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Abstract Tidal currents play an important role in sedi-
ment dynamics in coastal and estuarine regions. The goal
of this study is to investigate the effects of current velocity
assimilation (CVA) on sediment transport modeling in
tide-dominated waters. A hydrodynamic and sediment
transport model for Deep Bay, Hong Kong, was established
based on a three-dimensional primitive equation Finite
Volume Coastal Ocean Model. An additional numerical
simulation was conducted with in situ current velocity
measurements sequentially assimilated into the model
using a three-dimensional optimal interpolation scheme.
The performance of CVA shows improvements in the root-
mean-square errors and average cosine correlations of
simulated current velocity by at least 9.1 % and 10.3 %,
respectively. Moreover, the root-mean-square error of the
simulated sediment concentration from the model with
CVA was decreased by at least 7 %. A reasonable
enhancement in the vertical and spatial distributions of
sediment concentrations was demonstrated from the
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simulation results from the model with CVA. It was found
that the bottom shear stress changed significantly when the
simulated velocities were corrected with CVA. The results
suggest that CVA has the potential to improve sediment
transport prediction because tidal currents dominate sedi-
ment dynamics in the studied areas.
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1 Introduction

Powerful numerical models for predicting the transport and
fate of sediments in coastal waters are essential for a
variety of environmental problems related to coastal
engineering, pollution nutrient transport and wetland
preservation (Warner et al. 2008). Investigations of the
complicated sediment dynamics using numerical models
are urgent for Deep Bay, a shallow embayment located
between Hong Kong and the Chinese mainland. Many
environmental problems have been generated in the bay,
including high turbidity of the affected waters by major
construction and land reclamation projects and significant
wetland contamination by heavy metals and nutrient sedi-
ment pollution. However, reports on developing numerical
models to help understand hydrodynamic and sediment
transport in Deep Bay are rare.

Hydrodynamic action is the most important mechanism
involved in sediment transport. It provides the forces for
horizontal advection and bed erosion and plays a major role
in the flocculation of cohesive sediments (Cancino and
Neves 1999). Deep Bay is an active tidal shelf environment
with a tidal elevation range as large as 2.5 m and current
velocities exceeding 1 m/s (Qian 2003). Sediment
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movement and bottom resuspension under normal condi-
tions and without significant wind-induced waves appear to
be primarily controlled by tidal currents (Grochowski et al.
1993; Guillou and Chapalain 2010). In such an environ-
ment, tidal waters periodically flow in and out of the bay,
dominating sediment transport patterns. Sediments are
eroded and transported upward during flood tide and
deposited later onto the bottom during slack water periods.
The sediments are then eroded again and transported
downward during ebb tide and redeposited during the next
slack water until the start of the next tidal cycle (Cancino
and Neves 1999). Therefore, only accurate hydrodynamic
simulations will provide sufficient sediment modeling
results.

However, hydrodynamic models inevitably contain
several sources of uncertainty that can reduce the forecast
accuracy at every model stage. Certain errors may inher-
ently exist in the governing equations that imperfectly
describe the complex physical processes and their inter-
actions. These errors are often related to the simplification
of equations in numerical computation. Uncertainty can
also occur due to an incorrect prescription of the model
parameters and model input data, e.g., bathymetry and
initial and boundary conditions. Data assimilation provides
a useful tool to reduce these uncertainties and improve
model results. By integrating model forecasts with mea-
surement data based on uncertainty information in the
model and measurements, data assimilation techniques can
prevent the model from deviating too far from reality and
thus achieve better model forecasts. Much work has been
devoted to studying current velocity assimilation. The
efficiency of current velocity assimilation has been dem-
onstrated by experiments that directly assimilate current
velocities measured with shipboard Acoustic Doppler
Current Profilers (ADCP) (Kurapov et al. 2005; Zhang
et al. 2007; Jordi and Wang 2013). In addition, assimilation
of current velocities derived from high-frequency radars
also exhibits a large potential for improving hydrodynamic
forecasting in coastal waters (Paduan 2004; El Serafy and
Mynett 2008; Barth et al. 2010). By using data assimila-
tion, the covariance error statistic and the close relation-
ships between different model variables guarantee that a
single observation updates not only the corresponding state
variable but also other unobserved state variables. Kurapov
et al. assimilated velocity data obtained from a moored ship
into a model of coastal wind-driven circulation off Oregon.
The assimilated data had a positive effect on the predic-
tions of sea surface height, temperature, potential density
and surface salinity. Because data assimilation can affect
the bottom boundary layer (BBL) by correcting velocities
close to the bottom, they also noted a significant
improvement in predicting turbulence dissipation rates and
the BBL shear stress magnitudes, all of which are closely

@ Springer

related to BBL sediment motion (Kurapov et al. 2005).
However, Kurapov et al. did not directly show any related
results and discussion about sediment prediction improve-
ments by verifying with sediment measurements, and did
not discuss to what extent the sediment prediction was
affected by current velocity assimilation, especially in
coastal waters and estuaries where sediment movement is
dominated by tidal currents.

It is noted that there have been some studies on
improving numerical modeling of sediment transport by
data assimilation methods. These studies were dedicated to
assimilating remote sensing sediment to investigate the
positive effect on sediment transport modeling (EI Serafy
et al. 2011; Margvelashvili et al. 2013; Zhang et al. 2014).
However, as discussed above, hydrodynamics is the most
important force of sediment transport. Ignoring achieving
effective hydrodynamic numerical simulation would not
help to fundamentally improve the accuracy of sediment
transport modeling. Considering the above points, the goal
of this research was to explore the effect of current velocity
assimilation on sediment transport modeling, taking a tide-
dominated bay, Deep Bay in Hong Kong, as a study case.

The rest of this paper is organized as follows. Section 2
describes the hydrodynamic and sediment transport model
and the model established for Deep Bay. The current
velocity assimilation (CVA) method is also briefly pre-
sented in this section. In Sect. 3, the CVA results and CVA
effects on sediment transport are discussed after presenting
the model calibration and validation results. Conclusions
are drawn and given in the last section.

2 Methodology
2.1 Study domain and in situ measurements

Deep Bay (22.41-22.53°N,113.88-114.00°E) is a semi-
enclosed, shallow bay on the eastern side of the Pearl
Estuary between Shenzhen to the north and the New Ter-
ritories of Hong Kong to the south (Fig. 1). The average
water depth of the bay is about 2.9 m and the maximum
water depth is less than 5.0 m. The width of the bay is from
4 to 7.6 km at the narrowest section near the mouth. The
length is 13.9 km and the total sea surface area is about
80 km?. Four rivers flow into the bay (Fig. 1). Because of
its unique geographic location and coastline geometry, the
embayment exhibits its own water environment. Hydro-
graphic survey data displayed by Wong and Li (1990)
showed that the depth-averaged current speed ranged from
0.11 to 0.32 m/s. The salinity varied from 4 to 22 ppt in the
wet season due to the strong water stratification. In the dry
season, the water was well mixed and the salinity ranged
from 26 to 32 ppt. The average suspended solids
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Fig. 1 Study area location (left, upper corner) and measurement sites
(filled triangle water level stations and filled circle sites that measured
the current velocity and sediment concentration), and model grids and

concentrations in the dry season and the wet season were
about 50 and 10 mg/L, respectively. The particle size of
suspended sediment in Deep Bay has a marked seasonal
variation. The median size of suspended sediment in the
dry season and the wet season were about 10 and 2.7 pm,
respectively.

Measurements used in this study are parts of the syn-
chronous survey project commenced in June 2005 in
Shenzhen River basin, which were conducted by the
Hydrology Bureau of the Yangtze River Water Resources
Commission of China. Measurements used in this study
were recorded hourly over two phases at each site shown in
Fig. 1. The first phase occurred during a neap tide between
10:00 am on June 16 and 17:00 pm on June 17 (a total of
30 h). The second phase occurred during a spring tide
between 08:00 am on June 23 and 12:00 pm on June 24 (a
total of 29 h). Water levels were taken hourly by means of
tidal gauges placed at Dong Jiao Tou (DJT), Tsim Bui Tsui
(TBT), Chi Wan and Lan Kok Tsui (see Fig. 1). Vertical
profiles of flow velocity, sediment concentration, and
salinity were collected hourly at sites located along three
Transections inside the bay. Transection A is to the
northeast of Deep Bay near the mouth of the Shenzhen
River. There are three observation sites: SAO1, SA012 and
SAQ03. Transection B is in the middle of the bay and
includes six observation sites: SBO1, SB02, SB03, SB04,
SB05 and SBO06. Transection C is at the mouth of Deep
Bay, almost parallel to Transection B and includes five
observation sites. The measured data in Transection C were
not used for calibration or validation purposes, but as

bathymetry (right). Note that the study area map is projected onto the
Cartesian coordinate system using the UTM projection

boundary condition data. According to the water depth
h (m) at local measurement time, the velocity measure-
ments were obtained at six vertical levels: 0.0k (surface
layer), 0.2h (near-surface layer), 0.4h, 0.6k, 0.8h (near-
bottom layer) and 1.0/ (bottom layer). At each site, current
velocities were measured hourly by the ZSX-3 direct-
reading flow instrument at each vertical layer. Water
samples were collected sequentially from the surface layer
to the bottom layer at each site. Five hundred milliliters of
each water sample was taken and filtered immediately on a
pre-weighted Whatman Cellulose Acetate Membranes filter
with a diameter of 47 mm and a nominal pore size of
0.45 pm. The filter was stored in a desiccator, which was
then combusted in a 500 °C oven for 3 h and weighed in
the laboratory. An analytical balance was used to weigh the
filter, with a precision of 0.01 mg. Sediment concentration
was determined by the weight difference normalized by the
filtered water volume. Salinities were measured by a digital
salinity meter from these water samples and temperature
was recorded by water thermometers. It should be noted
that when water depth was less than 2 m, measurements
were not taken at surface layer (0.04) and bottom layer
(1.0h), especially at the sites in Transection A because of
very low water depths at most of the time in a tidal cycle.

2.2 Numerical model description and configuration
The model used to calculate the hydrodynamics of Deep

Bay was an unstructured-grid, Finite Volume, free-surface,
3-D primitive equation, Finite Volume Coastal Ocean
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Model (FVCOM) developed by Chen et al. (2003, 2006).
Unstructured triangular grids used in FVCOM provide an
accurate fit for the geometry of irregular coastlines. A
sigma-coordinate transformation was used to represent
bottom slope irregularities in the vertical direction. The
model simulates water surface elevation, 3D velocity,
flooding and drying processes, temperature, salinity, water
quality and sediment transport. A full description of the
hydrodynamic continuity equation and the numerically
discrete FVCOM scheme is given by (Chen et al. 2003).
The sediment transport model in FVCOM is based on the
Community Sediment Transport Model (CSTM) developed
in collaboration with the US Geological Survey (USGS).
which includes suspended sediment and bedload transport,
layered bed dynamics based on active layer concept, flux-
limited solution of sediment setting, unlimited number of
sediment classes and bed layers, and cohesive sediment
erosion/deposition algorithms. The model has been tested in
many coastal environment studies for the calculation of
current-induced erosion, transport, and the deposition of
cohesive sediment (Lettmann et al. 2010; Wu et al. 2011).
Through analyzing size distribution of suspended sedi-
ment from field survey data of Deep Bay by Wong and Li
(1990), it was argued that the median size of suspended
sediment in the wet season is 2.7 um and there is no sig-
nificant difference in the size distribution of suspended
sediment in the vertical direction. In this study, only
cohesive sediment with a dominant median size of the
suspended matter was considered to simulate three-
dimensional sediment transport of Deep Bay by FVCOM.
The sediment transport model in FVCOM solves the
three-dimensional advection—dispersion equation.

6_C+au_c av_c_|_7a(w_ws)c
o Ox Jy 0z

0 oC 0 aocC 0 oC
—a(AHa>+a—y<AHa—y>+a—Z(KHa—Z> (1)

where C is the sediment concentration, W; is the settling
velocity, u, v, and w are the three components of the velocity
vector, and Ay and Kj is the horizontal and vertical eddy
diffusivity coefficients, respectively. In the model, the modi-
fied Mellor and Yamada level-2.5 (MY-2.5) turbulence closure
model (Mellor and Yamada 1982; Galperin et al. 1988) is used
for the parameterization of vertical eddy diffusivity coefficient.
The Smagorinsky formula is used for calculation of the hori-
zontal diffusivity coefficients (Smagorinsky 1963).

At the surface, a no-flux boundary condition is used for
the sediment concentration:

oC
Ky——-W,C=0,
0z

At the bottom, the sediment flux is the difference
between deposition and erosion.

z=¢ (2)

@ Springer

Table 1 Calibrated parameters in the Deep Bay model

Parameters Symbol Value
Bottom roughness coefficient in 7 0.0024 m
Eq. (8)
Critical shear stress for Ted 0.08 N m~?2
deposition in Eq. (5)
Critical shear stress for erosion  7T¢. 02 Nm™2
in Eq. (6)
Erosion constant in Eq. (6) E, 1.2 x 1073 kg m2s!
Constant value of settling Wo 8.5 x 107> m/s
velocity in Eq. (9)
Critical sediment concentration  Cp 50 mg/L
in Eq. (9)
Empirical coefficients in Eq. (9) &,m 0.014, 1.5
ocC
KHG—Z—WsCZRD—RE» z=—-H (3)

where Rp is the deposition rate, Rg is the bed erosion rate,
& is water surface elevation above a specified datum, and H
is bathymetric depth below the datum.

In the model, the above equations are transformed into
the g-coordinate in the vertical in order to obtain a smooth
representation of irregular bottom topography, and then
resolved by the finite volume method. The o-coordinate
transformation is defined as

z—¢ —¢

= HTET D “)

where ¢ varies from —1 at the bottom to 0 at the surface,
and D is water depth.

In this work, the cohesive sediment deposition rate is
calculated using Krone’s worldwide deposition formula
(Krone 1962). The bed erosion rate of cohesive sediment is
determined by the classic formula given by Partheniades
(1965). The formulas are

Rp = Wst(l — Tb/fcd) for 1y, <7Teq 7 (5)
0 for 1, > 1

Rp = E, (Tb/‘fce — 1) for 1, > Tee , (6)
0 for 7, <7Tee

where C, is the near-bottom layer concentration, Ey is the
erosion constant, 7. is the critical shear stress of deposi-
tion, T 1S the critical shear stress of erosion, and 7y, is the
bed shear stress. The x and y components of the bed shear
stresses are

(Tbx,rby) = Cd\ / M% —+ V%(Mb, Vb) (7)

where up, and vy, are the x and y components of near-bottom
velocity. The drag coefficient Cy4 is determined by
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matching a logarithmic bottom layer to the model at a
height z above the bottom and calculated as

Ca = max(k?/ In(z/z0)*, 0.0025) (8)

where k,=0.4 is the von Karman’s constant and z; is the
bottom roughness coefficient, which is need to be cali-
brated by field measurements (see Table 1).

The settling velocity W of cohesive sediment (in Eq. 9)
is one of the most important vertical sediment motion
parameters and is difficult to determine. In this study, a
well-known power law was used to calculate the setting
velocity. The power law that represents an exponential
relationship between the settling velocity and sediment
concentration (Eq. 9) was used to calculate the settling
velocity when the sediment concentration is higher than a
constant value. When the sediment concentration is less
than the critical or constant sediment concentration, a free
settling velocity is used (Lumborg and Windelin 2003;
Krone 1962). The setting velocity is calculated as

_ JkC™ forC>Cy
Ws = { Wo for C<Cy (9)

where C is sediment concentration, Cy is the critical sed-
iment concentration, W, is the constant value of settling
velocity, and k and m are empirical coefficients that need to
be calibrated by field measurements (see Table 1). This
settling velocity equation is widely used in various estua-
rine and coastal models and in Hong Kong studies because
it allows some flexibility in the settling velocity values for
cohesive sediment particles.

The model grids used for the Deep Bay were generated
under the Cartesian coordinate system based on the land
boundary with a relatively high resolution (80 m) in the
inner bay near the Shenzhen River and a coarser resolu-
tion (250 m) at the open boundary (see Fig. 1). Because
the in situ measurement were conducted at 0.0k, 0.2h,
0.4h, 0.6h, 0.8h, 1.0k (h is water depth), Six vertical
sigma layers were set in the model in order to facilitate
model calibration and validation. The model run time
extended from 00:00 am on June 10 to 24:00 pm on June
25 2005. The external and internal time steps were 1 and
10 s, respectively. Hourly wind metrological data at TBT
obtained from the Hong Kong Observatory were used for
the spatial-uniform water surface driving force. The open
boundary was driven by tidal elevations measured at Chi
Wan and Lan Kok Tsui. Measured sediment concentra-
tions, salinity and temperature at Transection C sites were
also prescribed in the open boundary. The freshwater flow
rate and sediment concentration discharged into Deep Bay
from the Shenzhen, Yuen Long, Tin Shui Wai and Da
Sha Rivers were prescribed. The model was cold-started
and initialized with zero current velocity. Because the

model initial time was in the neap tide period, the sedi-
ment concentrations, salinity and temperature were ini-
tialized using horizontally uniform values with the mean
observed profiles measured from 10:00 am on June 16 to
15:00 pm on June 17. The tidal amplitude was initialized
using in situ measured water levels at TBT obtained from
the Hong Kong Observatory. The model was spun-up for
more than a tidal cycle until 10:00 am on June 16 when
the calibration experiment was conducted.

2.3 Current velocity assimilation scheme
2.3.1 Assimilation approach

In this study, the optimal interpolation algorithm was
employed as the assimilation approach. This algorithm has
been successfully applied to assimilate current velocity in
improving current forecasts for its relatively low cost in
computation in highly nonlinear and high-dimensional
ocean models. Based on the optimal interpolation method,
the updated current velocity field with assimilation is
derived from the following equation:

Ve =V + Wi(V? = V) (10)

where V! are the updated current velocities, V£ are the
model forecasted current velocities, V are the in situ-
measured current velocities, k indicates the assimilation
time, and Wy is the weights matrix, which is obtained by
minimizing the error covariance of the updated current
velocity field V¢

W =P (P +R)" (11)

Through Eq. (10), optimal interpolation arbitrarily
locates observations by interpolation within a model grid
using a model forecast field as a first guess. Therefore, the
updated field is at an optimal state. The model is then
integrated to the next forecast time with this field as the
initial condition until the next assimilation time.

When carrying out optimal interpolation, it is often
assumed that measurement noise follows a Gaussian dis-
tribution and is uncorrelated with model errors and that no
correlation between measurement errors exists. In this
study, considering that the measurement errors were rela-
tively very small, it was assumed that the measurements
were error-free in the assimilation procedure. Based on this
assumption, different forecast error variances at each
assimilation time can be obtained with the following
formula:

N
Z Vlf,} Vk,} (12)
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where a7 is forecast or background error variance at time k,
V{ J and V7 ; are the forecasted and measured current
velocity at the jth location, and N indicates the number of
measurements at time k. The covariance is typically
defined as a function of a forecast error correlation model
because it can be derived by multiplying the correlation by
the variance. Many schemes for calculating forecast error
correlations have been proposed and implemented in
assimilation applications (Larsen et al. 2007; Hgyer and
She 2007). It is typically assumed that the horizontal and
vertical forecast error correlations decrease exponentially
with the square of the distance, which is specified as

(Ax)'+(Ay)*  (A2)*
R} R |

p=exp|— (13)

where p is the forecast error correlation, Ax, Ay, and Az are
the distances between two forecast points in the x,y,and z
directions, and R; and R, are the horizontal and vertical
correlation lengths, respectively, which are used to limit
the influence of a single observation in the interpolation
procedure within a fixed region around the observation
location (Xie and Zhu 2010). To ensure the effectiveness of
current velocity assimilation, suitable correlation lengths in
the horizontal and vertical direction need to be determined.
In this study, the vertical correlation radius R, was speci-
fied as the maximum sigma depth (1.0) to ensure that the
measurement in each layer is influenced in the column. For
the estimation of the horizontal correlation radius R; in this
study, a cross-validation method, similar to the approach
adopted by Zhang et al. (2007) was used. By comparing the
error statistics between the model and the CVA results, the
optimal value of R; was selected. This value was expected
to ensure that the CVA results would show the greatest
current velocity improvements.

In this study, the assimilation experiment was imple-
mented through an optimal interpolation FORTRAN mod-
ule with the Octave interface in the Linux environment. The
measured velocities at the six vertical levels from the three
Transections were assimilated into the model in the
experiment. To verify that the current velocity assimilation
was valid, measurements at SA02 and SB03 were used to
compare with the assimilation results. Therefore, data from
these locations were not used in the assimilation process.

2.3.2 Analysis of the results

In this study, the assimilation effectiveness was quantified
using the improvement in the root-mean-square error
(RMSE), which was calculated as the relative decreases in
RMSE (Eq. (14) below), and the improvement in the
average cosine correlation (ACC), which was calculated as
the relative increase in ACC (Eq. (15) below).

@ Springer

RMSE; — RMSE,

RMSE i t= 100
improvemen RMSE, X %,
(14)
. ACC, — ACCy
ACC t=——"——x100 15
improvemen ACC, X %, (15)

where RMSE; and RMSE, are RMSEs of the simulated
velocity from the model without and the model with CVA
and ACC; and ACC, are ACCs of the simulated velocity
from the model without and the model with CVA. The
RMSE for each site was calculated as

n(ymodel _ yyinsitu)2
RMSE = \/le( ; i) )

’
n

where V™modl js the magnitude of the simulated velocity
from the model without or the model with CVA, V}“Sit“ is
the magnitude of the in situ-measured current velocity, and
n is the number corresponding to the assimilation time. The
ACC for each site was computed as

1 <& 1< Uiy +vivo
ACC=-)» cosb; =-— (17)
"; ";V(u%v%)(u%ﬂ%)

where cosb; is the cosine of the angle between the in situ-
measured current velocity vector u; v; and the simulated
velocity vector up v, at time i. The formula denotes the
correlation between two vectors. The resulting value of
cost); ranges from —1 to 1 and indicates the correlation
between two velocity vectors. The higher this value is, the
greater the similarity.

3 Results and discussion
3.1 Model calibration and validation
3.1.1 Calibration results

The model reached an equilibrium state after several tidal
cycles of the spin-up time. Model calibration was then carried
out for the neap tide period (10:00 am on June 16 to
15:00 hpmours on June 17), when 30 h of measured data
were collected. Model calibration was conducted using a
simple trial-and-error method by manually refining the
hydrodynamic and sediment transport parameters to match
the model results with the measured data. Firstly, a selection
of parameters with specified physical hydrodynamic model
meanings, including river discharge, bathymetry and open
boundary condition, and empirical parameters, including the
bottom friction coefficient, were adjusted so that the simu-
lated water levels and current velocities matched the mea-
surements. The sediment transport model parameters were
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Fig. 2 Comparison of water levels, depth-averaged current velocity,
current direction, salinity and sediment concentration with model
results during the calibration period at SBO5. Meas measurements and

adjusted by comparing the model results with the observed
data at the measurement sites. After repeated adjustments, an
optimal series of parameters was selected for the hydrody-
namic and sediment transport modeling of Deep Bay. These
final parameters are listed in Table 1. In Fig. 2, the time series
of the water level at the two tidal stations and depth-averaged
current velocity magnitude, current direction, salinity and
sediment concentrations at site SBO5 are compared with the
model results for the calibration period. The comparison
shows that the computed hydrodynamic and sediment trans-
port results are consistent with the measurements. The
RMSEs of simulated water level at the two tidal stations are
less than 6.7 cm. For all sites during the calibration period, the
ACCs of simulated current velocity are greater than 0.71 and
the RMSEs of simulated current velocity, salinity and sedi-
ment concentration are less than 0.16 m/s, 0.65 ppt and
31.5 mg/L, respectively.

3.1.2 Model validation with measurements

After a satisfactory model calibration, the model was vali-
dated with measurements in the second phase (08:00 am on
June 23 to 12:00 am on June 24), when there were 29 h of
measurements. Figure 3 shows a comparison between
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Com
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Water Level (m)

300 -

200 ~

Direction (<z)

100 -

Sediment (mg/L)

10:00am 16 June to 15:00pm 17 June

Comp computed results from the reference model or the model
without CVA (mentioned in the later sections)

model results and measurements. The time series of the
simulated tidal elevation at DJT and TBT and salinity at
sites SAO3 and SBOS5 show a satisfactory consistency with
in situ measurements. The RMSEs of simulated tidal ele-
vation at DJT and TBT are 7 and 11 cm, respectively. The
RMSEs of simulated salinity for all the stations are less than
0.52 ppt. To help analyze the performance of the current
circulation model, the time series of depth-averaged current
velocity magnitude and direction from the model are veri-
fied with measurements at sites SAO3 and SBO5 (Fig. 3).
Comparisons show that the simulated current velocity
results correlate properly with the current velocity mea-
surement during the flood and ebb tide phases. However, a
better consistency between model results and measurement
can be found at site SBOS than that at site SA03. Statistics
displayed in Table 2 also show that most sites on Tran-
section B have relatively smaller RMSEs and larger ACCs
than sites on Transection A. The sediment transport mod-
eling results are validated against the measured sediment
concentrations at site SAO3 and site SBOS5 at the near-sur-
face and near-bottom layers (Fig. 3). Although erroneously
deviated from measurements at some model times, the
sediment model results are generally closed to the dynamic
trend represented in the measurements.
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Fig. 3 Water level validation at two tidal stations and depth-averaged current velocity, current direction, salinity and sediment concentration
validation at sites SAO3 and SBO5

A comparison of sediment concentration with current  layer exhibit a dynamic trend that is similar to the com-
velocity magnitude in Fig. 3 shows that sediment concen-  plicated dynamic of current velocities at sites SA03 and
trations at both the near-surface layer and near-bottom  SBOS5. This finding indicates that sediment transport is
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closely related to the flow current dynamics of the bay. The
RMSE statistics for the simulated sediment concentration
displayed in Table 3 shows that the errors at all sites on
Transection A are larger than those at sites on Transection
B. This finding could be associated with more accurate
modeling of current velocity in the middle of the bay,
further revealing that in this tidally driven bay, the tidal
current is of great importance to sediment dynamics.
Therefore, only current velocity predicted with a high
degree of model accuracy can produce reliable sediment
dynamic modeling.

3.2 CVA results

Although the calibrated model produced a good hydrody-
namic and sediment dynamic representation as a whole, the
results did not always accurately reproduce the values of
the variables at some sites. An additional model simulation
was conducted in which hourly measured velocities at six
vertical levels were assimilated into the model using
optimal interpolations, as described above in Sect. 2.3.2.
As noted in that section, the horizontal correlation radius
must be determined using a readily available empirical
method. A series of assimilations was repeatedly made by
changing the horizontal correlation radius without assimi-
lating measurements from the SA02 and SBO3 sites. Trials
with 1000, 1200, 1400,..., 6000 m were conducted. The
RMSE and ACC were calculated for each correlation
radius during the assimilation period. It was found that
when the correlation radius reached 3800 m, the optimal
RMSE and ACC improvement was achieved at the two
sites. Table 2 shows the summary of the RMSE and ACC
values and their improvement in relation to the two

Table 2 Comparison of RMSE (m/s) and average cosine correlation
(ACC) of depth-averaged current velocity between models with and
without CVA at the assimilation and verifying sites

Sites Model without Model with CVA  Improvement
CVA (%)
RMSE ACC RMSE ACC RMSE ACC
Validation sites
SA02 0.17 0.61 0.11 0.72 353 18.0
SB03 0.13 0.83 0.05 0.95 61.5 14.5
Assimilation sites
SA01 0.17 0.69 0.13 0.78 23.5 13.0
SA03 0.1 0.7 0.06 0.83 40.0 18.6
SBO1 0.09 0.85 0.06 0.95 333 11.8
SB02 0.11 0.82 0.1 0.91 9.1 11.0
SB04 0.14 0.87 0.08 0.96 429 10.3
SB0O5 0.07 0.86 0.05 0.95 28.6 10.5
SB06 0.12 0.79 0.08 0.88 333 114

validation sites when CVA simulations were made. It can
be seen that the RMSE improvement is greater than 35 %
and ACC improvement is greater than 14 %. A comparison
between measured depth-averaged velocities and computed
results from the model with and without CVA for sites
SAO02 and SBO3 is shown in Fig. 4, demonstrating that the
model with CVA produces results that better agree with the
measurements and more reasonably reproduces the current
velocity dynamics at the two verification sites.

Through data assimilation, observations are integrated
into the model, subsequently updating the simulated
velocities at the measurement locations. A statistical
comparison between the depth-averaged current velocities
at the assimilation sites is shown in Table 2. Clear
improvements in ACC and RMSE values are found at all
assimilation sites, particularly sites SA03 and SB0O4. For
most sites, the RMSEs are improved by at least 23.5 % and
the ACCs are improved by 10.3 %. The RMSE mostly
decreased to less than 0.1 m/s while the ACC increased to
greater than 0.9. Figure 5 shows the comparisons of ver-
tical profiles of velocity from measurements and the sim-
ulated results from the model with and without CVA at
10:00 am on June 23. It can be seen from the comparisons
that the CVA reproduced velocity profiles those better
agree with the measurements both at the assimilation sites
(SA03 and SBO05) and the verification sites (SA02 and
SBO03). Therefore, the simulated depth averaged velocities
were improved in the model with CVA.

The simulated current velocities close to the measure-
ment sites were affected by spatially interpolating subsets
of the nearby velocity measurements. Such cases were not
only observed at sites SA02 and SB03 (no assimilation), as
mentioned above. Figure 6 shows the simulated spatial

Table 3 RMSE (mg/L) of sediment concentration between models
with and without CVA

Sites  Model without Model with CVA  RMSE
CVA improvement*(%)
Near- Near- Near- Near- Near- Near-
surface  bottom  surface bottom surface  bottom
SA01 8.5 39.2 7.2 19.7 15.3 49.7

SA02 34.1 75.4 27.5 66.1 19.4 12.3
SA03 375 59.7 17.5 219 533 63.3
SBO1 319 48.1 29.6 253 7.2 474
SB02 38.5 322 204 18.2 47.0 43.5
SB03 223 18.1 18.6 13.7 16.6 243
SB04 16.5 223 10.5 11.5 36.4 48.4
SB0O5 17.1 21.8 8.3 15.0 51.5 31.2
SB06 30.8 33.6 11.6 20.5 62.3 39.0

# Calculation of RMSE improvement of the simulated sediment
concentration is the same as RMSE improvement of current velocity
denoted by Eq. (14)
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Fig. 5 Comparison of vertical profiles of velocity from measure-
ments and simulated results from the model with and without CVA at
the verification sites SA02 and SB03, and assimilation sites SA03 and

distribution of depth-averaged velocities (white arrows)
from the model without CVA at maximum ebb and max-
imum flood tide times, overlaying the assimilated depth-
averaged velocity field (red arrows). Such cases also
occurred at sites other than the validation sites. Updated
velocity field through assimilation is apparently seen in the
vicinity of the assimilation sites in the figure. However,
because of the sparse distribution of actual measurements,
the areas affected by assimilation are limited in extent in
relation to the entire model area. Once an updated current
velocity pattern has been obtained, a more accurate initial
condition is available at the start of the next run period,
enabling steady development of increasing accuracy.
Therefore, the improvement in the current velocity field is
a combination of a ‘spatial propagation’ effect and a
temporal accumulation effect. (Zhang et al. 2007) dem-
onstrated this temporal accumulation effect with an
experiment in which current measurements were
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SBO5 at 10:00 Im on June 23. Note that there were no velocity
measurements at some layers at sites SAO2 and SBOS because the
water depth was very small

assimilated into a flow circulation model. Because this
finding is not the focus of this study, further discussion can
be found in (Zhang et al. 2007).

3.3 Effect on sediment by CVA
3.3.1 Evaluation by sediment measurements

The ultimate goal of this study, as mentioned in Sect. 1, is
the understanding of the effect of current velocity assimi-
lation on sediment transport modeling. The RMSE statis-
tics related to simulated sediment concentration from the
model with CVA are given in Table 3. It can be concluded
that both near-surface and near-bottom sediment concen-
trations at all sites are predicted more accurately. The
RMSE improvements at all sites are approximately all
greater than 10 %. This positive effect also occurs at sites
SA02 and SBO3, where the measured current velocities
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Fig. 7 Sediment concentration comparisons of the measurements and
simulated results from the model with and without CVA. Left near-
bottom sediment concentration at SA02, and right depth-averaged

were not assimilated into the model. The velocity
improvement observed at these two sites can be ascribed to
the measured velocities assimilated at adjacent sites.
However, the improvements in sediment modeling accu-
racy are greater at most of the velocity assimilation sites
than those at the two sites. This is expected because the
velocities are periodically updated with exact real veloci-
ties in CVA at those assimilation sites.

Figure 7 depicts comparisons of sediment measurements
and simulated sediment concentrations from models with
and without CVA. This shows that sediment concentrations
near the bottom (Fig. 7a) and depth-averaged sediment
concentrations (Fig. 7b) computed using models with CVA
are in better agreement with the measurements. Compari-
sons at SBO3 show that the model with CVA accurately
depicts the variability over time, especially when sediment
fluctuations are highly evident. However, for SA02, the
simulated sediment from the model with CVA shows no
significant improvement in representing variability over

T
20
8:00am 23 June to 12:00pm 24 June

sediment concentration at SB0O3. Note that sometimes the water depth
is very small at SAO2 and there were no sediment measurements at
the near-bottom layer

time in the presence of high sediment concentrations; a
distinct improvement in simulated current velocity from
the model with CVA is found. Many reasons can be pos-
sible for these findings, e.g., certain sediment model
parameters are not capable of responding to the complex
sediment movements in the inner Deep Bay and cannot
make the correct response to the fast changing sediment
dynamics. Because hydrodynamics are not the only factor
controlling sediment motion in water, the positive effect of
CVA on the modeling of sediment transport can be limited.
The sediment transport modeling requires further
investigation.

Figure 8 compares the vertical distributions at Tran-
sections A and B, demonstrating that the simulated results
from the model with CVA and the measurements are
brought into closer agreement in terms of the vertical
sediment distribution. To explain this positive effect on the
vertical distribution, a comparison of the bottom shear
stresses computed from the model with and without CVA
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Fig. 8 Vertical sediment a
distribution at 9:00 am on June
24. TA_1, TA_2, and TA_3 are
distributions from the model
without CVA, measurements
and the model with CVA,
respectively, at Transection A.
TB_1, TB_2, and TB_3 are
distributions from the model
without CVA, measurements
and the model with CVA,
respectively, at Transection B.
Note that the water depths in the
sites on Transection A (from
SAOI to SA03) are 2.3, 2.6, and
4.5 m, respectively. The water
depths in the sites on
Transection B (from SBO1 to
SA06) are 7.1, 6.9,4.3,5.8, 5.1,
and 4.3 m, respectively

Sigma Layers

v
3

Sigma Layers
A

6

is shown in Fig. 9. Because current velocity assimilation
corrects near-bottom boundary velocities, a clear change in
the bottom boundary shear stress is seen in Fig. 8. Kurapov
et al. (2005) discussed the quantitative improvement in
bottom shear stress caused by CVA. However, this study
did not associate this improvement with sediment modeling
analysis. Figure 8 shows that in Transection A, the surface
layer has a low sediment concentration and the bottom
layer has a high sediment concentration. Furthermore, it
can be seen from the comparison that the model without
CVA produced a simulated sediment concentration in the
near-bottom layer that is much higher than in the near-
surface layer and much higher than the actual measure-
ments taken in the near-bottom layers, especially at site
SAO02. This inconsistency between the simulated sediment
results and the measurements may be the result of exces-
sive bed erosion caused by an excessively large bottom
shear stress computed by the hydrodynamic from model
without CVA (Fig. 9a). However, the bottom shear stress is
corrected, significantly decreased by 50 % at site SA02
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after the measured velocity had been assimilated into the
model. It is reasonable to believe that the improvement in
the vertical sediment distribution when CVA is included
(Fig. 8, Transection A) is the result of the shear stress
improvement due to CVA. A similar effect is shown in
Fig. 8 for Transection B, where the vertical sediment
concentration distributions simulated with CVA are closer
to the actual measurements than those predicted without
CVA. Because the current velocity-based shear stress
affects the settling and resuspension processes, achieving a
positive sediment modeling effect is expected with a
modification to the current velocity in the model with
CVA.

3.3.2 Spatial propagation effect of CVA

To study the effect of CVA on the prediction of the spatial
sediment distributions, two typical maximum ebb and
maximum flood tide periods were selected for analysis.
Figure 10 shows selected depth-averaged sediment
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Fig. 10 Spatial distribution of depth-averaged sediment for the results computed using the model with and without CVA at maximum ebb time
(a, ¢) and maximum flood time (b, d). a and b are results from the model without CVA, ¢ and d are results from the model with CVA

concentrations produced from the model with and without
CVA. By comparing the spatial sediment distributions, it
can be seen that the simulated sediment concentration
changed to some extent after the current velocity data were
assimilated into the model. This is not only the result of the
direct correction of the hydrodynamic condition that the
sediment movement requires but also an indirect result of

the change in the bottom shear stress. However, larger
changes in sediment concentrations occurred close to
Transections A and B. The effects of CVA on sediment
concentrations are limited in extent and only areas close to
the measurement sites are affected by CVA. Despite this
finding, two distinct distribution changes were observed,
the location of the sediment fronts changed near
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Transection B and unusually large sediment concentrations
near the river mouth decreased. The sediment concentra-
tion in the entire area decreased primarily by 5-25 mg/L
after including CVA during the maximum ebb tide period.
An increase of 5-40 mg/L was found during the maximum
flood tide period. A comparison of the two cases indicates
that the CVA effect produces greater variation during
maximum flood periods in the inner and middle regions of
Deep Bay. This result is because the maximum flood period
shown in Fig. 10 is at a later stage in the CVA process.
Apart from the CVA effect on maximum flood periods,
temporal accumulation effects may also affect sediment
spatial distribution due to the continuous correction with
the latest velocity measurements.

4 Conclusions

A three-dimensional hydrodynamic and sediment transport
model for Deep Bay has been established based on a finite
volume, unstructured-grid, coastal ocean model. The model
has been well calibrated and validated against field mea-
surements and provides a good representation of flow cir-
culations and sediments dynamic in this tide-dominated
bay. The model is an important tool that enables further
study of long-term sediment transport activities and related
environmental issues in Deep Bay.

Because no numerical model provides perfect predic-
tions, additional improvements to the accuracy of the
Deep Bay model were achieved using a data assimilation
technique. The experiments conducted in this study
assimilated the measured three-dimensional current
velocity profiles into the model. The widely used optimal
interpolation method in oceanic data assimilation was
implemented in this study in which both the horizontal
and vertical error correlations were considered. The
model predictions of flow velocity with measured data
assimilated into the model are closer to reality in the
vicinities of the measurement stations. The performance
of assimilation shows improvements in the root-mean-
square errors and average cosine correlations of simulated
current velocity by at least 9.1 % and 10.3 %, respec-
tively. In addition, nearby simulated flow velocities were
found to more accurately represent the dynamics, indi-
cating the effectiveness of the spatial error covariance
model used in the assimilation.

It is believed that current velocity assimilation has a
large potential to improve the modeling accuracy of coastal
sediment movements because currents dominate sediment
dynamics in coastal waters. The results demonstrated that
the assimilation also improved the prediction accuracy of
three-dimensional sediment transport. The root-mean-
square error for the simulated sediment concentration from
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the model with CVA was decreased by more than 7 %. A
reasonable enhancement in the vertical and spatial distri-
butions of sediment concentrations was demonstrated from
the simulation results from the model with CVA. The
numerical results also showed a modification of the bottom
shear stresses following the correction in the current
velocities within the bottom boundary layer due to the
assimilation of actual measured current velocities. This
modification may be the cause of the improved sediment
concentration prediction because of the changes caused to
vertical sediment erosion and deposition fluxes.

However, in this study, the velocity assimilation effect
on sediment prediction was only observed over limited
areas near the measurement locations. This finding may be
related to the sparse in situ measurement coving the large
model area. Many more current measurements should be
collected to enable an in-depth investigation and possibly a
better outcome. It is important to note that optimal inter-
polation is limited to the calculation of time-invariant
forecast error covariance. Other data assimilation methods,
e.g., the ensemble optimal interpolation and ensemble
Kalman filter, may be useful alternatives and increase the
scientific perspective as a result of building operational
data assimilation systems. Future work could also cover
simultaneous assimilation of both current and sediment
concentration measurements. Particular focus could be on
the assimilation of suspended sediments derived from
remote sensing images into three-dimensional hydrody-
namic and sediment transport models. As a result, sediment
dynamics in coastal and marine waters could be better
determined and understood.
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