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Abstract

Density currents and high sediment concentration are frequently
observed where the bottom slope or the contraction gradually changes.
Until now, however, the behaviors of density currents and sediments due
to the gradual change in topography have not been studied or discussed
further. In contrast, it is found that in the coastal area where the slope
changes rapidly, the flow at the density front is partially reversed as an
overturn by the shoaling process of the internal tidal wave, and this causes
significant vertical mixing and resuspension. Especially, such overturn
can be seen as the hydraulic jump of the density current, as a result of the
Froude number observed in the work of Masunaga et al. (2015). Therefore,
the main goal of this study is to understand the topographical effects in
estuary research, and in particular, to understand the process of the
overturn induced by the hydraulic jump in translation. In this regard, a
study is carried out on two topography types that are the mild bottom slope
and the gradual contraction.

In this study, a numerical experiment is performed on the mixing
process between salt water and fresh water in the mild bottom slope region
or in the gradual contraction region. Results obtained from the numerical
experiment are analyzed by means of the gradient Richardson number, the
kinetic dissipation rate, etc., to clarify the stratification and sedimentary

transport processes. Besides, by using the momentum fluxes method and



the Froude number method, we tried to understand in more detail the
effects of the gradual change in topography on the generation of the
hydraulic jump.

In conclusion, it can be seen that the overturn can occur and
maintain for a long time at the salt tip where the bottom slope is gentle or
the width is gradually contracted. Significant vertical mixing occurs at that
location, and similarity resuspension occurs significantly. When the
hydraulic jump occurs from the propagating processes of the tidal flows
in the shear environment under the gradual effects of the topography, the

overturn and internal bore may be generated.

Keywords: the overturn, the salt tip, mixing, the hydraulic jump,

the mild bottom slope, the gradual contraction.
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Latin lowercase

q The turbulent velocity scale
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pi The pressure at fresh water layers

p2 The pressure at salt water layers
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€ The kinetic energy dissipation rate
P1 The averaged density for fresh water layer
0> The averaged density for salt water layer
M1 The vertical displacement of the fresh layer
N2 The vertical displacement of the salt layer
n The coordination of water surface
’5 The averaged density between two layers
o) The averaged density
Po The constant reference density
w The Earth’s angular velocity
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CHAPTER ONE

I. INTRODUCTION

1.1 The background of the salt tip, the overturn and the effects of the

geometry

1.1.1 Overview of the structure of the salt tip

Estuaries are the connecting regions between the rivers and the ocean. The
interactions between the salt-water flows from the ocean and the fresh-water
flows from the river lead to the flows of the estuaries frequently be in the strong
stratification regime. The stratified layer ends at the upstream of the estuary in
the salt tip region (Fig. I-1). From the head of the salt tip (salt head) to the
upstream, the density of the flow is the homogenous vertically since the fresh
flow exists whole the water depth (Fig. I-1). In the other side of the salt tip region
(right region of the salt head), the density is stratified and separated relatively
into two layers (Fig. I-1). The upper layer (near the free surface) is the fresh layer
where the density is mostly homogenous vertically. The lower layer (near the

bottom) is the salt layer where the density is relatively stratified (Geyer, 1993).

<One layer flow>§ <Two-layer flow>
Fresh water

Fresh water

Salt layer

Salt head

Fig. I-1 The density structure in the salt tip region
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1.1.2 Overview of the flow modes for two-layer flow

In downstream of the salt head where the two-layer flow exists, there are
two kinds of the flow mode observed that are uni-directional (Fig. I-2(a)) and
bidirectional (exchange flow) (Fig. I-2(b)). In which, the flows at the salt tip are
frequently appear in the uni-directional mode (Sanford et al., 2001; Geyer, 1993).
However, the bidirectional flow may be observed during the slacks in the
upstream of the Cheksapeak Bay (Sanford et al., 2001) when the salt tip locates
at the toe of the bottom slope. Besides, the exchange flow may be observed in
around the geometric features such as at the downstream of the constrictions
(Geyer and Ralston, 2015) or on the slope in nearshore coastal ocean (Masunaga

et al., 2015; Walter et al., 2012; Carter et al., 2005).

(@) <Uni-directional flow> (b) <Exchange flow>
Free surface Free surface
Uy
U — ——
— —
U, u;
= Bottom S— 4mmmm= Bottom
£ x

Fig. 1-2 The side view structure of the two modes of the two-layer mechanism.
(a) Uni-directional flow; (b) The exchange flow

1.1.3 The effects of the geometry features
The effects of the geometry on the flow of the two-layer flow in the
relationship with the Froude number are given in the following equations (Armi,
1986; Zhu and Lawrence, 2000):
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where the W and z, are the width of the channel and the elevation of the bottom,

respectively. The ui, u, are the velocity of each layer and D; and D, are the
thickness of each layer, respectively. The 0, and p, are the density of the

lighter (upper) layer and denser (lower) layer. The fi, f>, /3 and fi are the
coefficient terms of the energy lost which are relative with Froude number,
velocity and depth. The dE;/dx and dE>/dx are the function of the frictions and
nonhydrostatic correction (Zhu and Lawrence, 2000). For the specified case such
as without variation of the width, dW/dx will be zero (Fig. I-3(a)). On the other

hand, without the effects of the slope, dzs/dz will be zero (Fig. I-3(b)).

@) (b)
<Plan view> <Planview>
y W = constant , W
x| ) x |
<Side view> . Free surface <Side view> Free surface
=) u; P1 t
u D 1
1P1 ¥1 -) D,

u 14 D2 Bonoﬂl»‘l" <
z = 2 z D
fb L p2 U f
i Datum X —) Bottom slope

Fig. I-3 Definition sketch for the two-layer flows with the free surface under

effects of the geometry. (a) Bottom slope effect. (b) The contraction of the width
effect.

The composite Froude number (G?) in equation (1.1) - (1.4) can be express as

3 o i
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G? =Fr” +Fr}, (1.5)
u; uj
where Fr? = ~—and Fr} = 'E) are the internal Froude number of

1 2

the upper layer (lighter density) and lower layer (heavier density). The

9'=gAp/ /_) , 1 the reduced gravitaiotnal acceleration, and p is the averaged

density. Similar to the traditional Froude number (F7), the flow state is termed
critical since the composite Froude number (G?) equals nearly unity or equals
unity.

For both the uni-directional flow and exchange flow, the common critical
point for the existence of the hydraulic jump that is at the crest of the obstacle
when dzy/dz =0 (Fig. 1-4(a)) or the narrowest of the constriction where dW/dx =
0 (Fig. I-4(b)) (Armi, 1986; Armi and Farmer, 1986; Baines, 1995). However,
without the critical condition caused by the geometry, the hydraulic jump still
may have another chance to occur that are when the flow is as a form of the
exchange flow without the upstream depth of denser layer, such as the density

currents, the overturns in the internal bore, etc.

(@) G2=1 (b) Constriction
» —
G<1 G2>1 G2<1

At the narrowest:

; dW/dz =0
At the crest
dz,/dz =0 »
@
Asill G2<l G2>1G?=1 G2<1

Fig. 1-4 An example for the two-layer flow through the geometry. (a) Side
view of the uni-directional flow over the sill (Staalstrgm et al., 2014); (b) Plan
view and side view for the two-layer exchange flow through a constriction (Armi
and Farmer, 1986).
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The density current is the density fluid flow propagating over/under
another fluid flow (Fig. I-5) (Simpson, 1982). In which, the interface between
two fluid flows normally is considered as the density front which may be broken
under the certain flow condition, and this process is normally called as the
breaking of the front (Benjamin, 1968). For the common phase, the edge of the
density moves at the same speed as the flow, and at that time, Froude number
normally observed is at about unity (Simpson, 1980; Baines, 1995). However, if
the Froude number observed at the density front is far bigger than unity, the
density currents may be considered as a special type of the two-layer hydraulic
jump (Simpson, 1982; Benjamin, 1968; Baines, 1995). For that type, the heavier
fluid discharged the mass to the lighter fluid through at the head of the density
current (Fig. [-5) (Baines, 1995). At the transition as a overturn (Baines, 1995),
the mixing is intense and the head of the current is a “head wave” or
“supercritical head” as the breaking of the front (Benjamin, 1968; Xu, 1991).
The hydraulic jumps as an overturns normally appear in regions where the
geometrical features such as the bottom slope or the contraction of the width are
observed. Evenly, the geometry feature and the seaward flow seems to be play

an important for the development of the hydraulic jump.

A // T
Fig. I-5 An sketch of the density current head as the two-layer hydraulic
jump (Baines, 1995).
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1.1.4 The existence of the overturn and its effects on the sedimentary transport
processes

On the gentle slope of the river mouth, the overturn appears in the tidal
bore on the free surface during the shoaling process of the incoming tide. Under
effects of the river flow, bottom slope and friction, the sharp of the tidal wave is
progressively distorted until a wall of water is formed as the bore (Bartsch-
Winkle and Lynch, 1988; Savenije, 2005; Chanson, 2011a). Koch and Chanson,
(2008) and Chanson, (2010a) found that when surge Froude number observed is
from 1.3 to 1.6, the high energy is dissipated and the hydraulic jump can occur
as a bore in rollers form (the bore roller) (Koch and Chanson, 2008; Chanson,
2010a). Peregrine and Svendsen, 1. A. (1978) and Lubin and Chanson, (2017)
suggested that the roller bores are the hydraulic jump in translation.

For two-layer flow, the overturns are generated from the shoaling
process of the internal tide on bottom slope of the continental shelf (Petruncio et
al. 1998; Wang et al. 2008) or of the coastal regions (Masunaga et al., 2015;
Walter et al., 2012; Carter et al., 2005). During shoaling time to shallower water
depth, the previous works (e.g., Klymak et al., 2007; Hosegood et al., 2004;
Masunaga et al., 2015) observed that the streamwise currents are much
accumulated at troughs of the internal tide during shoaling time to shallower
water depth (Fig. [-6). Besides bottom slope, the strong turbulent mixing by the
overturn is generated when the backflow from previous period encounters the
front face from the incident intertidal wave (Helfrich, 1992; Wallace and
Wilkinson, 1988; Masunaga et al., 2017). Masunaga et al.,(2017) found that
the shear flow from the bottom friction and the vertical shear between the
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interface of the two-layer exchange flows are important for the convergence of
the horizontal flows. Masunaga et al., (2015) recorded that the horizontal
currents at the overturn of the internal bore reaching 0.1m/s and 3.0 cm/s of the
corresponding vertical velocity ( |[w| > 2 cm/s). The strong horizontal and
vertical velocity in the overturn are also the potentials for resuspension of
sediment (Boegman and Ivey, 2009; Masunaga et al., 2015).
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Fig. 1-6 The shoaling process of the internal tide on bottom slope in the Otsuchi
Bay leading to the development of the internal bore shown (Masunaga et al.

2015).

Above discussions show that the bottom slope and the backflows can
make the significant frictional resistance and induce for the hydraulic jump as
the breaking of the internal tide or the density front. Therefore, if an estuary has
a slope at the upstream of channel, the breaking of the salt tip front may occur
due to the interaction between the upstream direction density flow and the
downstream freshwater flow, similarly to the breakings of the density front of

internal tide meeting a critical slope of the coastal regions. The upstream of the
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Chesapeake bay has a slope near the salt tip region, and although this slope angle
is much milder than those of the nearshore coastal ocean, the overturns was still
observed by many researches such as North et al. (2004) or Sanford et al. (2001).

Kim et al., (2007) showed that the region near the salt tip in the upstream
of the Chesapeake Bay has the bottom with a local slope of 10 m height over
around 10 km length (Sanford et al., 2001). Although the angle of mild slope
observed in Kim et al., (2007) (Fig. I-7(a)) is about ten times smaller than the
angle of the bottom slope observed in the Otsuchi Bay but the salt front meets
the significant interaction with the river flow on the slope. The magnitude of the
river flows in the upstream of slope in the Chesapeake bay vary between 10
cm/s and 17 cm/s (North et al. 2004). Moreover, much higher concentration of

the suspended sediment near salt front of upstream the Chesapeake Bay are

observed (Fig. I-7(b)).
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Fig. 1-7 The comparisons in the bottom slope, salinity and sediment
concentration between the salt tip region in the upstream of the Chesapeake Bay

near the slack before from Kim et al., (2007).
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Much higher concentration observed in the upstream of the Chesapeake
Bay seems to be relative with the overturn. Sanford et al., (2001) reported that
the overturn at the upstream of the Chesapeake Bay occur in the slack before
flood or slack before ebb, and during these periods, the highest concentration of
the sediment is observed around the front of the salt tip. When the velocity of the
wind near the water surface is large, the magnitude of the overturn is enhanced,
the concentration of the sediment at the salt tip is significantly promoted
(Sanford et al., 2001). The magnitude of the flow affect to the sedimentary
process, the observation of the North-Houde (2001) show that the sediment
concentration observed on the mild slope for the high river flow condition is
much larger than that in the low river flow condition. Further, Geyer (1993)

showed that the sediments can be transported vertically by overturn to the upper

layer from the bottom even with the strong stratification near the head of salt tips

(Fig. I-8).
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1.2 Literature review
1.2.1 Mixing and sedimentary processes under the effects of the bottom slope

Normally, the sediment transport processes at salt tip regions are driven
by the residual estuarine circulation and the tidal asymmetry. The residual
estuarine circulation is relative with the unbalance between the seaward flow
near the surface and the landward flow near the bottom (Burchard and
Schuttelaars , 2011). Under effect of the tidal asymmetric flux, sediment near the
surface is transported seaward and the sediment near the bottom is transported
landward (Burchard and Schuttelaars , 2011).

The other dynamics process driving the convergence of the sediment at
the salt tip that is the tidal straining. The tidal straining mechanism is relative
with the tidal asymmetries in the turbulent mixing (Jay & Musiak, 1994). Further,
Simpson et al., (1990) suggested that the tidal straining is relative with both the
periodically oscillating stratification and vertical shear in the streamwise velocity.
As a result, not only water parcel but also planktons, organic and sediment
particles move to the landward (Lucas et al., 1998; Scully & Friedrich, 2007;
Geyer., 1993; Burchard et al., 2018) until converging at the salt tip zone.

The convergences of the sediment driven by the tidal straining and tidal
pumping have been studied and discussed well by the many previous researches
(Allen et al. 1980; Jay & Musiak, 1994; Geyer, 2001; Yu et al., 2014). In which,
even though the overturn process could be one of the important processes driving
the vertical migration of the sediment, it did not get much attention nor be well
so far discussed such as in Sanford et al (2001), Geyer (1993) and North-Houde
(2001).
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Sanford et al (2001) emphasized the importance of tidal asymmetry, the
convergence of gravitation circulation, and the relative position of the
cohesive sediment pools for convergence of the sediment at the upstream
of the Chesapeake Bay. They also discussed the role of resuspension for
the high turbidity maximum regions (ETM regions) but they didn’t explain
in detail why the resuspension is enhanced in the perspectives of flow
dynamic but only concentration of convergence of circulation and relative
locations of sediment pools. Sanford et al. (2001) also reputed that the
sediments do not resuspend a lot in the exchange mode of ebb flow even
with the strong overturn at the front due to the suppression by stratification,
compared to the full flood. However, the view of Sanford et al. (2001)
seems be inverse the view of the Geyer (1993) about the roles of the
overturn.

Geyer (1993) illustrated the overturns from the vectors of the sediment
flux. According to Geyer (1993), the overturn flows seem to strongly
induce the vertical migration of the suspended sediments. Even after he
emphasized the importance of overturn processes, it has not been
discussed further which factors dynamically determine the overturn
processes.

North and Houde (2001) found that the sediment concentration around the
end of the salt tip is proportional with the fresh water magnitude. However,
North and Houde (2001) supposed that the increase of the magnitude of
fresh water leads to enhance the convergence of the sediment through the
strength of gravitational circulation. Therefore, North and Houde (2001)
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and other works ignored the effect of the river flow on the local vertical
suspension of the sediment as well as ignored another important factor
affecting to the interaction between the river flow and the salt flow that
are the bottom slope.

(4) The effects of the bottom slope and the downslope flow (backward flow)
on the development of the internal bore with an overturn were already
studied and discussed well in Masunaga et al., (2015; 2017; 2018) or in
other researches such as Helfrich, (1992), Wallace and Wilkinson, (1988).
Evenly, the Froude number at front of the internal bores in the Otsuchi Bay
is approximately 1.3 (Masunaga et al., 2015). The Froude number is larger
than 1.0 meaning that the internal bore seems to be a single wave advected
from the hydraulic jumps. However, they studied the development of the
overturn for the coastal regions where the bottom slope angles are far
larger than those in the estuaries. Although the surrounding physical and
geomorphological conditions of the coastal regions (Walter et al., 2012
and Masunaga et al., 2015) are very different from that of the estuary
(Sanford et al. 2001; North and Houde, 2001; Geyer, 1993), but
phenomenologically the overturning event at the density current head at
two different locations look very similar.

1.2.2 The effects of the upstream contraction of the width

Besides the bottom slope, the contraction of the width may cause a

hydraulic jump. By experiment method, Henderson (1966) showed that a

hydraulic jump as the shock waves can develop on the water surface when the
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supercritical flows overs the contraction section of the channel. However, this
experiment has been done for the homogeneous fluid.

In the estuary where the density is stratified vertically, the baroclinic
exchange flows, which are supposed to be important for the development of the
density current, and the hydraulic jump may be found at the downstream of the
constrictions where the widths are landward contracted (Geyer and Ralston, 2015)
(Fig. I-9(a)-(c)). The baroclinic exchange flow occurs in the several hours near
the end of the ebb as the landward flow develops in a thin layer above the bed
(Fig. I-9(b)). The landward currents remain and even encounter the ebb currents
in the throat region of the constriction for the several hours during slack for flood
(Fig. I-11(a)-(b)). Although the baroclinic exchange flows are confirmed to be
very important to the convergences of the along estuary currents and the
development of the density fronts in Hudson River estuary (Fig. [-9(a)-(c)), some
parts in their dynamics have not been clearly understood, especially in the
influence of the gradual contraction associated with the interaction of the ebb
flow (Geyer and Ralston, 2015). Theoretically, the gradual reduction of the width
(dWl/dx <0) affects to not only the depth of water but also affects to the magnitude
of the flow and their effects are in a similar way to the positive bottom slope
(dzs/dx >0) (Equation (1.1) -(1.4)). Therefore, if the exchange flow may cause a
hydraulic jump as the breaking of the front on the mild slope, we can expect that

the exchange flow may cause similar results in the gradual contraction region.
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The results in many researches showed that the hydraulic jump seemto occur in the mild slope where the
river flow exist (North and Houde, 2001) or gradual contraction of the width (Geyer and Ralston, 2015)
and hydraulic jump may affect to stratification of the salt front and sediment transport processes, but the
effects of the gradual variation of the geometry did not get much attention nor be well so far discussed.

I-10 The summary of literature review and the reasons for research.
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1.3 Objective
The objectives of this research can be listed as follows:

1. To identify the existence of the overturn in the salt tip on the mild
slope and its effects on stratification and mixing
2. To investigate the effects of the gradual width contraction on
propagation of the density flow of the salt tip to the narrower
upstream channel
3. To relate the sediment suspension and flux to the above two
geometrical features driven mixing processes
4. To explain the mechanism occurring the overturning at the salt tip
in terms of internal hydraulic jump
To answer the above questions, we use the Suntans model to compute the
estuarine dynamics of the salt tip for both the mild slope and the contraction of
the width domain. The domains with the slope are as like as the slope observed
in the upstream of the Chesapeake Bay. The all domains of this research are setup

in the ideal channels, running in both 2D or 3D model.
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1.4 Outline of the Thesis

The present study reports the findings and methods by seven chapters. The
assessment tools and the theory of the SUNTANS are shown in chapter II.
Chapter IIl contains the experimental set-ups, study case and the grid
convergence. Chapter IV and chapter V present and discuss the existence of the
overturn and the mixing as well as and the sedimentary transport processes in the
mild slope region and the gradual contraction region, respectively. Chapter VI
focuses on explaining the mechanism for the development of the overturn as the
term of the hydraulic jump. The thesis ends with summary and recommendations

in chapter VII. The overview of content thesis is shown in Fig. I-11.
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CHAPTER TWO

Il. METHODOLOGY

2.1 The assessment tools

To find out the dynamics of overturns and its effects on the mixing and
transport of salt and particles, main parameters which are used here are: The
Richardson number (Ri), the kinetic energy dissipation rate (e), the total
momentum flux (Mf) and the Froude number (Fryand G?). Relative strength of
the mixing and stratification in flows is characterized by the Ri and & quantifies
the relative strength of turbulence in flows and mixing. To quantify the
accumulation of momentum during the shoaling process, the momentum flux is
used. the mechanism of occurrence of hydraulic jump is investigated with using
the Froude number. Along with such hydraulic parameters, to study the effects
of front head mixing to the sedimentary process, the sediment fluxes are
investigated.
2.1.1 The high kinetic dissipation rate

Bottom shear stress, tidal straining and lateral circulation are as known as
main processes to generate mixing of the salt water in the estuaries (e.g., Jay
and Musiak, 1994; Uncles et al., 2006; Scully & Friedrich, 2007). To quantify
elaborately and distinguish the mixing generated by breaking of the front from
straining and lateral flow, the energy dissipation rate (¢) and the Richardson
number (RP) are computed and compared together. Normally, at the internal bore
front on the continental shelf where the internal tide breaks, the high kinetic
dissipation rate is observed. For instance, Richards et al., (2013) reported that

19 1] 2 +1 &l


https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/94JC00971
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/94JC00971
https://reader.elsevier.com/reader/sd/pii/S0272771405003549?token=10B0F882F16905271B879F52AD11374E3BAABF47DC3D7C6B8D16D367A4743E984334F90A694F3B6BFCAE284529DAB619
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2006JC003784
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2012JC008154

the kinetic dissipation rate is greater than 10° W/kg, which was measured near
the internal bore during shoaling process. Masunaga et al., (2015) also observed
over 10°® W/kg of the dissipation rate near the internal bore head and along the
isopycnal interface, while in other regions where there is far from the internal
bore, ¢ was much smaller than 10”7 W/kg. Therefore, the kinetic dissipation rate
is popularly applied for quantifying the turbulence strength of the breaking of
the internal tide in the near-shored coastal regions (Klymak et al., 2007;
Masunaga et al., 2015) or breaking of internal solitary waves (Carter et al. , 2005).
The reason why the dissipation rate is used for the turbulence strength in field
measurements rather than turbulence kinetic energy itself is that turbulence
kinetic energy could include also larger scale fluctuations of wave or vibration
of ship or equipment. To discuss in a cord with the previous works, the present
work computes and compares the kinetic dissipation rate (&) given by Gerrrity

and Black, (1993) such as
e=d @.1)

where ¢ is the turbulent velocity scale and / is the turbulent length scale.
The constant value B, is at 16.6.

2.1.2 The gradient Richardson number

While the high dissipation rate implies the strong turbulent mixing in the
internal bore, the relative dominance between the mixing and the stratification
can be quantified by the gradient Richardson number (Ri). The parameter is
widely used to describe the relative stability of the stratified shear flow (West et

al., 1986; West and Shiono, 1984; Kim et al., 2018) and defined as:
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where the g is the gravitational acceleration and u, v are the streamwise and
lateral velocities, respectively. The p is the water density component. Based on
the previous works such as Miles and Howard, (1964) or Hazel, (1972), flow is
actively mixing if Ri is less than 1/4 and as Ri is getting larger than this value,
flow seems to become more stablly stratified. The Ri is zero when the vertical
density profile of water is homogeneous (from equation (2.2)). Therefore, the
high dissipation rate and the small gradient Richardson number (Ri < 1/4)
indicate vigorous mixing around the salt front.
2.1.3 The total sediment flux

Besides the strong saline mixing, the breaking of the internal tidal bore at
front resuspends sediments significantly by enhancing the vertical turbulent flux
flux (Boegman and Ivey, 2009; Masunaga et al., 2017, 2019). To confirm that
the braking of the front is a main driving force for resuspension of sediments
among many processes, the sediment flux is decomposed depending on each
mechanism similar as Scully and Friedrichs (2003) did for the momentum flux.
According to Scully and Friedrichs (2003), the total momentum flux includes
two individual components and one is flux by the tidal pumping (pumping) and
another is non-tidal advection sediment flux (advection). The present work
decomposes the pumping and advection fluxes to the streamwise and lateral

portions as follow:
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u(x, ¥, 2)C(x, v, z) =(u(x, y,2)){C(x, ¥, 2)) +u(x, y,2)'C(x, y,2)",  (23)

Tidal averaged fluctuation
V(X, ¥, 2)C(X, Y, 2) = (V(X, ¥, 2)){C(X, Y, 2)) +V(X, ¥, 2)'C(X, Y, Z) ", (24
Tidalaveraged Fluctuation

where C(x, y, z) is the concentration of the suspended sediment, u (x, y, z) and
v(x, y, z) are the streamwise and the lateral one, respectively. Angled brackets
indicate tidal average quantities and the primes denote the deviations from the

tidally averaged values.

Using the equations (2.3) and (2.4), total depth integrated sediment
fluxes are composed of sediment fluxes by the advection and pumping
respectively in the longitudinal direction and the lateral direction at the center of

y-axis (y = 0) as following equations:

SF=["" (uxy,Cy, )z + [ u'(xy,2)C'(x,y,2)dz,  (2:5)

Advection, Pumping,,

=0

sF, == [

Y W dy=wi2dz=-n =-W/2Jdz=-

7 {v(x,y,2)C(x, Y, z))dzdy+\/£v.[yy J.Z:"Hv'(x, y,2)C'(x, y, z)dzdy,

Advection, Pumping,
(2.6)

where z = 5 is the coordination of water surface and z= -H is the
coordination of the bottom. The W is the estuarine width.

According to Geyer (2001), the variations of streamwise advected
sediment flux (Advection,) may reflect for the variations of the gravitational
circulation, and the effects of the tidal pumping may be inferred from the size of
the streamwise tidal pumping flux (Pumping,). We investigate the relative
contributions of lateral processes on the sediment concentration variations at the
thalweg. The lateral process is also decomposed into the lateral advection potions
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(Advection,) and pumping portions (Pumping,) for the whole lateral sediment
fluxes. Total momentum flux is also calculated through a water column at a
middle point of channel and compared to the total flux of sediment (SF = SF; +
SF},) to understand the relationship between total sediment flux and a process
driving fluxes of sediment in particular related with the breaking and mixing
of/at the density front.
2.1.4 The total momentum flux

To find out the reasons for the breaking of the density front at the salt tip
which affects to the sediment transport process and mixing process, the
accumulation of energy at the salt tip is investigated because the breaking of the
internal tidal is initialed from the accumulation of energy in mass and velocity at
the trough (Van Gastel et al., (2009) or Masunaga et al., (2017). In our work, the
momentum fluxes are calculated by following Umeyama and Shintani, (2006).
However, instead of considering the total flux of the horizontal momentum
across a plane caused by the propagating of the wave as Umeyama and Shintani,
(2006), we consider the total momentum flux across a plane for fluid at the salt

tip (Mf) caused by the fresh flow and salt flow (Fig. II-1) that is
_ h 2 -7, 2
Mf _J.rrqz(pl_kplul )dz_'__LHhZ (p2+p2u2 )d21 2.7

where the streamwise velocities in fresh and salt water layers are u; and ua,
respectively. p,and p,are respectively the pressure and density of the upper
water layer (the fresh water) and p,and p,are respectively the pressure and
density of the salt water layer. The thicknesses of the fresh and salt layers are 4,

and /., respectively. The interface between two layers is determined by vertical
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displacement of the salt layer, 1, from z = h,. From z = hq, fresh layer has a

vertical displacement of the water surface 7.

Layer 1 (Fresh layer)

Fig. 1II-1 Diagram of the vertical structure for the salt tip zone in the present

work.

To examine the variations of the momentum flux in each layer and the
processes driving those variations, total momentum fluxes of each layer in
equation (3.7) are decomposed into two components of the fresh water layer

(Mf;) and for salt water layer (M f,) as :

=" " 2 2.8
Mf, j Pz +.|'hl_ﬂ2 pu,’dz, (2.8)
My, Mfy,
hy =11, b =11,
Mf, =J'hl+h2 pdz+ | poU,°dz, (2.9)

My, Mty

where Mfy, and Mf;, are as a pressure components of the momentum
flux for fresh and salt layers, respectively. Mf;,, is a kinetic momentum flux in
the fresh layer and Mf,,, is a kinetic momentum flux in the salt layer. If the salt
tip becomes thicker as the internal bores in Masunaga et al., (2015), the pressure
component of momentum flux increases. Similarity, fast convergence of the

velocity leads to increase the kinetic momentum flux at the salt tip. In any case,
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the salt tip front breakes only if the momentum flux increases and so the mass
and the streamwise velocity increase.
2.1.5 The Froude numbers

The Froude number of the front has been used to study the hydraulic jumps
at the interface of the density in the revious works (e.g., Simpson, 1982; Baines,
1995; Nash and Moum, 2005). The present work applies a definition of the

Froude number in Nash and Moum (2005), which is defined as:
Fr, =—, (2.10)

where uyis the speed of flows near the front and c is the propagation speed of the
front. The ¢ equals a distance traveled divided by a given period. Similar to the
genernal Froude number, when Fryis larger than unity, flows at the densitity front
become suppercritical (Lean & Whillock, 1965).

Besides, we use the composite Froude number (G?) to quantify the state
flow from the salt tip to the downstream (for stratified flow) (Fig. II-1). For two-
layer flow including the salt layer and the fresh layer, the composite Froude

number (G?) with a free surface can be express as
G’ =Fr? +Fr}, 2.11)

u

2
1

2
and Fr? = Y2 are the internal Froude numbers of the

where |:r12 =
D, 9'D,

salt layer (Layer 1) and fresh layer (Layer 2), repsectively. The g'=g PPy
ol

is the reduced gravitational acceleration. The ,(_) is the averaged density. The

D; and D; are the thicknesses of the freshwater layer (upper layer) and saltwater
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layer (lower layer), respectively (Armi, 1986). Based on the previous works
(e.g., Armi, (1986); Farmer and Denton, (1985); Armi and Farmer, 1986) the
flow is in the subcritical state since the G? is less than 1.0 and for that state, the
long internal wave at the interface can travel in both two directions. In contrast,
the internal wave can just travel in one direction since G? is larger than 1.0
(suppercritical condition). At the critical state, G* equals unity. The composite
Froude number is widely applied to determine whether the state of flow for the
stratified flow such as at the estuarine mouth (MacDonal and Geyer, 2004; Armi
and Farmer, 1986), at the middle of density front (Geyer and Ralston, 2014). For
our work, we use both the composite Froude number (G?) and its internal Froude
number (Fri, Fr;) to describe the state of the energy for both whole water depth
and for each layer (salt layer and fresh layer).
2.2 Numerical experiment setups

For the simulations of hydrodynamics and salinity transport, the present
work employed the SUNTANS (Stanford Unstructured Nonhydrostatic Terrain-
Following Adaptive Navier-Stokes Simulator). The model employs the
unstructured-grid and the finite-volume framework for the horizontal plane. This
model provides a nonhydrostatic calculation and allows to parallelize running to
solve hydrodynamics and salinity transport equations for the estuarine and
coastal zones (Fringer et al., 2006). The SUNTANS has been used successfully
for studies related with the mixing processes in the shallow water regions such
as the salt wedge type estuary (Wang et al., 2008; Wang et al., 2011), or the
estuarine mouth regions (Wang et al., 2008; Chua & Fringer, 2011; Holleman et
al., 2013), the coastal and the continental shelf zones (Zhang et al., 2011;
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Masunaga et al., (2015); Chua & Fringer, 2011). So, the present work uses this
model to simulate hydrodynamics and salinity transport in three-dimensional
nonhydrostatic mode.
2.2.1 The governing equation

The SUNTANS computes based on the three dimensional Reynolds-

averaged primitive equations (Fringer et al., 2006):

a—U+V-(uu)—1‘v+bw=—i%—i%—gi(h+r)
ot £o OX o OX OX (2.12)
0 ou

v, -(v,V v, =,

+Vy - (vy HU)+82(VV 82)
ov 1ép 1ép. 0 a[ avj
—+V(w)+ fu=———"-=""S—g—(h+r)+V, - (v,Vv)+—| v, — |, (2.13)
A e Ty Sy T g vy
oW 1 op o( ow
—+V-(uw)-bu=——"2-V_ - (V,V W)+ —| v, — |, 2.14
SV (w) b= P IR =) AT

where u(x,),z,1), v(x,y,z1), and w(x,y,z ) are the Cartesian components of the
averaged velocities in x, y, z directions. u is the averaged velocity in vector form,
and the averaged density and the constant reference density are p and
po respectively. The f =Z2wsin¢g is the latitude Coriolis terms and b =

2w cos ¢ 1is the cosine of the latitude Coriolis terms. The ¢ and @ are the

latitude and the Earth’s angular velocity, respectively. TheV, is the horizontal

Laplacian and vy and vy are the horizontal and vertical eddy viscosities,
respectively. The p, is the nonhydrostatic pressure component and p; and r are
the pressures of the free surface and the baroclinic profile, respectively.

The conservation of mass of the incompressible flow is shown as:
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u v ow_, (2.15)
x oy a

Integrating this equation from the bottom to the surface and employing a
kinematic condition at the free-surface to yield the depth-averaged continuity

equation as:

__|__
ot ox

-H

ch, o (j” udz)+%(j”Hvdz)=O, (2.16)

where the vertical coordination of the bottom and free surface are defined by
z=—H(x,y) and z = (x,y), respectively. The density p is determined by
the state equation which relates to both the salinity and temperate as follow:
p=p(sT) (2.17)
where s is the salinity and T is the temperature, but here we considered salinity
into density only for simplification. Since the effect of the temperature is
neglected, p is determined by the state equation which just relates salinity and

so the transport equation of density is given by bellow equation:

0 0 0
Ehv.(u,)):vH.(kHva)E[kv a_jj (2.18)

At the bottom boundary, the bottom shear stress ; is determined by below
equation

7, =—p,Cq |ulu, (2.19)
where Cyis the drag coefficient. MY25 method (Melor and Yamada, 1982) is
used to get the vertical and horizontal eddy diffusivities. We also use this model
to compute the suspended sediment transport. Module for the suspended
sediment transport, is developed based on density equations to follow a form of

the advection and diffusion equation which is introduced in Fringer et al., (2006):
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where Ky, is the horizontal mass diffusion coefficients (m*/s) of the
sediment. The K, is the vertical mass diffusion coefficients (m?/s) of the
sediment and W; is the settling velocity of sediment. Those equations and their
solutions were explained in very detail by Fringer et al., (2006).
2.2.2 Horizontal and vertical grid
SUNTANS use the three-dimensional simulation z-coordinate approach
for the vertical grid direction. Unstructured two-dimensional grids Delaunay
triangulation is used. The horizontal velocity U is defined on the cell faces and
the salinity, temperature, eddy viscosity, diffusivities and other scalars are
defined at the Voronoi points. On the top and the bottom of the cells the vertical
velocity w is defined at Voronoi points. Depiction of a three-dimensional

prismatic grid cell is shown in Fig. II-2.

height=Az

Fig. 1I-2 An example of the grid cell used in SUNTANS (Fringer et al., 2006)
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CHAPTER THREE

I11. THE EXPERIMENTAL DOMAIN AND THE GRID

CONVERGENCE

3.1 The experimental domain
There are three experiments investigated by the numerical method and
these experiments use the domains with 70 km length. In the first experiment

(experiment 1), the width of the domain is constant at 500 m and the bottom
elevation ( Z, ) is constant at -14.5 m (Non-geometry case) (Fig. III-1(a)). The

domain used in experiment 1 can represent for an estuary without the variation
of the geometry such as the bottom slope or the contraction.

The domain in experiment 2 was designed to mimic the Chesapeake Bay
where the salt tip exists as presented in the previous works (e.g., Sanford et al.,
2001; North et al., 2004; Kim Y. H. 2007). To examine the effects of the bottom
geomorphology, z», the bottom elevation at the center was set to vary following
a tanh equation (Equation (3.1)). The equation is determined by the best fitting
of the bottom elevations measured by Kim et al., (2007) (Fig. I-7).

z,(x)=-145+0.5(14.5-4) 1+ tanh X *510804 (3.1)
’ 7851

Similar to North et al., (2004) and Kim et al., (2007), z, obtained by the
equation (3.1) remains in the range of between -4.0 m and -14.5 m forx < 10
km and x > 25 km. In the distance of 10.0 km < x < 25.0 km, the bottom
elevation z; significantly rises to 10 m below the water free surface (Fig. [-7). To

study the effects of the bottom slope, the first experiment (Experiment 2(a))
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applies the 2D numerical model with 6.0 m of width domain (Fig.III-1(b)). To
include the lateral processes in the simulation, we use the domain with 500 m of
width and the bottom slope in the second simulation (Experiment 2(b)) (Fig.III-
1(c)). In 3D model, the lateral bathymetries of the bottom varies symmetrically
at the center and the crosssection of the channel is in a parabolic form as Huijts
et al. (2006) did.

Experiment 3 uses domains with the flat and narrow bottom (z, = -14.5 m)
(Fig. III-1(d)). The channel width in experiment 2 varies significantly between
W=155m and W =500 m from x = 10.0 km to x = 20.0 km. In the upstream
contraction domain, the width is designed based on the following principles: at
any x-location, the cross-section area of this domain (the upstream contraction
domain) mostly equals the cross-section area of the bottom slope domain (3D
model). Therefore, instead of deforming vertically, the geometry feature of the
domain in the last experiment deforms horizontally. Experiment 3 is applied to
study for the contraction of the geometry.

The initial and boundary conditions of the salinity for all simulations are
inferred from Kim et al., (2007) (Fig. I1I-2(a)). The upstream boundary at x = 0
km has zero of the salinity while the downstream boundary has salinity
concentration ranging from 2.5 psu to 15 psu from the surface to the bottom (Fig.
I11-2(b)). The friction coefficient for the bottom roughness (Cy) is 2.5 x107,
referenced Spitz (1998) work. All simulations ignore the effects of the

temperature, wind, and the Coriolis force for simplifications.
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Fig. III-1 The sketch of the geomorphological conditions in three experiments.

(a) The constant width and without the bottom slope; (b) The mild bottom slope

for 2D model; (c) The mild bottom slope for 3D model; (d) Upstream contraction

of the width.
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The settling velocity is set up at W, = 0.3 x 10 m/s of median settling
speed which was estimated in the northern Chesapeake Bay by Sanford et al.,
(2001). In order to focus on the resuspension of the bottom sediment around the
salt tip, we ignore the sediment flux through the upstream and downstream
boundaries from the out of the domain. The concentration of the suspended
sediment at the bottom is constant at 0.2 kg/m?® over all time steps of each
simulation.

The amount of freshwater runoff and the tidal amplitudes in the

experiment are based from North et al., (2004). For the four main study cases
(case 1 to case 4) in three experiments, the average amplitude of the tide (7, )

is set at 0.5 m and the constant freshwater runoff at the upstream boundary (u)
used is at 0.1 m/s. Besides, in the others study cases, each study we simulate for
one among two level of the average amplitude tide that are 0.25 m and 1.0 m and

one among two level of the river currents that are 0.05 m/s and 0.17 m/s.

Salinity (psu)

: ——_] 20
;% |
?’ —= 15
7. :
| g
| ez
N
20F 1 5
24 10 20 30 40 50 60 70 o
x (km)
15
w
10 ~
2
c
c

River
boundary
I

5 10 35 40 45 50 55 60 65
x(km)

Fig. III-2 Salinity concentration measured in Kim et al., (2007) and initial

salinity concentration in model runs (psu). (a) in Kim et al., (2007); (b) in the

model runs.
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3.2 The grid convergence investigation
3.2.1 The grid convergence method

In order to find out a reliable horizontal grid dimension for the meshes in
the simulations of the two experiments, we investigate the convergence of the
grid from three parameters that are the Root Mean Squared Error (RMSE), the £,
and the order convergence of the grid (w). The methods applied to compute the
above three parameters are referenced from Ferziggeer and Peric (2002).

In which, the Root Mean Squared Error (RMSE;)) for the /™ mesh is

computed from the below equation:

RMSE, =\/%i| B 1-2,3L 3.2)

i=1
where N is the number of the observated points of the /™ mesh. The i is the
i" of the N observation points. L is the number of the investigating mesh. The !
is the value of the scalar given at the i observation point of the /™ mesh. The
f'-* is the value of the scalar given at the i observation point of the (/-7)™ mesh.
The RMSE;shows the error between two levels of mesh such as (/-1)"and /. The
numerical result is converged since:
RMSE, > RMSE,... > RMSE, . (3.3)

In the present work, we will show the plot of the number of cells of each
mesh (M) versus RMSE,. If that plot shows a decreasing tendency, this means
that the numerical results are converged.

The accuracy of the model with the ™ mesh is computed by the below equation:
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=100, 1=2,3, .., L (3.4)

Normally, the accuracy is acceptable since E; is smaller than or equal to
1.0%. Therefore, if a mesh which have the E; between two level of the mesh is
smaller or equal to 1.0%, it can be used for the next simulation.

3.2.2 The grid information and model set-up

The present research investigates the convergence of the grid by using
seven meshes (L = 7). The shape of the domain is similar to the shape of the
domain in the contraction experiment (Experiment 2(b)) (Fig. III-1(d)). The
maximum and minimum width are 500 m and 155.0 m, respectively. The length
of each mesh is about 70 km and the vertical grid size (Az) varies from 30 cm to
55 cm. The bottom elevation is constant at -14.5 m. Our investigation focuses on
the region in the distance of 15.0 km < x < 25.0 km where the salt tip is
observed after one tidal cycle simulation. We investigate at ten locations for each
region (N=10). In the distance of 15 km <x <22 km, the length of the cell varies
gradually from 100 m to 10 m over seven meshes. In the other regions in the
domain, the grid spacing doesn’t change. The grid spacing of the coarsest and
the finest mesh (length of one edge in a triangle) is about 229 m and 10 m,
respectively. More information of the seven meshes are shown in detail in Table

1 and the figures of the meshes are shown in Fig. I1I-3(a)-(d).
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Table 1 The mesh information

Number of Number of Total time
the the simulation in
Grid Length of | horizontal observation Chundoong
normalized | edge (m) grid cell points (hours)

(€D) (M) @)

1 100 4250 10 0.5

2 80 4968 10 4.0

3 60 7118 10 14.0

4 40 10108 10 40

5 30 13442 10 60.2

6 20 21022 10 82.5

7 10 48574 10 120

For each simulation, the average amplitude of the tide (7, ) is set at 0.25

m. The time step requires to get an agreement results that is 0.1 s. We use the
most common tidal type that is the semi-diurnal tide for all simulations. The
constant freshwater runoff at the upstream boundary is at 0.1 m/s. Table 1 shows
that the total simulation time in Chungdoong server for five tidal cycles
simulation increases when the number of the cells in each mesh increases. The
simulation times for the coarse mesh such as for grid 1 to grid 2 are very short
(< 5 hours). However, since the number of the cell grid increases, the total time

for simulation increases significantly. For the finest mesh (G7), the total time

requiring a tidal cycle simulation is about 120 hours.
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Fig. III-3 The structure of the meshes used for grid convergence investigation.
(a) The grid structure for G| (Ax= 100 m); (b) The grid structure for Gz (Ax= 60

m); (c) The grid structure for Gs (Ax= 30 m); (d) The grid structure for G7 (Ax=
10 m).

First, the scalar value of the observation points for mesh 1 ( f!) is
computed directly from the model result. More detail, the * equals the scalar

value of the triangle (just for mesh 1) which has the area overlapping this

observation point (Fig. I1I-4(a)). For the other meshes (G2, G3,..Gy), the ¢ is

computed by the area weighted method shown by the following formula:
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fi':isl+isz+...+z.—fsz, (4.4)

8
where ay is the area of a triangle covering the location i of mesh G;. The
ai, ay, ...az are the areas of triangle for mesh Gs overlapping the triangle of mesh
G (ai+ a2+ ...+az = ao). The s1, 52, ...57 are the scalar values of the triangles
which have a part or all area overlapping the triangle of Gi. For instance, at the

th —

observation point 5 (i"* = 5), four triangles in mesh G3 overlapping the triangle

in mesh G (Z = 4) are observed (Fig. III-4(b)). Therefore, the scalar value 32

for mesh Gjs is determined by the below formula:

a
f53=ﬁsl+ﬁsz+%s3+;‘s4, (4.5)

8
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Fig. 1II-4 The illustration for the method of calculating the scalar value of !

(equation (3.5)). (a) For G| (Ax= 100 m); (b) For G3 (Ax= 60 m). Red point
indicates the location of the observation point i™. Red line shows the edge of the

mesh 1 (G1) and blue line shows the edges of the mesh 3 (G3).
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3.2.3 The convergence of the grid

In order to demonstrate the independence of the grid, the Root Mean
Squared Error (RMSE) and E; are carried out for salinity concentration value,
respectively. The salinity results at ten observation points around the salt tip are
observed after the one day (#/T = 2). We observe the accuracy of the grid at four
location of the water depth. The results show that the error between two grids for
four layers decreases when the number of cells increases (Fig. 111-5(a)-(d)). The
tendency of the error in the plots (Fig. III-5) seems to decrease to zero when the
number of the cell in the mesh increase. Therefore, we can conclude that the

numerical result is converged when the size of the cell decreases.

0.25 0.25
(a) <Distance from bottom: 1.0 m> (b) <Distance from bottom: 4.0 m>
0.2 02
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Fig. 1II-5 The number of the cells vs RMSE; for four vertical locations. (a) at
1.0 m distance from the bottom; (b) at 4.0 m distance from the bed; (¢) at 8.0 m

distance from the bed; (d) at 12.0 m distance from the bed.
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Further, we investigate the accuracy of the mesh by using the equation 3.3.
Fig. I1I-6 shows that the E; of the last three meshes (Gs, Gg, G7) are smaller than
1.0%. Therefore, among the seven observations (Fig. I1I-6(a)-(d)), the accuracies
of resolution for the last three meshes (Gs, Gs, G7) are acceptable. Moreover, Fig.
III-7 shows that when the number of the cell increases, the relative errors

between two meshes decrease, and this is mostly a linear relationship. Therefore,
we can assume that the mesh is converged.
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Fig. 1II-6 The number of the cells vs E; for four vertical locations. (a) at 1.0 m

distance from the bottom; (b) at 4.0 m distance from the bed; (c) at 8.0 m distance
from the bed; (d) at 12.0 m distance from the bed.
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Fig. III-7 The number of the cells vs In (E;) for four vertical locations. (a) at
1.0 m distance from the bottom; (b) at 4.0 m distance from the bed; (c) at 8.0 m
distance from the bed; (d) at 12.0 m distance from the bed.

3.2.4 Summary

The above investigation shows that the numerical results are converged if
the number of cells in the mesh increases. The accuracy of the model may be
independent on the horizontal resolution from mesh G3.(Ax > 60 m). In the
present work, we will use the mesh with the grid size in the range between 50 m

and 6.0 m for the next simulations.
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CHAPTER FOUR

IV. THE EXISTENCE OF THE OVERTURNS ON THE MILD SLOPE

AND THEIR EFFECTS

4.1 Introduction about the existence of the overturn

The overturns have been observed in the nearshore coastal regions where
the bottom slope is significant (Petruncio et al. 1998; Masunaga et al., 2015;
Wang et al. 2008). However, the results from the several works (e.g., Sanford et
al. 2001, North et al. 2004, and Kim et al. 2007) show that the overturns seems
to even exist on the mild slope around the salt tip where the tidal flows directly
interact with the river flows. Evenly, on the mild slope, the overturns seem to
influence on the mixing and the sedimentary processes. However, the existence
of the overturn at the salt tip and their effects have not been studied or
investigated further.

Therefore, to confirm that the overturns at the salt tip may develop in the
mild slope region and the bottom slope is an essential condition for the
development of the overturn, we respectively investigate the processes in the salt
tip for two kinds of the bottom that are: the flat bottom (experiment 1) and the
slope bottom (experiment 2). In which, the bottom slope used in experiment 2 is
setup mimic the slope of the upstream of the Chesapeake Bay. In order to clarify
the existence of the overturns and their effects, the flows and density structures
as well as the sediment processes around the salt tip over the tidal cycle in both

two cases will be respectively analyzed.
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4.2 Model setup and data output

In this chapter, three study cases in two experiments are respectively
investigated (Table 2). In the first case (experiment 1), the width of the domain
is constant at 500 m and the bottom elevation is at -14.5 m for the whole domain
as the non-geometry case (Fig. I1I-1(a)). In the second experiment, we investigate
two study cases (case 2 and case 3) and the bottom elevation in both two cases
varies significantly in the distance from x = 10 km to 20 km. The change of the

bottom elevation in experiment 2 is following Equation (3.1).

In case 2, the domain is designed to a very narrow domain (/' = 6.0 m)
(Fig. 1I-1(b)) as 2D model simulation to the overturn be observed in high
resolution. The other case of the bottom slope experiment was designed to a
narrow domain with 500 m width of the channel (3D model) (Fig. III-1(c)). In

three study cases, the average amplitude of the tide ( 7, ) is set at 0.5 m, and the

current at the river boundary condition (uo) is set at 0.1 m/s. Besides, the other

information about model setup for three cases was introduced in section 3.1 and

table 2.
Table 2 The study cases for the effects of the bottom slope investigation
N widih | The | 2" | Bound
art{le 1ft rig y oundar Short name
N or | ¢ condition . Characteristics of the
study | domain | size for condition .
experiment
case w) (Ax) 7 for uo
0
Without the
Case 500 m 20 0.5 m 0.1 m/s effects of the Non-
1 m geometry
geometry
Includes the effect
Case 6.0 m 6.0 05m 0.1 m/s of nonhydrostg‘uc Bottom
2 m pressure, medium slope, 2D
tidal amplitude.
Includes the
Case 500 m 42 0.5m 0.1 m/s effects of the Bottom
3 m slope, 3D
lateral flow.
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The vertical grid sizes used in three study case vary from 9 cm to 30 cm.
The horizontal grid size in the mesh of the case 1 (Non-geometry case) is
constant at 20 m. The grid size of the meshes used in case 2 are 6.0 m as 2D
model. For 3D model (case 3), the grid size used is about at 42 m. The grid size
for 3D model is referenced from Masunaga et al (2007)’s work whom use 100
m grid size to investigate the existence of the internal bore on the coastal region.
Besides, with this size (Ax = 42 m), the SUNTANS model releases the reliable
results because it is smaller than the reliable grid size which was chosen by the
convergence test with several sizes of grid (Ax < 50 m). Since the thickness of
the upper layer (D) predicted from the two experiments near the end of the salt
tip varies from 10 m to 12 m (section 3.2), the grid size of 6.0 m is suitable in
order to the nonhydrostatic pressure be effective. The condition for the effects of
the nonhydrostatic pressure is shown by below formula (Griffies et al., 2000)

ﬂ=&<1. (3.1)

1

All study cases are simulated for five tidal cycles. After two tidal cycles,
the salt head seems to stay and move back and forth in the similar region, where
the bottom elevation changes significantly (10 km <x <25 km) and so the results
from periods of 2 to 4.5 are used for the analysis. In outputs from the SUNTANS
used in this chapter include: salinity concentration, sediment concentration, the
turbulent velocity scale (g), the turbulent length scale (/). Besides, three

component of the velocities (u, v, w) are used.
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4.3 The structure of the flow and the sedimentary transport processes in the
upstream of the estuary with the flat bottom and the constant width (non-
geometry)

4.3.1 The structure of the salt tip in two flow modes

The thesis starts with investigating the processes in the non-geometric
estuary (case 1). In 1.5 tidal cycle (2.5 < #T < 4.0), the salt tip for case 1 seems
to be exist from x = 14 km to x = 24 km. The locations of the salt tip in that
distance are found from the results of the tidally averaged sediment concentration

and the streamwise gradient salinity presented in Fig. IV-1(a)- (b).

Fig. IV-1(a) shows that the distance from the near river boundary (x = 0) to

x =15 km is the freshwater where the highest sediment concentration is observed

(C =0.15 kg/m®). The distance of 22 km < x < 70 km is the downstream of the

salt tip since in this region because the sediment concentration is smallest (C =

0.01 kg/m?). According to Geyer (1993), the sediment is significantly

resuspended in the freshwater region, and in the salt water region the

resuspension process of the sediment is limited by the stratification. Therefore,
the region in distance of 15 km < x <22 km is the transition region where the
salt tip starts and affect to the suspended sediment processes and the sediment

concentration in this region significantly decreases between 0.15 kg/m? and 0.01

kg/m? (Fig. IV-1(a)).
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Fig. TIV-1 The tidally averaged sediment concentration, the streamwise salinity

density gradient, the vertical distribution of the streamwise flow at the salt tip,

gradient Richardson number for salt layer and the flow modes from the profile

of the velocity magnitudes near surface and near bottom for case 1 (Non-
geometry case). (a) The tidally averaged sediment concentration near the bed
(kg/m?) for a 70 km distance from the upstream to the downstream. (b) The

salinity density gradient (psu/km) near the bed around the salt head, (c) The
vertical profiles of u-velocity (cm/s) at locations of the salt head, (d) the gradient
Richardson number for salt layer, (e) the flow modes from the files of the
velocities near surface and near bottom (cm/s). The black dotted line in (d) shows

the location of the flow interface.
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The exactly locations of salt tip in the distance of 15 km <x <20 km
can be identifed from the results the streamwise gradient salinity distribution
(0s/0x) shown in Fig. IV-1(b). The salt front is observed from the locations where
the salinity concentrations change notably within a relatively short distance. Fig.
IV-1(b) show that in 1.5 tidal cycle, the salt tip fluctuates in 5 km from x = 13
km to x = 18 km and the variation of the salt tip location depends on the tidal
phases.

The tidal phases telling whether flood, ebb and slacks are determined in a
Lagrange way by using the results of u-velocity at the salt tip (front) (Fig. V-
1(c)). Flood is determined for a period when u at the water surface above the salt
tip becomes negative (toward x = 0 m) and ebb begins at a time when u at the
surface changes to be positive toward downstream. For example, in Fig. V-1(c),
u changes the sign to negative at #/T=3.0, and from this time we can say the flow
is in flood. At that time the salt tip is located at x = 15.85 km (Fig. V-1(b)). The
flow turns to the ebb at #T=3.28 (Fig. V-1(¢)) and at that time the salt tip is
located at x = 15.8 km (Fig. V-1(b)) and the ebb period ends at #/T=4.0 and the
salt tip is at x=18.0 km.

However, at any time in ebb phase or flood phase, the flows in the salt layer
are in the strong stratification. Fig. V-1(d) show that over 1.5 tidal cycle, the Ri
number for the salt layer is bigger than 1.0. The large gradient Richardson
number is evenly observed when the flow mode at the salt tip are bidirectional

(Fig. V-1(d)).
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The exchange flow just occurs during the slack before flood (3.0 < #/T <
3.03) or slack after flood (3.27 < /T < 3.28) and during these periods, the surface
u-velocity is positive while the near bottom u-velocity is negative (Fig. V-1(e)).
While the bidirectional mode exists in the short time (#/T < 0.03), the uni-
directional flow is dominant during the periods of the ebb (/T <3.0 or /T > 3.28)
and the flood of 3.03 <#T < 3.27 (Fig. V-1(e)). Fig. V-1(e) show that the almost
time during ebb or the flood, the u-velocites near surface and near bottom are
same postive or same negative.

To clarify the differences in the flow and salt front structures between the
unidirectional mode and the exchange mode (for case 1), we investigate the
vertical distributions of the flows and vertical distribution of the salinity in 10
km distance at the time moments of #T=3.02; 3.15; 3.60, marked from (N) to
(N3) in Fig IV-1(e). Time (N;) and time (N3) are at ebb phase when the flow is
near the end of the ebb (3.02 #T) and near full flood (3.60 #/T), respectively.
While the flow at time (N) is in the exchange flow mode, the flow at time (N>)
is in the uni-directional mode. The time (N3) is near full flood and at that time,
the flow is in the uni-directional mode. The results of the flow structures and
salinity distribution around the salt tip at three times are presented from Fig IV-
2(a)) to Fig IV-2(k).

In which, Fig. IV-2(a) shows that at time (Ni), the salt tip locates at x =
15.85 km and from that location to the downstream, the two-layer flow is
absolutely observed. However, the longitudinal velocity near the bottom
gradually decreases from x = 20 km to the salt tip without any convergence
observed. The vertical flow at this time is very slow (jw|< 0.01 cm) Fig. IV-2(b)
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and the thickness of the salt layer slightly decreases from the downstream to the
end of the salt tip at (x = 15.85 km) (Fig. [V-2(c)). Fig. IV-2(a)-(c) shows that the
overturn and internal bore structure is not observed in case 1 (Non-geometry

effect case).
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Fig. 1IV-2 The distribution of the two velocity components (u, w) and the
salinity concentration in the 10 km longitudinal cross-section of the salt tip at
time (N1), (N2), (N3) in experiment 1 (Case 1) (Non-geometry effect). The small
black dotted line is the contour of 0.005 psu salinity, separating domain into two
zones, the left side is freshwater zone, the right size is saltwater zone. Yellow

areas show the exchange mode.

At time (N»), the water flows to mainly upstream for whole water depth
formatting for the uni-directional flow mode, and the vertical flow is slow
(w|<0.01 cm/s) (Fig. IV-2(d)-(f)). Fig. IV-2(f) shows that the variation of

thickness of the salt layer from the downstream to x = 15.8 km (salt tip) is similar
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to that in the previous step (Fig. IV-2(c)). At the uni-directional mode for ebb
(time (N3)), the ebb flow is dominant and the vertical flow is small (jw|<0.005
cm/s) in 10 km distance from x = 10 km to x = 20 km (Fig. IV-2(g)-(h)). Fig. IV-
2(k) shows that the structure of the salt layer at that time seems to be similar to
the structure of the salinity in previous periods (Fig. IV-2(¢c) and (f)).
4.3.2 The suspended sedimentary processes

In order to carify the sedimentary process in two flow mode for the non-
geometry case, the distribution of the suspended sediment and the size of the
sediment fluxes at three moments in case 1 (time (N;) — (N3)) are investigated.
The results of the sediment processes for case 1 is presented in Fig. IV-3. Fig.
IV-3 shows that the concentration of the sediment from the salt tip to the
downstream is far smaller than that in the upstream region of the salt tip where
the fresh water is dominant. According to Geyer (1993), under effects of the
bottom shear stress, the sediment is strongly resuspended from near the bottom
into the water column in the fresh water. Therefore, at three moments, the
sediment the higher concentrations of sediment are just observed at the fresh
water region (Fig. IV-3(a)). From the salt head to the downstream, the salt flows
are in the stratification (Ri > 1, (Fig. IV-3(d))) and the stratification suppress
resuspension processes leading to the sediment concentration from the in the
freshwater layer is far smaller than the sediment concentration in the region from
the salt head to upstream. In the exchange mode for slack before flood (time
(N1)), the main direction of the resuspended sediment transport is downstream
with the slow speed (Fig. [V-3(a)). In contrast, the sediment is transported to the
upstream when the flow is in the uni-directional mode for flood (time (N»)) (Fig.
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IV-3(b)). Finally, at time (N3), the sediment in case 1 is transported to landward

(Fig. IV-3(c)).

Exchange mode for slack Uni-directional Uni-directional
before flood mode for ebb mode for flood
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Fig. 1IV-3 The suspended concentration (C) with the sediment flux vectors in a
1.0 km longitudinal cross-section of the salt tip for case 1 at time (N;) — (N3).
The small black dotted line is the contour of 0.005 psu salinity, separating
domain into two zones, the left side is freshwater zone, the right size is saltwater
zone. The small blue dotted line show the locations of the interfacial flow layers.

Time (Ny), time (N,) and time (N3) are depicted in Fig. [V-1(e).

Therefore, in a tidal cycle, the salt tip in the non-geometric estuary
experiences in two flow modes that are exchange mode and uni-directional mode
(Fig. IV-1(e)). In both two flow mode, the magnitude of the vertical flows is
small, compared to magnitude of the streamwise flows (Fig. IV-2). Similar to the
observation of Geyer (1993), the sedimentary transport processes in the salt tip
are driven by the stratification. The sediment near the bottom in the is
resuspended in the freshwater region but limited in the salt water regions by the
stratification (Fig. IV-3). Especially, the overturn not observed in the exchange

flow mode or in the uni-drectional mode (Fig. [V-2).
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4.4 The existence of the overturn in exchange flow mode on the mild slope
in 2D model

4.4.1 The salt tip structure and the existence of the exchange flow

The overturn structure could not be found in the estuary with the flat
bottom and narrow width, but they seem to be found from in the estuary with the
mild slope bottom. The results for the estuary with mild slope bottom shows that
in particular tidal period, higher concentrations of sediment are observed at the
head of the salt wedge (salt tip) (Fig. [V-4(a)-(b)). The such significant rises of
the sediment concentration must be related to the existence of the specific flow
structures along with geomorphology (Fig. IV-4(a)-(c)).

Fig. IV-4(a) show that tidally averaged concentrations of sediment are
much higher in the upstream of the estuary than in the other regions (Fig. V-4(a)).
In far downstream from the 21.5 km, the sediment concentrations vary from
0.012 kg/m* to 0.031kg/m> and the concentrations of sediment 0.15 kg/m? of
maximum by 21.5 km from x = 0, which is about ten times higher than the
concentration of the sediment in the downstream (x > 21.5 km). The maximum
concentration is observed at x = 18.5 km, where the head of salt wedge seems to

be located in the range of between x = 14 km and 20 k m).
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Fig. 1IV-4 The tidally averaged sediment concentration, the streamwise salinity

density gradient, the vertical distribution of the streamwise flow at the salt tip,
gradient Richardson number for salt layer and the flow modes from the profile
of the velocity magnitudes near surface and near bottom for case 2 (the bottom
slope, 2D model).(a) The tidally averaged sediment concentration near the bed
(kg/m?) for a 70 km distance from the upstream to the downstream. (b) The
salinity density gradient (psu/km) near the bed around the salt head, (c) The
vertical profiles of u-velocity (cm/s) at locations of the salt head, (d) the gradient
Richardson number for salt layer, (¢) the flow modes from the file of the velocity
near surface and near bottom (cm/s). The black dotted line in (d) shows the
location of the flow interface.
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To identify the presence of the salt tip in that region, the density gradient
is computed (Fig. V-4(b)). Fig. V-4(b) shows that during the time from #/T=2.5
to t/T=4.0, the salt fonts occurs in a region between x = 18.2 km and 20.2 km
where the change of the salinity concentration is largest and the bottom changes
rapidly (Fig. III-2(b)). Similar to the salt tip in case 1, the locations of the salt tip
in case 2 varies depending on the tidal phase.

Similar to case 1, we use the results of the longitudinal velocity at the salt
tip in a Lagrange way to determine the tidal phases. Fig. [V-4(c) shows that from
t/T=2.93 to t/T=3.35, the flow is in the ebb since the u-currents show the positive
value. During the ebb 0f 2.93 < #T <3.35, the locations of the salt tip varies about
2.0 km distance (Fig. IV-4(b)). At /T=2.93, the salt tip is located at x =20.15 km
(Fig. IV-4(b)). The flow is in flood phase in the period of 2.93 < #T <3.35 since
the streamwise currents shows negative value (Fig. IV-4(c)). At #/T=3.35, the u
changes the sign to positive when the salt tip is located at x = 18.2 km and from
that time the flow is in ebb (Fig. IV-4(b)- (¢)).

For 1.5 tidal period, uni-directional flow mode and bidirectional flow
mode observed by taking turns and the processes for mixing and sediment
transport look very different depending on the modes. Fig. IV-4(d) shows that
flow in the salt tip is well mixed at the interface flow (Ri < 0.25) during the slack
before flood (2.87 < #/T <2.93) and the slack after flood (3.35< #/T <3.41), and
in the other moments over 1.5 tidal cycles, the flow is in strong stratified
condition (Ri > 1). During the slack before flood (2.87 < #T <2.93), the surface
current is negative and the bottom current is positive implying for the existence
of the bidirectional mode (the exchange flow mode) (Fig. IV-5(e)). Similarly, the
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bidirectional mode exists during the slack after flood (3.35 <#T <3.41) since the
surface current turns to the ebb phase but the bottom current is still in the flood
phase (Fig. IV-4(e)). Excepting the slack before flood (2.87 < #/T <2.93) and the
slack after flood (3.35 < #/T <3.41), the flows near the full ebb or full flood is in
the uni-directional flow mode since the u-currents near the free surface and the
bottom boundary at the same moments observed in Fig. IV-4(e) show for same
tidal phase.

4.4.2 The existence of the overturn and the internal tidal bore on the mild slope

To clarify the differences in the mixing and sediment processes of the
bidirectional and uni-directional modes, the structures of flow and the
distributions of salinity from case 2 (2D model) are compared at seven instants
of ¢/T=2.73; 2.88; 2.94; 2.98; 3.17; 3.38; 3.58, marked from (S;) to (S7) in Fig
IV-4(e). Time (S;) and time (S-) are at the near end of ebb (2.73 #T) and during
the ebb (3.58 #/T) when the flows are in the uni-directional flow mode (Fig I'V-
4(e)), respectively. The flows at both time (S4) and (Ss) are in the uni-directional
flow mode during flood. Times (S>), (S3), (S4) and (S¢) are near slack before flood
and slack after flood respectively and at that moments, the flows are in the
exchange mode. The flow structures and salinity distribution at the seven instants
around the salt tip are shown in Fig. IV-5.

In Fig. IV-5, the results of the velocity magnitudes and salinity
concentration for seven time instants are respectively shown in the figures from
the first line to seventh line. The distribution of the streeamwise velocity in Fig.
IV-5(a;) shows that the flow at time (S:) is uni-directional mode for the ebb with
negative value in the velocity. In the ebb, the vertical flow around the salt tip is
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downward with small size (jw| < 0.02 cm/s), compared to the magnitude of the
streamwise flow (ju| >15 cm/s). In the 500 m distance from the downstream to
the salt tip (x = 19.75 km), the thickness of the salt layer gradually decrease
until to zero (Fig. IV-5(c1)).

At time (S,), the flood flow appears in the salt from the head of the salt tip
to downstream (x > 20.5 km) (Fig. IV-5(a2)). As a result, the flow is in the
bidirectional mode. At that moment, the vertical currents at the salt head is
positive and significant (jw| > 0.2 cm/s), compared with the vertical currents in
the previous step (time (Si)) (Fig. IV-5(b2)). The shape of the salt tip slightly
different (Fig.IV-5(c2)) from that in the previous step (Fig. IV-5(c1)).

Similar to the results at the time (S>), the exchange flow mode exists at the
time (S3) (Fig. IV-5(az) to (c3)). At this time, the salt tip is located at x = 20.17
km, and from the salt tip to the downstream, two-layer flows is observed (Fig.
IV-5(a3)). While the flow in the upper layer is still in ebb phase, the flow in the
lower layer is the flood phase. Especially, Fig. IV-5(bs) shows that the
magnitudes of streamwise currents at the end of the salt tip for both two layers
are significant (Ju| > 5 cm/s) implying for a convergence of the velocity. At that
time (time (S)), the vertical flows at salt tip is significant (jw| > 0.5 cm/s).
Further, the distribution of the u-velocity and w-velocity in the Fig. IV-5(a3) and
(bs) show for the existence of the big circulation at the salt tip. Under effects of
the significant vertical flow at the overturn, the thickness of the salt head increase
from 4.0 m to 5.5 m between time (S:) and time (S;) (Fig. IV-5(c2) and (¢3)).

In a short time after time (S3), the flows turn to the uni-directional mode
for flood since the u-current near the surface observed in Fig. IV-5(e) shows
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positive value. The overturn flow which is observed the previous time (time (S3))
disintegrates when the flow turn to flood because of the disappearance of the
bidirectional flow structure. At the beginning of the flood (time (S4)) the
convergence in magnitude of the streamwise velocity and the significant vertical
current at the salt tip are still observed (Fig. IV-5(as) and Fig. IV-5(b3)). Compare
to the previous time in the slack before flood, the thickness of the salt wedge
head at time (S.) is largest (Fig. IV-5(¢c2), (¢3) and (c4)). At time (S4), the thickness
of the salt wedge head can get about 38% water depth (Fig. IV-5(c4)).

The results of the flows around the salt tip in full flood are shown by the
results at time (Ss) in group of figures from Fig. IV-5(as) to Fig. IV-5(cs). In
the flood phase, the flow is upward and slow (Fig. IV-5(as)). The magnitude of
the vertical velcity is smaller than 0.02 cm/s and is far smaller than the magnitude
of the velocity observed in the slack before flood(jw| < 0.5 cm/s) (Fig. IV-5(bs)
& Fig. IV-5(b3)). The thickness of the salt head decrease 50% in the period

between the moment (S4) and moment (Ss) (Fig. IV-5(c4) & Fig. IV-5(cs)).
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Fig. IV-5 Distributions of the three velocity components, the distributions of the salinity concentration for the case 2 (2D model) in experiment
1 at time (S1), (S2), (S3) and (S4). Streamvise velocity (u), vertical velocity (w), salinity concentration (s) in the 1.5 km longitudinal cross-section
of the salt tip. The small black dotted line is the contour of 0.005 psu salinity, separating the domain into two zones, the left side of the salt tip is
the freshwater zone, the other side is the saltwater zone.

58 = A &) @



% N 5 u (cm/s) w (cm/s) 5 s (psu)
g 3 25 bRy (cs)
—_
& © s 5 5
g ¢ © 27 4
g« :; Eas 75
< 3 L
& S Il -10 -10 + -10
k ; o ) ; N
i v 15 5 15
=] 18 18.5 19 19.5 20 20.5 8 8.5 19 19.5 20 20.5 18 18.5 19 19.5 0 20.5
3 A
2E 2
g = W
g2 >
o = ]
I
=2 ¢ o
s o Il
CE-
L~ |
=3 \ 15
= 18 185 19 19.5 20 205
% A
-
2 A
T2 »
=2 @~ u>15cm
-,% - n 5
v 8 I w
2% =
E |
iy v
T
= 19.5 20 205 18 19.5 20 20.5 18 8.5 19 19.5
R
= x (km) X (km) x (km)
Landward Seaward Downward Upward
L —— x S
-15 -10 -5 0 5 10 15 -02 -0.1 0 0.1 0.2 0 0.02 0.04 0.06 0.08 0.1

Fig. IV-5 (cont.) Distribution of the three velocity components, the distribution of the salinity concentration for the case 2 (2D model) in
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At the end of flood, the unidirectional mode is replaced by the exchange
flow mode (Fig. IV-4(e)). During the exchange mode, the overturn exist and
its form is similar to the overturn observed in near the end of the ebb case. the
size of the u-current and the w-current of the overturn at time (S¢) are about 3.0
cm/s and 0.15 cm/s, respectively (Fig. IV-5(as) and (bs)), and far smaller than
those in the slack before flood (Fig. IV-5(a3) and (b3)) . Due to the increased
entrainment of the freshwater into salty zone, the salt tip at x = 18.3 km (Fig. V-
2(ce)) is 1.6 m thicker than at x = 19.1 km (Fig. IV-5(cs)).

From time (Se) to time (S;), the thickness of the head of salt wedge
decreases since the flow is in the unidirectional mode for ebb. The time (S5), in
the ebb period of #T = 3.58, the ebb current is strong with |u| > 15.0 cr/s (Fig.
IV-5(a7)). The vertical flow is downward with the small size (Fig. IV-5(b)).
From #/T = 3.38 (time (S¢)) to #/T = 3.58 (time (S7)), the salt tip retreated by
0.8 km to downstream and its thickness decreaaes to 2.5 m (Fig. IV-5(c¢) & Fig.
IV-5(c7)).

Fig. IV-5 shows that the structure of flows in the bidirectional mode is far
different from the uni-directional mode. For the unidirectional mode, the vertical
flows in two tidal phases are slow (jw| < 0.2 cm/s) and the longitudinal flow is
fast (ju| > 15 cm/s). However, in the exchange flow mode, the vertical flow at
the salt tip is significant (jw| > 5 cm/s). The exchange flow appear two times over
a tidal cycle and in these period, the internal bore along with overturn flow is

observed.
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On the mild slope of the salt tip (Case 2) at time (S3)
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Fig. 1IV-6 The sediment concentration, salt tip structure at time (S3) in
100 m distance for case 2 and the structure of the internal bore on the coastal
region. (a) Distribution of sediment concentration (kg/m?); (b) the longitudinal
current distribution (cm/s); (c) the vertical current (cm/s); (d) the salinity
distribution around the salt tip and (e) the structure of the salt tip with an overturn.
(g) and (h) the internal bore and vortex core on the coastal region in Masunaga

et al., (2015).
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Under existence of the overturn flow, the sediment seems to be highly
resuspended. For instance, at time (S3) when the flow is in the exchange mode,
the higher concentration of the sediment is observed at near the end of the salt
tip (x = 20130 m) (Fig. IV-6(a)). The high concentration of the sediment is
located at the place where the longitudinal velocity in the fresh layer and salt
layer is converged and the vertical flow is more significant than the other place
around the salt tip (Fig. [V-6(b) and (c)). The head of the salt tip at time (S3)
appears as a density bore and density bore is along with a vortex core (Fig. I'V-
6(d) and (e)). The bore with an overturn on the mild slope in the salt tip seems to
be a kind of hydraulic jump as a shock process since it is similar to the internal
bore with a vortex observed on the coastal region (Fig. IV-6(g) and (h))

(Masunaga et al., 2015).
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4.5 The existence of the overturn in exchange flow mode on the mild slope in
3D model
4.5.1 The salt tip structure and the existence of the exchange flow

The internal bore with overturn is observed in the exchange flow mode
not only in the 2D model but also in 3D mode where the lateral component is
obtained in the simulation. For 3D model (case 3), in order to clarify the
existence of the exchange mode, the surface current, the bottom current as well
as the gradient Richardson number along the salt head (Lagrangian way) are
investigated and compared together. Fig. [V-7 shows that the flows at the salt tip
are in ebb phase in the periods of 2.5 < #T < 3.0 and 3.4 < #/T < 4.0 since the
velocity near the surface shows positive value (Fig. [V-7(a)). From #T =2.87 to
t/T = 4.0, the flow is in flood because of the negative surface current (Fig. V-
7(a)).

Fig. IV-7(a) shows that during the period of 3.0 < #T < 3.4, the flows are
in the uni-directional mode for flood since both the current near the free surface
and current near the bottom boundary are negative. The exchange mode for 3D
model occurs during the slack before flood (2.87 < #T < 3.0) and the slack after
flood (3.4 < ¢/T < 3.46), and during these moments the bottom u-current is
positive for ebb phase but the surface u-current is in negative for flood phase
(Fig. IV-7(a)). During the period of 2.5 < #T < 2.87 and of 3.4 < #/T < 4.0, the
flows are in the uni-directional mode for ebb and during these period, both the

u-surface and u-bottom currents shows the positive values.

63 ] 2 11 &1



30 T T T
2 e
0 Uni-directional
~10
(%]
€
5 -10 I Uni-directional e B Bottom current
20  mode i : Surface current
| Ebb . ] ck . Elood. S:IaCk L ] 1 Ebb 1

25 26 27 28 29 3 3.1 32 33 3 35 36 37 38 39 4
T

Exchange mode

T T T 1 T T T T T T T T

0.2 0.25 0.4

Fresh water

25 26 27 28 29 3 3.1 32 33 34 35 36 37 38 39 4
vT

Fig. IV-7 The profile of the streamwise velocity at the salt tip near the free
surface and near the bottom boundary and the vertical distribution of the gradient
Richardson number for salt layer in case 2 (the bottom slope, 3D model). (a)
The vertical profiles of u-velocity (cm/s) at locations of the salt head, (d) the
gradient Richardson number for salt layer. The black dotted line in (b) shows the

location of the flow interface.

Besides, the periods for the existence of the exchange flow mode coincides
with the time when the strong mixing in the water column of the salt layer is
observed. In the exchange flow mode for slack before flood (2.87 < #T < 3.0) or
slack after flood (3.4 < ¢/T < 3.46), the gradient Richardson number at the
interface of the flow shows the small value (Ri < 0.25) indicating for the strong
mixing (Fig. IV-7(b)). In the other period of 1.5 tidal cycle, the flow at the salt

tip tend to be stratified since Ri is large than 0.25 (Fig. IV-7(b)).
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4.5.2 The existence of the overturn and the internal tidal bore

To clarify the differences in salt tip structures between the bidirectional
and unidirectional modes for 3D model, the structures of flow and salinity are
investigated and compared at five times that are: #/T=2.75; 2.96; 3.00; 3.17; 3.42,
and these time moments are marked between (T)) to (Ts) in Fig. IV-7(a) and (b).
Time (T,) is at the near end of ebb (2.75 #T). Time (T5) and time (T4) are at the
early flood (3.00 #T) or the near the full flood (3.17 #/T), respectively. At the
moments of time (T)), (T3) and (T4), the flows are in the uni-directional mode.
At the other moments (time (T») and time (Ts)), the flows in the exchange flow
mode for slack before flood (2.96 #/T) and for slack after flood (3.42 #T),
respectively. The flow structures and salinity distribution at the salt tip in 4.0 km
distance at the five moments are shown in Fig. IV-8.

The figures in the first line of Fig. IV-8 show the results of the salt tip near
the end of ebb at the time (T;) when the flow is in the unidirectional mode. The
distribution of u-velocity in Fig. IV-8(a;) shows that the water flows to mainly
downstream in a uni-directional mode at the time (T1). In Fig. IV-8(b1), the flow
is very slow (jw|<4 x10"2 cm/s) and vertically downward at the thalweg of whole
4 km cross-section. At time (T1), the salt tip locates at x = 19.75 km and that
location, the lateral flows are laterally to the sidewall directions (Fig.IV-8(ci) and
(d1)). The maximum size of the lateral flow is about 8.0% the size of the

streamwise currents (Fig.IV-8(ai) and (d1)).
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Fig. 1IV-8 Distributions of the three velocity components as well as distribution of the salinity concentration for the case 3 in experiment 2 (3D
model) at time (T1), (T2), (T3). Streamvise velocity (u), vertical velocity (w), salinity concentration (s) in the 1.5 km longitudinal cross-section of
the salt tip and the lateral velocity vectors (v x w) in 500 m transverse cross-section at the salt head (second column). The small black dotted line
is the contour of 0.005 psu salinity, separating the domain into two zones, the left side of the salt tip is the freshwater zone, the other side is the
saltwater zone. The grey dashed line shows the pycnocline layer. The vertical dotted blue line shows the location for the lateral cross section.
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The shape of the salt tip slightly different and flow structure at time (T>)
are far different from that at time (T:) since the flow is in exchange flow mode
(Fig.IV-8(ai) - (di) and Fig.IV-8(a>) - (d2)). At time (T>), the salt tip is located
at x=19.30 km, and at this location, the water column has two-layers vertically
(Fig. IV-8(a,)). Both the lower and upper layers have significant increases in the
magnitude of u-velocity (Ju/>10 cm/s) at the salt tip (Fig.IV-8(a»)). Besides, the
flow at salt tip has a strong vertical flow in z-directions. The maximum
magnitude (jw|) found in Fig.IV-8(b,) is about 0.5 cm/s, and it’s could be very
helpful for vertical resuspension process of the sediment because that magnitude
is 0.7 times bigger than the maximum settling speed of median sediment at the
upstream Chesapeak bay estimated by Sanford et al., (2001). Besides, Fig.IV-
8(az) and (b2) show that there is a vertical circulation existing at the front of the
salt tip (the overturning flow), and that circulation seems to mix salinity at the
salt tip and also resuspensd the sediment. The thickness of the salt head increase
1.5 m for 0.21 periods from time (T}) to time (T>) (Fig.IV-8(c:) and Fig.IV-8(c,)).
Besides vertical flow, the salt tip at the time (T:) has a significant lateral
circulation also (Fig.IV-8(d)). Fig.IV-8(d.) shows that the currents are divergent
near the free surface but convergent near the bottom. The largest magnitude of
transverse flows (|v|) is approximately 1.4 cm/s and equals up to 14% the size of
streamwise flow at the thalweg.

The overturning flow, which is observed from the previous time (time
(T»)), doesn’t sustain at the salt tip since the ebb currents near the surface at the
salt tip disappear (Fig.IV-8(as) and (b3)) as the unidirectional flow mode (#/T =

3.0). However, Fig.IV-8(a3) show that a signal for an increase in flow magnitude
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in the salt layer of the salt head is still observed. Besides, the maximum of the
vertical flow at time (T3) is mostly equal to that at time (T») (Fig.IV-8(b2) and
Fig.IV-8(b3)) and the thickness of the salt tip increases 1.0 m compared to time
(T) (Fig.IV-8(c2) and Fig.IV-8(c3)). The thickness of the salt wedge head seems
to gradually increase from time (T) to time (T3) and its structure is like a bore,
similar to the internal bore observed in case 2 (Fig.V-3(e)) and on the coastal
region (Masunaga et al., 2015). At time (T3), the thickness of the salt wedge head
can get about 40% water depth (Fig.IV-8(cs)). At the salt tip, lateral currents are
laterally to the sidewall directions and their magnitude equals about 10% of the
size of streamwise currents.

From time (T5) to near the end of the flood (3.0 <#T < 3.4), the flow is
in the uni-directional mode for flood (Fig. IV-8(a3)). At the time (T4) in this
period, the landward flows appear on whole water column (Fig.IV-8(a4)). The
vertical velocity around the salt tip is distributed uniformly with small magnitude
([v|< 0.04 cm/s) which just equals to 8.0% of the maximum vertical velocity in
the baroclinic phase (Fig.IV-8(b,) and Fig.IV-8(bs)). At this moment, the flow
strucuture can be categorized an internal bore which is a kind of shock
phenomena ater uprupt changes of velocity. The bore seems to decrease its
thickness during the uni-directional mode (Fig.IV-8(c3) and (c4)). Besides Fig.IV-
8(ds) show the lateral currents at time (T4) flow slowly (Jv|<0.05 cm/s) and the
lateral currents at the middle of lateral cross-section (y = 0) become divergent
and move to the flank of the estuary.

Similar to the case 2 (2D model), the exchange flow for 3D model (case

3) appear in the second time in a tidal cycle and in this flow mode, the internal
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bore is observed. Just after the end of the flood, the flows turn from uni-
directional mode to exchange flow mode (Fig.IV-8(as)) with very small
longitudinal flow. The maximum u-velocity at the salt tips is just 2.3 cm/s at this
moment but this magnitude is still slightly larger than the velocities near outside
of the salt tip, and its size is smaller than but its structure is similar to the early
flood case (Fig.IV-8(as)). Fig.IV-8(as) and (bs) show that the overturning flow
exists slighlty enhancing the vertical mixing of salnity even though its velocity
in the vertical direction is not large (|w|)<0.03 cm/s) compared to the early ebb.
And due to the increased entrainment of the freshwater into salty zone, the salt
tip atx = 16.7 km (Fig.IV-8(c¢)) and the thickness is about 9.0 m.  For the lateral
flows, the lateral flow has the shallower flank direction as in the early flood
period (Fig.IV-8(dp)).

Fig. IV-8 shows that the structure of flows over ebb and flood in the 3D
(case 2) are similar to that in the 2D model (case 1) but in the slightly different
size. For the uni-directional mode for ebb, the magnitudes of the vertical and
lateral velocities in both that flow modes are too small (jw| < 0.04 cm/s and |v| <
0.05 cm/s, respectively), compared with the significant streamwise velocity (|u|
> 10 cm/s). In contrast, the magnitude of lateral flow in exchange flow mode is
significant (Jv[>1.0 cm/s), and is more equal than 15% size of u-currents at that
time. Besides, while the size of vertical flow in the uni-directional mode for both
ebb and flood from the salt head to upstream is mostly same, the size of vertical
flow at the salt tip in the exchange flow mode are far larger than in the other
place (jw[>0.5 cm/s). In the exchange mode, the internal bore with overturn exist,

and the existence of the overturn seem to induce for development of the
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significant resuspension process of the sediment, compared with flow in the uni-
directional mode.
4.5.3 Mixing and sedimentary transport processes
4.5.3.1 The mixing process and sedimentary process around the salt tip regions

The differences of flow structures lead to bigger differences in
stratification and sediment transport processes among various phases of tide.
Those processes were investigated in ebb, flood and the transition periods (near
slack before flood or slack before ebb) by comparing the kinetic energy
dissipation rate (¢), the Richardson numbers (R7) and the sediment concentrations
(CO) with its fluxes within 1.0 km distance near salt tips in two modes of flow
(Fig. IV-9). Flows are in the uni-directional mode during both flood time (T))
and ebb (T4), and the flow is in the exchange flow mode near the end of ebb,
time (T>).

At t/T=2.75, the maximum dissipation (¢) is observed with larger than 10
69 W/kg within 0.5 m of thickness near the bottom in the region of x > 18.62 km
(Fig. IV-9(a)). In contrast, when the flow is in the exchange flow mode near end
of ebb, time (T2), the maximum dissipation rate is observed not near the bottom
but at the middle of water column in the range of between z = -12.5 m and -10.0
m where x > 19.2 km (Fig. IV-9(b)). The position of this strong mixing layer
matches the position of interfacial layers between upper and lower layers in Fig.
IV-8(az). At the time (T4), the maximum dissipation rates are observed at the
bottom layer between x = 17.8 km and x = 18.1 km (Fig. IV-9(c)), similar to the

uni-directional mode in the ebb (Fig. IV-9(a)).
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Ri at time (T1) in Fig. IV-9(d) shows that during ebb even though the flow
is strongly stratified at the head of salt tip (Ri > 1.0), the flow exists in uni-
directional mode. The maximum dissipation rates are observed near the bottom,
but strong stratification still persists (Fig. IV-9(a) and (d)). Near slack before
flood (at time (T2)), strong mixing layer appears with Ri < 0.25 (Fig. IV-9(e))
and the dissipation rate shows the maximum in this interfacial mixing layer (Fig.
V-5(az) and V-6(b)). Fig. IV-9(b) & (e) shows that with the high dissipation rates
in that layer, turbulence due to the strong shear seems to mix water column
vertically. This mixing layer disappears in the uni-directional mode for flood. At
the time (T3), the Richardson numbers are larger than 1.0 and the flow is strongly
stratified in most place of the salt head including the locations where maximum
dissipation rates are observed (Fig. IV-9(c) & ().

In contrast to the salt tip, the flow in the upstream shows very small or
zero of the Richardson number and the dissipation rates is smaller than 1033
W/kg at all times (Fig. IV-9(a)-(¢)) and the flow has uniform density distribution
as in Fig. IV-8. So this region is well mixed and the strong resuspension is also
observed over the whole period. The bottom shear velocity in the upstream is
larger than 0.005 m/s (ju| > 10 cm/s) (Fig. IV-9(a)-(d)), which is much larger
than a critical number of the bed-shear stress initiates suspension of the

sediments which Van Rijn (1993) provided.
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In the uni-directional mode of the ebb, the resuspended sediments are
transported to seaward (Fig. IV-9(g)). From the salt tip to downstream (x > 18.5
km), higher concentrations of sediment are observed only near the bottom
implying that the sediments are trapped near the bottom by the stratification (Fig.
IV-9(g)). According to Geyer (1993), strong stratification at the salt head may
works as a trap to suppress the suspended sediment, since the stratification can
limit resuspension of the near bottom sediments into upper layer.

At the time (T>) near the end of the ebb or near slack just before flood, the
flow is in the exchange flow mode (Fig. IV-9(h)) and the sediments resuspended
from the bottom near the salt tip (x = 19.23 km) vertically migrate a lot into the
whole water column, similar to the Geyer (1993) mentioned. Generally, the
resuspension and vertical transport of sediments are related to bottom shear stress
and vertical advection by the overturn flow, but at this moment, the vertical
advection seems to be more dominant than the bottom shear stress. Fig. IV-9(h)
shows the vectors of the sediment fluxes between x = 19.25 km and x = 19.35
km, where the strong overturn flow exists (Fig. IV-9(az) & (b2)) and at this
location, the strong mixing layer is observed in Fig. IV-9(b), therefore, the lightly
higher concentrations of sediment are observed near this layer along with
overturn (Fig. IV-9(h)).

The sediment transport near the head of salt tip at the time (T4) are not
similar to at the time (T,) (Fig. IV-9(h)-(i)) since there is no overturn, which
drives strong resuspension at time (T,). At time (T4), the suspended sediments
are mainly transported to landward, except sediments in the thin layer near the

bottom which are transported to seaward after resuspension (Fig. IV-9(i)). At that
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time, the higher concentrations of sediment and the convergence of their fluxes
are observed in a distance from x = 17.7 km to x = 18.1 km. In the temporal
perspectives, over a tidal cycle, higher sediment concentrations were observed
near the salt tip at time (T») (Fig. [IV-9(h)) and during at the slack before flood
(3.19 < ¢/T < 3.44), respectively (Fig. [V-7(a)). During those periods, flows are
in the exchange modes (Fig. [V-7(a)) and so the strong overturn of flows were
observed (Fig. IV-8(ay) and (b)). Conventionally, tidal pumping, gravitational
circulation and lateral circulation have been known as main mixing mechanisms.
Along with such macro and conventional mixing processes, the overturn related
with baroclinity must play an important role in increasing the suspension rate of

sediments at the salt tip.
4.5.3.2 The effects of the overturns to the sedimentary transport process

To find the relative contribution of the tidal pumping and the estuarine
circulation to determining the sediment concentration during the slack before
flood when the exchange flow mode occurs, the variations of the sediment
concentration and the lateral and streamwise sediment fluxes are investigated at
salt head over a tidal cycle. The concentration of the sediment is represented by
the values computed by the concentrations which are determined by depth-
integrating at the thalweg and streamwisely averaging over 250 m of the distance
from the salt tip to downstream (Fig. IV-10(a)). We apply equation (2.5) — (2.6)
which were shown in the section (2.1.3) to compute the magnitude of sediment

flux in longitudinal (Fig. IV-10(b)) and lateral directions (Fig. IV-10(c)),
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respectively. Each directional flux is separated into two components that are non-
tidal advection driving flux (advection) and the tidal pumping flux (pumping).
In the temporal perspectives, the sediment concentration reaches the
highest value at #/T = 2.94 of time (F), near the slack just before flood over a
tidal cycle as in Fig. IV-10(a). At that moment, the magnitude of the sediment
pumping flux at time (F) is much larger than the advected flux of sediments (Fig.
IV-10(b)) and so the increase of the sediment concentration seems to be more
largely induced by the intense of the tidal pumping than the estuarine circulation.
Besides streamwise process, the lateral process partly contributes to the
increases of sediment concentration at time (F). Fig. IV-10(c) shows that the size
of the lateral sediment pumping flux is 0.38 x 10 kg/m/s and equals to 10% of
the longitudinal sediment pumping flux at the same time (Fig. [IV-10(b)). At time
(F), the lateral process partly induces for the increase of the sediment at the
thalweg showing by the negative lateral sediment pumping flux (direction to the
center). However, even though including the lateral flux, total sediment flux (SFx
+ SFy ) at the time (F) does not explain the reason for the significant increase of
the sediment concentration at that time. At time (F), the total sediment flux is
much smaller than in another period such as in flood (3.0 < #T < 3.4) (Fig. IV-
10(d)). During flood, the maximum of the total sediment flux is observed at #T
= 3.12 (Fig. IV-10(d)), but the sediment concentration at that time just equals
about 70% the sediment concentration at time (F) (Fig. IV-10(a)). The high
sediment concentration is observed near the slack before ebb (3.0 < #T < 3.4),
but the magnitude of the total sediment flux at any time during this period is

smaller than that at #T = 3.12 (Fig. IV-10(d)). Therefore, beside the tidally
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pumping or the estuarine circulation, the sediment transport process at the salt
tip near the slack before ebb is partly induced by another process such as

overturns of flow.
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Fig. IV-10 The time series of the total sediment concentration, the integral
sediment advection flux and the sediment pumping flux through the water
column in the streamwise direction and lateral direction and the total sediment
flux over a the tidal cycle for case 3. (a) The averaged of the depth integral
sediment concentration (C,,) in the short distance from the salt tip to downstream
(about 250 m distance around the head). (b) The integral sediment advection flux
(Advection_,) and the integral sediment pumping flux (Pumping ) through the
water column in the longitudinal direction. (c¢) The width averaged of the
integral the sediment advection fluxes (Advection_,) and sediment pumping
flux (Pumping_,) through the water column in lateral direction. Positive value
show sediment is transport to wallward, negative value show tl}le.,sediment 1s
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transport to thalweg. (d) The total sediment flux through the water column in
both two directions lateral and streamwise directions (SFx + SF, ). Time (F) is
the time the sediment concentration in (a) is greatest. Dotted red line show the
time the concentration is greatest (#/'T = 2.94). Yellow aground show the periods
of exchange flow mode found from Fig. V-4(a).

Besides streamwise process, the lateral process partly contributes to the

increases of sediment concentration at time (F). Fig. IV-10(c) shows that the size
of the lateral sediment pumping flux is 0.38 x 102 kg/m/s and equals to 10% of
the longitudinal sediment pumping flux at the same time (Fig. IV-10(b)). At time
(F), the lateral process partly induces for the increase of the sediment at the
thalweg showing by the negative lateral sediment pumping flux (direction to the
center). However, even though including the lateral flux, total sediment flux (SFx
+ SFy ) at the time (F) does not explain the reason for the significant increase of
the sediment concentration at that time. During time (F), the total sediment flux
is much smaller than in another period such as in flood (3.0 < #T < 3.4) (Fig. IV-
10(d)). During flood, the maximum of the total sediment flux is observed at #T
= 3.12 (Fig. IV-10(d)), but the sediment concentration at that time just equals
about 70% the sediment concentration at time (F) (Fig. IV-10(a)). Further, the
high sediment concentration is observed near the slack before ebb (3.0 < #T <
3.4), but the magnitude of the total sediment flux at any time during this period
is smaller than that at #/T = 3.12 (Fig. IV-10(d)). Therefore, beside the estuarine
circulation and the tidally pumping, the sediment transport processes at the salt
tip near the slack before ebb is partly induced by another process such as
overturns of flow.

To clarify the difference between the roles of the tidal pumping,

gravitational circulation and overturns in driving the sediment transport at the
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salt tip, the linear correlations between sediment concentration at the salt tip and
the total momentum flux, the vertical turbulent diffusive flux (c'w’) is
investigated in two periods of near the slack before flood(2.87 < #/T < 3.0) and
the flood (3.0 < #/T < 3.4) (Fig. IV-11). According to Fugate and Friedrichs
(2002), the vertical turbulent diffusive flux seems to be relative directly with the
downward velocity of suspended sediment and so the vertical turbulent diffusive

flux can be used here to represent for the size of vertical mixing in the water.
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Fig. IV-11 The linear correlation between the sediment concentration and total
sediment flux, the vertical turbulent diffusive flux for case 3 (3D model) for the
period of slack before flood and period of flood. (a) The linear correlation
between the depth integral sediment concentration (Cn) and total sediment flux
(SFx+ SFy), (b) The correlation between the sediment concentration (Cn) and the
vertical turbulent diffusive flux (C'w").

The sediment concentration at the salt head in the flood has strong
relationship with the total sediment flux (R? = 0.926) as expected (Fig. IV-11(a)).
The sediment concentrations in flood increase along with increases in the total

sediment flux (SFx + SF)) and therefore, the tidal pumping and estuarine

circulation may play an important role in driving sedimentary processes in the

flood. On the other hand, there is no linear correlation between &he ,sgdignqmt =] —
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concentration (C,) and the total momentum flux (SF,+ SF}) in the ebb just before
slack and the correlation R? is only 0.058. Therefore, the significant increases of
the sediment concentration in that period seems to less related with the tidal
pumping or estuarine circulation. Instead, the correlation between sediment
concentrations and the vertical turbulent diffusive flux is 0.7 of R2 which is high
enough value to say that they are correlated (Fig. IV-11(b)). Previously, we
observed strong overturns during this period and this overturns of flow
significantly enhance the vertical migration and mixing of sediment. During
flood, flux is mainly driven by tidal pumping, and so has less vertical fluxes (Fig.
IV-10(b)) which has less correlated with concentration. It means that during
flood turbulence does not generate vertical transport of sediment. This result also
confirms by the observations of the Richardson number in Fig. IV-11(f) showing
that vertical mixing is limited during flood while turbulent mixing occurs near
slack before flood (Fig. [V-11(e)).
4.6 Discussion and summary

Therefore, similar to the observation of the Sanford et al., (2001) for
the upstream of the Chesapeake Bay region, the tidal asymmetry plays an
important role in the sediment resuspension. Our work found that the size of the
tidal pumping is far larger than the size of the advection from the full ebb to the
full flood (2.65 <#/T < 3.2) (Fig. IV-10(b)). Besides, similar to the Sanford et al.,
(2001), we find that the overturns may occur at the salt tip on the slope of the
upstream of the Chesapeake Bay in the slack before flood (2.87 < #T < 3.0) and
the slack before ebb (3.4 < /T < 3.46). In a sketch of in Sanford et al., (2001)’s

work, the vertical resuspension of the sediment could not be induced by the
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overturn of the flow and this process is even suppressed by the strong
stratification in the slacks. However, the results in the stretch of the Sanford et
al., (2001) seem to be contract to the results in the observations from Sanford et
al., (2001) and other researches (e.g., North & House, 2001; North et al., 2004)
for several time moments. The observations in several surveys show that the
higher concentration at the salt tip may be observed in the slacks (Fig. IV-12)
and the presence of the high concentration in the slacks is similar to our results.
We found that the sediment may be highly resuspended in the slack before flood
(Fig. IV-9(h)) and this process is driven by the overturns (Fig. IV-8(a2)-(b2)) and
the form of overturn observed in the mild slope is similar to the form of the
overturn shown by the sediment flux vectors in Geyer (1993) (Fig. I-8).

Besides, the thesis found that the overturns observed in the slack before
flood may induce the vertical mixing at the head of the salt tip and well mixing
at the interface of the flow (Fig. IV-9(e)). In contract to North & House, (2001),
the resuspension processes of the sediment during the slacks are not directly
driven by the gravitational circulation, but they are driven by the turbulent
mixing which is generated from the overturning flow. The results in Fig. IV-11(a)
show that the sediment concentration at the salt tip in the slack before flood has
the strong correlation to the vertical turbulent diffusive flux (R* = 0.7) but has
the less correlation to the total sediment flux (R2 = 0.058).

The existence of the overturn at the salt tip is directly relative to the
existence of the geometry feature that is the bottom slope. Without the existence
of the bottom slope, the overturning flow as well as the significant vertical

resuspension of the sediment as the overturning are not observed (Fig. IV-2(b)-
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(c) and Fig. IV-3(a)). Besides, in order to the overturn exists at the salt tip on the
mild slope, the river flow may play an important role. Fig. IV-11(a) show that
the overturn just develops on the slope when the flow is in the exchange mode
and the exchange flow mode is composed by the downstream flow of the
freshwater and the upstream flow of the seawater (Fig. IV-6(b)) and Fig. IV-
8(az2)-(b2)). In the uni-directional mode, the seaward river flow doesn’t exist near
the surface and during that time, the overturn is not observed (Fig. IV-8(a:)-( b1)
and Fig. IV-8(as)-( ba)).
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Fig.  IV-12 The observation and simulation results of the sediment
concentration and salinity around the salt tip the upstream of the Chesapeake Bay
estuary in North et al., (2004), North & House, (2001), Sanford et al., (2001). (a)
Salinity and TSS on Feb. 01 1996 observed by Sanford et al., (2001). (b) The
observation results (upper figure) on May 08, 2001 which used to be compared
to the computational region (lower figure) on day 352.38 on North et al., (2004).
(c) The observation results in May 4-5 and 12-13 in North & House, (2001).
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The present work observes that the serious backflow in the salt tip after
shoaling during the ebbs after or before slack, respectively. During that time, the
freshwater and the seawater flow to the opposite directions (Fig. IV-5(as)-(bs)
and Fig. [V-8(a»)-(b)) and the propagation of the density front seems to meet the
upstream obstruction caused by the freshwater flow. That process is similar to
that the frontal face of the run-up bore is hindered by the backflow on slope
bottom of the continental shelf regions (Helfrich, 1992; Wallace and Wilkinson,
1988) or on the slope bottom of the coastal regions (Masunaga et al., 2015).

Similar to Masunaga et al., (2015), that the overturn in the salt tip
appear with the bore. The thickness of the density front at the internal bore on
the mild slope is about 5.0 m (2D model) and 4.0 m (3D model) (Fig. IV-6(e)
and Fig. IV-8(cz)). The salt head becomes thicker due to the development of the
density current in the exchange mode as the internal tidal bore (Fig. IV-6(d)-(¢)).
With this form, the internal bore with the overturn at the salt tip seem to be a
form of the density current with the hydraulic jump at the head as the sketch of
Bain (1995) (Fig. I-5), and is similar to the internal bore with an overturn on the
coastal region observed in Masunaga et al.,.(2015).

Therefore, according to the computing results, we illustrate the tidal
variation of the salt tip and suspended sediment under effects of the mild slope
over the tidal cycle in Fig. [V-13.

(2) During full ebb, the salt front moves to the downstream, which is the same
direction to the freshwater flows at the upper layer. Sediments seem to be
strongly resuspended in the freshwater layer, while the resuspension is limited

by stratification in the saltwater layer.
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(b)During slack before flood, the density front of the salty water moves landward
and the fresh water in the upper layer and upstream flows to the seaward
accumulating of the density and velocity at the salt tip. These accumulations
lead to thicken the salt tip and overturn the flow. The overturned flow induces
the strong mixing and the significant resuspension of the sediment at the salt
tip.

(¢)During full flood, the density front in the lower layer and freshwater in the
upper layer move together to the landward and the sediments are significantly
resuspended in the fresh water layer of the unstratified upstream and is
vertical limited in the salt water layer by stratification.

(d)During slack after flood, the overturn flow and the bore appear at the salt head
with the smaller size and scale, compared to the previous overturn. The
dynamics for the bore and overturn flow are similar to the first time (b). The

sediment slightly resuspended at the salt tip by the overturn flow.

(a) Fullebb (b) Slack before flood (c) Full flood (d) Slack after flood

Fig. IV-13 Schematic image of the changes of the salt head regime over a tidal
cycle on the mild slope. (a) At the full ebb (the uni-directional mode for ebb), (b)
At the slack before flood (in the exchange mode), (c) At the full flood (the uni-
directional mode for flood) and (d) At the slack after flood (in the exchange

mode).
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CHAPTER FIVE

V. THE EXISTENCE OF THE OVERTURN IN THE GRADUAL
CONTRACTION AND THE SEDIMENTARY TRANSPORT
PROCESSES

5.1 Introduction

Armi (1986) found that the strong mixing from internal hydraulic jump
may exists at the interface of the two-layers flow when the flow overs the
constriction or the sill. However, since the overturn may develop on the mild
slope bottom, we expect that the overturn may development in the contraction
the contraction of the width and the bottom slope affects to the one-layer flow in
the similar way (Chaudhry, 2008). In specify, we investigate for the two-layer
flow over the gradual contraction. The gradual contractions may be found at the
downstream of the constriction in the Hudson River estuary (Geyer and Ralston,
2015) but the effects of the width contractions to the existence of the
baroclinicity as well as sedimentary transport processes have been not discussed
further.

To clarify that the mild slope can be replaced by the gradual contraction
in inducing the development of the internal bore as a hydraulic jump in
translation or not, we try to investigate propagating process of the salt density
flow in the salt tip in the gradual contraction region. The variation of the flow
and salinity structure are investigated and compared the results obtained to the

results in chapter IV. Besides, we investigate the sedimentary processes around
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the salt tip to clarify the relative the sediment process with the contraction of the

width.

5.2 Model set-up and data analysis

The study case in in experiment 2 uses the upstream contraction mesh

shown in Fig. V-1(a)-(b). Fig. VI-1(a) shows that the width of the upstream

contraction mesh varies from 155 m to 250 m between x = 10 km and x = 20 km.

The horizontal grid size in the section between x = 15 km and x = 22 km is

approximatly 20 m and is much smaller than those in the other regions (x < 15

km or x > 22 km). The vertical grid space of the mesh ranges between 0.2 m and

0.5 m. The domain uses a total of 40 layers for vertical space. The estuarine

domains for the contraction case are obsolutly illustrated in 3D in Fig. I1I-1(d).
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86



The average amplitude of the tide (77, ) and the constant freshwater runoff

for case 4 are set at 0.5 m and 0.1 m/s, respectively, and the bottom elevation (z5)
is at -14.5 m for the whole domain. With the above setup, case 4 in this chapter
and case 3 (bottom slope, 3D) in chapter IV have the same magnitude of the river
discharge and tidal discharge at the boundary conditions. Other information
about setups for case 4 is introduced in section 3.1.

Similar to bottom slope case, the contraction case is simulated for five
tidal cycles. Since the salt head is observed in a distance from x =10 km to x =
20 km from two tidal cycles, the results from tidal cycles of 2 to 4.5 are used for
the analysis. The outputs from the SUNTANS used in this chapter include:
salinity concentration, sediment concentration, the turbulent velocity scale, the

turbulent length scale. Besides, three components of the velocities are used.

5.3 The existence of the overturn and internal bore in the contraction

region

Similar to the previous chapter, before clarifying the existences and the
effects of the overturn, we determine the locations of the salt tip from the
streamwise salinity density gradient. At the locations of the salt tip, we get the
profile of the u-velocities by using the Lagrangian way. From the profile of the
u-currents near the free surface and near the bottom boundary obtained, the tidal
phases along with the flow modes at the salt tip 2.5 tidal cycle (2.5 < #T < 4.0)
are respectively determined.

Fig. V-2(a) shows that the flow at the salt tip for the contraction case (case

4) includes two tidal phases that are flood and ebb, and the exchange flow mode
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exists during flood phase. From slack after ebb to slack after flood (2.76 <#/T <
3.28), the flow appears in exchange flow mode since the u-current near bottom
is negative while the u-current near the surface is positive (Fig. V-2(a)). When
the near-bottom u-current becomes positive from #/T = 3.28, the flow changes to
the uni-directional flow mode for ebb. The uni-directional flow exists for 0.47
tidal cycle, and ends at #/T = 3.75 when the surface u-current changes the sign to
negative (Fig. V-2(a)).

Similar to the bottom slope case (Fig. IV-8, Fig. IV-9(g), (h), (1)), the flow
structure and the sedimentary processes between two flow modes in the
contraction (case 4) are absolutely different. Those differences are found from
the comparisons between the horizontal vectors of the currents along with the
sediment concentration near the bottom at #/T = 2.99 for exchange flow mode
(time (Cy)) and #/T = 3.6 for uni-directional mode (time (C>)) (Fig. V-2(b), (¢)).
At time (C)), the directions of saltwater flows are opposite to the directions of
the freshwater flows (Fig. V-2(b)). In contrast, the vectors of the horizontal
currents at time (C,) shows that the both flows of the saltwater and the freshwater
are in the same direction for ebb (Fig. V-2(c)). Besides, the salt flows near the
bottom are laterally to middle in flood but are to the sidewall in ebb (Fig. V-2(b)-
(c)). However, for both two flow modes, the lateral mixing, which is normally
driven by the lateral flows developing in upstream or the downstream of the rapid
contraction/expansion sections (Hager, 1992; Chant and Wilson, 1997), don’t
exist in both the two side-walls (Fig. V-2(b)-(c)). Instead, in the gradual
contraction case (case 4), the mixing in vertical direction seems to be more

significant than that in the lateral direction.
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Fig. V-2 The profile of the streamwise-velocity near the free surface and near
the bottom boundary at the salt tip, the horizontal distribution of the sediment
concentration and the velocity vectors (u x v) from 2.0 m distance from bottom
at time (C;) and (C,) for case 4 (the contraction case). (a) The profile of the
streamwise velocity near the free surface and near the bottom boundary at the
salt tip used to determine the exchange flow mode and uni-directional mode. (b),
(c) The top view of the sediment concentration and horizontal current in 1.0 km
distance around the salt tip at time (C1) and (C,). In (a), the u < 0: flood and u >
0: ebb. In (b), (¢), the small white dotted line is the contour of 0.005 psu salinity
as the location of the salt tip, separating the domain into two zones, the left side
of the salt tip is the freshwater zone, the other side is the saltwater zone. Yellow
background in (a) show the periods of the exchange mode.
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For constant of the width (case 1), the suspended sediment in the saltwater
layer near the end of the salt tip normally is trapped by the strong stratification
(Fig. IV-3(a)), but Fig. V-2(b) show that much higher sediment concentration is
observed around the salt tip (15.28 km < x < 15.32 km) at time (C;) when the
flow is in the exchange mode (Fig. V-2(a)). The results in chapter IV show that
the sediment near the bottom may be strongly resuspended by the vertical mixing
driven by the overturn (Fig. IV-9(h)) and therefore, similar to in the mild bottom
slope region, the significant vertical mixing by the overturn seems to exist and
promote the resuspension process of the sediment in the gradual contraction
region.

In order to clarify whether or not the existence of the overturn in the mild
contraction and in order to explain why the sediment concentration around the
salt tip at time (C;) is higher than that at time (C,), the flow and salinity structures
of the salt tip at two time moments are respectively investigated and compared.
In which, the salt tip at time (C,) is located at x = 15.2 km, and from that location
to the downstream, the water column has the two-layer flows (Fig. V-3(a)). Both
upper flow and lower flow at the salt head have a slight increase in the magnitude
of the streamwise currents ([u[>10 cm/s). Besides, the maximum of the w-current
at this time is significant (jw|>0.5 cm/s) (Fig. V-3(b)). Fig. V-3(a) and (b)
illustrate that there is a vertical circulation existing near the end of the salt tip,
and this circulation evenly appears at the same location with the internal bore
structure (Fig. V-3(c)). The distribution of the salinity around the salt tip show
for the existence of the bore structure (Fig. V-3(c)), similar to the internal bore

observed in Fig. [V-6 for the bottom slope case.
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Besides, the structure of the salt flow in the uni-directional mode in the
contraction case is mostly similar to that in the bottom slope case for the same
flow mode (Fig. IV-5(a1), (b1) and Fig. IV-8(a1), (b1)). In the uni-directional mode
for ebb (time (C,)), the fresh water and salt water flows quickly to mainly
upstream (Fig. V-3(d)) and the vertical flow is very slow (|w|<0.04 cm/s) (Fig.
V-3(e)). Moreover, the thickness of the salt layer in this period gradually

decreases to zero in from the downstream to the end of the salt tip (Fig. V-3(e)).

u (cm/s) " B w (cm/s) ' @
2.5 -2.5 <

Salinity (psu)

2@

-5 -5
<15 <1.5 -1.5
-10 -10 -10

-12.5 -12.5 -12.5

3.08 (Cy) >

z(m)

-15 -15 -15
147 149 151 153 155 157 147 149 151 153 155 157 147 149 151 153 155 157

X (km) X (km) X (KmM)

<t/T

Baroclinic exchange
mode for flood

251 (@) 25 @)

for ebb
=3.60 (C,) >
z(m)

<t/T

i 155 15.7 159 16.1 163 1635 155 15.7 159 16.1 163 165 i 155 15.7 159 16.1 163 165
x (km) x (km) X (km)

Landward Seaward Downward = mwarg

-0.2 0 02 -2 0 2

Uni-directional mode

o

Fig. V-3 Distribution of the two velocity components and distribution of the
salinity concentration. Streamvise velocity (u), vertical velocity (w), salinity
concentration (s) in the 1.0 km longitudinal cross-section of the salt tip for the
case in experiment 2(a) (Case 3) (the contraction case) at time (C;) and time (C»).
The small black dotted line is the contour of 0.005 psu salinity, separating the
domain into two zones, the left side of the figure is the freshwater zone, the other

side is the saltwater zone. Time (C;) and (C,) are depicted in Fig. V-2(a)

Fig. V-3 shows that the flow and salinity structures in the contraction in the
uni-directional mode and the exchange flow mode are respectively similar to
those in the bottom slope region or on the coastal region (Masunage et al., 2015).

For the exchange mode, the internal bore along with the overturn occurs in the
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gradual contraction (Fig. V-4), similar to the bottom slope case (Fig. [V-6(d) and
(e)). The overturn develops from traveling of the salt layer in the downstream
flow environment in the contraction or seems to show for a form of the hydraulic
jump at the head of the density current (Fig. V-4), similar to the density current
with supercritical head mentioned from previous researches (e.g., Benjamin,

1968; Xu, 1991: Baines, 1995). In the contraction region, the overturn occurs

when the two-layer flow exists and interacts with the freshwater flow. Around
the salt tip, the size of the magnitudes of longitudinal and vertical velocities at
the internal bore for both two cases are about || > 10 cm/s and |[w| > 0.5 cm/s,
similar to the size of the velocity observed in the internal bore on the mild slope
(Fig. IV-8(a2) and (b2)). Comparing to the vertical velocity in the exchange flow
mode (Fig. V-3(b)), the vertical flow is in the unidirectional mode in both cases

are too small (jw| < 0.04 cm/s) (Fig. V-3(e)).

-15 UL k 5
15050 15150 15250 15350 15450 15550 15650 15150 15200 15250 15300 15350

x (m) X (m)

Fig. V-4 The structure of the salt tip with an overturn for the contraction case
(case 3) at time (C;). Time (C)) is depicted in Fig. VI-2(a)
Further, although both the geometry of bottom and the geometry of the plan

view (contraction) can lead to the development of the overturn, their influences
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on flow are not the same. For the same boundary conditions (7, = 0.5 m and

uo = 0.1 m/s), the time for the exchange flow in the gradual bottom slope is
much longer. For instance, the exchange flow in case 3 (the bottom slope case,
3D) just occurs in the several hours during slack before flood (0.15 #T) and slack
before flood (0.06 #T) (Fig. IV-7(a)) but the exchange flow in the gradual

contraction may exist in whole flood period (0.52 #T) (Fig. V-2(a)).
5.4 The suspended sedimentary transport processes

In order to carify the differences in the sedimentary processes between the
two flow modes in case 4 (the contraction case), the distribution of the sediment
concentration and the distribution of the sediment fluxes at two moments in case
4 (time (C;) and (C,)) are investigated. The results of the sediment processes at
two flow modes are presented in Fig. V-5. In which, the figure in the first column
(Fig. V-5(a)) shows the result of the sediment for time (C;) (the exchange flow
mode), and the figure in the second column (Fig. V-5(b)) shows the result of
the sediment for for time (C>) (the uni-directional flow mode).

At time (C;) when the flow is in the exchange mode, the sediments from the
bed around the salt tip (x =15.18 km) migrate significantly into the water column
and entrance a lot at the interface of the two-layer flow (Fig. V-5(a)). At those
moments when the high concentration is observed, the overturn is observed (Fig.
V-4). The previous chapter found that the flows in the overturn causes the strong
resuspension and play an important role in enhancing the bottom shear stress as

well as the vertical advection and generating the strong mixing at the salt tip and
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in the interface of the flow. Therefore, it can be concluded that the high sediment

concentration in the water at time (C,) is driven by an overturn.
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Exchange mode for flood
mode for ebb
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Fig. V-5 The suspended concentration (C) with the sediment flux vectors in a
1.0 km longitudinal cross-section of the salt tip for case 4 (Contraction case).
The small black dotted line is the contour of 0.005 psu salinity, separating
domain into two zones, the left side is freshwater zone, the right size is saltwater
zone. The small blue dotted line show the locations of the interfacial flow layers.

Time (C) and time (C,) are depicted in Fig. V-2(a).

In contrast, the sediment at time (C,) is transported to the downstream and
isn’t been highly resuspended into the water column (Fig. V-5(b)), compared to
that in time (C;) (Fig. V-5(a)). The results in the previous chapter (Fig. IV-9(a),
(d), (g)) find that without the existence of the overturn, the sediments are
significantly trapped by the stratification of the salt layer in the ebb and we
observe similar process for time (C). At time (C;), the concentration of the
sediment from the salt tip to downstream is smaller than that in the fresh layer
from the salt tip (Fig. V-5(b)) because the flow in the salt layer is in strong

stratification in the ebb (Fig. IV-9(d)). The stratification work as a trap for the
o_ 1 - —
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resuspended sediment (Geyer, 1993). Therefore, in the uni-directional mode for
ebb, the high concentrations of sediment are just observed only near the bottom
because of trapping (Fig. V-5(b)).

Therefore, in the uni-directional mode, the sedimentary process in the
contraction (case 4) or in the bottom slope regions (case 3) are mostly similar
(Fig. V-5(b); Fig. IV-9(g); Fig. IV-3(b)). For the exchange mode, the vertical
migration of the suspended sedimentary transport just is strong due to the
overturnes. However, the overturn which drives the vertical mixing of the
sediment just is generated in the geometry regions such as bottom slope or the
contraction (Fig. V-5(a); Fig. IV-9(h)). For the estuary with the flat bottom and

constant width, the overturn is not observed (Fig. V-3(a)).
5.5 Discussion and summary

The above results and comparisons shows that the gradual contraction may
impact significant to the flow and density structure of the estuary. The exchange
flows normally appear in the short time (> 0.03 #/T) for the constant width estuary
(Fig. IV-5(e)), but that may appear in longer time during the flood (0.52 #T) in
the contraction region (Fig. V-2(a)). During the flood period, the salinity
structure at the head of salt flow significantly varies due to the variations of the
flows (Fig. V-3(c)). Therefore, the time for the existence of the exchange flow as
the baroclinicity, which initiales the development of frontogenesis (density fronts)
in the throat region of the constrictions in Hudson river (Geyer and Ralston,
2015), seems to be strengthened because it exist in the upstream contraction of

the width in the downstream constrictions.
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Although the width of the estuary investigated in case 4 is contracted
gradually, we found that the gradual contraction of the width significantly affects
to the presence time for the exchange flow and the mixing process at the salt tip.
In the gradual contraction, the upstream traveling of the salt tip front may lead
to the development of the overturn (Fig. V-4) which is supposed to be important
in inducing the significant vertical mixing (Masunaga et al., 2005). Therefore,
under effect of the overturn, the size of mixing in the gradual contraction in the
vertical direction is larger than that in the lateral direction. The lateral mixing is
normally observed the rapid contraction (Hager, 1992; Chant and Wilson, 1997).

ETMs are frequently observed in the contraction/expansion of estuary such
as in the Columbia River (Jay & Musiak, 1994) and Delaware (Sommerfied &
Wong, 2011), Hudson River estuary (e.g., Ralston et al., 2012; Burchard et al.,
2018; Geyer and Ralston, 2015) (Fig. I-13). Normally, the investigations for the
development of the ETMs in the contraction/expansion mostly focus on two
processes that are the tidal asymmetry and gravitation circulation (e.g., Burchard
et al., 2018; Sommerfied & Wong, 2011; Jay & Musiak, 1994). However, the
results from the sediment fluxes show that the vertical mixing driving by the
overturn induce the vertical immigration of the sediment around the salt tip
region (Fig. V-5-(a)). For the middle of the salt wedge regions such as around
the frontogenesis in Hudson river (Geyer and Ralston, 2015), the suspended
sediments from the bed may not migrate a lot to water column as in the salt tip
region by cause of the presence of the strong stratification. However, the

increasing the strength and duration of the exchange from the gradual contraction
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may affect directly to the tidal asymmetry and gravitation circulation processes
which drive the sedimentary processes in the estuaries.

According to the results obtained, we illustrate the vertical mixing and
sedimentary process in the contraction (for the same boundary condition with the
case 3) in Fig. V-6.

(@ During ebb, the salt front travels to the downstream in the same
direction movement of the flows. Sediments seem to be strongly resuspended in
the freshwater layer and is trapped by stratification in the saltwater layer.

(b) From slack before flood to slack after flood (during flood), the density
front of the salty water travel landward in the seaward flow of the freshwater.
The salinity and flows structures at the salt tip show for the existence of the
internal bore with an overturn. That overturn seems to induce the significant

migration of the suspended sediment from the toe of the salt tip.

(a) During ebb (b) During flood

v

Fig. V-6 Schematic image of the variations of the salt head regime through
the tidal cycle in the contraction case. (a) During ebb (uni-directional mode), (b)

During flood (exchange flow mode).
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CHAPTER SIX

VI. THE MECHANISM OCCURRING THE OVERTURN AS THE
TERMS OF THE HYDRAULIC JUMP IN THE SALT TIP UNDER
THE GRAGUAL EFFECTS OF THE GEOMETRY

6.1 Introduction

The previous sections show that the mixing may be generated at the salt tip
when the flow is stratified as the two-layer flow. Unlike the general two-layer
system, the vertical mixing as overturning may occur at the salt tip without the
geometric critical point (dW/dx = 0 or dzy/dx = 0) (Armi and Farmer, 1986) or
Armi, 1986)) or the steep bottom slope (Masunaga et al., 2015; Wang et al. 2008).
The significant interaction between the saltwater flow and fresh water flow under
the support of the geometry features such as the mild slope or even the gradual
contraction of the width may lead to development of the strongly vertical mixing.
The exchange flows without upstream depth, which are generated in during
slacks, are essentially an arrested the density current. However, in order to the
intense turbulence and turbulent mixing is generated, the density current should
has a jump at the front of its head as Simpson, (1982) or Benjamin, (1968)
mentioned. The hydraulic jumps developed from the interaction between river
currents and tidal currents are frequently observed on the free surface of the river
mouths rather than around the end of the salt wedge on the bottom (Simpson,
1982; Nash and Moum, 2005). However, the result from the previous sections
for investigating the mild slope or in the contraction region show that the
hydraulic jump seems to exist at the head of salt tip.
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Therefore, in order to find out the mechanism for the development of the
overturn, we try to determine the presence of the jump at the salt tip. Both
composite Froude number (G?) and Froude number method (F7y) are used in our
investigation. Besides, the role of the geometric features as well as the fresh flow
are clarified by investigating the variation of the momentum fluxes. In this
chapter, we use the simulation results from the four studied cases for discussions.
Characteristics and the results over the four study cases from previous chapters
are shortly presented in the table 3.

Table 3 The statistics table of the information about four study cases for

investigate the development of the hydraulic jump used in chapter VI

Results of
Boundar
Nz?e COHditiOI}II Boundary | Name of the flow Results of
stud for condition the Model and sedimentary
casey 7 for uo experiment salinity processes
° structure
Overturn Without
and significant
Non- . .
Case 0.5m 0.1 m/s geometry 3D internal . Ve'rtlca'l
1 bore are immigration
effect
not of the
observed sediment
Bottom
Case slope
5 0.5m 0.1 m/s effect. 2D 2D ‘ Sediment is
’ Vertical L
model . significantly
mixing
driven b resuspended
Bottom \;ﬁe y by the
Case 05m 0.1 m/s slope 1D overturn, overturn flow
3 effect, 3D
and
model .
internal
The bl;)re ari1
Case contraction observe
4 0.5m 0.1 m/s of the 3D
width
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Four cases in table 3 computes for the river currents (1) with 0.1 m/s and
the tidal wave with 0.5 m of the average amplitude ( 7, ). In fact, in the upstream

of the Chesapeake Bay, the size of the river flows may vary from zero to 0.17
m/s (Sanford et al., 2001) and the tidal amplitude varies between 0.25 m to nearly
1.0 m (North et al., 2004). According to Ficher et al., (1979), the structure and
movement of salt wedge is decided by interaction between tide flow and river
flow. Studying about estuarine processes, North et al., (2004) show that river
inflows affect not only for salt wedge upstream movement but also for sediment

suspended processes.

Therefore, we try to compute processes in the estuary for more several
level of the tide and river inflow rate. Since the overturn may exist in the
exchange flow and therefore, to determine the existence of the overturn for other
flow condition cases, we investigate the time for the presence of the exchange
flow at the salt tip and determine existence of the overturn in during this time. In

the experiment 4, there are five levels of 7, (0.25m, 0.35m, 0.5 m, 0.75 m, 1.0

m) and five levels of up  (0.05 m/s, 0.075 m/s, 0.1 m/s, 0.135 m/s, 0.17 m/s) are

respectively investigated. There are totally thirty scienarios are simulated.

Excepting the tidal amplitude and river current at the boundaries, the other
parameters setup in the study cases in experiment 4 are similar that in the
previous experiments (experiment 1-3) (section 3.1). The three types of the
domains are used for simulations in experiment 4, that are the flat bottom-
constant width domain (Non-geometry group), the bottom slope domain (Bottom

slope group) and the contraction of the width domain (Bottom slope group). The
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information about the tidal amplitudes and freshwater runoff in experiment 4 are

listed in table 4.

Table 4 The information about the thirty scenarios used for investigating the
dependence of the presence time for the exchange flow on the tidal amplitudes

and the river inflow rate (experiment 4).

Number of the | For investigating For investigating
scienarios in the effect of the the effect of the
Name of group . .
each group tidal amplitude freshwater runoff
(75) (u0)
Non-geometry upo =0.1m/s
10 10=0.05 m/s, 0.075
group o = 0.25 m, 0.35 mis. 0.1 m/
s, 0. S,
Bottom slope
10 m, 0.135m/s, 0.17
group 0.5m, 0.75 m, m/s
Contraction
10 1.0m o =0.5m
group

6.2 The effects of the geometry on the flow around the salt tip

6.2.1 The time for the existence of the exchange flow in the salt tip under the

geometric features.

The results in the previous sections provide that the overturn plays an
important role in driving the mixing and the sedimentary processes around the
salt tip. However, the overturns just seem to appear when the exchange flow
exists for a long time enough. Fig. VI-1 shows that without the effects of the
geometry (case 1), the exchange flow just exists in the short time in the slacks

(#/T < 0.03). For the bottom slope case (case 3, 3D model), the exchange flow
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may exist for 0.13 #T during the slack before flood and for 0.06 t/T during the
slack before ebb (Fig. VI-1). Similarly, in the contraction region (case 4), the
exchange flow may remain from the slack before flood to slack before ebb for
0.52 ¢/T (Fig. VI-1). Therefore, for a tidal cycle, the total time for the existence
of the exchange flow in the non-geometry region is shortest, and is just about 20%
of that in the bottom slope region and no more than 4 % than in the contraction
region (Fig. VI-1). Besides, the overturns are not observed in the exchange flow
mode for the non-geometry case (Fig. IV-2(a)-(b)) but are observed in the other
cases (Fig. IV-8(az)-(b2), Fig. V-4). Therefore, the overturn could not develop
when the exchange flow in the very short time, and the time for existence of the

exchange flow is enhanced under effects of the geometry.

0.8
= 06 | & Slack before flood ®Slack after flood @ During flood
@
< 04
g o2t
L e , __seiminl ,
Non-Geometry Bottom slope Contraction
(Case 1) (Case 3) (Case 4)

Fig. VI-1 The summarize of the time for the existence of the exchange flow in

the salt tip over a tidal cycle for three study cases (case 1, case 3 and case 4).

6.2.2 The effects of the geometry on the momentum fluxes

In order to explain why the time for exchange flow increases in the slope
bottom or in the contraction region, we investigate and compare the variation of
the energy of the water along the estuary over three cases: bottom slope (case 3,
3D), the contraction (case 4) to case 1 (without the existence of the bottom slope

and contraction). In which, we use the tidally averaged total momentum flux for
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whole a cross section (MFi, MF>) to represent for the energy existing in fresh

and salt layer shown by following equations:

12

W /2
MF, =

y=-W

W /2
MF, =

y=-

(Mflu +Mf,, )dy, (Fresh layer)

Wi ( Mf,, +Mf,, )dy, (Salt layer)

(6.1)

(6.2)

where the bars in the formula indicates the tidally averaged of each value.

The formula used to compute each component of the momentum flux are

presented in equation (2.8) and (2.9), and the results of the MF for three study

cases (case 1, case 3 and case 4) are respectively illustrated in three figures of

Fig. VI-2.
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Fig. VI-2 The variations of the tidally averaged of the momentum flux for fresh

layer (MF)) and for salt layer (MF-) through whole lateral cross section in 70 km

distance around salt tip for three study cases. The formula computed MF; and

MF, are presented in equation (6.1) and (6.2).
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Fig. VI-2(a)-(c) shows that the momentum fluxes much vary in the slope
region or the contraction region than those in the non-geometry case. Without
the existence of the geometric feature (case 1), the MF, and MF; of each layer
mostly be constant until the fresh layer meets the salt layer (Fig. VI-2(a)). For
case 1, the total momentum flux (MFi+ MF3) of for whole domain is mostly
constant at 0.52 x 10° kN/m? for 70 km of the upstream. Hence, there is not much
large the variation in the total momentum of the fluid without the effects of the
geometry.

In contrast, for bottom slope case (case 3), the momentum flux of the fresh
layer (Mf1) is just at about 0.05 x 10° kN/m? in the 10 km distance from the river
boundary, but it increases over ten times in the bottom slope region (Fig. VI-
2(b)).  However, between x = 17 km and the end of the slope (x = 25 km), MF;
gradually decrease due to the presence of the salt layer on the bottom. The
momentum flux of the salt layer is mostly constant 0.52 x 10° kN/m? between 25
km to downstream boundary, but from x = 25 km to the end of the salt wedge,
the MF gradual decrease to zero. The total momentum flux for whole water
column (MF+ MF3) changes significantly in the distance from x = 10 km to x =
25 km (Fig. VI-2(b)). Especially, the momentum flux of the fresh layer (before
meets the salt layer) is significantly induced due to the slope.

The two components of the momentum fluxes (MF\+ MF>) for case 4
varies in similar trend to that of case 3 (Fig. VI-2(b) and (c)). For case 4 (the
contraction case), in the upstream of the contraction (0 < x < 10 km), the Mf; is
mostly constant at 0.17 x 10° kN/m? and in downstream of the contraction from

x =25 to x = 70 km, Mf remains at 0.52 x 10° kN/m?. In two above regions, the
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bottom is flat and the width is constant. Between x = 10 km to x = 25 km where
the width is contracted, MF) of case 4 varies from 0.17 x 10° kN/m? to 0.52 x 10°
kN/m? while Mf> decrease from 0.52 x10° kKN/m? to zero (Fig. VI-1(c)). Therefore,
the energy of the fresh layer (represented by the MF+MF3) increase by 50% in
the contraction region, compared with that at the river boundary (x = 0 km).
Therefore, Fig. VI-2 show that the contraction or the slope causes the
change of the energy in the channel. As a results, the energy of the fresh water is
enhanced when the freshwater is transported to downslope or over the expansion
region (the width is expanded seaward). Besides, the energy of the salt water
become weaker on the positive slope or in the contraction region. Hence, the
time the fresh flow over the salt flow in the contraction/bottom region is longer,

compared to the case without the effect of the geometry.

6.2.3  The effects of the geometry on the flows, the friction and the existence

of the overturn

The presence time of the exchange flow in the mild bottom slope or the
gradual contraction regions seem to be prolonged in the geometric region
because the geometry makes the variations in flow. In generally, the variations
of the flow under effects of the bottom slope are the contraction region are
presented in the equations (1.1) — (1.4) (Chaudhry, 2008; Armi, 1986; Zhu and
Lawrence, 2000). In specific, for the bottom slope case with the constant with
(Fig. 1-3(a)), the equation for the salt layer (equations (1.2) and (1.4)) are

rewritten as
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ou, 1-Fr’ u, dz, L dE (6.3)

& 1-G?D,dx  ‘dx
e (Friction effect)

(Bottom effect)

_1-Fr’dz, . dE, (6.4)

oD,

—2 = > + f,

OX 1-G° dx dx
—_— —

(Bottom effect) (Friction effect)

and the equation for the salt layer (equations (1.2) and (1.4)) for the

variation of the width with the flat bottom (Fig. I-3(b)) are rewritten as:

_Er2 101D2
a, & ADJU_Z% g

, (6.5)
oX 1-G? W dx 7 dx
——
(Width effect) (Friction effect)
2_ 21,20
o, ©F (“ AZDJ D,dW ., dE, 6.6
-2 _ > —=—9 f,—=, (6.6)
oX 1-G W dx dx
—
(Width effect) (Friction effect)

and after some rearrangement, the equation (6.4) and equation (6.6) become

(1- qu)‘jjzu f, ‘1;52
1-G*=— 8[))( X (for bottom slope) (6.7)
2

1-G?

, —=.(for variation of the width)

OX
2 _pr2(1420,
_G Fr, (1+ %le)&dﬂ”-dE
- b, W dx
OX

(6.8)
The equations (6.3)-(6.6) could not be solved directly to tell how much the

velocity or the depth change due to the bottom slope or the contraction. However,
these equations demonstrate that the velocity (u2) and the thickness of the salt
layer (D2) should be changed due to the bottom slope/the contraction of the width
and the friction. That’s why the flow and salinity structure (u, w) at each flow

mode for the bottom slope and the contraction regions (Fig. IV-4; Fig. V-3) are
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far different from those for the non-geometry regions (Fig. IV-1). Especially,
among three kind of the estuary, the well mixing as the overturns are just
observed for the contraction or the bottom slope (Fig. IV-8(a»)-(b»), Fig. V-4, Fig.
V-2).

Normally, the flow of the two-layer fluid is strongly mixed when the
hydraulic jump occurs (G* = 1) (Armi, 1986). According to Armi, (1986),
hydraulic jump may exist since the flow get the geometrical critical condition
such as the dzy/dx =0 or dW/dx = 0. For the mild slope or the gradual contraction
as in experiment 2 and experiment 3 (Fig. IlI-1(b)-(d)), the dz)/dx and dW/dx
could not be zero in order to the hydraulic jump occurs. However, the equations

(6.7) and (6.8) show that another way for development of the hydraulic jump (G?

=1)is that 0D, /0x is infinity. The infinity of dD,/0X may be observed at the

overturn of the mild slope (Fig. [V-1(e)) or the overturn in the gradual contraction
(Fig. V-1) and therefore, the overturns at the salt tip are the signal for the
hydraulic jump.

In order to the mass from salt flow is discharged into the fresh flow by an
overturns, the freshwater flow and the salt flow should in the opposite direction.
For this reason, the overturns are just observed in at near slacks (Fig. IV-8(az)-
(b2) and Fig. IV-8(as)-(bs)) on the mild slope or in the flood (Fig. V-3(a)-(b)) in
the gradual contraction because at those instants, the flows are in the exchange
mode. Further, the overturning flow could not occur near full ebb (Fig. IV-8(ai)-
(by)) or full flood (Fig. IV-8(as)-(bs)) because during those times, the flows at the

salt tip are in uni-directional mode.
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6.3 The process for the development of the hydraulic jump in the salt tip

6.3.1 The convergence of the energy under effects of the geometry and the
fresh water.

Many works (e.g., Klymak et al., 2007; Masunaga et al., 2015, Lamb,
1997) found that under the effects of the significant shear flow during the
shoaling process of the density front or the front of tide, the energy is much
converged in both mass and velocity at troughs of the fronts (Klymak et al., 2007;
Masunaga et al., 2015). Therefore, in order to prove that the shear flow is able to
make the similar process at the salt tip front during the propagating time of the
exchange flow as the density current in the contraction/bottom regions, the
pressure momentum flux (Mf,,) and kinetic momentum flux (Mf>,) around the
salt layer over three study cases are compared. At each study cases, the both
momentum flux for the exchange mode and uni-directional mode are
respectively investigated.

In which, for case 1 (non-geometry effect), we investigate the kinetic
momentum flux for salt layer at three moments including: time (N), time (N>)
and (N3). At time (N;) (at the slack before flood), the flow is in the exchange
flow mode (Fig. IV-1(e)) but the overturn is not observed (Fig. [V-2(a)-(b)). At
the last two time instants (time (N») and (N3)), the flow is in the uni-directional
mode (Fig. IV-1(e)). For case 3 (bottom slope effect, 3D), we investigate
momentum flux at three times that are: time (T2), time (T4) and time (Ts). Among
three moments, time (T>) is at the slack after flood and time (Ts) is at the slack
before flood, and the flows at both those moments are in the exchange flow mode

(Fig. IV-7(a)). In contrast, time (T4) is at near full flood and at that ti_¥ne, the flow
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is in the uni-directional mode (Fig. IV-7(a)). For last case (Width contraction
effect, case 4), the Mf, for the flows at the exchange flow mode and the uni-
directional mode are investigated at time (C;) and time (C,), respectively (Fig.
V-2(a)). The variations of the pressure momentum fluxes (Mf3,) and the kinetic
momentum fluxes (Mf2,) around the salt layer at eight time instances are shown
in Fig. VI-3. Two components of the momentum fluxes are computed based on
the equation (2.9) in section 2.1.

For the non-geometry case, Fig. VI-3(a)-(b) shows that the Mf>, and Mf>,
at time instants gradually decreases from the downstream (x = 20 km) to the end
of the salt tip. The salt tip at time (N;) ends at x = 15.80 km and at time (N>), the
salt tip ends at x = 15.85 km. The end of the salt tip at time (N3) is at 16.9 km.
Especially, in 0.5 m distance from the salt tip, the Mf>, and Mf>, at time instants
decrease without the existence of the any small bounce back. Then, it can be
concluded that the momentum flux is not be accumulated at the salt tip at these
time instants, and without the accumulation of the Mf, the increase in the
thickness as well as the velocity are not observed at three time instants (Fig. VI-
2).

For the bottom slope case (case 3), Fig. VI-3(b) and (c¢) shows that the both
pressure momentum flux (Mf3,) and the kinetic momentum fluxes (Mf>,) for salt
layer decrease in a distance from x = 20 km to upstream for all three moments.
However, at near the end of the salt layer for each time, Mf, has experienced a
small bounce back before decrease to zero (Fig. VI-3(c)). At time (T>) and (T4),

the bounce back of the Mf5, is observed in a small distance after x = 19.50 km
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and x = 18.0 km, respectively, and the small bounce back of the Mf5, at time (T5)

is observed in a short distance from x = 16.95 km (Fig. VI-3(c)).

The pressure momentum flux (Mfy,)

The kinetic momentum flux (Mf,,)
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Fig. VI-3 The variations of the pressure momentum flux and kinetic

momentum flux for salt layer in a 4.0 km distance around salt tip over three study

cases (case 1, case 3 and case 4). Two component of the momentum fluxes is

computed based on the equation (2.9) in section 2.1. Time (N;), (N2) and (N3)
are depicted in Fig. IV-1(e). Time (T»), (T4) and (Ts) are depicted in Fig. [V-8(a).
Time (C;) and (C,) are depicted in Fig. V-2(a).
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Among three instants, the slight recovery of the M/, around the salt tip at
time (T4) in Fig. VII-3(c) is not able to show for the accumulation of the energy
because that increase of the Mf3, is not along with any the recovery of the Mf>,
observed at that time (Fig. VI-3(d)). Fig. VI-3(d) shows that at time (T4), Mf2.
significant decrease a distance from x = 18.2 km to x = 17.7 km. A small increase
of the Mf5, observed around the salt tip at that time (time (T4)) in Fig. VI-3(c)
seems to be from an increase in the thickness of the salt tip from previous period
(from time (T)) to (T3)) (Fig. IV-8(c2), (c3) and (c4)).

In contrast, the slight recovery of the Mf>, and Mf>, around the salt tip at
time (T:) and (Ts) in Fig. VII-3(c) and (d) show that in the time near the slacks,
the energy is slightly accumulated. According to Friedrichs and Wright (1995)
and Lamb (1997), the concentration of the energy in a small mass leads to rise
of the height of the wave. Therefore, the rise of the salt tip thickness at time (T>)
and (Ts) (Fig. IV-8(c2) or (cs)) seems to result from the accumulation of pressure
momentum flux (Fig. VI-3(c) and (d)).

For case 4 (the contraction case), the accumulation of the energy in the
exchange flow mode is observed at time (C;) (Fig. VI-3(e) and (f)). At time (C)),
both Mf>, and Mf>, has experienced a small bounce back before decrease to zero
(Fig. VI-3(e)-(f)). Therefore, similar to case 3, a small recovery of the Mf3, and
Mf>, observed at that time (time (C;)) around x = km seems shows for the
accumulations of the energy at the salt tip which induces for a rise in the
thickness and the size of the streamwise flows at the salt tip shown in Fig. V-3(a),

(c). In contrast, the accumulation of the Mf3, and Mf>, could not be observed at
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time (Cs). At time (C,), from the x = 15.2 km to x = 15.9 km, the Mf5, and Mf>,
gradually decrease to zero (Fig. VI-3(e)-(f)).

Therefore, the accumulations of the energy are observed at the exchange
flow mode. Without the existence of the exchange flow mode, the energy could
not be accumulated in the salt tip. The accumulation of the energy at the salt tip
seem to be significantly affected by the freshwater. Masunaga et al., (2017) and
Wallace and Wilkinson, (1988) reported that the convergence of the horizontal
flow or the strong mixing can be induced from the interaction between the run-
up bore or density front with the backflow from previous shoaling process.
Although the salt tip doesn’t have the backflow from previous shoaling process
but it has the seaward river flow.

According to Gu & Lawrence, (2005), the friction between two-layer flow
and the friction of the bottom are very important to the rate of the exchange flow
(Gu & Lawrence, 2005). For the two-layer exchange without the upstream depth
as the internal bore, Masunaga et al., (2017) noticed that the shear flow should
exist long enough to the internal bore be generated. Among four time moments
of the exchange flow mode presented in Fig. VI-3, the accumulation of Mf'is not
observed in the slack before flood for case 1 (time (N)) (Fig. VI-3(a), (b)). In
case 1 (non-geometry effect), the time for the exchange mode is very short and
even the shortest among three study case (Fig. VI-1). The exchange flow in case
1 just exist in few minutes (#/T < 0.03) near slack before or after flood (Fig. VI-
1). In contrast, the exchange flows in the other study cases exists from 0.06 #T

to more than #/T = 0.52 for a tidal cycle (Fig. VI-1).
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6.3.2 The existence of the hydraulic jump at the front of the salt tip

Since the energy is accumulated at the salt front, the density currents
observed salt tip seems to be a special limiting form of the density current that is
the density jump by the significant rise in the thickness of the salt tip and velocity.
Benjamin, (1968) and Baines, (1995) supposed that the energy and mass of the
lower layer with supercritical head is dissipated into the upper layer by a passing
through a jump. According to Lean & Whillock (1965), it is possible for the
existence of the hydraulic jump at the density current head since the Froude
number observed at the front of density current is larger than 1. Therefore, to
determine the presence of the hydraulic jump at the front of the salt tip we

investigate the energy state around the salt tip.

6.3.2.1 The comparison between the composite Froude number and the front

Froude number methods

In order to prove that the transfer of the energy from the salt layer to the
fresh layer at the internal bore is through a jump as Benjamin, (1968) mentioned,
both the Froude number (F7y) (Equation (2.10)) and the composite Froude
number (G?, Fr*, Fr%) (Equation (2.11)) are investigated. While the Fry is
applied to quantify the state of internal bore front, the composite Froude number
(G?, Fr?\, Fr%) is applied quantify the state of the energy for two-layer flow in
the region from the salt head to the downstream. In  our research, the elevation
of the interface between the fresh layer and salt layer is determined in similar
way to Geyer and Ralston (2015). In which, the interface of the two layers is the

mid-point the locations between the averaged of the velocity and averaged of the
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salinity. We investigate the state of the flow for four cases: case 1 (non-geometry
effect, 3D model), case 2 (Bottom slope effects, 2D model), case 3 (Bottom slope
effect, 3D model) and case 4 (the width contraction effect, 3D model). More
information about the setup for four study cases is introduced in chapter II.

Firstly, we quantify the composite Froude number (G?, Fr?, Fr?) for 2D
model (case 2) in 1.0 km distance around the salt tip (just for regions from the
end of the salt tip to downstream where two-layer flow exists) at three moments
that are: time (S3), time (Ss) and (Ss). In which, at time (Ss3) (¢#/T = 2.53), the flows
are in the slack before flood, and for the other times, the flows are in the uni-
directional mode for flood or for ebb (Fig. IV-4(e)). Among three time instants,
the internal bore along with overturn just is observed in the exchange flow mode
at time (S3) (Fig. IV-5(a3)-(c3)). The results of the composite Froude number (G,
Fr?, Fr%) in at three moments are presented respectively in Fig. VI-4. Further,
we quantify the maximum of the three Froude number components related to the
composite Froude number (G?, Fr?, Fr?%) and the Froude number of the front
(Fry) at the salt tip over 2.5 tidal cycles (1.5 <#/T <4.0). The results of the Froude
numbers over 2.5 tidal cycles are presented respectively in Fig. VI-5.

Fig. VI-4(a) shows that at #/T = 2.96 (time (S3)), the salt wedge is end at x
= 20.13 km. Near the end of the salt tip the three components of the composite
Froude number (G?, Fr?, Fr%,) are far smaller than unity and therefore, meaning
that the flow in the fresh layer and salt layer are in the subcritical state. In contrast,
from the downstream near the end of the salt wedge at x = 19 km for time (Ss)
(in flood) and at x = 18.87 km for time (S7) (in ebb), both the internal Froude

number for two layers (Fr*, Fr%) and composite Froude numer (G?)
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significantly overcome the unity in 100 m distance near the end of salt tip (Fig.
VI-4 (b)(c)). Therefore, by using the composite Froude number method, we can
conclude that the flow are in the supper critical state for both two-layer flows

around the salt tip at time (Ss) and time (S7).
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Fig. VI-4 The internal Froude number of the freshwater layer (F7%)) and
saltwater layer (F7%) and the composite Froude number (G?) in the 3.0 km
section around the salt tip for case 1 (the bottom slope for 2D model). Time (S3),
time (Ss) and time (S7) are depicted in Fig. IV-4(e).

Fig. VI-5(a) shows that the composite Froude number (G?, Fr*1, Fr?) are

bigger than unity in the time for the uni-directional flow mode and smaller than

unity in the time for the exchange flow mode. Therefore, the composite Fource
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numbers indicate the supper crtical state for flows in flood or ebb but indicate
the subcritical state for flow during the slacks (Fig. VII-5(a)). However, since the
overturn as well as internal bore from the accumulations of the momentum flux
are just observed in the slacks (Fig. IV-5(a3)-(c3); Fig. 1V-5(a)-(cs)), the
composite Froude number seems to not predict (in accuracy) the state of the flow
for the salt tip region. At the salt tip region, the density difference between the

saltwater layer and the freshwater layer are not large and then, the reduced

gravitational acceleration (g'=g @) near the end of the ebb is mostly

equal zero. As a result, the composite Froude numbers near the end of the salt tip
suddenly increase in the flood or ebb as illustrated in Fig. VI-4 and Fig. VI-5(a).
Therefore, the composite Froude number (G2, Fr?, Fr’,) seem to be not suitable
for qualifying the state of the flow for low stratification region such as salt tip
although the density of salt tip is composed by two-layer flow.

In contrast to composite Froude number, the results in Fig. VI. 5(b) shows
that Frymay show obsoletely the difference in the state of the flow between the
exchange flow mode and the uni-directional mode. For instance, Fryis mostly
smaller or equal unity from 2.93 < #T < 3.35 and during that period, the flow is
in the uni-directional mode. During the exchange mode for ebb of 2.87 <t/T <
2.93 or for flood of 3.35< #/T <3.41, the Fryis bigger than unity. Therefore, the
variation of the Fryin the Fig. VI-5(b) is completely coincided with the time for
the presence of internal bore and overturn at the salt tip as well as the hydraulic
jump at the front of the density current in previous researches (e.g., Benjamin,

1968 and Baines, 1995).
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Fig. VI-5 The variations of the Froude numbers at the salt tip for 2.5 tidal
cycles for case 2 (the bottom slope for 2D model). (a) The maximum of the
internal Froude number for the freshwater region (F7%) and saltwater region
(Fr%) and G? around the salt tip. (b) The Froude number of the front (F7). Time
(S3), time (Ss) and time (S7) are depicted in Fig. V-1(e). Yellow area show the
exchange flow mode depicted in Fig. V-1(e).

6.3.2.2 The hydraulic jump at the salt tip

Further, we apply the front Froude number method (F7y), which already is
applied to estimate the state of the front in Nash and Moum (2005) or Masunaga
et al., (2015), to quantify the state of the energy at the salt front for three study
cases simulating the processes in 3D model. Among three cases (case 1, case 3
and case 4), the existence of the internal bores with overturns are observed in the
last two cases (Fig. IV-8(az)-(c2) and Fig. V-3(a)-(¢)). In the first case (the non-
geometry case), the internal bore is not observed in even for the exchange mode
(Fig. IV-2(a)-(c)). We use the Froude number of the front (Fry) to identify the
existence of the hydraulic jump. The results of the Froude number of the front

for three study cases are shown in Fig. VI-6.
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Fig. VI-6 The variations of the front Froude number (F7;) of the salt front over
2.5 tidal cycles for three study cases: case 1 (non-bottom slope and con-
contraction), case 3 (bottom slope case, 3D), case 4 (contraction case, 3D) and
Yellow area show the exchange mode.

For the non-geometry case (case 1), Fig. VI-6(a) show that Fr,is nearly
equal unity over 1.5 tidal cycle. Evenly, during the slack before flood or during
slack after flood, Fryis far smaller unity (Fig. VI-6(a)) and therefore the density
current exists during that time seem to be a density current with the subcritical
head (Fig. IV-2(a)-(c)). Without the existence of the hydraulic jump, the internal

bore could not develop at the salt tip in case 1 (Fig. IV-2(c)).
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For the bottom slope case (case 3), Fig. VI-6(b) shows that the flow at the
front is in the supercritical state (Fr,> 1) during the slack after ebb (2.87 <#/T <
3.0) and slack after flood (3.4 < #T < 3.46). For the uni-directional flow mode
forebb (2.5 <#/T<2.87) or flood (3.0 <#/T <3.4), the Frynumber varies between
zero to unity implying for the existence of the subcritical state. Similarly, the Fry
for case 4 (the contraction case) fluctuates around the unity during the uni-
directional mode (3.28 < #T < 3.75) (Fig. VI-6(c)). In the exchange flow mode
(2.76 < t/T < 3.28), the Frynumber is bigger than 1 (Fig. VI-6(c)). Therefore,
since the Fry > 1, the results in Fig. VI - 6(b) and (c) shows that the hydraulic
jump may occur in the exchange flow mode on the mild bottom slope or in the
gradual contraction. Therefore, during that time for presence of the hydraulic
jump, the density currents exist with the supper critical head (Benjamin, 1968;
Xu, 1991). For the supper critical head, the head of the density front exists as the

breaking of the head wave (Benjamin, 1968).

6.4 The existence of the overturns under the effects of the tide amplitude

and the river discharge

The presence time for the hydraulic jumps changes due to the tidal
amplitude and the river inflow rate. The results in the experiment 4 shows that
the presence time for the exchange flows in the geometric regions are much

affected from the changes in size of the tidal amplitude ( 77, ) or the size of the

river inflow rates change (uo). However, in the regions with flat bottom and
constant width, when the variations in the tidal amplitude or the river inflow at

the boundary conditions could not result in the rise in the presence time for the
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exchange flow. Fig. VI-7(a)-(b) show that in the non-geometric region, the
exchange flow appears two times in the tidal cycles that are slack before flood
(SBF) and after flood (SAF). Both the presence time for the exchange flow of
slack before flood (#sgr) and of the slack after flood (#sar) are very short (#T

<0.03) and during that time, the overturns are not observed (Fig. VI-7(a)-(b)).
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Fig. VI-7 The total presence time for the existence of the exchange flow in the

each slack or in the flood (experiment 4). (a) For the case with the river boundary

current uo = 0.1 m/s. (b) For the case with the tidal boundary amplitude 77, =

0.5 m/s. Red circle show for the overturn doesn’t exist during this period.

In contrast, Fig. VI-7(c)-(f) show that increased tidal amplitude or river
flow rate resulted in the lesser time for the exchange flow for the geometric

region. For the bottom slope, both #sgr and #sgr decreases due to increasing in the
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1, (Fig. VI-7(c)). For the scenarios with the 0.25 m of 77, , fsgr Or fssr equals
approximately 0.15 #T but they are smaller than 0.05 #T for the scenarios with
1.0 m of 7, . Especially, for the scenario of 0.75 m 77, and of 1.0 m 77,

the overturn is not observed during the slack after flood (Fig. VI-7(c)).

For the effects of the river inflow rate, Fig. VI-7(d) show that the total time
for the exchange flow in the slacks decreases between 0.27 #T and 0.15 #T due
to the increase in the river inflow rate in the range from uo = 0.05 m/s to uo =
0.17 m/s and the overturn are observed in the tidal cycle for whole five levels of
the flow rate. The #sar slightly increases but the tsgr decreases over five levels of
the uo (Fig. VI-7(d)). The overturn could not be observed for the scenarios of
0.135 m of up and of 0.17 m of uy since the time for the exchange flow is are very
small (¢sgr < 0.05 #/T).

Similar to the bottom slope region, the existence time of the exchange flow
in the contraction decreases when the river inflow rate or the tidal amplitude at

the boundary increases (Fig. VI-7(e), (f)). At the first three levels of 7, (77,

=0.25 m; 0.35 m; 0.5 m), the exchange flow may exist during the flood (#T <
0.52) (Fig. VI-7(e)). However, at two last levels of the zy (zo = 0.75 m; 1.0 m)),
the exchange flow just exists during the slack before flood or after flood (Fig.
VI-7(e)).

For the scenarios with 77, = 0.5 m, the increase in the river inflow rate
results in the decreasing in the time for the exchange flow (Fig. VI-7(f)). Fig. VI-
7(f) shows that, the exchange flow mode may exist up to 0.64 #T for the

scenarios with uo = 0.05 m/s, but, the time for existence of the exchange flow for
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the scenarios with this river flow rate is about 0.27 #/T. The decrease of the
presence time for exchange increase doesn’t affect to the existence of the
overturn since the overturns at each the scenarios still observed (Fig. VI-7(f)).
Therefore, with any tidal amplitude or the river inflow rate, the overturn
as terms of the hydraulic jump could not be observed in the no-geometry (Fig.
VI-7(a)(b)). In the bottom slope or the contraction region, the overturns may
appear and exist for a long time for the weak tidal amplitude (Fig. VI-7(c)(e)).
River flow affect directly to the time for presence of the overturn, when overturns
seem to be exist longer for the small river flow magnitude than for the large river

flow magnitude (Fig. VI-7(d)(f)).
6.5 Summary

Therefore, the hydraulic jumps occur not only around the narrowest region
of the constrictions or at the crest of the sills (Armi and Farmer, 1986), but also
occur on the mild slope or the gradual contraction. The gradual slope or the
gradual variation of the width may induce the increase in the momentum flux for
the freshwater layer and reduce in the momentum flux for the saltwater layer. As
a results, the ability of the fresh to interfere with the upstream movement of the
flood flow is enhanced. For detail, under effect of the river flow and the support
of the geometry features, the time for the existence of the shear flow at the salt
tip becomes longer.

Similar to the observation of the previous works for the shoaling process
of the density front on the large slope (e.g., Lamb, 1997, Masunaga et al., 2017,

Klymak et al., 2007), the upstream propagation for the shear flow at the salt tip
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may lead to the convergence of the energy at the front of the salt tip in the mass
and the velocity. As a result, the thickness of the salt tip increase and the form of
the salt tip is similar to the form internal bore observed on the coastal region
(Masunaga et al., 2015). Besides, since the energy is converged as the velocity
for a long time enough, the state of the energy may change to the supper critical
state (Fry>1) and then the energy is dissipated. The dissipation of the energy
from the salt water to the fresh water at the salt tip lead to the generation of the
vertical mixing as the overturn, similar to the mixing as the overturn form
observed on the coastal region (Masunaga et al., 2015). The effects of the
freshwater flow and the geometry as well the processes for the development of

hydraulic jump are summarized in Fig. VI-8.
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Fig. VI-8 The sketch of effects of the contraction and bottom slope as well as

the process for development of the overturn as a hydraulic jump in translation.

Further, the impacts of the overturn as a hydraulic jump in the mixing and
stratification and the sedimentary process at the salt tip are partly similar to the
impacts of tidal straining which normally observed in many partially mixed
zones. According to Simpson et al. (1990), the stratified process in partially
mixed zones may be driven by the vertically shear flow along with the
longitudinal salinity gradient and that process is called the strain-induced
periodic stratification (SIPS). However, while tidal straining and stratification

limits mixing during ebb and reduces the stratification in ﬂoo eyg_,r et 'l;
124 'S 1]-'r


https://journals.ametsoc.org/doi/full/10.1175/1520-0485%282000%29030%3C2035%3ATDOAPM%3E2.0.CO%3B2

2000; Rippeth et al., 2001; Burchard & Hofmeister, 2009), the overturn from the
hydraulic jump observed at the salt tip raises mixing during the slack before flood
or slack before ebb. Besides, similar to the tidal straining, the mixing in those
periods may promotes the resuspension of the sediment. As the results, the

sediment is significantly resuspended (Monismith et al. 1996; Nunes et al. 1989).
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CHAPTER SEVEN

VIl. SUMMARY AND RECOMMENDATIONS

7.1 Summary

The thesis clarified the stratification and the sedimentary processes in the

salt tip region under the effects of the two geometry features. One is the mild
bottom slope, and the other is the gradual contraction of the width. The present
study applies both 2D and 3D numerical models to simulate the hydrodynamic
and the sediment transport. In first numerical experiment, the mild slope was set
up as like as in the upstream Chesapeake Bay where the bottom elevation
increases by 10 m in a 10 km distance (Sanford et al., 2001). In the last
experiment, the bottom is set up as the lateral contraction instead of the vertical
contraction as the mild bottom slope case. From the results of the two
experiments, the main finding that is the overturns as the hydraulic jump may
develop in the mild slope or the gradual contraction regions and theses processes
generate the mixing and reduce the stratification at the salt tip. Results in
more detail are as follows:

1. We found that the overturn may appear in the slack before flood (2.87 < #T
< 3.0) or after flood (3.4 <#/T <3.46) (3D model) in the mild slope region.
Similar to the flows in the upstream Chesapeake Bay where the salt tip is
observed on the bottom slope (Sanford et al., 2001; North-Houde, 2001), the
flows during the slacks are in the exchange mode as the form of the density
currents with overturn at the head. In both 2D and 3D model, the overturn
appears with accompanying by the increase in the thickness of the salt head

b Fa _17
:l__i ||
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as the internal bore, similar to the internal bores observed on the coastal
regions (Masunaga et al., 2015). The maximum thickness of the internal bores
observed in 2D model is about 5.0 m and in 3D mode is about 4.0 m. In
contrast to Sanford et al., (2001), we found that the overturn generates the
mixing and reduces the stratification of the flow at the salt tip where the flows
are normally in the strong stratification (Geyer, 1993). During the presence
time of the overturn, the flows at the internal bore and the interface of the
flow are well mixed (Ri < 0.25) and the energy are highly dissipated (¢ > 10
6.0),

2. Not only in the mild bottom slope region, we found that the overturn may
appear in but also the region where the width is gradually contracted. For
similar setup to the mild bottom slope case, the overturn observed in the
gradual contraction region may exist during flood (2.76 <t/T < 3.28). During
the flood, the streamwise currents and the vertical currents at the overturn
may reach 10 cm/s and 0.5 cm/s, respectively.

3. Under effects of the vertical mixing, the sediment from the bottom is highly
resuspended. We found that sediment is strongly resuspended by the
overturns in both the gradual contraction and the mild slope regions. When
the overturn exists, the sedimentary process at the salt tip is mostly driven by
the size of the vertical mixing instead of driven by the tidal pumping or the
estuarine circulation as the observations of the previous works (Jay & Musiak,
1994; Geyer, 2001; North & House, 2001). During the slack before flood, the
sediment concentration has the good correlation with the vertical turbulent

diffusive flux (R? = 0.70) and the less correlation with the total sediment flux
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(R*=10.058).

4. We found that under effects of the river flow and the mild bottom slope or
the gradual contraction of the width, the two-layer flows at the salt tip exist
as the density currents with the hydraulic jump at the head, similar to the
density currents observed in previous researches (e.g., Benjamin, 1968;
Baines, 1995). The effects of the above geometric features and the
development of the hydraulic jump are as follow:

(i) In the contraction of the width or the bottom slope, the size of the fresh
flow and the salt flow should be changed. Especially, the river flow seems
to be strengthen by the increase in the momentum flux. River flow and the
bottom slope or the contraction induce the friction at the interface of the
flow and the presence time of two-layer flow as the density current at the
salt tip. The presence time of the density currents for a tidal cycle in the
mild slope or the gradual contraction are at least six times larger than that
in the non-geometry effects.

(ii) The results observation of the momentum fluxes at salt layer for the
pressure components (Mf»,) and the kinetic components (Mf>,) show that
the energy is converged in mass and velocity at head of the salinity flow
during the propagating time of the salt flow in the sheared environmental
fresh flow. From the convergence of the energy, the state flow at the front
of the head of the density current turn to supper critical (F7,>1) and then
the energy from the lower layer (salt water layer) be dissipated to the upper
layer (freshwater layer) as a hydraulic jump. The internal bore along with

the intensive mixing are therefore generated.
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7.2 Recommendations

The present research applied the modelling method to study the
hydrodynamic and sedimentary processes of the estuary in the ideal conditions.
Studying for the ideal conditions will eliminate the confounding effects and
make the obtained conclusions very clear to be observed, but this method leads
results may be out of reality. In fact, beside the geometric features, the
development of the density front and the vertical mixing are affected by other
processes such as the wind, the cohesion of the sediment or the complex change
in the bottom roughness, etc. Therefore, we recommend further study include the

above effects in the research.
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