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Abstract

A behavior-oriented formula is improved to calculate the annual coastal  bathymetry evolution caused by a
reclamation work. This formula is based on a simple hypothesis that, on the time scale of years, the bathymetry
evolution is closely related to the change of tidal current field due to the reclamation work. A new coefficient,
named  the  erosion  reduction  coefficient,  is  introduced  to  extend  the  original  formula  for  applications  in
calculating bed erosion. A simplified relationship between the annual variation of the siltation/erosion rate and
the water depth is introduced to more realistically represent the long-term process of the bathymetry evolution.
The improved formula is applied to calculate the bathymetry evolution in 3 a following a reclamation project in
the Xiaomiaohong Tidal Channel in Jiangsu coast in China. The results compare well with measurements and
those obtained from a process-based numerical model, demonstrating the capability of the improved behavior-
oriented formula in reproducing the impact of the reclamation project on the local bathymetry evolution.
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1  Introduction
Coastal reclamation works, while very efficient in increasing

land resources, can change the natural shoreline and modify hy-
drodynamics and sediment transport processes. Consequently,
the local bathymetry will evolve and re-adapt to the new morpho-
dynamic forcing on a time scale varying from months to years.
The evolution of bathymetry following land reclamation is of
great concern in coastal engineering since it may affect many as-
pects, including structure stability, harbor safety, beach protec-
tion and local environment.

Over the past decades, various approaches have been de-
veloped to quantify the bathymetry evolution caused by extreme
natural events (e.g., storms) and human activities (e.g., reclama-
tion, dredging). These approaches may be generally classified in-
to two groups, which are referred to as process-based models
(Roelvink et al., 2009; Zhang et al., 2011, 2013, 2014; Zheng et al.,
2014) and the behavior-oriented models (Plant et al., 1999; Wang
et al., 2001; Splinter et al., 2011). On the basis of numerical solu-
tions to the sophisticated governing equations of the mass and
momentum conservation, the process-based models account for

detailed temporal and spatial variations in wave, current and
sediment transport. These models are able to reproduce small-
scale processes, but often suffer from numerical inaccuracy and
instability when dealing with the long-term bathymetry evolu-
tion due to the error accumulation effects (Roelvink, 2006). The
behavior-oriented models use simple conceptual formulas to es-
timate the long-term bathymetry evolution, based on the rela-
tionships between a few essential parameters dominating the
morphodynamic response. These models are simple and much
less computational demanding. With adequate site-specific data
for model parameterization, these models can give physically
reasonable results and have been widely used in engineering prac-
tice. The present study will focus on the behavior-oriented models.

Many behavior-oriented models have been developed to
study beach profile response, shoreline change, and sandbar mi-
gration subject to wave forcing at a time scale of years and a spa-
tial scale of kilometers. The well-known power law equilibrium
beach profile formulas were first proposed by Bruun (1954) and
Dean (1991), assuming an equilibrium state for constant wave
energy dissipation per unit water volume along the profile. The  
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formulas were further extended to describe the equilibrium
beach profile under breaking and non-breaking waves (Larson et
al., 1999). Davidson et al. (2013) developed a simple behavior-
oriented model for predicting the shoreline change primarily due
to cross-shore sediment transport. Their model described the
hysteresis effects that future shoreline positions can be strongly
dependent on past hydrodynamic conditions and expressed the
magnitude of the shoreline change as a function of the time-vary-
ing disequilibrium degree. The behavior-oriented models have
also been developed for the sandbar migration and may predict
the temporal variations in the alongshore-averaged sandbar pos-
ition (Plant et al., 1999; Pape et al., 2010) and the alongshore vari-
ability of a sandbar (Splinter et al., 2011). These models are
mainly based on the breaking-point hypothesis that, in the vari-
able wave climate, the sandbar migrates towards a breaking-
point-dependent equilibrium position at a speed related to both
response time and the instantaneous distance from the equilibri-
um position. The sandbar migration is dominated by wave non-
linearity and undertow (Zhang et al., 2017, 2014; Dong et al.,
2014). It is noted that the above models have been developed and
verified under the following conditions: (1) the coast is com-
posed of sandy sediment and has pronounced morphological
features (e.g., sandbar, berm); (2) the coastal evolution is wave-
dominated; and (3) effects of human activities are not significant.
Therefore, they may not be suitable for application to the tide-
dominated muddy coastal evolution affected by engineering
projects, which is mostly the case along China’s coastline.

Luo (1987) and Liu and Zhang (1992) developed behavior-
oriented formulas to calculate the sediment siltation rate in nav-
igation channels and harbor basins due to dredging works on
muddy coasts. Wang et al. (2001) derived a simple behavior-ori-
ented formula to calculate the sediment siltation rate around the
reclamation area on muddy coasts. This formula has been suc-
cessfully applied to calculate the bed siltation for a period of 3 a
after a reclamation project in the Hangzhou Bay in China (Wang
et al., 2001). The aforementioned approaches are based on a sim-
ilar hypothesis, i.e., engineering-induced change in the local sed-
iment carrying capacity of tidal current leads to suspended sedi-
ment settling and bed siltation. The change in the tidal current
field may be due to the changes in water depth and shoreline as a
result of dredging or reclamation works. These formulas are suit-
able for local bed siltation near the engineering projects on tide-
dominated muddy coasts, where most sediments are transpor-
ted as suspended load. However, most of these formulas focus on
predicting sediment siltation, and less attention has been paid to
bed erosion. The verification of these formulas for both sediment
siltation and erosion in real engineering projects is still rare since
the field data recording the long-term bathymetry change in-
duced by engineering project is often unavailable.

In this study, we improve the behavior-oriented formula ori-
ginally introduced in Wang et al. (2001) for the bathymetry evolu-
tion caused by a reclamation project. The improved formula has
the advantage of being able to calculate both bed siltation and
erosion. A simplified approach is further introduced to save com-
putational time for a long-term prediction. The improved for-
mula will be tested against the bathymetry change around a re-
clamation project measured for 3 a in the Xiaomiaohong Tidal
Channel of Jiangsu Province, China.

2  Behavior-oriented formula

2.1  Revisiting the original formula
Wang et al. (2001) developed a simple behavior-oriented for-

mula to calculate the suspended sediment siltation rate for
muddy coasts with reclamation work, expressed as
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where P is the annual siltation rate; n is the number of tidal cycles
per year; ΔP is the siltation rate for a representative tidal cycle; γc

is the dry sediment bulk density; α is the sediment settling prob-
ability; H is the average water depth; and S*, 1 and S*, 2 are the sed-
iment carrying capacities before and after the reclamation
project, respectively. The sediment carrying capacity can be cal-
culated by
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where u is the average tidal current velocity; g is the gravity accel-
eration; and k and m are site-dependent coefficients to be calib-
rated against local field data.

Combining Eq. (1) and Eq. (2) gives
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where u1 and u2 are the average tidal current velocities before
and after the reclamation project, which may be provided by a
two-dimensional tidal current numerical model. Equation (3) is
based on a physical consideration, i.e., the local bed siltation is
related to the excess sediment settling associated with the reduc-
tion of sediment carrying capacity for a decreasing tidal current
velocity (e.g., u2/u1 < 1). This is often the case close to the coastal
reclamation structures.

However, the two shortcomings of Eq. (3) should be noted.
First, its applicability for calculating the bed erosion has not been
addressed. Although Eq. (3) gives negative values of the annual
siltation rate when the ratio of the average tidal current velocities
after to before the reclamation is greater than 1 (u2/u1 > 1) (i.e.,
the increasing sediment carrying capacity leads to bed erosion),
whether these results are physically realistic is still unclear.
Therefore, Eq. (3) was commonly not used to calculate the bed
erosion and the obtained negative values of the annual siltation
rate were simply set to be 0 in the previous studies. Second, for
every year the tidal current numerical model should be rerun
with the updated bathymetry to obtain the annual siltation rate
for the following year. This requires additional computational ef-
forts when dealing with a long-term bathymetry evolution in en-
gineering practice.

2.2  Improved formula in the present study
At first, we discuss the applicability of this type of formula to

calculate the bed erosion. From a physical perspective of point,
increase in the sediment carrying capacity (i.e., u2/u1 > 1) will in-
deed lead to the increase in the sediment concentration within
the water column and cause the bed erosion (P < 0). This physic-
al hypothesis is similar to the case of the bed siltation. However,
the quantitative relationship between the annual siltation rate
and the ratio of the average tidal current velocities after to before
the reclamation (u2/u1) may not be identical. It is noted that the
bed erosion only occurs when the instantaneous current velocity
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exceeds the incipient velocity of bed sediment. Although the
time-averaged tidal current velocity after the reclamation project
is larger than that prior to the project, the instantaneous current
velocity may be still lower than the incipient velocity and unable
to erode the bed sediment during part of a tidal cycle. This will
lead to shorter effective time for the bed erosion and so the real
erosion rate will be smaller than that directly calculated by Eq.
(3). Owing to the complex mechanism of coastal sediment trans-
port, it is difficult to derive a definite theoretical expression for
this process. The exact incipient velocities at different locations
are also difficult to determine and variable with time. On the oth-
er hand, the average tidal current velocity in Eq. (3) is a time-av-
eraged quantity and it is therefore not straightforward to com-
pare these two velocities in such a simplified formula. In practice,
we may improve the formula by introducing a simple erosion re-
duction coefficient to describe the reduction of the erosion in-
tensity due to the restriction of the incipient velocity. The im-
proved formula becomes more suitable and practical for the cal-
culation of both bed siltation and erosion:
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where β is the erosion reduction coefficient (β = 1.0 for u2/u1 ≤ 1
and β < 1 for u2/u1 > 1).

The erosion reduction coefficient (β) is a new parameter and
little guidance is available to determine its value. As a prelimin-
ary approximation, the erosion reduction coefficient (0.8) is used
for the present case which produces a model prediction in good
agreement with field data. It is noted that the exact value of the
erosion reduction coefficient could be affected by various factors.
For example, it should be larger for a larger tidal range (i.e., lar-
ger current velocity) and smaller water depth and bed sediment
size (i.e., smaller incipient velocity). Future research efforts are
required to establish a more comprehensive relationship
between the erosion reduction coefficient and various hydro-
dynamic and sediment parameters based on more field data.

The second attempt is to reduce the computational cost in-
volved in the application of this behavior-oriented formula. This
is achieved using a simplified relationship between the annually
variation in siltation/erosion rates and that in the water depth:
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where Pi and Hi are respectively the siltation/erosion rate and the
average water depth in the ith year after the reclamation project.
Note that the ratio of the siltation rates in ith+1 year to ith one
after the reclamation project (Pi+1/Pi) is always less than 1. The
positive and negative siltation rate in the ith year (Pi) indicate
siltation and erosion, respectively. Equation (5) is based on the
following physical consideration. The continuous decrease in the
water depth due to the bed siltation implies an increasing cur-
rent velocity and sediment carrying capacity as well as a decreas-
ing flood duration, leading to a suppressed siltation rate. On the
other hand, the continuous increase in the water depth due to
the bed erosion implies a decreasing current velocity and sedi-
ment carrying capacity together with an increasing flood dura-
tion, resulting in a reduced erosion rate. Therefore, after the re-

clamation project, the annual siltation/erosion rate will gradu-
ally decrease with time due to the bathymetry re-adaption to the
new hydrodynamic forcing. In other words, the bathymetry evol-
ution slows down as it becomes closer to the steady state which is
mainly controlled by the water depth variation. It is thus hypo-
thesized that the decreasing in the siltation/erosion rate between
two successive years is approximately proportional to the change
in the water depth between the previous two years. Therefore,
Eq. (5) describes a physically reasonable process of the bathy-
metry evolution for multiple years, but it only requires running
the tidal current numerical model once for the first year. This ef-
fectively save computational cost in practice, especially for the
long-term calculations.

3  Application
In this section, the improved behavior-oriented formula is

used to calculate the morphological change of the Xiaomiao-
hong Tidal Channel on the Jiangsu coast of China from 2003 to
2006, following the construction of a land reclamation project on
the south bank in 2003. The calculated results will be compared
with the measured data.

3.1  Field observation
The Xiaomiaohong Tidal Channel is located at the southern

part of a large-scale radial sand ridge system along the Jiangsu
coast (Fig. 1). The 38 km long channel is parallel to the shoreline
with a distance of 3.5–6.0 km. Two shallow shoals, namely Heng-
sha Shoal and Wulong Shoal, exist in the channel entrance, divid-
ing the Xiaomiaohong Channel into the North Channel, the
Middle Channel and the South Channel. In the Middle Channel
and the South Channel, there are two deep troughs with a water
depth greater than 10 m. The median suspended sediment size in
the channel is 0.007 mm. According to Chen et al. (2012) and
Zhang et al. (2013), the bathymetry evolution in the Xiaomiao-
hong Tidal Channel is dominated by the regular semidiurnal tide
and the rectilinear tidal current.

A reclamation project was constructed in 2003 on the south
bank of the Xiaomiaohong Tidal Channel, as shown in Fig. 1. The
reclamation project resulted in considerable change in the chan-
nel bathymetry. Figure 2 shows the bathymetries measured re-
spectively in 2003 and 2006. Figure 3 shows the bathymetry
change measured during 3 a after the project. It is observed that
the overall pattern of the channel remains unchanged, but obvi-
ous siltation or erosion can be found at the end of channel and
aound the project area. As discussed by Chen et al. (2012) and
Zhang et al. (2013), the impacts of the reclamation project are
mainly concentrated near the project area. The bed siltation oc-
curred on both east and west sides of the project area, and the
erosion is found to deepen the trough at the northwest corner.
The siltation on the east side is larger than the west side.

Considering that the behavior-oriented formulas of this type
have not been extensively tested against field data, the measured
bathymetries of the Xiaomiaohong Tidal Channel before and
after the reclamation project are thus valuable. The present study
will mainly focus on the bathymetry change around the reclama-
tion area (i.e., the morphological response to the engineering
project) which is particularly concerned in engineering works.

3.2  Formula setup
In Eq. (4), several parameters are needed to be determined.

Sedimentation probability α is related to the grain size, the cur-
rent velocity and other factors. When the median grain diameter
is less than 0.03 mm, the average floc settling velocity is around
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0.4 mm/s and the average sedimentation probability is 0.67, ac-
cording to Luo (1987). The tide in this region is regular semidi-

urnal tide. There are two high water levels and two low water
levels in every lunar day and the tidal cycle is 12 h and 25 min.
Therefore, the tidal cycle number N in a year is 705.

The sediment carrying capacity S* is determined through the
regression analysis of the measured tidal current velocity and the
sediment concentration at seven locations in the middle and
south channels during 26 March and 27 March in 2009. It is
found that the current velocity and the sediment concentration
are well correlated. The regression curve of the sediment carry-
ing capacity obtained by a least square fitting method is shown in
Fig. 4. The sediment carrying capacity in the Xiaomiaohong Tid-
al Channel can be reasonably represented by the following equa-
tion:

0 .1 3 2
2

* 1.046 .
u

S
gH

 
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 
(6)

The average tidal current velocities before and after the
project are important as they control the patterns of siltation and
erosion in the whole domain. In the present study, the Delft3D
model (Lesser et al., 2004) is used to obtain the tidal current field
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Fig. 1.   Location of the Xiaomiaohong Tidal Channel and the reclamation project.
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Fig. 2.   Measured bathymetries of the Xiaomiaohong Tidal Channel in 2003 (a) and 2006 (b).
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Fig. 3.   Measured bathymetry change of the Xiaomiaohong Tidal
Channel from 2003 to 2006.

  ZHENG Jinhai et al. Acta Oceanol. Sin., 2017, Vol. 36, No. 11, P. 86–93 89



and hence the velocities. The computational domain is 65 km
long in x-direction and 45 km long in y-direction covering the
whole tidal channel, which is discretized using an orthogonal
curvilinear mesh with 15 934 grid cells (Fig. 5). The grid size var-
ies from 100 to 400 m with the locally refined mesh created close
to the project area. The computational time step is 30 s. Open
boundary conditions are imposed with the water level forecasted
by NAOTIDE (Matsumoto et al., 1995). During the simulation,
the horizontal eddy viscosity coefficient is 1.0 m2/s, and Man-
ning coefficient is set to be 1/80.

The model is validated by the measured tidal levels at two
locations (T1 and T2) and the measured tidal current velocities at
seven locations (V2–V8) in the Xiaomiaohong Tidal Channel for
26 March to 27 March in 2009, corresponding to the spring tide.

The locations of the gauge points are shown in Fig. 1. Figures 6–8

show the comparison between the model results and the meas-

ured data, in terms of the water level, the current velocity and the

current direction, where the measured data and the modeled res-

ults are respectively plotted as symbols and lines. Achieving sat-

isfactory model-data agreements, the tidal current velocities be-

fore and after the project can be simulated and input into Eq. (4)

to investigate the impact of the reclamation project.
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Fig. 4.   Regression analysis of sediment carrying capacity.
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Fig. 5.   Computational model domain.
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Fig. 6.   Comparisons of water depths at Stas T1 and T2.
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Fig. 7.   Comparisons of current velocity at four locations.
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3.3  Calculated results
Figure 9 shows the distribution of the erosion and siltation

thickness predicted by the improved formula. Significant silta-
tion can be observed on both sides of the project with a maxim-
um siltation thickness of 2 m. The siltation thickness and area are
larger on the east side than west side. There is a large area of
erosion at the northwest corner of the project area, in which the
erosion thickness reaches the maximum value of around 2 m in
the vicinity of the project and decreases as the distance increases.
This is consistent with the field observation as shown in Fig. 3.
The siltation on both sides of the project area is due to the block-
ing effects of the project on the tidal current and sediment trans-
port parallel to the shoreline, which decreases the local current
velocity and leads to a decrease of the sediment carrying capa-
city. The erosion at the northwest corner is resulted from the
combined effects of the decrease in the cross-sectional area of
waterway, the local increase in the tidal current velocity and the
singularity of the new shoreline. In general, the main features of
bathymetry changes around the project area are correctly cap-
tured by the improved formula, demonstrating that this behavi-
or-oriented formula can reasonably describe the local morpholo-
gical response to the reclamation project. However, there is a
quantitative difference between Fig. 3 and Fig. 9. It is noted that
the present formula is only suitable for the bathymetry change
purely due to the reclamation project, but is not established to
account for the natural bathymetry evolution that occurs in the
whole tidal channel. Therefore, the quantitative difference
between calculation and observation may be due to the natural
bathymetry evolution.

3.4  Discussion
To further investigate the accuracy of the proposed formula, it

is of interest to isolate the bathymetry change caused only by the
reclamation project from the total change. For this purpose, an
assumption was made that the total bathymetry change is a lin-
ear superposition of the changes caused by the project and the
natural waterway evolution. In other words, the bathymetry
changes purely caused by the project can be obtained by remov-
ing the natural evolution from the total bathymetry change. In
this section, the latter two morphological processes are simu-

lated by the Delft3D model.
The tidal level series at the offshore boundaries from 1 Janu-

ary 2003 to 1 January 2006 is predicted by the NAOTIDE and used
as the offshore boundary conditions for the morphological calcu-
lation. Figure 10 shows the total bathymetry change simulated by
the Delft3D model. Comparing Figs 3 and 10, it is noted that the
simulated overall erosion/siltation patterns are similar to the ob-
servation. Siltation of 2–3 m thickness occurs around the project
area. The closer to the project the larger the siltation intensity is.
The siltation area on the east side of the project is larger than that
on the west side. Between the northwest corner of the project and
the South Channel, there is an obvious erosion. Between the
main channel and the shore, there exists a siltation region along
the channel direction with a ribbon shape, consistent with the
observation. In the large-scale area east of the project region,
erosion occurs in both simulation and observation. The model
correctly reproduces the two peak erosion regions close to the
north and east open boundaries, respectively.

In order to quantitatively evaluate the accuracy of the model
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Fig. 8.   Comparisons of current direction at four locations.
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Fig. 9.   Reclamation-induced bathymetry change calculated by
the improved formula.
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result, the Brier Skill Score (BSS) is introduced, which has been
widely applied in assessing coastal morphology evolution model-
ing (van Rijn et al., 2003). The BSS compares the mean square
difference between the prediction and the observation with the
mean square difference between the baseline prediction and ob-
servation. The BSS values are respectively 0.75 and 0.90 for the
whole computational domain and for the local region within 5
km distance from the project (Table 1). According to van Rijn et
al. (2003), this indicates that the model predictability is satisfact-
ory for the whole domain and is excellent for the local area close
to the project. This also implies that the project influence is
quantitatively well reproduced by the model.

The natural morphology evolution (Fig. 11) can be obtained
by rerunning the model starting from the natural bathymetry,
without considering the project. The reclamation-induced bathy-
metry evolution is then obtained by removing the natural evolu-
tion from the total evolution, as shown in Fig. 12. It can be seen
from Fig. 11 that the natural bathymetry evolution has an import-
ant contribution to the total evolution in this region. This is also
the case around the project area. Therefore, the quantitative dif-
ference between the formula prediction and the observation in
Section 3.3 is indeed due to the natural bathymetry evolution.
Comparing Figs 12 and 9, it is found that the results produced by
the improved behavior-oriented formula are consistent with the
process-based model in both erosion/siltation intensities and
distribution patterns. This further confirms that the improved
formula can well predict the coastal morphology evolution
caused by the reclamation project with a reasonable accuracy. It
is also noted that, when a process-based model is used to assess
the engineering-induced bathymetry change, it is necessary to
remove the contribution of the natural evolution from the results.

4  Conclusions
An improved behavior-oriented formula to calculate the an-

nual coastal bathymetry evolution caused by the reclamation
work is developed based on the original formula of Wang et al.
(2001). Compared with the original formula, an erosion reduc-
tion coefficient is introduced to extend the applicability of the
formula to calculating the bed erosion, and a simplified relation-
ship between the annually variations of the siltation/erosion rate
and the water depth is introduced to save computational time for
long-term calculation. The improved formula is applied to calcu-
late the 3a bathymetry evolution around a reclamation project in
the Xiaomiaohong Tidal Channel in Jiangsu coast in China. The
formula prediction is compared with both the measured data and
the numerical results provided by the Delft3D model. It is shown
that the impact of the reclamation project on the local bathy-
metry evolution can be well reproduced by the improved behavi-
or-oriented formula.

Owing to the lack of data, this study is restricted to the case of
the Xiaomiaohong Tidal Channel. It is noted that more compre-
hensive validation at different places is important to examine or
improve the general effectiveness of the proposed formula. Col-
lecting more field data and conducting more case studies will be

Table 1.   Qualification of the Delft3D model performance
Area BSS Qualification

The whole domain 0.75 good
The local region within 5 km

distance from the project
0.90 excellent
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Fig. 10.   Total bathymetry change simulated by the Delft3D mod-
el.
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Fig. 11.     Natural bathymetry change simulated by the Delft3D
model excluding the effects of the reclamation project.

121.3° 121.4°  121.5°  121.6° 121.7° 121.8° 121.9°  122.0°  122.1° 122.2°E

32.4°

32.3°

32.2°

32.1°

32.0°

31.9°

31.8°

Erosion siltation/m

2.0

1.5

1.0

0.5

0

-0.5

-1.0

-1.5

-2.0
0     5   10 km

N

 

Fig. 12.   Reclamation-induced bathymetry change simulated by
the Delft3D model.
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the focus of the future work.
Nevertheless, this study demonstrates a few important issues

that have not been clarified so far. While the previous studies fo-
cused on the behavior-oriented calculation of sediment siltation,
the present study shows that the formulas of this type also have
the potential to calculate the bed erosion by introducing an
erosion reduction coefficient. It is further found that such a
simple empirical formula can provide equally reliable predic-
tions as a process-based numerical model does in terms of the
bathymetry change caused by the reclamation work. Moreover,
this study indicates that how the total bathymetry evolution may
be effectively separated into the natural contribution and the en-
gineering project-induced contribution. The above points could
be useful for assessing morphological impacts of the reclamation
projects in coastal engineering practice.
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