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Abstract. We investigate the formation and evolution of dipole vortices and their contribution to water exchange through ide-

alized tidal straits. Self-propagating dipoles are important for transporting and exchanging water properties through straits and

inlets in coastal regions. In order to obtain a robust data-set to evaluate flow separation, dipole formation and evolution and the

effect on water exchange, we conduct 164 numerical simulations, varying the width and length of the straits as well as the tidal

forcing. We show that dipoles are formed
::::
form and start propagating at the time of flow separation, and their vorticity originates5

in the velocity front formed by the separation. We find that the dipole propagation velocity is proportional to the tidal velocity

amplitude, and twice as large as the dipole velocity derived for a dipole consisting of two point vortices. We analyse the pro-

cesses creating a net water exchange through the straits and derive a kinematic model dependent on dimensionless parameters

representing strait length, dipole travel distance and dipole size. The net tracer transport resulting from the kinematic model

agrees closely with the numerical simulations and provide understanding of the processes controlling net water exchange.10

1 Introduction

Knowledge of coastal ocean transport processes is vital for predicting human impact on the coastal marine environment. Coastal

industry discharges pollutants and nutrients into the ocean, and, in .
::
In

:
order to understand the impact on the environment, we

need coastal ocean circulation models to calculate concentrations and pathways of spreading. Setting up such models for a

complex coastline requires a high level of understanding of near-shore transport processes in order to realistically represent15

these in the models. In shallow coastal regions with complex topography, tides are often a dominant driver of the ocean

circulation and transport. In this study, we investigate the exchange process of tidal pumping through narrow tidal straits.

Tidal pumping is an important mechanism responsible for transport of water properties and particles like fish eggs, nutrients,

and pollution between estuaries and the open ocean, or in coastal regions with complex geometry in general (Amoroso and Gagliardini, 2010; Ford et al., 2010; Chadwick and Largier, 1999; Fujiwara et al., 1994; Brown et al., 2000)

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Chadwick and Largier, 1999; Fujiwara et al., 1994; Brown et al., 2000; Amoroso and Gagliardini, 2010; Ford et al., 2010; Vouriot et al., 2019)20

. The exchange process results from an asymmetry of
:
in

:
the flow field between the ebb and flood phase of the tide (Stommel

and Farmer, 1952; Wells and van Heijst, 2003). The flow asymmetry occurs
::::
Flow

:::::::::
asymmetry

::::
may

:::::
occur when the tidal current

interacts with a topographic constriction like a strait or an inlet. The flow speeds up when
:::::
When entering the constriction

:::
the
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::::
flow

:::::
arrives

:::::
from

:::
all

::::::::
directions

::::
and

::::::
speeds

::
up

:
in order to conserve volume. The sea surface in the constriction is lowered as

potential energy is converted to kinetic energy when the flow accelerates ,
::
as
:::::::::

illustrated
:::
by

::::
Fig.

:::
1a.

:::
The

::::
area

:::::::
covered

:::
by

:::
the25

::::::
volume

:::
that

::::::
enters

:::
the

::::
strait

::
is

:::::
called

:::
the

::::
sink

::::::
region

::::
(Fig.

::::
1a).

:::
The

::::::::::
acceleration

::
is

:::::::::
associated

::::
with

:
a
:::::::
pressure

:::::
force

:
towards the

constriction . Downstream
:::::
which

:::
acts

:::
to

:::::
lower

:::
the

:::::
water

::::
level

::
in

:::
the

::::::
centre of the constriction, the

:
.
::::::::
Contrary,

:::::
when

:::
the

::::
flow

::::::
reverses

::::
and

:::
the

::::
flow

::::
exits

:::
the

:::::
strait,

:::
the cross-sectional area increases and the sea surface rises

:::::::::
downstream

::
of

:::
the

::::::::::
constriction.

Here, both friction and pressure forces work to decelerate the flow, which is a necessary condition for flow separation (Kundu,

1990). The friction is strongest in the frictional boundary layer near the shore, and because the friction and pressure both work30

::::
Since

:::::::
friction

:::
and

:::::::
pressure

::::
now

:::::
works

:
in the same direction, the flow is likely to come to a halt close to the shoreline somewhere

downstream of the constriction
::::
near

:::
the

:::::::
coastline

::::::
where

:::
the

::::::
friction

::
is
::::::::
strongest. When this happens, the flow separates from

the coastline (Kundu, 1990; Signell and Geyer, 1991). The flow separation leads to the asymmetry between the tidal currents

entering and exiting the strait.

The water exchange process driven by flow asymmetry, was first pointed out by Stommel and Farmer (1952). Later, the35

studies by Kashiwai (1984a) and Wells and van Heijst (2003) have shown that the water exchange is closely related to formation

of self-propagating dipoles
:
as

:::::::::
illustrated

::
by

::::
Fig.

::
1b

:::::::::::::::::::::::::::::::::
(Kundu, 1990; Signell and Geyer, 1991). When the flow separates from the

coast, a vortex forms at the point of separation. If the flow separates at both sides of the exit, two vortices of opposite sign

will form with a separation distance roughly equal to the width of the strait. Dependent on the
:::
The

:
strength of the vortices

and the distance between them , the two vortices may
::::::::
determine

:::::::
whether

::::
they

::::
will interact and form a self-propagating dipole.40

The dipole will
::::::
dipoles

::::::
capture

:::
and

::::::::
transport

:::::
water

::::::
ejected

:::::
from

:::
the

::::
strait

:::::
away

::::
from

:::
the

:::::::
opening

:::
and

::::::::
possibly

:::
out

::
of

:::
the

::::
sink

::::::
region.

::
At

::::
flow

:::::::
reversal,

:::
the

::::::
dipole

:::
will

:::::
either

:
be drawn back into the strait or continue moving away and escapethe return flow,

depending on the dipole location and propagation speed when the flow reverses. Since the dipole is filled with waters ejected

from the strait,
:
.
::
If

:::
the

:::::
dipole

:::::::
escapes

:::
the

:::::
return

::::
flow it will contribute to a considerable water exchange if it escapes the return

flow.
::::
(Fig.

::::
1b).45

The dipole position at the time of flow reversal depends on the dipole velocity. The

:::
The

:
propagation of dipoles has been studied for more than 100 years (Lamb, 1916; Batchelor, 1967; Kundu, 1990), and the

velocity of a self propagating dipole is typically represented as

Udip =
�

2�b
: (1)

Here b is the distance between the vortex centers, and � is the magnitude of the circulation in each of the two vortices, assuming50

they are of equal strength. Equation 1 is valid as long as the distance between the two vortices is large compared to their core

radius (Yehoshua and Seifert, 2013; Delbende and Rossi, 2009; Habibah et al., 2018). Habibah et al. (2018) show that a

correction to the velocity given by Eq. 1 occurs in the 5th order of a=b where a is the core radius of the vortices. In cases where

a=b increases, the vortices becomes elliptical and the dipole propagation velocity decreases (Delbende and Rossi, 2009).

Equation 1 describes the propagation velocity of a dipole moving by self-propagation in an otherwise non-moving ocean.55

It is unclear whether this is valid for a dipole formed in a tidal strait, where the background flow is clearly not zero
:::::::
non-zero.

Also, dipoles propagating away from the strait often remain attached to the strait via a trailing jet
::::
(Fig.

:::
1b), which provides a
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Figure 1.
::
A

:::::
sketch

::
of

::
the

::::::::
processes

:
at

::::
play

::
in

::::
water

:::::::
exchange

::
by

::::
tidal

:::::::
pumping.

::
a)

::::::::
southward

:::::
in�ow

::
to

:::
the

::::
strait.

::
b)

::::::::
northward

::::::
out�ow

::::
from

::
the

:::::
strait.

pathway of mass, momentum and vorticity from the strait into the dipole (Wells and van Heijst, 2003; Afanasyev, 2006). As the

dipole accumulate vorticity, the circulation in the dipole increases, and the propagation velocity should therefore accelerate

according to Eq. 1. However, this is not necessarily true. In a lab experiment investigating dipole formation by a steady channel60

jet , Afanasyev (2006) found that the dipole propagated with constant speed, even though the dipole continuously accumulated

vorticity fed by a trailing jet.

The circulation of the dipole vortices is an important parameter
::
for

::::::::::
determining

:::
the

::::::::::
propagation

:::::::
velocity, and to determine

the circulation it is vital to know the source of vorticity. Amuchused
:::::::
common assumption is that the vorticity is created in

the viscous boundary layer (Wells and van Heijst, 2003; Nicolau del Roure et al., 2009; Bryant et al., 2012). Another possible65

source is the �ow discontinuity resulting when the �ow separates from the coastline (Kashiwai, 1984a, b). Kashiwai (1984a, b)

and Wells and van Heijst (2003) both assume that all vorticity generated in the strait accumulates in the dipole vortices. The

circulation can then be expressed as� / U2T, whereT is the tidal period andU is a characteristic velocity scale for the strait

(Kashiwai, 1984b; Wells and van Heijst, 2003). However, Afanasyev (2006) showed that the vorticity is divided between the

dipole vorticesandthe jet trailing the dipole
:::
and

:::
the

:::::::
trailing

::
jet. In addition, Afanasyev (2006) introduced a new time-scale,70

which he called the "startup time",ts. The startup time indicates the moment when the dipole starts translating after an initial

period of growth, where the jet is injected into the dipole.

The net tracer transport through a tidal strait is commonly classi�ed by the nondimensional Strouhal number,St , de�ned as

(Kashiwai, 1984a; Wells and van Heijst, 2003; Nicolau del Roure et al., 2009)

St =
W
UT

; (2)75

whereW is the strait width,T is the tidal period andU is the velocity scale characterising the velocity in the strait.W can also

be seen as a characteristic spatial scale of a dipole formed at the strait exit, and in this caseSt is a measure of the ratio between
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linear and non-linear acceleration terms. The center of the dipole vortices are pressureminimums
::::::
minima, and the non-linear

acceleration associated with the azimuthal velocity of the vortices is balanced by pressure forces. Thus, for a dipole vortex to

exist,St � 1 is a necessary condition.80

Net tracer transport by tidal pumping is associated withSt < S tc , whereStc is a threshold value ofSt (Kashiwai, 1984a;

Wells and van Heijst, 2003). The threshold value of the Strouhal number arrives from a kinematic consideration of the dipole

movement over one tidal period, and separates between dipoles who escape the return �ow and the dipoles that returns to the

strait during the subsequent phase of the tide (Kashiwai, 1984a; Wells and van Heijst, 2003). Dipoles escaping the return �ow

contribute to net water exchange through the strait.
:
A

:::::::
treshold

:::::
value

:::::::::
Stc = 0 :13

:::
was

::::::
found

::
by

::::::::::::::::::::::::
(Wells and van Heijst, 2003)

:::
and85

:::
this

:::::
value

::
is

::::
later

::::::::
con�rmed

:::
by

:::::::::::::::::
(Vouriot et al., 2019)

::
in

:
a
:::::::::
numerical

:::::
study

::
of

::::::::
idealized

::::
tidal

:::::::
lagoons.

In this study, our aim is to understand how the geometric constraint of a tidal strait in�uences the effectivity of tidal pumping,

and the universalityof the commonlyusedStrouhalnumber. We systematically perform 164 numerical simulations in an

idealized tidal strait, varying the width and length of the straits as well as the amplitude of the tidal forcing.
::::::::
Although

:::
3D

::::::::
processes

::::
may

:::::
affect

::::::
vortex

:::::
�ows

:::::::::::::::::::::::::::::::::
(van Heijst, 2014; Albagnac et al., 2014)

:
,

:::
we

::::::
believe

::
a

:::
2D

:::::
depth

::::::::
averaged

::::::::
approach

::::
will90

:::
give

::::::::
valuable

::::
new

::::::
insight

:::
into

::::
tidal

:::::
strait

:::::
�ows.

::
A

:::
2D

::::::::
approach

::
is

::::::::
therefore

::::
used

::
in

::::
this

:::::
study.

:
The results of the simulations

are analysed with focus on �ow separation, dipole formation and propagation and net water exchange. Finally, we derive a

simple kinematic model for net tracer transport that �ts well to the results from the simulations and brings understanding to the

process of water exchange through a tidal strait.

2 Modelling95

2.1 The model

We use the Finite Volume Community Ocean Model (FVCOM) (Chen et al., 2003). FVCOM has been used in numerous studies

of coastal and estuarine waters(Li et al., 2018; Lai et al., 2015, 2016; Sun et al., 2016; Chen et al., 2021)
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Lai et al., 2015, 2016; Sun et al., 2016; Li et al., 2018; Chen et al., 2021)

and also globally and in the Arctic Ocean (Chen et al., 2016; Zhang et al., 2016). FVCOM uses an unstructured triangular grid

in the horizontal and terrain-following� -coordinates in the vertical (Chen et al., 2003). The model solves the equations for mo-100

mentum and mass conservation as well as the equations for temperature, salinity and density. In our case, we set temperature,

salinity and density to constant values and FVCOM then solves the following equations

@u
@t + u @u

@x+ v @u
@y+ w @u

@z � fv = � 1
� 0

@p
@x+ @

@z

�
K m

@u
@z

�
+ Fu

@v
@t + u @v

@x+ v @v
@y+ w @v

@z+ fu = � 1
� 0

@p
@y+ @

@z

�
K m

@v
@z

�
+ Fv

@u
@x+ @v

@y+ @w
@z = 0

@p
@z = � � 0g:

(3)

x, y andz are the Cartesian coordinates in east, north and vertical directions, respectively;
:
, u, v andw are thex, y andz

components of velocity, respectively;p is pressure;� 0 is the constant density;f is the Coriolis parameter;g is the acceleration105
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of gravity; K m is the eddy diffusion coef�cient andFu andFv are the diffusion terms for horizontal momentum inx andy

directions, respectively. The calculation ofK m is done with the Mellor and Yamada (1982) level 2.5 turbulent closure scheme,

modi�ed by Galperin et al. (1988).Fu andFv are calculated using the eddy parameterization method by Smagorinsky (1963).

The diffusion coef�cient withinFu andFv is given by

Am = 0 :5C


s

(
@u
@x

)2 + 0 :5(
@v
@x

+
@u
@y

)2 + (
@v
@y

)2; (4)110

whereC is a constant, set to 0.1 in our case, and
 is the grid cell area.

The surface boundary conditions aregivenby

K m

�
@u
@z;

@v
@z

�
= 1

� 0
(� sx ; � sy )

w = @�
@t + u @�

@x+ v @�
@y

�
�
�
�
�
�
�
z = � (x;y; t ); (5)

where� sx and� sy are the surface stress inx andy directions, respectively, and� is the surface elevation. The bottom boundary

conditions aregivenby115

K m

�
@u
@z;

@v
@z

�
= 1

� 0
(� bx ; � by)

w = � u @H
@x � v @H

@y

�
�
�
�
�
�
�
z = � H (x;y); (6)

where� bx and� by are the bottom stresses in thex andy direction, respectively andH is the bottom depth. The bottom stresses

are given by

(� bx ; � by) = � 0
:

Cd

p
u2 + v2(u;v); (7)

where the drag coef�cientCd is givenby120

Cd = max
�

� 2

ln ( zb
z0

)2 ;0:0025
�

: (8)

Here,� is von Karmans constant (� 0:4), z0 is the bottom roughness set to be 0.001 m andzb is height above bottom of the

lowest horizontal velocity level.

2.2 Setup of simulations

The model domain is bounded by ahalf-circled
::::::::::
semi-circled

:
open ocean and a straight coastline on the eastern side (Figure125

:::
Fig.

:
2). The full domain is 500 km in the north-south direction and up to 250 km in the east-west direction. At the center of

the eastern boundary, we place a peninsula and an island separated by a strait.It is this strait that
:::
The

:::::
strait is the focus of our

study. The idea behind this con�guration is that the pressure difference over the length of the straitwill be
:
is

:
set by the tidal

wave travelling in the open ocean and not by the �ow through the strait. In this way, the �ow through different strait geometries

will be forced similarly.
:::
The

::::
setup

::::
can

::
be

::::
seen

::
as

:::
an

:::::::
idealized

::::::::::::
representation

::
of

:::
the

:::::::
Lofoten

::::::::
peninsula

::
in

::::::::
northern

:::::::
Norway.130
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Surface stress (Eq. 5) is set to zero, and the only forcing of the simulations is a northward propagating Kelvin wave speci�ed

at thehalf-circled
:::::::::
semi-circled

:
western boundary

� obc = A t e
( x � x c )

R d sin (ky � !t ): (9)

Here, ! = 2 �=T , T is the M2 tidal period (12.42 hours),k = !=
p

gH, xc is the constant position along the x-axis of the

straight eastern coast (ignoring the peninsula) andRd is the Rossby radius of deformation. Equation 9 describes a classical135

Kelvin wave movingnorthwards
::::::::
northward with the coast to the right (Gill, 1982). The Coriolis parameter corresponds70� N

latitude and the depthH = 100 m, giving a Rossby radiusRd ' 230km. The surface elevation given by Eq. 9 is speci�ed at the

boundary nodes. The velocities in FVCOM is located in the center of each triangular cell, and not directly at the boundary. The

velocities in the open boundary cells are calculated based on the assumption of mass conservation (Chen et al., 2003, 2011).

In order to investigate the geometric effects on the tidal pumping, we vary the width of the strait, W, from 1 km to 12 km,140

and the length of the strait, L, from 4 km to 22 km. The curvature of the coastline at the strait entrance and exit is equal and

shaped as a quarter of a circle with a radius ofR = 2 km. The strait is directed north-south, and the geometry and coordinates

used in the study is shown inFigure
:::
Fig.

:
3b. In total we conduct 164 idealized simulations using 82 different strait geometries

and two different amplitudes of the tidal forcing (A t = 1 andA t = 0 :5, see Eq. 9).

We simulate a homogeneous ocean over a �at bottom of 100 m depth. To avoid unwanted effects of boundary layers near a145

vertical wall, we use a sloping bottom at the innermost 600 m from the coastline inside the strait (Figure
::::
Fig. 3a). The minimum

depth is5m.Thewatercolumnis divided
:
5

:::
m.

:::::::
Because

:::
our

:::::
tracer

:::::
model

:::::::
requires

:::::::
vertical

:::::::
layering,

:::
we

:::::
divide

:::
the

:::::
water

:::::::
column

into two layers in the vertical.
::::::::
However,

:::
the

:::::::
analysis

:::
of

::::::
results

:::
are

::::
done

:::::
using

:::::::::
vertically

:::::::
averaged

:::::::::
velocities

:::
and

::::
this

:::::
work

:::
can

::::::::
therefore

::
be

::::::::
regarded

::
as

::
a

:::
2D

:::::::::
barotropic

:::::
study.

:
zb is roughly equal to a quarter of the total depth resulting in a slightly

increased drag coef�cient over the shallowdepth
:::::
depths

:
near the sides of the strait (Eq. 8).zb = 1m givesCd = 0 :0034while150

Cd = 0 :0025for zb > 2:8m.

Inside the strait, the resolution is 50 m along the coastline. Inside the focus region surrounding the strait, the resolution

linearly coarsens to 200 m with distance from the coast. The focus region is, in addition to the strait itself, thehalf circle (of

:::::::::
semi-circle

:
(radius= W=2+2R) of high resolution at both sides of the strait entrances (Figure

:::
Fig.

:
2). Outside the focus area,

the resolution coarsens further to 2 km both at the western tip of the island and at the coastline to the east. At the western open155

boundary the resolution is 20 km.

The simulations are run for a total of 20 days. First, a 10 days spin-up, before we introduce a passive tracer, which is simulated

using the Framework for Aquatic Biogeochemical Models (Bruggeman and Bolding, 2014, FABM) coupled to FVCOM. The

initial concentration of the tracer is set to 1m� 3 inside a rectangular box south of the strait, and 0m� 3 elsewhere (left panel

in Figure
:::
Fig.

:
2). The northern edge of the initial tracer release is at the center of the strait. This con�guration of the initial160

concentration restricts the tracer exchange in the north-south direction to be through the strait only.
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Figure 2. Left panel: The entire model domain with the peninsula attached to the eastern coast and the island located west of the peninsula.

The red color marks the area with initial tracer concentration equal1m � 3 . Right panel: The mesh near the strait with 12 km width (top) and

1 km width (bottom).

3 Overview of model results

By visual inspection, weobserve
::
we

:::
see

:
that vortices form in all the different strait con�gurations. However, only a fraction of

the straits produces self-propagating dipoles. Figure 4 provides an overview of all the simulations andwe markall
::
the

:
straits

where self-propagating dipoles are visually observed. The dipole formation clearly depends on the strait geometry, where165

narrow and short straitsfavors
::::
favor dipole formation. Additionally, with stronger tidal forcing (A t = 1 :0 m) , dipoles form in

wider and longer straits compared to when the tidal forcing is weak (A t = 0 :5 m). In this section, we present an overview of

the results illustrated by the temporal evolution of the tracer and vorticity distribution in three
:::::::::::
representative

:
simulations.

We choose to show three examples where the tidal forcing and the strait length aresimilar
::::
equal (A t = 1 m andL = 4 km),

while
:::
and

:
the strait widths areW = 1 km, W = 4 :5 km andW = 12 km

:
,
:
respectively. The difference in strait width results170

in different temporal evolution of the tracer distribution and the vorticity �elds. We show the results from the �rst half of the
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