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Abstract :

Source flows in a rotating tank are carried out to investigatethe behavior of boundary currents. In the laboratory
experiments, there is a northern boundary current which thickness increase with source strenght and a thin western
boundary current which shows meandering behavior as the flowrate is increasing. The comparison with numerical
simulations using the Miami Isopycnal Coordinates Ocean Model shows similarities but also some discrepancies
with lab experiments mainly near the source and in the western boundary current.

Résumé :

Des écoulements avec source dans une cuve tournante sont effectués pour étudier le comportement des courants
de bord. Dans les expériences de laboratoire, il y a un courant de bord nord dont l’épaisseur augmente avec le
débit de la source et un fin courant de bord ouest qui méandre quand le débit augmente. La comparaison avec des
simulations numériques employant le modèle MICOM montre des similitudes mais également quelques différences
avec des expériences de laboratoire principalement au voisinage de la source et dans le courant de bord ouest.
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1 Introduction

The choice for boundary dynamical conditions in ocean circulation models is a very discussed
topic and western boundary currents are shown to be very sensitive to the chosen boundary
conditions and friction parametrization (Dengg (1993), Haidvogel et al. (1992), Chassignet
& Garraffo (2001)). The relevant nondimensional numbers for western boundary currents are
the RossbyRo = U

f.L
and EkmanEk = AH

f.L2 numbers, whereU is the velocity,f the coriolis
parameter,L the current thickness andAH the horizontal eddy viscosity. The typical values
for western boundary currents areRo = 0.1 and Ek = 0.01. Western boundary currents
can be reproduced in the laboratory with source/sink flows. Fluid is injected within a pie-
shaped or half-cylinder tank at some location, the parabolic shape of the free-surface acts like
a topographicβ effect. The injection leads to the rising of the free-surface and, as the interior
is geostrophic, fluid columns move northward to conserve their depth and a western boundary
current closes the mass transport. Those experiments wherefirst developed by Stommel, Arons
& Faller (1958) to study abyssal circulation and further described by Kuo & Veronis (1971)
and Veronis & Yang (1972).
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2 Description of the Experiments

The experimental setup is composed of a1, 5 meters wide rotating table. It is powered with a
Labview monitored Omron DC motor which angular speedΩ ranges from0.3 to 2.2 rad.s−1.
Experiments are performed in a square tank which length isL = 92 cm with a sloping bottom
to reproduce the earthβ effect. Fluid is injected within the tank from a separated reservoir
with an Ismatec Reglo-Z digital pumping motor and Micropumpgear pump head, which are the
most efficient to keep a continuous flow rate and are not sensitive to pressure head. The fluid
is injected at the norwestern (with respect to theβ plane) corner of the tank through a diffusive
unit to reduce turbulence near the source. The flow ratesS ranges from3 to 20 mL/min and the
water height at rest isH = 25 cm.

X

y

Source

Front view Side view

Figure 1: Details of the experimental setup

As the studied flows are weak, the wind-stress can greatly affects them so the tank is covered
by a lid away from the free-surface. Once rigid rotation is achieved, the fluid is injected within
the tank during 20 to 30 minutes before the measurements begin in order to allow Rossby waves
to decay. As proposed by the pionnering article by Stommel, Arons & Faller (1958), the circu-
lation in the tank can be considered as steady if the amount offluid injected during one period
is much smaller than the whole tank volume, which is always the case in the experiments. In
addition with theβ plane whose slope isα = 0.12 rad, there is also a free-surfaceβ effect.
Provided the rotation rate is not too high, the effect of the paraboloid is small compared to the
sloping bottom but for higher rates its impact become comparable so that all the experiments
were made with weak rotation rates.

In those experiments, theory predicts that the geostrophicineterior would have northward
velocities and a southward western boundary current to close the circulation. As the free-surface
vertical velocity isw = S

L2 , the interior geostrophic velocities given bytan α.v = w are very
weak (about10−3 mm/s). The mass closure involves thatTw = S(3

2
+ H0

L. tan α
) whereTw is the

transport of the boundary current andH0 the fluid depth in the center of the tank, which leads
to velocities in the western boundary current of order0.1 mm/s. Laboratory experiments are
carried out with various source strenght ranging fromS = 3 to S = 20 mL/min and a rotation
period ofT = 10 s, the fluid from the source is then deflected to the right by thecoriolis force
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and follow the northern boundary in a thin layer of a few centimeters thick and diverges at some
point near the norwestern corner and enters the western boundary layer (see figure 2). When
flow rate is increased (see Figure 3 & 4), the northern boundary current gets thicker with dis-
tance from the source. The western boundary current velocity is then order1 mm/s and increase
with source strenght. In addition, the western boundary current shows a meandering behavior
which is enhanced by the flow rate.

Figure 2: Experiment withS = 3 mL/min andT =

10 s
Figure 3: Experiment withS = 14 mL/min and
T = 10 s

Figure 4: Experiment withS = 20 mL/min andT = 10 s

3 Model description

The numerical model used for the simulations is the Miami Isopycnal Coordinates Ocean Model
(see Bleck & Boudra (1986), Bleck & Smith (1990) for details)in a one-layer square basin
with sloping bottom and parabolic free-surface. The model’s resolution is slightly less than
one centimeter and features no-slip boundary conditions, which seemed to be the more relevant
in order to compare with lab experiments. Bottom friction isparametrized using a linear drag
similar to the ekman layer dynamics with friction coefficient equal to the inverse spin-down time
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r =
√

νΩ

H0

. Lateral dissipation is achieved with an harmonic operatorwhich coefficient is chosen
to be equal to the molecular diffusion. The model’s equations have been slightly changed to
include a source of fluid in the continuity and free-surface equations. The models equations are
then :

∂tui + (ui · ∇)ui + fk ⊗ ui = ∇Mi (1)

∂thi + ∇(hiui) = wsi (2)

with i the layer index,hi the layer’s depth,ui(ui, vi) the horizontal velocities,Mi the Mont-
gomery potential,k the vertical unit vector,wsi, the vertical velocity due to fluid injection in the
layer.

Free−surface for S = 3 mL/min & T = 10 s
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Figure 5: Numerical simulation withS = 3

mL/min andT = 10 s

Free−surface for S = 10 mL/min & T = 10 s
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Figure 6: Numerical simulation withS = 10

mL/min andT = 10 s

Free−surface for S = 20 mL/min & T = 10 s
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Figure 7: Numerical simulation withS = 20 mL/min andT = 10 s

The model exhibits a small anticyclonic vortex near the source due to the vertical velocities
involved by the fluid injection, the northern boundary current near the source is weaker than in
the experiments due to this anticyclonic vortex and converges in the western half of the northern
boundary with velocities similar to the laboratory experiments and feeds the western boundary
current in which velocities are also in agreement with thosemeasured in the tank. The rest of
the basin is then a western intensified cyclonic gyre as predicted by the theory. Nevertheless,
no meandering features are found inside the numerical simulations.
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4 Conclusions

Laboratory experiments and numerical simulations were carried out to investigate the behavior
of source flows in a rotating tank. In the tank, one can see the presence of a northern boundary
current which thickness increase with source strength and ameandering behavior of the western
boundary current enhanced by flow rate. The model and the lab experiments shows similari-
ties but also some discrepancies. The model is in agreement with experiments for the overall
circulation and the order of magnitude of boundary currentsvelocities. Though, the numerical
simulations exhibits a larger anticyclonic vortex than in the experiments, the northern boundary
thickness is independant of the source strenght and the western boundary current does not have
any meanders.

References

Bleck, R. and Boudra, B. 1986 Wind-driven spin-up eddy-resolving ocean models formulated
in isopycnic and isobaric coordinatesJ. Geophys. Res.917611-7621

Bleck, R. and Smith, L. 1990 A wind-driven isopycnic coordinate model of the north and equa-
torial Atlantic Ocean. 1. model development and supportingexperimentsJ. Geophys. Res.95
3273-3285

Chassignet, E. P. and Garraffo, Z. D. 2001 Viscosity parametrization and the Gulf Stream sepa-
ration In From Stirring to Mixing in a Stratified Ocean (ed. P. Mullerand D. Henderson)pp.
37-41

Dengg, J. 1993 The Problem of Gulf Stream Separation : A Barotropic ApproachJ. Phys.
Oceanogr.232182-2200

Haidvogel, D.B., McWilliams, J.C. and Gent, P.R. 1992 Boundary Current Separation in a
Quasigeostrophic, Eddy-resolving Ocean Circulation ModelJ. Phys. Oceanogr.22882-901

Kuo, H-H. and Veronis, G. 1971 The source-sink flow in a rotating system and its oceanic
analogyJ. Fluid. Mech.45441-464

Stommel, H., Arons, A. B. and Faller, A. J. 1958 Some examplesof stationary planetary flows
Tellus10179-187

Veronis, G. and Yang, C. C. 1972 Nonlinear source-sink flow in a rotating pie-shaped basinJ.
Fluid. Mech.51513-527

5


