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THE RESPONSE OF THE COASTAL WATERS OF NORTHWEST ITALY *

by

Alan J. Ell iott

ABSTRACT

1~,o-month long low-pas s records of the coasta l currents and winds have
been analysed for two locations off the northwestern coast of I ta ly .
Most of the energy was found to be in the long period (>20 day) motions
and there was low cohere nce between the currents and wind except for
time scales around 5 days. This 8uggesta tha t either the wind was
exciting a ro tationa l mode of the entire Western Mediterrane an or else
tha t the weather systems were more coherent spa tiall y at the 5—day time
scale. A depth-integrated hydrodynwni c model is being used to resolve
the time ecale8 and the effects of bottom topograp hy. The coasta l
currents may make a significant contribution to the day-to—day varia-
bility in sound speed, especiall y near frontal zones, due to the along—
shore advection of water of differing acoustic propert ies. Consequently,
accurate prediction of the sound speed at a fixed Zocation may not be
obtained until the coastal dynamics are clearly understood.

INTRODUCTION

During recent years there has been an increasing interest In probl ems
related to shallow-water acoustics. As a result , two distinct problem
areas have arisen, which need to be addressed by the research. The
first of these involves the acoustic propagation itself , the second Is
more oceanographi c i n nature and concerns the variabi l ity of the acoustic
properties of the water near a coast. In the deep ocean , for many
acoustic purposes, the water can be considered as being wel l -mixed in
the horizontal plane and only the vertical variations need to be con-
sidered. Thus the majority of sonar models do not incorporate range-
dependent temperature fields and variable bottom topography but, instead ,
use a single, vertical temperature profile and a flat bottom to charac-
terize a region of interest. For many purposes this is an acceptable
approximation , but it Is not generally valid In shallow water. In the
coastal zone, as well as the complicating effect of a sloping bottom,
there can be significant variations in the salinity , temperature, and
sound-speed characteristics of the water over relatively short horizontal
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distances . Among the mechanisms that can cause the variations are the
fresh water input by rivers , upwelling induced by the coastal winds , and
the enhanced vertical mixing due to the strcng tidal and storm—generated
currents. As a result , the coastal zone i s usuall y a region of hig h
acoustic variability . The problem is complicated further since the
coastal waters are not static but are constantly being moved by the
coastal currents under the infl uence of the winds. Consequently, owing
to the combined effect of the high spatial variability in the sound
speed and the advective effects of the currents , measurements made at a
selected location on one day may not be valid for the following day.

For the oceanographer there are two distinct problems to be resolved :
first, can we obtain insight into the mechanisms that lead to the high
variability in the coastal waters, e.g. the processes that generate
fronts; second , given that high spatial variability exists In the
coastal waters, what are the time scales associated with the coastal
currents that would contribute to the temporal acoustic variability at a
fixed location , and to what extent can we succeed in model l ing the
dynamics of the coastal response?

In order to answer some of these questions, and to provide an oceano-
graphic input into what is essentially an acoustic problem area, a
series of field measurements were made in the coastal waters of north-
west Italy and this has been combined with a numerical study of the
reg i on . The purpose of this paper is to present some of the observational
results and show that, in general , there was a lack of coherence between
the coastal currents measured at different l ocations. The second part
of the paper describes how a depth-integrated numerical model is being
used to resolve the role that might be played by the variations in
bottom topography : one of the factors that may have contributed to the
low coherence in the measurements

1 OBSERVATIONS

Dur i ng April and May 1977 current measurements were made at two locations
off the northwestern coast of Italy in water approximately 100 m deep
and 15 km offshore. The two moorings , which were 100 km apart, were
l ocated near Elba on oppos ite sides of the shallow water that extends
between the Italian mainland and the island of Corsica (Fig. 1). Three
oceanographic cruises were made at approximately monthly intervals to
survey the temperature/salinity properties of the coastal waters near
the mooring positions , and meteorological and sea level data were
obtained from established coastal recording stations. Each mooring
supported two current meters: one at a depth of 20 m and the other at
80 m. The data series were filtered with a low-pass filter to remove
the fluctuations with periods of less than two days; the data were then
resampled at 6—hour Intervals. 
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1.1 Hydrography

There was a uniform warming of the coastal waters during the months of
April and May, the surface temperature Increasing from about 14’C to
18°C. Near-bottom temperatures remained constant and the warming was
confined to the upper layers of the water column . Since there were no
significant horizontal temperature gradients along the coast and there
was no evidence of a wa rm water mass to the south, it appears that
advective effects were not important and that the warming was due to
solar heating. This view was supported by a satellite Image of the
Tyrrhenian Sea taken on 23 April (Fig. 2), which showed insignificant
large-scale horizontal temperature gradients. Therefore, there appeared
to have been a uniform heating of the coastal waters, due to seasonal
changes, throughout the period of the study. In [ 1) Miller et al report
water temperatures measured along a section parallel to the coast and
extending from El ba to Calabria. Their data show an alongshore tempera-
ture change of about 0.5°C over a distance of about 600 km (the warmer
water lying to the south). If we assume that the mean flow was to the
northwest, i.e. up the coast, at 5 cm/s and we write

dT . aT

then dT represents the total temperature change and can be estimated
from the data. Consequently, ~~~~, which represents the effect of local
heating can be computed . The data showed that:

7.70 x 10~ = 7.28 x iO~ + 0.42 x lO~ ,

Total Local Advection
change heating
(100%) (95%) (5%)

which supports the conclusion that the increase In temperature was
mainly due to a seasonal warming and not to the advection of warm water
from the south.

The increase in temperature caused a reduction in the density of the
surface water and at both locations the water column changed from being
well-mi xed during March to a two-layered system, with a surface mixed-
layer about 10 m deep, during May. At both positions, the current
meters were moored beneath the depth of the surface mixed-layer .

1.2 Coastal Winds

There was sign ificant spatial variability In both the strength and the
direction of the l ow—pass coastal winds. Whereas the mean stress at the
three southern stations (Civitavecchia , Olb ia, and Ponza) was directed
eastwards with a strength of about 0.5 dyne/cm2, the mean stress at
Genova and Pisa was about an order of magnitude weaker; at Pisa the mean

~~j 1~e~
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tor was directed towards the northeast while at Senova it was
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FIG. 2 INFRARED SATELLITE IMAGE OF THE TYRRHENIAN SEA, 23 APRIL, 1977.
The warm water masses show up as darker patches, parts of
Sicily and Calabria are cloud covered (courtesy of the
University of Dundee) .



towards the northwest. The anticlockwise rotation of the mean wind may
have been caused by cyclogenesls (2) , or it may have been due to orographic
effects. To resolve the structure of the wnd , empirical orthogonal
function analysis (3) was applied to the five components of east—west
stress. Of the five modes isolated (since there were five input series),
the first mode was highly correlated with the components of stress at
Pi sa, Civitavecchia , Olbia , and Ponza, but explained only 1% of the
variance i n the Genova record. In contrast, the second mode accounted
for 95% of the Genova variance but was uncorrelated with the other
locations. A similar result was obtained when the analysis was repeated
for the north-south components of stress.

As a resul t of this partition of the wind records It was decided that
the Genova wind was not representative and that the record had been
unduly infl uenced by orographic effects; it was therefore excluded from
further analysis. The remaining four vector series were then averaged
to produce a time series of the large—scale wind , The geostrophic wind
stress , cal cula ted from atmospheric pressure, was not coherent with the
observed wind and was a poor predictor of the current response.

1 .3 Coastal Currents

Fi gure 3 shows the l ow-pass alongshore components of the currents and
mean wind , positive currents and wind stress being directed up the coast
towards the northwest. The current records showed marked fluctuations
at a time scale comparable to the record length , while the wind appeared
to contain more energy at the shorter time scales. The flow was northwards
when the wind was near zero and reversed its direction only during
strong southward winds. Linear regression showed that under conditions
of zero wind the flow would be towards the northwest at both mooring
locations , and that this density-driven flow , which appeared to be
independent of depth , had a strength of about 5 cm/s.

Spectra for curren t, adjusted sea level , and atmospheric pressure at
Livorno , and the alongshore wind are shown in Fig. 4; they indicate that
the energy was contained in the longer-period motions. Sea level and
wind spectra peaked at around 20 days, while the current and atmospheric
pressure had maxima at periods comparabl e to the record len gth. The
spectra decreased steadily between 20 days and 3 days; in particular ,
there was no pronounced spectral peak at the 5-day time scale. However,
when the coherence was computed between pairs of variables then the
coherence was usually greater at 5 days than at other periods . As an
example, Fig. 5 shows the coherence between the alongshore wind and each
of the four current records. At both the north and south mooring the
bottom currents were highly coherent with the wind at the 5-day time
scale. Comparable results were found when sea level and atmospheric
pressure were analysed : the coherent response appeared to be confined
to a band around the 5-day period. Since the forcing variables (e.g.
wind and pressure) did not contain an excess of energy at this time
scale it suggests that the coastal waters were responding in an organized
manner to the 5-day forcing.
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2 A MODEL OF THE LIGURIAN AND TYRRHENIAN SEAS

Since the l ocal bottom topography , the geometry of the deep basins , and
• rotational effects were suspected of being factors that could infl uence

the currents , the problem is being approached numerically through the
use of a hydrodynamic model. A depth-integrated model , suitable for
general application to both deep and shallow water areas , was developed ;
the model includes density terms as well as a salinity balance and a
temperature (or pollutant ) balance equation. The full system of equations
used in the study was:

= (d+ri ) 2~ - ~~~~~
_ [(d+fl)u i] - -

~~~~
_ 

[(&srn)u2]

I
~~
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+
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p = p0(l + cxs + ~c) ,

where u1 and u2 are the components of the horizontal velocity , n is
the surface elevation above mean sea level , d is the bottom depth with
res pect to mean sea leve l , S is the salinity , and c represents the
concentration of a pollutant or, with some modification to the equation ,
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the temperature distribution . N and K represent the horizontal eddy
stress and diffusivity . A term representing a fresh—water source was
included in the continuity equation to a11o~ for river run—o ff. Thecomponents of surface stress, FS1 and FS~, we re calcu l ated us ing a
quadrat~c d rag l aw for the w ind s tress , and FB~ and FB2 were the compo-nents of bottom stress — also quadratic in form. Consequently, the
equations form a basicall y linear system with the exception of the
quadratic friction term .

The equations were solved explicitly in a standard manner using a leap-
frog scheme with centred space differences on a regular grid. The
variables were spatia ll y staggered on the grid so that surface elevation ,
density , and depth were specified at the centre of each rectangular
element while the two velocity components were specified at the mid-
points of adjacent sides of the grid elements (4, 5, 61. Under many
circumstances (including the present) density effects can be neglected ,
in which case onl y the first three equat’ons need to be solved .

3 THE TIME SCA LES OF THE L IGURIAN AND TYRR HENIAN BASINS

As a first step towards resolving the norma l modes of the entire Western
Mediterranean , the model was appl ied to the more restricted region
comprising the Ligu rian and Tyrrhenian Seas, as shown in Fig. 1 . In
addition , attention was directed towards the shorter time scales , i .e.
those of about one day and less. The current observations discussed
previously provided a problem of a qualitative nature to which the model
could be app lied . This was that , before the current records had been
l ow-pass filtered , both progress ive vector diagrams and spectra l calcula-
tions had revea 1 ed a marked difference in the currents at the two mooring
locations , especial l y during the first month of measurement. Whereas
the currents at the northern mooring were generall y of long period (>10
days) and fl owed paral lel to the coast-l ine (having twice as much energy
in the alongshore direct ion as in the on/offshore), the currents at the
southern mooring were mainly inertial with a period of around 17.5
hours . There was nearly an order of magnitud e more inertial energy at
the southern moor~ng than there was in the north , the tida l energy being
insign ificant at both locations.

Previous observations of inertial motions in the Mediterranean have
shown that they are rarely coherent over horizonta l scales exceeding
10 km. However , in the present case we are not investigating the
coherence between inertial motions — we are, instead, seeking an explana-
tion for the apparent lack of such motions at the north mooring.

To determine the spatial var iabi lity in the l ocal response to forcing,
the mode l was applied to the region shown in Fig. 6. For the boundary
conditions there was assumed to be no flow through the Strait of Sici ly,
and the surface elevations along the left-hand open boundary were
specified everywhere as being the sum of 250 harmonic terms of equal
ampl itude but with periods ranging uniformly from 12 minutes to 50
hours . Thus the interior of the model was forced by the periodic

10
h.
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elevations along the left-hand boundary , and we shall be looking for
evidence of local resonance with the applied forcing. The model was run
to simulate 100 hours of currents and elevations within the system and
the predicted currents at the two mooring locations and at other selected
positions were stored on disc. Cross-spectral analysis was then used to
isolate the coherent fluctuations. A second numerical experiment was
made by separating the two basins, as shown by the dashed l ines In
Fi g. 6 and the calculations were repeated. Similar techniques have been
used to compute the periods of oscillation of the English Channel (7),
the Gulf of Genova (8), and the South Sicilian Basin 19).

Table 1 suniiiarizes the results for the separate and combined basins. It
shows that whereas the Tyrrhenian Basin responded locally to oscillations
with a near-inertial period (around 17.5 h) these periods were locally
suppressed in the Ligurian Basin. The coherent motions in the Li gurian
Basin were found to be at 33 h, 3.6 h , and between 1 to 2 h; this agrees
with previous calculations (8 , 10) , which isolated the 3.6 and 1.2 h
response but not that at 33 h. The local suppression of near—Inertial
signals at the mooring position within the Ligurian Basin could explain
the current characteristics discussed above. The oscillations at 3.6 and
1 to 2 h can be identified with the seiche motions that would arise in
the northern basin shown in Fig. 6. However, this mechanism cannot
explain the coherence at 33 Ii. For the typical shel f widths of the
Ligurian Sea as resolved by the model we can compute the phase speed of
the fundamental barotropic shelf wave iiij to be of the order of 400 km/day;
such a wave would take about 30 h to travel around the Ligurian coastline
shown in Fig. 1. Thus if energy were being supplied over a broad spectrum
by the deep water ly ing to the southwest of the Liguriar i Sea then we
mignt expect to see a loca l response with a time scale of around 30 h.

TABLE 1

PERIODS OF COHERENT FLUCTUATIONS (FOR WH ICH COHERENCE S UARED
EXCEEDED THE 95% SIGNIFICAN CE LEVEL

(Period in hours)
(a) Combined 33.1 25.0 19.9 - - - 3.6 1.2

(computed )

(b) Ligur ian 33.1 — - - - — 3.6 1.2
(com puted )

(c) Tyrrhenian - - 19.9 16.6 14.2 12.4 - -
(com puted)

(d ) Genova and 33.4 25.4 21 .4 - - - 3.6 -
Livorno sea
level anal ys is



An independent check of the calculations was made by analysing hourly,
unfiltered , two-month long, sea-level records from Genova and Livorno• (Fig. 1). The records were coherent at al’ periods longer than 4 days
(due mainly to barometric effects) and also at the periods given in
Table 1. Good agreement was found between the periods computed by the
model and those isolated from the elevation data . In particular ,
evidence was obtained for perlodicitles within the Ligurian Basin at 33
and 3.6 h.

DISC USSION

The observational data suggest that the coastal waters of northwest
Italy may not respond like a straight , open coastline (e.g. like the
west coast of the United States) but may instead have characteristics
more s imi lar to a large enclose d la ke. Thus the dom inant res ponse to
forc ing may involve the dynam ics of the enti re Wes tern Mediterranean.
Conse quen tly wor k Is now in pro gress to reso l ve the norma l modes of the
western basin and to look for a possible 5-day periodicity. Alternatively,
the weather systems themselves may be more spatially coherent at the 5-
day time scale and may thus be more efficient at driving the coastal
response: this possibility is also being investigated further.

The data analys i s has made use of a ‘large-scale wind ’, which was
obtained by computing the vector mean of several coastal wind records.
In view of the poor coherence found between this wind and the coastal
currents it suggests that this may not be a meaningful approach. It may
be necessary to specify the wind everywhere (as is done in modelling the
storm sur ge effec ts in the North Sea , e.g. (5)) in order to obtain a
satisfactory prediction of the coastal response.

Returning to the probl em of acoustic variability in the coastal waters,
we can make some estimate of the effects of the coastal currents. From
the observations , the alongshore current had an amplitude of around
7.0 cm/s at the 20-day time scale: this is equivalent to a maximum
d i sp lacemen t of the wa ter of abou t 6.1 km in one day . S ince the max imum
observed gradient in sound speed was about 0.1 rn/s per km the current
coul d produce a change of about 0.60 m/s from one day to the next at a
fixed l ocation . In comparison , seasona l heating caused an Increase in
sound speed of about 0.26 rn/s per day. Thus, even in this region of
extremely low horizontal gradients , the currents may have contributed
significantly to the day-to-day variability in sound speed. Therefore
in other areas , es peciall y near fron tal loca tions , accurate prediction
of acoustic characteristics will not be obtained until we have a better
understanding of the dynamics of the coastal zone.

13
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