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Estuaries are coastal bodies of water subjected to strong tidal influence and
characterized by their morphology, tidal dynamics, topography, and stratification |3}, [14].
Tidal flow is critically important to the water circulation, nutrient influx, and sediment
transport in or out of an estuary. However, tidal asymmetry enhanced by estuary shape
and nonlinear processes can lead to complications in estuarine flow. Analytical models are
used to systematically study tidal flow within an estuary. Previous studies have derived
analytical models of varying complexity and applied them to investigate tidal and residual
flow [6], 15, [4] 12]. This thesis derives a three-dimensional analytical model with a
perturbation expansion of the Navier-Stokes equations in the shallow water limit, modified
from [4]. The resulting zero-order solution is analyzed to provide insight into the tidal flow
of the Damariscotta River estuary. The Damariscotta River is a tidally-dominated,
well-mixed estuary located on the coast of Maine. Despite its importance to local
aquaculture, few studies have been conducted within the estuary [9, [8 [7]. This thesis is an
exploratory study providing further understanding of the tidal flow dynamics of the

Damariscotta River estuary.



The water level elevation and three-dimensional tidal flow velocity are presented, and
sensitivity to changes in friction and width convergence are studied by altering their
respective parameters, vertical eddy viscosity and width convergence factor. Water level
elevation amplitude increases along-channel due to amplification from width convergence
and, contra rily, along-channel velocity amplitude decreases along-channel due to friction,
which suggests that width convergence dominates friction in determining water elevation,
but friction has greater influence over velocity. This could be the result of the model
assuming constant friction. Lateral velocities exhibited a two-cell structure with flow of the
near-surface cell and the near-bottom cell in opposite directions. Results of the model
compared well to previous studies within the estuary [7] and to the Upper Ems estuary [4],
which has similar dynamics as the Damariscotta estuary although important morphological
distinctions should be noted. Tidal asymmetry and variable friction within the estuary
were not studied in this thesis, as non-linear terms were dropped in governing equations
and vertical eddy viscosity was assumed to be constant. Furthermore, the model considers
the zero-order solution and is unable to study residual flow in the estuary. Future work
should investigate tidal asymmetry and residual flow in the Damariscotta estuary, while

considering a more complicated friction regime.
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CHAPTER 1
INTRODUCTION

Estuaries are coastal bodies of water, commonly formed at the mouths of rivers, within
which seawater is diluted with freshwater. However, there are numerous formal definitions
of an estuary. The most commonly cited is that of Cameron & Pritchard (1963), which
states an estuary is a semi-enclosed coastal body of water which has a free connection to
the open ocean and within which sea water is measurably diluted with freshwater derived
from land drainage [1]. Alternative definitions have been based upon the influence of the
tides or the source of sediments within an estuary. The morphology of an estuary may
change over time if either the flow entering or exiting the estuary is stronger than the
other, a phenomena known as tidal asymmetry that will described in further detail in a
later section. Estuaries are initially sediment traps until an equilibrium is reached between
sediment inputs after which the physical processes of the estuary and the morphology of
the estuary is relatively stable with time [3]. Estuaries are sensitive to increases in sea level
and changes in estuary shape.

Flow within an estuary is subjected to strong tidal influence. Tides are created by the
gravitational forces of the moon and sun acting upon the earth, with the moon being the
dominant force due to its proximity. The result is a pattern of flood, when water moves
landward, ebb, when water moves seaward, and slack, periods of very weak or no current
occurring between the flood and ebb stages. There are hundreds of tidal frequencies with
diurnal, semi-diurnal, and mixed. Diurnal tide has a single occurrence of high and low tide
per day, semi-diurnal tide has two periods high tide and low tide per day, and mixed tide
has two periods high and low tide, which are measurably different. The magnitude and
frequency of the tide depends on the relative positions of the sun and moon. Twice during
each lunar month, there are spring tides, when the sun and moon are aligned, which

creates high tides which are higher than normal and low tides that are lower than normal.



Neap tides occur when the moon and sun are perpendicular, creating high tides that are
lower than normal and low tides that are higher than normal. The tide is considered a
combination of harmonic tidal constituents and the principal components are M2, S2, O1,
K1, and N2. The M2 constituent is the principal lunar semidiurnal with a period of 12.42
hours, the S2 constituent is the principal solar semidiurnal constituent with a period of 12
hours, the O1 is the principal lunar diurnal constituent with a period of 25.82 hours, the
K1 is the lunisolar diurnal constituent with a period of 23.92 hours, and the N2 is the lunar
elliptic semidiurnal constituent with a period of 12.66 hours.

The tidal wave travels as a shallow water wave toward the head of the estuary. Shallow
water waves occur where the water depth is much less than half the tidal wavelength.
Without friction, the wave will be reflected, and it will interfere with the next wave
entering the estuary [3]. The tidal wave is a standing wave with an antinode, the point
where the amplitude of the wave is maximum, at the head of the estuary and a node at one
quarter the wavelength distance into the estuary. The tidal amplitude is ninety degrees out
of the phase with current velocity, which means there is a time lag between maximum
water height and maximum velocity [3]. If completely dissipated by friction, the tidal wave
becomes a progressive wave. Amplitude of the tide and the magnitude of the tidal current
decrease towards the head of the estuary, and the tidal amplitude is in phase with current
velocity [3]. Figure illustrates the distinction between a standing and progressive wave,

as well as a wave with both characteristics which is common in estuaries [3].

1.1 Classifications of Estuaries

Estuaries can be classified in many ways, for example, based upon the characteristics of
their topography, tidal flow, morphology, and stratification [3, [14]. Most estuaries can be
divided into three topographic cases: coastal plain (drowned river valley), fjord, and
bar-built [IT]. Coastal plain estuaries formed over a period of rapid sea level rise, which

occurred at the end of the last glacial period. Their topography resembles that of a river
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Figure 1.1. Characteristics of a standing and progressive wave and a wave with characteristics
of both [3].

valley due to insufficient sedimentation [3]. These estuaries are often relatively shallow,
with 30 m maximum depth and triangular cross-sections. The estuary bottom may be
composed of mud or sand. In some cases, width increases exponentially towards the mouth
(seaward end of estuary). Generally, river flow is weak in comparison to the tidal flow.
Chesapeake Bay, USA is an example of a coastal plain estuary. Fjords formed in areas
covered by progressing glaciers, which deepened and widened pre-existing river valleys [3].
They are deep and straight, although sharp bends may occur, with rectangular
cross-sections. Unlike coastal plain estuaries, fjords are usually deeper than they are wide.
They have rocky bottoms and occur primarily at high latitudes. Commonly present at the

mouth are shallower sills which restrict the connection to the sea, and, thus, river flow is



stronger than tidal flow. Bar-built estuaries are coastal plain estuaries which have a
characteristic bar across the mouth built by coastal sedimentation [3]. These estuaries are
shallow with lagoons occurring near the mouth and have a relatively small range in tides.
The mouth of the estuary is restricted by the bar, creating high current velocities that
rapidly decrease within the estuary. River flow is generally stronger than tidal flow in a
bar-built estuary.

Estuaries can also be classified by the size of their tidal range, the difference in water
height of successive high and low tides. Microtidal estuaries have a tidal range less than 2
meters, mesotidal have a tidal range of 2 to 4 meters, macrotidal have a tidal range of 4 to
6 meters, and hypertidal have a tidal range greater than 6 meters. The magnitude of the
tidal range and the strength of the tidal currents is dependent on the interaction of the
tidal wave with the estuary’s morphology, specifically the relative influences of width
convergence and friction [3]. Convergence without friction compresses the tidal wave
laterally, forcing an amplification of the tidal range and current velocity. Friction, on the
other hand, dampens the tidal wave and reduces the tidal range and current velocity.
Estuaries are considered hypersynchronous if convergence exceeds friction, synchronous if
friction and convergence have equal influence on the tides, and hyposynchronous if friction
exceeds convergence (Fig. . In hypersynchronous estuaries, the tidal range and currents
increase towards the head until the riverine section, where convergence diminishes and
friction becomes important, reducing the tide [3]. In synchronous estuaries, the tidal range
is constant until the riverine section. In hyposyncronous estuaries, the tidal range and
currents diminish along the estuary towards the head [3]. Hyposynchronous estuaries tend

to be wave-dominated, whereas hypersynchronous estuaries tend to be tidal-dominated.
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Figure 1.2. Tidal amplitude, tidal current velocity, and estuary shape of hypersynchronous

(a), synchronous(b), and hyposynchronous (c) estuaries [10].

In terms of salinity and density stratification, estuaries are classified as salt-wedge,
strongly (highly) stratified, weakly stratified, and well-mixed, Figure [3, [14]. Salt-wedge
estuaries are strongly stratified with a wedge-shaped saltwater intrusion near the bottom,
resulting from large river discharge into the estuary and weak tidal influence [3, 14]. The
characteristic of the salt-wedge change during the tidal cycle. Mean flow in salt-wedge type
estuaries is dominated by outflow in most of the the water column with weak inflow near
the bottom [I4]. Strongly stratified estuaries are similar to salt-wedge, but remain
stratified throughout the tidal cycle. Fjords are strongly stratified. Inflow is stronger than
in salt-wedge estuaries, but overpowered by outflow, creating strong vertical density
gradients. Weakly stratified estuaries, also known as partially-mixed, have moderate to
strong tidal influence compared to weak to moderate river influence. Vertical salinity
gradients are weak. Well-mixed estuaries are nearly vertically uniform in terms of salinity,

due to strong mixing caused by strong tidal influence.
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Figure 1.3. Vertical salinity structure and currents in salt-wedge (top left), weakly-stratified

(top right), strongly stratified (bottom left), and well-mixed (bottom right) estuaries [14].

1.2 Tides in Estuaries

1.2.1 Importance

The tides are critically important to estuaries. They are responsible for the flushing of
water in and out of the estuary at the mouth. This exchange brings in nutrients, enriching
these environments, and controls the sediment transport in or out of the estuary. In many
estuaries, the tides drive circulation. Understanding tidal flow can provide insight into the

overall patterns of water movement in the estuary.

1.2.2 Tidal asymmetry

Tidal distortion, which creates asymmetric tides, occurs over the continental shelf and
is further enhanced by estuary processes and morphology [2]. The elevation tidal amplitude
ratio, the ratio of the amplitude of M, tidal constituent to the amplitude of the M5 tidal
constituent, is used to determine the nature and strength of tidal asymmetry of an estuary
[5].

Large variations in water depth during the tidal cycle cause the crest of the tidal wave
to travel faster than the trough and the crest may partially overtake the trough [3]. This

leads to shorter flood and longer ebb stages of the tidal cycle with maximum current



velocity occurring during the flood stage (Fig. . Non-linear processes, such as advective
accelerations, increase the duration of slack period before ebb and ebb currents are faster
than flood currents [2]. These processes have a smaller effect in short estuaries which have
a length much smaller than their tidal wavelength. Bottom friction has an increased effect
in shallow estuaries and during low tide. During low-tide, friction slows water movement,
leading to an increased delay of low tide along the estuary than that of high tide. Current
velocities are slightly faster during flood, opposite to the effect of other non-linear terms.
The combination of these effects results in an estuary with shorter flood stage with faster
current, and the estuary is considered flood-dominated. Sediment transport is greater into
the estuary and, therefore, flood-dominated estuaries tend to be shallow.

4 Flood

Velocity (a) Flood Dominant

.

Ebb

F 9

Velocity (b) Ebb Dominant

Time

Figure 1.4. Tidal current velocity over a tidal cycle for flood-dominate (a) and
ebb-dominate(b) estuaries Tidal current velocity over a tidal cycle for flood-dominate (a)

and ebb-dominate (b) estuaries.

Contrarily, interactions between the deep channel and shallow tidal storage (e.g. tidal

flats, marshes) portions of the estuary and variations in friction can create ebb-dominance.



The presence of large tidal flats enhances ebb currents [I3]. The time lag in the elevation of
ocean water levels and that of the estuary is less during low tide. The curve of the tidal
wave steepens during ebb, increasing ebb current velocities [3]. Changes in cross-sectional

area at the mouth during the tidal cycle enhance this process.

1.2.3 Analytical Modeling of Estuaries

Estuarine circulation has been studied through observational and theoretical studies.
Although observational studies provide a detailed, accurate investigation of flow in an
estuary, they require hours of field work, which is impractical for estuaries in remote
locations. Theoretical studies involving mathematical modeling allow researchers to study
estuaries without these restrictions. Numerical models are used to approximate flow within
an estuary, while analytical models, derived through algebraic methods, are used to
systematically study approximate flow within an estuary. In analytical models, estuary
processes can be isolated and parameters, e.g. width convergence, can be adjusted to study
how changes affect the flow. This allows an analytical model to be applied to several
estuaries with similar dynamics by changing model parameters. The complicated shape
and curvature of estuaries is simplified to that of a prism and friction is considered to be
constant or linear with depth to maintain analytic solutions. Despite these limitations,
results from analytical models provide crucial understanding and compare reasonably well
with observations. The following is a discussion of important results from previous

analytical studies of varying complexity.

1.2.3.1 Previous Analytical Studies of Estuaries

Friedrichs & Aubrey (1994) developed theory on tides in shallow, convergent estuaries
by deriving a one-dimensional analytical model. Contrary to previous work, in which water
motion was described by second-order wave equations, their improved scaling resulted in a
first-order wave equation which describes uni-directional wave progression, indicating there

is no reflected wave present. The tidal wave had characteristics of both standing and



progressive wave, and tidal motion was heavily dependent on friction [6]. Although their
work provided fundamental understanding of tidal motion in convergent estuaries,
one-dimensional models give a limited view of three-dimensional estuaries.

With a three-dimensional analytical model derived from a perturbation expansion of
the horizontal Reynolds averaged Navier-Stokes equations in the shallow water limit,
Winant (2007) studied tidal flow in a generalized elongated basin with width less than its
external Rossby radius. The study focused on the effects of rotation and friction on tidal
flow. Rotation and lateral sea-level gradients were found to drive lateral circulation, the
strength of which was dependent on friction [I5]. Across-channel (lateral) flow was small in
comparison to along-channel (longitudinal) flow when friction was strong, but when friction
is weak to moderate, lateral flow is of comparable magnitudes to along-channel velocities.

Ross et al. (2014) examines tidal dynamics in a narrow, deep, fjord-like basin using a
three-dimensional analytical model. They argued that the classical-view of fjord systems,
horizontal density gradients in a thin upper layer of the water column drive flow and
currents below the layer are weak, was an oversimplification. Independent of width
convergence, there was a slight increase in tidal wave amplitude from mouth to head,
indicative of a standing wave system. Although decreasing friction caused increasing
amplification of the tidal wave, this effect was less pronounced if width convergence was
strong. For fjords with weak width convergence, the frictional boundary layer is much less
than the water depth causing the subsurface maximum and an increase in tidal amplitude
with decreasing depth.

Using similar methodology as Winant (2007), Ensing et al. (2015) examines the effects
of cross-section shape and anthropogenic impacts on the tidal flow of a well-mixed estuary.
The study area was the Upper Ems, Netherlands. Their results supported claims in
Winant (2007) that lateral flow was found to be dominated by rotation and lateral density
gradients. Laterally skewing the bottom profile enhanced lateral flow [4]. The amplitude

increased due to width convergence, but was not impacted by lateral skewness in the



bottom profile. Given symmetric bottom profile, lateral velocities were laterally

antisymmetric, becoming asymmetric when the profile is skewed [4].

1.3 Research Gaps and Thesis Objectives

The initial goal of this thesis is to study the Damariscotta River estuary (DRE) located
in Maine with a three-dimensional analytical model derived as in Ensing et al. (2015).
Studies of this estuary, primarily observational, are limited, particularly spatially [9] 8, [7].
There is a lack of understanding of the driving forces of flow within the DRE and sediment
transport within the estuary. This thesis applies an analytical model focusing on the tidal
flow within the entire DRE to gain insight into the dynamics within the estuary.

The Damariscotta River estuary is a drowned river valley estuary that is
tidally-dominated and weakly-stratified. It is short and narrow with a length of 30 km and
maximum width of 975 m at the mouth. The DRE is convergent, with width of 45 m at
the head, and relatively shallow, with average depth of 10 m. The tides are semi-diurnal
dominated, and the tidal range varies from 2.2 to 3.6 m during neap and spring tides [7].
Aquaculture within the estuary thrives playing a vital role in the local economy.

There are several objectives which are used to achieve the initial goal. The first
objective of this thesis is to study tidal wave propagation along the estuary, investigating
along-channel variations in water level and velocity. The second objective is to gain
understanding of three-dimensional tidal current velocity variations within the estuary. The
rest of this thesis is as follows. Chapter two describes a detailed derivation of the model.

Chapter three presents the results of the model and a discussion of their implications.

10



CHAPTER 2
METHODS

2.1 Model Derivation

2.1.1 Equations and Variables

This section contains the equations and variables that will be used to develop the
model. First, we will define all variables and parameters. Along-channel distance is
measured along the z-axis, across-channel is measured along the y-axis, and depth is
measured along the z-axis. Along-channel, across-channel, and vertical velocities are given
by u, v, and w, respectively. Density is defined by p. Gravitational acceleration, g, is 9.81
m s—2. Vertical eddy viscosity is defined by A,. The sea surface height is defined by 7. The
amplitude, at the seaward end, and angular frequency of the M, tidal component are
defined by A, and w, respectively. The Coriolis parameter is defined by f and is
calculated as f = 2Q)sin ¢, where ¢ is latitude of the estuary and Q = 7.2921 x 107° rad s*
is the rotation rate of the Earth.

The estuary was modeled as in [4], shown in Fig.. The dimensions of the estuary are
defined by the following: length from mouth to head is L., width at the mouth is B, and
maximum depth is h,,.,. However, estuary width varies along-channel. So we define

estuary width more generally as b, which is a function of x:
b(z) = Bel, (2.1)

where L, is the e-folding length or the distance along the estuary it takes for the width to
decrease by a factor of e. Known values of important physical parameters, specific to the

Damariscotta River Estuary, are given in Table 1.

11



Land side

Sea side

Figure 2.1. Model estuary schematic [4].

Estuary, are given in Table 1.

Known values of important physical parameters, specific to the Damariscotta River

Parameter Symbol Value
Maximum water depth Rmaz 45 m
Average water depth h 10 m
Width at mouth B 963 m
Width at head bhead 45 m
Length L, 30.6 km
e-folding length Ly 58 km
Frictionless M, tidal wavelength divided by 27 Ly 69.6 km
Amplitude of M, tidal elevation at the seaward end A, 1.50 m
Angular frequency of the M, tidal component w 141 x 107* 71
Gravitational acceleration g 9.81 m s 2
Coriolis parameter f 1.01 x 107* s7!
Vertical eddy viscosity A, 10725 m? s7!
Reference density o 1024 kg m~3
Reference salinity Sref 31.8 psu
Slip parameter at reference depth S,ef 10° m s—2

Table 2.1. Parameter values for the Damariscotta River estuary

12



Next, we present the equations and boundary conditions used to derive the model. The
horizontal Reynolds averaged Navier-Stokes equations in the shallow water limit are given
by Egs. and (2.3)). The first term on the left hand side (LHS) is the local
acceleration, which describes changes in velocity with time. The next three terms are the
advective accelerations, or changes in velocity with space. The last term of the LHS
represents the Coriolis acceleration, which is due to the rotation of the earth. On the right
hand side (RHS), the first term is the barotropic pressure gradient due to spatial
differences in water level. The next term is the baroclinic pressure gradient due to spatial
differences in density. The last term is the friction (stress divergence) with depth varying

vertical eddy viscosity.

ou ou ou ou an dp 0 , Ou
ot u$ + Ua— + wg — fU —g% + — / o dz + aAvg (22)
—h
ov v ov ov B 877 8p o , v
N + uo + va—y + wo- + fu = 8y + 89 dz + 82AU82 (2.3)

The continuity equation, Eq. (2.4), is the conservation of mass or that there is no loss of

water in the estuary.
Ju n ov N ow
ox dy 0z

We have the following boundary conditions. At the surface, z = 7, we have no stress:

~ 0 (2.4)

ou ov

AU% - AU&

=0, (2.5)

and the kinematic free surface boundary condition (i.e. the vertical movement of fluid
particles is with the movement of the free surface):

_On on on
w = +u8x+vay (2.6)

At the bottom boundary, z = —h, we have partial slip, expressed by three equations

ou
A — = 2.
ot = S 2.7
ov
U& - SU? (28)
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where S' is the slip parameter, and
w o= — v, (2.9)

where h = f(y) is the depth, which will be described later.

The sides of the estuary, y = ig, are assumed to be impermeable, expressed by

n

n
1 0b
= £+ —— . 2.1
/v dz 55, | U dz (2.10)
“h “h

At the mouth, z = 0, the water motion is forced solely to the semi-diurnal tide, with a

period of 12.42 h, mathematically expressed as
n = Ap,cos(wt), (2.11)

where A)y, is the amplitude at the seaward end and w is the angular frequency of the M,
tidal component. At the head of the estuary, x = L., we assume that there is no transport

through the upstream boundary:
"
/u dz = 0. (2.12)
—h

The density balance is

op dp dp op K, 0%
a e Ty T Ye: T 28

(2.13)
where K, is the vertical eddy diffusion coefficient. Note that K, is constant with respect to
depth. The density balance states that the local and advective changes in density are

balanced by mixing. We assume no vertical variation in density from the surface (z =) to

the bottom (z = —h) of the estuary, written by

dp

= 0. 2.14
5, = 0 (2.14)

2.1.1.1 Integrated Continuity Equation
In order to solve the dynamical system above, the integrated continuity equation, over

depth and across-channel, was also needed. To integrate the continuity equation, Eq. ({2.4)),

14



we applied the shallow water assumption, which allows integration over depth, and several
of the boundary conditions: Eq. (2.6)), Eq. (2.9), and Eq. (2.10). We first integrate over

depth from the bottom, —h, to the free surface, n:

n

ou ov ow
/(%—i‘a—y‘i‘a—(])dz,
“h

which becomes

1
/— dz + /g—; dz + wl,_, — wl,_, =0 (2.15)
~h

. We apply the kinematic free surface, Eq. (2.6), and partial slip, Eq. (2.8), boundary

conditions to Eq. (2.15):

0 0 oh
/—dz—ir/—dz —+u—n—|—v—n+v—:0. (2.16)
Next, we apply the Leibniz Integral Rule to the first two terms of Eq. (2.16]):

n n
0 B on d(—h) 0 B on d(—h)
8m/UdZ “ax+“ax +6y/vdz v + v

“h “h (2.17)
on on on oh
— — — = 0.
+at+ 8x+vay+vay
Note that h is a function of y so 3+ = 0. After canceling terms, we obtain
o | o [ 0
n
= d — d — = 0. 2.18
8x/u z + o vdz + - (2.18)
—h —h

We move the first two terms over to the RHS and integrate across-channel, from —% to g,

resulting in the following:

/ dy — / /udzdy—/aa/vdzdy (2.19)

_b —h
2

M\@
M\c-

Eq. (2.19) can be further evaluated as

n n

/ax/udzdy—/vdz —|—/vdz | (2.20)
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We apply Eq. (2.10) to obtain:

n " n
an 0 1 0b 10b
CA/ N - S - -z 2.21
b@t /ax/udzdy 28x/Udz 26x/Udz’ ( )
which simplifies to

n n
an B b
h

We apply the Leibniz Integral rule again:

by gy y
b o(—2t
b—:——//udzdy—kﬁ/udz— (2)/udz—@ wdz.  (2.23)

Oz Ox Ox

—h —h —h

Then, we simplify Eq. (2.23) to

1 10b
81%_ //udzdy 56_/Udz 281: udz——/udz (2.24)
—h

_b
2
After canceling terms, we have the integrated continuity equation, which completes the

system and allows solution for water level, n, given by

//u dz dy. (2.25)

_b
2

2.1.2 Non-dimensionalization
In order to perform perturbation analysis, we non-dimensionalize all equations and
boundary conditions. The following scaling, where ' denotes a non-dimensional variable,

will be applied in this section:

t=—, f=wf, x=La’, y=DBy, b=DBV, z2=hpw?, §h="hnl,

w
77 = AMZTI/’ U = UU/, V= VU/ w = W'UJI p = App/7 S = ASS/7 (226)
B wh2 A wh? K' WhomasS'

max K% max v
3 K'u - S =

A
v 2 2 2

16



First, we plug the parameters in Eq. (2.26]) into the continuity equation, Eq. (2.4]), and
momentum equations, Eqs. (2.2) and (2.3)), to obtain:

Uou Vou Wouw'
— 2.2
L.0x' + Boy' + J—F 0 (2.27)

ou’ U?u ou/ VUV o' WUW ou

wlU— 4+ - - e 1% 1
o T Loor T B oy has  CVIV
en’ 2.28
~ gAm O n Ghimae Ap 8p i+ UwA. R, . 0% (2.28)
L. 0x' Pwle 8 / 2h2,,. 027
yy
o’ UV o' V20 o' WVw o'
wV— + — — — Uf'd =
o T Lo T B oy T o as WU
2.29
_ gAw, O maxAp / O oy VwAhn, O (229)
B 8y 2h2,.. 027
_h/
Multiplying Eq. (2.28)) by ﬁ and Eq. (2.29) by %, we obtain:
ou’ Uuw' ou N Vo' ou' N Waw' ou' Vf, ,
_— B — B _— - — v =
ot wlL. 0x' wB oy’ Whynaz 07 U
en’ 2.
94, O ghwaelp [ Op L, A O (2:30)
JR— —_— e —— —_— Z —_—
wUL, 0x' wUpy L ox' 2 022
o’ N Uu' o' N Vo' o' N Wuw' ov' n Uf, ,
[ —_ —_ _— e u o
ot wL. 0x’ wB 0y’ Whynaz 07 %
en’ 2.31
94w, 877 GhmazDp [ Op' o Al 9% (2:31)
—_— —_— z i —
wV B dy' wV pwB Gy’ 2 022
From the continuity equation, it is assumed that 8—“ ~ g—Z ~ a“’ [4]. In terms of scaling,
we have
U V W
— = = = . (2.32)

LC B hmax
The local change in water level elevation is balanced by the change in the along-channel

velocity. This means that 8" 2 Ry 2 5y and, therefore, we assume

Appw = —2er” (2.33)
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We define the following non-dimensional parameters:

= 2.34
¢ hmam’ ( )
B
= — 2.35
« Lc’ ( )
A
y = =2, (2.36)
€Qpy
L.
= = 2.
ne= 7 (2.37)

where € is the ratio between the tidal elevation and the water depth, « is the horizontal

aspect ratio of the estuary, 7 is the density gradient scale, and p is the width convergence

factor [4].
From Eqgs. (2.32)) and (2.33), we write € as
Ansy U v W
prm— pummg = —_— = . 2.38
‘ J -~ wl, wB Whonae ( )
Using Eq. (2.38)), we can rewrite Eq. (2.27) as
a / a / a /
o e ! ) (2.39)

ar oy T oy
Then, if we divide Eq. (2.39)) by ew, we get the non-dimensional continuity equation:

o ol o
oz’ oy’ 0z

We substitute the non-dimensional parameters defined in Eqs. (2.34) - (2.36) to
simplify Eqs. (2.30) and (2.31]), obtaining
ou’ ou’ ou' ou'’
= 4 e(u’—u + v u) — aff

= 0. (2.40)

ot ox' oy’ 0z
en’ 2.41
 Ghiae O Ghopazoye / op &+ Al 0% ( )
w22 O wUL, oz’ * 2 027
—h!
and
o' o'’ o' o' 1
aﬂ*@%+“@+ww)+ﬁw
en’ 2.42
9himaz 00 ghmazeay / op' 1 N A, 0% (242)
= — — | — dz - :
B2w? oy wV B oy’ 2 0z
—h!

18



From Eq. (2.38), 5 o and = . Egs. (2.41)) and (2.42) become
ou’ L. 8u’ N ,0u/ N ,ou/ o'y
— + V= + W=
ot 8x’ oy’ 0z
(2.43)

ghmax 8,’7 maxaf,y / 8p d 1 A; aZU,I

w2L? % WL 2 027

—h!

and

o' 81) o0 o'’ 1.,
+ € + V= + w— | + —fu
ot Y z

(2.44)

_ghmax 87] maxa'y / a_ﬂ d + Ag 8’0/2

B2w? 0y S Ww2B? 2 9272

—h!
Manipulating Eq. (2.35), we subsitute B = L.« into Eq. (2.44)) to obtain
(91)+ 8v+ 8v+ , 0V —l—lf//
il € — —flu
ot’ “ o 83/ 0z !
(2.45)

Ghae 07 ghway [ 09, ALON
= - — + — [ = dZ + = :
a?L2w? 0y’ aw? 2 oy’ 2 027

—h!

We define L;, the frictionless M, tidal wavelength, as
hmax
L, J

=75 (2.46)

We define [ to be the channel length relative to the tidal wavelength [4], expressed as

l pumy _. 2-4
= (247
Eqgs. and ( - ) become
en’
ou’ ou o ,ou/ . 1o oy [0p ., A 0%
S v ) - = L 2 Ee o 2.4
ot “(“ o Vg T Wan) ol Por P /8w’ &2t 5 5m (249
—h!
and
en’
o'’ L0 0v , o0V 1., 1 o v op ., AL
— — — — = ———+— | —dd+—>=—. (24
3t’+€<ua v 0’+w82’>+afu l2a28y’+l2a/8y’ e 2 027 (2.49)

—h'/
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Multiplying Eq. (2.49) by «, we have the non-dimensional horizontal momentum equations:

en’
ou’ ou’ o’ o’ Lo  ay [ Op Al 9%/
W -+ €<u/% -+ U/a—y/ + w/g) — Oéf/U/ = —Z—Q% l_2 % dZ, + 7@ (250)
—n
and
aa_v, + E u/a_vl _I_ fU,a_/Ul + w/a_/Ul + f,u/
ot! ox' oy’ 0z

en’ 2.51
1 oy N 7/8,0’ P aAl 9% (2:51)
= ——— = | =— dz .
a0y 2] oy 2 027
—h!
The non-dimensional width equation, from Eq. (2.1)), is
Viz') = e m (2.52)

Next, we apply the scaling in Eq. (2.26) to the boundary conditions, Eqs. (2.5 - (2.12)).
At 2/ = en/, the stress-free surface boundary condition, Eq. (2.5)), becomes

Al wh? U o Al wh? Vo

2hn::‘;x 97 T,Z;Zaz” (2.53)
which is simplified as
Ug—j = Vg—z:. (2.54)
Recall from Egs. and that a = %, so Eq. becomes
/ /
g_ _ ag_ (2.55)

After substituting Eq. (2.26)), Eq. (2.6), the non-dimensional kinematic free-surface

boundary condition at z' = er/, is

) o’
W' = AMzwa—Z. (2.56)

From Egs. (2.32) and (2.33), W = Appw. Thus, we simplify Eq. (2.56) as

/
w' = % (2.57)
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We non-dimensionalize Eqs (2.7) - (2.8]), partial slip at the bottom boundary
(z/ = —h’'), as the following:

Alwh? U 8_u’ Whoae

max . /o1
Ve 07 2 U
which is simplified to
a !/
A;a—“, = S, (2.58)
2
and
Al wh? Vo' Whinaz < v
. 97~ a oV
which is simplified to
8 /
A;a—”, = S (2.59)
2

Eq. (2.9) is non-dimensionalized as

Vhimar OB
W’LU/ = — Tvla—y/, (260)
which is simplified using Eqs. (2.32) and (2.33) to
o
U)/ = —U,a—y/. (261)

The sides of the estuary (at 3y = i%) are impermeable, expressed by Eq. (2.10]). Its

non-dimensional form is

/

en’ €n
BU hyyy OV
tha:p / 'U/ dZ/ = :EZ—LC% / UI dZ/.
—n —n

From Eq. (2.32)), this is simplified to

/

en’ €en

10V
/v’ dz' = ig%/u’ dz'. (2.62)
—n —n

We substitute the partial derivative of the non-dimensional estuary width, Eq. (2.52]), with

respect to x to get

/ !

€n €n

/v’ dz = + g e_’“”//u' dz'. (2.63)

—n —n
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At the mouth of the estuary (z’ = 0), the water motion is forced by the My

semi-diurnal tide, expressed by Eq. (2.11)). Its non-dimensional form is given by

n = cost.

At the head of the estuary (2' =1) (recall Eq. (2.47)), there is no along-channel

transport, expressed by Eq. (2.12)). Its non-dimensional form is

/

€n

/u' dZ = 0.

—h!

(2.64)

(2.65)

Lastly, we non-dimensionalize the integrated continuity equation, Eq. (2.25)), and the

density balance, Eq. (2.13). The integrated continuity equation becomes

By’
5 Ay

on’ 1 0
QJBAMQb/at/ = — L—c% / / UhmaxB U dZ dy,
hmazh/
which is simplified to
O/
AV = — —= dz" d
AR L&x//uzy
Using Eq. (2.32) to cancel the constants, we have the non-dimensional integrated
continuity equation:
b 875’ = / / u dZ dy.
The density balance, Eq. -, becomes
pra_p’ N UApu,E)_p’ VAp ,(9p WA,ow,(?_p’ _ KAp(?Q/
ot L. 0z B (9 ! hmae 07 h2,.. 02%
Note that this is not yet non-dimensional. Multiplying Eq. (2.69) by Apr’ we obtain
(9p (9p 3,0’ 00\ K, 9%
ar ( o " Vay TVWar) T w02

22

(2.66)

(2.67)

(2.68)

(2.69)

(2.70)



Substituting the non-dimensional form of the vertical eddy diffusion coefficient, K, we

obtain the non-dimensional density balance

op' ,Opf ,0p' 00\ K, 0%
o E(uaxf TV T ) T 2 e

The non-dimensional density boundary condition, no vertical density change at the

(2.71)

mouth and head of the estuary, is
op’

= =0 (2.72)

2.1.3 Perturbation Expansion
In order to analyze the system and determine the terms that are important to estuary
flow, we construct a perturbation series in €, which is a measure of the non-linearity of the

system, of the form:

U = Uy + el + £y + .., (2.73)

where W represents the each of the non-dimensional variables v/, v/, w', n/, and p'.

We then plug Eq. into all equations and boundary conditions and collect terms
of the same order. We are only interested in the zero- and first- order terms, because the
zero- and first- order solutions represent the tidal flow and the residual flow, respectively,
in the estuary. Therefore, we discard terms of order two or greater, and, in most cases, only
substitute ¥ = W, + eW;. Using the values in Table 1, we determine that O(e) = 0.1,
O(a) =~ O(e), O(v) =1 (recall Eqs.(2.34), (2-35)), and (2.36))). Although [ is smaller, we
assume O(l) = 1 which is more representative of a longer estuary. All variables are
non-dimensional so, for simplicity of notation, we drop the apostrophes. We drop constants
equal to 1.

The horizontal momentum equations, Eqs. (2.50)) and (2.51)), are expanded as
8u0 8u1 ( aUO 8u0 (9u0
+ €

Uw—5— + vo—=— + wo—) — af(vo+evy) =

T 9z ay 92
en (2.74)

oo o / dpo dp1 A, 0 (Oug ouy
(895 68:c>+a Ox +€8x dz 2 0z \ 0z +€82
h
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and

a(avo + e%> + &e(uo% L 8”“) + flup + eus)

ot ot o oy ire
en
_ L[ om 201 / 9po 9p1 20p2
B a(@y * Eﬁy T Dy + Ay * an € By dz (2.75)
“h
aA, 8200+ 0%,
2 \ 022 “022 )

The continuity equation, Eq. (2.40)), is expanded as

Ouyg vy dwg n 6(aul Iy 8w1) = 0. (2.76)

o9 oy T oz o9 "oy T or

The integrated continuity equation, Eq. (2.68)), is expanded as

b
3 e
Ino om - 0
b( BT + € 875) = &U// <u0 + 6u1> dz dy. (2.77)
b Ch

The density balance, Eq. (2.71]) and the density boundary condition, Eq. (2.72)), are

expanded as

1 (9py op1 Ipo Ipo opo K, [(9po >p
e(at +€8t)+u08x +U08y +w082 C 2\ 022 +€822 (2.78)
8,00 (‘)pl o

Note that pg is a function solely of x so we drop terms to obtain

p1 Ipo K, 9,
Zr = - 2.80
ot + o ox 2 022 ( )
Ip
— = 0. 2.81
P (2.81)
The no-stress surface boundary condition, Eq. (2.55), is expanded as
duyg Ouy Ovg o
B - i 2.82
0z +682 O‘(az +682 (2.82)
The kinematic free surface boundary condition, Eq. (2.57)), is expanded as
o om
= _ = . 2.
wy + ew; g + € pr (2.83)
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The partial slip boundary condition (Eqs. (?7?), (2.59)), and (2.61)) is expanded as

Av 3u0 8u1 .
7(5 + EE) = Sug + €Suy, (2.84)
A, (v Ou\
7(_82 + 6_82) = SUO + 651}17 (285)
and
oh
wy + ew; = — (UO + evl>a—y. (2.86)

The impermeable side boundary condition, Eq. (2.63), is expanded as

€n

en
/(vo + em) dz = =+ g e_’“’/ (uo + eul) dz. (2.87)
h h

The boundary condition at the mouth of the estuary, Eq. (2.64), is expanded as
n + e = cost. (2.88)

The boundary condition at the head of the estuary, Eq. (2.65), is expanded as

€n

/<u0 + eul) dz = 0. (2.89)

2.1.4 Zero-order Problem and Solution
For simplification, we consider constant vertical eddy viscosity, A,, with respect to

depth. The zero-order (or lowest-order) problem follows with equations given in Egs.

(2.90) - (2.94) and boundary conditions given in Eqs. (2.95) - (2.103):

dug O A, 0*uq
ot Oz + 2 022 (2.90)
0
L (Ono om dpo
_ _Lfom . Om 2P 2.91
fuo a(ay +eay)+ 9y dz (2.91)
Oug | Ovo  Owo _ (2.92)

or oy T oz

o 0 |



op1 dpo K, 0°p,
i —_— == 2.94
o or T 2 92 (2.94)
% = 0 (density boundary condition) (2.95)
2
8u0
—— =0 (no stress surface) (2.96)
0z
N 8770 . .
wo = - (kinematic free surface) (2.97)
Av auO o . .
55, Sug  (partial slip) (2.98)
A, Ov . .
78_; = Svy (partial slip) (2.99)
wy = — vo% (partial slip) (2.100)
dy
0 0
/vo dz = + '% e"“”/uo dz (impermeable sides) (2.101)
—h —h
ny = cost (estuary mouth) (2.102)
0
/uo dz = 0 (estuary head) (2.103)

—h

Note that v is not present in the zero order across channel momentum equation. Thus,
we will also examine the first order. Then, we will solve a linear combination of the zero

and first order equations. The first order terms are given by

0
Ovo €2 0n opr aA, 0%v,
Al _ 2% 9y .

Yo +oefu a Oy te y @t 2 022

(2.104)

We assume that along-channel velocity, u, is a combination of the depth-averaged and

depth-varying components, denoted with the subscripts da and dv, respectively, and

Udq

= O(e). Thus, we have uy = upgy + €uoq,.- Combining the zero and first order lateral

momentum terms, we have

ov 1/0 0 0
Oéa—to + fUO,da + Efu[],dv = _E(aiyo + Eaiyl + GZai;>
0
i / Opo . OprY . oA 210
dy oy 2 0227
Zh
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Recall, surface elevation and density does not vary across channel in the zero order, due to
the basin being narrow and well-mixed. Let ' =1; + ey be the higher order surface

elevation effects, which will be solved for as a single variable. We have

0
0vy e on dp1 aA, 0%,
— = ——— —d . 2.106
Y  Juo a8y+ an a 2 022 ( )
—h
For periodic solutions, we substitute
(u07 Vo, Wo, Mo, M1, Pl) = Re((U07 ‘/Oa WOa N07 N17 ﬁl) e_it) (2107)

into all equations and boundary conditions. Note that Uy, Vi, Wy, and Ny are the complex

amplitudes, or magnitude, of the horizontal and vertical velocities and the sea surface

elevation, respectively. The governing equations, (2.90) - (2.94), become

0Ny A, 0 0U,

' = —— _——— 2.108
o Ox * 2 0z 0z ( )
0
, e ON’ dp1 aA, 0%V,
— 1V Uy = —— —d 2.109
iaVy + fUg aay—i—e 8yz+2822 ( )
~h
(9U0 (9V0 aVVO
=0 2.110
ox * dy * 0z ( )
0 .o
—ibNyg = —— Uy dz d 2.111
10Ng 8x// 0 az ay ( )
b
2
AN de Kv 62pA1
_ /= = Z 2.112
i+ U dx 2 022 ( )
The boundary conditions, (2.95)) - (2.103)), become
opr : .
5 = 0 (density boundary condition) (2.113)
0
% =0 (no stress surface) (2.114)
9o =0 (no stress surface) (2.115)
0z
Wy = —iNy (kinematic free surface) (2.116)
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A, U

5 5, SUy  (partial slip) (2.117)
%% = SVy (partial slip) (2.118)
Wy = — Vog—z (partial slip) (2.119)
0 0
/VO dz = + g e‘“‘”/UO dz (impermeable sides) (2.120)
~h “h
Ny = 1 (estuary mouth) (2.121)
0
/UO dz = 0 (estuary head) (2.122)
~h

Recall, non-dimensional width, b(x), is given by Eq. (2.52). Depth, h(y), is modeled as

a non-dimensional parabolic function of y, given by
h(y) = € + (1 — )(1—52). (2.123)

We solve the above system for all unknown variables analytically, i.e. on paper.

2.1.4.1 Along-channel Velocity
First, we solve for the along-channel velocity, Uy, by solving Eq. (2.108). After
multiplying by A% and rearranging terms, we have

02U, 2 2 dNy

—Uy = ———. 2.124
02 T AT A & (2.124)
Let T® = —2 (Ensing et al., 2016). Then, Eq. (2.124) becomes
02U, 2 dNy
- Ty = —— 2.125
072 0 Ay dx ( )
The solution to the homogeneous problem, a;go — I?Uy = 0, 1is
Upp = Cre'* + Coe ' (2.126)
The non-homogeneous, particular, solution is
dNy
Uonh = —1———. 2.127
0,nh i— (2.127)
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So the total solution is given by

dNy

Ups=Uop + Upnn = Cre'* + Coe™™* — i (2.128)
Xz

Applying the surface boundary condition, Eq. (2.114]), we have that C; = C5. The

solution then becomes

dN,
Uy = Cy(e* + e %) — i—2. (2.129)
dx
We apply the hyperbolic-trigonometric identity, cosh(z) = e“r;_z, to obtain
dN,
Uy = 2Cicosh(Tz) — i—0. (2.130)
dx
Next, we apply the bottom boundary condition, Eq. (2.117))
A N,
5 <2sz’nh(—rh)) = S(?Olcosh(—Fh) - i%) (2.131)
x
and solve for the constant, C':
—; 92N
C = L : 2.132
! ['A,sinh(=T'h) — 2Scosh(—Th) ( )
Factoring 25 in the denominator of Eq. (2.132), we obtain
—;9No
C = e . 2.133
' 2(Lesinh(~Th) — cosh(—Th)) ( )
Substituting § = %(Ensing et al., 2015) into Eq. (2.132)), we have
—;4No
Ci = e : 2.134
" 2(Lsinh(~Th) — cosh(—Th)) (2.134)
So the zero-order solution for the along-channel velocity magnitude is
N —2cosh(T’
Up = i2 0( — cosh(I'z) - 1). (2.135)
dx \ 2(gsinh(=Th) — cosh(—I'h))
Since cosh(—z) = cosh(z) and sinh(—z) = —sinh(z), we have
N —2 r
Uy = i° 0( — cosh(I'z) — 1). (2.136)
dx \ =2(5sinh(I'h) + cosh(I'h))

Eq. (2.136) is simplified to give the final solution for U,

N r
Up = —iu(l— cosh FZ), ) (2.137)
dx cosh(I'h) 4 5sinh(I'h)
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2.1.4.2 Water Level

Next, Ny is solved for by converting the integrated continuity equation, Eq. (2.111)),

into a homogeneous ordinary differential equation. We first substitute the solution for U

into Eq. (2.111).

BN // dN0< cosh(I'z) )d J
— Wiy = : < ay.
- cosh(h) + Lsinh(T'h)

—3

Eq. (2.138) is simplified to
N h(T
—bN, = 9 0No O// ( cos (FZ) )dz dy.
Or Oz cosh(I'h) + 5sinh(I'h)

cosh(I'z)
cosh(h) + Lsinh(I'h)

To perform a change of variables, let i/ = %y Then, Eq. (2.139) becomes

D bON,
—bNO = £§ o // podZ dy

Let

pozl_

—1—h

We move terms around and simplify to obtain

1 N,
bN, + 9 aO//podzdy =
—1 —h

(2.138)

(2.139)

(2.140)

(2.141)

(2.142)

Estuary width, b, is a function of along-channel position, = (Eq. (2.52))). So Eq. (2.142))

becomes

N, 2N,
bN, + @M 8 0 //podz dy =
Oox Ox

—1—h

0
Let P, = [ p, dz, which is evaluated as
Zh

sinh(—T"h)

1
P, =h + = .
I cosh(Th) + Lsinh(T'h)
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Applying sinh(—z) = —sinh(z), we have

sinh(T'h)

1
P, =h — - . 2.145
' cosh(I'h) + %sinh(I'h) ( )

So Eq. (2.143]) becomes
1
1/ 0b 0Ny 0? Ny

bNy + = — b Pdy = 0. 2.146
0+2<8$8x * 0:172)/ Y ( )

-1

We define x2 as

1
-1
Ky = 2( / Pody’> : (2.147)

-1

Then, we have

1 (0bON, 0?Ny
bN — | = b = 0. 2.148
o K3 (8x or Vo ) ( )
Eq. (2.148) is rearranged:
b 92N, 1 0b ON,
s O 4 bNy = 0. (2.149)

K2 D2 K2 0x O
Multiplying by %‘%, we have

9% N, 1 0b ON, 5
—_— Ny = 0. 2.1
0x? + box Ox + fiofNo 0 (2.150)

Substituting Eq. (2.52) and evaluating, we have an homogeneous ordinary differential

equation,
d* Ny dNy 9
- No = 0. 2.151
dax? — T oo ( )
We substitute Ny = €" to obtain the characteristic equation: r? — ur + k2 = 0.

From the quadratic equation, we find the complex roots to be

T 1
=3 + /K — R (2.152)
Let dy = k3 — “IQ. Then, the solution for N, is
Ny = Cie'? (cos(dox) + isin(dox)) + Che' (cos(dogx) — isin(dox)). (2.153)

31



To solve for the constants, C; and Cs, we apply the boundary conditions, Eqs. (2.121)
and (2.122). Applying Eq. (2.121]), we have that C; = 1 — (5, which we substitute into
Eq. (2.153)). After simplification, the solution becomes

Ny = e (cos(dox) + isin(dgz)) — 2iChe's sin(dor). (2.154)

After substituting the solution for U, integrated over depth, P,, into Eq. (2.122)), we have

the condition (at x =1) that

dNy
— =0. 2.155
T (2.155)
To solve for Cs, we take the derivative with respect to x of Eq. ([2.154)),
dN 7% QT
d—o = HGT(COS(de) + isin(dox)) + ez (—dpsin(doz) + idycos(dpx)) —
T 2 (2.156)

226’2( e's szn(dox) + doe%mcos(doa:)).
In the following four equations, we apply Eq. ( and solve for Cy:

0 = He%l(cos(dol) + isin(dgl)) + €%<—d03in(d0l) + idycos(dpl)) —
2 | (2.157)
2iCy(= e2sm(d0l) + doe’ cos(dy)).

0 = Z(cos(dol) + isin(dol)) + (—dpsin(dol) + idycos(dol))

N =

(2.158)
— 2iCy(= sm(dol) + docos(d;)).

2102( sin(dol) + docos(d;)) = (g + ido)cos(dol) — (dy — ig)sm(dol) (2.159)
(5 + ddo)cos(dol) — (do — i5)sin(dol)
G2 = 2i(4sin(d 0) + docos(d;)) ' (2.160)

Lastly, we substitute C5 into Eq. (2.154).

Ny = e (cos(dyx) + isin(dox)) —
(& + idy)cos(dol) — (dy — i%)sin(dol) (2.161)

2 2 2 sin(d )
Esin(dol) + docos(dol) e sin(doz)

Eq. (2.161) is simplified in Eqgs. (2.162)) and (2.163)
s (cos(dox) + isin(dox))(§sin(dol) + docos(dol))

‘ Esin(dol) + dycos(dyl)

(5 + ido)cos(dol) — (dy — i5)sin(dol)sin(dyx)

Esin(dol) + docos(d;)

2

Ny =

(2.162)
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Ny = % £(sin(dol)cos(dow) — cos(dol)sin(doz))

Esin(dol) + docos(dol)

. do(cos(dol)cos(dor) + sin(dol)sin(dox))
Esin(dol) + docos(dpl) '

2

(2.163)

Applying the trigonometric identities sin(a — ) = sin(«a)cos(5) — cos(a)sin(f) and

cos(a — ) = cos(a)cos(B) + sin(a)sin(f), we have the final solution for Ny, given by

_ Esin(dy(l — x)) + docos(do(l — x))
No = e < Esin(dgl) + docos(dol) )

2

(2.164)

Note that Ny is a function of only x. We can now find %, which can then be substituted

into the solution for Uy, Eq. (2.137)).

% [ e (’Zﬁsin(do(l —1x)) + dycos(do(l — :c)))

= —€ 2 -
dx 2 Esin(dol) + dycos(dyl)

Lo (dgsm(do(l —x)) — Lcos(dy(l — a:))) (2.165)
Esin(dol) + docos(dol)

2.1.4.3 Across-Channel Velocity

Next, we solve Eq. (2.109)) for V, and apply boundary conditions Eqgs. (2.115),(2.118)).

We rearrange terms and multiply by ﬁ

0
0%vg 2 2f 2¢ ON' 2¢ dp1
o2 T A T At A ey e ) oy (2.166)

“h

Recall, I? = ;—i’ﬂ We replace the lateral density gradient by the lateral gradient of the
depth-mean density.
0V, 2f 2¢ ON' 2¢ 0 (1 h
0 2 € € “
— IV = Ui — — - dz ) z. 2.167
022 0 oA, o+ a?A, Oy aA, 8y<h/p1 Z)Z ( )

The solution for Vj is a linear combination of the solutions to the homogeneous and
non-homogeneous equations, i.e. Vo = Vo, + Vynn. The solution to the homogeneous

equation, V{5, found from the characteristic equation, is given by

Vor = Cie' + Che ™7 (2.168)
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The solution to the non-homogeneous equation is a combination of three parts, each
corresponding to a term on the right hand side of Eq. (2.167), i.e.
Vor = Vonne + Vonne + Vonns- We use undetermined coefficients to find V4 .5, and

Vonhs- Note that A, B, C' are constants.

ON’
Vomn, = A ,
0,nh ay
implying that
N’ 2 N’
0 _ I Aa B e 0

from which it follows that

. _= 2.1
‘/0, ha ) ay ( 69)
9 (1 |
Vonhs = Bf)_y(ﬁ/ﬁl dZ>Z + C,
“h
implying that
9 /1 | 2% 9 (1 [
— 12 (B=(=1] 45 d - 9 (= 1 d
0 ( 0y<h/ ! Z)Z " C) ozAvay(h/pl Z)Z
from which it follows .
e 0 (1
= ——( = > ) 2.1
Vo nhs ou?y(h/pl dz)z (2.170)

Vonn, is found from the solution to the homogeneous equation, Eq. (2.168]), using

variation of parameters. The solution for V{ ,,;, can be written as
Vo, = uie'” + uge 7, (2.171)

where uy,uy = f(z,y,2). Note that uy, uy are not the first order and second order
expansions of the along-channel velocity. The system of equations we will use to solve for

Uy, Uy is given by

uie™ + uhe™™ =0
(2.172)

Fullerz - FUIQe_Fz = g($ay7z)a
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aAy, dx cosh(Th) + sznh(Fh)

—I'z
v = _/e gé[fi,y,Z) I

Tz
Uy = /—e g(‘:/UV,y,z) dz,

where g(z,y,z) = iﬁ%(l — cosh(l’z) > Then,

where W is the Wronskian of e'* and e~'# given by

W = =-2I.

(2.173)

(2.174)

We integrate over depth to solve for u; and us, noting that A is constant with depth.

if dNp /( T e Zcosh(T'z2) )
U = e — dz,
" TaA, dr cosh(Th) + %sinh(Th)
u Zf dNO( / 7112 Fz + esz) dZ)
"7 TaAd, dr 2(cosh( Fh Lsinh(Th)) )’
T if dNO( / 1 + e_QFZ dz>
"7 Tad, dz 2(cosh(Th) + Lsinh(Th)) ")’
S if %e*h if dNOz
T I2aA, do 2TaA,(cosh(Th) + Lsinh(Th)) dx
_ Zf dNO 6_2Fz
420 A, dx cosh(Th) + Lsinh(Th)
Recall, [? = —j—i. Then, the final solution for u; is
o I o f N r:
YT 2a dr da dz cosh(Th) + Lsinh(Th)
f dNO €—2Fz

8a dx cosh(Th) + Lsinh(Th)’

It follows similarly that the solution for usy is given by

—f dNO Tz f dNO 'z
uy = Lt 4 L —
2a dx 4o dx cosh(T'h) + Fsinh(I'h)
f dNO GZFZ

8a dx cosh(Th) + Lsinh(Th)’
Substituting these into Eq. (2.171)) and simplifying, we have

f (1 cosh(I'z) I'zsinh(I'z)
‘/Onhl = | 7

1
- 1
4 cosh(Th) + Lsinh(Th) 2 cosh(Th) + Lsinh(T'h) )
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(2.176)

(2.177)

(2.178)

(2.179)

(2.180)

=0 (2.181)



Combining the solutions to the homogeneous and non-homogeneous solution, the solution

for V4 is given by

_ 1 cosh(I'z)
V:CFZ+C Fz_i_z(_
0 1 2¢ a\ 4 cosh(Th) + Lsinh(Th)
0 2.182
1 [zsinh(T'z) B 1)% i€ ON' N z_eﬁ(l/ . dz)z ( )
2 cosh(Th) + %sinh(Th) dx a? Oy ady\ h p1 ’
with its first partial derivative with respect to z given by
% = FCleFZ — FCQ(EiFZ
0z
i(z sinh(T'z) ~ Dsinh(T'z) + cmosh(Fz))dNo
a\ 4 cosh(T'h) + Lsinh(T'h) 2 cosh(T'h) + Lsinh(I'h) ) dx (2.183)
0
+ z_eg l/ n dz
ady \ h pr '
To solve for C4, (s, first, we apply the surface boundary condition, Eq. (2.115)),
1€ 0 (1
0 =TC, —TC2 — | = 1 dz |. 2.184
1 + a@y(h/ﬂl Z) ( )
~h
Cs is, thus, given by
0
e 0 (1
Cy, = C — | - n dz |. 2.185
2 1+Faay<h/p1 Z) ( )
~h
So V, and % can be written as
e 0 (1]
Vo = 2Cicosh(Tz) + %erza—y<ﬁ/p} dz)
“h
1 r 1 ['zsinh(T N
N i(_ cosh(rz). 1 zsmh(F z) B 1)& (2.186)
a\4cosh(I'h) + 5sinh(I'h) 2cosh(I'h) + %sinh(I'h) dx

0
a? Jy ady\ h ~
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0
Mo = 2I'Cisinh(T'z) — LT 0 (1/ﬁ1 dz)

0z Q@ 8_y h
i(z sinh(I'z) _ Dsinh(T'z) + cmosh(Fz))dNo
a\ 4 cosh(T'h) + Lsinh(I'h) 2 cosh(T'h) + Lsinh(I'h) ) dx

0
1€ 0 (1 )
“awla)n )

Now, we apply the bottom boundary condition, Eq. (2.118]), to solve for C:

0
' 1
2C1cosh(—T'h) + EeF]‘ﬁ(—/p] dz>

F'a  0Oy\h
i(l cosh(—Th) 1 —Thsinh(—Th) B 1>%
a \ 4 cosh(Th) + Ssinh(Th) 2 cosh(l'h) + Lsinh(T'h) dx

0
O D (1)
a? Jy a Oy \ h P~ N

0
2golsmh(—rh) - 5th3<1/;51 dz)

oo Oy \ h
N i(E sinh(—Th) I sinh(=Th) — icosh(—Fh))dNo
o\ 49 cosh(Th) + Lsinh(Th) 20 cosh(T'h) + Ysinh(Th) dx

0
_|_Z_€g l/Ad
saoy\n ) )
h
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i 0 (1],
2C)cosh(T'h) + Tt 8y<h/p1 dz)

Thsinh(Th) B 1) dNo

f[1 cosh(T'h)
« ( a dx

1
Zlcosh(Fh) + Lsinh(Th) §cosh(f‘h) + Lsinh(T'h)
0
o 0 (L
a? Jy a Oy praz )=
“h

0
r 1€ 0 (1
_9_ inh(Th) — ——elh /
5Clsmh( h) 5o € 8y< f1 dz)

(2.189)

n i(i sinh(T'h) T sinh(Th) + icosh(Fh))dNo
46 cosh(Th) + §sinh(Th) 26 cosh(Th) + Lsinh(Th) ) do

0
i€ O

* 5a8y( /p1 dz)
r ) 0 (1 r
L. o 9 (1 “

2C4 <cosh(Fh) + 55mh(Fh)) = ot 8y(h/p1 dz)
0
N @2(1/ﬁ1 dz) N e ON' i(l cosh(Fh).

4 cosh(I'h) + Lsinh(Th)
0
1___Thoink(Th) - 1) dNy e 1, O (1 / 4 dz) (2.190)
2cosh(I'h) + Fsinh(T'h)

0
ie 0 f(-T sinh(T'h)
d L=
T 5a ay(h / Z Z) * (45 cosh(Th) + Csinh('h)

I sinh(Th) + icosh(Fh)) dNy
20 cosh(Th) + Ysinh(Th) ) dx -

>

Th Th
2C1 (cosh(T'h) + %sinh(Fh)) = —(—8— S 1)
«

(2.191)

Ql\-,

cosh(T'h) TCh smh(Fh dNy

( cosh T'h) + Lsinh(I'h) TCOSh(Fh) + Lsinh(I'h) )
f sinh(T'h) I’ sinh(T'h) + Thcosh(Th) dNo

( 40 cosh(T'h) + Lsinh(T'h) 20 cosh(Th) + %sinh(Th) )

(67
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- Th Th
2C1 (cosh(T'h) + gsinh(Fh)) = %E(_BT - % + h + %)

0
0 (1 ie ON' f 1
—| =/ pd — =1 2.192
8y(h/p1 Z) * a? Jy * a( * cosh(Th) + Lsinh(Th) ( )
h

r r r'n ) 1 dNy
nh(Th)( — — + — + = rhy (=2 — =) ))&
(smh( h)( s T T 2) + cosh( h)(% 4))) -

The solution for C is given by

1 7€ el elh 1
= —(————+h+—>

2(cosh(Th) + %sinh(Th)) r J )
0
020 pe——
dy \ h P 2(cosh(Th) + %sinh(Th))a® dy (2.193)
¥ : s 1
2(cosh(Th) + Lsinh(T'h)) « cosh(Th) + %sinh(Th)

. r r 'k I2h 1 dNy
(simnen (55 + 35 + 7) + oo (55 - 5))] 2
We substitute ' into Eq. (2.186) and group terms:

i{ cosh(T'z) [1 1
a | cosh(Th) + %sinh(Th) cosh(Th) + %sinh(Th)

(sz’nh(Fh)(—% + % + %h) + cosh(rh)<%h - i))]

Vb:

1 1 FZ . dNo
“cosh(T2) — —sinh(T2)) — 1|42
* cosh(Th) + %sinh(Th) <4COS (T2) o o ( Z)) } dx (2.194)
E[ cosh(T'z) (_ﬁ A L h g 1) N e s N z}
a [cosh(Th) + %sinh(Th) r J ) r

0
2(1/ . dz) N z_e[ cosh(T'z) B 1] ON’
ay\n ™ a2 [ cosh(Th) + Lsinh(T'h) By
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In the next several equations, we simplify the solution

f cosh(I'z) 1
a | cosh(I'h) + Fsinh(I'h) cosh(I'h) 4+ ssinh(I'h)

(sznh(Fh)( 4F5 + % + %h) + cosh(Th) (% B i))]

1 1 r dN
T (—cosh(Fz) - —Zsinh(Fz)) - 1] 0
cosh(I'h) + Fsinh(I'h) \ 4 2 dx

ze{ cosh(I'z) (_ cosh(T'h) + sinh(Th) (2.195)
a [cosh(Th) + Lsinh(Th) r
cosh(T'h) + sinh(I'h) 1

- ; + b+ 5) + %(cosh(Fz)—sinh(Fz)) + z]

0

g(l/ . dz> N E{ cosh(I'z) B 11 ON'

dy \ h P a? [ cosh(Th) + Lsinh(Th) oy
h

+

+

f cosh(T'z) [ |

Ve = L
0 acosh(Th) + Lsinh(Th) * cosh(T'h) + Lsinh(I'h)

r r I'h I2h 1
sinh(Fh)<—4—5 + % + 7) + cosh(T'h) (2—5 — Z_L))}

1 1 | dNy
—cosh(I'z) — —sinh(I’ -1
cosh(h) + Lsinh(I'h) (4608 () 2 " ( Z)) } dx

L b [ cosh(T'z)
a | cosh(Th) + Ysinh(Th)

L)+ 21 /)

E{ cosh(I'z) B 1] ON’
a? [ cosh(Th) + Ysinh(Th) oy

+

1 1 1
(——smh(Fh) — —cosh(Th) + h + —

(2.196)
T 5 5)
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‘- |

Vo

cosh(I'z)
cosh(h) + Lsinh(I'h)

f

a(cosh(Th) + Lsinh(I'h)) (003h<rh)

r . ) r I'h I2h 1
+ gsmh(l“h) + Smh(Fh)<4—5 + 7) + cosh(T'h) (2_(5 — Z))
dNy

1 Iz . I
+ Z—lcosh(f‘z) - 7smh(f‘z) — cosh(T'h) — gsmh(f‘h)]%

i€ cosh(I'z) 1 1 1 (2.197)
. — —=sinh(I'h) — —=cosh(I'h h -
a Losh(rh) + gsmh(rh)< poinh(Th) — <cosh(Th) + h + 5)

0
Iy o (1 [ .
_ fsmh(lﬂz) + z} Fy(ﬁ/pl dz)
~h

El cosh(T'z) B 1] ON’
a? [ cosh(Th) + Ysinh(Th) oy
f { cosh(T'z)
a(cosh(Th) + %sinh(Th)) [ cosh(Th) + tsinh(Th)
r . r I'h I?h 1
+ gsmh(Fh) + sinh(Th) (4—5 + 7) + cosh(Th) (2_5 — Z)
3cosh(I'z)
4(cosh(Th) + Lsinh(Th))

(cosh(Fh)

3. 3
— Esmh(Fh) - Zcosh(f‘h)) +

r 1 I'z .
(cosh(Fh) + gsmh(Fh)) + qeosh(lz) — —-sinh(L'z) (2.198)

r dNy i€ cosh(I'z)
— h(I'h) — —sinh(T'h)|—— —
cosh(Th) 5 ( )} dx * a Losh(ﬂz) + Lsinh(Th)

0
1 1 1y 1 . 0 (1 .
(—fsznh(Fh) - Scosh(Fh) + h + 5) fsznh(Fz) + z}a—y(g/pl dz)
“h

1€

i ?[cash(l“h) + Lsinh(I'h)

cosh(I'z) _ ON’
oy
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The final solution for Vj is given by

Vo = / — [ cosh(I;z). <cosh(Fh)
a(cosh(T'h) + %sinh(I'h)) [cosh(I'h) + jsinh(I'h)
r . _ I'h r %h
+ gsznh(Fh) + sinh(I'h) <7 — %> + cosh(T'h) (% — 1>)
+ cosh(I'z) — Esz’nh(Fz) cosh(I'h) — Esinh(Fh) dNo
2 o dx
i€ cosh(I'z) I 1 1 (2.199)
— — =sinh(I'h) — —cosh(T'h h -
N a[cosh(Fh) + Tsinh(Th) < psinh(Th) = weosh(Lh) + h + 5)
0
I g (1 [ .
_ fsmh(lﬂz) + z} 8_y(ﬁ/p1 dz>
“h
N z_e{ cosh(I'z) B }GN’
a? [ cosh(Th) + Lsinh(Th) dy

In consideration of the length, we will use the following identities in addition to pg, Eq.

(2.140)), to write 1

F = cosh(Th) +g5inh(Fh) (2.200)
‘ 'k r 2
pn = F + sinh(I'h) (7 - 2—5> + cosh(T'h) (2—5 - 1) (2.201)
I'z .
p. = cosh(I'z) — 73mh(f‘z) - F (2.202)
1 . 1 1
r, = —fsmh(Fh) —gcosh(f‘h) + h + 5 (2.203)
r, = —%sinh(l“z) + z (2.204)

So V, becomes

- f dNy i€ 0 (1 ) e ON'
Vo = = {(1 Po)Ph —l—pz] . + - {(1 Po)rn + rz} o\ /p1 dz 3P0 oy (2.205)
h

It should be noted that py, and p, differ slightly from that of Ensing et al. (2015), which
is the basis for this model’s derivation. There is a I, where they have a 1 [4].
In order to solve for V{), we need to find 88—]\;/. We integrate the continuity equation over

depth and width (from —% to vy g) We first integrate over depth and apply the surface and
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bottom boundary conditions for vertical velocity, Wj.

0
o, AV, oW,
/<8x i 0>dz (2.206)

—h

0
an 8\/0 aWO
—dz —dz dz = 0 2.207
ox dy / 0z - ( )
—h —h —h
oU, oV
/—Od + /—Odz + Wol_g — Wol.__, = 0 (2.208)
Uy (’9Vg oh
—d —dz — iN % =0 2.209
/ z 8y z 1Ng + 08y L ( )
Note that the height function, h, is a function of y only. So we have
Uy (‘9V0 oh
—d —dz — iV = 0. 2.21
/ 5 & 8y z — 1Ny + VO(?y . 0 (2.210)

—h _
We apply the Leibniz integral rule to the first two terms. Note the several terms that

result from applying the Leibniz rule result in zero and have been dropped

0
0 0 d(—h) oh
— | Uod — | Vod % — 1N Ve = 0. 2.211
8$/OZ+0y/OZ+ O@y . 1Ny + anz,_h ( )
—h —h
Canceling terms, we have
0 0
3/Udz—i—g/‘/dz—i]\f—0 (2.212)
ox 0 oy 0 o= '
—h _

We integrate over width (from —2 to %)

2 W
2

0 0
/Q/Uodzdy + /ﬁ/%dzdy —/z’Nody =0 (2.213)
ox dy
~h “h

v'b y'b
2 2

ol
(SIS
(SIS

y'b
2

0
0
— dzd
/893/UOZy+
“h

0
Vo dz — /Vodz — iN0y|y_ﬂ + iNOy]y:;b = 0 (2.214)
=% p)
“h

S—

(SIS



We apply the lateral boundary condition

y'b

2

0 0 0
0 0 (b b, b
/%/UO dzdy + /VO dz +%<§> /Uodz — 5y NO—Z§N0 = 0. (2.215)

! —
y="5" —h =3

(SIS

We rearrange terms to solve for lateral transport evaluated at 3/ %, evaluate the partial

derivative of width, b, and substitute the solution for U,

"y
2 0

0
dN, h(T
/Vo dz _ @'/3—0/(1 - cosh(l'z) )dzdy
Ox dx cosh(T'h) + sinh(I'h)
_ y'b b _
" y="g" : " (2.216)
0
_ bdNO/ cosh(T'z) ) _ b(, )
— ip=— 1 - d No= 1
"My ( cosh(Th) + Lsinh(I'h) © T 9\Y +
We evaluate the integrals over depth, given by Fy (Eq. (2.145))). Then, we have
. 0 dNy . bdNy b
—h y'b

SISy

Y= -

We apply the Leibniz integral rule again to the first term on the RHS and evaluate the

9 (yb
#3:02

partial derivatives of width, b, with respect to x

y'b

2

.0 d Ny ANy
= i— | —R, — i—P,
Zam/ dx by ! dr "

S~
>
QU
I
|

- b’ (2.218)
.dNy o (—b . bdNy Lb(,
Nop (=22 - 2%op No- 1
Yz O bax(2) Z“zdxo_b+202<y+
) P) Y=
y'b
/ o [ dN, bdN
/VO dz = i—/—OPOdy + i,uy’——OPo
ox dx 2 dx =t
n - b > (2.219)
bdN, b dN, b,
I B il B “V%(y .
Canceling terms, we have
y'b
r 0 dN, [ bdN, b
/ngz = i——O/Pody + zpy'——OPO + iNo= (v + 1]). (2.220)
Or dx 2 dx = 2
—h y'b 2
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Let ¢y = %y Then, we have

0 !
.0 dNy b b dN, b
/%dz = Z%d_xoﬁ/POdy// + Zluy §d_OPO " —I— ZN0§(?J/ —|— 1) (2221)
Zh _u'b -1 v=iz
Y=
Applying the product rule, we obtain
/ b dN, baNo\ |
Vo d = i -—=2 — p=—2 /Pd d
/0 : Z<2dav2 'u2dx> 0y
h yoid ] (2.222)
b dN, b
+ Z,uy §d—OP0 Y + ZNoﬁ(y/ + 1)
y="17

The solution for Vg, Eq. (2.205)), is integrated over depth, and then will be set equal to
Eq. (2.222).

0

0
B f dNO/
/Vo dz = F s (1 —po)pn + p.|dz
—h

0 0
ic 0 /1 ) 1€ ON'
+ Ea—y(ﬁ/m dz> / {(1_]70)771 + Tz:|dz - @ Ay /po dz,
h

- —h —h

(2.223)

which is simplified to

0 0 0

AN / /
/VO dz = “Fds | F pn | cosh(I'z) dz + | p, dz
“h

0

0 0
1€ 0 1
(I'z) .
+ aé)y( /p1 dz) {F rh/cosh z)dz + /7“2 dz} (2.224)
“h “h

0
ie ON'
- a9y po dz.

—h

The integrals are evaluated and we substitute Py, Eq. (2.145)), to obtain

0 0
~f dNy[sinh(T'h) /
/V“dz_ oF dr | TF Dt [pedz
“h

0 0
ie 0 . sinh(T'h) ie ON'
- bl el - —=2p,
+ aay(h/pldz>[ e rh—ir/rzdz} o 3y
h

(2.225)
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0 0
with [ p, dz and [ r, dz given by

“h “h
0
/pz dz = %sinh(Fh) - E(hcosh(f‘h) - %sinh(Fh)) — Fh, (2.226)
~h
and .
/rz dz = %cosh(Fh) - % - h; (2.227)

“h
We evaluate Eq. at y = &2 > which is dropped in the equations for ease of

writing, and set it equal to Eq. (2.222) to algebraically solve for aa_];j/- First, we move the

term with 88—];7 to one side and move the other terms opposite.

0 0
P ON L AN {smhwh) _— /pz dz} L ied (_ / 5 dz)
—h

a? Jy aF dx F a0y
nh(Th) r b 2N, bdNy\ I (2.228)
Sin 0 0 " .
S ) . _ &) g
{ 7 rn + /rzdz} <2 72 . )/ ody
. ,bdN, b
Ly id—opo - ZN0§(ZU + 1)
8y is obtained, given by
0 0
ON’ ifa 1 [sinh(Th) dNo 10 1/ .
- Yz L d S e
ay eFPQ[ F p”+/p 1 T Ra\al
nh(Th) r 2 1 (2N, bdNy\ T (2.229)
sin o 0 0 " .
s i) N e (e 280 [ P
[ F rh—i-/r Z] ePO(Qdm2 'u2d:t>/0y
2 2
a®  ,bdNy 1 ba” ([,
B YL | il 1).
"3 2 \V T

We now solve for the lateral gradient of the depth mean density:

0
0 /1 R
8_y<ﬁ/p1 d2)7

which is the final component needed for V. Recall the zero order density balance equation

and respective boundary condition at the surface and bottom are given by

d K, 0%p
—ipy + Uy d’;o =2 az’;l’ (2.230)
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and
051

2 = 0. (2.231)
We first integrate Eq. over depth to obtain
0 p 0 0 K o
_Z'/p] dz + %/Uodz = 7”8;1 dz (2.232)
—h —h —h
We evaluate the integral on the RHS and apply the boundary condition, Eq. .

0 0
—z'/,o] dz + %/Ug dz = 0. (2.233)

—h —h

We rearrange terms and integrate Eq. (2.137)) over depth, substituting (??), to obtain

0

. ~ dNO dp(]
— dz = i———F,. 2.234
Z/pl : ! dr dz° ( )
—h
Next, we multiply both sides by %
1 ; 1dNyd
. 0 @Po
— = ———Fh,. 2.2
h/pldz hdr do " (2.235)
—h

For the lateral gradient, we take the partial derivative with respect to y:

0
0 1 ~ . dNO dpo 0 1
h

In the following two steps, we first apply the product rule and then the chain rule to

evaluate a% (%PO) :

0
0 1 N N dN() dpo 0 1 18P0
ali[me) = T (e () « 55) 220
—h
0

We simplify to obtain the lateral gradient of the depth mean density

0
0 1 “ dNodpolah 8P0 1
(= A S ) 2.2
8y(h/p1 dz) dz dmh@y(&h RO (2.239)
h
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2.1.4.4 Vertical Velocity

To solve for Wy, we integrate the continuity equation, Eq. (2.110f), from —hA to z and

apply the partial slip boundary condition, Eq. (2.119)),

oU, GV
/ 0, a—odz + Wol, — Wol_, = O.

(2.240)

We rearrange terms, to solve for W, at z, and apply the partial slip boundary condition,

Eq. (2.119), to obtain

[ ou, rov; oh
o - L0y, oy 9t
“n “n

The partial of Uy, Eq. (2.137)), with respect to x is given by

Uy d?N, (1 B cosh(T'z) )
cosh( '

or | da? Th) + Lsinh(Th)

Integrating over depth, we have

/ aUO .d*Ny ( sinh(I'z) + sinh(T'h) )
= —i z + h — = )
dx? ['(cosh(I'h) + Fsinh(T'h))

Next, we take the partial derivative of V{, with respect to y

WV f[—2cosh(I'z) OF cosh(I'z) Opy,
oy E[Ta—yf’h TRy
* ﬁa_ypz - F@y] dz

0
i€ cosh(I'z) OF cosh(I'z) Ory, \ 0 1/A
i a{( oo T T FE o))"
“h

0
N cosh(I'z) N 0% 1/ Ny
Ia Th Tz ayz h p1az
~h
N ie [ cosh(I'z) OF ON’ N cosh(l'z) . 9*N’
F? 8y oy F y?

o
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with the partial derivatives given by
2

OF r oh
I (Tsinh(T ~cosh(Th) | &2
o ( sinh(T'h) + 5 cosh( h)) o
@ph . oF Th r r .
- oy + <Fcosh(Fh)<7 %) + Esmh(Fh)
I2h 2 Ooh
; - — - 2.245
+ Fsznh(Fh)( 55 1) + 25003h(Fh)) o ( )
dp. _ OF
oy Oy
6rh . oh
- (r e

The derivative with respect to y of the lateral gradient of the depth mean density, Eq.

(2.239)), is given by

0
P (L[ ) - - edn [L(ONY (1, 0B
az\n | P T T dr dr | 12\8y ) \n'° T on
- (2.246)
10%h (OF, 1 10h (0?Py Oh 1 oh 1 0P, 0h
t ol = P+t 55— o )|
h 0y? \ Oh h h oy \ 0h? Oy h? Oy h Oh Oy
The second derivative of the higher order sea level with respect to y is given by
O*N’ ifal 2 OF 1 sinh('h) N 1 0 (—1\sinh('h)
PBoybk T "7 2oy

Ph

o2 € r
11 1 1 sinh('h 1 0F 1
F2P0 F2P0 r 8y F28yP0

21 110P]dN, 1
_ _p e 20 _ _p il
F *oyR  Fh 8y] dz O‘K ((h b)ra + Rz) dy Py

0
170 orn  ORN O (1 [ .
_ _p _ p)Zh “(Z
(0y(h O)Th (= ) gy ay)ay(h/pldz)
h

0
1 0% (1 R 2.247
—PO((h—Po)rh+R>82<5/p1dZ)] ( )
“h
[ D L((EN N Ly g
2¢ dy By dx? e 0@y P g 0 0y

!

L [(&N,  dN, a/de,,
Py dzx? e dy 0@y

2 op, 2N,
No( 2Py + =2y 20
(G )+ )
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with partial derivatives given by

o1 1 <P2Fcosh(rh) — T'%sinh(Th) 1) Oh
oy By (%}Fh) — h)? [2[F? oy
OP, (8F 8h)
= —| — + F—
Oy Oy Oy (2.248)
1 _ oh 3cosh(I'h) Oh
~— (r r rp) |28 4 2O R
2( hsinh(I'h) + cosh( h)) 3y + 5 ay
OR.,  (sinh(I'h) _p oh
oy r oy’
We integrate the partial derivative of Vj with respect to y from —h to z:
[ ovi FAN,] 2 0F | 1 opy [
/8_y dz = E%[_ ﬁa—yph/cosh(Fz) dz + ﬁa—y/cosh(Fz) dz
_h _ _
OF [ op. | o (1|
1 1 Op, 1€ R
== = i e (el d
e wa o]+ 25 )
—h _ _
1 OF | 1 or, |
(— ﬁa—yrh/cosh(Fz) dz + Faiyh/cosh(FZ) dz)
" o (2.249)

0 z z
;2 1/Ad 1/h(r)d+/d
6y2 h pP1 az F’l“h CcoS y4 z r, az
h h h

z

/ cosh(T'z) d=

—h

PN’ | cosh(T'z)
+ B /(—F — 1) dz}

e | @N’L@_F
dy F? 0y

20



We evaluate the integrals to obtain

%_‘Z) dz = g%[— %g—jph<sinh(Fz) — sz’nh(—Fh)) + %%—ZZ
“h
(sinh(Fz) - smh(—Fh)) - %g—g p. dz + %%pyz (z + h)}
0 N
+ g[a% (%/p} dz) (—%%—Zrh(smhﬂ“z) — sinh(—Fh))
“h
1 o, P (1 [
+ ﬁa—y(smh(FZ) - sinh(—Fh))) + a_gﬂ(ﬁ/ﬁl dZ) (2.250)
“h

<%m (sz’nh(l“z) —~ smh(—Fh))

e

i€ ON'" 1 OF [ . .
E{_ o ma—y(sznh(Fz) - smh(—Fh))

+ a;j\;/(smh(FZ) ;Fsmh(_rh) B (Z - h))}

ol



We substitute sinh(—I'h) = —sinh(Th):

[5

_I_

+

+

i@{_ 2 8th(smh(f‘z) + sinh(rh)>

a dx L3 0
1 Opn :
TF2 0y (smh(FZ) + smh(Fh))
1 OF 1 Op.
F? oy P dz F@y( +h)}
“h
el 0 (1 r 1 OF
i€ :
{83/ (h {pl dz ) (— ﬁa_rh (smh(f‘z) + smh(Fh)) (2.251)
1 a’l“h .
TF 0y (smh(I‘z) + smh(Fh)))

z

N )

- (smh(Fz) + sinh(Fh)>

8;;Z’(sznh(Fz) ;} sinh(Th) (Z . hm

i_e _aN' 1 OF
2 dy FF28

where the integrals over depth of p, and r,, Eqs. (2.202)) and (2.204)), respectively, are

given by

z

/pde =

—h

and

%(sz’nh(l“z) + smh(rh)) - %(zcosh(FZ) + hcosh(I'h) 052
%(sinh(Fz) + sz’nh(Fh))) — F(z + h)

] I —%(cosh(f‘z) - cosh(Fh)) + # (2.253)
h

The final solution for Wy, Eq. (2.241)), is found by combining negative Eq. (2.243]),
negative Eq. (2.251)), and the negative product of Eq. (2.205) and the partial derivative of
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h with respect to y. Thus, W, is given by

Wo

d*Ny sinh('z) + sinh(T'h)
=i <z + h — V3 >
f dNy 2 OF . ,
a%[ ma—yph SZnh(Fz) + Slnh(rh)
1 oy [ . . 1 OF |
+ ﬁa—y(smh(FZ) + sznh(Fh)) " oy p, dz
10 e[ 0 (1 / 1 OF
D= 28 A
N F oy (Z N h)} a[@y(h/pldz)( FF28yrh
—h
nh(T2) + sinh(Th) ) + —= 2 (sinh(D2) + sinh(Th)
sinh(I'z sin IF oy sinh(T'z sin

(2.254)

0 z
P (1 [ 1 : :
+ 8_3/2(E/p1 dz) (ﬁrh <smh(FZ) + smh(Fh)) + /rz dz)}
h

i€ ON'" 1 OF [ . .
?[_ o ﬁa—y(smh(l“z) + smh(Fh))

) 82N’<sinh(Fz) + sinh(Th) <Z ) h)ﬂ

0y? I'F
0
f dNo i€ o) 1/A
<aF (1 —po)pn + p- dr + o (1 —po)rn + 72 oy \ i p1 dz
~h
_ e, 9N\ b
a2 oy ) oy
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CHAPTER 3
RESULTS AND DISCUSSION

In this chapter, the results are presented and discussed. First, the analytical model is

summarized, in addition to a brief discussion of the study area. The model is derived from

the zero-order solution of a perturbation expansion about ¢ = :jﬁ of the Navier-Stokes
equations. Recall, the zero-order expansion represents the tidal flow, while the first-order
expansion represents the residual flow within the estuary. The first-order expansion, thus
residual flow, is not considered in this paper. Furthermore, non-linear terms which create

asymmetric tides are excluded from the governing equations and vertical eddy viscosity is

assumed to be constant. Estuary width, b(x) and estuary depth, h(y), are given by
(3.1)

Water level elevation, n(t,z) is given by

molt,z) = R((n(d(ln_(;;; . jzzzjgjzg—f‘”) ) (3.2)

2

Along-channel velocity, u(t, x,y, z), and across-channel velocity are given by

. dNy it
t = —i =0 py e .
uo(t, x,y, 2) Re( i o Po € ), (3.3)
and f AN
tiap2) = Re( (L] = e+ | 22
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with the identities

r
F = cosh(I'h) + —sinh(T'h),

)
cosh(I'z)
Po = I r - )
55inh(T'h) + cosh(T'h)
: r'h r 2
pn = F + sinh(I'h) (7 - 2—5> + cosh(Th) (2—5 - 1),
(3.5)
I'z |
p. = cosh(T'z) — ?sznh(Fz) — F,
= Lannrn) = teosnn) £ b 4+ 2
o= —psin 5608 5
1
r, = —fsinh(Fz) + z.

and the along-channel gradient of the water level magnitude, N, is
dNy P Esin(do(l — x)) + docos(do(l — x))
de 2 Esin(dol) + docos(dol)
3.6
Lo (dgsm(do(z — 1)) — Beos(dy(l - x))) (3:6)
ez .

Esin(dol) + docos(dol)

The lateral gradient of higher order sea level, N’, is given by

0 0
ON’ ifa 1 [sinh(Th) dNy 1 0/(1 [,
gy _ da B 7 A (e P A
Jy eF PO{ F Pr /p - dx + aPoﬁy h/pl :
—h —h
nh(Th) r 21 (b PN, bdNy\ T (3.7)
Sin « 0 0 1" .
SV 1Y) _ 2 - (2 _ 22t P
[ P /TZ dz] ; PO(Z '@ )/ ody
2 2
o ,bdNy 1 ba” [,
_ &2t - 1
€ 2d 0P 2¢ vy ’

and the lateral gradient of the depth mean density is given by

0
0 1 N dNodpolah 8P0 1
Z(= = (GO ORI Cp), .
8y(h/p1 d'z) dz dxh@y(&h h °> (3:8)
h

25



Vertical velocity, w(t, x,y, z), is given by

(d*Ny sinh(I'z) + sinh(I'h)
wo(t,x,y,z) = Re({z 72 (z + h — TF

_LAN[ 2 oF
FF35’

— <smh(FZ) + sinh(Fh))

a dx

(smh(Fz) + sinh(Fh)> — %Z_F p, dz
Y

1 Opn
T F2 3

0
1 Op. e[ (1 [ . 1 OF
s o)) - amG ae) (e

1 6rh

(smh(rz) + sinh(Fh)> + ﬁa—y(sinh(Fz) + smh(Fh)))

+8—2led L (sinh(T2) + sinh(Th)
52\ 7 | A2 || ppra | sinh(Tz sin
h

[ e[ ON' 1 OF |
+ /rz dz>} — E{ oy TF2 0y (sznh(Fz) + sznh(Fh))

(3.9)

) 8;;\27’(smh(l“z) ;} sinh(Th) (Z . h))}

- (afF [(1 — Do)pn + pz] dgo

0
1€ 0 (1 ) ie ON'\Oh| _,
+ a[(l_po)ﬁz + rz]a—y(ﬁ/m dZ) - Epof)_y)(?—y}e >
h

The model is applied to study tidal flow dynamics of the Damariscotta River estuary
(DRE) using Matlab software. Figure shows the estuary from above and its location in
Maine. The estuary is tidally-dominated and weakly-stratified. It is relatively short, with
length of 30.6 km, and narrow. The width converges from 963 m at the mouth to 45 m at
the head. The tides are semi-diurnal dominant with a period of 12.42 h. Tidal amplitude

ranges from 0.8 to 2.1 m between neap and spring tides [7].
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Figure 3.1. Location and satellite (Google Earth) image of the study area: the Damariscotta
River Estuary, ME. Location and satellite (Google Earth) image of the study area: the

Damariscotta River estuary, ME.

The results of the model will be presented and discussed for water elevation,
along-channel and across-channel velocity in the context of previous studies. First, the
variation of water elevation amplitude and phase along the length of the estuary is
considered. Next, along channel velocity amplitude and phase at one location in the
cross-section of the estuary is examined for the entire distance along the estuary. This
leads to an investigation into three-dimensional variations of the amplitude and phase of
the along-channel velocity. Then, variations over the tidal cycle in three-dimensional
velocity, particularly the along- and across-channel velocities, are examined. Vertical eddy
viscosity, A,, and the width convergence factor, u, are then varied independently to study
sensitivity to changes in friction and width convergence of water level and along-channel
velocity. Lastly, the limitations of the model are discussed in addition to suggestions for

future work.
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3.1 Water Elevation

Along-channel variations in water elevation, 7, within the Damariscotta River Estuary
are first investigated. Due to the narrow width of the estuary, the zero-order water level
does not vary across the channel. Thus, amplitude of water elevation is a function of only
along-channel distance into the estuary, x. Figure shows the amplitude and phase of
water elevation of the Damariscotta estuary as a function of along-channel position.
Towards the head, tidal amplitude increases from 1.5 m to 3 m, indicative of tidal
amplification due to width convergence.Lieberthal et al. (2019) considers overtides, due to
the D2, D4, and D6 tidal constituents, which are found to be amplified in the estuary. The
phase of 7 increases to approximately 60 degrees at the head of the estuary (Fig. . This
is interpreted as a time lag of about two hours in water elevation between the mouth and

head of the estuary.

7] {m)
(3%
\

7.5 11.25 15 18.75 22.5 26.25 30
Along Channel Distance (km)

o=
o
~ ok
i

N @
=) =1
T T

\
1
1
|
|
|
|
|
|
A L |

s8]

o
T

A
L

Phase of  (deg)
N

0 3.75 7.5 11.25 15 18.75 22.5 26.25 30
Along Channel Distance (km)

Figure 3.2. Amplitude and phase of water level elevation () as a function of along-channel

distance into the estuary, x.
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3.2 Velocity

Tidal flow velocity within the Damariscotta estuary is examined in this section, focusing
first on the along-channel component, u, and then the lateral and vertical components, v
and w respectively. In Figure [3.3] amplitude and phase of along-channel velocity at the
center and surface of the channel are shown as a function of along-channel position in the
estuary. Amplitude of along-channel velocity near the surface, center of the channel ranges
from approximately 0.2 to 0.4 m/s within the estuary. This compares well with Lieberthal
et al. (2019) which found maximum along-channel velocity amplitude of 0.4 m/s predicted
in a perturbation model of the Damariscotta estuary. Along-channel velocity amplitude
increases slightly at first, but decreases from the mouth towards the head due to friction.
This is notable because water level amplitude shows an increase with along-channel
distance. The result suggests that width convergence is more important in determining
water level elevation while friction has stronger influence on along-channel velocity, which
is evident in the solution for Uy. This makes it difficult to determine which, convergence or
friction, is more important to estuary dynamics. The Damariscotta estuary cannot be
classified as hypersynchronous or hyposynchoronous based on definitions in Chapter 1. The
following section will examine the influences of friction and convergence further.

Phase of along-channel velocity, u, increases along the estuary from 78 to 88 deg, which
is a slight increase of 10 deg or 0.3 h, until just after mid-estuary (Fig. . At about 18
km into the estuary, phase sharply decreases towards the head of the estuary by about 30
deg or 1 h. Unfortunately, along-channel variations in along-channel velocity phase

difference are not presented in Lieberthal et al. (2019) for comparison.
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Figure 3.3. Amplitude and phase of along-channel velocity, u, at the center, surface of the

channel as a function of distance along the estuary, x.

It is important to note that along-channel velocity varies within the estuary
cross-section and Fig. is for a single location within the cross-section. This leads to a
necessary investigation into three-dimensional variability of the amplitude and phase of
along-channel velocity, as shown in Figure [3.4 Along-channel velocity amplitude
diminishes towards the bottom of the estuary and towards the sides of the channel due to
increased friction near the boundary of the channel (Fig. [3.4p,c,e). This matches well with
results of previous work within the Damariscotta estuary |4, [7]. Phase of along channel
velocity increases from -100 deg at the lateral boundaries (sides of the channel) to -40 deg
at the center of the channel (Fig. 3.4b,d.f). In terms of tidal propagation, this means that
changes occur first at the sides of the channel and then at the center of the channel about
two hours later. Equivalent phase difference in along-channel velocity across the channel
was found in Lieberthal et al. (2019). Flood and ebb are symmetric (Fig. [3.5)), because

non-linear terms which cause tidal asymmetry are not included. It is stressed that
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along-channel velocity is only a part of the flow within the estuary and the additional
components of velocity are examined next.

Across-channel and vertical velocities are at least an order of magnitude less than
along-channel velocities within the estuary, as seen in Lieberthal et al (2019).
Across-channel (lateral) velocity is the product of the combined effects of Coriolis, lateral
depth-averaged density gradient and the lateral gradient of higher order (first and second)
sea level (Eq. ([3.4)). The solution for amplitude of across-channel velocity differs slightly
from that found in Ensing et al. (2015), but it is not clear at this time if there is a mistake
in their derivation. Figure shows along-channel velocity (contours) and lateral
velocities (vectors) throughout the estuary cross-section at one-quarter length into the
estuary and mid-estuary over the tidal cycle. Lateral velocity in the Damariscotta estuary
exhibits a two-cell structure. During flood, lateral velocities near the surface flow right,
when looking into the estuary towards the head of the estuary, and lateral flow is in the

opposite direction near the bottom of the estuary (Fig. [3.5). .
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Figure 3.4. Amplitude (a, c, e) and phase (b, d, f) of along-channel velocity, u, at one-quarter
length (top row) into the estuary, mid-estuary (middle row), and three-quarters into the
estuary (bottom row) for the estuary cross-section. Amplitude (a, c, e) and phase (b, d, f)
of along-channel velocity, u, at one-quarter length (top row) into the estuary, mid-estuary
(middle row), and three-quarters into the estuary (bottom row) for the estuary cross-section.

Across channel position, y is along the x-axis and depth, z, is along the y-axis
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Figure 3.5. Along-channel velocity at one-quarter length (left) and half-length (right) into
the estuary during several times during the tidal cycle: t = 0 (a,b), t = 6 h(c,d), t = 9 h
(e,f), t = 11.5 h (g,h). Along-channel velocity at one-quarter length (left) and half-length
(right) into the estuary during several times during the tidal cycle: t = 0 (a,b), t = 6 h(c,d),
t =9h (ef), t = 11.5 h (g,h). Contours represent along-channel velocity (m/s). Vectors are

across-channel velocity (m/s).
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3.3 Sensitivity to Friction and Width Convergence

In this section, sensitivity of water level elevation and velocity amplitudes to changes in
friction and width convergence are investigated by altering the vertical eddy viscosity, A,,
and the width convergence factor, u. First, we consider friction. When friction is increased
(A, = 107'), water level elevation decreases into the estuary until width convergence
becomes more important and water level increases slightly towards the head of the estuary,
while when friction is weaker (A, = 107*) water level elevation is amplified by width
convergence throughout the estuary (Fig. , b). Amplitude of along-channel is
diminished towards the estuary by strong friction (Fig. 3.7h). For weaker friction, the
maximum amplitude of along-channel velocity is an order of magnitude greater than for
normal friction within the Damariscotta estuary and along-channel velocity, although
initially amplified slightly, decreases towards the head of the estuary (Fig.). Although,
not presented here, weaker friction leads to a subsurface maximum in along-channel
velocity, because interaction with the boundaries has weaker effect. The convergence factor
of the Damariscotta estuary, u ~ 0.5, is relatively weak width convergence, so only strong
convergence is considered in this section. Strong convergence (1 = 3) leads to

amplification of amplitudes of water level elevation and along-channel velocity along the

estuary (Fig. [3.8).
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Figure 3.6. Amplitude of water level (n) for vertical eddy viscosity, A,, values of 107! (a)
and 107* (b), representative of strong and weak friction, respectively. Amplitude of water
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strong and weak friction, respectively.
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Figure 3.8. Amplitude of water level (a) and along-channel velocity (b) for a channel with

stronger width convergence, © = 3.

66



3.4 Significance, Limitations, and Future Work

This thesis expands on the spatial scale of 7], which investigated one interesting section
of the Damariscotta estuary, by providing results for the entire length. The solutions found
for across-channel velocity and the higher order sea level gradient are unique, although
derived as in [4]. The model has several limitations. First, the model is only able to study
tidal flow, excluding residual flow. The first order solution, which represents the residual
flow, is complicated to solve analytically. Non-linear terms, which are responsible for tidal
asymmetry, are excluded from the model so flood or ebb dominance within the
Damariscotta Estuary cannot be determined by this study. Friction is considered to be
constant with depth, but in an estuary friction varies significantly with depth. The solution
becomes more complicated, however, if friction is not considered constant. These, in
combination, could explain discrepancies between model results and observational data.
Future work should focus on the residual flow within the estuary and include the effects of
non-linear terms and variable friction. However, this may have to be done numerically, as

the problem may be too difficult to solve through analytical methods.

3.5 Conclusions

This thesis derives a three-dimensional analytical model by perturbation expansion of
the Navier-Stokes equations in the shallow water limit, modified from Ensing et al. (2015).
The resulting zero-order solution is analyzed to provide insight into the tidal flow of the
tidally-dominated, well-mixed Damariscotta River Estuary. The water level elevation, and
flow velocity in three-dimensions are presented after applying the model with parameters
representative of the properties of the Damariscotta estuary. Parameters for friction and
width convergence are then changed to investigate the sensitivity of the estuary to those
forces. Water level elevation amplitude increases into the estuary due to amplification by
width convergence, and along-channel velocity amplitude decreased into the estuary due to

dampening by friction. This phenomenon suggests width convergence has greater influence
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on water level elevation, whereas friction is more influential to velocity. Lateral velocities
exhibited a two cell structure with flow of the near-surface cell and the near-bottom cell in
opposite directions. Results of the model compared well to previous studies within the
estuary [7] and to the Upper Ems estuary [4] , which has similar dynamics as the
Damariscotta estuary although important morphological distinctions should be noted.
Tidal asymmetry and variable friction within the estuary were not studied in this thesis, as
non-linear terms were dropped in governing equations and vertical eddy viscosity was
assumed to be constant. Furthermore, the model considers the zero-order solution and is
unable to study residual flow in the estuary. Future work should investigate tidal
asymmetry and residual flow in the Damariscotta estuary, while considering a more

complicated friction regime.
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