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ABSTRACT 

 

Lateral mixing effects on the vertical stratification and 

suspended sediment transport 
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The Graduate School 

Seoul National University 

  

As Simpson et al. (1990) emphasized the importance of the straining 

process in the stratification and mixing in the estuarine circulation process, 

various researches have investigated on the relative contribution of each 

process to the overall potential energy anomaly dynamics. However, many 

numerical works have modeled only in two-dimensions along-channel or the 

short distance in three-dimensions as Burchard et al. (2008) did. But, as Geyer 

and MacCready (2010) pointed out, the lateral process must be important in 

stratification and mixing in an estuary and three-dimensional modeling must 

be required in the whole along-channel.  

This study performed a series of three-dimensional modeling and 
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compared two-dimensional models to compared which significant processes 

we missed in the two dimensional model. The results from the simulations are 

numerated in terms of the potential energy anomaly (PEA). Each quantified 

process of the PEA dynamic equation presents the relationships between the 

Ф-advection, the depth mean straining, vertical mixing and vertical advection. 

Such terms are investigated to explain how water level, salinity distribution 

and across velocity in two-dimensional model are slightly different from 

three-dimension. Additionally, this work introduced a suspended transport 

model, which was developed to examine the influences of mixing and 

stratifying processes in one of the marine processes. 

 Keywords: Lateral flow, PEA, stratification, mixing, suspended sediment 
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1 CHAPTER 1 INTRODUCTION 

1.1 Problem statement 

Processes of stratification and mixing which play major roles in the 

physics of shallow coastal seas affected by both riverine and marine processes 

controlling the biological and physical dynamics of the estuaries such as 

sediment transport, pollutant transport, growth of phytoplankton and so forth. 

The tidally averaged circulation has two main processes: the flows due to the 

river through any cross-section called longitudinal flows and transverse or 

lateral flows which are much smaller than the others. In which, lateral flows 

in estuaries are driven by various mechanisms such as channel curvature, 

Coriolis force, diffusive boundary layers, inter-actions between barotropic 

tidal currents and cross channel variations in bathymetry. 

Although it’s only with about 10% of the size along channel tidal flows 

(Lerczak and Geyer, 2003), the role of lateral processes in controlling 

stratification in estuaries also has been largely ignored. Lacy et al., (2003) 

demonstrated that strong lateral density gradients interact with the lateral 

circulation they generate to play an important role in governing vertical 

density stratification in northern San Francisco Bay. Lateral circulations set 

the rate at which salt and other tracers are dispersed along an estuary (Smith, 

1976, 1980, 1996; West and Mangat 1986; Guymer and West 1992; Scott 

1994), drive density overturns and generate intense vertical mixing (Seim and 

Gregg 1997) and transport sediments laterally (Geyer et al. 1993; Woodruff et 
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al. 2001) and so forth. Their results show that lateral circulation can provide a 

mechanism for generating stratification during the flood tide and that this 

process has significant impact on the timing and intensity of turbulent mixing. 

This is also given that when using the numerical model to study about the role 

of lateral mixing in estuaries, the full three dimensional nature of flows has 

long been recognized to play an important role in along channel dispersion 

(Taylor 1954). However, many numerical works have done only for two 

dimensional modeling along the channel so lateral processes were not 

computed such as Burchard et al. (2008). Additionally, many studies only 

computed for the short distance cross sectional three dimensional simulations 

such as Geyer and MacCready (2010) which did not capture full aspects of 

mixing and stratifying processes for a whole estuary. Therefore, applying 

three dimensional models with turbulent closure to calculate whole estuaries 

is important to understand the real physics of mixing and stratification in 

estuaries especially to understand the role of the transverse flows which 

represents for lateral mixing in the tidally averaged, along channel momentum 

balance.  

As a measure to evaluate the mixing and stratification, the potential 

energy anomaly (PEA) and terms of its could be a good proxy used to 

quantify the forces controlling mixing and stratifying process specially some 

parts come from lateral flows. While value of PEA indicate the condition of 

water column (PEA>0: stratification, PEA<0: unstratification, PEA=0: full 

mixing), the first three terms locally changing PEA is not only by longitudinal 

processes but also transverse processes caused by lateral flows: advection 
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(ADx, ADy), depth mean straining (DMSx, DMSy, the change of stratification 

due to straining of the depth mean horizontal density gradient by shear 

exchange flow) and non mean straining (NMSx, NMSy, the correlation 

between horizontal currents and horizontal density gradient). Besides, the next 

two terms in PEA terms, which are vertical advection (VA, drive the change 

of PEA due to vertical advection); and vertical mixing (VM) driving changes 

in PEA due to the vertical mixing of density, are also two of the five main 

contributors for mixing and stratification processes.   

1.2 Objectives 

From above problems, basing on Burchard et al. (2008) what studying 

about processes of stratification and destratification by only 2D channel 

model without considering the effects of lateral flows, the present study uses a 

3D numerical model with the following purposes: 

 Evaluate the signification roles of the lateral processes in mixing and 

stratification by analysing the contributors of each term of the time dependent 

dynamic equation for the potential energy anomaly (  or PEA) in controlling 

longitudinal and lateral flows as well various stratification structures.  

 Investigate the influences of mixing and stratifying processes in one 

of the marine processes: suspended sediment transport.  

 Investigate the role of one of adding mechanism effects to lateral 

flows: Coriolis force on suspended sediment transport. 
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1.3 Organization of thesis 

Chapter 1 introduces the background of the study and objectives along 

with expected results. The previous works, research questions and methods to 

solve the problems will be given in chapter 2. Chapter 3 will present basic 

theoretical background about hydrodynamics and suspended sediment 

transport in estuary and chapter 4 will give case study. Chapter 5 focuses on 

the role of lateral mixing on hydrodynamics and sediment transport. Finally, 

Chapter 6 will give some summaries and conclusions. 
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2 CHAPTER 2 BACKGROUND 

2.1 Mixing and stratification in estuaries 

An estuary is a partially enclosed body of water where incoming 

seawater is mixed with fresh water coming from the land. Estuaries are 

dramatically influenced by tides and because of the difference in density 

between fresh and salt water, salt water will move into the estuary along the 

bottom, while fresh water will flow downstream to the ocean along the 

surface, generating not only longitudinal circulation but also lateral circulation 

which control mixing and stratification (fig. 2.1). While the individual along-

channel circulations are caused by tidal straining, gravitation and longitudinal 

advection, transverse circulation is driven by differential advection both 

across and along channel, channel curvature, Coriolis force and boundary 

layer mixing.  

 
   

Fig. 2.1 Estuary and estuarine processes. 

 

 

http://www.mbgnet.net/salt/sandy/tide.htm
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For the water column, while stable stratification condition is density 

increases as depth increase and unstable stratification condition is density 

decreases as depth increase and thus heavy fluid is on top of light fluid, 

mixing in estuaries is from combination of a small scale turbulent diffusion 

and a larger scale variation of the field of advective mean velocities. Mixing is 

generated by the wind, tide, and river. There are three mixing processes: 

mixing in along channel direction, mixing in vertical direction and mixing in 

across channel direction. 

The dynamics of vertical density stratification and mixing processes are 

critical to estuarine hydrodynamics because of the role of stratification and 

mixing in inhibiting vertical mixing or enhancing longitudinal circulation. At 

large scales, stratification is controlled by the interaction of longitudinal 

salinity gradient produced by river flow and tidal mixing. While weak 

stratification tends to strengthen secondary flow which drives mixing (Geyer 

1993) and unstable stratification helps for mixing occurs when the lighter 

water from below tends move upward, Chant and Wilson (1997), Seim and 

Gregg (1997) show clear evidences that the second flows are shut down by 

the buoyance effects of vertically different density specially under the strong 

stable stratification condition. Stratification and mixing in estuaries not only 

affect to hydrodynamic processes but also affect to the biological and physical 

dynamics of the estuaries in which the sediment processes is one of important 

processes playing main role in hydraulics and morphological estuaries. 
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2.2 Sediment transport and the effects of mixing and stratification in 

estuaries 

When studying about processes in estuaries, the formulas to calculate 

sediment transport rate exist for sediment moving in several different parts of 

the flow. These formulas are often segregated into bed load, suspended load 

and wash load (Dronkers and Leussen, 1988): 

The wash load: is a subset of the suspended load of the finest suspended 

sediment (typically less than 0.00195 mm in diameter). The wash load is 

differentiated from the suspended load because it will not settle to the bottom 

of a waterway during a low or no flow period (figure 2.2). 

Suspended load: is the 

portion of the sediment that is 

carried by a fluid flow 

which settle slowly enough such 

that it almost never touches the 

bed. It is maintained in 

suspension by the turbulence in 

the flowing water and consists of 

particles generally of the 

fine sand, silt and clay size 

(figure 2.2). 

 

 
 

Fig. 2.2 Three parts of sediment transport 

 

http://en.wikipedia.org/wiki/Bed_load
http://en.wikipedia.org/wiki/Suspended_load
http://en.wikipedia.org/wiki/Sediment
http://en.wikipedia.org/wiki/Settling
http://en.wikipedia.org/wiki/Sand
http://en.wikipedia.org/wiki/Silt
http://en.wikipedia.org/wiki/Clay
http://en.wikipedia.org/wiki/Particle_size_(grain_size)
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Bed load: is that portion of the total sediment in transport that is carried 

by intermittent contact with the streambed by rolling, sliding, and bouncing 

(figure 2.2). 

In situations where the flow rate is strong enough, some of the smaller 

bedload particles can be pushed up into the water column and become 

suspended. In contrast, suspended sediment will not necessarily remain 

suspended if the flow rate slows (Dronkers and Leussen, 1988). 

Estuarine transport of sediment is characteristically different from 

unidirectional river transport and from wind- and wave-induced coastal 

transport caused by mixing of two water bodies of different densities and by 

the peculiar response of estuaries to tidal forcing. Density-driven gravitational 

circulation and/or tide-induced residual transport introduced by these effects 

traps the fine fraction of the river-borne sediments. The net transport of 

sediments by these processes commonly creates a zone of enhanced turbidity, 

where a higher concentration of sediments is maintained than at upstream and 

downstream locations [Dilip k. barua 1989]. Tide induced resuspension and 

transport is the cause most commonly considered for turbidity maxima in 

well-mixed estuaries (Postma, 1967; Allen et al., 1980), while density-driven 

circulation is important in partially mixed estuaries (Schubel, 1968). The 

energy input by tidal currents varies during a tidal cycle, over a neap-spring 

neap tidal cycle and over the year. The response of sediments and the resulting 

suspended sediment concentration vary accordingly. However, the response of 

sediments to the varying energy environment is not instantaneous. Due to 
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inertia of particles a time lag is introduced creating the hysteresis relationship 

(Monin and Yaglom, 1971). An important aspect of the tidal cycle variation is 

the change in the sediment concentration in the water column resulting from 

the process of resuspension and deposition of sediments. 

2.3 Previous work and research trends 

There are many previous works studying about transverse flows, the 

effects on mixing and stratification and sediment transport in estuaries. Some 

works are near with this thesis’s topics including: 

Lerczak and Geyer (2004) works are on 3D realistic long estuarine 

domain showed that besides along channel dynamics acting an driving force 

for estuarine circulation, lateral circulation can play an important role in cross 

channel and long channel balances, particularly for weakly stratified estuaries. 

Feedbacks between the lateral flow and along-channel tidal currents, a time 

varying stratification over a tidal cycle are important to the dynamics of the 

lateral flow and tidally averaged estuarine circulation. The lateral advection of 

momentum acts as an additional driving force for estuarine circulation that 

can be as large as the along channel pressure gradient. They suggested that 

asymmetric lateral circulation pattern may drive asymmetric lateral sediment 

transport while this work is not studied so far. Hence, this study has done 

under constant eddy coefficients which plays important role in the vertical and 

temporal structure mixing in numerical studies of estuaries. 

Scully and Geyer (2012) used observation collected three additional 
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processes from the Hudson River estuary, where transited from strongly 

stratified to nearly well mixed over a spring neap cycle, to demonstrate spatial 

and temporal patterns of stratification and circulation, evaluate of the relative 

role of horizontal straining and advection of stratification and role of turbulent 

mixing. The results from this work claimed the important of longitudinal 

advection on stratification in all estuaries and the relative importance of 

lateral advection to vertical mixing in other systems. 

Kim et al. (2007): The majority of the work on lateral estuarine 

circulation has focused on circulation patterns with limit or no attention to 

sediment transport processes by using observation data from Winyah Bay. It’s 

suggested that the pattern of lateral currents seems control the lateral transport 

of suspended sediments. The fine sediments resuspended from the shoal bed 

were delivered to the center of the channel by the lateral currents. 

Scully and Geyer (2012) and Kim et al. (2007) based observations. 

Therefore, it is better for the mathematic model to clarify the role of lateral 

mixing in 3D structure of the specific condition under the influence of 

Coriolis force, wind and curvature. 

Burchard et al. (2007) based on a dynamic equation for the potential 

energy anomaly (PEA) to evaluate the roles of advection, straining, mixing in 

two kind of different condition of flow: mixing and stratification. However 

this work has done only for one and two dimensional while transverse 

dimension structure, an important pattern in estuarine hydrodynamics, is 

omitted. 
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Therefore, from the above problems, this work uses 3D numerical 

hydrodynamics for the straight channels. After that, this work compares the 

differences of mixing and stratification between 2D and 3D domain. PEA and 

related terms are analyzed to clarify the role of lateral mixing in vertical 

stratification at two positons: upstream and downstream of the estuary. 

Besides, this work also includes develop a new simple 3D suspended transport 

module adding the hydraulic model to investigate the relationship between 

stratification, mixing and sediment transport as well the effects of lateral 

mixing on particles movement in tide. 

To calculate hydraulics in estuaries, SUNTANS model is one of the 

suitable models and to determine whether the water column remains stratified 

or mixes as a result of the forcing acting on the water column, potential 

energy anomaly (PEA) is useful tool.  

2.4  Methodology to solve the problems 

The potential energy anomaly (PEA) is the energy per volume (m
3
) 

required to mix the water column completely the energy require to bring the 

profile  to   (Simpson 1981). PEA has been used to assess the governing 

processes thereby enabling the determination the stratification type of coastal 

seas in the previous studies. PEA equal zero is obtained for a fully mixed 

water column, while positive values represent flow in stable stratification, 

negative value indicate unstable stratification. 

PEA, as the amount of mechanical energy required to homogenize the 
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entire water column with a given density stratification, can represent of most 

processes control mixing and stratification in estuarine sea such as advection, 

diffusion, straining and other processes. Furthermore, many studies about 

estuarine hydraulics used PEA to evaluate stratification and destratification 

processes in a tidally energetic inlet or the dynamics for mixing and 

stratification in estuaries such as by Burchard (2008), Purkiani et al. (2014).   

 
1
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Fig. 2.3 Density profile for potential 

energy anomaly (PEA) 
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0
d

dt


 : Stratifying process 

0
d

dt


 : Mixing process in the vertical water structure 

AD: Advection: due to the vertical mean horizontal velocity vector, u, 

including also density advection. 

DMS: Depth mean straining: based on the vertical mean horizontal 

density gradient strained by the deviation from the depth-mean velocity vector. 

NMS: Non mean straining: based on straining of the deviation from the 

vertical mean horizontal density gradient. 

AD: Vertical advection: based on the deviation from the linear vertical 

velocity. 

VM: Vertical mixing: vertical mixing of density expressed as the 

integrated vertical buoyancy flux. 

In this study, all components will be calculated excepting F: Surface and 

bottom buoyancy fluxes and G: inner sinks or sources of potential density and 

H structure of this term is in analogy to term G. All of them is so smaller than 

the first six terms. 
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3 CHAPTER 3 MATHEMATICS OF SUNTANS 

MODEL AND SUSPENDED SEDIMENT 

TRANSPORT 

3.1 Introduction about SUNTANS model 

This thesis uses SUNTANS (Stanford Unstructured Nonhydrostatic 

Terrain-Following Adaptive Navier-Stokes Simulater) model to calculate the 

hydrodynamics and salinity transport in the channel. SUNTANS is a 

parallelized model based on a finite-volume framework and based on a 

Delaunay-triangulated unstructured grid in the horizontal plane and a 

structured, z-level grid in the vertical and the cell centers defined at the 

Voronoi points of the triangles which was described by Perot (2000). 

Now there are three main modules for calculating in SUNTANS model 

including: the hydrodynamic module, salinity and temperature transport 

modules. 

The advantages of SUNTANS model to apply for this study (reasons to 

choosing this model): SUNTANS is the 3D model with unstructured-grid, 

nonhydrostatic (small scale) or hydrostatic (large scale) and coastal ocean 

model parallelized by MPI (Mpich 2) so SUNTANS are useful to calculating 

the processes of ocean under the effect of the tide, Coriolis force and it also 

can implement simulating with wetting and drying nodes. SUNTANS is the 

open source so it is convenient to develop or improve the modules in it 

depending on the purpose of study. 
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3.2 The theoretical basis of SUNTANS model 

Based on Navier-Stokes equations under Boussinesq approximation, the 

governing equations of the SUNTANS applying to calculate hydrodynamics 

in this thesis are (Fringer et al. 2006): 

   
1

. . hh h h

o

u p u
u fv bw v u v

t x z z

    
         

    
u               (3.1) 

   
1

. . hh h h

o

v p v
v fu v v v

t y z z

    
        

    
u                 (3.2) 

Vertical momentum equation in hydrostatic approximation (Casulli, 

1999): 

 h
o

p
g

z
 


  


           (3.3) 

For the impressible fluid, Continuity equation: . 0 u              (3.4) 

Where: The depth-averaged continuity equation for the free surface 

which obtained by integrating Equation (3.4) from the bottom at z=-H to the 

surface at z=ŋ and then applying the kinematic boundary conditions at z = ŋ 

and z = -H (Fringer et al. 2006). 

    0
H H

h
udz vdz

t x y

 

 

  
  

                           (3.5) 

Where we have employed the kinematic boundary conditions at z=h and 

z=-d, viz., 

.h hz z

h
h w

t   


  


u                                    (3.6) 
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.h hz H z H
d w

 
  u                                        (3.7) 

And the horizontal velocity vector given by 

h x yue ve u                               (3.8) 

The salinity transport equation: 

   . .h h h h

s s
s k s

t z z


   
     

   
u                          (3.9) 

With the density function:  

 1o os s                                               (3.10) 

Turbulence model: Turbulent flow is modeled using the Mellor-Yamada 

level 2.5 scheme (MY25) which is one of a hierarchy of closures proposed by 

Mellor and Yamada (1974). 

The MY25 are: 

 
2 3 2

2 2 2

1

2
2 2u b q

q q q
K M K N K F q

t B l z z

   
     

   

       (3.11) 

 
2 3 2

2 2 2

1 1

1

2 u b q

q l Wq q l
E lK M E lK N K F q l

t B z z

   
     

   

           (3.12) 

. / .F w z A     u                                      (3.13)

 

W: The wall proximity function 
 

2

2

2
1

E l
W

L
 

 

s b

s b

d d
L

d d



            (3.14)  

                                 

The value of the constants involved in the MY level 2.5 model are (Eric 
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Deleersnijder, 1993): 

(A1, A2, B1, B2, C1, E1, E2) = (0.92, 0.74, 16.6, 10.1, 0.08, 1.33)        (3.15)   

      

The stability function Su and Sb, which are needed to evaluate Ku and Kb, 

satisfy the following system of algebraic equations: 

(6A1A2GM)Su + (1-3A2B2GH - 12A1A2GH)Sb=A2            (3.16a) 

(1 + 6A1
2
GH - 9A1A2GH)Su - (12A1

2
GH + 9A1A2GH)Sb=(1 - 3C1)A1      (3.16b) 

The stability function: Sq=0.2 

2 2

2
min ,0.825 25.0M H

l M
G G

q

 
  

 

                        (3.17)

          

M: the Brunt-Vaisala 

N: Pradtl frequence  

 
2

2 2, ,
b

M N
z b

  
  
   

u  and    
2

2 2

2
, ,M H

l
G G M N

q
           (3.18) 

3.3 Three dimensional advection-diffusion equation for the suspended 

sediment concentration for non-cohesive sediment transport 

Because the suspended load is affected by mixing and stratifying 

processes while bed load is mainly affected by shear stress at the bottom, 

within the limits of this thesis, it is only the simple suspended sediment 

transport are simulated. 

This means bedload transport and process related between suspended 
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processes and bedload processes such as deposition and erosion will not be 

included in calculations. Besides, for suspended sediment, erosion source term 

is not added to exchange with the bed and also bed evolution processes is not 

computed. Moreover, effects of suspended sediment on the density field and 

flow are not included. The suspended sediment is only transported from the 

bed to the flow followed by advection and diffusion equation (Fringer et al., 

2006): 

 s

x y z

w-W CC uC vC C C C
+ + + = K + K + K

t x x z x x y y z z

    
    

    

∂∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂

∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂
 (3.19) 

Kx, Ky, Kz : the sediment fall mass diffusion coefficients (m
2
/s); 

Kx and Ky denote the horizontal the horizontal diffusion and Kz represents 

for vertical scalar diffusion. 

Kx = Ky = Kq+ νθh 

Kz = = Kq+ νθz 

With Kq is eddy diffusivity (m
2
/s) for the eddy diffusivity of the turbulent 

flow 
qw K

z





   


  

νθh and νθz are molecular diffusivities in horizontal and vertical direction 

(m
2
/s).  

For suspended sediment transport in this thesis, νθh and νθz are chosen by 

value 10
-2 

m
2
/s. 

The boundary condition 
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Appropriate boundary condition is necessary for lateral, top, wall and 

bottom boundaries to solve the suspended sediment equation. 

For the surface or bottom (ŋ or -H):  

When z= ŋ or z = -H: 0z s

C
K W C

z


 


 or 0

C

n





  (Neumann BC) (3.20)                

Bottom boundary condition: 
bottomC C  (Dirichlet BC)     (3.21) 

Outflow: 0
C

n





        (3.22) 

Inflow: 
inC C                                           (3.23) 

3.4 Discretized transport equations (O.B Fringer et al., 2006) 

3.4.1 Unstructured, finite volume prism grid cells in SUNTANS  

Transport equations are discretized based on grid structure in SUNTANS 

model that is brief introduced following: 

We confine ourselves to three dimensional z level grid, for which vertical 

grid spacings remain constant in the horizontal. In plan, the grid is composed 

of a two dimensional Delaunay triangulation (see, e.g., Shewchuck, 1996), in 

which no point set (which is comprised of the three vertices) of a particular 

triangle lies within the circumcircle of any other triangle within the 

triangulation, as shown in fig. 3.2. 

In Suntans model, the eddy viscosity, scalar diffusivities, scalars, and 
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nonhydrostatic pressure are defined at the Voronoi points and vertical centers 

of the prismatic cells, the free-surface and surface pressure are defined at the 

Voronoi points on the surface of the top cells, and the depth is defined at the 

Voronoi points at the bottom of the bottom-most cells. The horizontal velocity 

u and v is defined normal to each vertical cell face at the intersection of the 

Voronoi and Delaunay edges, and the vertical velocity w is defined at the 

Voronoi points at the top and bottom of each cell, as shown in Fig. 3.2. Each 

vertical face with index j has a predefined normal (whose orientation is 

arbitrary), nj, which indicates the positive direction of the velocity vector 

defined on that face, so that, if uj is the velocity vector at face j, then  

.j j jUu n              (3.24)  

Every Delaunay edge j with a normal nj has two neighboring cells 

defined by the Voronoi points that make up the jth Vornoi edge. The indices to 

these two cells are given by the pointers G2j  and G2j+1.  

 
Fig. 3.1 A Delaunay triangulation 

 

 
 

Fig. 3.2 Depiction of a three 

dimensional prismatic grid cell 
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3.4.2 Discretized transport equations on the above grid 

Discretized transport equations are based on O.B Fringer et al., 2006 

about temperature. The general advection-diffusion equation for an arbitrary 

scalar quantity C which is the suspended sediment concentration is given by: 

 s

x y z

w-W CC uC vC C C C
+ + + = K + K + K

t x x z x x y y z z

    
    

    

∂∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂

∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂
 (3.25) 

 x y z s

V V

C C C C
dV = K uC + K vC + K w W C dV

t x x y y z z

     
        

     
 
∂ ∂ ∂ ∂ ∂ ∂ ∂

∂ ∂ ∂ ∂ ∂ ∂ ∂
 (3.26) 

Integrating (3.25) over a cross sectional area A of Oxy plane and from z1 

to z1+h , with h is the height of cell volume V (five faces) and applying 

Divergence theorem (also known as Gauss’s theorem or Ostrogradsky’s 

theorem) , we have : 

 
1

1

C
.

t

z h

x x y y z s z
A z

S

C C C
dzdydz K uC e + K vC e + K w W C e dS

x y z

      
         

     
  

∂ ∂ ∂ ∂

∂ ∂ ∂ ∂
n

(3.27) 

Where S is the surface encompassing the elemental control volume 

dV=dzdA. Using Leibniz’ rule, we have: 

 

  

V A

x y z x y s z

S

h
CdV - C h dA

t t

C C C
= K + K + K - C ue +ue + w-W e . dS

x y z

 
 
 

 
 
 

 



∂ ∂

∂ ∂

∂ ∂ ∂

∂ ∂ ∂
n

      (3.28) 

If SNF represents all control volume surfaces other than the free surface, 

this can be rewritten as 
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x y s z h

V A

x y z x y s z

SF

h
CdV - C h - u(h)e +v(h)e + w(h)-W e .n dA

t t

C C C
= K + K + K - C ue +ue + w-W e . dS

x y z

   
   

  

 
 
 

 



∂ ∂

∂ ∂

∂ ∂ ∂

∂ ∂ ∂
n

         (3.29) 

Where nh is the vector normal to the free surface, and we have assumed 

no scalar gradients normal to the free surface, such that  

. 0hC n . Since nh given by  

3 0h h  n + e          (3.30) 

Applying the kinematic free surface boundary condition at z=h (Eq. 3.30) 

for equation 3.29 yields 

.H Hz h z h

h
h w

t  


  


u          (3.31)

 

  x y z x y s z

V SF

C C C
CdV = K + K + K -C ue +ve + w-W e . dS

t x y z

   
   

  
 

∂ ∂ ∂ ∂

∂ ∂ ∂ ∂
n  (3.32) 

In this manner a conservative scalar transport algorithm can be derived 

for control volumes that include the free surface. Control volumes that do not 

include the free surface employ Eq. (3.31), except with SNF = S. 

A conservative time discretization of (3.32) is given by 

 

 

  
      

s

n+1 n+1 n n

n n-1i,k i,k i,k i,k

i,k i,k

N
n+1 n n uw

m,k m,k i,k m,k m m

mi

n+1 n+1 n+1 n+1

s i,k+1/ 2 i,k i,k -1/ 2i,k+1

n n n n n+1 n

s i,k+1/ 2 i,k i,k -1/ 2 z i,k z i,ki,k+1

Δz C - Δz C 1
= 3Φ -Φ

t 2

1
- θU + 1-θ U C Δz N df

A

-θ w-W C - w C

- 1-θ w-W C - w C +θK C + 1-θ K C

  

∂

        (3.33) 
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With k is level of layer in vertical direction, n is time level, m is vertical 

side indicating of vertical face in rectangular face of cell i. Um,k is the normal 

component of the velocity at the mth side of the polygon at kth depth level. 

,

uw

i kz is the z at face value with their upwind quantities, θ is implicitness 

factor has to be chosen in the range 1/ 2 1   

Horizontal diffusion term, 
,i k  is discretized with the Adams-Bashforth 

method (Zang et al., 1993), and given by 

H

i,k x y

i S

1 C C
Φ = K + K .ndS

A x y

 
 
 


∂ ∂

∂ ∂
                                (3.34) 

Where SH implies integration only over vertical faces. This is 

approximated with 

 
 

 
 

s

2m,k 2m+1,k

s

2m,k 2m+1,k

N
x uwm,k

i,k G G m,k m m

mi m

N
y uwm,k

G G m,k m m

mi m

K1
Φ = C - C Δz N df

A D

K1
+ C - C Δz N df

A D





                    (3.35) 

Where the diffusivity of suspended sediment Kx and Ky at the cell faces is 

obtained with a linear interpolation from the neighboring cells. The value of 

the scalar quality at the faces can be determined by Upwind (total variation 

diminishing) schemes which already exist in SUNTANS model. 
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3.5 The validation of suspended sediment module: Comparing with 

analytical solutions 

In developing a three dimensional numerical model of suspended 

sediment transport processes, a necessary first step is to apply the model to 

simpler flow situations or which is analytical solution. This exercise reveals 

conceptual and coding problem sand therefore is an extremely valuable 

debugging aid.  

For equilibrium conditions (steady and horizontally uniform), the 

governing equation can be simplified to the following form: 

0s z

C
W C

z



 


           (3.36) 

If a constant parabolic distribution of mixing coefficient is assumed: 

 z z max

z z
ε = 4 1- ε

H H

 
 
 

 for 0.5
z

H
        (3.37)  

  *max
0.25z z u H     for 0.5

z

H
                          (3.38) 

And the reference sediment concentration Cbottom is given, then following 

sediment concentration profile can be derived (Van Rijn, 1987): 

b

bottom b

zC H z

C z H z


  

   
  

 for 0.5
z

H
        (3.39) 

4 ( / 0.5)z Hb

bottom b

zC
e

C H z



  
  

 
 for 0.5

z

H
               (3.40)
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Where *
/

s
W u   : suspended parameter. In calculation in 

SUNTANS, the following parameters are used in this test:  H = 1.05m,  zb = 

0.05m, Cbottom = 10kg/m
3
, u* = 0.1m/s. 

Length channel = 400m; Width of channel = 1m;  

 

Fig. 3.3 Suspended sediment distribution along the channel from SUNTANS 

(kg/m
3
) in case Ws = 0.02m/s.  
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Ws = 0.1m/s 

 

 

 

 

Fig. 3.4 Comparison of computed and analytical concentration 

profile (kg/m
3
) 

Computations are also carried out by a constant velocity u = 1.0m/s in 

upstream and downstream boundary condition. There are 22 layers and the 

vertical layer thickness being uniform and five sediment diameters from very 

fine silt to coarse silt are calculated for five tests. The concentration at the 

bottom is always 10 kg/m
3
. 

Equilibrium concentration profiles were developed downstream of the 

channel for five diameter sediment corresponding to five settle velocity are 

illustrated in fig. 3.4, fig 3.5. 

The computational results are generally good and roughly of the same 

quality as in the analytical solution of van Rijn (1978). There are, however, 

some small differences in detail at the positions near the bed because velocity 

distribution profile in SUNTANS is not fully the same with equilibrium 

conditions (u* = 0.1m/s) as in van Rijn (1978). 
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4 CHAPTER 4 CASE STUDIES TO CALCULATED 

HYDRODYNAMICS AND SUSPENDED 

SEDIMENT TRANSPORT IN IDEALIZED 

ESTUARIES 

4.1 The idealized estuarine used from Burchard’s work(2004) 

In order to present the effects of the lateral flows in 3D channel model 

which make the difference in mixing and stratifying processes, some 

scenarios are the slight modification of the idealized 2D estuarine channel 

used by Burchard (2008) and Warner et al. (2005), include: 

Ocean end 

tidalH  =15m 

tidalU  =1 m/s 

sin(2 / )tidal 4t 4471   

2sin(2 / ) /tidaltidaltidalq U H T m s  

   / tidaltidal tidal river leftu q q H     

Cocean (sediment) = 0 kg/m
3
 

River end 

riverH  =10m 

riverU  =0.01 m/s 

riverrivertidalq U H  

Criver (sediment) = 0 kg/m
3
 

 

Fig. 4.1 Initial salinity distribution for estuary 

The length of estuary is 100km. The depth of the channel linearly 

decreases from 15m at the downstream to 10m at the upstream (fig. 4.1). 
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Boundary condition: At the upstream: a fresh water runoff with velocity of 

0.01m/s and at the downstream: a sinusoidal semi-diurnal tide with sea 

surface elevation amplitude about 1m. 

Initial condition: vertically homogeneous salt distribution, with a salinity 

of 30psu for y ≤ 30km , salinity of 0psu for y ≥ 80km  and salinity 

concentration decreases linearly from 30psu to 0psu in between. The 

suspended concentration in over domain is zero excepting the bottom layer is 

0.1 kg/m3. Addition details are listed in table 4.1.  

 

Fig. 4.2 Domain used in 2D channel model runs 

 

Fig. 4.3 Domain used in 3D channel model runs 

There are two kind of girds simulated: while grid size with width is 

500m (3D) can simulate three patterns of flow structures in 3D channel model 

(fig.4.3), the grids, with width of 5m or 20m, are as so narrow channels to be 

assumed as channels which only have two hydrodynamic processes (2D) in 

longitudinal and vertical direction (fig.4.2). 
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Table 4.1 Basic model parameters for test cases 

Model parameter Variable Value 

Length Ysize 100km 

Width Xsize 5m; 20m; 500m; 

Depth Zsize 10m-15m 

Number of layer Nkmax 120 

Grid spacing in z direction 

(z-grid) 

Δz 

From 0 to 9.9m depth: Δz=0.55m;  

From 9.9m to 15m depth: Δz=0.05m 

Grid spacing in x,y 

direction 

Δx=Δy 5m; 20m 

Bottom roughness/ wall  zb zb=0.005m or noslip condition 

Time step dt 2 seconds 

Time step to export results Tstep 1800 seconds 

Total time simulation Ttime 10 days 

Time to start export data Tstart 5 days 

Settling velocity Ws 0.0057m/s in water 20
o
C 

Upstream boundary 

condition 

Inflow u=0.01 m/s 

Bottom sediment 

concentration 

Cbottom 0.1 kg/m
3
 

The kind of bed cross 

section 

 Rectangular, parabolic 
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4.2 Test cases information 

In this thesis, there are totally 11 simulated cases to explore the effects of 

the second flow and suspended sediment transport (table 4.2) on 2D and 3D 

domain which can be divided into four groups: 

Table 4.2 Basic model parameters for eleven test cases 

N

o. 

Gri

d 

size 

(m) 

Width 

of 

chann

el 

(m) 

Grid 

numb

er 

Bottom 
Shape of 

cross section 

Corioli

s force 

Suspended 

Sediment 

1 ~5 5 17324 
zb = 

0.005m 

Rectangular 

bed 
non non 

2 ~5 20 23089 
zb = 

0.005m 

Rectangular 

bed 
non non 

3 ~20 20 3467 
zb = 

0.005m 

Rectangular 

bed 
non non 

4 ~20 500 34663 
zb = 

0.005m 

Rectangular 

bed 
non non 

5 ~20 500 34663 
zb = 

0.005m 

Parabolic 

bottom 
non non 

6 ~5 5 17324 noslip 
Rectangular 

bed 
non Calculated 

7 ~5 20 23089 noslip 
Rectangular 

bed 
non non 

8 ~20 20 3467 noslip 
Rectangular 

bed 
non non 

9 ~20 500 34663 noslip 
Rectangular 

bed 
non non 

1

0 
~20 500 34663 noslip 

Parabolic 

bottom 
non Calculated 

1

1 
~20 500 34663 noslip 

Parabolic 

bottom 
f=10

-4
 Calculated 

 

Group 1: 

There are eight cases in group 1 (table 4.3) Grid size of eight cases in 

group 3 changes from 5m to 20m. There are three kinds of grid domain in 



31 

group 3 with width of the channel varies from 5m, 20m and 500m. The 

bottom roughness of the first four cases (case 1 to case 4) is equal 0.005m 

while the others are in noslip condition for the bottom. 

Group 3 is used to evaluate the effects of grid sizes on the results to find 

out the girds to calculated for 2D and 3D channel model. 

Table 4.3 Basic model parameters cases for group 1 

No. 

Grid 

size 

(m) 

Width 

of 

channel 

(m) 

Grid 

number 
Bottom 

Shape of cross 

section 

Coriolis 

force 

1 ~5 5 17324 zb = 0.005m Rectangular bed non 

2 ~5 20 23089 zb = 0.005m Rectangular bed non 

3 ~20 20 3467 zb = 0.005m Rectangular bed non 

4 ~20 500 34663 zb = 0.005m Rectangular bed non 

6 ~5 5 17324 noslip Rectangular bed non 

7 ~5 20 23089 noslip Rectangular bed non 

8 ~20 20 3467 noslip Rectangular bed non 

9 ~20 500 34663 noslip Rectangular bed non 

 

Group 2:  

There are one cases simulated in group 1 (table 4.4), in which: 

Under the roughness bottom zb = 0.005m. Case 1 which is modified with 

characteristics similar with Burchard’s computation to show what are the 

differences of hydrodynamics and salinity distribution between results from 

SUNTANS model (MY25) and ĸ-ε 2D model from Burchard’s computation 
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(table 4.4). 

Table 4.4 Basic model parameters cases for group 2 

No. 

Grid 

size 

(m) 

Width of 

channel 

(m) 

Grid 

number 
Bottom 

Shape of cross 

section 

Coriolis 

force 

1 ~5 5 17324 
zb = 

0.005m 

Rectangular 

bed 
non 

10 ~20 500 34663 noslip 
Parabolic 

bottom 
non 

 

Group 3:  

There are four cases used in group 3 (table 4.5) to investigate the effects 

of evaluate the effects of boundary layer to flow in flow for both 2D domain 

and 3D domain. While case 1 and case 5 the bottom roughness is 0.005m, the 

other cases is in noslip condition at the bottom. 

Table 4.5 Basic model parameters cases for group 3 

No. 

Grid 

size 

(m) 

Width of 

channel 

(m) 

Grid 

number 
Bottom 

Shape of cross 

section 

Coriolis 

force 

1 ~5 5 17324 
zb = 

0.005m 
Rectangular bed non 

5 ~20 500 34663 
zb = 

0.005m 

Parabolic 

bottom 
non 

6 ~5 5 17324 noslip Rectangular bed non 

10 ~20 500 34663 noslip 
Parabolic 

bottom 
non 
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Group 4:  

There are three cases used in group 4. The general features of case 6 and 

case 10 are that they are simulated under noslip condition at the bottom and 

computed suspended sediment module. While case 6 is as 2D grid domain, 

case 10 is as 3D grid domain (table 4.6). Case 10 will be compared with case 

6 to emphasize the importance of transverse mixing in mixing and 

stratification. This is the main content of thesis.  

Case 11 is compared with case 10 to clarify the impacts of Coriolis force 

on the lateral flows which affects to mixing and stratification and suspended 

sediment transport. 

The detail information of group 4 is showed in table 4.6 

Table 4.6 Basic model parameters cases for group 4 

No. 

Grid 

size 

(m) 

Width of 

channel 

(m) 

Grid 

number 
Bottom 

Shape of cross 

section 

Coriolis 

force 

6 ~5 5 17324 noslip Rectangular bed non 

10 ~20 500 34663 noslip 
Parabolic 

bottom 
non 

11 ~20 500 34663 noslip 
Parabolic 

bottom 
f=10

-4
 

 

4.3 Results presentation 

The observations to analysis and give final conclusions will do based on 

the results from two cross sections (fig. 4.1) 

At the downstreams: y=26km from ocean boundary namely location A 
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At the upstreams: y=80km from ocean boundary namely location B 

At the upstreams: y=55kmkm from ocean boundary namely location C 

In the 3D channel model, there are two positions to extract parameters: 

x=250m (middle of the channel) and x=100m (distance 150m from the middle 

of channel) . 

There are six hydrodynamic and sediment parameters to be used to 

analysis the results, includes:  

Water surface (m) and water depth (m). 

v :along velocity (longitudinal velocity, m/s). Negative value means 

along channel flow moving to sea ward and positive value means flow is in 

opposite direction. 

u: transverse velocity (velocity in across channel direction, lateral 

velocity, lateral current, m/s). Negative value means the lateral current is flow 

from middle of channel to both side of the channel. 

w: vertical velocity (vertical current, m/s). Negative value means flow in 

from the surface to bottom direction. 

Salinity distribution (psu) 

Eddy diffusivity (m
2
/s) 

Suspended sediment concentration (kg/m
3
) 
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5 CHAPTER 5 RESULTS AND ANALYSIS 

5.1 The effects of grid size, the differences between computed results 

with Burchard’s work (2004) and the effects of boundary stress 

5.1.1 The effects of grid size 

The group 1 with eight cases is used to analyze the effects of the grid 

size on running time (table 5.1) to find the suitable domains representing for 

2D and 3D channel model. While case 1, 6 and case 3, 8 represent for the 

channel without transverse structure with 5m and 20m grid size, respectively, 

case 2, 7 represent for the channel, which has enough 3 hydrodynamic 

processes, is only with 20m width, too narrow to create the effective second 

flows (2D domain). The model domain in case 4, 9 is 100km long and 500m 

wide will be enough across dimensional structure for impacts of lateral flows 

(3D domain). 

Table 5.1 Basic model parameters cases for group 1 

No 

Grid 

size 

(m) 

Width 

of 

channel 

(m) 

Grid 

number 
Bottom 

Time 

simulation 

in program 

(days) 

No. of 

processor

s 

Running 

times 

(hours) 

1 ~5 5 17324 zb = 

0.005m 

10 16 36 

2 ~5 20 23089 zb = 

0.005m 

10 16 65 

3 ~20 20 3467 zb = 

0.005m 

10 16 4 

4 ~20 500 34663 zb = 10 16 48 
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0.005m 

6 ~5 5 17324 noslip 10 16 36 

7 ~5 20 23089 noslip 10 16 65 

8 ~20 20 3467 noslip 10 16 4 

9 ~20 500 34663 noslip 10 16 48 

 

Comparing between four cases, it can be seen that case 3 and 8 with the 

simple grid (3467 cells) runs more quickly than case 1. While case 3 and 8 

only spent 4 hours to finish 10 days simulation; however, with grid size of 5m, 

case 1 and case 6 can represents for 2D domain better than case 3 and 8 (20m 

grid size). As the above results, the two domains with the smallest grid size 

(~5m) and 5m width (case 1 and 6) are good for calculating 2D channel model. 

And also case 4 and case 9 with grid size is 20m and 500m width are 

convenient to used calculating 3D channel model. 

5.1.2 The differences between computed results with Burchard’s work 

(2004) 

After finding out the suitable cases representing for 2D and 3D domains, 

case 1 in group 1 which is similar to characteristics Burchard’s work (2D 

domain and zb=0.005m), is used to compared. The comparison is necessary 

because while the results from Burchard’s work used k-ε turbulent model, case 

1 as well the other cases in this thesis used MY25 turbulent model for 

computing. Based on PEA number, Burchard’s work investigated the mixing 

and stratifying processes in the idealized estuary at two locations: location A 

(y=38km) where the SIPS mechanism fully disabilities the water column 
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during flood and location B (y=80km) where the water column is strongly 

stratified during the whole tidal period. Therefore, PEA from two above 

locations from case 1 are used to compare with Burchard’s work to find out 

the differences between results from MY25 turbulent model and k-ε turbulent 

model. 

 

Fig. 5.1a Time series of PEA at location A (y=38km) 

 

Fig. 5.1b Time series of PEA at location B (y=80km) 

From fig 5.1a and fig.5.1b, it can be seen that there are some significant 

differences between Burchard’s results and computed results. PEA computed 

is totally bigger than Burchard’s work during a tidal cycle for both location A 

and location B (fig.5.1a, b). Especially, in the flooding time at location A, 

while Burchard’s work gave water column in unstable stratification (PEA<0), 
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computed results shows flow is still in stable stratification (PEA>0).  

Warner et al (2005) pointed out reasons of the above differences is that 

MY25 closure resulted in a lower eddy viscosity, reducing the mixing 

efficiency. MY25 closure produced less overall mixing and lower bottom 

stresses. As the above results, MY25 closure gives less mixing and more 

stratification than k-ε turbulent model. 

It can be claimed that to analyze the following issues, beside author 

continue to choose the position y = 80 km to suitably analyze, replacing for 

location y=38km, new location 26 km is found to be suitable to extract results 

for next analyzing. At y = 26km, there is a clear contrast to the state flow: in 

the ebb, the flow is in stratification while in the flood, the SIPS mechanism 

fully de stabilizes the water column. 

5.1.3 The effects of boundary stress on 2D and 3D channel model 

The bottom stress and wall stress are the important components of 

nearshore circulation and sediment transport dynamics. The changes of shear 

stress will produce the small variations in mixing which make significant 

changes in the suspended sediment concentrations when mixing dominates 

(Warner et al., 2005). While Burchard’s work computed hydrodynamics under 

bottom roughness height (zb=5mm) condition, the main results in the thesis 

based on smooth wall condition which is near with the real channel. Therefore, 

it is necessary to investigate how are the differences of the results between 
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bottom roughness height condition and smooth wall condition (noslip 

condition) 

In depth-integrated circulation models, the mean bottom stress often is 

written as (Warner et al., 2008) 

bx bC u  u   and by bC v  u                         (5.1)  

bC : the non-dimensional drag coefficient. 

. : represents a time average over many wave periods 

In the model, Cb is calculated by formula: 

2

1
ln

2

bot
b

b

z
C

z



  
   

  
      (5.2)                                      

     

botz : thickness of the bottom cell (m) 

When bottom roughness height (zb) is equal 0.005m, velocity on the wall 

is related with velocity near the bottom. For noslip condition case, the fluid 

will has zero velocity at the boundary. 

Kinematic stress is calculated as (Warner et al., 2008): 

bx u

u
K

z






 and bx u

v
K

z






        (5.3)                         
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Fig. 5.2a Salinity distribution in the 2D idealised estuary near the end of ebb 

and residual velocity along channel (zb = 0.005 m) 

 

Fig. 5.2b Salinity distribution in the 2D idealised estuary near the end of ebb 

and residual velocity along channel (Noslip)  

The case of zb=5mm for both 2D and 3D domain gives more mixing and 

less stratification than domain in noslip condition (fig.5.2a and fig.5.2b, for 

example) because the case of zb=5mm has higher shear stress than noslip case. 

Roughness height condition affects to increase shear stress on the wall and on 

the bottom, promoting increase of water surface amplitude (fig.5.3a and 

fig.5.3b). Comparing between fig.5.2a and fig.5.2b, it can be seen that the salt 

wedge distance under noslip condition is longer than under bottom roughness 

height condition (zb = 0.005m). Besides, the changes of density in vertical 

direction near upstream in noslip condition is lesser than the other condition.  
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Fig. 5.3 Water surface, PEA at location A (left hand) and B (right hand) in 2D 

model for noslip case and zb = 0.005m 

 

Fig. 5.4 Water surface, PEA at location A (left hand) and B (right hand) in 3D 

model for noslip case and zb = 0.005m 

The role of bottom and wall shear stress in the hydrodynamics and 

salinity distribution is depended on case by case. Overall, noslip condition 

gives more stratification in 2D model than in 3D model(fig.5.3(c),(d) and 

fig.5.4(c),(d)). Investigating the changes in time of water level and PEA for 

both 2D and 3D domain under noslip condition and bottom roughness height 

condition, it can be seen that: near the ebb time at location A, the maximum 

differences in PEA between 2D model is up to 10 J/m
3
, PEA in noslip 

condition is smaller in case of zb = 0.005m is about 6.0 J/m
3
(fig.5.3c). 
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However, at location B (upstream region), while PEA from noslip condition 

(9~11 J/m
3
) is far smaller than from case of zb = 0.005m (32~38 J/m

3
) 

(fig.5.3d), PEA from both two condition in 3D model is almost the same (PEA 

from 20~22 J/m
3
) (fig.5.4d). 

5.2 The differences in mixing and stratification between 2D domain and 

3D domain and the role of transverse mixing  

 

 

Fig. 5.5 Salinity distribution in the idealised estuary near the end of ebb and 

residual velocity along channel in case noslip for 2D model (a), 3D curvature 

cross section channel (b)  

The effects of mixing by lateral currents to mixing and stratification 

processes in flow are investigated by comparing between case 6 (as 2D 

domain) and case 10 (3D domain). First step, salinity distribution, 

longitudinal velocity (fig.5.5a and fig.5.5b) and suspended sediment 



43 

concentration (fig.5.6a and fig.5.6b) from two cases are compared to illustrate 

what are differences between 2D and 3D channel models. The next step is 

explanation based on the differences in eddy viscosity, PEA and terms of PEA 

(fig.5.7 ~ fig.5.10). It can be seen that: 

Because of under effects of lateral flows, the flow in 3D model can 

mixes better than in 2D model under the stable stratification condition. Fig. 

5.5a and fig.5.b show that salinity concentration at the upstream from 2D 

model seems to be smaller than 3D model along. Salt wedge distance is longer 

in 2D domain. Along channel velocity near the surface is higher in 2D channel 

model. As the above results, the suspended concentration exists in the flow 

from 2D model is larger than from 3D model in a whole tide (fig.5.6a and 

fig.5.6b).  

 

Fig. 5.6 Suspended sediment concentration (kg/m
3
) for 2D model (x=250m, 

figure a) and x=2.5m for 3D channel domain (b) at position A. 
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Fig. 5.7 Vertical profile of eddy viscosity at location A for 2D and 3D 

(curvature cross section) m
2
/s 

3D model more mixing than 2D model because over a tidal cycle, flow in 

2D model produces much less eddy viscosity and eddy diffusivity than in 3D 

model except only for an interval of neap at position A (fig.5.7(a)~(d)). Lower 

eddy will reduce mixing efficiency (Warner et al., 2005), and then it’s also 

salinity front in 2D model is pushed into downstream more than in 3D model 

(fig.5.5a and fig.5.5b).  

Stratification can produce significant changes in the suspended sediment 

concentrations (Warner et al.,2005). The stratification limits vertical mixing of 

sediment, which combined with downward settling, determines the sediment 

concentration field (Warner et al., 2004). Therefore, the suspended 

concentration in 2D model is bigger than in 3D model because 3D model is 

more stratification than 2D model in both upstream and downstream (fig.5.8c 

and fig.5.8d). In the stable stratification periods at location A, the water 

column more mixes in 2D channel model. Maximum PEA in 2D domain is 

3.8 Jm
-3

 while in 3D domain PEA reaches up to 9.5 Jm
-3

(fig.5.8c). At location 

B, while PEA from 2D model fluctuates between 9.5 Jm
-3 

and 12 Jm
-3

, PEA 
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from 3D model changes between 19.5 Jm
-3

 and 22 Jm
-3

 for a tidal cycle 

(fig.5.8d). 

 

Fig. 5.8 Time series of PEA (upper panels) and the terms in the PEA equation 

(lower panels) for the locations 

Because of existence of the lateral flow processes, 3D model give more 

stratification than 2D model for both location A and B:  

At location A, there are two main forcing controlling mixing and 

stratifying processes at location B: depth mean straining and vertical mixing 

(fig. 5.8e) in 2D model. In 3D model, beside DMS and VM, VA plays a 

significant role during the ebb. NMS and AD is also small contributors for the 

condition of water depth (fig.5.8e). The differences of forces controlling 

mixing and stratification come from effects of lateral structures.  
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Fig. 5.9 AD, DMS, VA in  2D and 3D model at location A (x=100m) 

Fig. 5.9(a),(c),(e) show the  -Advection (ADx), Depth Mean Straining 

(DMSx), Non Mean Straining (NMSx) forces in transverse direction for 3D 

and 2D model. While ADx, DMSx and NMSx in 2D model are zero (not exist), 
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those in 3D model approximately fluctuates between -5.0x10
-4

 Jm
-3

and -

2.5x10
-4

Jm
-3

 and they are about 10% longitudinal forces (Fig. 5.9(b),(d),(f)), 

respectively. Transverse structures are not only creating lateral forces such as 

ADx, DMSx and NMSx but also inducing the changes of AD, DMS and NMS 

in longitudinal direction, VA and VM. ADy, DMSy and NMSy are bigger than 

in 2D model (fig. 5.9(b),(d),(f), respectively). Under significant contribution 

of VA and small contribution from NMS, AD in horizontal direction, PEA 

from the ebb to the middle of flood in 3D model is larger than in 2D model 

(fig. 5.8e).  

At location B (where the water column is always in strong stratification 

during a tidal cycle): Under the existence of transverse structure, PEA from 

2D model is smaller far from 3D model (fig.5.8d). In 2D model, the major 

balance of forces is between AD, DMS. Smaller contributions come from 

NMS and AD (fig.5.8f). In 3D model, not only AD, DMS, it can be seen 

significant role of VA, NMS in driving mixing and stratification (fig.5.8f). 

The fig.5.8f shows that vertical advection in horizontal plane in 3D model is 

stronger than in 2D model. There are no depth mean straining and non mean 

straining in across direction in 3D model while amplitude of DMS along 

channel in 3D model is only from 40% to 50% in 2D model (fig.5.10c). At 

location B, AD in transverse direction strongly affects in 3D model, even in 

the flood, ADx is equal 50% nearly ADy (fig.5.10a and fig.5.10b). Under the 

high stratification, the vertical mixing remains nearly zero over the tidal cycle.  
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Fig. 5.10 AD, DMS, VA in 2D and 3D model at location B (x=100m) 

5.3 Hydrodynamic processes and salinity and suspended sediment 

distribution in the 3D idealized estuary  

5.3.1 The role of transverse mixing in case without Coriolis force  

After clarifying the role of lateral structure, hydrodynamics, salinity 

transport and suspended sediment transport in the idealized estuary with 

enough 3 component processes (3D structures) are investigated in case 10. 

From about y=35km to downstream, the salinity distributes from 20 psu to 30 
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psu and salinity uniform distributes in the vertical direction (fig.5.11). From 

this point to location 90km, the water column is always in high stratification 

(fig.5.12) and density of upper layer is always heavier than lower layer 

(fig.5.11). Between 90km and river boundary, similarly with near sea 

boundary, salinity uniformly distribute in the vertical direction (fig.5.11). 

 

Fig. 5.11 Salinity distribution in the 3D idealised estuary after the end of ebb 

and residual velocity along channel vectors (no Coriolis force) (psu) at 

x=250m midle of the channel 

 

Fig. 5.12 PEA maximum and PEA minimum in the 3D idealised estuary along 

the channel. 
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Fig. 5.13 Suspended sediment concentration in the 3D idealised estuary after 

the end of ebb (no Coriolis force) (kg/m
3
) 

Suspended sediment concentration is computed under the combination of 

the advection and diffusion (fig.5.13). The maximum concentration is on the 

bottom (0.1 kg/m
3
). Under the effects of ocean and river, there are two special 

areas which located from 23km downstream and 88km upstream where the 

flows create a turbidity maximum by full mixing in water column. The 

stratification at the upstream also limits vertical mixing of sediment between 

30km to 86km, which combined with down settling, determines the sediment 

concentration field in the tidal cycle. At the upstream where the suspended 

sediment concentration suddenly decreases, that is the position of salt wedge 

font. Salt wedge font moves back and forth across the mud reach during the 

tidal cycle (Geyer, 1993), causing a variation in the location of the trapping 

region which traps the sediment depositing before its. From 20km to 30km in 

the downstream, that is the transition area between stratifying area and full 

mixing area. This area fluctuate (move up and down) depending on tide.  
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Fig. 5.14 The PEA and water surface in 2D and 3D model at location A and B 

and the time export cross section 

There are three cross sections used to investigate the changes of the 

hydrodynamics and suspended sediment transport: cross section A (y=26km), 

cross section B (y=80km) and cross section C (y=55km), see fig.5.11. While 

water column at cross section A (y=26km) has two opposite conditions during 

a tidal cycle (slight stable stratification in the ebb and unstable stratification in 

around maximum flood time), water column in cross section B and C is 

always in strong stratification in whole tide (fig.5.14). The trends of PEA at 

location A and B are similar, PEA reaching maximum at the neap and 

minimum at the spring (fig.5.14).  

 

Fig. 5.15 Transverse velocity, suspended sediment concentration at x=100m, y 

= 26km for parabolic section 3D channel model (location A). 
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Fig. 5.16 Transverse velocity, suspended sediment concentration at x=100m, y 

= 55km for parabolic section 3D channel model (location C). 

 

Fig. 5.17 Transverse velocity, suspended sediment concentration at x=100m, y 

= 80km for parabolic section 3D channel model (location B). 

The level of stratification in the flow controls not only the mixing 

processes of suspended sediment but also lateral structure in the water column. 

As Geyer (2004), stratification is predicted to suppress the lateral flow. When 

stratification increases, the number of layers with different structures of lateral 

flow will increase (fig.5.15(a)~5.17(a). For instance, in the ebb at location A, 

the flow in small stratification (PEA<10 J/m
3
), there are three layers of lateral 
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current in water column, transverse currents in upper layer near the surface 

and the layer near the bottom give positive value while transverse currents in 

middle layer show negative value (fig.5.15a). At near the end of flood 

(PEA<0), there are two layers in the water column, upper layer shows 

negative value of transverse currents while lower layer show positive value 

(fig.5.15a). In this situation show for large lateral circulation, the water can 

mix well between the surface and the bottom (fig.5.18d). Besides, at location 

B and C where flow always in strong stratification, there are a lot of layers 

with different lateral flows and different densities in the same water column 

(fig.5.17a and fig.5.18a). This means although strong stratification limits large 

lateral circulations which mix water between surface and bottom, circulations 

with smaller size in each density layers still happen (fig.5.19a and fig.5.20a). 

Suspended sediment concentration decreases in the ebb when PEA 

increasing and resuspends again in flood when PEA decrease 

(fig.5.15a~5.17a). In unstable stratification period (PEA<0), suspended 

sediment can mix into the layers near the surface (location A, fig.5.15b) while 

under effects of strong stratification (PEA>0), sediment is kept near the 

bottom (location B and C, fig.5.16b~ fig.5.17b). 
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Fig. 5.18 The Salinity, suspended sediment concentration, velocity component 

in cross section A at one hour after neap (T1) and in spring (T2), see time for 

T1, T2 in fig.5.14  

 

Fig. 5.19 Velocity components, salinity, suspended sediment concentration in 

cross section C at spring   (T2), see time for T2 in fig.5.14 

 

Fig. 5.20 Velocity components, salinity, suspended sediment concentration in 

cross section B at middle of flood (T3), see time for T3 in fig.5.14   
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Fig.5.18(a)~5.18(f) can explain well the distribution of sediment in 

across channel at time two large lateral circulations which Geyer (2004) didn’t 

mentioned in his work. As Geyer (2004), in the weak stratification (PEA<10 

J/m
3
), there are two lateral circulation cells, symmetric about the channel axis. 

As the computed results, fig.5.18(a)~5.18(f) show three velocity components, 

salinity concentration and the sediment concentration at one hour the ebb (the 

first lateral circulation, fig.5.18(a)~(c)) and late flood (fig.5.18(d)~(f)).  

In the first lateral circulation (fig.5.18a), because saltier at the flanks than 

at the thalweg, lateral salinity gradients are consistent with differential 

advection forcing (fig.5.18b). The weak lateral circulations divergent near the 

surface and convergent near the bottom (fig.5.18a). Even transverse currents 

bring the sediment shoal area to deposit at deeper area. The sediment exist so 

less in the water (fig.5.18c). It is remarkable that at that time, the water 

column is in highest stratification (PEA is 9.5 Jm
-3

, fig.5.14).  

The second lateral circulation occurs around maximum flood 

(fig.5.18(d)~(f)), with maximum values of about 0.08m/s(fig 5.15a). Surface 

currents are convergent and bottom current are divergent, consistent with the 

flood phase observations of Nuns and Simpson(1985), Lerczak and Geyer 

(2004). The lateral gradient in salinity is strong with higher salinity in water at 

the thalweg than at the flanks (fig. 5.18e). At that time, lateral flows on the 

surface bring sediment from the both side to the middle of the channel. Then, 

on the surface, sediment concentrates more than the both side (fig. 5.18f). 
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5.3.2 The role of transverse mixing suspended sediment transport under 

effect of Coriolis force 

Generally, the strength of the Coriolis forcing can be represented by 

Rossby number (Ro). 

0

U
R

Lf


            (5.4) 

U and L are, respectively, characteristic velocity and length scales of the 

phenomenon and f is the Coriolis frequency.  

A small Rossby number signifies a system which is strongly affected by 

Coriolis forces. If R0 smaller than 0.1, Coriolis force is negligible. For study 

case, with f equal 10
-4

 rad/s for the idealised estuary with 100km of length, 

0.1m/s of maximum velocity, the effect of Coriolis force is considerable 

because R0 equal 0.1 (R0>1). Then, the Coriolis term, fv, is dominant term in 

the cross channel momentum equation (equation 5.5) that must be balanced by 

a cross channel pressure gradient. Therefore, Coriolis forced generates a cross 

channel asymmetry in the structure of along channel exchange flow. 

1 xu P
fv

t y z



 

   
     

    
                (5.5)

            

v is along channel velocity (m/s) 

 

 

https://en.wikipedia.org/wiki/Coriolis_effect
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Fig. 5.21 Velocity components, salinity, suspended sediment concentration in 

cross section A (Coriolis force) in spring (T2), see time for T2 in fig.5.14 

The results of case 11 are used to compare with case 10 (without Coriolis 

force) to show the role of transverse mixing suspended sediment transport 

under effect of Coriolis force. The computed results when comparing between 

case 11 (without Coriolis force) and case 10 (without Coriolis force) show 

that:  

Similarly with the conclusion of Geyer (2003), the Coriolis force also 

breaks up symmetric structure of transverse flows in case 11. For instance, 

while the lateral currents, salinity distribution are symmetric (fig.5.18(d)~(f)), 

under effect of Coriolis force, at cross section A in the spring, transverse 

currents is strongest on the left side of the channel (when facing the ocean in 

the Southern Hemisphere, opposite direction with works of Lerczak and 

Geyer 2004 with facing the ocean in the Northern Hemisphere). The 

maximum lateral currents in the left side are 5.4cm/s (fig.5.21a). Salinity in 

left bank is more stratification than right bank (fig.5.21b).   

The results of case 11 may illustrate the suggestion of Geyer (2003): 

asymmetry flow is a mechanism for driving asymmetric channel profile in 
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estuaries. In case 11, the suspended sediment concentrates more in the right 

side (fig.5.21c). Asymmetric lateral sediment transport may lead to a preferred 

asymmetric channel shape in straight estuaries: shallow flanks to the right and 

deep channel to the left when looking toward the river (facing the ocean in the 

Southern Hemisphere).  

5.4 Conclusion for hydrodynamic, salinity distribution and suspended 

sediment transport in idealized estuary 

Grid size and spatial dimensional structures significantly affect to 

simulation time. When grid size decreases, simulation time will increases. 

After investigating 9 cases with different grid sizes and widths of channel, it 

can be found that case 6 with 5m of grid size and 5m of width is suitable to 

represent for 2D domain and case 10 with 20m of grid size and 500m of width 

is suitable to represent for 3D domain. These two domains are applied to use 

for all next simulations. 

The 2D domain from previous step is used to comparing with Burchard’s 

work (2004). The results show that computed results give less mixing and 

more stratification in the flow. Warner et al (2005) pointed out reasons of the 

above differences is that MY25 closure resulted in a lower eddy viscosity, 

reducing the mixing efficiency. MY25 closure produced less overall mixing 

and lower bottom stresses. 

Investigating the role of bottom and wall shear stress, the results show 

that: simulation with roughness height condition (zb=5mm) as Burchard’s 
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work (2004) will give more mixing than in noslip condition. However, the 

role of bottom and wall shear stress in the hydrodynamics and salinity 

distribution is depended on spatial domain used for simulation. Under 

existence of transverse structure, at the upstream, the hydrodynamics in 3D 

model are less affected bottom roughness than in 2D model. 

Moreover, lateral structures also drive the mixing and stratifying 

processes in estuaries. The lateral flow processes induce 3D model giving 

more stratification than 2D model even lateral forcing terms are only from 5% 

to 10% longitudinal forcing terms. For instance, at location A, under effect of 

lateral flow, PEA of 3D model is nearly two or three time PEA of 2D model 

during the ebb. The stronger stratification limits more vertical mixing of 

sediment (Warner et al., 2004). Therefore, the suspended concentration in 2D 

model is bigger than in 3D model. 

Under effects of stratification, there are three regions are found in the 

idealized estuary: two regions near sea and river boundary where the flow 

almost full mixes, the turbidity is maximum and the other region show strong 

stratification limit the mixing of sediment into upper layers. Besides, 

stratification controls not only the mixing processes of suspended sediment 

but also lateral structure in the water column. When the flow in strong 

stratification, lateral circulation is only happened in each layer of density and 

vertical mixing doesn’t happen in whole water column. For the mixing of 

sediment, in unstable stratification period suspended sediment can mix into 

the layers near the surface while under effects of strong stratification, 
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sediment is kept near the bottom.  

The effects of the lateral flow to the suspended sediment transport are 

clearly when investigating the effect of Coriolis force on the flow. The 

Coriolis force also breaks up symmetric structure of transverse flows and then 

suspended sediment concentrates asymmetrically between two sides of the 

channel. Asymmetric lateral sediment transport may lead to a preferred 

asymmetric channel shape in straight estuaries. 
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2.1. CHAPTER 6 CONCLUSION AND FUTURE STUDIES  

This study uses numerical model to calculate the hydrodynamic 

processes and salinity transport in idealized estuary for 2D domain and 3D 

domain. There are eleven cases are computed. After investigating the effects 

of grid size and bottom shear stress, comparing with Burchard’s work (2004) 

and Geyer’s work (2003), the results of 3D estuarine model are compared 

with 2D estuarine model to clarify the role of lateral mixing on mixing and 

stratification in estuaries. The results show that: 

As the conclusion of Geyer’s work (2003), lateral mixing helps for 

enhancing the stratification in 3D estuarine model. At the weak stratification 

location in estuary, the computed results from 2D model as well Burchard’s 

work (2004) shows that there are only two main forcing controlling mixing 

and stratifying processes that is DMS and VM. However, the computed results 

from 3D model provide that beside DMS and VM, AD, VA and DMS also 

play a significant role during the ebb. In which, it is only with 10% of AD, 

DMS and NMS along the channel, forcing terms in transverse direction affect 

to the others terms of PEA equation in enhancing stratification in 3D model. 

As Burchard’s work, in 3D model, the major balance of forcing term is 

between AD, VA and DMS for location under strong stratification condition. 

The lateral structures is enhance the importance of AD more than DMS and 

VA because there is significant contribution of ADx in horizontal advection 

(ADx is about 50% ADy for this case). As the results, 3D model give stronger 

stratification than 2D model. 
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Besides, the results provided that stratification controls lateral structures 

in water column as the conclusion of Geyer’s work (2003). The computed 

results showed that strong stratification limits the mixing of suspended 

sediment. Under effects of strong stratification, sediment is kept near the 

bottom while under unstable stratification condition, the sediment mixes well 

in the flow. 

The effects of the lateral flow to the suspended sediment transport are 

clearly when investigating the effect of Coriolis force on the flow. This study 

illustrated successfully the suggestion of Geyer (2004): driven by Coriolis 

force, symmetric lateral flow is broken. This asymmetry may drive 

asymmetric lateral sediment transport which may ultimately lead to a 

preferred asymmetric channel shape in straight estuaries (shallow flanks to the 

right side and deep channel to the left side when looking toward the river).  

Although the mixing and stratification mainly effects to suspended 

sediment, it is better if calculation results of the thesis can combine the bed 

load with suspended load. The enough components of sediment will help for 

simulation results better. Therefore, maybe the next study will concentrate 

developing sediment transport module including bed load transport in the 

module.  
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