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The steady state of the step structure in the Tyrrhenian Sea 

R. MOLCARD and R. I. TAIT 

SACLANT ASW Research Centre, V. leS. Bartolomeo, 400, 19026 La Spezia, Italy 

Abstract-A deep step structure, in which mixed layers alternate with high gradient interfaces, is a 
characteristic feature of the Tyrrhenian Sea. Three oceanographic cruises (May 1972, May 1973 
and October 1Y74), supported by the SACLANT ASW Research Centre, allow a precise description 
of this phenomenon. 

Between 600 and 1500m, under the maximum of temperature and salinity produced by the 
Levantine Intermediate Water, ten homogeneous layers were always found in the deepest area of 
the Tyrrhenian Sea. 

The 0-S characteristic of the ten homogeneous layers are constant to within O.Ol°C and O.O1''(x, 
from one year to another. This remarkable temporal stability of the stratification observed over 
3 years modifies the common hypothesis of an isolated double diffusive system which is expected 
to evolve in time. 

INTRODUCTION 
A CHARACTERIsnC feature of the Tyrrhenian Seais the presence of a persistent thermohaline 
step structure covering a depth range 600 to 1500m (MOLCARD and WILLIAMS, 1975; 
JOHANNESSEN and LEE, 1974). At the Strait of Sicily the Levantine Intermediate Water 
flows westward, beneath the inflowing surface current, as a relatively homogeneous water 
mass with potential temperature, 8, r 14°C and salinity, S,  r 38.7%. It sinks to its level 
of stability at about 400m and spreads out above the colder and fresher (8 r 12°C; 
S = 38.4%d deep water of the western Mediterranean thus producing a maximm in 
the temperature and salinity profile. Over a wide area of the Tyrrhenian Sea the transition 
between the warm saline water and the deep water takes the form of a succession of 
homogeneous layers separated by relatively sharp interfaces. Similar hydrological corn 
ditions are found west of Gibraltar beneath the Mediterranean outflow (TAIT and HOWE, 
1970; ZENK, 1970) and although there are significant differences in the stratification found 
in the two areas, the phenomena are clearly related. 

Three oceanographic cruises, in May-June 1972, May 1973 and October 1974, have been 
made by the SACLANT ASW Research Centre R/V Maria Paolina G., to study the 
step-layer zone of the Tyrrhenian Sea. A comparison of the observations from year to year 
has shown that the stratification as a whole remains essentially static, indicative of a lifetime 
greater than 3 years and therefore of steady-state conditions with respect to the transports 
of heat and salt. 

Figure 1 shows the station positions for each year of observation. Temperature and 
salinity profiles were taken with Plessey 9040 STD which was calibrated in the laboratory 
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STATION 18 
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Fig. 2. Potential temperature and salinity profiles with 0-S  diagram for Sta. 19. 1973 (39"27'N: 12'49'E). 
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Fig. 3. Enlarged part of Fig. 2 from 600 to 1500m. 
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Table 2. Mean potential temperatures Bi and salinities Si with their standard 

deviations 6 for each layer i 
N, is the number of data points within each layer and A 0  and A S  are the differences in 

temperature and salinity between consecutive layers 

both before and after each cruise, and checked in situ with Nansen casts. Details of the 
calibrations are given in the table below: 

STD calibration 

Temperature Salinity 
Cruise error ("C) error (%&J 

May 1972 0.0 + 0.01 +0.05 + 0.02 
May 1973 0.0 + 0.01 0.0 k0.02 

October 1974 0.0+0.01 0.0 k0.02 

All the data, about 200 profiles, were edited for errors due to salinity spikes filtered and 
subsampled every 2 dbar. 

Figure 2 shows a typical potential temperature and salinity profile together with the 
corresponding 8-S diagram. The ten most pronounced layers, numbered 1 to 10, are 
described below. 

CHARACTERISTICS O F  THE LAYERS 
Expanded sections of the Fig. 2 profiles are given in Fig. 3. The temperature gradient in 
the homogeneous layers was essentially adiabatic within the resolution of the STD. On the 
8-S diagram the cross accumulations (1 cross every 2 dbar) represent the homogeneous 
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Fig. 4. Potential temperature and salinity with 0-S diagram from 600 to 1500m for Sta. 13, 1973 (39"46'N; 
1 1 " 1 O'E). 

layers. Table 1 shows an histogram, in 0-S space, which records the number of measure- 
ments, again at 2-dbar intervals, within a 0.01%, x O.Ol°C 'window'. The ten homogeneous 
layers are easily identified as an accumulation of higher numbers enclosed by rectangles. 
A larger window, 0.027& x 0.02"C, was then determined in which mean values of tem- 
perature di and salinity Si were calculated for each layer i, together with the standard 
deviations P and the number of points Ni within each window. The layer thickness is 
approximately 2Ni metres. The difference in temperature A0 and salinity AS between 
adjacent layers, and the potential density for each layer were also determined. These 
data are given in Table 2. 

Intensity of layering 
Let us define a 'perfect' step-layer system as one in which the interfaces have a thickness 

less than 2 dbar, and within the homogeneous layers, dO/dz = 0. In order to quantify, in 
terms of this criterion, the quality of the stratification observed on any profile, the following 
procedure was adopted. 

The sum of temperatures at 2 dbar increments was calculated from 500 to 1500 dbar 
giving a quantity Q (proportional to the total amount of heat in the water column). Then 
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Table 3. Layer parameters corresponding to  the projle shown in Fig. 4 

Position w046'N 11" IO'E 

Table 4. Mean parameters for all the stations made in 1973 with intensity greater 
than 3 

MAY 1973 (88 Stations) 
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Table 5.  Stability calculation for adjacent layers which characteristics are 
determined from Table 4 

for the ten layers, the sum of the products BiNi was determined and divided by Q to 
give a number representative of the quality of the layer system observed: a perfect step 
structure would have a value of 1 while a profile devoid of steps would have a much 
lower number. We define the layer intensity I as this quantity multiplied by 10. 
Thus : 

L a y e r  N o  

10 
9 
9 
8 
8 
7 
7 
6 
6 
5 
5 
4 
4 
3 
3 
2 
2 
I 

The profile shown in Fig. 3 and analyzed in Tables 1 and 2 has an intensity of 7.1 indicating 
a good series of step layers. In contrast Fig. 4 and Table 3 show the situation for an ill- 
defined profile with an intensity of 2.2. Salinity may also be used to find I, and values so 
obtained agree with those calculated using temperature to within f 0.2. However, as the 
salinity profiles were subject to higher noise levels, temperature was used for all estimates 
of intensity. 

The most extensive survey of the Tyrrhenian Sea was made during the 1973 cruise, when 
x60 stations positions were worked over a wide area (Fig. 1). For each station the intensity 
was calculated as outlined above. Iso-intensity contours were then drawn on a bathymetric 
chart of the area (Fig. 5). As corroborated by other measurements, the steplayer zone 
was confined to the deepest part of the Tyrrhenian Sea extending over an area of about 4000 
square miles, a similar result to that reported for the Mediterranean outflow step layers 
(TAIT and HOWE, 1970). Even though the deepest layers were some 1500 m from the bottom 
the correlation of intensity with the bottom contours is striking, particularly near the 
boundaries. 

Within the high-intensity zone the layers were found to have a high horizontal coherence, 
and no discontinuities were observed, indicating a continuous stratification extending over 
distances of the order of 60 miles. This result is again in general agreement with the 
Mediterranean outflow observations (ELLIOTT, HOWE and TAIT, 1974). 

Table 4 gives the mean values obtained from all of the 1973 stations whose intensity was 
greater than 3. The agreement with Table 2 illustrates the uniformity of 8 and S in the 
horizontal plain. 

Pressure (db) 
P 

1335 
1335 
1170 
1170 
1000 
1000 
940 
940 
850 
8 50 
800 
800 
750 
750 
730 
730 
6 75 
6 75 

OQ,S,P 

34.989 
34.987 
34.270 
34.267 
33.528 
33.525 
33.263 
33.261 
32.867 
32.861 
32.642 
32.638 
32.419 
32.415 
32.327 
32.325 
32.084 
32.076 

;g, 
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Position 39O47.N 12O46.E 
MAY 1972 ( 11 MAY 72 1 intensitv 6.8 
&S interval I 8' b10'k1 c oc S i r  IG~IO'~XIO' I  A. X.  00  I Ni 

Position 40°2s'N 12'49'E 
OCTOBER 1974 ( 7  OCT 74) lntensitv 7.7 

Table 6. Layer parameters typical of the situation of each year of observation, 
corresponding to the composite 0 s  diagram of Fig. 6. (See also Table 2) 
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Data points from the 1972 and 1974 cruises are also included in Fig. 5 as solid circles. 

The larger circles represent stations whose intensity is greater than or equal to 5 while the 
smaller ones correspond to 5 > 1 > 2. The general agreement with the 1973 contours indi- 
cates the overall permanency of the step layer zone. 

INTERFACIAL STABILITY 
At the depths involved, potential density is an inaccurate indicator of the static stability 

(ELLIOTT, HOWE and TAIT, 1974). In order to evaluate stability more accurately the in situ 
densities, BSOP, were calculated for each pair of adjacent layers at the same pressure as their 
common interface. The values S and 8 were taken from Table 4. Confidence intervals for 
the estimation of the means are less than 10-30C and and the corresponding 
confidence intervals for asap are of the same order. The third decimals on the sigma values 
listed in Table 5 are therefore significant. (The use of the potential temperature does not 
affect the calculation of Aa which depends mainly on A%.) We can conclude that all the 
layers are statically stable. Differences of density for adjacent layers, adjusted to the same 
pressure, are of the order of 4 x g/cm3, which for an average interface thickness of 
10 m gives a Briint-Viiisala frequency of (1 Ifr 0.2) cycle/hour. 

Comparison over a 3-year period 
The observations made in 1972, 1973 and 1974, in which step layers of appreciable 

intensity could always be found within the general area delinsaied in Fig. 5, have enabled 
the situation to be compared from year to year. For each year's results no significant 

S A L I N I T Y  (3.) 
Fig. 6. Composite 0-S diagram of three stations, covering a period of 3 years. 
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spatial change in 8-S was observed (compare Tables 2 and 4), hence essentially any set of 
values representing one station from each year could be used for comparison. 

Table 6 gives two such sets where the results for 1972 and 1974 may be compared with 
the 1973 station already discussed. It will be noted that the 8-S windows differ slightly 
between the three data sets. This is because in each case the window was chosen to 
encompass the mixed layer, but these differences are small and of the same order as the 
experimental error. 

A comparison of the 8 values shows the mean difference over the 3 years to be 0.013"C, 
i.e. within the experimental error and less than the interfacial temperature difference by a 
factor of about 6. This implies that we are indeed looking at the same mixed layers from 
year to year. Bearing in mind that the salinity figures for 1972 require a -0.057&, calibration 
correction, a similar result is obtained using the S values. In fact between 1973 and 1974 
the salinity differences are negligible. 

Figure 6 gives the 3-year composite 8-S diagram where the salinity offset for 1972 is 
clearly shown. From the point of view of density a more appropriate and legitimate 
correction for the 1972 salinity values would be -0.04%, The marked accumulation of 
points representing the ten homogeneous layers illustrates the persistence of the 
stratification. 

Two conclusions may be drawn from the above results: either the layer system remains 
essentially unchanged over a period of at least 3 years, or, if the stratification does not 
persist from year to year, then the layers must re-form at preferred values of temperature 
and salinity. 

.;f.. . . . i'. - - 

DISCUSSION 
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If the Tyrrhenian Sea step structure has an observed lifetime of 3 years it is likely to persist 
over a much longer period. In any case, the layers must be considered to be in equilibrium 
with respect to the transports of salt and heat. Much evidence has been put forward in $ 

, 
support of salt fingering as the basic mechanism responsible for the step structures (TURNER, 
1967; STERN and TURNER, 1969). Using an optical technique, evidence for the existence of . 
salt fingers, associated with the step structure, was in fact obtained during the 1973 cruise. 
It has been shown by MOLCARD and WILLIAMS (1975) and WILLIAMS (1975) that they are . 
correlated with the microstructure within the interfaces. Hence whereas the double diffusion 
theory may adequately describe the situation within the interfaces its correlation with 
the deep convective layers wherein the temperature remains constant has yet to be , . 
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established. I 

During the 1974 cruise, vertical and horizontal current measurements were also made. ! 4 
1 

The results of this work, shortly to be reported, are expected to show that the advection 
processes, associated with internal wave activity, play a significant role in the maintenance I 

i 
of these homogeneous layers. e1 
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