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ABSTRACT

Cascading of dense shelf water from continental shelves is a global phenomenon whose effects
have been largely underestimated. The north-western Mediterranean is one of the regions of the
world where massive dense water formation occurs because of cooling and evaporation of surface
waters during winter-time. Concurrent with the well known open-sea convection process over the
MEDOC region, coastal surface waters over the wide shelf of the Gulf of Lions also become denser
than the underlying waters and cascade downslope until reaching their equilibrium depth. Through
this climate-driven phenomenon, dense shelf waters carrying large quantities of particles in
suspension are rapidly advected hundreds of meters deep, mainly through submarine canyons.
Recent observations within the frame of several research initiatives conducted in the north-western
Mediterranean found that major dense shelf water cascades from the Gulf of Lions have a direct
effect on the deep water (i.e. WMDW) thermohaline properties and on the long-term fluctuations
of deep-sea fisheries, notably the shrimp Aristeus antennatus. Because of the flushing and recurrent
behaviour of such cascading events, a continuous monitoring of this phenomenon under a system
of Integrated Mediterranean Marine Observatories initiative could be conducted by means of
establishing permanent real-time deep-sea observatories at specific key sites in the Mediterranean,
in places where this process has been clearly identified (i.e. Gulf of Lions, southern Adriatic and
Aegean shelves). Such infrastructures will allow studying this phenomenon using a trans-
disciplinary approach to assess in detail its effects and implications in the Mediterranean deep-sea
ecosystem and living resources.

INTRODUCTION

Dense shelf water cascading is a global climate-driven oceanographic phenomenon common not
only on high latitude continental margins, but also on mid latitude and tropical margins (Ivanov
et al., 2004). The Gulf of Lions is one of the three known regions in the Mediterranean where this
phenomenon occurs almost every year, together with the southern Adriatic and Aegean shelves
(Durrieu de Madron et al., 2005). Winter heat losses and evaporation induced by persistent, cold
and dry northerly winds (Tramuntana and Mistral) cause densification and mixing of coastal
waters. Despite the buoyancy gain induced by freshwater inputs, once denser than surrounding
waters, surface waters over the Gulf of Lions’ shelf sink, overflow the shelf edge, and cascade
downslope until they reach their equilibrium depth (Fieux, 1974; Person, 1974). Through this
phenomenon, dense shelf waters carrying large quantities of dissolved and particulate matter are



rapidly advected hundreds of metres deep at speeds >85cm/s, mainly through submarine canyons
(Palanques et al., 2006), acting as a significant natural carbon sequestration and as a potential
deep-sea ecosystem fuelling mechanism (Canals et al., 2006). In very dry, windy and cold winters,
such as in 2005, cascading is exceptionally intense, lasting for more than a month. Under these
circumstances, dense shelf waters propagate along and across the continental slope (Font et al.,
2007), reaching depths >2,000m where they merge with dense waters formed off-shelf, in the
MEDOC area, by a typical open-sea convection process (MEDOC group, 1970). The mixing of
these two dense waters generates a thermohaline and turbidity anomaly in the Western
Mediterranean Deep Water (WMDW) that spreads throughout the entire north-western
Mediterranean basin (López-Jurado et al., 2005; Schröder et al., 2006). Previous severe winters
with anomalous dense water formation (i.e. those with major cascading events reaching the basin)
were identified after the analysis of historical hydrographic data and took place at decadal intervals
in winter 1971, 1980, 1988 and 1999 (Béthoux et al., 2002). Figure 1 schematizes the spreading
of dense shelf waters and the formation of the WMDW thermohaline and turbidity anomaly,
inferred from published data.

Although in terms of water and particle transport this process is at present relatively well known,
many scientific questions arise now on how the large fluxes associated with this phenomenon may
determine the functioning of deep-sea ecosystems. A recent study by Company et al. (2008)
demonstrates that dense shelf water cascading from the Gulf of Lions have a direct effect on the
long-term fluctuations of deep-sea fisheries, with the striking example of the rose shrimp Aristeus
antennatus. This contribution will summarize some of the major findings obtained by time series
observations conducted from October-November 2003 to April 2007 in the north-western
Mediterranean, highlighting the effects of major dense shelf water cascades from the Gulf of Lions
on the WMDW thermohaline properties and on the temporal evolution of Aristeus antennatus
landings.

Fig. 1. Bathymetric map of the north-
western Mediterranean showing the
pathway of the dense shelf water
cascading mechanism extending
from the Gulf of Lions along and
across the Catalan continental slope,
the open-sea convection region
(MEDOC area) and the region
affected by the thermohaline and
turbidity anomaly observed in the
Western Mediterranean Deep Water
after the 1999 and 2005 major
cascading events (inferred from
published literature). The location of
the dense shelf water cascade
monitoring site at the head of the
Cap de Creus submarine canyon
(black star), the HydroChanges ICM
mooring (white circle) and the
Palamós fishing harbour (black ship)
are also shown.
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TIME SERIES OBSERVATIONS

The occurrence and effects of dense shelf water cascades from the Gulf of Lions have been
continuously monitored since November 2003 under the frame of several research projects.
Previous to that, since October 1993 the Centre de Formation et de Recherche sur l’Environnement
Marin of Perpignan (CEFREM) has been maintaining two long-term mooring deployments in the
Planier and Lacaze-Duthiers submarine canyons at 1,000m depth, which have been also recording
the effects of major cascading events in the north-western Mediterranean (see Canals et al., 2006
and Heussner et al., 2006 for details). In winter 2003-04, during the EU EuroSTRATAFORM
project, seven Gulf of Lions’ submarine canyon heads were instrumented with moorings deployed
at 300m water depth, with sediment traps placed at 30m above the bottom (mab) and Aanderaa
RCM9/11 Doppler current meters with temperature, conductivity, pressure and turbidity sensors
placed at 5 mab (see Palanques et al., 2006 for details). Similar observations were conducted in
winter 2004-05 during the NA EuroSTRATAFORM project only in the Cap de Creus Canyon –
since the largest water and particle fluxes during the preceding year were observed in its canyon
head– and three instrumented moorings were deployed along the canyon axis at 200, 500 and
750m depth (see Canals et al., 2006 for details). In winter 2005-06, during the HERMES project,
a focused and larger observational effort following the same type of near-bottom mooring
configuration was conducted on the western Gulf of Lions continental margin. Particle fluxes and
current meter measurements were obtained in the Lacaze-Duthiers Canyon at 300, 1,000 and
1,500m depth, in the Cap de Creus Canyon at 300, 1,000, 1,500 and 1,900m depth, and on the
adjacent southern open slope at 1,000 and 1,900m depth in order to follow the course of the dense
shelf water cascades along and across the slope. Later on, in winter 2006-07, only the Cap de
Creus canyon head remained instrumented with an Aanderaa RCM9 Doppler current meter with
temperature, conductivity, pressure and turbidity sensors placed at 5 mab, as a key site to monitor
the occurrence of dense shelf water cascades from the Gulf of Lions (Figure 1).

Contemporary with the above mentioned time series observations, since October 2003 and as part
of the HydroChanges (HC) pilot program launched by CIESM
(http://www.ciesm.org/marine/programs/hydrochanges.htm) (CIESM, 2002), the Institut de
Ciències del Mar of Barcelona (ICM) has been maintaining an instrumented mooring in the lower
Catalan continental slope (hereafter named HC-ICM), which has proved very valuable in
identifying the effects of the dense shelf water cascading process on the NW Mediterranean deep
water (see Font et al., 2007 for details). The HC-ICM mooring is located at 1,890m depth,
downstream from the Gulf of Lions margin and south of the Palamós (also known by the fishermen
community as Fonera) submarine canyon (Figure 1). This location was chosen because it was
previously used in 1993-94 for a study related to the spreading of the deep water formed in the NW
Mediterranean (Send et al., 1996), from where background information existed. The mooring is
equipped with a SeaBird 37 model CTD recorder at 15 mab and an Aanderaa RCM8 mechanical
current meter at 11 mab, and since March 2007 an additional Aanderaa RCM11 Doppler current
meter equipped with a turbidity sensor has been installed on it.

Since 2001, daily landings of commercial species from all the fishing harbours on the Catalan
coast are being recorded automatically by Direcció General de Pesca i Afers Marítims of the
Autonomous Government of Catalonia. To investigate the relationship between the occurrence of
cascading events and the population characteristics of commercial species, this detailed historical
database is currently under study and compared with the time series observations from the
instrumented moorings deployed at the head of the Cap de Creus Canyon and in the lower Catalan
continental slope. For the purpose of this contribution, only daily landings of one of the most
valuable Mediterranean deep-sea living resources, the rose shrimp Aristeus antennatus (Risso
1816), will be shown. Data from the Palamós fishing harbour have been chosen as it is one of the
main fishing harbours in the north-western Mediterranean under the influence of the dense shelf
water cascading process, and the one that obtains the highest yields of this highly priced deep-sea
living resource (see Figure 1 for location). This first approach will allow assessing the direct effects
of the cascading phenomenon in this monospecific fishery, paying special attention to the
consequences derived from major cascading events (i.e. those reaching the north-western
Mediterranean basin).
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RESULTS AND DISCUSSION

Results obtained during several consecutive winter deployments in the Cap de Creus submarine
canyon have allowed to monitor and identify the occurrence and magnitude of dense shelf water
cascades from the Gulf of Lions (Figures 2a and 2b). Cascading events are easily recognizable
since they are characterized by abrupt decreases in water temperature associated with increases in
current speed (up to 80cm/s). In winter 2003-04 several single (i.e. minor) cascading events that
lasted for few days occurred from January to May, which were generally associated to eastern
storm events (Palanques et al., 2006). In winter 2004-05, the lower air temperatures, the more
persistent northerly cold and dry winds, and the reduction of river discharges (not shown)
contributed to decrease the buoyancy of the coastal waters dramatically enhancing the intensity of
the shelf water cascading mechanism. Under these weather conditions, cascading in the Cap de
Creus Canyon head (200m depth) began in early December 2004, a month an a half earlier than
in the preceding year. During the first events, this process only affected the canyon head, but in
late January 2005 a major cascading event reached down to 750m depth. From late January to
early March 2005 cascading occurred continuously and maintained cold temperatures and down-
canyon steady currents between 40 and 80cm/s, showing periodic fluctuations that lasted between
3-6 days (Canals et al., 2006; Font et al., 2007). In winter 2005-06, another major cascading event
took place, with strong negative near-bottom temperatures and increased current speeds recorded
in most of the moored arrays deployed during HERMES. Dense shelf water cascades begun in
mid December 2005 at the head of the Cap de Creus Canyon and ocurred almost continuosuly
from early January until mid April 2006. In winter 2006-07, only some isolated minor cascading
events lasting for few days occurred, which started in late January 2007 and ended in mid April
2007.

Fig. 2. Time series observations from the north-western Mediterranean showing: a) potential temperature
and b) current speed at the head of the Cap de Creus (CC) submarine canyon (at 300m depth except
measurements during 2004-05 that were collected at 500m depth, always 5 mab); c) potential temperature
and d) salinity recorded at the HC-ICM site (at 1,890m depth, 15 mab) and e) daily landings of Aristeus
antennatus at the Palamós fishing harbour from October 2003 to April 2007. See moorings and harbour
locations in Figure 1. Dashed lines represent the intra-annual trend of Aristeus antennatus landings and
illustrate the temporary fishery collapse associated to major cascading events.
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The time series of data recorded at the HC-ICM mooring indicates a clear difference between
winters characterized by minor or major cascading events (Figures 2c and 2d). The potential
temperature (12.84-12.86ºC) and salinity (38.45-38.46) values at 1,980m depth in the lower
Catalan continental slope remained almost unchanged from October 2003 until the end of January
2005, indicating a stable water mass situation that corresponds to typical WMDW characteristics
(θ 12.8-12.9, S 38.43-38.46, σθ 29.09-29.10, depending on the specific conditions that occurred
during its formation in winter). However, from this last date, and simultaneously with the initiation
of the major 2005 cascading event in the Cap de Creus Canyon, θ and S rapidly increased to
12.99ºC and 38.50 respectively, and then for one month fluctuated between 12.90-12.95ºC and
around 38.49 (σθ = 29.11). Such increases were attributed by Font et al. (2007) to the arrival at
the HC-ICM site of dense waters formed or pre-conditioned by the offshore convection process,
which had a large contribution of an unusually warm and salty LIW/TDW. By early March 2005,
potential temperature and salinity suddenly decreased by more than 0.2ºC and 0.04, respectively,
as a consequence of the arrival of colder and fresher dense shelf waters, which cascade from the
Gulf of Lions to the lower Catalan continental slope (Font et al., 2007). The signature of these
dense shelf waters remained during one month in a range of low values (with peaks down to
12.51ºC and 38.41, σθ = 29.14), lasting for almost the same period as the continuous cascading
was recorded within the Cap de Creus Canyon, and was followed by a period of gradual θ and S
increase until reaching quite steady values of 12.88ºC and 38.48 (σθ = 29.12) by mid June 2005.
In late December 2005, potential temperature and salinity sharply increased by 0.06ºC and 0.01
respectively, presumably as a consequence of the arrival of newly formed dense waters by winter
offshore convection, and afterward, θ and S fluctuated between 12.82-12.95ºC and 38.47-38.49
until early March 2006. At that time, a sudden drop of 0.16ºC and 0.04 took place, associated to
the arrival of dense shelf waters to the HC-ICM site exported during the major 2006 cascading
event. Similar to what occurred in the preceding year, the signature of the dense shelf waters could
be detected at 1,890m depth for more than a month, with minimum values of 12.66 and 38.43 (σθ
= 29.13). Progressively, θ and S values reached the same new (i.e. after 2005) steady values of
12.88 and 38.48 (σθ = 29.12) by mid May 2006, although both variables showed after that date a
subtle but persistent increasing trend with periodic fluctuations of several days. The HC-ICM
mooring was recovered (and reinstalled again) in early March 2007 without showing any evidence
of termohaline changes in the WMDW associated to the several minor cascading events occurring
in winter 2006-07.

Daily landings of Aristeus antennatus from the Palamós fishing harbour also reflect a clear
difference between winters characterized by minor or major dense shelf water cascades. During
the major 2005 and 2006 cascading events, near-bottom currents associated with the propagation
of dense shelf waters reached sustained speeds >85cm/s inside de Cap de Creus Canyon (Figure
2b) and the advected dense shelf waters affected the entire northern Catalan continental slope,
reaching depths ~2,000m (Figures 2c and 2 d). Landings of Aristeus antennatus revealed that the
potential dragging capacity of such energetic flows coincided in time with the disappearance of this
deep-sea living resource from the fishing grounds (located at 400-800m depth), causing a
temporary fishery collapse of this species and disrupting the intra-annual variability of its landings
(Figure 2e). This evidence was first reported by Company et al. (2008) during the major 2005
cascading event, and was noticed in all the main fishing harbours on the northern Catalan coast (i.e.
Roses, Palamós, Blanes and Arenys de Mar). The disappearance of this species from the fishing
grounds was gradually delayed in the harbours located down current and towards the southwest,
in agreement with propagation of the cascading event (Figure 1). Landings at Palamós
progressively recovered 2-3 months after cessation of the cascading observed in the Cap de Creus
Canyon, indicating that effects on this deep-sea population can last for longer than the event itself.
The same disappearance pattern of Aristeus antennatus happened in 1999, during the previous
major cascading event (Company et al., 2008), and was observed again during the one occurring
in 2006 (Figure 2). Landings at Palamós dropped in early January 2006, at the time that the
cascading process was observed to occur uninterruptedly in the Cap de Creus canyon head, and
similar to what occurred in the preceding year, progressively recovered their usual values in July
2006. The spatio-temporal co-occurrence between major cascading events and the temporary
fishery collapse of Aristeus antennatus suggest that the physical disturbance by such strong deep
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currents of cold and turbid dense water probably displaces the individuals of this species from the
fishing grounds, presumably towards greater depths. Despite this initial negative effect, Company
et al. (2008) also conducted a long-term analysis of this fishery using historical databases and
found that total landings of Aristeus antennatus show an increasing trend and a peak of captures
between three and five years after major cascading events, preceded by an increase of juveniles.
These authors concluded that the large transport of dissolved and particulate organic matter
associated with this phenomenon appears to enhance the recruitment of this deep-sea living
resource, apparently mitigating the general trend of overexploitation. Following this recurrent
behaviour, it is expected that the beneficial effects after the 2005 and 2006 major cascading events
will be seen in the landings of Aristeus antennatus after 2008.

CONCLUSIONS

The time series of data recorded at the head of the Cap de Creus Canyon and in the lower Catalan
continental slope have allowed documenting the sequence of changes experienced by the WMDW
during the major 2005 and 2006 cascading events. The mixing of dense waters generated by
offshore convection in the MEDOC area and by cascading from the Gulf of Lions during winter
2004-05 seems to be the reason for a sudden transition from the typical WMDW to a saltier and
warmer deep water after spring 2005. This increase was not altered by the arrival to the north-
western Mediterranean basin of fresher and colder dense shelf waters originated during the major
cascading event in winter 2005-06.

These observational data further provide evidence that the physical disturbance originated by
strong currents during major cascading events co-occur with the disappearance of the deep-sea
shrimp Aristeus antennatus from the fishing grounds on the north-western Mediterranean. These
findings provide a new understanding of the inter-annual landings fluctuations of this highly
valuable deep-sea living resource, which are linked to a climate forcing. Such knowledge will
contribute to improve the management of this fishery, since the occurrence of major cascading
events can be monitored and used as a tool for managing this living resource. Additional
monitoring efforts could be conducted in other Mediterranean regions where dense shelf water
cascades have been identified, since similar interactions with deep-sea ecosystems might be
expected.

Acknowledgements

This research was supported by the EuroSTRATAFORM Program funded by the ONR (contract
number N00014-04-1-0379) and by the EC 5th FP (project EVK3-2002-00079). Additional support
was obtained from the HERMES Project funded by the EC-6th FP (contract GOCE-CT-2005-
511234). The HC-ICM mooring turnaround was funded by the Spanish Ministry of Education and
Science (Ref: CTM2007-28881-E).


