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Abstract

The Mediterranean Sea transforms surface Atlantic Water (AW) into a set of cooler and saltier typical Mediterranean
Waters (tMWs) that are formed in different subbasins within the sea and thus have distinct hydrological characteristics.
Depending on the mixing conditions along their route and on their relative amounts, the tMWs are more or less
differentiated at any given place, and some mix together up to forming new water masses. We emphasise the fact that any
of these Mediterranean Waters (MWs) must outflow from the sea, even if more or less identifiable and/or in a more or less
continuous way. Historical data from the 1960s-1980s showed that the densest MW outflowing through the Strait of
Gibraltar at Camarinal Sill South (CSS) was a relatively cool and fresh tMW formed in the western basin, namely the
Western Mediterranean Deep Water (WMDW). At these times, the sole other tMW identified in the strait was the
Levantine Intermediate Water (LIW); no mention was made there of, in particular, the two densest tMWs formed in
the eastern basin (in the Aegean and the Adriatic) that are now named Eastern Overflow Water (EOW) when they reach
the Channel of Sicily (where they cannot be differentiated). A fortiori, no mention was made of the Tyrrhenian Dense
Water (TDW) that results from the mixing of EOW with waters resident in the western basin (in particular WMDW) when
it cascades down to ~2000m from the channel of Sicily. New measurements (essentially temperature and salinity time
series) collected at CSS since the mid-1990s indicate that the densest MWs outflowing through the strait have been
continuously changing; temperature and salinity there have been increasing, being actually (early 2000s) much warmer
(~0.3°C) and saltier (0.06) than ~20 years ago. These changes are one order of magnitude larger than the decadal trends
shown for WMDW in particular. We thus demonstrate that, in the early 2000s, (i) the densest MW outflowing at Gibraltar
is TDW and (ii) TDW is mainly composed of EOW (the percentage of MWs from the western basin, in particular
WMDW, is lower): the densest part of the outflow is thus “more eastern than western”. This Mediterranean Sea Transient
(a shift from the western basin to the eastern one) could be linked to the Eastern Mediterranean Transient (a shift from the
Adriatic subbasin to the Aegean one). Whatever the case, we demonstrate that the proper functioning of the
Mediterranean Sea leads to a variability in its outflow’s composition that can have consequences for the mid-depth water
characteristics in the North-Atlantic much more dramatic than previously thought.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Because evaporation exceeds precipitation and
river runoff, the semi-enclosed Mediterranean Sea
continuously transforms Atlantic surface water
(AW, CIESM, 2001: potential temperature
O~15-16°C, salinity S~36.5) into saltier (~38.5)
and additionally cooler (hence denser) water. AW
finally sinks (Lacombe and Tchernia, 1960) in the
north of four subbasins of the eastern basin
(the Levantine, the Aegean, the Adriatic) and of
the western basin (the Liguro-Provencal). Note that
we reserve the term “‘sea” for the Mediterranean
and “basin” for the eastern and western parts of it;
any smaller entity is a subbasin (this term being
possibly  omitted, http://www.ifremer.fr/lobtln/
OTHER/Terminology.html).

This leads to four major typical Mediterranean
Waters (tMWs) that have distinct hydrological
characteristics. Recently proposed circulation dia-
grams highlight the similarities of the processes
occurring in both basins and present a unified image
of the circulation of all water masses in the whole
sea that is mainly alongslope and counterclockwise
(Millot and Taupier-Letage, 2005). As the tMWs
circulate (together with AW in general) within the
sea and outflow (contrary to AW) from the eastern
basin into the western basin through the Channel of
Sicily and into the ocean through the Strait of
Gibraltar, there is some mixing between them so
that they can be more or less differentiated. As
shown hereafter, mixing of some of the tMWs in
some specific places is so intense that they can be
completely “lost”.

The Levantine Intermediate Water (LIW) is the
warmest and saltiest tMW; it is easily recognised on
a O-S diagram anywhere in the sea as far as the
western Alboran (Bryden and Stommel, 1982;
Parrilla and Kinder, 1983; Gascard and Richez,
1985; Parrilla et al., 1986) where it is characterised
by ©®~13.1-13.2°C, §~38.5. Being the least dense
tMW (hence at 200-600 m just below AW), it easily
outflows through the Channel of Sicily and it was
depicted (Millot, 1999) as outflowing in the north-
ern part of the Strait of Gibraltar at 100-200 m.
However, it has been clearly identified there only a
few kilometres ecast from the sill (Kinder and
Parrilla, 1987), i.e. never at the sill itself, hence
never in its deeper part (down to ~300m) known as
Camarinal Sill South (CSS, Fig. 1).

According to classical (bottles and thermometers)
hydrological data (in the 1960s—1970s) and CTD

casts (in the mid-1980s, Fig. 1), the sole other tMW
documented in the CSS surroundings was the
Western Mediterranean Deep Water (WMDW) that
is formed in the Liguro-Provencal mainly from an
AW-LIW mixture. At these times, WMDW was
filling most of the deep western basin and was
documented (Kinder and Parrilla, 1987) at 100s-of-
meter depths east of the sill with ®~12.75°C. Just
at the sill, an observation in the 1960s (Allain, 1964)
of ©®~12.9°C and the hypothesis in the 1970s
(Stommel et al., 1973) that WMDW was raised up
to ~300m via a Bernoulli effect motivated dedi-
cated surveys during the Gibraltar Experiment in
the 1980s (Bryden and Kinder, 1991). Although
pure WMDW was most likely outflowing during
part of the tidal cycle only (Bryden and Stommel,
1982), it was reported west of the sill (Kinder and
Parrilla, 1987), and one-week bottom time series at
CSS (Pettigrew, 1989) showed © <12.9°C. There-
fore, it has been agreed that WMDW was out-
flowing at CSS, hence mainly in the southern part of
the strait (Kinder and Bryden, 1990), together with
LIW in the northern part of it (this is still generally
believed). Pure WMDW s still recognised below
~2000m in the Liguro-Provengal and Algerian
subbasins with ©~12.8-12.9°C and S~38.42-
38.45 (e.g. van Haren and Millot, 2004), which
were typical values at CSS in the 1960s—1980s. Note
that, to our knowledge, none of the other tMWs
was identified at the sill, and their “necessary”
presence there never mentioned prior to Millot
(1999).

We show hereafter that WMDW in the early
2000s can no longer be identified at CSS and
that the warmer and saltier waters found there since
the mid-1990s have characteristics clearly corre-
sponding, at times, to LIW or to another water
(defined in Section 2) that results from a mixing
between waters from the eastern basin and waters
from the western one; hence, WMDW is expected to
outflow actually from the sea as a component of the
latter.

Apart from its varying composition, the dense
Mediterranean outflow sinks west of the sill, mixing
with the surrounding waters and creating a warm
and saline tongue that can be identified throughout
the whole North Atlantic at depths of 1000-1200 m.
From a global perspective, the high-salinity water
related to this tongue has been implicated in the
preconditioning of the North Atlantic deep water
formation and thus on the density driven circulation
of the World Ocean (Candela, 2001).
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Fig. 1. Potential temperature-salinity (©-S) diagram of data sets available in the vicinity of the Camarinal Sill South (CSS) from CTDs
either ship-based (i.e. casts; black, in 1985 (x ), 1986 (+) and 1996 (O,); the cast plotted with ““[1”” was performed in early 1996 close to
where the time series in Fig. 4 were recorded at the two nearby locations in the Alboran (V¥)) or moored (i.e. time series in the red square; at
V in 1994 (yellow) and 1995 (green), at * in 2003-2004 (the blue, purple and red colours correspond to successive 5-month periods)).
Hence, time progression is from black to yellow—green to blue—purple-red (not considering the 1996 cast). The cyan full-line rectangle
schematises the WMDW characteristics near CSS in the mid-1980s while the dashed-line one schematises the characteristics that could
result there, two decades later, from the decadal trends (that are actually encountered in the deepest part of the western basin).

2. Evidence, questions and hypotheses

Strangely, nothing has been said until recently
(Millot, 1999) about the occurrence at Gibraltar of
any of the other eastern-basin tMWs (the Aegean
and Adriatic waters), which is not only possible but
also necessary, since waters formed every year must
finally outflow from the sea. The Aegean water is
saltier and warmer than the Adriatic water;
although previously reported (Lacombe and Tcher-
nia, 1972) as less dense, the Aegean water became
denser than the Adriatic water in the early 1990s,
due to a succession of exceptional meteorological
conditions, a phenomenon known as the Eastern
Mediterranean Transient (EMT) (Roether et al.,
1996). These two tMWSs have always been docu-
mented (although not differentiated) in the Channel
of Sicily (sill down to ~400 m) together with LIW
(Guibout, 1987; Garzoli and Maillard, 1976),
forming there the Eastern Overflow Water (EOW;
CIESM, 2001). Being denser than the waters
resident in the western basin, EOW cascades in the
Tyrrhenian and mixes down to ~2000 m (Sparnoc-
chia et al., 1999), which roughly corresponds to the

WMDWs upper part elsewhere in the western basin
(e.g. van Haren and Millot, 2004), hence forming
the Tyrrhenian Dense Water (TDW; Millot, 1999)
that is another Mediterranean water (a MW, not a
tMW!). The relative amounts of Eastern Basin
Water (EOW) vs. western basin ones (including
WMDW, and/or old LIW and old TDW) will allow
characterisation of the new TDW as a MW either
“more western” or ‘“‘more eastern”. LIW and TDW
then flow alongslope counterclockwise in the Tyr-
rhenian (Millot, 1999) and are characterised, e.g. in
the Channel of Sardinia, by a core at 13.8-14.0°C
and ~38.7 for LIW and by 13.0-13.5°C and
38.5-38.6 for TDW (both are thus significantly
warmer and saltier than WMDW).

Meanwhile, data collected since the 1960s
(Lacombe et al., 1985) have shown (Béthoux et al.,
1990) that WMDW was evidencing a warming and
salinification (linear trends: ~+0.03°C/decade,
~+0.01/decade) up to now attributed either to
anthropogenic modifications (Rohling and Bryden,
1992), especially the Nile damming, or to change in
Mediterranean climatic conditions (Béthoux et al.,
1990). The first hypothesis assumes that WMDW
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would be made warmer and saltier via LIW, which
is not supported by data analysis in the western
basin (Krahmann and Schott, 1998); also, we think
that the much larger long-term warming (~0.3 °C/
decade) of the Spanish coastal waters (Pascual et al.,
1995), where the stratification is permanent and
mixing with eastern-basin waters negligible, could
hardly be due to processes having occurred in the
eastern basin only (Millot, 1999). Therefore, the first
hypothesis cannot explain all observed features.
Since the WMDW warming and salinification are
comparable to those reported over similar periods
for the eastern Atlantic at intermediate depths
(Curry et al., 2003; Vargas-Yanez et al., 2004) and
for the whole ocean (Levitus et al., 2000) (~0.01 °C/
decade), the second hypothesis can be suspected
too. Both hypotheses assume that AW entering the
sea has had stable characteristics over decades,
which is a key point that should be tested first since
a third hypothesis (Millot and Briand, 2002) is that
the sea could have just been a place convenient for
evidencing changes mainly occurring at the surface
in the nearby Atlantic.

Two other interesting analyses address the
Mediterranean outflow. The first concerns changes
in a 10° x 10° zone west of Gibraltar over the period
1955-1993; there, a warming (~0.1 °C/decade) and
salinification (~0.02/decade) one order of magni-
tude larger than the trends in the whole eastern
Atlantic (Curry et al., 2003; Vargas-Yanez et al.,
2004) are reported (Potter and Lozier, 2004) for the
outflow, which should be reliable since computed
directly from a large data set. However, these trends
are said to result from the WMDWs trends, an
argument that is unclear since the former are 2-3
times larger than the latter, furthermore WMDW
necessarily represents only a part of the outflow.
The second concerns the Bay of Biscay, where an
even larger warming and salinification (~0.5°C/
decade, ~0.1/decade) of the outflow has occurred in
1995-2002 (Vargas-Yafez et al., 2002); although
CTD casts are relatively few and the trends
relatively large, such a warming and salinification
concerns the last decade only, hence being consis-
tent with the analysis below.

In what follows, we show that the WMDW trends
(~0.03 °C/decade, ~0.01/decade) are much lower
than the actual (early 2000s) warming and salinifi-
cation of the outflow at Gibraltar; we also explain
why slight trends of a given tMW are not
inconsistent with large changes in the outflow (for
which we no more differentiate the tMWs from the

MWs; for convenience, we also deal with the “MW
outflow”).

3. Initiation of a new monitoring strategy

Most hydrological data sets used to specify
hydrological changes come from ship-based CTDs
operated here and there or, at best, in specific places
on a monthly/annual basis. Although they have
allowed evidence of long-term changes (see above)
and are still valuable and necessary, they cannot
solve all problems (which is the case of any data
set!). For monitoring purposes, they give scattered
values and only one trend-number (inferred from
linear regression), data significance cannot be
estimated, covariance between different data sets
cannot be computed, new data has a relatively low
added value (still only one trend-number per place),
trend-numbers from different places can hardly be
compared (generally referred to different periods),
and trend-numbers can hardly be memorised (since
continuously changing). In addition, ship-based
CTDs cannot allow sampling correctly any along-
slope vein at intermediate and greater depths and
the several-month interval generally performed is
not efficient, even in passages (Sammari and Millot,
2000). Ship-based CTDs performed at much higher
frequency (Pascual et al., 1995) (i.e. weekly, hence
costly and effort demanding) can be envisaged only
in the coastal zone. Obviously, ship-based CTDs
will remain indispensable instruments for any kind
of oceanographic study, even using the new strategy
that we propose (see below).

Time series collected with moored autonomous
CTDs (Fuda et al., 2002) provide complementary
information and can solve some of the pro-
blems above-mentioned (Millot and Briand, 2002).
A programme  (http://www.ciesm.org/marine/
programs/hydrochanges.htm) has been elaborated
and CTDs are already set in key-places (passages,
zones of tMW formation, arcas of special interest)
on short (~10m) easily manageable sub-surface
moorings for 1-2 years before recovery and re-
deployment. To avoid any spatial variability and
guarantee the maintenance of each CTD at roughly
the same level/depth, if not exactly at the same
place, topography must be relatively smooth,
especially at shallow depths. Using short moorings
is convenient since the shallower the depth (hence
the larger the stratification and the greater the
position’s importance) the greater the deployments’
relative accuracy. At depths >2000m, as in most
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places, the goal is easy (relatively smooth topogra-
phy and homogeneous water). Ship-based CTDs are
still necessary to provide information on the spatial
distribution of temperatures and salinities in the
moorings’ surroundings.

However, deploying and maintaining long-term
moorings on the Gibraltar sill (“the key-place” to
monitor both the AW inflow and the MW outflow)
is more problematic due to the complex topogra-
phy, the currents’ intensity and the bio-fouling. Due
to the cross-strait-sloping AW-MW interface,
monitoring AW is advantageously done on the
Moroccan side; since the greater the depth the lower
the seasonal variability, the bio-fouling, and the
fishing activity’s risks, we chose a plateau at ~80m
(~5km from the Moroccan coast near
35°52.8'N-5°43.5W). To monitor MW, the most
natural place is the deepest part (~300m) of CSS
that is steeply V-shaped. Because such topography
does not allow easily maintaining moorings there,
we chose a small plateau at ~270 m near 35°55.2'N—
5°45.0'W (~1.1km north of the sill’s deepest part
and ~10 km from the Moroccan coast, Fig. 1) close
to points previously occupied (Pettigrew, 1989). We
focus hereafter on data at ~270m (that are
consistent with those at ~80m).

The Seabird SBE-37-SMPs we use in the pro-
gramme have convenient accuracy (0.002°C,
0.0003 S/m), resolution (0.0001°C, 0.00001 S/m)
and stability (0.0002 °C/month, 0.0003 S/m/month);
they are equipped with a pump that flushes water
before sampling every hour. They were deployed in
early January 2003, recovered in early April 2004
and redeployed (also in October 2005). The non re-
calibration after recovery is not problematic since (i)
the CTDs are new and calibrated by the manufac-
turer just before deployment, (ii) absolute & and S
are realistic and extrema (low-0’s, high-S’s) are
similar at both points, (iii) the extrema time series at
both points are significantly correlated, (iv) @ and S
variations are much larger than the nominal
resolution limits of the sensors, (v) these limits are
validated by statistics about other re-calibrations by
the manufacturer. Using different colours for each
of the three 5-month periods in Fig. 1 emphasises
the fact that several-month variations can be
demonstrated, hence validating the strategy of
monitoring with moored autonomous CTDs.

Time series were previously collected at the sill at
roughly the same position from April to October, in
both 1994 and 1995 (Candela, 2001) with new
Seabird SBE-16 SEACATs measuring (every

10 min) temperature, conductivity and pressure,
with a satisfactory accuracy (0.01°C, 0.001 S/m)
resolution (0.001°C, 0.0001S/m) and stability
(0.0002 °C/month, 0.002 S/m/month); the instru-
ments were calibrated before the initial deployment
in 1994. Although several instruments were set on
moorings spanning most of the water column (from
the bottom up to ~20-m depth), only those set at
nominal depths of 253 m in 1994 and 190 m in 1995
are used here. Due to the current drag, both
instruments had large depth excursions (reaching
maxima of ~273m and ~266m, resp.), which
allowed frequent samples of the deep MWs out-
flowing at the sill. We also collected temperature 10-
min time series (the conductivity sensor was
unreliable) with a SBE-26 SEAGAUGE, which
has a rougher accuracy (0.02°C) and resolution
(0.01°C), but similar stability (0.0002 °C/month).
The instrument was set on the bottom at two
neighbouring positions (see Fig. 1), in April-
October 1994 (36°00.7'N-5°20.0'W, 863 m) and from
October 1994 to April 1996 (35°59.8'N-5°23.0'W,
928 m).

We compare these temperature and salinity time
series with all hydrological (CTD) casts we found in
the MEDAR-MEDATLAS (MEDAR group, 2002)
database that might be the sole ones available in the
vicinity of CSS, the sill’s deeper part: to our
knowledge, data were collected there only in 1985,
1986 and 1996; we also use 1996 casts performed in
the Alboran close to our moorings.

4. The data analysis

On the ®-S diagram in Fig. 1, we first consider
the 1985 and 1986 casts available over the whole
depth (down to ~500m) in the CSS surroundings,
and especially their deeper part that clearly sampled
WMDW. While most (not all) 1986 data are
generally aligned between the WMDW and AW
values, hence indicating the sole presence of these
two waters and their mixing, the 1985 data and
some 1986 data show relatively warm and salty
intermediate waters that obviously resulted from
mixing, in the CSS surroundings or more upstream,
with LIW and/or TDW (probably “more western”
at these times). If both groups of data are
representative of the waters composing the MW
outflow in the CSS surroundings, this one displays a
relatively large interannual variability. However, the
densest waters were characterised by ®<13.05—
13.07°C and S<38.46. We now consider the two
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6-month time series collected in 1994 and 1995 at
190-250-m nominal depths on tall moorings that
encountered frequent depth excursions down to
265-275m, and the 15-month time series collected
in 2003-2004 on a 10-m mooring at ~270m.
Although some values in 1994 could correspond to
mixed WMDW, waters sampled in 1995 and
2003-2004 are warmer and saltier; the sole casts
available in the study area since 1986 were collected
in 1996 and are consistent with all time series.
Therefore, MWs outflowing at CSS in 2003-2004
are much warmer (by ~0.3°C) and saltier (by
~0.06), although roughly as dense (even denser),
than ~20 years ago. This cannot be explained by the
too slight WMDW warming and salinification
trends, so that Fig. 1 demonstrates dramatic long-
term changes in the hydrological characteristics of
the densest MWs outflowing at CSS.

To specify these MWSs’ origins, and because data
collected in the sea interior since the mid-1990s are
not numerous enough, we hypothesise that the
2003-2004 data suggest the occurrence of three
water masses. The densest is a mixture relatively
cool (12.95-13.10°C) and salty (38.47-38.50), the
intermediate has a core significantly warmer
(13.10-13.15°C) and saltier (38.50-38.51) whilst
the less dense is clearly AW (warmer and fresher).
The intermediate has values exactly corresponding
to LIW as reported ~20 years ago in the western
Alboran (Bryden and Stommel, 1982; Parrilla and
Kinder, 1983; Gascard and Richez, 1985; Parrilla
et al., 1986), demonstrating that LIW, which did not
markedly change in the western basin (Krahmann
and Schott, 1998), is now occasionally outflowing at
270-300m at CSS. Previous data in the CSSs
vicinity (the 1985-1986 and 1996 casts) and deeper
part (the 1994-1995 time series) just showed waters
resulting from mixing with LIW, so that pure LIW
was necessarily outflowing only north of CSS. Now,

considering LIW in the Channel of Sardinia
(13.8-14.0°C, ~38.7) leads to estimation of a
0.7-0.8 °C cooling and a ~0.2 freshening due to
mixing between the two places. Assuming that the
densest water at CSS has followed a similar route
(alongslope and counterclockwise) and has encoun-
tered similar mixing leads to values close to
13.0-13.5°C and 38.5-38.6, which characterise
TDW in the Channel of Sardinia. We conclude that
TDW is the densest MW presently (early-2000s)
outflowing at CSS together with LIW, TDW being
“more eastern” than about two decades ago, a
feature that we link to the 7 and S increases in the
deep Tyrrhenian shown by Astraldi et al. (2002) and
Gasparini et al. (2005).

The 15-day period from the 2003-2004 time series
(1-h sampling interval) in Fig. 2 is representative of
all time series collected there for what concerns the
fortnightly signal due to the spring/neap internal
tides (Lacombe and Richez, 1982; Bryden and
Kinder, 1991). The peaks (defined by 1-2 values)
are actually more complex (as indicated by the 10-
min 1994-1995 time series), due to higher-frequency
internal waves. The lowest ®’s and highest S’s
characterise the less-modified MW outflow encoun-
tered there (the deepest part of CSS) and its
variations on each semi-diurnal cycle. During spring
tide (first half of the record), the MW outflow is
always more or less modified by the tide (any
plateau) while, during neap tide (second half of the
record), the MW outflow can be pure (several-hour
plateaus), as previously expected (Bryden and
Stommel, 1982).

The 2003-2004 time series (Fig. 3) in low-@ and
high-S ranges suggest a trend in @ (0.01-0.02°C/
year) and no significant trend in S, which might
represent more interannual variability than decadal
changes. Low-® variations mainly appear at
mesoscale (several weeks/months) while high-S
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Fig. 2. The general features displayed by this 15-day period (March 17-April 1, 2004) are representative of the 15-month potential
temperature and salinity time series in the sill’s deeper part (CSS at ~270 m), and of older time series as well. The salinity scale is reversed

to present a more concise figure.
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Fig. 3. The lowest potential temperatures and highest salinities measured from January 6, 2003, to April 6, 2004, in the sill’s deeper part
(CSS at ~270m) display dominant variations that are markedly different (at several weeks/months for the temperature, fortnightly for the

salinity).

variations are fortnightly mainly, which is strange
but explainable. Note first that ~99% of the values
from the whole data set (not shown) are in the
O-range 12.95-13.5°C (max: 14.5°C) and S-range
38.0-38.51 (min: 37.1) when MWs (LIW +TDW)
are in the 12.95-13.2°C and 38.47-38.51 ranges;
MWs thus represent ~4 of the @-range and ~; of
the S-range. We consider that the MWs are
homogeneous in S (~38.5) and note that the
fortnightly signal in S ranges from 38.50-38.51 to
38.47-38.48; as the observed S’s result from the
mixing of the MWs with AW (~36.5), the AW
maximum percentage is thus ~1.5% only. If we now
consider that the @s in the range 13.2-12.95°C
mainly result from the mixing of a unique MW
(~13.0°C) with AW (15-16 °C), the AW percentage
must reach ~10%, which is neither consistent with
the analysis about S nor with the diagram itself. We
thus consider that the MWs are heterogeneous in
© and pursue our hypothesis about a schematic
3-layer system. Relying on ~1.5% of AW at most,
and considering both LIW (~13.15°C) and TDW
(~13.05°C), leads to an effect of the LIW/TDW
ratio within the outflow that is ~3 times larger than
the mixing with AW. Temperature variations due to
variations of this ratio (more generally to the
outflow heterogeneity) that are expected to occur

at mesoscale can thus hide the fortnightly variations
due to mixing with AW. The visual differences
between the ® and S variations in Fig. 3 are
supported by spectral analysis, the fortnightly peak
(~0.003 cph) on S being masked on @ by relatively
high energy levels at lower frequencies; similar
differences exist, although reduced, for the older
time series.

Figs. 1-3 demonstrate important characteristics
of the outflow that should be taken into account to
better understand its effects on the North Atlantic.

5. Inferences for the sea functioning

Are the long-term (decadal) changes in the
outflow composition occurring more or less perma-
nently, or can we consider that, during the previous
decades, some dramatic event(s) occurred? In the
Alboran time series (Fig. 4) at ~863m up to late
1994, ©s~12.85°C clearly correspond to WMDW
that was no more outflowing at that time (yellow
points, Fig. 1). Then, at 928 m nearby to the west,
Os dramatically (for such a depth) increased from
~12.85°C in late 1994 to ~12.95°C in early 1996.
Such @s (~12.95°C) are consistent with a con-
temporancous cast collected nearby ([, Fig. 1) that
clearly identifies TDW (associated S ~38.47; values
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Fig. 4. Potential temperature recorded in 1994-1996 at two neighbouring positions in the Alboran subbasin (the two ¥ in Fig. 1) close to
the bottom, first at 863 m and then at 928 m close in the west (separated by the red bar).

near 12.90 °C, 38.46 collected below ~930 m identify
WMDW as it was in the mid-1990s). These large @s
correspond to waters having their upper part
possibly outflowing at that time (an hypothetical
1996-time series would be spreading between the
1995-green and the 2003-2004-blue/purple/red
ones) or not. Because the second part of the time
series is deeper than the former, while WMDW is
denser than TDW, the increase did not occur while
we were measuring at 863 m; we thus demonstrate
that at least one dramatic event (replacement of
WMDW by TDW at ~900m) occurred from late
1994 in the Alboran.

The data from the CTD casts in the CSS vicinity
(in the range 0-500m) and those from bottom
(~270m) time series just at CSS are scattered on
Fig. 1 in a similar way, which demonstrates that
waters found in the sill’s deepest part can be found
otherwise at shallower or greater depths. In addi-
tion, the differences between the 1994 time series
and the 1985 casts are not so large, although they
correspond to two different types of data collection,
and they are of the order of those between the 1985
and 1986 sets of casts that are directly comparable.
This suggests that, at least from the mid-1980s
(eventually before) until ~1994, the variability at
CSS was mainly interannual. Then, time series and
casts at CSS, consistently with time series and casts
in the Alboran, have been evidencing a continuous
evolution towards higher @’s and S’s. All these data
are thus consistent with a dramatic event having
occurred in the CSS surroundings near 1994
that might have occurred earlier in other places of
the sea.

In the Channel of Sardinia, marked cross-channel
gradients indicative of the TDW-WMDW interface
can be identified with the 13.0 °C isotherm and 38.5
isohaline that were at 1000—1500 m in 1968 (Garzoli

and Maillard, 1976) and November 1993 (Bouzinac
et al., 1999), and at 1300-1800m in 1997 (Astraldi
et al., 1999). In the Channel of Sicily, densest waters
in the mid-1990s (Sammari et al., 1999) were much
cooler (13.6-13.7 °C) than in the late 1960s (Garzoli
and Maillard, 1976) (13.9-14.0°C), hence much
denser (~29.15 vs. 29.10), but changes have also
occurred at shorter intervals: densest waters
(<13.7°C, <38.75) were located only on the
Tunisian slope in November 1993 (Sparnocchia
et al., 1999) while they occupied the whole deeper
channel from May 1994 to July 1995 (Sammari
et al., 1999). Therefore, our analysis indicates an
increase in the EOW amount in the Channel of
Sicily (between November 1993 and May 1994) and
an increase in the TDW amount in the Channel of
Sardinia (between November 1993 and 1997). This
analysis is not inconsistent with the one by
Gasparini et al. (2005) who conclude “‘the impact
of the EMT on the western basin is maximum
during the 1992-1994 period™.

Even though we think that sampling interval
(several months, CTD casts only) in the critical area
between the Channel of Sicily and the Channel of
Sardinia is far too large for accurately specifying the
variability in the EOW/TDW characteristics linked
to the EMT, it is clear for us that the replacement of
WMDW by TDW at ~900 m in the Alboran (from
late 1994) is linked with the EMT (what we cannot
demonstrate). Indeed, the various delays are con-
sistent with the advection speed (a few to several
km/day) of intermediate/deep water from the
Channel of Sicily to the Alboran (following an
alongslope counterclockwise route, Millot, 1999)
between late 1993 and late 1994. Although an
increase of the EOW outflow in late 1993 might well
have been produced by the EMT (consequent to
severe winters in 1990-1993), we did not find any
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Up to the early-1990s

In the early-2000s

Fig. 5. Conceptual diagram of the distribution of the water masses across the sill from South (S) to North (N) up to the early 1990s (left)
and in the early-2000s (right): Atlantic Water (AW), Levantine Intermediate Water (LIW), Eastern Overflow Water (EOW), Tyrrhenian
Dense Water (TDW) and Western Mediterranean Deep Water (WMDW). The “X” figures the place where the time series in Figs. 1-3
were collected (CSS at ~270 m) while the “x” figures the place of the time series simultaneously collected (at ~80m) but not analysed
herein. The amounts of the various MWs and the interfaces between them display marked changes not only at decadal scale (as
emphasised by the two parts of the figure), but also at mesoscale (full arrows), hence leading for instance LIW to be possibility encountered
in the deeper part of CSS (at X) in the early 2000s (as shown in Fig. 1). Also to be noticed is that the internal tides (dashed arrow) more or

less mix AW with the MWs over the whole depth (as shown in Figs. 2-3).

observation or numerical result accounting for
either a specific advection speed of the phenomenon
within the eastern basin or a specific beginning date
of an outflow increase (of EOW and possibly LIW!).
Therefore, the EMT remains a possible cause of the
event together with a diminution in the WMDW
formation rate during the last decades (M. Crépon,
personal communication) that might have led TDW
to be more and more different from WMDW (i.e.
similar to EOW), hence TDW/EOW and LIW to be
more and more identifiable at CSS. Whatever the
case, in the interior of the sea, @ and S profiles from
profiling floats in the last years account for waters in
the western basin being much warmer and saltier
than historically, especially at depths from ~500 to
1800m, and for no major changes in the eastern
basin (P. Poulain, personal communication). More
precisely, values in the deep eastern basin collected
either before or after the EMT are well within a 1-2
standard deviation interval, which is not the case for
actual values in the deep western basin that are out
of such an interval (computed from ancient values).
This is consistent with waters from the eastern basin
having recently invaded most of the western basin
(i.e. their relative amount is presently much larger
than historically).

6. Conclusion

The conceptual diagram that we propose in Fig. 5
emphasises the fact that the typical Mediterranean
Water (tMW) formed in the western basin
(WMDW), which was clearly identified at Camar-
inal Sill South (CSS) up to the mid 1990s, is

outflowing in the early-2000s only as a (minor)
component of TDW, a Mediterranean Water (MW)
that results from the mixing of the densest tMWs
formed in the eastern basin (EOW) while cascading
from the Channel of Sicily. Also schematised are
the other major tMW (LIW), the variations in the
composition of the outflow (full arrows) and the
permanent occurrence of internal tides (dashed
arrow).

Our major result concerns the fact that the
densest waters outflowing at CSS in 2003-2004 no
longer originate mainly from the western basin
(WMDW) but from the eastern basin (LIW and
TDW/EOW). Such a change is similar to the EMT
(replacement of Adriatic water by Aegean water in
the deep eastern basin) and can be considered as a
Mediterranean Sea Transient (MST); additionally,
the MST could be a consequence of the EMT.
Although we previously foresaw (Millot, 1999) the
EOW vs. WMDW competition, hence the fact that
TDW could be “more eastern” or “more western”,
we did not imagine such large shifts in the
Mediterranean Sea functioning and such dramatic
changes in the Mediterranean outflow. This outflow
can in fact encounter changes in @ and S (~0.3°C
and 0.06 in a decade) much larger and rapid than
those expected up until now from each tMW trend
(e.g. ~0.03°C/decade and 0.01/decade for
WMDW), just because the amounts of the various
tMWs formed (i.e. their contribution in the outflow)
can change dramatically. The Mediterranean out-
flow, being a direct and continuous source of warm
and salty intermediate water, plays a substantial
role in the heat content and water formation
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processes in the northern Atlantic and hence in the
density driven circulation of the World’s Oceans
(Candela, 2001). Hence, understanding the inter-
annual variability of the Mediterranean Sea itself, in
particular of the relative amounts of typical waters
produced in the different formation zones, has a
more global importance than previously thought.

Acknowledgements

Y. T. managed the 2003-2004 ship operations.
We thank the “Bal de la Mer” association and the
CIESM (Commission Internationale pour I’Ex-
ploration Scientifique de la mer Meéditerranée)
Director-General F. Briand for the support given
to the programme. We thank the Royal Navy of
Morocco, the crews of R.V. “Abou Al Barakat Al
Barbari” and P. H. M. “Al Mounastiri”’, and the
SHOMAR’s engineers for they kind and efficient
help. The 1994-1996 time series were collected with
R. Limeburner (Woods Hole Oceanographic In-
stitution, MA, USA), Antonio Ruiz Cafiavate and
J.-R. Palma (Instituto Hidrografico de la Marina,
Cadiz, Spain), thanks to a contract from the US
Office of Naval Research (N00014-94-1-0347) and a
grant from the US National Science Foundation
(OCE-93-13645). We also thank U. Send for having
communicated his 1996-CTD data and J. Farrar for
proof reading of a preliminary draft.

References

Allain, C., 1964. L’hydrologie et les courants du détroit de
Gibraltar pendant Iété de 1959. Revue des Travaux de
I'Institut des Peches Maritimes 28, 1-99.

Astraldi, M., Balopoulos, S., Candela, J., Font, J., Gacic, M.,
Gasparini, G.P., Manca, B., Theocharis, A., Tintor¢, J., 1999.
The role of straits and channels in understanding the
characteristics of Mediterranean circulation. Progress Ocea-
nography 44, 65-108.

Astraldi, M., Gasparini, G.P., Vetrano, A., Vignudelli, S., 2002.
Hydrographic characteristics and interannual variability of
water masses in the central Mediterranean: a sensitivity test
for long-term changes in the Mediterranean Sea. Deep-Sea
Research 1 49, 661-680.

Béthoux, J.P., Gentili, B., Raunet, J., Tailliez, D., 1990. Warming
trend in the Western Mediterranean Deep Water. Nature 347,
660-662.

Bouzinac, C., Font, J., Millot, C., 1999. Hydrology and currents
observed in the channel of Sardinia during the PRIMO-1
experiment from November 1993 to October 1994. Journal of
Marine Systems 20, 333-355.

Bryden, H., Kinder, T., 1991. Recent progress in strait dynamics.
Reviews of Geophysics (Suppl), 617-631.

Bryden, H., Stommel, H., 1982. Origin of the Mediterranean
outflow. Journal of Marine Research 40 (Suppl), 55-71.
Candela, J., 2001. Mediterranean water and the global circula-
tion. In: Siedler, G., Church, J., Gould, J. (Eds.), Ocean
Circulation and Climate. Observing and Modeling the Global

Ocean. Academic Press, New York, pp. 419-429.

CIESM, 2001. Document on the Mediterranean Water
Mass  Acronyms, 3p. <http://www.ciesm.org/catalog/
WaterMassAcronyms.pdf).

Curry, R., Dickson, B., Yashayaev, 1., 2003. A change in the
freshwater balance of the Atlantic Ocean over the past four
decades. Nature 426, 826-829.

Fuda, J.L., Etiope, G., Millot, C., Favali, P., Calcara, M.,
Smriglio, G., Bo, E., 2002. Warming, salting and origin of the
Tyrrhenian Deep Water. Geophysical Research Letters,
29(18), 1886. doi:10.1029/2001GL014072.

Garzoli, S., Maillard, C., 1976. Hydrologie et circulation
hivernales dans les canaux de Sicile et de Sardaigne. Internal
Report of the Laboratoire d’Océanographie Physique du
Museum, Paris 22pp.

Gascard, J.C., Richez, C., 1985. Water masses and circulation in
the western Alboran Sea and in the Strait of Gibraltar.
Progress in Oceanography 15, 157-216.

Gasparini, G.P., Ortona, A., Budillon, G., Astraldi, M., Sansone,
E., 2005. The effect of the Eastern Mediterranean Transient
on the hydrographic characteristics in the Strait of Sicily and
in the Tyrrhenian Sea. Deep-Sea Research I 52, 915-935.

Guibout, P., 1987. Atlas hydrologique de la Méditerranée. Int.
Rep. of the Lab. d’Océanographie Physique du Museum,
Paris 174pp.

van Haren, H., Millot, C., 2004. Rectilinear and circular inertial
motions in the Western Mediterranean Sea. Deep-Sea
Research I 51 (11), 1441-1455.

Kinder, T., Bryden, H., 1990. Aspiration of deep waters through
straits. In: Pratt, L.J. (Ed.), The Physical Oceanography of
Sea Straits. Kluwer, Boston, pp. 295-319.

Kinder, T., Parrilla, G., 1987. Yes, some of the Mediterranean
outflow does come from great depth. Journal of Geophysical
Research 92, 2901-2906.

Krahmann, G., Schott, F., 1998. Long-term increases in Western
Mediterranean salinities and temperatures: anthropogenic and
climatic sources. Geophysical Research Letters 25, 4209-4212.

Lacombe, H., Tchernia, P., 1960. Quelques traits généraux de
I’hydrologie Méditerranéenne. Cahiers Océanographiques XII
(8), 527-547.

Lacombe, H., Richez, C., 1982. The regime of the Strait of
Gibraltar. In: Nihoul, J.C.J. (Ed.), Hydrodynamics of Semi-
Enclosed Seas. Elsevier, New York, pp. 13-73.

Lacombe, H., Tchernia, P., 1972. Caractéres hydrologiques et
circulation des eaux en Méditerranée. In: Stanley, D. (Ed.),
The Mediterranean Sea. Dowden, Hutchinson and Ross,
Stroudsburg, pp. 25-36.

Lacombe, H., Tchernia, P., Gamberoni, L., 1985. Variable
bottom water in the Western Mediterranean basin. Progress
in Oceanography 14, 319-338.

Levitus, S., Antonov, J.I., Boyer, T.P., Stephens, C., 2000.
Warming of the World Ocean. Science 287, 5461, 2225-2229.
doi:10.1126/science.287.5461.2225.

MEDAR Group, 2002. MEDATLAS/2002 database. Mediterra-
nean and Black Sea database of temperature salinity and bio-
chemical parameters. Climatological Atlas. IFREMER Edi-
tion (4 Cdroms).


http://www.ciesm.org/catalog/WaterMassAcronyms.pdf
http://www.ciesm.org/catalog/WaterMassAcronyms.pdf
dx.doi.org/10.1029/2001GL014072
dx.doi.org/10.1126/science.287.5461.2225

666 C. Millot et al. | Deep-Sea Research I 53 (2006) 656-666

Millot, C., 1999. Circulation in the Western Mediterranean sea.
Journal of Marine Systems 20, 423-442.

Millot, C., Briand, F., 2002. Executive summary. In: Briand, F.
(Ed.), Tracking Long Term Hydrological Change in the
Mediterranean Sea. CIESM Workshop Series no. 16. pp. 7-14.
{http://www.ciesm.org/online/monographs/Monaco02.html »

Millot, C., Taupier-Letage, 1., 2005. Circulation in the Medi-
terranean Sea. Handbook of Environmental Chemistry, vol.
S, Part K. The Mediterranean Sea. Springer, Berlin, Heidel-
berg, 2005, pp. 29-66, http://dx.doi.org/10.1007/b107143.

Parrilla, G., Kinder, T., 1983. The physical oceanography of the
Alboran Sea. Paper presented at NATO Advanced Research
Workshop, National Atlantic Treaty Organization, La
Spezia, Italy.

Parrilla, G., Kinder, T.H., Preller, R.H., 1986. Deep and
intermediate Mediterranean water in the western Alboran
Sea. Deep-Sea Research 1 33, 55-88.

Pascual J., Salat, J., Palau, M., 1995. Evolucion de la temperatura
del mar entre 1973 y 1994, cerca la coasta catalana. In:
Proceedings of the International Colloquium “The Mediter-
ranean Sea in the 2Ist century: Who for?, Montpellier,
France, 6-7 April 1995, pp. 23-28.

Pettigrew, N., 1989. Direct measurements of the flow of Western
Mediterranean deep water over the Gibraltar sill. Journal of
Geophysical Research 94, 18089—18093.

Potter, R.A., Lozier, S., 2004. On the warming and salinification
of the Mediterranean outflow waters in the North Atlantic.
Geophysical Research Letters, 31, L01202. doi:10.1029/
2003GLO018161.

Roether, W., Manca, B., Klein, B., Bregant, D., Georgopoulos,
D., Beitzl, V., Kova, V., Luchetta, A., 1996. Recent changes
in Eastern Mediterranean deep waters. Science 271, 333-335.

Rohling, E.J., Bryden, H., 1992. Man-induced salinity and
temperature increases in Mediterranean deep water. Journal
of Geophysical Research 97, 11191-11198.

Sammari, C., Millot, C., 2000. Hydrological variability in the
Channel of Sicily. In: Briand, F. (Ed.), The Eastern
Mediterranean Climatic Transient. CIESM Workshop Series
No. 10, pp. 65-69. http://www.ciesm.org/online/monographs/
Trieste.pdf.

Sammari, C., Millot, C., Taupier-Letage, 1., Stefani, A., Brahim,
M., 1999. Hydrological characteristics in the Tunisia—Sicily—
Sardinia area during spring 1995. Deep-Sea Research 1 46,
1671-1703.

Sparnocchia, S., Gasparini, G.P., Astraldi, M., Borghini, M.,
Pistek, P., 1999. Dynamics and mixing of the Eastern
Mediterranean outflow in the Tyrrhenian Basin. Journal of
Marine Systems 20, 301-317.

Stommel, H., Bryden, H., Mangelsdorf, P., 1973. Does some of
the Mediterranean outflow come from great depth? Pure and
Applied Geophysics 105, 879-889.

Vargas-Yafez, M., Ramirez, T., Cortés, D., Fernandez de
Puelles, M.L., Lavin, A., Lopez-Jurado, J.L., Gonzalez-Pola,
C., Vidal, I., Sebastian, M., 2002. Variability of the
Mediterranean water around the Spanish coast: project
RADIALES. In: Briand, F. (Ed.), Tracking Long Term
Hydrological Change in the Mediterranean Sea. CIESM
Workshop Series no. 16. pp. 25-28. <{http://www.ciesm.org/
online/monographs/Monaco02.html ).

Vargas-Yafez, M., Parrilla, G., Lavin, A., Vélez-Belchi, P.,
Gonzalez-Pola, C., 2004. Temperature and salinity increase in
the eastern North Atlantic along the 24.5°N in the last ten
years. Geophysical Research Letters 31, L06220. doi:10.1029/
2003GL019308.


http://www.ciesm.org/online/monographs/Monaco02.html
http://dx.doi.org/10.1007/b107143
dx.doi.org/10.1029/2003GL018161
dx.doi.org/10.1029/2003GL018161
http://www.ciesm.org/online/monographs/Trieste.pdf
http://www.ciesm.org/online/monographs/Trieste.pdf
http://www.ciesm.org/online/monographs/Monaco02.html
http://www.ciesm.org/online/monographs/Monaco02.html
dx.doi.org/10.1029/2003GL019308
dx.doi.org/10.1029/2003GL019308

	Large warming and salinification of the Mediterranean outflow due to changes in its composition
	Introduction
	Evidence, questions and hypotheses
	Initiation of a new monitoring strategy
	The data analysis
	Inferences for the sea functioning
	Conclusion
	Acknowledgements
	References


