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Abstract. Dense shelf water cascading (DSWC) is a key
oceanographic process in transferring energy and matter
from continental shelves to deep ocean areas. Although in-
tense DSWC (IDSWC) events have received most attention
due to their large impacts, mild DSWC (MDSWC) events
are the most frequent in the northwestern Mediterranean
and are expected to become more common under climate
change. However, their dynamics, particularly in the Cap de
Creus Canyon, have been less comprehensively described
and compared to strong-winter events. This study investi-
gates MDSWC in the Cap de Creus Canyon during the mild
winter of 2021–2022, examining shelf-canyon transports of
both dense shelf waters and suspended particulate matter
(SPM). Observations from the FARDWO-CCC1 multiplat-
form cruise in March 2022 revealed the presence of cold,
dense, and turbid shelf waters, enriched in dissolved oxy-
gen and chlorophyll a, on the continental shelf adjacent to
the canyon. These waters cascaded into the canyon head and
progressed further into the canyon along its southern flank to
∼ 390 m depth. Estimated water and SPM transports during
this event were 0.7 Sv and 105 metric tons (t), respectively,
at the continental shelf. Within the canyon, transports were
0.3 Sv and 105 metric tons in the upper section, while mid-
canyon transports were lower (0.05 Sv and 104, respectively),
indicating that most dense shelf waters likely remained con-
fined to the shelf area and upper canyon. During this event,
dense shelf waters were transported ∼ 30 km from the shelf
into the canyon. Our results show that significant transport
of dense shelf waters (260 km3) and suspended sediment can

occur in the Cap de Creus Canyon during MDSWC events
under mild winters, also contributing significantly to the for-
mation of Western Intermediate Water (WIW) in the canyon.
The Mediterranean Sea Physics reanalysis data indicate that
the cascading season lasted from late-January to mid-March
2022, with several shallow cascading pulses throughout this
period. Peak transport occurred in mid-March associated
with an eastern storm, which likely intensified MDSWC in
the canyon. Our study reinforces the idea that dense shelf
water transports exhibit marked interannual variability, even
under mild winters.

1 Introduction

Continental margins are dynamic transition zones that con-
nect the terrestrial and ocean systems, and play a key role
in the transfer and redistribution of particulate material (Nit-
trouer et al., 2009; Levin and Sibuet, 2012). These regions
often receive substantial inputs of sediment, especially from
rivers and atmospheric deposition (Blair and Aller, 2012; Liu
et al., 2016; Kwon et al., 2021). While much of this mate-
rial accumulates on the continental shelf, various hydrody-
namic processes, such as storm waves, river floods, or ocean
currents, can resuspend and transport sediments towards the
continental slope and deeper areas of the ocean (Walsh and
Nittrouer, 2009; Puig et al., 2014).

One particularly efficient mechanism of shelf-to-slope ex-
changes is dense shelf water cascading (DSWC). DSWC is
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a seasonal oceanographic phenomenon that occurs in ma-
rine regions worldwide. DSWC starts when surface waters
over the continental shelf become denser than surrounding
waters by cooling, evaporation, or sea-ice formation with
brine rejection (e.g., Ivanov et al., 2004; Durrieu de Madron
et al., 2005; Canals et al., 2006; Amblas and Dowdeswell,
2018; Mahjabin et al., 2019, 2020; Gales et al., 2021). Dense
shelf waters then sink, generating near-bottom gravity flows
that move downslope, frequently funneled through subma-
rine canyons (Allen and Durrieu de Madron, 2009). This
process contributes to the ventilation of the deep ocean, and
plays an important role in the global thermohaline circula-
tion. Additionally, it modifies the seabed along its path by
eroding and depositing sediments, and facilitates the transfer
of energy and matter (including sediment particles, organic
carbon, pollutants, and litter) from shallow to deep waters
(Canals et al., 2006; Tubau et al., 2013; Puig, 2017; Amblas
and Dowdeswell, 2018).

The Gulf of Lion (GoL), located in the northwestern
Mediterranean, is a very interesting region to study DSWC
and shelf-slope exchanges. This region receives important
inputs from riverine discharge and atmospheric deposition,
and is subject to intense physical forcing (Durrieu de Madron
et al., 2008). Episodic events, such as storms or DSWC, ef-
ficiently contribute to the export of shelf waters and sedi-
ments towards the open sea and deeper parts of the basin
(Millot, 1990; Canals et al., 2006; Palanques et al., 2006,
2008; Ogston et al., 2008). The formation of dense waters
in the GoL essentially occurs in winter, triggered by per-
sistent (> 30 consecutive days) northerly and north-westerly
winds (locally named Tramontane and Mistral) that induce
surface heat loss, evaporation, vertical mixing, and the sub-
sequent densification of shelf waters (Durrieu de Madron et
al., 2005, 2008; Canals et al., 2006; Durrieu de Madron et
al., 2013). These dense waters sink until reaching their equi-
librium depth and propagate along the western coast of the
GoL (Fig. 1). The combined effect of the prevailing cyclonic
coastal circulation and the narrowing of the continental shelf
near the Cap de Creus Peninsula (Fig. 1), concentrates most
of this dense water at the southwestern end of the GoL, where
it is mainly exported through the Lacaze-Duthiers and Cap de
Creus canyons (Ulses et al., 2008b; Palanques et al., 2008).
In these canyons, dense waters overspill the shelf edge and
cascade down the slope (Béthoux et al., 2002; Durrieu de
Madron et al., 2005), contributing to the ventilation of inter-
mediate and deep layers. As they descend, these overflows
reshape the seabed by eroding and depositing sediments, and
promote the downslope transport of organic matter accumu-
lated on the shelf. Ultimately, DSWC in the GoL has been
observed to impact biogeochemical cycles and the function-
ing of deep-sea ecosystems (Bourrin and Durrieu de Madron,
2006; Bourrin et al., 2008; Heussner et al., 2006; Sanchez-
Vidal et al., 2008).

Due to its relative ease of access, the GoL is particu-
larly suitable for investigating DSWC. However, because

of its intermittent nature, DSWC remains difficult to ob-
serve directly and its contribution to shelf-slope exchanges
is challenging to quantify. Several studies in the GoL have
focused on the impact of intense DSWC (IDSWC) events
on shelf-slope exchanges. These particularly extreme events
were monitored in the winters of 1998–1999 (Heussner et
al., 2006), 2004–2005 (Canals et al., 2006; Ogston et al.,
2008; Puig et al., 2008), 2005–2006 (Sanchez-Vidal et al.,
2008; Pasqual et al., 2010), and 2011–2012 (Durrieu de
Madron et al., 2013; Palanques and Puig, 2018), with in-
strumented mooring lines deployed at ∼ 1000 m depth in
Lacaze-Duthiers and Cap de Creus Canyons. One of the
most studied IDSWC events occurred in the severe winter of
2004–2005, when over 40 d, more than two thirds (750 km3)
of GoL’s shelf waters cascaded through the Cap de Creus
Canyon (Canals et al., 2006; Ulses et al., 2008b). This event
was characterized by cold temperatures (11–12.7 °C), high
densities (σθ ≥ 29.1 kg m−3), strong down-canyon veloci-
ties (> 0.8 m s−1), and high suspended sediment concentra-
tions (30–40 mg L−1), and transported ∼ 0.6× 106 t of or-
ganic carbon downcanyon, a mass comparable to the mean
annual solid transport of all rivers discharging into the GoL
(Canals et al., 2006; Tesi et al., 2010). Although IDSWC
events have drawn particular attention due to their significant
impacts, mild or shallow DSWC (MDSWC) events are in fact
the most frequent since the set of the observational era in the
GoL, and they are expected to become more prevalent under
climate change (Herrmann et al., 2008; Durrieu de Madron et
al., 2023). These events typically occur during mild winters,
characterized by quieter atmospheric conditions and lower
heat losses (Martín et al., 2013; Rumín-Caparrós et al., 2013;
Mikolajczak et al., 2020). During such winters, the cold con-
tinental winds that drive dense water formation are weaker
and less persistent, typically blowing for fewer than 30 d
and rarely exceeding speeds of 10 m s−1. In contrast, east-
erly and southeasterly winds become unusually more fre-
quent and sustained, sometimes blowing for more than three
consecutive days (Ferré et al., 2008). They do not produce
a densification of surface waters but lead to an intense cy-
clonic circulation on the GoL’s shelf (Ulses et al., 2008a;
Mikolajczak et al., 2020). At the same time, river discharges,
particularly from the Rhône River, supply freshwater to the
GoL’s shelf, further limiting locally the densification of shelf
waters (Ulses et al., 2008a). The cyclonic circulation on
the shelf can promote the accumulation of light shelf wa-
ters (σθ ≈ 27.78 kg m−3) along the coast and their subse-
quent downwelling into the Cap de Creus Canyon, without
cascading off-shelf (Martín et al., 2013; Rumín-Caparrós et
al., 2013). Under mild winter conditions, shelf waters can
continue to gain density on the shelf, reaching σθ ≈ 28.9–
29.1 kg m−3 and cascading typically to depths∼ 400 m depth
into the canyon. This shallow cascading allows dense shelf
waters to descent just above the intermediate-water layer,
where they contribute to the formation of Western Intermedi-

Ocean Sci., 21, 3195–3219, 2025 https://doi.org/10.5194/os-21-3195-2025



M. Arjona-Camas et al.: DSWC and sediment transport in Cap de Creus Canyon under mild winters 3197

Figure 1. (a) Bathymetric map of the GoL showing the rivers discharging into the gulf and the incised submarine canyons. Black arrows
depict Tramontane and Mistral winds. The grey arrow indicates the direction of the Northern Current over the study area. (b) Bathymetric
map of the southwestern part of the Gulf of Lion showing the location of Lacaze-Duthiers Canyon (LDC) and Cap de Creus Canyon (CCC).
Orange triangles indicate the location of buoys (POEM, Banyuls, and SOLA). The location of the re-analysis grid-points at the shelf break
(RA-SB) and within the CCC (RA-C) are indicated with dark blue dots. Green dots represent the location of CTD stations carried out during
the FARDWO-CCC1 cruise. Red stars mark the location of two instrumented mooring lines deployed at ∼ 1000 m depth at the axis of LDC
(LDC-1000) and CCC (CCC-1000). The solid yellow line indicates the glider section on the continental shelf adjacent to the CCC. Dashed
lines correspond to the virtual transects defined using reanalysis data: dark blue and light blue lines indicate the location of the upper and
mid-canyon transects, respectively, used to estimate dense water transport during winter 2021–2022; the fuchsia dashed line marks the central
canyon transect used to determine the temporal evolution of cascading events over the past 26 years (1997–2022).

ate Water (WIW) (Dufau-Julliand et al., 2004; Herrmann et
al., 2008).

The mechanisms driving MDSWC events during mild
winters are relatively well described, but their magnitude and
contribution to shelf-to-slope exchanges remain less quanti-
fied. Previous studies have provided first-order estimates of
dense water transports during MDSWC events. For instance,
Ulses et al. (2008a) estimated a total transport of dense shelf
waters of 75 km3 in the mild winter of 2003–2004, an or-
der of magnitude smaller than during IDSWC events. More
recently, modeling studies have expanded our understanding
on the interannual variability of dense water transports under
different atmospheric scenarios, and emphasized the role of
mild winters in driving MDSWC events in the GoL (Mikola-
jczak et al., 2020). Nonetheless, most existing studies have
relied on numerical simulations or time series from fixed
mooring stations, which offer limited spatial and temporal
resolution and do not fully capture shelf-to-slope exchanges.
Consequently, there is still a lack of direct observational evi-
dence documenting the transport of dense shelf waters and
suspended particulate matter (SPM) from the shelf to the
canyon under mild winter conditions, as well as how these
events compare to the full spectrum of cascading events ob-
served in the Cap de Creus Canyon. To address this gap, the

present study documents and characterizes a MDSWC event
in the Cap de Creus during the mild winter of 2021–2022. We
combine hydrographic and velocity measurements collected
within the canyon and on the adjacent shelf to investigate the
shelf-to-canyon transports, along with reanalysis data to de-
termine the temporal extent of this event and place it in the
broader context of cascading events observed in the Cap de
Creus Canyon over the past 26 years. By focusing on a mild
winter scenario, we aim to provide insights into MDSWC
events and discuss the implications for WIW formation and
deep-sea ecosystems.

2 Study area

2.1 General setting

The GoL is a micro-tidal river-dominated continental margin
that extends from the Cap Croisette Peninsula, in the northern
part of the gulf, to the Cap de Creus Peninsula at its south-
western limit (Fig. 1a). It is characterized by a wide continen-
tal shelf (up to 70 km) and it is incised by a dense network of
submarine canyons (Lastras et al., 2007).

The GoL is impacted by strong continental winds from the
north and northwest (Mistral and Tramontane, respectively),
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which favor dense water formation and cascading events in
winter (Durrieu de Madron et al., 2013) and coastal up-
wellings in summer (Odic et al., 2022). Humid easterly and
southeasterly winds, which blow less frequently, occur pri-
marily from autumn to spring, and can produce large swells
and high waves over the continental shelf (Ferré et al., 2008;
Leredde et al., 2007; Petrenko et al., 2008; Guizien, 2009).
They do not produce a densification of surface waters but
they lead to an intense cyclonic circulation on the GoL’s shelf
and to a strong export of shelf waters at the southwestern exit
of the GoL (Ulses et al., 2008a; Mikolajczak et al., 2020).

The ocean circulation of the GoL is also influenced by the
freshwater inputs from the Rhône River, one of the largest
Mediterranean Rivers, and a series of smaller rivers with typ-
ical flash-flooding regimes (Ludwig et al., 2009). The Rhône
River supplies an annual river discharge of 1700 m3 s−1 and
an average of 8.4 Mt yr1 of suspended particulate matter
(Sadaoui et al., 2016; Poulier et al., 2019). The smaller rivers
(from south to north the Tech, Têt, Agly, Aude, Orb, Hérault,
Lez, and Vidourle) account for slightly 5 % of the total in-
puts of particulate matter (∼ 0.5 Mt yr−1) to the GoL (Serrat
et al., 2001; Bourrin and Durrieu de Madron, 2006). Most of
the sediment delivered by these rivers is temporarily stored
near their mouths in deltas and prodeltas (Drexler and Nit-
trouer, 2008), and afterwards it is remobilized and redis-
tributed along the margin by storms and wind-driven along-
shelf currents (Estournel et al., 2023). These coastal currents
carry particulate material from the shelf towards the south-
western end of the GoL, where the continental shelf rapidly
narrows and the Cap de Creus Peninsula constraints the cir-
culation, intensifying the water flow and increasing the parti-
cle concentration (Durrieu de Madron et al., 1990; Canals et
al., 2006).

The Cap de Creus Canyon represents the limit between the
GoL and the Catalan margin (Fig. 1b). The canyon head is
located only 4 km from the coast and incises the shelf edge at
110–130 m depth (Lastras et al., 2007). Due to its proximity
to the coast and the preferential direction of coastal currents,
this canyon has been identified as the main pathway for the
transfer of water and sediments from the shelf to the slope
and deep margin (Canals et al., 2006; Palanques et al., 2006,
2012).

2.2 Hydrography

The surface layers over the GoL shelf stratify between late
spring and autumn (Millot, 1990). In winter, surface cool-
ing and wind-driven mixing weaken the stratification, which
lead to a vertically homogeneous water column over the con-
tinental shelf (Durrieu de Madron and Panouse, 1996). Off-
shore, the GoL is characterized by several water masses.
The Atlantic Water (AW) fills the upper 250 m and flows
into the Mediterranean Sea through the Strait of Gibral-
tar. During its transit to the GoL, its hydrographic proper-
ties undergo chemical and physical modifications, becom-

ing the “old” Atlantic Water (oAW) with T > 13 °C and
S = 38.0–38.2 (Millot, 1999). Below, the Eastern Interme-
diate Water (EIW) occupies the water column between 250
and 850 m depth. It is formed during winter in the Levan-
tine Basin, in the Eastern Mediterranean Sea, by intermedi-
ate convection (Font, 1987; Millot, 1999; Taillandier et al.,
2022; Schroeder et al., 2024). The Western Mediterranean
Deep Water (WMDW) occupies the deepest bathymetric lev-
els and is formed in winter at interannual scales in the GoL
by open-ocean deep convection. It typically shows T ∼ 13 °C
and S = 38.43–38.47 (Marshall and Schott, 1999; Somot et
al., 2016). During winter, northerly and north-westerly winds
cause the formation of dense shelf waters (DSW) over the
GoL’s shelf (T < 13 °C and S < 38.4) (Houpert et al., 2016;
Testor et al., 2018). During mild winters, these dense wa-
ters do not gain enough density (σ < 29.1 kg m−3) to sink
into the deep basin, and contribute to the Western Interme-
diate Water (WIW) (T = 12.6–13.0 °C and S = 38.1–38.3)
body found at upper slope depths (∼ 380–400 m) (Dufau-
Julliand et al., 2004; Durrieu de Madron et al., 2005; Juza
et al., 2013). The formation of WIW is an important process
in the Mediterranean Thermohaline Circulation (MTHC),
as it contributes to the ventilation of intermediate layers
and plays a role in preconditioning the region for deeper
convection events (Juza et al., 2019). During extreme win-
ters, the potential density of DSW exceeds that of the EIW
(σ = 29.05–29.10 kg m−3) and even surpasses the density of
the WMDW (σ = 29.10–29.16 kg m−3), enabling DSWC to
reach the deep basin around 2000–2500 m depth. This pro-
cess contributes to the ventilation of the deep waters and to
the final characteristics of the WMDW (Durrieu de Madron,
2013; Palanques and Puig, 2018).

3 Materials and methods

3.1 Field data

3.1.1 Hydrographic transects and current vertical
profiles

During the FARDWO-CCC1 Cruise, onboard the R/V Gar-
cía del Cid, two hydrographic transects were conducted on
5–6 March 2022, across the Cap de Creus Canyon, with sta-
tions spaced every 1.5 km. The T1 transect covered the up-
per section of the canyon, while the T2 transect covered the
mid-canyon section (Fig. 1b). The hydrographic data were
collected using a SeaBird 9 CTD probe coupled with a Sea-
Point Fluorometer and Turbidity Sensor (700 nm), an SBE43
dissolved oxygen sensor, and a WetLabs C-Star Transmis-
someter (650 nm). These sensors were mounted on a rosette
system with twelve 12 L Niskin bottles, which collected wa-
ter samples from various depths. The CTD-Rosette system
was hauled through the water column, allowing the compar-
ison of sensor outputs in productive surface waters with high
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fluorescence, in clear mid-waters, and in intermediate and
bottom nepheloid layers loaded with fine suspended parti-
cles. The hydrographic profiles obtained from the CTD sta-
tions were interpolated onto a regular grid using the isopy-
cnic gridding method integrated in the Data-Interpolating
Variational Analysis (DIVA) gridding software from Ocean
Data View (ODV) (v.5.7.2) (Schlitzer, 2023). This method
is an advance gridding procedure that aligns property con-
tours along lines of constant potential density (isopycnals)
rather than constant depth, which improves the representa-
tion of water mass structures and reduces artificial smoothing
across density gradients (Schlitzer, 2023). For the interpola-
tion, scale lengths were set to 200 m horizontally and 1 m
vertically, with a quality limit of 3.0 and excluding outliers.

Velocity profiles were simultaneously measured using two
Lowered Acoustic Doppler Current Profiler (LADCPs) Tele-
dyne 300 kHz narrowband units mounted on the CTD frame.
One unit faced upwards and the other downwards to max-
imize the total range of velocity observations. Each in-
strument was configured with 20 bins, each 8 m in length,
which allowed for a measurement range of ∼ 160 m (Thurn-
herr, 2010). The raw LADCP data were processed using the
LDEO Software version IX by applying the least-squared
method, using the navigation and the vessel-mounted (VM)
ADCP data as constraints (Visbeck, 2002).

3.1.2 Vessel-mounted (VM) ADCP data

The R/V García del Cid was equipped with a vessel-mounted
(VM) 75 kHz ADCP (Ocean Surveyor, RD Instruments) that
recorded current velocities along the hydrographic sections.
The VM-ADCP was configured to record current veloci-
ties at 2 min averages, while sampling depths were set to
8-m vertical bins. The VM-ADCP data were processed us-
ing the CASCADE V7.2 software (Le Bot et al., 2011). Ab-
solute current velocities resulted from removing the vessel
speed, derived from a differential global positioning sys-
tem. The measurement range of the instrument was from
20 to 720 m depth. Given the micro-tidal regime of the
Mediterranean Sea (tidal range ∼ 0.5 m), tides are consid-
ered of very low magnitude in the GoL (Davis and Hayes,
1984; Dipper, 2022). Nevertheless, a barotropic tide correc-
tion was applied to the VM-ADCP data using the OTIS-
TPX8 Tide model (https://www.tpxo.net/global, last access:
1 October 2023) within the cascade V7.2 software, which
provided tide-corrected current velocities. VM-ADCP data
were then screened to align with the timeframe of the differ-
ent hydrographic sections. However, the VM-ADCP’s range
could not fully cover the water column due to the interaction
of secondary acoustical lobes with the seabed. To address
this limitation, we integrated VM-ADCP data with LADCP
measurements recorded at each station. This integration in-
volved aligning time stamps, matching coordinate systems,
and merging and interpolating datasets.

Finally, ADCP velocities, decomposed into E–W and N–S
components, were rotated 15° counterclockwise to align with
the local canyon axis orientation. This rotation provided the
across- and along-canyon velocity components for interpre-
tation. For the across-canyon component, eastward velocities
have been defined as positive and westward velocities as neg-
ative. For the along-canyon component, up-canyon velocities
are positive, while down-canyon velocities are negative.

3.1.3 Glider observations

The hydrodynamics of dense shelf waters at the continen-
tal shelf adjacent to the Cap de Creus Canyon were mon-
itored by a SeaExplorer underwater glider (ALSEAMAR-
ALCEN). The glider carried out one along-shelf (i.e., north-
south) section and navigated 10 km for 25 h, starting on 5
March 2022 (Fig. 1b). It conducted a total of 28 yos (down/up
casts). It followed a sawtooth-shaped trajectory through the
water column, descending typically to 2 m above the bot-
tom (between 83 and 92 m depth) and ascending to 0–1 m
of distance from the surface. The glider was equipped with
a pumped SeaBird GPCTD, coupled with a dissolved oxy-
gen sensor (SBE43F), that acquired temperature, conductiv-
ity, and pressure data at a sampling rate of 4 s. Addition-
ally, the glider had a SeaBird Triplet (WetLabs FLBBCD
sensor), which measured proxies of phytoplankton abun-
dance (by measuring the fluorescence of chlorophyll a at
470/695 nm), and total particle concentration (by measuring
optical backscattering at 700 nm). Finally, the glider inte-
grated a downward-looking AD2CP (Acoustic Doppler Dual
Current Profiler) that measured relative water column veloc-
ities and the glider speed. The AD2CP was configured with
15 vertically stacked cells of 2 m resolution, and a sampling
frequency of 5 s. Raw velocity measurements were processed
using the shear method to derive absolute current velocities
(Fischer and Visbeck, 1993; Thurnherr et al., 2015; Homrani
et al., 2025). We used bottom tracking and GPS coordinates
as constraints to reference each velocity profile. The hydro-
graphic profiles obtained from the glider were similarly in-
terpolated using the isopycnic gridding method as applied to
the CTD data (Schlitzer, 2023).

3.2 Ancillary data

3.2.1 Environmental forcings and shelf observational
data

Heat flux data were used to evaluate the interaction be-
tween the atmosphere and the ocean surface. Data were re-
trieved from the European Centre for Medium-range Weather
Forecast (ECMWF) ERA5 reanalysis by Copernicus Cli-
mate Change Service. This global reanalysis product pro-
vides hourly estimates of a large number of atmospheric vari-
ables since 1940, with a horizontal resolution of 0.25° (Hers-
bach et al., 2023). For this study, the sea-atmosphere inter-
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actions were assessed from 42.6 to 43.4° N and from 3 to
4.5° E, approximately covering the entire GoL’s continental
shelf, from October 2021 to May 2022.

Significant wave height (Hs) data were retrieved from
the Banyuls buoy (06601) located at 42.49° N and 3.17° E
(Fig. 1b), through the French CANDHIS database (https:
//candhis.cerema.fr, last access: 22 May 2023). These mea-
surements were recorded every 30 min using a directional
wave buoy (Datawell DWR MkIII 70). Wind speed and direc-
tion data were obtained from the POEM buoy (https://www.
seanoe.org/data/00777/88936/, last access: 4 October 2023;
Bourrin et al., 2022), which records hourly observations us-
ing a surface meteorological sensor and is also equipped with
a multiparametric CTD probe measuring near-surface tem-
perature and salinity. In addition, the SOLA station, located
in the Bay of Banyuls-sur-Mer (Fig. 1) and managed by
the SOMLIT network (https://www.seanoe.org/data/00886/
99794/, last access: 2 October 2023; Conan et al., 2024) pro-
vided weekly near-bottom (∼ 27 m) time series of tempera-
ture, salinity, and pressure. This data allowed to monitor the
presence of dense shelf waters over the continental shelf dur-
ing the winter of 2021–2022. Raw data were processed to
remove gaps and outliers prior to analysis.

Water discharge of rivers opening to the GoL was mea-
sured by gauging stations located near rivers mouths and pro-
vided by Hydro Portail v3.1.4.3 (https://hydro.eaufrance.fr,
last access: 1 October 2023). For this study, we have consid-
ered the river discharge from the Rhône River and the total
discharge from coastal rivers as the sum of their individual
contributions.

3.2.2 Instrumented mooring lines

Current velocity and direction, temperature, and SPM con-
centration were monitored in two submarine canyons, the
Lacaze-Duthiers Canyon (LDC) and the Cap de Creus
Canyon (CCC), by means of two instrumented mooring lines
(Fig. 1b). The mooring line at Lacaze-Duthiers Canyon, lo-
cated at about 1000 m depth, has been maintained in the
canyon since 1993 as part of the MOOSE program. It is
equipped with two current meters (Nortek Aquadopp 2 MHz)
with temperature, conductivity, and turbidity sensors, placed
at 500 and 1000 m depth (referred to as LDC-500 and LDC-
1000, respectively). The sampling interval for the current me-
ters was set to 60 min. The fixed mooring line at the Cap
de Creus Canyon has been maintained in the canyon axis
by the University of Barcelona since December 2010. This
mooring line, referred to as CCC-1000, is equipped with a
current meter (Nortek Aquadopp 2 MHz) with temperature,
conductivity, and turbidity sensors placed at 18 m above the
bottom (mab). The current meter sampling interval was set to
15 min. For this study, the recording period was considered
from 1 December 2021 to 1 April 2022, which encompassed
the winter of 2021–2022.

3.3 Determination of SPM concentrations from
turbidity measurements

To calibrate turbidity measurements obtained in the Cap de
Creus Canyon during the FARDWO-CCC1 Cruise, water
samples were collected at selected depths with Niskin bot-
tles. For each sample, between 2 and 3 L of water were vac-
uum filtered into 47 mm 0.4 µm pre-weighted Nucleopore fil-
ters. The filters were then rinsed with MiliQ water to remove
salt and stored at 4 °C. Then, these filters were dried by des-
iccation and weighted. The weighing difference of the fil-
ters divided by the volume filtered of seawater yielded to the
SPM concentration, in mg L−1. Finally, the measured SPM
concentrations were plotted against in situ turbidity mea-
surements, both from the transmissometer and the optical
sensor (Fig. 2a, b). The beam attenuation coefficient (BAC)
from the transmissometer showed a stronger correlation with
SPM (R2

= 0.86) compared to FTU from the SeaPoint tur-
bidity sensor (R2

= 0.81). Therefore, SPM concentrations
were predicted using the equation:

SPM= 1.84 ·BAC+ 0.05(R2
= 0.85;n= 25) (1)

Backscatter data (in counts) from a self-contained FLB-
BCD optical sensor, identical to the one installed on the Sea-
Explorer glider, were also correlated to SPM concentration
using a laboratory calibration. Firstly, the optical sensor was
submerged into a 10 L plastic tank filled with freshwater.
Then, sediment was added while stirring the water to dis-
tribute the sediment particles evenly. The amount of sedi-
ment was gradually increased until the instrument reached
a saturation level of approximately 4000 counts, correspond-
ing to a sediment mass of 447.5 mg. The optical sensor, con-
nected to a computer, displayed and stored the turbidity mea-
surements during the calibration process. Then, water sam-
ples were taken at each interval and filtered, obtaining SPM
concentration (in mg L−1). Pairs of counts/SPM data points
yielded the following regression line (Fig. 2c):

SPM= 0.01 · counts(R2
= 0.97;n= 20) (2)

Finally, echo intensity (EI) records from the current me-
ters equipped in LDC and CCC lines were also correlated
with SPM concentration, using a linear equation relating the
logarithm of SPM to EI (Gartner, 2004). Unlike optical de-
vices, acoustic sensors measure relative particle concentra-
tions based on changes on the backscattered acoustic sig-
nal (Fugate and Friedrichs, 2002). Acoustic backscatter, ex-
pressed in counts, is proportional to the decibel sound pres-
sure level (Lohrmann, 2001), and depends on the particle size
and on the operating frequency of the acoustic sensor (Wil-
son and Hay, 2015). The equation derived from the regres-
sion between backscatter data and direct sampling concen-
tration in the GoL was (Fig. 2d):

10 · log(SPM)= 0.405 ·EI− 22.46(R2
= 0.94;n= 66) (3)
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Figure 2. Relationship between the weighed SPM mass concentration (mg L−1) and: (a) turbidity records (FTU) from the SeaPoint sensor
and (b) BAC (m−1) from the WetLabs transmissometer attached to the CTD-rosette system; (c) optical backscatter sensor data (counts) from
the WetLabs FLBBCD sensor mounted on the SeaExplorer glider; (d) echo intensity (dB) retrieved from the current meters installed in LDC
and CCC instrumented moorings. For each relationship, the regression coefficient (R2) is given.

3.4 Estimation of dense water and SPM transports
from observations

The total transports of dense shelf water and associated SPM
were estimated using hydrographic and current measure-
ments collected during the FARDWO-CCC1 cruise and the
glider survey conducted in early March 2022 in the Cap de
Creus Canyon and its adjacent shelf, respectively.

First, to isolate dense shelf waters, we selected water
masses with a potential temperature below 12.9 °C and po-
tential density below 29.1 kg m−3. At the canyon, these prop-
erties already corresponded to the signature of the West-
ern Intermediate Water (WIW). Then, dense water transports
(expressed in Sv= 1× 106 m3 s−1) were calculated by inte-
grating the zonal component of current speed (which aligns
with the down-canyon direction) over the depths occupied
by dense shelf waters. For the T1 and T2 transects, current
speed was measured using the LADCP attached to the CTD-
rosette system, and transport was calculated in vertical cells
of 8 m (the LADCP bin size) and then integrated over the
whole transect. For the glider section over the continental
shelf, dense water transport was computed using the same
approach, although current velocity data were obtained from
the glider-mounted AD2CP.

After estimating dense water transport, we computed the
associated SPM transport (in metric tons) by multiplying the
calculated water transport by the SPM concentration within
the dense water layer. SPM concentrations were derived from

the SeaPoint sensor integrated into the CTD probe for the
canyon transects, and from the WetLabs FLBBCD sensor on-
board the glider for the shelf section. Finally, all SPM profiles
were resampled to match the vertical resolution of current ve-
locity measurements prior to integration.

3.5 Reanalysis data

To complement the observational dataset, we used the
Mediterranean Sea Physics Reanalysis (hereafter MedSea)
from the Copernicus Marine Service to evaluate the spa-
tiotemporal evolution of hydrographic properties and trans-
port patterns of dense shelf waters in the Cap de Creus
Canyon. This reanalysis product has a horizontal resolu-
tion of 1/24° (∼ 4–5 km) and provides daily estimates of
ocean variables, including temperature, salinity, and currents
at multiple depths (Escudier et al., 2020, 2021).

First, we used the MedSea data to assess the temporal evo-
lution of hydrographic conditions during winter 2021–2022.
Daily time series of temperature and salinity were extracted
from two grid points at key locations along the pathway of
dense shelf waters: one located at the shelf break (RA-SB:
42.48° N and 3.29° E, depth= 250 m), and another within
the Cap de Creus Canyon (RA-C: 42.34° N and 3.37° E,
depth= 350 m) (Fig. 1b).

Then, we calculated the transport of dense shelf waters
through the canyon using MedSea data by applying the same
approach as for the observational dataset. First, we identified
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dense shelf waters using the same hydrographic thresholds
(T < 12.9 °C and σ < 29.1 kg m−3). Then, we estimated the
dense water transport (in Sv) by integrating the zonal ve-
locity component (aligned with the downcanyon direction)
across two virtual transects close to the T1 and T2 sections
sampled during the FARDWO-CCC1 cruise (Fig. 1b). This
analysis was performed for the winter of 2021–2022 to cap-
ture the temporal variability of the transport, and allowed us
to extend the analysis beyond the limited period covered by
the field data. Finally, to determine the temporal context and
interannual variability of dense shelf water transport, we ana-
lyzed a 26-year (1997–2022) time series of MedSea reanaly-
sis data across a central transect in the Cap de Creus Canyon
(see location in Fig. 1). Dense shelf waters were identi-
fied by temperature< 12.9 °C and zonal velocity> 0.1 m s−1

(down-canyon velocities). We distinguished IDSWC events
by a density threshold > 29.1 kg m−3, whereas MDSWC
events were characterized by densities below this threshold.
This long-term analysis allowed us to place the 2021–2022
MDSWC event in the context of other cascading episodes
previously reported in the Gulf of Lion and to evaluate its
relative intensity.

4 Results

4.1 Meteorological and oceanographic conditions
during winter 2021–2022

The meteorological, oceanographic, and hydrological condi-
tions during winter 2021–2022 are summarized in Fig. 3.
In order to understand the thermohaline characteristics ob-
served in the Cap de Creus Canyon during the FARDWO-
CCC1 cruise in a broader temporal and spatial context, near-
bottom temperature, salinity, and potential density at the
shelf, shelf break, and canyon for the entire winter of 2021–
2022 are also shown in Fig. 3.

The time series of net heat fluxes over the GoL’s shelf
showed negative values from October 2021 to early April
2022, indicating a heat loss from the ocean to the atmosphere
(Fig. 3a). The strongest net heat losses during that winter
occurred between November 2021 and late February 2022,
reaching values of about −400 W m−2 (Fig. 3a). As usual in
the study area during winter, the most frequent and gener-
ally strongest winds were northern and northwesterly winds
(Tramontane and Mistral), alternated with shorter periods of
easterly and southeasterly winds (Fig. 3b). The duration of
northerly and northwesterly winds varied throughout the sea-
son, from short bursts of 1–3 d in October and December to
longer periods of 5–7 d in November and February (Fig. 3b),
with occasional peaks exceeding 25 m s−1 associated with
the strongest heat losses (Fig. 3b, c). A period of sustained
northerly winds during February, with wind speeds up to
20 m s−1, preceded and continued through the FARDWO-
CCC1 cruise (1–7 March) (Fig. 3b, c). During this period,

significant wave height (Hs) ranged between 0.5 and 2.0 m,
with no major marine storms recorded before or during the
cruise (Fig. 3c). In parallel, the Rhône River discharge dis-
played average values of about 1850 m3 s−1 (Fig. 3d; Pont
et al., 2002; Provansal et al., 2014), while coastal river dis-
charges remained relatively low throughout the entire winter,
typically below 200 m3 s−1 (Fig. 3d; Pont et al., 2002; Bour-
rin and Durrieu de Madron, 2006). This period of strong heat
losses, combined with persistent northerly and northwesterly
winds, represent the typical winter conditions that favor the
formation of dense shelf waters in the Gulf of Lion (Durrieu
de Madron et al., 2005).

After the cruise, a series of sustained eastern winds oc-
curred during March and April 2022 (Fig. 3b). From mid-
March onwards, easterly winds were more frequent than at
any other time of winter 2021–2022 and were particularly in-
tense on 11–13 March, with speeds of ∼ 19 m s−1 (Fig. 3b).
In particular, the eastern storm on 13 March was accompa-
nied with Hs> 3 m, which lasted for over 20 h (Fig. 3c).
The sustained easterly winds during 11–13 March pulled
Mediterranean humid air towards southern France, causing
intense rainfall from the Eastern Pyrenees to the Massif Cen-
tral. In contrast, precipitations in the rest of France, includ-
ing the watershed of the Rhône River, were weak (https://
www.eaufrance.fr/publications/bsh/2022-04, last access: 25
August 2025). As a consequence, coastal river discharges in-
creased up to 2265 m3 s−1, while the Rhône River discharge
was comparatively lower (884 m3 s−1) (Fig. 3d).

The hydrographic conditions during winter 2021–2022 re-
vealed the presence of dense shelf waters at the shelf, shelf
break and canyon from late January to early March, prior to
the FARDWO-CCC1 cruise (Fig. 3e–g). Near-bottom tem-
perature at the continental shelf, measured by the POEM
buoy, decreased gradually from 20 to 13 °C during winter-
time (Fig. 3e), while salinity fluctuated between 37.8 to 38.1,
occasionally dropping below 37.8 in parallel with temper-
ature decreases (Fig. 3f). At the shelf break (250 m depth)
and in the Cap de Creus Canyon (350 m depth), reanalysis
data showed generally stable thermohaline properties, with
short-lived pulses of colder (12.9 °C) waters from late Jan-
uary to early March (Fig. 3e, f). Potential density at the
shelf and shelf break increased during February–March 2022
when it peaked at ∼ 28.9 kg m−3 (Fig. 3g), while density at
the canyon remained relatively constant (28.8–28.95 kg m−3)
throughout winter (Fig. 3g).

4.2 Time series at Lacaze-Duthiers and Cap de Creus
canyons during winter 2021–2022

Figure 4 shows the time series of temperature, current speed
and direction, and SPM concentration recorded at the moor-
ing stations in Lacaze-Duthiers Canyon (at 500 and 1000 m
depth) and the Cap de Creus Canyon (at 1000 m depth) dur-
ing winter 2021–2022. At 500 m depth in Lacaze-Duthiers
Canyn (LDC-500), temperature remained relatively constant
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Figure 3. Time series of (a) net heat fluxes (NHF, W m−2) averaged over the GoL’s shelf; (b) wind speed (m s−1) measured at the POEM
buoy. Blue and red shaded bars indicate N/NW and S/SE winds, respectively; (c) significant wave height (Hs, m) measured at the Banyuls
buoy; (d) river discharge (Q, m3 s−1) of the Rhône River (dark blue) and coastal river discharges discharging into the GoL (light blue); (e)
weekly mean bottom temperature (O, °C), (f) salinity, and (g) potential density (σ , kg m−3) calculated from TS data at the continental shelf
(black), the shelf break (orange), and the Cap de Creus Canyon (green). Data at the continental shelf were measured at the POEM buoy. Data
at the shelf break and within the Cap de Creus Canyon were extracted from two grid points from the MedSea. All data are displayed for the
period between October 2021 and May 2022. The grey shaded vertical bar highlights the FARDWO-CCC1 Cruise, which took place on 1–7
March 2022. The studied winter period is also indicated in the figure and corresponds to the time of most negative NHF values, indicating
the strongest ocean heat loss to the atmosphere and favorable conditions for DSWC events.

between 13.5 and 14 °C, while at 1000 m in both Lacaze-
Duthiers and Cap de Creus canyons, it fluctuated between
13.1 and 13.4 °C (Fig. 4a). Current speeds ranged from
0.01 to 0.1 m s−1 at 500 in Lacaze-Duthiers Canyon and
at 1000 m in the Cap de Creus Canyon (Fig. 4b, d), and
from 0.1 and 0.2 m s−1 at 1000 m in Lacaze-Duthiers Canyon
(Fig. 4c). At this depth, current speed increased several times
to 0.12 m s−1 between January and mid-March 2022, and
peaked at 0.2 m s−1 in late March (Fig. 4c). A similar, but
less intense peak was observed in the Cap de Creus Canyon
at 1000 m during the same period (Fig. 4c), coinciding with
small temperature drops (Fig. 4a). Current direction at 500 m
in Lacaze-Duthiers Canyon was isotropic (Fig. 4b), while at
1000 m in both Lacaze-Duthiers and Cap de Creus canyons,
it became anisotropic and preferentially aligned with the ori-
entation of the respective canyon axes (Fig. 4c, d). SPM con-

centrations ranged between 0.2 and 0.5 mg L−1 at all mon-
itored depths during winter 2021–2022 (Fig. 4e). The high-
est SPM concentrations were recorded at 1000 m depth in
the Cap de Creus Canyon from mid-February to late March
2022, reaching values of ∼ 1 mg L−1 (Fig. 4e). In general,
temperature, current speed and direction, and SPM concen-
trations showed small variability prior to the FARDWO-
CCC1 cruise, and the arrival of dense shelf waters was not
clearly observed at the monitored depths (Fig. 4).

4.3 Water column properties at the Cap de Creus
Canyon and adjacent shelf in March 2022

4.3.1 Hydrographic and biogeochemical properties

The continental shelf adjacent to the Cap de Creus Canyon
was monitored on 5 March with a SeaExplorer glider, which
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Figure 4. Time series of (a) potential temperature (°C), (b–d) stick plots of currents and current speed as a shaded grey area (m s−1), and (e)
suspended particulate matter concentration (SPM, mg L−1) measured at the mooring stations in Lacaze-Duthiers Canyon (LDC-500 in light
blue, and LDC-1000 in dark blue) Cap de Creus Canyon (CCC-1000 in red) during winter 2021–2022. In panels (b)–(d), arrows indicate the
along-canyon component for each mooring site. The grey shaded vertical bar highlights the FARDWO-CCC1 Cruise, which took place on
1–7 March 2022.

profiled the water column from the surface to 92 m depth.
In the northern part of the shelf transect, a water mass char-
acterized by temperatures of 12.9 °C and salinities of 38.2
occupied most of the water column above the 28.95 kg m−3

isopycnal (Fig. 5a–c). This water mass showed SPM con-
centrations of 1.5–3.0 mg L−1 and dissolved oxygen val-
ues of ∼ 232 µmol kg−1 (Fig. 6a, c). Near the bottom, a
cooler, fresher, more turbid, and oxygen-richer water mass
was observed in the northern part of the section (Figs. 5a–
c and 6a–c). This water mass flowed along the shelf be-
low the 28.95 kg m−3 isopycnal, gradually becoming slightly
warmer, saltier, less turbid, and less oxygenated towards the
southern shelf (Figs. 5a–c and 6a–c). Fluorescence values
also increased southward along the transect (Fig. 6b). Al-
together, these hydrographic and biogeochemical properties
clearly indicate the presence of dense shelf waters on the
continental shelf in the shape of a wedge that thickened to-
wards the Cap de Creus Peninsula (i.e., south) near the bot-
tom (Figs. 5a–c and 6a–c). These conditions represent the
oceanographic conditions of the continental shelf shortly be-
fore the onset of the FARDWO-CCC1 cruise.

During the FARDWO-CCC1 cruise, two ship-based CTD
transects were conducted across the Cap de Creus Canyon.
The T1 transect, carried out across the upper canyon, ex-
tended from the surface down to 625 m depth. The upper
100 m were characterized by temperatures of 13–13.2 °C,
salinities of ∼ 38.25 (Fig. 5d, e), dissolved oxygen concen-
trations of∼ 200 µmol kg−1, and relatively low SPM concen-
trations (0.3 mg L−1) (Fig. 6d, f). Beneath this layer, a colder
(12.2–12.7 °C), fresher (S = 38.1–38.2) water mass was ob-
served detaching from the southern flank into the canyon
interior at 100–400 m depth (Fig. 5d, f), with densities
∼ 29 kg m−3, dissolved oxygen values ∼ 200 µmol kg−1),
and increased SPM concentrations (1–1.2 mg L−1) (Fig. 6d–
f). Fluorescence values were generally high (0.5–1.1 µg L−1)
in the upper 400 m of the water column, while they
decreased towards the bottom (Fig. 6e). Below, a rela-
tively cooler, saltier, less oxygenated, and slightly denser
(∼ 29.55 kg m−3) water mass was apparent around 400 m
depth (Fig. 5d–f). At depths > 400 m, a much warmer
(T > 13 °C) and saltier (S ∼ 38.4) water mass with lower
SPM concentrations (∼ 0.4 mg L−1) was observed (Figs. 5d–
f and 6d–f).
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Figure 5. Contour plots of potential temperature (°C), salinity, and potential density (σ , kg m−3) at (a–c) the continental shelf (glider
transect) and the Cap de Creus Canyon during (d–f) T1 transect and (g–i) T2 transect (FARDWO-CCC1 cruise). Note that for panels (a)–(c),
the section distance goes from south to north, whereas for panels (d)–(i), the section distance represents a southwest-northeast direction.
Note the change in the density scale in panel (c). Figure produced with Ocean Data View (v. 5.7.2) (Schlitzer, Reiner, Ocean Data View,
odv.awi.de, 2023).

Further downcanyon, the T2 transect crossed the mid-
dle section of the canyon, covering the water column
down to 850 m depth (Figs. 5g–i and 6g–i). The upper
250 m were remarkably homogeneous, with temperatures of
13.2–13.4 °C, salinities of ∼ 38.2, dissolved oxygen values
∼ 197 µmol kg−1, and low SPM concentrations (0.3 mg L−1)
(Figs. 5g–i and 6g–i). Below, between 250 and 380 m depth,
a much colder (12.2–12.3 °C), fresher (38.1), highly oxy-
genated (200–203 µmol kg−1) and moderately turbid (0.8–
1.0 mg L−1) water mass was observed detaching from the
southern canyon flank (Figs. 5g–i and 6g–i). Its density
ranged 28.9–29.0 kg m−3 (Fig. 5j), and fluorescence val-
ues throughout this layer ranged from 0.18 to 0.60 µg L−1

(Fig. 6h). Finally, from 400 to 850 m depth, the water column

showed a water mass with temperatures ∼ 13.1 °C, salinities
of 38.4, and relatively lower oxygen concentrations, fluores-
cence values, and SPM concentration (Fig. 6g–i).

4.3.2 Currents

At the continental shelf, current velocity measurements indi-
cated a fairly homogeneous current field (Figs. 7a-c). Cross-
shelf currents exhibited low velocities (< 0.1 m s−1), pre-
dominantly eastward (Fig. 7a), while along-shelf currents
were slightly higher (0.1–0.15 m s−1) and predominantly
southward (Fig. 7b). The spatial distribution of currents av-
eraged within the dense water plume (defined between the
28.9 and 29.1 kg m−3 isopycnals) shows that dense shelf wa-
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Figure 6. Contour plots of SPM concentration (mg L−1), fluorescence (µg L−1), and dissolved oxygen concentration (µmol kg−1) at (a–c)
the continental shelf (glider transect) and at the Cap de Creus Canyon during (d–f) T1 transect and (g–i) T2 transect (FARDWO-CCC1
cruise). Note that for panels (a)–(c), the section distance goes from south to north, whereas for panels (d)–(i) the section distance represents
a southwest-northeast direction. Note the change in the dissolved oxygen scale in panel (c). Figure produced with Ocean Data View (v. 5.7.2)
(Schlitzer, Reiner, Ocean Data View, odv.awi.de, 2023).

ters flowed south/south-eastward along the continental shelf
adjacent to the Cap de Creus Canyon, with speeds generally
around 0.15 m s−1 (Fig. 7c). However, in the southern part
of the section, currents were stronger, exceeding 0.2 m s−1

(Fig. 7c).
In the Cap de Creus Canyon, at the upper section (T1

transect), current velocity measurements revealed the high-
est speeds from the surface to 400 m depth at the southern
canyon flank (Fig. 7d, e). The zonal current velocity (E–W)
reached up to 0.3 m s−1 eastward (Fig. 7d), while the merid-
ional current velocity (N–S) was primarily southward, with
velocities between 0.1 and 0.2 m s−1 (Fig. 7e). These cur-
rents appeared relatively confined within the canyon axis,
with a pronounced down-canyon component (Fig. 7f). At the

mid-canyon section (T2 transect), the highest current veloc-
ities were observed between 200 and 400 m depth (Fig. 7g,
h). The zonal current velocities were more pronounced, and
reached values of ∼ 0.15 m s−1 eastward (Fig. 7g), while the
meridional current velocities were slightly smaller, ranging
from 0.1 to 0.12 m s−1 southward (Fig. 7h). On the south-
ern flank, currents were generally weaker (∼ 0.1 m s−1) and
predominantly southward, whereas at the northern canyon
flank, these were stronger (∼ 0.2 m s−1) and mainly oriented
towards the southeast (Fig. 7i).

Ocean Sci., 21, 3195–3219, 2025 https://doi.org/10.5194/os-21-3195-2025



M. Arjona-Camas et al.: DSWC and sediment transport in Cap de Creus Canyon under mild winters 3207

Figure 7. Contour plots of currents measured at (a–b) the continental shelf (glider transect) and at the Cap de Creus Canyon during (d–e)
T1 transect and (g–h) T2 transect (FARDWO-CCC1 cruise). Eastward and northward current velocities are positive, while westward and
southward current velocities are negative. Panels (c), (f), and (i) display stick plots representing the depth-averaged currents associated with
dense waters for the three transects, defined between the 28.9 and 29.05 kg m−3 isopycnals. Figure produced with Ocean Data View (v.
5.7.2) (Schlitzer, Reiner, Ocean Data View, odv.awi.de, 2023).

4.4 Duration and magnitude of DSWC during winter
2021–2022

The transports of dense shelf waters and associated SPM
in the Cap de Creus Canyon during the observed MDSWC
event in March 2022 were 0.7 Sv and 105 t across the con-
tinental shelf, 0.3 Sv and 105 t in the upper-canyon, and
0.05 Sv and 104 t in the mid-canyon. Since these observa-
tions provided only a snapshot of the event, we used the
MedSea reanalysis product to extend our analysis and char-
acterize the temporal evolution and magnitude of cascading
events during winter 2021–2022. To do so, we first assessed
the reliability of the MedSea by comparing it with our CTD

observations (Fig. A1). In particular, we compared depth-
averaged temperatures within the dense water plume (150-
400 m depth) at stations where dense waters were detected
(Fig. A1), using the root mean square error (RMSE) statis-
tical method. The RMSE were consistently low across all
stations (< 0.2 °C) (Table A1), indicating a good agreement
between both datasets. These results, along with the detailed
validation presented in Fos et al. (2025), support the use of
the MedSea reanalysis for studying DSWC in this region.
In that study, the authors compared the MedSea output with
long-term mooring data from the Cap de Creus and Lacaze-
Duthiers canyons, and showed that, at 1000 m depth, the
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MedSea reproduces 84 % of individual DSWC events within
the same week and 56 % on the exact date (Fos et al., 2025).

Based on this validation, we used reanalysis to describe the
temporal evolution and magnitude of dense water transports
in the Cap de Creus Canyon. Daily MedSea reanalysis indi-
cated that dense water transport was consistently higher in
the upper-section than in the mid-canyon throughout winter
(Fig. 8a), in agreement with observations. A significant in-
crease in dense water down-canyon transport occurred in late
January (> 0.2 Sv), coinciding with a drop in temperature
(T < 12.9 °C) and a slight decrease in potential density to
28.85 kg m−3 (Fig. 8). Smaller transport (∼ 0.12 Sv) was de-
tected in the mid-canyon, but the time series of temperature
do not seem to indicate the presence of dense shelf waters
in the canyon at that depth (Fig. 9b). Four shallow cascading
pulses were further identified in mid- and late February and
early March, which had comparable down-canyon transport
magnitudes (∼ 0.2 Sv) in the upper canyon section (Fig. 8a).
The strongest pulse, in mid-March, reached down-canyon
transports of∼ 0.4 Sv in the upper canyon and∼ 0.1 Sv in the
mid-canyon, accompanied by temperatures around 12 °C and
potential densities ∼ 28.9 kg m−3 (Fig. 8). Occasional up-
canyon transports of lower magnitude (∼ 0.1 Sv) were also
detected (Fig. 8a), which likely reflect short-term current re-
versals along the canyon axis (not shown). As March pro-
gressed, dense water down-canyon transport gradually de-
creased, eventually ceasing in early April (Fig. 8a). Accord-
ingly, the cascading season lasted approximately two months
(from late January to mid-March), primarily affecting the up-
per canyon and with weaker influence further downcanyon.
After the cascading season, transport shifted predominantly
up-canyon (data not shown), reflecting the residual flux along
the canyon axis, as previously reported for other canyons of
the margin (Martín et al., 2007; Arjona-Camas et al., 2021).

Overall, the total volume of dense shelf waters transported
during this period was estimated at 260 km3 in the upper
canyon and ∼ 11 km3 in the mid-canyon.

5 Discussion

5.1 Forcing conditions during winter 2021–2022

The winter of 2021–2022 was characterized by two distinct
periods: an early winter (December–January) with several
short northerly and northwesterly windstorms that caused
continuous heat losses in the GoL, followed by a late winter
(February–March) dominated by eastern storms and lower
heat losses (Fig. 3a–c). The mean sea-atmosphere heat loss
over the season was −150 W m−2 (Fig. 3a), 25 % lower
than typical mild winters in the GoL (−200 W m−2) and
half the magnitude of severe winters such as 2004–2005
(−300 W m−2) (Schroeder et al., 2010). From late Novem-
ber to February, several short but intense episodes of heat
loss (∼ 400 W m−2) were recorded, peaking in January 2022

(−500 W m−2) (Fig. 3a), which likely contributed to signifi-
cant surface water cooling and buoyancy loss, especially on
the inner shelf (Fig. 3e–g). Shelf water temperatures dropped
below 12.9 °C in late December/early January and below
12 °C in mid/late February (Fig. 3e), while shelf water den-
sities increased to 28.9–28.95 kg m−3, exceeding the pre-
winter maximum of 27.9 kg m−3 (Fig. 9a). These conditions
allowed shelf waters formed over the GoL’s shelf to spread
as a near-bottom layer across the mid and outer shelf and
cascade downslope (Figs. 3 and 9b, c). This likely marked
the beginning of the MDSWC period, a scenario consistent
with previous studies in the GoL (Dufau-Julliand et al., 2004;
Durrieu de Madron et al., 2005; Canals et al., 2006; Ulses et
al., 2008a).

The cyclonic circulation on the western part of the shelf,
driven by the prevailing northerly winds (Ulses et al., 2008a;
Bourrin et al., 2008), promoted the transport of these dense
shelf waters along the coast (Fig. 9b). The narrowing of the
shelf near the Cap de Creus Peninsula further accelerated
their overflow into the upper slope, mainly cascading into
the westernmost canyons (i.e., Lacaze-Duthiers and Cap de
Creus Canyons) (Fig. 9b, c) (Ulses et al., 2008a). According
to the MedSea reanalysis, the first cascading pulse in the Cap
de Creus Canyon occurred in late January, coinciding with
the arrival of cold, dense shelf waters into the upper canyon
(Fig. 8). During late winter, especially from late February
to late March, four additional cascading pulses occurred in
the canyon, the strongest in mid-March (Fig. 8a). This event
was strengthened by an eastern storm, which likely enhanced
DSWC into the canyon. The role of eastern storms in en-
hancing DSWC events has been previously documented for
the Cap de Creus Canyon in similar studies in the GoL (e.g.,
Palanques et al., 2008; Ogston et al., 2008; Ribó et al., 2011).
Throughout this period, these windstorms were often accom-
panied with increased freshwater discharge of coastal rivers
(Fig. 3d). Such freshwater inputs are commonly observed
during mild winters in the region and can locally reduce
salinity and density over the shelf (Ulses et al., 2008a; Martín
et al., 2013; Mikolajczak et al., 2020), but appeared to have
limited impact on shelf water densification during the studied
winter (Fig. 3e).

Overall, the mild atmospheric conditions during winter
2021–2022 limited the downslope transport of dense waters
into the deeper canyon sections (Fig. 4). As a result, the
mild winter of 2021–2022 only generated shallow cascad-
ing into the Cap de Creus Canyon (Figs. 5 and 6). The Med-
Sea reanalysis further confirmed that dense water transport
was consistently higher in the upper canyon than in the mid
canyon (Fig. 9a).

5.2 DSWC in the Cap de Creus Canyon in March 2022

During the observational period in early March 2022, one
of the shallow cascading pulses previously identified in the
MedSea reanalysis (Fig. 8) was directly monitored over the
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Figure 8. (a) Time series of along-canyon transport (Sv) of dense waters, (b) potential temperature (°C), and (c) potential density (kg m−3)
for the upper-canyon transect (dark blue) and the mid-canyon section (light blue), extracted from the Mediterranean Sea Physics Reanalysis
product (Escudier et al., 2020, 2021). In panel (a), positive values indicate down-canyon export, while negative values indicate up-canyon
export. The grey shaded vertical bar highlights the FARDWO-CCC1 Cruise, which took place on 1–7 March 2022.

Figure 9. Bathymetric maps of the Gulf of Lion (GoL) showing the potential density anomaly at bottom for four days during the winter of
2021–2022: (a) 30 December 2021; (b) 25 February 2022; (c) 2 March 2022; and (d) 5 April 2022. Density contours (black) are displayed
every 0.1 kg m−3. Data has been obtained from the Mediterranean Sea Physics Reanalysis product (Escudier et al., 2020, 2021).
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narrow continental shelf and within the Cap de Creus Canyon
(Figs. 5–7). Dense shelf waters were detected over the conti-
nental shelf adjacent to the head of the Cap de Creus Canyon
(Fig. 5a–c). The steep bathymetry of the inner shelf, com-
bined with the prevailing southwestward currents, facilitated
the cascading of dense shelf waters into the canyon head
(Dufau-Julliand et al., 2004; Canals et al., 2006; DeGeest
et al., 2008). In the upper canyon, dense waters were ob-
served between 100 and 400 m depth (core depth: 380 m),
detaching above the EIW (∼ 400 m depth) and contributing
to the body of WIW (Figs. 5d–f, 6d–f, and B1). During this
cascading event, the dense water plume continued flowing
down-canyon to the mid canyon (Fig. 7d–f), where it de-
tached from the southern flank between 250 and 380 m depth
and further contributed to the WIW body (Fig. 5g–i). The
WIW was likely formed on the outer shelf of the GoL dur-
ing winter through intense surface cooling and convective
mixing of the AW, and then advected southward to the Cap
de Creus Canyon by the general circulation (Lapouyade and
Durrieu de Madron, 2001; Dufau-Julliand et al., 2004; Juza
et al., 2019). Based on the observations during this shallow
cascading event, it is plausible that the other events detected
in the canyon during this mild winter shared similar charac-
teristics, with dense waters confined to the upper canyon and
contributing to the WIW body.

At the mid-canyon, dense waters shifted to a more south-
ward direction compared to the predominantly southeastward
direction in the upper canyon (Fig. 7f, i). This flow shift
suggests that, as the canyon topography opens, dense waters
were no longer constrained by the canyon and veered south-
ward, following the continental slope (Millot, 1990). Previ-
ous studies have shown that part of these waters can continue
flowing across the Gulf of Roses and reach the neighbour-
ing Palamós and Blanes Canyons (Zúñiga et al., 2009; Ribó
et al., 2011). This advection is facilitated by the presence of
a shallow NNE-SSW oriented channel that extends from the
narrow shelf of the Cap de Creus Canyon to the head of the
Palamós Canyon (Durán et al., 2014). During the observed
MDSWC event, dense shelf waters and the WIW were likely
advected southward through this channel, eventually reach-
ing neighbouring canyons, as documented in previous mild
winters (e.g., Arjona-Camas et al., 2021). This southward
advection most likely occurred during the other cascading
pulses detected in the reanalysis for the studied winter.

In contrast, during extreme winters, dense waters reach
potential densities exceeding that of the EIW, generating
deep cascading that transports them all the way down canyon
(Font et al., 2007; Durrieu de Madron et al., 2013; Palanques
and Puig, 2018), rather than following the southward along-
slope routes characteristic of MDSWC events.

5.3 Suspended sediment transport during MDSWC
events in the Cap de Creus Canyon

During the observational period in early March 2022,
MDSWC acted as a pathway to transport SPM and chloro-
phyll across the continental shelf into the Cap de Creus
Canyon (Figs. 5 and 6). Riverine inputs from the Rhône and
smaller coastal rivers were low prior to the cruise (Fig. 3d),
suggesting that they did not contribute significantly to the in-
creased SPM observed during the event. Conversely, storm-
waves and cascading-induced currents were likely the main
mechanisms of sediment resuspension and transport. This is
consistent with previous findings by Estournel et al. (2023),
who documented that, during the mild winter of 2010–2011,
storm-induced currents remobilized shelf sediments that sub-
sequently fed the upper section of the Cap de Creus Canyon
and along the North Catalan shelf.

Increased SPM and chlorophyll values were mainly ob-
served along the southern canyon flank in both upper and
mid canyon, which suggests that dense shelf waters trans-
ported phytoplankton cells and contributed additional or-
ganic particles to the canyon (Fig. 6d–i). Phytoplankton
blooms, which typically peak between December and Jan-
uary, likely provided newly produced biological particles
to GoL shelf waters, further enhancing the transport of or-
ganic matter into the canyon during this MDSWC event
(Fig. B1; Fabres et al., 2008). The preferential accumulation
of SPM along the southern canyon flank, contrasting with
clear waters on the northern canyon flank, can be explained
by the canyon’s asymmetric morphology and hydrodynam-
ics. The very narrow adjacent shelf (2.5 km) brings the south-
ern canyon rim close to the coast (Lastras et al., 2007; Durán
et al., 2014), where a coastal eddy near the Cap de Creus
Peninsula steers dense shelf waters and associated SPM to-
wards the southern flank (Davies et al., 1995; DeGeest et
al., 2008). The asymmetric canyon walls reflect this prefer-
ential pathway: the northern flank is relatively smooth, with
fine-grained silty clays and relatively high accumulation rates
(up to 4.1 mm yr−1), indicative of a depositional area. On
the other hand, the southern flank has erosional features,
coarser sediments such as gravel, lower accumulation rates
(∼ 0.5 mm yr−1), and oblique furrows interpreted as signa-
tures of DSWC events (Canals et al., 2006: Lastras et al.,
2007; DeGeest et al., 2008). Altogether, these morphologi-
cal and hydrodynamic features likely explain the enhanced
SPM concentrations along the southern canyon wall during
the observed MDSWC event (Fig. 6d, g).

Although direct observations were limited to the early
March event, the other cascading pulses detected in the Med-
Sea reanalysis for the same winter probably exhibited sim-
ilar SPM transport dynamics. During these events, dense
shelf waters would have transported SPM along the southern
canyon flank to the upper canyon, or exported them south-
ward along the coast. Such behavior resembles transport pat-
terns reported for previous mild winters (Martín et al., 2013;
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Estournel et al., 2023). Nevertheless, during the mid-March
storm, coastal rivers exhibited a peak in discharge (Fig. 3d),
which may have locally enhanced sediment delivery to the
canyon, transporting additional SPM during this cascading
event.

Overall, it is plausible that the other shallow cascading
pulses transported comparable amounts of dense waters and
sediments to the canyon, although these estimates remain un-
certain due to the lack of direct measurements.

5.4 Interannual variability of dense shelf water
transports and future perspectives of DSWC

DSWC in the GoL shows strong interannual variability
mainly related to the magnitude and timing of atmospheric
forcings (surface heat losses), which ultimately control shelf
water densification and, consequently, the magnitude of cas-
cading events, even during mild winters (Herrmann et al.,
2008; Mikolajczak et al., 2020). For instance, dense wa-
ter transports during the mild winters of 2003–2004, 2010–
2011, and 2021–2022 were ∼ 75, ∼ 1500, and ∼ 260 km3,
respectively, partly reflecting the different net heat losses
in those winters (−125 W m−2 in 2003–2004, −200 W m−2

in 2010–2011, and −150 W m−2 in 2021–2022) (Herrmann
et al., 2008; Ulses et al., 2008a; Mikolajczak et al., 2020).
During 2003–2004 and 2010–2011, shelf water densities
(∼ 27.78–28.8 kg m−3) were insufficient to generate cascad-
ing beyond ∼ 300–350 m depth and contributed little to the
WIW body in the canyon (Ulses et al., 2008a; Martín et al.,
2013). In these winters, dense waters did not cascade off-
shelf, but merely downwelled into the canyon induced by the
strong cyclonic circulation during eastern storms and by the
subsequent accumulation of seawater along the coast (Martín
et al., 2013; Rumín-Caparrós et al., 2013; Mikolajczak et al.,
2020). In contrast, in winter 2021–2022, shelf waters reached
slightly higher densities (∼ 28.8–29.1 kg m−3), cascading
further downslope in the upper canyon down to ∼ 400 m
depth and contributing to the WIW body (Figs. 5 and B1).
Nevertheless, downwelling at the canyon head in winter
2010–2011 reached daily magnitudes (∼ 0.2 Sv and 105 t of
SPM; Martín et al., 2013) comparable to the transports dur-
ing the MDSWC event observed in March 2022. Overall,
this illustrates that the intensity and magnitude of DSWC,
as well as associated transports, can vary even during mild
winters with similar atmospheric characteristics. In compar-
ison, the extreme winter of 2004–2005 was associated with
much stronger net heat losses (∼−300 W m−2) that led to
the formation of very dense shelf waters (> 29.1 kg m−3) and
IDSWC into the deep basin (Canals et al., 2006; Palanques
et al., 2006; Ulses et al., 2008a, b; Puig et al., 2013). The to-
tal dense water transport during this extreme event was con-
siderably higher than during mild winters, reaching values
∼ 1640 km3 (Ulses et al., 2008a). The winters of 2005–2006
and 2011–2012 were also classified as extreme, reflecting

similarly strong heat losses and IDSWC events (Palanques
et al., 2012; Durrieu de Madron et al., 2013).

Over the past two decades, dense water transport through
the Cap de Creus Canyon has shown considerable variabil-
ity across mild and extreme winters (Fig. 10). According to
Mikolajczak et al. (2020), mild winters from the warmest to
coldest were 2016–2017, 2010–2011, 2013–2014, and 2015–
2016, with the two warmest years presenting the largest
numbers of easterly winds (10–11 d) and, consequently, en-
hanced dense water transports (Fig. 10). Reanalysis data dur-
ing winters 2010–2011 and 2016–2017 showed dense wa-
ters transports between 0.2–0.4 Sv (Fig. 10). The winter of
2021–2022 experienced 14 d of easterlies, but considering
dense water transports, the magnitude of heat losses, and
other forcing factors, it would fall between the 2016–2017
and 2010–2011 winters. In contrast, IDSWC events have oc-
curred less frequently, typically every 5–7 years and often
in pairs (Fig. 10), and are generally associated with higher
dense water transports than MDSWC events, and fewer days
of easterlies (∼ 1 ). Extreme winters (from the coldest to the
warmest: 2004–2005, 2005–2006, 2011–2012, 2012–2013)
(Mikolajczak et al., 2020) showed transports ranging from
∼ 0.3 to 0.6 Sv, with the strongest transports occurring in
2004–2005 and 2005–2006 (∼ 0.6 Sv), and lower in 2011–
2012 (∼ 0.3 Sv) and 2012–2013 (∼ 0.4 Sv) (Fig. 10). The
interannual variability of IDSWC events is likely controlled
by intense atmospheric forcing during cold winters, although
the precise mechanisms that trigger these events need further
analysis (Fos et al., 2025).

However, as shown by the reanalysis time series (Fig. 10)
and recent numerical simulations (Mikolajczak et al., 2020),
mild and extreme winters can sometimes reach similar mag-
nitudes of dense water transport despite having contrasting
atmospheric conditions. For example, during the mild winter
of 2010–2011, the total dense water export (1500 km3) was
comparable to the extreme winter of 2004–2005 (1640 km3),
but the preferential pathways differed. In winter 2010–2011,
only 30 % of the transport occurred through the canyon,
while 70 % followed along the coast or remained around
the upper canyon. In winter 2004–2005, 69 % of dense shelf
water cascaded through the Cap de Creus Canyon down to
the deeper parts of the canyon (Ulses et al., 2008a; Miko-
lajczak et al., 2020). It is very likely that during the winter
of 2021–2022, a high proportion of dense waters and asso-
ciated SPM followed along the coast or southward along the
upper slope and canyon. In addition, these findings suggest
that during mild winters, MDSWC events may primarily in-
fluence coastal ecosystems, whereas during extreme winters,
IDSWC may significantly impact deep-benthic ecosystems
(Mikolajczak et al., 2020).

Future climate projections indicate an increasing fre-
quency of mild winters in the northwestern Mediterranean
(Herrmann et al., 2008; Durrieu de Madron et al., 2023). Un-
der the IPCC-A2 scenario, DSWC could decline by 90 % at
the end of the 21st century (Herrmann et al., 2008). This sce-
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Figure 10. Interannual variability of daily down-canyon transport of dense shelf waters (Sv) from 1997 to 2022, calculated across a central
transect in the upper region of the Cap de Creus Canyon (see location in Fig. 1). IDSWC events, defined by densities > 29.1 kg m−3, are
highlighted in red, whereas mild events, with densities below this threshold, are highlighted in blue. Data have been extracted from the
Mediterranean Sea Physics Reanalysis product (Escudier et al., 2020, 2021).

nario would drastically reduce both the intensity and depth
penetration of DSWC. Recent studies have already pointed
out to a warming and salinification of surface and intermedi-
ate waters across the northwestern Mediterranean (Margirier
et al., 2020), which would increase the stratification of the
water column and hinder deep-ocean convection. Such re-
duction could strengthen the production of WIW by favour-
ing intermediate-water formation over deep-water ventilation
(Parras-Berrocal et al., 2022). Consequently, dense shelf wa-
ter transport could become more limited to near-coastal areas
or upper-canyon regions, altering the regional hydrology and
impacting the Mediterranean Thermohaline Circulation (So-
mot et al., 2006). Ongoing sea warming and increasing strat-
ification are also expected to impact shelf-slope exchanges,
reducing IDSWC activity and the associated SPM transports
from the GoL to the deep basin (Somot et al., 2006). As a re-
sult, the transfer of dense shelf waters and organic matter to
the deep sea would be confined to the Catalan shelf or upper
Cap de Creus Canyon (Estournel et al., 2023). A decline in
the frequency of marine storms could also promote sediment
retention in the Rhône River prodelta, reducing the transfer
of particulate matter towards the slope and deep basin (Es-
tournel et al., 2023). These changes could significantly mod-
ify transport pathways and affect erosion and deposition pat-
terns along the incised submarine canyons of the GoL, and
in consequence, have important impacts in deep benthic com-
munities that rely on the arrival of suspended particulate mat-
ter. Cold water corals, benthic invertebrates, and commer-
cially important species such as shrimps may be particularly
vulnerable, as the limited supply of nutrients and oxygen
would hinder their survival (Puig et al., 2001; Pusceddu et
al., 2013). In Lacaze-Duthiers Canyon, for instance, Chapron
et al. (2020) showed that cold-water coral growth is strongly
influenced by the intensity of DSWC events, which modulate
their feeding conditions and development. IDSWC events
cause high budding rates but low colony linear extension by
limiting prey capture rates with high current speeds, whereas
MDSWC events cause both high budding rates and linear
extension associated with enhanced organic matter supply.

Conversely, the absence of DSWC events can cause high
mortality (Chapron et al., 2020). Regardless of the direc-
tion of DSWC’s effects on deep-sea ecosystems, it has been
demonstrated that even a small loss of biodiversity can lead
to a major ecosystem collapse (Danovaro et al., 2008), with
cascading impacts on ecosystem services such as fisheries
(Pörtner and Knust, 2007; Smith et al., 2009).

6 Conclusions

This paper provides a comprehensive observational charac-
terization of a MDSWC event and associated SPM trans-
port in the Cap de Creus Canyon during the mild winter of
2021–2022. We combined glider data, ship-based CTD tran-
sects, instrumented mooring lines, and reanalysis data to in-
vestigate both the spatial and temporal evolution of shelf-to-
canyon transports of dense waters and SPM.

The first part of the winter (December and January) was
dominated by several northerly and north-westerly winds
that induced sustained heat loss, surface cooling, and den-
sification of surface waters over the GoL, promoting shal-
low cascading into the Cap de Creus Canyon. Easterly and
southeasterly winds dominated the second part of the winter
(February and March), and further enhanced shallow cascad-
ing into the canyon. In early March 2022, dense shelf waters
were observed at the continental shelf during the glider sur-
vey. These waters cascaded into the upper canyon down to
∼ 400 m depth, where they contributed to the WIW body. In-
creased SPM concentrations were observed associated with
these dense shelf waters, likely indicative of a resuspen-
sion process. River discharges were low before and during
the cruise and, therefore, they were not the main source of
suspended sediments. Instead, storm-waves and cascading-
induced currents likely resuspended and transported SPM
through the canyon. We estimated an export of dense wa-
ter of ∼ 0.3 Sv and 105 metric tons of sediments in the up-
per canyon section. Reanalysis data showed that the cascad-
ing season in 2021–2022 lasted approximately two months
(from late January to mid-March 2022), with several shal-
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low cascading pulses. Peak transport occurred in mid-March
associated with an easterly storm that enhanced shallow cas-
cading into the canyon. The total dense water transport over
the season was ∼ 260 km3. This volume was higher than
during the mild winters of 1998–1999 and 2003–2004, but
lower than in the mild winter of 2010–2011, highlighting the
significant variability of MDSWC even under similar mild
atmospheric conditions. Compared with the extreme winter
of 2004–2005, the 2021–2022 transport represented roughly
half of the total dense water volume transported, further high-
lighting the variable nature of DSWC in the region. Heat loss
seem to be the main factor controlling the density gained by
shelf waters during winter, thus the magnitude of the trans-
ports. Nevertheless, the exact atmospheric mechanisms driv-
ing both MDSWC and IDSWC still deserve further investi-
gation.

Comparison with past events indicates that mild winters
can sometimes generate dense water transports comparable
in magnitude to those of extreme winters, but the preferen-
tial pathways differ. During mild winters, most dense waters
flow along the coast or generate shallow cascading to the up-
per canyon, while in extreme winters, they cascade deep into
the canyon and deep basin. It is likely that, during the win-
ter of 2021–2022, a high proportion of dense waters and as-
sociated SPM was transported along the coast or generated
only shallow cascading into the canyon, resembling previ-
ously MDSWC events.

Future research should further investigate the physical dy-
namics of MDSWC events. More importantly, in the context
of climate change, future studies should focus on the evolu-
tion and changes on the WIW. These studies would help to
understand alterations in the water column properties, strati-
fication and convection processes, and ultimately the impacts
on the Mediterranean thermohaline circulation and the func-
tioning of marine ecosystems.

Appendix A: Comparison between in-situ observations
and reanalysis data across the Cap de Creus Canyon

Table A1. Comparison of depth-averaged temperatures within the
dense water plume derived from observations and reanalysis, with
corresponding root mean square errors (RMSE). The location of
CTD stations and reanalysis points is shown in Fig. A1.

Stations Observed Reanalysis RMSE
temperature (°C) temperature (°C) (°C)

T1-01 12.41 12.42 0.16
T1-02 12.55 12.42 0.17
T1-03 12.34 12.42 0.18
T1-04 12.76 12.46 0.20
T2-01 12.96 12.71 0.15
T2-02 12.68 12.65 0.05
T2-03 12.72 12.65 0.07

Figure A1. Spatial distribution of CTD stations (green dots) across
the Cap de Creus Canyon during the FARDWO-CCC1 cruise where
dense shelf waters were observed, and the corresponding MedSea
reanalysis grid points (orange dots). Reanalysis data were obtained
from the Mediterranean Sea Physics Reanalysis product (Escudier
et al., 2020, 2021).

Appendix B: Hydrographic data collected during the
FARDWO-CCC1 cruise in the Cap de Creus Canyon
and the glider survey on the adjacent continental shelf
during March 2022

Figure B1. TS diagram from the CTD profiles collected during
FARDWO-CCC1 T1 and T2 transects across the Cap de Creus
Canyon, as well as those collected during the glider survey at the
adjacent shelf (see Fig. 1b for positions). The different water masses
that can be identified in the study area are: dense shelf waters, oAW
(old Atlantic Water), WIW (Western Intermediate Water), and EIW
(Eastern Intermediate Water).
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Appendix C: Seasonality of chlorophyll a between
October 2021 and April 2022 from in situ measurements
at the SOLA station

Figure C1. Seasonality of the chlorophyll a measured at SOLA station between October 2021 and April 2022. Green dots indicate the
monthly maximum values. Data has been retrieved from the SOMLIT-SOLA monitoring site in the Bay of Banyuls-sur-Mer (https://www.
seanoe.org/data/00886/99794/, last access: 12 September 2023; Conan et al., 2024).

Data availability. The data that support the findings of this
study are publicly available under the following links: SeaEx-
plorer glider from (https://data-selection.odatis-ocean.fr/coriolis/
uri/p83112098, last access: 1 April 2023), CCC-1000 moored
time series (https://doi.org/10.17882/104746; Sanchez-Vidal et
al., 2025a), LDC-500 and LDC-1000 moored time series
(https://doi.org/10.17882/45980; Durrieu de Madron et al., 2024).
The CTD and the ADCP data collected during the FARDWO-CCC1
Cruise are available at https://doi.org/10.17882/105499 (Sanchez-
Vidal et al., 2025b).
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