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We discuss a laboratory model of dipole formation due to tidal flow through a channel connecting a bay to the
sea. Tidal changes in water elevation lead to periodic flow in and out of the bay through the narrow channel.
Due to flow separation there is an asymmetry between the flow entering and leaving the channel on different
phases of the tide. A consequence of this asymmetry is that every tidal cycle a fraction of fluid is not returned
through the channel, so that a passive tracer in the bay is successively flushed away. We consider what happens
when the creation of vorticity in the channel leads to the formation of a dipole that can propagate away from
the returning flow of the later phase of the tide. When the dimensionless ratio of maximum channel velocity

�
,

width of channel � and tidal period � is such that ��� � �
	���
���� , we find that dipoles can propagate away from
the source region without being drawn back into the sink. Some results of this process are also presented from
a depth-averaged numerical model of a realistic oceanographic situation.

1 Introduction
Separation of tidal flow past a sharp headland can
lead to the formation of a recirculating eddy. When
the strength of vorticity associated with these eddies
is weak and bottom dissipation strong, their effect on
the mixing and dispersion of passive tracers, can be
well described by averaging over many tidal periods
and so determining a “residual flow field” (Zimmer-
man, 1986). However, when the length of tidal excur-
sion becomes larger than the scale of the headlands,
the strong time dependence of the flow field implies
that averaging can lead to misleading impressions of
the mixing. If vortices are long-lived they will change
the mixing properties of the tidal flow, as the circula-
tion in a vortex leads to a barrier to transport across
its perimeter (Provenzale, 1999). Such transport of
sediment within the cores of coherent tidal vortices
has been implicated in the formation of sand banks
near headlands (Pingree, 1978, Pingree & Maddock,
1979).

The role of eddies must be explicitly considered in
tidal flows if multiple eddies are present and can inter-
act. This situation can arise if eddies survive multiple
tidal cycles or if eddies form at multiple headlands
that are separated by less than the tidal excursion. An
example of this is discussed by Pawlak & McCready
(2002) where the residual currents formed by eddy

formation at a headland can change direction from on-
shore to off-shore, if eddy lifetimes increase beyond
a tidal period. Another case of such vortex interaction
is for tidal flow through a narrow channel between a
basin and the sea. Here vorticity formed in the channel
can lead to the formation of two large counter-rotating
vortices. If these structures are sufficiently long-lived
they can form a coherent dipole structure that than can
self-propagate away from the channel. Observations
in the semi-enclosed Seto Sea in Japan (Fujiwara et
al., 1994), have revealed that on the flood tide, long-
lived self-propagating dipoles can form that lead to
a strong flushing mechanism between basins. These
dipole structures were also crucial in determining the
mean circulation in the Kyoto bay and had an impor-
tant role in sediment transport and bank formation.
This has been previously studied theoretically and ex-
perimentally by Kashiwai (1984, 1985), who found
that such tidal dipoles could propagate away from the
channel if a dimensionless ratio ��� � � (where

�
is

the maximum velocity, � the width of channel and
� the tidal period ) was less than 0.09. Similar types
of dipole structures have been observed in numeri-
cal simulations of the flushing of confined harbours
and estuaries (Signell & Butman, 1992, Brown et al.,
2001).

The important effect of such dipole formation is
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that there will be greatly enhanced flushing between
the basin and sea, compared to the classical idea of
tidal pumping by the source-sink asymmetry (Stom-
mel & Farmer, 1952). In this conceptual picture, flow
separation leads to an asymmetry between the flow in
and out of the channel so that a fraction of water that
escapes as the jet is not sucked in by the sink flow.
If flow out of the channel forms a dipole then it may
have a large enough self-propagation velocity that it
moves away from the channel and is not sucked back
on the returning tide. In this case almost none of the
water that leaves the channel will return on the next
tide.

In this paper we discuss a theoretical and laboratory
model of the formation of dipoles in an oscillating
flow through a narrow channel connecting two basins.
Particular attention is focused on the conditions nec-
essary for a dipole formed during the out-flowing pe-
riod, to escape from the influence of a returning sink
flow. In � 2 we introduce a simple theoretical model of
the dipole and sink properties, and determine the crit-
ical value of the ratio ��� � � , necessary for a dipole to
escape from the channel. Our resulting critical value
is slightly higher than that of Kashiwai (1974) due to
our different assumptions. In � 3 we discuss observa-
tions of dipole formation in laboratory experiments
as a function of ��� � � . The implication of our lam-
inar laboratory experiments to the case of the turbu-
lent ocean is discussed in � 5, where we present results
from a numerical simulation of tidal flow in a realistic
oceanographic setting, and look at the additional ef-
fects of changing the channel profile, maximum depth
and drag co-efficient.

2 Theory

The asymmetry between the inflow and outflow is
sketched in figures 1 and 2. When fluid flows out of
the channel, the no-slip condition leads to the growth
of viscous boundary layers, which contain large am-
plitude vorticity. At the sharp corner, the flow sepa-
rates and the detached sheet of strong vorticity rolls
up on itself to create a vortex. Two such vortices are
created at the opposite sides of the channel mouth,
which may couple together and form a dipole. This
is a coherent structure which will propagate with a
speed proportional to the total amount of vorticity in
each vortex, and inversely proportional to their sepa-
ration distance. On the other hand, flow into the chan-
nel will resemble a potential sink flow, where the
magnitude of velocity decreases inversely with dis-
tance from the channel mouth. In an oscillating tidal
flow through a channel, a dipole formed on one phase
of the tide may escape the sink flow if the dipole prop-
agation velocity is greater than the local velocity due
to the sink flow.

In the following subsections we will introduce a

simple model of the trajectory of the dipole. The
dipole is treated as consisting of two point vortices,
whose circulation is a function of time and related to
the velocity in the channel. The flow into the chan-
nel is treated as a potential sink flow. By numerically
integrating the resulting analytic expressions we ob-
tain dipole trajectories and can determine if a dipole
is able to escape from the channel mouth after a tidal
period as a function of the width of the channel � , the
maximum channel velocity

�
, and the tidal period � .

W

U

δ

Figure 1: Flow leaving a sharp channel may induce
formation of a dipole, by advection of vorticity cre-
ated at the boundaries.
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Figure 2: Flow returning into the channel can be de-
scribed by a potential sink. As vortex structures can be
long-lived, the situation at ebb tide may now involve
a self-propagating dipole and sink flow.

2.1 Properties of the dipole
A simple model for the formation process of a dipole
is to consider the total injection of vorticity created at
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no-slip walls (Shariff & Leonard 1992). In this “slug”
model there is a constant velocity

�
acting for a time�

. A viscous boundary layer forms at the wall that has
a thickness � . Within this layer the average vorticity
will scale as ��� � ��� and the average velocity will
scale as

� ��� . As the circulation is the area integral
of the vorticity, the total vorticity advected from the
nozzle at time

�
can be estimated as

� � 	
	�� � 
�� ����� � ��� � � � ��� � � � �� � � � (1)

This can also be written as
� � � ��� ���

where
�

is
the length of the slug. This scaling argument has fairly
good agreement with experimental observations when
the ratio slug length

�
to width � is greater than 1.5.

For
� � � 	 0.5, however the predicted circulation is

systematically lower than experimental observations
of vortex rings by about 50 % (Shariff & Leonard
1992). We expect similar results to hold for quasi 2D
dipoles.

In depth-averaged models of shallow water flow
vorticity is usually generated by the effect of increas-
ing drag in shallow waters, so that the width of the
strong vorticity is much greater than predicted by a
horizontal eddy diffusivity. However the circulation
is an integral of the total vorticity so that (1) should
still be valid for these cases.

Two vortices of opposite signs are able to induce
a movement in each other so that a self-propagating
dipole structure can emerge. A simple model of this
dipole, is to consider two point vortices of strength� �

; the translation velocity induced by these two pint
vortices is then ����� �"!$#&% � ��('*) (2)

with ) the distance between the point vortices.

2.2 Properties of the sink flow
A small distance ( +-, � ) away from the channel, the
sink flow velocity field will resemble that of a po-
tential sink, whereby the velocity decreases inversely
with distance so that along the y axis�/.0�2143 � � �5 '6+ (3)

2.3 Competition between the dipole and the sink
To understand how a dipole may escape from an os-
cillating flow in a channel we first consider the sim-
ple case where the velocity in the channel changes
abruptly from a source to a sink, like a square wave. If
a dipole is produced on one phase of this flow, there is
the possibility that the self-advection velocity (2) will
be greater than the velocity of the sink (3). Using (1)

to scale
�

we find that the propagation velocity of the
dipole is greater than the velocity when7

�98 �:)� �<; (4)

with
7

the + co-ordinate of the dipole position. Thus
there is a critical distance

7
that a dipole must pass

before it can escape the effect of subsequent return
flow. The question then becomes a matter of deter-
mining where the centre of the dipole is on the y-axis.
If

�
increases linearly with time as

� � � ��� � � � then
the dipole velocity is also a function of time. The total
distance the dipole moves in the period � ��� is then7 � 	>=@? �A � � �5 '6) � � �CB 7 ! � � � � �

���('*) 
 (5)

Substituting (5) into (4), tells us that the critical dis-
tance will be exceeded when)� � 	EDGF 5 ' �:HJILK � ?$M

(6)

where HN�O) � � . Experimental results for this case
(Wells & van Heijst, 2003) found that the ratio of the
dipole separation ) to the width � is typically in the
range � 	E) � � 	 � 
2P . In this case the critical value
is then in the range 0.171 to 0.130. In the following
discussion of a sinusoidal flow we will only considerHQ� � .
2.4 Dipole trajectories for a sinusoidal forcing
We predict the trajectory of the dipole using a simi-
lar analysis to Kashiwai (1974). For the case of a si-
nusoidal forcing with time dependent velocity

� D � I*��
!SR�T �UDV�(' � � �WI , the circulation of the two vortices will

be expressed as
� � � ���YX � D � I � � �

by (1). We assume
that the circulation of the dipole is produced vortic-
ity is produced on the flood tide, and then remains
constant. The dipole moves by integration of (2) for� 	 � ��� , and for

� 8 � ��� there is the additional influ-
ence of the sink flow described by (3). Then we can
write equations of motion for the center of the dipole
as Z 7Z � � [\\] \\^

_a`Vbc�d � D �fe .0�21:g c�dJb ?V=ihc�d ?V= I � 	 � 	 � ���_ ` =�Gj d � e _ik .0�21:g
� dJb ?V=ihc�dJl � ��� 	 � 	��

(7)

Integrating the dipole excursion using (5), with a si-
nusoidal velocity results in

7 ! � � �
!
� � ��F 5 '*) , a factor

of 2 lower than for the square wave. The equations
(7) are non-dimensionalized by the period � and the
distance

7 !
to giveZ 7>mZ � m � [\] \^
n D � m e .G�21(g c�d�bpo hc�d I � 	 � m 	 � ���5 e D k_ = I M �GA�� c*d .0�21:g

� dJb hqsr o � ��� 	 � m 	 �
(8)
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This is plotted in figure 3 for different values of
��� � � . As the sink velocity is now a function of time
no steady solution is possible, as was the case for
a square wave. It appears that for ��� � � 8 ��
 � � � F
the dipole will be sucked back into the sink and for
��� � � 	 ��
������ � it can escape. This value is higher
than Kashiawi (1974), who predicted a critical value
of 0.94. This difference is due to the factor of 1/2 we
use in Eq. (1), rather than the incorrect value of 1;
and due to the assumption of Kashiawi that the dipole
remains stationary for � 	 � 	 � � 5

.
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Figure 3: Dipole position �������	��
 for different val-
ues of ��
���� , with a channel velocity varying sinu-
soidally in time. This figure was obtained from inte-
gration of (8).

3 Experimental design
To simulate tidal flow through a narrow channel, and
observe the behaviour of dipole formation, a detailed
series of experiments were conducted. The most im-
portant consideration in these experiments was to
make the flow quasi-two dimensional and laminar, so
that the analysis from � 2.4 is relevant.

The experiment is sketched in figure 4 and con-
sisted of a tank of dimensions ����� mm ��������� mm �� ��� mm, divided into two “basins” by a Plexiglas wall.
Fluid flows from one basin to the other through a
small channel, whose width can be can varied. To
drive the flow a cylinder of cross-sectional area ���
���� �� mm ! is slowly lifted up and down by a cable con-
nected to a rotating disk. To maintain constant water
level, fluid must flow between the two basins. The ve-
locity and period of this “tidal” flow are controlled
by changing either the amplitude "$# , the period � of
the oscillating cylinder or the cross-sectional area of
the channel. We can estimate the maximum velocity
by assuming that all the water displaced by the cylin-
der flows through the channel. This is a reasonable
assumption if the period of the cylinder oscillation is
much longer than the time a wave takes to propagate

through the basins, and that the frequency of oscilla-
tion is far from a resonant frequency of the system. To
study the behavior of dipoles as a function of the ratio
��
���� we vary the width � and depth of fluid % while
keeping the period � and amplitude "$# constant at
�&���'� s and "$#(���*) mm.

In order to make the flow quasi two-dimensional
we found that the addition of a very thin ( +,�.-/) mm)
layer of dense salty water, appeared to substantially
delay the onset of three-dimensional instabilities of
the vortices.

b) 

a) ∆ h

dipolesink

cylinder

shallow water

rotating disk

wall

Figure 4: The experimental set-up, where a sinusoidal
flow was forced by means of a cylinder oscillating up
and down. This can be seen in the side view of (a),
where a cable is connected from the cylinder to a ro-
tating disk. The resulting flow pattern is sketched as
seen from above in (b), where the water is moving
from the left to the right. This flow has the form of a
sink on the left-hand side and the form of a dipole on
the right-hand side.

4 Laboratory results
Photographs of two different types of flow evolution
are shown in figures 5 and 6. The first set of photos
were taken using an apparatus capable of square wave
forcing (Wells & Van Heijst, 2003) and a dipole can
be clearly seen; the subsequent image is taken one pe-
riod later and shows another dipole which also prop-
agates collinearly with the first. The second series of
photographs in figure 6 are taken using the apparatus
sketched in figure 4 and show the case where a dipole
forms, but then a large proportion is sucked back into
the channel when the flow changes direction.

The two sequences of photographs show clearly
defined examples of where dipoles either escape or
get sucked back into the channel. Near the critical
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Figure 5: Laboratory visualization of the dipoles
propagating away from a channel, from an experiment
capable of square wave forcing (Wells & van Heijst,
2003). The nozzle has a width of 50 mm and here
��� � ���
� 
 ��P . The photographs were taken one forc-
ing period apart.

value of � � � � the differences in regimes are not
clearly observed, as part of the dipole appears to be
stripped off, while part escapes. However, for most
experiments we were able to distinguish the two dif-
ferent regimes and the resulting classifications have
been marked in figures 7. The observations show good
agreement with the theory, despite a little scatter near
the critical value of ��� � � = 0.13. We note that these
results are also consistent with the 5 experiments of
Kashiwai (1974) who found the same transition to oc-
cur between the two of his experiments that had val-
ues of � � � � = 0.085 and 0.182.

5 Generation of vortices in oceanographic situa-
tions.

In our laboratory experiments the flow is laminar and
three-dimensional effects are relatively small, unlike
typical tidal flows in the ocean. However, many of the
ideas developed in this paper are expected to still ap-
ply to tidal flushing in estuaries, harbours and fjords
when sufficiently large scales are studied where the
ideas of “eddy diffusivity” are applicable. Formation
of transient eddies by tidal flows has recently been
studied by many authors (see e.g. Awaji, et al. 1980,
Signell & Geyer 1991) using various forms of depth-
averaged equations. In such models, the creation of
vorticity is no-longer primarily due to no-slip bound-
aries but rather the way that stress is parameterized. In

Figure 6: Laboratory visualization of a dipole be-
ing sucked back through the channel. The nozzle has
a width of 30 mm, maximum velocities were

� �
� � mm s K � and � � � � s so that and here � � � � �
��
2� � . The photographs are taken at (a) 4 s and (b) 10
s during the 12 s cycle.

many numerical models the bed stress due to 3D tur-
bulence is parameterized with an inverse dependence
upon depth, using a quadratic drag law of the form

�
b ���������U �U (9)

with a drag coefficient of �	� � � 
2P � � � K M
being

typically used in civil engineering practice, see e.g.
Fischer (1979). At horizontal boundaries where the
depth goes to zero, the flow velocity contains a gra-
dient, with zero velocity at the edge. This condition
implies generation of vorticity. While bed stress acts
as a mechanism to create vorticity in regions of strong
bathymetry, it can also leads to decay of vorticity. A
horizontal eddy diffusivity is also used in most numer-
ical models to model horizontal diffusion of momen-
tum by the effects of unresolved 3D turbulence. This
eddy diffusivity can also create vorticity, but only very
near boundaries.

The momentum equation of such shallow water
flows is given by
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Figure 7: Experimental results using the apparatus
sketched in figure 7. A cross ( � ) indicates experi-
ments where the dipole can escape and a circle ( � )
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where � is the elevation of the free surface.
There are two timescales in (10) associated with the

decay of velocity: the first due to the quadratic drag
term, � �

� k
� � �

��� � (11)

and the second due to horizontal diffusion of� ���
��� � � ��	� (12)

where
�

is the width of the eddy and ��� a hori-
zontal eddy diffusivity of momentum. The first time
timescale is related to the decay of vorticity and circu-
lation by bottom drag processes, whereas the second
timescale is related to the horizontal diffusion of vor-
ticity. Away from horizontal boundaries this will lead
to a decay in velocities and hence peak vorticity, but
not of the circulation. Thus in terms of calculating the
vortex trajectory (which depends upon the circulation�

), the timescale
� �
� k
� is most important. This lead

Signell & Geyer (1991) to introduce a length-scale of� � � � �
� k
� over which the expected vorticity to de-

cay. This length-scale has a linear dependence on wa-
ter depth, so that for greater depths dipoles may prop-
agate over larger distances. In their simulations using
��� �
� 
 P � � � K M

and tidal velocities of about 1 m s K � ,
Signell & Geyer (1991) found that eddies formed in
water deeper than about 40 m, would survive longer

than half a tidal period. As their simulations can be
viewed as one half of our channel, this gives a good
indication of when we might expect our process to be
important.

The process of tidal flushing in a more realistic
oceanographic setting was studied by making a nu-
merical simulation of an idealized tidal basin using
the DELFT-3D code. An example of a bathymetry
used in the calculations is sketched in figure 8. The
laboratory experiments discussed earlier placed em-
phasis on the maximum velocity in the channel,
width of channel and tidal period. There are at least
three additional parameters that are important for a
depth-averaged simulation of a realistic tidal channel,
namely the shape of the channel profile, the maxi-
mum depth and how bottom drag is parameterized.
The simulation shown in figure 9 is interesting in
that a dipole is seen to form, but it does not prop-
agate away from the channel, even though the mea-
sured ratio � � � � exceeds the critical value. It ap-
pears that this is due to the rapid decay of peak veloci-
ties in the vortices by bottom drag when the maximum
depth is 20 m and �	� � � 
2P � � � K M

. If we keep the
same channel width and forcing but change either the
maximum depth to 40m or reduce drag co-efficient
by half to �	�
� � 
2��P � � � K M

, then dipoles are able
to propagate further away from the channel. Despite
a dipole clearly forming in figure 9, there is rather
weak flushing as the dipole decays rapidly. The effect
of the changing the channel profile has an important
impact on the width of the vortex strip that is pro-
duced. As opposed to laboratory experiments where
the width of the boundary layer is set by horizontal
diffusion of momentum, in these shallow water flows
the width is largely set by the underlying bathymetry.
This results in much wider vortex strips than would
be predicted using a horizontal eddy diffusivity. For
the same maximum velocity in the channel, the total
amount of vorticity produced should be the same but it
will be spread over a wider region and so will change
the large scale mixing dynamics. This can be clearly
seen in figure 9, where vorticity is produced over the
full width of the channel. For a modeling view point it
is then essential to have sufficiently high resolution of
the bathymetry at shallow boundaries in order to cap-
ture the generation of vortices accurately. The neglect
of this process may lead to underestimating the mix-
ing and transport of pollutants and sediments in these
regions.

5.1 Flushing in oceanographic observations and
other numerical simulations

Oceanographic observations of this process were seen
in the Naruto Strait, where strong dipoles are formed
and propagate away from the channel. In this case the
maximum velocity was about

5 
 P m s K � and the max-
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20 m depth

6 k m length
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Figure 8: The bathymetry used in numerical simula-
tions. The channel width was 5 km with a maximum
depth of 20 m, the length of the channel was 6 km.
The flow was forced by setting the tidal amplitude at
the boundaries of the top basin to 1 m. The bottom
basin had solid boundaries. A resolution of 100 m �
100 m was used, so that the sloping boundaries are
well resolved.

imum depths of
��� �����

m (Awaji, 1980). A similar
observation was made in the flushing of the Venice
lagoon, where maximum � �	�

m s 
�� and
�
�����

m
(Gacic et al. 2002). In geometrically similar channels
of the Wadden Sea where � is about

�
m s 
�� and the

maximum water depths are around 10 m, bottom dis-
sipation was strong enough to prevent any strong vor-
tices from forming (Ridderinkhof, 1990). Images in a
numerical simulation of tidal flushing of Boston Har-
bour by Signell & Butman (1992) show an indication
of a propagating dipole (where � �������

m s 
�� and���	���
m), but a similar dipole formed in a related

simulation of flushing of a tidal estuary in the Gulf of
Texas (Brown et al. 2001) where � �����������

ms 
��
and

�������
m, does not propagate away. In both cases

the flow exceeds the criterion of �����! #" ���$��% , so we
assume the difference is due to differences in parame-
terization of bottom dissipation. It would be useful in
future simulations to see how sensitive vortex gener-
ation and the subsequent mixing are to differences in
the value of the bottom drag coefficient.

5.2 Other flushing processes
In addition to the mechanism of dipole flushing dis-
cussed in this paper, there are also many other pro-
cesses that may be more important in a particu-
lar oceanographic situation, for determining the ex-
change of water between a semi-enclosed basin and
the ocean. In estuaries, strong stratification can arise

Figure 9: The vorticity produced by flow through
a 5 km wide channel, from a simulation using the
DELFT-3D code. The dark/light gray represents pos-
itive/negative vorticity with peak values of & �'�(� s 
��
and mean values of & ���)�*� s 
�� , respectively. Maxi-
mum velocities were 1 m s 
�� but due to the shallow
depth of the water (20m), the dipoles decay rapidly
and do not propagate away from the channel mouth,
even though �+�,�- #. ���(�/%

for this experiment.

due to fresh inflow from a river, or from surface evap-
oration, so that a two-layer exchange flow can be the
rate-limiting mechanism in flushing an estuary. Such
a flow with the addition of tides leads to complicated
vortex patterns (Kapolnai et al. 1996), which are dif-
ferent from the present study. Most real channels will
be asymmetric, which will probably lead to increases
in the exchange rates. Hydraulic models of Kashi-
wai (1985), using a variety of asymmetric channels,
found that asymmetric dipoles would form, leading to
curved trajectories and greater flushing than consid-
ered here. Even in symmetric channels, the inclusion
of the Coriolis forces will lead to an asymmetry in the
jet leaving the channel. Along-shore coastal currents
will likely make a very large change from our ide-
alized picture. These can be the result of large-scale
circulations (like the Gulf Stream), responses to short
term fluctuations such as wind forcing or due to the
tidal forcing itself. There are of course, many regions
of the ocean that do not experience strong variation in
tides along the coast and it is these settings that our
model may be applicable to. Such small variations in
tidal phases were reported for the region surround-
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ing Boston by Signell & Butman (1992), so that in
their numerical model of the tidal flushing of Boston
Harbour, structures emerged that looked similar to the
dipoles which are reported in this paper.

6 Conclusion
Our experiments have shown that dipoles can form
when a tidal flow passes through a channel, and that
these dipoles may propagate away from the channel
region. This leads to an increase in the exchange be-
tween two basins compared to the model of Stommel
& Farmer (1952). Such a process may be an impor-
tant mechanism of exchange and transport of water
bodies, and the associated chemicals and sediment
within them. As such it is crucial for a numerical
model used for coastal oceanography applications, to
accurately model the bathymetry close to coast-lines,
as these shallow and sloping regions are where most
vorticity is generated and dissipated. The effect of
dipole formation on flushing reported in this paper,
and related currents associated with vortex generation
around multiple headlands studied by Pawlak & Mc-
Cready (2002), show that if flow separation and vor-
tex generation is neglected the magnitudes of mixing
rates may be largely underestimated. As the decay of
circulation in such vortices is largely controlled by
bottom drag in oceanographic settings, these effects
will be most important in deep waters ( 8 30m depth),
where vortices can persist for longer than a tidal cy-
cle.
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