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ABSTRACT 
 
 
 

Extended Three-Dimensional ADCIRC Hydrodynamic Model  

to Include Baroclinic Flow and Sediment Transport. (May 2004) 

Wahyu Widodo Pandoe, B.S., Institut Teknologi Bandung;  

M.S., Texas A&M University 

Chair of Advisory Committee: Dr. Billy L. Edge  

 
 
 

The objective of this research is to identify the circulation patterns of the water and 

sediment fluxes in coastal and estuarine zones, where the shoaling processes correlate 

with tide generating flow patterns. The research provides a better understanding of the 

characteristics of spatial and temporal variability of currents. 

An important deviation from previous research is the inclusion of the baroclinic 

term, which becomes very important in density driven flows. The understanding of this 

process provides a basis for determining how the water circulation three-dimensionally 

controls the hydrodynamics of the system and ultimately transports the suspended and 

soluble materials due to combined currents and waves. 

A three-dimensional circulation model is used to calculate the water circulation. The 

model is based on the three-dimensional (3D) version of Advanced Circulation (AD-

CIRC) Hydrodynamic Model with extending the Sediment Transport module. The model 

is based on the finite element method on unstructured grids. The output of the hydrody-

namic model is used to estimate spatial and temporal advections, dispersions and bottom 

shear stress for the erosion, suspension, deposition and transport of sediment. 

The model development includes extending the existing three-dimensional (3D) 

ADCIRC Model with (1) baroclinic forcing term and (2) transport module of suspended 

and soluble materials. The transport module covers the erosion, material suspension and 

deposition processes for both cohesive and non-cohesive type sediments. The inclusion 
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of the baroclinic demonstrates the potential of over or underpredicting the total net 

transport of suspended cohesive sediment under influence of currents.  

The model provides less than 6% error of theoretical mass conservation for eroded, 

suspended and deposited sediment material. The inclusion of the baroclinic term in 

stratified water demonstrates the prevailing longshore sediment transport. It is shown 

that the model has an application to the transport of the cohesive sediments from the 

mouth of the Mississippi River along the north shore of the Gulf of Mexico towards and 

along the Texas coast. The model is also applicable to determine the design erosion 

thickness of a cap for isolating contaminated dredged material and to evaluate the appro-

priate grain size of cap sediments to minimize the erosion. 
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CHAPTER I 

INTRODUCTION 

 

1.1. Background of Study 

Over the past several years, a large number of hydrodynamic numerical models have 

been reported. The basic theme is to provide robust and comprehensive hydrodynamic 

circulation and transport models for use in pursuit of specific, focused engineering and 

scientific investigations. Development of coastal engineering projects, such as coastal 

management, dredging work, coastal protection, ship channel maintenance and 

sustainable coastal development requires a detailed knowledge of the hydrodynamic 

circulation. Some numerical models based on the two- or three-dimensional models have 

been widely developed. 

A 2D (two-dimensional) depth-integrated approach is often considered suitable to 

model hydrodynamic and scalar transport in a non-stratified estuary. The effect of 

vertical variability inherent to a barotropic flow may be parameterized in a transport 

simulation, but the effect of stratification is more complex and not well suited for 

parameterization. Thus, when stratification effects become important in an estuary, the 

depth-integrated model might not fully adequate to perform the model simulation. 

Solving horizontal and vertical velocities three-dimensionally is necessary for 

explaining the variability of the current shear, which may alter the velocity distribution 

vertically. Three-dimensional solution of the hydrodynamic flow can explain the 

relationship between periodic tide and the currents within the area of study (Blain, 1999; 

Bijvelds et al., 1999). This may lead to an explanation of both divergence and 

convergence zones and corresponding depositional area (Gross, et al., 1999; Ribbe and 

Holloway, 2001). 

The main concern for the models is the significant discrepancies between the model  
__________________ 
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and data, especially for long-period run time models. Blumberg et al. (1999) suggested 

the need for accurate and detailed information on boundary conditions. Otherwise, he 

suggests, computed hydrodynamic parameters might be significantly different from the 

actual field condition. Therefore, model calibration is required using available data. In 

order to assess the performance of a numerical model, the results might be validated with 

field measurement and analytical solution. 

The equation of motion shows that water moves in response to differences in 

pressure, which are generated by two factors: water surface slope (barotropic)  and 

horizontal water density differences (baroclinic). The determination of baroclinic flow is 

important since it may cause a convergence zone, where the converging pressure 

gradients drive internal circulation patterns into a common point. A convergence zone 

represents a location where substances tend to remain for a longer period and may 

accumulate, allowing increased concentrations to develop in the water column and in the 

bed. The baroclinic term may also cause dissimilarities between ebb and flood tidal 

currents. The magnitude of bottom stress also related with the baroclinic term associated 

with the vertical current shear. The presence of the baroclinic-forced currents may 

strengthen the existence of the reverse estuarine flow. 

The density field that drives the baroclinic force is determined from the salinity, 

temperature, and suspended sediment concentraton. For three-dimensional domain, the 

depth-integrated baroclinic might not be suitable for explaining the variability of vertical 

current shear, which mostly varies vertically. In the case of density stratification as a 

result of either little tidal action or large fresh-water (river) flow, the flow profile can be 

separated into two portions in the seaward regions of the tidal intrusion: (a) the upper 

part is the fresh water flow to seaward, and (b) the lower part is the saline water 

practically similar to the ocean, so called the ‘salinity wedge’. With the inclusion of the 

baroclinic term in the model development, the existence of salinity wedge may penetrate 

upstream in the river. 

The sediment movement in an estuary depends on the hydrodynamic forcing caused 

by currents, wave, pressure gradient, and on the graviatational forces on a sloping bed. A 

 



3 

general hydrodynamic circulation model may be useful in the development of density 

driven flows that may arise in the case of suspension of high-density materials. The 

shoaling process in a bay is presumed to correlate with the flow pattern around the 

channel driven by tide generating current and wind stress. Sediment conveyed by river 

runoff to the estuary might also be one of the sedimentation sources.  

Long-term stability is an important issue in the dredging works. The capping 

material must be stable against excessive erosion and resuspension. Palermo et al. (1998) 

and Gailani et al. (2001) suggested the implementation of numerical modeling to 

evaluate the erosion potential of the dredging material placement. Combined effects of 

current and wave could potentially cause resuspension and erosion of the mound cap. 

 

1.2.  Purpose of Study 

This research involves the basic development of a three-dimensional model for 

sediment and material transport. The development extends the existing three-

dimensional (3D) hydrodynamic Advanced Circulation (ADCIRC) Model with (1) 

baroclinic forcing term and (2) transport module of suspended and soluble materials. 

The purpose of this research is to implement the coupled hydrodynamic and 

transport numerical model system as a step toward a natural estuary and harbor 

configuration. Several idealized test cases were performed to test the robustness of the 

model. Comparison of the results to the analytical solutions was also assessed to satisfy 

the reliability of the developed transport model. 

 

1.3.  Study Objectives 

The first objective of this research is to understand the characteristics of spatial and 

temporal variability of vertical current shears, which are expected to be associated with 

period of ebb and flood tidal cycles. The understanding of these processes can provide a 

basis for determining how the three-dimensional water circulation controls the 

hydrodynamics of the system.  
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The second objective of this research is to implement and expand the hydrodynamic 

numerical modeling system to accommodate the density driven flows and estimate the 

contribution of the baroclinic term in the three-dimensional ADCIRC hydrodynamic 

model for coastal and estuarine systems. Thirdly, this research is to identify the 

circulation patterns of the water and sediment fluxes in an estuarine zone. Suspended 

materials in the water column are highly related to the hydrodynamic circulation. The 

interface of the salinity wedge or a convergence zone has been shown to be related to the 

presence of deposition of sediment (Van Rijn, 1993; Ippen, 1966; van Ledden, 2003). 

The sediment transport mode is limited to suspended sediment for cohesive and non-

cohesive types. No bed-load transport has been incorporated and formulated in the 

research. The presence of suspended sediment in the water column will also increase the 

bulk density of the suspension. Thus, assessment of the erosion, transport and deposition 

of sediments will be coupled with the inclusion of baroclinic terms. 

 

1.4.  Advanced Circulation (ADCIRC) Hydrodynamic Model 

The model used is the Advanced Circulation Model (ADCIRC) originally developed 

in the early 1990’s (Luettich et al., 1992). ADCIRC is a two and three dimensional finite 

element model used for hydrodynamic circulation problems. The model is based on the 

finite element codes that solve the shallow water equation on unstructured grids. The 

finite element formulation has the advantage of flexibility in resolution over the area 

domain. Fine resolution can be specified locally to meet the accuracy requirements, and 

coarse resolution can be implemented in areas distant from the region of interest. 
Grenier et al. (1995) studied a comparison between the two-dimensional depth-

integrated (2DDI) and three-dimensional (3D) ADCIRC models. The ADCIRC 2DDI is 

a two-dimensional depth-integrated model that solves sea surface elevation η and depth-

averaged velocity U and V. The model has been successfully implemented for estuaries, 

tidal inlets, navigation channel, harbor embayments, and many other coastal problems.  

The three-dimensional model, ADCIRC 3D, applies a mode-splitting technique to 

solve the vertical profile of horizontal velocity (Luettich and Westerink; 1992; Luettich 
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et al., 1994). This model is called a velocity solution or VS version, which completes the 

model for solving three-dimensional flow fields u, v and w. 

Muccino et al. (1997) reported the development of methods for solving vertical 

velocity using the adjoint method. Their results are consistent with the analytical 

solutions. However, the elevation and horizontal velocity applied to compute the vertical 

velocity were obtained from the three-dimensional diagnostic model FUNDY5. In this 

research, the adjoint method is implemented in ADCIRC 3D-VS model for solving the 

vertical velocity. 

 

1.5.  Research Method 

To achieve the objectives, it is required to extend the existing ADCIRC source code, 

which was originally written in Fortran code. Analytical and empirical comparisons are 

adequate for validation of the newly generated ADCIRC model. A newly developed 3D 

ADCIRC-Transport model integrates the hydrodynamic and transport modules. A 

schematic diagram of the integrated hydrodynamic-transport model is presented in Figs. 

1.1 and 1.2. The input files for model setup and its output files are given in Appendix A. 

The hydrodynamic module computes velocity fields u, v and w, and sea level η. The 

transport module does the computation of soluble and suspended sediment transport, 

density change, which is based on the change of salinity, temperature and sediment 

concentration in the water column, and determines the baroclinic forcing term. The 

computed baroclinic forcing is then fed back to the hydrodynamic module. 

The sediment transport module covers both cohesive and non-cohesive types of 

sediments. It determines the change with time and spatially dependent variables: 

occurring erosion and deposition, the concentration of suspended sediment in the water 

column, and the depth change. Then, the occurring depth change is applied as a new 

depth in the hydrodynamic module. Unfortunately, the wetting-drying capability is not 

yet available in extended 3D ADCIRC-Transport model. 

The study modifies and extends the existing 3D ADCIRC Hydrodynamic codes to 

include baroclinic and sediment transport modules. All numerical work was performed  
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Input: 
- Set parameters  
- Set model domain 
- Initial Values 
- Boundary types 
- Model Forcing 
 

9000 
IEXT = 1 , IEND IEND=total internal mode time 

step 
ISPLIT=total ext. mode time 

Compute the baroclinic 
forcing terms, and applied 
into momentum equations

8000 
IEXT = 1 , ISPLIT 

Mode splitting

Hydrodynamic Module: Compute 
and solve: 
- Sea surface elevation, η(x,y,t). 
- Depth-averaged velocities: 

U(x,y,t), V(x,y,t) 
- Horizontal and vertical 

velocities: u(x,y,t), v(x,y,t), w(x,y,t) 

Transport Module: 
(See next figure) 
Compute: 
- Temperature (T), Salinity 

(S) and Tracer ( C ) 
- Cohesive and Non-

cohesive suspended 
sediment Concentration. 

- Fluid Density 
- Erosion and Deposition 
- Depth change 8000 

9000 

Stations and Global 
Output Files  

Fig. 1.1. Diagram of hydrodynamic module including the implementation of the baroclinic 
forcing term. 
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TRANSPORT MODULE 

• Read Input file fort.10 
• Compute Salinity, Temperature 

and/or Tracer distribution 
 

TRANSPORT 

no Non-cohesive Sediment Transport 

cohesive 

Non-Cohesive Sediment 

• Read Input file fort.10 
• Determine the suspended 

sediment concentration 
• Erosion and Deposition 
• Depth change 

Cohesive Sediment 
- Read Input file fort.10 
- Determine the suspended 

sediment concentration 
- Erosion and Deposition 
- Depth change 

• Compute density ρ using IES80 
formulation: ρ = ƒ(S, T) 

• If sediment concentration is 
included then ρ = ƒ(S, T, C) 

• Compute Baroclinic Terms as 
BCPGx and BCPGy 

BAROCLINIC FORCE 

9000 

 

 
 
Fig. 1.2.  Diagram of transport module including the implementation of the baroclinic forcing 
term. 
 
 
 
 
 
 

 
 
 

 



8 

in FORTRAN programming code. Pre-processing, model setup and grid generation were 

done in Surface Water Modeling System version 8.0 (SMS 8.0) software. Post 

processing of the model results was carried out using SMS 8.0 and MATLAB 

programming language code to include 2D and 3D displays and movie generation. All 

movies are saved in AVI video file format. 

 

1.6.  Scope of Research 

The scope of work in this study includes a basic development of the hydrodynamic-

transport model. The model results are compared to analytical and empirical 

formulations adopted from literature or other research results. Several idealized test 

cases simulating various real conditions were developed. No real estuary or coastal case 

was performed due to difficulties obtaining the observational or laboratory data. Those 

idealized cases are selected to test the model, including the quarter annular test problem 

(QATP), rectangular basin, barred rectangular channel, trenched channel, river-ocean 

system, tidal inlet and dredging disposal cap cases. 

The assessment of the existing 3D-hydrodynamic module will be reviewed in 

Chapter II. For model verification, the computed velocity components from the model 

are compared to the analytical solution using a widely used test case domain called 

Quarter Annular Test Problem (QATP).  

Chapter III discusses the three dimensional finite element formulations for the 

soluble material and tracer transport, such as salinity, temperature, soluble and 

suspended material concentration and water density. The basic approach of the 

baroclinic forcing terms is formulated from the computed density distribution. The dam 

break test problem demonstrates the successful implementation of the baroclinic terms 

into the momentum equations. The existing empirical formulation of arrested saline 

wedge verifies the implementation of the baroclinic forcing in the numerical model in an 

idealized riverine domain. 

Several 3D sediment transport formulations are available from many sources and the 

literature. The selected formulations for both cohesive and non-cohesive sediment 
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transport are applied to the numerical model. Chapter IV covers the complete 

formulations and implementation into the finite element model. Assessment of 

conservation of mass and verification with the analytical model are also performed to 

satisfy the model results. 

In Chapter V, three idealized cases simulate the basic application of the developed 

sediment transport model including the baroclinic terms. Those idealized test cases 

include (a) riverine, (b) tidal inlet, and (c) dredging-cap. Chapter VI analyzes and 

discusses the model and simulation results, and Chapter VII completes the study with 

conclusions and recommendations. 
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CHAPTER II 

THREE-DIMENSIONAL HYDRODYNAMIC MODEL 

 

This study was performed using the ADCIRC 3D-VS circulation model that includes 

both two-dimensional depth integrated and three-dimensional solutions. The 3D-VS 

model is one version of the ADCIRC 3D that requires discrete representation of the 

horizontal velocity and so-called velocity solution or VS (Grenier et al., 1995). The 

mathematical model of hydrodynamic circulation in coastal water is based on the three-

dimensional Navier-Stokes equations. The detailed explanations of the model are given 

in Luettich et al. (1992) and Luettich and Westerink (2003). 

The quarter annular test problem (QATP) is used for a test case of comparison be-

tween ADCIRC 3D model and analytical solutions. 

 

2.1. Overview of the Three-Dimensional Hydrodyamic ADCIRC Model (ADCIRC 

3D-VS) 

The computation of hydrodynamics is performed in a bottom and surface-following 

“σ” coordinate system shown in Fig. 2.1, in which: 

 ( )( )
H

zbaa ησ −−
+=      (2.1) 

 xσ = x 

 yσ = y 

where: σ = a = 1 at the free surface and σ = b = -1 at the bottom;  H = h + η = total wa-

ter depth to the free surface; h is a bathymetric depth; and η is a free surface elevation 

relative to the geoid. 

In this three-dimensional circulation model, the vertical finite element domain will 

be divided into a number of σ-layers ranging from –1 at the bottom to 1 at the surface. In 

some cases, high gradients may occur at the bottom and surface, thus normally the verti-

cal grids have more layers around the bottom and surface than that of the mid column; 
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however, for the non-cohesive sediment transport model the uniformly distributed verti-

cal layers are more likely to be used for model stability. 

 
 

z-coordinate     σ-coordinate 

 

σ=b 

σ=a 

z=-h

z=η(x,y,t) 
 

 

 

 

Fig. 2.1. Transformation from z-coordinate to σ-coordinate system. 

 
 

The sigma coordinate system is probably appropriate in dealing with significant to-

pographic variability such as that generally encountered in estuarine, continental shelf 

breaks and sloped bottom (Mellor, 1998; Blumberg et al., 1999). The σ-coordinate sys-

tem has the same number of layers under each horizontal grid point regardless of the 

depth; therefore, some numerical problems with adding or subtracting layers can be re-

duced. The σ coordinate system is suitable for coastal and estuarine modeling as long as 

the transition from shallow water to deep water is gentle.  

The applied chain rules that relates derivatives in the level (z) coordinate reference 

system to derivatives in the stretched (σ) coordinate system are given as follow: 
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2.1.1. Solving Sea Level η and Depth-averaged Velocity U and V 

Water surface elevation is solved in a vertically integrated continuity equation utiliz-

ing the GWCE (Generalized Wave Continuity Equation) formulation. The modified 

GWCE is derived as a summation of the time derivative of the continuity equation and 

the spatial gradient of the momentum equations. The GWCE is used to solve the sea 

level elevations (Luettich et al., 1992). 

 ( ) ( ) 0=
∂

∂
+

∂
∂

+
∂
∂

y
VH

x
UH

t
η     (2.6) 

where U and V are depth-averaged velocities, with: 

( ) ∫
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The linearized GWCE is given in Hagen et al. (2001) and Luettich et al. (1992) as: 
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where τo is a weighting parameter in the GWCE that controls the portion of the primitive 

continuity. GWCE becomes primitive continuity as τo → ∞, and GWCE becomes pure 

wave equation as τo → 0. 

 

2.1.2.  Horizontal Velocity Components: u(z) and v(z) 

The three-dimensional version of ADCIRC applies the non-conservative form of the 

momentum equations to solve horizontal velocity u and v. The free surface elevation as 

described in Eq.2.6 is solved by substituting the vertically-integrated momentum equa-

tions into the continuity equation to form the GWCE. The momentum equations applied 

in ADCIRC-3D are: 
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where u and v are velocities in the x- and y- direction; ω is vertical velocity in σ-

coordinate; f is the Coriolis force; g is the gravity acceleration; mxσ is a combined hori-

zontal diffusion/dispersion momentum; bxσ and byσ are baroclinic pressure term in x- and 

y-directions; τzx and τzy are components of vertical shear stress; and ρo is a reference den-

sity of water. 

Velocities are determined from the non-conservative form of the momentum equa-

tion. The solution strategy for solving horizontal velocities u and v in Eqs. (2.8a,b) in-

cludes finite element method for spatial and finite difference for temporal. The vertical 

grid nodes are defined vertically at each horizontal node, thus the horizontal and vertical 

integrations can be performed independently. The detail of the 3D-VS formulations is 

given in Luettich and Westerink (2003). 

 

2.1.3.  Solving Vertical Velocity, w(z) 

Vertical velocity is solved by the first derivative approach with the adjoint correc-

tion. Pandoe and Edge (2003) solved for ω in σ-coordinate, with essential boundary 

condition ω = 0 at σ = b, and natural boundary condition δω=0 at σ=a : 
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where k is a node number over vertical elements. The solution ωk will satisfy the bottom 

boundary condition only. In order to satisfy the free surface, the adjoint correction is ap-

plied to Eq. (2.9) based on Luettich and Muccino (2001) and Muccino et al. (1997). 
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where ωσ(η) is the misfit of surface boundary condition at the free surface η, and L is the 

weight of the relative contribution of the boundary conditions versus the interior solu-
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tion. The value L=0 is applied to the resulting ωσ which is equal to adding a linear cor-

rection to the 1st order derivative equation that satisfies only the bottom boundary condi-

tion (ωσ = 0 at σ = b). This adjoint correction will give the solution exactly at the surface 

boundary condition, which in this case ωadj = 0 at σ = a. 

The corresponding conversion of vertical velocity from sigma-level (ω) to z-level 

(w) is also given by Luettich and Muccino (2001): 
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The approach of computation follows three main steps: (1) compute the ω in σ-

coordinate system; (2) apply adjoint correction in σ-level; and (3) transform ω from σ-

coordinate into w in z-coordinate system. One may obtain vertical velocity solutions in 

either σ-coordinate or z-coordinate systems. The need of having vertical velocity solu-

tion in σ-coordinate is very important in the newly extended 3D-VS model that will be 

incorporated in the transport module. 

 

2.2.  Model Verification (QATP Case) 

One example case is discussed here for model verification. The QATP (Quarter An-

nular Test Problem) case includes analytical solutions where the formulations are pro-

vided in the appendices of Muccino et al. (1997) and Luettich et al. (2002). The model 

was driven by one tidal component, the M2 periodic boundary forcing, with the ampli-

tude of 0.1m. The quarter annular harbor (QATP) has a quadratic bathymetry as shown 

in Fig.  2.2. The results obtained from the ADCIRC model are compared to the analyti-

cal solution, as Luettich et al. (2002) investigated similar test case to another model, 

FUNDY5. 

The QATP grid, which was generated using the SMS (Surface-water Modeling Sys-

tem) version 8.0, consists of 825 nodal points and 1536 triangular elements. The open 

boundary, located at r2 =100km, is defined along the outer perimeter with uniform depth 

of 62.5m, and with 33 open boundary nodes. This boundary is forced by an M2 tide with 

frequency ω=1.40518917083x10-4s-1 and amplitude of 0.1m. One land boundary is also 
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defined along the inner perimeter at r1 =40km and both lateral boundaries θ=0 and 

θ=π/2. This land boundary consists of 81 land boundary nodes. ADCIRC allows an op-

tional internal boundary with no normal flow as an essential boundary condition and al-

lowing free tangential slip. 

 
 
 

(a) Top view     (b) side view 

 
y 

x

θ = π/2 

θ = 0 

r = 70km 
r2 = 100km 

r1 = 40km 

 h2=62.5m 

 h1=10m 

 

 

 

 

 

 

 

 
r1 = 40km r2 = 100km  

 

 

Fig. 2.2. The quarter annular test problem (QATP) domain. (a) Top view of QATP elements 
grid. Open boundary is defined at r=r2, and closed boundaries are at θ=0, θ=π/2 and r=r1. Black 
nodes indicate selected points of interest. (b) Side view of QATP with minimum and maximum 
depths 10m and 62.5m, respectively. The bottom profile follows quadratic bottom. 
 
 
 

For the vertical configuration of the QATP case, a slip bottom boundary condition is 

applied, thus ub and vb become non-zero. The selected free surface roughness is 0.0001, 

and the bottom roughness is 0.0015, both constant horizontally. The Coriolis force is ne-

glected in all cases discussed in this chapter to avoid flow deviation in radial directions. 

Finite element vertical grid contains 9 nodes vertically at σ-values from bottom-up: -1.0, 

-0.87, -0.71, -0.5, 0.0, 0.5, 0.71, 0.87, and 1.0.  
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(b) 

(c) 

(a)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.3.  Plot of (a) sea level height, η, (b) depth-averaged velocity U, and (c) depth averaged 
velocity V, for three selected points along radial direction: 83, 413 and 776.  

 
 
 
Fig. 2.3 depicts the sea level height and normal components of depth-averaged ve-

locity U and V from the deeper node (83) through the mid node 413 to the shallower 

node (776) for 5 days simulation. The model applies a one-day ramp function, thus the 

first 24-h plots should not be fully considered. Tidal heights are fairly uniform across the 

domain; with the shallowest node having a slightly higher tide. Maximum current occurs 

in the middle of the domain, in this case at r=70km (node 413), which is consistent with 

the conservation of mass for the flow propagating into the shallower water. The mini-

mum current at node 776 is caused by the effect of the no-flow lateral boundary along 

the inner quarter circle of the domain. 
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The 3D-ADCIRC hydrodynamic model allows selection of the vertical eddy diffu-

sivity (Dv) formulation. The simulation was performed in two cases based on the se-

lected models of eddy viscosity: (1) the eddy viscosity remains constant vertically over 

the water depth (Lynch and Officer, 1985), and (2) the eddy viscosity is computed using 

a 2.5 Turbulence Closure Model (Mellor and Yamada, 1982; Blumberg and Mellor, 

1987); herein after referred to as LO and MY, respectively. Appendix C provides the 

LO’s formulation. 

The LO vertical eddy diffusivity applied here; and also to be applied to the analytical 

solution; is assumed vertically uniform at each particular water depth and time invariant 

given as: 

       (2.12) 2hDv Ω=

where Ω is a constant for a specific parameter setup. For selected i206.9206.9 +=λ  

and K = 2.836 (Muccino et al., 1997), the computed value for Ω = 0.829 x 10-6 rad/s. 

The model solution over the incoming angle direction of the normal flow is very consis-

tent. Fig. 2.4 shows a simulation of QATP case with a quadratic bottom (Fig. 2.2), herein 

after referred to as QATP-QUAD. The model applies linear slip bottom boundary condi-

tion formulated in Appendix C. The figure represents a time series of vertical profile of 

normal horizontal velocity over one semidiurnal tidal period (~12h) taken at node 400 

with θ = 45° and node 413 with θ = 8.6°. The plots is started at t = 88h during the water 

slack at low tide. Maximum flood tide occurs three hours later at t=91h, and maximum 

ebb tide occurs at t = 97h. The plots exhibit nearly coincidence solutions between those 

two points indicating that the normal flow solutions are uniformly in and out the domain 

independent on θ. 

Nearly in all phases of tidal period, the vertical profiles close to the bottom of normal 

velocity exhibit a deviation profile from a logarithmic profile indicated by a bulged 

curve at near the bottom. The cause of the bulge is not clear, and Fredsoe and Deigaard 

(1992) suggest that those deviations are related to the selection of vertical eddy diffusiv-

ity. During one semidiurnal tide oscillation, the near bottom deviation curve tends to be 

insignificant at maximum flood and ebb tidal current (i.e. at t=91h and t=97h). 
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Fig. 2.4.  One-tidal period plots of the normal-horizontal velocity computed with Lynch-Officer 
(LO) formulation at nodes 400 and 413. The plots are presented every one hour starting from 
t=88-h.
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Fig. 2.5.  One-tidal period plots of the normal-horizontal velocity computed with Mellor-
Yamada (MY) formulation at nodes 400 and 413. The plots are presented every one hour starting 
from t = 88h. 
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Thus, the curve seems related to the transition of velocity from zero at bottom to some 

value at the mid layers and above. It is known that such turbulence flow occurs at near 

bottom layers, thus the effect of turbulence must be taken into account to determine the 

vertical eddy diffusivity, and the use of uniform eddy viscosity is not fully adequate to 

solve the velocity at near bottom layers. 

Another simulation, similar to the previous case, was also performed with the MY 

vertical diffusivity formulation as shown in Fig. 2.5. The simulation applies a quadratic 

slip bottom boundary condition with Cd=0.0025. The vertical profiles of normal velocity 

are nearly similar to the LO profiles with smaller bulge at the near bottom solutions. The 

little bulge profile near the bottom is still present, but in this case it is more clearly seen 

the cause of those deviated bulge profiles, which is associated with the transition of the 

current profile from ebb to flood tide, and vice versa. Once the tidal current reaches its 

maximum at t = 91h (flood) and t = 97h (ebb), the vertical profiles become closer to the 

logarithmic profile, as expected. Thus, the choice of either LO or MY formulations seem 

fairly consistent and appropriate to develop a smooth vertical profile of horizontal veloc-

ity. 

The results of the three dimensional velocity components obtained from QATP are 

compared to the analytical solution given in Lynch and Officer (1985) and Muccino et 

al. (1997). See Appendix C. The profiles are obtained at two instant in the tidal cycle 

with parameter set i206.9206.9 +=λ  and K = 2.836, similar to a set of parameter 

given in Muccino et al. (1997). Four points are selected in the QATP grid: #235 (r = 

82.5 km, θ = 8.4°), #248 (r = 82.5 km, θ = 45°), #400 (r = 70 km, θ = 8.4°), and #413 (r 

= 70 km, θ = 45°). See Fig. 2.2 for node locations. The analytical solution assumes that 

the applied vertical eddy diffusivity is depth dependent and time independent. For com-

parison against the analytical solution, the results of numerical model being compared 

here is the first case previously discussed with LO vertical eddy diffusivity scheme given 

in Eq. 2.12. 

The normal component of horizontal velocity solution u and v obtained from AD-

CIRC 3D-VS model, as shown in Fig. 2.6., is in fair agreement with the analytical solu-
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tion except the near bottom, where the numerical solution gives slightly larger horizontal 

velocities than the analytical. This is probably because of the different approach applied 

in the solution. The numerical solution computes horizontal velocity solution from mo-

mentum equations in Eqs. 2.8a,b by integrating from bottom up in the discretized form 

of finite element method (Luettich and Westerink, 2003), while the analytical solution 

solves horizontal velocity solution directly from the linearized horizontal momentum 

equation in periodic form. During low tide (t = 88h) smaller deviations are observed in 

near bottom solutions, but during nearly zero tide (maximum flood tide) larger devia-

tions between the two solutions are observed in the order of 10-4 m/s. 

 
 
 (b)

(d)(c) 

(a)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Fig. 2.6. Snapshot of amplitude of horizontal velocity solutions taken at t = 88h (water slack at 
low tide) and t = 91h (maximum flood tide at nearly zero tide level). The numerical solutions are 
compared with the analytical solutions: (a) at r = 70km, t = 88h; (b) at r = 70km, t = 91h; (c) at r 
= 82.5 km, t = 88h; (d) at r = 82.5km, t = 91h. 
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The numerical solution for the nodes at θ = 8.4° and 45° for both r = 70 km and r = 

82.5 km give nearly similar solution indicating again that the solution is independent on 

θ. They differ up to 1x10-4m/s, indicating that consistent solutions have been fairly 

achieved. 

Corresponding to the normal component of horizontal flow, the time series of verti-

cal profiles of vertical velocity (w) over one tidal period taken at r=70km at node 400 

with θ = 45° and node 413 with θ = 8.6° are given in Fig. 2.7 and 2.8 for LO and MY 

eddy diffusivities, respectively. The plots are started at t = 88h during the slack at low 

tide and indicate nearly zero vertical velocity at the surface. Maximum upward vertical 

velocity occurs three hours later during flood tide at t=91h, and maximum downward 

vertical velocity during ebb tide at t = 97h. The plots reveal consistent solutions between 

those two selected points indicating that the vertical velocity solutions are independent 

of θ. 

Similar to the results on the horizontal velocity solution, the selection of either LO or 

MY exhibits fairly similar approximation of vertical velocity profiles. The profiles of 

mid layers and above seem not significantly different. The non-zero surface vertical ve-

locity traces the oscillation of free surface boundary conditions associated with the sea 

surface tidal cycle.  

Comparisons between analytical and numerical solutions of vertical velocity for 

QATP are represented at four nodes: nodes 400 and 413 (both at r=70km), and nodes 

235 and 248 (both at r=82.5km) as shown in Fig.2.9. The plots are at the start of one 

tidal cycle at t = 88h (i.e. tidal current ≈ 0), and at maximum tidal current t = 91h (i.e. η 

≈ 0). Although the numerical solution indicates a slightly higher value than the analytical 

in the order of 10-6 m/s, in general the solution is in good agreement with the analytical 

solution. At the beginning of the tidal cycle, near the bottom, the numerical solution pro-

vides a lower velocity, which might be caused from the misfit of horizontal velocity so-

lutions. Luettich et al. (2002) suggested another contribution to the vertical velocity de-

viation due to technique applied in the vertical velocity solution.  
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Fig. 2.7. One-semi diurnal tidal period plots of the vertical velocity, w, computed with Lynch-
Officer (LO) vertical eddy diffusivity at nodes 400 and 413. The plots are presented every one 
hour starting from t = 88h. 
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Fig. 2.8.  One-semi diurnal tidal period plots of the vertical velocity, w, computed with Mellor-
Yamada (MY) vertical eddy diffusivity at nodes 400 and 413. The plots are presented every one 
hour starting from t = 88h. 
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(b)

(c) (d)

(a)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.9.  Snapshot of amplitude of horizontal velocity solutions taken at t = 88h (water slack at 
low tide) and t = 91h (maximum flood tide at nearly zero tide level). The numerical solutions are 
compared with the analytical solutions: (a) at r = 70km, t = 88h; (b) at r = 70km, t = 91h; (b) at r 
= 82.5 km, t = 88h; (b) at r = 82.5km, t = 91h. 

 
 
 
All selected points referenced here are similar to the points used by Muccino et al. 

(1997) and Luettich et al. (2002) for comparison of the three-dimensional FUNDY5 

model to the analytical solutions. The results in this study are in good agreement with 

their results. 

An interesting result is the three-dimensional profile of the flow along the radial dis-

tance. Fig. 2.10 shows two profiles of radial sections at θ=8.4° and θ=45°, with the ar-

rows indicating the direction of flow and the contour lines indicating the magnitude of 

vertical velocity. Both profiles are quite similar and consistent providing independent 

solutions on θ. Consistent profiles (not shown) were also obtained for other θ values, 
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with a slight difference in vertical velocity values that is likely due to numerical round 

off error. (Note that they are very exaggerated plots.) 

 
 
 (a) 

(b) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.10.  A snapshot of radial sections of three-dimensional velocity vector (arrows) at maxi-
mum upstream current t=53-hr for (a) θ=8.4°, and (b) θ=45°. Contour lines indicate the magni-
tude of vertical velocity in order of 10-6 m/s. 
 
 
 

In the shallow area near the left end of the closed boundary the vertical velocity be-

comes significant in the flow field. Due to the presence of the wall, the horizontal cur-

rent is quite small in the order of magnitude of the vertical velocity. Therefore, solving 

the vertical velocity in this region provides important information for better understand-

ing of the flow as in near coastal, waterway or estuary zones. 
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The results of QATP have shown that the numerical model provides a reasonable 

three-dimensional velocity, and it is in accordance with the provided analytical solution. 

However, the horizontal velocity solution of the ADCIRC 3D-VS model exhibits doubt-

ful results in the nodes near the lateral closed-boundary at both θ=0° and θ=90°. It is 

likely that the model will give zero tangential velocity along circular sections; but the 

numerical results reveal a significant tangential velocity mainly around the nodes near 

the lateral boundary (Pandoe and Edge, 2003). 

An improvement in three-dimensional ADCIRC 3D-VS model has been made to in-

clude the vertical velocity solution. The accuracy of vertical velocity solution is critically 

dependent on the accuracy of the horizontal velocity solution. At some points from the 

QATP case, the presence of tangential velocity may lead to over determined vertical ve-

locity solution. 

In another experiment with a circular domain given in Pandoe and Edge (2003), so 

called ATP (Annular Test Problem), the result removes the presence of that error noted 

on the lateral boundaries. For this case at r=70km, the model demonstrates a signifi-

cantly reduced tangential velocity near the “boundary” down to the order of 10-7m/s. 

More uniform vertical flows along the circular section have been achieved in the ATP 

case rather than the profiles in the QATP. However, the cause of that tangential flow 

near the boundary has not been well studied yet. Practically it is recommended to define 

a boundary region many kilometers away from the specific area of study. 
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CHAPTER III 

TRANSPORT/TRACERS MODULE  

AND THE BAROCLINIC FORCING TERMS 

 

The barotropic term is constant with depth, in contrast to the baroclinic term which 

varies with depth (Fig. 3.1). The interaction of these two terms can create tidal asymme-

try between the ebb and the flood of tidal cycle. During the flood current, the baroclinic 

and barotropic terms could be additive producing high acceleration near the bed, and 

vice versa during ebb current. In the regions where the thermal gradient of the sea are 

most pronounced such as in estuarine and coastal regions, the condition of baroclinicity 

is the most extreme. Generally, the baroclinic situation can be found in the surface layer 

with the barotropic conditions being approached at greater depth. 

 
 
 

+ = 

z z z 

0 v 0 0 v v- v+ 

 
 
 
 
 
 
 
              Velocity shear =         Barotropic     + Baroclinic 
 
Fig. 3.1.  The influence of the barotropic and baroclinic terms on the temporal acceleration. 
 
 
 
3.1.  Salinity/Tracer Transport Module 

3.1.1  Governing Equations 

The general governing equation for transport of salinity, temperature and tracer con-

centration (Blumberg and Mellor, 1987; Scheffner, 1999; Helfand et al., 1999; and Hy-

droQual, 1998) is summarized as follows: 
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where R is either salinity [psu], temperature [°C] or a tracer concentration [g/l)]; Dh and 

Dv are horizontal and vertical dispersion coefficients [m2/s]; and ω is vertical velocities 

in σ-coordinate [m/s]. The surface and bottom boundary conditions for vertical salinity 

gradient are zero, while the surface boundary condition for temperature is given as: 
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Qps Qshf  
 

 σ k=1 

σ k=NV
σ k=NV-1 Diffusion

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.2. The implementation of the penetrating solar radiation (Qps) and surface heat flux (Qshf) 
into the temperature equations. 
 
 
 

The temperature transport formulation differs slightly from that for salinity. In the 

temperature formulation, the external effect of solar radiation, called surface net heat 

flux (Qshf) is included as (Hayes et al., 1991): 

 pssenlatlongshortshf QQQQQQ −−−−=    (3.3) 
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where it has been investigated that the mean value of net heat flux at the surface, Qshf, is 

165 W/m2 with standard deviation of 10W/m2. Cp is the specific heat of sea water at con-

stant pressure [J/kg/°C] with bulk value C  J/kg/°C. 31000.4 ×≈p

 

3.1.2  Eddy Diffusivity 

In the development of the ADCIRC Transport, the horizontal diffusion coefficient, 

Dh, is assumed constant within the range of 0.1-10 m2/s (Gross et al., 1999). The level-

2.5 Turbulence Closure Model of Mellor-Yamada (1982) is used to calculate the vertical 

eddy diffusivity, Dv. It has been implemented by Blumberg et al. (1992) and Gross et al. 

(1999) with reasonably good results. The Dv is solved using the turbulence kinetic en-

ergy – q2/2 , and a turbulence macroscale, l. 

 

3.1.3  Richardson Number (Ri) 

The effect of density (i.e. salinity and temperature) variations gives a measure of sta-

bility. Turbulence occurrence will tend to mix the fluid, where light fluid is mixed down 

and the heavier fluid mixed up. A measure of relative importance between dynamic and 

density effects is the Richardson Number (Ri), which can be expressed as: 
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Pond and Pickard (1995) suggested that if Ri < 0 then turbulence is enhanced by density 

variations; if Ri >0 they tend to reduce it. Empirically if Ri > ¼ then a stable stratified 

flow and turbulence cannot be generated by vertical gradients of horizontal velocity. 

 

3.2.  Solution Strategy 

In general, the computed variables are determined from the non-conservative form of 

the momentum equation. Hereafter, an example of salinity solution in Eq.(3.1) is briefly 

provided, which involves finite element method for spatial and finite difference for tem-

poral. 
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3.2.1.  Weighted Residual 

The weighted residual method for salinity is applied to Eq. (3.1) by replacing R with 

S, multiplying each term by a horizontal weighting function φj and integrating over the 

horizontal computational domain Ω, and then multiplying the results by a vertical 

weighting function ψk and integrating over the vertical domain Ζ. 

( )

ΖΩΖΩ

ΖΩΖΩ




















∂
∂

∂
∂







 −

+















∂
∂

∂
∂

+







∂
∂

∂
∂

=







∂
∂−

+
∂
∂

+
∂
∂

+
∂
∂

kjvkjhh

kjkj

SD
H

ba
y
SD

yx
SD

x

S
H

ba
y
Sv

x
Su

t
S

ψφ
σσ

ψφ

ψφ
σ

ωψφ

,,,,

,,,,

2
  (3.5) 

 

3.2.2.  Horizontal Integration 

Using similar rules provided by Luettich and Westerink (2002) for solving u and v, the 

horizontal discretization of salinity equation for each term yields: 

• Horizontal integration of the transient term in Eq.3.5: 
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• Horizontal integration of the horizontal advection term in Eq.3.5: 
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• Horizontal integration of the vertical advection term in Eq.3.5: 
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• Horizontal integration of the lateral diffusion term in Eq.3.5: 
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this term is obtained by assuming that the lateral diffusion is zero along external bound-

ary segments. 
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• Horizontal integration of the vertical diffusion term in Eq.3.5: 
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where:  is an area of all elements surrounding node-j; A∑
=

=
NEj

n
nNEj AA

1
n is an area of ele-

ment n; and NEj is number of elements containing node j 

 

3.2.3.  Vertical Integration 

A one-dimensional FEM vertical discretization provides the following rules (Luettich 

and Westerink, 2003): 
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or, in shorthand notation, this can be written: 
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where: 

kψ  is a vertical weighting function; kψ  =1 at node, and kψ = 0 at all other nodes. 

k is a node number over vertical elements with k = 1 at the bottom and k = NV at the sur-

face 
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( )3,1,2, 2 kkk InmInmInm +=      (3.8c) 

 

Applying rules in Eq.3.7 and 3.8 to all terms of Eq.3.6a-e, and multiplying by 
jNEA3 , 

then vertical discretization of salinity equation for each term yields: 

• Vertical integration of the transient term in Eq.3.6: 
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• Vertical integration of the horizontal advection term in Eq.3.6: 
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• Vertical integration of the vertical advection term in Eq.3.6:  
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• Vertical integration of the lateral diffusion term in Eq.3.6: 
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• Vertical integration of the vertical diffusion term in Eq.3.6 is simplified to: 
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 in which KSnmk,m given in Luettich and Westerink (2003) is: 
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( )3,1,2, kkk KSnmKSnmKSnm +−=     (3.10c) 

 

Thus following vertical integration, Eqs.3.9a-e become: 
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3.2.4 Time Discretization: 

Eq.3.11 is discretized in time using a two time level explicit scheme at the present (t) 

and future (t+1) time levels as described below: 
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3.2.5.  Fully Discretized Equation: 

Substituting Eqs.3.12a-e into Eq.3.11, multiplying by ∆t and grouping time levels t+1 

and t yields: 
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3.2.6.  Solution 

Eq. 3.13 can be represented in the matrix form. The matrix is uncoupled in the hori-

zontal direction and has a tri-diagonal form in the vertical direction. 

      (3.14) FrsS =M

with M is a tri-diagonal matrix; S is a scalar solution for salinity and Frs is the RHS 

terms of Eq. (3.13). Matrix M consists of: 
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or, in matrix form becomes: 
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3.3  The Baroclinic Forcing Terms 

3.3.1. Derivation of the Baroclinic Pressure Gradient 

The vertical momentum on Eq.2.3c can be rewritten as: 
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η

ρ
'

'
z

z gdzp

Taking derivative of this expression with respect to x, and then taken with Leibnitz rule 

of integration: 
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Then the pressure gradients will be: 
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total pressure  = baroclinic +    barotropic 

gradient pres. Gradient       pres. Gradient 

 

where ρ is a water density; ρη is the water density at the surface; η is the free surface 

elevation; and z’ is arbitrary reference plane. 

Robertson et al. (2001) applied normalized density in order to reduce the truncation 

error in the computation of the baroclinic pressure gradient (BcPG) in the Princeton 

Ocean Model (POM). Thus, the normalized baroclinic forcing terms on ADCIRC can be 

represented as: 
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 = baroclinic x – forcing   (3.19a) 
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 ( )dz
y

gb
z

y ∫ −
∂
∂

=
η

ρρ
ρ 0

0

 = baroclinic y – forcing   (3.19b) 

where: η = free surface elevation, and ρo is a general mean density, which was set to 

1000 (or 1025) kg/m3. The baroclinic term bxσ and byσ are a function of density distribu-

tion. The variable density is determined from temperature T, salinity S and pressure p 

using the International Equation of State of Sea Water, IES80. Applying chain rule given 

in Eq.2.2, the baroclinic forcing terms bxσ and byσ in the σ coordinate system can be writ-

ten as: 
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   (3.20a) 

and in similar way, we have by as: 
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where ρ’ is a normalized in situ density (Robertson et al., 2001): 

 1' , −=
o

S

ρ
ρ

ρ θ    ; with   ( )surfacesurfaceSo S,, θρρ θ=    (3.21) 

In a similar way to the POM Model modification performed by Robertson et al. (2001), 

the baroclinic terms in ADCIRC do not require ρmean as proposed earlier by Mellor 

(1998) since the removal of ρmean also removes the pressure contribution to in situ den-

sity ρ. The normalized density ρ’ may be separated into two portions – one from the po-

tential temperature and salinity, ρN, and one from the pressure, ρP: 

 ( ) ( ) ( )[ ] ( )[ ]yxHyxSyxyx PN ,,,',,,,,',,' σρσσθρσρ +=   (3.22) 
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