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Abstract 

 

The analysis of a compilation of deep CTD casts conducted in the western 

Mediterranean from 1998 to 2011 has documented the role that dense water formation, 

and particularly deep dense shelf water cascading off the Gulf of Lions, plays in 

transporting suspended particulate matter from the coastal regions down to the basin. 

Deep CTD casts reveal that after the 1999 and 2005-2006 deep cascading events the 

Western Mediterranean Deep Water (WMDW) was characterized by the presence of a 

thick bottom nepheloid layer (BNL) that corresponded in thickness with a thermohaline 

anomaly generated by the mixture of dense waters formed by deep convection in the 
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open sea and by deep cascading. This BNL can be hundreds of meters thick and in the 

central part of the basin usually exhibits suspended sediment concentrations of <0.1 

mg/l above background levels, reaching higher concentrations close to the continental 

rise, with near-bottom peaks >1 mg/l. After winter 1999 the BNL spread from the Gulf 

of Lions and the Catalan margin over the northwestern Mediterranean basin, reaching 

west of the Balearic Islands and the Ligurian Sea, while after winters 2005-2006 the 

BNL covered the entire western Mediterranean basin. Thickness and concentration of 

the BNL tend to diminish with time but this trend is highly dependent on the volume of 

dense water generated, both by convection and cascading. After winter 1999 the BNL 

signal vanished in one year, but after winters 2005-2006 it lasted for longer and the 

turbidity signal can still be distinguished at present (2011). Particle size distribution in 

the BNL reveals the presence of large aggregates up to 1 mm in size formed by a 

mixture of single particles with the same bimodal grain size distribution as the surface 

sediments found in the northwestern Mediterranean slope and basin. Results presented 

in this paper highlight the fact that the WMDW can be periodically affected by the 

arrival of new dense waters loaded with suspended particles mainly introduced by 

resuspension processes during major cascading events, being a key process that could 

ultimately affect deep-sea biogeochemical cycles in the western Mediterranean. 

 

Keywords: bottom nepheloid layer; suspended particulate matter; dense shelf water 

cascading; open sea convection; sediment transport; Western Mediterranean Transition 

 

 

1. Introduction 

 

Suspended particles in the oceans play a key role as extractors from, transporters 

through and sources to the water column of many major and minor elements, being 

responsible for maintaining most oceanic chemical concentrations (Biscaye and 

Eittreim, 1977; Eisma, 1993). Particles are introduced into the ocean by biological 

production, rivers, glaciers, wind and bottom sediments resuspension. Biological, 

chemical and gravitational processes then act to remove particles from the water 

column. These removal mechanism, however, occur on much shorter time scales than 

the formation, movement or mixing of oceanic water masses, and therefore, particles do 

not act as pure conservative tracers of water masses, but their presence and 
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concentration can indicate the location and intensity of oceanographic processes, 

particularly those involving the resuspension of sediments due to strong bottom 

currents, and can be used as tracers of water motions (McCave, 1986; Gardner et al., 

1990). The redistribution of particulate matter has important implications for 

understanding and quantitatively modeling biogeochemical processes in the oceans. In 

the open ocean, surface production is generally the most significant source of particles, 

but near the continental margins the seafloor can also be an important source of particles 

as a result of resuspension and lateral advection (Gardner and Walsh, 1990). 

 

The first indirect data on the distribution of oceanic suspended particulate matter (SPM) 

were obtained in the form of optical parameters or direct filtration measurements (e.g. 

Ewing and Thorndike 1965, Harris, 1972; Biscaye and Eittreim, 1974; Brewer et al., 

1976; Lal, 1977). Data from optical devices suffered the limitation that they were in 

units of light scattering, attenuation or instrumental parameters such as film density, 

which were not directly useful to the geologist or geochemist. Subsequently, Biscaye 

and Eittreim (1977) converted nephelometer data from the Atlantic Ocean water into 

units of absolute SPM concentrations. In this way, they were able to identify a number 

of distinctive features in the vertical and horizontal distributions of SPM in the water 

column. They proposed a conceptual model of the vertical distribution of SPM that can 

be described as a three-layer model in which the main features are: 1) a surface-water 

turbid layer, 2) a clear water minimum and 3) a deep-water turbid layer. This three layer 

model offers a convenient framework to describe the distribution of SPM in the world 

ocean. 

 

The deep-water turbid layer, also known as bottom nepheloid layer (BNL), was first 

detected by Kalle (1937) and Jerlov (1953) and it is a remarkable feature of the lower 

water column in most deep parts of the world ocean (McCave, 1986). The pioneer 

studies using optical devices revealed that the thickness of the BNL is generally 

between 500 to 1500 m, and exceptionally can reach up to 2000 m thick. The highest 

SPM concentrations found in BNLs appear to occur in deep regions (>3000 m depth) 

affected by strong bottom currents (Eittreim et al., 1976; Kolla et al., 1976; Spinrad and 

Zaneveld, 1982; McCave 1983). This fact suggests that BNLs are produced by 

resuspension of the bottom sediments and that their distribution thus indicates the 

presence of local resuspended particles in the ocean basins. However, their thickness is 
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generally much greater than the thickness of the bottom mixed layer defined by 

potential temperature (θ), a fact that precludes the possibility of simple mixing by 

boundary turbulence being a sufficient mechanism for their formation (Armi, 1978; 

McCave, 1983). Several studies also pointed out that the broad patterns of the inflow of 

cold bottom water are very similar to the excess BNL concentration for the southern 

Indian and Atlantic oceans, suggesting the contribution of particles coming from 

Antarctic Bottom Water (AABW) in their formation (Kolla et al., 1976, 1978; Eittreim 

et al., 1976; Biscaye and Eittreim, 1977). 

 

One of the regions where the BNL is more developed is the Nova Scotia continental 

rise, where the High Energy Benthic Boundary Layer Experiment (HEBBLE) was 

conducted (Hollister and Nowell, 1991). This region is affected by periods of several 

days to few weeks of high variability of flow speed (over 20 cm/s) and direction 

reversals associated with increases of water turbidity, defined as abyssal benthic storms 

(Hollister and McCave, 1984). A careful analysis of these benthic storms revealed that 

only a small proportion of the peaks in suspended sediment concentration corresponded 

to local erosion, and that most increased suspended sediment concentration events were 

clouds of fine suspended material advected into the HEBBLE region (Gross and 

Williams, 1991). Indeed, BNLs are a complex mixture of particles of local and distant 

origins, which makes very difficult any attempt to trace their source, even through 

compositional analysis (McCave, 1986). 

 

In the western Mediterranean basin, the three layer model proposed by Biscaye and 

Eittreim (1977) is not generally observed in the numerous deep CTD casts conducted in 

this area (see MEDAR Group, 2002). The profiles carried out in this epicontinental sea, 

disregarding the ones conducted over the continental shelf and slope or within 

submarine canyons, do not show the widely distributed deep BNL that is typically 

found in large oceanic regions. Nonetheless, data from few CTD surveys contrast with 

this general finding. The first reference to the presence of a BNL in the western 

Mediterranean basin is found in Béthoux et al. (2002), who described a 300 m-thick 

anomalous turbid deep water in the Ligurian Sea during 1999, associated with changes 

in thermohaline properties of the bottom Western Mediterranean Deep Water 

(WMDW). These authors attributed the formation of such a BNL to the transport of 

turbid shelf water and re-suspended sediment by a contemporary major cascading event 
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of dense shelf water that occurred in the southwestern part of the Gulf of Lions 

continental margin during winter 1999, although no direct evidence of such a 

relationship was provided. Later on, Canals et al. (2006) studied the effects of a major 

cascading event that occurred during winter 2005 and found a well-developed BNL at 

the mouth of the Cap de Creus submarine canyon that corresponded in thickness with 

the bottom layer of cold dense shelf water transported to the basin, establishing a causal 

relationship between the cascading event and the BNL. Since then, no further studies 

have addressed in detail the characteristics of these ephemeral BNLs, although Puig et 

al. (2009) explained their formation and spreading as a consequence of the interactions 

between open sea convection and cascading shelf waters generated during anomalous 

severely cold winters. This paper aims to expand in this subject, with the goals of 

characterizing the structure and the spatial and temporal evolution of these observed 

BNLs in the western Mediterranean basin and better constraining their formation 

mechanism and relationship with the occurrence of major deep water formation events 

(i.e. dense shelf water cascading as well as open sea convection). 

 

2. Background 

 

2.1. Deep water formation in the northwestern Mediterranean 

 

Deep water formation is a key process in the thermohaline circulation of the ocean. It 

occurs over relatively short periods in late winter at just a few locations of the world 

ocean. It requires a combination of general circulation (gyre driven isopycnal doming) 

and meteorology (wind driven cooling, evaporation and mixing of surface layer water) 

to predispose the water column to locally overturn (Marshall and Schott, 1998). 

 

The northwestern Mediterranean Sea is a well-known region where open sea convection 

and deep water formation can occur on a yearly basis due to winter heat losses and 

evaporation caused by cold and dry northerly winds. Dedicated experiments in this 

region started 40 years ago, with the so-called MEDOC Project, and further studies have 

been carried out since then to advance in the knowledge of such an oceanographic 

phenomenon. Remarkable sets of publications include the initial MEDOC Group paper 

(1970), the following comprehensive discussions by Sankey (1973) and Lacombe and 

Tchernia (1974), the book edited by Chu and Gascard (1991), the reviews published by 
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Killworth (1983) and Marshal and Schott (1999), and many more. Deep or intermediate 

convection has been observed several times in the northwestern Mediterranean over the 

years since 1969, and because of its sensitivity to atmospheric conditions, it is 

associated with a high interannual variability (Mertens and Schott, 1998). 

 

The water mass distribution in the northwestern Mediterranean comprises four layers. 

At the surface Atlantic Water (AW), originates from the inflow through the Strait of 

Gibraltar, and can be distinguished between “recent” and “old” AW according to the 

residence time in the Mediterranean that increases its salinity. Below it, and mainly 

during wintertime, cold lenses of Western Intermediate Water (WIW) are found at 

around 150 m depth. Deeper, a core of warm and salty Levantine Intermediate Water 

(LIW) –a water mass formed by intermediate (>300 m depth) convection in the eastern 

Mediterranean that slowly propagates into the western basin through the Sicily 

Channel– is found, being centered around 400 m depth. Below the LIW layer, the basin 

is filled with near-homogeneous Western Mediterranean Deep Water (WMDW). The 

typical potential temperature, salinity and density of these water masses are listed in 

Table 1 (see also https://www.ciesm.org/catalog/WaterMassAcronyms.pdf for further 

details). 

 

Open sea convection in the northwestern Mediterranean Sea is a three-stage process 

driven by the atmospheric cooling effect of the strong northern winds. The circulation in 

this region is cyclonic, which generates a “doming” of the isopycnal surfaces in the 

center of the cyclonic gyre (Millot, 1987; Font et al., 1988). This results in a weakening 

of the stratification over a large area, particularly towards late-summer early-autumn, 

when storm winds  and water cooling contribute to mix the surface layer and to 

progressively erode the seasonal thermocline. This weakening of the vertical 

stratification is known as the “preconditioning” phase (Stommel, 1972) of the deep 

convection process.  

 

Later on, during wintertime, intense cold and dry winds begin to blow persistently 

offshore from the north (Mistral) and northwest (Tramontane), being respectively 

funneled through the Rhone valley and through the depression between the Pyrenees 

and the Massif Central. Vertical convection intensifies over a wide area of the 

northwestern Mediterranean, resulting in a gradual deepening of the surface mixed 
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layer. The center of the preconditioned area lies directly where the paths of both winds 

meet and vertical convection in that area can at some point break through the surface 

stratification down to great depths. A homogenization of the water column in many 

chimneys of few kilometers horizontal extent occurs within the preconditioning area 

(Marshall and Schott, 1999). This period is commonly known as the “violent mixing 

phase”. Accompanying the convection, small scale eddies, usually situated at or near the 

front dividing overturned and non-overturned water, are formed (Gascard, 1978). 

 

At the end of the period of cold winds, a third phase, the “sinking and spreading phase”, 

takes place. Observational difficulties have limited the knowledge of what exactly 

occurs, and recent studies have been undertaken to fully characterize the entire deep 

convection process. Indeed, the deployment of gliders and of a line moored at 2300 m 

depth since 2007, and the collection of hydrological profiles enable us to study in detail 

the evolution of the mixed layer depth in and around the convection area and to examine 

the exchange processes at the edge of the convection patch (Houpert, 2010). These data 

also show a rapid restratification by advection of the surface waters during and at the 

end of the mixing period. With the restratification of the water column, the spreading 

phase of the newly-formed dense water starts. This dispersion results in particular from 

the action of anticyclonic submesoscale coherent vortices (radius ~5 km and lifetime 

>0.5 years) that can advect lenses of deep water several hundreds of kilometers away 

from the formation area (Testor and Gascard, 2003, 2006). Observations collected in the 

deep basin during the last decade confirm a large interannual variability in the intensity 

of convection, with the occurrence of unusual deep convection penetrating down to the 

bottom in 2005, 2006 (Schröder et al., 2008), 2009 and 2010 (Houpert, 2010). 

 

Concurrent with the open sea convection process, dense waters are also formed over the 

wide Gulf of Lions shelf, which annually cascade downslope until reaching their 

equilibrium depth (Fig. 1). Although both processes are contemporary and occur in 

relatively close areas, no specific studies have been conducted to investigate their 

relationship and the interactions occurring between both types of dense waters. 

 

2.2. Dense shelf water cascading off the Gulf of Lions 
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Dense shelf water cascading (DSWC) is a climate-driven oceanographic phenomenon 

occurring not only on high latitude continental margins, but also on mid latitude and 

tropical margins (Ivanov et al., 2004). DSWC is a specific type of buoyancy driven 

current, in which dense water formed by cooling, evaporation or freezing in the surface 

layer over the continental shelf descends down the continental slope to a greater depth. 

The general DSWC concept was formulated by Fritjof Nansen (Nansen, 1906), who 

also made the first direct measurements over the Rockall Bank in the North Atlantic 

Ocean (Nansen, 1913). The term “cascading” was introduced later by Cooper and Vaux 

(1949), but the same phenomenon is also referred as near-boundary convection 

(Killworth, 1983) or also as shelf-slope convection, to be differentiated from the open 

sea convection. 

 

Cascades of DSW can last for several weeks and the associated strong currents can 

induce erosion and resuspension of surface sediments in the outer shelf/upper slope and 

generate nepheloid layers (Fohrmann et al., 1998). Such layers can be detached at 

intermediate levels when the density of the mixture of water and particles reach their 

equilibrium depth, or if the density is large enough, may evolve into a thick BNL that 

can reach the lower continental slope and deep basin. This cascading mechanism 

contrasts with the typical open sea convection, since the latter brings dense surface 

waters only with particles of biological origin down to the basin. 

 

As it has been stated before, winter heat losses and evaporation induced by persistent, 

cold and dry northerly winds affecting the northwestern Mediterranean also cause 

densification and mixing of coastal waters over the Gulf of Lions shelf. Despite the 

buoyancy gain induced by freshwater inputs, mainly from the Rhone River, once denser 

than surrounding waters, surface waters over the shelf sink, overflow the shelf edge, and 

cascade downslope until they reach their equilibrium depth, which changes from year to 

year depending on the gained density (Millot, 1990; Durrieu de Madron et al., 2005). 

The first evidences of DSWC in the Gulf of Lions were found in 1953 by Bougis and 

Ruivo (1954), who identified the formation of dense waters along the southwestern 

shelf and their cascading into the Lacaze-Duthiers submarine canyon. Further DSWC 

events in the same area were observed in 1969 by Fieux (1974) and in 1971 by Person 

(1974), who traced dense shelf waters down to 800 and 350 m depth, respectively. 

Further evidence was gained during winter 1995 by Lapouyade and Durrieu de Madron 
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(2001), who observed a cascade at its final stage with a large tongue of cold water 

escaping the shelf and reaching its neutral density level around 170 m depth. More 

recently, a fine spatial resolution hydrographic survey performed in 2004 along the axis 

of the Cap de Creus Canyon (Durrieu de Madron et al., 2005) showed a cold and less 

salty filament, attached to the seabed, down to 350 m. In all cases, temperature is the 

main driver of cascading, and the advection of cold and turbid shelf waters produces a 

turbidity maximum associated with the dense water tongue. At the initial stages of the 

cascading process, when dense waters escape the shelf and spread around the shelf 

break depth (150-200 m), they contribute to the formation of the WIW (Dufau-Julliand 

et al. 2004). In the case that dense shelf waters cascade to deeper levels, they eventually 

mix with the warmer and saltier LIW layer and with the underlying WMDW. 

 

The monitoring of temperature, current and downward particle fluxes conducted since 

1993 in the lower part of the Planier and Lacaze-Duthiers submarine canyons by the 

Centre de Formation et de Recherche sur les Environnements Méditerranéens of 

Perpignan (CEFREM) revealed an marked interannual variability of the DSWC 

intensity in the Gulf of Lions (see Heussner et al., 2006 and Canals et al., 2006 for 

details). Based on these time series, Béthoux et al. (2002) inferred that the 1999 intense 

DSWC episode, which was traced down to 1000 m depth on the continental slope with 

down-slope velocities up to 60 cm/s, contributed to the renewal of the bottom waters of 

the western Mediterranean basin and to the formation of a thin BNL observed in the 

Ligurian Sea. 

 

Further time series observations in the Gulf of Lions were conducted under the frame of 

the EuroSTRATAFORM project, during which seven submarine canyon heads were 

monitored simultaneously in winter 2004. These results revealed that the preferential 

cyclonic circulation of the coastal current and the narrowing of the shelf at the 

southwestern end of the Gulf cause most of the water and sediment transport during 

DSWC events to occur through the Cap de Creus submarine canyon (Palanques et al., 

2006). Since then, the occurrence and effects of dense shelf water cascades from the 

Gulf of Lions have been continuously monitored at the Cap de Creus submarine canyon 

head, as a complement to the two long-term mooring deployments in the Planier and 

Lacaze-Duthiers submarine canyons at 1000 m depth. The next major DSWC event 

recorded by those instrumented moorings took place during the abnormally dry, windy 
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and cold winter 2005, when cascading was exceptionally intense, lasting for more than 

three months. This cascading event was well monitored (Canals et al., 2006; Puig et al., 

2008) and modeled (Ulses et al., 2008). Under these circumstances, dense shelf waters 

propagated along and across the continental slope (Font et al., 2007), reaching depths 

>2000 m where they merged with dense waters formed off-shelf, in the MEDOC area, 

by the typical open sea convection process. The presence of these two dense waters 

generated a thermohaline anomaly in the WMDW that spread throughout the entire 

northwestern Mediterranean basin. The following major DSWC event occurred in 

winter 2006, which could be also traced down to 1900 m depth by a large network of 

instrumented moorings deployed in the south-western end of the Gulf of Lions margin 

under the frame of the HERMES project (Sánchez-Vidal et al., 2008; Pascual et al., 

2010; Palanques et al., 2012). The subsequent continuous monitoring at the Cap de 

Creus and Lacaze-Duthiers submarine canyons, revealed that minor DSWC events 

occurred in winter 2007 and 2008 (Ribó et al., 2011) and also in winters 2009, 2010 and 

2011 (Fig. 2a). 

 

2.3. Occasional formation of anomalous deep water masses in the northwestern 

Mediterranean 

 

In certain years, besides the typical water masses listed in Table 1, an “occasional 

bottom water” (BW) is also present in the northwestern Mediterranean. It was detected 

in 1972-73 and in 1981-82, as a layer deeper than ~2000 m, in which a small positive 

gradient of both θ and S was present down to the bottom (Lacombe et al., 1985; 

Lacombe 1992). Thus, a layer of minimum θ and S appeared at about 2000 m, 

displaying a V-shape structure in the θ-S diagram tail. The differences of θ and S 

between the bottom values and the minimal values at 2000 m were only about 0.01°C 

and 0.01, respectively. The mechanism of formation and spreading of this BW was 

unknown, but these preliminary studies concluded that it should not be formed on the 

shelf and were more likely a result of open sea winter convection near the centre of the 

cyclonic gyres. The authors pointed out that understanding the process required a 

careful look throughout the year to the factors affecting θ, S and σθ of the surface layer 

and to the core of the LIW reaching the convection area after having overflowed the 

Sicilian sill. 
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The problem of formation of this BW remained open and could be dependent on the 

properties of the waters making up the LIW, the winter Deep Adriatic Water (EMDW 

of Adriatic origin) and the Levantine Winter Water (the LIW at its origin). Later on, an 

effort to investigate the details of the processes involved in the deep water formation 

both from a theoretical and observational point of view was conducted (e.g. Mertens 

and Schott, 1998), and a monitoring of LIW flowing through the Sicilian sill was 

established (see Gasparini et al., 2005). 

 

Béthoux et al. (2002) reported V-shape structures at the end of θ-S diagrams in 1999 

that they called “θ-S anomalies” (see their Figure 3b), corresponding to waters found in 

the Ligurian Sea below 2000 m, thus having the same properties as the BW previously 

mentioned. As it has been stated before, this paper also reported the episode of the 1999 

deep DSWC in the Lacaze-Duthiers Canyon. The fact that waters affected by the “θ-S 

anomalies” showed an increase of suspended particles corresponding to the previously 

mentioned BNL lead to the conclusion that such “θ-S anomalies” were due to the deep 

cascading processes. In particular, they discussed about the conditions for deep 

cascading in terms of atmospheric forcing and performed a review of historical data to 

find such “θ-S anomalies” back to 1972. What they reported were three more episodes, 

those from CTDs conducted in 1972-73 and 1981-82 corresponding to the BW of 

Lacombe et al. (1985), and another observed in CTDs conducted in 1988-89. In all 

cases, at least the first year of each one of the episodes, coincided with periods of strong 

vertical convection in the MEDOC area (Mertens and Schott, 1998). 

 

Some years later, Lopez-Jurado et al. (2005) reported an abrupt shift in the θ and S 

characteristics of the WMDW observed in March 2005 (see their Figure 3). 

Subsequently, this shift was highlighted in many papers and scientific documents 

generated from CTD data obtained in the western Mediterranean since that time (e.g. 

Salat et al., 2006; Schroeder et al., 2006; Canals et. al., 2006; Smith et al., 2008; 

Schroeder et al., 2008; CIESM, 2009; Schroeder et al., 2010), and also documented 

through time-series data from the mooring of the CIESM HydroChanges program 

placed on the lower Catalan slope (Font et al., 2007; CIESM, 2009). Essentially, since 

2005, the structure of the WMDW has become more complex with an increase of both θ 

and S from ~800-1200 m downward to a relative maximum, at depths ranging from 

~1600 to 2500 m, followed by a decrease of both variables down to the bottom. The 
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typical signature of this structure in the θ-S diagram is a V-shape at the bottom of the 

classical WMDW signature with a curled end, like a “hook”. This structure suggests the 

participation of at least two different water types in addition to the ‘classical’ WMDW. 

The entire signature of this new structure in the θ-S diagram apparently was not found 

in any observation before 2005, but the upper part (i.e., the increase in θ and S below 

the typical WMDW and over the subsequent decrease of both variables) showed the 

same signature as the above mentioned BW, reported by Lacombe et al. (1985) and the 

“θ-S anomalies” reported by Béthoux et al. (2002). The main difference is that the V-

shape ending in the θ-S diagram is found more than 1000 m above the previously 

reported observations, instead of being at the bottom. 

 

Lopez-Jurado et al. (2005) did not identify the two different water sources that 

generated the anomalous θ-S structure, and associated its formation with a strong heat 

loss during winter 2005, while Schroeder et al. (2006) attributed the anomaly to the 

effect of the Eastern Mediterranean Transient (EMT) and suggested the contribution of 

two end members: one water mass with a major contribution of LIW and another with a 

higher portion of AW. Salat et al. (2006), using CTD data from stations near the Catalan 

continental slope and from the deep basin, could attribute the sources of this anomalous 

structure in the θ-S diagram to the contribution of newly formed WMDW by open sea 

convection (i.e. the saltier and warmer water mass) and by cascading (i.e. the fresher 

and colder water mass). Later, Font et al. (2007) analyzed time series observations from 

the Cap de Creus Canyon and from the lower Catalan slope during winter 2005 and 

identified the temporal evolution of the θ-S anomaly, which consisted first on the arrival 

of warmer and saltier waters generated by deep convection, followed by the arrival of 

colder and fresher waters generated by DSWC. 

 

In the following years, from 2005 onwards, the basic structure of this new WMDW 

remained unchanged. During winter 2006, the main area of deep water formation was 

displaced towards the western Ligurian Sea (Smith et al., 2008) and deep cascading off 

the Gulf of Lions was also reported (see section 2.2.). Schroeder et al. (2008), using 

data from an extensive CTD survey carried out in late spring 2006, could determine that 

the thermohaline anomaly filled the entire western Mediterranean basin. The properties 

of the new WMDW were clearly on the line of the precedent year with slightly higher 

values of both θ and S and maintaining the presence of a hook in the θ-S diagrams. 
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Winters 2007 and 2008 were unusually mild and no signals of deep convection nor 

cascading were recorded by the moorings located at the lower Catalan slope or in the 

MEDOC convection area (42ºN; 5ºE), but the θ-S anomaly in the WMDW could still be 

observed in the Algerian basin (38ºN; 5ºE) in November 2008 (Schroeder et al., 2010). 

In winter 2009 and 2010 a new increase in θ and S was captured by moored 

instruments, which was associated with newly produced WMDW (Fuda et al., 2009; 

Houpert, 2010). In any case, the final situation of the WDMW after winters 2009 and 

2010 did not change essentially, since it was still affected by the main changes 

originated after winter 2005, in what has been recently referred to as the Western 

Mediterranean Transition (WMT) (CIESM, 2009). 

 

 

3. Material and Methods 

 

3.1. Oceanographic surveys  

 

Numerous oceanographic cruises have been conducted in the northwestern 

Mediterranean during the last decades, and the most recent ones were done with CTD 

probes equipped with fluorescence, turbidity and oxygen sensors. As part of the 

MEDAR/MEDATLAS II Project, a large compilation of historical oceanographic data 

was conducted to safeguard and transcode them at a common format and generate an 

electronic atlas for dissemination of the data among a wide range of users from 

scientific, educational, industrial, governmental communities (MEDAR Group, 2002). 

Such a compilation ceased in 2002 and included data from most of the existing, but not 

all, oceanographic cruises conducted at that time. For the purpose of this paper, a 

focused survey was conducted to have access to as many as possible deep CTD casts 

performed in the western Mediterranean during the last decade to illustrate the 

distribution of hydrographic properties and nepheloid layers in this region and 

characterize their evolution, especially before during and after intense surface water 

convection and cascading events. Since the last deep cascading events occurred in 1999 

and in 2005-2006 (Fig. 2), our compilation started in 1998 and ended in 2011. This 

selection mainly includes deep CTD stations in the North Balearic Basin with casts 

profiling the entire water column (with the exception of two cruises that have profiles 

just down to 2000 m depth). The selected cruises are listed in Table 2, along with the 
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turbidity sensor used during each survey. Additionally, in winter 2011, during the 

CASCADE cruise, an Underwater Vision Profiler was added to the CTD probe, which 

allowed quantification of the number of particles between 60 µm and 26 mm and of 

large zooplankton (Gorsky et al., 2000). In addition, large volumes of water were 

filtered during the same cruise to characterize the nature of the particles within the 

BNL. Regarding the new salinity scale TEOS-10 (IOC, SCOR and IAPSO, 2010) we 

have used the Practical Salinity (SP) PSS-78. 

 

3.2. Turbidity sensors 

 

The turbidity sensors used in these cruises were either transmissometers (Sea Tech Inc. 

and WET Labs C-Star) or optical backscatter sensors (Seapoint). 

 

Transmissometers use a Light Emitting Diode (LED) with a wavelength of 660 nm and 

a beam diameter of 15 mm. The receiving sensor is located at some fixed distance 

(pathlength) from the emitting diode and the return signal is inversely proportional to 

the concentration of suspended particles in the water (Baker and Lavelle, 1984; Bishop, 

1986). Either 25, 20 and 10 cm path-length transmissometers were used depending on 

the cruise (Table 2).  

 

Seapoint optical backscatter sensors measure turbidity by detecting the scattered light 

from suspended particles present in a small volume of water within 5 cm of the sensor 

windows. The light sources are 880 nm LEDs and the light detectors are silicon 

photodiodes with visible light blocking filters. The amount of scattered light that 

reaches the detector is proportional to the turbidity or particle concentration in the water 

over a very large range. 

 

3.3. Turbidity signal calibration  

 

The turbidity signal recorded by transmissometers is generally reported as beam 

attenuation coefficient (BAC). The transmissometer measures a voltage (V) 

proportional to the transmitted light intensity at a distance (L) from the light source: 

 

V = V0 e- CL 
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where V0 is the voltage in air, L is the beam pathlength and C is the total BAC. Since C 

has contributions from pure water (Cw), suspended matter (Cp) and dissolved organic 

matter (Cy), and it is known that Cy = 0 at the red part (660 nm) of the light spectrum 

(Jerlov, 1968), then 

 

Cp = (-1/L) ln (V/V0) - Cw 

 

Generally Cw values are around 0.36 m-1 (e.g. Bishop, 1986; Hall et al., 2000). 

However, for practical purposes, Cw is usually considered as the minimum BAC 

measured during an oceanographic cruise/transect and the calculated Cp reflects the 

variations over this background level, despite the fact that several studies have shown 

that the SPM concentrations in the clear water minimum can be quite variable (e.g. 

Eittreim and Ewing 1974; Brewer et al., 1976). 

 

The turbidity signal measured by optical backscatter sensors is factory adjusted for a 

consistent response to a Formazin Turbidity Standard, and the reported values are 

expressed in Formazin Turbidity Units (FTU). 

 

Both Cp and FTU values can be converted into suspended sediment concentration (SSC) 

using simple regression equations. Since Cp only reflects the contribution from particles 

above the clear water minimum, the reported concentrations should be considered as 

excess SSC (xs-SSC). Consequently, for easy comparisons between both types of 

sensors, the lowest FTU measured during an oceanographic cruise/transect in the clear 

water minimum has been also attributed to the background concentration of suspended 

particulate matter. For the purpose of this paper, the general equations described in 

Guillén et al. (2000) for the western Mediterranean, in particular Cp for the Ebro margin 

and FTU for the North Balearic Sea, have been used to convert the different type of 

turbidity units into xs-SSC, expressed in mg/l. These equations are: 

 

xs-SSC = 1.48 Cp 

xs-SSC = 0.79 FTU  
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In some of the studied cruises, the CTD probe was equipped with both type of turbidity 

sensors and this fact allowed us to verify the correct use of this general equations. 

Overall, both sensors reproduce quite similarly the nepheloid structure, regardless of 

their different optical principles (transmission vs. backscatter), and the used equations 

seem to provide comparable xs-SSC values throughout the entire water column (Fig. 3). 

Similar results comparing different type of sensors have been obtained elsewhere (e.g. 

Hall et al., 2000, their Figure 5), despite the fact that backscatter is more affected by 

fine particles and transmission by coarse particles, and that many factors (i.e. particle 

size, shape, composition, and aggregation/flocculation) influence optical measurements 

(Downing, 2006; Boss et al., 2009; Hill et al., 2011). 

 

3.4. Suspended particles size spectra 

 

The Underwater Vision Profiler (UVP, generation 5) is an optical instrument coupled to 

the CTD-Rosette package (Picheral et al., 2010). It acquires focus images in a virtual 

volume of water delimited by a light sheet issued from red light-emitting diodes (LEDs) 

of 625 nm wavelength at a frequency up to 6 Hz. The smaller size limit is fixed by 

optical resolution, whereas the larger size limit is determined by the volume of water 

illuminated per image. Recorded images are automatically digitized, classified and 

analyzed, and the results are expressed as abundance and/or size distributions. It enables 

to quantify the vertical distribution of macroscopic particles and zooplankton between 

60 µm and 26 mm in size. 

 

In parallel to in situ measurements, large water volumes (12 L) were collected in the 

BNL near the seabed in March 2011. Water samples were filtered up to filter saturation 

on pre-weighed Nuclepore filters of 0.4 µm pore size. Dry filters were later sonicated in 

pure water in the laboratory, and the disaggregated suspended matter collected was 

analyzed in a laser particle sizer to provide the size distribution of primary particles. 

 

 

4. Results 

 

As it has been stated in the introduction section, one of the goals of this paper is to 

characterize the vertical structure, as well as the spatial and temporal evolution of BNLs 
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in the western Mediterranean basin after the last deep DSWC events (i.e. winters 1999 

and 2005-2006). 

 

Figure 4 shows the location maps at two different scales of the compiled CTD casts 

with a color code for each year considered in this study. Given the large number of CTD 

casts compiled and their variable spatial distribution, the results presented in this section 

have been ordered chronologically providing a snapshot (i.e. a single profile) of the 

prevailing deep hydrographic and nephelometric structures representative of each year. 

When data distribution permitted it, hydrographic sections have been also presented. 

Figure 4b also indicates the location of the specifics casts or sections illustrated in the 

following figures, to help the reader to situate them geographically. 

 

4.1. SSC of clear water minimum 

 

Whereas xs-SSC values will be presented and discussed hereafter, it is noteworthy to 

mention here what are the absolute concentrations we are effectively dealing with. A 

conversion of the optical signal into SSC has been given to estimate the xs-SSC above a 

background concentration corresponding to the clear water minimum. This minimum 

was generally found in the middle of the water column, between 1000 and 2000 m 

depth. Gravimetric measures of SSC obtained in the clear water minimum are scarce, 

but recent data collected during the CASCADE cruise (Table 2) indicate concentrations 

between 0.05 and 0.08 mg/l for the northwestern Mediterranean. Such background 

concentrations should be added to the xs-SSC values shown in the following Figures. 

 

4.2. The 1999 cascading event 

 

Figure 5 displays classical potential temperature, salinity and turbidity profiles in the 

northwestern Mediterranean showing the four water masses found in this region (Table 

1). This cast was collected at the Gulf of Lions continental rise on 4 April 1998 during 

the FETCH-98 cruise. The signatures of AW, WIW, LIW and WMDW could be clearly 

distinguished in the potential temperature and salinity profiles and the xs-SSC showed a 

well-developed surface nepheloid layer (SNL) spanning from the surface down to 800 

m depth. Deeper in the water column, the xs-SSC maintained constant values close to 

zero down 2128 m depth, few meters above the bottom, without showing any increment 



18 
 

that could be associated with a BNL. The same water mass structure and the lack of 

BNL was observed on 23 July 1993 during the DISCOVERY-93 cruise (data not 

shown), indicating that in the absence of deep cascading between both cruises (Fig. 2), 

the WMDW characteristics remained quite stable.  

 

On 21 February 1999, during the HIVERN-99 cruise, a deep CTD cast was conducted 

on the northern Catalan margin westward from the MEDOC area (Fig. 6). This cast 

nicely captured the deep convection process occurring in that year during wintertime 

showing almost constant values of θ (12.89-12.91º C) and SP (38.44-38.47) from the 

sub-surface down to 1600 m depth. The xs-SSC profile showed a thin SNL associated 

with slightly warmer and fresher waters at the surface; while a constant clear water 

minimum (CWM) was associated with the convection waters. Deeper in the water 

column, at 1620 m water depth, colder, fresher and more turbid water was found down 

to the bottom. The origin of these waters differs from the deep convection process as 

their θ and S values reflect the arrival of the 1999 deep DSWC event down to the basin. 

This dense shelf water generated a ~600 m-thick BNL, reaching mean xs-SSC of ~0.08 

mg/l and isolated maximum values up to 0.2 mg/l in the water parcel that showed the 

coldest (12.84º C) and freshest (38.46) values. 

 

Four days later, on 25 February 1999 and during the same HIVERN-99 cruise, another 

deep CTD cast was conducted in the Valencia Valley, half-way between the Catalan 

coast and the Balearic Islands (Fig. 7). In this location, the θ and SP profiles did not 

show evidence of convection, since AW, WIW, LIW and WMDW were clearly present. 

However, between 1750 m and the bottom, a positive thermohaline anomaly was found 

and was characterized by having high xs-SSC up to 0.1 mg/l, developing a ~600-m-

thick BNL. 

 

One year later, on 6 February 2000 and during the HIVERN-00 cruise, another deep 

CTD stations was conducted in the Valencia Valley (Fig. 8). This cast also showed the 

typical presence of AW, WIW, LIW and WMDW, but below 1800 m depth a weak but 

noticeable positive thermohaline anomaly was still observed. The anomaly at this 

station was only ~200-m thick and was still associated with a weak BNL characterized 

by a slight increase of xs-SCC of 0.02 mg/l. Other deep CTD casts from this cruise (not 

shown) also reflected the presence of the positive thermohaline anomaly, but not all of 
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them had the associated increase of xs-SCC close to the bottom, therefore the BNL 

observed in 1999 faded away approximately after one year. 

 

4.3. The 2005-2006 cascading events 

 

On September 2004, during the EFLUBIO-1 cruise, a couple of deep CTD casts were 

conducted in the northwestern Mediterranean basin. Although those profiles did not 

reach deeper than 2000 m due to a depth rate limitation of one of the CTD sensors, the 

water masses and the distribution of xs-SSC before the 2005 deep cascading event could 

be well established. In the cast conducted on 18 September 2004 in the MEDOC zone at 

42ºN; 3ºE (Fig. 9), the seasonal WIW was missing and the surface AW was associated 

with a weak SNL. Below it, the LIW and the WMDW were particle-free and the xs-SSC 

profile showed values close to zero from 200 down to 2000 m water depth. 

 

On 24 March 2005, during the EFLUBIO-2 cruise, a hydrographic section on the 

Catalan margin off Barcelona captured the formation of the BNL associated with the 

cascading of dense shelf waters that occurred in winter 2005 (Fig. 10). The shallower 

profile revealed the presence of a turbid and dense water mass filling almost the whole 

water column (from 50 to 300 m water depth) with a homogeneous and extremely dense 

water for such shallow depths (σθ >29.14 kg/m3) occupying the lowermost 100 m and 

reaching xs-SSC of ~0.3 mg/l near the bottom. The same dense water mass could be 

observed in the next CTD profile, at 720 m depth, generating a sharp density gradient at 

420 m water depth and filling the lowermost water column down to the bottom. This 

300-m thick dense water mass was associated with a BNL that increased its xs-SSC 

with depth, from 0.1 mg/l just below the density gradient to 0.4 mg/l above the seafloor. 

Deeper in the margin, on a CTD profile conducted at 1350 m depth, the density gradient 

was less evident. However, a noticeable change in density associated with the 

development of the BNL occurred at 700 m water depth. The BNL became thicker and 

reached and maintained xs-SSC ~0.4 mg/l in the lower 300 m of the water column. A 

similar situation was found in the next CTD profile conducted at 1680 m depth, and the 

slight change in density was observed at 770 m water depth. The BNL became even 

thicker (900 m) and increased the xs-SSC with depth until reaching 0.5 mg/l around 30 

meters above the seafloor. 
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During the same cruise, the CTD station conducted in the MEDOC zone in the 

preceding year (Fig. 9) was revisited on 29 March 2005, and the water structure and 

particle distribution down to 2000 m water changed dramatically due to the winter 2005 

deep convection and cascading events (Fig. 11). The most remarkable feature was the 

presence of a thick positive thermohaline anomaly spanning from 750 m water depth 

down to the bottom associated with a well-developed BNL. Such a thick (i.e. 1500 m) 

BNL increased progressively its concentration with depth and reached xs-SSC of 0.1 

mg/l at 400 meters above the seafloor, where the CTD stopped. 

 

The arrival to the basin of dense shelf waters generated during the winter 2005 deep 

cascading event was nicely captured by a deep CTD cast conducted on 26 April 2005 at 

the mouth of the Cap de Creus Canyon, 2145 m depth, during the STRATA-3 cruise 

(Fig. 12). The thermohaline anomaly and the progressive increase of turbidity started at 

560 m water depth, and below 1840 m water depth, much colder, fresher and turbid 

waters were found. The lowering in temperature and salinity and the increasing in 

turbidity occurred in a stepwise manner, with sharp gradients at 2050 and 2130 m water 

depth. The lowermost water mass reached xs-SSC ~1.2 mg/l and exhibited high values 

of chl. a fluorescence (not shown) indicative of the near-bottom intrusion of 

chlorophyll-rich and turbid dense shelf water (see Canals et al. (2006), their Figure 3). 

 

One year later, on 23 April 2006 and during the HERMES-3 cruise, a deep CTD cast 

was also conducted in the MEDOC zone, immediately after another deep convection 

and cascading event (Fig. 13). This cast revealed a similar water structure and particle 

distribution compared to the one from the preceding year. The beginning of the positive 

thermohaline anomaly was located at 590 m water depth, while the beginning of the 

BNL was found at 1130 m water depth, approximately where the anomaly reached its 

maximum values in θ and SP. From that depth down to the bottom, θ and SP decreased 

slightly and the xs-SSC progressively increased. The BNL became more concentrated 

below 2070 m water depth, associated with a colder and fresher water mass that 

occupied the lowermost part of the water column, reaching xs-SSC ~0.1 mg/l in the last 

40 m above the seafloor. 

 

4.3. The 2007-2011 period 
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The MEDOC region was revisited one year later during the HERMES-6 cruise on 3 

July 2007. The deep CTD cast conducted at that time evidenced the persistence of the 

positive thermohaline anomaly and the maintenance of the associated BNL (Fig. 14). In 

this profile, the thermohaline anomaly started at 1160 m water depth and reached its 

relative maximum in θ and SP at ~1580 m water depth, which was approximately the 

depth where the BNL started to develop. Deeper in the water column, θ and SP 

progressively decreased towards the bottom, while the xs-SSC increased until reaching 

maximum values ~0.07 mg/l very close to the seafloor. 

 

In 2008 and during the DEEP-1 cruise, two CTD casts were collected on 29 March at 

the time that deep convection was taken place. The signature of the LIW core was 

degraded and a homogeneous profile of θ and SP could be observed down to 980 m 

water depth (Fig. 15), indicating the limit of open sea deep water convection. These 

shallow waters showed relatively high values of xs-SSC (~0.08 mg/l) through the water 

column until reaching the clear water minimum just below the maximum depth of 

convection. The positive thermohaline anomaly begun at 1460 m water depth, while the 

relative maximum in potential temperature and salinity and the development of the BNL 

started at 1890 m water depth. Close to the bottom, in the lower 100 m of the profile, 

the BNL increased its xs-SSC from ~0.02 to >0.12 mg/l, reaching near-bottom 

concentrations higher than in the preceding years. 

 

As it has been mentioned in section 2.1, in winters 2009 and 2010 the open sea deep 

convection affected the entire water column. After the convection period, during the 

FAMOSO-2 cruise in April-May 2009, the water column was re-stratified but the 

positive thermohaline anomaly and the associated BNL was still noticeable on 3 May 

(Fig. 16). The anomaly was uplifted and started at ~710 m water depth and the typical 

relative maximum in θ and SP (at the same depth) was less evident. The BNL did not 

show any sharp increment and progressively increased its concentration towards the 

bottom, where it reached xs-SSC of ~0.08 mg/l. 

 

In September 2010, the MEDOC zone was revisited during the DEEP-5 cruise and the 

CTD casts still revealed the presence of the thermohaline anomaly and the development 

of the BNL (Fig. 17). The beginning of the anomaly was located at 1120 m water depth 

and towards the bottom showed small fluctuations in θ and SP. In this profile, conducted 
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on 16 September, the BNL was thinner and less concentrated than in the spring of the 

preceding year, and it begun to develop at ~200 m above the seafloor, reaching 

maximum values of xs-SSC ~0.04 mg/l. 

 

In winter 2011, during the CASCADE cruise, the open sea convection zone was 

intensively sampled to study the deep convection process and numerous deep CTD casts 

distributed along two hydrographic sections were conducted from 1-22 March 2011 

(Fig. 4), at the time and immediately after the convection phase had taken place. 

Hydrographic data collected during the cruise suggested that in winter 2011 open sea 

convection also reached the seafloor. An example of the hydrographic and 

nephelometric structure observed during the cruise on 6 March is presented in Figure 

18. At that station, a quasi-homogeneous θ and SP profile associated with the open sea 

convection process was observed from ~100 m down to ~1700 m water depth. Such 

homogeneous water mass had low xs-SSC values, although it showed a progressive 

increase in turbidity with depth with some relative maxima at intermediate levels. 

Below 1900 m water depth, a colder, fresher and more turbid water mass was found, 

which formed a 270 m thick BNL. At 2050 m depth, coincident with a subtle increase 

of θ and SP, a relative clear water minimum was seen and below it the xs-SSC sharply 

increased to values ~0.6 mg/l. 

 

The station in the middle of the convection region (i.e. where the two hydrographic 

sections crossed, Figure 4) was reoccupied several times during the CASCADE cruise 

to assess the short-term variability of the BNL. Whereas the depth of the clear water 

minimum did not vary significantly, the water column between 500 and 1000 m depth 

became very clear with intrusion of the LIW during the restratification phase (not 

shown). The BNL was always present but showed a large variability among profiles 

collected at the same station in few hours to several day time intervals, both in thickness 

and concentration, with differences up to one order of magnitude (from 0.04 to 0.72 

mg/l) in the near-bottom xs-SSC (Fig. 19). Variations of turbidity were associated with 

slight fluctuations of θ (∆θ=0.01°C) and SP (∆SP=0.004). 

 

4.5. Nature and size distribution of particles in the BNL 
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Data collected in March 2011 during the CASCADE cruise also allowed characterizing 

the type of particles in the BNL and their relative size (Fig. 20). The profile shown in 

this figure displays similar turbidity (FTU) and even higher BAC in the convection 

waters (characterized by high fluorescence values), but, in the BNL, an increased 

amount of large (i.e. 60 µm - 26 mm) particles can be clearly identified using the UVP 

measurements. The number of large particles increases with depth, but their particle size 

distribution is fairly homogeneous throughout the entire BNL. Depth-averaged particle 

size distribution showed a relative minimum around 100 µm and a peak around 150 µm 

and progressive decreases of the volumetric concentration of larger particles until 

reaching a maximum of 1 mm in size (Fig. 21a). Images of large particles in the BNL 

(not shown) indicate that they are amorphous aggregates and that there is an almost nil 

contribution of planktonic organisms. Depth-averaged particle size distribution 

completed in the laboratory for disaggregated (i.e. sonicated) suspended particle 

samples collected on filters gave access to the primary particles size distribution. The 

analysis showed that primary particles spectra is bi-modal and is mainly composed of 

very fine particles of less than 2 µm and fine particles between 4 and 50 µm (Fig. 21b). 

This distribution is typical of silty and clayey deep sediments of this region (Fig. 21c).  

 

 

5. Discussion 

 

5.1. Formation of the BNL and relationship with the thermohaline anomaly 

 

Data presented in this paper indicate a clear relationship between the thermohaline 

anomaly generated after major deep cascading and convection events and the formation 

of a thick BNL in the northwestern Mediterranean. This thermohaline anomaly 

corresponds in part to the water mass previously known as “occasional bottom water” 

(BW), identified by Lacombe et al. (1985), whose origin was not clearly discerned (see 

section 2.3). 

 

The best cruise to illustrate the formation of the thermohaline anomaly and associated 

BNL is the HIVERN-99, since one profile conducted in the northern Catalan margin 

captured the convection process from the surface down to 1620 m water depth and the 
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near-bottom intrusion of colder, fresher and turbid water generated by cascading off the 

Gulf of Lions (Fig. 6). The profile conducted few days later in the Valencia Valley just 

showed a positive thermohaline anomaly generated by the mixture of the two dense 

water masses and the presence of the BNL (Fig. 7). The combination of the two profiles 

in a θ-SP diagram reproduces nicely a “hook” shape in the lower part of the profiles, 

which allows us to identify the two end members (i.e. convection and cascading) that 

generated the anomaly (Fig. 22). The convection end member corresponds to the 

relative maximum of θ and SP from the “hook” and the cascading end member to the 

relative minimum of θ and SP towards the end of the profile. As it has been mentioned 

in section 2.3, Béthoux et al. (2002) identified in two deep CTD casts from the Ligurian 

Sea collected in June 1999 positive θ-SP and turbidity anomalies, which were associated 

with the 1999 deep cascading event. However, these profiles showed only the rising part 

of the anomaly (see their Figure 3b), and therefore the anomalies corresponded more 

precisely to the mixture of the convection and cascading waters that spread throughout 

the basin and reached the Ligurian Sea few months later. 

 

The thermohaline anomaly in the WMDW after winter 2005 had the same origin and 

both dense waters generated by convection and by cascading contributed to its 

formation, as was initially pointed out by Salat et al. (2006) and Font et al. (2007). It has 

to be taken into account that the suspended particles that generate the BNL come mainly 

from the cascading waters (see Figs. 6 and 10), since open sea convection waters may 

only carry biogenic particles from the surface to the bottom. 

 

The formation of the anomalies in θ and SP in the northwestern Mediterranean after 

winters 1999 and 2005 and their relationship with the BNL can be summarized in an 

historical series of θ-SP diagrams with the xs-SSC parameter represented in color code 

(Fig. 23). In 1998, the lower part of the θ-SP diagram showed a continuous decrease of θ 

and SP with depth, at a nearly constant σθ of 29.10 kg/m3, while in 1999, the 

thermohaline anomaly was well developed, showing higher xs-SSC near the bottom, 

particularly in the decreasing part of the “hook”. One year later, the thermohaline 

anomaly only showed the rising part of the “hook” and the xs-SSC values were 

extremely low, suggesting the disappearance of the BNL after year 2000. The lack of 

deep cascading (Fig. 2) and deep convection (Herrmann et al., 2010) from year 2000 to 

2004 resulted in a period with a typical WMDW occupying the basin. However, in 2005 
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the anomaly and BNL was reproduced again after the mixing of deep convection and 

cascading waters, but instead of vanishing in few years, it has been maintained until 

present (year 2011), with small variations caused by the deep convection events from 

winter 2009 and 2010 (Houpert, 2010). 

 

5.2. Lifetime of the BNL 

 

The temporal evolution of the BNL and associated thermohaline anomaly after winter 

1999 and 2005 differs considerably. The 1999 BNL and anomalous WMDW vanished 

after one year, showing a behavior similar to the previous observations of “occasional 

bottom waters”, whereas the 2005 ones have become a permanent feature in the western 

Mediterranean basin until present (2011), as a major signature of the WMT (CIESM, 

2009). The explanation for such a difference seems to be related with the volume of 

dense waters generated in each year, and therefore, in the initial thickness of the 

thermohaline anomaly and associated BNL. 

 

Dufau-Julliand et al. (2004) computed numerically the volume of dense waters 

(attributed to WIW) generated by cascading during winter 1999 and estimated an 

amount of 500 ±125 km3 reaching depths greater than 400 m. Their model could not 

exactly reproduce the temperature observations at 1000 m depth within the Lacaze-

Duthiers submarine canyon (Fig. 2) and the authors pointed out that the total volume 

could be underestimated. To our knowledge, there are no quantifications of the volume 

of dense waters generated by convection during winter 1999. The volume of dense shelf 

waters generated during winter 2005 was estimated by Ulses et al. (2008) an accounted 

for a total of 2,350 km3, four times the estimates of the 1999 DSWC event and 

corresponding to an annual average formation rate of ~0.07 Sv. The open sea 

convection during the same winter was also modeled by Herrmann et al. (2010) and the 

estimated volume reached 36,600 km3, corresponding to a yearly formation rate of 1.16 

Sv. Although the volume of dense waters (i.e. convection and cascading) during winter 

2006 has not been computed yet, Schroeder et al. (2008) estimated from CTD 

observations that the cumulative formation of anomalous dense water for winters 2005 

and 2006 was approximately equal to 2.4 Sv, and revealed that in less than two years 

almost the whole western Mediterranean basin was filled with this new deep water, 

renewing and uplifting the formerly resident WMDW. 
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The difference in the volume of deep water generated on each winter presumably 

controlled the initial thickness of the BNL and of the thermohaline anomaly, being in 

the northwestern Mediterranean approximately 650 m and 1500 m-thick after winter 

1999 and 2005, respectively (Figs. 5, 6 and 10). Their thickness decreased away from 

the dense water formation region and their spatial extension also differed between years. 

In June 1999, after the 1999 cascading event, the BNL reached the eastern side of the 

Balearic Islands and the Ligurian Sea, while in April-May 2005, after the 2005 

cascading event, it covered most of the northwestern Mediterranean basin (Fig. 24). In 

June 2006, after the contribution of the deep cascading and convection in winter 2006, 

the BNL covered the entire western Mediterranean basin (Fig. 24). These maps do not 

differ from the ones generated by Béthoux et al. (2002) for the 1999 thermohaline 

anomaly and Schroeder et al (2008) for the 2005-2006 thermohaline anomaly, but it is 

worth to highlight that the suspended particles within the BNL, which originated mainly 

in the Gulf of Lions and Catalan margins, travelled large distances along with the 

anomalous dense waters. In fact, deep CTD casts conducted in July 2008 during the 

trans-Mediterranean cruise BOUM (Moutin et al., 2011) still evidenced the presence of 

a BNL in the entire basin. 

 

While the observations conducted immediately after winter 2005 showed a thick BNL 

that matched the thermohaline anomaly in thickness, observations in the following years 

demonstrated that the BNL became thinner and restricted to the lowermost water mass 

characterized by colder and fresher values (i.e. the decreasing part of the “hook”; Fig. 

23). This suggests that there is a progressive removal of particles from the water column 

and concentration of them in a near-bottom turbid layer, possibly helped by the dilution 

effect of the upper part of the BNL by newly formed clear dense water by open sea-

convection in winter 2007 and 2008, which did not reach the bottom. 

 

The increased thickness and higher concentration of the BNL observed after winter 

2009 (Fig. 16) was not related to new resuspended particle inputs from DSWC, since in 

that year cascading was mild (Fig. 2). Such increases were presumably created by local 

resuspension processes associated with the bottom-reaching open sea convection in 

winter 2009, which occupied most of the deep basin off the Gulf of Lions (Houpert, 

2010, Stabholz et al, 2012). Deep sea currents measured in the northwestern 
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Mediterranean basin during normal conditions (i.e. without dense water formation) 

show average velocities of ~3-4 cm/s and sporadic maximum values ranging between 

12 and 21 cm/s (Millot, 1985; Puig et al., 2001; Font et al., 2007; Palanques et al., 2009; 

Houpert, 2010). These weak current velocities would favor particle settling in an almost 

quiescent environment. However, during bottom reaching open sea convection events, 

deep currents in the northwestern Mediterranean basin can increase to sustained values 

>35 cm/s (Palanques et al., 2009; Martín et al., 2010; Salat et al., 2010; Stabholz et al., 

2012). The capacity of these high currents to induce active sediment resuspension was 

documented by Martín et al. (2010) and Stabholz et al (2012) by means of data from 

current meters and sediment traps data deployed at several depths in the Ligurian Sea 

and the Gulf of Lion respectively. Currents during the deep convention event that 

affected these regions in winters 2006 and 2009 were strong (20-40 cm/s) and similar in 

the whole water column, while particle fluxes collected by sediment traps increased 

near the bottom by two orders of magnitude. The same resuspension process was also 

observed by moored instruments at the mouth and southern slope of the Cap de Creus 

submarine canyon in winter 2006, where near-bottom turbidity peaks (up to 6 mg/l) 

occurred during current increases (~30 cm/s) induced by deep open sea convection 

(Palanques et al., 2011). In winter 2010, open sea convection in the northwestern 

Mediterranean reached again the basin seafloor (Houpert, 2010), as well during winter 

2011 (this paper) and the associated strong currents likely contributed to resuspend the 

recently deposited particles. 

 

During the CASCADE cruise in March 2011, the same CTD station was revisited on 

several occasions and the thickness and concentration of the BNL varied greatly with 

time (Fig. 19). The same variability was observed in nearby CTD casts along the same 

transect at stations conducted consecutively, suggesting that the BNL was not 

homogeneous and that there were parcels of highly turbid water (xs-SSC ~0.7 mg/l) 

surrounded by regions of clearer water but still showing a weak BNL (xs-SSC ~0.04 

mg/l). The fact that the highly concentrated BNL was located in a relatively small and 

isolated region could indicate that deep convection reached more intensively that area, 

causing a local resuspension that would move with currents and spread along the basin 

refueling the BNL. What remains unclear from the analyzed dataset is if the deep open 

sea convection process alone can create enough bottom sediment resuspension to 

generate such thick BNLs, without the occurrence of a concurrent (or recent) deep 
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DSWC event that previously supplied large amounts of unconsolidated particles to the 

basin seafloor. 

 

5.3. Suspended particles in the BNL 

 

Most of the particles resuspended during the 2005 cascading event settled to the 

seafloor quite rapidly (i.e. during March 2005), as it could be observed in the downward 

particle fluxes collected by a sediment trap deployed in the Gulf of Lions continental 

rise (see Palanques et al., 2009, their Figure 6). Gonzalez and Hill (1998) stated that in 

sediment suspensions, after an initial period of particle flocculation and rapid settling, 

the concentration of the remaining particles is such that the time scale for further 

aggregation becomes large, effectively stranding this remaining particle population in 

suspension. In coastal environments, as in the case of the Po River and Adriatic Sea, 

this stranded population is made up of small, single grains and microflocs that can be 

transported at long distances (Mikkelsen et al., 2006; Milligan et al., 2007). Therefore, 

the particles forming the BNL in the northwestern Mediterranean would presumably 

correspond to a stranded population which could last as long as the water mass in which 

they are confined will be present in the basin. 

 

Images collected by the UVP during the CASCADE cruise revealed that the BNL found 

in the western Mediterranean is composed by large particle aggregates of mainly 150 

µm in size and that the larger flocs can reach 1 mm (Fig. 21). Asper (1986) and Gardner 

and Walsh (1990) found deep-water maxima of large porous aggregates in the Panama 

basin and in the northern Gulf of Mexico continental slope, respectively, which were 

ascribed to resuspension and advection from margin boundaries. Asper (1986) proposed 

that this flocculated material could be transported at large distances from its origin, and 

remain essentially in suspension until it is scavenged by fast-sinking material and 

removed from the water column. Calculated settling speeds indicated that, on average, 

larger aggregates (4-5 mm) settled more slowly (1 m day-1) than smaller aggregates (1-

2.5 mm, 36 m day-1), suggesting that larger aggregates are less dense (i.e. more porous) 

than smaller aggregates (Asper, 1987). The large surface areas of these flocculated 

particles make them optically significant, even at very low mass concentration 

(Mikkelsen et al., 2006), and therefore can create a noticeable signal to the turbidity 

sensors usually mounted on CTDs (both transmissometers and optical backscatter 
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sensors, see Figure 20 as an example). The aggregates in the western Mediterranean 

BNL are smaller than the ones reported in the literature, but they have probably low 

densities and slow settling velocities as well. The turbulent motions and the negligible 

water density gradient in the deep layer thus may enable the persistence of particles in 

suspension for years. 

 

In situ and laboratory size distribution of sonicated suspended particles in the BNL 

show the predominance of clays, the presence of fine silts and the absence of coarser 

particles in these aggregates. The agreement between sonicated particle size 

distributions of suspended particulate matter within the BNL and the bottom sediments 

(Fig. 21) indicate that individual particles are mainly composed by resuspended 

superficial sediment from slope and basin regions, in agreement with the BNL origin 

linked to major DSWC events off the Gulf of Lions. 

 

The transport of resuspended material from the continental margin to the basin and the 

formation of these BNLs, both after winter 1999 and winter 2005, are considered to be 

responsible for the fertilization of the western Mediterranean deep-sea environment. 

This could be demonstrated by the enhanced recruitment of deep-sea biological 

populations after deep cascading events (Company et al., 2008), which was attributed to 

the arrival and spreading of nutritive particles (from the shelf and upper slope) to the 

basin seafloor. The formation of such BNLs after deep cascading events highlights the 

fact that the WMDW can be periodically modified by the arrival of resuspended 

particles, being a key process that could affect significantly the biogeochemical cycles 

in the western Mediterranean. 

 

 

Conclusions 

 

The characteristics of thermohaline and turbidity structures observed in the deep basin 

of the western Mediterranean during 1998-2011 allow us to draw the following 

conclusions: 

 

- A thick BNL is intermittently formed in the northwestern Mediterranean basin after 

deep DSWC events off the Gulf of Lions and Catalan margin. 
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- The observed BNLs equate in thickness with the thermohaline anomalies generated 

by the mixture of dense waters formed by deep cascading and deep convection at the 

open sea. Such thermohaline anomaly corresponds to the water mass previously 

known as “occasional bottom water”, whose origin was not clearly identified. 

 
- Thickness, spreading and persistence of the BNL seem to be related to the volume of 

deep dense waters formed, both by cascading and open sea convection. The BNL 

generated after the 1999 cascading event lasted approximately one year and affected 

the northern sub-basin, while the BNL generated after the 2005 cascading event 

covered the entire basin and can be still observed at present (2011). The following 

winter of 2006 with deep dense water formation, both by cascading and convection, 

and the further deep convection winters (without deep cascading) in 2009, 2010 and 

2011 have contributed to the BNL maintenance. 

 
- The present BNL includes a stranded particle population partially composed by large 

aggregates mostly of 150 µm and up to 1 mm in size with apparent low densities and 

slow settling velocities. 

 
- The quasi-permanent presence of a BNL in the western Mediterranean is a 

consequence and feature of the Western Mediterranean Transition (WMT) that, 

besides increasing the amount of suspended particles in the WMDW, could have the 

potential to modify the deep-sea biogeochemical cycles of this semi-enclosed basin. 
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Figure Captions 

 

Figure 1. Map of the Gulf of Lions area showing the regions of dense water formation 

on the shelf and in the MEDOC region (striped areas) and a schematic diagram 

depicting the dense shelf water cascading and open sea convection processes across the 

margin with the water masses involved (see Table 1). 

 

Figure 2. Long-term time series of near-bottom (30 m above seabed) and mid-water 

(470 m depth) temperature measured at 1000 m depth in the Lacaze-Duthiers Canyon 

since October 1993 plotted together with near-bottom temperature collected during 

winter 2005 (at 750 m depth) and winter 2006 (at 1000 m depth) in the neighbor Cap de 

Creus Canyon. 

 

Figure 3. Comparison of xs-SSC profiles recorded during FAMOSO-1 cruise using 

simultaneously a WET Labs C-Star light transmissometer and a Seapoint optical 

backscatter sensor. Both signals were converted into xs-SSC using the calibrations 

derived by Guillén et al. (2000). See CTD cast location in Figure 4b at 41º 34.33’N; 5º 

1.38’E. 

 

Figure 4. Map from the western Mediterranean (a) showing the location of the compiled 

CTD casts with dots in a color code for each year considered in this study and the 

position of the long-term mooring (star) at 1000 m depth in the Lacaze-Duthiers 

Canyon. GoL: Gulf of Lions; CM: Catalan Margin; VV: Valencia Valley; SWMB: 

South Western Mediterranean Basin; NWMB: North Western Mediterranean Basin; LS: 

Ligurian Sea. Zoom of the northwestern Mediterranean margin (b) pointing out to the 

CTDs illustrated in the following Figures. 

 

Figure 5. Potential temperature, Practical Salinity and xs-SSC profiles conducted on 4 

April 1998, during the FETCH-98 cruise, in the Gulf of Lions continental rise showing 

the four water masses found in this region (Table 1) and the absence of BNL. See CTD 

cast location in Figure 4b at 42º 9.74’N; 4º 51.33’E. 
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Figure 6. Potential temperature, Practical Salinity and xs-SSC profiles conducted on 21 

February 1999, during the HIVERN-99 cruise, in the Catalan continental rise. See CTD 

cast location in Figure 4b at 41º 23.01’N; 3º 47.75’E. 

 

Figure 7. Potential temperature, Practical Salinity and xs-SSC profiles conducted on 25 

February 1999, during the HIVERN-99 cruise, in the Valencia Valley, half-way 

between the Catalan coast and the Balearic Islands. See CTD cast location in Figure 4b 

at 40º 40.42’N; 2º 53.70’E. 

 

Figure 8. Potential temperature, Practical Salinity and xs-SSC profiles conducted on 6 

February 2000, during the HIVERN-00 cruise, in the Valencia Valley, half-way 

between the Catalan and the Balearic margin. See CTD cast location in Figure 4b at 40º 

43.07’N; 2º 50.78’E.  

 

Figure 9. Potential temperature, Practical Salinity and xs-SSC profiles conducted on 18 

September 2004, during the EFLUBIO-1 cruise, in the northwestern Mediterranean 

basin. See CTD cast location in Figure 4b at 41º 42.00’N; 5º 10.00’E. Note that this 

profile reached down to 2000 m depth and that the seafloor was located at ~2400 m 

depth. 

 

Figure 10. Potential density and xs-SSC profiles conducted in four CTD stations across 

the Catalan margin off Barcelona on 24 March 2005, during the EFLUBIO-2 cruise. See 

hydrographic transect location in Figure 4b. 

 

Figure 11. Potential temperature, Practical Salinity and turbidity xs-SSC conducted on 

29 March 2005, during the EFLUBIO-2 cruise, in the northwestern Mediterranean 

basin. See CTD cast location in Figure 4b at 41º 41.97’N; 4º 59.03’E. Note that this 

profile reached down to 2000 m depth and that the seafloor was located at ~2400 m 

depth. 

 

Figure 12. Potential temperature, Practical Salinity and turbidity xs-SSC conducted on 

26 April 2005, during the STRATA-3 cruise, at the mouth of the Cap de Creus Canyon. 

See CTD cast location in Figure 4b at 42º 14.85’N; 4º 20.63’E. 
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Figure 13. Potential temperature, Practical Salinity and xs-SSC profiles conducted on 23 

April 2006, during the HERMES-3 cruise, in the MEDOC region. See CTD cast 

location in Figure 4b at 42º 05.00’N; 4º 40.00’E. 

 

Figure 14. Potential temperature, Practical Salinity and xs-SSC profiles conducted on 3 

July 2007, during the HERMES-6 cruise, in the MEDOC region. See CTD cast location 

in Figure 4b at 41º 59.94’N; 4º 59.94’E. 

 

Figure 15. Potential temperature, Practical Salinity and xs-SSC profiles conducted on 29 

March 2008, during the DEEP-1 cruise, in the MEDOC region. See CTD cast location 

in Figure 4b at 42º 05.00’N; 4º 40.00’E. 

 

Figure 16. Potential temperature, Practical Salinity and xs-SSC profiles conducted on 3 

May 2009, during the FAMOSO-3 cruise in the Catalan continental rise. See CTD cast 

location in Figure 4b at 41º 29.88’N; 3º 56.46’E. 

 

Figure 17. Potential temperature, Practical Salinity and xs-SSC profiles conducted on 16 

September 2010, during the DEEP-5 cruise, in the MEDOC region. See CTD cast 

location in Figure 4b at 42º 01.87’N; 4º 41.85’E. 

 

Figure 18. Potential temperature, Practical Salinity and xs-SSC profiles conducted on 

March 2011, during the CASCADE cruise, in the MEDOC region. See CTD cast 

location in Figure 4b at 42º 02.04’N; 5º 06.12’E. 

 

Figure 19. Short-term variability of xs-SSC profiles in the MEDOC region from the 

same station (SC2400) reoccupied several times during the CASCADE cruise. See CTD 

cast location in Figure 4b at 42º 05.00’N; 4º 40.00’E. Data has been illustrated in two 

plots for easy visualization of the numerous profiles. 

 

Figure 20. Profiles of FTU, BAC, large particles abundance, volumetric concentration 

and fluorescence in the MEDOC region from the SC2400 station (the same as in Figure 

19) obtained during the CASCADE cruise in March 4, 2011 at 22:27. 
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Figure 21. Comparative average particle size-distribution, from (A) the UVP, (B) 

sonicated filtered suspended particle samples collected in the BNL at the SC2400 

station during the CASCADE cruise (the same as in Figure 20), and from (C) the 

superficial sediment (0-0.5 cm) at the same CTD location. 

 

Figure 22. θ-SP diagram of two CTD casts performed during the HIVERN-99 (see 

Figures 6 and 7) illustrating the origin of the thermohaline “hook”. 

 

Figure 23. Time series of θ-SP diagrams with the xs-SSC parameter represented in color 

code (1998: FETCH; 1999: TRANSMED; 2000: HIVERN-00; 2004: EFLUBIO; 2005: 

MEDDOCC-05 and STRATA-3; 2006: MEDOCC-06; 2007: HERMES-6; 2008: 

DEEP-1 and DEEP-2; 2009: FAMOSO-2; 2010: DEEP-5; 2011: CASCADE). 

 

Figure 24. Maps showing the extension of the BNL in the western Mediterranean basin 

after deep cascading events. Black dots represent the CTD locations (June 1999: 

TRANSMED and GEOTETHYS; May 2005: MEDOCC-05; June 2006: MEDOCC-06). 

Note that during the trans-Mediterranean cruise BOUM conducted in July 2008 (CTD 

locations illustrated with white dots), the BNL was still present in the entire basin. 
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Acronym θ (°C) SP σθ (kg/m
3
) 

"recent"AW  >13 <37.2 <28.1 

"old"AW  > 13 38.0-38.2 < 28.9 

WIW 12.6-13.0 38.1-38.3 28.9-29.0 

LIW 13.0-13.4 38.48-38.55 29.075 

WMDW 12.75-12.82 38-43-38.47 29.115-29.120 

 

 

Table 1. Acronyms and physical characteristic of the water masses found in the northwestern 

Mediterranean 

 

 

Table



 

Year Cruise Dates Turbidity sensor(s) 

1998 FETCH 4-15 April Sea Tech transmissometer (25 cm) 

    

1999 HIVERN-99 21-25 February Sea Tech transmissometer (20 cm) 

 TRANSMED 27 June-04 July Sea Tech transmissometer (10 cm) 

 GEOTETHIS 15-17 June Nephelometer (*) 

    

2000 HIVERN-00 25 January-5 February Sea Tech transmissometer (20 cm) 

    

2004 EFLUBIO-1 14-21 September Seapoint OBS 

    

2005 EFLUBIO-2 16 March-6 April Seapoint OBS 

 GYROSCOPE 13 April C-Star transmissometer (25 cm) 

 STRATA-3 26 April C-Star transmissometer (25 cm) 

 MEDOCC-05 25 April-5 May C-Star transmissometer (25 cm) 

 TUNIBAL 12-18 July Seapoint OBS 

 CIRBAL 25 September Seapoint OBS 

 HERMES-1 17 October C-Star transmissometer (25 cm) 

    

2006 HERMES-3 23 April C-Star transmissometer (25 cm) 

 MEDOCC-06 17-28 June C-Star transmissometer (25 cm) 

 HERMES-4 16 August C-Star transmissometer (25 cm) 

    

2007 HERMES-6 3 July Sea Tech transmissometer (25 cm) 

    

2008 DEEP-1 29-30 March Seapoint OBS 

 BOUM 10-18 July C-Star transmissometer (25 cm) 

 DEEP-2 21 September Seapoint OBS 

    

2009 FAMOSO-1 1 February Seapoint OBS & C-Star transmissometer (25 cm) 

 DEEP-3 6 April Seapoint OBS 

 FAMOSO-2 29 April-3 May Seapoint OBS & C-Star transmissometer (25 cm) 

 42N5E 7-10 July C-Star transmissometer (25 cm) 

 DEEP-4 27 October Seapoint OBS 

    

2010 DEEP-5 16 September Seapoint OBS & C-Star transmissometer (25 cm) 

    

2011 CASCADE 4-22 March Seapoint OBS & C-Star transmissometer (25 cm) 

 

 

Table 2. List of the CTD data used in this study showing the year of the hydrographic cruises, 

its acronyms, the survey dates and the type of commercial turbidity sensor(s) coupled to the 

CTD probe. *Prototype nephelometer (Vangriesheim et al., 1992). Years in bold correspond 

to winters with deep dense shelf water cascading (see Figure 2). 
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