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The influence of the spring-neap cycle on tidal exchange

Abstract

Tides induce a periodic flow through a channel, that connects a
basin and the sea. These tides are mainly based on two types; the
principal lunar semidiurnal M2 and the principal solar semidiurnal S2.
In previous studies, it is often assumed that semidiurnal lunar tides
dominate over the semidiurnal solar tides. Therefore the spring-neap
cycle is neglected, which is caused by the semidiurnal solar tides. To
study the influence of the spring-neap cycle on tidal exchange, the
spatially averaged concentration level of the basin is studied over time
for the case with only semidiurnal lunar tides and for the case with
the combined action of semidiurnal lunar and semidiurnal solar tides.
In addition, three parameters of the numerical model are changed to
study the universality of the influence. The influence of semidiurnal
solar tides can be neglected in the long-term. However there is an in-
fluence in the short-term. This influence is greater at a higher Strouhal
number, and at a higher ratio of the averaged velocity in the channel
due to semidiurnal solar tides over that of semidiurnal lunar tides.
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1 Introduction

Estuaries and basins are partly enclosed coastal bodies, and are connected
to the sea through a channel. An example of such a basin is the Golfo San
Matias in Argentina, which is illustrated in figure 1. This kind of ecosystem
is one of the most productive in the world. In other words, these ecosys-
tems produces more organic matter than they use (Day Jr, Yanez-Arancibia,
Kemp, & Crump, 2013). Schelske and Odum (1962) found several reasons
for this high productivity in Georgia estuaries. One of those reasons is the
in-, and outflow of sea water due to the tidal action. The high productivity
allures humans towards those estuaries or basins. The growth of the in-
dustry, agriculture, and urbanization due to human activity are threatening
those basins with pollution and overharvesting (Day Jr et al., 2013). Due to
pollution, the basin has to renew its water before the concentration of the
pollutant gets to a critical level.

The renewal of the water does not take place by human intervention, but
thanks to some natural phenomena. Awaji et al (1980) concluded from their
study that the major part of the water exchange is through the influence of
the tides. The tides induce a current between the basin and the sea through
the channel, which leads to the exchange of mass between the two areas.
This current also produces two counter-rotating vortices, which can couple
with each other to form a dipole. This dipole will develop a self-induced
velocity and propagate away from the channel. After the tide turns, the
dipole can either escape, hover or be sucked back into the channel depend-
ing on its circulation strength. Those types of behavior were described by
Kashiwai (1984), and later by Wells and van Heijst (2003). The amount of
water exchange depends amongst other things on the behaviour of the dipole.

Therefore, many studies were focused on parameters that influence the be-
haviour of the dipole. Most of those studies were about the geometry of
the channel. Nicolau del Roure et al (2003) and Bryant et al (2012) studied
the different kind of inlets, and Thorez (2015) studied the influence of the
relative location of the channel. All of these studies used the same assump-
tion regarding the influence of the tides. They all assumed that the tides
were only affected by the principal lunar semidiurnal M2 to reduce the com-
plexity. However there are much more tidal constituents influencing tidal
exchange, for example the principal solar semidiurnal S2. The combination
of these two tidal consituents are creating the so-called spring-neap cycle.
During the study, these tidal consitituents are known as semidiurnal lunar
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tides and semidiurnal solar tides respectively.

In order to study the validity of this assumption, the influence of the spring-
neap cycle on tidal exchange between the sea and the basin is studied in this
paper. This is done by comparing the situation with only semidiurnal lunar
tides to that of the combined action of semidiurnal lunar and semidiurnal so-
lar tides. All other tidal constituents are neglected during this study. Using
numerical simulation, it will be studied whether the spring-neap cycle has
any influence on tidal exchange. During the study, multiple parameters will
be changed to discuss the universality of this influence. Since the horizontal
dimensions are much larger than the depth of the fluid, a two-dimensional
model will be used. Therefore, any vertical motion will be ignored.

Figure 1: The Golfo San Matias including its channel, which is the small
opening between the peninsulas. Image obtained through google maps
satelite.
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2 Statement of problem

2.1 Tides

The periodic rise and fall of the surface of the sea and of its estuaries can
be influenced by many variables, such as wind, pattern of the weather, and
most important tides. Tides are geophysical phenomenon produced by tidal
forces. A tidal force is the effect of gravity on a primary body and is caused
by another body (Matsuda, Isaka, & Boffin, 2015). The moon exerts such a
tidal force on the earth. This tidal force creates the high and low water of
the semidiurnal lunar tides, which are respectively known as flood and ebb.
An example of this periodic change of the seawater level due to semidiurnal
lunar tides is given in figure 2a, which is measured in Bridgeport.

(a) The action of only semidiurnal lunar
tides.

(b) The combined action of semidiurnal
lunar and semidiurnal solar tides.

Figure 2: The height of the water compared to the level with
different type of influence of tides. Figures obtained from:
http://www.math.stonybrook.edu/ tony/tides/harmonic.html.

The moon is not the only object exerting a tidal force on the earth. The
sun also exerts such a tidal force, although the periodic rise and falls are
a little bit smaller. This tidal force produces the semidiurnal solar tides,
and works in the same way. If the earth, moon and sun are all in line,
the semidiurnal lunar and semidiurnal solar tides will enhance each other,
what leads to extremely high tides called spring tides. If the semidiurnal
lunar and semidiurnal solar tides are not acting together, it will lead to
extremely small tides called neap tides. An example of the combination of
the semidiurnal lunar and semidiurnal solar tides can be seen in figure 2b.

Turbulence and vortex dynamics 4
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2.2 Pattern of the flow

2.2.1 Circulation

Tidal forces induce a periodic flow through the channel, which connects two
areas to each other. At the end of the channel, the boundary layers generate
vorticity, which leads to the creation of vortices on each side of the channel.
The formation of those vortices is illustrated in figure 3a. The vorticity de-
termines to what extent the velocity field curls, and is given by

ωωω = ∇× uuu. (1)

In a two-dimensional model, the equation reduces to

ωωω = ωzeeez = (
∂v

∂x
− ∂u

∂y
)eeez (2)

where ωz is the only non-zero component of the vorticity ωωω, and u and v
are respectivley the x- and y-components of velocity field uuu. The strength
of a vortex is defined as the area integral of the vorticity, which is called the
circulation. The circulation can be defined as

Γ =

∫ ∫
ωωω · dAAA =

∮
uuu · dlll, (3)

(Kundu & Cohen, 2002).

Figure 3: (a) The two patches of vortices are formed through the channel.
(b) They form a dipole together. And after the tides reverses, there are two
velocities competing with each other (Hoebers, 2015).
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2.2.2 Self-induced velocity of the dipole

If two patches of vortices of opposite rotation are close to each other and
moving in the same direction, they will form a dipole together. This dipole
creates a self-induced velocity and propagates away from the channel. A
dipole formed by two point vortices with strengths of respectively plus and
minus Γ has a self-induced velocity

Vdipole,pointvortices =
Γ

2πa
(4)

with a the distance between the two point vortices (Kundu & Cohen, 2002).
In the case that the point vortices have unequal strength, the trajectory of
the dipole will be curved. Flór (1995) stated that as the distance a gets
smaller, the dipole will look similar to the Lamb dipole. A Lamb dipole has
a continuous distribution of vorticity, and therefore it travels with a con-
stant velocity, while it presevers its shape (Cavazza, Van Heijst, & Orlandi,
1992). The self-induced velocity of this dipole is given by

Vdipole,Lamb =
Γ

2.2πλ
(5)

with λ the distance between the centers of the patches at maximum vorticity.
However, the difference between the self-induced velocities is so small due to
a close relation of parameters a and λ. Therefore, the self-induced velocity
of the simplest model given in equation (4) can be used.

2.2.3 Different types of dipoles

This dipole keeps propagating away from the channel with this self-induced
velocity until the tides reverse. The reversing tide creates a velocity opposite
to the self-induced velocity. This velocity is directed towards the sink as can
be seen in figure 3b. The battle between both velocities can be influenced
by multiple parameters. Kashiwai (1984) studied the relation between the
dipoles behaviour and a dimensionless number called the Strouhal number.
The Strouhal number, St, is defined as

St =
W

UT
(6)

where is W the width of the channel, U the averaged maximum velocity in
the channel, and T the tidal period. The Strouhal number represents the

Turbulence and vortex dynamics 6
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ratio between the time-dependent effects and the inertial forces. Kashiwai
(1984) showed that this ratio influences the behaviour of the dipoles. He and
Wells and van Heijst (2003) divided those dipoles in two groups; escaping
dipoles, and dipoles which are sucked back into the sink. The first group
occurs when the Strouhal number is below the critical value of 0.08, and the
other occcur when it is above this value (Wells & van Heijst, 2003; Hoebers,
2015). Nicolau del Roure et al (2009) introduced a third group; a hovering
dipole. This occurs when the Strouhal number is equal to the critical value.
In that case, the dipole will keep its position in time.

2.3 Governing equations

2.3.1 Navier-Stokes equation

In order to study the periodically generated vorticity, the flow is considered
as non-rotating and incompressible. This kind of flow is governed by the
Navier-Stokes equation

∂uuu

∂t
+ uuu · ∇uuu =

−1

ρ
∇p+ ν∇2uuu. (7)

Here uuu describes the velocity field, ρ the density, p the pressure and ν the
kinematic viscosity.

By non-dimensionalizing the Navier-Stokes equation, the relative impor-
tance of certain terms can be described by dimensionless numbers. The
Navier-Stokes equation is non-dimensionalized by using the variables trans-
formation
xxx = Wx̃̃x̃x
uuu = Uũ̃ũu

t = W
U t̃

p = ρU2p̃

with the tildes denoting the dimensionless variables. Using this set of dimen-
sionless variables, the Navier-Stokes equation in equation (7) is transformed
to

∂ũ̃ũu

∂t
+ ũ̃ũu · ∇̃ũ̃ũu = −∇̃p̃+

1

Re
∇̃2ũ̃ũu, (8)

with Reynolds number Re. This number is defined as
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Re =
UW

ν
. (9)

The Reynolds number represents the ratio between inertia and viscous forces.

2.3.2 Advection-Diffusion equation

In order to study the mass exchange between the basin and the sea, the ad-
vection diffusion equation is introduced. This equation for an incompressible
fluid is given by

∂c

∂t
+ uuu · ∇c = ∇ · (D∇c), (10)

with c the concentration of the pollutant at a certain place and time, uuu
the velocity at that same place and time, and D the diffusion coefficient.
This equation considers two manners of transport: diffusion and advection.
Diffusion describes the movement of the particle in positive or negative di-
rection independent of any kind of velocity field. Advection describes the
movement of the particles induced by the velocity field (Socolofsky & Jirka,
2005).

The concentration can be described by a dimensionless number if equation
(10) is non-dimensionalized. This is achieved with the variables transforma-
tion
x = Wx̃
u = Uũ

t = W
U t̃

c = cic̃

with ci describing the initial value of the concentration. The dimension-
less time is based on the characteristic time, which is the time it takes to
transport a particle through the domain due to advection. This set of non-
dimensional variables transforms equation (10) to

∂c̃

∂t̃
+ ũ̃ũu∇̃ · c̃ =

1

Pe
∇̃2c̃, (11)

with Pe the dimensionless Peclet number. The Peclet number is given by
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Pe =
UW

D
. (12)

The Peclet number describes the ratio of the advective transport rate to
the diffusive transport rate (Langtangen & Pedersen, 2016). If the advec-
tive transport rate is dominant over the diffusive transport rate, the water
exchange between two areas would be large.

2.4 Numerical setup

2.4.1 Geometry

For simulating the laminar flow with the transport of a diluted specie, the
simulation program COMSOL Multhiphysics 5.4® is used. In order to study
this, the dimensionless Navier-Stokes and advection-diffusion equation are
used. Those equations are respecitvely given by (8) and (11).

The computational domain in this simulation is 16 x 8 and is sketched in
figure 4.

Figure 4: The computational domain of the model, where the colored walls
indicates the variance in boundary conditons. And also the width of the
channel and open sea are defined.
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Here, the coordinates of the corners are given. The different colors of
the walls indicate the variety in boundary conditions. Those conditions are
described in section 2.4.2 and 2.4.3. The channel that connects the basin to
the sea is placed at x = 0. It has a width and length of 1 and 0.2 respectively.
The channel is chosen very short to avoid expelled boundary layer vortices
such that the complexity of the problem reduces (Bryant, Whilden, Socolof-
sky, & Chang, 2012). If the inlet is chosen longer, the lateral boundary layer
creates two extra patches of vortices. This leads to double dipole formation,
which makes the flow pattern more complex. The width of the channel and
sea are given by Wch and Wop respectively. During the simulations, the di-
mensionless numbers Re and Pe remain constant at the respectively values
of 2000 and 1 · 10−6. The Strouhal number is changed to study whether it
influences the effect of the spring-neap cycle on tidal exchange. The dimen-
sionless tidal period of the semidiurnal lunar tides is equal to

T̃M2 =
1

St
, (13)

because the averaged maximum velocity in the channel U, and the width of
that channel W are normalized.

2.4.2 Boundary condition; uniform velocity

The first boundary condition applied on the computational domain is about
establishing an oscillating current that is induced by the tides. This current
is based on the assumption that the velocity in the channel is uniform, and
only depending on the influences of the tides. In the case of only the influ-
ence of the semidiurnal lunar tides, the uniform velocity is given by

uuuchannel = UM2 sin (ωM2t) = UM2 sin (
2π

TM2
t), (14)

with UM2 the averaged maximum velocity in the channel, and ωM2 the
angular frequency due to the semidiurnal lunar tides. In order to keep
the entire model dimensionless, the uniform velocity in the channel is non-
dimensionlized by almost the same set of transformation variables given in
Section 2.3.1. The set is changed such that it is based on this specific sim-
ulation.

Turbulence and vortex dynamics 10
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xxx = Wchx̃̃x̃x
uuu = UM2ũ̃ũu

t = Wch
UM2

t̃

p = ρU2
M2p̃

Therefore, the dimensionless uniform velocity in the channel is given by

ũ̃ũuchannel = sin (2π St t̃). (15)

Note the appearance of the Strouhal number. Therefore, the laminar flow
with the transport of a dilluted specie is depending on the Reynolds, Peclet,
and Strouhal number.

In order to create this kind of current, an uniform velocity is enforced on the
left wall of the seaside. This wall is indicated with the color blue in figure 4.
The left boundary velocity can be determined on the basis of the flow rate
preservation, which states that the uniform velocity on a certain position
multiplied by the width of the opening at that position remains constant.
In the case of the computational domain, the dimensionless uniform velocity
at the left boundary yields

ũ̃ũu(x̃ = −16, ỹ, t̃) =
Wch

Wop
ũ̃ũuchannel. (16)

Both of these parameters are illustrated in figure 4. If equation (15) and
the value of the widths are substituted into equation (16), the dimensionless
uniform velocity is given by

ũ̃ũu(x̃ = −16, ỹ, t̃) =
1

16
sin (2π St t̃). (17)

The same method has to be applied to the combined system of semidiurnal
lunar and semidiurnal solar tides. The difference with only the semidiurnal
lunar tides is that there are two frequencies influencing the uniform velocity.
This system with the combined action of tides is non-dimensionalized with
the same set of transformation variables as the system with only the semidi-
urnal lunar tides, seen earlier in this section. Following the same steps leads
to

ũ̃ũu(x̃ = −16, ỹ, t̃) =
1

16
sin (2π St t̃) +

η

16
sin (2π St

TM2

TS2
(t̃+4t)) (18)
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where TS2 is the tidal period of the semidiurnal solar tides, 4t is the phase
difference between the two constituents and is η the ratio between the aver-
aged maximum velocities in the channel due to semidiurnal solar tides over
that due to semidiurnal lunar tides. This ratio is given by

η =
US2

UM2
, (19)

with US2 the averaged maximum velocity in the channel due to semidiurnal
solar tides. Both the ratio η as the phase difference 4t are changed during
the study. In order to study their influences on the effect of the spring-neap
cycle on tidal exchange.

2.4.3 Other boundary conditions

As mentioned before, there is a variety of boundary conditions. In last sec-
tion, the enforced uniform velocity was already introduced in the equation
(17) en (18). In this section, the other boundary conditions are described.
Firstly, the boundary conditions that belong to the laminar flow. At the
right wall of the basin, which is indicated with the color red in figure 4, the
pressure is chosen at p = 0 and the backflow is suppressed. The other walls
can either have slip or no-slip condition. If a boundary is enforced with
the no-slip condition, the velocity of the flow will be zero at that particular
boundary. If this condition is enforced on all walls, the corners located at
the coordinates (-16, 8) and (-16, -8) will encounter a contradiction. The
no-slip condition states that there is no velocity, while the enforced uniform
velocity states there is. COMSOL Multiphysics 5.4® solves this contradic-
tion by averaging the two velocities, which ultimately leads to a decrease of
the averaged velocity in the channel. In order to avoid such contradictions,
the slip condition can be used. Because this condition allows the flow to
have a certain velocity at the boundary. The slip and no-slip conditions are
shown with the color black, in which the slip conditions are illustrated in
bold.

Besides the boundary conditions considering the laminar flow, there are
boundary conditions considering the concentration. The initial concentra-
tion ci of the computational domain is

Turbulence and vortex dynamics 12
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ci =

{
0 if x > 0

10 if x < 0

at t̃ = 0. In other words, the concentration will be 10 at the basin and 0 at
the sea. Note that no extra concentration will be added over time. Besides
that, the left, upper and bottom wall of the sea will have an open boundary
condition of concentration c is equal to 0. This is based on the assumption
that the sea has an infinite length in all three directions. All the other walls
of the computational domain are enforced with the no flux condition. Those
boundaries are in reality the edge of the coastal body, therefore no particle
can go through this boundary.

Turbulence and vortex dynamics 13
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3 Results

In this section, the influence of the spring-neap cycle on tidal exchange
is studied. This is done by studying the spatially averaged concentration
level of the basin, which is shortened to just the concentration level dur-
ing this section. This study is executed for a standard situation, in which
the Strouhal number was equal to 0.07 such that the formed dipoles would
escape. In addition, the ratio η between the amplitudes of the two con-
sitituents is set at 0.2, and there is no phase difference 4t between those
two constituents. Thereafter, the value of the Strouhal number, the ratio η
and the phase difference 4t are individually changed to see whether they
have any relation to the effects of the spring-neap cycle on tidal exchange.
In this section, the situation based only on semidiurnal lunar tides will be
called case A and the situation with combined action of semidiurnal lunar
and semidiurnal solar tides will be called case B.

3.1 Standard situation

In order to compare the change in concentration level between case A and B,
the effect of the parameters that distinguish both cases have to be studied.
An important parameter that differs in both cases is the averaged velocity
in the channel. Because of equation (1), the vorticity of the vortices gen-
erated by the two corners of the channel at the side of the basin should be
changing as well. Both the averaged velocity in the channel as the vorticity
level of the corners with coordinates (0.1, 0.5) and (0.1, -0.5) are plotted
against time expressed in tidal periods. In order to simulate an entire lunar
cycle, the simulations runs for 56 tidal periods. The averaged velocity in
the channel against time for case A and B are respectively given in figure
5a and 5b, while the vorticity for both corners against time for case A and
B are given in figure 5c and 5d.

Turbulence and vortex dynamics 14
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(a) Case A (b) Case B

(c) Case A (d) Case B

Figure 5: The averaged velocity in the channel (a-b), and the vorticity of
corners at (0.1, 0.5) and (0.1, -0.5) (c-d) for both cases.

The figure shows that the maxima and minima of both the averaged
velocity as the vorticity remains almost constant in case A. While both of
those extrema change in time in case B. Thereafter, the averaged velocity
in the channels changes proportional towards the vorticity of those corners.
Both have the highest maxima around 0, 28, and 56 tidal periods, while the
lowest maxima appear around 14 and 42 tidal periods. This proportional
behaviour is explained with the relation between the two given by equation
(1). Thanks to equation (3), it is also known that a higher vorticity in an
area leads to a better circulation. Therefore, it can be stated that the case
with the highest averaged velocity in the channel at a certain time has a
better circulation of its concentration in the basin.

Turbulence and vortex dynamics 15
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It should also improve its water exchange at this certain time. The type
of tide at a certain time can be easily explained thanks to the averaged
velocity in the channel. For both cases yields, that it is flood when the
averaged velocity is above zero, and ebb if it is below zero. Besides that,
spring tides occur when the absolute averaged velocity of case B is higher
than that of case A at the same time. And it is neap tide, when this value
is lower than that of case A. The absolute averaged velocity in the channel
of both cases plotted against time is given in figure 6.

Figure 6: The absolute averaged velocity in the channel of both cases plotted
against time.

This figure shows that the spring tides appear between 0 and 7, 21 and
35, and 49 and 56 tidal periods. And the neap tides are between 7 and 21,
and 35 and 49 tidal periods. That means that the simulation starts with
half a spring tide. The absolute averaged velocity in the channel never ap-
proaches zero, because the points of data collecting were not close to the
transition between ebb and flood. With this knowledge, the concentration
level of both cases is studied and compared to one and each other. The
concentration level for both cases during a lunar month is given in figure 7.
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Figure 7: The spatially averaged concentration level in the basin of both
cases at St = 0.07.

The concentration level of the basin in case A looks to descend expo-
nentially with an overshoot starting at time is 20 T. It slowly recovers from
the overshoot, and gets to a stable concentration at t = 45 T. Further more,
the ebb and flood tides create a small oscillation around the exponential
function. At flood tides the concentration level decreases, and during ebb
tides it remains stable or even rises. This oscillation in the concentration
level due to ebb and flood is also found for case B. Figure 7 shows that
the concentration in case B descend faster than that in case A during the
first 7 T, which is the first half spring tide of the simulation. After 7 T,
the concentration level in case A slowly gets closer to that in case B. And
after the entire neap tide at 21 T, it has a lower concentration than that
in case B. After this neap tide, case B descend a little bit more until it
reaches the stable concentration at 35 T. However, it will never catch up
with concentration level of case A until 42 T. The result in a full lunar cycle
is that case B has a slightly lower concentration level than case A, but this
difference is small. That indicates that spring-neap cycle have barely any
kind of influence in the long-term.

3.2 Change of Strouhal number

In order to study the influence of changing the value of the Strouhal number
on the effect of the spring-neap cycle on tidal exchange, the Strouhal number
gets four different values: two values above the critical value and two values
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below the critical value. The first value of the Strouhal number is already
used in the last section: St = 0.07. The behaviour of the concentration
levels for that value of St is compared to that of St = 0.02, 0.15, and 0.22.
The concentration levels over time for those cases are given in figure 8.

(a) St = 0.02 (b) St 0.15

(c) St 0.22

Figure 8: The spatially averaged concentration level of both cases at different
values of the Strouhal number over a lunar month. The black and red lines
indicates case A and B respectively.

Figure 8a shows that both case A as B descend rapidly towards its stable
concentration. During the first 5 tidal periods, case B removes the concen-
tration a little bit faster than case A. Thereafter, case B reaches its stable
concentration while case A encouters an overshoot. This overshoot is coun-
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terbalanced at 14 T, which is at exactly half a spring and half a neap tide.
From that point on, it stays in the same stable concentration as in case
B. The lower value of St changed some things individually in both case A
and B. For example, the time before the concentration reaches its stable
state. However if case A is compared to case B, the same behaviour is seen.
The concentration level in case B descend faster than that in case A during
spring tides. Case A encounters an overshoot, which keeps the level of con-
centration below that one in case B until it reaches the stable concentration.
The stable concentration of both cases is almost exactly the same after one
lunar cycle.

In figure 8b, the concentration level in case B is oscillating around the con-
centration level in case A. If it is spring tide the concentration in case B
descends faster, and during neap tides that of case A descends faster. After
an entire lunar cycle, the values of both the cases are almost exactly the
same. At this point, both cases did not reach a stable concentration. That
happens much later around 175 tidal periods; see Appendix A. Every aspect
seen in the comparison between case A and B for St = 0.02 and 0.07 can be
seen at this Strouhal number as well except for one detail. For this value of
the Strouhal number, case A does not encouter any overshoot.

The last value of the Strouhal number shows some type of resemblence with
the other values of the Strouhal number. However, some things are changed
entirely. During the first half spring tide, concentration level in case B de-
scends faster than that in case A, and both the oscillations due to the tides
are shown. However, during the neap tides at the other Strouhal numbers,
the concentration level in case A would catch up with that in case B and
even take a headstart. For this Strouhal number, the neap tides does de-
crease the difference between the two concencentration levels but not nearly
enough to close the gap between the two. In fact, it only makes sure that
the following spring tide is counterbalanced. In other words, the concen-
tration levels in both cases descend parallel after the first spring tide. This
behaviour is still going on after 150 days; see Appendix A. For this value of
the Strouhal number, there is an influence of the spring-neap cycle on tidal
exchange in both the short- and long-term. The influence in the short-term
is greater than for the other values of Strouhal numbers, which is argued
due to the bigger difference in concentration level between case A and B.
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3.3 Change of ratio of averaged maximum velocities

The ratio between the averaged maximum velocities in the channel due to
semidiurnal solar tides over that of semidiurnal lunar tides is only present
in case B, and is given by η described in equation (19). This ratio is stud-
ied for five different values, and the concentration levels of those ratio are
compared to the one in case A. The influence of the spring-neap cycle on
tidal exchange is studied for η = 0.1, 0.2, 0.5, 1.0, and 1.2. The standard
situation used η = 0.2. By altering this ratio, the average velocity in the
channel and the vorticity of the two corners also changes. The accessory
graphs are shown in Appendix B. The concentration levels for case A and
all five ratio of case B are plotted against time in figure 9.

Figure 9: The spatially averaged concentration level plotted over time for
all cases. This includes case A and all the cases of B; η = 0.1, 0.2, 0.5, 1.0,
and 1.2

The effect of the spring-neap cycle on tidal exchange for ratio 0.2 is dis-
cussed in section 3.1, and figure 9 shows that ratio 0.1 and 0.5 have the
same kind of behaviour as ratio 0.2 when it is compared to case A. The
concentration level is descending faster than that in case A during the first
spring tide. Thereafter the concentration level in case A gets lower than that
in case B somewhere in the first neap tide. Finally, it gets stable around
the same concentration after 35 to 40 tidal periods. The only difference
between the three ratio is that the concentration in the basin descend faster
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for higher ratio during the spring tides and for lower ratio during neap tides.

This result is supported by the last two values of the ratio of 1.0 and 1.2.
Those values shows that if the ratio is chosen much higher, the concentra-
tion level in case B almost decreases to the stable concentration during the
first half spring tide. The stable concentration for η = 1.0 and 1.2 are re-
spectively reached at time equal to 25 and 9 T, which is faster than either
case A as the other ratio of case B. However those two ratio are not realistic
because theory shows that tidal exchange is influenced more by the semid-
iurnal lunar tides than by semidiurnal solar tides. However, it does show
that the concentration in case B at higher ratio deviate more from that in
case A, which indicates that the spring-neap cycle have more influence on
tidal exchange at higher ratio.

3.4 Change of phase difference

Also, the phase difference can only be changed in case B. Therefore, all five
values of the phase difference 4t are compared to the standard situation of
case A. The phase difference in the standard situation of case B is 0, and in
this section the values of 4t = 0.1, 0.25, 0.50, and 0.75 T are studied. The
concentration level of all the situation mentioned above are plotted against
a lunar cyle in figure 10.

Figure 10: The spatially averaged concentration level of both cases at dif-
ferent values of the phase difference.
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The phase differences of 0 and 0.1 T descend faster than case A during
the first period, and afterwards slower. For the phase difference of 0.25, 0.50,
and 0.75 T it is exactly turned around because in those cases the simulation
starts at respectively the beginning, half-way, and the end of the neap tide.
The phase difference of 0.75 T is a little bit different compared to the others.
The simulation starts during a neap tide, however it is already in a spring
tide after barely 2 tidal periods. Those results are based on graphs of the
averaged velocities in the channel over time, which are shown in Appendix C.

Figure 10 shows that the concentration level of all situations stay relatively
close together and reach the stable concentration almost simultaneous. Most
of the situations are stable after 35 tidal periods, except for case A and the
phase difference of 0.5 T which are recovering from an overshoot. So the
only real difference between the values of the phase difference is whether the
simulation starts with a spring or neap tide.
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4 Discussion

An element that could be improved is the control of the concentration level.
In reality, the concentration level of this particular problem should be going
to zero. Because the concentrated dipoles that escape into the sea would
not return to the basin any time soon. Multiple boundary conditions of the
computational domain were tried to achieve this result. However, that did
not work out. For example, a negative inward flux was induced on walls of
the sea side but this eventually gave a negative concentration. Sorting out
this problem will result in a more realistic model.

4.1 Comparison to reality

This study used a lot of assumptions to idealize the problem, which is a
simplification of reality. Firstly, the geometry of the computational domain
is idealized compared to the real world. One of these assumptions is that the
channel is assumed very small to avoid the complexity of the double dipole
forming at longer channels. Besides that, the channel has an equal width
along its entire width and only has perpendicular corners. While in nature,
this kind of channel never occurs. Kashiwai (1985) showed that different
types of channels lead to different flow patterns. Therefore, it is possible
that the spring-neap cycle would influence the tidal exchange differently for
a more realistic channel.

During this study, the principal lunar semidiurnal M2 and the principal so-
lar semidiurnal S2 are assumed to be the only tidal constituents. However,
there are more constituents influencing the tidal exchange. For example,
another semidiurnal constituent; the larger lunar elliptic semidiurnal N2.
And also diurnal constituents; lunar diurnals K1 and O1, and solar diurnal
P1. The combination of diurnal and semidiurnal tides is called mixed tide
and give rise to what is known as diurnal inequality, which is the difference
in height between two successive high (or low) tides. This study did not
use the mixed tide, and therefore the found effect of spring-neap cycle can
deviate from the reality. The mixed tide is shown in figure 11.
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Figure 11: Two successive high tides do not have the
same amplitude during the mix tide. Image obatained from
http://oceanmotion.org/html/background/tides-types.htm.

4.2 Further research

This study is mainly focussed on the tidal exchange between two areas, and
the effects of the spring-neap cycle on this exchange. However it could be
interesting to see whether those effects are still the same when also factors
as wind are taken into account. For example, Moreira et al. (2009) showed
that in the specific case of the San José Gulf dynamics the wind dominates
the tidal current. Would the effects of semidiurnal solar tides still be the
same as in this study? Both the wind as the semidiurnal lunar tides have
a bigger influence on the exchange between the two areas in this particular
case.

Further, it could be interesting to work with another type of concentration.
In this study, all simulations are based on an initial concentration. This
concentration decreases slowly to a stabilized concentration in a known rate
as seen in section 3. However, what would happen with the effect of the
spring-neap cycle if concentration is added constantly over time? There is
almost no literature about it, but it could be interesting to study.

Finally, it could be interesting to study the effect of the spring-neap cy-
cle on tidal exchange more extensively for one of the parameters. Above
all, the Strouhal number. In this study, a remarkable result is found in the
behaviour of the concentration in case B compared to that in case A for St =
0.22. The concentration level in case B did not oscillate around that in case
A as seen for the other values of Strouhal number. Instead, it stays below

Turbulence and vortex dynamics 24



The influence of the spring-neap cycle on tidal exchange

the concentration in case A over more than 300 tidal periods. Therefore, the
semidiurnal solar tides had a great influence on the tidal exchange in both
the short- and long-term. However, it cannot be concluded that this be-
haviour yields for any large Strouhal number due to a lack of more values of
the Strouhal number in this study. It should be interesting to study whether
this can be concluded, when the relation between the Strouhal number and
the effect of the spring-neap cycle on tidal exchange is studied intensively.
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5 Conclusion

The results of the standard situation states that the spring-neap cycle have
an effect on tidal exchange in the short-term. Though it is a small difference.
However if the results are linked back to reality, such a small influence can
be the difference of being above or below the critical value of the concentra-
tion of the pollutant. In the long-term, an even smaller influence is found
for the spring-neap cycle. Most simulations that were performed showed the
same small influence, however it differs whether the concentration in case A
or case B was higher. Therefore, this influence of the spring-neap cycle on
tidal exchange in the long-term is considered negligible small.

There was only one simulation that deviated from this statement, which
was the simulation performed with St = 0.22. This particular simulation
showed a great influence of the spring-neap cycle in both the short- as the
long-term. While the other values of the Strouhal number showed the same
behaviour as the standard situation; small and no influence in the short-term
and long-term respectively. The results shows that the amount of influence
of the spring-neap cycle on tidal exchange increases in the short-term, when
a higher value of the ratio η is used. There is no relation found between
this ratio η and the influence of the spring-neap cycle in the long-term. The
relation of this influence is the same for all values of the phase difference 4t,
therefore the influence of the spring-neap cycle is here equal to the standard
situation.

Despite the found influences of the spring-neap cycle on tidal exchange,
it is too early to draw a general conclusion about this influence. Here, the
influence was only studied in twelve specific sets of parameters. In order
to understand the effects of the spring-neap cycle on tidal exchange in a
broader perspective, the effect has to be studied more intensively.
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Appendices

A Graphs for changing Strouhal number

In this Appendix, the concentration level is plotted against more tidal pe-
riods than just one lunar cycle. This is done for the simulations using the
Strouhal number 0.15 and 0.22.

(a) St 0.15 (b) St 0.22

Figure A.1: The spatially averaged concentration level of both cases at
different values of the Strouhal number for longer than one lunar cycle.

Firstly, it shows that the concentration level of both cases with Strouhal
number 0.15 gets stable after around 175 tidal periods. That is equal to a
little bit more than 3 lunar cycles. Besides that, it shows that the behaviour
of the first lunar cycle at Strouhal number 0.22 still exist. It still has the
concentration levels of case A and B descending parallel next to each other.
This is given over more than 300 tidal periods or almost five and half lunar
cycles.

B Graphs for changing ratio η

The averaged velocity in the channel and the vorticity of two corners with
ratio η = 0.1, 0.5, 1.0 and 1.2 for case B is plotted against time in figure
B.1. The corners are located at (0.1, 0.5) and (0.1, -0.5) in figure 4. Case
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A is not eyed in this Appendix, because the ratio η does not influence those
parameters of case A. The figure shows that the graphs contains the same
form as figure 5b and 5d, however the values on the y-axis are changed due
to the different values of ratio η.

(a) Velocity at ratio 0.1 (b) Vorticity at ratio 0.1

(c) Velocity at ratio 0.5 (d) Vorticity at ratio 0.5
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(e) Velocity at ratio 1.0 (f) Vorticity at ratio 1.0

(g) Velocity at ratio 1.2 (h) Vorticity at ratio 1.2

Figure B.1: The averaged velocity in the channel and the vorticity at two
corners plotted against time for case B at multiple values of ratio η.

C Graphs for changing phase difference 4t
In order to prove that the phase differences 4t = 0.25, 0.50, 0.75 T starts
the simulations at respectively the beginning, half-way, and the end of the
neap tide. And the others all start somewhere during the spring tide, the
averaged velocity in the channel of those situations are plotted over time
in figure C.1. This graph of the situation with 4t = 0 is already shown in
section 3.1.
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(a) Phase difference 0.10 (b) Phase difference is 0.25

(c) Phase difference is 0.50 (d) Phase difference is 0.75

Figure C.1: The averaged velocity in the channel for multiple phase differ-
ence 4t, in which one start during spring tide (a) and the others in neap
tide (b-c-d).
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