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[]l Dala collectcd liom 1996 to 2001 down to 3.500 m in
thc Tyrrhenian sùb-bâsin wirh ship-handled ând moored
irstruments show 5-ycârTand S trends (0.016 oc/yr 0.008/
yr)thal are the largest evercvidenced in Mediterrancan dccl
walcts. This is not consisrent wilh ihe usual hlporhesis
thal Tyrh€nian Deep Watcr (TDW) is a mixture ofeastem
water flowing from the Sicily Chânncl and western warer
llowing liom the Sardinia Chânncl pârtly since both are
rcponcd to encounler lowcr trcnds. Wc argue that TDW
night rcsull fron â dense wâtc. formation process
o c c u n i n Ë  $ i r ï n  r h c  l l n h e n . a n  r r . c l r .  i r  r  r e Ë o n  n e \ e r
feported rp 10 now. east ol the Bonilàcio Slrail. Whatcver
the validity oT our hypothesis, clinâtic chânges are
occuûng in rhe wholc sca and are efficiently spccific.d
with long time series. /rvDË,rltÀtlsj 1635 clobalChùge:
Oceans (4203)i :1215 Oceanography: Ceneral: Clinârc and
'nrcrannual vdiabillty (1109): 4241 Occanoeraphyr cenerùl:
Mr.giml and semienclosed sc.s: .159,1 Occanography: Physicâl:
lnstarnents ard lechniques. Citrtion: Fuda, J. L., c. Eliopc, C.
Millot, P Fdvali, M. Calcaru, C. Sûriglio. dnd E. Boschi, Warnring,
salrin8 .nd orisilr of drc Tynheri.n Deep wate\ Geplùs. Re.\
,dr . .?9(19) .  I898,  dôi :10.1029/2001C1014072,  2002.

l. Introduction

[]l Dense water Fonnâtion (DwF) occurs in severâl
zorcs of the Meditenanean Scâ fnn the Atlantic Waler
translonmrion (AW 0 200 n, The rnâfi wârc$ formed in
the easrem bâsnr are the Levanlinc Inlcnncdiare Water
(LlW) ând denserwâÎc$ formed in the Aeeeân ând Adriatic.
The wholc lbmrcr. aùd lhe upper pâr1 of thc lât1cr named
EOW (Eâslerï Overflow Waler), flow throùgh rhe Sicily
Channel (-460 n, ând cascade down to -2.000 Dr nrto the
Tynhenian. In lhc wcstcm basin, the Westem Medncrancan
Deep Water (WMDW) is fomed in the Liguro-ProvcnçâI.
bâsically as a result of AW ând LlW mixing; its upper pârt
cân flow through the Sardiniâ ChaDncl Gill al -2.000 m)
into thc Tyfienian (Figure l).

[]l At -2.000 m, WMDW lrcnds were evaluared at
0.001 'C/yr (1909 1955) ând 0.002 'C/yr 0.001/yr
(19s5 1989) lRohlins and B'yden. 19921. 0.003 'C/yr

0.001/yr (1959 1996) [Réthou\ ond Gentili. 1999]. and at
0.002 'C/yr 

10.001l/yr (196A l9l)s) IKruhnann dn.l Schaît.
19981. The acccDluâlion ot the WMDW wârnring and
salting starting in thc cârly 60s has been linked lo climâlic
changes and/or anthropogenic eDvironmental modificâtions
le.g., Leànun and Schou, t99l; Boscolo drrl Br)deù,
20011. ln drc Tynhcnian. trcnds 010.019 'C/yr 0.005/yr
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(1973 1992) were rcponc.l at 600 1,50O n lhdiati.\ dnd
Gasparini, 19961. In thc Ionian and Levantine, trends of
0.002 "Ciyr and 0.001 'C/yr (1960 l99l) werc âlso cvi
dcnccd at -3,000 nr lTsùnplis dnd Bdket.2000l.

lal Data near 42'N 03'E (1971 1994. P.$cwl et ttl.,
1995) cvidence rrends of0 035'C/y.ât 0 m and 0.020 "C/yr

ar 80 n. Kmhnann a .J Scroll [998] hâvc cvâhuted AW
lrcnds in the wbole Liguro-Provcnçâl âr 0.004/yr (1960
1995;Do change in T). They concludc thàt significant trends
âr thc LIW lcvcl (250 500 m) do non cxist nr the whole
wc.tclr  bàLir  Jrd for ' rhrs cx. ludc. c:r ,r(m barin r( ,urccs
Ior lhe deep -westcm trcnds as speculated by Rornrs a,d
Rrlde U992l ànd Leandn and Scho 

 

119911". Also, rhc
-I0-year old chângcs in the deep eastern basin ("lhc
Transient") have nor âlrered nâ.kcdly the LIW T-S charac-
terislics [,4,e/,.,r "l dt, ]9981.

hl The Usticâ lslând sunoùndings (southern Tyrrheniân)
are sufr'eyed since 1996 1{) dcploy a deep-sea observatory,
the GEophysical and Occanogmphic STation for Abyssal
Reseârch [GEOSTAR;,cr.t zoli "t dl.,20001.Io rhis wotk
we rcport dâtâ scts lrom CTD s and thennislors moored
during scvcral month and ftom CTD casts performed dunng
the lÂst decâdc. Thcse T and S records represcnl rhc fi.st
significÂnt dâ(â sc1 concerning Tylrheniân Deep Waler
(TDW) thât hâs notbeen exlensively studied yet, ând whosc
characteristics ù,crc previously infeffed ùonr hypolhcscs
[Hopkitls, 19881Milht, 1999] thal will be reconsidered.

2. Evidence lbr the TDW Warming and Salting

[6] A SBEI6 CTD equipp€d wirh â pùmp wâs moored
(Jun. 1999 Fcb. 2000) at 38"5.1'N l l '19'E, l0 m a.s. i
(3s04-dbâr) -25 ktn nortlÈeast ofUsticâ (Figurc l). Scnsors
calibrâled in Fcb. 1996 ând Mar 2000 did no significriDtly
drift. Both 0 and S .lisplay somc variability and unexpect-
edly larye trends eslinâtcd 1o bc 0.029 'C/yr and 0.010/yr
(Fisurc 2a).

kl A more complex mooring wâs thcn scl exactly at the
sâme place (Dec. 2000 Oct. 2001). A RCM8 nodified 1o
gcr a T 0.002'C resolul ion wâs set ât  l0 ùr a.s. f  A SBE37
CTD Genso|S calibrarcd nr Nov. 2000. cqùippcd with a
ptrmp) wds set al  100 m a.s. f :  A SBEIg T.ccorder
(calibrâtcd in Nov. 2000) was sct at 300 m a.s.f A modified
RCM8 was scL â1,100 m Ls.t We inter-calibrated 4 instru-
ments in the 12 l4"C lângc in our lab in Dec.2001. The
almosl perfect co.rclalions bctwccn the SBE37 values and
those ùom the 3 othcr inst.uments allow calibration curv€s
having similâr/utmost âccurâcics. EveD though the records
in Figurc 2a displây signilicànt scasonal/inlerannual vana-
bility (together wjth a varying T slrâlification). lhe n€nds
prcviNsly cvidenced are confimed (0.020 'C/yr â1 10 nr
â.s.1; 0.014 'C/yf and 0.009/yr at  100 m â.s.1

[B] ^ ship hândlcd SBE9]l+ CTD (sensors calibralcd in
Jul. 1996 rùd Fcb. 2000) was operated 8 km lrom thc
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Figure l. Map showing thc larious sub bâsins: Liguro
Provençâl (LP), Algerian (AL). Tyûcnian (Ty), Adnatic
(Ad). Ioniân (Io), Aegeân (Ae) and Lcv!ùrinc (Le). SB. CSâ
and CSi stând for Strait Bonifacio, Sardiniâ ChaDncl ând
Sicily Channel, respeclivcly. The moorings and cads ârc
indicatcd by the dot.

moorings 4 ycârs apart. Thc mÂx and min rcportcd in Figurc
2a wcrc measured bclow 400 m ê.s.f. (to provide infonnâ-
tion conrparable to thâ1 from the nroorings data) in Oct.
1996 (considering thc deepest -down to 3470 dbar otrt of4
prcfiles perfonncd bclween the lgth and the 21s0, rn Sep
2000 (down to 3441 dbat and Dcc. 2000 (down Lo 3470
dbât. The ship-hândled CTD valucs âre remarkably âligned
wiih lhe moorcd CTD'S and lhermistors ones. Frotn late
1996 to late 2001. Lhe 5-year wânnlng ând sah"lg were
0.016 "C/yr ând 0.008/yr.

[r] ConplcmentÂry informâlion about thc vâriations in
lime and space is p.ovided by fig. 2b. CTD prcfiles I
(Sep. 1987) ând 2 (Mar 1990) are rhe stc recenl oncs ln
the our dâtabâsc IMEDATLTIS C]oup, 19911 ar <40 k111
lrom the moorings. No irend (if any) cân be evidenccd
over this 3-year period but decpest vâlucs are clcârly
<12.83 'C ând <38.44. our,l casts iù oc1. 1996 (trofiles
3 6) evidence ân honogencily bÈlow -2,800 m and
dcèpest valucs ùeâr I2.900 "C ând 38.455 whi lst .  in
Sep. Dec. 2000 (profiles 7 8), values al >2,400 m have
increased near 12.970 "C and 38.495. Min and max values
fron1 Jun. 1999 1{) Feb.2000 (fù11 ci.cles) and Êotn Dec.
2000 to Oct. 2001 (crosses) arc êlso plottcd. Figurc 2b
prolides evideDcc tbr trends drât i) are significânt at least
since 1990 ând ii) conccm a rclalively thick (>1000 'n)
deep laycr âssumed to .cprcsent TDW

3. A Nc$ Hypothei i .  for thc TDw Origin

lr0l Avemges fioln the dâtabasc and 1992 data lTdial'r
and Cdsplritli, 19961 rcvcal that thc 0 ând S a1>3,000 m
mcrcâscd from 1960 to 1990,wilh wcnk trends(0.001 "C/yr

0.00 l/yt, comparâble to those rcpodcd for WMDW (lig 2c
d). Our obscnâriolrs are thus consistent with the historical
data and demonstate that 0 ând S have bccn incrcasing in the
deep Tynhcnim lbr scvcrâl dccades, especiâlly the lattc'.
during which thc lrends appcâr one ordcr of mâgniludc
greater than bclbre and thân those ahcady rcpoded Tor thc
oiher deep sub-basirs.

lrl To ânâlysc these lrcDds, we specily the processcs and
circulation lèatures hcrelofbre expcctcd in the Tyrhcniân
Before th€ early 90's.lbc TDW (]-S v.tlucs (12.75 12.85"C,
38.,12 38.46) are close 10 the WMDW ones (12 70 12 75
"C.311.40 38.14) ( f ie.2b c).  and mucl lowerlhlù thc Llw

flrd EOW oncs (0 > 13.60 "c, s > 38.70 in th€ Sicily
Cl\aînel S.lnn1oi et al..1999). This indicàtes lhat TDW
mâinly orignlàics in lhe w€stcm basin. WMDW €nters the
southern Tynheriân through lhe Sardinia Chânnel, where ir
was up to now expected to cascade down to dre deepest pân
ol the Tynbenian and be transfomcd into TDW through
mixing with eastcm wâters [Hopkins,19a8: Milot,19991-

lr?l In the Sicily Channel, LIW ând EOW hâvc sinilar
corc sâliniiies (38.75 18.80), but LIw is wêrmer (0 > l4 "C)

than Eow (e < 1l3.6s'C) [Sdnnari et al., t999l The Ltw o
is29. l0 29.15, so thâl  i lnmains nrâinly at200 600 nr ( i .e
it docs notsirk so n1 ch) within thc lvestern basin. Dûc to iis
rclatively larsc o (> 29.I5). EOW is (in ouropinion) the sole
water thal wâs sholvn to cascâde down to -2,000 m and
crcate therc â sharp interfacc nr both Tand S lsPartot.rlr e/
ai, 19991. Obviously, as cascading is assocjatcd with intense
mixing proccsscs, EOW caù h dly be identify wirbin the
câscadiDs zonc ând afterwârds. Miilor U9991 expecled the
EOw mixing with the residcnt waters (thought to be mainly
WMDW) 1() lead to TDW a1 600 2,000 In, ând unmixcd
WMDW to occupy thc whol€ Tynheniân below -2,000 n1
Thc lâtter point is contrâdicted by the prcsent obsewâlrons
that show (fig. 2c. d) that warer below -2000 m hâs âlways
been wâlmer (0.1 "C) ând sahier (0.01 -0.03)thanwMDw
At â tnne when drc EOW cascading wâs not yet discovered,
thcsù{tiffcrences (below -2,000 n) hâd âlready beeD noticed
by âol/d,r ll988l who expected thât TDW below -2,000 n1
(down to -3.500 m) resulted lron1 nixing betwccn WMDW

Ir]l Assùmnrg that such wâters (LIWand wMDw) enter
ing thc Tynnenian at relâtively shallow depths (less thân
460 m and 2000 n! resp.) ând generâlly recognised at quite
diffe.ent lcvels (200 600 l]1 ând I,000 2.000 m, resp.)could
producc â wâ1er found down to 3,500 m cân reasonably bc
qucstioncd. We thus pfopose to reconsider the formation
mcchânism oITDW below 2,000 m ând to analyse both its
chn"cteristics and trcnds in light of lhe new data scls âbove

tr.1l ToexplâintheTDWtrcndsbelow-2,000ûâssumins
an origin such as suggcsted by 1-lophus  9881but involvi'rs
LOW instead ofLIw' one hypolhesis is thâ! "the Trânsient"
lcd to a density increêse of EOw which should hâve been
âble, during thc las1 decade, to sint deeper and 1o modiry
TDW down 1() -3,500 m. Lel us remind thât LIW was not
altered nurkedly by "thc Trânsienf' according to Roelr"r er

' dt [1998]. We do not thinklsalml|,ati atLl Mi ot,2000lrhar
the datâ presently availâblèLsannari et al.,1999;Astraldi et
41,20001rn the Sicily Chânnel are adequâlc to estmate such
possiblc changes so thàt lesting tbis hypothesis mighl bc
impossiblc. Now, data wcre collected froln Oct.2000 to Mar
2001 wilh a SBEI6 in the region (soulh of Ustica) âùd at â
dcplh (1870 m) where the intcrfâce between caslcm ând
wcstem waters (âs â result ofthc câscading of the former) is
roughly locatcd. Most of thc time, the CTD was within
westcrn waters (0 -11.05 'C ând S -38.51). But, on some
occasions, values of 0 -13.25 13.45 'C and S -38 56
38.62 clearly àssociated with eastcm waten wcre measured,
âs a result of thc interface lowcring. In silu dcnsities werc
o -37.350 forwestem wâlcrs and as low as 37.140 37345
lofcastcm waters.lt is thùs clearthat. afrcr hâvine cascâdcd.
the deùscst eâslern wâlers âte less dcnsc lhan the westcm
watcrs lound thcrc at -2000 m.



Figurè 2. (â) e ând S â138'54'N l3 '19'E: Jun. 1999 to
Feb. 2000 fionr â SBEI6 moor€d al3504 dbar; Dec. 2000 to
ocr. 2001 lrom a RCMB (3115 dbar), a SBE39 (3212 dba.).
a SBE37 (3406 dbat and a RCMS (3504 dbar in grcy). 0
and S intervals delimited by crosses reprcsent tho exbclnc
values below 3115 dbar (the level of the uppennost tnnc
series) for the deepest Oct. 1996, Sept. 2000 and Dcc. 2000
proliles. (b) 0 and S profiles lrom the MEDATLAS dâtâbâsc
at lt;40 km from the moorings nr Scp. 1987 (l) ând Mar
1990 (2): profiles collcctcd â1<8 km lionr the moorings rn
Oc1. 1996 (3 6), Scp. 2000 (7) turd Dec. 2000 (8). e and S
inteNâls dclinitcd by full circles represent the extreme
vâlucs of thc Jun. 1999 Feb- 2000 time series whilst the
inlcNals dclimitcd by crosscs rcprcsent t]re extreme values
ofthe D€c.2000 Oct.2001 l ime series (see f is.2a).  (c,  d)
Trmr c\oldron oi  rhe lD\ characrer inics lor a r ivcn
ycâr e ând S values below 3,000 m within the Tyrhcniàn
were averaged: MEDATLAS dala (open squarcs), litemlure
dâta lor 1992 (crossed squares). dalâ liôm ocl. 1996 and
Sep. Dec. 2000 CTD casts (open circles). Thc "x" indicâte
avenge valu€s ofihe Jun. 1999 F€b. 2000 lin1e series. The
"+ 'on c) indicates the averdgc {)liom all Dcc. 2000 Oct.
2û01 time series whilst the "+" on d) indicâlcs the S
average from the SBE37 innc scrics only. Trends reported in
thc Ulcrâturc for WMDW in the Algero-Provençal are
.epresented by solid lines lRohlins drrl Bryder. 1992) ̂nl
dâshcd lines [-Blt oer a,.1 Gentili. 19991.
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[ri] We thus conclude thât. â fbniori, castenr waters

cannot be dense enough lo tnix wilh waterc lbund ai
-3500 m, which implics tliât TDW is of westem ongin.
In addition. wo notc thât â wâler mass Guch as TDW)
cannot bc cônsidered as a mixture of wâteN having lower
trcnds (such âs WMDW ând LlW, see section I and fi9. 2c.
d). As TDw encountered at 2,500 3,500 m (Fisùrc 2b). is
ditïerent tiom wMDw (fig. 2c, d), we h)?olhesize ihâr
TDw might be mâinly generated by a DWI process within
llrc Tyrrhenian irself. Several arguments support thc hypolh-
esis thât â zone convenient for DwF corld be eâsl of dre
Bonilàcio Strait.

[16] First. ECMWF fields show thâl, during wintertime
episodes of strong. dq, ând cold wgsterly winds (Mistral),
maxima of wind strcss (l 2 N/mr), evaporation (15 20
mm/d) and hcât (lR + sensible + latent) losses (500 1000
w/m'�) in this specific region are similar to those in the
Liguro Provcnçâl whcrc DWF of WMDW occurs lae.r'ra"
an.l Schotl. 1991; Schott et dl., 19961. The specificity of
this rcgion comes ùonr tbe tunnelling effecl imposcd lo
westerly winds by the high-relief of both Corsica and
Sârdiniâ. Our analysis is thus basicâlly differênt fron1 that
oî Rhch et al.09991 who considcrcd vâlues averased over
thc whole Tyrrhenian, and thus concludcd thât "convection

is excluded as a source for chângcs of TDw".
lr?l Second, IR satellilc iûâgcs ând thus all slatistical

anâlyses show that surface wâter therc is relalively cold all
year long, espcciâlly in wii:,rer Lsantoleri et al., 19951. th;s
zonc wâs shown 1() be occupied by a year-round cyclonic
gyrc, cxtcnding âl depth and sunounding cold densc wâters
lArtale ei al., 19941. Associated processcs were sâid by
thcse âuthon to be an upwelling that enhances mixiûg of
AW arrd LIW mâking the region a privileged place for
vcrtjcâl exchânges between the different wâtcr mâsses. But
DwF resxlting from a mixing of Aw and LIw wâs never
said to occur there, neither by these âuthors nor, to our
knowledge. by othcr oncs.

l,sl Th;d, wc hâvc considered historical CTD data fiom
our datâbâsc belbre 1990, not to consider data collcclcd
during the trends tucreâse (see fig. 2c, d). Fis. 3 shows that
the deep lalues ofe-S profiles eâsl ofthe Bonifacio Strait
(depths there âre >1.500 m) dispLay a striking continuity
with lhc dc€pest Tyrrhenian values. contrary to tlrosc
rcprcscnlalive of the \'r'aters co,ning from the Algeriân
sub-basin or Èom the Easlem basin. Renenber âlso tha!
rIDw below -2.000 m is wârncr (by -0.1 "C) than
WMDW which could be rclâted to LIw east of the
Bonifacio Strait being salticr (by 0.1-0.2) rhan in the
Liguro-Provençal (hcnce rcquinng â lcss intens€ cooling
'n the DWF process).

[r,] It is thùs clcar, ftom âllavâilable data sets, that ocean-
atmosphcrc inlcrâctions (ECMWF fields), SST distributiofl
lsdnloleri et al , 19951, upper stmtification ând circulâlion
lAftale e|al., 19941, ênd deep hydrological structure [MtD
ATLAS Gt up, 19971 east of lhe Bonifacio Stmit âre very
similârto whal isencountered in the Liguro-Provcnçâl where
WMDW is folmed. We hypothesise that TDW cân be lbnned
in thc samc way as WMDW. i-e. asaDWI process involving
AWandLlW mainly. with such aD origin, ûends in the deep
Tyrrhenian can be attributcd to processes al€ady invoked for
the WMDW trends and/o. to lrends that night occur in wate$
(especially LIW) origrnâling from lhe eastem basin l,4rt/a/dt
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Figure 3. Alcrâgc pfotilcs oi H (a) and S (b) conputed
lion] thc MEDATLAS database belbre 1990 in the
Ibllowing zones: south-eâs1em pârt of the Algerian. where
WMDW cnrcrs thc Ty.rhcnian (zonc A)i casl ot the
Bonilacio Strait, 'vlrere DWF js suspected 10 occur (zone
8); the submar ine val ley inrmediate ly  nonh ofSict ly .  whcrc
Llw and EOW inlow frorn tfie easleDr basin (zone C); arca
corresponding to all MIDATLAS profilcs dccpd lhân
2.000 m (zonc I)). Avlragc profilcs iD lhc laltcr ronc ârc
shown from 2.000 m. BarS relresent on. standad dcvi.rtioi.

./ ,/.. 1999, 20001, and/or trends tfiat nright occuf in AW
itsclf(thar is an hypoth.sis ùol madc ycl!).

4. Conclusion

l20l Slgnificânt \\,ânninsand salttug was evidenced during
lhc lâst dccâde wrlh ship-handlcd and moorcd jnslrumcnis at
2.500 3.500 ln in the Tynheniar sub-basin. These trerds.
$hich are the lal3est 1àr dre Meditcnâncù dccp s,rlcrs.
conccrn thc walcr gcncrally callcd TDW (Tyrhcnian Dccp
Mter). Our ùàlyses olthc TDW charâclcrislics ând Lrends
lcd us to.cconsidcf iLs origin. usuâlly âssumcd ro be dre
mixing of LIWand WMDW that arc lvalcrs locatcd al uppcr
and difiè!€nt levels, whilst thcy rrc sai.l to displây lower
trends. Evcn though thc availàblc dâLx do ùol.tlloù checking
rvhclhcr thc LâsLcm McditcmncaD Transicnt hns bccn scnscd
in thc Sicily Châmrel. we show that thedensest eastem $,ater
rhar hâs cascaded into the Tynhenian J'rom Oc1. 2000 to Mar.
2001 al lcasl was lcss dcnse than the \ùesle water residenl
lhere E\'en tlough waler lound in the Tynhenian abovc
-2,000 nr is mÂinly orisirated frorn thc castcm basin. wc
concludc than warcr lbund bclow (down to -1,500 n, is
lolmed wilhinlhewestembastu and wehypotbesise thai it hâs
resulted iro adcnsc watcr fomraiion frccess occu ng fora
whjle east of the Bonifacio Strlit. Suppo.ling ârgulncnls
comcffoD th. dnrlysisofECMWF fic1ds. S ST dâla ânâlyses,
hydrcbgical databâscs àn.l stccific in siru cxpcrimcnls.
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