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OCEANO GRAPHIC CONDITIONS IN THE COASTAL WATERS

OF N .W. ITALY DURING THE SPRING OF 1977

by

Alan J. El li ott and Federico De Strobel
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Durinq Ap r i l  and ~
t uy ot 19 7 ’  Cu rl ent eusu r erents were :‘ :ade at two

lu~at io n s oft the no rthweste rn L e u s t  ~lf  Ita l
~ in water appro ximatel y

100 rn deep and 15 k off shur e. ht ~ t~~~
I ’ ‘ c r  i n~~ , wh i ~ h were 100 kIl

,

apart, w e l t located en up~~)s1 te s iJe~ ut t he ~rra] low wa ter that extends
between the I td lia n ra in la nd  and the  i~~,Li r i , ‘t Cor~

j i_ j (Iiq . 1). A
th ird “L ’ or ’in q, placed 100 kin further tI ’ t h e  coL ~th  nea r Ci’~ rt avecchi a ,
was lost dur in~i the e . p e r l ’ e r t a r I J  no d a t a  a~e av ail a ble t rom i t. Three
ocean oyraph L ~ ru i ~es 

W I n O iJ~ at tpp r ov ira te 1 1 1 1 t h ] V i nter~ a is to
Sur ’

~
er the te er~i t ’ ~.r e  5d li~

Ij t  I, ’ , H , r t i e s  c t  th e uI j ’~ta l waters near
the “icon i ri~ POS it lo r i s  • dnd met euro] ( L ~ i ca l m d  sea 1 eve 1 data we’e
obta ined f r ’ , t’~ t~ b1 ished coasta l reco r11 I I I ]  stat ions . The purpose of
the stu dy was to pun an ~n d e r s td n d in I in to those i~echanisms tha t may

~uni tribute to the v ariabilit y in co astal wate r ’s , dnd to obta in estimates
of the t iu e scales iri~olved . Ultimatel y, it is hoped that this will
lead to a better ’ ~riderst jndin y of the ~a~’ia b i1 ’ t y of sound-speed charac-
terist i cs in the coastal zone and that th i s, in tur n , w ill allow better
predictio n of the acoustic pr opagation through shal low coastal waters.
We can ¶‘i nd no refer ’ence to p rior 1n~est Hdt ions ‘nto the coastal dynamics
o~ this region at the storn t~~e scale (2—20 days), and the present 

~~ :—

e:’~~ current ‘:ea’,u reoenlts a r e among the f i r st to be reported in the open
literature for’ this po rtion of the I tal i an coast. Prev ious studies into
the circu lation of the L i m l u n ian and T v r r h en i a n  Seas have rel ied on
indirect i;ethods such ~s isentrop ic ana lysis to track the spreading of
water masses ~,e .g. j~~; ) ,  or the geostroph ic riethod (e.g. icj). The mean
circulation is thoug i t to be a cyc lonic gyre of surface water that
enters the southern Tyrrhenian Sea m u m  the west through the channel
south of Sard in ia . Pa rt of th is flow passes eastwards through the
Strait of Sicil y while the remainder moves along the northern coast of
Sic il y, flows up the western coast of Ital y. and then turns southwards
near Elba and comp letes the gyre b~ mov ing down the east coast of Sard inia.
A port ion of the flow is thought to continue no rthwards past Elba and
into the Ligurian Sea . Between the depths of 200 m and 500 m there is a
layer of intermediate water of relative l y high temperature and salinity .
This water originates in the cev ant ine B a srn of the eastern Mediterranean
and enters the weste rn basin through the Strait of Si cil y beneath the
eastward-flowing surface layer . This deeper water also flows cyc lonica ily
aroun d the Tyrrhen ian Sea before pro gressing into the ma in portion of
the western basin. A brief review of the ci rculation has been given by
Sankey 

~
‘ 
~
;

For ou r inve stigat ion , two cur rent ‘moor ings were placed in wa ter 100 m
deep and 15 km offshore . Each sub -su r face mooring supported two current
meters : one at a depth of 20 in and the other at 80 m . The data series
were filtered with a lowpass fi l ter to remove the tidal and other high -
frequency components; the particu l a r filter used spanned 100 hours of
data and had a response close to un ity for time scales longer than
~ days and near zero for time scales shorter than 25 hours . The data
were then resanip le d at 6-hour inte rvals after filtering; in this manner
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each orig inal record , o f lei ’m yt h abo ut oO JayS , was reduced to a sequence
of about ~00 values. A similar filtering was applied to the components
of the wind stress and to the sea-level data.

The present anal ysis is concerned with a presentation of the data , and
with an inv~ st fga t ion into the correlat ion between the alongshore and
on/offsho re currents and the coastal winds; a separate paper will discuss
the time scales and the frequency dependence of the response.

THE HYDROGR A PHY

Figure 2 shows the surface distributions for temperature , salinity , and
sound speed at approximately m onthl y intervals from late March to the
end of May , 197 7. 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 in and 200 m isobath s). The most apparent
feature was the surface wa rming , near-surface temperature increasing
from 14.6CC 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
Apri l 23, which showed insign i ficant horizontal temperature gradients .
Therefore, there appeared to have been a uniform heating of the coastal
wa ters , due to seasonal changes, throughout the period of the study .
This is supported by Fig. 3, wh ich 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 , an d th i s was app aren t l y suf f i c i en t
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
ima ge did not show a region of wa rm wa ter to the south that could have
been advected into the study zone.) The increase in surface temperature
was reflected in the sound speed data , wh i ch showed an inc rease from
1 509 m/s during March to around 1522 nm /s during May . T he l a r gest hor i-
zontal gradients of sound speed within the mixed -layer occurred during
May and amounted to changes of about S ni/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 :i-~ .

The ver tical structure of the temperature , salinity , an d sound speed are
shown in Fig. 4 for a location near the southern mooring position (near
the island of Formiche d i Grosseto). The most apparent feature was the
increase in temperature of the surface l ayers and the corresponding
Increase in sound speed during the two-month period . The water column
changed from being nea rly well-mixed during late March to a stratified
column in May . The stra tification 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
cal ibration of the STD system , and i s further ev idence that the i ncrease

4
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the c~ aStdl wa t er was due t o  s.a’ tace heati r y , F ig ~~~

re S
sn

~ w s th e ie r t i , al pro f i l es of siyr’a- t at the two mooring locat ion s

~ne ii .,.r e u se in te per a t u re  aused a re duc t ion  in the den
~

1ti  of t oe

~~r ace ha te r ’ and at bot h loc ations the wa ter ’ col ‘ r . cha n4e0 frorm. be r r y
alr ”o st ne~ tra1 l y stable do r 5 n j  March to a two— layere u syste ’ , with a
s~ ’~ ace mi~ ed-layer ab~

,
~ t 10 in Jeep, du r m y  May. It is important to

rote t~
’ , t , at both m oor ing loc a ticn s , the current “eters we re “ o c ’ e d

t~eneat r. tre 
~~ t ’  ~f the sc~ ‘ace m i~ e d- la v e r.

- “ ‘ ‘ ‘I’

’ 

‘ I  f l (
u1 L L ‘ “ , l” L  ~~~~

~i rr d data w e e  O b t a l r r eJ ‘~~ r the t 1~~e p o sit r a s  sn~wn 1 1  F r g . 1 (‘ero~a ,
Pi sa , C1~~It a. e .ch 1a , OTh~a , and Ponzu) and the st ess ,ecto r was computed
f
~~

r e a o r  lo~ a t r o n  L~ ~s r ng  t he ‘e l at i ur cs h~ p /
~ J

- l o t  10 ” ,‘

wrere is the st”ess ,t- , t O r ’ i ” c c ’ ’ and .
~ w s  the ~b se’~ ed wind

ve ot o’ in rn /s. The t i r e  series o the Stress distribut i ons were th~ r’

lowp a s s ~r l te’~~d and the data r’~- sa” p1 ed at 6-hou r ly intervals.

T here was si~ n 1rr ~ u c t sc~ t i al .‘~ r ia b l i t ~ in both t he s t r e n o t h  a rc the
direction of the l o w m a s s  c o a s t a l  w inds , ~here as the rean stress at the
toree so~~rth er n s t a t i o n s  (Civ ita .eoch ~a , Ol bi a , and r onza) was directed
eastwards w ’th a strength of about 0.5 dyn /cmr , the mean stress at
Genova and Pisa was about an order of magn itude weake r; at Pisa the mean
stress vecto r was directed towards the N .E. wh i le at Genova it was
towards the N .W.

This ant l c l ock wi se r otation of the mean wind may have been generated by
cyclogenesis 

~~~~~~~~ 
or it r a y  have been caused by orographic effects.

Em p i rica l orth ogo n al ~~n Lt ion (EOF) anal ysis is a technique that can be
used to partition sir ’~ ltane ou s time series into groups having simi lar
characteristics. For example , Kundu et a ’] fe] used the method to deter-
m ine the vertical moda l structure of coastal currents , whi l e one of the
present authors ia’; i sola ted a baroclin i c response within an estuar ine
system by showing that the near~bott om current and the wind stress were
re lated through a computed orthogonal funct ion.  The same tec h n iq ue was
applied to the five components of E-W w ’nd stress , using as input the
correla tion ric atr i~ shown in Table 1 (a summary of the method can be
foun d i n 

~sj). Of the five modes isolated (since there were five input
ser ies ) the first mode was highl y correlated with the components of
s t r e s s  a t  N sa , Civ i tavecch ia , O l b i a , and Ponza but exp lained only l

~ of
the variance in t he Genova record . In contrast , the second mode accounted
fo r  95~ of the Genova variance but was uncorrelated wi th  the other
locat ions.  A s imi lar  result was obtained when the analys is was repeated
for the N-S co mponents of s t ress.

As a result of this parti t ion of the wind records it was decided that
the Genov a wind was not representat ive and that the record had been

7
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FIG. 7 PROGRESSIVE VECTOR DIAGRAMS OF THE LOWPASS CURRENTS . Each

diagram has been rotated so tha ’~ the local coastlines run
from left to right across the page parallel to the distance
scale. The circles are at 10-day intervals; the start
positions are denoted by squares .
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CORRELATION MATRIX BETWEEN THE LOW PASS COMPONENTS
- 

~~ T~~~
W IND

~~
TW

~
S

GLN PSA OLB C IV PUN

GI N 1.00 0.02 -0. 13 0.11 0. 14

PSA 1.00 0 .54 0.56 0.62

OLG 1.00 0 .57 0.64

C IV 1.00 0.82

PUN 1.00

undul y influenced by orographic e f fec ts ;  it was therefore excluded from
further analysis. The remain ing four vector series were then averaged to
produce a time series of the ‘la rqe-scale wind’ . In add it ion , atmospheric
pressure data were used to compute the geostroph ’ i c wind but th is was
found to have a low correlat ion w i th  the observed winds . Consequently,
tne  averaged  large-scale wind was used in the further analysis.

Fi gure 6 presents the s ta t i s t i cs  of the large—scale  wind stress after it
had been resolved along the eight principal compass bearings; for each
of the d irec tions the sol id arrow represents the mean stress wh i l e the
dashed arrow shows the standard deviation . Overal l , the  mean wind
stress was towards the east and the wind fluctuations were qreatest in
the E -W direction . There were also s igni f icant fluc tuat ion s i n the NW-
SE (alon gshore ) direction , and in the NE-SW (on/offshore ) direction. It
should be noted that in the alongshore direction the mean wind stress
was di rec ted towa rd s the SE .

3 THE COASTAL CURRENTS AND THEIR RELATION TO WIND FORCING

Th i s sec ti on i s ma i nl y concerne d w it h a regress ion anal ys i s between the
coas tal winds and the l owpass currents. Figure 7 shows progressive
vector d iagranis of the currents at the two mooring locations. Each of
the diagrams has been rotated so that the local coastline is parallel to
the di stance scale , i.e. the local coastline has been aligned to run
from le ft 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
a t each location . Visually, there appears to have been reasona b le
vert ical correlation at the northern moorin q, whil e the flow was less
correlate d i n the sou th. The mean flow was of the order of 4 cm/s
towards the NW; while at both locations there was a slight onshore drift

9
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of the order of 0.5 cm/s at both 20 ni 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 ,
wh ich could rectify a portion of the alongshore flow into the on/offshore
direct i on; a local curvature of the bottom topography , wh i ch woul d
induce secondary circulations; or the onshore flow may have been part of
a real w i nd -dri ven baroc l i n i c fl ow structure , wh ich we cannot resolve
with data at only two depths.) The lowpass time series of the wind
s tres s an d curren ts , during the two-month period of April and May , are
shown in Fig. 8.

Correla tions between the current records , and between the curren ts and
the wind , are g iven 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 alon gshore flow having a correlation
of 0.78 between 20 m and 80 m depth. In general , the correlat i on was
l ower at the south mooring and the horizonta l 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. onl y 20 to 25-.
of the current variance in the alongshore direction could be attributed
to the wind forcing. The offshore components had l ower coherence and at
the southe rn mo oring 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
correlat ion wi th the wind that blew towa rds 157° , whi le at the southern
moor ing the correlation was highest with the wind towards 120° : these
directions are both approximately parallel to the local coastlines , i.e.
the a ’iongs hore 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 w ith the wind towards 110° — this
is close to the alongshore direction of 1 30° (the on/offshore direction
was around 40°). At the southern mooring there was no significant
co rrelation between the on/offshore coniponents of wind and current. The
sea le vels at both Genova and L’fvorno increased when the wind blew
towa rds 900 . If the current and sea-level changes were due to free
trave l l~ ng disturbances (i.e. barotrop ic shelf waves) then the sea level
and current fluctuations should be positivel y correlated due to a cross—
shelf geostroph ic balance [6] . However , with the present data there was
no significant correlation between the alongshore currents and sea
level . Consequently the correlat ion between sea level and the wind is
more l ikely to have been due to a set-up caused by the on/offshore wind.

DISCUSSION

The ma in results of this study have been the determination of the mean
flow and the finding of a generall y poor correlation between the wind
and the currents . On average onl y about 20 to 25~ of the alongsh re
current variance could be related to the wind fluctuations , and

L 
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correlation in the on/o ffshore direction was found to be irsignificant.
In other studies , Kundu et al 

~
oj 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 stud y of coastal res ponse near the
mouth of the Chesa peake Bay.

However , estimates of the overall mean flows ( i .e. when averaged over
the total record len gth) were found to be in genera l 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
coas t ~t about 0.3 dyn/cm

2 , and onshore with a strength of around 0.4
dyn/c r::

TABLE 2

THE MEANS AND STANDARD DEVIATIONS OF THE ALONGSH ORE AND
ON /OFFSHORE COMPONENTS OF THE NEAR-SURFACE (20 m) CURRENTS (cm/s)

AND THE WIND STRESS (dyn/cm 2
~

A lon gshore On/offshore

North moor ing 4.3 ~ 7.6 -0.6 4.8

South mooring 3.8 6.2 -0.4 4.8

Wind stress -0.27 ~O.92 —0 .42 ~l.l9

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

The north mooring alongshore flow,

U = l.85r + 4.88 (r2 = 0.22) [Eq. 1]

The south moorin g alongshore flow,

U = 2.44t + 4.86 (r2 = 0.13) [Eq. 2]

The north mooring on/offshore flow,

U = l6.6-r + 6.83 (r2 = 0.05) [Eq. 3]

The south mooring on/offshore flow,

no significant correlation
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(For each ~ t the above equatio ns the .dlue of r- i s  the percentage of
the current fluctuations that can be explained in terms of a linear
relationship with the wind.)

It is ot interest to use Eqs. 1 and 2 to predict the strength of the
sur face 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
resu lt is direct observ ational evidence of a density-driven flow moving
up the west coast of Ita l y 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 2 (corresponding to a
w ind speed of approximately 6 m/s) the surface flow would increase by
about 1 cm/s or by about O.2~ of the w ind speed . This is in conflict
with the usual accepted ratio of about 3~

. (4] and suggests that the
curren t fluctuations were not induced by wind -d riving 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
anal ysis , wh ile being our best estimate of the overall wind , were not
representative of the wind at the mooring positions. This can be resolved
onl y be measuring the wind directly at sea and by further study into the
var iability 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 i nfluence d
locall y by the changes in bottom depth and orientation . In addition ,
some of the ener gy in the current fluctuations may have originated
w ithin 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
wa ves. To answer such questions will require the collection of current
data along additional sections of the coastal waters and the simultaneous
mon itoring of the currents within the deep basins.
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A P U

HOURLY VALUES OF CURRENT AT THE NORTHERN MOORING

This append ix contains a listing of hourl y values of the E-W and N—S
components of the current measured at a depth of 80 m at the northern
moor ing. The first line of each listing is descriptive and gives the
num ber of data points (1317), the start time in days (0.5, correspon di ng
to 1200 hours local time on March 28, 1977) and the time interval
between data points (0.041667 days , corres ponding to 1 hour).

The format of the data cards are (15 ,5X ,1OF7 .2). The current components
are in cm/ s and are pos itive to the east and to the north.
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