where x=0.4 is the von Karman constant and z; is the bottom
roughness parameter (FVCOM User Manual, 2006). Inside the Xi-
angshan Bay, the bottom drag coefficient is set as 0.3x10-3 ac-
cording to ADCP data (Xu et al., 2014).

Table 1. Key model parameters

2.2 Model configuration

2.2.1 Domain

The model domain covers the entire East China Sea with a
model grid consisting of about 50 000 elements and 28 000 nodes
in the horizontal plane. The small domain of Xiangshan Bay
(Fig. 1a) was nested into the ECS domain (Fig. 1c). The bay geo-
metry and water depth, which is based on all the available bathy-
metry and shoreline data collected by the Key State Laboratory of
Satellite Ocean Environment Dynamics (SOED), relate to the
mean surface level as shown in Fig. 1b. The cell sizes of the do-
main range from 30 m near the islands to 2 000 m at the bay
mouth. To accurately resolve the vertical profiles of currents, we
specified 6 vertical layers in the water column using the o-co-
ordinate system.

Three stations, Qiangjiao, Wushashan and Xize collected el-
evation data, and these are indicated in Fig. 1a. Also indicated are
Stas 1, 2 and 3 for collecting current observations in accordance
with the respective elevation stations.

2.2.2 Boundary conditions and forcing

The open boundary is located far away from the bay mouth
(Fig. 1c). The open-boundary condition for water level is spe-
cified using tidal elevations predicted by the TPX07.2 global
model of ocean tides (http://volkov.oce.orst.edu/tides/TPX07.2.html).
An hourly tidal elevation is applied to the open-ocean boundary,
which is constructed using four diurnal components (K;, O,, P,
and Q,), four semi-diurnal components (M,, S,, N, and K,), three
shallow-water components (M,, MS, and MN,), and two long-
period components (M;and M, ).

The runoff into the bay is small, compared to the tidal prism
and tidal range in the bay. There are no large rivers discharging
into the bay (Gao et al., 1990). Wind has often been considered a
predominant driving force for sediment re-suspension in many
estuaries, especially the shallow ones (Wright et al., 1992). Given
that the maximum and mean tidal ranges in the Xiangshan Bay
are 5.6 and 3.1 m, respectively, the hydrodynamics in the bay are
expected to be driven mainly by tidal currents. Therefore, both
wind and heat fluxes at the free-surface boundary are neglected
in our model.

2.2.3 Initial conditions

The model was initialized with a constant salinity of 23 and
with a constant temperature of 25°C, which are the typical mean
values in the bay during the study period of winter. The model
was integrated for 60 days from 7 November 2003, during which
time station data were available for validation. The key paramet-
ers of the model are summarized in Table 1.

2.2.4 Model runs
In order to check the response of tidal dynamics to changes in
the slope of a tidal flat, 13 numerical experiments were designed.

Model parameter

Value

Model time setup 1.0s
Bottom friction coefficient
Horizontal diffusion

Vertical eddy viscosity

Node, element, vertical layers

Open-boundary condition

calculated according to Eq. (2) in the ECS domain; set as 0.3x10-3 inside the bay
Smagorinsky scheme

M-Y level-2.5 turbulent closure

49 906 grids, 6 uniform sigma layers

sea-surface elevation time series from TPX07.2
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In Exp. 1, the model was run using the coastline data of 2003, as
the observation data were collected during that year. This experi-
ment was used as a reference run to examine the tidal dynamics
in the bay. In Exps 2-4 (Exps 5-7), the coastline at the head of the
Tie inlet was reduced (elevated) by 1, 2 and 3 m, respectively, to
examine the impact of a bottom slope change in a tidal flat on the
tidal dynamics in the bay. Similarly, the coastline around the Xi-
huinlet in Exps 8-10 was reduced, and that in Exps 11-13 was el-
evated, by 1, 2 and 3 m. The increase/decrease of the tidal flat
areas in the Tie inlet was less than 0.000 6% (325.98 m2)/0.000 9%
(527.88 m?) of those in the reference run. Similar ratios occurred
at the Xihu inlet. Hence the variation of the areas of the tidal flats
was ignored, as small changes of topography have very little im-

Table 2. Description of numerical experiments

pact on hydrodynamics (Zeng et al., 2011). These two inlets were
chosen to conduct the numerical experiment because of their
locations and vast tidal flat areas. When the coastline was elev-
ated, the bathymetry of the coastline was increased, while the
location of the coastline remained unchanged. The depth
between the new coastline and the 5 m depth contour was lin-
early interpolated. The 5 m depth contour of the Tie inlet and Xi-
hu inlet are shown in Figs 1d-e, respectively.

A detailed description of these numerical experiments is
shown in Table 2. The coastlines which had been elevated or
lowered are illustrated by dashed lines in Fig. 1a. Please note that
Exps 4 and 7 were referred to Li et al. (2017). These two experi-
ments remain here for consistency.

Experiment Description
Exp. 1 reference experiment using 2003 coastline
Exp. 2 land boundary elevation around the Tie inlet reduced by 1 m
Exp. 3 land boundary elevation around the Tie inlet reduced by 2 m
Exp. 4 land boundary elevation around the Tie inlet reduced by 3 m
Exp.5 land boundary elevation around the Tie inlet increased by 1 m
Exp. 6 land boundary elevation around the Tie inlet increased by 2 m
Exp.7 land boundary elevation around the Tie inlet increased by 3 m
Exp. 8 land boundary elevation around the Xihu inlet reduced by 1 m
Exp. 9 land boundary elevation around the Xihu inlet reduced by 2 m
Exp. 10 land boundary elevation around the Xihu inlet reduced by 3 m
Exp. 11 land boundary elevation around the Xihu inlet increased by 1 m
Exp. 12 land boundary elevation around the Xihu inlet increased by 2 m
Exp. 13 land boundary elevation around the Xihu inlet increased by 3 m

2.3 Calculation of tidal duration asymmetry and tidal energy

If the duration of an ebb tide is shorter (longer) than that of
the corresponding flood tide, and leads to a stronger ebb (flood)
current, which is referred to as an ebb (flood) dominant system
(Walton, 2002). The tidal duration asymmetry y, can be calcu-
lated using the normalized sample skewness of a tidal-elevation

time derivative g—i = ¢’ (Nidzieko, 2010):

=g = - &)

where ('is the sea-surface elevation (SSE), 4, is the third sample
moment about the mean and d is the standard deviation (Emery
and Thomson, 2001). The model was integrated for 31 days
(T=31). The ebb-tide duration is shorter if v; < 0, while the flood-
tide duration is shorter if y; > 1.

In an estuarine environment with tidal elevation and tidal
currents generally 90° out of phase, the asymmetry v, computed
from a tidal elevation is similar to the asymmetry 7. calculated
from currents in the absence of river runoff, stratification and ba-
thymetry effects (Nidzieko, 2010), as is the case for Xiangshan Bay.

According to Song et al. (2011), v, can also be calculated us-
ing amplitudes, frequencies and phases of all the components of
astronomical tides:

3 . 3 .
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where a;, w; and ¢; are the tidal amplitudes, frequencies and
phases of the astronomical tides, respectively. In this study, the
M,/M, combination makes the most significant contribution.
Other constituent combinations only play minor roles and can be
neglected. If only these two constituents are considered, the tidal
duration asymmetry 7; may be approximated by 7yy,/u,, accord-
ing to Song et al. (2011):

3/2 ’ (4)

3 .
5 am,am, Sln(szz - SDM4)

TM,/M, 32 (5)
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5\, M,

The approximation 7yy,/u, is used to analyze the controlling
factors of tidal duration asymmetry in the bay.
Tidal duration asymmetry has an obvious fortnightly vari-
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ation (Toublanc et al., 2015), which can be expressed as above
(Nidzieko, 2010). To describe this fortnightly variation in dura-
tion asymmetry using the skewness method, Guo et al. (2016) fol-

3
1 whwlvw] + Z

Jwil<e

i#

33

lowed the method that Nidzieko and Ralston (2012) and Song et
al. (2011) promoted, to measure the fortnightly asymmetry using

four M, tidal cycles (two lunar days):
N N

3 3
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where B (wi, on) = aw;a;wj cos[(wi — wj)t - ((pi - (pj)} ) C(w,-, Wi,
wi) = awiajwjarwi sin(w; + wj — wi)t — (@i + ¢ — pr)] and D (w;,
wj, W) = Guwidjwjawg sinf(w; — wj + we)t — (@i — @j + @i))-

The meanings of N, a, » and ¢ are the same as above. Here,
£=4.8x10-2rad/h is chosen as the critical value between high- and
low-frequency tides to produce a fortnightly variation. Note that
the tidal constituents should be sorted from low to high in fre-
quency before applying Eq. (6).

The equation for the fortnightly variation of the tidal asym-
metry is proposed based on the method for the tidal duration
asymmetry, to illustrate the temporal variability of the tidal dura-
tion asymmetry. The tidal duration asymmetry is calculated from
the sea surface elevation data. The longer the integral time the
better. Hence, one-month is used in this study to cover the
spring-neap tidal cycle. The fortnightly variation of the tidal
asymmetry is calculated using tidal elevation data in one or two
tidal cycles. Hence, it is integrated in two days in this study.

The tidal energy flux (Ef) over a unit width within one tidal
cycle was calculated to analyze the tidal energy distribution in
the bay (Song et al., 2011):

T
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By = [ oDt 5l
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where p is density of water, 7/ is the eastward or northward velocity.
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The energy dissipation due to bottom stresses was calculated by

W = pu,Calu) i, (8)
where Wis the tidal energy dissipation due to frictional drag (Zhu
etal., 2016).

2.4 Model calibration

Hourly elevation data in November and December 2003 from
the SOED were used to validate the principal tidal characteristics
of the bay (Fig. 2a). The data were collected for about two consec-
utive months at three stations of Qiangjiao, Wushashan and Xize
(Fig. 1a), starting from 7 November 2003 at one-hour intervals.
These tidal data were used to calibrate the model results. Figure 2a
shows the predicted elevation time series, which agree well with
the field data from the three stations.

Table 3 shows the comparison of amplitudes and phases for
the elevations of the major tidal constituents (M,, S,, K;, O, and
K,) at Sta. Xize. Of these tidal constituents, M, is the predomin-
ant one. Table 3 demonstrates good agreement between the ob-
served and simulated amplitudes and phases. The deviations of
the model M, and M, amplitudes (phases) from those observed
are 5.2% and 5.6% (3.9°and 10°), respectively.

Current velocity validation was conducted by comparing the
observed and modeled current magnitudes and phases at the
surface, middle and bottom levels at the three stations (figure not
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Fig. 2. Comparison between observed and modeled elevations (a) and current magnitudes and phases of the M, and M, tides (b).

The x-axis is the hours from 00:00 on 7 November 2003.
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Table 3. Comparison of model and observed tidal harmonic parameters at the Sta. Xize

Main tidal Amplitude/m Amplitude Phase/(°) Phase
constituent Observed Model deviation/% Observed Model deviation/(°)
0, 0.17 0.17 0 57.3 64.2 6.9
K, 0.33 0.27 -15.1 94.1 99.6 5.5
M, 1.35 1.28 -5.2 35.5 39.4 3.9
S, 0.59 0.49 -16.9 77.9 74.7 -3.2
M 0.09 0.095 5.6 109.6 99.6 -10

=

shown). The model trends in current speed and phase agreed
well with the measurements, with average deviations of 0.1 m/s
and 25° for current speed and direction at Sta. 2. The modeled
magnitude and direction of the current ellipses of the M, and M,
tides at Sta. 2 agreed well with the observed values, with devi-
ations being less than 15% and 3° (Fig. 2b).

In conclusion, the model results show reasonably good agree-
ment with the observed values, with acceptable errors, for eleva-
tions, currents, amplitudes and phases of the dominant tidal con-
stituents of M, and S,. Therefore, we believe that the model can
be used to accurately simulate the tidal dynamics in the bay.

3 Results

In this section, the characteristics of tidal constituents in the
bay are illustrated. The impacts on tidal dynamics by tidal flat’s
slope changes at the Tie inlet and Xihu inlet are elucidated.

3.1 Modeled tides in the bay

According to a harmonic analysis of sea level data from both
field measurements and model results, the Xiangshan Bay is
dominated by an M, tide and the main shallow-water tide is M,.
Hence, only M, and M, tides were analyzed in this study. The
amplitude/phase of M, increased/delayed from the mouth (1.0 m/
35°) to the head (1.8 m/45°) of the bay. The amplitude of M, in-
creased by 0.28 m and the phase was delayed by 70° from the
mouth to the head of the bay. The M, tidal current eclipses were
rectilinear in the entire bay except at the bay mouth. The vertic-
ally averaged current speed of M, tide peaked at about 0.7 m/s.
The maximum major axis of the M, tidal current was about 0.25 m/s
(Fig. 3)

As the dominant astronomical and shallow-water tides are M,
and M, tides, the tidal duration asymmetry in the bay can be
measured by Yy, vy Accumulated in one lunar month, tides in
the inner (outer) bay were mainly ebb (flood) dominant (Fig. 4a,
Eq. (5)). According to Eq. (6), the fortnightly asymmetry skew-
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Fig. 3. Tidal current ellipses

ness, during spring and neap tides integral in two days, are negat-
ive/positive indicating ebb/flood dominant. The fortnightly
asymmetry skewness during a spring tide is about three times of
that during a neap tide (Figs 4b and c)

3.2 Impacts on tides by tidal flat’s slope change at the Tie inlet

3.2.1 Tidal elevation

In Exps 2-4, the coastline at the head of the Tie inlet was
lowered gradually by 1, 2 and 3 m. The M, amplitude and phase
(Figs 5a-c and a’-c’) in the bay was amplified/delayed gradually
with the decrease of the tidal flat’s slope, compared with the ref-
erence run. The largest increase/delay of about 0.05 m/1° ap-
peared at the Tie inlet in Exp. 4 (Figs 5¢ and c’) when the coast-
line was lowered by 3 m around the inlet. This was due to the in-
crease of tidal prism in the bay. When the coastline at the head of
the Tie inlet was elevated by 1, 2 and 3 m, (Experiments 5-7), the
M, amplitude and phase (Figs 5d-f and d'-f’) in the bay de-
creased and advanced by a similar magnitude with those in Exps
2-4. The largest decrease/advance of the M, amplitude/
phase of about 0.05 m/1° occurred at the Tie inlet in Exp. 7 when
the coastline around the inlet was elevated by 3 m. This was due
to the decrease of tidal prism in the bay.

Figures 5g-1 show the differences of M, tidal amplitude
between Exps 2-4 and the reference run. The M, tidal amplitude
changed by a similar magnitude, but in an opposite trend to that
of the M, amplitude. According to previous studies (Li et al.,
2017; Gao et al., 2014), the bottom friction had a greater dissipat-
ing effect than a generating effect on the M, tide. Advection only
played a secondary role in generating the M, tide. Hence, the in-
creased/decreased M, amplitude during an increase/reduced
tidal flat’s slope was due to reduced/increased bottom dissipa-
tion in the tidal flat zone. The M, tidal phase tended to be ad-
vanced in the entire bay in all the Exps 2-7.
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3.2.2 Tidal duration asymmetry produced by M, and M, tides changes of M, and M, in tidal duration asymmetry according to
Changes in M, and M, tidal amplitudes and phases caused  Eq. (5). Figures 6a-f show the tidal duration asymmetry differ-
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ences between Exps 2-7 and the reference run. The asymmetry
measured by the tidal elevation skewness tended to increase in
the entire bay, indicating a decreased ebb dominance in the bay.

For the fortnightly variability (skewness by Eq. (6)) during the
spring tides, the tidal duration asymmetry showed a similar
trend, but with smaller magnitude (Figs 6a’-f"), with the tidal dur-
ation asymmetry skewness by Eqs (4) and (5) (Figs 6a-f), show-
ing a decreased ebb dominance in the bay. During neap tides, the
fortnightly asymmetry slightly decreased/increased in the bay in
Exps 2-4/Exps 5-7 (Figs 6a"-c"/6d"-f"), indicating a decrease/in-
crease of flood dominance in the bay, when the tidal flat’s slope
at the Tie inlet was reduced/increased.

3.3 Impact on tides by a change in the tidal flat’s slope at the Xihu inlet

3.3.1 Tidal elevation

Unlike the Tie inlet, the Xihu inlet is located at the side bank
of the Xiangshan Bay. The impact of the tidal flat’s slope on tides
was mostly constrained within the Xihu inlet (Exps 8-13, figure
not shown). The local changes of M, amplitudes and phases were
similar in trend, but smaller in magnitude than those when the
tidal flat’s slope at the Tie inlet was reduced or increased in Exps
2-7. The changes of M, and M, tidal amplitudes were both less
than 20% of those in Exps 2-7. The changes of the M,/M, phase
were only 50%/25% of those in Exps 2-7.

The largest increase/decrease, of about 0.005 m/0.01 m, ap-
peared in the Xihu inlet in Exp. 10/Exp. 13 where the coastline
around the Xihu inlet was lowered/increased by 3 m. The M, and
M, amplitude and phase in the main tidal channel remained al-
most the same.
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3.3.2 Tidal duration asymmetry produced by M, and M, tides

If the tidal flat’s slope around the Xihu inlet was reduced/in-
creased (Figure not shown), the tidal duration asymmetry ten-
ded to slightly increase/decrease (to within 0.02, 5% of that in the
reference run) in the entire bay, showing a decreased/increased
ebb dominance. The magnitude of the changes of tidal duration
asymmetry in Exps 8-13 for the Xihu inlet were less than those
changes in Exps 2-7 (for the Tie inlet, Fig. 6).

The tidal duration asymmetry has fortnightly variability. Dur-
ing the spring tides it slightly increased/decreased (to within
0.04, 10% of that in the reference run) when the tidal flat’s slope
reduced/increased at the Xihu inlet, illustrating the dampened/
amplified ebb dominance. During the neap tides, it remained al-
most the same as those in the reference run.

3.4 Impact on tidal prism, residual current and tidal energy by
tidal flat’s slope change

3.4.1 Tidal prism

Tidal prism in the bay was about 2.8x10° m3/0.6x10° m3 dur-
ing the spring/neap tides, respectively (Table 4) in the reference
run. The Tie inlet and the Xihu inlet took 9% and 7% of the tidal
prism in the bay, respectively. The variations of the tidal prism in
the numerical experiments are illustrated as follows. Only the
results from those experiments where the coastline increased/
decreased by 3 m are presented.

During the spring tides, the tidal prism in the bay increased/
decreased by 2.6%/3.0% in Exp. 4/Exp. 7, respectively, compared
to that in the reference run. The reduced/increased (Exp. 4/Exp.
7) tidal flat’s slope around the Tie inlet caused an increased/de-
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Fig. 6. Changes of tidal duration asymmetry skewness calculated by M, and M, tides with land boundary elevation reduced by 1 m
(a), 2m (b) and 3 m (c), or increased by 1 m (d), 2 m (e) and 3 m (f), at the Tie inlet, compared with the reference experiment (Exp. 1).
The figures with prime and double prime are changes for fortnightly asymmetry skewness calculated using Eq. (6) integral using two
days during spring and neap tide, respectively, compared with the reference experiment (Exp. 1).
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Table 4. Differences of the tidal prism in the entire bay, the Tie inlet and the Xihu inlet during the spring and neap tides, respectively

. Spring tides
Experiment The entire bay /108 m3 Tie inlet /108 m3 Xihu inlet /108 m?
Exp. 4-Exp. 1 0.72 2.6% 0.50 20.6% 0.030 1.5%
Exp. 7-Exp. 1 -0.84 -3.0% -0.57 -23.3% -0.001 4 -0.07%
Exp. 10-Exp. 1 0.06 0.2% -0.003 6 -0.1% 0.089 4.4%
Exp. 13-Exp. 1 -0.2 -0.7% -0.012 -0.5% -0.17 -8.4%
. Neap tides
Experiment The entire bay /108 m3 Tieinlet /103 m3 Xihuinlet /108 m 3
Exp. 4-Exp. 1 0.29 4.4% 0.19 30.4% 0.006 8 1.3%
Exp. 7-Exp. 1 -0.16 -2.4% -0.15 -24.1% 0.002 3 0.4%
Exp. 10-Exp. 1 0.02 0.3% 0.0009 0.1% 0.013 2.6%
Exp. 13-Exp. 1 -0.09 -1.4% -0.004 5 -0.7% -0.063 -12.0

creased tidal prism in both the Tie inlet (20.6%/23.3%) and the
Xihu inlet (1.5%/0.07%). The magnitude of increase/decrease of
tidal prism in the bay caused by the tidal flat’s reduction/in-
crease around the Xihu inlet (Exp. 10/Exp. 13) was 0.2%/0.7%,
compared with the reference run. When the tidal flat’s slope
around the Tie inlet was increased/reduced (Exp. 4/Exp. 7), the
variations of the tidal prism in the entire bay showed the same
trend but had a different magnitude to that in the Tie inlet, and
vice versa (Exp. 10/Exp. 13). An exception to this appeared in the
Tie inlet in Exp. 10, when the tidal flat’s slope around the Xihu in-
let was reduced, the tidal prism increased in the Xihu inlet, while
it reduced in the Tie inlet. A similar exception occurred at the Xi-
hu inlet in Exp. 7 during the neap tides.

Variations of the tidal prism during the neap tides were simil-
ar to, but smaller than those during the spring tides.

3.4.2 Residual current

The residual current represents the net effects of tide-in-
duced and baroclinically induced estuarine circulation, and is of-
ten used as an indicator of net water and sediment transport. The
residual current in this study was calculated by averaging the tid-
al currents in a spring-neap tidal cycle to remove the periodical
components.

The residual current in the reference model was seaward/
landward in the main tidal channel/near the north and south
banks, with a peak value of more than 0.15 m/s. A similar trend
and magnitude occurred at the entrance of the Tie inlet. A large
residual current appeared in the middle of the bay and in the
shallow areas near the coastline. There was a divergent eddy in-
side the Xihu inlet, with a residual current speed of about 0.12 m/s.

If the coastline around the Tie inlet was reduced/increased by
3 m (Exps 4 and 7), the residual current in the entire bay was
amplified/dampened, while the distribution pattern and the cur-
rent direction were almost the same as the reference run (Figs 7a,
b). The north part of the Tie inlet experienced the largest in-
crease/decrease of about 0.02 m, when the tidal flat’s slopes in
the Tie inlet were reduced/increased. This was due to reduced/
increased bottom dissipation in the tidal flat zone, when the tidal
flat’s slope was reduced/increased. The directions of residual
currents in Exps 4 and 7 (Figs 7a’, b’, black arrows) were changed
by less than 20° in the bay. The largest variation of more than 90°
occurred at the Tie inlet and the Huangdun inlet.

Similar changes of trend and magnitude occurred in the re-
sidual current in the Xihu inlet, when the coastline around the in-
let was reduced/increased (Exps 8 and 13, Figs 7c, d, ¢/, d'). However,
the impacts on residual currents were constrained inside the Xi-
huinlet.

3.4.3 Tidal energy flux and dissipation

Tidal energy flux in the bay showed that the energy from the
open sea propagated largely into Hangzhou Bay, and only a small
part went into Xiangshan Bay. Inside the bay, the energy density
was high (40 kW/m) in the main tidal channel in the middle of
the bay.

The energy density increased/decreased (less than 5 kW/m)
in the entire bay, when the tidal flat’s slope around the Tie inlet
decreased/increased (Exps 4 and 7) during the spring tide
(Figs 8a-b), due to the increased/decreased tidal amplitude and
current. A similar trend, but of smaller magnitude (less than 2
kW/m), occurred at the Xihu inlet due to tidal energy changes
that decreased/increased the tidal flat’s slope around the Xihu
inlet.

Tidal energy loss was used to measure the energy available for
the mixing of the water and to transport the sediment (Zhu et al.,
2016). The work done by the bottom shear stress was mainly bal-
anced by the energy dissipation occurring on the bottom layer.
Hence, the bottom shear stress was calculated in the period of
one lunar month, and compared between the experiments
(Figs 8a’, d'). More/less energy (less than 0.02 W/m?, Figs 8a’, b’)
was dissipated in the bay when the tidal flat’s slope decreased/in-
creased around the Tie inlet. The impact of the changes in the
tidal flat’s slope at the Xihu inlet was local and small (less than
0.01 W/m?, Figs 8c’, d").

The changes in the dissipation pattern were in accordan-
ce with the variation of tidal current magnitude at the bottom
level, as the bottom stress coefficient C; was constant in the en-
tire bay.

4 Discussion

As illustrated in the results section, the change of the tidal
flat’s slope at the Tie inlet had a greater impact on tidal dynamics
than the change at the Xihu inlet, because the amplitudes of M,
and M, tides are the greatest at the head of a bay. Similar impacts
of reclamation on M, and M, tides occurred at Jiaozhou Bay (Gao
et al,, 2014). The change in the tidal flat’s slope at the Tie inlet
caused greater variations in M, and M, tidal amplitudes (about
five times) and phases (about two to four times) in the bay than
the change at the Xihu inlet. The impact of the tidal flat’s slope
change at the Tie inlet on tidal duration asymmetry was more
than four times as large as that at the Xihu inlet.

The changes of tidal flat’s slope at the Xihu inlets caused
greater local changes than far-field changes in terms of the tidal
dynamics. This was due to the controlling effects of the bathy-
metry at the Xihu inlet, and, as a result, the effects of the change
of the tidal flat’s slope were mostly contained to the bay itself.
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Fig. 7. Changes of residual currents with land boundary elevation reduced by 3 m (a), or increased by 3 m (b), at the Tie inlet,
compared with the reference experiment (Exp. 1). Figures 7c and d are same with Figs 7a and b, but for Xihu inlet. Figures 7a’-d’ are
same with Figs 7a-d, but for current direction. The red and black color is for the reference run and the comparative run, respectively.

Hence, the impacts of tidal flat’s slope change at the Xihu in-
let on tides and tidal duration asymmetry were more local than
those at the Tie inlet. The impact of any engineering activities,
such as land reclamation and sand mining, on tidal dynamics
would be smaller at the Xihu inlet than at the Tie inlet.

The ebb dominance in the bay was amplified, when the tidal
flat’s slopes were increased in the Xihu inlet, which is opposite to

the reduction of ebb dominance found in Exps 5-7 (where the
tidal flat’s slopes in the Tie inlet increased, Figs 6d-f). The same
situation occurred to the fortnightly asymmetry during the spring
tides with an increase in the tidal flat’s slope at the Xihu inlet (fig-
ure not shown). The decrease of the water depth at the Xihu inlet
would increase the ebb dominance, which is favorable to bottom
erosion, and is better for navigational channel management.
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5 Conclusions

In this study, the alteration of the tides in the Xiangshan Bay
due to changes of tidal flat slopes was numerically investigated
using the FVCOM model. Both the observed and modeled results
indicate that the bay is semi-diurnal. The M, tide was predomin-
ant, with an amplitude of about 1.8 m at the head of the bay. The
vertically-averaged current speed reached a maximum of about
0.7 m/s in the main tidal channel. The bay is ebb dominated,
with a slight flood dominance occurring during neap tides.

According to the sensitivity tests, tidal flat’s slopes impact tid-
al amplitude and phases through modulating tidal prism, bot-
tom friction and advection processes. If the tidal flat’s slopes at
the Tie inlet were adjusted, the largest decrease/advance of the
M, amplitude/phase that would occur at the Tie inlet would be
about 0.05 m/1° if the coastline around the inlet was elevated by 3
m, due to a decreased tidal prism. The opposite trend would oc-
cur to the M, tide. Ebb dominance was dampened in the bay by
both increased and reduced tidal flat’s slopes at the Tie inlet.
When the tidal flat’s slopes at the Xihu inlet were adjusted, the
local changes of M, amplitudes and phases were similar in trend,
but smaller in magnitude than those at the Tie inlet. Ebb domin-
ance was dampened/amplified in the bay by the reduced/in-
creased tidal flat’s slopes at the Xihu inlet.

The changes of the tidal flat’s slope at the Tie inlet had a
greater impact on tides, tidal asymmetry, residual current and
tidal energy than those at the Xihu inlet. The impact of the tidal
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flat’s slope changes on tides and tidal asymmetry was small and
was confined locally to the Xihu inlet. The impact of the tidal
flat’s slope change at the Tie inlet on local tidal duration asym-
metry, residual current and the tidal energy was more than two
times than that at the Xihu inlet. The changes of the tidal flat’s
slope at the Tie inlet increased the tidal duration asymmetry, in-
dicating a decreased ebb dominance in the bay. When there was
areduced/increased tidal flat’s slope in the Tie inlet, the residual
current was amplified/dampened by less than 0.02 m/s, the
largest change of direction of the residual current was more than
90°, the tidal energy density was amplified/dampened by less
than 5 kW/m, and more/less (<+0.02 W/m?) tidal energy was dis-
sipated. The change of tidal duration asymmetry would cause a
decrease of seaward sediment transport and lead to an unstable
coastal sediment dynamic.
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