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The circulation of the Întcrmediate and deep waters o f the Tyrrhenian are discu$sed 
in the light of rccent observations in the Southern Tyrrhenian from current mClers, 
submerged floats , and hydrographie data. The observed flow in the Sardinian 
Channel suggests that the deep circulation below the intermcdiatc waler leve l is such 
as to import Western Mediterranean decp water and cx~rt a mixed produc! (wit h 
the intermediate water) of sufficiem magn itude (6 700 km /yr) to be of significance in 
the thermohaline circu lation of the Western Mediterranean. The Levaminc inter
mediate water layer is dive rgent: sustaining, in addition to Ihis downwell ing , an 
upward flux to the surface layer, and the horizoma l fluxes north through the strait of 
Corsica and south through the Sardinian channe l. To support this divergence 
approximately 40000 km 3/yr, or mûst of the Levan ti ne intermediate water passing 
through the strait of Sici ly, muSI enler directly inlo Ihe Tyrrhenian around the 
castern tip of Sicily. Evaporation and the upwelling o f in termediale water play 
approximately equivalenl roles in salting the surface waters. Winter convective 
mixing appears ta be Ihe primary mechanism for the upward loss of imermediate
laye r salt . The route of Ihe imermediate water does not appear 10 complctcly fo llow 
the ba thymetry Ihrough the Southern Tyrrhenian. most nOlably skirting the 
soulheastern section. Curren t observations wilhin the intermed iate level showed a 
cyclonic lendency wi th southward exiting flow along Sardinia. The deep current 
observation in the SQulltern cente r of the sen at 2 150 m showed a surprisingly steady 
flow of lA cm/s to the north suggesting a barotropic componem 10 the Tyrrhe nian 
ci rculation. 

Ocemzol. A CIll , 1988. Océanographie pélagique méditerranéenne , édité par H. J. 
Minas ct P. Nival , 41-50. 

Observa tions récentes sur la circu lation des eaux intermédiaire et 
profonde dans le sud de la Mer Tyrrhénienne. 

La circu lation des eaux interméd iaire et pro fonde de la Mer Tyrrhénienne est 
discutée ù la lumière de récentes observations dans la partie sud de la Me r 
Tyrrhénienne, faites par courantométrie , immc rsion de flotteurs et mesu res hydrolo
giques. Le flux observé au niveau du cana l de Sardaigne semble indiquer qu'en 
profondeur , sous la couche d 'cau intermédiaire , la circulation profonde est marquée 
par une pénétration cn Mer Tyrrhénienne de l'cau profonde occidcnlale et par III 
sortie d'une cau résultan t du mélange de cclle derniè re avec de l'eau inte rmédill ire. 
Le flux de sortie de cette eau de mélange est suffisamment fort (6700 km )/an) pour 
influencer de ma nière non négligeable la circulation thermohalinc de la Méditerranée 
occidentale. L'eau intermédiaire a un comportement d ivergen t : en dehors de cette 
contribution à un flux desce nda nt. clic alimente un transport ascendan t vers la 
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surface ainsi que des advections horizontales de sortie à travers le dét roit de Corse au 
Nord et le canal de Sardaigne au Sud. Pour alimenter cette d ivergence, envi ron 
40000 kmJ!an (c'est-à-dire la plus grande partie de l' eau intermédiaire levan tine 
passant le détroit de Sicile) doivent pénétrer directemen t en Mer Tyrrhénienne en 
contournant l'extrémité orientale de la Sicile. L'évaporation ct la remontée de l'eau 
imermédiaire jouem des rôles ,1 peu près équivalents dans l'augmentation de la 
sa lini té des eaux de surface. Le mé lange vertical hivernal semble être le principal 
mécanisme par lequel est abaissée la salinité dans la couche d'eau inte rmédiaire. Le 
parcours de l'eau intermédiaire ne paraît pas suivre complètement la bathymétrie du 
sud de la Mer Tyrrhénienne, en particulier le long de sa section sud-es!. Des mesures 
de courant à l'intérieur de l'eau imermédiai re montrent une tCn<Jance cyclonique 
avec un flux sonant vers le Sud le long de la Sa rdaigne. L'observation du courant 
profond dans la partie centrale méridiona le à 2 150 m montre un flux é tonnamment 
constant , de 1,4 cmls vers le Nord , indiquant la présence d' une composante 
ba ro tropc dans la circulation de la Mer Tyrrhénienne. 

Dceanol. ACIll, 1988. Océanographie pélagiq ue médi terra néenne, édité par 
H. J . Minas et P. Nival, 41-50. 

INTRODUCfION 

T he Western Mediterranean (WMED ) is composed 
of three major basins: the Liguro-Provenca l, the 
Algerian , and the Tyrrhenian basins. Of these the 
Tyrrhenian is slight ly less in vo lume (- 328000 km 3 ) 

but deeper. The division between the other two is 
wit hout a sil! restriction at typical bottom depths of 
- 2 700 m. whereas the communication wit h Ihe 
Tyrrhenian is through the Sardinian Channel ..... ith a 
sill <: 2 000 m and a cross section of 50 km1 below the 
5OO-m depth. The areal portion of the Tyrrhenian 
with depths greatc r th,1Il 2 800 m. i.e. greater Ihan the 
WMED , i::, 'IOOut 4 000 km! o r slightly less than a fifth 
o f the Tyrrhenian surface area. 

T he Tyrrhenian dccp circulation is generally con
sidered to be incident al 10 the main thermohalinc 
ci rculation of the WM ED, primarily because no deep 
water is considered to be loca ll y produced. As a 
consequence the Tyrrhenian Dccp Water (TDW) has 
not received much discourse, it being considered an 
isolalCd derivat ive of the WM ED Deep Water 
(WMDW) of slight ly greater age. For example, the 
data o f Miller el al. (1970) show the TDW to have 
lempcrature and sa linity values of - 0.2 ·C and 
.. 0.03 ppt greater than and oxygen values .. 0.15 mIl! 
less than the WMDW values. There has been specu
lation Ihat the warmer TDW is a result o f a bottom 
heat flux (Miller. 1972). As yet no evidence is 
available to support this, including several bottom 
heat probe stalions conducted during the observations 
reported hercin. The TDW is located on the T-S 
regression !ine bctween WMDW and Levantine Inter
mediate \Vater (L1\V) and thus some inte raction 
mixing these two water masses seems the most 
probable expJ:lIlation of the TDW origin. 

T hese circumstances make the Tyrrhenian ther
mohaline circulation anomalous with respect other 
Mediterranean basins. The fac t that the water columns 
in the Tyrrhenian above the siIJ depth tend to be 
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slightly less dense than those in the WMED suggesls a 
higher steric sea !evel Înside the basin wi th the 
tendency for the exchange to be out of the basin at the 
surface and in the basin over the sil!. T he simpliest 
deep interior circulation would be for a weak inflow of 
WMDW underneath an outflow upper layer waters, 
in which « Ise the only loss of TDW wou ld be through 
entrainmen t in the upper layer and the vert ical 
exchange wou ld be balanced between downward 
diffusion of heat and salt ;md an upward advective 
flux . 

Thcre does exist sorne evidence in support o f a rather 
inactive in tcrior. Cortecci el al. (1974) round the nul! 
Tritium value leve! at - 1 400 m in the central T yrrhe
nian implying no downward diffusion of Tritium from 
the L1 W during .. 10 yr lime scale. The waler columns 
mo:.tly over the Tyrrhenian aby:.s'II plain have been 
observed to have a stab le (over a 3-yr period) 
staircase Structure in temperature and sali nit y between 
600 and 1 500 m with lateral coherence of up to 
100 km (Molcard. Tai t , 1978). A possible explamllion 
(also Tait, 1984) is Ihat they <I re the result of double
diffusive processes and that they Me maintained 
against diffusive erosion by some stirring mechanisrn. 
ln any case. a fairly low-energy environment seerns to 
be implied. Finally, the depressed oxygcn values of 
the TDW. relative 10 the rest of the WMDW , suggest 
that the T DW is older than the WMDW. Despite 
these facts. our data suggest a more active and 
complicated circulation for Ihe Jeep waters of the 
T)'rrheni<ln. 

The intcrmediate <lnd surface layers have received 
more a ttention than the deep water , pc rhaps again 
because they are considered 10 be more couplcd ta the 
WMED general circulation. Of particular interest has 
been the role that the Tyrrhenian plays in modifying 
the Levantine Intermediate Water (LlW). There has 
been some disagreement on the relative proportion o f 
the L1W ta king <lny one of three possible routes from 
the strait of Sicily : directly west without cn lering the 



Tyrrhenian (Katz, 1972), recirculating within the 
southem Tyrrhenian (Ovchinnikov, 1966), and trans
versing the Tyrrhenian through 10 the Ligurian Sea 
(Béthoux , 1980 from Stocchino, Testoni , 1968). 8 0t h 
the latter two routes involve eventual entry into the 
Ligurian Sea , either via the west coast of Sardinia 
(Lacombe , Tchernia , 1960) or directly through the 
strait of Corsiea , and thus convey the effect of mixing 
in the Tyrrhenian on the L1W prior to its evcn tual 
in volve ment in WMDW produclion (e.g. Hopki ns, 
1978). The loss of salt by the L1W in transitting the 
Tyrrhenian in either case has been assumed 10 be 10 

the surface laye r. Our data suggesl an additional 
downward nux of sa lt to the deep laye r. 

The circulation fo r the L1W and surface water of the 
Tyrrhenian have been estimated from geostrophic 
computations of composite dat.t (e.g. Krivosheya , 
Ovchinnikov , 1973; Krivosheya , 1983); from the 
contours o f the salinity maximum (core method) 
(Wüst, 1961 ; Lacombe , Tchernia , 1960) ; and from a 
seasonal wind-driven numerieal model (Moskalenko , 
(983). These agree in demonstrating that the basic 
now patte rn is cyclonic. The circulation tends to 
fraclionate into northern and southern cyclonic struc
tures separated al approximately the 40· N latitude . 
This tendency and the scale of horizontal structu re 
decreases from \Vinte r to summer. The recirculating 
portion \Vould thus be confined to the southc rn 
portion with a longer rouie in Ihe \Vinler Ihan in the 
summer. The general agreement betwccn Ihe wincl
driven and geostrophic circu lations verifies the impor
tance of wind fo rcing for Ihe upper layeTS. 

Il is the purpose of Ihis paper to discuss sorne o f these 
aspecls of Ihe Tyrrhenian circulation in the light of 
recent observations take n during the autumn of 1984 
mostly in the sou theastern portion o f the Tyrrheni'lI1 
Sea. 
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TYRAHENIAN SEA CIRCULATION 

OBSERVATIONS 

Hydrographie data were collected from a seque nce of 
Ihrce cruises in the Southern Tyrrhenian span ning an 
inte rval of about 74 days du ring which moored instru
mentation \Vas in place (Fig. 1). The CDT casrs \Vere 
made with a Neil Brown Instrument Syslems (NB IS 
Mk III) from Ihe RIV Maria PllOlina during the 
periods 19 ta 31 August and 22 0ctobe r to 
4 November 1984 and from Ihe RN Magnaghi from 2 
to 13 October 1984. Observational focus for the O D 
sampling was in the southwestern portion near the 
moorcd instrumentation and along the perimcler of 
thc southern portion of the basi n. 

The subsurface noats used were a modiricd version of 
the Sofar noats (Tillier , 1980; Pistek el al. , 1984). 
They we re about 50 cm in diamcter, were designcd to 
remai n at a constant pressure , and were recoverable 
by means of an acoustie releasing of balas!. They se nt 
an ... 1 570 Hz acoustic signal every 2 h to listening 
stations attached 10 each of the 4 moorings. Delay 
times were computed by correlat ing the transmitted 
signal with li synchronized reference signal. The 
current melcrs attached to the moorings were of the 
NBIS manufacture exccpt fo r a VMCMlDavis-We ller 
al 335 m on mooring 1. AnOlher two current mctcrs 
were deployed but returned faulty or incomplete data . 
The depths and start/end time o f the current meter 
records and noat records which returned good data 
are illustrated in the progressive vector diagrams of 
Figure 8 b. Furthcr details of the moorings ,lOd hy
drography are givcn in Hopkins and Zanasca (1987). 

Deep waler inOow 

The IwO current mcters positioned in the Sardinian 
Channel \Vere located at 348 m in the intermediate 
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water and at 1 763 m in the deep water. The 40-h 
fillcred time series of Figure 2 shows the along-chan
nel (053° T) and cross-chan ne l (143° T) ve locity com
poncn ts. The deep now WilS slightly more variable 
with Sub·inertial osci llai ions with lIpproximately 4-10· 
and 45-day pcriodicilies. The gross simi larity of the 
along-channe l compone nls (Fig. 2 (1) suggests a pre
dominale low frequency barotropic variabi Hty. How
ever the greale r variance at higher frequencics in the 
deep componenl suggcsts il ba roclinic variability. 
caused by changes in the cross·channel slope of the 
isopycnals. The se ries means for these twO compo
nen ls wcre 2.0 cmls dÎrected oui al the 348-m deplh 
and 0.9 cm/s direcled in al the 1 763-m depth (see 
Fig. 7 b). 

VELOCITIES IN SARD/NIA CHANNEL 
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Figllre 2 
The 40 Irr /jl/(rtd lime serks of /Iu' ''''0 CII"t:lrl me/us loca/t'd ill /1111 
Sardillill Omm/ri. Tht aflll/g·chl/mlel rOll/pollen/\ (053' T IS poSI/;I!:J 
/.1ft' 9/1'ell III lhe IIpper pal/el u/ld Ih, cross·chamlrl compt"'t:"'S 
(I.n T IS posilil'e) in Ilrt: IOM'tr pot/el. 

CTD cross sections of the SardinÎan Channel were 
tilke n Iwice during the experiment. on days JO 283 
and JO 302. The latter of Ihese more closely coincided 
physically with the moori ng (Fig. 1) and better corrcs· 
ponded 10 Ihe mean f1 0w condi tion (Fig. 2). The 
salinity . potential temperalUre. and vertical shear for 
Ihis seclion are shown in figure 3. The vertical profi le 
of Ihe along·channe l vc locity comp<>ncnt (Fig. 3 c) 
\\'as adjusled relative to the mean of the enlire series 
al the 1 763-m deplh . This resulted in an upper layer 
oulflo\\' and li lower layer inno\\'. An adjustment 
relative to the series mean al the 3~8-m depth wou ld 
have given virtually Ihe same resu lts. Howe\'er, 
adj uslment relative 10 the ~honer three-day averages 
eorrespond ing to the hydrogntphic samplings would 
have rendcred very differenl rC~lIllS : for the earlier 
case (J 1) 280·283) the f10w would have been out at ail 
depths and for the latter case (JD 299-302) the now 
would have been in al ail depths. NOIe that the fact 
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Figure 3 
a) The polenrialltll/perUlllre UCroH ,'re channel QI lire lora/ion of Ihe 
rurrrnl lI/eltTS. b) Ukt".,isf Ihe salinily. ,) The buroclinic gfO' 
Sirophic J'lrtar adjrlSled 10 Iht: suit:! II/el/n of Iht: dup, parabalilic 
compont"'. The s",i,.'· II/l'ailS arr plQlled .... ilh a (.) alld tl/II J·da)' 
mtllllS prior 10 11111 IWO CTD samflUt/8S art gi"en ",illr 11It! sYlllbols 
(+. "' ) . 

Ihat the shear between the two depths is the same fo r 
the (JD 299-302) pcriod and the (J D 235-306) period 
tends to justify our adju~ t ment of Ihe ve rt ical profile 
using Ihe baroclinic shear obse rved JD 302 with the 
t ime-ilveraged f10w of the ent ire period . In fact , Ihe 
consistency in the verlica l shea r lalso during (JO 280-
283» ) suggests Ihal mosl of the low- freguency varia
bi lity (grealer than seve ral days) is ba rotropic. 

On the assumption that Figure 3 c represenls the now 
through the channel. we can make a series o f useful 
estimai ions. Figu re 3 c ~hows tlte de pth of zero now 
10 be al 1050 m. Integraling from the bouo m upwilrd 
and . assuming that our velocit)' profile is still represe n
lat ive across the cha nne l. wc have compuled the 
dcpth of zero transpol1 to bc al about 700 m and the 
deep water inn ux 10 be 4.100 km J/yr. This assumption 
is reasonable bclow the depth of 500 m whc re Ihe 
channe l widlh at thal deplh i~ only four times thil l al 
Ihe 1 500 m depth. 

Since thcre is no otlter exi t. the basin below 700 m 
might be considered as closed, with the deep water 
en te ring. upwe lling, and leaving. However. more salt 
is exported in the 700·1 OOO-m layer than enters. and 
not surprisi ngly. the T-S propenies of this modified 
deep waler (mTDW) show admixture of L1W. There
fore wc suggeSI a downw:lrd nux of LlW. A S.IIt 
balance for the deep \Vater gives 

(1) 

whcrc S,o = 38.43 is the cross·sectional average inflow. 
S~ = 38.52 b the cross·sectiona1 ave rage o ulnow. 
si = 38.68 is the L1W core average. and V,o. 
V//, and W; are the volume nows (km)/s) in . out. and 



down . respecti vcly. ThÎs resuhs in V~ == 6,400 and 
W} == 2,300 km )/s. Using the volume below the 700-m 
level gÎves the relatively short residence time of 
... 30 yr. The lower oxygen values of the TDW 
( ... 4.3 mU]) relative to those o f the WMDW 
( ... 4.4-4.7 mU]) may reflect mo re the effect of 
downwe lling the relative ly oxygen-poor LlW 
( ... 4. 1 mU]) than the effect of in Sirli oxygen consump
tion which , by itsclf, wou ld give a much longcr 
residence lime of - 200 yr using an oxygen consump
tion rate of 1 ,....1 O/ Vyr. 
At the rate of 6 ,400 km 3/yr, the exported mTDW 
would constitute a significant deep wate r mass compo
nent of the WMED , but Îts distribution might be 
diffi cult to ascertain since ils water type o f ... 13.2 ' C, 
... 38.52 coincides with other mixed products of 
WMDW and L1W. These transports of TOW in and 
mTDW out , if approx imately correct in magnitude , 
would alter our underslanding of the role o f the 
Tyrrhenian Sea wilh respect 10 the sub-LIW layer 
WMED circulation : from that o f an inactive deep 
water cul-de-sac to an active zone for recirculating 
mixing deep water upwards. 

\Valer and salt balances for the surface and inter
mediate layers 

We fi rs t construct a balance for the surface laye r by 
ma king the following assumptio n : that the depth o f 
the surface layer is defincd by the deplh of the 
tcmperaturc minimum, or cquivalently, by the vertica l 
extent of the previous winter's convective overturn . 
This depth may vary in terannually ; our observatio ns 
from 1984 place it at about 150 m ::t 30 m. Using Ihis 
mea n plus one standard deviation , or 180 m, and an 
area of 200 ,000 km 2 at the 90 m depth yields an annual 
production of 36,000 km l

. Thus, the annua l average 
tra nsports in and out of the surface layer must 
independently equa l this volume : 

Vi + W; == 36,000 

V; + W; + 170 == 36.000 

(2 a) 

(2 b) 

whcre the Vf is the intlow o f North Atlantic Water 
(NAW), the V; is the combi ned outtlow through the 
Corsica and Sardin ian Channe ls, the W; is the amount 
of surface watcr mixed downward , the w; is the 
amount of L1W mixed upward , and the value 170 is 
the net loss o f wa ter vapor ta the atmosphere , from 
Béthoux (1980). Ali uni ts are in km3/yr. The corre
sponding salt ba lance is, 

37.30 Vf + 38.68 W; = 38.00 x 35 ,830 (3) 

where the values 37.30, 38.68, and 38.00 are the 
respective practical sa linities fo r the NA W, the L1W
layer average, ,lOd the surface-layer average. The 
latte r two we re taken from Brown el al. (1979). The 
former was takcn as 0.1 highe r than that estimated fo r 
the NA W exit ing the WMEO Viti the mait o f Sicily 
(Hopkins, 1985; Garzoli . Maillard , 1979) to account 
for mixing on entry over the Ske rki Bank regio n. 

Oéthoux (1980) has estimated the loss of L1W north-
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ward through the Corsican Channel to be 
10,400 km 3/yr at a salinity of 38.55. In order to 
estimate the amount lost southward through the 
Sardinian Channel, we make the assumption that the 
loss in L1W core salinity is proportional to the loss in 
LlW volume. This yie lds the fotlowing re lationship : 

V iL_ V ; V;L_ IO ,400 

38.74 - 38.62 = "38"'.7"4--~3"'8.""55 (4) 

where V iL is the transport and 38.74 the salinity o f the 
entering LIW, and Vi Îs the transport and 38.62 the 
salinity o f the LlW exiting the Sard inian Channe l. 
The two sa linity values were ta ken trom the October 
and November 1984 data . 

The LlW volume and salt ba lances now become, 

V iL + W~ == W; + V; + 2,300 + 10,400 (5) 

38.74 ViL + 38.00 w; == 38.68 W;+38.62 V i 

+ 38.55 x 10,400 + 38.68 x 2,300 (6) 

where the volume nux of 2,300 is that to the TDW as 
calculated from equation (1) . The va lues of the vari
ous volume fluxes calculated from equation (2) ta (6) 
arc given in Figure 4. 

No distinction is made fo r the surface outflow o f 
28,390 km)/yr as to which exists via the Corsican or 
Sardinian Channels. The amount exi ting ta the Ligu-

Figure 4 
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rian has becn eslimated ta be at least 20.000 km l/yr 
(Manzella. persona l com munica tion). which leaves 
s 8.400 kml/yr ta exit 10 the sou th of Sardinia . One 
will note Ihal the outflow excccds the inflow because 
of the net flux upward of Ll W water at a rate of 
6.1-l0 km ·'/yf. or rough ly 2 1/2 times the amount lost 
downward 10 the TDW. The amounl of Ll W leaving 
10 the south is equivalent la a 5OO-m layer eXlending 
from the Channel center west to Sa rdinia ( .... 65 km) 
and exiting al 2 cm/s. Whe rc<ls the amount cnte ring is 
equivale nt 10 the water be low 100 m in the eastern 
thi rd (about 100 km) of the Sard inia-Sicily opening 
flowing in al 3 cmls. The implicat ion for the inte rior is 
that aboui 1/2 of Ihe ente ring L1 \V recirculates out 10 
the south. about 1/4 exits to the north. and about 1/4 is 
lost to mixing. Il al50 implies tha t :llmost ail of the 
L1\V from the Sici lian strait (i.e. 38,000 km l/yr 
lJéthoux , 1980; or 44,000 kml/yr Hopkins. 1985) 
enters the Tyrrhenian. a possibi lity proposed cnrlier 
by Krivosheya and Ovchinnikov (1973). 

Va riability 

Without <lccess tO long time series of data , little 
quan titative can be said about the seasona l or intenm
nuai variability. Give n Ihe consisteney o f the \VMDW 
and a TDW residence li me of 30 )'r, il is unlikcly that 
seasonat variat ions of these walers would be de lect
able. Howeve r, the input-ta-volume ratio for the L1W 
is much sma ller, on Ihe order of 2 10 3 yr. making 
o bservab le seasona l signais o f that wate r mass q uite 
probable. On the basis of a volu metrie T-S analysis. 
Brown et al. (1979) concluded Ihat the volume o f LI\V 
docs vary scasonally and that it is greate r in the wintcr 
than summer. This appears 10 bc suppon ed by the 
ohscrved distinct wi nter maximum in the weslward 
lransport of LlW through the st rait of Sicity (Manze l
la. pers. co mm.). However. the ana lysis o f Brown 
el al. (1979) included only the region north of 39' N, 
thereby excl uding the very southern port ions of the 
TyrrhcnÎlm where larger sea~ona l fluctuations might 
bc expected to occu r given Ihe e\'idenee Ihat Ihe L1 W 
takes a shoner recirculation rou te in the summer. 
Also the lag between a maximum in supply and a 
maximum in the in terior may be on the order of 1 la 
3 months. In fac l . con tra-indicative of a L1W-votu me 
max imum during \\linter in the Gulf of Naple~ i~ the 
obscrved deepcning of the upper LJ W boundary 
(38.6) 10 .... 300 m in winter compared to .... 200 m in 
Ihe summer (Hopkins. Goneg. 1977). 

The vertical structure was quali tatively similar 
throughout the observational period. as shown by the 
three stations in Figure 5. two stations of wh ich (17. 
27) were taken at nearly the same loca tion in the west 
but separated b)' about 2 month~ and the other SI:lIion 
(36) was laken in Ihe cast at Ilearly the same time a~ 
stalion 27. The pcrsislence of the temperature-mini
mum fea lure (Fig. -t). created as result of the previous 
winter's convection, indicate~ a lack of venicOlI hem 
flux between the L1 W Icmpefll lure-maximum layer 
and the ~urface waters. Figures 6 b. c also show thh 
feature a~ ha\ing been present ncarly e\"erywhere 
throughout Ihe sampled region. aibici varying in 
strength. 
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Tht <!UJfaCltriSlic vtT/Ica! (J..S struclllre during Ihe Itl/e summer tarly 
fall in Iht southe", Ty"htnian. SIU/iollS 17 und 27 .. ·trt laktn al 
ntarl)' Ihe SaillI' loetl/ion bUi 65 da>,s uprlTl. and slariollS 27 and 36 
.. ·ere raktn ro Iht roUlh .. ·tsl and rowhtasl. rtsp«ri,·dy Of ill f1gurt 1. 
bUI 0111,. 2 da)'$ aparr. Tht Itmperalllrt minimum and maximum and 
Iht wlinil)' minimllfll and nuuÎfllum [tulUrts OTt labeltd. 

T he sall ing o f the surface mixed layer . relative to Ihe 
sa lini lY minimum, is also demonstrated in Figure 5. 
The sa lini lY of the surface layers varies in time and 
space somewhat. probably due to advecti"e changes 
bU I apparently Ilot due to sa lting from local upwell ing 
o f L1W. which is precluded by the pcrsistencc of the 
undcrlying salini lY minimum. The magnitude of the 
surface sillînity increase is aeeountable through 
evaporalion. For exampk. a sa linilY increase of 0.35 
in the upper 30 m would require .... 28 cm of evapor
.lIion. or the equivalent of .... 90 Ly/d over 6 months. Il 
appears then Ihat the venical mixing associated with 
winter convection must be eonsidered as the primary 
mcchanism for an upward L1W fl ux. Howevcr. our 
data did not ex tend to the nort hern sector of the 
Tyrrhen ian where Moen (1984) has reponed regions 
of upwe ll ing ,lI1d downwelling induced by spatial 
variability in Ihe wind field. For example. in the 
cycJonie gyre cast o f the 1J0 nifacio St rait he ob~erved 
in October a patch of water at 100 m of about 
3.000 km l with salinilies greater than 38.5 and 10 Ihe 
south a similarly sized patch in an an ticyclonic gyre 
with salinitic~ less than 38. Even the depth of Ihe 
Corsica oU lflow and its reduccd salinity is indicative of 
L1 W upwelling and mixing with the surface \\aters. 
Thu~. wind induced venieal circulations must be 
considered as an imponant additional mechanism for 
surfacc-to-intermediale layer cxchange in the northcrn 
and coastal rcgions. 

Horizontal db tribulions 

The spatial dh.tribUlion of the four vertical fealUres 
identified in Figure 5 are shown in Figure 6. The \ alue 
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Figure 6 
Tht conlOll f1 ()flht l'trricnl fralura oflht 1aUnil)' minimum (A), poltnlialltmPtfatuft minimum (6), poltnlialltmptfalUft maximum (C), und 
solinil! maximum (0) frJr Iht Iwo laltr croisa. 

of the sali nit y minimum (Fig. 6 A) clin be interpreted 
'IS indicating the amount of NAW prese nt , :$ 37.5 
being an unmixed input and ~ 38.0 bcing a complctely 
mixed or o ld surface water. Assuming li cyelonic 
pattern , the isohali nes suggest now in th rough the 
castern portion of the Sa rdinia-Sicily opcn ing, around 
to the east, and up the west coast o f Italy. The low 
values off of southeastcrn Sardinia presumabl y would 
represent return , or exiting , surface flow. However, 
their values arc too low to suggest an o rigin via a 
cyelonic closure of the isoha lines from the nonh , thus 
suggesting that this p:ltch of NAWwas either seasolla! 
variation in input or of local enlry south o f Sardinia. 
Variations in the input arc expected not only at 
seasona l but nlso at highe r frequencies. bccause the 
surface in flux is responsivc to wi nd forci ng and to the 
avai lability of the NA W south of the Sardinia-Sici ly 
opening. The latter is function of bath the circulations 
of the Western .lIld Eastern Mediterrancan (cf Hop
kins. 1985) and thus is expccted to have a fairly broad 
~pcct ra l response. 

ln contrast to the salinit y-mi nimum layer, the deeper 
temperatu re-minimum luye r is fo rmed by u completely 
d ifferently mcchanism: as a resu lt of winte r convec
tion instead of latcr:l1 input. Th us, the salinity-mini
mum layer is an advective fealUre distributed in 
proportion ta the horizontal flux of the source NA W, 
but with some modification by vertica l mixing; 
whe reas, the tempe ratu re-minimum laye r is the resu!t 
of vcrtical mix ing processes (formcd by wi ntcr convec
tion and destroyed by vcrtical mi xing) with some 
modification by advection. The tcmpcratu re of this 
layer is limited to approx imately 12.7 ·C, the tempera-
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ture at which it would become more densc than the 
underlying tempe rature maximum layer. Such tem
peralUres are not observed in the open Tyrrhenian ; 
the results o f Brown et al. (1979) showed a lower limit 
close r ta 13.2 ·C. If one assumes that the distribution 
at the end of its winter forma tion was laterally 
homogencous, thcn the devill tions shown in 
Figure 6 B reOect the effects of vertical mixing. Most 
nota ble is the 14 'C region north o f the eastern tip o f 
Sicil)' whcre apparently vcrtical mixing has aH but 
destroyed the featurc ; and the center and southe rn 
regions of < 13.5 ·C where mixing appears to have 
bcen less. 

The tempc ratu re maximum layer (Fig. 6 C) was found 
above the s<l linity maximum layer (Fig. 6 D) . The 
average vertical separation was - 140 m and its hori
zontal distribution had no disccrnible spatial trend. 
Both of these fields indicate the distribution of the 
L1 W with the sal inity maximum being conside red a 
more re liable indicator. For the distribution of the 
tempera tu rc maximum, additional XBT data from 
cruises wcre used in drawing Figu re 6 C. The two 
distribut ions are simi lar. In pa rt icular. they bath show 
the maxima ICllding from the en try poi nt west o f Sicily 
to the northeast towards the Gulf of Naples. Also 
sign ificalll is tha t the input o f L1W appcars ta extend 
funher eastward than that of the Atlan tic water (cf 
Fig. 6 A, D) . 
The vertica l rclationship betwecn these fealurcs can 
be seen from thcir locations in the T·S composi te 
shawn in Figure 7 for the third cru ise period . The 
TDW location at the 2000-m dcpth implies about a 
9: 1 mixture of WMDW and LlW ; and the mTDW 
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location implies a 5: 2 mixture o fTDW and Ll W. The 
2000-m At/amis data (Miller et tll. , 1970) for the 
\VMDW in between Sardinia and Tunisia and the 
TDW for the center Tyrrhenian are ploued. Their 
sali nilies from 1%1 and 1962 are ... 0.2 freshcr Ihan 
ours from 1984. Il Is nOI c1ear whelher Ihis is an 
obscrvational offse t or one caused by nalural vari;l
bility. The 2000-m va lues from Slations 14 and 16 
outsidc Ihe si ll and over Ihe sill are also shown 
indicating lin entering WMDW waler Iypc of 12.73 ·C 
and 38.43. 

Il has been suggesled in Ihe case of other ocean 
environmenls where there occurs a separation bc
Iwccn Ihe maxima in lemperature and salinity in 
inlcrmcdiale waters Ihal il resulls from Ihe effeel of 
double diffusive processes (e.g. Carmack, Aagaard. 
1972). ln the Tyrrhenian case, il can be explained 
more simply wilhoul necessa rily evoking a double 
diffusive mechanism: i.e, the gradient in tempenllure 
immediately abovc the L1 W is much smaller than Ihat 
of salinity (Fig. 5) such that any mixing will result in a 
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Figure 7 
8-5 diagram /rom Iht Ihird cmist ~riod 
shol\'llIg Iht 0 .. . 0 foD/urts and tht 
IOCDtlon of tht m'fDu7fs/ation 16) and tht 
2000-", tDW. AllO lhOl.'n art Iht 2 (0)
m IVMDIV {rom Iht arta btll\'un TUlIisia 
a/Id Sardinia laktn {ram 1961 Allan/is 26J 
Cnlist and tht 2 (O)-m TDIV /aktll from 
Illt 1%2 Atlan/is 273 cruist (Miller el al., 
1970). 

larger gradient in salin il Y Ihan Icmperalure and Il 

relative temperature maximum will rcsult. 

A final point demonstnHcd by Figure 7 is the geo
graphical grouping evident pilrticularly in the tem
perature-minimum fealure . The Calabrian stations in 
il tighl clusler with low sal inities suggests Ihat Ihis 
Willer was made locally through winter cooling of 
Atlantic water and rcmllined therc wilh liule loss or 
ad mixture. The Slat ions 11 long the north coast of Sicil)' 
showed considerable spread in Ihe 7~jn and T ma~' bUI 
little difference , indica ting more active mixing. And 
the slations 10 the southclls t and towards Sardinia 
(labelled Channel and Cellie r in Ihe Figure) showed 
colder Jess sa line waler types. 
The stcric heighls of Ihe upper 500 m, caku latcl..l 
re lative la the speci fie volume of Ihe boltom water, 
showed a sea-levellrough eXlending from Ihe channel 
inward tOwa rds the Gulf o f Naples and then sou lhward 
lowards Sicily. The high off Ihe northcasl coast of 
Siei l)' was Il resu lt of the warmer w<lters Iherc 
(Fig. 8 a). The high <II - 40' N off of Sardinia appears 
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a) Tht slt,ic helghl fit/d of/ht Uppt, SOO-nr. conrpuled relQ/ivt 10 a rtfertnct de/uity of I.02912. U$lng a dam compositt oftftp Magnaghl and 
AlPG 2 Cr/olistl (Fig. 1); b) The p,ogrtssi~e VtelOr diagronu of tht CUfft nt mtttrs QJ1d tire trajet/or;ts of tht jlOOIJ. Theimlr/olmtnt depllu arr in 
partn/htsts and Julian da)' limt: art gil,tn a/ong lM tTach. ,\fooring numbtr 3 cittd ;n tht lut is foeattd b)' a soltd squart. 
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10 have been part of the ridge that causes Ihe 
se paralion of the c)'c1onic circulation in the southern 
Tyrrhenian and the cyc10nic circulation in Ihe nonhern 
pan of the Tyrrhenian (cf Krivosheya, 1983; Moen, 
1984). Of interest is the indica lion of a high off the 
Calabrian coast in the ilrea east of 15" E, which 
appears to have received the Atlantic surface water 
(Fig. 6 A) but not the LlW. The LlW on the olher 
hand appears (Fig. 6 C) to have ski rted this eastern 
ponion having (il ken a more northeasterly route from 
ils enlr)' eaSI of Sicily. In the case of ,ln inaclive 
circulation of LIW from the Slrait of Skily 10 the 
Calabrian area, there exists the possibi lity of an 
accumulai ion of LI\V waler entering from Ihe Messina 
strail. This is a sm31l influx <II ... 400 km 3/yr but is a 
water type slightly warmer than the normill LlW T-S 
regression , i.e . ..... 14.2 ' C, ... 38.6 (Hopkins et al. , 
1984). Figures 6 C, D show Ihis area to have a greatcr 
8,... .• re lalive 10 the SmI~ . 

ln the sou thwest portion of the T)'rrhenian , Ihe 
observed flow al the depth of the Ll W was in geneml 
agreement with the steric-hcight field of Figure 8 (/. 
To the wesl , the float F8 al 300 m (Fig. 8 b) moved 10 
the nonhwcst and then curved 10 Ihe south. The flow 
recorded Olt the 335-m deplh on mooring 1 moved 
southward towards the Sardinian channel at 
... 1.1 cm/s (Fig. 8 b) ; and the end of its progressive 
veClor lrajectory nearly reilched the beginning of Ihat 
belonging to the current meler at Ihe 348-m depth in 
Ihe channe l suggesting conlinuous outflow of L1W in 
Ihat region. The progressive vector diugmm of the 
current meter at 358 m on mooring 3 (nol shawn in 
Figure 8 b bec:tuse the speed was orten bduw 
threshold) indicated northeasterly flow of ... 2 cmls, 
during the last week of October, in agreement wilh 
the steric height field . 

Below Ihe Ll W Ihere were Iwo fluats at ... 900 m. The 
western one (FI) made :t similar cyc10nic curvalure as 
did F8 above it (Fig. 8 b). The deep float in the 
inlerior (FJ) moved only very little eastward 
(0.3 cmls). This conlrasled wilh the current meter 
record at 2146 m nearby, which showed consislent 
northward movement (Olt 1.4 cm/s). This deep record 
did not show the same direClional variabililY as the 
decp record near the siIJ bUI il did show a modu lation 
in amplitude of about 3 cOlis and al approximatel)' the 
sa me pcriodicity of •• bout 45 days. This is not conclu
sive evidence but does suggest Ihat the barotropic 
variations evident in the channel arc al50 manifest in 
Ihe interior of Ihe basin. Il also suggests Ihal consider
able energ)' is available at the continental shel f 10 
force the coastal circulai ions about Ihe Tyrrhenian. 
The direction of dccp flow (2146 m) is consistent wilh 
the thermoha line circulation of the deep water flowing 
inlo the basin interior and the very slow movement al 
870 m (Float 7) is consistent with Ihe previously 
obscrved in lerior region of linle mixing (Molcard , 
1976), but the IWO are not compatible withou l suf
ficient baroclinicity between them. The hydrographie 
data at this location ex tended only 10 1 OOO-m so Ihat 
the existence of a shear belween the ... BOO- and 2 200-
m depths could nOI he computcd. Other intcrior deep 
sial ions showed very li n lc baroclinic structure be-
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tween these depths. Wc have no explanalion for the 
apparently anomalous track of Float 7 Olt 870 m rela
live 10 Float 4 at 5O-m and Ihe curren! meter at 2 126-
m (Fig. 8 b). However, if we accepi the "a lidity of Ihe 
deep flow , then wc muSI consider Ihe T)'rrhenian to 
have a significam barotropic pressure field that must 
be added ta sleric sea leve l depictions such as 
Figure 8 Q. 

CONCLUSIONS 

The analysis of these data has shown that the decpcr 
portions of the Tyrrhenian have both a relatively 
energclic circu lation and are activel)' cou pied to Ihe 
WMED. The calculated inpui of WMDW to the 
Tyrrhenian at - 4 000 km 1/yr , or even at ha lf this, is a 
large portion of the an nuai WMDW production al 
... 5 000 km 3/yr (San key. 1973) and Ihus makcs Ihe 
Tyrrhenian a major sink for WMDW with the possibi
lit y Ihat il corresponding proportion of the WMDW 
nowing southward from its production area lakes a 
rouie into Ihe T)'rrhenian instead of a southweslcrn 
route towards Gibraltar. The exported mTDW, in the 
amount calculated , suggests an imponant cou pling, 
between the deep circulation of the Tyrrhenian and 
the rest of the WMED , that accelerates the LIW
WMDW mixing cycle. 

The thermohaline circulation appears 10 be driven by 
a ste ric height anomaly (higher) caused by Ihe Jess 
dense water columns inside the Tyrrhenian than Ihose 
of the adjacent WMED. The higher sea leve l forces 
the upper-layer water ou t of the Tyrrhen ian through 
both opcnings. AI dcpth a compcnsaling internai 
pressure forces water into Ihe basin , but only the 
Sardinia-Sicily opcning is sufficiently deep la be 
afreCled . The thermoh .. line flow through the much 
shaIJower Corsican opening is unidi reCl iona l, or north
ward into the Ligurian . This would nOI he the case, of 
course , if the Corsican opening were the only opening 
of the Tyrrhenian. As it is , the divergence created by 
the Corsican oUlflow must be sut isfied elsewhere. 
namel)', in the Sardinia-Sicily opening which is wide 
enough above the 5OO-m depth to accommod:tte a bi
directional. but nel oU lward , upper-layer flow. An 
important consequence of Ihis configuration is Ihal 
the Corsican oUlflow is strongly coupled 10 the upper 
layer inflow Ihrough the Sardin ia-Sici ly opening and 
likewise coherent within the basin interior. 
The analysis indicated that most of Ihe LIW inflow 
follows the bathymetry directly from the mail of 
Sicily inlO the Tyrrhenian. The circul:ltion of Ihe LJW 
within the Tyrrhcnian , deduccd from these obser
vations, is that of a cyclonic internil l route wi lll 
... 1/4 continuing northward for exit to the Liguri<m 
and .... 112 recirculaling south of 40· N and exiting 
through the western portion of the S .. rdinia-Sicily 
opcning. The dala suggesled , however, that the LIW 
mily not circuit complelely to Ihe cast along the 
appropriate deplh contours off the Calabrian coast 
but instead transits directly across the abyssal deplhs 
from northweslern Sicily ta Ihe coasl Campania. Such 
li deviatÎon ilppears 10 be controlled by a local SC,t 
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level (steric) high off the Calabrian coast , a feature 
wh ich tends la isolate the surface waters of thal 
locale. Also of importance is the question of whcre , 
within the Tyrrhenian, the LlW downwelling might 
occur given the existence of the stable vertical struc
ture observed below the LI\V layer of the central 
abyssal plain (i.e. MOJc,Hd , 1976). We expect tha! this 
downward flux of LlW occurs about the basi n perime
tcr. particu larly in the north , where thi s sub-LlW 
layer intersects a quite irregular buthymetry causing a 
large-scale convergence and smaller-scaled mixing 
with the decper waters . 

The \'ertical coupling between the LlW and the laye r 
above appeaTS to be mOSI!y seasonal. The factthat the 
surface layer receives more salt than can be accounled 
for by evaporation implies an upward flux o f salt from 
the LlW. South of 40' N Ihis flux Ihroughout the 
stratified season appears to be negligible due to the 
persistence of Ihe winter wa ler type JUS! above the 
LlW. The obvious mechanism for this upward flux is 
thal o f the winter convective mixing. North of 40' N. 
there is an addi tiona! effect occurring during the 
~tr<Hified season of the upwelling of LlW induced by 
Ihe mesoscaled cyelonic circulation feature round in 
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the northwestem Tyrrhenian at the lalitude of 
southern Corsica (Moen. 1984). Ta this interna i 
seasonality must bc added Ihat associated with the 
availabilit y of each o f the Atlantic and Levant ine 
Intermediate Water inputs, 10 that occurring in the 
wind forcing , and to that forcing the entire ba~in's 
thermohaline circulation, in order that. the seasomll 
characleristics of the surface and Ll W ci rcu lations be 
weil described. 

Acknowledgernents 

1 am particularly gratefu! ta the preliminary analyses 
of the data conducled by A. Kaplan during his 
appointment as il summer rcsearch student at Sac
lantcen. , would like also to Ih ank P. Zanasca for his 
assistance with Ihe data analysis and G. Baldasscrini
Banistelli and P. Giannecchini for Ihei r work in the 
data reduction . Fimilly, 1 would like to express thanks 
10 the leam of scientists. technicians , and crew 
participuling in Ihe two RN Maria Paolina G . and the 
RN Magllaglû cruises and parlicularly to Dr. P. Pislck 
and F. de Strobel for thcir roles in the cruise design 
and preparation . 

MII"'r A. R., 1972. Speculallon concemlng bollom circulil tion ln 

the Mcditcrranean Sea. in : The M(dÎlerranl'un Seo,' 0 naturul 
HdlmC<lUJ/;on taborl>lor)'. cdlled br D. J. Stanley. I)o>..-dcn. 1 -h.II~h

insun and Ross. Stroudsburg. Penn,. 37-42. 
Miller A. R .. Tehernia P .. Chamocli. Il .. McGill W.D .. 1970. 
Medi terranean Sea Allas of temptrature . Sillinil)'. oxygen profiles 
ond dala from croises of R'V Atlantis and RN Chain l'Ilh 
distribution of nutrient chcmlcal pro~rties. The Woods lIole 
Oceanographie Institu tion Atla~ Scric~ , J, Wood~ Hole. M:J~s"chus
StIiS. 190 p. 
Moen J .. 1984. Variabilil )' and mlxillg of the surfate layer in 
T)nhellian Se:J : MILI:X'SU (rin .. 1 Report). Sad:Jllu;cn SR-75. La 
SpeZIa. Italy. Sadam ASW Hes. Cent. 
~Iokard R .. 1976. A rcvlcw of the ~tep~d S!ructure in th<: 
Tyrrhenian Sea. Ropp. Comm. l/1/n. Mu Mldit., 23, 5, 21-31. 
.'Io.eard R .• Tait R. 1 .. 197f1. The sleady stale of the ~tep structure 
ln the Tyrrhenian Scil, S3clantctn SR-24. U. Spezia. [tal) . Sadant 
ASW Rc~. CCnt. 
Mo~klllt'nli.o L. v., IYB3, Sca!'oonal \ariabilit)' of in tcgr.Jted wind
dn\en circulation in the T)rrhenian Sea. Ocemwlog)'. 23. J. 405-

"". 
O.'chinnili.o,· 1. M .. 1966. Circulation in the ~urf1'cc and inter
medi:JIe la)crs of thc ~'l edUtrranean, Oua/J%gy. 6. 48-59. 
l'isleli. l' .. Strobel F. de. Montanar' C .. 1984. Lu'" frequcncy 
rtco\erable acou~tic SIO'IllIow noats for meilsuring mid and decp 
103ter clrcula tioll. Alli 6 Cong,. An<K. /roi. Ouo1lol. 1.'"11101 .. 1]
}4 Aprilt 1984. LiJ·orno. 173-184. 

San"e~' T .. 1973. The formation of Octp ..... aler in Ihe Nonh-weslern 
Meduerranean. l'rog,. fuOr!Qgr .. 6. 15\1-179. 
Stocrhino c.. Testoni A .. 1968. Le correntl nel Canait dl Corslca e 
neU'Arcipelago Toscano. b l. Idrogr. Mar .. F.C. 1036. GenO\·a. 
hal)'. 
Tllit K. 1 .. 1984. The physical oeeanograph)' of the T)'rrhtnian and 
Ligunan Scas. Am 6 COliS" A.HO(. 1101. OC('{lno/. L mlnol.. IZ·N 
Ap,ile 198./. Ln·omo. 48-8J. 
Tillier l' .• 1980. Expcndablc mid·range Sufur noats and shlpborne 
reCC1\CT. PolJlllod~ ,vr"s. 73. 7·8. 
\\'uSi G .. 1\161. On the ,erheal CirculatIOn of Ihe Medllerranean 
Sea, J. Geoph)'J. Ru.. 66. JO. 3261-3271. 


	4

