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ABSTRACT

In September 1988 six sections were occupied across the Mediterranean outflow plume in the Guif of Cadiz
within 100 km of the Strait of Gibraltar, Vertical profiles of temperature and salinity were collected at CTD
stations. Velocity and temperature profiles were collected with expendable current profilers at a subset of these
stations. At the channel base, the plume undergoes geostrophic adjustment and turns northwest to flow along
the continental slope. There it decelerates and spreads gradually down the slope as friction slows the current
and allows it to cross isobaths. Within the plume, downstream velocity and density increase rapidly in the
interfacial layer with depth to the velocity maximum, or nose, 5-150 m above the bottom. Below the nose, in
the bottom layer, downstream velocity decreases rapidly toward the bottom, but the stratification is weak.
Ekman-like veering occurs in the interfacial layer. Local bottom stresses on the plume are estimated by fitting
the near-bottom velocity profiles to a log-layer model. These stresses are compared with bulk estimates of total
stresses from momentum budget residuals and of interfacial stresses from combining the mean vertical shear
with bulk turbulent dissipation estimates, The downstream pattern of the sum of the local bottom stresses and
the bulk interfacial stresses agrees well in magnitude and distribution with that of the bulk total stresses. The
largest stresses reach a mean of 5 Pa where the plume is flowing rapidly westward down a channel after exiting
the strait, thinning, and accelerating, These stresses are an order of magnitude larger than mean wind stress
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values over the ocean gyres and exceed most bottom stress estimates in other regions,

1. Introduction

Velocity and water property data are used to gain
insight into the dynamics of the Mediterranean outflow
plume and estimate bottom and interfacial stresses
acting on the plume. First, the roles of stress and en-
trainment in maintaining the horizontal and vertical
water mass and velocity structure within the plume are
discussed. Direct measurements of velocity within the
more ageostrophic regions close to the strait allow ac-
curate estimates of transports and entrainment rates
there. Bottom stresses are calculated by fitting the ve-
locity data to a log-layer model. Bulk interfacial stresses
on the plume are estimated using residuals of mass and
volume transports through sections made across the
plume. The expendable current profiler (XCP) and
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CTD data are used to construct a bulk momentum
budget and infer the total stresses on the plume from
downstream changes in the Bernoulli potential (Bar-
inger 1993). The magnitude and spatial distribution
of these estimates of total stress agree with those from
the sum of bottom and interfacial stress values.

The Mediterranean Sea is a basin where dry, con-
tinental winds cool and evaporate water at the surface,
creating salty, dense water. This water is so dense that
an undiluted parcel of it would sink directly to the
bottom in the North Atlantic Ocean. The density dif-
ference between light, fresh North Atlantic Central
Water (NACW) and dense, salty, Mediterranean Water
(MW) drives an exchange of water at the Strait of Gi-
braltar. The MW flows westward toward the Atlantic
Jjust above the bottom of the strait. The NACW flows
eastward near the surface. This exchange is often dis-
cussed in the context of hydraulic control theory (Armi
and Farmer 1988). Recent mean volume transport es-
timates for the outflow are about 0.8 X 10 m3?s™!
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{Bryden and Kinder 1991), half the result of tidal rec-
tification within the strait (Bryden et al. 1989). There
is also variability of up to 1.0 X 10° m®s™! in net
volume transport forced by synoptic weather patterns
(Candela et al. 1989).

After the MW exits the Strait of Gibraltar, it cascades
rapidly westward down a channel into the Gulf of
Cadiz. It then turns and flows nearly parallel to the
bathymetry along the gulf’s northern side under the
influence of rotation. It slowly spreads down the con-
tinental slope as it flows toward the Atlantic. Along
this path, the MW mixes considerably with the sur-
rounding NACW so that when the current passes Cape
St. Vincent it is at an equilibrium depth near 1200 m
(Price et al. 1993). This mixing is evident in the spatial
distribution of potential temperature-salinity (6-S)
characteristics within the plume. In addition, it is pos-
sible to discern upper and lower outflow branches with
distinct water mass properties (Ambar and Howe
1979). Recently, hydrographic data have been used to
make estimates of the outflow transport. Application
of inverse methods to several sections made across the
gulf suggest a pattern of entrainment and mixing
(Ochoa and Bray 1991). The complex bathymetry in
the gulf (Heezen and Johnson 1969), coupled with the
bottom-trapped nature of the plume and strong ageo-

JOHNSON

ET AL. 2073

strophic flow near the strait, makes estimates of these
processes with hydrographic data alone uncertain.

Upon exiting the Gulf of Cadiz some MW turns to
flow northward at middepth along the European con-
tinental slope, eventually reaching the surface in the
Norwegian—-Greenland Sea. The high salinity of the
MW contributes significantly to the density of the
component of North Atlantic Deep Water formed
there. Thus the MW plays a significant role in the global
thermohaline circulation (Reid 1979). The remaining
MW spreads to form the salt tongue that extends west-
ward at middepth across the North Atlantic (Wor-
thington 1976). Some of the outflow goes into the gen-
eration of long-lived submesoscale coherent vortices of
MW, or meddies (McDowell and Rossby 1978; Armi
et al. 1989). Through self-propagation and advection,
these meddies move to the southwest (Killworth 1983)
and decay (Hebert et al. 1990).

Smith (1975) formulated a streamtube model for a
gravity current moving over a sloping bottom in the pres-
ence of rotation to gain insight into the dynamics of the
Mediterranean outflow plume where it is moving rapidly
and entraining NACW. He tuned the magnitudes of fric-
tion and entrainment to match the observed downstream
evolution of density anomaly and velocity within the
plume. More recently, a model of the outflow was con-
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FIG. 1. Location of CTD stations (open circles) with contours of maximum Mediterranean
Water fraction at 0.1 intervals (thick lines; see section 3 and Fig. 3 for a discussion of MW
fraction) showing the Mediterranean outflow plume. The plume spreads and dilutes as it flows
to the northwest, sliding slowly down the continental shelf. MW fraction above 0.5 is stippled
and contour lines merge in regions of sharp gradients near the plume edges. Sections A-F and
sites 1 and 5 are labeled to their south and west, respectively. Bathymetry from Heezen and
Johnson (1969) is contoured at 200-m intervals (thin lines).
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structed using a quadratic drag law (with a fairly large
drag coefficient of 3 X 107%) and a Froude number-
dependent entrainment (Baringer and Price 1990). It was
necessary to use a realistic (if smoothed ) bathymetry for
reasonable agreement with observations since the plume
speed is strongly dependent on bottom slope.

Here we show that bottom and interfacial stresses
are large and significant in shaping the vertical velocity
and water mass structure of the plume. In a companion
paper Johnson et al. (1994, hereinafter JLS) combine
measurements of small-scale vertical shear from ex-
pendable dissipation profiler (XDP) data with the ve-
locity data to make independent estimates of bottom
and interfacial stress within the plume. These estimates
are roughly a factor of three smaller than those pre-
sented here, This discrepancy is discussed at length
in JLS.

2. Data

The Gulf of Cadiz Experiment was conducted in
September 1988 (Kennelly et al. 1989a). A subset of
72 of the 99 CTD stations occupied during the week-
long outflow component of the experiment (Kennelly
etal. 1989b) is used to describe the water mass structure
of the outflow plume (Fig. 1) in section 3. Six synoptic
sections were made across the outflow plume. In ad-
dition, there were duplicate occupations at nine sites,
with multiple occupations at two of these sites. The
CTD was generally lowered to within 10 m of the bot-
tom and the data were averaged in 2-m bins.

Where the CTD data indicated the presence of the
" plume, an XCP (Sanford et al. 1982) was usually
dropped just after the CTD station was completed
(Kennelly et al. 1989¢). The XCPs yield vertical pro-
files of velocity and temperature with values every 0.28
m to within 0.56 & 0.14 m of the bottom. The fall rate
has been corrected by comparing bandpassed structure
of the XCP temperature profiles with those from CTD
stations occupied just prior to the XCP drops ( Prater
1991). Of the 64 XCP drops during the outflow com-
ponent of the experiment, 4 malfunctioned, 3 were
outside the plume, and 3 were east of the Camarinal
Sill, leaving 54 XCP drops within the outflow plume
(Fig. 2). The reference velocity is unknown, so the
vertical mean of the horizontal velocity has been re-
moved from each profile. This adjustment forces a bal-
ance between the outflow and the inflow above. A prior
study suggests that the inflow may indeed be directly
above the outflow (Ochoa and Bray 1991). Since the
outflow is relatively thin and fast, and the inflow above
is thick and slow, small adjustments to the velocities
will not affect the outflow transport as much as that of
the inflow.

3. The plume

CTD data similar to those from the Gulf of Cadiz
expedition have been collected in other surveys (Ambar
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and Howe 1979; Ochoa and Bray 1991). In contrast,
the vertical resolution of the velocity profiles from the
XCPs is exceptional. Vertical profiles of density and
velocity from the CTD and XCP data combine to re-
veal the rich vertical structure of the plume. This struc-
ture varies spatially in the survey region. Data from
the repeatedly occupied site S at the core of the plume
in section C (Fig. 1) demonstrate the lack of temporal
variability throughout the survey. Site 5 was occupied
six times during the survey. Four of the XCP drops
(2529, 2544, 2556, and 2580) at this site were nearly
at the same location (within a circle of 800-m radius ).
All four reached the bottom within 2 m of 497 m.
They were made at 0, 4.08, 5.51, and 13.20 cycles of
the 12.4-h period M, tide with phase relative to XCP
2529. CTD casts were made for three of these four
XCP drops. All the profiles show remarkably similar
velocity and density structure within the plume, hence
negligible tidal influence. The plume appears steady
during the survey.

a. Water mass structure of the plume

The temperature-salinity curves at site 5 show sev-
eral features common throughout the survey region
(Fig. 3). The ambient NACW in the gulf is relatively
fresh, less than 36 psu near the plume depth. A fifth-
order polynomial curve (the solid line at the left of the
plot) has been fit to the NACW using data from CTD
casts in the outer region of the gulf in deeper water
where the NACW T7-S curve extends the full length of
the line. Pure MW (7 = 12.92°C; S = 38.45 psu) is
represented by the asterisk at the far right of the plot.
The plume T-S curves within the survey region are
nearly linear, stretching from one end member at the
NACW toward the MW. This near linearity suggests
that vigorous mixing is taking place within the plume
between the NACW above and the MW below. The
slight upward bowing of the curves (Fig. 3) is the result
of the plume descending through and mixing with
NACW of varying T-S characteristics. As the plume
descends, the temperature of the ambient NACW end
member changes from warm to cold, and the upward
bowing of the 7-S curves is the memory of this change.
This feature occurs because where the plume is shallow,
the water within the plume sees an NACW end member
that is warmer than the MW. Downstream, where the
plume is deeper, the NACW end member is colder
than the MW. The density anomaly of the NACW that
mixes with the MW is g, = 26.8-27.4 kg m™3, and
pure MW has o, = 29.1 kg m™3. The plume is primarily
salinity stratified. _

The MW fraction at any given point can be deter-
mined by assuming that data in the plume lie on a
straight mixing line in 7-S space between the MW end
member and an NACW end member (Fig. 3; Mc-
Dougall 1990; Bormans and Turner 1990). A line can
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FiG. 2. Maximum plume velocities, or nose velocities, from 54 XCPs dropped within the
outflow plume. The arrow tails mark the drop locations. The plume accelerates flowing west
down the channel between sections A and C (see Fig. 1), then turns northwest, nearly following
isobaths, and slows, gradually sliding down the continental shelf. Bathymetry from Heezen and

Johnson (1969) is contoured at 200-m intervals.

be drawn from the MW end member through the data
point in question. The NACW end member is defined
by the intersection of this line and the NACW curve.
The MW fraction is the ratio of the line length from
the NACW end member to the data point and the line
length from the NACW end member to the MW end
member. This MW fraction gives a quantitative mea-
sure of the mixing of the plume with the NACW. Pure
NACW has an MW fraction of zero, and pure MW
has a value of one. The MW fraction is related in a
nearly linear fashion to salinity and density (Fig. 3).
The MW fraction is highest at the bottom in this region
and decreases to the northwest after the plume leaves
the strait (Fig. 1).

b. Vertical structure of the plume

The vertical water mass structure of the plume is
linked to the vertical structure of horizontal velocity.
As mentioned above, the vertical mean of horizontal
velocity is subtracted from each profile. The velocity
is then rotated into plume coordinates such that the
velocity difference between the depths of the temper-
ature minimum (near the top of the plume) and speed
maximum (also referred to as the plume nose) defines
the direction of the downstream axis for each profile.
The cross-stream axis is positive 90° to the right, so
cross-stream velocity is the ¥ component and down-

stream velocity is the v component of a right-handed
coordinate system.

The plume is composed of two layers, an interfacial
layer and a bottom layer, that meet at the plume nose,
where the downstream velocity is a maximum. At site
5, the MW fraction increases rapidly and nearly linearly
with depth from 0 at about 350 m to near 0.8 around
430 m, and then much more slowly to around 0.85
about 10 m off the bottom at 490 m (Fig. 4). The
downstream velocity starts near —0.3 m s~! at 350 m
and increases to a maximum of 1.2 m s~ ! near 430 m,
a change of 1.5 ms™! over about 80 m. Below the
maximum, the downstream velocity decreases rapidly,
approaching zero at the bottom (near 500 m). The
only significant cross-stream velocity occurs at the in-
terfacial layer, where peak values reach 0.3 ms™'.
Hence there is an 80-m thick, highly stratified, highly
sheared interfacial layer, where mixing between the
MW and the NACW keeps gradients nearly linear, and
a slightly stratified but strongly sheared bottom layer
of similar thickness where mixing serves to homogenize
the MW. The plume nose is a minimum in shear. This
minimum may impede vertical mixing. Supporting this
assertion, most of the vertical profiles of turbulent dis-
sipation in the plume have a local minimum near the
nose (JLS). The nose may insulate the two layers, but
there must be some mixing across it because the MW
fraction in the bottom layer steadily decreases down-



2076

" F Gi=280kgm3 ]
_nBF B ke MW,
g 12F v S i
g ;  Fraction MW = ND_

9 S S S R in S N

35.5 36 36.5 37 37.5 38 38.5

Salinity (psu)

FiG. 3. Temperature-salinity (7-S) data at 2-m intervals (open
circles) from site 5 (Fig. 1), CTD stations 55, 75, and 91. The North
Atlantic Central Water (NACW ) T-S curve is a fifth-order polynomial
(solid line) that is obtained from a fit to 7-S data west of site 5,
where the NACW extends over the full temperature range of the
curve. The Mediterranean Water end member (asterisk) is a point
(T = 12.92°C; S = 38.45 psu). Isopycnals (o) are contoured at 0.2
kg m~? intervals (dotted lines). The MW fraction at D is the ratio
of ND to NM (McDougall 1990; Bormans and Turner 1990). The
nearly linear T-S curves of the plume suggest vigorous mixing.

stream (Fig. 1). While there is little evidence of intru-
sion in the T-S curves east of section F, lateral mixing
may also play some role in the plume evolution.

The cross-stream velocity structure is unexpected.
Because there are strong stresses in the bottom layer,
there should be veering as in a planetary boundary
layer (Holton 1979), clockwise with increasing height
above the bottom. Rotation of the velocity vector is in
the expected sense, but not in the bottom layer, where
the shear is nearly unidirectional and velocity is in the
downstream direction. The cross-stream velocity is
significantly positive only in the interfacial layer, in-
dicating a veering there (Fig. 4), where the stratification
is largest. One possible explanation for this structure
is that the scale height of the bottom Ekman layer is
larger than the bottom layer itself, so there can be little
veering there (Gammelsrad 1975). A crude scale anal-
ysis using the friction velocities from the log-layer
analysis below, along with the nose velocity and its
height above the bottom, gives Ekman heights that
nearly always exceed the bottom-layer thickness. On
average, the Ekman height is more than twice the bot-
tom-layer thickness. As a restlt, the entire bottom layer
moves slightly to the left of the flow within the inter-
facial layer. The net effect is that more of the denser
bottom layer flows across isobaths into deeper water
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than the lighter interfacial layer. The veering causes
the plume to spread laterally as it flows along the con-
tinental slope in the Gulf of Cadiz (Figs. 1 and 2).

¢. Horizontal structure of the plume

The maximum MW fraction is always found at the
bottom of CTD casts in the survey region (Fig. 1),
where the plume is bottom trapped and salinity strat-
ified (Fig. 3). Pure MW is found near the bottom east
of the Camarinal Sill at 5°50“W. The plume core (de-
fined as the maximum MW fraction at a section ) mixes
with NACW as it moves west and flows down a channel
to section C. Near section C, the plume core follows
the topography to the northwest and runs nearly par-
allel to the isobaths to section F, with a slight downslope
tendency. The plume core deepens with increasing dis-
tance from the sill. By section F, the maximum MW
fraction is diluted to just above 0.5 (Fig. 5).

The nose (maximum downstream) velocity starts
near 1.0 m s™! at section A, accelerates to 1.3 ms™'
by section C, then slows to a peak of 0.6 m s™! at section
F (Fig. 2). The flow is westward down the channel
from section A to section C. At the base of the channel,
the flow turns to run nearly parallel with the isobaths,
with only a smalil downslope component.

Volume and mass transport of the plume, calculated
perpendicular to each of the six sections, are used below
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FiG. 4. Downstream (solid line; 264 + 5°T) and cross-stream (dot-
dashed line; 354 + 5°T) velocity from site 5 XCP drops 2529, 2544,
2556, and 2580. Mediterranean Water fraction (Fig. 3) from the
CTD data is also plotted (dashed line; see Fig. 3). Downstream ve-
locity and MW fraction increase rapidly from 350 m to 430 m in
the interfacial layer. In the bottom layer, downstream velocity de-
creases rapidly but MW fraction increases slowly. The positive cross-
stream velocity in the interfacial layer veers in the sense of a planetary

"boundary layer there.






