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VARIABILITY AND MIXING OF THE SURFACE LAYER IN THE TYRRHENIAN SEA:
MILEX-80, FINAL REPORT

by

Jon Moen

ABSTRACT

Data from the 1980 Tyrrhenian Sea mixed-layer experiment (MILEX-80) are
reported. Results from the experiment are presented and discussed. The
high south-north gradients in the mixed-layer depth are explained by an
Ekman pumping mechanism (upwelling and downwelling) caused by a maximum in
the west wind blowing through the Bonifacio Strait. It is also arqued that
this band of wind maximum (or jet) is chiefly responsible for the pair of
counter-rotating eddies observed to be quasi-permanent features of this
zone. Measured currents in the area were found to be up to twice as great
as the currents estimated from the density field. This suggests a strong
barotropic component to the currents in the north Tyrrhenian Sea. Some
results from mixed-layer models are presented and compared with the data.
These illustrate the need to generalize one-dimensional mixed-Tayer models
to 3-dimensions to properly model the mixed layer in areas, such as the
MILEX-80 zone, where there is a high spatial variability in the wind field.
The wind-stress curl is estimated using two independent methods and com-
pared with historical data for the same area. The first method involves
estimating the upwelling and downwelling required to obtain a heat balance
in the region. The second method results from a relation between inertial
period temperature variance in the thermocline and inertial pulsations in
the Ekman mass flux divergence caused by wind stress curl. The two methods
show good agreement with each other and with the historical data. The same
divergence pulsations are invoked, although less successfully, to explain
the observed inertial peaks in the anticlockwise rotary spectra below the
thermocline.
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INTRODUCTION

The surface mixed layer and the highly stratified layers beneath it
together form a complex surface boundary layer to the deep ocean.

Incoming energy from the atmosphere 1is initially stored in this ‘surface
layer' in the forms of potential energy, kinetic energy, and heat energy.
These vary in time due to the local rates of conversion from one form to
another and due to their local fluxes across both the upper boundary with
the atmosphere and the lower boundary with the deeper ocean. They vary in
space due to spatial variations in the boundary fluxes and due to the dyna-
mic response scales of both the surface layer itself and of the deeper
ocean.

Locally, and on short time scales, it is important to understand these
thermal and dynamical processes of the surface layer in order, for example,
to improve the formulation of top boundary conditions for ocean circulation
mode11ing (usually achieved by modified one-dimensional mixed-layer
models), or to improve the interpretation of sea-surface images sensed
remotely by satellite. On longer time scales these processes have an
important effect on climate and long-range weather prediction. In addi-
tion, the surface layer and its variability are important in sound propaga-
tion loss models, sonar performance models, ambient-noise models, and in
calculating the performances of hull-mounted sonars and sonobuoys.

Several large international experiments to study the surface layer of the
ocean have taken place during the past decade. Amongst these were the MILE
1977 experiment in the North Pacific (see <1> and <2> for example) and the
JASIN 1978 experiment in the North Atlantic <3>. Research in the
Mediterranean has concentrated on measurements taken from and around the
French Bouee Laboratoire moored in the Gulf of Lions during the 1970's.
From this the most useful data set, in terms of mixed-layer experiments,
was that of the COFRASOV II expedition in 1976. This data set, used for
model testing by Klein <4>, was quite short (only 10 days during July) and
no account was taken of upwelling effects. The main purpose of Klein's
model was to demonstrate the importance of meteorological variability in
time, whereas in the present report we are more concerned with spatial
variability.

The surface layer in the Mediterranean differs from that of the open ocean
in two important ways: firstly, the meteorological forcing 1in the
Mediterranean has a far greater variability in space than in the open ocean
and, secondly, below the seasonal thermocline the vertical stratitifaction
is very low in the Mediterranean compared with that in the open ocean.
Evidence of this can be seen in the atlas by Robinson, Bauer & Schroeder
<5> where, with the exceptions of the Alboran Sea, waters off the western
part of the north African coast, and regions of the Agean Sea, the ther-
mocline virtually disappears in the Mediterranean during winter.

The high meteorological variability, due to the great variety of wind
systems found around the Mediterranean coastline, causes a similarly high
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spatial variability in the mixed-layer depth. Such variability arises as a
balance between the local rate of deepening that, following Kraus & Turner
<6>, 1is proportional to the cube of the wind speed, and an upwelling or
Ekman pumping mechanism that is proportional to the product of the wind
speed and its large scale (order of 100 km) variations. The balance, then,
is between local and non-local (i.e. large-scale) forcing and the resulting
variability, which is confined entirely to the surface layer, is by far the
most striking to be found in the Mediterranean. The Mediterranean surface
layer thus takes on a special importance that it might not have, say, in
the open ocean where a thermocline and generally greater vertical structure
can be found.
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1 DESCRIPTION OF EXPERIMENT

1.1 Area

A mixed-layer experiment (hereafter referred to as MILEX-80) was conducted
in the north Tyrrhenian Sea in October 1980. Its main purpose was to
investigate spatial and temporal variability of the surface layer during
the period of transition from summer to winter conditions. The area of the
experiment, shown in Fig. 1, was an approximately 200 km square zone
laying to the east of Corsica, the Strait of Bonifacio, and Sardinia.
Previous measurements in this area <7> had indicated high variability in
the mixed-layer depth, with a relatively shallow, cold mixed layer to the
north of the zone and a relatively deep, warm mixed layer to the south.

Satellite infrared images, such as the one shown in Fig. 2 indicate the
presence during the summer and autumn of a large cold patch of water to the
east of Corsica and the Strait of Bonifacio. In winter the cold patch
remains but is less well defined due both to the merging of its northern
and eastern boundaries with the extended zone of coastally up-welled water
off the west of Italy and to surface cooling of all the Mediterranean
waters. The persistence of the frontal zone separating the cold water from
the warmer water to the south has been studied using satellite infrared
images by Philippe & Harang <8>.

Dynamic topography estimates by Krivosheya & Ovchinnikov <9>, wusing data
collected by French and Italian hydrographic research vessels during the
1950's, indicate the presence of a permanent cyclonic eddy to the west and
north of the Bonifacio Strait, corresponding to the region of cold water,
and a smaller, less intense anticyclonic eddy in the warmer water to the
south. The authors attributed these eddies to forcing by the wind-stress
curl (estimated from mean geostrophic wind) arising from a band of maximum
of the northwest wind through the Bonifacio Strait during the summer months
July to September. However, no explanation was given as to why these
eddies should remain throughout the winter in the apparent absence of this
wind maximum,

A recent analysis of wind-stress patterns over the Mediterranean has been
made by May <10> in which surface stresses calculated from wind vector
observations by shipping were averaged into 0.2° squares for each month of
the year. These data, approximately one million observations covering the
20 years from 1950 to 1970, indicate a band of wind-stress maximum directed
more eastward from the Strait of Bonifacio than that cited by Krivosheya &
Ovchinnikov <9>. The data also show the persistence of the band throughout
the year.

1.2 Method

The method of the experiment was to monitor the deepening of the mixed
layer and erosion of the thermocline using an arrangement of taut moored
thermistor chains and current meters. Six mooring sites A, B, C, D, E & F
were established at the positions indicated in Fig. 3. These positions can
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also be seen relative to the cold water patch in the satellite image of
B il Eadis Each mooring consisted of a Bendix surface float anchored by
approximately 100 m of 3 mm steel cable for attachment of instruments, a
variable length (depending on water depth) of stretched 6 mm nylon Samson
rope, and approximately 100 m of 3 mm steel cable attached in line with
buoyancy spheres, an acoustic releaser, and an anchor (see Fig. 4). One
Aanderaa thermistor chain of 11 thermistors was attached to the upper steel
cable of each mooring and adjusted, on site, to span the
mixed-layer/upper-thermociine region. The depth of each thermistor rela-
tive to the uppermost was 9.7, 12.7, 15.7, 18.7, 21.7, 24.7, 27.7, 32.7,
37.7 and 42.7 m. The sampling interval was set to 10 min. One NBA current
meter was attached in-line under each thermistor chain and set to sample at
5-min intervals.

Two additional taut moorings, C2 and C3, each of two current meters, were
deployed at position C (see Fig. 4). One of these, C3, consisted of a
Neil-Brown 3-axis acoustic current meter (sampling interval 1 min at 4 m)
and an EG&G VACM (vector-averaging) current meter, sampling interval 1.875
min at 14 m. The other was comprised of VACM current meters at 23 m and
32 m, both sampling at 1.875 min. The total of five current meters at
position C were arranged to span the mixed layer and upper thermocline with
the aim of measuring vertical shear during deepening periods.

Wind speed, wind direction, air temperature, sea-surface temperature, and
barometric pressure were measured by an Anderaa meteo-chain mounted at a
height of 3.5 m on the surface float of mooring A (Fig. 4). The recording
periods for the instruments, together with their depths, sampling inter-
vals, and mooring identification are given in Fig. 5.

1.3 Onboard Measurements

The moorings were deployed and recovered using the SACLANTCEN research
vessel MARIA PAOLINA G. (MPG). During the deployment phase 19 CTD stations
were taken to a depth of 500 m and 162 XBT casts made to 300 m. During the
recovery phase 17 CTD stations and 88 XBT casts were made. An additional
52 XBT casts were made by the Italian Navy hydrographic research vessel
MIRTO during an intermediary phase that included surveillance of the
moorings. A1l CTD positions are shown in Fig. 3. The positions of the XBT
measurements, which were taken along the ship's track between mooring posi-
tions and CTD stations, are shown in Fig. 6.

Wind speed and direction at 10 m were recorded from the ship's meteo-chain
and sea-surface (4 m depth) temperature (SST) was recorded by a thermistor
projecting down through a tubular opening near the ship's well.

The measurement periods for the CTD, XBT, and SST measurements are shown in
Fig. 5. Also included in that figure, as an indication of the weather con-
ditions during the experiment, are the wind speed and direction measured by
ship's anemometer until 13 October and thereafter by the meteo-chain at
mooring A. It can be seen that at least three storms occurred during the
experiment, in which the wind speed was greater than 10 m/s. These were
roughly during the periods 9-11, 16-19, and 25-27 October.
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Also available from the MIRTO ship's log, at approximately 1 h intervals,
are wind speed & direction, barometric pressure, and wet & dry air tem-
perature.

1.4 Data Recording and Preparation

Data from the moored instruments were recorded on magnetic-tape cassettes,
transcribed onto 8-track HP tapes, transferred to UNIVAC disc storage, and
then prepared for analysis by the replacement of 'bad' data values and
truncation.

Onboard acquisition of XBT & CTD data was by use of SACLANTCEN's I0S system
(integrated oceanographic system) on a Hewlett Packard 21MX computer. Data
were stored on HP 8-track tapes and later transferred to UNIVAC 1106 disc
storage where they were cleaned by the removal of spikes and bad profiles.

Apparent wind speeds & directions and sea-surface (4 m) temperatures were
recorded on strip charts and later digitized and corrected before storage
on disc.

The XBT data collected by the Italian Navy were also digitized and trans-
ferred to UNIVAC disc storage.
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=,

Ty
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2 ANALYSIS AND INTERPRETATION: SPATIAL DESCRIPTION

2.1 Vertical Sections

The selected vertical sections of temperature, salinity, density, and sound
speed shown contoured in Figs. 7, 8 and 9 illustrate the spatial charac-
teristics of these variables in the upper layer in the MILEX-80 zone.

Figure 7a is a south-north vertical section of temperature calculated from
XBT data taken between 12 and 13 Oct. It shows a strong south-north gra-
dient in the mixed layer — being relatively shallow and cold (approx. 15 m
& 19.5°C) to the north and relatively deep and warm (approx. 50 m & 21.5°C)
to the south. The same general structure remains (Fig. 7b) after the
passage of two fairly intense storms of several days duration and wind
speeds in excess of 10 m/s. The new structure shows that, in the cold
water region to the north, the mixed layer has deepened by about 13 m and
cooled by about 2.5°C, whereas 1in the warm water to the south the
deepening was about 10 m and the cooling only 1°C.

It is a good measure of the spatial variability that the south-north dif-
ference 1in mixed-layer depth is two or three times greater than the change
in layer depth at either location caused by two weeks of intensive wind
mixing.

Based on the respective depths of the two mixed layers, the difference in
deepening rate between north and south is much less than might be expected.
Shallow mixed layers deepen more rapidly than deep ones, because for
shallow mixed layers a greater fraction of the turbulent 'mixing' energy,
created near the surface, arrives at the mixed-layer/ thermocline-interface
zone. Furthermore, the wind-driven inertially oscillating bulk (or slab)
flow of a shallow mixed layer is far greater than that of a deep one, and
this means that a relatively larger production of turbulent mixing energy
can be expected in the mixed-layer/thermocline-shear zone for shallow mixed
layers <11>,

Better estimates for deepening and cooling, in which high-frequency
variations in time have not been smoothed, can be determined from the ther-
mistor chain data presented in the next chapter. These indicate a general
deepening and cooling of the mixed layer in the north of about 11.5 m and
2.1°C respectively and in the south of about 6 m and 1°C respectively.
Although this represents a greater relative increase in depth for the more
shallow mixed layer to the north than for the deeper one to the south, the
north-south ratio for deepening rates is still far too low.

Let this ratio be denoted by R. Then, using the above values of 11.5 m and
6 m, we obtain the value R=2 for the 2-week period. If now we consider the

deepening rate due to the downward penetration of turbulence created near
the surface <6>:

at F on (Eq. 1)

11
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where U is the wind speed, h the depth of the mixed layer, and T the
thermocline gradient below the jump zone. We can write:

Ah h2 U3 r
1 A 2

R = = ) (EQ- 2)
Ah h2 y3 r
2 1 2 1

where the subscript 1 refers to the north, 2 to the south and we have
assumed the wind speed at the two locations to be the same. Taking
hy =25mand h, =50 m, Eq. 2 gives a value of R =4, Note that we
have not considered the mechanism due to Pollard, Rhines & Thompson <11>
mentioned earlier, which may in fact be more important than the Kraus &
Turner mechanism <6> for the shallow mixed layer to the north. In this
case the value of R = 4 would be an underestimate of the deepening rates
ratio. It is, however, sufficiently high, compared with the measured value
of R =2, to indicate that some process other than mixing is important in
the MILEX-80 zone. This process, which will be developed more fully in a
later chapter on Ekman pumping, is clearly one of upwelling to the north
and/or downwelling to the south. In view of the presence of a large cold
patch observed in the area throughout the year, the emphasis should be on
upwelling.

Two further examples of the south-north and southeast-northwest structure
can be seen in the vertical sections of Fig. 8. These are taken from XBT
casts taken during phase II of MILEX-80 when the MIRTO steamed south and
southeast from A to F and then returned along approximately the same course
towards A. The two sections are thus separated in time by a maximum to the
north of one day and it can be seen that during this period the cold water
has advected southward, apparently sharpening the frontal boundary
separating north from south. The southern portion of the section in
Fig. 8b, however, contains some east-west structure, with warmer water
lying to the west of F. It would appear that during this period,
14-15 Oct, cold water was advecting in from the north or northwest and this
can explain why the mixed layer at F has decreased from the 50 to 60 m
Tevel seen on both 12 and 24 Oct, shown in Fig. 7, to a depth of only 35 m.
This advection event can also be seen on the thermistor chain data
displayed in the next chapter, where it will be discussed in more detail.

Vertical south-north sections of salinity, density, and sound speed for
phase 1 are shown in Fig. 9a,b,c.  These are less accurate than the tem-
perature sections, both because fewer CTD stations were available than XBT
casts and because the data were spread over one week in which an appre-
ciable wind mixing and cooling took place. Nevertheless, they give a good
indication of the spatial gradients involved. The change in sound speed is
striking — changing from 1530 m/s at the 50 m Tlevel in the south to
1512 m/s 1in the north. Such an 18 m/s change over 90 km could have a
significant effect on acoustic propagation losses and ambient-noise models.

2.2 Horizontal Sections

Dynamic anomalies relative to the 450 m depth level were calculated for
each CTD station by the usual method of transformation from z to pressure

12
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FIG. 7 VERTICAL SOUTH-NORTH TEMPERATURE SECTIONS ALONG TRACK F, E, C, A.

(a) 12-13 Oct, 1980, (b) 23-29 Oct, 1980.
XBT cast numbers are indicated along the x—-axis.
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FIG. 8 VERTICAL TEMPERATURE SECTION FROM XBT CASTS TAKEN BY ITALIAN NAVY

HYDROGRAPHIC RESEARCH VESSEL 'MIRTO’.
(a) 14-15 Oct, 1980, (b) 15 Oct, 1980.
XBT cast mumbers are indicated along the x-axis.
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VERTICAL CONTOURS OF SALINITY
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FIG. 9 VERTICAL SECTIONS OF (a) SALINITY, (b) SIGMA-t AND (c) SOUND
SPEED ESTIMATED FROM CTD STATIONS MADE BETWEEN 6 AND 13 oOCT, 1980.
CTD station mumbers are indicated along the x-axis.

14



SACLANTCEN SR-75

co-ordinates and integration of specific volume anomaly, & = o(T,S,p)-
a(0,35,p), between the reference pressure of 450 dbar and the desired
pressure surface. Contours of dynamic anomaly, in dynamic metres, for the
20 dbar surface are shown in Fig. 10 in which Fig. 10a represents phase I,
the mooring deployment phase of the experiment, and Fig. 10b represents
phase III, the mooring recovery phase. These show a cyclonic gyre
underlying the cold water patch and evidence of an anticyclonic motion to
the south. The results are thus consistent with those of Krivosheya and
Ovchinnikov <9>,

Geostrophic currents calculated from the dynamic anomaly estimates were
found to agree well in direction with measured currents (to be illustrated
later) but to be about half the speed. This is an interesting result,
since although some discrepancy between the actual current and that calcu-
lated from the density field is expected in the Mediterranean, no measure-
ments have been reported in the literature. Also, that this discrepancy
should be so high 1is surprising. Further discussion of this result will
appear in Ch, 4.

Comparing Figs. 10a and b we see that the gyre appears to have either moved
or to have partially broken up during the two weeks of stormy weather bet-
ween measurements. An insufficient spatial coverage of CTD stations pre-
vents this ambiguity from being resolved.

Figures 11 to 16 present horizontal contours of the temperature, salinity,
density, and sound speed at different depths. The salinity, density and
sound speed contours of Figs. 13, 14 and 15, respectively, were estimated
from the CTD data and are for the depths 20 m (or 30 m) & 100 m. The tem-
perature contours of Figs. 11 and 12 are from greater coverage provided by
the XBT data from phases I and III respectively; they show that the anoma-
lies in temperature, which form the major contribution to the density
field, have virtually disappeared below 100 m. The density contribution to
the geostrophic flow is thus confined to a relatively thin surface layer
and it is this layer that, for most of the Mediterranean, contains the bulk
of the variability in the state variables and in sound speed. Figure 16
shows that the anomalies in salinity go somewhat deeper than those of tem-
perature but that they also effectively disappear by 300 m.

2.3 SST profiles

Figure 17 plots the sea-surface (4 m) temperatures recorded along the hori-
zontal tracks indicated in Fig. 18.

These records further illustrate the general impressions of a south-north
temperature change of about 3°C, as shown in profiles 3, 5 & 15, and of a
cooling of this surface water throughout the experiment by about 3°C as
seen by comparing profiles 1 to 6 with 7 to 15. They also illustrate a
strong frontal zone separating the warm and cold water, as seen in profiles
5, 7, 13 and, especially, 15, which shows a change in temperature of 2°C in
about 2 km. Such fronts are also evident after quantitative analysis of
satellite infrared images of the area <12> but these will not be presented
here.

15
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A theory for the formation of fronts in areas of non-zero wind-stress curl
and weak coupling of the mixed layer with the atmosphere can be found in
Welander <13>. The theory was applied to large (~ 1000 km) scales but if
one can assume a sufficiently weak coupling of the mixed layer with
atmosphere at smaller scale (e.g. cooling greater in warm water region) the
mechanism might also be applied in the MILEX-80 zone.

2.4  Current Measurements

Currents were measured approximately below the thermocline (~ 70 m level)
at each of the mooring positions. Other current measurements were also
made at mooring position C, but since currents will also be discussed as
temporal phenomena in Ch. 3 these will not be illustrated here. The
measurements to be presented here give a spatial impression and have been
included for that reason.

Figures 19 and 20 are progressive vector diagrams for each of the mooring
positions, with each of the eight maps representing a 2-day period and each
progressive vector sub-divided into 12 h intervals. Figure 19 covers the
period 13-20 Oct and Fig. 20 covers 21-28 Oct. This representation thus
gives both spatial and temporal information for the MILEX-80 zone. The
directions of the currents are consistent with the eddy structure indicated
earlier by the surface contours of dynamic anomaly — a cyclonic eddy to the
north and an anticyclonic one to the south. The magnitude for several of
the 2-day periods approaches 50 cm/s, which is considerably higher than the
estimated geostrophic currents. This observation was tested more carefully
by comparing the geostrophic current relative to 450 m, computed from the
CTD profiles surrounding each mooring position, with values of the measured
current, when available. Since baroclinic adjustment can take in the order
of a day or more, the measured currents were low-pass filtered to 60 h
before comparison was made in order to make them more representative of the
density currents. Table 1 shows the comparison, together with additional
information such as lag time between CTD and current measurement (often CTD
stations were taken at the mooring position before deployment or after
recovery of the current meter), type of current meter, and depth of current
meter. There appears to be reasonably good agreement 1in direction,
generally within about 20° except for position D which showed a 47° dif-
ference, but the speeds of the measured currents are about twice as high as
those of the estimated currents.

2.5 Errors in current estimates and measurements

Errors in the estimated geostrophic current may occur from the choice of a
rather shallow reference level of 450 m. Geostrophic estimates by
Krivosheya & Ovchinnikov <9> for the same area as MILEX-80, but using a
reference level of 1000 m, indicate that the flow at 450 m can be as high
as 25 % of that at the surface.

Another source of error in the comparison is in the use of surface-moored
NBA current meters. This error arises because of the vertical oscillations
of the mooring line to which the current meter is attached; these can be
quite large when seas are high. Since the drag on the current meter is not
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symmetric (higher drag on the tail fins than on the nose) and since the
current meter is free to rotate * 10° in the vertical plane, these vertical
oscillations tend always to increase the rotor rotations and create an
overestimation of the mean current.

The magnitude of this ‘pumping' error is difficult to estimate since we
know neither the coupling of current meter tilt with vertical oscillations
nor the cosine response of the NBA rotor. Furthermore, the amplitude and
frequency of the vertical oscillations are not known, since the surface
waves which they are forced to follow (surface float and current meter con-
nected by steel cable) were not measured. We can only note from Table 1
that the VACM current meters, which are less prove to pumping, indicate
currents of the same order or higher than the NBA current meters. The
current measured by the VACM at 32 m on 8 Oct, for example, was twice that
of the NBA at 54 m. Both current meters were below the Ekman layer during
this period and so should not be measuring the wind-driven current. In any
case, the winds during this period, as during other periods when CTD
measurements were taken, were very light and the pumping of the NBA current
meters would therefore have been low. The NBA569 and VACM357 current
meters can be compared by using the stick diagrams presented in Sect. 3.2.
Since the NBA should be measuring consistently lower than the VACM (which
is near the surface) but is in fact measuring slightly higher we can deduce
that it is indeed overestimating the current.

Other comparisons between measured currents and geostrophic estimates will
be made for the MILEX-80 zone and the Balearic sea, but these will be pre-
sented elsewhere.

TABLE 1
COMPARISON OF ESTIMATED GEOSTROPHIC CURRENTS WITH MEASURED CURRENTS

Lag time indicates the time difference between
measured (filtered) current and estimated geostrophic current

MEASURED CURRENT GEOSTROPHIC ESTIMATE

MOORING CURRENT DEPTH MAGNITUDE DIRECTION MAGNITUDE DIRECTION TIME LAG
METER (m) (cm/s) (degrees) {cm/s) (degrees) (hrs)
C VACM 14 33.8 163.2 16.5 163.4 -12
VACM 23 24.8 152.6 13.5 167.2 -17
VACM 32 30.5 178.3 11.2 169.8 -17
NBA 54 14.9 177.7 7.5 173.1 0
B NBA 63 13.1 324.0 6.3 339.6 0
D NBA 60 11.2 83.8 3.1 61.2 0
E NBA 68 6.4 65.0 10.2 18.3 +7
C VACM 14 24.7 142.6 14.2 132.5 +72
VACM 23 14.7 157.2 12.8 124.0 +36
VACM 32 17.1 149.4 10.5 130.4 +36
NBA 54 16.0 152.0 5.7 125.1 +36
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3 ANALYSIS AND INTERPRETATION: TEMPORAL DESCRIPTION

3.1 Thermistor chain data

In response to a number of passing storms that occurred during the three
weeks of MILEX-80, the mixed layer deepened by about 15 m and cooled by
about 3°C. An indication of the variability during this period is shown by
Fig. 21, which plots the depth of the maximum thermocline gradient as esti-
mated from the thermistor chain data. Effectively this is a measure of the
mixed-layer depth, since it refers to the thin temperature jump zone at the
base of the mixed layer. The depths were estimated from smoothed contours
of the thermistor-chain data such that any variability above about the
inertial frequency does not appear. Variability at and above the inertial
frequency will be discussed later.

There are several striking features about Fig. 21. Firstly, as mentioned
in the previous section, despite the passage of four storms all with wind
speeds exceeding 10 m/s, the maximum change in layer depth at any mooring
was still only about half that of the south-north (F-A) change. This is a
measure of the high spatial variability. Secondly, the rate of deepening
varies considerably with mooring position. There was virtually no
deepening at position D, for example, while during the same period at E the
layer deepened by about 20 m. Such a result is a certain indication of
upwelling at or upstream from position D. Thirdly, some considerable
large-scale variations in the layer depth can be seen, particularly at
mooring position F. Here between 14 and 17 Oct the depth varied from 63 m
to 39 m and back to 71 m, with a similar variation occuring later between
28 and 29 Oct. Closer examination of these events (to appear later)
reveals that the mixed layer itself varied by somewhat less than these
extreme values and that the variations were probably due to advection
effects — either southward advection of the colder, more shallow mixed
layer to the north, or, southeastward advection of mixed water formed in a
region of convergence between cold northern and warmer southern waters.

Figures 22 to 27" present a detailed day-by-day description of the tem-
perature structure within the mixed-layer/thermocline zone at each of the
six mooring positions. The contours were estimated using a cubic spline
interpolation (with tension factor 5) between thermistors for each time
step and then using a linear interpolation in time between successive pro-
files. Upper thermistor and lower thermistor temperature values are writ-
ten at their corresponding depth/time positions at 4 h intervals and, since
the interval between isotherms is fixed at 0.5°C, the absolute value of an
isotherm is readily deduced.

The Nyquist frequency for these data is 3 cycle/h, but since the declared
time response for the thermistor is 1 min some aliasing has clearly
occurred. However, it will be demonstrated in Sect. 5.1, on temperature
spectra, that the extent of this aliasing is quite limited and can not
significantly affect the interpretation of these contours.

Various periods of quite strong inertial internal waves (of 18 h period at
this latitude) can be seen in most of the records. These vertical oscilla-

*The figures referred to in this chaptern are on pp. 31-81.
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tions of the thermocline are quite common in the Mediterranean and usually
follow sudden increases in wind speed (see <14> <15> <16>, for example).
Some examples are evident in Fig. 24 for mooring C on 11, 15 and 19 Oct.
In some cases inertial oscillations appear to follow sharp decreases in
wind speed — for example on 22, 25 and 28 Oct at mooring B, as shown in
Fig. 23. In other cases, however, inertial oscillations seem to appear
unforced by sudden changes in wind speed. Two such examples are at mooring
E (Fig. 26) on 13 Oct and at mooring F on 23 Oct (Fig. 27). It is possible
that the Tlocal winds at E & F on these particular days did indeed change
rapidly. If this did happen, however, one would expect some evidence of
the variation to show up at position A, only 150 km to the north.

We will see in Sect. 5.1 that the dnertial oscillations are well
demonstrated in the temperature variance spectra. We will also see evi-
dence there of high variance at the unexpected frequency of about 8 h.
Since this does not correspond to either the inertial or tidal frequencies,
it is probably due to some non-linear interaction between the two. A good
example of this variance can be seen at mooring D (Fig. 25) on 14 Oct which
shows a fairly energetic oscillation with a period between about 7.5 and
8 h.

Re-examining the large vertical excursion of the thermocline at position F
shown in Fig. 21, we notice that during 14-17 Oct (Fig. 27) that the mixed
layer shallowed, due not so much to an upward movement of the whole ther-
mocline but more to a rarefaction of the isotherms. This event seems most
likely to be the result of southeastward advection of waters mixed horizon-
tally somewhere upstream from F by convergence of the cold northern and
warm southern waters. A likely location for this 1is near mooring
position E. Assuming a cyclonic eddy to the north and anticyclonic eddy to
the south, as described in Sect. 2.2, then a convergence zone would be
expected near position E. Indeed, we see evidence of such a convergence
during 14-16 Oct (Fig. 25) where warmer water appears to be advecting 1in
over the colder water. The vertical temperature sections taken on 14 and
15 Oct (Fig. 8) also indicate a convergence near position E.

3.2 Current-meter data

Some of the current-meter data were presented in Sect. 2.4 in the form of
progressive vector diagrams (Figs. 19, 20). These data are now re-
presented, together with other current-meter data, in the form of stick
diagrams in Fig. 28 to 37. The vector components were first Tlow-pass
filtered to about 6 h and then plotted as one stick every hour. This
method was chosen as it gives a better impression of magnitude, direction,
and sense of rotation than other representations.

Inertial oscillations can be seen for all the current meters, with the
strongest occurring nearest the surface. Compare Figs. 28 to 33, which
show currents measured generally below the thermocline at each of the
mooring positions, with Figs. 34 to 37, which show currents measured
generally within the mixed layer at position C. The current measured by
the NBA current meter at 54 m at position C (Fig. 33) appears to be higher
than that measured at 32 m by the VACM current meter (Fig. 34). This is
probably due to the pumping of the NBA current meter discussed in
Sect. 2.5.
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A Niel-Brown 3-axis acoustic current meter was moored at 4 m depth at
position C in an attempt not only to measure the mean current at this depth
(Fig. 44) but also to test for the presence of Langmuir circulations.

3.3 Test for Langmuir Circulations

Langmuir circulations refer to the vortex structure, sometimes occurring in
the mixed layer, of counter-rotating cell pairs with axes that are horizon-
tal and aligned approximately in the wind direction. They often, but not
necessarily always, give rise to the parallel bands of visible substances
collecting in the convergence 1lines that are frequently referred to as
windrows. The most commonly accepted theory for the generation of Langmuir
circulations is an interaction between surface waves and the wind drift
current. (see <17> <18> <19> <20>, for example). Their importance is in
the high efficiency with which they transport heat, momentum, and turbulent
kinetic energy downwards through the mixed layer <18>, but little is known
as to how often they occur. If they are as common as the above-mentioned
theories seem to imply they would consitute a serious omission in the pre-
sent state of mixed-layer modelling. On the other hand, should they occur
only in certain locations and on the rare occasions when windrows have
actually been observed, they may be treated as anomalies or even ignored in
their over-all effect on surface-layer dynamics.

Had Langmuir circulations been present in the MILEX-80 zone, their vertical
velocities (up to 3 or 4 cm/s for well-developed cells) ought to have shown
up in the 4 m vertical velocity measurement of the Neil-Brown current
meter. The three components were high-pass filtered to 3 h and rotary and
kinetic energy spectra examined for peaks in the 2 min to 3 h range. An
advecting Langmuir circulation structure would, at some frequency related
to the advection speed and cell dimensions, cause a signal in the rotary
spectra for the velocity component pairs (u,v) or (v,w). No clear signals
were observed in the spectra and so it 1is concluded that Langmuir cir-
culations did not occur, at least at mooring position C, during the 11 day
recording period of the Niel-Brown current meter.

3.4 Wind data

Although wind speed plots have been included in many of the figures as an
indication of weather conditions, the vector wind is best represented by
the stick diagrams shown in Fig. 38. This shows that the wind was blowing
quite consistently  from the east throughout the experiment. During
7-13 Oct the wind was measured on-board ship at 20 m height and for the
remainder of the experiment, 13-30 Oct, the wind was measured at a height
of 3.5 m by instruments mounted on the surface buoy at A. The higher value
of the ship-measured wind is due partly to the greater height of the ship's
anemometer. The main reason, however, is that mooring A was more sheltered
than the zone downwind of the Bonifacio Strait where the ship was working
during 7-13 Oct. Indeed, these data can be taken as further evidence that
the wind is much stronger off the Bonifacio Strait than it is to the north
and it is this variation in wind stress that will be invoked Tater to
explain the existence of the cold upwelled water in the north of the zone.
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3.5 Dynamic stabijlity

Turbulent entrainment of the colder water in the thermocline into the mixed
layer, and hence mixed-layer deepening, takes place if the local Richardson
number

aT

Ri = - galZ (Eq. 3)
a_ulz
3Z

drops below 0.25. Here o 1is the coefficient of thermal expansion, u the
horizontal velocity vector, T the temperature, g the acceleration due
to gravity, and z the vertical axis. This mechanism is important, for
example, 1in the Pollard, Rhines and Thompson model <11>, where it is
assumed that the mixed layer moves as a slab over the thermocline, which it
then entrains when the shear at the base of the mixed layer becomes suf-
ficiently large.

Eddy viscosity models of mixed-layer deepening parameterize the turbulent
diffusion by use of an empirical function K that depends on Ri and, if
higher order turbulence closures are used (<21>, for example), on q , the
turbulent kinetic energy. One very simple empirical form for K due to Munk
& Anderson <22> will be used in Sect. 4.5. The purpose of this section is
to present estimates of the Richardson number at different depths
throughout the MILEX-80 experiment so that periods of mixing can be iden-
tified. These estimates were made using data from the five current meters
and thermistor chain at position C and then using Eq. 3 in the form

Rj = — (Eq. 4)

where N is the Brunt-Vaisdld frequency and S the shear. The values of
S2 and N were calculated by the expressions

- 2 - 2
@ . (up = up)? + (v = vp) ’ (Eq. 5)

(z1 - 22)?

with the suffixes 1 and 2 referring to the upper and lower current meters
respectively, and

N2 = g a(Tp - Tp+1)

Zn - Zp+l

’ (EQ- 6)
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with n and n+l referring to the two thermistors nearest the mid point
(z1+z,)/2 between current meters. Since thermistors were closer together

than current meters (see Sect. 1.2) the value of S, as a vertical mean
value over a relatively large interval, compared with N, as a vertical
mean value over a relatively small interval, tends to cause Eq. 3 to be an
overestimate of Rj. In the estimates of Rj to be presented in this sec-
tion, therefore, turbulent mixing might well be occurring for values of Rj
greater than 0.25. For example, entrainment is defined to occur in the
Pollard, Rhines & Thompson model <11> when the bulk Richarson number falls
below unity. Since the estimates to be presented here lie somewhere bet-
ween the bulk and local Richardson number, the choice of critical
Richardson number ought to lie somewhere between 1.0 and 0.25.

Figures 39 to 42 illustrate the estimates of Richardson number for each of
four depths, together with the wind speed, mixed-layer depth, estimates of
current shear, and estimates of the Brunt-Vaisdla frequency throughout the
MILEX-80 period. Initially the mixed layer was at about the 14 m level
(Fig. 39) so that the 4 m and 14 m current meters were both within the
mixed layer. This implies, as can be seen in the plot of N, that the stra-
tification was low but that the shear near the layer base was high and, as
expected, the Richardson number was well below the critical value.
Occasionally, however, the mixed layer shallowed, the thermistor at 14 m
fell within the thermocline, and the values of N and Rj both increased,
causing greater stability at this level. After 14 Oct the mixed layer
deepened, the shear maintained its relatively high value of 0.01 to
0.02 rad/s and, apart from a short period on 15 Oct, the 4 to 14 m layer
became one of turbulent production.

Figure 40 shows N, S and Rj estimates for the 14 to 23 m Tlevel. During

9 Oct the mixed layer still had not deepened beyond 18 m and the estimates
of N and S were both high, indicating the high temperature and velocity
gradients across the mixed-layer/thermocline interface zone. It s
interesting to note that whenever the mixed layer dropped below the Tower-
most current meter the value of S decreased to its much lower, mixed-
layer value of between 0.005 & 0.01 rad/s. An example of this is when the
mixed layer deepened to below the 23 m current meter on 18 Oct.
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FIG. 22 BATHYTHERMS MEASURED BY THE THERMISTOR CHAIN AT POSITION A.

Printed numbers indicate temperature and position for the upper
and lower thermistors at 4 h intervals.

a) 13-15 Oct 1980.
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BATHYTHERMS MEASURED BY THE THERMISTOR

Printed numbers indicate temperature and position for the

and lower thermistors at 4 h intervals.
b) 16-18 Oct 1980.
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FIG. 22 BATHYTHERMS MEASURED BY THE THERMISTOR CHAIN AT POSITION A.

Printed numbers indicate temperature and position for the upper
and lower thermistors at 4 h intervals.
c) 19-20 Oct 1980.
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FIG. 23 BATHYTHERMS MEASURED BY THE THERMISTOR CHAIN AT POSITION B.
Printed numbers indicate temperature and position for the upper
and lower thermistors at 4 h intervals.

a) 12-14 oct 1980.
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FIG. 23 BATHYTHERMS MEASURED BY THE THERMISTOR CHAIN AT POSITION B.
Printed numbers indicate temperature and position for the upper
and lower thermistors at 4 h intervals.

b) 15-17 Oct 1980.
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FIG. 23 BATHYTHERMS MEASURED BY THE THERMITOR CHAIN AT POSITION B.

Printed numbers indicate temperature and position for the upper
and lower thermistors at 4 h intervals.
c) 18-20 Oct 1980.
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FIG. 23 BATHYTHERMS MEASURED BY THE THERMISTOR CHAIN AT POSITION B.
Printed numbers indicate temperature and position for the upper
and lower thermistors at 4 h intervals.

d) 21-23 Oct 1980.
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FIG. 23 BATHYTHERMS MEASURED BY THE THERMISTOR CHAIN AT POSITION B.

Printed numbers indicate temperature and position for the upper
and lower thermistors at 4 h intervals.
e) 24-26 Oct 1980.
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FIG. 23 BATHYTHERMS MEASURED BY THE THERMISTOR CHAIN AT POSITION B.

Printed numbers indicate temperature and position for the upper
and lower thermistors at 4 h intervals.
f) 27-29 Oct 1980.
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FIG. 23 BATHYTHERMS MEASURED BY THE THERMISTOR CHAIN AT POSITION B.
Printed numbers indicate temperature and position for the upper
and lower thermistors at 4 h intervals.

g) 30 oct 1980.
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FIG. 24 BATHYTHERMS MEASURED BY THE THERMISTOR CHAIN AT POSITION C.
Printed numbers indicate temperature and position for the upper
and lower thermistors at 4 h intervals.

a) 7-9 Oct 1980.
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Fig. 24 BATHYTHERMS MEASURED BY THE THERMISTOR CHAIN AT POSITION C.

Printed numbers indicate temperature and position for the upper
and lower thermistors at 4 h intervals.
b) 10-12 Oct 1980.
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FIG. 24 BATHYTHERMS MEASURED BY THE THERMISTOR CHAIN AT POSITION C.

Printed numbers indicate temperature and position for the upper
and lower thermistors at 4 h intervals.

c) 13-15 Oct 1980.
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FIG. 24 BATHYTHERMS MEASURED BY THE THERMISTOR CHAIN AT POSITION C.
bPrinted numbers indicate temperature and position for the upper
and lower thermistors at 4 h intervals.

d) 16-18 oct 1980.
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FIG. 24 BATHYTHERMS MEASURED BY THE THERMISTOR CHAIN AT POSITION C.

Printed numbers indicate temperature and position for the upper
and lower thermistors at 4 h intervals.
e) 19~21 Oct 1980.
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FIG. 24 BATHYTHERMS MEASURED BY THE THERMISTOR CHAIN AT POSITION C.

Printed numbers indicate temperature and position for the upper
and lower thermistors at 4 h intervals.

f) 22-24 Oct 1980.
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FIG. 24 BATHYTHERMS MEASURED BY THE THERMISTOR CHAIN AT POSITION C.
Printed numbers indicate temperature and position for the upper
and lower thermistors at 4 h intervals.

g) 25-27 Oct 1980.
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BATHYTHERMS MEASURED BY THE THERMISTOR CHAIN AT POSITION C.

Printed numbers indicate temperature and position for

and lower thermistors at 4 h intervals.
h) 28 Oct .1980.
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FIG. 25 BATHYTHERMS MEASURED BY THE THERMISTOR CHAIN AT POSITION D.

Printed numbers indicate temperature and position for upper and
lower thermistors at 4 h intervals.

a) 11-13 Oct 1980.
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