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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 originates
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.

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;-&nd;+ia-. 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 represent
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 {Amoreso-and-Gaghardini; 20-H
2010; Vouriot et al., |

Chadwick and Largier, 1999; Fujiwara et al., 1994; Brown et al., 2000; Amoroso and Gagliardini, 2010; Ford et al.,

2

. 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-oceurs-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-constrictionislowered-as

S energy-is-converted-to-kinetic-energy-when-the-flow—aeeelerates—, as illustrated by Fig. 1a. The area covered by the

volume that enters the strait is called the sink region (Fig. 1a). The acceleration is associated with a pressure force towards the

constriction —BPewnstream-which acts to lower the water level in the centre of the constrictions-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).

Since friction and pressure now works in the same direction, the flow is likely to come to a halt elose-te-theshoereline semewhere

dewnstream-of-the-constrictionnear the coastline where the friction is strongest. When this happens, the flow separates from

the coastline « et s e Lo s LO0L Tl el bl e b e Db il e

of self-propagating-dipelesas illustrated by Fig. 1b (Kundu, 1990; Signell and Geyer, 1991). When the flow separates frem-the

eoasta 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.
The dipete-wil-dipoles capture and transport water ejected from the strait away from the opening and possibly out of the sink

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

ey

Ugip = sz

Here b is the distance between the vortex centers, and  is the magnitude of the circulation in each of the two vortices, assuming
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=h 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.
It is unclear whether this is valid for a dipole formed in a tidal strait, where the background flow is clearly not-zerenon-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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pathway of mass, momentum and vorticity from the strait into the dipole (Wells and van Heijst, 2003; Afanasyev, 2006). As the
dipole accumulate vorticitythe 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 channel
jets-Afanasyev (2006) found that the dipole propagated with constant speed, even though the dipole continuously accumulated
vorticity fed by a trailing jet.

the viscous boundary layer (Wells and van Heijst, 2003; Nicolau del Roure et al., 2009; Bryant et al., 2012). Another possible
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 U?T, whereT is the tidal period antll 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
which he called the "startup timely. 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 r&ymiened as
(Kashiwai, 1984a; Wells and van Heijst, 2003; Nicolau del Roure et al., 2009)

W

St = ﬁ; @
whereW is the strait width]T is the tidal period antl is the velocity scale characterising the velocity in the stilitcan also
be seen as a characteristic spatial scale of a dipole formed at the strait exit, and in tBisis@smeasure of the ratio between
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acceleration associated with the azimuthal velocity of the vortices is balanced by pressure forces. Thus, for a dipole vortex to
exist,S;  1lis a necessary condition.

Net tracer transport by tidal pumping is associated @itk S, whereS;; is a threshold value d§; (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

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

andthe-universalityef-the-commonlyusedStrouhalnumber. We systematically perform 164 numerical simulations in an

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 Modelling
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 wateks 5 ~Lai - ; : = : Q21 gt al., 2015, .2016; Sun et

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-
mentum and mass conservation as well as the equations for temperature, salinity and density. In our case, we set temperatur
salinity and density to constant values and FVCOM then solves the following equations

@uy @uy y@uy @ fy = 1 @PL @ K @u
o Yoxt Voyt Wez TV coxt @z Kmgz *Fu
@y y@Vy y@Vy y@Vy fy = 1@ @ K @V
ot Uoxt Veyt Wzt TU coyt @z Kmgz *Fv @)
Quy @v, @
ax*t @y+ @z 0
%§= 00:

X,y andz are the Cartesian coordinates in east, north and vertical directions, respectivelyandw are thex, y andz
components of velocity, respectivelyjs pressure; g is the constant density; is the Coriolis parameteg is the acceleration
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of gravity; K, is the eddy diffusion coef cient an&, andF, are the diffusion terms for horizontal momentumxirandy
directions, respectively. The calculationkof, is done with the Mellor and Yamada (1982) level 2.5 turbulent closure scheme,
modi ed by Galperin et al. (1988, andF, are calculated using the eddy parameterization method by Smagorinsky (1963).

The diffusion coef cient withinF, andF, is given by
S

0 @y, 5@V, @u, @y,
A, =0:5C (@)j +0:5(g @;j (" (4)

whereC is a constant, set to 0.1 in our case, anid the grid cell area.
The surface boundary conditions ajigerby-

°. o @ z= (xy:t); )
W= @t Uaext Vay

where ¢ and sy are the surface stressxrandy directions, respectively, andis the surface elevation. The bottom boundary

conditions areyivenby-

K @J'@V =1 :
moere T (b)), ©)

= @H @H
w= U@X V@y

where pyx and yy are the bottom stresses in thendy direction, respectively anld is the bottom depth. The bottom stresses

are given by
(oxi by) = :OCdp uZ + V2(U;v); 7)
where the drag coef cienEgis-giverby-
2
Cgq = max @;0:0025 : (8)

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

lowest horizontal velocity level.

2.2 Setup of simulations

study. The idea behind this con guration is that the pressure difference over the length of theétiadtis 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
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Surface stress (Eg. 5) is set to zero, and the only forcing of the simulations is a northward propagating Kelvin wave speci ed

(x_xc)
obc = Ate Ra sin(ky t): 9)

Here,! =2 =T , T is the M2 tidal period (12.42 hoursk,= = P gH, X, is the constant position along the x-axis of the
straight eastern coast (ignoring the peninsula) Rads the Rossby radius of deformation. Equation 9 describes a classical

latitude and the deptd = 100 m, giving a Rossby radiuRq ' 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,
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 radiuRkaf 2 km. The strait is directed north-south, and the geometry and coordinates
used in the study is shown fagureFig. 3b. In total we conduct 164 idealized simulations using 82 different strait geometries
and two different amplitudes of the tidal forcing«(=1 andA; = 0:5, see Eqg. 9).

We simulate a homogeneous ocean over a at bottom of 100 m depth. To avoid unwanted effects of boundary layers near a
vertical wall, we use a sloping bottom at the innermost 600 m from the coastline inside thé-sraieEig. 3a). The minimum

Becaus@ur tracermodelrequiresverticallayering,we divide thewatercolumn

Cq =0:0025for z, > 2:8m.

Inside the strait-the resolution is 50 m along the coastline. Inside the focus region surrounding the-steaiesolution
linearly coarsens to 200 m with distance from the coast. The focus region is, in addition to the strait it$elff-thele{of
semi-circle(radius= W=2 +2R) of high resolution at both sides of the strait entranéegireFig. 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 oper
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 tarl 2 inside a rectangular box south of the strait, amd 0° elsewhere (left panel
in FigureFig. 2). The northern edge of the initial tracer release is at the center of the strait. This con guration of the initial
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 etmal®. Right panel: The mesh near the strait with 12 km width (top) and

1 km width (bottom).

3 Overview of model results

the straits produces self-propagating dipoles. Figure 4 provides an overview of all the simulatievsraaekat-the straits
where self-propagating dipoles are visually observed. The dipole formation clearly depends on the strait geometry, where
narrow and short straifsversfavor dipole formation. Additionally, with stronger tidal forcing{ = 1:0 m) --dipoles form in
wider and longer straits compared to when the tidal forcing is wéak=(0:5 m). In this section, we present an overview of

We choose to show three examples where the tidal forcing and the strait lengtiraaeequal @ =1 m andL =4 km),
white-andthe strait widths ar& =1 km, W =4:5 km andW =12 km, respectively. The difference in strait width results
in different temporal evolution of the tracer distribution and the vorticity elds. We show the results from the rst half of the



