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Abstract

Semi-enclosed basins are important areas of the coastline, containing some of
the highest concentrations of life. This work focuses on relating the flushing
of a tidal basin to changes in the flow. The basin is filled with an Eulerian
tracer, which is transported and mixed by currents. The tracer is used to
track the fluid and calculate the return flow factor, which quantifies the
fraction of tracer/fluid returning into the basin after tide reversal. Several
theoretical models for the return flow factor are compared to simulation
results.

Vortex dipoles, composed of two counter rotating vortices, are formed at
the edges of the channel connecting the basin with the ocean. Depending
on the control parameters, two behaviors are observed. Either dipoles travel
away from the channel inlet, or they are pushed back into the channel inlet.
We see a qualitative difference in the return flow factor between the behaviors
of the dipoles.

During flushing, a cloud of tracer is created in front of the inlet. This
cloud slows down the flushing until an equilibrium concentration is reached.
In some cases, the re-entering of parts of the cloud with high tracer concen-
tration increases average tracer concentrations inside the basin.
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Chapter 1

Introduction

All over the world, life is concentrated around coastal areas. Many of these
hot spots occur around estuaries or semi-enclosed coastal basins. An example
of a coastal basin is the Gulf of San Jose in Argentina, see figure 1.1. For
life to flourish, it is important to refresh the water inside these basins. Semi-
enclosed basins have a constricted connection with the ocean, restricting the
exchange with the ocean. The exchange can be quantified using the flushing
time, which is defined as the timescale at which the water inside a basin is
refreshed. The main natural contributors to flushing are waves, rain, river
flow, storms and tides.

Tidal basins are often filled with suspended material, one example is the
San Jose Gulf in figure 1.1. This suspended material can range from algae
and nutrients, to human pollutants and natural sediment. The transport of
the suspended material is a complicated phenomenon and has been a point
of interest for decades in tidal basins and estuaries such as: the Wadden
sea (Sassi et al., 2015), Cobsbrook Bay (Brooks et al., 1999) and San Fran-
cisco Bay (Chadwick & Largier, 1999a,b; Cheng et al., 1999). Larger areas
such as the Gulf of Mexico, where 98% of commercial fisheries are dependent
on estuarine-dependent species, are also of great importance (Brown et al.,
2000). The understanding of fundamental processes governing the flushing
of semi-enclosed basins is needed to plan smart interventions in the face of
climate change see e.g. (Jiang et al., 2017; Guo et al., 2018)

In an effort to predict flushing, several theoretical models have been pre-
sented. One of the first models is discussed by Dyer (1973) and Officer (1976).
This model is based on the tidal prism, which is the volume of water trans-
ported between tidal basin and ocean. These models assume that, the basin
is a CSTR (continuous stirred-tank reactor). This represents a completely
mixed basin. In combination with a clean ocean, this results in an exponen-
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Figure 1.1: The turbidity in the San Jose Gulf, Argentina. Image taken from
work by Amoroso et al. (2010).

tial decay of the concentration of tracer inside a basin. The e-folding time
of the decay (the flushing time) can be calculated as a function of the tidal
prism, basin volume, tidal timescale and the return flow factor. The return
flow factor, important in the derivation of the flushing time, is the fraction of
expelled tracer, returning into the basin after tide reversal. DiLorenzo et al.
(1995) and Barber & Wearing (2004) presented a model to predict tracer
concentration inside a basin. Their model is based on the tidal prism, basin
volume and return flow factor. However, they did not provide a derivation
for the return flow factor.

Stommel & Farmer (1952) derived a flushing factor out of the asymmetry
of the tidal flow. They used the difference between the ebb jet and a flood sink
flow to determine the flushing factor. This flushing factor can be rewritten
into the return flow factor by subtracting it from unity. Wells & van Heijst
(2003) measured flushing factors in laboratory experiments and related them
to the model by Stommel & Farmer (1952). These experiments showed that
dipoles migrating away from the entrance decreased the return flow factor.
A dipole is composed of two counter rotating vortices. These vortices propel
each other forward, thus taking material with them away from the basin. In
figure 1.1, these dipoles are created at the tidal inlet and can be seen in both
the basin and ocean.

Sanford & Boicourt (1992) created a model to calculate the return flow
factor using river flow and a coastal current. They calculated how a plume
would be advected away from the basin entrance, or in the absence of flow,
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would stay in front of the entrance. This plume would influence the return
flow factor.

A more recent study by Rynne et al. (2016) assumed a tidal basin without
complete mixing. In this model, complete mixing only happens during low
tide. Their model consists of two exchange factors, one for the ocean and
one for the lagoon. The values for these exchange values can be related to
the return flow factor. Rynne et al. (2016) did not use a theoretical model
to predict the exchange factors. Instead, they were derived from simulation
data.

In nearly all previous studies a CSTR assumption was necessary. How-
ever, in most real basins, this assumption cannot be made. Another assump-
tion in most models is that, the ocean is presumed clean after every tidal
cycle. Only Sanford & Boicourt (1992) considered the effect of a plume in
the vicinity of the channel. In steady state and zero flow parallel with the
coast, their model results in an arbitrary value where all tracer is returned
back into the basin. These assumptions result in a constant return flow factor
(Stommel & Farmer, 1952; Sanford & Boicourt, 1992; Rynne et al., 2016).
However, the growth of a cloud of tracers in front of the entrance or the flow
inside the basin can change the tracer return flow factor dramatically in time.

To improve the knowledge on the flushing of tidal basins, this work focuses
on relating the flushing, and in particular the return flow factor, to changes
in the flow. The influence of dipoles and water depth (i.e. bottom friction) on
the return flow factor will shed light on flushing dynamics. Several different
return flow factor models will be investigated and compared to simulations.
GETM (the General Estuarine Transport Model) will be used to simulate the
flow and Eulerian tracer movement. The simulations will be performed in
an idealized semi-enclosed tidal basin under several different flow conditions,
without the influence of river flows. The tracers will be used to derive the
return flow factor.

This report is organized as follows. Chapter 2 contains a description
of the physical setup. Chapter 3 presents the discription of the numerical
setup and some details used in GETM. Chapter 4 contains the investigation
into the flow, focusing on the formation and movements of vortex dipoles.
Chapter 5 describes the results of the flushing of a tidal basin. Some of the
important return flow factor models will be introduced in this chapter.
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Chapter 2

Physical setup

This chapter contains the physical setup used to investigate the flushing of
tidal basins. Flushing is investigated by following a passive tracer and in-
vestigating how this tracer is removed from a basin. Section 2.1 contains a
description of the bathymetry (including the basin) and the tidal motion.
Section 2.2 presents a method to predict the cross-sectionally averaged ve-
locity through the channel. Section 2.3 introduces the concept of the critical
Strouhal number.

2.1 Domain

In order to investigate the flushing, a single bathymetry, only differing in
water depth, will be used. The effect of the size of the basin will not be
investigated in this work, and therefore, it is kept constant. The bathymetry,
shown in figure 2.1, consists of a 10 × 10 km basin with water depths ranging
from 10 to 50 m. The channel connecting the basin with the ocean has a
width of 1650 m and length of 900 m.

The ocean side is chosen such, that it is large enough to minimize the
influence of the boundaries. Therefore, the length in the x-direction is 26
km and in the y-direction 15 km. The depth of the ocean is the same as the
water depth in the basin and is flat throughout the whole domain.

The tide is forced at the open boundaries surrounding the ocean, indicated
by the dashed lines in figure 2.1. The tidal cycle behaves as a cosine, and
the water level is given by

water level = H + ζ0 cos
2πt

T
(2.1)

with H the average water depth, ζ0 the amplitude, t the time and T = 12 hrs
the tidal period. The amplitudes vary with the water depth. The amplitudes
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Figure 2.1: A topview of the basin containing all the relevant dimensions.

range from 0.1% to 10% of the water depth. In order to keep the water level
consistent in the whole domain, a flow will be forced through the channel
during ebb and flood. In section 2.2, this will be investigated further.

For the investigation on flushing, a passive Eulerian tracer will be used.
At the start of every simulation, the tracer is placed inside the basin, seen
in red in figure 2.2. Initially, the tracer is totally mixed inside the basin.
The initial absolute concentration is 5 mg/liter but in the results the rela-
tive concentration will be presented. The tracer concentration as a function
of space is then followed in time. To determine the flushing, the average
concentration of tracer in the basin is calculated, compared to the initial
concentration, and followed in time.

Figure 2.2: The bathymetry containing the basin (red) and the sea (blue).
The color represents the initial condition of the passive Eulerian tracer.
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2.2 Cross-sectional averaged channel velocity

The cross-sectional average velocity through the channel can be calculated
with the boundary conditions and the bathymetry. When one assumes that
the water level rises equally within the whole domain and with the boundary
condition given by equation (2.1), the volume of water inside the basin is
given by

V (t) = A(H + ζ0 cos
2πt

T
), (2.2)

with A the surface area of the basin. The volume flux passing through the
channel Q is the time derivative of the volume:

Q =
∂V (t)

∂t
= −Aζ02π

T
sin

(
2πt

T

)
. (2.3)

The velocity through the channel can be calculated by dividing the volume
flux Q by the cross sectional area of the channel. This gives for the velocity
through the channel

U = −Aζ02π

TWH
sin

(
2πt

T

)
. (2.4)

The maximum Cross-sectional average velocity through the channel is then,

Ucalc =
A · ζ0 · 2π
TWH

. (2.5)

This value will be used to compare theoretical model with simulation results.

2.3 Critical Strouhal number

During each tidal cycle, fluid is transported in and out of the basin. The no-
slip condition at the wall creates viscous boundary layers containing vorticity.
At the sharp edges of the channel, these patches of vorticity are shed from
the walls. At both sides of the channel, patches of opposite vorticity form
counter rotating vortices, that join to form a dipole. The dipoles are self
propagating. The vorticity in one creates a forward velocity component on
the other, pushing each other forward. The propagation velocity depends on
the strength of the vortices and the distance between them. A schematic of
the flow can be seen in figure 2.3 by Wells & van Heijst (2003).

After the tide reversal, the dipole is pushed back towards the channel.
This effect is often modelled with a sink flow and is in the opposite direction
of the dipole velocity. The Strouhal number,

St =
W

UT
, (2.6)
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Figure 2.3: Schematic of the flow passing the sharp channel edge and the
subsequent formation of a dipole. This dipole is self-propagating. After tide
reversal, the dipole is pushed back towards the channel. Figure taken from
Wells & van Heijst (2003).

can be viewed as the ratio of advective and tidal timescales (Nicolau Del
Roure et al., 2009). For low values of St, dipoles are strong enough to
propagate away. For high values the opposing tide dominates and dipoles
are sucked into the channel. Wells & van Heijst (2003) present an analytical
model comparing the dipole strength to that of the opposing tide. For the
case of a sinusoidal tide without bottom friction, they found that for St <
0.1229 dipoles would propagate away. This value of the Strouhal number,
which indicates the switch between non-escaping and escaping dipoles, is
called the critical Strouhal number. In a later study by Albertz (2017), an
improved value for the critical Strouhal number was derived. By replacing
the point sink in the channel with a line sink, the critical Strouhal number
decreased and was found to lie between Stcrit = 0.08749 and 0.08750. In
addition, Albertz (2017) showed that bottom friction further reduces the
value of the critical Strouhal number.
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Chapter 3

Numerical Setup

In this chapter, the method to numerically calculate the flow and flushing
of the tidal basins will be covered. The General Estuarine Transport Model
(GETM) is used to calculate the three-dimensional flow and the movement
of the Eulerian tracers deposited inside the basin. Section 3.1 describes the
numerical domain, which contains details on the bathymetry, and the initial
and boundary conditions. Section 3.2 contains the main equations used in
GETM and section 3.3 describes all the relevant settings in GETM.

3.1 Numerical domain

The domain is divided in grid cells with a size of 150 × 150 m. This size
was the result of several trial and error simulations. Larger cell sizes (200
m) reduce the resolution, resulting in a change in flow behaviour in the sys-
tem. Smaller cell sizes increase the amount of computational power required.
Comparing the results of 50 m and 100 m cells with those with 150 m shows
a negligible difference in the flow.

The basin was kept constant at 10050 × 10050 m (67 × 67 cells), since
10 km can not be divided by an integer number of 150 m cells. The channel
width was 1650 m (11 cells) and the channel length 900 m (6 cells). In the
y direction, there is an uneven number of cells, which gives a symmetric
simulation of the flow. In other words, the central line of the grid splits the
top and bottom half.

The water depth was varied from 10 to 50 m. The bottom inside both the
sea and basin is flat. For 3D simulations, the discretization of space is done
in all Cartesian directions. Vertically, the space is split into N = 10 layers.
Each layer is defined as the average depth plus the water elevation divided
by the amount of layers. The layer thickness is, therefore, neither constant
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in time nor space.
The tidal motion inside the simulation is forced by the boundary con-

ditions at the ocean edges. The water level in the whole domain starts at
the average water depth plus the applied tidal range: H + ζ0. The bound-
ary values at the edge of the oceans start with the same value and oscillate
as described in equation (2.1). There are several options to implement the
boundary conditions. The standard clamped boundary condition, in which
the surface elevation is strictly imposed, will not be used. This is because,
any flow not described by the boundary condition will be reflected back and
any small disturbances will remain inside the domain (Carter & Merrifield,
2007).

Instead, the Flather boundary condition will be used to force the tidal
motion. This boundary condition is an extension of a radiation boundary
condition. The free surface elevation is applied to the radiation condition,
this gives

∂

∂n

[
~vn −

C

H
ζ

]
= 0, (3.1)

with n the outward normal, ~vn the outward velocity, C =
√
gH the surface

phase speed and ζ the elevation. The final velocity at the boundary can be
calculated by integrating equation (3.1) over the boundaries. The velocity of
the fluid passing through the boundary will be calculated with,

~vn,b = ~vext
n ±

√
g

H

(
ζb±1 − ζext

)
, (3.2)

where ~vext
n and ζext are the externally prescribed velocity and elevation. The

velocity at the boundary changes to allow the difference between prescribed
and actual elevation to dissipate away (Carter & Merrifield, 2007).

The velocity and elevation are in opposite phase. The simulations start
at flood, which will result in a smoother start-up. If the water level starts
at mean water depth, a velocity will be prescribed at the boundaries. The
ocean is initially at rest with no velocities. The difference will result in a
shock wave travelling throughout the basin.

At the surface, bottom and land boundaries there are no open boundaries.
Here, the vertical velocities are set to move parallel with the bathymetry. At
the bottom, the horizontal velocities have a no slip condition. To connect the
bottom with the bulk flow, a logarithmic velocity profile is assumed in the
bottom layer. The velocity in the centre of the bottom layers is calculated
with

~ub =
~ub∗
κ

ln

(
0.5h1 + zb0

zb0

)
, (3.3)
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where ~ub∗ is the velocity above the bottom layer, κ = 0.4 the von Kármán
constant, h1 the thickness of the bottom layer and zb0 the bottom roughness
(Burchard et al., 2016). The bottom roughness can be altered to change the
bottom friction. Increasing zb0 will result in a higher bottom friction and
damping of the flow. The value of zb0 was kept at constant at 1 cm. At the
surface, the velocities can be influenced by wind induced surface stresses.
However, no wind forcing is considered in the current project.

3.2 GETM equations

To simulate the flow in estuaries, basins and open waters, GETM uses the
three-dimensional hydrostatic equations of motion for an incompressible fluid
with the eddy viscosity assumption (Burchard et al., 2016). The Coriolis force
is not taken into account during this study. Finally, the equations of motion
for the horizontal velocity components are given by

∂u

∂t
+
∂(u2)

∂x
+
∂(uv)

∂y
+
∂(uw)

∂z
= −g ∂ζ

∂x
+

∂

∂z

(
Av
∂u

∂z

)
+ AH∇2u, (3.4)

∂v

∂t
+
∂(uw)

∂x
+
∂(v2)

∂y
+
∂(uw)

∂z
= −g∂ζ

∂y
+

∂

∂z

(
Av
∂v

∂z

)
+ AH∇2v, (3.5)

where u, v and w represent the velocities in the Cartesian directions x, y, and
z. The z coordinates range from the bottom at z = −H to the elevation,
z = ζ(x, y, t). The vertical eddy viscosity is Av, while AH represents the
horizontal eddy viscosity and is used for parameterization of the momentum
mixing (Blumberg & Mellor, 1987; Burchard et al., 2016).

The vertical velocities are calculated with the continuity equation for an
incompressible flow

∂u

∂x
+
∂v

∂y
+
∂w

∂z
= 0. (3.6)

3.3 GETM setup and details

The TVD-SUPERBEE (second-order, monotone) advection scheme is used
during the calculations. Comparing the SUPERBEE scheme with other
schemes, the results for coarse meshes are of better quality, while for finer
meshes, the results with other schemes are similar (Darwish & Moukalled,
2003). The turbulence scheme used in the models was the k-ε model. This
was calculated by GOTM (the General Ocean Turbulence Model) (Burchard
et al., 2016).
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The time step constraint used in the simulations is based on the speed of
surface gravity waves,

δtmicro <

[
1

2

(
1

dx
+

1

dy

)√
2gH

]−1

. (3.7)

This time step constraint has to be met for the 2D surface calculations. The
surface time step is called the micro or external time step (Burchard et al.,
2016). The constrain for the macro or internal time step, which is used for
interior of the 3D simulations, is less strict and depends on the Courant
advection number,

δtmacro < min

[
dx

umax

,
dy

vmax

]
. (3.8)

For the simulations, the micro time step δtmicro is smaller than δtmacro. The
micro time step is multiplied by a splitting factor, M , to get the macro time
step. In these simulations, the splitting factor is M = 10. The splitting is one
of the mayor advantages of GETM. It requires much less computing power
thus allowing for longer and more detailed simulations. When the micro
time step is below the maximum value, any change in the time step has
minimal effect on the simulation results. To confirm this, several simulations
with different time steps have been run. The model only runs for time steps
smaller than the critical value so, only such time steps have been tested.

As can be seen in equation (3.7), the micro time step depends on the water
depth. For shallower simulations, the minimum time step was larger than
for deeper simulations. The time steps lie between 3 and 7.5 s. The results
are saved every 60 min. At high tidal amplitudes, the simulations become
unstable. At flood, the high water depths will reduce δtmicro. The defined
time step must be reduced in order to match the condition in equation (3.7).
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Chapter 4

Flow within the system

This chapter contains the results on the hydrodynamics. Section 4.1 reviews
the cross-sectional average flow velocity through the channel and compares it
to the conservation of mass model described in section 2.2. Section 4.2 focuses
on the movement of dipoles created at the end of the channel. Section 4.3
contains the calculation of the critical Strouhal number values. Section 4.4
investigates the strength of the circulation cells.

4.1 Cross-sectional averaged channel velocity

An important parameter in this study is the cross-sectionally averaged ve-
locity of the water passing through the channel connecting the ocean with
the basin. To validate the simulations, the velocity from the simulations is
compared to the expression, given in equation (2.5), for the amplitude of the
velocity. Therefore, the average of the velocity over all the grid cells inside
the channel is calculated. This velocity behaves sinusoidally as a function of
time. In figure 4.1, the amplitude of the simulated average velocity is plotted
as function of the expected (calculated) velocity defined in equation (2.5).

The model predicts the velocity with high accuracy, even for different
water depths. The simulated velocity is only slightly larger than the pre-
dicted value, probably caused by an increase of the elevation inside the basin.
During the simulations, the elevation inside the basin surpasses the applied
boundary conditions. Therefore, more fluid needs to be transported which
increases the velocity. However, the difference is small and does not hinder
the ability to use the boundary conditions to define the Strouhal number
before starting a simulation. Hence, in the case that a specific value of the
Strouhal number is required, the parameters can be calculated in advance.
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Figure 4.1: Comparison between the calculated (based on setup parameters)
and simulated amplitude of the velocity through the channel. The fit is
represented by Usim = (1.029± 0.005) · Ucalc + (0.0035± 0.0031)

4.2 Circulation cell movement and behavior

During each tidal cycle, a dipole is formed on each side of the channel. In
this section, the behaviour of the dipoles is investigated. The vorticity,

ω =
∂v

∂x
− ∂u

∂y
, (4.1)

is used to visualise the dipoles. In figure 4.2, the vorticity is depicted after
1 (a), 2 (b) and 3 (c) tidal cycles. After the first tidal cycle, a dipole has
disconnected from the channel and is propagating away. The value of the
Strouhal number in this simulation (St = 0.067) is smaller than the critical
value. This is consistent with the derivation by Albertz (2017) that such
dipoles propagate away. After 3 tidal cycles, the first two dipoles have merged
(figure 4.2(c)). The younger dipoles catch up with older dipoles, and after
multiple tidal cycles, one can see that they merge into a larger patch of
positive and negative vorticity.

In figure 4.3, the vorticity is given for the same simulation after 4 (a),
10 (b) and 20 (c) tidal cycles. The simulation for 10 and 20 tidal cycles
qualitatively look equal. Therefore, one could say that a steady state solution
is reached.

In order to further investigate the dipoles, the circulation will be inves-
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tigated. The circulation Γ is calculated by summing the vorticity over the
second half of the y-coordinates in the ocean:

Γ =

∫ ∫
ωdxdy =

n∑
i

m∑
j=m/2

ωijdxdy (4.2)

with dx and dy the cell sizes, n the amount of x-direction cells and m the
amount of y-direction cells. Because of symmetry, the negative and positive
circulation cells would cancel out if summed together. A second quantity
describing the dipoles is the position of the circulation cell. This is calculated
by taking the centre of mass of the circulation cell,

XΓ(t) =

∫ xmax

0

xΓy(x, t)δx =

[
n∑
1

xiΓy(xi, t)

]
dx, (4.3)

where Γy is the circulation averaged over the top half the y coordinates,
per x coordinate and per time step; x is the horizontal distance from the
channel into the ocean, and xmax the maximum distance, i.e. the end of the
domain. XΓ will be used as the average position of the vortices in the ocean.
This gives an indication of how far the average vorticity inside the ocean has
moved away from the channel. The position XΓ can be seen in figure 4.4 for
two simulations. The blue line represents the simulations shown in figures
4.2 and 4.3 with St = 0.067. After about 7 to 8 tidal periods, XΓ remains
periodically stable. The tidal motion is represented by the periodical increase
and decrease ofXΓ. This is in accordance with the spatial distribution results.
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((a))

((b))

((c))

Figure 4.2: Vorticity field [1/s] for a simulation with St = 0.067. The
vorticity is given after 1 (a), 2 (b) and 3 (c) tidal cycles.
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((a))

((b))

((c))

Figure 4.3: Vorticity field [1/s] for a simulation with St = 0.067. The
vorticity is given after 4 (a), 10 (b) and 20 (c) tidal cycles.
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Figure 4.4: The centre of mass of the circulation cell in the ocean side for
the St = 0.067 and St = 0.168. The spatial distribution of these circulation
cells is described in figures 4.2 and 4.3 (blue) and figure 4.5 (orange).

The second line (orange) in figure 4.4 represents a simulation with a larger
Strouhal number value (St = 0.168) which is above the critical value. The
spatial distribution of the vorticity can be seen in figure 4.5. The setup is the
same as in figures 4.2 and 4.3. The only difference is the smaller amplitude
of the tides. Figure 4.5(a) shows the vorticity after the first tidal cycle. One
can see that there is no dipole present in the ocean. As expected, the dipole
was pushed back into the channel. However, after 2 (figure 4.5(b)) and 3
tidal cycles (figure 4.5(c)), dipoles start to propagate away from the channel.
These are dipoles from the previous cycles, which are pushed in front of the
new dipole, allowing them to escape into the ocean.

The suction of the dipole back into the channel is visible in figure 4.4.
After the first tidal period, the XΓ(St = 0.168) drops below zero. Following
the first tidal cycle, XΓ starts to increase and moves towards a steady state.
This happens a lot slower than the sub critical Strouhal simulation. In the
current simulation, it is possible that XΓ has not reached steady state. A
longer simulation is required.
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Figure 4.5: Vorticity field [1/s] for a simulation with St = 0.168. The
vorticity is given after 1 (a), 2 (b) and 3 (c) tidal cycles.
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4.3 Critical Strouhal number

Albertz (2017) derived a critical Strouhal number with an analytical model
following the approach of Wells & van Heijst (2003). He calculated how
the effect of linear bottom friction reduced the critical Strouhal value. In
our simulations, bottom friction is included. In this section, the influence
of bottom friction on the critical Strouhal number will be investigated by
varying the water depth.

In figure 4.4, XΓ is given as function of time. To derive the critical
Strouhal values for different water levels, XΓ after the first tidal cycle is
plotted as function of the Strouhal number. The first local minimum in figure
4.4 will be used to represent the end of the first tidal cycle. The first tidal
period was chosen as this most closely represents the behaviour of a single
dipole. After multiple tidal cycles older dipoles will shift the circulation cell
further away from the channel. When XΓ drops below zero, the data points
are set to zero, because the calculations were not capable to calculate the
position inside the channel.

Figure 4.6: The position of the circulation cell after the first tidal period
as function of the Strouhal number. The inset zooms in on the transition
between sub- and super-critical Strouhal numbers.

In figure 4.6, XΓ at the end of the first tidal period is depicted as func-
tion of the Strouhal number. For higher Strouhal number values, the vortices

24



are sucked back into the channel, and XΓ drops to zero. At lower Strouhal
number values, the vortices move away from the channel entrance, and their
distance from the channel increases. Figure 4.6 shows a water depth depen-
dence for the propagation of the dipoles. We obtain the critical Strouhal
value by fitting a line through the data points with XΓ > 0. There is a slight
curve downwards in XΓ for the smaller Strouhal numbers. Therefore, the fit
was only based on the first five values of the escaping dipoles. The linear fits
can be seen in figure 4.7. The critical Strouhal number value is given by the
intersection of the linear fit with the x-axis.

For H = 10 m, no dipole propagates away from the channel. Therefore,
there is no critical Strouhal value. For H = 20 m, the critical Strouhal num-
ber determined via the fit is Stcrit = 0.1144. For H = 30 m, the critical
Strouhal number is Stcrit = 0.1345. Which implies that the dipoles escape
easier than for H = 20 m. This is in line with the expectation that bottom
friction is less prominent in deeper water and dipoles remain stronger and
escape easier (Albertz, 2017). For H = 40 m, the critical Strouhal number
increased further to Stcrit = 0.1391, and for H = 50 m, till Stcrit = 0.1443.
The uncertainty for H = 50 is much larger, close to the critical Strouhal
number the switch seems to be vague and not as precise as for the shal-
lower simulations. This implies a less abrupt switch between escaping and
returning dipoles. Table 4.1 contains the critical Strouhal values with their
respective uncertainty.

Table 4.1: The critical Strouhal numbers with their uncertainties.

Stcrit 95%
H20 0.1144 0.0064
H30 0.1345 0.0020
H40 0.1391 0.0029
H50 0.1443 0.0119
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Figure 4.7: The position of the circulation cell after the first tidal period
as function of the Strouhal number. The inset zooms in on the transition
between sub- and super-critical Strouhal numbers. Linear fits are used to
determine the critical Strouhal number.

The difference in critical Strouhal number between H = 20 and H = 30
m is approximately four times as larges as the difference between the deeper
simulations. The difference between the deeper simulations was approxi-
mately equal. Causes could be the smaller relative change in water depth for
the deeper simulations, or the approach of a depth at which bottom friction
influence does not change with increase of the water depth.

The critical Strouhal numbers acquired via these simulations are larger
than derived by Albertz (2017), who derived Stcrit ≈ 0.08750, without bot-
tom friction. The setup has a major influence on the critical Strouhal number.
Bryant et al. (2012) measured that shorter channels produce higher amounts
of circulation. Albertz (2017) used a relatively long channel. In this study,
only one basin and channel size are used, with the channel being relatively
short. This will give stronger dipoles which escape at larger Strouhal values.

4.4 The strength of the circulation cell

The strength of the circulation cell in the ocean was also investigated. The
maximum circulation during the first tidal cycle can be seen in figure 4.8. As
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can be expected, the circulation is stronger for lower Strouhal values. The
bottom friction influence is also visible. The simulations with H = 10 m
have the weakest circulation. The strength of the circulation increases with
the water depth until there is no real difference visible from H = 30 m and
deeper.

Figure 4.8: The maximum value for the circulation cell after the first tidal
cycle as function of the Strouhal number. The simulations were performed
at five water depths.

The critical Strouhal number is used to determine a single relationship
between Γocean and Strouhal number. By dividing the Strouhal numbers by
the critical value, the different water depth dependencies are removed. The
result can be seen in the form of a loglog plot in figure 4.9. All the values
collapse onto a single power law relationship,

Γocean = (368.0± 9.7) · St(−1.670±0.027), (4.4)

for sub-critical Strouhal numbers. For larger Strouhal values, some of the
circulation calculations drop below the power law relationship.
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Figure 4.9: A logarithmic plot of the maximum value for the circulation cell
after the first tidal cycle as s function of the Strouhal number divided by the
critical value. The fit is given by Γocean = (368.0± 9.7) · St(−1.670±0.027)
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Chapter 5

Flushing of tidal basins

This chapter contains the investigation on the flushing of the coastal basin.
Section 5.1 gives some examples of different flushing scenarios. As these re-
sults do not show a quantitative difference between the different situations,
another method was needed. Section 5.2 introduces the return flow factor.
Some of the relevant models, made in previous studies, are explained. Fol-
lowed by their implementation in the current setup in section 5.3. Section
5.4 describes the return flow factor results. The investigation is split in three
parts. Section 5.4.1 focuses on the return flow factor for the first tidal cycle.
This most accurately represents analytical models. Section 5.4.2 focuses on
the effect of different water levels on flushing. Section 5.4.3 looks at the time
dependence of the flushing. Section 5.4.4 investigates if the filling of the
channel has a major influence on the return flow factor.

5.1 Flushing scenarios

The flushing of the coastal basin is investigated by following the amount of
tracer inside the basin. After every tidal cycle, polluted water is replaced with
clean water from the ocean. This reduces the amount of tracer inside the
basin. In figure 5.1, the tracer percentage inside the coastal basin is depicted
as function of time. The initial tracer total mass and average concentration
are set to 100%. The total tracer mass in the basin is represented by the blue
lines. Every tidal cycle mass is ejected and returned into the basin. This
effect is clearly visible by the sinusoidal motion. The orange line represents
the average concentration of tracer inside the basin. In the calculation of the
concentration, the changing elevation is incorporated. The elevation, con-
taining the tidal motion, removes the details of the in and outflow of tracer.
When water containing 100% tracer leaves the basin, the concentration re-
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mains the same. The concentration shows the entering of clean water into the
basin with a step like decay. In section 5.2, both the average concentration
and the total mass are required for the calculation of the return flow factors.

Figure 5.1 contains the four characteristic flushing scenarios. In figure
5.1(a), a linear decay of the concentration can be seen. This linear decay is
probably the beginning of an exponential decay, but due to the long simula-
tion time required, this was outside the simulation length. In this simulation,
St = 0.168, which is above the critical value and explains the slow flushing.
The water depth for this simulation was 40 m.

In figure 5.1(b), an exponential decay can be seen. The Strouhal value
for this case (St = 0.091) is smaller than the critical value, increasing the
flushing rate. The water depth for this situation was H = 20 m. The
exponential decay will not continue to zero but achieve an equilibrium. The
build up of a polluted area in front of the channel will stop the concentration
dropping below the equilibrium. This effect can be seen in more detail in
figure 5.1(c). Decreasing the Strouhal number to St = 0.055 increased the
flushing rate. The initial two or three tidal cycles decreased linearly, after
which the concentration decay slows down to the equilibrium.

The Strouhal number is not the only parameter governing the flushing.
In figure 5.1(d), the Strouhal number is nearly identical as the one in figure
5.1(c). However, the water depth is twice as large, H = 40. Increasing the
water depth reduced the effect of bottom friction which allowed the tracer to
move away further from the channel. This increases the size of the polluted
area in front of the channel. A larger tracer area outside the basin will result
in a smaller average concentration inside the basin. This results in a decrease
of the minimum concentration by approximately 20%. The deeper simulation
has the added effect that some of the expelled tracer gets flushed back into
the basin as parts of high tracer concentration return to the inlet.
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((a)) H = 40, St = 0.168 ((b)) H = 20, St = 0.091

((c)) H = 20, St = 0.055 ((d)) H = 40, St = 0.056

Figure 5.1: The tracer total mass (blue) and average concentration (orange)
inside the basin as function of time. (a) Shows a linear decay; (b) shows an
exponential decay; (c) shows an equilibrium situation, and (d) an increase in
tracer mass/concentration.
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((a)) 1.5 tidal cycles ((b)) 3.5 tidal cycles

((c)) 5.5 tidal cycles ((d)) 10.5 tidal cycles

((e)) 15.5 tidal cycles ((f)) 20 tidal cycles

Figure 5.2: The spatial distribution of the tracer for H = 20 m and St =
0.055. The tracer reaches an equilibrium position, referenced in figure 5.1(c).

The polluted area in front of the channel can be seen in more detail in
figure 5.2. In this figure, the tracer concentration after several tidal cycles
can be seen for the equilibrium concentration scenario, seen in figure 5.1(c).
On both sides of the channel, areas of either high, in the ocean, or low, in the
basin, concentration are formed. These areas will be referred to as clouds.
These clouds continue to grow after more tracer is exchanged. The growth
of the clouds decreases the exchange of tracer. Eventually, only mixed water
that is exchanged across the inlet. This results in an equilibrium. After
approximately 10 tidal periods the whole basin is filled with mixed water.
This corresponds with the time required to reach equilibrium in figure 5.1(c).

Figure 5.3 shows the spatial distribution for the case of tracer concentra-
tion increasing after reaching an initial minimum. Figures 5.3(a) and 5.3(b)
show that the dipoles move away further from the channel. Instead of form-
ing two clouds around the inlets, clean dipoles inside the basin move all the
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((a)) 1.5 tidal cycles ((b)) 3.5 tidal cycles

((c)) 5.5 tidal cycles ((d)) 10.5 tidal cycles

((e)) 15.5 tidal cycles ((f)) 20 tidal cycles

Figure 5.3: The spatial distribution of the tracer for a simulation withH = 40
m and St = 0.056. The tracer concentration inside the basin increases in the
final stages of the simulation, referenced in figure 5.1(d).

way to the back and start moving around the edges. They form two rings
of low tracer concentration circling around the edge, leaving a higher con-
centration in the centre. The dipoles containing a high tracer concentration
move further towards the ocean. During the first tidal cycles, the ejected
dipoles consist purely of water with a tracer concentration of 100%. After
approximately 5.5 tidal cycles, the clean patches have traveled around the
basin. The dipoles ejected from this point into the ocean contain a much
larger fraction of clean water. This creates a clean core inside the ocean side
cloud. The cloud contains a small circulation, which moves two patches of
higher concentration at the edge of the cloud back towards the basin. In the
shallower simulation, these patches get mixed with the rest of the cloud. The
reduction of horizontal mixing also shows in the high concentration gradients
inside the basin. In order to determine the eventual steady state solution,
the simulations need to be run for a longer time.
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5.2 Return flow factor theoretical models

Some of the global flushing behaviours have been shown in section 5.1. How-
ever, no quantifiable and comparable models were presented. The return
flow or flushing factor are descriptions which give more insight into flushing.
There are different definitions for the flushing or return flow factor among
different investigations. In this work, all the different models will be given
and tested in the form of a return flow factor. This section will describe three
important theoretical models.

5.2.1 Stommel and Farmer (1952)

Following the derivation in Wells & van Heijst (2003), based on the classic
model of tidal flushing by Stommel & Farmer (1952), an expression for the
salinity inside an estuary is provided. The tidal asymmetry between ebb
and flood is used to describe a flushing factor. During flood, a jet of ocean
water is injected into the estuary. During ebb, the flow is reversed and can
be described with a sink flow. In figure 5.4, the situation is sketched. The
jet length is given by,

L = UT/2, (5.1)

with U the constant channel velocity and T/2 half the tidal period. The jet
area is A = WUT/2, with W , the width of the channel. The sink area is
approximated with a semicircle. Its volume is equal to that of the expelled
jet. This results in a semicircle radius of

r =
√
LW (2/π). (5.2)

These two length scales can be used to calculate the fraction of expelled
water. ‘The ratio of the fluid that remains behind each tidal cycle, to the
total transported through the channel will then scale as’

flushing ratio ≈ L− r
L

= 1−
√

4W

πUT
= 1−

√
4

π
St. (5.3)

The flushing factor can be rewritten into a return flow factor, b. The defi-
nition of the return flow factor is reversed relative to the flushing factor,

bStommel = 1− flushing ratio =

√
4W

πUT
=

√
4

π
St. (5.4)

The return flow factor calculated with this model is purely based on flow
behaviour. It will not model any other effects, such as any time dependencies,
which might occur when using tracers.
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Figure 5.4: The jet exiting the estuary and the returning sink flow. From the
models created by Stommel & Farmer (1952) and Wells & van Heijst (2003).
Figure taken from Wells & van Heijst (2003).

5.2.2 Chadwick and Largier (1999)

The model for the exchange fraction developed by Chadwick & Largier
(1999b) was also based on work by Stommel & Farmer (1952). Just as
in Wells & van Heijst (2003), a jet and sink flow are assumed. The length
scale of the sink flow is defined slightly different than in Wells & van Heijst
(2003),

lsink =

√
Abζ0

πHw
, (5.5)

where Ab is the area of the basin, ζ0 the elevation, H the water depth and
w represents the fraction of a complete circle occupied by the withdrawal
zone. w is assumed to be a semicircle in the model by Wells & van Heijst
(2003). Using a semicircle to create the same situation as in Wells & van
Heijst (2003) results in only a small difference between the two models. The
return flow factor will be defined as,

bchadwick = ζ̂−1/2, (5.6)

where η̂ is the normalized elevation,

η̂ =
πAbasinζ

W 2H
. (5.7)
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5.2.3 Rynne at al. (2016)

Rynne et al. (2016) continued the work by Stommel & Farmer (1952). How-
ever, they define two exchange factors. εocean describes the fraction of the
tidal prism, which after exiting the basin during ebb, remains in the ocean
during the following flood. The tidal prism is defined as the size of the
transported water during ebb and flood. The exchange factor is quantified
as

εocean =
mout −min

mout

, (5.8)

where min and mout are the masses of tracer transported into and out of the
basin. Secondly, εlagoon describes the fraction of the tidal prism which enters
the lagoon during flood and remains in the lagoon during ebb. It can be
quantified with

εlagoon =
min −mout

min

. (5.9)

An assumption, necessary for this measurement method to work, is that
the tracer inside the basin is completely mixed. This mixing is assumed to
happen during ebb. These exchange factors can be put into a simple model
for the concentration inside a basin

cn = cn−1 −
εoceanεlagoonPcn−1

V
, (5.10)

where P and V represent the tidal prism volume and total volume of the tidal
basin, respectively and cn is the concentration at tidal cycle n. It is possible
to determine the concentration of the current tidal cycle with the knowledge
of the previous concentration. Using a Taylor expansion and some rewriting,
equation (5.10) can be rewritten into an exponential decay,

c(t) = c0 exp

(
−εoceanεlagoonPt

V T

)
. (5.11)

This exponential decay of the concentration is the model most commonly
found in literature. Most models only include a single exchange factor instead
of both the ocean and lagoon exchange factors. The values for the exchange
factors are based on an empirical relationship with the Reynolds number in
the channel

εoceanεlagoon = tanh

(
Re

1.06 · 1010

)
. (5.12)

This relationship is based on simulations and is only valid for their configu-
ration.
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5.3 Return flow factor calculation methods

This section will give several different methods used to calculate the return
flow factor. The return flow factors will be calculated using the amount of
tracer present in the basin.

5.3.1 Linear decay assumption

During several simulations, a linear decay of the concentration inside the
basin was observed for the initial tidal cycles. This situation occurs when
there is no mixing between clean water and tracer water from the basin. In
other words, the linear decay happens when water with a tracer concentration
of 100% is expelled or the exchange between the basin and ocean is small.
The slow exponential decay can also be described with a linear decay. The
return flow factor can be derived from this linear fit. In the case when only
fluid with concentration c0 gets ejected the concentration inside the basin
can be calculated with

c(t)

c0

= 1− t

T

(
1− (1− b) 2ζ0

ζ0 +H

)
. (5.13)

The return flow factor is determined by comparing this to a linear fit, y =
αx+β, of the concentration. In the fit y = c(t)/c0, x = t/T and β = 1. This
gives for the return flow factor

blinfit = 1 +
α(ζ0 +H)

2ζ0

. (5.14)

It is important to note that this linear fit is only representative if there is
a linear decay of the concentration in time. By applying the fit to only the
first few tidal cycles, the method describes the return flow factor with relative
accuracy. This method will be used to compare the models with simulation
results. This calculation method derives one return flow factor per simulation
run, i.e. there is no time dependence.

5.3.2 Rynne et al. (2016)

In section 5.2.3, the model created by Rynne et al. (2016) is described. Their
model is based on a numerical results. Here, a short description is provided
how their model will be used to derive the return flow factor out of our
simulations. In order to extract εoceanεlagoon from their simulation results,
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Rynne et al. (2016) used

εoceanεlagoon =
V
(

1− cn
cn−1

)
P

, (5.15)

with cn is the concentration at tidal cycle n and P and V the respective
tidal prism and mean volume of the basin. They could only measure the
product of both exchange factors together. The exchange factors in Rynne
et al. (2016) are defined as the fractions which get expelled. In another way,
they are the opposite of the return flow factor,

bRynne = 1− εoceanεlagoon. (5.16)

Combining equations (5.15) and (5.16) the return flow factor can be calcu-
lated with

bRynneCalc = 1−
V
(

1− cn
cn−1

)
P

. (5.17)

5.3.3 Barber and Wearing (2001)

Barber & Wearing (2001), following nearly the same derivation as DiLorenzo
et al. (1995), created a model to predict the concentration inside a tidal basin.
This model did not provide a value for the return flow factor. However, their
model can be used to calculate the return flow factor in a simulation. Barber
& Wearing (2001) used the model by DiLorenzo et al. (1995) to derive a
pollution exchange coefficient

E =

[
1− v
1 + v

](1−b)

, (5.18)

where v is the fraction of the tidal prism over the total volume and b is the
return flow factor. This same coefficient was also expressed as function of
the concentration inside the basin

E = 1−
(
c(n)

c0

)1/n

, (5.19)

where n represent the amount of tidal cycles and c the concentration. Equat-
ing the two pollution exchange factors and solving them for the return flow
factor gives

bBarber = 1−
log

((
c(n)
c0

)1/n
)

log
(

1−v
1+v

) . (5.20)
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This return flow factor calculation compares the concentration at tidal cycle
n with the initial concentration c0. For the first tidal cycle this does not
provide any problems. However, after multiple tidal cycles, the calculated
return flow factor will change. After n tidal cycles the return flow factor will
be the average of all previous periods. This will reduce applicability for a
time dependent investigation.

5.3.4 Gómez et al. (2014)

Gómez et al. (2014) estimate the return flow factor from the evolution of the
tracer mass inside the basin. In their derivation, the return flow factor is
only calculated for the first tidal cycle. With only minimal changes, it can
be estimated for all tidal periods so that

bGomez =
returning mass

exited mass
=
Mflood −Mebb

M0 −Mebb

=
Mn+1 −Mn+ 1

2

Mn −Mn+ 1
2

, (5.21)

where Mflood is the mass inside the basin after the first complete tidal cycle
and Mebb is the mass inside during ebb. In figure 5.1, Mflood can be seen
as the peaks of the mass inside the basin, while Mebb is the following local
minimum. This is the only calculation which does not use the tidal prism
but the tracer mass during ebb, Mebb, in its derivation. This simplifies the
model greatly.
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5.4 Return flow factor results

5.4.1 The dependence on the Strouhal number

In this section, the behaviour of the return flow factor as function of the
Strouhal number will be investigated. The first tidal cycle will be used to
compare models and calculation methods for different flow strengths. The
first tidal period best represents the models. It is not influenced by tracer
expelled by a previous tidal cycle and the basin is still completely mixed.
The results of the different return flow factor calculations and models are
plotted in figure 5.5. The return flow factor calculations are based on sim-
ulations with H = 20. It can be seen that for large Strouhal values the
that calculations converge, while for smaller values they start to deviate. At
the smallest Strouhal value, Gomez’ model has the lowest return flow factor
at 0.26 and Rynne’s model the highest at 0.36. These trends are not only
applicable for H = 20 m but for all values of H. There is some difference
in the amplitude but, all the models show the same qualitative behavior. At
low Strouhal values, the rise is relatively steep. After crossing the critical
Strouhal value, the return flow factor rises slower.

Figure 5.5: The return flow factor for the first tidal cycle as a function of the
Strouhal number. The water depth is H = 20 m.
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The empirical model by Rynne et al. (2016) does not represent simulated
data points. It drastically overestimates the return flow factor. This can be
expected as their basin did not coincide with our basin.

The models by Wells & van Heijst (2003) and Chadwick & Largier (1999b)
more accurately describe the return flow factor. However, the shape does not
follow simulations. At low Strouhal values, these models seem to represent
the simulations quite accurately. At medium Strouhal values, close to the
critical Strouhal number, the calculations result in a higher return flow factor.
This switches to where at high Strouhal values, the return flow factor drops
below the models by Wells & van Heijst (2003) and Chadwick & Largier
(1999b).

5.4.2 The influence of water depth

The influence of water depth on the return flow factor was investigated using
the Gomez calculation method. This method was chosen because, it is stable
and does not show any large variations. In figure 5.6, the return flow factor
for five different water levels can be seen. There is a relation between the
water depth and return flow factor. For shallow waters, the return flow factor
is higher. Moving to deeper waters, the return flow factor decreases until a
certain water depth, at which return flow factor values collapse. This water
depth lies between H = 30 and H = 40 m.

In shallow waters, bottom friction will dampen any flow behavior quickly.
The dipoles created at the channel entrance will propagate for only a short
distance. In section 4.3, it was determined that for H = 10, no dipoles
escaped the tidal reversal. This effect is visible in figure 5.6. There is no
significant decrease in the return flow factor for small Strouhal values. For
H = 10, the return flow factor at the smallest Strouhal value increases.
However, this is likely caused by faulty a simulation since the high tidal
amplitude required to calculate this Strouhal value resulted in the time step
approaching the limiting time value given in equation (3.7).

The return flow factors for different water depths can be collapsed by
plotting the return flow factor as a function of the Strouhal number divided
by the respective critical Strouhal number, see figure 5.7. For H = 10 m,
no critical Strouhal number could be calculated, and therefore, these results
are not presented. Dividing by the critical Strouhal number will unify any
dependence on for instance bottom friction.

The return flow factors for H = 20 m do not totally comply with this new
relation. For sub critical Strouhal numbers, the return flow factor remains
above the other simulations. A likely cause is the non linear effect of bottom
friction. For the super critical Strouhal values, the return flow factors con-
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Figure 5.6: The return flow factor for the first tidal cycle as a function of the
Strouhal number for five different water depths. The calculation method is
the model by Gómez et al. (2014).

verge for all water depths. This implies that the decay of dipoles might be
the governing influence on the rise of the return flow factor for H = 20.

Two different dependencies of the return flow factor on the Strouhal num-
ber are visible in figure 5.7. At approximately the critical Strouhal number,
the slope changes strength. For sub critical Strouhal values, the return flow
factor is much more dependent on the Strouhal value. Further confirmation,
that the difference between escaping and returning dipoles has a significant
effect on flushing.
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Figure 5.7: The return flow factor, for the first tidal cycles, as a function of
St/Stcrit. The model by Gómez et al. (2014) is used to acquire the data.

5.4.3 Time dependence

Section 5.1 showed four different time dependent flushing behaviors. In this
section, two of these flushing behaviors will be investigated further. In par-
ticularly, we will discuss the case in figure 5.1(c), where the concentration in
the basin achieved a steady state, and the case in figure 5.1(d), where the
concentration increased in the later stages of the simulations.

The return flow factor associated with the steady state simulation can be
found in figure 5.8. This figure contains the three models (section 5.2) and the
four calculation methods for the return flow factor (section 5.3. The models
are represented with horizontal lines. The models should be compared to
the first tidal periods of the data methods because the models all represent
a clean ocean with a completely mixed tidal basin.

The calculation method by Barber & Wearing (2001) does not accurately
represent the time dependence of the return flow factor. As mentioned in
section 5.3.3, the calculation method uses the data from all the previous
tidal cycles instead of the current one. Therefore, it basically calculates
the average return flow factor of all previous tidal cycles. The linear fit
calculation also does not represent any time dependence. It only calculates
the average return flow factor of the first few tidal cycles.

The calculation methods by Rynne et al. (2016) and Gómez et al. (2014)
do give tidal cycle dependent return flow factors. Their results coincide for
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Figure 5.8: Return flow factor as function of the time, with flow parameters:
H = 20 m, St = 0.055.

most data points. The Rynne data method is slightly more susceptible to
fluctuations. During the first ten tidal cycles, the Rynne data method moves
slightly above and below the method by Gomez. Rynne et al. (2016) use
a combination of the tidal prism and the average concentration inside the
basin for its calculation. The concentration can not be used to determine the
amount of expelled tracer, as it does not decrease during ebb. Rynne et al.
(2016) solve this by adding the tidal prism to the derivation. The stability
of the Gomez model is likely caused by its use of both the tracer mass values
at flood and ebb to calculate the return flow factor.

The setup in figure 5.8 requires approximately 13 tidal cycles to reach
the equilibrium value of one. When the return flow factor is one, the amount
of expelled tracer is equal to the amount of returning tracer. After the first
tidal cycle, the return flow factor immediately starts to increase. This is
caused by the growth of a cloud of tracers in front of the channel entrance.
Reducing the amount of clean water available.

In figure 5.9, the flushing behavior is totally different. The same Strouhal
value does not mean the same time dependence. The increased water depth
allows the dipoles to propagate away from the channel entrance. Therefore,
the cloud of tracer is positioned further away from the channel. This will
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more accurately represent a clean ocean. Thus, the return flow factor remains
close to the value of the first tidal cycle for a longer time. After 10 tidal cycles,
the return flow factor abruptly increases to a value above one. This coincides
with, the cloud of high tracer concentration returning into the basin. As the
cloud of high tracer concentration has nearly totally entered the basin after
20 tidal cycles, see figure 5.3(f), the return flow factor should decrease to the
equilibrium value of one.

Figure 5.9: Return flow factor as function of the time, with flow parameters:
H = 40 m, St = 0.056.

5.4.4 Effect of the initial location of the tracer

A small change in the initial position of the tracer will better represent the
models based on the work by Sanford & Boicourt (1992). These models cal-
culate the return flow factor at the channel inlet. However, the simulations
in this work have calculated the return flow factor at the channel-basin in-
terface. In this section, the influence of the initial location of the tracer is
investigated. In figure 5.10, the two situations are depicted. In figure 5.10(a),
there is no tracer present in the connecting channel. In figure 5.10(b), the
channel is filled with tracer.

The return flow factor was compared for two water depths, namely H =
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((a)) Old case ((b)) New case

Figure 5.10: The change in initial tracer conditions. The location of the
tracer is shown in red. In the old case no tracer was present in the channel. In
the new case there is. The position where the return flow factor is calculated
is also shifted.

20 m (figure 5.11(a)) and H = 40 m (figure 5.11(b)). The new initial con-
ditions show an increase of the return flow factor for large values of the
Strouhal number. However, at the highest values the two situations seem to
converge again. At low Strouhal numbers, the return flow factor for the new
simulations drops below the initial simulations. The split in two different
behaviors is more prevalent for a filled channel.

In the old setup, the tracer is confined when it starts moving through
the channel. This would expect to give higher return flow factor values,
especially for high Strouhal values. If the water only moves a small amount
and is mostly confined by the channel, one would expect that all the tracer
gets pulled back into the basin. This effect does not appear to be the main
influence on the change of return flow factor because the return flow factor for
the new setup increased instead of decreasing. For a greater understanding
more simulations should be performed, if possible, at more extreme values of
the Strouhal number.
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((a)) H = 20 ((b)) H = 40

Figure 5.11: The return flow factor as function of the Strouhal number for
simulations with H = 20 m and H = 40 m.
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Chapter 6

Conclusion

In this thesis, we investigated the tidal flushing of an idealized square coastal
basin, approximately 10× 10 km in size through numerical simulations. Dif-
ferent flow regimes are created by changing the amplitude of the tide. The
Strouhal number St is the ratio of the advective and tidal timescales. The
critical Strouhal number indicates the switch between returning and escaping
dipoles. In this work, the critical Strouhal number is derived for a range of
water depths. No critical Strouhal number was derived for simulation with
a depth of H = 10 m. In the deeper flows, bottom friction is less dominant
and dipoles escape at higher Strouhal values.

Three return flow factor models were compared to four return flow factor
calculation methods. The return flow factor represents the fraction of tracer
returning into the basin after each tidal period. Depending on the Strouhal
number and the water depth, several different flow behaviors are observed.
Increasing the Strouhal value increased the return flow factor. At sub critical
Strouhal values, the return flow factor depends strongly on the Strouhal num-
ber. Above the critical Strouhal number, the return flow factor dependence
on the Strouhal number decreases. The water depth influences the return
flow factor by changing the influence of bottom friction. Deeper waters re-
sult in a lower return flow factor. At water levels larger than H = 30, the
return flow values seems to not depend on the water depth anymore. The de-
pendence on the water depth can be related to the critical Strouhal number.
The return flow factor as function of the Strouhal number divided by the
critical Strouhal numbers collapsed the height dependent return flow factors
to a single relationship. This relationship shows two flushing dependencies,
which are split at the critical Strouhal number.

Only the qualitative estimate can be made for the flushing time. For
smaller Strouhal values and higher water depths, the flushing time will de-
crease. After an infinite amount of time, all simulations will result in a
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return flow factor of one. Simulations with large Strouhal numbers often
need extremely long simulation times, which were beyond the scope of this
work. Some of the simulations with low Strouhal values showed that tracer
moved back into the basin. These simulations created a mayor difficulty in
determining the flushing time.

This is one of the mayor point of improvements for further investigations.
Longer simulations will shed more light on the flushing timescales for several
specific flushing scenarios. These new simulations should be performed using
the correct initial conditions. In section 5.4.4, a start is proposed for an
improved setup. This setup should also incorporate a larger ocean because
for low Strouhal numbers and high water depths, the tracer in the basin
reached the edges of the domain. This influenced time dependent flushing
behavior. The range of applied Strouhal numbers could also be increased. In
this work, a maximum amplitude of 10% of the water depths is used for the
tidal cycle. In real basins, much larger tidal ranges are present.

To conclude, the flushing of a tidal basin is dependent on both the
Strouhal number and the water depth. Their relationships were investigated
in this work. This gave valuable insight into the flushing at different flow
regimes, but did not provide an reliable relationship for the flushing time.
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