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RESUMEN

Se estudia el proceso de ajuste entre dos masas de agua de propiedades
diferentes y la circulacién secundaria asociada, por medio de un modelo
oceanico tridimensional de ecuaciones primitivas. En particular, se investiga
la recirculacion y el movimiento vertical cerca de un frente de densidad muy
marcado, haciendo énfasis en los efectos de las ondas internas iniciales, con
el fin de conocer su influencia en la circulacién normal, en doble célula,
observada en los frentes ocednicos de densidad. Se demuestra que esas ondas,
generadas en el proceso de ajuste geostrdfico, juegan un papel esencial en la
intensificacion de la circulacién normal al frente y de la mezcla en los frentes
de densidad. l.os resultados tedricos obtenidos son aplicables al frente de
densidad, permanente y muy intenso, observado en la zona oriental del Mar
de Alboran, al sur de Cabo de Gata. Este frente es consecuencia de la
convergencia de agua mediterranea y atlantica en la zona, ideal para verificar
los resultados tedricos de este estudio.

ABSTRACT

Using a three dimensional primitive equation ocean model, we study the
adjustment of two very distinct water masses and the associated circulation
patterns. In particular, we investigate the recirculation and vertical motions
near a very sharp density front with special emphasis on the ellects of
internal-inertial waves, The goal of this study is to clarify the importance and
the effects of internal-inertial waves on the observed double cell cross-lrontal
circulation of oceanic density fronts. We show these waves, generated by
geostrophic adjustment, play an essential rele and enhance both cross rontal
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ctreulation and mixing in oceanic deasity fronts. These theoretical results are
applicable to the very intense and permanent density front present in the
eastern Alboran Sea. This front deveiops south of Cape Gata as a result of the
convergence of Mediterranean and Atlantic water and 1s therefore an ideal
place to test the theoretical results of this study.

I. INTRODUCTION

Adjustment of a fluid under gravity occurs because of the natural
tendency to reach an equlibrium. This problem was initially studied by
Rossby (1937) who was concerned with how the pressure and velocity
distributions n the atmosphere and the ocean ¢volve towards geostrophic
equilibrium. Rossby, using the principle of conservation of potential
vorticity, was able to find the final equilibrium state without knowing the
exact details of the transient and highly nonlinear adjustment process.

The problem was reviewed by Gill ([982) and only a brief description will
be given here. If a shallow, homogeneous, unbounded, non-rotating {luid,
initially at res and with a step-discontinuity in the surface elevation collapses
at 1 = 0, a gravity-wave front i1s gencrated to either side. The final state has
a level surfacé, the initial potential energy being completely converted to
kinetic energy. In a rotating fluid, the fluid adjusts rapidly (in a time of the
order of the rotation period) to an equilibrium state that is not a state of rest
and that contains more potential energy than does the rest state, The final
surface elevation is not level and the initial discontinuity has in the final state
a characteristic width, the Rossby Radius of deformation. An important
feature of this case is that the kinetic energy of the final state is only one-third
of the potential energy released. The other two thirds, are commonly
assummed to be radiated away by the gravity waves generated in the initial
stage of the adjustment.

The linear adjustment of an initially motionless fluid with a vertical
density interface has been studied among others by Csanady (1971, 1978}, Gill
{1976), Ou (1984), Van Heijst {1985) and Middleton (1987). All these studies
were mainly concerned with the final equilibrium shape of the front. The
transients have been less investigated: Kao er al. (1978) studied the circulation
associated with a surface buoyant influx and found that at the head of the
gravity current, the front is formed by intense sinking of fresh surface water.
Wang (1984) examined the fiow adjustment between two initially separated
water masses and showed that intense mixing at the hornizontal edge of the
gravity current slowed down the front speed. '

In the ocean, regions of intensified horizontal gradients (fronts) are often
found between two different water badies. Stationary ocean fronts represent
the near equilibrium state reached beiween (wo different” waters. A
remarkable example of this type of fronts 15 the Almeria-Oran front in the
eastern Alboran Sea (Tintoré ef af., 1988). This front develops south of Cape
Gata, is almost statiopary and represents the near equilibrium state reached
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between the lighter Atlantic water and the denser Mediterranean water.
Associated with the density gradient, a well defined southeastward baroclinic
jet with velocities around 100 cm/s has been also described.

Density fronts in the ocean are well known regions of increased biomass.
These high levels of biomass have been usually related to the existence of a
weak, almost permanent croos-frontal non linear circulation (James, 1978;
Van Heijst, 1985; Simpson and James, 1986). Brink (1987) indicated that the
existence of a cross-frontal circulation as the «double cell» circulation pattern
proposed by Moores et al. (1976) has been a controversial subjet over the
years. Numerical studies {(Kao e/ al., 1978, James, 1978, 1984) have shown
this type of cell patterns with surface convergence, upwelling and downwelling.
However, the cross-frontal velocities obtained seem far too small to account
(alone) for the observed higher biological activity.

The fore-mentioned numerical studies addressed the question of the near
steady state circulation but did not consider the effects of the oscillatory
motion also present in any adjustment problem. In fact, inertial oscillations
appear associated with the long waves generated during the initial phase of
the adjustment (Gill, 1976). Since these oscillations do not propagate away
(zero group velocity) they are very difficult to damp, and their role in the
adjustment of different fluids should be considered.

The aim of this study is to investigate the adjustment ot two very distinct
water masses and the associated circulation patterns. More specifically, the
objective is to investigate the recirculation of the buoyant fluid and the
vertical motions near a very sharp density front with special emphasis on the
effects of gravity-inertial waves.

In a complex system such as the atmosphere or the ocean, we need to
consider a simple experiment to try to understand the complicated dynamics
associated with the adjustment to equilibrium, We have therefore considered
an initial state in which two very different waters are initially separated by a
vertical barrier. A main difference between this study and Wang (1984) is that
while he investigated the mixing processes at the front during the nitial stage
of the adjustment, we are interested in the near steady-state cross-frontal
ageostrophic circulation and on the effects of inertial-gravity waves. Also
since this study was suggested by the cross-frontal circulation patterns
observed in the Almeria-Oran front (Tintoré et al, 1988); the density
difference is 1.5 10-3 (g/em?) and the light water does not reach the bottom of
the basin. The recirculation in the upper layers (which is what we are really
interested in) is therefore less influenced by the bottom induced circulation.
To investigate the effect of bottom friction and its influence on damping the
fluctuating part of the crosfrontal circulation we have studied the adjustment
in two different basins. In the shallow case (100 m deep) the light water
occupies the upper 80 m while in the deep one (500 m) the light water occupies
the upper 300 m. This last case can be roughly assimilated with the
adjustment taking place in the Eastern Alboran Sea.
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2. THE MODLEL

The numerical model used has been described by Wang (1982, 1984) and
only a brief description is given here for completeness. It is a three
dimensional primitive equation model but a two dimensional version of the
model is used in this study for easier interpretation of the results. The model
is then two-dimensional in a wvertical plane, represents a cross-section
perpendicular to the front and allows the development of the current
component in the along-front direction. We have also assumed that the
motion is hydrostatic and water is incomprenssible. Therefore, in cartesian
coordinates, the governing equations are:

du du du 1 dp, d du d du
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where ¢ is time, x, y and z the space coordinates, ¥ and v the x-and -
components of the current velocity (offshore, alongshore), p is density, f the
"Corlolis parameter. Horizontal eddy coefficients are constant,

Ah = Kh 105 szfs (6)

Boundary conditions are:

At the free surface there is no surface stress:
A, (Bujdz.dvidz) = 0, " (7a)
K. dpjdz =10 (7b)
At the ocean bottom there is bottom friction:
A, (Ouidz, dvidz) = — A (w, V) (8)

where A is a linear drag coefficient (.1 cm/s).
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At the coast, a free slip condition 15 assumed (the normal flow vanishes);

u=~0 (9a)
Ay, (Qujdx, dvidx) =0 (9b)
K,dp/dx =0 | _ (9c)

At the open ocean, ambient conditions are specified as
n=2~0 (10a)
p=p°(z) , (10b)

where n is the free surface elevation and p® is the ambient density profile
The vertical eddy coefficients are the Munk-Anderson type (cm?/s):

A, = A2 (1 + 10Ri)-172, (11a)
K, = K2 (1 + 3.33R{)-32, (11b)

where Ri1s the local Richardson number,

Ri= = (12)

and
A2 = K, =50 cm?/s

Initial conditions: we impose a very steep initial density distribution. The
total lenght of our basin is 120 km and the two waler masses are separated by
a vertical wall, located at x = x, = 72 km. The density difference is
Ap=p,— p; = L5 (1.5 1077 g/ecm™).

p=p[1x<xn (]4)
p:p25x>‘x(i

The numerical technique used is described in Wang (1982, 1984} and is
standard for three dimensional multi-level models (Simmons, 1980). In
essence, equations 1-5 are written in finite difference form in a staggered grid,
figure |. The scheme is leapfrog in time, centred in space (¢xcept for the
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density equation where an upwind scheme is used) and uses a mode-split
technique 1n the vertical direction and a semi-implicit scheme in the
horizontal direction to achieve computational efficiency.

3. RESULTS

3.1. Non rotating case

This case, appropriate for adjustment processes taking place in short
periods (e.g. river plumes, ...) 1s prescnted to emphasize the role of rotation in
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any adjustment problem. The lock between the two water masses was released
at t = 0 and we have followed the evolution of the adjustment until the front
reached the open boundary.

3.1.1.  Basin 100 m deep

The flow may be characterized by a velocity scale U = (g’h)'/2, where h
is the depth of the inflowing {luid and g’is the reduced gravity. [n this case,
U = 107 cm/s while the surface front propagates at a speed of 50 cm/s, figure
2. Therefore the front propagates at half the gravity wave speed, a result that
was already found by Wang (1984) who also discussed it in terms of the
energy transfer during the adjustment. It is important to observe that the light
fluid is catching up the Teading edge of the front, therefore inducing a strong
convergence and downward motion. For example, at t = 15 h, the speed of
the frontal bore was 835 cm/s (o, = 27.25) while the speed of the 28.0
isopycnal was significantly lower, 35 cm/s. The maximum vertical velocity
obtained was 0.2 cm/s.

3.1.2. Basin 300 m deep

Since the depth of the basin is now 500 m and the depth of the buoyant
fluid is 300 m, we expect the surface convergence to be stronger and as a
result larger vertical velocities can be reached. The numerical simulation
shows the propagation of the front is faster and after 10 h, the front has
already reached the limits of our domain giving a speed of 160 cmy/s, figure 3.
For comparison, the characteristi velocity in this case i1s 207 cm/s. The
vertical velocities induced are also extremely high, around | cm/s.

Comparison between these two cases shows the essential effect of the
depth of the buoyant fluid {it is actually the fractional depth h/H which s an
important parameter), a result which was already found in a tank experiment
by Benjamin (1986).

3.2. Rotating case

The appearance in the solution of very intense inertial oscillations is a
direct consequence of the drastic imitial conditions. The adjustment between
two fluids has been generally studied in shallow basins and inertial
oscillations were then almost always damped after a few inertial periods. In
this section we show the significant influence of these oscillations on the
recirculation of the buoyant fluid.

The iock between the two water masses was reicased at t = 0 h and we
have followed the evolution of the adjustment during 100 h, alter which the
position of the front is almost invariant. Physically, during the initial stage,



'5 . v :e
z Ny -
o a
8 _ Jj/ E
. .
CROSS FRONT DISTANCE (Em) CROSS FRONT DISTANCE (¥m)
BDTUSTMENT AFTER Th (depth=100 m, 1cm=100 cm/s) ADJUSTMENT AFTER 5h (depth=100 m, lcm=100 cm/s)
r :
= E
a i
a =

CROSS FRONT DISTAMCE (¥m)

CROSS FRONT DISTANCE (Km}
ADJUSTMENT PFTER 15h {depth=100 m, 1cm=100 cm/s)

ADJUSTMENT AFTER 10h (depth=100 m, Ycm=100 cm/s)

Figure 2.—Cross-frontal velocity and density distribution in the non rotating case. shallow basin during the adjustment process (until 15 h).



13, Internal-inertial waves and cross-fronial circulation... 3319

:
=
T
(™)
a
CROSS FRONT DISTANCE {Km)
ADJUSTMENT AFTER 1lh (non-rotating fluid, 1.5 sgt, 1cm=200 c¢m/s, .25

:

z

T

w

k=1

ADJUSTMENT AFTER 5h

:

- 31

&

w

.D

CROSS FRONT DISTANCE {Km)
" ADJUSTMENT AFTER 1Ch.

Figure 3.—Cross-frontal circulation and density distribution in the non rotating case, deep
basin during the adjustment process {unti! 10 h).



340 J. Tintore, §. Alonso, Dong-Ping Wang v E. Garcia

—- 15. 7

ur

~

€

2 1. T

>

F=-

e 5. -

8

o [ i

3 }

o 4

Exg y

Z

5] -5. 7 |

o

I

; .

w -

& 10.

e}

o

b -15. T ] ] 1 T Ly T T T 1
0. 50. 100, 150, 200, 250.  100. IS0. 400.  450. S00.

TIME (h)

Figure 4. —Heorizontal cross-front velocity during the adjustment process {(until t = 500h).

the evolution is similar to the non rotating case: a gravity current i1s formed
as a result of the horizontal pressure gradient induced by the buoyancy
differcnce, With rotation however, the forward motion 1s gradually deflected
towards the right, the propagation of the front slows down and a stationary
state in quasigeostrophic balance is attained (Kao er af., 1978).

321, Shallow hasin

A near steady state 15 reached after approximately 100 h of simulation.
The position of the front is then almost stationary, although inertial
oscillations are still present in the velocity field. This is particularly evident in
the evolution of the horizontal cross-front velocity, figure 4, which goes
through a sequence of oscillations of decaying amplitude. At t = 100 h, the
oscillations are still very significant, and only at t = 450.h, a weak (.2 cm/s)
but permanent cros-frontal circulation ts established.

It is tmportant to note that after 100 h, the steady state rcached (it is
actually a practical choice for cquilibrium) is still very much influenced by the
effects of the gravity-inertial waves that induce horizontal velocities at least
an order of magnitude higher than the mean. Figure 5 presents the evolution
ol the adjustment every 10 h and Lhe strong influence of these inertial
oscillations on the cross-frontal circulation is clearly demonstrated. At
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t = 100 h, the alongfront circulation, figure 6, features a surface intensified
jet (40 cm/s) with a width of approximately 20 km.

3.2.2. Deep basin

Like in the previous case, the position of the front is almost invariant after
100 h and the cross and along-front circulations are also strongly affected by
the inertial oscillations. At t = 70 and 90 h (figure 7a) the strong surface
convergence induces the subduction of the light fluid. This downward motion
is clearly diapycnal in the upper layers but tends to become along-isopycnal
below 200 m. The recirculation pattern shows a cell with strong upward
motion on the side of the ligth waters. The patterns observed at t = 80 and
100 h, figure 7b, show the same features with reserved sings, the circulation
being now opposite to what was found in figure 7a because of the strong
inertial oscillations (period around 19h) that dominate the cross-frontal
circulation.

The alongfront circulation induced by such an intense density front is
formed by an intense barochinic jet. At t =90 h, the mean along-front
velocity was around 70 cm/s and the width approximately 40 km. The
baroclinic Rossby Radius of deformation Ry, = ND/{is 20 km and therefore
the result obtained agrees well with the expected theoretical result, It is
important to emphasize the orders of magnitude of the velocities induced.
Maximum values for the cross-frontal velocity are of the order of 50 cm/s,
while they are around 75 cm/s for the alongfront velocity. Maximum vertical
velocities of the order of .3 cm/s are reached at around 200 m.

4. DISCUSSION

The presence of a recirculating pattern close to the adouble cell»
circulation proposed by Mooers er al. (1976} is without any doubt, figure 7.
A similar type of recirculation was found by James (1977, 1984) and Wang
(1984) but the induced velocity fields were at least an order of magnitude
smaller than the ones obtained here. An essential point is that when this cros-
frontal circulation is really significant (t << 100 h), it 1s very strongly modified
by the gravity-inertial oscillations (the fluctuating part) generated during the
carly stage of the adjustment. In other words, the permanent cross-frontal
circulation in the sense of James (1984} is strongly dominated by the
fluctuating internal-inertial oscillations. The intense vertical motions obtained
in this numerical study support the observations of regions of surface
convergence or divergence often found in frontal regions (Simpson and
James, 1986; Tintoré et af.. 1988; Bouchez et al., 1989).

Our results show the adjustment in a shallow basin is clearly different
from the adjustment in a deep one. In this last case, the higher depth allows
for higher vertical velocities which completely distort the initial density
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Figure 6.—Alongfront velocity and density distribution with rotation and in a shallow
basin at t = [00h.

distribution at lower levels. Near the surface, the front is also less sharp as a
result of the very intense vertical motions. This suggests that when this type
of adjustment occurs in deep basins (like in the Eastern Alboran Sea, where
Mediterranean and Atlantic waters converge south of Cape Gata with depths
around 1500 m) very strong verical velocities can be reached as a result of the
near-inertial motion. Even in shallow seas (as a result of tidal forcing) the
effects of these inertial oscillations has to be considered since the associated
vertical motions can have a significant influence on the increased biomass
found in tidal fronts.

The equilibrium state obtained in this numerical simulation is very close
to the situation described by Tintoré et al. (1988) for the eastern Alboran Sea
Almeria-Oran front. For a weaker initial density gradient, the final position
of the surface front would have been closer to x;, (Qu, 1984). Therefore it
appears from this numerical study that the formation of this very strong
density can be explained in terms of the peostrophic adjustment of the
Modified Atlantic Water and the Mediterranean Water that collapse south of
Cape Gata. For a weaker initial distribution there are still chances that a
sharp front would form because of the contribution of other physical
mechanism (not included in this simulation) such as convergence, existence of
a horizontal deformation field (Hoskins and Bretherton, 1972).

5. SUMMARY AND CONCLUSIONS

The dynamics of the initial adjustment between two different water
masses is representative of the formation of fronts in most shelf regions and
of the type of processes ocurring in straits. The final steady state dynamics is



REPTH tm)

DEFTH (mi

Figure 7.—Cross-frontal velacity and density distribution with rotation in a deep basin at t =70, 80, 90. 100 h.

v g .
L4 1] -
¥ L] o -
Y = ;
L
: Z . .
&
» +
L —
CRCSS FRONT DISTANCE {Km}
ADJUSTMENT AFTER 70h
== TR == : ‘ Tr -
.l e
L . N -
., T o
=
LI [ B —
CROSS FRONT DISTANCE {Km) CROSS FRONT DISTANCE {Km)
ADJUSTMENT AFTER 80h ADJUSTMENT AFTER 10Ch




348 J. Tinioré, §. Alonse, Dong-Ping Wang v E. Garcla

more general and is probably relevant to all kinds of density fronts. The very
sharp initial density distribution imposed in this numerical study gives rise to
a steady state characterized by a sharp density front with a permanent and
very slow ageostrophic circufation. However, we have found that in the early
stages of the adpustment (7= 5/1), this crossfrontat circulation which depicts
a «double cell» pattern, is strongly modified by the internal-inertial waves
radiated during the inmitial adjustment. The velocitics obtained were at least
one order of magnitude higher than in previous studics, clearly showing the
fundamental importance of these inertial oscillations. Their role will have to
be considered to fully understand the regions of surface convergence or
divergence or the higher biomass often foun in frontal regions.

Comparison of these theoretical results with observations in the Alboran
Sea indicates that the formation of the permanent density front in the Eastern
Alboran Sea can be explained in terms of the geostrophic adjusiment of
Modified Atlantic Water and Mediterranean Water that collapse south of
Cape Gata. The intense vertical motions obtained numerically also support
the observations of very close regions of surface convergence and divergence
with strong vertical motions and significant biomass increase. A quantitative
study of the influence of inertial oscillations on upper ocean circulation and
mixing is not yet available. This study is needed for a betier understading of
the dynamics of oceanic frontal regions.
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