Ocean Sci. Discuss., https://doi.org/10.5194/0s-2017-45 .
Manuscript under review for journal Ocean Sci. Ocean Science
Discussion started: 6 June 2017 Discussions
(© Author(s) 2017. CC BY 3.0 License.

Hydrography and Circulation West of Sardinia in June 2014

Michaela Knolf, Ines Borrion& Heinz-Volker Fiekas Andreas Funk Michael P. Hemmirty Jan
KaiseF, Reiner Onkeh Bastien Questeand Aniello Russo

"Wehrtechnische Dienststelle fiir Schiffe und Mariaéan, Maritime Technologie und Forschung (WTD7mBErliner
5 StralBe 115, 24340 Eckernférde, Germany
2NATO Science and Technology Organization, CentreMaritime Research and Experimentation (CMRE),|&i8an
Bartolomeo 400, 19126 La Spezia, Italy
3Centre for Ocean and Atmospheric Sciences (COAS)o@ of Environmental Sciences, University of Easglia (UEA),
Norwich Research Park, Norwich, NR4 7TJ, Unitedd¢iom
10 “Helmholtz-Zentrum Geesthacht, Centre for Materialsd Coastal Research (HZG), Max-Planck-StraRe BH021
Geesthacht, Germany

Correspondence to: michaelaknoll@bundeswehr.org

Abstract. In the mainframe of the REP14-MED sea trial in J@6é4, the hydrography and circulation west of Béad
observed by means of gliders, shipborne CTD instnis) towed devices, and vessel-mounted ADCPspraxsented and
15 compared with previous knowledge. So far, the ¢ation is not well known in this area, and the loghaphy is subject to
long-term changes. Potential temperature, saliaitgl potential density ranges, as well as coreegafii the observed water
masses were determined. Modified Atlantic Water §M)Awith potential density anomalies below 28.72nkg showed a
salinity minimum of 37.93 at 50 dbar. Levantineehmediate Water (LIW), with a salinity maximum dfcat 38.70 at
400 dbar, was observed within a range of 28.32 fkg m] < 29.10. MAW and LIW showed slightly higher salies than
20 previous investigations. During the trial, LIW coed the whole area from the Sardinian shelf to 7E1%nly north of
40° N was it tied to the continental slope. Withhe MAW, a cold and saline anticyclonic eddy wasesked in the
southern trial area. The strongest variabilitygmperature and salinity appeared around this eatay,in the southwestern
part of the domain, where unusually low saline aeef water entered the area towards the end of xperiment. An
anticyclonic eddy of Winter Intermediate Water wasorded moving northward at 0.014 th §eostrophic currents and
25 water mass transports calculated across zonal ardlional transects showed a good agreement wisiselenounted
ADCP measurements. Within the MAW, northward cuisemere observed over the shelf and offshore, whi®uthward
transport of about 1.5 Sv occurred over the sldpeet northward transport of 0.38 Sv across thetteon transect
decreased to zero in the north. Within the LIW,thward transport of 0.6 Sv across the southerrséets were mainly
observed offshore, and decreased to 0.3 Sv indhé where they were primarily located over thepsloThis presentation
30 of the REP14-MED observations helps to further wsided the long-term evolution of hydrography airdutation in the
Western Mediterranean, where considerable changasred after the Eastern Mediterranean Transiedtthe Western

Mediterranean Transition.



Ocean Sci. Discuss., https://doi.org/10.5194/0s-2017-45 .
Manuscript under review for journal Ocean Sci. Ocean Science
Discussion started: 6 June 2017 Discussions
(© Author(s) 2017. CC BY 3.0 License.

10

15

20

25

30

1 Introduction

From 6 to 25 June 2014, an extensive experimeldcc®EP14-MED was carried out west of Sardinishim &rea between
39°12' N and 40°12' N and between 7°15' E and &1®nken et al., 2017). In this paper, all datferrto the year 2014
unless otherwise stated. The two research vessiédsice andPlanet, and a variety of measuring platforms were used to
capture the hydrography and circulation in the a@ae of the objectives was to collect data forrapenal ocean
forecasting, model validation, and the evaluatibfocecasting skill. Other aims were to explore Waeiability of the ocean
and to study mesoscale and sub-mesoscale featbogsthose investigations, a detailed analysis & tecorded
measurements is necessary. Therefore, the aimstidy is to provide an overview of the hydrodgma@and circulation
west of Sardinia observed during REP14-MED. Witthia trial period of 18 days, measurements were naadbe same
position on several occasions. This enabled a stfidhort-term variations in the upper water colufihe REP14-MED
observations were compared with previous knowl@dgevestigate long-term changes.

The hydrography of the Sardinian Sea, which isted®etween 38° N and 42° N, and between 7° E lem&ardinian coast
(Ribotti et al., 2004), is characterized by variouater masses: Modified Atlantic Water (MAW; seeblEal for list of
acronyms), Winter Intermediate Water (WIW), Tempera Minimum Layer (TML), Levantine Intermediate Wa(LIW),
Western Mediterranean Deep Water (WMDW), and Bottdvater (BW). Atlantic Water entering the Western
Mediterranean (WMED) at the surface through thaiSaf Gibraltar is intensively mixed and modified its way towards
the east. This water mass, referred to as MAW, rsoapproximately the upper 150 m of the WMED witbadinity range of
36.5 to 38.0 in the Algerian Basin (Benzohra antid}i1995) and 37.2 to 38.2 in the Sardinian S®argente et al., 2003).
The core of MAW is characterized by a minimum ilirsey found during summer at about 50-70 m depit during winter
close to the surface (La Violette, 1994). Basedistorical data, the mean potential temperaturesatidity of the core in
summer in the Sardinian Sea are 17.71 °C and 3W&ifll a standard deviation of 2.87 °C and 0.33, eetipely
(Sparnocchia et al., 1994). WIW consists of co@ad homogenized MAW formed in winter during colddievents in the
northern WMED (Juza et al., 2013). It is charaggiby local minima in potential temperature arithigg at about 150 to
200 m depth, with magnitudes depending on the faeomaonditions. Values of 12.35 °C and 38.3 arsevbed in the zone
of formation (Benzohra and Millot, 1995, Vargas-¥afet al., 2012). WIW mainly follows the path of MAwestward
along the European continental slope and acrossAtgerian Basin (Millot, 1999; Benzohra and Millot995). An
additional pathway of WIW directly connecting therhation area to the Algerian Basin is expecteldetinduced by frontal
eddies associated with the North Balearic Frontll¢¥1i1999; Fuda et al., 2000). This North Baledriunt separates the
Atlantic Water reservoir in the south from the igaland denser waters in the north (Olita et &13). TML is observed in
the Alboran Sea (Allen et al., 2008), the Algerizasin (Benzohra and Millot, 1995) and the Sardirs@a (Sorgente et al.,
2003). It is not an autonomous water mass, butistnef WIW modified continually on its way throughe WMED.

Potential temperature and salinity values are belk®¢2 °C and 38.3, respectively. LIW is formed ime teastern
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Mediterranean, entering the WMED through the SwéiSicily. It is characterized by high saliniti@sth core values of
about 38.7 (Juza et al., 2013; Juza et al., 2005s8 et al., 2015). In the Sardinian Sea, the rneenvalues of potential
temperature and salinity during summer based dorfial data are 13.51 °C and 38.58 with a standaexdation of 0.20 °C
and 0.06, respectively (Sparnocchia et al., 199MIDW is formed in winter by deep convection of nmix®IAW and LIW
in the northwestern corner of the WMED, mainly e tGulf of Lions, with potential temperatures aatinities of 12.8 °C
to 12.9 °C and 38.4 to 38.5, respectively. WMDWesyis through the WMED and occupies the water coloeiow 800 m
(La Violette, 1994; Schott et al., 1996; Rixen let2005; Bosse et al., 2015).

In recent decades, water masses in the MeditemaSem have been subject to considerable change.Eabktern
Mediterranean Transient (EMT) caused a signifiéaotease in the heat and salt content of the LI\WefRer et al., 2007;
Roether et al., 2014). This increase in temperaame salinity has reached the western basins asdffiected, amongst
others, the characteristics of WMDW. Below 200 dltlae mean temperature and salinity in the WMEDehasen by about
0.04 °C and 0.015, respectively, per decade sifé&,lwith increases in LIW twice as large as indeep water (Borghini
et al., 2014). Since the 1950s, the heat and satent of BW have increased steadily. This incrdeseheavily intensified
since 1985 (Rixen et al., 2005; Krahmann and Scthé88). A major deep water formation event in @ir?004/05 started
the Western Mediterranean Transition (WMT) (Scheoeet al., 2016). Within two years, BW experienegdincrease in
potential temperature and salinity of 0.038 °C @r@l6, respectively (Schroeder et al., 2008). @asan for the changes in
the deep water is the transfer of the EMT signaheoWMED, with higher heat and salt content of @ldeected LIW which
is part of the WMDW formation.

The circulation in the Sardinian Sea is scarcelyvkmfrom previous investigations. The upper 300frthe water column is
dominated by meso- (10-100 km) to sub-mesoscald (km) features, predominantly anticyclonic eddiédifferent origin
(Puillat et al., 2003; Ribotti et al., 2004). Larglerian Eddies (AE), with a diameter of 50 to 280, are generated in the
Algerian Basin by baroclinic instabilities of thdgkrian Current, which flows eastward along thei@sin coast. These AEs
embed less saline water of Atlantic origin and Waite cyclonically within a gyre around the AlgeriBasin with a mean
speed of a few centimeter per second. They haetntiés of up to 3 years (Puillat et al., 2002)enfextending from the
surface to about 350 m or deeper, and bring relgtifresh MAW from the Algerian coast to the SardimSea (Millot,
1999; Testor and Gascard, 2005; Olita et al., 20%8yeral AEs were observed in the Sardinian Seseea 7°24'E and
8° E during the MedGOOS experiments in 2001 an®2(Ribotti et al., 2004). Results of ocean geneiraulation models
show that these eddies feed the Western Sardiniare@ (WSC), a quasi-permanent southward flovhatsurface west of
Sardinia (Olita et al., 2013; Olita et al., 201&md?di et al., 2013). At the southwest corner afd8aa, the WSC is located
closer to the coast and reaches its maximum intenSbastal upwelling, especially evident in theithevestern part of
Sardinia, is pre-conditioned by the WSC (Olitalet2013).
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According to Ekman theory, northerly winds induedrable conditions for upwelling along the west8ardinian coast.
This could be observed during MedGOOS 3 in Septer#bel where wind speeds between 4 and 12 meve recorded
(Ribotti et al., 2004). At that time, a verticallindly inversion occurred at about 30 to 50 m depththe whole area.
Therefore, upwelling was leading to lower salirstidose to the shore. This salinity inversion mayenbeen generated by

5 evaporation or by saline water from the shelf pdsbg the wind-induced Ekman transport further offeh Water on the
shelf can be significantly more saline than furtb&shore where AEs bring fresher water from thatsaRibotti et al.,
2004).

The LIW spreads into the WMED between 200 and 808epth (La Violette, 1994). South of Sardinia, tHgV vein
10 flowing westward is about 50 km wide, with a coteabout 300 m. At the southwest corner of Sardiihityrns northward
and follows the continental slope (Sorgente et28103). The LIW vein becomes wider, shallower aodler (Millot, 1999).
It continues northward west of Corsica and turnthowest, flowing as a coastal current along thefean slope, where it
takes part in the formation of WMDW. At the soutfsiveorner of Sardinia, the LIW sporadically spreagstward. Instead
of a permanent flow branch, it is due to filameoitd.IW swirling around AEs (Millot and Taupier-Leja, 2005) or due to
15 the formation of barotropic Sardinian Eddies (SEhW.IW characteristics (Testor and Gascard, 2@&sse et al., 2015).
The SEs stay south of the North Balearic Front amdoften entrained southward by the Algerian G@ies are formed at
intermediate depths, but usually show a surfaceasige after some weeks (Olita et al., 2013). Thetward transport of
LIW into the WMED is estimated to be roughly 1 $il{ot, 1999), while the eastward transport of MA&Y the Sardinian
Channel is nearly 2 Sv. A rough estimation of ttaltnorthward transport between Sardinia and MedidSpain) based on
20 water and salt budgets yielded about 0.4 Sv (Betht@80).

This paper is organized into six sections. Sincesg instruments were involved in this study, anparison is carried out
in Sect. 2 to distinguish between variations dumstrumental bias and due to environmental featurae characteristics of
the different water masses recorded in the trighare specified in Sect. 3. These are comparédpnévious investigations
25 and potential temporal changes are discussed. dittieal and horizontal distributions of the watesigses are indicated and
special features like eddies and fronts are prederBased on the CTD profiles, taken at the sansitipo on several
occasions within the measuring period of 18 dalysrtsterm variations in the upper water column diseussed in Sect. 4.
Direct current observations obtained with vessel:nted ADCPs are presented in Sect. 5 and compaitadgeostrophic
velocities and transports calculated within the MAWH the LIW based on the CTD transects coveriagtka between the

30 Sardinian coast and the deep ocean at 7°15' Hlyitiee paper's findings are summarized in Sect. 6
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2 Data Set and Sensor Comparison

For this paper, temperature and salinity measuremeaere utilised from the following instruments:asird CTDs from
Alliance and Planet, an Oceanscience Underway CTD (UCTD), a towed CH&n, a towed ScanFish, three Seagliders
named Fin (SG537), Kong (SG524), and Minke (SG5a0) six Slocum gliders called Elettra, Noa, Jaates, Dora, and

5 WTD71. The CTD data were mainly obtained along tfat transects, partly repeated several times padesl by 6 nmi
(nautical miles) or about 11 km from each othentlier zonal transects situated in-between wereeged several times
back and forth by the gliders (Fig. 1).

A comparison between the different CTD instrumemés carried out to ensure that observed differemese based on
10 actual environmental variability. In the deep oceahere the natural variability of potential depsshomaly §e) was low,
a systematic difference of 0.008 kg’ was observed between the CTD sensoBlariet andAlliance (Fig. 2), which was
slightly above the expected accuracy of about OKgDHi>. Investigations of profiles deeper than 2000 difenwed that this
discrepancy was due to about 0.001°5 higher conductivity values recorded Bjanet, but the cause of this bias is
unknown (Knoll et al., 2015a, Onken et al., 20MKater samples taken WBlanet, and analysed by a Guildline Autosal
15 salinometer perfectly agreed with the corresponddi@® values, and the double sensors of the CTD gftAlliance
showed no significant differences. The Sea-Bird GEDsors were calibrated in a similar fashion ghbefore the cruise at
the NATO Science and Technology Organization, Gefdr Maritime Research and Experimentation (STOREW Data
obtained by the CTD instruments of both ships wereessed with the same manufacturer software wdimgst identical
parameters.
20
Systematic differences isg in the deep ocean were also observed betweenhipbosne CTDs and some of the deep
profiling gliders. Compared to tH@lanet CTD measurements, gliders Noa, Jade, and Minkerded slightly lowersg by
about -0.012, -0.008 and -0.003 k& mespectively, while glider Fin observed slightiigheroe of +0.006 kg i (Fig. 3).
No significant difference was observed between Riamet measurements and glider Kong. Glider Dora exhibhegh
25 variations ince at about 900 dbar, whereas all other CTD instrumesmowed almost constant zonal values. Since
measurements dflanet covered all latitudes of the trial area, the shifannot simply be explained by latitudinal changes
The differences iwe between the sensors of the shipborne CTDs anglitters were small, but mostly constant. In coritras
to o, variations in potential temperature and salinity pressure of 900 dbar were much higher, withegarising towards
the east (Fig. 3). Due to the variability in potehtemperature and salinity, the differences betwey values of the
30 different instruments cannot be ascribed to a §ipesgnsor. Only the discrepancy between the Sed-®iDs of both ships

could be explained by differences in conductiviteedo the existence of profiles below 2000 dbaralKet al., 2015a).
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Data retrieved from ARGO float 6901836, comprisaigone deep profile down to a pressure of more 200 dbar in the
trial area in June, agreed well with values obtained b#lliance, but a difference of about 0.008 k&*was seen between
the float andPlanet measurement@=ig. 4). Further casts were obtained using an U@TEhe outer limits of the trial area
(Fig. 1). Some of these profiles reached presaweld of more than 500 dbar. The data were proddssadding observed

5 pressure offsets and applying time constants tooedalinity spikes. Theg values below 400 dbar were often about
0.015 kg r? lower than the ones observed in nearby CTD cdsBamet (Fig. 5). However, the expected temperature and
salinity accuracy of the UCTD was only 0.005 °C a&n@5, respectively. Therefore, the observed diffee was not

significant.

10 In the upper water column, the range of naturaiatians was too large to detect small differencesvien the different
sensors. The measurements of the shallow glidetsr&l Zoe and WTD71 were within the range of tAeb@bservations
obtained by both ships. The same is true for thason@ments obtained by the towed CTD chain an&¢heFish, recorded
concurrently between 21 and 23 June. Both deviogsred at most the upper 200 dbar of the waternwoJuvhere the
natural variability was high. Before towing, intsitalibration coefficients of the CTD chain sensweese determined based

15 on simultaneously recorded CTD castsPtdnet. Thus, no systematic discrepancy existed betwieerCiTD chain and the
Sea-Bird CTD ofPlanet. The accuracies of the CTD chain measurements aleoat 0.02 °C and 0.05, respectively. A

comparison between the CTD chain and the Scan&igbd in sync showed no significant differences.

Concerning investigations of temperature and gglinariability in the upper water column, the difaces between the
20 platforms were negligible when compared with ndtuaaiations. However, for studying changesinat greater depths, the

differences between the different sensors have taken into account.

3 Water Masses

The characteristics of the different water massbserved by means of all CTD instruments and gdideed during REP14-
MED, are specified below and compared with earésults (Table 2). The indicated salinity and ptéémiensity anomaly

25 values given in Table 2 correspond to the CTD ofsdems ofPlanet. According to the sensor comparison results, these
values exhibit uncertainties in conductivity andguial density of about 0.001 S'mand 0.01 kg i, respectively.

MAW

The potential temperature and salinity of MAW i tinial area varied between 13.6 and 24 °C anddmtv87.1 and 38.3,

respectively (Fig. 6a). The observed salinity ramges slightly higher than the older measurementSpsdrnocchia et al.
30 (1994) and Benzohra and Millot (1995) (Table 2)eTalinity andse values increased towards the shelf (Fig. 7). Alloc

salinity minimum occurred at about 50 dbar, withamevalues of 37.93 somewhat higher, and with aldduf9 °C

6
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considerably colder, than the mean historical v@labserved by Sparnocchia et al. (1994). In ordeurtderstand how
salinity within the core of the MAW changed witmigitude, values and pressure levels of the salmityma identified in
all CTD profiles collected fronPlanet andAlliance are shown in Fig. 8 panels a and b, with samgliegtions marked in

Fig. 1. Close to the coast, the salinity minimahiritpressure values of 40 and 80 dbar increased3t

The core of the MAW with the salinity minimum waschted at abouto=28.19 kg 1t (Fig. 6 a). The lower boundary was
defined at thes,=28.72 kg ¥ isopycnal, which corresponded to a pressure lef/&0 to 140 dbar (Fig. 8 c). Below this
isopycnal, the salinity strongly increased as altesf LIW. Furthermore, TML and WIW were observatidepths below
this density level.
10
Towards the end of the experiment, unusually lolmises of less than 37.2 occurred at the surfadhe southwestern part
of the trial area (Fig. 8 d). This feature did appear in the earlier CTD measurement®lahet obtained in the same area
at the beginning of the experiment. Similar sajinialues of less than 37.2 were observed in ABkéneastern part of the
Algerian Basin (Benzohra and Millot, 1995, Taupietage et al., 2003), and they also occurred inawnticyclonic eddies
15 inthe Sardinian Sea (Sorgente et al., 2003).

Within the MAW, an intra-pycnocline anticyclonic @gwith a diameter of about 50 km was observechéndouthern part
of the domain, around 39°20' N and 7°43' E (Figlt9)as also apparent in transect 10, where th@nte between the 27.5
and 28 kg rii isopycnals strongly increased (Fig. 7 c, f, i)eTitesence of the eddy led to significantly modifiecal water
20 properties, with strongest effects around 50 dBarséo et al. 2015, Borrione et al., 2015). Sadiritneasured within the
eddy were close to 38.2, and thus higher than thotee surrounding waters, in particular thosé¢ht west, where salinity
ranged between 37.7 and 37.9 (Fig. 9). In the sam@, just west of this eddy, where the low sadigitvere observed, the
unusually low saline water mass described abowh, seilinities of less than 37.2, appeared at thiasel at the end of the

experiment.

25 WIW/TML

During REP14-MED, WIW was not observed as a cowutirsuayer, but was confined to an anticyclonic Wéddy detected
by various platforms between 170 and 400 dbar Res$sal., 2015). It had a diameter of about 11 Konal transect 5
crossed the center of this eddy (Fig. 7 b, e, Byegal repeat CTD stations showed that the eddyethaorthward during
the experiment with a mean velocity of about 0.614". The eddy was characterized by potential tempegatbelow
30 13.1°C and an almost constasg value of 28.99 kg il The core values of potential temperature anchisplivere
< 12.9 °C and < 38.3, respectively, at about 25r dbhese values were in agreement with previogermations of WIW in
the northern WMED (Vargas-Yéfiez et al., 2012; Jeizal., 2013), the Alboran Sea (Allen et al, 20G8)d the Algerian
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Basin (Benzohra and Millot, 1995) (Table 2), bubte knowledge no WIW eddy with such low temperasuand salinities

has been documented in the Sardinian Sea in the pas

A relatively cold (< 13.3 °C) and fresh (< 38.3)taramass with core densities between 28.86 and288n° was detected
5 between 120 and 270 dbar in the southwestern p#énedrial area (Fig. 10). To distinguish this elamass from the WIW
transported by the eddy, it is called TML, thouglvas strongly influenced by WIW. Since the obsdr¥dIL was warmer
and less dense than the WIW eddy, it is likely thattwo water masses have a different historyingeformed at different
times. Several patches of TML water with slightligtrer potential temperatures were observed dutieg MedGOOS
experiments all over the Sardinian Sea (Sorgeraé,e2003, Ribotti et al., 2004).
10
Like the unusually low saline surface water, thelTéhtered the domain from the south and moved nantth as indicated
by the detection times (Fig. 10). It was not obedrin the CTD measurementsRifinet, which were obtained in the same
area, but some time earlier before the first TMtoreling on the 18 June. Although TML and the unligdaw surface
salinities were detected in the same area at theEthe trial period, they did not always appeamndtaneously as indicated
15 by the WTD71 glider measurements. While the TML vedready observed for the first time on 18 June.(ED) the

unusually low surface salinities were recorded some later on 22 June (Fig. 8 d).

LIw

The strong increase in salinity observed belgw28.72 kg i indicated the presence of the LIW layer (Fig.\thin the
whole trial area, the mean potential temperatuaknisy andoce values in the core of the LIW were 13.91 °C, 38ar@

20 29.06 kg ¥, respectively, at a mean pressure level of ab6Gtdbar (Fig. 11 a, b). Like MAW, LIW exhibited ghitly
higher salinity values compared to the historicatadin the Sardinian Sea (Sparnocchia et al., 1984)y due to the
transfer of the EMT signal to the WMED (Roetheakf2014).

East of 7°47' E, the LIW core salinity of 38.71 wled only small changes, while farther offshoreatied between 38.55
25 and 38.74 due to relatively low values in the neast (Fig. 11 a, b). In contrast to earlier ing=tons, where LIW was
attached closely to the Sardinian shelf break eftte 2000 m isobath (Puillat et al., 2003; Sotgest al., 2003), during
REP14-MED it covered the whole trial area westhaf shelf. Only north of 40° N the LIW core was tiedthe continental
slope (Fig. 11 d). However, the thickness of th&/Llayer decreased towards the west to less thamb@0e to the rise of
the isopycnals (Fig. 7 g, h, i). For this studye lower boundary of LIW was set to the potentiahsiy anomaly of
30 66=29.1 kg i, which corresponded to a pressure level betweéra®d 740 dbar (Fig. 11 c). Deeper than this, #récal

increase irsg was strongly reduced (Fig. 2).
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WMDW

The REP14-MED data set showed that the WMDW waarségd into an upper and lower part (Fig. 6). Thpeu part was
strongly influenced by the overlying LIW. The padti@h temperature and salinity decreased with dépim 13.70 °C to
12.91 °C, and from 38.68 to 38.48, respectivelyilew, slightly increased from 29.10 to 29.11 kg (fFig. 2). Changes in
the lower part, found below approximately 1500 nerevvery small. The potential temperature decreaaed salinity
increased only slightly by about 0.01 °C and 0.0@Spectively. These low values of about 12.90 i@ &8.48 were in
agreement with WMDW specifications given in thesd#tture (La Violette, 1994; Benzohra and Millot9%9 Testor and
Gascard, 2005). A further increase in potentialperature and salinity below 2300 dbar indicatedot@irrence of BW.

BW

BW was observed at the deep CTD stations on théeweside of the domain. Below 2300 dbar, the WMBRéwed an
increase in potential temperature and salinitybfua 0.01 °C and 0.01, respectively, with a coroesiing increase ing of
approximately 0.005 kg th(Fig. 6). The increase started at potential temipees and salinities of 12.91 °C and 38.49,
respectively. These values were even higher thagetlobserved in previous investigations (Tablea?)ich detected a
continuous increase in potential temperature, isgliand layer thickness starting in winter 200492 Schroeder et al.,
2008; Schroeder et al., 2016).

4 Short-Term Variability

Due to various repetitions of CTD casts at fixedippons, the REP14-MED data set is perfectly suftedstudying short-
term variability. Since most CTD casts covered dhly upper water column, the variability estimasiamere restricted to
MAW and LIW. Therefore, the differences between@¥D sensors were not considered. They were nétgigiith respect
to the natural variability of the system.

In order to study variability of water mass chagaistics in the region, a grid of stations was glesd and for each grid
point all profiles obtained from various instrumenih close vicinity were gathered to investigatersterm temporal
changes at a fixed location. The grid consiste®5® stations, 107 of them almost matched the positof the CTD stations
which were 6 nmi apart (Fig.1). The other 152 statiwere located along the glider tracks betwe€@BN and 40°3' N
and between 7°15' E and 8°18' E with a distanc®mhi in the east-west and 6 nmi in the north-salitbction. The glider
as well as the ScanFish data were split into sépaadternating dive and climb profiles. For eacbfite a geographical
position was determined by calculating the meantiposduring the respective dive and climb periédl. CTD, UCTD,

CTD chain and ScanFish profiles within 2 nmi of @dgstation were collected. The glider profiles hiit a zonal and
meridional distance of 1 and 2 nmi, respectivaignf a grid station were assigned to this positklhCTD chain, ScanFish
and glider profiles recorded in quick successiod alfocated to the same grid station were repldgethe corresponding
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mean profiles. Between 0 and 13 profiles were alled to each of the 259 grid stations (Fig. 12Na)profile was assigned
to 13 grid stations which were located at the eastelge of the glider tracks. On 37 grid stationl/ mne profile was
collected and 113 grid stations had 4 or more l@®fassigned. The grid stations with more thanproéle covered time
periods between the first and last profile of 0t@816.26 days (Fig. 12 b). The short time perio@sewecorded at grid

5 stations close to the turning points of the glilacks. Time periods of 8 days and more were atbatto 139 grid stations.

To eliminate variations resulting from internal veay temperature and salinity profiles were inteafEal onoce levels with a
step size of 0.02 kg fh which was above the observed accuracy. Atothéevels of the cores of MAW and LIW, mean
temporal values of potential temperature and sglias well as corresponding standard deviationstangboral gradients
10 based on a linear least square fit were calcul@egl 13). The same calculations were carried outtie mean potential
temperature and salinity values within thgranges of MAW and LIW (not shown). Both calculasoshowed very similar
spatial distributions. Within MAW (Fig. 13, left pal), the highest salinities were observed closthéoshore and in the
anticyclonic eddy observed in the southern patheftrial area. The strongest variability occuriredlose proximity to this
eddy, as well as in the southwestern part of threaio, where a mean temporal decrease in salinis/okaerved. This was
15 the area where unusually low saline water entdreddgion at the surface towards the end of theraxent. Farther north,
the salinity variability was low. Occasional temabincreases in salinity were observed at thosgost@ where the
corresponding time periods of the assigned profilese short (Fig. 12 b). The LIW core covered nufshe trial area west
of the shelf (Fig. 13, right panel). Less salingexavas observed only in the northwestern partiefarea, separated by a
frontal region. The highest variability occurredthis front, with a temporal increase in salinityserved. A comparison
20 between the CTD measurementsAifance andPlanet separated by about 8 days confirmed a northwandement of the
front during the experiment. Temporal variabilitydagradients were comparatively low in all othegioas. Corresponding

calculations of variability and temporal gradiefispotential temperature (not shown) yielded samiesults.

5 Circulation

Underway current measurements were carried out avithssel-mounted 75 kHz ADCP éfliance and a 150 kHz ADCP
25 on Planet. Due to severe functional problems Rlanet ADCP data before 10 June were discarded. The tateent
measurements only had sufficient quality betweehdtid 150 m. There, they agreed well with the siamalously recorded
ADCP data ofAlliance (Knoll et al., 2015b). Due to the working schedafeAlliance, CTD profiles of the zonal transects
were often not obtained consecutively, hence getdgal maps of the current data often showed aiqodatly strong
mixture of spatial and temporal changes.
30
Three periods of continuous current measuremente2&atm are presented in Fig. 14. Northward currevése mainly

observed offshore, while a southward flow oftenusoed over the continental slope. At the end of eélxperiment, the
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ADCP measurements at 125 m depth showed southwaments in the southwest of the domain (Fig. 14The
geographical position, depth and time of theselswartd currents coincided with the TML water masat ippeared in this
region. Although in general, the TML water movedthward, this water mass may have been embeddad &mticyclonic
eddy, with southward currents at its eastern etige.anticyclonic eddy observed in the southern phthe trial area was
evident in the upper ADCP measurement@ldifance (Russo et al., 2015, Borrione et al., 2015). Tharacteristics of this
eddy (Fig. 9) were different from those expectednnAE with low salinities in the center, or inewly generated SE, since
the eddy was limited to the upper 100 m. The orgjithis eddy should be further investigated. Lékging the MedGOOS 3
observations (Ribotti et al., 2004), there was fearcindication of an AE or SE in the REP14-MED adaket. The
anticyclonic movement of the WIW eddy was obserirethe vessel-mounted ADCP measurement8lbénce (Russo et
al., 2015). The general northward movement of éudy, as well as of the TML water observed furtbeuth (Fig. 10),
matched the northward currents recorded offshortn®yADCPs (Fig. 14). The path and history of theeyved WIW eddy,
as well as of the TML water, should be exploredhore detail.

Higher salinities were found on the shelf when caregd with those observed offshore (Fig. 8). Thedwiteasurements of
Planet, as well as the NOAA FNMOC predictions, showed veaym weather conditions with wind speeds ofterowel
5 m s from northerly to westerly directions. The windghtly increased on 15 and 16 June but immediatalgned down
again. Isopycnals in the upper water column shoavstight rise towards the shelf indicating lightugling conditions and
a southward geostrophic current. However, in taiseadeep saltier water was forced onto the stalfer than fresher water
from the MAW salinity minimum layer, as was obsehia MedGOOS 3 (Ribotti et al., 2004). The depttiaf isopycnals
directly on the shelf often decreased again tow#ndscoast especially observed in the southernlzosuasects (Fig. 7),

indicating a northward flow.

Geostrophic currents and transports were calculbésgtd on the CTD transects obtainedAbjance and Planet for the
water masses of MAWk(, < 28.72 kg 1) and LIW (28.72 <5, [kg m?] < 29.1) (Fig. 15). A level of no motion (LNM) was
assumed at 1000 dbar, which was within the upperDMMand the maximum depth level of most of the CTDfites. In
shallower areas, the reference layer was set tdebpest value close to the bottom. For compartbenl.NM was also set
to the isopycnal surface 0£=29.1 kg n¥, the boundary between LIW and WMDW (not shown)e Beostrophic transports
calculated with the different LNMs were similar,dathe largest differences occurred within the meridl transports of
LIW at the western boundary of the domain. Duehi® fise of thes=29.1 kg nT isopycnal (Fig. 11 c), those transports
were slightly smaller compared to the ones caledlatith a LNM at 1000 dbar.

Within MAW, the meridional transports on the wenteside of the trial area, as well as over the ®&dishelf, headed
north, while over the continental slope mainly owdrd transports were observed (Fig. 15 a, c). Tagched the vessel-

mounted ADCP measurements. The magnitude of théhward transport across each transect was abal Sv. The
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western extent of this southward flow reached avatsbottom depths of more than 2000 m in the memt CTD transects.
In the south it was restricted to regions with bwttdepths between 200 and 1000 m. This southward riésembled the
WSC described by Olita et al. (2013), and the meatld current in the west could be part of the AlgeiGyre (Testor and
Gascard, 2005). The mean net transports acrossotta transects were mainly heading towards théhn@hey decreased
5 from 0.38 Sv in the south to almost zero acrossnttrehern four transects. Measurements along thédioeal transects
were not synoptic, because the ship's route wadlymiosthe east-west direction, following the zornednsects shown in
Fig. 1. Nevertheless, transport estimates were eddculated along meridional transects, as theyldcgive additional
insights into the MAW and LIW transports in the icgg The zonal transports (Fig. 15 e) showed meastward transports
around -0.2 Sv west of 7°30' E and almost zerotmetsports in the eastern part of the trial ards 3$trong east- and
10 westward transports in the southern domain at aB8t1' N and 30°15' N, respectively, as well asrbarby north- and
southward currents, related well with the anticpadoeddy described earlier (Russo et al., 2015ri8wee et al., 2015).

Within the LIW layer, northward transports prevdilever the whole trial area (Fig. 15 b, d). Locallyserved southward
transports did not present a continuous flow, bu¢anjunction with the zonal transports, probahigicated anticyclonic
15 eddies in this layer (e.g. the southern and the VEtllfy). The transport rates over the shelf werdigibte, since there the
LIW covered only a small part of the water colurand the LNM was set to the bottom. Like in the MAWNe strongest
transports to the north in the LIW occurred offghd@nly for the northernmost transects, the maximonthward flow took
place over the continental slope. This fitted te Hydrographic distribution of LIW described earli€he net northward

transport of about 0.6 Sv across the southernegcirmeclined to 0.3 Sv across the northern one {5y

20 6 Summary and Conclusions

The hydrography and circulation west of Sardiniaesieed in June were presented and compared wittiopeeknowledge.
Since the hydrographic survey was based upon diffe€TD instruments, a sensor comparison was ligitéarried out.
Becausesg in the WMDW was nearly constant, small but nevelghs significant differences could be detectedspide
careful calibrations of the various sensors betheecruise, small but systematic differencessénof about +0.01 kg i

25 were observed between some instruments, which ligigtlg above the expected nominal accuracies. lmplat profiles
deeper than 2000 dbar, identified conductivityles ¢ause of the differences between the Sea-Bild §&hsors oPlanet
and Alliance. Systematic differences between the other deefilipgoinstruments (ARGO float, Seagliders, and Gim
gliders) appeared in th®, field, but the cause of this could not be ideatfiln the upper ocean, the differences between the
sensor platforms were negligible compared to therahvariability. However, for studying density nations at greater

30 depth, the shifts between the different sensorg abe taken into account. When planning to ufferdnt instruments in

future studies to investigate small variationss important to pay attention to possible significaensor discrepancies.
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The characteristics of the different water massseived during REP14-MED were presented and compaitd previous
results in the area. The most interesting featwittin the MAW, withoe < 28.72 kg rit and salinity minima of about 37.93
at 50 dbar, were a 50 km wide, anticyclonic eddyimfnown origin in the southern part of the doméne, appearance of
unusually low saline surface water entering the &mem the south at the end of the experiment,aamdnal salinity gradient

5 with highest salinity values on the shelf. Thisdjemt seemed quite common, either due to coastakllipg or salinity
reduction offshore caused by AEs. Unlike many otbleservations in this area (Ribotti et al., 2004sfor and Gascard,
2005), no AEs or SEs were observed. Overall, theitsain MAW in the Sardinian Sea has increasedpared to previous
investigations (Sparnocchia et al., 1994, Sorgeht., 2003).

10 Further below, WIW was observed in an anticyclonizthward moving eddy with potential temperatund aalinity values
below 12.9 °C and 38.3, respectively, at 250 dNar previous observation of a WIW eddy in the SaatirSea with such
low temperatures and salinities has been documeénttte past. Slightly warmer and shallower TML gratoming from
the south was only recorded at the end of the erlidsiring the MedGOOS experiments, TML was obsealedver the
Sardinian Sea (Sorgente et al., 2003, Ribotti.e2804). The path and history of the observed Veédtly, as well as of the

15 TML water, should be explored in more detail.

The LIW layer located at potential density anonsmbetween 28.72 sq [kg m?] < 29.10 covered the whole trial area from
the Sardinian coast to 7°15' E, but the thicknéshenlayer decreased towards the west. The LIW weis tied only to the
continental slope north of 40° N, as was obsereedHe whole area in previous measurements (Sargrdl., 2003). The

20 LIW core exhibited mean potential temperatures sainhities of 13.91 °C and 38.70, respectively. Sehealues were higher
than the historical data in the Sardinian Sea (8gahia et al., 1994), likely due to the transfethe EMT signal to the
WMED (Roether et al., 2014).

The WMDW was divided into two parts, with largemtieal gradients in the upper water column, andlEmaariations in

25 the lower water column (below 1500 dbar). The pig¢temperature and salinity values of the loweDW of 12.9 °C
and 38.38, respectively, were in good agreemerit @drlier investigations (La Violette, 1994; Benmoland Millot, 1995;
Testor and Gascard, 2005). The rise in temperatodesalinity in the BW due to the WMT was obserirethe deep CTD
profiles. The potential temperature and salinitjuga of > 12.91 °C and > 38.49, respectively, coméid the continuous
increase since winter 2004/2005 (Schroeder et2808; Schroeder et al., 2016). In general, the GW&surements

30 confirmed the steady increase of the heat anatsatent in the different water masses of the WMBBeoved since the last
decades. The data set might contribute to furtheestigations addressing the long-term evolutiorhgdrography in the
WMED, where considerable changes occurred after BRETWMT.
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Due to various repetitions of CTD casts at fixedipons, the data set was perfectly suited foryhgishort-term variability
in the upper water column. In the MAW, the strorigesiability was observed around the southern eddywell as in the
southwestern part of the region, where unusually $aline surface water entered the area after &&.Jua the LIW, the

highest variability occurred at the front in thethavest, moving northward over the course of theeeixnent.

5
The direct current measurements in the upper oodsamined with vessel-mounted ADCPs reflected theuoence of
anticyclonic eddies (e.g. the southern and WIW gddjorthward currents were mainly observed offshosbile a
southward flow often occurred over the continealpe. The relatively calm wind conditions inducedy very light
upwelling, increasing the salinity on the shelf.

10

Geostrophic currents and transports were calcukatenss the CTD transects assuming a LNM at 10860. dib general, the
results matched the ADCP observations. Within th&W the meridional transports offshore and over shelf headed
north, while over the continental slope mainly $wvdrd transports of about -0.15 Sv were obseneskmbling the WSC
described by Olita et al. (2013). The mean netsparts across the zonal transects were mainly hgadivards the north,

15 decreasing from 0.38 Sv in the south to almost zetbe north. Within the LIW, northward transpoatisabout 0.6 Sv in the
south primarily occurred offshore, decreasing ® 8v in the north, where it was located over fbpes corresponding to
the observed spreading of LIW. There was no contisisouthward flow over the slope but occasionathssard currents
were probably often part of anticyclonic eddieghia LIW. The observed northward transport ratest wéSardinia were
about half of the estimated 1 Sv LIW entering thi1ED.

20
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Table 1. Abbreviations of water masses, features and asasin this study. The acronyms mainly corresporttié recommendations of
the round table session on Mediterranean Water Massnyms at the 36th CIESM (Commission Internatiengour I'Exploration
Scientifique de la mer Méditerranée) Congress in télonCarlo in September 2001 (http://ciesm.org/evetss
WaterMassAcronyms.pdf).

5
Acronym Water mass, Feature, Area
AE Algerian Eddy
BW Bottom Water
EMT Eastern Mediterranean Transient
LIw Levantine Intermediate Water
MAW Modified Atlantic Water
SE Sardinian Eddy
TML Temperature Minimum Layer
WIW Winter Intermediate Water
WMDW Western Mediterranean Deep Water
WMED Western Mediterranean
WMT Western Mediterranean Transition
WSC Western Sardinian Current
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Table 2. Ranges and core characteristics of the parametessye, potential density anomaly), potential temperatur®j, and
salinity (S) of water masses in the WMED obtainemhf literature and the REP14-MED data set. Spetifina in brackets refer to core
values. Italic indications correspond to TML chaeaistics.

Water mass Pressure range op range O range S range Reference study
characteristic (core) (core) (core) (core) where values are measured
origin [dbar] [kg m| [°C] or just mentioned
MAW 0-140 <28.72 13.6-24.2 37.15-38.3 REP14-MED data
low-salt (50) (28.19) (15.19) (37.93)
Strait of Gibraltar (summer (summer Sparnocchia et al., 1994
17.71) 37.61)
0-200 36.5-37.5 La Violette, 1994
(summer:50-70)
0-150 13.5-23 36.5-38.0 Benzohra and Millot, 1995
0-150 13.7-15.2 37.2-38.2 Sorgente et al., 2003
WIW / 170-400 (28.99) (<12.9) (<38.3) REP14-MED data
T™L (250)
cold/low-salt / 1?%30 (28.86-28.89) (<13.25) (38.24-38.30)
cold layer 150-200 12.35 38.3 Benzohra and Millot, 1995
northern WMED, ( ) (12(.65—13?2) 238.3))
not formed every 150-250 133135 Sorgente et al., 2003
year/ 200->360 (12.9) (38.20) Allen et al., 2008
influenced by MW (<300) (<13.5) (38.2)
28.8-28.9 <13 <38.3 Vargas-Yariez et al., 2012
11.5-13.0 37.7-38.3 Juza et al., 2013
LIW 80-740 28.72-29.1 13.2-14.2 38.24-38.74 REP14-MED data
saline (402) (29.06) (13.91) (38.70)
Strait of Sicily (summer (summer Sparnocchia et al., 1994
13.51) 38.58)
200-800 38.45-38.75 La Violette, 1994
(300-500) (13.2-14.0) (38.5-38.7) Benzohra anddtill 995
300-800 13.6-14.0 38.64-38.70 Sorgente et al.3200
300-400 13.2-14.0 38.5-38.7 Juza et al., 2013;
Juza et al., 2015
200-500 29.03-29.10 (38.68-38.70)  Bosse et al.5201
WMDW upper 540-1500 29.10-29.11 12.91-13.70 38.48-38.68 REP14-MED data
og Cchanges small,  lower 1500-2300 29.11-29.117 12.91-12.90 38.48-38.485
monotonic decrease 800-3000 12.75-12.90 38.4-38.48 La Violette, 1994
of @ and S >600 12.75-12.90 38.42-38.47 Benzohra and Milleg5L
winter formation in 12.8-12.9 38.48 Testor and Gascard, 2005
NW Mediterranean >2000 29.1 <12.83in 2004 < 38.45in 2004 Schroeder et al., 2008
>1000 29.1 12.85-12.89 38.48-38.50 Bosse et. ab 201
BW >2300 >29.118 >12.91 >38.49 REP14-MED data
developed after (increase 0.005) (increase 0.01) (increase 0.01)
WMT >3000 La Violette, 1994
increase 0B, S,o¢ >2000 12.85in 2005 38.46 in 2005 Schroeder e2a08
near bottom >2000 12.85-12.88 38.455-38.47 Schroeder et al., 2008
same origin as in 2006 in 2006
WMDW >29.11 in 2010 Schroeder et al., 2016
1900 29.119 12.90in 2013 38.485in 2013  Schroetlat,, 2016
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Figure 1. CTD data sets obtained with different instrument&lé® names are specified next to their tracks.
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Figure 2. Potential temperaturey, salinity (S) and potential density anomady) profiles of Sea-Bird CTD casts obtained Bianet
5 (black) andAlliance (red) with focus on the lower water column.
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Figure 4. Potential temperatur®y{, salinity (S) and potential density anomady) profiles obtained from ARGO float 6901836 (14 8un
and nearby profiles dflanet (17 June) andlliance (11 June).
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nearby profiles oPlanet (18 June) andlliance (9 June).
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Figure 7. Potential temperaturedyf, salinity (S), and potential density anomalye) along thezonal (a, d, g) transect 1 (40°12' N),
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given in Fig. 1.
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Figure 12. (a) Number of profiles gathered for each grid statistat{ons with n assigned profiles in white), ai(b) time period in days
between the first and last profile assigned to egithstation (stations with only one profile in ité).

28



Ocean Sci. Discuss., https://doi.org/10.5194/0s-2017-45 .
Manuscript under review for journal Ocean Sci. Ocean Science
Discussion started: 6 June 2017 Discussions
(© Author(s) 2017. CC BY 3.0 License.

MAW core LIW core
Smean (b)

40°15' 40°15'
< 40°00 40°00'
T
(o]
=z
@ 39°45 39°45'
ie)
= }
o
T 39730 39°30
-
39°15 39°15'
7°30 8°00' 8°30'
std (d)
40°15 40°15'
< 40°00 40000t B - T .
T
(o]
=
@ 39°45 39°45'
©
=
o
" 39°30 39°30
-
39°15' 39°15' ;
A AN .. TRL )
7°30 8°00° 8°30' 7°30° 8°00' 8°30'
(e) dS/dt [d] (f dS/dt [d]
40°15 40°15' 0.05
. - .
! . @ . o
c 4000 ¢ - e et ' ’ 40°00° .
t . . . . . . . . . -.'
5 _
Z ) U 5 " .
@ 34 . 39°45 L .
=] . .
oS
5530030 - . .. 39°30 =
3 ¥
30°15'F e ‘f T 39°15' ‘
E R B o5 - . . ... .
7°30 8°00' 8°30' 7730 8°00 8°30'
Longitude East Longitude East
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Figure 15. Geostrophic transports [Sv] calculated with a lefeho motion (INM) at 1000dbar and bottom, respectively, along the C
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