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Ruth H. Preller, Ph.D.
The Florida State University, 1985

Major Professor: James J. 0'Brien, Ph.D.

Reduced gravity and two-layer numerical models have been used to
study the circulation in the westernmost basin of the Mediterranean
Sea, the Alboran Sea. Circulation is forced by flow througn a 20 km
wide port in the western boundary representing the Strait of Gibraltar.

The reduced gravity model domain is a rectangle measuring 500 km x
160 km with 10 km x 5 km grid resolution. When forced by an eastward
or northeastward inflow, the model solutions evolve to a steady state
which exhibits a meandering current. The first meander of the current
forms the northern boundary of an anticyclonic gyre. Horizontal
dimensions of the gyre are strongly dependent up on the inflow angle,
vorticity associated with the incoming current, magnitude of the
incoming transport and the north-south extent of the basin. The
meandering current is considered a standing Rossby wave with a nighly
distorted vorticity trajectory due to the interaction of the current
with the northern and southern boundaries. When velocity (transport)
is increased, the wavelength increases approximately as /v. As a
result the anticyclonic gyre shifts east as velocity increases and west
as velocity decreases. These solutions show that bottom topography,

winds and coastlire features are not necessary mechanisms for the
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formation of the gyre.

Two-layer model solutions were obtained using realistic
topography, geometry and a westward moving lower layer. The addition
of the lower layer flow and topography slightly distorted the
circulation in the upper layer, particularly in the southern half of
the basin. The basic characteristics of the gyre, however, were not
changed. With topography inciuded, the lower layer flow followed a
path similar to that observed for the Mediterranean Deep Water. When
topography was removed, the flow followed the path taken by the
Levantine Intermediate Water.

The high variability of the horizontal dimensions and location of
the gyre has been observed both experimentally and through satellite
imagery. Model results show that the high variability is caused by
variations in the inflow velocity.

Drifter tracks, both observational and model derived, help
determine the c¢irculation in both layers of the Alboran Sea. The close
comparison between model and experimental dirfters lends credibility
to the model circulation and dynamics.

Experiments using climatological wind to force the model show
that a strong wind driven circulation from the Balearic Sea causes
cyclonic circulation to form in the location of the Alboran gyre. This
cyclonic circulation, however, is very weak and whan combined with the

Atlantic water inflow serves only to sligntly weaken the anticyclonic

gyre.
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1.  INTRODUCTION

The Alboran Sea serves as an excellent region in which to study
the effects of strait flow on an adjacent sea. As the westernmost
Mediterranean basin, the Alboran Sea is the first to receive the
inflowing Atlantic water from the Strait of Gibraltar. This incoming
‘ jet is thought to be largely responsible for many of the circulation
features observed in the Alboran, in particular a meandering current
and a persistent anticyclonic gyre which dominates the circulation of
the western Alboran Sea.

Mean flow through the Strait of Gibraltar is driven by sea
level and density differences resulting from the evaporative loss of
water in the Mediterranean. The characteristics of the incoming
Atlantic water have been observed to be quite different from those of
the subsurface Mediterranean water. In particu1ar, the Atlantic water
is always less dense and less saline (salinity = 36.5) than the
Mediterranean water (salinity =38.5)(Gascard and Richez, 1984; Kinder
and Parrilla, 1984a and 1984b; Parrilla and Kinder, 1984). The
Atlantic water flows through the narrow (20 km) and shallow (300 m)
Strait of Gibraltar into the Alboran Sea forming a 150 to 200 m deep
upper layer. The large volume transport of inflowing Atlantic water,
between 1 and 2 x 100 m3/sec (Lacombe, 1971; Bethoux, 1979; Lacombe and

Richez, 1982; Kinder and Parrilla, 1984a and 1984b), forms a narrow jet
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approximately 30 km wide with surface speeds near the strait of 100
cm/sec {Lacombe, 1961; Peluchon and Donguy, 1962; Grousson and Faroux,
1963; Lanoix, 1974; Cheney, 1977; Petite et al., 1978; Wannamaker,
1979; Kinder, 1984 and Perkins and Saunders, 1984). The Mediterranean
water, located at depths greater than 200 m, flows slowly westward at
approximately 5 cm/sec, AND exits through the Strait of Gibraltar. It
has been observed that this Mediterranean water can exist as two
subsurface layers: an intermediate layer, the Levantine Intermediate
Water, and a lower layer, the Mediterranean Deep Water. The
intermediate water has been located (Gascard and Richez, 1984; Parrilla
and Kinder, 1984) in the northern and central Alboran Sea while the
deep water has been observed only along the Morroccan coast (Bryden and
Stommel, 1982; Gascard and Richez, 1984; and Parrilla and Kinder,
1984).

The general circulation of the Alboran sea has been observed and
documented by numerous authors (Ovchinnikov, 1966; Lanoix, 1974;
Parrilla and Kinder, 1984). One observed pattern of the upper layer
Atlantic water circulation is given by the dynamic height contours from
Lanoix (1974). The Atlantic water inflow enters the basin and flows
northeast to approximately 4°w, curves southward and then splits
(Fig. 1). Part of the jet flows west and is incorporated into the
anticyclonic gyre while the remainder flows southeast to Cape Tres

Forcas and then along the African coast forming the southern periphery
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of a cyclonic circulation. Observations indicate that the anticyclonic
circulation extends to at least 200 m depth. The existence of an
anticyclonic gyre below 200 m depth is still a point of controversy.
Drifter data (Pistek, et al., 1984) from the western Alboran Sea at
depths greater then 200 m indicate that cyclonic circulation exists
below the gyre. However this circulation reverses in the southern
shelf region where drifters either turn towards the Strait of Gibraltar
or to the east moving along the Alboran ridge.

As more studies are made of the Alboran Sea, it becomes obvious
that the Alboran gyre observed by Lanoix is just one of many
configurations which can exist. Satellite infrared imagery indicates
that variations may exist in the shape, location and intensity of the
gyre (Wannamaker, 1979). In a recent study, LaViolette has compiled a
time series of satellite infrared imagery of the Alboran Sea taken
twice daily for the period October 6-16, 1982. This time series shows
a large amount of varijability in the surface signature of the gyre
during this ten day period (LaViolette, 1983). Cheney and Doblar
(1982) have documented a change in the location of the front over
a two week period while Bucca and Kinder (1983) have observed that the
time scale of surface variations can be much shorter (1-2 days) then
that of subsurfacé (100 m) variations (1-2 weeks). Figures 2a-f show
the variability of the gyre observed using satellite infrared imagery.

Figure 2a shows the gyre occupying the entire north-south extent of the
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Fig. 2. Infrared satellite imagery of the Alboran Sea, 1982.
Lighter shades indicate colder water.




basin while Fig. 2f shows a gyre of much smaller north-south extent.
Satellite imagery indicates that the inflow may enter the basin in a
due east or north of east direction. If it is assumed that the
northern boundary of the gyre is defined by the Atlantic water inflow,
then the angle at which the Atlantic water enters the Alboran sea
should have important effects on the dimensions of the gyre. Though
the gyre's size and shape may vary, both hydrographic data and
satellite infrared imagery support the year round existence of the gyre
(Stevenson, 1977; Cheney, 1978; Wannamaker, 1979, Burkov et al., 1973;
Gallagher et al., 1981).

Several theories have been suggested to explain the existence of
the anticyclonic gyre (Lanoix, 1974; Ovchinnikov et al., 1966; Nof,
1978; Miller and Whitehead, 1979; Preller and Hurlburt, 1982; and
Bryden and Stommel, 1982). Ovchinnikov suggested that the gyre is
formed by wind stress forcing. However, the'estab1ished permanence of
the gyre seems to disprove this theory (Miller and Whitehead, 1979).
Nof, using an analytical model, determined that if the initial
vorticity in the channel is approximately equal to the Coriolis
parameter, the current will turn north, contrary to turning to the
south (right), as expected in the northern hemisphere. The vorticity
in this case could be determined upstream from the outlet by the length
of the strait and topographic effects within the strait.

Miller and Whitehead (1979) found that an anticyclonic gyre,



similar to the Alboran gyre, formed in rotating tank experiments. 1In
these experiments, a density driven current enters into the basin,
turns right and hugs the southern wall. For particular values of the
Rossby radius, the jet separates from the wall. The resulting gyre as
well as the jet are initially a Rossby radius in size. The gyre
continues to grow, accumulating fluid from the jet. Without some
1imiting effect the gyre would grow without bound. Miller and
Whitehead have suggested that a coastal feature, Cape Tres Forcas, acts
as a barrier to the gyre growth. Preller and Hurlburt (1982) discuss
the importance of the relationship of the geometry of the Strait of
Gibraltar to the Alboran sea. Inflow could be forced, geometrically,
into the Alboran sea in a northeasterly direction. Bryden and Stommel
(1982), using a Bernoulli argument, suggested that the Mediterranean
water exiting the strait could provide a source of anticyclonic
vorticity to the Atlantic water inflow.

The purpose of this study is to simulate the observed surface and
subsurface circulation patterns of the Alboran Sea, in particular the
path of the incoming jet and the anticyclonic gyre, and to understand
the dynamics of the system. Two types of layered hydrodynamic
numerical models are used in this study: the reduced gravity and two-
Tayer models. The reduced gravity model is the simplest model capable
of simulating the major circulation features of the upper 200 m. The

two-layer model is then used to investigate the subsurface circulation




and the possibility of baroclinic instability and the effects of bottcm
topography.

The model formulation and parameters are discussed in section 2.
A review of the early reduced gravity results as well as new reduced
gravity results are presented in section 3. Section 4 describes the
two-layer results while section 5 presents a summary and conclusions.

Appendix A is included to discuss the effects of wind stress forcing.




2. THE ALBORAN SEA MODELS

Two types of numerical models are used in this study: a reduced
gravity model and a two-layer model. Both models are nonlinear and
have been adapted from the Hurlburt and Thompson (1980) Gulf of Mexico
model to the Alboran Sea. The reduced gravity model is regarded as a
two layer model in which the Tower layer is infinitely deep and at
rest. Thus the interface between the two layers may deform with
virtually no resulting motion in the Tower layer. An appropriate value
for the gravitational acceleration is chosen to demonstrate the
behavior of the first internal mode. The infinitely deep lower layer
of the reduced gravity model precludes the existence of bottom
topography and baroclinic instability. The two "active" layer model
contains the minimum number of layers which allow baroclinic
instability and the inclusion of topography and the pycnocline.

Both models are stably stratified with a fixed density contrast
between two immiscible layers. A1l other thermodynamic effects are
excluded. The models also make use of the hydrostatic and Boussinesq
assumptions and retain a free surface in a rotating right-handed
coordinate system. The primitive equations on a g8-plane define both

models and the vertically integrated equations appear in transport form
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as

sV
i > > - ~ o
> - 2w
= -h]VP1 + (T] T.|+1)/Q + AV V_l
oh

ot

where i = 1,2 for the two-layer model, i = 1 for the reduced gravity

model and
Py = gny
32 = 31 - g'h1
Vo= hgoo= ho(ugd o+ vyd)

and x and y are tangent-plane Cartesian coordinates with x directed
eastward and y northward, uj and v; are the eastward and northward
velocity components in each layer, h1 is the layer thickness, t is
time, g is the acceleration due to gravity, oj is the density of
seawater in layer i, f, and y, are the values of the Coriolis parameter

and the y-coordinate at the southern boundary, ?1 is the wind stress,
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and %2 is the interfacial stress. The remaining parameters are defined
in Table 1.

The model equations 1-3 are solved on a numerically staggered grid
represented, in it simplest form Fig. 3, by the "C" stencil of
Messinger and Arakawa (1976).

The time differencing used in this model is leap-frog, with an
Euler difference used for start and restart to prevent the possibility
of time splitting associated with the leap-frog scheme. Advective
terms use scheme "C" from Grammeltvedt (1969). The Coriolis force is
treated by using the Holland and Lin (1975) scheme. Horizontal
friction is lagged in time to maintain computational stability. (See
Appendix A; Hurlburt and Thompson, 1982; for more detailed
explanations of the finite differencing of the equations and boundary
conditions).

Two types of model geometry were used in this study; a rectangular
representation and a realistic coastline. Figure 1 shows the
rectangular representation of the Alboran Sea, used in many of the
reduced gravity experiments, superimposed on the Lanoix map of dynamic
heights. This domain is 600 km X 160 km with 10 km X 5 km grid
resolution for each dependent variable. Forcing in these experiments
is due to the prescribed inflow velocity across the 3 grid point, 15 km
wide, western port representing the Strait of Gibraltar. The inflow is

exactly compensated by outflow through the open eastern boundary
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TABLE 1
Model parameters for the pivotal experiment
Parameter Definition Value
A eddy viscosity 100 m®sec” !
8 (df/dy) 2 x 10 sec™
ﬂ f Coriolis parameter 8 x 16° sec |
g' reduced gravity due to 02 m sec_2
stratification
J g acceleration of gravity 9.8 m sec”
|
Hl undisturbed upper Tayer depth 200 m
H2 undisturbed lower layer depth
(two layer) 2400 m
(reduced gravity) w
L X L horizontal dimensions of the domain
X J (rectangular box) 600 km X 160 km
(irregular geometry) 420 km X 280 km
AX KAy horizontal grid spacing for each 10 km X 5 km
dependent variable
At time step
(semi-implicit) 2700 sec
(explicit) 900 sec
v1lin upper layer inflow velocity 30 cm/sec
v2in Tower layer inflow velocity .2 cm/sec
o angle of inflow 21% north of
east
T wind stress = .5 dynes/cm2
ts inflow spinup time 30 days




Fig. 3. The staggered grid, "C" stencil of Messinger and
Arakawa, 1976.
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(Hurlburt and Thompson, 1980). Except at the inflow and outflow ports,
the boundaries are rigid and a no-slip boundary condition is prescribed
for the tangential flow.

The results of two different types of models will appear in this
study. The first is the semi-implicit model, the second is a two-layer
model (Hurlburt and Thompson, 1980). Boundary conditions at the open
ports state that the tangential component is set to zero one-half grid
distance outside the physical domain. In the initial semi-implicit
reduced gravity cases (Preller and Hurlburt, 1982), a viscous boundary
layer using linear interfacial stress was applied at the eastern
boundary to damp oscillations which could appear due to the integral
constraint on outflow. The maximum value used for the drag coefficient
was 1073, The viscous damping decreased exponentially over a distance
of 50 km from the eastern boundary. Except for this viscous boundary,
the interfacial stress between the upper Tayer and the lower layer was
zero.

Figures 4a and 4b depict the two different bottom topograpnies and
the irregular geometry used in the two-layer experiments. These
irregular boundaries and bottom topographies were obtained from the
Synthetic Bathymetric Profiling system (SYNBAPS)(Vanwyckhouse, 1973;
and Vanwyckhouse, 1979) data set of topography. Values were
interpolated using a nine point scheme from the 10 minute resolution of

the data set to the 10 km x 5 km resolution of the model. The coastline




280 ==
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0
0.

Fig. 4. Alboran Sea bottom topography interpolated from the
Synthetic Bathymetric Profiling System (SYNBAPS) data. a)Topography
with idealized Alboran Isl?nd and b) topogrpahy with ridge only.
Values are in meters x 10" ywith a contour interval of 20.
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was then drawn using a cutoff depth of 20 m to eliminate errors
existing on the boundary of the data set. One restriction of the
existing formulation of the layered models is that when the topography
intersects the interface between layers, the solutions become unstable.
Thus allowing for the 200 m deep upper layer and vertical displacement
of the interface, the bottom topography of the Alboran Sea was
restricted to a minimum depth of 400 m. Using this "cutoff" depth of
400 m creates a somewhat broad shelf and a flattened Alboran ridge,
Fig. 4b ("seuill d'Alboran", Giermann et al, 1968). To include the
shallow topography associated with the Alboran Island, a four grid
point island is included on the ridge, Fig 4a. The actual surface area
of this small volcanic island is 600 m x 250 m. A four point island 20
km x 10 km, however is smallest island allowed by the numerical design
of the model. A detailed description of the topograpny of the Alboran
sea is found in Parrilla and Kinder (1984).

Parameters for each of the model standard cases are given in Table
1. The only dissipation in the model, other then the viscous boundary
layer, is due to horizontal friction. The value for the coefficient of

eddy viscosity was chosen to keep the grid interval Reynolds number

thus keeping friction from having an unrealistically strong damping
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effect on important features of the solutions. This cutoff value was
determined by examining the results of a large number of numerical
model experiments. The value chosen for reduced gravity due to
stratification was apprbpriate for observed density differences in the
Alboran Sea (Gascard and Richez, 1984; Bryden and Stommel, 1982 and
Parilla and Kinder, 1984). In the two layer model, the value of g' is

multiplied by (H, + H2)/H2 to yield the same internal values for

1
gravity wave speed, radius of deformation and Rossby wave speed as in
the reduced gravity model. The undisturbed upper layer thickness is
based on many observations of the Alboran Sea which show a sharp
density-salinity gradient at 150-200 m depth.

Horizontal grid spacing was chosen to allow the resolution of the
mesoscale features being studied in the Alboran Sea. A minimum of 8-10
grid points, in both horizontal dimensions, is necessary to properly
resolve a feature. The Alboran gyre is defined with an average
diameter of 100 km. Thus the model has an average of 10 grid points
with which to define the gyre.

For cases using the irregular geometry, the western inflow port
is 20 km wide and the eastern outflow port is 200 km wide. Initial
reduced gravity model experiments (Preller and Hurlburt, 1982) used a
15 km wide port. Later reduced gravity experiments used a 20 km wide

port to agree with the size of the port obtained from the SYNBAPS

topographic data set. The change was based on the variation of the
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width of the strait with respect to depth. At the 100 m contour, the
midpoint of the 200 m deep upper layer, the width of the strait
measures 18 km. In the later experiments, 20 km was chosen as a closer
estimate of the average strait width. In the lower layer, the eastern
boundary serves as the inflow port while the Strait of Gibraltar
becomes the outflow boundary. A simple schematic of the inflow-outflow
design for the reduced gravity and two-layer models is depicted in
Fig. 5. Specification of the model forcing is accomplished using one
of two methods: 1) by prescribing velocity, (vlin), or 2) by
prescribing transport, (Viin), and allowing the model to determine the
velocities.

Using a standard inflow velocity of 30 cm/sec through a 20 km wide
200 m deep port determines an inflow transport of 1.2 x lO6 m3/sedd'or
(106 m:?sec‘l= 1 sv) 1.2 sverdrups. For cases using the standard
inflow angle, the 30 cm/sec eastward component was given an additional
12 cm/sec northward component. Thus the total velocity in these cases
was 33 cm/sec and total mass transport 1.3 sv. This values agrees with
observations of Strait of Gibraltar inflow (Lacombe and Richez, 1982;
Kinder and Parrilla, 1984a and 1984b. A standard inflow value of
.2 cm/sec was chosen for the lower layer to agree with observation.
Transport out of the Mediterranean is known to be less than incoming
transport due to the effect of evaporation being greater than

precipitation and river runoff. An inflow of .2 cm/sec, through a



16G;

160

(b)

Fig. 5. Inflow and outflow boundaries for a) the upper layer and
b) the Tower layer.
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200 km wide boundary which is a maximum of 2400 m deep, creates a mass
transport of 1.0 sv. It also creates velocities along the southern
shelf near the Strait of Gibraltar of 10 cm/sec agreeing with the
observations of Gascard and Richez (1984) and Bryden and Stommel
(1982). Inflow is gradually increased from zero to its maximum value

over a finite period of time. The inflow velocities increase as
(118

e
where T is the "spin up" time and t is the actual time. This method is
used to minimize the excitation of high frequency waves. The standard
angle of inflow was chosen to be 21° north of east based on the
geometric orientation of the Strait of Gibraltar with respect to the
Alboran Sea. This angle was varied based on direct observations
(Lacombe, 1961; Lacombe and Richez, 1982) and inferences from satellite

imagery.



3. MODEL EXPERIMENTS - The semi-implicit reduced gravity cases

The first goal of this study was to simulate the circulation of
the Alboran Sea in accordance with observations and to gain an
understanding of the dynamics from these simulations. The reduced
gravity model, the simplest model able to simulate the major features
of the circulation above the pycnocline, is used to study the
anticyclonic circulation of the upper layer (200 m) and the Atlantic
water inflow. This model has demonstrated substantial skill in
simulating the circulation and dynamics of the Gulf of Mexico (Hurlburt
and Thompson, 1980) and the Caribbean (Heburn et al, 1982).

Over fifty numerical experiments were performed using this model.
The early results of these experiments are discussed in Preller and
Hurlburt (1982). A uniform velocity profile was used to force inflow
through the 15 km wide Strait of Gibraltar into the basin. An inflow
velocity of 90 cm/sec was chosen to agree with observations of surface
flow (Lacombe and Richez, 1982; Perkins and Saunders, 1984 and
Parrilla and Kinder, 1984).

Flow was allowed to exit (or enter) the eastern boundary through
the viscous boundary layer. The most striking feature existing in all
of the solutions was a meandering eastward current. The first meander
of the current forms the northern boundary of an anticyclonic
circulation while the second meander bounded the southern side of a

21
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cyclonic circulation.

Tests were performed to assure that in these reduced gravity
cases, the use of a viscous boundary layer at the open eastern boundary
did not distort the interior solutions. Figure & shows two solutions
which differ only in the east-west extent of the basin. Model
solutions are presented in terms of pycnocline anomaly, PA. The
anomaly represents the deviation of the interface between the upper and
Tower layers from its initial position. Downward deviations, a
thickening of the layer, are defined by solid contours while upward
deviations, a thinning of the Tayer, are define by dashed contours. The
two solutions agree out to the first 400 km. The only disagreement
appears between 400-500 km, the Tlocation of the viscous boundary layer.
The viscous boundary has the effect of spreading the pycnocline anomaly
contours and diminishing the jet structure to a more uniform flow
across the boundary.

Initial attempts were made to duplicate the Lanoix configuration
of the gyre. This gyre fills the entire north-south extent of the
basin and extends approximately 180 km in the east-west direction.
Preller and Hurlburt (1982) have shown that a gyre of similar
dimensions existed as a steady state solution when inflow was forced in
a northeastward direction, Fig. 7a. A weak cyclonic circulation exists
in the eastern half of the Alboran Sea with the inflowing Atlantic

water hugging the southern boundary. When inflow was not angled but
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Fig. 6. Pycnocline anomaly of angled inflow reduced
gravity cases. Cases are identical except for the length
of the basin a) 180 x 800 km basin; b) 180 x 500 km basin.
Scale factor for these figures is x/y, 1/2.5. Contour
interval is 10 m.
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forced in due east, the jet quickly turned to the south forming a
weaker anticyclonic gyre of smaller dimensions with a stronger cyclonic
gyre to the east (Fig. 7b). These steady state solutions indicate
that if the inflow is forced northward, geometrically, the gyre forms
with a larger north-south extent.

The east-west extent of the model gyre of Fig. 7a is approximately
250 km, somewhat large when compared to the Lanoix configuration.
Using a 90 cm/sec eastward inflow with a 15 km wide port in a 200 m
deep layer results in an inflow mass transport of 2.7 sv. In cases
where the inflow was angied, a 36 cm/sec northward component was added
creating a v = 97 cm/sec and a transport of 3.0 sv. This value borders
on the upper limits of the observed mass transport. The inflow
velocity, 90 cm/sec, was chosen to agree with surface observations.
However, the model being used is a layer averaged model and the
prescribed inflow velocity is the velocity of the entire 200 m
deep layer. In a recent experiment (Kinder and Parrilla, 1984)
transport was measured and calculated in the Strait of Gibraltar to be
1.3 sv. To agree with the observed mass transport and with the
geometry of the port as obtained by the SYNBAPS data, the port was
widened to 20 km and the inflow velocity reduced to 30 c¢cm/sec resulting
in a 1.2 sv inflow.

The results of an experiment using the new inflow velocity 30

cm/sec angled 21° north of east and an identical case using 90 cm/sec
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angled 21° north of east are shown in Figs. 8a and b. In this case and
the remaining reduced gravity experiments, the port width was expanded
to 20 km. As a result, in the angled inflow cases of v = 97 cm/sec and
v = 33 cm/sec creating mass transports of 3.9 sv and 1.3 sv
respectively. Reducing the transport decreased the amplitude of the
meander, reducing the east-west dimension of the gyre to 180 km in
agreement with the Lanoix gyre. Decreasing the transport by one third
decreases the gyre intensity to one third of its previous value from a
maximum PA of 75 m to a maximum PA of 25 m. The center of the gyres
snift from 200 km to 100 km while the gyre's east-west extent decreases
from 260 km to 180 km. The remaining solutions will use 30 c¢cm/sec as
the standard inflow velocity.

These steady state solutions raise some very important points. It
has been suggested (Porter, 1976) that the dimensions of the gyre are
directly related to the bottom topography with the Alboran Island
limiting its east-west extent. However, the reduced gravity model,
which does not incorporate bottom topography, results in a gyre of the
proper dimensions. Miiler and Whitehead (1979) found in rotating tank
experiments that without a coastline feature, Cape Tres Forcas, their
gyre grew without bound. These reduced gravity cases included no such
coastline features. It will be shown that the dimensions of the gyre
determined by the reduced gravity model depend upon the magnitude of

the mass transport, the conservation of potential vorticity of the jet
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and the effects of side wall boundaries.

a. The effects of rotation on the incoming Atlantic water

To examine the effects of rotation, a number of reduced
gravity model tests were performed using a centered four grid point
port with constant cross-port inflow velocity of 30 cm/sec due east and
a 50 m deep upper layer. This depth was chosen to make the Rossby
radius compatable with the of third the Miller and Whitehead rotating
tank experiments. In their experiment, the incoming jet enters the
tank, turns immediately right and clings to the side wall, forming no
gyre. This configuration appears to be due to the fact that the Rossbhy
radius is less then the channel width (7.3 cm versus 10.2 cm). In
cases where the Rossby radius is larger then channel width, Miller and
Whitehead's experiments show that the jet separates from the wall. The
model test cases have a Rossby radius to chahne] width ratio of 13
km/20 km. This test was performed to determine if under these
conditions, the model jet would also cling to the boundary forming no
gyre. In the model test cases the only parameter varied was the
Coriolis parameter from the standard value of f = 8 x lO-SSec-l, to
f=-f to f=0 to f=2f. Figures 9a-d and 10a-d show early spin up
solutions at day 30 and later solutions at day 50 for the four cases
studied. The solution show in Figs. 9a and 10a resembles the Miller

and Whitehead results. The flow turns right and remains close to the
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boundary. By day 50, the solutions show a different type of
circutation from that seen by Miller and Whitehead. As the jet now
penetrates farther into the basin, so does the southward turning flow.
The growth of an anticjc]onic circulation away from the wall appears to
be an effect of the eastward extension of the jet, not the cause. As
the jet extends farther east and south in time, the circulation within
the anticyclonic gyre grows more intense and the dimensions of the gyre
increase. This growth is finally 1imited when the jet impinges on the
southern boundary. Reversing the sign of f, Figs. 9b and 10b, turns
the inflow to the north. When f is zero, Figs. 9¢ and 10c, the flow
spreads symmetrically about a Tine through the center of the basin.
Doubling the Coriolis parameter, Figs. 9d and 10d, turns the flow more
sharply towards the south. Thus as the fluid enters into the basin,
two forces have a major effect on it; rotation and, to a lesser extent,
viscosity. The viscosity of the fluid causes the spin-off of counter
circulating gyres on both sides of the inflowing water. These gyres
are symmetric about the jet in the case of f=0. These results show the
same dynamic characteristics as a case of uniform flow in a pipe as it
enters a region with larger surface area. However, the Coriolis force
has the additional effect of turning the incoming jet to the right in
the northern hemisphere. These results are not unexpected for a jet

moving into a motionless viscous fluid in a rotating system.
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b. The effects of upstream induced shear

These results do not answer an important question raised by
satellite imagery and hydrographic data. If Coriolis effects turn the
inflow towards the south, why is the inflow most often observed to be
turned towards the north?

The experiments presented in Figs. 7 and 8 show that angling the
inflow, based on the geometric orientation of the strait, results in an
inflow which enters the Alboran Sea in a northeastward direction
forming a large anticyclonic gyre. It was also suggested by Nof (1978)
that shear, established in the flow upstream from the outlet, may cause
this northward deflection. Figure 11 shows the results of two reduced
gravity experiments with shear imposed at the inflow boundary. The
first case Fig. lla, used an imposed shear creating negative relative
vorticity of 1.8 x 10'5. This value is of the order of the Coriolis
parameter. As a result, the steady state solutions turns northward in
agreement with Nof. In the second case, Fig. 1llb, the relative
vorticity is equal but opposite in sign and the inflow turns southward
as it enters the basin. Additional experiments were performed which
show that if the negative relative vorticity is reduced enough
(< .5x107° ), the flow no longer turns north.

Thus both the geometric orientation and shear induced upstream in
the strait can turn the incoming jet north. For simplicity, the

remaining cases will address only the angled inflow situation.
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c. Boundary effects

In the case of the angled inflow and shear inflow, where the
velocity has a northward component, the Coriolis force would act as a
restoring force and turn the flow southward. The restoring force in a
g-plane would be expected to produce north-south oscillations about
eastward moving current axis. This type of wave motion is described by
Rossby wave theory (Rossby, 1939). In the steady state reduced gravity
solutions presented here the "wave" is stationary. If the Alboran gyre
was strictly formed as a result of a stationary Rossby wave, which
maintains a constant absolute vorticity trajectory, its wavelength

should be given by (Haltiner and Martin, 1957)

LX = ZW(U/S)I/E

For the Alboran gyre case, this would result in a wavelength an
approximately one and one half times larger than observed. Thus, the
restoring effects of the Coriolis force only partly determine the path
taken by the inflow as it enters the Alboran sea. When the flow enters
the basin in a northeastward direction, the additional effect of the
northern boundary becomes important.

A number of reduced gravity experiments were performed to Took at
the interaction between the jet and the north-south boundaries. In the

following three cases, the inflow was a constant 90 cm/sec across a 20
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km wide port and angled 21° north of east. Al parameters in the three
cases were the same, the only difference being the port location. Case
one uses the standard Alboran Sea port north of the center of the
basin. The port of case two is located exactly in the center of the
basin, while the port of case three is one point south of the center of
the basin. Figure 12 shows the three quite different steady state
solutions of these cases. The most dramatic difference occurs between
the centered port solution and the south of center port solution. The
role played by the northern boundary is best seen by observing model
solutions in their "spin up" stage. In case three, Figs. 13 and 14,
the jet enters the basin in a northeastward direction. The northward
movement of the current places it in a region of increasing f. In
order to conserve potential vorticity, a negative relative vorticity
(anticyclonic movement) is needed. Vorticity conservation causes it to
curve back toward the south and an anticyc]ohic gyre forms south of the
incoming jet. North of the jet 1ies a less intense, somewhat wide
spread cyclonic circulation. The situation of case two, Figs. 15 and
16, is quite different. As the solution is "spun up" and the jet
travels farther north, it begins to encounter the frictional effect of
the northern boundary. The boundary affects the shear of the flow
which is developing near the northern boundary, inducing large negative
relative vorticity. Attempting to conserve potential vorticity, the

flow moves farther northward. This, in turn, creates a stronger shear



Fig. 12. So]gtfons of three reduced gravity cases with 90 cm/sec
velocity angled 217 at day 600 for a) port north of the center, b) port
exactly centered, and c) port one point south of the center. Contour
interval is 10 m.




Fig. 13. Spin up solutions of the one point south of
center port case at a) day 80, b) day 100, c) day 120 and
d) day 140. Contour interval is 10 m.
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Fig. 14. Spin up solutions of the case presented in
Fig. 13 at a) day 160, b) day 180, c) day 200 and d) day
600. Contour interval is 10 m.
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Fig. 15. Spin up solutions of the centered port case
at a) day 80, b) day 100, c) day 120 and d) day 140.
Contour interval is 10 m.
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Fig. 16.  Spin up solutions of the case presented in
Fig. 15 at a) day 160, b) day 180, c) day 20Q and d) day 600.
Contour interval is 10 m.
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at the boundary causing larger negative relative vorticity, forcing the
flow still farther northward. This continues until the jet is far
enough north that the cyclonic circulation to its north is separated
into two cyclonic gyres one to the east and one to the west of the
inflow. The jet then intersects the boundary and is deflected to the
south.

In the case of the realistic Alboran Sea port a similar argument
exists except that the jet strikes the northern boundary farther west
than in the centered port case. As a result, the cyclonic gyre west of
the inflow is confined to a smaller region and the center of the
anticyclonic gyre is located farther west than in the centered port
case.

Potential vorticity contours for the centered and south port
cases, Figs. 17a-e and 18a-e, show how the northern boundary alters the
vorticity in the centered port case. In particular, the east-west
gradient of potential vorticity, Fig. 17e, is no longer constant near
the northern boundary as in the south port case, Fig. 18e. Large
values of potential vorticity now exist in the northwestern corner of
the basin over the cyclonic gyre. Figures 19a-c shows the steady state
contours of potential vorticity for all three different port Tocations.
Contours of potential vorticity for the north port case are similar to
those of the centered port case with slightly larger magnitudes in the

northwest corner.
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Solutions were also obtained for cases with 30 cm/sec angled
inflow. The steady state solutions for the centered, Fig. 20a, and
south of center, Fig. 20b, indicate that when the initial shears set up
by the inflow entering the motionless basin are small, that the effect
of the induced shear from the northern boundary becomes more critical.
In the Alboran Sea port case (north port), previously shown in Fig. 8b,
the jet strikes the northern boundary quickly, resulting in a gyre
whose center is located west of of those in the previous two cases.

In all of these cases, once the jet is deflected southward by the
northern boundary, its path is then Timited by the width of the basin
(i.e. southern boundary). Figure 21 shows a case where the north-south
extent of the basin is doubled. The northern boundary is far enough
from the port that the curvature of the inflow is similar to the south
port case, Fig. 12c. The jet continues south until it is deflected by
the southern boundary. When the dimensions of the basin were extended
in the east-west direction, Fig. 6a, the current would continue to
meander downstream, the amplitude of the meanders being limited by the
width of the channel.

These reduced gravity results show that in a one-layer basin, the
approximate dimensions of the Alboran Sea, an anticyclonic gyre lies to
the south of the incoming Atlantic water and a cyclonic gyre to its
north. This two gyre system is similiar to jet flow in a rotating

viscous fluid (Batchelor, 1970). The anticyclonic gyre, however,
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dominates the circulation closest to the strait. This is due to the
location of the strait in the northern half of the basin thus allowing
a larger area south of the inflow over which the gyre can form. The
largest north-south dimensions of this anticyclonic gyre are also
dependent on the inflow's northward movement as it enters the basin.
The northward component of the inflow can be a result of the geometry
of the Alboran Sea-Strait of Gibraltar system or it can by caused by
shear induced into the current upstream in the strait. The interaction
of the northern and southern boundary with the jet alters the simple
path of curvature determined by Rossby wave theory, reducing the

wavelength of the oscillating flow.



4. THE TWO-LAYER CASES

Although the dynamics of the one active layer model explain a
large part of the formation of the Alboran gyre, a westward moving
Tower layer must be included to examine the circulation of the Alboran
Sea completely. The effect of the lower layer flow as well as the
effect of the complicated bottom topography was examined using a
two-layer model. This model can also be useful in determining the
importance of baroclinic instability. If results of the two-layer and
reduced gravity models are similiar, it eliminates baroclinic
instability as a major part of the dynamics. Figure 22 shows a cross
section of the two-layer model. Velocity components as well as layer
thickness are calculated. Topographic variations are included in the

lower Tayer thickness term.

a. Comparison tests between two-layer and reduced gravity models
The first tests using a two-layer model were designed to be
comparable with the reduced gravity tests. These tests used either 90

cm/sec or 30 cm/sec inflow in the upper layer. Standard Tower layer
inflow was .2 cm/sec. The Alboran Sea topography minus the idealized
Alboran Island was used in these first tests. Figures 23a and b shows
the solution of a 90 cm/sec, due east inflow case for a) the reduced
gravity model and b) the two-layer with topography (Fig. 4b) model.

51
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Fig. 23. Steady state solutions using 90 cm/sec due east
inflow in a a) reduced gravity model and b) a two-layer model
with topography shown in Fig. 4b and .2 cm/sec lower layer
inflow.
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These solutions look quite similar in the western half of the Alboran
Sea. In the 90 cm/sec case, both contain a small anticyclonic gyre
similar to that often seen in observations, Fig. 24. However, they
differ quite dramatically in the eastern half of the basin. In the
case with topography, the inflow is deflected from striking the
southern boundary sharply by Cape Tres Forcas. Since the inflow does
not strike this boundary at as large an angle, it does not deflect as
sharply to the north. As a result, the small intense cyclonic gyre
which appears to the east of the Alboran gyre in the reduced gravity
case does not form in the two-layer case.

Two tests were also performed angling the inflow by the standard
21° north of east using 30 cm/sec, Figs. 25a and b and 90 cm/sec, Fig.
26, The resulting circulation of the first test shows the Alboran gyre
confined west of the Alboran Island. This gyre is approximately 200 km
in its east-west extent and has a maximum PA of 20 m. These solutions
closely resemble the reduced gravity solutions of Fig. 10b with the
gyre of the two-layer case being slightly wider and less intense.

Since the inclusion of a moving Tower layer with topography results in
only minor differences between these solutions and those of the reduced
gravity case, it is concluded that the flow in the upper 200 m is the
most critical in defining the anticyclonic gyre. Results of tne second
experiment, Fig. 26b, using the 90 cm/sec, 3.9 sv inflow are similar

to results shown in Fig. 8a. The use of real geometry, shows more
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dramatically, how important the Atlantic water inflow transport values
are in determining the configuration of the gyre. Large transport
shifts the center of the qyre eastward, in this case east of the island
forming an unrealistic Alboran Sea circulation.

These results show that if the inflow is given a northward
component, and large enough mass transport, the jet is confined north
of the ridge and the anticyclonic gyre is shifted to the east. A
number of tests oscillating the inflow angle from due east to 212 north
of east over periods of 90-360 days, were performed. These solutions
gave similar results to those seen in Fig. 26. Once the inflow was
directed far enough north, the jet maintains a position north of the
ridge. Changing the boundary conditions at the inflow port back to due
east was not sufficient to return the jet south of the island. A test
was also performed in which the velocity from a steady state 30 cm/sec
angled inflow case was increased to 90 cm/sec and then reduced to
30 cm/sec over a period of 180 days (Preller, 1983). When the velocity
(transport) was increased, the gyre shifted eastward by approximately
100 km. Reducing the angled velocity (transport) to 30 cm/sec
(1.3 sv), however, was sufficient to return the gyre to a position
where it is confined west of the Alboran Island.

If the gyre is formed by a standing Rossby wave whose trajectory
is distorted by the north-south boundaries, (as suggested in section

3c), then the wavelength should be approximately proportional to the
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square root of the velocity. The simple reduced gravity cases of

Fig. 8 show a wavelength of =600 km for the 97 cm/sec case and a
wavelength of =400 km for the 33 cm/sec case. The ratio of the square
roots of the velocities, 1.7, versus the ratio of the wavelengths, 1.5,
show the Rossby wave approximation to be close but not exact. The
wavelength does increase with velocity but not to the extent predicted
by theory due to the limiting effect of the northern boundary. The
distortion by the northern boundary is larger the greater the velocity.
Thus as the inflow increases, the gyre shifts east a slightly smaller
distance then predicted by Rossby wave theory. As the velocity
decreases, the wavelength decreases and the gyre shifts westward.
Similar results were obtained when the value of beta was decreased.

The wavelength varied approximately as the square root of the
reciprocal of beta.

Results similar to these were obtained in a one and one half
layer, quasi-geostrophic model investigating the bimodality of the
Kuroshio (Chao, 1982). There are two typical paths observed to be
taken by the Kuroshio in the region between Kyushu and the Izu Ridge;
flow either follows the 1000 m continental slope or leaves the coast
upstream of the Izu Ridge near Shikoku and traverses around the ridge.
Model results show that as the Kuroshio transport increases so does the
wavelength of the meander forcing it around the ridge. Thase results

as well as those obtained in the Alboran Sea model may be viewed as
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multiple equilibrium states. Though this configuration can exist as an
equilibrium for the Alboran Sea model, realistically such large
transports (3.9 sv) are not observed in the Alboran Sea and as a result
neither is a gyre shifted this far east, Fig. 26. What has been
observed is the sporadic shifting of a substantial amount of the inflow
north of the island (Lanoix, 1974 and Parilla and Kinder, 1984). Model
results indicate that this type of change in the circulation can be

caused by the sporadic increasing of the northward directed transport.

b. Topographic effects- the Alboran island-ridge system

It has been suggested (Porter, 1976) that the Alboran island-ridge
system is an important if not necessary factor in determining the
eastern boundary of the gyre. The reduced gravity solutions have shown
that no such barrier is needed to confine the gyre to its observed
dimensions. However, the island-ridge system is a very severe
topographic feature and deserves further inspection. The results of
four experiments using variations of the island-ridge topography are
presented. The first two experiments showing the effects of the
topography plus island versus the topography with ridge only are
presented in Fig. 27. Unless specifically stated, the remaining two-
layer experiments will use the standard 30 cm/sec angled inflow in the
upper layer and .2 cm/sec inflow in the Tower layer. A1l parameters in

these two cases are identical, with only the topography varying. The




2L 15-VY

360

DAY

4.0 M

INTERFACE DEVIATIGN

DH=

INSEIIERET

280

420

420

L

T

T T H

T
¥

: =
L o

(a)

(KM)

(KM)

Solutions for a two-layer case with

Fig. 27.
standard inflow at day 360 for a) topography with island,

Fig. 4a; and b) topography with no island, Fig. 4b.




62

main effect of the island, Fig. 27a, is to separate the incoming
Atlantic flow in two such that part of the jet is deflected farther
north then in the ridge only case. As a result, the cyclonic
circulation north of the ridge, Fig. 27b, is slightly weaker in the
island case.

Another general feature of the circulation of these two-layer
cases is the sharp turning of the inflow towards the north in the
region east of Cape Tres Forcas. The turning angle is sharper in cases
which include the island. This is due to most of the inflow being
funneled between the steepest part of the ridge (the island) and the
cape. QObservations, (Parrilla and Kinder, 1984), show this type of
funneling of the inflow to be the dominant configuration. A portion of
this inflow splits off and turns west at the cape becoming part of the
anticyclonic gyre. The remainder is deflected by the cape and turned
northward. This differs from the Lanoix configuration but agrees
closely with the infrared satellite imagery obtained during the Donde
Va experiment (Laviolette, 1983). This satellite imagery shows surface
flow for the period October 6-16, 1982. ODuring this period, the cold
water which bounds the gyre extended eastward and was deflected to the
north by the cape.

The next two experiments were performed with no ridge or an
exaggerated ridge topography and standard inflow forcing. In the first

case, Fig. 28a, the topography is similar to that of Fig. 4b but with
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the entire ridge flattened to 1200 m. When comparing these results to
a case with the ridge, Fig. 27b, only small differences are seen in the
PA contours. The ridge, located at depths of 400 m or greater, did not
have a major effect on the upper layer circulation which is mainly
responsible for defining the gyre. The lower layer circulation also
differs very little since its path is determined by the topographic
contours east of the ridge. If, however, the 400 m contour was

extended through the upper layer, Fig. 29a and b, the PA contours
change dramatically. This "large" island creates a barrier to the
inflow as it turns south. As a result the majority of the inflowing
jet is deflected north of this barrier. Using a 400 m contour to
create an island exaggerates the effect of the ridge on the upper
layer. Using a 100-200 m contour to define the effects of the ridge
would be more realistic however, the east-west grid spacing of this
model does not allow for the resolution of the 100-200 m contour. For
this particular model! the ridge only or ridge plus small island
topographies, Figs. 4a and 4b, can simulate the most realistic effect

of the island ridge system.

c. Topographic effects- Tower layer flow with and without topography
The model results have shown that by including topography and a
slowly moving westward lower layer that the general circulation

patterns developed in the reduced gravity cases still exist. To
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examine, in more detail, the effects of topography on the two-layer
system, a flat bottom case with geometry and the full geometry and
topography case are compared. Figs. 30 a and b show two identical
cases where all parameters are the same except for the bottom
topography. The most obvious difference in solutions is the smooth
appearance of the contours in the flat bottom case. These contours
compare closely to the reduced gravity contours (Fig. 8b) since neither
case included the effects of topography. Figures 26 a and b differ
most markedly in the southern half of the basin. The inclusion of
topography alters the smooth line of the contours in the region.

The reason for this difference becomes apparent when looking at
the lower layer flow for both of these cases. In the flat bottom case,
Fig. 3la, the incoming westward velocity maintains values of
approximately 1-3 cm/sec throughout the basin. Flow entering through
the eastern boundary is turned north by the Coriolis effect until it is
deflected sl1ightly south by the solid wall boundary. Most of the flow
is channeled between the island and the basin's northern boundary. The
flow then curves back again and exits through the Strait of Gibraltar.
This circulation pattern is quite close to that observed in the Alboran
Sea for the Levantine Intermediate water (Gascard and Richez, 1984
Parrilla and Kinder, 1984). When topography is added to the two-Tlayer
model, Fig. 31b, the path of the lower layer flow is dramatically

changed. Though the prescribed inflow is also .2 cm/sec due west at
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every point of the eastern inflow boundary, its westward flow is
drastically halted by the steep topographic gradients in the northern
half of the eastern boundary. Rather than flow up over the steep
topography, the flow is turned south to a region of weaker east-west
gradients. This flow reaches the southern boundary and turns west,
where a portion of the flow is confined to the shelf and the remainder
of the flow follows the deeper topographic contours. As a result, the
majority of the inflow is confined to the southern half of the Alboran
Sea. The Alboran island-ridge system deflects some of tnhis flow north
of the island and back down the northwestern side of the ridge. The
majority of the flow continues westward, is forced north by the
southwestern boundary of the basin and exits at the Strait of
Gibraltar. A small anticyclonic recirculation is formed between the
Strait of Gibraltar and the Alboran Island below the anticyclonic upper
layer gyre.

The path taken by this slowly moving lower layer conserves
potential vorticity. Using a scale analysis of the terms in the

potential vorticity equation, it is found that

du dv 0l m 10-6

dy  dx 10 km

while f is of order 10~4. Thus, the Tower layer flow attempts to

follow a path of constant f/h. The type of circulation found in the
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lower layer of the case with topography closely follows the observed
path taken by the Mediterranean Deep Water (Gascard and Richez, 1984
and Kinder and Parrilla, 1984a and Bryden and Stommel, 1982). One
might expect that the Intermediate Water does not feel the effects of
topography as does the Deep Water. These model results suggest that
the path taken by the Deep water is topographically induced while the
path taken by the Intermediate water, residing above the deep water, is
only weakly influenced by the topography.

It is in the region of strong lower layer flow that an observable
difference appears in the PA contours of these two cases. The southern
half of the anticyclonic gyre takes on a jagged irregular shape. The
incoming jet curves farther south and westward in the region just south
of the Alboran ridge. These contours also indicate that more of the
inflow passes north of the Alboran Island in the topography case. The
curved contours in the southeastern part of the basin represent
development of a weak anticyclonic circulation due to the strong
curving flow below.

The interaction between upper and lower layer is clearly
represented by the interface deviation. Pressure contours tend to
show the separate effects of the upper and lower layers. Figure 32a
shows pressure contours in the upper layer. This pattern of contours,
in particular the symmetric anticyclonic gyre, closely resembles the

pycnocline anomaly contours of the flat bottom case and reduced gravity
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cases. Figure 32b, shows that the largest pressure gradients in the
Tower layer exist at the southern boundary and correspond to the
region of the strong topographically steered velocity.

An additional experiment was performed in which the upper layer
was quiescent while the Tower layer was forced with the standard
.2 cm/sec, Fig. 33. These results indicate that the addition of lower
layer flow and topography has the effect of tilting the interface
slightly upwards in the northern half of the basin. As a result, in
the two-layer case with topography, the interface is deeper along the
shelf and shallower below the gyre then in the flat bottom case. This
tendency to tilt the interface upward in the north adds slightly to the
negative relative vorticity near the strait. If the transport remains
steady in the inflow region, the tilted interface would cause an
increased velocity in the northern part of the jet, thus increasing the
negative relative vorticity. If the initial shear in the inflow region
was small enough such that the inflow did not turn northward, the
additional shear induced by the lower layer could be enough to cause
the flow to turn northward. In quantative terms, a layer depth of
200 m and a velocity of 33 cm/sec would be affected by the tilted

interface resulting in an additional negative relative vorticity of

-1
.003 m sgc = 6y 10'7sec—

5x 10" m

1

Note that this value is small when compared to the Coriolis parameter
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and when compared to the relative vorticity imposed at inflow in
section 3c. Thus the vorticity imposed by the lower layer flow will
add a small amount of anticyclonic vorticity to the upper layer, most

often not enough to turn the incoming jet northward.

d. The effect of geometry on the two layer case

A comparison was also made between a flat bottom, no geometry case
and a full geometry plus topography case. Figures 34 a and b show the
results of two identical cases of 30 cm/sec angled inflow with and
without topography plus geometry. The dashed line across Fig. 34b
indicates where the wall boundary of the reduced gravity model would be
or the average location of the northern boundary of the Alboran Sea.
Without the northern boundary, the inflow does not turn as far north as
in the case with geometry. As a result, the.center of the gyre lies
farther west. The cyclonic gyre which lies downstream of the
anticyclonic gyre now has more room to form and expands to the north
and east. This enlarged cyclonic flow, now limits the northward
extension of the jet. In addition the fact that there is no longer a
cape to deflect the flow northward causes the jet to exit in the

southern half of the basin.

e. The circulation of the Alboran Sea as determined by drifter

movement: observations and model results
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Observational insight into the circulation of both upper and lower
layers has been gained by studying the movement of floats at various
depths in the Alboran sea. Studies of floats in the surface layers
have been made by Gascard and Richez (1984). Three surface floats were
launched along 5%10'W longitude. The two northernmost floats took
cyclonic paths to the north and west Fig. 35a. This region along the
Spanish coast has been well documented as a region of colder surface
water temperatures (Laniox, 1974; Cano, 1977; Copin-Montegur et al.,
1981 and Parrilla and Kinder, 1984). It has been suggested that this
is a possible region of upwelling (Stevenson, 1977; Gallagher et al.,
1981) due to predominance of eastward winds in this area. Other
authors have indicated the existence of a cyclonic eddy in this region
(Cano, 1978). This type of cyclonic circulation north of the incoming
jet is observed in the model. The cyclonic circulation was shown to be
confined to the northwestern corner of the basin in both the reduced
gravity and two-layer cases with the inflow angled north of east (Figs.
8a and b). Measuring from the standard reduced gravity case, Fig. 8b,
the size of the gyre is 25 km in radius or approximately one internal
radius of deformation. This is in agreement with the observations of
Gascard and Richez (1982). The third float, the southernmost float,
Fig. 34b, turns north and east and follows the circulation of the gyre.
It then makes two cyclonic paths around the island-ridge system back

into the gyre and leaves the western Alboran sea by cutting across the
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island-ridge system.

Similar Lagrangian trajectories were calculated from the resulting
circulation of the numerical model. Drifters may be placed at any
norizontal location in the basin, in either the upper or lower layer.
They drift based on the currents generated by the model. Figure 36
shows the paths taken by six such drifters placed in the upper layer of
a two layer, full topography and angled inflow case (standard case).
The drifters are placed in position at day 360 of model integration and
continue moving in time until day 720 is reached or until they leave
the basin. Three of the drifters entering at the strait are caught in
the fast moving inflow. They are carried south of the island-ridge and
then turn to exit from the northern part of the basin. Two additional
drifters, 4 and 5, originating farther south then the first three
drifters are trapped in the gyre. Both drifters eventually curve
towards Cape Tres Forcas where number 5 runs aground at the cape while
drifter 4 turns westward towards the gyre and slows. Both drifters 4
and 6 become trapped at a stagnation point slightly west of the cape.
It is important to note that none of these drifters follow the cyclonic
paths near the Alboran Island that are taken by Gascard's drifters.
This type of complicated motion is probably attributed to the
island-ridge topography in the upper 200 m which cannot be accounted
for by the two layer model.

Model drifters can similiarly be placed in the model's Tower layer
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flow. Figure 37 shows 6 drifters placed in the Tower layer of the
standard case solution. Dashed contours in this case represent the
contours of bottom topography. Drifter 1l placed at the center of the
eastern boundary barely moves, indicative of the very small velocities
in that region. Drifter 2 moves westward until it reaches the island,
veers to the south and continues very slowly westward across the ridge.
Drifter three, originally placed close to the southern shelf, moves
relatively quickly westward across the basin and out through the
strait. Drifter 6, also in the southern shelf region, follows a
similiar path. Drifter 4 appears caught in a weak anticyclonic gyre
while drifter 5 travels very slowly westward. An interesting
comparison can be made between these drifters and those in the lower
layer of a flat bottom case Fig. 38. In contrast to the drifters of
the topography case, drifters in the southern half of the flat bottom
case move very slowly. Drifters placed in the northern half of the
basin move slowly and steady westward until they exit at the strait.
This type of movement agrees with the observed circulation of the
Levantine Intermediate water.

Figure 39 shows some additional drifter paths for the lower layer
of the topography case. The drifter at the far eastern boundary shows
the path taken by the flow as it enters the basin and is forced south
by the steep topographic contours. Drifter 3, placed just north of the

island, travels slowly around the western side of the island until it




SL Jaqunu J331)L4p 3yl

"U0L1ed0| M3U S3L UL SAep QT AJ4DAd ULTLUM
“S|eA4d3uULl W Qop ul Aydeuabodol wol30Q S4B SANOIUOD paYse(

35S pJdepuels 3yl JO JdAR| JSMO| BY]1 UL PISPI[3J SU1LLJp |3pow XIS /€ Bl

0cb

(WM) 0

T T T
T

L .- ]
Ruyprpph
R A
. .- “Ocer ..t . N . J
Tt ===INO)
.” L. - IV § - l..:i e > Pa s
Y S . ] =
AT TR - P
e L :
W.-~\\-\l\ \l ]
ST g
-\-. .1 . y \.\
R :
- - , =
- > —
R ==
- - P
] ]
T 1
i I ] } 1 087

AHOLOArBdL d4 8T




*sAep QT A49A3 UL LJM 34e SJ3qUWNU U3 JLAq "Gz "BL4 “ased paepueis auy
JO JdAe| J9MO| 3BY} Ul PISEI[dJ OBU] 43L4LJp |euoLlLppe XLS “6E “HL4

0cb (WM) 8

T —1 1 D N S - T
S s s e m
N
J
\\
n ]
|
1
ssg
R I e Y - . < !
IIIIIoeei il Bt e
.. . bu.wh-. L
. PR -] [
Cob e (W)
g e I .
H > i '
Voaoosn
.m ' . ] .
- “.. o .. (]
oL, e
s\\--.ov —
TR £l
. e
. L] .
. ; .\\.\.\ e
-ngz.\ﬂu. \“\ —
. - \. P
[ H
g I 1
1 ] I = : w 08¢

AdO L8 d4A8 1 ]




*sAep Q1 AUSAS UBYILJUM 3BUR SJ3aqWNU U4334ldag  “eQE "BL4 ‘wol30Q 3P|} © YILM 3SED
pdepuels 3yl JO J3Ae| JASMO| 9Y] UL pISes|ad S4314Lldp [dpow XLS Q¢ -BL4

0cb (WM)

T
_ﬂr

1

~H
+H

e

—
!

HH

T —T
| 11
t—t

S

Vil
|
l
|
l

[—17

111N

L
N
%
®
fual
/[l i
|

B

5 %‘MWE.HE% @
. i

T
=y

/A.L

l\|—\
I

I

L

.

1

l

I
l
|
7]
i
|
I
|

A

u

l
|
1]

i

|

1
B
[
|

E = 1 . W 4 08¢

Ad0103M8d L §3A8T ]




84

becomes caught in the faster moving westward flow and follows the
topographic contours out of the basin. The remaining four drifters,
lTocated just south and west of the island, move slowly toward the
strait. Unlike drifter 4 (Fig. 37), these drifters display cyclonic
type motion. The circulation displayed by these four drifters is in
general agreement with drifters (1,2,4,6) placed in similar locations
by Pistek (1984}, Fig. 40, The somewhat eratic behavior displayed

by Pistek's remaining drifters, moving in small counterclockwise
circles or moving back and forth along the ridge, can not be explained
by these steady state model solutions. This type of motion may be due
to temporal variability in the Tower Tayer flow or bottom frictional

effects not included in the model.

f. The importance of the time varability of the Atlantic water inflow

Knowing the detailed characteristics of the inflowing Atlantic
water has been important in defining the Alboran Sea circulation, in
particular the gyre. The effect of angling the inflow was shown to
help determine the horizontal dimensions of the gyre. It was also seen
that increasing the transport shifted the Alboran gyre east.
Experiments were also performed to determine the effect of drastically
reducing the velocity (i.e. transport). Starting from the day 360
standard two-layer solution, the angled velocity was changed

sinusoidally from 30 cm/sec to 1 cm/sec to 30 cm/sec over a period of
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180 days. Velocity then remained constant at 30 cm/sec for an
additional 180 days. Solutions for this oscillating velocity are shown
in Figs. 4la-j. As velocity decreases Figs. 4la-d, the gyre becomes
less intense and its center shifts toward the west. The small cyclonic
gyre north of the Alboran Island feels the same effect and shifts to
the west as well. This results in the rather unique configuration of
days 440-500; two oppositely rotating gyres exist west of Alboran
Island. A two gyre configuration has been observed in the satellite
infrared imagery Figs. 4le-h, however the direction of rotation of the
second gyre has not been determined. As the velocity increases, the
centers of these gyres move eastward and return to the configuration of
the day 360 solution.

Results similar to this were also observed by Chao, 1982. When
Kuroshio transports were reduced, the wavelength of the current
meanders decreased, shifting the centers of the gyres associated with
these meanders in an upstream direction. Similar observations were
made by Cheney and Doblar (1982) for the Alboran Sea (Fig. 42). In
cases where wind and pressure effects should minimize inflow, the
center of the gyre was at its westernmost location, while in the
reverse case, the center of the gyre was at its easternmost location.
Parrilla and Kinder (1984) provide additional documentation of the
variability of both the Alboran gyre and the cyclonic gyre north of the

island.
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Fig. 41. PA of two-layer case with 21
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Fig. 42. 100 m temperature contours from Cheney and Doblar {1982)
for October in the Alboran sea. Analysis are separated by 8-10 days.
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As the velocity decreases in this experiment, a change appears 1in
the configuration of the height contours at the Strait of Gibraltar
port. The contours no longer smoothly curve north, they are instead
oriented east-west and then abruptly (=20 km into the basin) turn
towards the northeast. A 21° angle is maintained even when the
velocity is decreased. Thus, when the u-component of the inflow is
reduced to 1 cm/sec, the v-component is reduced to 0.43 cm/sec. With
the northward component so small, the height contours barely curve
northward. There is nowever, a delayed effect on the anticyclonic
circulation of the gyre. Circulation within the gyre does not
decrease or increase as quickly as the inflow. Thus, approximately
20 km into the basin, the anticyclonic circulation of the gyre,
containing a much larger northward component, meets the inflowing water
and the contours curve abruptly northward (day 450). As the inflow
increases again, so does the northward component and the contours again
curve northward at the Strait of Gibraltar port. As this happens, the
anticyclonic circulation all but disappears, eventually reforming as
the inflow continues to increase. This indicates a temporal delay
occuring between the time in which the Strait of Gibraltar flow again
increases and when the gyre exhibits the effects of the increased flow.
For the particular grid interval Reynolds number used in this case (a
small value for A = 85 m?sec™! was used resulting in a grid interval

Reynolds number of
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3 msect x (10%)/ 85 msec™! = 35),

the temporal delay is approximately 40 days.

A number of tests were performed in which the velocity was
increased and decreased from an initial velocity value of 30 cm/sec
sinusoidally varying the periods (60,120,40 days) over which the change
takes place. The results of this test show that the configuration of
the gyre is most drastically changed when the velocity values change
over a longer period of time, Figs. 43a-e. Over shorter time scales,
Figs. 44a-f, changes such as the appearance of the two gyre
configuration and the almost complete disappearance of the gyre do not
develop. The gyre instead seems to oscillate back and forth about an
axis through its center. The gyre tilts to the west when the velocity
decreases and to the east when it increases. These changes are less
intense over shorter periods of time because‘the clockwise circulation
developed in the gyre takes a finite amount of time to decay. Thus
very short oscillations in the inflow, on the order of a few days, may
appear only as small perturbations to the normal gyre configuration.

The change that takes place in the gyre dimensions as a result of
the change in magnitude of the velocity can also be seen in the drifter
tracks of Fig. 45. Drifters are placed in the same locations as they
are in Fig. 36. The drifters paths begin at day 360 just as the
oscillation (decrease) in velocity takes place. On comparison of the

two figures, 36 and 45, the most noticeable difference takes place in
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Fig. 43. Two-layer solutions with
constant .2 cm/sec lower layer flow but
upper Tayer flow osicllated about 30 cm/sec
with an amplitude of 30 and a period of 120
days; a) day 540, b) day 570 and c) day 600.
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Fig. 44. Solutions similar to the
case presented in Fig. 43 except the
period of oscillation is 40 days; a)
day 1020, b) day 1030 and c) day 1040.
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the path taken by drifter #4, the drifters located in the gyre. These
drifters originally follow the same paths until the decrease in
velocity is felt and the drifter, Fig. 45, slows in its eastward
movement. This decrease in velocity is so dramatic that the

drifter slows almost to a halt at the southern boundary. The inflow
velocity then increases, the gyre circulation increases, and the
drifter is once again caught in the anticyclonic circulation and is

eventually steered into the jet.



5.  SUMMARY AND CONCLUSION

Both hydrographic observations and satellite infrared imagery
indicate that the circulation of the upper 200 m of the Alboran Sea is
dominated by a permanent anticyclonic gyre. Observations have also
shown that the configuration of the gyre is highly variable, ranging
from a very small gyre confined to the southwestern part of the Alboran
Sea, to a gyre filling the entire western half of the basin. This
circulation appears to be driven by the Atlantic water entering through
the Strait of Gibraltar. This water is less saline and usually cooler
then the water of Mediterranean origin, thus it appears distinctly
different in satellite infrared imagery. Intuitively, one would expect
the water entering the Alboran Sea to turn south and be confined to the
Moroccan coast, while it in fact is observed»off the southern coast of
Spain.

A number of theories have been suggested to explain this
phenomenon. Nonlinear, semi-implicit, reduced gravity numerical model
experiments have been used to demonstrate mechanisms by which the
inflow can turn north and, characteristic features of the inflow which
determine the variability of the gyre. In addition, realistic geometry
and topography, as well as a slowly moving westward lower layer ffow,
are added to the model to determine what effect if any they have on the
circulation of the upper 200 m. These experiments also shed some

99
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insight on the observed circulation of the Levantine Intermediate Water
and the Mediterranean Deep Water.

Reduced gravity model results show the importance of the Coriolis
force turning the incoming flow to the right. This model also shows
two methods by which the incoming flow may turn towards the north. The
first is the simple geometric forcing of the flow northward. The
geometry of the Alboran Sea-Strait of Gibraltar system indicates that
flow should be channeled into the Alboran Sea in a 21° north of east
direction. It was also shown that if large enough negative relative
vorticity is induced by the upstream channel (Strait of Gibraltar), the
flow will turn north, in agreement with theory (Nof, 1978).

I[f the large anticyclonic Alboran gyre was simply formed by the
existence of a restoring force on a B-plane, Rossby wave theory alone
should define the meandering current which forms the boundary of the
gyre. However, the narrow width of the basin alters the path defined
by the effects of the restoring force, limiting the amplitude of the
wave and shortening its wavelength.

The reduced gravity solutions show that the size of the gyre is
not determined by topographic or geometric effects but rather by the
complicated interaction between the boundaries, the restoring force and
the magnitude of the incoming mass transport. Variations in the mass
transport vary the wavelength of the meander. Small mass transport

values shift the gyre westward decreasing the wavelength. Large mass

_
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transports shift the gyre eastward increasing the wavelength.

When topography, geometry and a slowly moving westward Tayer are
added, the basic configuration of the gyre found in the reduced gravity
cases remains the same. Results show that the path taken by the lower
Jayer follows contours of f/h. Flow is turned southward by the
topography as it enters the basin. As a result, the majority of the
flow is confined to the southern shelf. If the topography is removed,
the flow, affected by rotation, turns north and is mainly confined to
the northern half of the basin. These two different results look very
similar to the paths of the Mediterranean Deep Water and the Levantine
Intermediated Water. These results indicate that the Deep Water
circulation is due to topographic steering. The Levantine Intermediate
water which does not interact as strongly with the topography is
dominated by rotational effects. |

Although the basic configuration of the gyre in the two-layer case
is the same as that of the reduced gravity case, some differences do
appear in the southern half of the basin. The effects of the
relatively large currents along the southern shelf are visible in the
pynocline anomaly contours. In the shelf region, these contours are
more curved and irregular. The lower layer circulation generally
raises the pycnocline in the northern half of the basin while it
decreases it in the southern half. As a result, the anticyclonic gyre

of the two-layer case is not as deep as the gyre of the reduced gravity
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case.

Results show that the Alboran island-ridge system does not have a
dominating effect on the dimensions of the gyre. The combination of
the ridge and cape however, serve to channel the southward moving flow
and deflect it abruptly northward off of the cape.

Model drifters were placed in both the upper and lower layer of
the two-layer model. These paths taken by these drifters are in good
agreement with the drifter tracks of Gascard and Richez (1984) and
Pistek et al., (1984).

In conclusion, the basic dynamics defining the Alboran gyre may be
accounted for by the reduced gravity model. This model shows that the
meandering current is a standing Rossby wave with a highly distorted
conservation of vorticity trajectory. This distortion is mainly a
result of the interaction of the inflowing Atlantic water with the side
wall boundaries. The flow trajectory is also changed by varying the
mass transport. The main effect of the westward moving lower layer
with topography and geometry is to slightly distort the appearance of
the circulation in the southern half of the basin. This is due to the
relatively high currents channeled along the southern shelf by the

topography.



APPENDIX A

WIND DRIVEN CIRCULATION

Both the reduced gravity and the two-tayer models, strictly driven
by flow from the Strait of Gibraltar have been able to simulate very
closely the observed surface circulation of the Alboran sea. It has
been documented that average inflow through the strait is affected by
meteorological forcing (Lacombe, 1961). The most important
meteorological force appears to be atmospheric pressure not wind stress
(Crepon, 1965; Garrett, 1983). High pressure over the Mediterranean
depresses the surface forcing water out through the strait. Low
pressure over the Mediterranean allows the surface to rise and Atlantic
water inflow increases. If wind stress and atmospheric pressure act
together, the effect on inflow is even greater, possibily varying the
inflow by a factor of two (Lacombe and Tchernia, 1971). Atmospheric
pressure forcing has not been included in this model however, its
observed effect of altering the transport through the strait has been
examined and discussed in section 4.

The main thrust of this work did not originally include examining
the effects of wind stress on the circulation of the Alboran sea.
However, as a result of the appearance of a good data set of

climatological wind stresses (May, 1982) for the Mediterranean sea, a
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number of reduced gravity numerical model experiments were performed
to examine the effects of climatological wind stress forcing.
Climatological winds do not include short term effects such as frontal
passage. The effect of simulated frontal passage could be examined.
However changes on the time scale of 1-3 days may be too short for the
numerical model to adequately respond. This study will then
concentrate on the effects of climatological wind stress forcing only.
The type of model used to examine the effects of wind forcing was
an explicit version of the reduced gravity model (Preller and Heburn,
1985). A slight deviation from the basic parameters (Table 1) is used
when investigating the effects of climatological wind forcing alone on
the Alboran sea. The study was done in conjunction with a study of the
entire western Mediterranean (Heburn, 1985). Solutions were obtained
for the entire western Mediterranean on a 7.5 km x 5 km grid. These
wind forced solutions for the Alboran Sea subsection of the western
Mediterranean were more realistic than solutions from an Alboran Sea
only model. One reason for this difference lies in the 1imiting effect
of the integral constraint on mass. This constraint dictates that the
amount of mass entering through the Strait of Gibraltar must leave at
the eastern boundary. In the case of wind forcing alone, no transport
enters the strait therefore no transport leaves the basin at the
eastern boundary unless an equal amount returns through the eastern

boundary. This could create an unrealistic recirculation at the
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eastern boundary. However, in a model which includes the entire
western Mediterranean, the eastern Alboran Sea boundary is left open to
both inflow and outflow with no restrictions. The integral constraint
is instead placed on the Strait of Sicily and should have a very small
effect on the Alboran sea. The second reason for using this larger
domain is to include the possibile effect of wind forced flow from east
of the Alboran Sea. The first domain referred to as the "small" sea is
a basin of similar dimensions to the standard two layer case, Fig. 46.
The second domain, referred to as the "large" sea, is the Alboran sea
subsection of the western Mediterranean sea including the westernmost
part of the Balearic basin, Fig. 47.

In both cases, the model domains are closed and forced only by
winds. The wind forcing is derived from climatological wind stresses
obtained from twenty years (1950-1970) of ship observations in the
Mediterranean (May, 1982). Individual stresses were estimated from
ship observations of wind speed and direction using a quadratic
aerodynamic drag law with a drag coefficient dependent on the wind
speed and stability. Monthly averages of the wind stresses were then
calculated by averaging the individual wind stress estimates from each
month on a one degree latitude by one degree longitude grid. These
monthly averages were bilinearly interpolated to the model grid . Wind
forcing in the model is cyclic with a period of one year.

The wind stress forcing, interpolated from the 1° x 10 grid
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of the original data set to the model grid, is shown for the "small"
sea case in Figs. 48-50. 1In general, the wind stress nas a strong
westward component in the winter with a area of divergence located near
the strait. By summer a second area of divergence exists in the center
of the basin near Alboran Island. The westward component weakens and a
south westward stress appears to dominate the eastern half of the
Alboran Sea.

The "small" sea solutions, Figs. 5la-d, show that the
climatological winds reinforce the anticyclonic flow of the gyre. This
wind induced anticyclonic circulation appears to be weakest in winter
and strongest in summer extending east of the Alboran Island in many
cases.

The wind stress forcing used for the entire western Mediterranean
basin is shown in Figs. 52-54. Results for the "large" sea over the
same time period shown in Fig. 51, indicate a very different effect
from the wind, Figs. 55a-d. In winter, the time of weak anticyclonic
circulation in the "small" sea, the "large" sea results show cyclonic
circulation in the region of the gyre. This cyclonic circulation is
induced by the large overall cyclonic flow at the Alboran Sea-Balearic
Sea boundary. Three months later this cyclonic circulation still
exists but is weakened. By July, the circulation has reversed and
become anticyclonic. By October, the anticyclonic circulation has

become stronger and then weakens to a cyclonic flow once again in the
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winter,

Why do these solutions differ? The answer Ties in the effects of
the wind driven flow from the Balearic Sea. The "large" sea solutions
appear to be a superposition of the "small" sea solutions plus the
strong cyclonic flow from the Balearic. The "small" sea exhibits weak
anticyclonic circulation in the winter. If the strong winter cyclonic
circulation from the Balearic is added to this weak anticyclonic
circulation, a weak cyclonic circulation results. In summer, however,
the cyclonic circulation in the Balearic weakens and the anticyclonic

circulation of the "small" sea case strengthens. The result is

anticyclonic circulation in the gyre region. The cyclonic circulation

from the Balearic increases again in the winter and a weak cyclonic !
gyre results in the location of the Alboran gyre.

How does this wind driven circulation affect the system when
inflow from the strait is included? In the small sea case, the wind
always adds, to a greater or lesser degree, to the anticyclonic
circulation. Figures 56a-d shows the results of the large sea case
including 40 cm/sec due east inflow forcing. In all cases the
anticyclonic gyre exists. The wind forcing weakens it in the winter
and strengthens it in the summer. The effect of the wind stress is not
strong enough to reverse the gyre because the currents it induces are

too weak to overcome the circulation established by the inflow.

Currents induced by the wind are approximately 3-5 cm/sec while the
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Fig. 56. Free surface contour solutions of the
"large" sea case with a constant 40 cm/sec inflow due
east. a) day 720, b) day 810. Contour interval is 1 cm.
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Fig. 56. Free surface contour solutions of the
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inflow velocities are approximately 30 - 40 cm/sec. If the inflow was
weak, less then 3 cm/sec, over extended periods of time, the
climatological wind forced currents could destroy the anticyclonic
gyre, possibly reversing its flow. However, on a climatological scale,
such weak inflow is not an accurate estimate for flow through the
strait. Measurements have shown that on smaller time scales, tidal
influences can be strong enough to reduce the inflow to very small
values (Gascard and Richez, 1984). If such a situation existed when
the wind stress forcing contributed a cyclonic component to the
cirulation, it might be speculated that the gyre could disappear or
even reverse. However, the model results indicate (section 4) that the
variability due to inflow oscillation of very short duration is too ]
small to affect the overall appearance of the gyre. Thus on a

climatological scale, with normal inflow conditions, the effects of

wind forcing are far less important then those of inflow forcing.
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