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Abstract

A re-andysis of CTD profiles collected in the Strait of Gibrdtar during the 1985
1986 Gibrdtar Experiment shows that alarge variability can occur, within a 10-day
intervd, in the nature of the Atlantic Water found in the sill surroundings and expected to
flow into the Mediterranean Sea, and in the set of Mediterranean Waters outflowing from
the sea. Since both strongly mix together within the grait, the Mediterranean outflow in
the Atlantic Ocean can display atremendous short-term variability. Specifying any
nomind characterigtic for the outflow dl itsway downstream, afortiori any nomina
characteridtic for the various veins into which it is split, thus needs monitoring the whole
water column within the grait.

I ntroduction

Because evaporation exceeds precipitation and river run-off over the
Mediterranean Sea, a surface inflow of fresh Atlantic Water (AW; sdinity S~36) and a
deep outflow of sdty Mediterranean Water (MW; S~38) occur through the Strait of
Gibrdtar (e.g. Lacombe and Richez, 1982). Mainly due to the large amplitude of the
internd tide and to intense non-linear processes, both the inflow and the outflow strongly
mix together (e.g. Wesson and Gregg, 1994), in particular in the Camarind Sill South
surroundings (near 5°45'W, sl ~300 m, Fig. 1).

Up to nowadays, attempts have been made to better understand both the
composition of the outflow and the processes that led waters found at ~1000 min the
western Alboran subbasin to be raised up to the silI. Because they can easly be
recognised on nearly dl &S (0 potentid temperature) diagrams within the western basin
of the sea.and within the Alboran in particular, the sole components of the outflow have
generally been considered (e.g. Baringer and Price, 1999) to be the relatively warm and
sty Levantine Intermediate Water (LI1W), the intermediate water formed in the eastern
basin, and the relatively fresh and cool Western Mediterranean Deep Water (WMDW),



the deep water formed in the western basin. The hypothesis put forward by Stommel et al.
(1973) that the rgpid outflow of LIW was able, through the Bernoulli effect, to suck
WMDW up to the sill isaso generdly thought to be supported by in Situ data (e.g. Kinder
and Parrilla, 1987). Findly, it isdso generally assumed (following Parrillaet d., 1989)
that these two Mediterranean Waters (MWS) are mixed near 6°05'W, hence producing a
homogeneous outflow that is then split into veins, due to its cascading dong different

paths and to different mixing conditions with the Atlantic Water (AW). Note that the
assumption of an homogeneous outflow at the strait outlet is used in most of the recent
data analyses (e.g. Ambar et a., 2002), [aboratory experiments (e.g. Davieset d., 2002)
and numericad amulations, be the latest dedicated to the generd circulation at ocean scae
(e.g. Wu et d., 2007), to the exchanges through the strait (e.g. Sannino et d., 2002), or to
the outflow itself (e.g. Serraand Ambar, 2002).

Most of these thoughts were inferred from analyses of a very valuable set of data,
in particular CTD profiles, collected in 1985-1986 during the Gibratar Experiment
(Bryden and Kinder, 1991). However, better considering the circulation of the MWs
within the whole sea.and the Alboran subbasin in particular, and taking into account
2003-2007 time series from two CTDs moored (CIESM Hydro- Changes Programme) a
the sill (270 m) and on the Moroccan shelf (~80 m), are-analysis of the same data set
leads to markedly different conclusions (Millot, submitted, www.ifremer.fr/lobtin) that
aremore or lessillugtrated heresfter. It is clear that the Winter Intermediate Water
(WIW), the intermediate water that isformed from the AW cooling in the north of the
western basin and lies above LIW, and the Tyrrhenian Dense Water (TDW), the water
that results from the cascading of the deep eastern waters into the western basin and that
lies between LIW and WMDW, are mgor components of the outflow too. In the western
Alboran, it dso appears that the necessary velocity increase of the outflow and the
Corialis effect induce amarked tilting up of the intermediate-deep MWs interface that can
bring the degp MWs up to the southern part of the sill. There, the tilting makes al MWs
mixing individudly with AW, hence leading to an outflow thet is markedly
heterogeneous horizontaly. The widening of the drait after the Il and the necessary
velocity decrease of the outflow make isopycnastilting down and the outflow becoming
heterogeneous verticaly, hence forming veins as soon as ~6°15'W. Together with decadal
changes in the composition of the outflow (Millot et d., 2006) and with marked
seasondity and interannud trends of the inflow's sdinity (Millot, 2007), the re-andysis of
the Gibratar Experiment data set we have undertaken thus aready provided us with
another understanding of both the inflow and outflow variability a sub inertia and longer
time scaes.

We focus heresfter on the short-term variability of both the inflow and the
outflow, aming to show that, if the smplified assumption of an homogeneous outflow
has to be made for practica reasons, its characterigtics are much variable in time than
previoudy expected. The data set is presented in section 2 and analysed in section 3
before concluding in section 4.



2. The data set

Whatever the andyses made and the results obtained ether in the previous
decades by numerous authors or recently by ourselves, the mgor interest of the 1985
1986 Gibraltar Experiment data set is that numerous cross grait / north-south CTD
transects were repesated severd times using relaively smal space intervals (2-3 nautical
miles (nm) in generd, sometimes less) during severd campaigns referred to as "LYNCH-
702-86" (Nov. 1985), "GIB1" (Mar.-Apr. 1986) and "GIB2" (Sep--Oct. 1986) in the
MEDATLAS database (MEDAR group, 2002). Another interest of these campaignsis
that, even though the bathymetry can be rdatively steep, most of the profiles were made
down to afew metres above the bottom, which guarantees that no significant amount of
any MWswas missed. The GIB1 and GIB2 campaigns are interesting because, even
though transects were not repeated, they covered the whole study area, in particular the
eastern Alboran and the drait itself, within one week and while the dynamical regime was
relatively stable; we analysed most of the profiles between 4°30'W and 6°15W (Millat,
submitted) and consider only some of them heregfter. The LYNCH-702-86 campaign is
interesting for the purpose of the present paper because, first and even though it focused
on the drait itself only, transects were repested severd times within two weeksin
between and at the longitudes (~5°15W and ~6°05'W) that were considered to be its
entrance and outlet (for the MWSs). This campaign is dso interesting because marked
changes in the hydrodynamica regime that are detailed heresfter occurred meanwhile.

Bray et d. (1995) previoudy made adatistical andyss of the whole Gibratar
Experiment data set. They did not differentiate the various MWs and indicated that AW
wasin fact composed of North Atlantic Central Water (NACW, g =12-14 °C, S=35.5-
36.0 in the study areq), found during dl campaigns and overlaid by a modified form of
NACW that was named Surface Atlantic Water (SAW, q=16-22 °C, S=36.0-36.5in the
study areq). Therefore, they interpreted the g and S digtributions within the Srait asa
mixture of these three principa water types and inferred typica percentages for an upper
layer, an interface layer and alower layer, aswell as seasona and east-west variations.
Such generd festures are far from being supported by a more detailed andysis of the
available data set, in particular the LY NCH-702-86 one (1-17 Nov. 1985).

Transects a several nominal longitudes (6°05'W, 5°50'W, 5°40'W, 5°30'W,
5°15'W; more accurate locations can be found in e.g. Bray et a. (1995)) were repeated
severd timesin an order that makes them more or less convenient for our purpose. The
5°15'W transect was performed on Nov. 6-7 and 10- 11, which appears to be atoo short
interval, furthermore data from the 5°30'W transect, performed on Nov. 5, 9-10 and 16-
17 show that mgor changes occurred in the composition of the MWs outflow between the
two last surveys; information provided by the 5°30'W and 5°40'W transects are roughly
smilar. The 6°05'W transect was suitably covered on Nov. 1-2 and 15, aswell asthe
5°50'W transect covered on Nov. 2-3 and 13-14, which isa particularly interesting
transect since located just west from the sill. We thus decided to present only the data
collected about 10 days apart (Nov. 1-5vs. Nov. 15-17) at 6°05'W (where maximum
depths are ~400 m), 5°50W (~400 m) and 5°30'W (~950 m). Note that at al longitudes



and at both the beginning and the end of the campaign, the transects were in fact
performed twice a roughly smilar locations, which guarantees the significance of the
collected data that are dl consdered at the available 1-dbar sampling interval. Transects
on Nov. 1-5 (resp. 15-17) arethusreferred to asLYNCH1+2 (resp. LYNCH3+4) in the
figures and named L12 and L34 in the text.

3. Thedataandysis

Ovedl, theg-Sdiagramsin Figure 2 show that, for what concerns AW mainly,
L12 (blue), GIB1 (grey) and GIB2 (grey) display rdatively smilar featuresin the whole
study area; as confirmed by other hitorical data sets, it is clear that L34 (red) represents
an abnormd dtuation in the inflowing AW layer. Normd generd featuresthere are, in
particular, the S minimum (35.8-35.9) at the base of the NACW layer that rises, according
to the L 12 data, from 200-280 m at 6°05'W to 200-230 m at 5°50'W, while the NACW
characterigtics are not seasonadly dependent (e.g. GIB1 vs. GIB2, not clear in the figure).
Eagtward from the slI longitude (~5°45'W), the S minimum is less clearly defined and the
inflow's S displays amarked seasond variability (Millot, 2007). Only the SAW
characteristics during fall are clearly displayed in the figure, those during spring (GIB1)
being in particular ag maximum of ~16 °C (Millot, 2008-submitted). The other major
information from Fg. 2 isthat the MWs mixed only with NACW during L12 in thewhole
area, while during L34 they mixed with both SAW and a markedly modified NACW at
6°05'W, with SAW only at both 5°50'W and 5°30'W since NACW was totally absent
there. Thisleads to dramaticdly different AW -MWSs mixing lines.

At 6°05'W (Fig. 2a), SAW was present during dl campaigns while NACW was
relatively rare during L34 performed ~10 days after L 12 and ~6 months (resp. ~1 year)
before GIB1 (resp. GIB2). Additionaly, mixing with the MWs was significant at al
places in a 250-m surface layer during L34 while it sometimes did not reach such alayer
during L12. Differences between L34 and L12 in particular are even more dramétic at
5°50W (Fig. 2b) since mixing with the MWs was sgnificant a al placesin a100-m
surface layer during L34 while it never reached such alayer during L12. Smilar
observations can be made at 5°30'W and for a 50-m surface layer (Fig. 2¢). It can be
concluded from the L12 vs. L34 differencesin Fig. 2 that areduced amount of NACW in
the whole study area dlows the MWs to influerce athicker bottom layer.

Overdl, Fg. 3 dlowsfocusng on the AW -MWs mixing linesin the degpest part
of the profiles. In addition to the differences between the dopes of the L12 (NACW-
MWs) and L34 (SAW-MWSs) mixing lines adready shown, Fig. 3 indicates that the
amount of points in the displayed ranges reduces, from east (Fig. 3c) to west (Fig. 3a),
much more for L12 than for L34. Mixing of the MWSs thus modified their characterigtics
more during L12 (with NACW) than during L34 (with SAW). Thisis supported by the
decrease, from east to west, of the maximum dengty values that was larger during L12
than during L34. Additiondly, and even though Fig. 3c suggests that the MWs east of the



Sl were less dense during L34 than during L12, maximum densties west of the sl (Fig.
3a,b) were larger during L34 than during L12. The dope of the AW-MWs mixing line

during both L12 and L34 evolves from east to west according to the fact that more and
more mixed relatively warm and sdty MWs mix with less and less mixed relatively cool
and freshNACW.

More information about the compaosition of the MWs outflow while till relatively
unmixed with AW, be it NACW or SAW, and about its changes from L12 to L34 can be
inferred from Fig. 4c. Because Q- S diagrams there are relatively complex, only three
representative profiles, salected in the northern, central and southern parts of the Alboran
are plotted for each transect with one out of six data. Profilesin the south (S) indicate a
Sraight/direct mixing line between either WM DW or the densest TDW and AW. Profiles
in the centre (C) are the less straight because they mainly indicate the WIW and/or LIW
cores while profilesin the north (N) indicate AW-MWs mixing lines dong the continental
dope. Asshown by the largest densities for each of the profiles (black s, C, N), maximum
vaues are encountered in the southern and central parts of the subbasin (see Millat,
submitted, for more details).

Figure 4c shows that, as compared with the GIB1 and GIB2 data, the WIW
amount during both L12 and L34 was relatively reduced. For the other MWSs, L12 profiles
were more classic and more Smilar to the GIB1- GIB2 ones than the L34 profiles that
indicated relatively mixed, hence not very dense, MWs. L34 thus represents an abnormal
Stuaion aso for the MWs outflow as depicted at 5°30'W. The Situation reversed at both
5°50'W (Fig. 4b) and 6°05'W (Fig. 4a) since the densest outflow more and more comes to
be the L34 one; note from Fig. 3 that this just results from different mixing intensities
aong different mixing lines, maximum mixing occurring during L12 (with NACW). Also
note from the indication of the 400-m levels that maximum dengties are not necessarily
encountered at the greatest depths, even though till in the southern and/or centra partsof
the grait; it isonly near 6°15W, which must preferentidly be consdered asthe Strait
outlet, that the largest dendities are definitively found aong the northern dope.

3. Discussion

Itisclear from Fig. 2b in particular, that dramatic change occurred in the whole
surface layer of AW between the L12 and L34 surveys, hence ~10 days apart, with the
totd disappearance of NACW in the sl surroundings. It isaso clear from Fig. 4cin
particular, that dramatic change aso occurred within the same time interva in the deeper
part of the MWs layer in the western Alboran, with the replacement of al the densest
MWs by more mixed, hence less dense ones.

One can hypothesise that one change directly results from the other. Assuming
that the disappearance of NACW (or the relative extension of the more superficid SAW)
in the inflow is the cause should lead in the Alboran to areduced mixing of the MWs with



less dense AW, hence to a denser MWs outflow at 5°30'W. Assuming that the occurrence
of less dense MWsiis the cause should result in different mixing lineswith NACW, not in
its disgppearance. Since such hypotheses are not supported by the available data, and even
though we do not have any information about the trangports, we are inclined to think that
both changes just occurred by chance within the same time interval.

Congdering that the MWs generdly mix only with NACW, i.e. the deeper part of
AW (Fig. 2), and assuming that lighter MWs outflow (Fig. 4c) while the NACW amount
vanishesin the srait surroundings (Fig. 2a:c) leads to an easiest/thickest outflow (the
black dotsin Fig. 2) and a reduced mixing of the MWSs with the more superficiad SAW,
which is conggtent with dl available data. Quantifying the mixing from 5°30W to
5°50'W and to 6°05'W by the largest dengity values measured during the various transects
leads to shifts from 29.099-29.103 kg.m™ for L12 and 29.095-29.096 kg.n3 for L34 (at
800-950 m near 5°30'W), to 28.92-28.96 kg.mi> for L12 and 28.97-29.05 kg.ni* for L34
(at 450-600 m near 5°50'W), and to 28.80-28.83 kg.mi* for L12 and 28.85-29.00 kg.ni>
for L34 (at 380-420 m near 6°05W). Even though the largest densities that occurred
during each survey were probably not measured due to a till too coarse sampling
interva, the total decrease between 5°30'W and 6°05'W, which can aso be estimated
from Fig. 4, was ~0.25 kg.m> during L 12 and ~0.1 kg.ni® during L34. Note that the
decrease between 5°50'W and 6°05W was similar for L12, GIB1 and GIB2. We can thus
conclude that the marked change in the intengty of the MWs- AW mixing observed
between L12 and L34 results more form the disappearance of NACW than from the
change in the characterigtics of the MWs outflow itsdlf.

4. Concluson

Thanksto very vauable CTD profiles collected during the 1985-1986 Gibratar
Experiment dong a series of north-south cross-strait transects repeated severa times
within a10-day intervd, it was possble to emphasi ze the tremendoudy large short-term
variability that can be encountered by both the inflowing AW and the outflowing MWs.

Within such ashort-time interva, the supposedly ubiquitous NACW can totaly
disgppear in the sl surroundings, AW just congsting then in ardativey superficid layer
of SAW that is much less efficient than NACW in mixing with the MWs. This appears to
have dramatic consequences for the characteristics of the outflow at the strait outlet,
hence far downstream in the ocean. Such a short-term variability of AW must therefore be
imperatively considered in addition to the seasondity and interannua trends dready
shown with autonomous CTDs moored in the sl surroundings (Millot, 2007).

The MWs outflow itsdlf can encounter ardatively marked short-term variability
that isaso indicated by the on going monitoring with autonomous CTDs. This varighility
of the MWs must be imperatively considered in addition to the sub inertid (monthsto



years) changes aready shown with these CTDs and are-andyss of the same Gibrdtar
Experiment data set (Millot et d., 2006; Millot, submitted).

Itis clear that specifying the characteridtics of the Mediterranean outflow in the
Atlantic Ocean, henceitsinfluence at globd scale, as wdl as understanding its dynamics
while cascading and mixing with waters resdent dong the Iberian continental ope,
needs describing, with rdaively short space and time intervas, not only its composition
a the drait entrance in terms of the four mgjor MWs, but aso the compaosition of AW
(NACW vs. SAW) in the sl surroundings.

Acknowledgements. The various re-andyses we are proposing manly illustrate
the fact that good data sets have a vaue that is continuoudy increasing with time, and
they emphasize the gppreciation one must have for the very vauable work done by the
involved crews, technicians, scientists and data managers.
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Figure captions

Figure 1. The sudy areawith the more (full lines) or less (dashed lines)
informative north- south transects, and the location of Camarind Sill South (CSS).
|sobaths are the 100 m (thin), 200 m (thick), 300 m (thin), 400 m (relatively thick), 500 m
(thin), 600 m (dashed) and 800 m (thin) black lines.

Figure 2. g- S diagramsinferred from the whole set of entire CTD profiles
collected near 6°05'W (@), 5°50'W (b) and 5°30'W () during the LY NCH-702-86
campaign on Nov. 1-5 (blue) and 15-17 (red), 1985, aswell as during the GIB1 (Apr.
1986, grey) and GIB2 (Nov. 1986, grey) ones. Transects were repeated twice at the
beginning (1+2) and the end (3+4) of the LY NCH campaign (available sampling interva
of 1 dbar), they were performed only once during the GIB1 and GIB2 ones (available



sampling interva of 2 dbar). Black dots correspond to depths of 250 m (&), 200 m (b) and
50 m (c). Isopycnals are plotted 1.0 kg.ni® apart. Acronyms are specified in the text.

Fgure 3. Same asfor Fig. 2 in the lowest part of the CTD profiles focusing on the
MWSs-AW mixing lines 1sopycnds are plotted 0.05 kg.mi*® apart.

Figure 4. Same asfor Fig.2 in the MWsranges. Only one profile representative of
the southern (9), central (C) and northern (N) parts of the various transects are plotted with
corresponding letters for each campaign (GIB1, GIB2) or survey (LYNCH 1 to 4); black
letters indicate the densest value for each of the selected profiles. All available dataare
plotted in &) and b) while only one out of two (GIB) and one out of Six (LYNCH) are
plotted in ¢). The other profiles are just indicated by smal dots. Black dotsin @) and b)
specify the 400-m level. Acronyms are specified in the text.
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