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Abstract

This paper is a development of a companion ondjghda two years ago in the same
journal, which proposed another concept of the hedinean Sea outflow through the Strait
of Gibraltar. While other papers about the outflasgume that it is composed of only two
Mediterranean Waters (MWSs), the Levantine InterratdiVater (LIW) and the Western
Mediterranean Deep Water (WMDW) from the eastehwaeastern basins, respectively, we
found evidence, from a re-analysis of 1985-1986 (fdfiles (Gibraltar Experiment,
GIBEX), for two other MWs, the Winter Intermediatéater (WIW) from the western basin
and the Tyrrhenian Dense Water (TDW) basicallyiogted from the eastern basin. We also
analyzed 2003-2008 time series from two CTDs mo¢@HESM HYDROCHANGES
Programme) at the southern sill of Camarinal (2F@nd on the shelf of Morocco (80 m) and
we argued for a series of new ideas. Essentiabyhypothesized that, at the entrance of the
strait, these four MWs are roughly laying one abitheother in proportions varying from
north to south. Then, while progressing westwdrd,isopycnals associated with these MWs
tilt up southward as much as being, within theistraughly parallel to the continental slope
of Morocco where the densest MWs are. The MWsansthait are thus juxtaposed and they
all mix with one or the other of the two Atlanticafér components (so that the inflow
acronym is AWSs), the Surface Atlantic Water (SAWjldhe North Atlantic Central Water
(NACW). This leads to an outflow that is horizohdieterogeneous before progressively
becoming vertically heterogeneous, then leadirgplitting into a series of superimposed
veins.

Meanwhile, comparing the previous CTD time seriéhk @wnother one collected
simultaneously at the southern sill of Espartelt{i®y University of Malaga, still within the
CIESM HYDROCHANGES Programme and with Spanish fuindsn INGRES projects) has
recently allowed us demonstrating the significapiceixing lines computed from two
successive records. Luckily, the CTDs moored atwlwesills are generally located roughly
along the same streamline so that the along-stexahtion of the MWs outflowing there
can be monitored. The outflow, which does not show clear seasonal variability before
entering the strait, strongly mixes within the gfrdue mainly to the internal tide, with the
seasonally variable inflow so that it gets markeasenal and fortnightly variabilities within
the strait. A major general result is that, sinothlihe outflow and the inflow display marked
spatial heterogeneity and both long-term and steont-temporal variabilities before they
mix, accurately predicting the characteristicshaf dutflow into the ocean appears almost
impossible. Another major result is that we demi@tetl the possibility to link, under some
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conditions, two sets of data collected at diffedenations along the strait, such as for
instance CTD profiles collected at different lonigiés.

Because there is still some reticence in acceptimgoncept of the Mediterranean
Sea outflow and some of our hypotheses could bsidered as too subjective, we propose
herein a fully objective description of the watesisges distribution during the GIB1 and
GIB2 campaigns of GIBEX. Where the AWs and the Midsnot markedly mix, each of
them is defined in terms of density and temperatamges. Where a MW mixes with one of
the AWs down to the bottom, the mixing line chagaistics allow following that MW from
one section to the other downstream; note thahdtien "down to the bottom™ is essential
since, otherwise, the mixing line characteristicd ehange as the mixing deepens. We
clearly demonstrate that the various MWSs, or atléze various waters defined, at anybody's
convenience, with a series of density and temperaanges, follow the general concept we
have proposed. Being superimposed before entdrengttait, they come to be juxtaposed
within the strait before becoming superimposedragai

Additionally, we have had the opportunity to analgglditional CTD time series
collected by the University of Malaga on both soatidl north sides of the southern sill of
Espartel. We clearly demonstrate herein that, éveangh the MWSs outflowing at the sill and
on the lower part of the southern / Moroccan slaygeroughly the same, the densest ones
outflow along the slope, i.e. at depths shallowantat the sill. We also clearly demonstrate
that, at least during the experiment, the MWs outiihg on the lower part of the northern
slope were very different from the MWs outflowinitlae sill and that each mixed with
different AWs. Moreover, we clearly demonstratet thiging the mixing lines computed from
each time series, the data recorded at the sousiieaon Espartel and on the lower part of the
southern slope there allow retrieving, with a veayisfying accuracy, the data recorded at the
southern sill of Camarinal, which is clearly no¢ ttase for the data recorded on the lower
part of the northern slope at the southern sikEgpartel.

Having described the AWs and MWs heterogeneiti¢simihe Strait of Gibraltar, we
emphasize how different they are, basically dutéodifferent processes leading to either the
inflow or the outflow. The inflow is sucked intodlsea, due to the water budget (E-P) deficit
in the sea, so that any type of AW present on thgtevn entrance of the strait can enter the
sea, at any time and any specific location. Orctivdrary, the outflow is a product of the sea
that is a machine producing, in very specific ptaceainly through open-sea dense water
formation processes, a series of MWSs that themleite within the sea as alongslope density
currents before entering the eastern side of tlaé &t a specific order, being driven by
specific forces. We have tried schematizing whaevilee consequences for the mixing
processes between the AWs and the MWSs. We havéreddschematizing our one
understanding of the Mediterranean Sea outflow.

Thanks to the demonstration we recently made o$itp@ficance of mixing lines
inferred from CTD time series, the fully objectireeanalysis of the GIBEX CTD profiles that
anyone can make with his/her own density and teatper ranges, and the multiplication of
CTD time series collected within HYDROCHANGES, dhdtively support the validity of the
concept we proposed two years ago. In particul@s,riow clearly demonstrated that the
Mediterranean Sea outflow remains heterogeneous wiassing the Strait of Gibraltar, and
that each of the MWSs can mix with one or the ottenponents of the Mediterranean Sea
inflow. While the lightest MWs remain along the tioental slope of Spain, the densest ones
outflow along the continental slope of Morocco.@@noticed is that, not considering the
difficulty of the working conditions within suchsrait that is only ~10 km wide at about
mid-depth in its narrowest part, having up to fdWs outflowing side by side there and



mixing with two AWSs that have a very heterogeneand variable distribution clearly leads
to a spatial heterogeneity that is actually mucpdathan the one evidenced herein from a
relatively low number of CTD profiles and time =i
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1. Introduction

This paper can be considered as the developmentaipanion paper (Millot, 2009;
MQ9 hereafter) which proposed, in the same jourrabther concept of the Mediterranean
Sea outflow. Since historical papers about theitSifaibraltar, as well as a confrontation
between current and personal thoughts were alneabented in detail, the reader is kindly
asked to read the Introduction of M09 first in arttlehave a full overview of the problem.
Also, we apologize for citing mainly our own refeces, which is simply due to the fact that
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none of the other references supports our persbaaghts and we do not want to openly
criticize them. Briefly, the outflow through ther&t of Gibraltar has been historically
considered as composed of only two out of four mijediterranean Waters (MWs) that are
expected to be mixed near 6°W, thereby produciradheer homogeneous outflow that then
splits into veins, due to its cascading along dé#ife paths and to different mixing conditions
with the Atlantic Water (AW). Note that these catesations about a homogeneous outflow
can result from incapacity to understand the hgemeity evidenced by the data sets, and that
no analysis is available about what could be tfferdint paths and how could they induce
heterogeneity then. Whatever the case, these @asimhs are supported neither by the
analyses we have been conducting for a while abeuunctioning of the Mediterranean Sea
nor by those we have undertaken about the stsaif.it

Our own concept is that, in the westernmost pathefsea (Fig.1), intermediate MWs
(the Winter Intermediate Water, WIW, the Levantineermediate Water, LIW, and the upper
part of the Tyrrhenian Dense Water, TDWi) circulakengslope counterclockwise due to the
Coriolis effect, thus entering the strait alongntsthern slope one above the other. In the
Alboran subbasin, the deep MWs (TDWd and WMDW \thestern Mediterranean Deep
Water) circulate only sluggishly and are mainlypes by the intermediate MWs off the
southern slope where they are in direct contadt AtV and thus mix noticeably with it.
Since the bathymetric sections become constricteshventering the strait, intermediate
MWs accelerate so that their interface with thepde®Vs tilts up southward, hence easing
the lifting of the latter. Schematically, the MWt are superimposed in the sea thus come to
be juxtaposed in the strait, the denser outflovaluyg the slope of Morocco and each of
them mixing directly with AW. Since the bathymetsiection widens when leaving the strait,
the mixed MWs decelerate and their interface flegtens. Then, each mixed MW
progressively cascades down to its specific lefelailibrium before flowing independently
from the others along the Iberian slope. In theaac¢he outflow is thus structured in a
number of veins, each of them being mainly dependerthe composition of the outflow in
terms of MWs when entering the strait and on iteractions with the inflow within the strait.
Our aim with this paper is thus to document thdiapheterogeneities of the MWs outflow,
and of the AW inflow too, which justifies the usktlee AWSs acronym in the studied area,
and demonstrate that they coherently evolve inesdamth across and along the strait.

This concept was illustrated by M09 mainly fromeaanalysis of CTD profiles
collected during several campaigns of the 1985-X9®8altar Experiment GIBEX that
repeated several times a series of north-south tEdi3ects across the Alboran subbasin, the
Strait of Gibraltar and the Gulf of Cadiz (Fig. The LYNCH-702-86 (November 1985),
GIB1 (March-April 1986) and GIB2 (September-Octo®B86) data available in the
MEDATLAS database (MEDAR group, 2002) with pressimtervals of 2 dbar for GIB1,2
and 1 dbar for LYNCH are of particular interestl thlese transects were performed with
relatively small sampling intervals, ranging frora Am (nautical miles, sometimes less) in
the strait to ~3 nm outside of it, generally dowratfew metres above the bottom, and as
rapidly as possible.

The specific interest of the LYNCH data was alreaggcified (Millot, 2008;
summarized in M09): even though transects onlygedwon the strait itself, they were
repeated several times within two weeks from 5°1®\W8°05'W that were assumed to be the
strait entrance and outlet for the MWs. Almost gtmmally, marked changes occurred
during the campaign in the composition of bothgbeof MWs east of the strait and the set of
AWs in the whole area, which leaded to a huge bdityaon a few-day time scale. We
demonstrated that, strangely, the outflow oveltadiracteristics west of the strait depend less
on the set of MWs east of the strait than on th@sAWs within the strait.
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The GIB1 and GIB2 transects are interesting to@abse they covered the whole study
area within one week. The longest deepest tran&&t386'W, 5°00'W, 5°15'W) were
completed in 10-15 h and the shortest shallowess ¢5°30'W, 5°40'W, 5°50'W, 6°05'W,
6°15'W) in 4-6 h. The indicated features suggdstixely stable dynamical regimes during
both campaigns, making them suitable for a desonrpif the outflow, and significant
differences between them illustrate some aspedtseofariability. As done by all previous
authors, we considered that these transects aresggative of a synoptic situation and do
not depend on the relatively important tidal mixirggiability with time. As usually, we thus
considered only the mixing variability with spaédl. available transects in potential
temperaturefl), salinity (S) and potential densitg)(as well a®-S diagrams were analysed
by M09, and profiles were classified accordinghe telative amount of light/intermediate
MWs they evidence, which can be considered asubjestive. This point partly motivated
the fully objective and complementary, althougt sefficient, analysis of the GIB1,2 data
proposed in chapter 2.

MO9 also analysed CTD time series collected witloaomous CTDs (Sea-Bird
SBE37-SMs) moored in key places of the whole seharframework of the CIESM
HYDROCHANGES Programmee initiated in the early 2000s (see M09 for dstathout the
CTD performances). Within the strait (Fig.1, 2),[Tare serviced by the Commission pour
I'Exploration Scientifique de la mer Méditerran€2ESM), the Centre d'Océanologie de
Marseille (COM) and the Service Hydrographique eé&hographique de la Marine Royale
du Maroc (SHOMAR) since January 2003 at the soatk#lrof Camarinal (point C) and on
the shelf of Morocco (point M). The University ofdlhga (UMA) services another CTD at
the southern sill of Espartel (point E) since Seiter 2004 and deployed similar CTDs for
limited periods at ES (Espartel-South; 128 day®atober 2007-March 2008) and EN
(Espartel-North; 64 days in October-December 200f&se CTDs are operated within the
HYDROCHANGES programme too and are supported bysgpemish-funded INGRES
projects. Results already obtained from the C, Bl Enime series that will not be illustrated
by the data presented in chapter 3 will be sumredréfter the presentation of the basic ideas
and hypotheses used in the whole paper.

One improvement we make as compared to M09 istterjastify how to define the
AWs-MWs interface. Indeed, we did not previouslglize that, for most profiles, mainly
S(z) but also (and coherentlyjz) display a maximum gradient within a range & tens
of metres. Visually, and as objectively as possivie specified the depth of that maximum
gradient (the yellow thick line plotted in the déypsections presented in chapter 2) and
realized that, during both GIB1 and GIB2 and atralhsects except the 6°15'W one, it nearly
corresponds to the 28.0 kg¥isopycnal that is thus generally associated viiehAWs-MWs
interface (the 27.8 kg.thisopycnal is chosen at 6°15'W). Even though MOSosk the 28.75
kg.m* isopycnal east of the sill of Camarinal and thed.m? isopycnal west of it, all
isopycnals are plotted on the sections and it eandticed that this does not markedly change
any of our results. This remark about the relatiwportance of the AWs-MWs interface
definition applies to all other definitions of dégsand temperature ranges here below.

Let us first consider the-S diagrams in Fig.3a that focus on the AWsZ8.0 kg.m
%). The two of them represented with cyan, cyan-ling green dots are those of profiles 3
and 4 from the GIB2 transect at 6°05'W (see chdpterhey are located only 0.9 nm (~1.7
km) apart but, although they are very similar @t $hrface, they are dramatically different at
depth. There, profile 3 displagsand S minima associated with NACW (the North Atilan
Central Water), even though values do not necégsaatch those given in the literature (see
MQ9), while profile 4 displays a relatively stratghixing line with the MWs. In order to
present an analysis as objective as possible (s&tgsspecific to the GIB1 and GIB2 data
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sets), to identify the NACW core and give it songngicant thickness, and to take into
account the large seasonal variability of the Swrfatlantic Water SAW (i.e. GIB1 vs.
GIB2), we arbitrarily define bg=26.9 kg.n the limit between NACW and SAW.
Therefore, all profiles that displ#yand S minima in the range 26.9-28.0 kg.fhwill be
coloured in green and all profiles in the ramg®6.9 kg.nt will be coloured in cyan.
Logically, all profiles that do not displayGaminimum (a S minimum was always observed
during GIB1,2) in thes range 26.9-28.0 kg.th hence that do not evidence any NACW, will
be coloured in cyan. The profile with grey dots esnrom the same transect during the
LYNCH campaign and illustrates the huge variabilitgt can be encountered in the AWs
layer, as well as the consequences for the chaistate of the outflow of mixed MWs.
Figures in chapter 2 show that no GIB1,2 profilgerables the LYNCH one, i.e. without any
0 or S minimum, and that SAW and NACW can no morélifferentiated in the eastern
Alboran, so that one deals with AW within the sea.

Let us then consider tleS diagram in Fig.3b that focuses on the M\Ws28.0 kg.m
% and is that of profile 6 from the GIB2 transec#230'W. Even though such a diagram
appeared relatively complex to the scientists wdtaacted and analysed GIBEX, since none
of them correctly identified the various MWs evided here, as well as to the scientists that
have been interested up to now in the strait dyognsince most of them are still reticent in
accepting our analysis, let us specify that sudlagram is very classic for all scientists
working in the western basin of the sea. Brieflgcéuse detailed explanations can be found
in M09 together with a schematization (as Fig.2pwf own understanding of the circulation
and major processes there (see Millot, 1999, farendetails), let us describe the four MWs
evidenced in such a diagram.

The WIW, characterised by@Gaminimum, results from the AW wintertime cooling(a
evidenced herein, SAW and NACW can no more be ifiethiwithin the sea) in the northern
part of the western basin (the Liguro-Provencabsisin) without any mixing with the MWs
below. The LIW, formed in the eastern part of thetern basin (the Levantine subbasin),
results from the AW wintertime cooling without amyxing with the MWs below. LIW has
always been said to be characterised Byelative maximum and an S absolute maximum,
but we recently suggested that this could resaihfa general misunderstanding of the
mixing processes between LIW and the surroundingmegMillot, submitted). Let us first
note that, even thought i) it is obvious that ds®fy's are also formed in the eastern basin,
more especially in the Aegean and Adriatic sublsasind ii) all studies performed as regard
to the Eastern Mediterranean Transient are widedgated, the fact that these deep eastern
MWs necessarily escape the eastern basin andatedual the western one is generally
ignored. This feature was first evidenced by Mi([0®99) who, considering that these deep
eastern MWs cascade from the Channel of SicilhénTtyrrhenian subbasin while mixing
with the MWs resident there, named them the TDWillastrated by Fig.3 of Millot
(submitted), thé®-S diagram in Fig.3b and the analysis herein, dsasdecause of the
various characteristics of the four MWs, assocgatire S maximum with LIW would consist
in giving LIW an unrealistic large amount as congghto that of TDW. Finally, the densest
of the MWs in the western basin is the WMDW thabisned in the Liguro-Provencal
subbasin by wintertime convection processes ovewttole depth, then involving all other
MWs there.

These four MWs, which necessarily mix on the vaitat least and thus form a
continuum in such 8-S diagram, can be separated only arbitrarily, weatlid as
objectively as possible. Whatever the case, arsdidsfor the AWSs, the density and
temperature ranges we have chosen for the MWseamoldified without markedly changing
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the results. As long as sucl®-& diagram does not display a mixing line betweea W
and one AW, we associate:

-WIW with all data that display & minimum in thes range 28.0-29.0 kg.thand
colour these data in orange (note that the physinge forgiven: data in the range ... are
coloured in ...),

-LIW with all data that display & maximum in thes range 29.0-29.075 kg:frand
colour these data in red; papers assuming thaiutilow is composed of only two MWs (and
the inflow of only one AW) generally link the WIWminimum with a AW-LIW interface.
Note that the limit chosen to separate WIW from L{the 29.0 kg.ni isopycnal) is roughly
located at mid-distance of the tWaelative extrema.

-TDW with all data in thes range > 29.075 kg.thand® range >12.85 °C, and colour
these data in magenta. Note tha29.08 kg.n¥, which was chosen by M09 as the interface
between the intermediate and deep MWSs up to 5°4088Ace for calculations linking the
speed, the bathymetric section and the slope ahtedace, is thus generally associated with
TDW and is consistent with the idea that the uppermediate part of TDW (TDWi)
circulates significantly alongslope counterclockewsghile its lower/deep part (TWDd)
circulates only sluggishly before being uplifted \WAMDW and as schematized in Fig.1.

-WMDW with all data in thed range <12.85 °@the associated range is generally >
29.075 kg.rit) and colour these data in blue. Papers assumingtiow composed of only
two MWs fix the LIW-WMDW interface somewhere betwethe twob extrema that
characterize both MWs, and below the S maximumaastsa with LIW in all previous
papers (including ours); for instance, Kinder amadrita (1987) chose 12.90 °C.

When such &8-S diagram displays a relatively straight mixingelibetween one MW
and one AW over the whole depth, or does not ededine MWs normally found above that
MW, all data are plotted with the colour of that MWhatever the and@ ranges are. This is
illustrated in Fig.3b by the schematic straight imixlines associated with WIW, LIW and
WMDW; the specific illustration for TDW is descrithdelow. For instance, in case of a
mixing between WMDW and SAW, which is relativelgfuent in the southern part of the
Alboran subbasin, data will thus be plotted in cf@p<28.0 kg.nT and in blue for>28.0
kg.m*. It is essential to understand that, where twoimgitines, or a mixing line and an
unmixed (with the AWS) diagram intersect, henceriled) a specifid®-S-o set of values, only
considering that specifig-S-o set of values does not allow characterizing wikicil of MW
is involved. Let us now summarize the major resalitsady obtained from the CTD time
series analysis.

The 2003-2004 time series at point C (Fig.2) ammgiobnes from previous
experiments indicate (Millot et al., 2006) that theéflowing MWs have been temporarily
warming and becoming more saline since the mid $99€ing in the early 2000s much
warmer (~0.3 °C) and saltier (~0.06) than ~20 yegs Only LIW and TDW were found at
point C without any WMDW. As a probable consequenicine Eastern Mediterranean
Transient, TDW was more of eastern origin than josly; but even more eastern TDW has
been encountered since then. As illustrated byigioees in chapter 3, nowadays ranges for
TDW at point C, which is the only time series comnmiycevidencing unmixed MWs, are
12.95-13.10 °C fof and 38.48-38.51 for S, leadingdo-29.10 kg.n¥, which represents
huge differences with GIB1,2 in the MWSs ranges (Sige3b and 25e).

The CTD set at point M to monitor the inflow, ircfallows the monitoring of both
the inflow and part of the outflow, due to the ku@mplitude of the internal tide (Millot,
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2007). The inflow shows a marked seasonal varigtofi S (amplitude ~0.5, maximum in
winter), due to air-sea interactions, and a hug85-9r' interannual salinification during the
2003-2007 period. Even though this result doegprmtide any information about the
evolution of AW in the long term, it discredits &lllk analyses in the sea and at the strait
that, more or less explicitly, assume a constadhteatent within the sea. Note that, on some
occasions (Fig.22b of M09), the MWs outflowing atrg M (80 m) can de relatively dense,
hence denser than the MWs outflowing at point @ (@j.

The CTD time series collected simultaneously (22088) at points M, C and E
(Millot and Garcia-Lafuente, 2011; MGL11 hereafterpvide information that fully supports
all our previous results. Let us first note thattb8AW and NACW are clearly recorded at M.
The main result of MGL11 is to show that the owtflof MWs, which does not show a clear
seasonal variability before entering the straigragly mixes within the strait, due mainly to
the internal tide, with the seasonally variabléawfof AWSs. The outflow thus gets marked
seasonal and fortnightly variabilities within theast. Furthermore, since the outflowing
waters entering the strait display marked spag#&ttogeneity and long-term temporal
variabilities, while the inflow can display hugeostiterm variability, accurately predicting
the characteristics of the outflow into the oceppears almost impossible. More specific
results of MGL11 are of special interest for thalgsis herein and deserve to be detailed.

All the CTD profiles available in the MEDATLAS dabase in the vicinity of the
southern sills of Camarinal and Espartel show AW&4/mixing lines, but most of the
profiles near the former sill also show more oslpare MWs near the bottom. This statistical
feature inferred from data of unknown quality aadye spreading in time is consistent with
the high quality GIBEX data and suggests that higkihe profiles with the time series can be
roughly done by assuming that a given profile sptiiced vertically by the internal tide, i.e.
ignoring the advection and spatiotemporal varigbof the mixing. Such an assumption is
supported by the following analysis and the sintikzs between the spatial and temp@&-38
diagrams.

The MGL11 analysis is based on the mixing line slopmputed from two successive
records in a given time series (at t and t+1, '@ihg the time step), more specifically on the
ratio Bw+1-61)/(S+1-S) = AB/AS, the unit of which is °C. Note that this is alse formulation
of the mixing line slope computed from two successlata in a vertical profile, just
replacing t by z. Practically, @S diagrams herein are displayed with axes haviagame
length for aAS range that is half th& one in classica (°C) and S units, so that the related
slope A=atamf6/AS/2) in degrees (°), computed and plotted in chiegytean be easily
interpreted (the slopes in ° and in °C have theesaumerical value). It also appears that 25-h
median values of the slope efficiently filter obetdiurnal and semi-diurnal tidal variability
(and higher frequencies as well).

Most of the slopes (parameter A) of the AWs-MWs imixlines, at the two sills and
on the shelf of Morocco as well, were in the rarf¢f to -40° during the four-year period.
More specifically, nearly all slopes at E are conraged in that range, being there similar to
the slopes at C and M, while positive slopes wége abserved at C and M. These two
negative values of the slope are figured out inFEgnd they were generally observed in the
whole strait during GIB1,2, as shown by & diagrams in chapter 2; however, larger
negative slopes can be observed, as during LYNGH3&). One essential feature that will
be illustrated herein is that points C and E anekily" (sic) located generally along the same
streamline for the outflow, so that the along-strezvolution of the MWs outflowing there
can be monitored (this is not the case for EN cbepter 3.2).
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All sets of slopes (at C, E and M) display a markedsonal variability with,
schematically, larger slopes (near -40°) in wirsted lower slopes (near -20°) in summer.
More specific features at C and E are schematizédg.3b, obviously in data ranges that are
not those encountered nowadays. For instance, thieemixing line associated with two
successive records in the time series at C issepted by the small-dashed lines near
S=38.4, it is represented by the large-dashed firas S=38.3 at E. This clearly indicates that
a) when a MW at C mixes with a AW, that MW genegralbntinues mixing with that AW at
E, b) the MWs mix with two different AWSs on a seaabbasis, and c) representative mixing
lines associated with slopes of either -20° or #@rsect in the MWSs' range. An unmixed
MW, schematized by the black circle in the TDW rangrriving at the sill of Camarinal will
thus be modified, in the sill surroundings and dhejieg on the season, towards values
directed in a sector (-20°,-40°) all along its gawestwards. And specifying@aS mixing
line near C allows specifying tiieand S values expected at E (and vice-versa tdoghw
provides a link between, for instance, CTD profibesir C and CTD profiles near E!

The negative slopes at M display a seasonalityisheimilar to those at both C and E,
which accounts for AWs-MWs mixing processes ocagrsimilarly over the whole strait.
Very interestingly, slopes on the shelf are morgatige than at both sills during the whole
four-year period. Even though tempoBab diagrams at the sills do not show evidence gf an
relatively unmixed AW, the temporal diagram on shelf and the spatial diagrams in the
central part of the strait (e.g. Fig.16B of MOQlicate that the lowest (largest) slopes
correspond to mixing of the MWSs with some kind AAGW (SAW). The fact that NACW is
deeper than SAW explains why the MWs on the shelfmore with SAW than the MWs do
in the deeper part of the strait. According to&BEX data (M09; hereafter), NACW can be
either totally absent or concentrated near someifspkatitude within the strait on time scales
that can be as short as a few days. It can thesmauded that the mixing of each of the
MWs with the AWSs occurs on time scales ranging fiaams to seasons (in the long-term as
well) and is dependent on both the spatial distitims of NACW and SAW and on the cross-
strait location.

Positive slopes in the range +55° to +75° are ofeskat C and M, not at E. At C,
these slopes indicate mixing between pure MWs hadact that mainly TDW has been
outflowing there at that time (a +75° slope is snh&zed in Fig.3b), which is consistent with
the fact that pure MWs can be found in significamounts only at the sill of Camarinal and
neither on the shelf of Morocco (M09) nor at tHedfi Espartel (Garcia-Lafuente et al.,
2007). At M, these slopes indicate mixing betwe&CMW and SAW (data are too scarce in
the MWs ranges), hence some kind of relatively guAé (involving no MWs at all)
associated either with the seasonal mixed lay®iitbrwintertime mixing; such a slope could
have been schematized in Fig.3a but can easilynagined.

Additionally, the GIBEX data show (auxiliary figugd, 2 and 3 of Millot, 2008)
noticeable seasonal variability of the AW stratifion down to relatively large depths (100-
200 m) consistent with the seasonal variabilityhef positive slopes on the shelf of Morocco.
Therefore, the whole outflow's characteristics,n@ only in its upper part but also down to
the sills' depths, are dependent on the seasoélibhe AW composition and stratification. It
can be that, during summer, the seasonal pycnoatgvents AW in the mixed layer (i.e.
SAW) from mixing with the MWs that consequently nwith relatively pure NACW (when
present), i.e. with a relatively cool and freshetyd AW (slopes of ~-20°). During winter, the
seasonal mixed layer disappears and NACW (whereptesiixes with SAW so that, in any
case, the MWs mix with a type of AW warmer andisathan NACW that is some kind of
SAW (slopes of ~-40°).
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2. The water masses during GIBEX

When analyzing hydrographic transects so differeibibth north-south extent (4 to 70
nm) and maximum depth (300 to 1400 m), one mugt keenind the areas these transects
actually represent as well as the consequencdmtbrthe outflow and the inflow. For
instance, both flows having similar transports tigio the 4°30'W transect (90 nm, 1400 m)
and the 5°45'W one (20 nm, 300 m), which has aa abbeut 30 times less, their distribution
and speed necessarily vary markedly from one tcansehe other. Figure 4 allows
comparing the various transects and giving an ogeroef the GIB1 and GIB2 data; even
thought it was already shown in M09, it now disgl@aymore accurate bathymetry. These
actual bathymetric transects are used thereafigiead of those inferred by M09 from the
depth information reported in the header of the @réfiles, to show the density sections.
Since the data set and the bathymetry along tihasseicts at nominal longitudes do not
necessarily match, a drawback is that the dateasetot be fully represented, which gives us
the occasion to remind the reader that satelliggasion systems in 1985-1986 gave only a
few positions per day; however, longitudes repoitetthe headers were not exactly at
nominal longitudes. Whatever the case, this doéstmange significantly any of the results
herein.

Also plotted in Fig.4 are the AWs-MWs interfacer@d and a specific isopycnal in
blue that i559=29.08 kg.r¥ for all transects up to 5°40'W, expected to regmethe light-
intermediate / dense-deep MWs interface and us#dteinomputations of M09, and other
isopycnals in cyan west of 5°40'W, expected to s@ize the stratification of the MWs
outflow. Even though we previously argued for thammges we made in the definition of these
various isopycnals, we must stress that their defindoes not markedly change any of our
results.

M09 wanted to show that some features always varyasly as a function of the
longitude so that both GIB1 and GIB2 were analyzietultaneously. We now want to follow
the various MWs and AWs from one transect to tiewntiuring each campaign, so that we
analyze them separately; furthermore Fig.4 shoastiie AWs-MWs interface was markedly
different during both campaigns, in the Alborantsadin in particular. We do this from east
to west, since we are mainly concerned by the MWith, 6-S diagrams similar to those in
Fig.3a,b (i.e. one for the AWs and one for the M\t with theo section. All available data
are plotted in th®-S diagrams with yellow dots, and one out of faordrovide visible
information and up to 6°05'W) is numbered, accagdmthe profile it represents, and
coloured, according to the definitions we madéhim Inhtroduction; also specified with black
numbers are the less-dense (densest) data in tree(MWWs)0-S diagram. As previously
specified, all diagrams are displayed with axesrtathe same length forZsS range that is
half theAB one in classicé (°C) and S units; they cover the same ranges evmme for the
AWs and east of 5°50'W for the MWs, specific ranigemg then used at 6°05'W and 6°15'W.
All text information (names of the water massespygnal values) in th@-S diagrams having
similar ranges are specified at the same placs,dlowing easier comparisons between
them. All o sections are displayed with a similar scale: g#mgth of 0.1 unit (100 m) on the y
axis equals the length of 0.1 unit (0.1 degreatifude = 6 nm ~11 km) on the x axis. They
are coloured according to the definition made altitroduction using vertical lines in
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between two profiles when the MWSs change from awoéip to the other in a giveo range.
Non-obvious isopycnals are specified in the figurastions.

2.1 During GIB1

Before analyzing the various transects, let usipewith Fig.5 an overview of the
AWSs and MWs characteristics in the 100-m surfageravith the distribution of S. Colouring
of the arrows associated with the AWs is very scitémn the westernmost part of the area
since NACW (green) is always found there at 1004208elow SAW (cyan). In the strait,
and even though NACW can be identified here ancetles well as in the sea, all mixing
lines between the AWs and the MWs resemble thptaffle 4 in Fig.3a (see below) and are
thus coloured in cyan, so that the arrows schemgt(at 5 m) the circulation of the whole
AWSs layer are also in cyan. GIB1 is characterizethe Alboran by a huge north-south S
gradient and a AWs-MWs interface intersecting tinéaxe in the middle of the subbasin
(Fig.4). This is a classical situation associat&ti an upwelling of MWs along the northern
slope, generally of WIW (orange). Such a situatsalso classically associated with an
anticyclonic circulation (the so-called "westerrbtan gyre") evidenced at the surface by the
S=38.4 isohaline and at depth by maximum S valeas 85.6°N-5°W and a bump in the
AWs-MWs interface (Fig.4). In this area and as stiitized at 100 m, the sluggish
circulation of TDW (magenta) is inferred from tbesections analyzed here below but, in the
north, the homogeneous distribution of the S vahss®ciated with WIW indicates that this
MW circulates significantly. Of specific intereseahe large along-strait gradient at 50-100
m between 5°40'W and 5°30'W and the main locatfidh@AWSs in the northern part of the
strait. The overall situation will be markedly @fént during GIB2.

At 4°30'W (Fig.6), the AWSs layer is, as for all tbther sections of this March-April
campaign, relatively homogeneous, and it is reddyithin in the northern half of the section
while it is bumped in the southern half due todhécyclonic gyre previously described. The
WIW core is well defined by profiles (p) 8 and astill identified by p7 while p6-p3 only
show mixed WIW. The LIW core has relatively simifaoperties at p7-p4 and only p3 shows
LIW somehow mixed with TDW (at similar depths swshat p2). Neither WIW nor LIW can
be identified at p1-p2. TDW is evidenced by allplpeofiles; but while it is unmixed with the
AWs at p7-p3, pl-p2 clearly show significant mixiogtween TDW and the AWs. WMDW
is evidenced at relatively large depths (below 800-m) by all deep profiles (p3-p6) with a
tendency to reach shallower depths southward (&0®m at p2). North of p5, the
stratification is the one expected with intermealisi\Ws (WIW, LIW, TDWi) circulating
significantly alongslope counterclockwise/westwaduth of p5 down to ~500 m, the
stratification is the one expected as a consequefite gyre. The WMDW is distributed as
expected from the circulation of the intermediaté/sl

At 5°00'W (Fig.7) previously described features r@ieforced. The AWSs layer is
relatively homogeneous, it forms a bump centreg®and it does not spread northward at
p5-p7 where WIW is found at the surface. The WIWeds found at p6 and also p5 while, at
p4, it is relatively mixed with either the AWs obDW at similar depths such as at p3.The
LIW core is described by p4-p5 and not reached@ylPW is unmixed with the AWSs at p4-
p5 but still displays significant mixing with thes at p2-p3 (and p1l too). In the northern
half of the section, the stratification down to INMDW layer is the one expected for the
general circulation of a relatively large amountrdérmediate MWs while, in the southern
half of the section, it is the one expected asrsequence of the gyre.
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At 5°15'W (Fig.8) and even though the bathymetection is more reduced than the
5°00'W one, similar features can be described.l3yer of relatively homogeneous AWs
does not spread far northward from p6, the coM/W is sampled at p7-p9 and WIW can
still be identified at p6 while relatively similaalues define LIW at p6-p8. TDW, which
occupies a relatively large percentage of the @ecis unmixed with the AWSs at p6-p7 only,
but it appears to always mix with them, althoughlififerent ways hence not very intensively,
at p1-p5. WMDW is only found in the deepest parthaf southernmost deep profiles. Here
also, the stratification is the one expected withreulation of the intermediate MWs in the
north and a AWs gyre in the south.

At 5°30'W (Fig.9), the situation is markedly diféet for both the AWs and the MWs.
In the AWSs layer, we are now upstream from the gsoene stratification exists and one notes
the occurrence of some NACW in the north. In the &M¥yer, the TDW relative amount has
markedly reduced. WIW is still well identified bigicore at p4-p5, it is a bit mixed at p3 and
much mixed at p2, being absent at p1 only. The sameée said for LIW, with similar core
properties at p2-p4, mixed values at p5 (on theestard side of the core) and absence at pl
only. Even though TDW is found unmixed with the A\&tg2-p4 and relatively mixed with
them at pl, it represents a relatively low perogataf the section area, while WMDW is still
found in the deeper part of the section and mainlyhe southern side of it. The stratification
is the one expected for intermediate MWs circugasignificantly and isopycnals sloping up
southward.

At 5°40'W (Fig.10), features are similar, althoughre marked than at 5°30'W. The
AWs layer is stratified and NACW can be evidencepd® note the relatively flat and even
sloping up southward of the AWs-MWs interface, whig linked with the main location of
the AWSs in the northern part of the strait (Figabj seems to be a rather uncommon
situation. As already expected from the overaltess (Fig.5), mixing has markedly
increased in the 100-m surface layer at least,onlsly below too, and WIW no more display
a well-marked core. This is not the case of LIW ikastill found relatively unmixed below
WIW as is TDW at p4 only, complex interactions beé&n LIW and TDW occurring at p3.
Mixing of TDW with the AWSs is now so huge that sgfat mixing lines are observed at p1-p2
in the whole MWs layer, as schematized in Fig.3fe plotted mixing line is the best linear
fit for all values from a given profile or set ofgfiles (here p1+p2) between the AWs-MWs
interface down to the deepest part of the profjje(svill be plotted on thé&-S diagram of the
next transect as a dashed line ranging from tlsentesed values on this present transect to
the less mixed values of that next transect (anshsior the other sections). WMW clearly
did not reach depths of 600 m there. The stratibocas marked by the tilting up southward
of the deep isopycnals associated with the cirmraif the intermediate MWSs.

At 5°50'W (Fig.11), first note the relatively regulstratification of the AWSs layer as
well as the occurrence of NACW at p6-p7, i.e. ia tlorth of the section. THeS diagrams
have dramatically changed in the MWs layer sinterafiles display relatively straight
mixing lines, which is a classical consequencéeftiuge mixing occurring since the
surrounding of the Camarinal sills (5°45'W). Letfust start with p1-2 as their deepest values
appear to be located just on the mixing line exgobétom pl-p2 at 5°40'W: for sure, pl-p2 at
5°50'W thus evidence TDW. Profiles 3, 4 and 5 &03/ can just be expected to represent
LIW, but a mixing line can be computed from p3. Bamfeatures can be said for WIW and
p6-p7, with a mixing line inferred from both pr&fd. To be noticed is that all the mixing lines
defined at 5°50'W are computed from points thataeoghly in line up to the AWs-MWs
interface, and thus represent direct mixing betwtberAWs and each of the MWs. To be
noticed also is that all these mixing lines havéedent slopes, which implies mixing with
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different AWSs that is clearly evidenced by 8 diagram for the AWSs in the range28.0
kg.m*. Whatever the case, the MWs are objectively difiéinted and juxtaposed.

At 6°05'W (Fig.12), the AWs layer is still markediyratified, with still the occurrence
of NACW, but now mainly in the south of the sectitmthe MWs layer, the two magenta
dashed lines are those inferred from the mixindgs4®'W (large dashes) and 5°50'W (small
dashes) and they support the fact that p1 maintieeces TDW. The deeper part of p2 could
be on either the magenta or the red mixing linésiad from the 5°50'W profiles p1-p2 and
p3, respectively, but its upper part indicates iniore probably mixed LIW. The deepest part
of p4 is exactly on the mixing line inferred fror6-p7 at 5°50'W and must therefore be
associated with the same MW (we supposed to be WNMe that mixing lines either
computed or displayed in the densest part of thesA\8 diagram are relatively similar: even
though the upper part of the AWs layer display tugjeneities, its lower part displays
relatively similar@ and S values. Here also, and whatever the cas&|\ttis are objectively
differentiated and juxtaposed, with a tendencydmb the northern side of the section.

At 6°15'W (Fig.13), all profiles clearly evidenceA8W and none of the AWs-MWs
mixing lines directly involves SAW, which must bensidered as an actual surface layer no
more in contact with the MWs. In the MWs layer, files are radically different from the two
previous sections since they clearly display unihuia. Starting from p3, the densest values
are exactly the same as the densest values ofgfD%lWV: the mixing line inferred from p1l at
6°05'W is thus useless and we are sure that the 8am (TDW) is identified by the two
profiles. Mixing lines inferred from p2-p3 (assdeid with LIW) and p4 (associated with
WIW) at 6°05'W are nearly similar in the range mterest at 6°15'W. We can first notice that
both mixing lines are roughly aligned with the datg4 and, second, consider that the
differences between the p2-p3 and p4 densest vatl&95'W (roughly 0.2 in S and 0.1 °C
in 8) should be roughly maintained at 6°15'W so thiakithg there the densest values at p4
with the densest values at 6°05'W (those we agsakcwith LIW), one should retrieve with
similar differences the less dense values at 6°q8&e we associated with WIW). We thus
come to associate these less dense values witinghendulation in the profile, and locate, at
p4, WIW above LIW; coherently (following isopycnglsve then come to associate the
undulations at p3 with WIW and LIW too, and we cowith a stratification now showing
superimposed (i.e. no more juxtaposed) MWs. The Mvésow clearly concentrated along
the northern slope, where they will continue flogvimhile cascading. To be noticed also is
the relatively large density gradient between Wikd &IACW (all data are numbered).

2.2 During GIB2

The overview of the AWs and MWs characteristicthiem 100-m surface layer
provided by Fig.14 dramatically differs from thaitceuntered during GIB1. While similar
remarks can be made about the relative distribldfddACW and SAW in the westernmost
part of the area, the flow of AWSs then spreads ghipdn the whole Alboran subbasin where
the dynamical relief is relatively flat (Fig.4) and structure can be specified with the S
distribution over a significant depth range. Theulation of both WMDW (blue) and WIW,
at least at these relatively shallow depths, cdy lom inferred from the-sections. Also very
different is the situation in the strait where geadis are no more along-strait but markedly
cross-strait, especially large at 5°40'W, with AwW's mainly located in the south.

At 4°30'W (Fig.15), one first notes the marked tffication of the AWs layer that is
characteristic of the September-October period, thedelatively flat dynamical relief
expected from Fig.14. The distribution of WIW isatésely strange, although coherent since
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retrieved at 5°00'W: even though the WIW core, \whgnot reached by p7, is clearly
sampled at p6, similar values are also observe8 &ind p4 to a lesser extent) in theange
28.95-29.00 kg.f, but not at all at p5 in between, while, &¢28.95 kg.r# the p3 values
rapidly resemble the p5 ones. Such a "branchingdath sides of p5 is retrieved in the upper
part of the LIW layer while the LIW core is homogews at p3-p6. TDW appears as a very
homogeneous relatively thin (200 m) and flat laybile WMDW occupies the deeper part
(>700 m) of the section and is markedly uplifted {a 200 m) in the south where it clearly
mixes with the AWs at p2. The stratification is thee expected with AWs spreading across
the whole subbasin, and intermediate MWs that @ateuwithout modifying the deep
isopycnals.

At 5°00'W (Fig.16), similar remarks can be madeuwltbe AWSs layer. The WIW
core, not reached at p7, is clearly sampled anpléoae can note that values at p5 tend
towards the core values in therange 28.975-29.00 kg:mbut do not evidence WIW for
0<28.9 kg.n? (like the p3 values at 4°30'W). The LIW core idhdefined at p5 while not
reached at p6. Note that complex, and probably natieractions occur at p4 at ranges
coloured in red and magenta with the mixed WMDWhidat similar levels at p3 (so that the
coloration is relatively complex and not necesgadcurate). TDW unmixed with the AWSs is
found only at p5 while WMDW unmixed with the AWsfmund at p2-p5, significant mixing
with the AWs being evidenced at p1-p4. The stietion is the one expected with AWSs still
spreading across the whole subbasin, and a rdiatoxe amount of intermediate MWs that
modifies the distribution of WMDW in the deeper tpair the section and allows it to be the
sole MW encountered in the southern half of théicec

At 5°15'W (Fig.17) the AWs layer is still markediyratified, although relatively
heterogeneous horizontally, and the dynamicalfreistill relatively flat. In the MWs layer,
the contrast is striking between p9 and mainlyhz8 evidence a classical (like the one in
Fig.3b)6-S diagram and pl1-p7 that all evidence significanting between WMDW and the
AWs. The area occupied by the intermediate MWsaskedly smaller than that occupied by
WMDW. The stratification in the MWs layer is onlgplendent on their westward circulation.

At 5°30'W (Fig. 18), the AWs layer is relativelyitk and the AWs-MWs interface
starts sloping up northward. The distribution af MWs is relatively complex with WIW
core values encountered more at p3 and p5 thah atldW core well defined only at p3 and
complex mixing lines with the waters above at p& pd. In the southern part of the section
(p1), one notes the relatively straight mixing lbetween WMDW and the AWSs. The
relatively reduced area occupied by the intermediitVs and the relatively heterogeneous
structure of the associat@eS diagrams supports the occurrence of a relatiegyamount of
intermediate MWs as compared to that of the deepsMWhatever the case, isopycnal in the
MWs layer are sloping up southward.

At 5°40'W (Fig.19), the AWs-MWs interface is clgasloping up northward,
consistently with the AWs main location in the do(fig.14). WIW core values are mainly
found at p4-p5 but also at p6. LIW core valuestamdly be defined at p3-p5 and, even
though there is nearly no trace of WIW there, maight mixing line with the AWs can be
defined. Even though TDW appears as a relativetyldtyer, a mixing line can be computed
in the upper part of p2. In the south, the WMDW anmas relatively important and a mixing
line can be defined at p1. Even though defining gooperties of the various MWSs appears
difficult, marked interactions with the AWs havarséd while isopycnals are markedly
sloping up southward.

At 5°50'W (Fig.20), thé®-S diagrams in the AWs layer are markedly diffensith a
more or less large influence of NACW that is clgdéolund at p1-p2. The AWS-MWs
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interface is markedly sloping up northward. In B/s layer, the distribution of the various
0-S diagrams is relatively complex but can be ldéycspecified using the mixing lines
defined at 5°40'W. The lower part of p6 being dean the mixing line we associated with
WIW allows coloring the p6 (and p7 too) profilesarange while a new mixing line is
defined from the p6 values. Similarly, the lowertpaf p3 and p4 are on the mixing line we
associated with TDW, so that they are coloured agemta; but p3 and p4 values are not
aligned enough and we cannot define a significaring line there. In between, we find at
p5 two sets of values that are relatively differeain those at p3-p4 and p6 while not being
on the WIW mixing line. Because LIW was sample8@0'W, we hypothesize it is found
there and thus define two different mixing linegshe S-ranges 38.304-38.352 for the deepest
one and 38.228-38.268 for the shallowest one. Ctaraation of the p1-p2 values is more
obvious since densest values are on the mixingalaseciated with WMDW at 5°40'W. Al
four MWs are thus probably still evidenced at 5/@ind juxtaposed.

At 6°05'W (Fig.21), the occurrence of NACW at pla® not at p4-p5 leads to very
different mixing lines with the MWs while the AWs\Ms interface is relatively flat. No data
are found on the mixing lines associated at 5°50MW p6 (WIW) and the shallower part of
p5 (LIW) but the deeper part of p4 can clearlyd@ated on the mixing line inferred from the
deeper part of p5 at 5°50'W and thus associatddviéi/. Since the deeper parts of p3 and
also p2 are clearly on the mixing line associatéd WMDW at 5°50'W, they have for sure
to be coloured in blue, as must also be p1 thaiboisly results from the mixing between
"some already-modified-by-mixing WMDW" and NACW. Berently with the relatively
large amount of WMDW found in the Alboran, we tluggne at the exit of the strait with still
a relatively large amount of WMDW; however, havimgcessarily interacted with different
AWSs, it displays some heterogeneity. Also coheyenith the relatively low amount of
intermediate MWs in the Alboran, only one of theam still be evidenced at 6°05'W, which
does not mean that the others cannot be evidenua@; probably, they were in too small
guantity and the sampling was not dense enough.

At 6°15'W (Fig.22), NACW can be identified in thénale deeper part of the AWs
layer so that SAW is clearly surface water therg @m more interacts with the MWs that are
sampled at only three profiles. Since the deepergbg?7 is clearly on the mixing line
defined from p4 at 6°05'W and since that mixing laontinues up to the AWs-MWs
interface, it is clear that only LIW is found theflehe deeper parts of p5 and p6 are on the
mixing line inferred from p3 at 6°05'W so that theaye associated with WMDW and coloured
in blue. However, there are undulations at botlamp® p6 that tend toward the values at p7
and represent some modified form of LIW. We thusieaith a stratification showing
superimposed MWs that are clearly concentratedhemaorthern part of the section where
they will continue flowing while cascading. Notesttelatively large gradients between LIW
and NACW on all profiles (all data are plotted).

3. The HYDROCHANGES / INGRES time series

While CTD time series are collected permanentl@ a and M (Fig.2) and have
already given significant information (e.g. Millet al., 2006; Millot, 2007; M09; MGL11),
two additional time series were collected by theversity of Malaga with another CTD
deployed, in 2007-2008, successively at ES (dutfydays) and EN (during 64 days) that
are roughly at the longitude of E. The original gling interval is 0.5 h but we use here a 1-h
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sub sampling to compare the data at E, ES and ENthase at C. Correlations between the
0, S ando time series at C and E (~21.2 km apart) during2®@4-2008 period all peak at a
8-h phase lag, which represents a realistic avetagespeed of ~0.7 mis(MGL11); all
analyses and figures herein are thus made withdifiea (-8 h) time at E, ES and EN. While
E is just at the sill of Espartel (nominal deptB60 m), both ES and EN are up on the slopes
(nominal depths = 320 m) at 1.15 nm (2130 m) a®8 Gm (1760 m), respectively, so that
EN is slightly closer of E than ES is.

3.1 At the southern sill of Espartel (E) and sanftit (ES)

To better understand the variability at all thelsegs, let us first briefly describe tbe
variability at C (Fig.23), which is the sole plasbere MWs unmixed with the AWSs can be
encountered, especially in favourable (neap tides}litions. While unmixed MWs can be
identified in theo range 29.05-29.10 kg it is clear that spring tides intensively mix the
MWs with the AWS; during this specific period, thenimumao value reached at C was 27.7
kg.m* (on day 31, d31). Such a fortnightly mixing alswers at both E and ES (and EN too)
with minimumo values of 28.70 and 28.41 kg°meached at E and ES, respectively, on the
same day (d84) and even at the same time stephwaldates the significance of such time
series to study small scale phenomena. Whatevease it is important to note that the
largest variations at both E and ES (and EN toedaie to the internal tide, which will not be
so obvious when analyzing the filtered (25-h megdsse MGL11) values thereafter. When
comparing the raw data at E and ES in Fig.23, gadtdérom the fact that they display
relatively similar variations, the main featurehat variations at ES are larger than at E, i.e.
both largest and lowest densities are observe&at E

Figure 24 shows the filtered data and paraméteB (o, A) at both E and ES. Before
analyzing the variations displayed by these tinmeselet us first emphasize the fact that the
fortnightly variability that was obvious in the raine series (Fig.23) cannot practically be
evidenced in the filtered ones, which might accdant relatively large variability in the
characteristics of the MWs that were outflowingréhat that time. Whatever, the slopes
(parameter A) at both locations display nearly dydabe same variations, which will appear
to be nearly exactly the same than at C too. Tindagity of the slopes indicate that, at both
places, the same MWs have mixed with the same Aih, sets of waters varying with time
since the slopes are markedly varying, roughiyha-20 to -40° range, at both E and ES (and
C too) during the whole study period. All these gyahfeatures are clearly displayed on the
0-S diagram in Fig.25a. Meanwhile, it is clear thththree data display similar variations that
are larger at ES than at E, which provides impaitsiormation that can be synthesized when
dealing withao.

First, the meaw values inferred from the raw data sets are 28k@5%° at E and
28.950 kg.rit at ES. When considering the maximum raw value29dd58 kg.nit at E and
29.071 kg.rit at ES, which are thus clearly associated withtikely unmixed and dense
MWs, and values of 28.85-28.90 kg’rfinferred from the filtered data sets in Fig. B8t
can be associated with relatively unmixed and IKiY¥s, it can be assumed that mean values
differing by only 0.005 kg.f for a data range of ~0.2 kg-hare practically the same. It can
thus be assumed that, on average and during thesiexent, both E and ES were located on
the 28.955/28.950 kg.fhisopycnal. Considering the differences in dep80¢320=40 m) and
cross-slope location (2130 m), it can be conclutiatithis specific isopycnal has been
sloping up southward with a slope of ~2%. Suclopesis fully consistent with those
displayed at 5°50'W by the 28.97 kg*isopycnal during GIB1 (Fig.11) and by the 29.01
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kg.m* isopycnal during GIB2 (Fig.20), as well as witle lope (~3%) computed by M09 at
5°30'W-5°40'W from the GIBEX data. The direct maaswents with the CTD time series at
E and ES thus demonstrate what has been infewadtfre CTD profiles: deep isopycnals in
the strait are sloping up southwards (by 2-3%hst densest MWs are located more along
the southern Moroccan slope than at the sill (gfae®l south; the same is obviously
expected for Camarinal south).

Values similar at both E and ES were encountered thve wholeo range and during
the whole study period, so that a nominal 2% slufiibe deep isopycnals is a common
feature that illustrates the variability in the digyt and/or amount of the MWs outflowing
there. It can also be deduced from these timesstha the density at ES has been larger than
the density at E during ~45% of the time, whichadg means that the slope of the deep
isopycnals has been larger than a nominal val@&otiuring 45 % of the time (i.e. lower
than 2% during 55% of the time). Note that the B&dre more influenced by mixing with
the AWSs than the E data, since the latter are despehat slopes larger than 2% only
resulting from the outflow dynamics should occurrenthan 45% of the time. Considering,
from the GIBEX data at 5°50'W (Fig.11, 20) as vealfrom all CTD sections near the
southern sill of Espartel (shown in Fig.4a of MGl AvVailable in the MEDATLAS data base,
that a classical value for thefdiz gradient there is (was in the 1980's?) 0.0&Rgor 100
m, we have tried inferring the deep isopycnalseslivpm the difference(E) -o(ES) but did
not get realistic results. Note that monitorm@t two depths on each mooring would have
allowed getting a time series of the deep isopycsiape.

One can be easily convinced by Fig.24 that the MWuntered at E and ES during
this 128-day period were nearly the same; it ishrass obvious to be convinced by Fig.23
that the MWs encountered at both E and ES weretbosountered at C too! Whatever the
case, this can be done considering the results@fM schematized by the magenta mixing
lines in Fig.3b: with the hypothesis that the mglmes slopes (MLS) at e.g. E and C are the
same, considering(E), S(E), MLS(E) and, for instance, S(C) allowsngauting a
Binferred(C) that can be compared W{C), the temperature actually measured at C. Figure
26 shows that, even though the datnd S, as well as the parameter MLS, were relgtive
different at E and inferred(C) fits pretty well witt®(C). Results of similar quality are
obtained during the whole 2004-2008 period (notstjoEven thoug®(ES) and S(ES) were
even more different fror(C) and S(C), results of similar quality are obéaiwith ES
(Fig.27). It might even be, considerirggnferred(C)9(C)|, that results obtained with ES are
better than those obtained with E. This could syny@ due to the fact that the streamline at C
could be closer to the streamline at ES than tetteamline at E. The fact that the ES depth
(320 m) is closer to the C depth (270 m) than tlepgth (360 m) is not important since
reducing the depth, as it is at Espartel, markediseases the variability, hence leads to time
series more different from the C ones where thaakdity (of filtered data) is nearly at a
minimum.

The demonstration that the MWs at C, E and ES eaglynthe same is made more
obvious when considering the EN data.

3.2 At the southern sill of Espartel (E) and nanthit (EN)

Figure 28 shows the filtered data and paraméies (o, A) at both E and EN, the
latter being 40 m shallower than the former (ag8) and ~1760 m to the North only (ES
was ~2130 m to the South). Before analyzing theatians displayed by these time series, let
us first emphasize the fact that the fortnightlyiadaility that is obvious in the raw time series
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(not shown since point C has been serviced duhaggeriod and data are not available to us
yet,) can still be evidenced in the filtered onegarticular E. This might account for MWs
outflowing with relatively stable characteristitgete and at that time, allowing the effect of
the fortnightly mixing to be more clearly evidendédn during the period previously
analyzed. Whatever the case, the three data setheamparameter A as well display marked
differences. All variables are in relatively diféeit ranges and, although the fortnightly
variability can be recognized at both locationsalken scale variability at EN is much larger
than at E. Parameter A is also significantly lar@er. less negative) at EN than at E (hence
than at C) and it displays some variations not enteyed at E. Before analyzing these
differences, let us consider Fig.29 that displéngsdomparison betwedmferred(C) and

8(C). Even though the comparison can be made dwi2digdays only due to the C servicing,
it is clear that the MWs outflowing at C were nabse outflowing at EN (Fig.29a) while they
were still those outflowing at E (Fig.29b), excdpting a short unusual event at the
beginning of the period evidenced by MLS(E).

Now, to better understand the differences betwkernite series at E and EN
displayed by Fig.28, let us first discuss €18 diagram in Fig.25b1,b2. At first sight, it could
be that the warmer and fresher, hence less denaks, &l EN result from the mixing with the
AWs of those encountered at E. Such an analysibv®usly wrong since E and EN are
located at the same longitude, i.e. in a diregtierpendicular to the main outflow, so that
they are located along different streamlines andsviére have mixed with the AWs during
roughly the same time since the Camarinal surrawgsdiSince both the MWs and the AWs
have noticeably changed during the study periodn@sated by the variability in Fig.28), we
have to wonder whether, at the same time, diffedMms and/or AWs could have occurred at
the two places. Mixing lines can provide definitesaer according to three different
situations: a) when a single MW is mixing with éifént AWs (at e.g. E and EN), mixing
lines (at e.g. E and EN) intersect in that MW ra(eyg. as specified at C or upstream); b)
when a single AW is mixing with different MWs, ming lines intersect in that AW range
(e.g. as specified west from the strait); ¢) whigfeent AWs are mixing with different MWs,
mixing lines intersect "elsewhere”. Focusing os thter situation, and considering h&
diagrams in the AWs and MWs ranges (e.g. Fig.3&,ts) obvious that, if mixing involves
SAW and LIW at one place while it involves NACW aitMDW at the other place, mixing
lines will intersect out of the AWs-MWs range: tiwgl be towards very fresh and warm
(salty and cold) waters if the distance SAW-NACWéiisaller (larger) than the distance LIW-
WMDW. Now, if mixing involves SAW and WMDW at ondgee while it involves NACW
and LIW at the other place, mixing lines will indect within the AWs-MWs range in an area
that has nothing to do with any of the waters abs®d individually.

We have thus computed the mixing lines inferrest fiom the unfiltered set of data
and noticed (Fig.25c) that they intersect in atieddy large AWs-MWSs range so that we
definitively have to assume that both the AWs dreNIWs at E and EN were different
during that specific period. Considering filterededian / 25 h) data and mixing lines
(Fig.25d) shows that intersections clearly occuvetween the data sets at E and EN, so that
we obviously tried to specify if such a situatigmossible or not, which is schematized in
Fig.25e. We lack basic information that is "whichresthe MWSs outflowing in the Camarinal
surroundings during that specific period?" We thasge to rely on some standard profile and
used the one at 4°30'W during GIB2 shown in Figtth is plotted as black dots in Fig.25e;
note that, apart from being relatively regular stlexplicit, it displays values similar to those
at 5°40'W during either GIB1 (Fig.10) or GIB2 (Fi§). We assume it could represent a
standard profile in the Camarinal surroundings riaya provided it is shifted to take into
account the warming and salting of the MWs in tB8®s as compared to the 1980's (Millot
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et al., 2006). More accurately, we shifted the ilgdfed dots) so that the part corresponding
to TDW (magenta in Fig.3b), which is the MW mostdquently observed at C (see th&
diagrams in M09 and MGL11), has thend S values observed at C during the 64-day
period, at least at its beginning, as indicatedrigy29 @(C)=13.0-13.1 °C, S(C)=38.45-
38.50, which are clearly values defining TDW, neither LIW nor WMDW). Then, we
computed the average of the mixing lines slopesdisated by parameter A (Fig.28) in the
range 0 to -50° and got mean values for A of ~&3N and -31° at E. We plotted these
averaged mixing lines (as blue and cyan arrowsgr2be) so that they correspond to the
center of mass of the data at EN and E, respegtigatl got two major results: a) the mixing
line at EN roughly corresponds to the LIW core ati@le the mixing line at E clearly
corresponds to the MW (i.e. TDW) simultaneously sugad at Cd=13.0-13.1 °C, S=38.45-
38.50), and b) these two averaged mixing linegsetd in the brown dots area.

Considering the roughness of our hypotheses, itncp&ar about the
representativeness of the vertical profile at Grapthe 64-day period, we are conscious that
Fig.25e cannot be a demonstration. But our intéaios, done as objectively as possible (i.e.
using as much as possible the available data aiathesers) must obviously be considered
for further analyses. The most probable hypothasis to explain the differences observed
between the time series at E and EN is to assuat@tmixture of LIW and a "more NACW-
like" AW was outflowing at EN while a mixture of ™M@ and a "more SAW-like" AW was
outflowing at E. This is obviously consistent wabr general concept of MWs outflowing
juxtaposed, i.e. side by side and the denser thre todhe south, in particular in the Espartel
surroundings!

4. Discussion

4.1 AWs vs. MWs heterogeneities

One point we never emphasized in any of our prevmapers concerns the differences
between the AWs and MWs heterogeneities in theystvel that are directly linked to the
forces driving them through the strait, hence ®ftinctioning of the sea. The sea is a
machine that basically transforms the AWSs, the maaterial, into the MWs, the product,
using a unique source of energy that is the evéiparéor more exactly the E-P budget); all
other parameters involved in the air-sea excha(igesit and sensible heat transfers, wind
stress, etc.) just modify the product, they doroatthe machine.

Indeed, evaporation just makes the level of thd@ear than that of the ocean so that
the AWSs just enter the sea "to fill the hole, tlaeg sucked, they cascade". Whatever the
image, the major implication is that any AW flowjragcording to this or that typically
oceanic process, in the western surroundings ddttiaé can enter the strait from anywhere.
Even though NACW is always denser than SAW, pdrisaan thus be entrained in either the
southern or northern part of the strait. Heteroggro the inflow within the strait will thus
be somehow erratic. Then, because neither the S&whe NACW have specific dynamics
there, they are rapidly mixed so that one deals witinique AW in the sea.

On the contrary, the different MWs are formed ifiedtent areas of the sea every
winter and hence have specifi€S-o characteristics that will allow recognizing them
everywhere in the sea, the strait ...and maybe tharotoo! They first accumulate in these
areas before spreading and circulating more antessively as density currents, hence
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essentially alongslope counterclockwise. Each bafsine sea continuously forms, year after
year, both intermediate and deep waters, and pp#stof waters necessarily have different
ways to escape from that basin. While the interatedivaters can cross either the channel of
Sardinia or the strait of Gibraltar while contingbucirculating, the deep waters can't and
first remain trapped within their basin of origthey are then uplifted, year after year, by
younger and denser waters up to overflowing thraeitjfer the channel or the strait. Now,
only because of the Coriolis effect, which makéshelse waters circulating alongslope
counterclockwise, as long as they are not eithdgramiess or uplifted, the intermediate
waters outflow essentially on the right hand sitleither the channel of the strait; and only
because they necessarily accelerate in such passhgeoriolis effect intensifies so that the
intermediate-deep MWs interface tilts up on théleind side of either the channel or the
strait, up to lifting the deep MWs just below th&VABoth the intermediate and the deep
MWs are thus pushed out of the sea according W specific forces and processes that will
lead them to occupy very specific positions witkither the channel or the strait. Whatever
the number of MWs outflowing through a given passigsufficient amount to be identified,
hence whatever the heterogeneity of the MWs outflowill remain structured and driven by
specific forces, so that it will keep its heterog@nwhile crossing the strait in particular.

4.2 The AWSs overall characteristics

In the ocean (at 6°15'W; Fig. 13, 22), the AWsMBSVs distributions are relatively
similar. For the AWSs, first note the homogeneitytted SAW layer during both campaigns,
hence whatever the season. The amount of NACWAM! B a bit larger during GIB1 but
the NACW core, roughly indicated by te27.0 kg.nt isopycnal is found at relatively
similar immersions across the whole section. ABBA0(Fig. 12, 21), and even though the
MWSs amount seems to be a bit larger during GIB& distributions of NACW and SAW are
relatively similar too with a relatively homogenasoBAW layer and NACW found only in the
southern half of the section.

Within the strait at 5°50'W (Fig. 11, 20), the M\Aisiount is now clearly larger during
GIB2 and the AWs-MWs interface, as defined byd@8.0 kg.nT isopycnal, is sloping up
northward more clearly during GIB2 too; note the AWs-MWs interface as defined by the
S ando vertical gradients is relatively similar duringtb@ampaigns. Whatever the case,
SAW is les homogeneous than more to the west WANEW is encountered in the north
during GIB1 and in the south during GIB2. At 5°40(Wig.10, 19), the AWs-MWs interface
is horizontal or even sloping down northward dur@ig@1 while it is markedly sloping up
during GIB2, which has to be associated with thhgdanorth-south gradient encountered in
the AWs layer in the S distribution (Fig.14) as h&d in thed distribution at the surface.
NACW is encountered only during GIB1 on one proiiléhe north of the section. These
features are relatively consistent between bothaecbut will markedly change then.

In the eastern part of the strait (5°30'W, FigI®), features are relatively different for
the AWs-MWs interface that indicates a larger amafitMWs during GIB1 and a sloping up
northward across the whole section while the AWsw@amis relatively large during GIB2
and the interface is sloping up northward onlyhi@ horthern part of the section. Consistently
with the two previous sections, NACW is found ohralrthern profiles during GIB1 and is
absent from all profiles during GIB2. During GIBfhe differences between the 5°40'W and
5°30'W sections are linked with the strong easttwgesdient on the S distribution in the AWs
layer emphasized in Fig.05. More to the east (3¥1%ig.08, 17) the AWSs-MWs interface
features have reinforced since the interface is mankedly sloping up northward and even
intersecting the surface during GIB1 while it ismakt horizontal and relatively deep during
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GIB2; during both campaigns, NACW and SAW are nog&ll\wmixed. These features are
significant since they will be consistent with fleatures in the Alboran subbasin.

Indeed, in the western part of the Alboran (5°00Ag,07, 16), the AWS-MWSs
interface during GIB1 is still intersecting the fame and it clearly depicts a bump centred on
p3 associated with the anticyclonic gyre whilesialmost flat over the whole section during
GIB2. At 4°30'W (Fig.06, 15), a thin AWSs layer hggsread northward while interacting with
the MWs, but most of the layer, which has marketifierent and more homogeneous
characteristics, still depicts the anticycloniceyr the south. A relatively thick layer still
spreads across the whole subbasin during GIB2.

When trying to get an overview of the AWSs distribat one is not too surprised by
the similitude found between GIB1 and GIB2 in tleean (6°15'W, 6°05'W) since the
interactions with the MWs layer are limited theéthin the strait (5°50'W, 5°40'W), the
relatively flat and deep AWs-MWs interface durintB& as compared with GIB2 suggests
(erroneously!) a larger and relatively slow inflolwring GIB1. But features markedly change
in the eastern part of the strait (5°30'W, 5°158ire the AWs-MWs interface now comes to
be shallower and more steeply during GIB1, henggeasting (correctly!) a relatively small
and rapid inflow during GIB1 that lead to well madkdynamical features in the Alboran
(5°00'W, 4°30'W). However, since common sense waoltnally associate a rapid inflow
with a large amount of AWs entering the sea, onalevbave expected more AWSs in the
Alboran during GIB1 than during GIB2. This simpliustrates how bad our present
understanding of the sea-ocean exchanges is.

4.3 The MWs overall characteristics

At 4°30'W (Fig.06, 15), the WIW and LIW amounts aetatively similar and they
extend relatively far to the south during both caigps; because of the AWs amount, they
are just deeper during GIB2. Over most of the sactihe TDW and WMDW location and
amount are relatively similar too but, off Morocd@W (WMDW) is found just below the
AWSs during GIB1 (GIB2). At 5°00'W (Fig.07, 16), loWIW and LIW extend southward as
far as the middle part of the section only and Wigund at the very surface during GIB1
also displays a larger amount than during GIB2o®ewhile the TDW vs. WMDW
distribution is relatively similar in the northepart of the section, TDW (WMDW) occupies
the whole southern part during GIB1 (GIB2).

At 5°15'W (Fig.08, 17), features are similar theage at 5°00'W with WIW extending
up to the very surface and both WIW and LIW in &rgmounts during GIB1. TDW
occupies most of the southern part of the sectismg GIB1, hence interacts markedly with
the AWSs while, during GIB2, TDW is indicated by pBly and WMDW occupies the whole
southern half of the section. At 5°30'W (Fig.09), MW has sunk below the AWs but the
WIW and LIW amounts are still larger during GIBlotB TDW and WMDW are flanked
along the southern slope, TDW only interacting wite AWs and WMDW reaching only
~500 m during GIB1 while WMDW is interacting withé AWs during GIB2 and is thus
juxtaposed with TDW.

At 5°40'W (Fig.10, 19), both WIW and LIW have canied sinking below the AWs
and are thus deeper than during GIB2 but their arihaxe now roughly similar. WMDW is
no more indicated during GIB1, so that TDW is foumdhe whole southern part of the
section with isopycnals clearly sloping up southdv&uring GIB2, both WMDW and TDW
are still outflowing side by side and even LIW @ninteracting directly with the AWs. At
5°50'W (Fig.11, 20), WIW, LIW and TDW are outflovgrside by side during GIB1; note that
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large amounts of TDW at p1-p2 are not clearly repnéed by the actual bathymetric profile.
During GIB2 the four MWs are outflowing side by sidnd they represent a total amount
seemingly larger than during GIB1.

At 6°05'W (Fig.12, 21), the part of the sectionwued by the total outflow is larger
during GIB1 than during GIB2. WIW, LIW and TDW aséll identified and juxtaposed
during GIB1 while only WMDW and LIW are identifieghd juxtaposed during GIB2. The
same MWs have been identified at 6°15'W (Fig.13,12@ features are much less obvious
than more upstream. First, note that the MWs owtfoidentified by the lower part of 2-3
profiles only. Then, identification of the MWs isaate according to either mixing lines at
6°05'W for the MW that outflows on the bottom, orundulations in the profiles for the MW
that outflow above. Even though this is obvioushyatvmust be expected with MWs now
superimposed, association between an undulatiom gimen MW cannot obviously be as
clear as was the case upstream between a mixmaid a given MW. Even though we are
more confident in the identification of the varidd®Vs made herein than by M09, it must be
emphasized that, due to the relatively low numlbgrrafiles and data, both remain markedly
hypothetical.

When trying to get an overview of the MWs distribut let us first emphasize that,
much more than for the AWSs, the already fine sangpls far from being sufficient. What can
be noticed in the eastern part of the Alboran ssiobia that the immersion of the
intermediate MWs is clearly dependent on the AWsktiess, assuming that the dynamics in
the AWSs layer and the formation of the western Adimogyre are not a consequence of the
MWs outflow! It can also be noticed that the relatimportance of TDW vs. WMDW in the
final outflow can be predicted according to whichWMs found on the Moroccan side of the
sections in the Alboran just below the AWSs, sincBIBWV is always found there below 600-
700 m.

WIW, which was at 0-200 m in the Alboran duringB&lwas constrained to a 100-
200 m layer at the strait entrance while, beingC&t-300 m in the Alboran during GIB2, it
was found at 50-200 m when entering the straitnelkieugh amounts are similar within the
strait, WIW is not sampled west from it during GIB2he LIW amount and immersion also
displayed complex variations in the Alboran anid inly at the strait entrance that amount
seem larger and immersion deeper during GIB1gireethat the LIW amount within the
strait and west of it are still larger during GIBIDW appears to be a major component of the
outflow as soon as the eastern Alboran during GIBd will effectively be followed all
across the strait; during GIB2, and even thougtilitrepresent only a minor component in
the Alboran and at the strait entrance, it willl &t identified within the strait and finally non
sampled west of it. WMDW, which never entered tinaisduring GIB1, represented more
than half of the section area in the western Albaharing GIB2 and was followed all across
the strait then.

Even though the GIBEX data represented a hugeteff@ollect data of utmost
quality, it is clear than sampling intervals, inthbaross-strait and along-strait directions are
not small enough to specify heterogeneities thaewet expected at those times. Whatever
the case, we are convinced that all four MWs cafolb@wved from east to west, from the sea
to the ocean, just considering density and tempexatinges where mixing with the AWSs is
relatively limited, and mixing lines where it is wfajor importance, as in the southern part of
the sections in the Alboran subbasin and withirvthele strait. Sampling interval will have
to be especially fine in the western part of tmaistwhen the MWs come superimposed again
since they no more mix with the AWs and mixing frean no more be used.
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4.4 Schematization of the AWs-MWs mixing processes

Figure 30 is a first attempt to schematize our ustdaeding of the mixing processes
between the AWs and the MWs in the study area.tDulee extremely large variability in i)
the composition of both the AWs inflow and the Migflow, ii) the dynamics of the AWs
inflow essentially, iii) the immersion and inclinat of the AWs-MWs interface, one cannot
be fully satisfied by such a schematization sirzteal features are far from being so simple;
whatever the case, we have tried! The diagram th@ocean to the sea across the strait
(Fig.30a) allows representing the AWSs all alongrtbeurse as well as all MWs in the strait
and west from it; in the sea, the MWs general behavs schematized as if it were TDW
(Fig.30a) while more detailed features are schemedtior WIW and LIW (Fig.30b), as well
as for WMDW (Fig.30c).

As schematized in Fig.30a, AWs unmixed with the Md¥&a be found from the ocean
(in a 200-300 m surface layer in the west of thielgtarea) up to the sill of Camarinal and
even more to the east, as NACW till 5°30'W durin@Gwhen the AWs-MWs interface was
at 50-70 m; in the sea, NACW has never been idedtiiut SAW has been found with
characteristics similar to those it had in the o¢ces at 0-100 m during GIB2. In the east of
the study area, most of the MWSs are not markedkeohivith the AWSs entering the sea,
mainly because they have not been in contact geesnost of the MWs flow along the
Spanish continental slope while most of the AWsvfedong the Moroccan one. Their mixing
with the AWSs is still generally limited in the Alban, but it intensifies when approaching the
strait; whatever the case, at least those MWsawiitfig at Camarinal sill south can outflow
still unmixed with the AWs in the deeper part of #ill during neap tides. It is only west from
Camarinal that the totality of all MWs comes torbixed with the AWSs, so that mixing lines
there extend down to the bottom; obviously, andeasonstrated by all data sets, each of the
MWs in particular and the MWs outflow in general’/eecomes to be homogeneous. Other
features we tried to schematize are: for the AWs relatively low mixing with the MWs
when the latter cascade in the ocean, the impamaang between the sills of Espartel and
Camarinal, the fact that, in the sea, the parefinflow that has been mixed with the MWs
then tends to become homogeneous again; for the,M\&$act that, after the intense mixing
encountered in the sills area, mixing with the AM/eelatively reduced and each MW more
or less evolves independently, its densest/saftestfound close to the bottom in the sills
area having to become the core of a vein whileading along the Iberian slope (see 4.5).

In the northern part of the Alboran subbasin (Fig)3 the thickness of the AWSs layer
becomes relatively low, up to being absent as du@iB1, so that WIW can be found at the
surface there. Necessarily, and this will be theedar all MWs while in the sea, WIW will
sooner or later mix with AWs, but with AWSs that lesaiready been mixed with some MWs
within the strait, never with unmixed AWSs: stratdtion in the lower part of the AWs layer
thus becomes relatively complex. Then, most otithe, WIW will encounter a AWs layer
thicker and thicker, so that it will generally haweesink while mixing. Being the lightest,
hence shallowest of the MWs, it will remain justdve the AWs layer along the Spanish
continental slope and will then outflow through Gamal sill north and Espartel sill north
(see Fig.2), i.e. it has practically no chancegsampled at neither C nor E, even EN.

Things are markedly different for LIW that neveneain contact with the AWSs
before 5°40'W (as was the case during GIB2 onhgy tare roughly similar for TDWi as
well, although differentiating it from TDWd, whichill be assimilated to WMDW, is
relatively artificial. Whatever the case, LIW isufed at 300-500 m in the Alboran, so that it
has to flow up to the Camarinal sills and is indémad at 200 (sometimes less)-400 m at
5°40'W during both GIB1 and GIB2. We have showrafiter 3.2) that LIW could be
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encountered at EN, obviously in relatively mixeaditions, but not at E during a relatively
short period of 128 days. Values that could be@asad with unmixed LIW at Camarinal
nowadays@~13.15 °C, S~38.51) have been sampled at C in @@®&s not operational yet)
only, no more in 2004-2008 (Fig.22a of M09). Theref it might be that, most of the time,
LIW outflows through Camarinal sill north (not @part of it then outflowing in the northern
part of Espartel sill south (typically at EN, ngt Evhich would be roughly consistent with
streamlines that could be inferred from e.g. Fig.2.

In the southern part of the Alboran subbasin (Fig)3features are practically opposed
to those in the northern part. Except for the urediypper part of the AWSs layer that can be
expected to be roughly similar, even if a bit tleckmost of the layer deepens, just because it
will be constrained along the African slope by @ariolis effect. Note that it will then lead to
the Algerian Current that is much deeper alongstbpe than the ~200 m schematized here
and is markedly unstable (Millot, 1985); and nds®dhat no intermediate MWSs is
outflowing there (Fig.2 of M09) so that the AWs aralirect contact with the deep/dense
MWs, be they TDWd as during GIB1 or WMDW as dur{atB2. These deep/dense MWs
circulate only sluggishly westward, since they heoveutflow from the sea, so that they will
be in contact with the AWs for a relatively longh&. Additionally, the mesoscale instabilities
generated by the Algerian Current extend over thelevdepth while having a complex two-
layer structure, which will increase the AWs-MWsxing, not considering the effect of the
Alboran gyres. As demonstrated by the mixing lidepicted at 4°30'W by the southernmost
profiles during both GIB1 (Fig.6) and GIB2 (Fig.1H)e upper part of the dense/deep MWs
represented by WMDW in Fig.30c are markedly mixethwhe AWs much before the strait
entrance. Whatever the case, and clearly due toltihg up southward to the isopycnals
before and within the strait that is i) clearly tégd by all GIBEX sections, ii) evidenced by
the CTD time series at ES vs. E (chapter 3.1)euiylenced by the CTD time series at M vs.
C (Fig.22b of M09), relatively unmixed dense/deey/bican outflow through the strait.
However, and even though we personally do not thetessary to invoke a Bernoulli suction
argument to explain the presence of WMDW at Canaasill south (Stommel et al., 1973)
and even further west (Kinder and Parrilla, 198@}fa able to specify how deep in the
Alboran subbasin were the densest MWs that ardoutfg in the lower part of the
Moroccan slope at Camarinal sill south (at a pthiat would be the counterpart of ES) are
clearly lacking.

4.5 Schematization of the AWs inflow and MWs ouiflo

Because our most original hypotheses concern thes lditflow, let us describe
Figure 31 from east to west. We have drawn ourrdiag assuming that all MWs have
roughly similar transports.

In the western part of the Alboran subbasin (3&0)5the three intermediate MWs,
which are circulating along the Spanish slope dwva the other, push the deep MW along
the Moroccan one, with the intermediate-deep iatarfsloping up southward, hence being
nearly parallel to the Moroccan slope. The deep M¥¢s is relatively large since WMDW
circulates less rapidly than the other intermedid¥®s. Only WIW in the north and WMDW
in the south mix with SAW only since NACW can harbk identified there.

At the entrance of the Strait of Gibraltar (5°40,\te available section dramatically
reduces so that the intermediate MWSs acceleraténaneiase both the interfaces between
each other and the interface with the deep MW. Yéwvall interfaces intersecting at one
singular point to show how variable the situati@nehcan be, with LIW and/or TDW mixing
for the first time with the AWSs. Note that NACW caametimes be still identified here.
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From the Camarinal section to 5°50'W and to theaEspsection, all MWs are
juxtaposed and mix with SAW and/or NACW. Since thixing is mainly due to the internal
tide while the AWs display a marked seasonal vaitalfMGL11) and variability (SAW vs.
NACW) on a daily-weekly time scale that can be h(igdlot, 2008), it is there that all
components of the MWs outflow mainly acquire thareleteristics they will have in the
ocean.

At the exit of the Strait of Gibraltar (6°15'W) tagailable section widens so that the
MWs outflow starts flowing as a density currentpée accumulating along the right-hand
slope. All MWs circulate independently while casogdone above the other and mixing only
with NACW. Along the Iberian slope more to the mpthe MWs form independent veins, the
0-S-o characteristics of which can hardly be predictéth the accuracy foreseen up to now.

5. Conclusion

Our original ideas about the strait of Gibraltag ar fact relatively old since, even
though not made especially explicit, they are ulytteg in all the papers we wrote about the
circulation in the western basin (e.g. Millot, 198899) and in the whole sea (Millot and
Taupier-Letage, 2005) that seem to be widely aeckpbwadays (Schroeder et all, in press).
During GIBEX (1985-1986) and the next decade, weevigvolving ourselves in the study of
the Algerian subbasin, but we participated in tlestimportant meetings dedicated to the
strait functioning and got the feeling that proesssould be markedly different from what
was generally assumed at that time. When we iadithe HYDROCHANGES Programme,
we emphasized the importance of monitoring the Anflew (Millot and Briand, 2002) and,
thanks to the kindness, motivation and efficientjust a few persons at SHOMAR, we
deployed the first CTDs at points M and C in e2M03. We used ships that were not
equipped for such kind of operations but all theDBHAR personnel were willing to do their
best and were actually very efficient since we isexv both CTDs fifteen months after.

These first records were too short to give sigaificresults at M but they clearly
evidenced at C dramatic changes in the MWs outftatwas much warmer (~0.3 °C) and
saltier (~0.06) than ~20 years ago. Presentatidhesfe preliminary results at the
HYDROCHANGES Round Table held during the 2004 CIESbhgress in Barcelona had to
face a quasi general marked scepticism, clearlfircoing how difficult presenting new ideas
is. Anyway, we were soon able to support these-tenm changes by complementary data
and to propose our first schematic diagram of tWgsvbutflow structure (Millot et al., 2006).
Meanwhile, the SHOMAR efficiently helped us in régly servicing the CTDs, allowing us
to evidence some major aspects of the AWs vartgbilVe demonstrated that the inflow
shows a marked seasonal variability of S (amplitt@®, maximum in winter), due to air-sea
interactions, and displayed a huge ~0.05igterannual salinification during the 2003-2007
period (Millot, 2007). We also started re-analyzihg GIBEX data (LYNCH campaigns) and
evidenced a huge 10-day (or even less) varialilithe inflow composition leading, through
tidal mixing, to a huge few-day variability in t@tflow characteristics (Millot, 2008).

We then started comparing the C and M time sendsparforming a detailed re-
analysis of the GIBEX data (in particular the Gi&id GIB2 campaigns) that are still
nowadays extremely valuable since the studiedlzeano more been sampled with such
small sampling intervals in both space and timaghRiata sets have allowed us (Millot, 2009)
supporting the hypotheses about the structureeoVs outflow that we clearly formulated
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for the first time in our 2006 paper. We have theen able to compare the time series
collected simultaneously during about four year€ a1 and E, and evidenced the marked
seasonal variability that the outflow gets whilexmg with the inflow in the strait, namely
since the Camarinal surroundings as we are conditine it cannot display any seasonality
before entering the strait (Millot and Garcia-Laites 2011). However, our ideas still having
to face a general scepticism since, for instancky, W and WMDW are still generally
assumed to outflow at Gibraltar, we decided to nmekanalysis as objective as possible of
the distribution of the in- and out-flows overdllaracteristics. When trying to objectively
specify the characteristics of each of the AWs ivils, we realized that associating the
relative maximum and the S absolute maximum witV Idrobably resulted from and
astounding general misunderstanding (Millot, subadit All these results constitute the
background of the analysis herein.

A first point emphasized by Fig.2 is that both Camal and Espartel sections have
two sills and that only the southern ones are moedt with CTD time series, which prevents
from monitoring the lightest part of the MWs outfloFigure 3a emphasizes how large is the
variability in the structure of the AWs layay<28.0 kg.nT) in the western part of the strait
and how dramatic are the consequences for theoautharacteristicsa28.0 kg.nt); it is
supported by alb-S diagrams for the AWs at each sections in Fi@.éid 15-22. Th8-S
diagram in Fig.3b, and all those for the MWs athesections in the eastern part of the strait
(Fig.6-9 and 15-18) as well, are similar to thasenid in most of the western basin (see Fig.2
of Millot, submitted), thus indicating that all neajMWs (WIW, LIW, TDW and WMDW,

l.e. not only LIW and WMDW) can clearly be idengii in the outflow. As schematized in
Fig.3b and illustrated by tH&S diagrams in the strait (in particular Fig.10&l®l 19-21),
straight mixing lines between the AWs and the M\&s be observed over the whole depth
and can involve any of the MWs. Due to the ovesatiding shape of th6-S diagrams in the
MWs range, one consequence is that a given €&6af characteristics cannot be directly
associated with a given MW and that a specificymiglof each individual CTD profile has to
be made.

We then proposed an as objective as possible eiffiation of the AWs and MWs
components based, for the AWSs, on density rangesrenpossible occurrence ofa
minimum since a S minimum has always been encceshduring GIB1-2, which is not the
general case as evidenced by the LYNCH profilesti®@MWs, and where they are not
mixed yet with the AWSs, the differentiation we pose is based on density and temperature
ranges that can be modified according to one'sopatxhoices. Wher@-S diagrams display
a relatively straight shape, be it adequate foindef mixing lines or not, our differentiation
just consider the MW involved in the deepest pathe profile. Whatever the names/colours
given to these different ranges, and furthermondngilines generally allow linking data
collected along successive sections/longitudesl¢Miind Garcia-Lafuente, 2011), such an
objective differentiation provide consistent andligic results, at least up to the western end
of the strait (as demonstrated by theections in Fig.6-12 and 15-21). Then (Fig.13 224
available profiles (2-3 per section) are clearly sufficient to differentiate the four MWs
expected to outflow there.

Whatever the case, we understand that the re-amalythe GIBEX data we made can
be still not convincing enough, even though weuarable to find any feature inconsistent
with our general overviews of the dynamical proesss the strait. Now, the
HYDROCHANGES/INGRES time series collected by thevdrsity of Malaga at E, EN and
ES provide information that cannot be discussednanst be integrated in any analysis of the
Strait of Gibraltar functioning. Mean densitiedEa360 m) and ES (320 m) are nearly the
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same, hence supporting the mean sloping up southofdhe deep isopycnals. Densities at
ES are often larger than at E, supporting the enéf the densest MWs along the Moroccan
slope. Retrieving the characteristics at C fronséhat E, and even more efficiently those at
ES, support our own understanding of the mixingesses within the strait and the fact that
all three locations are, in general, roughly lodang the same streamlines. The marked
differences between the E and EN time series (ctoseach others than E and ES), and the
inability of the EN data to allow retrieving theddes, clearly account for the fact that a
different (and lighter) MW has been outflowing & Bnly. Even though we had to make
relatively strong hypotheses, what we did as ohjelst as possible, our results clearly
suggest that TDW was outflowing at both C and BHevhiW was outflowing at EN.

Whatever the reticence of our colleagues to acogphypotheses, we are thus very
confident in the assumption that the complemerdatg we plan to collect in the future, as
well as the numerical simulations we hope will bede soon will support the data analysis
and rough computations we have been able to make rngwv.
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Legends captions

Figure 1. The study area with the schematized leiticun of the AWs (SAW, NACW),
the intermediate MWs (WIW, LIW, TDWi) and the deleyVs (TDWd, WMDW). While the
two former sets of waters circulate significantlyi¢k arrows), the latter circulate only
sluggishly (thin arrows) and deep MWs are mainliftgal in the Alboran subbasin up to the
eastern entrance of the strait. Colours assocwitideach of the waters are those used for all
figures in chapter 2, but they have nothing to gk whe colours associated with the CTD
time series (triangles in the yellow rectangle eygd in Fig.2) used for all figures in chapter
3. The GIBEX transects are schematized in blue.

Figure 2. The autonomous CTDs are operated on §hAtBtm height) subsurface
moorings that are serviced every 1-2 years at @htME while they were deployed only once
at ES and EN. Accurate positions are systematicditgined by acoustic triangulation while
depth is more accurately specified from a fine-@smn bathymetric data set (Antonio
Sanchez-Roman, pers. com.). When redeploying a @' Dpminal position is reached with
a few 10s m accuracy at M, within no more than d0&t both C and E. Nominal positions
and depths are: C (35°55.2' N-5°45.0' W, 270 m}356r52.8' N-5°43.5' W, 80 m), E
(35°51.7' N-5°58.5" W, 360 m), ES (35°50.56' N-5888W, 320 m), EN (35°52.65' N-
5958.46' W, 320 m). Note in particular that the @amal transect (at 5.75'W=5°45'W) used
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in Fig.4 and Fig.31 does not clearly evidence we gills that would be more clearly
evidenced by a north-west to south-east transect.

Figure 3. a) Definition of the AWSs using profilegdata as cyan and green dots) and 4
(data as cyan-blue dots) from the GIB2 transe6f@5'W together with a profile from the
LYNCH campaign along the same transect (grey dBis)files (links between the data) are in
black and isopycnals are in kg’msee text for details. b) Definition of the MWsatd as
coloured dots without any link between them) ugngfile 6 from the GIB2 transect at
4°30'W together with schematized mixing lines betwany of the MWs and an unspecified
AW. The mixing lines for TDW and the dashed blade$ schematize the relationships
evidenced between the C and E time series by MG$44 text for explanations about the -
20°, -40° and +75° slopes, and other details ak wel

Figure 4. Bathymetric data along the GIB transaats across the southern sill of
Camarinal (5°45'W) and the sills of Espartel (5%8/) inferred not from navigation charts
with a 5-nm interval (as in M09) but from the ETOROmM data base for transects at 4°30'W,
5°00'W and 5°15'W, and from small scale bathymetniweys for the other transects
(Antonio Sanchez-Roman, pers. com.). The AWs-MWarface ¢6=28.0 kg.n for all
transects except the 6°15'W one for which we choe€¥.8 kg.n? in violet) is represented
in red for both GIB1 (full) and GIB2 (dashed). Thiee isopycnal i®=29.08 kg.n for all
transects up to 5°40'While it is in cyan foro=28.75 kg.rt ando=28.5 kg.nt at 5°50'W
and 6°05'W-6°15'W, respectively.

Figure 5. Distribution of S during GIB1 at some noah depths (averaged in the range
5 m) between 5 and 100 m. Coloration, size anehtaiion of the arrows are commented in
the text.

Figure 6.6-S diagram focusing on the AW&.S diagram focusing on the MWs aad
section at 4°30'W during GIB1. Plotted on this &ecare some isopycnals (in kgjn26.9
(thin; limit between SAW in cyan and NACW in gre@ut of range here), 28.0 (thick;
definition of the AWs-MWs interface), 28.75 (dashddfinition of the AWs-MWs interface
in M09), 29.0 (thin; lower limit of WIW in orange29.075 (thin; lower limit of LIW in red),
29.08 (thick; definition of the light/intermediatedense/deep MWs used by M09), as well as
the 12.85 °C isotherm (limit between TDW in magesmid WMDW in blue) and the AWs-
MWs interface inferred from the maximum S andertical gradients (thick yellow line). See
text for other definitions and notes.

Figure 7. As in Figure 6 for 5°00'W.
Figure 8. As in Figure 6 for 5°15'W. Note the 2BPm isopycnal.
Figure 9. As in Figure 6 for 5°30'W.

Figure 10. As in Figure 6 for 5°40'W. The plottetkimg line is the best linear fit for
all data from p1 and p2 between S=37.5 (~100 m)SarB.45; it will be plotted at 5°50'W as
a dashed line ranging from the less mixed valu&§4Q'W to the less mixed values at 5°50'W
(and so on for the other transects).

Figure 11. As in Figure 6 for 5°50'W, except foe ikopycnals plotted in thesection
that are (in kg.ii) below 28.0 (the AWs-MWs interface): 28.5 (thid.75 (thick) and 28.97
(dashed). The mixing line computed there for TDWsders all data from both p1 and p2
between S=37.8 (210-220 m, i.e. nearly the AWs-Mhtface there) and 38.39. The
mixing line computed from p3 and associated wittWldonsiders data between S=37.8 (here
at 180 m, i.e. near the AWs-MWs interface) and S388. The mixing line computed from
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p6-p7 and associated with WIW considers data bet#ee7.8 (190-200 m, i.e. not far from
the AWs-MWs interface) and S=38.275.

Figure 12. As in Figure 6 for 6°05'W except for tbepycnals plotted in the section
that are (in kg.i): 26.9 (thick), 27.0 (dashed), 27.5 (thin), 2&Hdk; the AWS-MWs
interface), 28.5 (thick) and 28.75 (thin). Mixingds are associated with TDW (computed
from p1 data between S=37.5 (260 m) and S=38.22j,(computed from the p2-p3 data
between S=37.15 (230 m, exactly at the AWs-MWsfate) and S=38.289) and WIW
(computed from p4 data between S=37.2 (265 meaAWWs-MWs interface) and 38.058).

Figure 13. As in Figure 6 for 6°15'W except for thepycnals plotted in the section
that are (in kg.ii): 26.9 (thick), 27.0 (dashed), 27.5 (thin), 2#&8ak; the AWs-MWs
interface), 28.0 (dashed), 28.5 (thick) and 28tim}.

Figure 14. Distribution of S during GIB2 at somampal depths (averaged in the
range +5 m) between 5 and 100 m. Coloration, sizeacgientation of the arrows are specified
in the text.

Figure 15. As in Fig.6 (4°30'W) for GIB2. Note theeatification in the AWs-MWs
layer schematized by=26.9 kg.n.

Figure 16. As in Figure 6 for 5°00'W and GIB2.
Figure 17. As in Figure 6 for 5°15'W and GIB2.
Figure 18. As in Figure 6 for 5°30'W and GIB2.

Figure 19. As in Figure 6 for 5°40'W and GIB2. Migilines are associated with
WIW (computed from data at p6 between S=37.4 (ge¢hd AWs-MWs interface) and
S=38.319), TDW (computed from data at p2 in thar®e 38.0-38.4) and WMDW
(computed from data at pl in the S range 37.6-33.43

Figure 20. As in Figure 11 for GIB2 and the densggtycnal in they section being
29.01 kg.nT (dashed). Mixing lines are associated with WIWnfpaited from data at p6 in
the S range 37.65-38.172), LIW (computed from dafab, one in the S-ranges 38.304-
38.352, and one in the S range 38.228-38.268), WMbBMhputed from the data at p1-p2 in
the S range 37.7-38.398).

Figure2l1. As in Figure 12 for GIB2. Mixing lineseaassociated with LIW (computed
from data at p4 in the S range 37.807-38.047) aMDW/ (computed from data at p3 in the
S range 38.105-38.285).

Figure 22. As in Figure 13 for GIB2.

Figure 23. Densityd in kg.m?®) time series at C (red), E (blue) and ES (viadetling
a 128-day period in October 2007-March 2008; sesitipas in Fig.2. The fortnightly time
scale is emphasized.

Figure 24. Potential temperatuf®e {lescending axis), salinity (S), density &nd
slope of the temporal mixing line (A) inferred frdittered (25-h median) 1-h time series at E
(blue) and ES (violet).

Figure 250-S diagrams showing the E+ES and E+EN time seuasglthe 128-day
and 64-day periods, respectively, with black arravascating mixing lines slopes of -40° and
-20° associated (see MGL11) with some kind of SAW some kind of NACW, respectively.
The acronym MWs indicates "the less mixed MWs" sialt MWs are partially mixed with
the AWs at the longitude of the sills of Espar&gloriginal time series at E (blue) and ES
(violet); b1 and b2) original time series at E @)land EN (cyan) showing the same time
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series with one or the other in forward positionthe original E (blue) and EN (cyan) time
series shown in b1-b2 together with the intersastigorown) of the E and EN mixing lines;
d) same as in c) for filtered (median / 25 h) daj)asame as in c) in different ranges and
additional information detailed in the text.

Figure 26. SP and the associated mixing lines slopes (MA&AS; shown instead of
parameter A since used in the computations) atle)land C (red) during the 128-day
period. Assuming that the MWs encountered at BEhayge encountered at C and starting from
a point6(E)-S(E), the associated mixing line with the sldfieS(E) defines, at S(C), a
Binferred(C) that can be compared with the meas@f€jl Comparing the absolute
difference6 betweerB(E) andd(C) in light grey with those betwed&mferred(C) and(C)
in dark grey allows appreciating the validity oéthypothesis. Similar results (not shown) are
obtained for the 2004-2008 period analyzed by MGlAdditional X-axes (S=38.4,
0=13.1°C,00=0 °C, MLS=-40 °C) are the same for the other simfilgures (27 and 29).

Figure 27. Same as in Fig.26 for ES (violet) an@ed).

Figure 28. Potential temperatuf® (lescending axis), salinity (S), density &nd
slope of the temporal mixing line (A) inferred frdittered (25-h median) 1-h time series at E
(blue) and EN (cyan) during the 64-day period.

Figure 29. Same as in Fig.26 for the 64-day pefieduced to 21 days since C was
serviced meanwhile): a) EN (cyan) and C (red), blEe) and C (red).

Figure 30. Schematization of the AWs-MWs mixinggesses: a) from the Atlantic
Ocean, across the Strait of Gibraltar (the minindepths there schematize the sills of
Espartel and Camarinal), to the Mediterranean Beawestern part of the Alboran subbasin).
The dashed line represents the interface betweeAWs (cyan, NACW and SAW are not
differentiated) and the MWs (represented by TDWhegenta). Unmixed waters are
schematized, at some specific longitudes, withkthiees plotted at a given constant distance
from the longitude they are associated with. Thssashce being +0.1° for the MWs and -0.1°
for the AWSs, the lines could represent the salifiythe layer where AWs and MWs are
mixed, mixing lines are represented by both coleaund they necessarily define, at all specific
longitudes, the AWs-MWs interface we have chosdretas simple as possible, which can
give, in addition to the features we wanted to stdeze, some other unrealistic ones. b) for
the AWs and both WIW and LIW. c) for the AWs and \BW (or TDWd).

Figure 31. Schematization of the structure of thiamtic inflow, with its two
components, and of the Mediterranean outflow, Witke intermediate/light and one
deep/dense MWs: SAW (cyan), NACW (green), WIW (geh LIW (red), TDW (pink) and
WMDW (blue). Note that only the intermediate padrf®W (namely TDWi) is represented
while its deep part (namely TDWAd) is often encowedenstead of WMDW.
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