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OCEANOGRAPHIC CONDITIONS IN THE COASTAL WATERS
OF N.W. ITALY DURING THE SPRING OF 1977

by

Alan J. Elliott and Federico De Strobel

ABSTRACT

.-

Two month long current and meteorologteal records, collected during the
spring of 1977, have been used to determine the mean currents along the
northwestern coast of Italy and to estimate the correlation between the

vartations in the flow and the large-scale winde. The overall flow was
v 1

found :y- e northwestwards along the coast, with a speed of about 4 em/s.
& directed againet the mean alongshore wind and for zerc

mean flow along the coast was ;:-e—"n". d to have a

Thie gives direct evidence of an alongshore ;i??‘.airy—

driven current in r.':c Tyrrhentan Sea. The data suggested that a signif-
teant p I‘Gt) rtion of this flow eontinued northwards past Elba into the
Ligurian Sea. f’he coherence between the current and the wind fluctua-
tions was low; on average only about 20% of the current fluctuations
could be attributed to the wind. It ts pmbab’e’ that both the local
bottom topography and the dynamics of the deep basins will have tnflu-
enced *F:e response of the coastal currents. There was a untiform warming
of the coastal waters during Ahm and May, the mixed-layer temperature
inereasing from about 1 14fc to 187 Near-bottom temperatures rematned
constant and the warming was confined to the upper layers of the water
eolum, suggesting that advective effects were not mpcrﬂm.t. This was
supported by the low horizontal gradients and the cbsence of a warm
water mass to the south. The increase in temperature was reflected in
the sound-speed charaateristice of the area, the mean sound 8;‘-69.-:' in the
mixed-layer increasing from 1509 m/& during late March to 1522 m/s at
the end of May. The water w*’u"‘r:, which had been vertically well-mixed
at the be; nr‘r.v.-' of the observations, stratified *m:smrmb.. during the
spr'zr_; and by the end of May there were significant vertical temperature
gradients at depths of 76 m and &0 m.
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INTRODUCTION

During April and May of 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 located on opposite sides of the shallow water that extends
between the Italian mainland and the island of Corsica (Fig. 1). A

third mooring, placed 100 km further to the south near Civitavecchia,

was lost during the experiment and no data are available from it. 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 leve! data were
obtained from established coastal recording stations. The purpose of

the study was to gain an understanding into those mechanisms that may
contribute to the variability in coasta! waters, and to obtain estimates
of the time scales involved. Ultimately, 1t 1s hoped that this will

lead to a better understanding of the variability of sound-speed charac-
teristics in the coastal zone and that this, i1n turn, will allow better
prediction of the acoustic propagation through shallow coastal waters.

We can find no reference to prior investigations 1nto the coastal dynamics
of this region at the storm time scale (2-20 days), and the present 7»-
gftw current measurements are among the first to be reported in the open
literature for this portion of the Italian coast. Previous studies into
the circulation of the Ligurian and Tyrrhenian Seas have relied on
indirect methods such as isentropic analysis to track the spreading of
water masses (e.g. [1]), or the geostrophic method (e.g. [27). The mean
circulation is thought to be a cyclonic gyre of surface water that

enters the southern Tyrrhenian Sea from the west through the channel
south of Sardinia. Part of this flow passes eastwards through the

Strait of Sicily while the remainder moves along the northern coast of
Sicily, flows up the western coast of [taly, and then turns southwards
near Elba and completes the gyre by moving down the east coast of Sardinia.
A portion of the flow i1s thought to continue northwards past Elba and
into the Ligurian Sea. Between the depths of 200 m and 500 m there is a
layer of intermediate water of relatively high temperature and salinity.
This water originates in the Levantine Bas'n of the eastern Mediterranean
and enters the western basin through the Strait of Sicily beneath the
eastward-flowing surface layer., This deeper water also flows cyclonically
around the Tyrrhenian Sea before progressing into the main portion of

the western basin. A brief review of the circulation has been given by
Sankey [3].

For our investigation, two current moorings were placed in water 100 m
deep and 15 km offshore. Each sub-surface 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 lowpass filter to remove the tidal and other high-
frequency components; the particular filter used spanned 100 hours of
data and had a response close to unity for time scales longer than

2 days and near zero for time scales shorter than 25 hours. The data
were then resampled at 6-hour intervals after filtering; in this manner
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each original record, of length about 60 days, was reduced to a sequence
of about 200 values. A similar filtering was applied to the components
of the wind stress and to the sea-level data.

The present analysis is concerned with a presentation of the data, and
with an investigation into the correlation between the alongshore and
on/offshore currents and the coastal winds; a separate paper will discuss
the time scales and the frequency dependence of the response.

] THE HYDROGRAPHY

Figure 2 shows the surface distributions for temperature, salinity, and
sound speed at approximately monthly intervals from late March to the
end of May, 1977. There were no significant horizontal gradients in any
of the parameters and, consequently, the values have not been contoured
(the contours shown are the 100 m and 200 m isobaths). The most apparent
feature was the surface warming, near-surface temperature increasing
from 14.6°C in March to 15.5°C by the end of April and then to 18.5°C by
late May. There was no apparent spatial pattern to the temperature
distribution; since the data were collected during two-day cruises some
of the variability may have been due to the diurnal heating cycle. This
view was supported by a satellite image of the Tyrrhenian Sea taken on
April 23, which showed insignificant 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.
This is supported by Fig. 3, which shows the values of air temperature
recorded at Ponza. The mid-day air temperature increased by about 10°C
during the months of April and May, and this was apparently sufficient
to warm the surface coastal water by 4°C. (The increase in the water
temperature must have been due to local heating since the satellite
1mage did not show a region of warm water to the south that could have
been advected into the study zone.) The increase in surface temperature
was reflected in the sound speed data, which showed an increase from
1509 m/s during March to around 1522 m/s during May. The largest hori-
zontal gradients of sound speed within the mixed-layer occurred during
May and amounted to changes of about 5 m/s over distances of 50 km;
however, as noted previously, this variability may have been due in part
to the effects of diurnal heating. The changes in salinity were not
significant, the mean salinity being of the order of 37.7%,.

The vertical structure of the temperature, salinity, and sound speed are
shown in Fig. 4 for a location near the southern mooring position (near
the island of Formiche di Grosseto). The most apparent feature was the
increase in temperature of the surface layers and the corresponding
increase in sound speed during the two-month period. The water column
changed from being nearly well-mixed during late March to a stratified
column in May. The stratification was strongest near a depth of 15 m
and there was the suggestion of a second gradient region near 50 m above
the colder bottom water. The uniformity in the temperature (and sound
speed) of the deep water is a good confirmation of the accuracy and
calibration of the STD system, and is further evidence that the increase
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in temperature of the coastal water was due to surface heating. Figure &
shows the vertical profiles of sigma-t at the two mooring locations.

"he increase in temperature caused a reduction in the density of the
surface water and at both locations the water column changed from being
almost neutrally stable during March to a two-layered system, with a
surface mixed-layer about 10 m deep, during May. It is important to
note that, at both mooring locations, the current meters were moored
beneath the depth of the surface mixed-layer.
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OF THE COASTAL WINDS

Wind data were obtained for the five postitions shown in Fig. 1 (Genova,
Pisa, Civitavecchia, Olbla, and Ponza) and the stress vector was computed
for each location by using the relationship (4]

1.56 107" WIW

where 1 1s the stress vector in dyn/cm® and W was the observed wind
vector in m/s. The time series of the stress distributions were then
lowpass filtered and the data resampled at 6-hourly intervals.

There was significant spatial variability 1n both the strength and the
direction of the lowpass coastal winds. Whereas the mean stress at the
three sourthern stations (Civitavecchia, Olbia, and Ponza) was directed
eastwards with a strength of about 0.5 dyn/cm‘, the mean stress at
Genova and Pisa was about an order of magnitude weaker; at Pisa the mean
stress vector was directed towards the N.E. while at Genova 1t was
towards the N.W.

This anticlockwise rotation of the mean wind may have been generated by
cyclogenesis (5], or 1t may have been caused by orographic effects.
Empirical orthogonal function (EOF) analysis is a technique that can be
used to partition simultaneous time series into groups having similar
characteristics. For example, Kundu et al /6 used the method to deter-
mine the vertical modal structure of coastal currents, while one of the
present authors /7] isclated a baroclinic response within an estuarine
system by showing that the near-bottom current and the wind stress were
related through a computed orthogonal function. The same technigue was
applied to the five components of E-W wind stress, using as input the
correlation matrix shown in Table 1 (a summary of the method can be
found in (8;). Of the five modes isolated (since there were five input
series) the first mode was highly correlated with the components of
stress at Pisa, Civitavecchia, Olbia, and Ponza but explained only 1% of
the variance in the Genova record. In contrast, the second mode accounted
for 95% of the Genova variance but was uncorrelated with the other
Tocations. A similar result was obtained when the analysis was repeated
for the N-S components of stress.

As a result of this partition of the wind records it was decided that
the Genova wind was not representative and that the record had been
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TABLE 1

CORRELATION MATRIX BETWEEN THE LOWPASS COMPONENTS
OF E-W WIND STRESS

GEN PSA oLB CIv PON
GEN 1.00 0.02 -0.13 0.11 0.14
PSA 1.00 0.54 0.56 0.62
OLB 1.00 0.57 0.64
CIV 1.00 0.82
PON 1.00 ¥

unduly influenced 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'. In addition, atmospheric
pressure data were used to compute the geostrophic wind but this was

found to have a low correlation with the observed winds. Consequently,
tne averaged large-scale wind was used in the further analysis.

Figure 6 presents the statistics of the large-scale wind stress after it
had been resolved along the eight principal compass bearings; for each
of the directions the solid arrow represents the mean stress while the
dashed arrow shows the standard deviation. Overall, the mean wind
stress was towards the east and the wind fluctuations were greatest in
the E-W direction. There were also significant fluctuations in the NW-
St (alongshore) direction, and in the NE-SW (on/offshore) direction. It
should be noted that in the alongshore direction the mean wind stress
was directed towards the SE.

3 THE COASTAL CURRENTS AND THEIR RELATION TO WIND FORCING

This section is mainly concerned with a regression analysis between the
coastal winds and the lowpass currents. Figure 7 shows progressive
vector diagrams of the currents at the two mooring locations. Each of
the diagrams has been rotated so that the local coastline is parallel to
the distance scale, i.e. the local coastline has been aligned to run
from left to right across the figure. As a consequence the net flow can
be seen to be parallel to the local coastline and directed up the coast
at each location. Visually, there appears to have been reasonable
vertical correlation at the northern mooring, while the flow was less
correlated in the south. The mean flow was of the order of 4 cm/s
towards the NW; while at both locations there was a slight onshore drift




of the order of 0.5 cm/s at both 20 m and 80 m, the drift being more
pronounced at the north mooring. (Possible sources of the onshore
component of the velocity include: errors in the compass calibrations,
which could rectify a portion of the alongshore flow into the on/offshore
direction; a local curvature of the bottom topography, which would

induce secondary circulations; or the onshore flow may have been part of
a real wind-driven baroclinic flow structure, which we cannot resolve
with data at only two depths.) The lowpass time series of the wind
stress and currents, during the two-month period of April and May, are
shown in Fig. 8.

Correlations between the current records, and between the currents and
the wind, are given in Fig. 9. (For 200 data pairs the 95% significance
level for the correlation coefficient is 0.14.) The vertical coherence
was higher at the north mooring, the alongshore flow having a correlation
of 0.78 between 20 m and 80 m depth. In general, the correlation was
lower at the south mooring and the horizontal correlation was higher at
80 m than near the surface. The correlations between the alongshore
wind and currents were of the order of 0.4 to 0.5, i.e. only 20 to 25%
of the current variance in the alongshore direction could be attributed
to the wind forcing. The offshore components had lower coherence and at
the southern mooring the correlation between the offshore wind and flow
was not significant.

Figure 10 shows the correlation with the wind as a function of wind
direction. At the north mooring the alongshore current had its highest
correlation with the wind that blew towards 157°, while at the southern
mooring the correlation was highest with the wind towards 120°: these
directions are both approximately parallel to the local coastlines, i.e.
the alongshore response was greatest when the wind blew parallel to the
shore. The offshore response was less clear: at the northern mooring
the on/offshore flow was most coherent with the wind towards 110° — this
is close to the alongshore direction of 130° (the on/offshore direction
was around 40°). At the southern mooring there was no significant
correlation between the on/offshore components of wind and current. The
sea levels at both Genova and Livorno increased when the wind blew
towards 90°. If the current and sea-level changes were due to free
travelling disturbances (1.e. barotropic shelf waves) then the sea level
and current fluctuations should be positively correlated due to a cross-
shelf geostrophic balance ;6. However, with the present data there was
no significant correlation between the alongshore currents and sea
level. Consequently the correlation between sea level and the wind is
more likely to have been due to a set-up caused by the on/offshore wind.

DISCUSSION

The main results of this study have been the determination of the mean
flow and the finding of a generally poor correlation between the wind
and the currents. On average only about 20 to 25% of the alongshore
current variance could be related to the wind fluctuations, and

10
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correlation in the on/offshore direction was found to be insignificant.
In other studies, Kundu et al [é) were able to explain 60 to 70% of the
current variance along the coast of Oregon in terms of wind forcing, and
Hunter et al [9) showed that more than 90% of the alongshore variance
could be related to the wind during a study of coastal response near the
mouth of the Chesapeake Bay.

However, estimates of the overall mean flows (i.e. when averaged over
the total record length) were found to be in general agreement with each
other, as is shown in Table 2. At both locations the near-surface flow
was directed northwestwards along the coast with a mean speed of about
4.0 cm/s and this was accompanied by an onshore surface drift of about
0.5 cm/s. The mean components of the wind stress were directed down the
coast at about 0.3 dyn/cm?, and onshore with a strength of around 0.4
dyn/cm- .

TABLE 2
THE MEANS AND STANDARD DEVIATIONS OF THE ALONGSHORE AND

ON/OFFSHORE COMPONENTS OF THE NEAR-SURFACE (20 m) CURRENTS (cm/s)
AND THE WIND STRESS (dyn/cm?)

Alongshore On/offshore
North mooring 4.3 + 7.6 -0.6 + 4.8
South mooring 3.8+ 6.2 -0.4 + 4.8
Wind stress -0.27 +0.92 -0.42 +1.19

The linear regression equations between the components of wind stress
and surface flow were calculated to be:

The north mooring alongshore flow,

U=1.85t +4.88 (r? = 0.22) [Eq. 1]

The south mooring alongshore flow,

U=2.44t + 4.86 (r? = 0.13) [Eq. 2]

The north mooring on/offshore flow,

U=16.6t + 6.83 (r? = 0.05) [Eq. 3]

The south mooring on/offshore flow,

no significant correlation

14




(For each of the above equations the value of r* is the percentage of
the current fluctuations that can be explained in terms of a linear
relationship with the wind.)

It 1s of interest to use tqs. 1 and 2 to predict the strength of the
surface flow for conditions of zero wind. Both equations give the same
result, that of a flow directed up the coast at about 4.9 cm/s; this
result is direct observational evidence of a density-driven flow moving
up the west coast of Italy and suggests that a significant proportion of
the flow continued northwards past the island of Elba.

From Eq. 1, for a typical wind stress of 0.5 dyn/cm? (corresponding to a
wind speed of approximately 6 m/s) the surface flow would increase by
about 1 cm/s or by about 0.2% of the wind speed. This is in conflict
with the usual accepted ratio of about 3% (4] and suggests that the
current fluctuations were not induced by wind-driving alone but were
modified by other effects.

There are a number of reasons for the apparent poor correlation between
the currents and wind: it is probable that the wind data used in the
analysis, while being our best estimate of the overall wind, were not
representative of the wind at the mooring positions. This can be resolved
only be measuring the wind directly at sea and by further study into the
variability of the coastal winds. The current response may also have
been influenced by the local bottom topography. The data were collected
in a shallow water area bordering the deep basins of the Ligurian and
Tyrrhenian Seas; consequently the currents may have been influenced
locally by the changes in bottom depth and orientation. In addition,
some of the energy in the current fluctuations may have originated

within the deep basins before travelling into the shallow coastal zone.
Similarly, it is not known to what extent energy was trapped against the
coast and how much energy was contained in free-travelling coastal

waves. To answer such questions will require the collection of current
data along additional sections of the coastal waters and the simultaneous
monitoring of the currents within the deep basins.
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HOURLY VALUES OF CURRENT AT THE NORTHERN MOORING

Th1s appendix contains a listing of hourly values of the E-W and N-S
components of the current measured at a depth of 80 m at the northern
mooring. The first line of each listing is descriptive and gives the
number of data points (1317), the start time in days (0.5, corresponding
to 1200 hours local time on March 28, 1977) and the time interval
between data points (0.041667 days, corresponding to 1 hour).

The format of the data cards are (15,5X,10F7.2). The current components
are in cm/s and are positive to the east and to the north.
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