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A hydrodynamic simulation for the circulation and transport in coastal watersheds

N. Zhang a,⇑, Z.C. Zheng b, Saikiran Yadagiri a

a Department of Engineering, McNeese State University, Lake Charles, LA 70609, United States
b Department of Aerospace Engineering, University of Kansas, Lawrence, KS 66045, United States

a r t i c l e i n f o

Article history:
Received 24 June 2010
Received in revised form 8 March 2011
Accepted 9 March 2011
Available online 23 March 2011

Keywords:
Circulation
Transport
Hydrodynamic simulation
Depth-averaged model

a b s t r a c t

A depth-averaged equation set is solved to simulate two Gulf of Mexico Coastal water-system circulations,
Calcasieu Lake (Louisiana) and Mobile Bay (Alabama). A semi-implicit algorithm with an alternating-
direction-implicit technique is employed to perform numerical computations on a staggered Cartesian
grid mesh that covers the targeted areas. The simulation results include effects from the major rivers
around the water systems. Time histories of simulated water-surface elevations are compared to the mea-
surement data and the good agreements prove the accuracy of the results. Flow patterns and elevation
contours are compared during flood and ebb tides. Velocity vectors and particle tracers are used to indicate
the flow patterns and related transport of the circulations. The results also show the effects of geometry on
flow and flow-related transport.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The watersheds in the northern Gulf Coast between east Texas
and west Florida have significant environmental importance. Some
of those watersheds are the major water sources of the surround-
ing wetlands, thus are critical to the health of those wetlands.
Northern Gulf Coast is also a heavily industrial area, and those
watersheds often serve as water pathways for transporting the
materials and products for the industry. Understanding the circula-
tions and sedimentations will also contribute to the safety of nav-
igation. Two typical watersheds have been chosen to study in this
research, and they are Calcasieu Lake and Mobile Bay. They are
both downstream of a heavily industrial city and port, Lake Charles
and Mobile, respectively. The shapes of the two watersheds are
similar and both have a ship channel connecting the city to the
Gulf of Mexico. However, one of the major differences is their exit
geometries. This causes differences in circulation and particulate
transport patterns in these two watersheds.

Calcasieu Lake is a shallow water lake located in the middle of
the Chenier Plain Wetlands on the northern coast of the Gulf of
Mexico extended from Vamilian Parish of Louisiana to Chambers
County of Texas. It has a surface area of 256 km2 and an average
depth of approximately 1.5 m. Calcasieu Lake is downstream of a
heavily industrial area, the city of Lake Charles, and also the major
water sources to two nearby National Wildlife Refuges (NWR) –
Cameron Prairie NWR and Sabine NWR – that are covered mostly
by coastal wetlands. Therefore, the pollution, nutrient and sedi-

ment transport in Calcasieu Lake is critical to the health of the wet-
lands. The health of the wetlands is not only necessary for the
preservation and continued survival and growth of vegetative,
aquatic and migratory (fowl and land-animals) species, but also
for the related productive use and enjoyment of these marsh areas
by the human populations in the nearby coastal urban and rural
areas. Because of the deterioration and reduction of the wetlands
and the alternations of the topologies, some inland cities are
becoming more and more vulnerable to the ocean current and
flood, and becoming coastal cities [1]. In addition, there are exces-
sive sedimentations in the Calcasieu Ship Channel that runs
through the lake. The average depth of the ship channel is designed
to be 12 m. However, in some sections of the ship channel, exces-
sive sedimentations result in much shallower water depth that will
eventually lead to navigation safety problems. These excessive sed-
imentations are possibly due to the hydrodynamics and circula-
tions of the lake water, and thus a thorough investigation is
imperative.

Mobile Bay is located east of the Chenier Plain, a semi-enclosed
basin also on the northern coast of the Gulf of Mexico. It is a com-
bination of the drowned river valley and bar-built estuarine types.
It has a surface area of 984 km2 and an average depth of approxi-
mately 3 m. It drains a watershed of 11.3 � 104 km2 and is the ter-
minus of the Mobile River system, which has the sixth largest
discharge on the North American continent [2]. However, there
has not been a comprehensive, large-scale hydrodynamic model
that can be used in Mobile Bay to simulate the bay estuary. The
only recent work pertinent to the Mobile Bay modeling is by Araya
et al. [3]. Detailed study of that model is yet to be seen.

The numerical simulation presented in this paper can be very
valuable because as the hydrodynamics is better defined, the
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sensitivity of coastal circulations (resulting from tidal currents and
freshwater inputs, including stormwater runoff) can be evaluated.
Possible additions of water quality components to the model, such
as nutrient and sediment loading from river inputs, stormwater
and wastewater treatment facilities, can greatly improve our
understanding of sediment transport (with dredging implications),
oxygen depletion (with fisheries implications), and possibly path-
ogen transport (with public health implications).

The current computational model is based on Spall [4], which is
modified from Casulli’s [5,6] algorithm. The two-dimensional shal-
low water equations were solved using a semi-implicit algorithm
with an alternating-direction-implicit (ADI) technique. A blended
first- and second-order upwind approximation was employed for
convection terms. Staggered grids have been used in these
methods.

Both curvilinear and Cartesian coordinate systems were used in
shallow-water simulations. The curvilinear coordinate system was
used in several recent simulations [7–11]. Simulations of similar
watersheds using the Cartesian coordinate system includes Gross
et al. who conducted the Eulerian type of salinity transport simu-
lation for South San Fransico Bay [12]. Liang and Borthwick applied
an immersed-boundary type of method to treat curved or irregular
boundaries in Cartesian grid shallow flow models [13]. None of
these studies used Lagrangian particle tracers to investigate the
particle transport.

Since the targeted simulation areas can be efficiently covered by
a rectangular Cartesian domain, there are not many grid points
wasted outside the areas, contrary to the Sloan river case in [4].
In addition, using the Cartesian approach is easier to implement
grid-nesting techniques for subsequent research, enabling a more
rigorous grid-resolution convergence check and computational
scheme stability analysis. This is because the grid convergence is
usually checked by reducing the grid size (and thus increasing
the grid number). The grid size reduction can be achieved in a more
controlled way for a structured grid than for an unstructured grid
because of the orderly arrangement of the structured grid. Simi-
larly, the computational stability condition that determines the

size of the time step depends on the grid size, as shown later.
A structured grid mesh, in this case a Cartesian grid mesh, gives
a definitive criterion of the time step based on the definitive grid
size at each grid. Therefore, in this paper, the Cartesian grid results
are presented.

Figs. 1 and 2 are the water depth contours of Calcasieu Lake and
Mobile Bay from the bathymetric data from NGLI [14] mapped to
the computational grids. An earlier version of the Mobile Bay study
[15] was based on an old version of the bathymetric data from
NOAA published in 1998 [16]. The major differences between the
two data sets are in the shapes of Dauphine Island at the entrance
of Mobile Bay. The rectangular frame is the indication of the actual
computational domain. The unit of the numbers on the color bar is
meter. For Calcasieu Lake, the lake water and ocean water ex-
change through a narrow water passage in the south of the lake,
named Calcasieu Pass. In Fig. 1b, the depth of Calcasieu Ship Chan-
nel is not included in the data. Therefore, a 12m-deep ship channel
is manually added using software DigXY conforming with the ac-
tual geometry of the channel, and mapped into the computational
grids, as shown in Fig. 1a. In Fig. 2, the main ship channel of the
Mobile Bay (the dashed depth line) is resolved by the grids. A small
island near the mid-bay area, Gaillard Island, is also included,
while in [15] it was not due to the resolution of the NOAA data
[16], although its effects on the overall circulation were minimal.

The simulation results include effects from Calcasieu River on
the north of Calcasieu Lake, and the four major rivers around the
Mobile Bay area: Mobile River, Tensaw River, Blakeley River and
Dog River, as indicated in Fig. 2. Flow patterns and elevation con-
tours are shown during flood and ebb tides. In Calcasieu Lake sim-
ulation, a set of ocean-surface elevation data from NOAA [17] was
used as the outflow boundary conditions. For Mobile Bay simula-
tion, a sinusoidal tide model has been used at the outflow due to
the lack of actual measurement data. Velocity vectors and particle
tracers are used to indicate the flow patterns and related transport
of the circulations. To the authors’ knowledge, this study is the first
that the flow and mass transports in these two areas have been
analyzed and compared in such a detailed level.

Fig. 1. Water depth and computational domain of Calcasieu Lake (unit in meters). (a) With Calcasieu Ship Channel, (b) without Calcasieu Ship Channel.
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2. Computational model

The current computational method is based on [4], which is
modified from Casulli’s [5] algorithm. The two-dimensional
shallow water equations to be solved have the form
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þ u

@u
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þ v @u
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� cu
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where u(x,y, t) and v(x,y, t) are the depth-averaged velocity compo-
nents in the x and y directions, respectively, z(x,y, t) is the water-
surface elevation measured from the undisturbed water surface,
h(x,y) is the water depth also measured from the undisturbed water
surface, g is the constant gravitational acceleration, and c is the bot-
tom friction coefficient given by

c ¼ g
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ v2
p

C2
z H

; ð2Þ

where H(x,y, t) = h(x,y) + z(x,y, t) is the total water depth, and Cz is
the Chezy friction coefficient. The value of the Chezy number is cal-
culated from the expression as in [18]:

Cz ¼
/
n

R1=6; ð3Þ

where / is a unit conversion coefficient which equals 1.0 if the SI
units are used, n is a coefficient based on the channel character,
and R is the average depth. For Mobile Bay, we chose n = 0.015 for
a mud bed and the average depth is R = 3 m. The resultant Chezy
number is 80. For Calcasieu Lake, the value is calculated as 71.3.

In Eq. (1), the vertical shear stress effects are represented by the
bottom friction terms. Another part of the vertical shear stress
effects that are caused by the surface wind shear is neglected. This
is because the Calcasieu Lake area and the Mobile area are rela-
tively calm areas shown from the wind statistics data from
www.windfinder.com. The average wind speed in the Calcasieu
Lake area is 9 mph(4 m/s), and the chance of wind is 24%. The aver-
age wind speed in the Mobile area is 8 mph(3.5 m/s), and the
chance of wind is 16%. So in the majority of time, it is very calm
in both areas. Our results agree well with the actual measurement
data in Calcasieu Lake for May 2009 when there is no major storm,
which indicates that the wind effect is negligible for simulating
these areas under their regular weather conditions. The horizontal
shear stress effects are also neglected because they are small in
comparison with the vertical shear stress effects. Coriolis forces
are not considered in this model, although the Rossby Number in
the cases studied here are in the range of 0.1–0.5. In this range of
the Rossby number, it is on the borderline that the Coriolis force
would be considered. For that reason, we implemented the Coriolis
forces term in one of the study cases, and the results, however, only
had negligible differences from those without the Coriolis force
effect. Therefore, Coriolis forces are neglected in this study.

Casulli [5] proposed a semi-implicit algorithm to solve Eq. (1).
By substituting the two discretized momentum equations into
the surface elevation equation, a pentadiagonal system for z can
be obtained which is diagonally dominant and positive definite.
The performance of this method is further improved when an
ADI technique is combined: at the first half time step, the u-equa-
tion is substituted into the z-equation; at the second half time step,
the v-equation is substituted into the z-equation. Such a procedure
results in two sets of simpler, linear tri-diagonal systems which
can be efficiently solved. These two equation sets for the simula-
tion cases presented in this paper can be expressed as:

(1) Mobile River

(2) Tensaw River

(3) Blakeley River

(4) Dog River

Fig. 2. Water depth and computational domain of Mobile Bay (unit in meters).
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In the above expressions, the indexes i, j and k denote the dis-
cretized points on the x, y and t coordinates, respectively. The
appearances of the half steps in the spatial indexes (i and j) are
due to the staggered grid mesh used in the computation which will
be explained later. The operator, F, is an explicit difference operator
for convective terms. Its format will also be discussed later.
The two water elevation equations in the two steps are both
symmetrically tri-diagonal, and diagonally dominant with positive
elements on the main diagonal and negative ones elsewhere.
Therefore they have unique solutions which can easily be
determined by a direct method. Once the elevation values are
determined, the new values of u and v velocities can be easily
evaluated explicitly by using the discretized momentum equations
in the two steps.

An Eulerian–Lagrangian approach for calculating convection
terms was discussed in [5] which allowed large time steps. In [4],
a blended first- and second-order upwind approximation was em-
ployed and used in the simulation here. The major advantage of the
Eulerian–Lagrangian approach is in the numerical stability require-
ment for the time step, Dt. With the Eulerian–Lagrangian
approach, the scheme is unconditionally stable. The restrictions
on the time step are thus only from the consistency requirement.
For the first-order upwind scheme, Casulli [5] has proved, using
the von Neumann stability analysis, that the stability condition is

Dt 6
juj
Dx
þ jv j

Dy

� ��1

: ð6Þ

However, because of the fast convergence we observed in the stea-
dy-state simulations, the stability condition, Eq. (6), does not seem
to be restrictive, and therefore the upwind scheme was chosen for
the simulations presented in this paper.

Staggered grids have been used in these methods where each
cell is numbered at its center with indices i and j. The discrete u
velocity is then defined at half integer i and integer j;v is defined
at integer i and half integer j, and z is defined at integer i and inte-
ger j. Simple two-point averages from closest scalar grid points are
also used to obtain all the required values on the staggered grid
points. Therefore the scheme is second-order accurate in space at
its best, even with higher-order accurate convection terms. As dis-
cussed previously, the grid mesh is a rectangular Cartesian mesh.

A mechanism to automatically identify wetting and drying of
computational cells was implemented [4,6,19]. This simplifies the
computer algorithm in that the surface elevation equation can be
applied to all points throughout the domain. The presence of is-
lands and other permanently dry areas as well as tidal flats can
be accounted for appropriately and automatically. The implemen-
tation is based on the fact that a negative value for the total depth,
H, is physically meaningless. Therefore in the computation, H is de-
fined as

H ¼ maxð0; hþ zÞ: ð7Þ

A resulting zero value of the total depth H causes the respective fric-
tion factor c (defined in Eq. (2)) to be infinity. Accordingly, the cor-
responding velocity u or v is forced to vanish.

The Dirichlet-type boundary conditions are specified at the inlet
boundary for velocities. On the dry cells zero velocities are speci-
fied, and on the wet cells the inflow velocity values are calculated
based on the river flow data of the Calcasieu River in the north of
Calcasieu Lake, and four major rivers around Mobile Bay. At the
outlet boundary, the boundary conditions are

@

@n
ðHunÞ ¼ 0; ð8Þ

and

@us

@s
¼ 0; ð9Þ

where n and s are the normal and tangential directions of the out-
flow boundary, respectively. The water elevation boundary condi-
tions are obtained by linear extrapolation from the water
elevations at the interior nodes, except at the outlet where the tidal
elevations are specified.

3. Results discussion

In both Calcasieu Lake and Mobile Bay simulations, the coast-
line and water depth data were extracted from the geographical
data system produced by NGLI [14]. A minimum-distance criterion
was used as a search algorithm to obtain the depth data on the grid
points. Such an algorithm resulted in a ‘‘saw-tooth’’ type boundary
grids. As in the discussions of the error issues related with the
‘‘saw-tooth’’ type grids in [20], the effects of the errors are re-
stricted to local areas adjacent to the boundaries. When these
small regions are of interest, nested grids [21] will be used for
these regions in the future research. Therefore, for the purpose of
considering the overall circulation, the errors are negligible.

3.1. Calcasieu Lake

The computational domain described in Fig. 1 is between lati-
tudes 29.710 to 30.123, and longitudes �93.445 to �93.207, which
is a 25.8 km by 44.8 km rectangular domain. The grid number is
100 by 174, with Dx = 260.648 m and Dy = 258.831 m. A finer grid
mesh with double the number of grids in each dimension was
tested, and no significant changes were shown in the steady-state
results, which justified the existence of a grid-independent solu-
tion with the current grid resolution. A steady-state solution was
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first obtained with an average tide height of 0.189 m. Average in-
flow for Calcasieu River is 178 m3/s. The river inflow data used in
this paper are from [22]. The time step used in the steady-state
solution can reach as large as 290 s to satisfy the stability require-
ment in Eq. (6). The converged solution, which required the veloc-
ity and outflow to become steady (converged to less than 10�4) and
inflow and outflow to be balanced (less than 0.3% difference), was
reached after about 1000 time steps. In the unsteady simulation, a
more conservative time step of 60 s was set for the Calcasieu Lake
case to obtain time accuracy of the solution as well as to satisfy the
stability condition.

The unsteady ocean tidal conditions of Gulf of Mexico was
implemented in the unsteady simulations of the Calcasieu Lake cir-
culation. A set of ocean-surface elevation data from NOAA [17] is
available, thus used as the outlet boundary condition of the simu-
lation. The time interval of two consecutive time series data sets is
6 min. The period covered by the data is from May 1st to May 31st
2009. The corresponding changes of the water-surface elevation
inside Calcasieu Lake were monitored and recorded during the
simulation. The actual water-surface elevations were also
measured inside the lake by SW LA NWR Complex C-21 Hwy 384

Station located at the northeast corner of the lake [23]. Therefore,
the simulation results at the same location can be compared with
the measurement data to validate the accuracy of the simulation.
Fig. 3 is the comparison, where (a) is for the first 15 days and (b)
is for the next 15 days of the month. In this figure, the actual ocean
elevation curve is also included. The simulation predictions match
very well with the measurement, particularly in the oscillatory un-
steady behavior. This agreement thus validates the accuracy of the
unsteady simulation. The periods of both simulation results and
measurement data show a little delay comparing with the ocean ti-
dal period, which is due to the time delay for the tidal waves to tra-
vel from ocean to the lake.

Another interesting observation from Fig. 3 is that the oscillat-
ing magnitude of the lake wave is not much smaller than that of
the ocean tidal wave. It indicates that the influence from Gulf of
Mexico is great, and that the shallow lake and surrounding wet-
lands do not have significant effect on avoiding the ocean flood
and protecting the relative inland cities, such as Lake Charles. This
may explain the reason of severe floods caused by recent hurri-
canes. The reason is that the deepening and widening ship channel
allows ocean water to flow more freely into the lake, making the
lake behave more ‘‘ocean-like’’.

The effect of Calcasieu Ship Channel on lake hydrodynamics is
then investigated. A case using original geometric data without
the ship channel is simulated using the same ocean elevation data.
The result is compared to the result with ship channel, and plotted
in Fig. 4. It is clear that without the ship channel, less oscillation of
the water-surface elevation can be founded although the average
water level is higher than that with ship channel. The lower oscil-
lation can be beneficial when an event such as a storm surge
caused by a hurricane occurs: the water level in the lake will not
rise as high. Without the ship channel, the fact that the response
of water level change in the lake is not sensitive to the ocean level
change enables Calcasieu Lake act as a buffer between the ocean
and the inland cities.

Fig. 5 is the water-surface elevation contours at low tide and
high tide in the lake, comparing cases with and without ship chan-
nel. It needs to be noted that at high tide in the lake, the lake ele-
vation is higher than the ocean elevation due to the delay, and vice
versa. Sensitive response of lake water level to ocean water level
can also be observed for the case with the ship channel. In addition,
the response is greater in the northeast side of the lake, where the
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Fig. 3. Water-surface elevation history comparison to measurement data for
Calcasieu Lake case. (a) May 1–15, 2009, (b) May 15–30, 2009.
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water-surface elevation is lower than the rest of the lake at low
tide and is higher at high tide. The velocity vectors and the instan-
taneous streamlines (the solid line) at low tide and high tide in the
lake are plotted in Fig. 6, for the case with ship channel. The
streamlines show the paths of water from Calcasieu River at two
tidal conditions. The hydrodynamics of the lake is revealed in the
figure. When it is low tide in the lake, ocean water flows into the

lake through the ship channel through the Calcasieu Pass. Fresh
water input from the Calcasieu River is stopped at the entrance
of the Calcasieu Pass, which causes complex flow structures and
circulations. This is also evidenced by the streamline which is
stopped near the entrance of the Calcasieu Pass. On the contrary,
when it is high tide in the lake, lake water flows out and the flow
structure is less complicated. The streamline started from

Fig. 5. Water-surface elevation contour comparison for Calcasieu Lake case (unit in meters). (a) With Calcasieu Ship Channel, low tide in the lake, (b) with Calcasieu Ship
Channel, high tide in the lake, (c) without Calcasieu Ship Channel, low tide in the lake, (d) without Calcasieu Ship Channel, high tide in the lake.
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Calcasieu River shows a different path comparing to that at low
tide in the lake. In both tidal conditions, the flow near the Calcasieu
Pass is much stronger than anywhere else in the lake.

Streamlines in Fig. 6 show the instantaneous paths at particular
moments, but are unable to show particle trajectories in a period of
time. Particle tracers for the Calcasieu Lake case for the first 10-day
period of May 2009 are plotted in Fig. 7. These particle tracers are
for non-reactive, non-diffusive particles that passively follow the
flow. In this paper, the particle tracking has been done by a flow
visualization commercial software. The transient particle path
has been calculated using the particle path integration scheme
for unsteady data which includes convection due to the veloicty
field. The particle position at a new time step is calculated by the
velocity field at that time and the previous particle position and
velocity. The scheme is a fourth-order implicit multi-step scheme
[24]. The start-up procedure for this scheme is third-order, so is
the global error. Four particles are evenly placed along the Calca-
sieu Ship Channel to track the transport of the particles that can
be used as representations of pollutants or sediments. The dots
in Fig. 7 indicate the original locations of the four tracer particles.
The particles were released at the beginning of the simulation time
period which is May 1st. The color of the particle path line indi-
cates the time in seconds. From Fig. 7, it is clear that the trajecto-
ries of the upstream particles differ greatly from those of the
particles in the downstream. All particles follow a wavy path due
to the tidal motion from the ocean. The upstream particles struggle
to flow south, because the flow is very slow in the area which is
shown in Fig. 6. The downstream particles flow fast and race to
the ocean although the path is more complicated than the up-
stream particles. The complicated trajectories are indicated by
the complex flow pattern near the exit of the lake due to the ocean

tide. The downstream particles have faster speed, indicating a fast
removal rate of pollutants or sediments. According to the simula-
tion, it takes about 2 days for the downstream particle to enter
the ocean, and about 7 days for the second particle from the bot-
tom. The results also indicate that the upstream ship channel has
more sedimentation and pollution concentrations than the down-
stream of the channel, which conforms with the actual situation.
About 4 millions cubic yard of sediments were removed every
two years in the ship channel above the Calcasieu Pass, and very
few sediments were observed in the Calcasieu Pass which is at
the downstream of the ship channel [25].

3.2. Mobile bay

The computational domain of Mobile Bay described in Fig. 2 is
between latitudes 30.708 and 30.099, and longitudes �88.162
and �87.697, which is a 50 km by 65 km rectangular domain.
The grid number is 140 by 188, with Dx = 360.112 m and
Dy = 347.59 m. The grid-independence check was also performed
to ensure a grid-independent solution with the current grid resolu-
tion. A steady-state solution was first obtained with an average
tide height of 0.189 m. Average inflow for Mobile River, Tensaw
River, Blakeley River and Dog River are 1807 m3/s, 416 m3/s,
142 m3/s and 0.631 m3/s, respectively. Since the average flow rate
of Dog River is very small, it is assumed zero as far as average flow
rate is concerned. The effects of Dog flow were tested when the
flow rate was at its maximum of 144 m3/s. The results, in compar-
ison with the simulation results of zero inflow rate of Dog River,
showed that there were no significant effects, at least within its
maximum inflow rate. The river inflow data used in this paper
are from [3] which were based on the US Geological Survey from

(a) (b)

Fig. 6. Velocity vectors and streamlines for Calcasieu Lake case. (a) Low tide in the lake, (b) high tide in the lake.
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US Department of Interior. The time step used in the steady-state
solution can reach as large as 418 s to satisfy the stability require-
ment in Eq. (6). The converged solution was reached after 1200
time steps. The steady-state simulation result is shown in Fig. 8
for the velocity vectors and streamlines.

The tide equation is assumed to have the format of a sinusoidal
wave,

zðtÞ ¼ 0:189þ 0:275 sinð2pt=TÞ; ð10Þ

where the unit of z is meter, and the period T is 24 h. These data are
based on the National Ocean Service observation data at the Fort
Gaines station in Dauphin Island, AL. The tidal simulation cases
started at time zero, using the steady-state solution with the aver-
age elevation as the initial solution. The minimum time step in the
unsteady cases was calculated to be about 100 s, according to Eq.
(6) for the current grid size. A more conservative value of 40 s for
the time step was used for all the unsteady computation to obtain
time accuracy of the solutions as well as to satisfy the stability
condition.

Fig. 9a is the velocity vectors and the instantaneous streamlines
at the trough of the ebb, when the tide is at the lowest point with
tide height of �0.086 m, and Fig. 9b is the water elevation (for the
quantity of z(x,y, t)) contours for the same case. The high velocity
and high elevation-gradient regions at the upper side of the figures
represent the average inflow effects from the three rivers: Mobile

River, Tensaw River and Blakeley River. The average inflow of
Dog River is zero in this case, as stated previously. The high
velocity and high elevation-gradient area at the lower portion near
Dauphine Island is where the main pass of the ship channel is
located. It can be seen that most outflow of Mobile Bay is going
out through the main pass during the ebb. The instantaneous
streamline pattern indicates that the transport is facilitated all
the way from the river inflow to the main pass.

Fig. 10a and b are for the high tide case when the tide is at its
peak point of 0.464 m. Other conditions are the same as those in
the ebb case. Again, the high velocity and high elevation-gradient
region is at the main pass. The difference is at this time, the veloc-
ity is inward to the bay area. The transport is from the ocean to in-
side the bay. At the top of Fig. 10a, it shows that some of the inflow
from Mobile River may go to Blakeley River because of the high
tide effects, which causes negative flow rate at the Blakeley River
site. Such a phenomenon is actually compatible with some mea-
sured data [3] which showed reversed inflow in Blakeley River.

Figs. 11 and 12 are particle tracers for the steady-state condi-
tion and the tide condition, respectively. These particle tracers
are the same type of tracers as in Fig. 6. Due to the non-reactive,
non-diffusive characteristics of the particles tracers, the particle
tracer lines in the steady case, Fig. 11, are the same as the stream-
lines in Fig. 8, the fact that validates the particle tracer algorithm
used here. It can be seen that for the same particle to be trans-
ported out of Mobile bay starting from dumping in the rivers such
as Mobile River, a time period of 15 days (after 15 periods of sim-
ulations of the ebbs and high tides in Eq. (10)) is required for the
steady-state case, while a period of 12 days is required for the tide
case. This means that the tide condition helps the transport of
contaminants out of Mobile Bay, although the particles have to
follow a wavy path due to the tidal motion from the ocean.
Another important fact shown by the particle tracer lines is that

Fig. 7. Particle tracers in Calcasieu Lake during a 10-day period from May 1 to May
10, 2009.

Fig. 8. Velocity vectors and streamlines for the steady-state condition of Mobile
Bay.
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Fig. 9. Flow and elevation at the trough of the ebb for Mobile Bay case. (a) Velocity vectors and streamlines, (b) elevation contours (unit in meters).

Fig. 10. Flow and elevation at the peak of the high tide for Mobile Bay case. (a) Velocity vectors and streamlines, (b) elevation contours (unit in meters).
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the dumped contaminants near Mobile River and Tensaw River
(near particle liners at the center of Mobile Bay) are much easier
to be transported out of Mobile Bay than those from Blakeley
River which is close to the side boundary of the bay with rela-
tively low flow rate. The transport of the particles originated from
Dog River would be insignificant because of its almost zero flow
rate.

Interesting differences can be found when comparing the parti-
cle paths of Calcasieu Lake to those of Mobile Bay. The path is less
complicated in Mobile Bay than Calcasieu Lake. The possible rea-
son could be the geometric difference of the two water system.
The shapes of both system are similar but the exit area. Mobile
Bay is relatively open to the Gulf of Mexico while Calcasieu Lake
exits to the ocean through a narrow Calcasieu Pass. The narrow exit
causes (1) faster flow, (2) more complex flow near the exit, and (3)
less water flowing into and out of the lake comparing to the open
exit of Mobile Bay. Faster flow results faster removal of particles
downstream of the channel. The more complex flow pattern leads
to more complex trajectories of particles near the exit. And less
water flow causes the stagnant upstream particle paths.

4. Conclusions

The hydrodynamic model presented in the paper has provided a
tool to simulate Calcasieu Lake and Mobile Bay circulations using a
robust numerical scheme on a Cartesian grid mesh. This numerical
model can accommodate complicated geometric features around
the two water systems. Transport properties and water elevations
have been simulated that include influences from the major rivers
and unsteady tide motions. The results are compared to the mea-
surement data, and the good agreement shows the accuracy of
the simulations. The geometric effects on the hydrodynamics and
transport have been shown. In Calcasieu Lake, the presence of
the ship channel leads to the increase of water exchange between
the ocean and the lake, and causes a sensitive response of lake
water level to the change of ocean water level. The narrow exit
passage leads to complex flow patterns when ocean water flowing
into the lake. Using passive particle tracers following the flow, it
can be shown that the trajectories of particles at the upstream
and downstream of the ship channel are very different. Overall, it
takes very long time for upstream particles to flow out of the lake,
resulting in excessive sedimentation in the ship channel. In Mobile
Bay, the high tide and ebb cases have shown the effects of tides on
the Mobile Bay circulation and transport. Using passive particle
tracers, it can be shown that the period for particles to be trans-
ported out of Mobile Bay depends on the tide conditions. A typical
period is about two weeks for a particle to pass through the bay to
the ocean starting from the river area at the top of Mobile Bay.
Regions near Mobile River and Tensaw Rive have better transport
rates than the regions close to side boundaries in the bay. In
addition, the trajectories of particles in Calcasieu Lake and Mobile
Bay differ significantly due to different exit geometries of the two
systems. This simulation tool and its results can be used to study
the scenario of sedimentation and pollution in the investigated
areas, and can possibly be extended to other similarly structured
shallow-water areas.
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Fig. 11. Particle tracers for the steady-state condition of Mobile Bay during a 15-
day period.

Fig. 12. Particle tracers for the tide condition of Mobile Bay during a 12-day period.

N. Zhang et al. / Computers & Fluids 47 (2011) 178–188 187

au
tho

r's
 pe

rso
na

l c
op

y



Author's personal copy

References

[1] Coins B. If nothing changes: Southwest Louisiana doesn’t just have to learn
about its Chenier Plains. It must get very active if it wants to keep them.
Lagniappe December 4; 2008.

[2] Schroeder WW, Wiseman WJ. The Mobile Bay estuary: stratification, oxygen
depletion, and jubilees. In: Kjerfve B, editor. Hydrodynamics of estuaries. Boca
Raton (FL): CRC Press, Inc.; 1988.

[3] Araya MV, Jin KR, April GC. Adaptation of a state-of-the-art 3-D hydrodynamic
models to Mobile Bay and surrounding coastal areas. In: Proceedings of the
1999 heat transfer and fluid mechanics institute. Stanford University Press;
1999.

[4] Spall RE, Addley C, Hardy T. Numerical analysis of large, gravel-bed rivers using
the depth-averaged equations of motion. In: Proceedings of ASME FEDSM’01,
FEDSM2001-18169; 2001.

[5] Casulli V. Semi-implicit finite difference methods for the two-dimensional
shallow water equations. J Comput Phys 1990;86:56–74.

[6] Casulli V, Cheng R. Semi-implicit finite difference methods for three-
dimensional shallow water flow. Int J Numer Methods Fluids 1992;15:629–48.

[7] Marian M, Meselhe EA, Weber L, Bradley AA. Coupled physical-numerical
analysis of flows in natural waterways. J Hydr Res 2001;39:51–60.

[8] Pan C, Dai S, Chen S. Numerical simulation for 2D shallow water equations by
using Godunov-type scheme with unstructured mesh. J Hydrodynam Ser B
2006;18:475–80.

[9] Bai Y, Dong X, Lu D. Numerical simulation of two-dimensional dam-break
flows in curved channels. J Hydrodynam Ser B 2007;19:726–35.

[10] Denlinger RP, O’Connell DRH. Computing nonhydrostatic shallow-water flow
over steep terrain. J Hydr Eng 2008;134:1590–602.

[11] Liang Q, Borthwick AGL. Adaptive quadtree simulation of shallow flows with
wet-dry fronts over complex topography. Comput Fluids 2009;38:221–34.

[12] Gross ES, Koseff JR, Monismith SG. Evaluation of advective schemes for
estuarine salinity simulations. J Hydr Eng 1999;125:32–46.

[13] Liang Q, Borthwick AGL. Simple treatment of non-aligned boundaries in a
Cartesian grid shallow flow model. J Numer Methods Fluids
2008;56:2091–110.

[14] Northern Gulf of Mexico Littoral Initiative. Three arc-second bathymetry/
topography. <http://www.navo.navy.mil/NGLI/historical_static/bathymetry_
topography/ngli_map_bathy_topo.htm>.

[15] Zheng ZC, Zhang N. A hydrodynamic simulation for Mobile Bay circulation. In:
Proceedings of 2002 international mechanical engineering congress &
exposition, IMECE2002-32350; 2002.

[16] NOAA. Geophysical data system for hydrographic survey data. National
Geophysical Data Center, National Ocean Services, NOAA, 9/04/98, vols. 1
and 2; 1998.

[17] Center for operational oceanographic products and services, NOAA. <http://
tidesandcurrent.noaa.gov>.

[18] French RH. Open-channel hydraulics. New York (NY): McGraw Hill; 1985.
[19] Balzano A. Evaluation of methods for numerical simulation of wetting and

drying in shallow water flow models. Coast Eng 1998;34:83–107.
[20] Lin W, Carlson K, Cheng CJ. Diagonal Cartesian method for numerical

simulation of incompressible flows over complex boundaries. Numer Heat
Transfer Part B 1998;33:181–213.

[21] Ramsey JS, Aubrey DG. Nested three-dimensional hydrodynamic modeling of
the Delaware estuary: estuarine and coastal modeling. In: Spaulding ML,
Cheng RT, editors. Proceedings of the 4th international conference, San Diego,
CA. New York (NY): ASCE; 1995.

[22] Resource database for gulf of Mexico research. <http://www.GulfBase.org>.
[23] Southwest Louisiana National Wildlife Refuge Complex, CS-21 Hwy 38 Station.

<http://www.isi-data.com>.
[24] Darmofal DL, Haimes R. An analysis of 3D particle path integration algorithms.

J Comput Phys 1996;123:182–95.
[25] US Army Corps of Engineers New Orleans District. Shoaling Report (2009)

Calcasieu river and pass. Louisiana dredged material management plan phase
II.

188 N. Zhang et al. / Computers & Fluids 47 (2011) 178–188

au
tho

r's
 pe

rso
na

l c
op

y




