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ABSTRACT

An oceanic baroclinic jet impinging on a coastal boundary represents a particular type of ocean—coast inter-
action. This specific oceanographic phenomenon is an example of the stagnation in line flows occurring in fluid
dynamics with three additional features: rotation, stratification, and a sloping boundary. In this study the authors
describe the density, vorticity, and deformation characteristics of an oceanic jet impinging on asloping boundary.
The case study corresponds to the impinging process of the Atlantic jet at the African coast (Alboran Sea).

In the impinging region, the acceleration field is divergent related to the fact that the magnitude of the
deformation is larger than the magnitude of the rotation. It is also found that the stagnation streamsurface does
not lie in a vertical plane but tilts in the opposite direction to the tilt of the isopycnals. The flow upstream of
the stagnation point is characterized by backing, speed convergence, diffluence, and negative streamwise vorticity.
The flow past the stagnation point is characterized by veering, speed divergence, confluence, and positive
streamwise vorticity. The current can only be considered irrotational in a narrow part of the impinging region.

1. Introduction

The nature of the oceans, as masses of fluid inter-
acting with solid boundaries, makes possible, as a par-
ticular type of ocean—coast interaction, the phenomenon
of an oceanic jet impinging on a coastal boundary.
Among the many consequences produced by such an
interaction, two features are of principal importance for
the jet and its surroundings. These are its evident de-
flection by the coastal boundary and its division into
two branches flowing along the coast. I n the steady state,
which is the case considered in this work, the phenom-
enon is observed only in specific oceanic regions having
suitable boundary conditions, for instance at the exits
of straits where a permanent outflow approaches the
continental shelf. This specific oceanographic phenom-
enon is an example of the stagnation in line flows stud-
ied in fluid mechanics. A brief summary of these flows
will help to define the objective of this work and to
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place it in perspective with other branches of that dis-
cipline.

Following the classic boundary-layer theory for the
solution of the two-dimensional incompressible steady
flow of a homogeneous fluid near a stagnation point at
arigid boundary, it is convenient to divide the flow into
the potential (irrotational) and the viscous (with nonzero
vorticity) regions (Fig. 1). Theflow v, in theirrotational
region is known to be described by the streamfunction
iy = kxy, where Kk is a positive constant and v,, = —k
X grad, i [see also other possible streamfunctions in,
e.g., Peregrine (1981), Dorrepaal (1986), and Pedlosky
(1987, p. 94)]. For the viscous region the governing
Navier—Stokes equations can be reduced to an ordinary
differential equation leading to similarity solutions. That
solution was obtained numerically by Hiemenz (1911)
and improved upon by Howarth (1935) [see, e.g., Batch-
elor (1970, chap. 5.5); Schlichting (1979) chap. V);
Churchill (1988, chap. 14)]. Since that time, two-di-
mensional steady flow with a stagnation point has been
referred to as ““Hiemenz flow.” A similar division may
be adopted in the oceanographic context. An oceanic
jet approaching a continental slope has smaller turbulent
eddy coefficients in the open ocean region than in the
coastal region over the continental shelf. We will be
primarily concerned with the changes experienced by
such an oceanic free jet as it approaches the coast sea-
ward of the 200-m isobath. Two important assumptions
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Fic. 1. Schematic showing the irrotational and viscous regions of
the two-dimensional incompressible steady flow of a homogenous
fluid near a stagnation point. The dashed area represents a fluid el-
ement.

can therefore be justified for this situation. The first is
that, as mentioned above, the flow is considered invis-
cid. The second is that the bottom depth is everywhere
large enough to allow geostrophic velocities referred to
a horizontal layer (e.g., at 200 m) of nearly zero motion
to be computed from the density field. Unlike the the-
oretical jet studied by Hiemenz, oceanic jets cannot in
general be considered irrotational. On the one hand,
oceanic jets have large vertical shear and therefore a
large horizontal component of relative vorticity. On the
other hand, the vertical component of the relative vor-
ticity evenin straight impinging jets (i.e., oneswith zero
curvature vorticity) may be large due to the horizontal
shear (shear vorticity).

The interest in quasi two-dimensional impinging
flows having vorticity lies in the fact that the vorticity
component parallel to the streamlines is susceptible to
amplification by stretching and thus may be intensified
near the boundary. The first studies of impinging two-
dimensional flows with vorticity in the inviscid region
were made in the context of the aeronautical sciences
(Ferri and Libby 1954). Stuart (1959), after the studies
of Li (1955, 1956) and Glauert (1957), considered the
influence of uniform vorticity perpendicular to the plane
of the two-dimensional flow of the fluid in the viscous
region (such afluid flow undergoes no stretching). Rott
and Lenard (1959) and Kemp (1959) studied the same
phenomenon but for axisymmetric stagnation flows. The
effects of vorticity having a particular orientation sus-
ceptible to amplification by stretching when transported
into the stagnation point boundary (turbulent) layer were
described using a mathematical model by Sutera et al.
(1963) and Sutera (1965). They demonstrated the pos-
sibility of vorticity amplification by stretching in quasi
two-dimensional stagnation flow when the vorticity
scale is larger than a certain neutral scale.
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With the help of the above comments concerning gen-
eral stagnation jets we are in a position to define this
work as the study of the changes that a free jet with
vorticity experiences when it approaches a solid bound-
ary. Therefore, this work deals with the so-called ex-
ternal flow, that is, outside the viscous (turbulent) stag-
nation region, but such an external flow having vorticity.
Furthermore, the geophysical context provides three
new features that have not been addressed previously:
namely, rotation, stratification, and a sloping boundary.
To our knowledge the first work to address some con-
sequences of the stagnation point region of a water jet
in rotating fluid mechanics was that by Whitehead and
Miller (1979) and later by Whitehead (1985a) in a lab-
oratory simulation of the western Alboran gyre (WAG)
in the Alboran Sea (Western Mediterranean) and the
uplift near the Strait of Gibraltar. They pointed out that
the growth of the gyre in their simulations may be due
to the position of the stagnation point of the jet relative
to coastal features at the point where the jet impinges
on the African coast. They were unable to identify the
existence of any theoretical or experimental studies of
the properties of stagnation point flows in baroclinic,
rotationally influenced jets. Whitehead considered the
deflection by a vertical wall of a jet in arotating fluid
of constant density lying over a motionless fluid of
slightly higher density. Using a momentum integral and
considering a zero- as well as a constant-potential-vor-
ticity jet, Whitehead was able to determine the relative
size of the two branches of split flow as a function of
the angle of incidence of the external jet.

The aim of this work is to characterize from obser-
vations the density and velocity changes experienced by
a free, nearly geostrophic jet when it impinges on a
sloping coastal boundary. We will therefore focus, as
mentioned above, on the oceanic jet seaward of the con-
tinental shelf. We are aware that this topic is too wide
and too complex to be resolved in one study. Conse-
quently, our attempt isto describe the main hydrograph-
ic and kinematic properties that we have found to be
clearly present in the impinging process. Therefore, the
dynamical properties are excluded in this work. The
specific case chosen in this study is the same one that
motivated Whitehead's studies, that is, the stagnation in
line flow of the Atlantic current in the Alboran Sea. The
description of the observations (section 2) is based on
the density as well as on the vorticity and deformation
fields. Due to the presence of a sloping coastal bound-
ary, the changes in the jet’s structure occur in both the
horizontal and vertical directions, that is, the changes
are of athree-dimensional nature. Section 3 is devoted
to the discussion and conclusions, and section 4 to the
summary.

2. A case study: The Atlantic current in the
Alboran Sea

The Atlantic current impinging on the African coast
in the Alboran Seais probably one of the best examples
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in nature of a quasi-steady jet impinging on a coast.
Another possible exampleisthe flow exiting the Tsugaru
Strait north of Japan (Conlon 1982; Kawasaki and Sug-
imoto 1984). In both cases the geographic permanence
of ajet is assured by a strait’s outflow. The knowledge
of the physical oceanography of the Alboran Sea, al-
though by no means complete, is one of the most ex-
tensive in the entire Mediterranean. The reader is re-
ferred to Parrilla and Kinder (1987) for a general de-
scription, Bucca and Kinder (1984) for meteorol ogical
effects, Gascard and Richez (1985) and Parrilla et al.
(1986) for water masses, La Violette (1986) for short-
term variability, Heburn and La Violette (1990) for
gyre's variahility, Perkins et al. (1990) for the Atlantic
inflow, Vitidez et al. (19963, 1996b) for the gyre’s struc-
ture and ageostrophic motion, and Vazquez-Cuervo et
al. (1996) for altimeter data analysis (and references
therein).

The present data consists of 134 CTD stations (Ax
~ 30 km, Ay = 18 km) acquired in the Alboran Seain
September 1992 [described in detail in Vildez et al.
(1996a)]. Partial use is made of altimeter data [ERSL
(European Remote Sensing satellite) and TOPEX/Posei -
don (ocean TOPography EX periment)] in the discussion
section in order to address the long-term temporal vari-
ability of the impinging process.

It has been the custom for ease of reference (e.g., La
Violette 1986; Vildez et al. 1996a) to use the term At-
lantic jet (AJ) for the flow that, entering through the
Strait of Gibraltar, usually impinges on the African coast
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at 3°40'W (Fig. 2). This flow then deflects to the left
(facing downstream) and enters the eastern Alboran ba-
sin and then into the Algerian basin. The term WAG
refers to the closed circulation including the flow that
is deflected to the right at the stagnation point at the
African coast. Strictly, the AJ and WAG are not two
independent physical systems since there is water in-
terchange between them (Lanoix 1974; Vildez et al.
1996a). Since, in fact, they share a common density
front, the current associated with this density front is
here referred to as the impinging current, impinging jet,
or simply the current, in order to distinguish it from the
AJ (the impinging current being wider than the AJ).
Using this terminology, the current impinges on the
sloping African coast and is deflected and divided into
two branches: the AJ, or left branch, and the WAG
current, or right branch. Note that the horizontal and
vertical scales of the African continental shelf in the
impinging region (~15 km and 200 m, respectively;
see, e.g., Fig. 3) are of the same order as the horizontal
and vertical scales of the Atlantic jet (or the impinging
current). Thus, we expect that the sloping of the shelf
influences the impingment process. Furthermore, since
the width of the shelf is comparable to the meridional
distance between CTD stations (~18 km), we expect
also that this influence may be detectable in the hydro-
graphic data. Other possible features associated with the
impinging process, but having spatial scales smaller
than the spacing between CTD stations, could be missed
or aliased with the present data resolution.

Fic. 2. A typical satellite thermal image of the impinging current in the Alboran Sea. Light grayscale means
relatively cold water.
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Fic. 3. Potential density (o,) distribution at 100 m. The dots in-
dicate CTD stations. Several vertical sections are also referenced.
The coastal bathymetry (100 m and 200 m) is also indicated. Labels
on the horizontal and vertical axes indicate longitude and latitude,
respectively, in degrees.

a. Hydrography

The hydrographic data can give us information about
the splitting of the impinging current on the African
coast (Fig. 3). Consider the o, distribution on a cross-
front vertical section of the current before its division
into two branches (Fig. 4). Superimposed on this dis-
tribution we have indicated with dots the o, values,
between 50 and 150 m, found at the two CTD stations
closest to the coast after the flow division (station E1
and G1 in Fig. 3). If, for this distance between CTD
stations (~30 km) at this depth (~100 m), vertical dis-
placement and diabatic terms in the conservation of po-
tential density are neglected, the curvesL,, and L link-
ing these dots separate water that is to be deflected
eastward (line L¢) from the water to be deflected west-
ward (line L,,). The deflection of the fluid between line
L, and L cannot be determined from the CTD data.
This amount of missing water, which produces the un-
certainty in the determination of the direction of de-
flection, flows between the coast and the closest CTD
stations offshore; that is, this flow cannot be resolved
for the given location of the CTD stations. Note that
due to the slope of the coast, this uncertainty decreases
with depth. Line L, defined as equidistant to L, and
Lc in the horizontal, is therefore an approximation to
the intersection of the stagnation streamsurface of the
impinging current with the plane of vertical section 3.
This line L e represents, therefore, the division of the
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FiG. 4. Potential density (o) distribution at vertical section 3 (see
Fig. 3). Theright (L¢) and left line (L,,) join the o, values found at
the same depth in the two CTD stations closest to the coast after the
flow division (stations E1 and G1 in Fig. 3). The central line (L)
identifies the approximate stagnation streamsurface. Labels on the
vertical axis indicate the depth in meters.

impinging current into the AJ and the WAG. Two im-
portant results can be drawn from this flow division.
The first one is that the AJ flows eastward associated
with a density front that is basically confined to the first
150 m (Fig. 5c¢), while the WAG water flows westward
with the largest density gradients below 100 m (Fig.
5a). Note also the reversed baroclinicity [the slopes of
isopycnals change sign with depth (Onken 1990)] in
vertical section F (Fig. 5b) in between stations F4 and
F2. The consequences that this reversed baroclinicity
have in the vertical shear will be described in the next
section.

The second result isthat L, has sometilt. Thisshows
that the stagnation streamsurface does not lie in a ver-
tical plane but tiltsin the direction defined by the density
gradients, the tilting tending to be diapycnal rather than
isopycnal, that is, opposite to the vertical tilting of is-
opycnals. This tilting of the stagnation streamsurfaceis
assured, in spite of the rather coarse alongcoast CTD
spacing, by the fact that the CTD station F3 (fortunately)
intersected the stagnation streamsurface itself. The ap-
proximate slope between 80 and 150 m is estimated to
be @ = 70 m/30 km = 5 X 10-3. As a consequence,
offshore parcels in the upper part of a vertical column
of water (denoted by P, in Fig. 4) intersecting L, de-
flect eastward, while lower water parcels (P,) in the
same vertical column of water deflect westward. As a
consequence of the motion of P, and P, , the horizontal
component of the vorticity normal to the vertical plane
in Fig. 4 for a water parcel in between P, and P, (in
the same water column) is positive (i.e., it points north-
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ward). Since the impinging current is southward, it is
expected that water parcels on the stagnation streamline
have negative streamwise vorticity (because the projec-
tion of the aforementioned vorticity along the velocity
direction is negative).

The hydrographic data can also give us information
about the modification of the density field in the AJ as
it approaches the coast. Since to a first approximation
the circulation can be considered horizontal, the exis-
tence of a sloping coast implies that, as a water column
approaches the coast, the horizontal distance to the coast
is larger for upper water parcels in the column than for
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Fic. 5. Potentia density (o) distributions on vertical—meridional
sections E (a), F (b), and G (c). (a) shows the westward current of
the western Alboran gyre flowing along the coast with the larger
density gradients located below 100 m, while the eastward current
of the Atlantic jet is observed in (c) associated with a density front
confined to the upper 150 m.

lower water parcels. Therefore, changes in the horizon-
tal distance to the coast for vertically separated distri-
butions of potential density (o,), asan approximate con-
servative property, is a way to infer possible coastal
influences. Isolines of o, at different horizontal planes
are shown in Fig. 6. The values of o, on each isoline
couple correspond to those at four horizontally fixed
locations (points A, to A,) at a given depth in the AJ.
These results show that the horizontal location of the
isolines is approximately constant with depth from
points A, and A, to ~3°40'W, in such a way that the
isolines fit in a narrow band. On the other hand, when
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Fic. 6. Isolines of potential density (o,) at different depths (80,
100, and 120 m). The twelve isolines correspond to the values of o,
found at points A, to A, and these are given by (27.52, 27.64, 27.90,
28.03) at 80 m (solid gray); (27.72, 27.86, 28.19, 28.33) at 100 m
(black); and (28.03, 28.19, 28.46, 28.59) at 120 m (white).
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the AJ curves southward toward the African coast and
then turns eastward toward the eastern Alboran basin,
theisolines at different depths no longer remain parallel.
Potential density isolines in the same water column
have, therefore, different orientations. We think thisis
a consequence of the different horizontal distanceto the
coast for surface and deep water elements in the AJ,
that is, a consequence of the sloping coastal boundary.
The kinematical manifestation of all the above features
is presented in the next section.

b. Kinematics

In this section we show the main kinematic charac-
teristics of the impinging region based on the vorticity
and deformation fields. As part of the density data post-
processing, we obtained an adjusted, dynamically bal-
anced three-dimensional velocity field (Vitdez et al.
1996b) through the dynamical assimilation of the den-
sity datainto a PE model (Haney 1974, 1985) using the
digital filter initialization technique (Lynch and Huang
1992). This method provided a dynamically balanced
density and three-dimensional velocity field at the grid
points of a’50 X 40 X 48 regular matrix (éx = 9.3 km,
oy =~ 6.7 km, 6z = 4 m) covering the entire Alboran
Sea. This assimilation procedure, although not essential
for most of the results presented here, provides a more
accurate estimate of the velocity field than geostrophic.
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The notation used in the remainder of the paper fol-
lows that in Gurtin (1981) and Truesdell (1991). We
have adopted this notation instead of the Gibbsian dy-
adic notation (e.g., Morse and Feshbach 1953; Godske
et al. 1957; Tai 1992), more common in hydrodynamics,
because it is the one most commonly used in continuum
mechanics, especially in the study of deformation. In
particular a tensor S is considered to be a linear map
that assigns to each vector b a vector Sb. The spatial
gradient, curl, and divergence are denoted as grad, curl,
and div. The advective derivative of a vector b is de-
noted as (grad b)v, where v is the velocity field. Di-
rectional or intrinsic derivatives of a scalar ¢ or vector-
valued function b in the direction of a unit vector s are
denoted as 6¢/6s = s-grad¢ and Sb/ds = (grad b)s,
respectively. These operators are coordinate indepen-
dent. Partial derivatives with respect to Cartesian co-
ordinates {x}, i = 1, 2, 3, are denoted as ¢;, = ¢/
dx;. The tensor product a &) b of two vectors a and b
is the tensor that assigns to each vector u the vector
(b-u)a [that is, (a ® b)u = (b-u)a]. Given a Cartesian
coordinate frame {e} = {i, j, k} the components S; of
atensor S are defined by S; = ¢,-Se, sothat S = Sjg,
® €. In particular, grad a = a6, & €. Latin indices
i,j, kO{1, 2, 3}, while Greek indices «, g [0 {1, 2}.
Summation convection is implicit in repeated indices,
except for caret indices (e.g., aa represents 1 1 or 2 2).
The trace is the linear operation satisfying tr(a & b) =
a-b. The transpose ST of S satisfies Sa:b = a-S'b; in
particular (a ® b)" = b & a. The inner product of two
tensors S and T isdefined as S-T = tr(S'T), or in com-
ponents S-T = §;T;. The magnitude S| of the tensor
S is defined as |S| = (S-S)¥2

1) CURVATURES AND BACKING

Due to the different scales in the horizontal and ver-
tical components of the velocity field v, let us decom-
poseit into perpendicular horizontal and vertical vectors

V(X) = v, + vk, vy,-k = 0. Q)
Defining director vectors for the 3D flow s(x) = v/v
(for v # 0) and for the horizontal flow s,(x) = v,/v,
(for v, # 0), we have the relation for the director vec-
tors:

vS = v, 5, + vK. 2

Let n and b be the normal and binormal unit vectors,
respectively, of the streamlines of the 3D flow, and n,
= k X s, the normal unit vector of the horizontal flow.
Then the intrinsic trihedron (s, n, b) and the trihedron
(sn, Ny, K) are a set of orthogonal measuring vectors, in
general anholonomic (e.g, see Schouten 1954; Marris
and Passman 1968; Golab 1974, chap. V), for the 3D
flow. The Frenet—Serret-type relations for the vectors
(s, ny) are
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which may serve as a definition of the streamline cur-
vature of the s, and n,, lines, here denoted O and 0,
respectively, and for the rotation of s, along the k line,
or backing, here denoted ®,. The formulas on the rhs
of (3) arejust a 90° counterclockwise rotation [k X ()]
of the ones on the Ihs. Note that curvatures may be
computed in an equivalent way from @4 = k-curl s,
and ®, = k-curl n,. The spatial fields of curvatures
and backing for the impinging current are represented
in Fig. 7. The streamline curvature field ®(x), consis-
tent with the pressure anomalies contours, is negative
to the right (facing downstream) and positive to the left
of the impinging current, where the circulation is an-
ticyclonic and cyclonic, respectively. The curvature of
the n, lines, O, can be considered as a measure of the
divergence of s,(x), or diffluence of the s, lines, since
0, = k-curl n, = div s,. The O,(x) field shows dif-
fluence (®, > 0) upstream of the impinging region,
implying therefore direction divergence (v,®, > 0), but
confluence (0, < 0) past (i.e., after the flow division)
the impinging region, and therefore implying direction
convergence (v, 0, < 0). Since the horizontal flow is
almost nondivergent [recall that div v, = div(v,s,) =
dv,l8s, + v,0,], the previous pattern of direction di-
vergence is completed with speed convergence (8v,/6s,
< 0) upstream and speed divergence (6v,/8s, > 0)
downstream of the impinging region (Fig. 8).

The backing ®, is a measure of the change in direc-
tion of the velocity field along the vertical. The backing
distribution (Fig. 7c) shows that ®, < O upstream far
from the impinging region, but ®, > 0 upstream, and
®, < 0 past the stagnation point. Among these different
areas characterized by different signs in ®,, probably
the most relevant one is where ®, < 0, far upstream,
because of the large velocities in the AJ. This impor-
tance can be easily visualized by looking at the stream-
lines at different depthsin the AJ (Fig. 9). It is clearly
observed how deep streamlines, “initially”’ aligned in
the vertical with the surface onesin the AJ, are deflected
to the left (facing downstream) *‘before” the surface
ones.

In meteorology and oceanography the backing 09 of
the geostrophic velocity v9 is important because it rep-
resents the advection of density by the geostrophic flow.
By defining the vertical shear of the geostrophic velocity
through the **thermal wind” relationvy = —k X grad,b
with b = gp(fp,)~*, and introducing the unit basis vec-
tors (¢, n9) for the geostrophic flow, s = v9/v9 and n¢
= k X &, we find that v§ = (v45%) ; = 137 + V904
n9, and the s component of the thermal wind relation
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is —v90Y = 6b/6s?. Therefore @9 > 0 implies db/6s?
< 0. Since the geostrophic advection of b is given by
—va-grad,b = —v96b/6s?, the above condition implies
positive geostrophic advection of density, or in other
words, a decrease of density along the geostrophic
streamlines.

2) VORTICITY

In the (s, n, b) reference frame the vorticity is ex-
pressed as

¢ = curlv = curl(vs) = gradv X s + wvcurls
)

" an
(Masotti 1927; Bjagrgum 1951), where Q. and «, the
abnormality and curvature of the s line, are quantities
independent of the magnitude of the velocity field. Note
that what is frequently called secondary vorticity (¢-&/
v) is, in fact, the abnormality ), (e.g., Truesdell and
Toupin 1960, p. 386), which is a measure of the de-
parture of v from the property of having a congruence
of surfaces with s as a normal (e.g., Ericksen 1960, p.
819). In the (s, n,,, k) reference frame the relative vor-
ticity may be expressed as

¢ = curl(v, + vk) = &, + £k + gradv; X k

b + v(Qs + k.b) (@)

1)
= (—vy0;8, + vy3n,) + (Uh®s - ﬂ)k
' on;,
ov, v,
+ R _
(thsh asnnh>! (5)

where £, is the horizontal component of the pseudo-
vorticity ¢, = £, + {k (Hoskins 1975; Davies-Jones
1991). Horizontal pseudovorticity is, in fact, a +90°
rotation of the vertical shear

Vis = (Up81) 3 = vpsSy + 1,00, (6)
and then
gph =k X Vihs = _Uh®zsh + vpsNy (7)

in the (s,, n,) reference frame. In (5) ¢ is decomposed
in horizontal pseudovorticity, the vertical component of
vorticity ¢, and vorticity due to the vertical velocity.
The component ¢, in (5) isitself decomposed into cur-
vature vorticity (v,0®¢) and shear vorticity (—év,/on,).

Relative streamwise vorticity (£-s), or secondary vor-
ticity (£-s/v), or helicity (£-v), and cross-stream vor-
ticity (£-n), are frequently used in the description of
flows (Hawthorne 1951; Hawthorne and Martin 1955;
Squire and Winter 1951; Marris 1964; L akshminarayana
and Horlock 1973; Scorer 1978, chap. 3). More recent
research dealing with the influence of the cross-stream
vorticity of the external flow on the stagnation-point
flow and vorticity amplification theory can be found in
Sadeh and Brauer (1980) and Dhanak and Stuart (1995).



The explicit use of streamwise vorticity in the study of
atmospheric or oceanic phenomena appears to be more
limited. However, since streamwise vorticity is closely
related to the backing/veering of v, aong k, it has re-
ceived, at least implicitly, considerable attention in both
atmospheric and oceanic processes. Scorer and Wilson
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FiG. 7. Horizontal distribution at 100 m of (&) streamline curvature
of the horizontal flow ®g = k-curl s,, (A = 2 X 105 m~1); (b)
curvature of the n, lines, or difluence, ®, = k-curl n, = div s,, (A
= 2 X 10°°* m%); and (c) the backing ®, = s, ;-n,, (A = 100 X
10-5 m~*). Note that the direction s, is not defined when v, = 0, and
therefore these quantities have little significance outside the Atlantic
jet—Alboran gyre region, where speeds are only few centimeters per
second (see speed distribution in Fig. 11).

(1963) uses it to study the instability in atmospheric
gravity waves. Davies-Jones (1984) and Brandes et al.
(1988) consider the storm-relative streamwise vorticity
to play a main role in the origin of organized rotation
in supercell storms. Evidently, none of the above quan-
tities[£s, £+n, £-Sv, £-v, mean helicity ({-v) (Speziale
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Fic. 8. Horizontal distribution at 100 m of speed-divergence v,/
8s,, (A = 0.1 s). Note that since div v, = 0, this distribution is
very close to minus the directional divergence distribution v,0,.

1987), etc.] are Galilean invariant. In Brandes et al.
(1988) it isargued that only streamwisevorticity relative
to the reference system in which the storm is steady has
physical significance. On the other hand, most of the
previous studies deal with steady-state circulation,
which also isnot a Galilean invariant concept, and there-
fore they also assume a preferred reference frame (pre-
cisely, the reference frame in which the flow is steady).
Dealing also with boundary interaction processes there
isalso apreferred reference system, that is, that in which
the boundary is at rest. Thisisimplicitly assumed when
the motion is referred to rotating (fixed to the earth)
coordinate axes. Therefore, streamwise vorticity can be
considered a suitable quantity in the kinematic descrip-
tion of impinging jet processes. Using (2) and (5) the
streamwise relative vorticity can be written as

s = (n + &K + gradug X K)-(v,s, + vK)v?

vy, OU,
v on,

v v
= _hgph'sn + + _353' (8)
v v
Since vy/v = O(10-3) the analysis of streamwise vor-
ticity £-s = vQ), is, to a good approximation, the anal-
ysis of the component of the horizontal pseudovorticity
in the direction of the horizontal flow {,,-s, = —v,0,.

On the other hand, the n,, component of the vorticity
du,
5,
is approximately the n,, component of the pseudovor-

¢n, = ©

Ups —
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Fic. 9. Top view, or horizontal projection, of five streamline sets
corresponding to the impinging current. There are 26 streamlines in
each set, al beginning at the same horizontal location and separated
by 4 m in the vertical, from 18 m to 118 m depth. All streamlines
are 200 km long. The deepest streamlines of the Atlantic jet are those
having an arrow.

ticity, which from (7) is the vertical derivative of the
horizontal speed {,,-n, = v,5;. The vorticity compo-
nents in the (s,, n,, k) directions for the impinging
current are shown in Fig. 10. It is observed that cross-
stream vorticity experiences a large decrease from 500
to 200 (X105 s*) when the impinging current ap-
proaches the coast. The vertical component £, having
contours quite parallel to the isobars, is relatively con-
served along streamlines in the impinging area. Note
that ({,n-n,)/{s = O(5 X 102). Streamwise vorticity,
however, decreases from ~0to —150 X 10 5s *asthe
current approaches the coast. Streamwise vorticity of a
water parcel is therefore the only vorticity component
that, in spite of the decreasein speed (Fig. 11), increases
in magnitude as the fluid element impinges on the coast.
As a water parcel approaches the coast the horizontal
pseudovorticity &,,, initially almost pointing eastward,
experiences a large contraction together with a coun-
terclockwise rotation in such a way that the magnitude
of the streamwise vorticity becomes comparable to the
magnitude of the cross-stream vorticity. Since &,,,-S, =
—v,0,, veering (0, < 0, clockwise rotation of v, with
k) always implies positive streamwise pseudovorticity,
and, conversely, backing (®, < 0, counterclockwise
rotation of v, with k) always implies negative stream-
wise pseudovorticity. In steady state, and neglecting ver-
tical advection, the material derivative of {,,-s, isgiven
by the horizontal alongstream derivative of {,,-s;,
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Fic. 10. Horizontal distribution at 100 m of the components of
vorticity ¢ = curlv aong (a) the horizontal streamwise direction ¢-s,,
(A = 50 X 10-°s71); (b) the horizontal cross-stream direction ¢-n,,
(A =50 X 10-5 s7?); and (c) the vertical direction {; = ¢k, (A =
05 X 10°s1),

dv,, 60, 0®,. Since the region upstream of the stagnation point
_g@)z - va (10)  is characterized by speed convergence (8v,/d8s, < 0),

there is a steady decrease of (s, when there is a
which states that a decrease of negative {,, s, (0, > streamwise increase in the backing (60 ,/6s,) and when
0) along streamlines may be due to a speed divergence this increase in backing is such that v,60,/8s, >
(6v,l8s, > 0) or to astreamwise increase of thebacking —®,6v,/8s,. The streamwise increase of the backing

)
gh(_vh@)z) =
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FiG. 11. Horizontal distribution at 100 m of the speed v = |v||, (A
=5X102ms?).

upstream of the stagnation area can be easily deduced
from the ®, distribution (Fig. 7c). The corresponding
distribution of —v,60,/6s, (Fig. 12) shows that the
alongstream changes in £,,-s, are, in fact, due to the
changes in the backing. The distribution of —®,6v,/5s,
(not shown) has positive values upstream of the stag-
nation area (because ®, > 0 and év,/8s, < 0) but these
values are negligible with respect to the values of
—v,,600,/6s,. These distributions show, therefore, that
the streamwise changes in the horizontal pseudovortic-
ity are, in fact, due to the corresponding streamwise
changes in backing.

The kinematic properties presented above are signif-
icant for several reasons. First, they represent a quan-
titative description of the three-dimensional velocity
field in the impinging region. As such, they provide
quantitative and meanful data for testing theories or
models of the impinging process. One could, in prin-
ciple, have done this description directly by simply map-
ping the velocity at different levels. Such a method,
however, would be largely imprecise and only quali-
tative in nature. From the already mentioned non-Gal-
ilean invariance of these kinematic quantities, it is clear
that they have no dynamical significance. Since theim-
pinging jet is characterized by large changes of opposite
sign in speed divergence and direction divergence (the
changes in horizontal divergence can be neglected in
comparison with the changes in speed divergence or
direction divergence), the impinging process could be
considered a very good example of a conversion be-
tween speed divergence and direction divergence and
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Fic. 12. Horizontal distribution at 100 m of the streamwise changes
in horizontal pseudovorticity due to the streamwise changes of back-
ing (—v,80,/8s,), (A =5 X 10 m*s?).
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be studied using the interchange equations proposed by
Hollmann (1958). However, such atreatment would a so
be considered a description and not an explanation of
the changes in speed divergence and direction diver-
gence (see equivaent conclusions regarding the shear
and curvature vorticity equations in Vitdez and Haney
1996). The kinematic quantities presented above are
also important because of their connection to certain
experimental methods. For example, a satellite thermal
image may be used to infer the streamline curvature
field but, in general, not the velocity field. From the
trajectory of a single isopycnal float we can measure
the curvature vorticity, but not vorticity itself. We will
see in the next two sections that many of the properties
of the velocity field in this study, including the defor-
mation, can be deduced from the single fact that the
acceleration field is divergent in the impinging region.

3) ROTATION AND DEFORMATION

The previous remarks have shown that the relative
vorticity of a water parcel in the impinging current ex-
periences notable changes as it approaches the African
coast. However, since any continuous motion at a given
instant of time is composed of a translation, a rigid
rotation, and a pure deformation, it becomes equally
important to determine the relative significance of the
deformation field in the stagnation current. A measure
of theratio of the magnitude of rotation to the magnitude
of deformation was introduced by Truesdell (1953,
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Fic. 13. Horizonta distribution (a) at 100 m and vertical distribution (b) along section F of (W, — 1) X 103, where
W is the kinematical vorticity number. Positive values indicate W, > 1. Contours range from —10 to 10 with A = 0.5.
Interior areas where v < 2 cm s* are assumed to have large numerical errors and have been blanked.

1954) by defining the kinematical vorticity number as

the dimensionless scalar

_ W
DI’

where D and W are the symmetric and skew-symmetric

parts of the velocity gradient (the stretching and spin
tensors, respectively)

Wi (11)

L = gradv = %(L+LT) + %(L—LT) —D+W. (12

Note that [W|2 = W-W = W,W; = (1/2){?, where { =
|lcurl v|| is the magnitude of the relative vorticity. Since
a rigid rotation has D; = 0, { # 0O, and a nonrigid
irrotational motion has { = 0, D-D # 0, the kinematical
vorticity number provides a numerical degree of rota-
tionality for all possible motions (exception aretherigid
translations) on a scale from O (rigid rotational motion)
to oo (nonrigid irrotational motion). When W, = 1, spin
and stretching are precisely balanced. Since

LLT=D + W)-(D+W)T"=D-D—-W-W, (13
we have
1
D]z = Egz + L-LT, (14)
and therefore from (11)
2L.Lm\ ™
W, = <1+ 7 ) . (15)

Since in the impinging current (1/2)¢? = O(10°5 s72)
and L-L" = O(10-%*° s72) at, say 100 m, the kinematical

vorticity number is W, = 1 = O(10-%). The W, dis-
tribution is shown in Fig. 13 as (W, — 1) X 10°. It is
observed that, while the magnitude of rotation is larger
than the magnitude of deformation in the WAG (W, >
1), the magnitude of deformation exceedsthe magnitude
of rotation when the current impinges on the African
coast (W, < 1). Note that in the impinging region W,
< 0 from the surface to ~150 m, while in the AJ this
only occurs in the surface (from 0 to 50 m) layer. Be-
cause of this clear signature, deformation is a very im-
portant quantity in the kinematic description of im-
pinging jet processes. Since {? is a positive quantity,
the positive or negative departure of W, from 1 depends
on the sign of L-L". If L-L"™ > 0 then W, < 1. The
quantity L -L™ = L;L;; = v;;v;; at 100 m is shown in
Fig. 14. It exhibits positive values in the impinging area
and negative values in the WAG area, according to the
W, distribution. The fact that we are considering non-
divergent motions (div v = 0) alows us to give an
alternative kinematic interpretation of thetermL -LT. By
taking the divergence of the advective derivative Lv we
have

div(Lv) = [grad(div v)]-v + L-LT, (16)
or in Cartesian components
(vijv)); = vy + vv;. (17)

The first term on the right-hand side is zero since div
v = v;; = 0. Therefore, L -LT represents the divergence
of the advective derivative of v for nondivergent mo-
tions. Since the acceleration fielda = v, + Lv, the term
L-LT also represents the divergence of the acceleration
field (div @) for steady flows (v, = 0). Since (a-k) ; is
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FiG. 14. Horizontal distribution of L-LT (thick isolines) at 100 m.
Continuous isolines indicate positive or zero contour values (A =
0.5 X 107° s72). Thin isolines represent pressure anomalies.

-2.5

negligible for hydrostatic flows, we have for nondiv-
ergent hydrostatic steady flows div a = div a, =
div(grad v,)v, where grad v, = v,,; e, ® €. The ad-
vective derivative of v, is shown in Fig. 15. Besides
the centripetal acceleration of the fluid elements in the
WAG circulation directed toward its center, the decel-
eration of the current before impinging on the coast (a,
vectors are opposite to the flow direction) and the ten-
dency of the flow to accelerate after the flow division
(a, vectors have a positive component in the direction
of theflow) are also clearly observed. Inthe steady state,
this deceleration—acceleration of the fluid produces the
divergence of a, (div a, > 0), which impliesL-L" > 0
and therefore W, < 1.

It should be noted that, asit isusual practicein ocean-
ography, the velocity field used in the computation of
W, is referenced to the rotating earth. Thus, W, isin
fact a relative vorticity number. If velocity is instead
referenced to a nonrotating system absolute vorticity
should replace the relative vorticity in (11). The ab-
solute vorticity number so obtained is one order of mag-
nitude larger than the relative W, and is always positive
in the study domain, with a relative extremum, in this
case a maximum, in the impinging region. This shows
the large effect that the solid (hondeformable) coastal
boundaries have in communicating their own rotation
to the oceanic flow.

Separation between horizontal and vertical velocity
components for theterm L -L™ may be clarified by using
(1) to write
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Fic. 15. Advective derivative of v, at 100 m. Reference vector is

10-5 m s2. Thin isolines represent pressure anomalies.
L = gradv = gradv, + grad(v;k)
= grad,v, + Vs @ k + k @ gradv;.  (18)

Defining L, = grad,v, = v, ., ® €, and using the
identity (a ® b)-(c ® d) = a-c b-d, we obtain

L-LT = L,-L] + 2v,;-grad v, + v, (19
The horizontal version of (16) is
div(L, v,) = [grad(div v,)]-v,, + L,-L, (20)
using div v, = —wv,,, and moving L, -L] to the lhs, we
get
L,-Li = div(Lyv,) + v, -grad v,,. (21)

Thus, L, -L], represents the horizontal divergence of the
horizontal advective derivative of v,, when the flow is
horizontal and nondivergent. Note also that, if v, = O,
then by (19) L-L" = L,-L]. These results have to be
taken into account since in our study v,/v, = (1073).
Therefore, the distributions of L-LT in the impinging
current (Fig. 14) and div(L,v,) are mainly due to the
horizontal flow v, sinceL-L" = L, -L] = div(L,v,) when
vylv, < L

4) STRETCHING

The study of stretching may be accomplished by
means of the principal stretchings and principal axes of
stretching. The reader is referred to Chadwick (1976),
Gurtin (1981), and Truesdell (1991) for a detailed ex-
position of these topics. The principa stretchings are
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the proper numbers of the symmetric tensor D. Briefly,
and practically quoting Chadwick (1976, p. 75-76),
since D is a symmetric tensor, it possesses three proper
numbers called the principal stretchings, and an or-
thogonal triad of proper vectors d,(x, t), k = 1, 2, 3
whose directions are called the principal axes of stretch-
ing. The principal stretchings (at a point x) are the rates
of extension per unit length experienced by material line
elements currently aligned with the principal axes of
stretching. Moreover, the rates of change of the angles
between these lines are momentarily zero. Material el-
ements along these principal axes of stretching are in-
stantaneously suffering no rotation with respect to one
another. Their motion as lines, no account being taken
of the motion of particles along them, isinstantaneously
rigid; hence the spin is the angular velocity of the prin-
cipal axes of stretching, in the ordinary sense of rigid
motions (Truesdell and Toupin 1960, p. 355). The rel-
ative motion in the vicinity of the point x consists of a
triaxial stretching, represented by D, superimposed upon
arigid rotation specified by W. Since it can be shown
that the stretching tensor D is dominated by the large
values of v, ;, a direct representation of the stretching
axes of the 3D flow is, in general, unsuitable (see the
appendix).

We may instead consider the deformation of the hor-
izontal two-dimensional flow. In this representation the
3D flow is thought to be composed of a set of 2D hor-
izontal layers, and vertical motion is not considered. In
this description every layer is two-dimensional and is
treated from akinematic point of view as an independent
material system. The corresponding velocity gradient is
L, (see the appendix for symbol definitions) and the
stretching tensor is D,. The proper unit vectors ¢, and
the proper values A, satisfy

D,c, = A.C,. (22)

The spectral decomposition of D, isD, = A,c, X c,.
Since div v = div v, + vy; = 0, then div v, = tr(D,)
= 2 A, = —v,3. But vy /v, = O(10723) and therefore
the proper values A, are to alarge extent equal in mag-
nitude but opposite in sign. The spatial field of proper
vectors c,, in the impinging current is shown in Fig. 16.
The direction of these vectors indicates therefore the
stretching axes of the horizontal 2D flow. Since the
sense of the vectors is irrelevant (—c,, are also proper
vectors), we have adopted the convention of represent-
ing the vector =A,c, satisfying that sgn(*=A,c;-v,) is
equal to sgn(A,). Therefore, in Fig. 16 when A.c, isin
the direction of v,, there is positive stretching (A, > 0)
in that direction. It is observed that the stretching axes
+c, of the current before impinging on the coast form
an approximately 45° angle with the flow. Therefore,
the magnitude of rotation equals the magnitude of de-
formation, a result already observed from the kinemat-
ical vorticity number distribution. As a water parcel in
the current approaches the coast (we are assuming
steady state in this description) a rotation (relative to
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FiG. 16. Distribution at 100 m of the stretchings D,c, = A.C, («
= 1, 2). We have represented only one of the two vectors =\ .c; [the
one satisfying sign(*=A;C,-v,) = sign(A;)]. Thin isolines represent
pressure anomalies.

the flow direction) of its stretching axes occurs in such
away that the axes become almost parallel and normal
to the coast in the impinging region. There occurs an
enhancement of the stretching, with positive stretching
in the direction parallel to the coast and negative stretch-
ing in the direction normal to the coast.

3. Discussion and conclusions

The results concerning the impinging process may be
summarized by the sketch in Fig. 17. In the horizontal
we distinguish between several areas labeled from | to
IV. Thefirst area (1) is upstream, far from the impinging
region. In this area the horizontal flow is not normal to
the coast, the stagnation streamlines have relatively
large horizontal curvature, and the backing is negative
(®, < 0). When the flow approaches the coast and
arrives at the impinging region proper, there is an up-
stream impinging region (area I1) where the flow has
speed convergence (6v,/6, < 0), and therefore difflu-
ence (0, > 0) and speed deceleration (dv,/dt = v, év,/
8s, < 0inthe steady state). Thisregion is characterized
by positive backing (®, > 0) and, therefore, by negative
streamwise pseudovorticity (—v,0, < 0). Past the im-
pinging region, the two horizontal flow branches (areas
[11 and 1V) experience speed divergence (év,/8s, > O),
therefore confluence (®, < 0) and speed acceleration
(dv/dt = v, 6v,/8s, > 0in the steady state). These two
areas (111 and 1V) are characterized by negative backing
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Fic. 17. Schematic showing the properties of the impinging process
found in this study. We distinguish four areas (I, I, Ill, and IV). In
area | (far upstream) the stagnation surface is not normal to the coast
and is not considered as being in the impinging region proper; the
impinging region is referred to in the text as formed by area Il (up-
stream the stagnation point) and areas |11 and |V (past the stagnation
point, symmetric).

(®, < 0), and therefore by positive streamwise pseu-
dovorticity (—v,®, > 0). Whilein area| the magnitude
of the deformation and rotation are similar (W, = 1),
inareasll, I11, and 1V, which correspond to the upstream
and past the stagnation point regions, the magnitude of
deformation exceeds the magnitude of rotation (W, <
1). This fact is related to the divergence of the accel-
eration field. As the current approaches the coast there
occurs a rotation (relative to the flow direction) of the
stretching axes of the fluid element in such a way that
they become almost parallel and normal to the coast in
the impinging region.

The main general result of the present study is that,
if it were not clear enough, there is an interaction be-
tween the current and the coast; that is, the current really
impinges on the coast (for a rotating observer) and is
deflected by the coast. Whereas, after looking at the
satellite image (Fig. 2) and the density distribution (Fig.
3), our intuition tells us that this interaction is evident:
the quantitative analysis of vorticity and deformation
that we have done is the objective way of expressing
this fact and describing how this coast—jet interaction
takes place. This impinging process pattern in the Al-
boran Sea, while it appears to be the most frequent one,
is not the only one possible. An interesting different
case was observed by Garcia-Lafuente et al. (1997), in
which the AJ was ‘“‘prematurely’” deflected to the east
by the presence of a small-scale cyclonic eddy located
in the impinging region.

To first order the AJ impinging process is considered
a quasi-steady process. That is, the temporal scale as-
sociated with the water elements passing through the
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impinging region (about one day) is considered to be
small compared to the temporal scale of the impinging
process itself. Probably the shorter periodic phenome-
non that can substantially affect the impinging process
is the quasiperiodic 9-day oscillation of the AJ reported
by Perkinset al. (1990). Large-scalelow-frequency vari-
ability in the Alboran Sea has been studied only from
remote sensing data (Heburn and La Violette 1990; V az-
quez-Cuervo et al. 1996). A time sequence of a part of
the semiannual cycle of residual sealevel inthe Alboran
Sea is shown in Fig. 18. The semiannual cycle was
calculated by fitting at each grid point a semiannual
harmonic to the merged TOPEX/Poseidon ERS1 altim-
eter data from October 1992 to December 1993. This
dataset was processed by fitting the TOPEX/Poseidon
orbit to the ERSL orbit [which reduces substantially the
orbit error of the ERSL data; see Ayoub et al. (1997)
for more information on the data processing]. It was
found that in the Alboran Seathe annual and semiannual
cycle each account for nearly 50% of the resolved vari-
ability. Clearly visible is an eastward propagation of the
semiannual wave. It therefore appearsthat theimpinging
jet process could also have relevant annual and semi-
annual components. However, it is important to note
that the total amplitude of the temporal variability of
sea level (~10 cm) is smaller than the mean sea level
anomaly in the WAG-AJ system (~25 cm, e.g., Perkins
et al. 1990). Thus, for example, the meridional currents
at the coast near 4°W are always directed toward the
coast (southward) even though the disturbance currents
inferred from the sea level gradients in Fig. 18 show a
reversal.

Some of the experimental results shown here for the
2D flow are in qualitative agreement with the charac-
teristics of the flow v, = —k X grad, ¢ described by
the streamfunction s = kxy (Fig. 1). The field v, is
nondivergent, and the speed divergence év,/8s, = (X2
— y?)/(x? + y?) is zero when x =y, negative when |x|
< |y] and positive otherwise, which qualitatively cor-
responds to the speed-divergence pattern shown in Fig.
17 for areas 11, 111, and IV. Since L, = grad v, = K(i
®i—]®]j), thedirectionsi and j have been chosen
to be the principal axes of stretching axes of the flow
v,,and D, = L,, W, = 0. However, this 2D stream-
function cannot account for the 3D characteristics (z
dependence) of the impinging process found in this
study. Considering v,, a model of the 2D circulation,
where vertical motion is not taken into account, the 3D
flow is described by a set of streamfunctions i, for i
=1,..., N, with N being the number of vertical levels.
In such a flow description the property of irrotationally
of every v, may be judged by considering the relative
importance of the vorticity term in the horizontal ac-
celeration field of the impinging current. We therefore
interpret that the relative rotation is negligible if the
relative vorticity term of the relative acceleration field
may be neglected (Truesdell 1953). Thisanalysisisdone
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Fic. 18. Time sequence showing a part of the semiannual cycle of residual sea level in the Alboran Sea. Graphs are separated by
approximately 7 days, from top to bottom and from left to right, corresponding to days 106, 113, 120, 126, 132, 139, 145, and 153 of 1993.

The dots indicate the data points (A = 0.5 cm).

by using the Lagrange formula for the 2D acceleration
field
d 1
= D + Lk X v, + Egradhvﬁ.

a, = (23)

A measure of the relative importance of the vorticity
can therefore be obtained using the ratio

Wp = lZk X Vh”/

whichisa?2D version of the dynamical vorticity number

1
v, lot + Egradhvﬁ . (29

introduced by Truesdell (1953, 1954). Note that W, is
a purely kinematic quantity and that, unlike W,, is not
Galilean invariant. The value W,, gives an indication of
the importance of the rotational term in the acceleration
field as written in one particular frame. In the steady
state, W, represents the ratio between the vertical com-
ponent of the relative vorticity and the magnitude of the
speed gradient (|¢,)/|lgrad,v,/)). The distributions of ¢,
llgrad,v,| and |Z,|/|lgrad,v,|| (Fig. 10c and Figs. 19a,b
respectively) show that W, > 1 in the water parcels of
the AJ (and not in the WAG) before arriving to the
impinging region. However, when the AJ and the right
flow branch are deflected by the coast, the rotational
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FiG. 19. Distribution at 100 m of (a) the magnitude of the horizontal
speed gradient |lgrad,v,/|, (A = 0.25 X 10-° s71); and (b) the ratio
between the vertical component of the relative vorticity and the mag-
nitude of the horizontal speed gradient |Z;)/|lgrad,v,/|, (contour lines
from 0 to 3 by A = 0.5).
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term becomes important except in a narrow areain the
impinging region where W, < 1. The above results
provide the spatial scale in the impinging region where
the rotational term is negligible in the acceleration field,
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and therefore provide the spatial scale whereirrotational
streamfunctions like » may be applied.

In order to compare the impinging process in the
Alboran Sea with the analytical results of Whitehead
(1985b) it is required to assign an asymptotic angle of
incidence to the impinging current. Because the im-
pinging current has streamline curvature, there is no
objective way for providing such an angle of incidence.
Assuming that this angle is taken as zero, that is, the
impinging jet is consider to be normal to the wall,
Whitehead's results predict that the percent volume of
fluid deflected to the right is 65% and 75% for the zero-
and constant-potential-vorticity jets, respectively. The
geostrophic transport function computed from the same
data we have analyzed (Vildez et al. 1996a, Fig. 13)
shows that the deflected geostrophic transport is ~2 Sv
(Sv =1 X 10° m® s 1) to the right (WAG), and ~1 Sv
to the left (AJ). This corresponds to 66% of volume
deflected to the right, a result that is consistent with
Whitehead's theory in spite of the different jet config-
urations and different wall geometry (vertical vssloping
coastal boundary).

On the other hand, Whitehead and Miller (1979) and
Whitehead (1985a), based on their laboratory simulation
of the WAG, pointed out that the growth of the gyre
may be due to the position of the stagnation point of
the jet relative to coastal features. In their simulations
the growing of the gyre was stopped by the basin ge-
ometry. However, since the WAG is rarely found to
occupy the entire upper layer of the western Alboran
basin [we know of very few cases when this happened
(Lanoix 1974; Cano 1978)], it appears that, for some
reason, these laboratory experiments exaggerated the
effect of the impinging process on the WAG circulation.
It should also be noted that in the laboratory experiments
with approximate coastal geometry (Whitehead and
Miller 1979) it was required to smooth Cape Tres Forcas
(the cape located on the African coast at 3°W) from the
coastal geometry in order to develop a gyre.

The results concerning the impinging process, based
on CTD data, show that, since the stagnation surfaceis
tilted in the vertical, the magnitude of the streamwise
vorticity increases due to the vertical shear in the across
stream direction with the upper layer flowing to the left
(facing downstream) and the lower layer flowing to the
right. The impinging process described hereistherefore
a 3D feature. We, however, consider that no further con-
clusions concerning the remote origin of the water on
both sides of the stagnation surface can be made from
the CTD results presented here. Two main effects pre-
vent us from this, namely, (i) the discrete CTD sampling
and (ii) the diabatic and frictional effects that prevent
surfaces of constant potential density and surfaces of
constant potential vorticity from being material surfaces.

We would like to emphasize that the results presented
here have been concerned with the so-called external
flow and not with the turbulent flow in the viscous re-
gion. Although we have borrowed this flow division
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from the more general impinging process in fluid me-
chanics without proving it totally (because of the lack
of measurements over the continental shelf), some re-
sults presented here (especially those concerning the
irrotational characteristics of the impinging flow) point
out that such a division may be acceptable in the ocean-
ographic context. As a further consequence, since the
impinging current has streamwise vorticity, it would be
interesting to verify experimentally if vorticity ampli-
fication and an increase of turbulence occur over the
African continental shelf, as it occurs in quasi two-di-
mensional impinging (nongeophysical) flows. Another
possible phenomenon associated with an impinging pro-
cess that may deserve further study in the oceanic case
is the existence of hydraulic jumps, or standing waves,
(e.g., Watson 1964; Higuera 1994; Fedorov and Melville
1996). If such a hydraulic jump exists, it could be ob-
served along the African coast.

Impinging jet processes have received little attention
in physical oceanography. For example, the study about
the opposite phenomenon, that is, coastal current sep-
aration, is much more developed (e.g., Ou and De Ru-
ijter 1986; Page 1987; Signell and Geyer 1991; Klinger
1994). We think that this is because the impingment
process, athough it may occur frequently in the ocean,
is not usually a steady process (the temporal evolution
of an eddy forced against a boundary has been studied
by Shi and Nof 1993). Our main objective has been
therefore to study, in a broad way, the main kinematic
characteristics of an impinging jet in the Alboran Sea,
and to relate this process with other disciplines of fluid
mechanics. Since the presence the Atlantic jet is assured
by the location of the Strait of Gibraltar, theimpingment
processin the Alboran Seacaseis, concerning the stead-
iness, a privileged one.

4. Summary

We have described an oceanic impinging jet process
in terms of its density, curvatures, backing, vorticity,
and deformation characteristics. In the impingment re-
gion the acceleration field is divergent, which is related
to the fact that the magnitude of deformation is larger
than the magnitude of rotation. It also has been found
that the stagnant streamsurface does not liein a vertical
plane but tilts in the opposite direction to the vertical
tilting of isopycnals. The flow upstream of the stag-
nation point is characterized by backing, speed conver-
gence, diffluence, and negative streamwise vorticity.
The flow past the stagnation point is characterized by
veering, speed divergence, confluence, and positive
streamwise vorticity. The stretching axes of a fluid el-
ement approaching the coast experience a rotation rel-
ative to the flow direction in such a way that they be-
come amost paralel and normal to the coast in the
impinging region. Only in a narrow area of that im-
pinging region can the current be considered irrotation-
al.
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APPENDIX
The Stretching Tensor of the Horizontal Flow

In order to consider the different scales of the hori-
zontal and vertical components of the velocity we again
make use of (21) and write

1 1
D = J(L + LD + 50 ® k + k @ vy)

1
+ E(k ® gradv, + gradv, ® k)

=D, + D, + Dy, (AD)

where D,,, D,, and D,, are the symmetric tensors asso-
ciated to the horizontal deformation, vertical shearing,
and deformation induced by the gradient of the vertical
velocity, respectively. If v, ; = v, 4€, inthe{e} frame,
we have D, = (%)v,s(e, ® k + k & e,). Since the
magnitude of the components v, ; in the impinging cur-
rent is two orders of magnitude larger than the mag-
nitude of the largest components of D,, and since v,/
v, = 0O(10-3), the dominant term on the right-hand side

37.

0.100E+04
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Fic. AL Distribution of v, ; at 100 m. Reference vector is 102
s~L. Thin isolines represent pressure anomalies.




FEBRUARY 1998

of (A1) isD,. Introducing the field of unit director vec-
tors e,(x) = v,,4/||v,, 4| of the vertical shear v, ; (for ||v, 4
# 0) we write v,; = |V, jle; and D, = (%)|Vi4ll(e; ®
k + k ® e,). Thus, the two nonzero proper values of
D, are * (%)|lv,, 4| and the corresponding field of proper
vectors are 2-¥?(e, = k). Therefore, the stretching axes
of the 3D flow lay approximately in the vertical plane
parallel at every point to v, 5, and forming 45° angle
with the horizontal plane. Furthermore, since v, ; =
(viSh)s = vns Sy + 1,00, and v, ; > v,0,, the di-
rection of v, , isvery close to the direction s, (Fig. A1),
and the stretching axes of the 3D flow lay very ap-
proximately in vertical planes tangent at every point to
the horizontal velocity vector. Since the stretching tensor
D is dominated by the large values of v, 5, a direct rep-
resentation of the stretching axes of the 3D flow is, in
general, unsuitable.
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