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ABSTRACT

The effect of the subsurface current on the sound velocity
field in the western Mediterranean was invest.gated in the summer
0f 1970. This water movement carries warm waters from ‘the Strait
of Sicily to the Strait of Gibraltar at depths below the sound
channel axis. A hydrographic section made between the two straits
indicates that a change in the properties of the intermediate
water at around 7°E results in a doubling of the depth of the
sourid channel axis and alters the character of the sound velocity
profile about this axis. A more extensive study of this region,
including towing of an instrument package, gave indications of
an intermittent process involved in this change. The sound
velocity field was found to change apprec¢iably over distances of
ten naut.cal miles. A second tow exercise probed the region
between the Strait of Sicily and the Tyrrhenian Sea. It found
the velocity field there to be less variable than might have
been expected.

Introduction

Existing data records have proved sufficient to give
a broad description of the annual cycle of the typical sound
velocity profile in the western Mediterranean and to differen-
tiate between certain areas. (1), (2),(3) In the summer months
the profile always consists of a high surface velocity, a
strong gradient below, at most; a thin mixed surface layer, a
sound channel axis most frequently at @z depth about a hundred
meters below the surface and a gradually increasing velocity
with depth from the channel axis to the bottom. This typical
profile is illustrated in Figure 1. The hydrographic reasons
behind this particular type of profile are equally well
known. (4), (5),(6) fThe surface waters reflect the combined
result of seasonal interchange with the atmosphere and a
strong influx of waters from the North Atlantic. The inter-
mediate waters centered at depths between 300-500 meters are
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Superior numbers in parentheses refer to similarly numbered
references at the end of this paper.
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constantly replenished by an influx from the eastern
Mediterranean. The nearly homocgeneous deeper waters, isolated
in the western Mediterraneanr by high sills, are maintained by
winter sinking at a constant temperature.

The present field study was motivated by the assumption
that the key to the hydrographic stability of the western
Mediterranean, and therefore the repeatability of the sound
velocity profile encountered there, lies with an increased
understanding of the intermediate water layer. This water is
known to be a consequence of winter sinking of surface waters
in the Levantine (whence its name, Levantine Intermediate Water),
though the exact origin or origins are still a subject of
research. (7) Coming from a region of high net evaporation
relative to precipitation its most striking characteristic is
its high saline content, which is about 39.1 9/oo. wWith only
about 1% dilution to its maximum value, it crosses the eastern
Mediterranean and enters the western Mediterranean over a
shallow and narrow sill in the Strait of Sicily*. Its main
path through the western Mediterranean, as determined by tracing
the location of the sub-surface salinity maximum, primarily
follows the Noxth African shelf. 1Its influence is evident,
however, throughout the Tyrrhenian and Balearic Seas.

The sound channel axis lies between the surface and
intermediate layers. For the most part, these two layers zre
flowing in opposite directions. Their integrated interaction
will determine the actual depth and shape of the channel at a
given location.

Throughout the warmer months, then, the picture in the
large is a surface layer of fresh warm water overlying a
colder, far more saline layer. This is a relatively stable
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*Sill depth is given by Wist(5) as 330 meters. A recent
bathymetric chart (8) indicates a deeper channel connecting
the eastern-western Mediterranean with a sill between 200-
30C fathoms, though less than five kilometers wide in the
straits.
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gituation and interaction will be very gradual. Consequently,
large changes in the sound velocity profile do not occur in

the western Mediterranean. On the smaller scale, about the

core of intermediate water, the permanent sub-surface maximum

in salinity is often coupled with a temperature inversion above
it. At the depth of the inversion, the temperature gradient
opposes the over-all gravitational stability of the water column
imposed by the salinity gradient and a potentially more dynamic
situation is present. It results in a modification to the inter-
mediate water and one would want to assess the consequence to
the sound velocity profile.

The Observations

The results of the obmervations can be divided into three
parts. The first of these is a section of STD (salinity-tempera-
ture~depth) lowerings made along the axis of the flow of the
Levantine Intermediate Water between the Straits of Gibraltar
and Sicily. The second is a more detailed study, centered around
a tow of an STD-type instrument package, made at a transition
zone of the intermediate waters. The third is a similar study of
conditions prevailing at the entrance of thes intermediate waters
into the Tyrrhenian Sea. In reducing the data, sound velocities
were computed from Wilseon's equation (9) and salinities were
computed in a manner similar to that described by Pingree.(lo)

A. Hydrographic Section Along the Axis of the Levantine
Intermediate Water.

The location of the relevant lowerings and the resulting
salinity section are shown in Figures 2 and 3. The latter
quantifies the previous discussion. Relative to other presenta-
tions of similar sections, (#):(5), (11) ;¢ is & densely okserved
and quasi~synoptic section. The dominating feature of the section
is the dramatic transition of the Levantine Intermediate Water
from a high saline to a reduced saline core occurring in a
limited region southwest of Sardinia. All other changes to the
core are small in comparison.
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A careful review of the historical sections show either
a strong suggestion or a direct confirmation of this transition
zone in the summer months. A meridional section presented by
Miller(12) suggests that the zone is limited in the north-south
direction as would be anticipated. The only previous comment on
this transition was offered by Ouchinnikov and Fedoseyev. (13)
They thought that it was caused by a turning north of the surface
waters at about this loncritude. This in turn, they suggested,
was a result of the prevailing southerly winds off the African
coast in the summer months as shown in the Middelland Zee
Atlas. (14)

The geographic change in the salinity of the intermediate
layer is reéflected in the sound velocity field both above and
below it. This is seen graphically in both partial sound
velocity sections of Figure 4. 1In the upper section one notes
that the sound channel axis, the dashed line, is permanently
displaced to about twice its depth. The nature of the channel
(i.e., broad relative to tight) has been altered as well. This
is depicted in the figure by arbitrarily shading the depth layer
where the sound velocity was less than one meter per second
greater than the recorded velocity on the axis. The effect of
the change to the intermediate water is seen, in the lower
section, to extend down to about 800 meters below the surface.

Aside from the transition in provfiles, the depth of the
sound channel axis is fourd to be relatively variable once it
has dropped in depth. There is no evidence tc suggest that the
undulation of the axis is repeatable. Furthermore, in a broad
channel the actual depth of the sound velocity minimum will be
an amplification of small changes in the sub-surrface temperature.
In such a case the variations are not particularly significant.

B. Observations of the Trangiticnal Regian.

Along the track A-B of Figure 2 a suite of oceanogr-.ghic
sensors was towed conseciutively back and forth over a track of
60 n.m. at depths appropriate for studying the intermediate
layer. The in-water components of this tow system, developed
by Richard Nowak of the Woods Hole Qceanographic Institution,
are shown in figure 5. It was towed at spaesds averaging around

L R
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six knots. The sensor outputs were digitally recorded on
board ship in the same manner as during an STD lowering.

In presenting the results of the tow a potential sound
velocity for the mean depth of the tow has been defined. The
term 'potential' is introcduced as allowances have been made
for the oscillatory variation in the depth of the sensor package.
Given the relatively weak vertical temperature and salinity
gradients in the Mediterranean Sea at such intermediate depths,
not to do so would have the effect of partially masking the
variations due to temperature and salinity in the horizontal
which is the effect being investigated. These depth variations
(an artifact of the measurement) were removed by computing an
average depth fcr each tow track and then basing the sound
velocity on the in situ temperature and salinity combined with
this average pressure.

The results of the tow are shown in Figure 6. The most
significant feature to be seen is that on top of the intermittent
small amplitude variation in sound velocity there is at least
one and possibly other sections of anomalous measurements above
the general level. The strongest anomaly of water, with sound
velocities two to three meters per second abcve the background
level, extends for about twenty kilometers.

The two tracks, at slightly different mean depths, both
show the ancmaly. The tracks approximately followed a line of
latitude but were disgplaced at this point by akout six n.m. in
the meridional direction. Eight hours elapsed between the
recordings of the peak sound velocity of each tow. The towed
fish on each of the tracks experienced an alternating and
substantial depth change, though wire played out and ship's
speed remained unchanged. These changes in depth depended on
tow direction in such a mannexr as to suggest a significant
westerly sub~surface current.

The high values of sound velocity naturally resulted
from high values of recorded temperature. The*salinity was
also abnormally high in these regions {as expected from
density considerations). At the peak of the anomaly, tem-
peratures higher than 14°C and salinities of 38.7 ©/0o0 were




T Tyt ot
MATTEIR Lo

-6 -

Bkt

T T T A R T ML LT PR N IO I S P T LT TR
T S e R B A S T g e RS T BT R S i LA
B pEad B 4

measured. Comparing these values to the temperature-salinity
correlations obtained from the set of STD lowerings (not
shown) yields the following description: the anomalous water
is a relatively undiluted image of the water found coming cver
the sill at the &trait of Sicily.

Expendable bathythermographs launched at abkbout ten
kilometer intervals along the tow track confirm the origin
of the anomalous water, though in a more ambiguous way
because it can provide conly a comparison in temperature. The
bathythermograph record does, however, provide further infor-
mation concerning the vertical extension of the phenomenon.
Four pertinent traces are shown in Figure 7. 'Their location
relative to the tow are indicated in Figure 6. For comparison
purposes, the temperature profiles of three STD lowerings are
also included in the latter figure.

There are several items to be discussed which are
described graphically in Figure 7. Most importantly, it is
noted that the anomalous water is not simply a thin lens of
water at the tow depth. 2 comparison of Trace II with the
remaining three shows that the anomaly extends over a depth
of more than four hundred meters of the water column, inclu8iing
both the intermediate layer and the water above it. Tows over
a wide range of depths would therefore have yiélded similar
sound velocity traces along the track. At depths between 200-
300 meters the anomaly appears equally strong and even extends
over a wider region than at the deeper tow depths.
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The identification of each trace with a corresponding
STD temperature profile is revealing, if not a completely
reliable procedure. it has already been noted that the
anomaly consists of waters whose origin can be identified as
being most likely back at the straits. This is confirmed by
the comparison of Trace II, obtained at the height of the
anomaly, with the STD lowering at the mouth of the straits.
The STD lowering made at the eastern end of the tow is
repeated to either side of the anomaly (Traces I and III).
It appears to be a true transitional profile and its actual
measurement at site B must be considered totally circum-
stantial. It now appears that one could just have likely
encountered a profile corresponding to Traces II or IV.




The earlier suggestion that the sound velocity section
of Figure 4 could be considered as quasi-synoptic must be
modified for this region. Horizontal inhomogeneities over
distances of twenty kilometers are unlikely to be stationary
in either time or space. The conclusion is that the area
extending from the south of Sardinia to perhaps a degree of
longitude west of the tow site is to a large extent unpredict-
able. A series of three STD lowerings made near site A
(Figure 8) show the variation encountered there during one
three-day pericd.

C. Observations at the Entrance to the Tyrrhenian Sea.

Along track C-D (Figure 2) overlapping tows were made
consecutively at three selected depths. The track was
selected as being over the most pronounced and deepest
(greater than 500 fathoms) channel leading away from the
sill in the Strait of sicily (8)., It is the most likely
path of the intermediate water from the straits.into the
Tyrrhenian Sea. It may also be, at least along its scuthern
half, not far from the path of the intermediate water which
is to turn westward and pass south of Sardinia intoc the
Balearic Sea.

The depths of the tows were selected to be representa-
tive. The deepest is just at the core depth f{maximum salinity).
The second is above core depth but still in the intermediate
layer. The last and sltallowest was in the transition layer
between the intermediate and surface layers. Each leg was
about 65 n.m. The results are shcwn in Figure 9 employing the
same manner of presentaticn as already discussed.

The shallowest tow, as might be expected given its
depth and location, is the most variable. The root mean
square sound velocity is one-half a meter per second. The
two deeper depths show mainly patches of relatively homo-
geneous water without muech variatieon in sound velocity between
them. Their variance is a third of the shallow tow. The
result indicates a rather smooth entrance of the intermediate
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water into the western Mediterranean, which is in strong
contrast to the conditions further downstream in the region
of the first tow exercise.

Summary

This limited study has attempted ‘o apply a causal
approach to understanding the sound velocity structure in a
particular area and season. Attention has been drawn toward
the sub-surface waters and the sound channel axis, and away
from the surficial waters. The latter are strongly weather
dependent and are probably best approached on a statistical
level. By further restricting the observations tco the
principal path of the intermediate water (paralleling the
north African shelf), the results shewn are probably the
most severe example for the entire western Mediterranean.

The results can be restated succinctly. The presence
of the Levantine Intermediate Water in the western Mediterranean
has a strong influence on the depth and shape of the sound
channel above it. When the intermediate water is forced to
mix and be diluted with overlying waters, the sound channel is
alteraed. This does not occur until it has travelled a con-
siderable distance downstream of the sill. Where it dues occur,
gsouthwest of Sardinia, the transitional stage is one where
columns of water of different physical properties are found
juxtaposed. The depth of the sound. channel in this region nas
to be considered as largely unpredictabie.

In the winter the problem is different, For the first
part, published hydrographic sections made from data coilections
suggest that if regional mixing of the intermediate water occurs
it is delayed until much further west. Moreover, the sound
velocity profile is now quite different bhecause of the colder
surface water. There no longer is a sound channel but rather
a monotonic increasing sound velocity with depth. Changes of
the magnitude discussed here will not significantly alter the
sound velocity profile in such circumstances.
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(about six individual scans), once every
750 meters. The Roman numerals indicate the
location of launching expendable bathythermo-
graphs discussed in the text.

Figure 7. Comparative temperature traces from bathythermo-
graphs and STD lowerings.

Figure 8. Computed sound velccity profiles from STD's
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Figure 9. Computed sound velocity along track C-D.
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Figure 1. A generalization of the sound velocity profile
found throughout the western Mediterranean in
the summer menths.
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Figure 7. Comparative temperature traces from bathythermographs
and STD lowerings.
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Figure 8. Computed sound velocity profiles frem STD's
near site A.
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