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Abstract. Particle fluxes (including major components and ter cascading resuspended and transported sediments at least
grain size), and oceanographic parameters (near-bottom walown to the middle canyon. Sediment fluxes were lower
ter temperature, current speed and suspended sediment cof28.9gnm2d-1) under the quieter conditions of winter
centration) were measured along the Cap de Creus submarir2910—2011. The dominance of the lithogenic fraction in mass
canyon in the Gulf of Lions (GoL; NW Mediterranean Sea) fluxes during the two winter-spring periods points to a re-
during two consecutive winter-spring periods (2009-2010suspension origin for most of the particles transported down
and 2010-2011). The comparison of data obtained with thecanyon. The variability in organic matter and opal contents
measurements of meteorological and hydrological paramerelates to seasonally controlled inputs associated with the
ters (wind speed, turbulent heat flux, river discharge) haveplankton spring bloom during March and April of both years.
shown the important role of atmospheric forcings in trans-
porting particulate matter through the submarine canyon and
towards the deep sea. 1 Introduction

Indeed, atmospheric forcing during 2009-2010 and
2010-2011 winter months showed differences in both inten-Atmospheric—ocean interactions play a key role in the mod-
sity and persistence that led to distinct oceanographic reification of oceanographic processes. Shifts in wind regime
sponses. Persistent dry northern winds caused strong heahd air temperature are among the most important forcing
losses (14.% 10°Wm~2) in winter 2009-2010 that trig-  variables in the atmosphere, triggering modifications in ther-
gered a pronounced sea surface cooling compared to wintafiohaline properties of water, and therefore, in the hydro-
2010-2011 (1.6 10°Wm~2 lower). As a consequence, a graphic configuration of the upper part of the water column.
large volume of dense shelf water formed in winter 2009—There are several mechanisms that can transport and mix
2010, which cascaded at high speed (up~dms?)  these atmospheric-modified shallow waters with intermedi-
down Cap de Creus Canyon as measured by a currentate or even deep waters. For example, cooling, evaporation
meter in the head of the canyon. The lower heat lossesr freezing in the surface layer of shallow areas of the conti-
recorded in winter 20102011, together with an increasechental shelf trigger the formation of dense water that eventu-
river discharge, resulted in lowered density waters over theally spills over the shelf edge onto the continental slope (see
shelf, thus preventing the formation and downslope transporivanov et al., 2004, for a review). This causes the transmis-
of dense shelf water. sion of the atmospheric signal from shallow to deep waters

High total mass fluxes (up to 84.9grhd~1) recorded  within a short time range.
in winter-spring 2009-2010 indicate that dense shelf wa-
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In the Gulf of Lions (GolL) there are three major mecha- 2010 and 2010-2011) in the Cap de Creus Canyon at 300 m
nisms by which superficial waters are modified and trans-and 1000 m water depths. After three decades of year-round
ported from the surface to deep sea regions. continuous monitoring of hydrosedimentary processes in the

The first is storm-induced downwelling. This is related western GoL, and after considering several studies from both
to the occurrence of E-SE winds that cause increased wavia situ observations (e.g. Canals et al., 2006; Heussner et al.,
height and shelf sediment resuspension. The excess of w&006; Palanques et al., 2008; Puig et al., 2008) and numeri-
ter and suspended sediment piled in the inner shelf of theal modeling (e.g. Ulses et al., 2008a, b), it appears that the
Gol, together with the reinforcement of the coastal current,most dynamic period in terms of water, sediment and organic
forces shelf waters to flow towards the southwest and sinkmatter export are the winter and early spring months. This is
mainly through the Cap de Creus Canyon (Palanques et althe time when dense shelf water forms and cascades downs-
2008). Furthermore, E—SE winds transfer humid marine ailope, occasional eastern storms occur, and the most promi-
towards the coastal relief, where the air is obstructed and renent yearly planktonic bloom takes place (Fabres et al., 2008;
sults in orographic rainfall and an increase in river discharge Pasqual et al., 2010). For these reasons, the experiment de-
The delivery of riverine particles and the increased shelf sedscribed here focuses on these months and combines atmo-
iment resuspension during E-SE storms augments the expospheric data (wind speed and direction, air temperature and
of suspended sediments towards the deep sea (Palanquesheiat fluxes) with measured physical parameters (near-bottom
al., 2006, 2008; Guilin et al., 2006; Sanchez-Vidal et al., temperature and current speed) and particle fluxes (total mass
2012). and main components) to assess the atmospheric variables

The second mechanism is dense shelf water cascadhat govern sediment transport to the deep sea floor during
ing (DSWC). This is linked to cold, dry, and persis- these two winter-spring periods. The manuscript is structured
tent N-NW winds that induce sea-atmosphere heat losseas follows: in Sect. 2 the hydrological and oceanographic set-
and mixing of shelf waters (Millot, 1990). As a result, tings of study area are presented. Material and methods are
shelf waters become dense and sink, overflowing the shelpresented in Sect. 3. Section 4 describes data on the exter-
edge, and cascade downslope (preferentially through subnal forcings during the studied period (atmospheric condi-
marine canyons) until they reach their equilibrium depth tions, river discharge, wave height and chlorophytioncen-
(Durrieu de Madron et al., 2005). tration), and particle flux and oceanographic data obtained

Both mechanisms (i.e., E-SE storms and DSWC) can ocwith the sediment traps and the current meters. Section 5
cur separately or in parallel, and are responsible for the remoeompares all data obtained and discusses the role of atmo-
bilization and transport of sediments to the deep sea (Canalspheric forcing in the transport of particulate matter through
et al., 2006; Heussner et al., 2006; Palanques et al., 2006he Cap de Creus submarine canyon. Finally, Sect. 6 contains
2008; Puig et al., 2008) and the variability in the biogeo- the main conclusions of the study.
chemical composition of settling particles (Sanchez-Vidal
et al., 2009; Pasqual et al., 2010). The occurrence of these
events represents an important source of food to the deep Study area
ecosystems and influences the ecology of its deep-sea popu-
lations, as described, for instance, by Company et al. (2008Yhe GoL is a river-dominated micro-tidal continental mar-
and Pusceddu et al. (2010). Furthermore, these events coin that extends from the Cap Croisette, in the northeastern
tribute to the transport and dispersion of persistent organicorner of the GoL, to the Cap de Creus at its southwest-
pollutants in the marine continental GoL shelf and open seaern limit (Fig. 1). The main morphological characteristic of
waters (Salvadl et al., 2012). its sea floor is its crescent-shaped shelf and the numerous

The third mechanism is deep-intermediate convectionsubmarine canyons incising the slope and shelf-break. The
(MEDOC Group, 1970), which is caused again by the oc-sea surface circulation in the GoL is linked to the North-
currence of cold, dry, and persistent N-NW winds that in- ern Current (NC), which in the study area manifests itself
duce a heat and buoyancy loss of offshore waters in the Gul&s a geostrophic jet flowing cyclonically along the slope over
of Lions, the Ligurian Sea and the Catalan Sea (Schroedethe 1000—2000 isobaths (Millot, 1999). The NC is associ-
et al., 2010). This leads to mixing at great depths and ho-ated with a permanent shelf-slope density front which sep-
mogenization of the water column in open sea regions. Rearates shelf fresh coastal waters, directly influenced by the
cent studies have also documented the potential of suckischarge of the Rime River, from open-sea waters. Sea-
atmospheric-driven phenomena to remobilize sediments asonal variations of the structure and intensity of the NC have
depths below 2000m in the northwestern Mediterranearbeen observed, with the current being narrower, deeper and
basin (Marin et al., 2010). more intense during winter (Millot, 1999).

With the aim of investigating the relationship between Fresh water inputs into the GoL are mainly from three
atmospheric forcings and the oceanographic processes armifferent hydrographic basins: the Alps in the northern part
near-bottom particle fluxes, two mooring lines were de-of the GoL (Rlone River), the Massif Central mountains
ployed during two consecutive winter-spring periods (2009—(Hérault and Orb) and the Pyrenees mountains (Agly, Aude,

Biogeosciences, 10, 3493505 2013 www.biogeosciences.net/10/3493/2013/



A. Rumin-Caparros et al.: External forcings, oceanographic processes and particle flux dynamics 3495

1000 m depth, respectively, and were defined as CC300 and
E . CC1000 according to the deployment depth. Each moored
' b line was equipped with a PPS3 Technicap sequential sam-
¢ pling sediment trap with a 0.125%collecting surface and
re a 2.5 height/diameter ratio in its cylindrical part (Heuss-
ner et al., 1990). Each trap was equipped with 12 receiv-
ing cups and was deployed at 25 m above the bottom with
sampling intervals of 15 days. The collecting cups were
filled with a buffered 5% +/v) formaldehyde solution in
0.45 p filtered seawater. Each moored line included an Aan-
deraa RCM9 current meter deployed at 5m above the bot-
tom (CC300) and 23 m above the bottom (CC1000) equipped
with a turbidimeter with a sampling interval of 30 min. Tur-
bidity units, recorded in Formazin Turbidity Units (FTU),
were transformed into suspended sediment concentrations
(SSC) (mg 1) using the general calibration of Gt et
al. (2000). A technical failure of the current meter deployed

- | |
|2 Metcorologial station ety at 1000 m in both years resulted in the complete absence of

ooring location

H O Coastal buoy

- o e e p s data at this water depth.
Fig. 1. Topo-bathymetric map of the Cap de Creus Canyon and )

neighboring areas: the northern Catalan margin at the South and thé-2 Analytical methods
Gulf of Lions (northwestern Mediterranean) at the North. Locations

of moorings (red dots), the meteorological station in Portbou (”ghtAfter recovery

blue square) and the Leucate coastal buoy (yellow dot) are shown,. - . . )
Top-right red square indicates where the heat fluxes and Cbh- fiied version of Heussner et al. (1990). Large swimming or

centration maps have been obtained. Bathymetric data published anisms were remoyed by wet sieving through a 1 mm_ ny-
Canals et al. (2004). on mesh, and organisms of less than 1 mm were handpicked

under a microscope with fine tweezers. Samples were split

into aliquots using a high-precision peristaltic pump robot
Tech and Bt rivers). The Réne River drains much of the and freeze-dried prior to chemical analysis.
water coming from the snowmelt of the Alps and its inputs  10tal carbon, organic carbon, and nitrogen contents were
represent more than the 90 % of the total annual freshwate®nalyzed at “Centres Cidfits i Tecnobgics” of the “Uni-
inputs of the GoL (Bourrin et al., 2006). On the other hand, versitat de Barcelona” using an elemental organic analyzer
the Herault and Orb rivers, and the Agly, Aude, Tech aréd T Thermo EA Flash 1112 (Thermo Scientific, Milan, lItaly)
rivers, drain the Massif Central and the Pyrenees mountain¥/orking in standard conditions recommended by the supplier
respectively and, unlike the Rhe River, they are mainly of the instrument. For the organic carbon analysis, samples
controlled by a Mediterranean climatic regime, with short Were first decarbonated with repeated additions of 100 L
and intense flash flood events (Serrat et al., 2001). of 25% HCI until no effervescence was observed. Between

The absence of significant tidal motions makes the com-£ach acidification step a 8C€ drying lapse of 8 h was carried

bination of the atmospheric forcings (as the prevailing wind ©ut. Organic matter (OM) content was calculated as twice the
fields), the internal dynamics of the currents (and their inter-Organic carbon content. The inorganic carbon content was
action with the bathymetry) and the main river discharges thec@lculated as total carbon minus organic carbon and the car-

major source of variability in the oceanographic parameter@onate content was calculated assuming that all the inorganic
of the GoL. carbon is contained within calcium carbonate (Caf;@s-

ing the molecular mass ratio of 101P.
Biogenic silica was analyzed using a two-step 2.5h ex-

samples were processed according to a mod-

3  Material and methods traction with 0.5M NaCOs separated by filtration of the
leachates. Si and Al contents of both leachates were analyzed
3.1 Sample collection and preparation with an Inductive Coupled Plasma Atomic Emission Spec-

troscopy (ICP-AES), correcting the Si content of the first
Two mooring lines were deployed from November 2009 to leachate by the Si/Al ratio of the second one. Once corrected,
May 2010 and from December 2010 to June 2011 along theSi concentrations were transformed to opal by multiplying by
axis of the Cap de Creus submarine canyon (Fig. 1). Moor-a factor of 2.4 (Mortlock and Froelich, 1989).
ings were deployed at the canyon head and upper canyon The siliciclastic fraction was obtained by subtracting from
course (as described by Lastras et al., 2007) at 300 m anthe total mass the part corresponding to the major biogenic
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components, assuming that the amount of siliciclastics (%)d’Etudes Techniques Maritimes Et Fluviales” (“Mirés¢ de

was= 100 — (% OM+ % CaCQ + % Opal). 'Ecologie, de I'Energie, du Bveloppement durable et de la
Grain size analyses were performed on a Coulter LS 23Mer”, CANDHIS, France).

Laser Particle Size Analyzer after organic matter oxidation Wind speed and direction have been acquired from the

with 10 % HOs. automatic meteorological station in Portbou (see location in
Fig. 1), maintained by “Servei Meteotaic de Catalunya”
3.3 Meteorological, hydrological and oceanographic (“Generalitat de Catalunya”).
data Riverine discharges have been obtained from the “Labo-

ratoire Hydraulique et Mesures” from the Compagnie Na-
The exchange of energy between the atmosphere and the SfiBnale du Ribne. The rivers considered are thedRk River,

surface takes place through turbulent and radiative energyq., se it is the main contributor of freshwater inputs of the
fluxes. Mathematically, the net air-sea heat exchamg GoL, and the Hrault, Orb, Agly, Aude, Tech and&Trivers,
is the sum of four components: in order to consider the freshwater inputs from most of the
Onet= Osh+ Oih + Osw+ O, (1) small rivers discharging into the GoL. o
Data on concentration of the photosynthetic pigment

where Qg is the sensible heat flux (SHFQ) is the latent  Chlorophylla (Chla) have been obtained from the Goddard
heat flux (LHF), Qsw is the short-wave flux, an@y is the  Earth Sciences (GES) Data and Information Services Center
long-wave flux. The sum of the sensible and latent heat fluxe§DISC), using as a source the Moderate Resolution Imag-
(Qsh+Qin,named turbulent heat flux) is linearly proportional ing Spectoradiometer (MODIS) onboard the Aqua satellite.
to the wind speed and the air-sea temperature or humiditlChl a concentration is calculated using remotely sensed ob-
difference, while the sum of the short-wave and long-waveservations of the ocean surface with visible wavelength data.
fluxes @sw+ Qw, Named radiative flux) is function of air For our study, Chk concentration has been gridded, includ-
temperature, humidity, and cloudiness (Deser et al., 2010). ing the mooring location and most of the GoL area (Fig. 1).

According to Josey (2003) and Schroeder et al. (2010),
LHF, and to a lesser extent SHF, control anomalies in the
winter net heat exchanges in the GoL. Both parameters arg Results
calculated as follows:

Qsh= pcpChut [Ts— (Ta+ y2)] @) 4.1 External forcings

O = pLCot (qs— qa) 3) Winter 2009-2010 in the Cap de Creus area (northern Cat-
Ih = pEteltlds—qa) alonia) was characterized by very low temperatures. Air
wherep is the air density at observation leve},the specific  temperatures were approximately@ lower than the aver-
heat capacity of the air at constant pressiirés the latent  age climatic values registered in the climatic atlas of Cat-
heat of evaporation of watet}, is the transfer coefficient for alonia (Martn-Vide and Raso Nadal, 2008). Several wind
the SHFu is the wind speed]s and T, are the sea surface episodes with severe N-NW winds were recorded during
temperature and the surface air temperature corrected for tHate December 2009 (with speeds reaching up to 40'm s
adiabatic lapse rate respectively; is the height at which  mid-January 2010 (up to 47 m¥), and mid-February 2010
the air temperature is measurét,is the transfer coefficient (up to 44ms?t) (Fig. 2a). At the same time the cumula-
for the LHF, andgs and g, are the specific humidity at the tive turbulent heat losses (LHF and SHF) reached values of
sea surface and the atmospheric specific humidity at the refi4.2x 10 W m~—2 through the entire winter, from Novem-
erence level, respectively (Josey et al., 1999). LHF and SHMber 2009 until the end of March 2010.
in the study area have been acquired as part of the activities The second winter studied was on averag€ warmer
of NASA's Science Mission Directorate, archived and dis- than the previous one. N-NW velocities reached speeds of up
tributed by the Goddard Earth Sciences (GES) Data and Into 45m st during late December 2010, and up to 42Ths
formation Services Center (DISC). The source used has beeim early February 2011 (Fig. 2a). Strong wind events were
the Modern Era Retrospective-analysis for Research and Apeoncentrated in the first half of the winter, so the cumulative
plications (MERRA), which uses the GEOS-5 Data Assimi- turbulent heat loss for the whole winter (from November un-
lation System with the adoption of a joint analysis with the til the end of March), was 1.6 10° W m~2 lower than the
National Centers for Environmental Prediction (NCEP) and previous winter.
of a set of physics packages for the atmospheric general cir- Two very important increases in the discharge of rivers
culation model. The study of the sea-atmosphere interactiondraining the Pyrenees and the Massif Central are well dis-
has been gridded from 42.l to 43.4 N; and from 3.2 E tinguished in October 2010 and in March 2011 (Fig. 2c,
to 5° E (Fig. 1). 3d). During both events the 8dault River reached 40 and
Significant wave height (Hs) data have been obtained fron850n# s, the Orb River reached 91 and 898s1?,
the Leucate coastal buoy (Fig. 1), provided by the “Centrethe Agly River reached 741 and 635s1!, the Aude

Biogeosciences, 10, 3493505 2013 www.biogeosciences.net/10/3493/2013/
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due to the longer fetch distance of E winds. During winter
2009-2010, the maximum Hs recorded was of 4 m, while
during the next winter the maximum Hs was 4.6 m.

Chl a concentration images showed increased pigment
concentrations during March, reflecting the well-known sea-
sonal phytoplankton bloom in the region (e.g. Estrada et al.,
2011) (Fig. 4).

6000

4000

4.2 Near-bottom current regime and downward
particle fluxes

2000

QRohne (m*'s*)

Time series of near-bottom water temperature, current speed,
near-bottom suspended sediment concentration (SSC) at
CC300, and downward total mass flux (TMF) at both CC300
and CC1000, are shown in Fig. 2d—g.
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4.2.1 Winter 2009-2010

SSC (mg L)

November 2009 was characterized by relatively stable
oceanographic conditions at the CC300 station, with no
major changes in near-bottom water temperature and cur-
rent speeds below 0.29m% At the very end of Decem-
ber 2009, a drop in near-bottom water temperature (to
11.98°C) was recorded concomitantly with increased cur-
rent speeds (0.77 nT8) and SSC (10.41 mgt!). This event
lasted a couple of days. At the same time TMF reached
' EEEEEERY §h 888338 40.2gnr2d~1 at CC300 while no significant increase was
recorded at CC1000.

In mid-January 2010 near-bottom water temperature at

Fig. 2. (a) Temporal variability of northerly winds (red) and

southerly winds (blue). Black arrows highlight severe N-NW wind
episodes and green arrows the occurrence of eastern torSig- CC300 decreased abruptly more thaAC2(from 13.40

nificant wave height (Hs)(c) Daily fluvial discharges of the Rime to 11.21°C), and current speed a”?’ SSC increased up to

River in grey and the sum of the main small rivers flowing to the 1-12ms™* and 34.68mg L™, respectively. The lower tem-

Gulf of Lions (Herault, Orb, Agly, Aude, Tech and&T) in black; ~ Pperatures and high current speeds were maintained for ap-

(d) near-bottom temperature recorded at CC3@);near-bottom  proximately 16 days. Total mass flux (TMF) at CC300

current speed recorded at CC30Q0),suspended sediment concen- reached only 20.1g nfd~! and at CC1000 increased

tration (SSC) as recorded by the currentmeter at 300 m of wateslightly up to 14.7 gm2d—1 (Fig. 2g).

depth;(g) total mass flux at 300 (black) and 1000 m (red) of water  |n February 2010 the longer event started, which lasted

depth. que arrows show period of intense heat losses and DSWGqr one and a half months and was characterized by persis-

event (asin Flg's. 3_and 5), and green arrows the occurrence of easfa i |ow bottom water temperature (as low as 9@5and

em storms (as in Fig. 5). high velocities (up to 0.99 nT$). SSC also increased con-

siderably but did not reach the levels of the previous month,
being almost 4 times lower. While no variation in TMF was

River reached 399 and 56Pm 1, the Tech River 239 and recorded at the CC300 station, TMF at CC1000 registered a

512nPs 1, and the Bt 245 and 366 s 1, respectively.  sharp increase up to values of 84.9g%d 1.

Considering that the Rime river basin is not affected by

the Mediterranean climate characterized by its limited rain-4.2.2 Winter 2010-2011

fall regime (Ludwig et al., 2003), its basal discharge was al-

ways very high compared to the rest of the rivers, presentThe second monitored winter presented smaller magnitude

ing a much more regular flow rate during the whole period anomalies in near-bottom water temperature, current speed

of around 2,000 s~ (Figs. 2c, 3e). The higher water dis- and SSC at the CC300 station. At the end of December 2010

charge in the whole time series was registered at the very endiater temperature dropped more than°T5to 11.49C)

of December 2010, with 5,600%s 1. and current speed increased up to 0.68Mand SSC up
Maximum significant wave height (Hs) was recorded in to 14.57 mg 1. These anomalies lasted for 17 days. TMF

March in both winters in the context of a reinforcement of values at the CC300 and CC1000 stations increased up to

easterly winds (Fig. 2a, b), in agreement with larger swell23.7gn2d -1 and 16.6 g m?d—1, respectively (Fig. 29).

www.biogeosciences.net/10/3493/2013/ Biogeosciences, 10, 38052013
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Fig. 3. (a)Cumulated Latent Heat Flux for winter-spring 2009-2010 (continuous line) and 2010-2011 (dash¢h))li@einulated Sensible
Heat Flux for winter-spring 2009—2010 (continuous line) and 2010-2011 (dashedd)@ymulated Turbulent Heat Flux for winter-spring
2009-2010 (continuous line) and 2010-2011 (dashed l{de};umulated river discharge from theekault, Orb, Agly, Aude, Tech andet
rivers for winters 2009-2010 (continuous line) and 2010-2011 (dashed(E)€umulated river discharge from the &fe river for winters
2009-2010 (continuous line) and 2010-2011 (dashed line). Blue arrows show period of intense heat losses (as in Figs. 2 and 5).

January and February 2011 were characterized by relaing almost always higher concentrations at the CC300 sta-
tively stable conditions, except for a discrete (lasting lesstion. During the first period maximum concentration values
than 2 days) water temperature drop recorded concomitantlyvere recorded during the end of March 2010 at CC300 (up to
with increased current speeds (up to 0.7 srecorded  4.68 %) and during late April 2010 at CC1000 (up to 3.42 %).
at the end of January 2011. At the same time, SSC peakeburing the second monitored period, maximum peaks were
at 11.53mgL! and TMF at CC300 reached values up reached in late February 2011 at CC300 (4.38 %) and late
to 28.9gm?d~1. No increased TMF was recorded at the April 2011 in CC1000 (3.61 %).

CC1000 station. CaCQ; relative abundance during the first monitored

In March 2011 slight temperature drops (to 11°Q7, winter-spring period peaked in late January and Febru-
increased current speeds (0.68m)sand increased SSC ary 2010 in CC300 and late January 2010 in CC1000, and ac-
(7.37mg 1) were again recorded (Fig. 2g). TMF increased counted for up to 30.49 % of the total flux. During the second
slightly at CC300 (up to 9.9 gn?d—1) and after 15 days at period values were significantly lower at the CC300 station,

CC1000 (up to 7.3gm? d~1) (Fig. 2g). increasing in March-April 2011 up to 28.23 and 30.54 % of
the CC300 and CC1000 flux.
4.3 Main components of settling particles Opal represented always less than 4% of the mass flux.

During the first monitored winter-spring opal relative abun-

The temporal variability of the main components (OM, dance increased in December 2009 (up to 1.99%) and
CaCQ, opal and siliciclastics) at the two stations during the March—April 2010 (up to 2.01 %) at both stations. During
winter-spring periods studied is shown in Fig. 5. As repeat-the second period, the seasonal increase of opal was more
edly observed in this region, the siliciclastic component isevident, increasing in very late April 2011 up to values of
the main contributor to TMF at all stations and at all depths1.93 % at CC300, and 3.43 % at CC1000.
(Heussner et al., 2006; Pasqual et al., 2010), representing al-
most 70 % of the total flux. Furthermore, during the second
monitored winter-spring 2010-2011, the siliciclastic relative
abundance decreased with depth from CC300 to CC1000.

In general the OM relative abundance of TMF during During the two monitored periods, approximately 90 % of
both periods showed a clear temporal variability, display-the particles were mainly silt-sized (between 4 and 63 um)

4.4 Grain size

Biogeosciences, 10, 3493505 2013 www.biogeosciences.net/10/3493/2013/
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Fig. 5. Temporal variability of the main components of the settling
particles (CaC@, Organic Mater (OM), opal and siliciclastics) of

the two stations during the two winter-spring periods studied. Black
line represents the CC300 station whereas the red line represents the
CC1000.(a) Winter-spring 2009—2010tb) Winter-spring 2010-
2011. Blue arrows show periods of intense heat losses and DSWC
event (as in Figs. 2 and 3), and green arrows show eastern storms
events (as in Fig. 2).
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The grain size distributions display many fluctuations
(Fig. 6). During the first winter-spring, the low amount of
mass obtained from the sediment cups at CC300 from mid-
January to mid-April 2010 prevented grain size determina-
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N - 2 tion. However, the available data show coarsening of the sed-
0.01 0-1( 3)1 10 iments collected during the second half of December 2009
mg-m

with respect to the samples collected at the beginning and
at the end of the evaluated time series (very late Novem-
ber 2009 and early May 2010, respectively). Samples col-
lected during February 2010 in CC1000 also displayed a
clear coarsening with respect to the initial and final condi-

whereas 10 % of the particles where clay-sizedium). A tions (Fig. 6a).

few samples included sand-sized particles@ um). During the second winter-spring, smaller changes in the
grain size distribution of the sediments collected by the

sediment traps were recorded. Nevertheless, the samples

Fig. 4. Sequence of monthly mean Chlorophyltoncentration in
the study area during both winter-spring periods.
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Fig. 6. Grain size distribution of sediment trap samples. Black represents the grain size distribution at the beginning of the winter (initial
conditions) and gray the grain size distribution at the end of the winter (final conditions). Red and blue lines represent the grain size distri-
bution during main transport eventg) Grain size distribution at CC300 and CC1000 during winter 2009-2®)@rain size distribution

at CC300 (dashed line for December 2010 DSWC event and continuous line for January 2011 DSWC event) and CC1000 during winter
2010-2011.

collected at CC300 during mid—late January 2011 and durThese values are higher than those reported by Schroeder
ing the first half of March 2011 displayed a clear coarseninget al. (2010) for “normal” winters in the nearby convection
with respect to the initial and final conditions (end of Decem- zone, where most extreme heat losses are believed to oc-
ber 2010 and first half of June 2011, respectively) (Fig. 6b).cur (42—43 N, 4-5 E). Consequently, at the end of Decem-
No remarkable changes were recorded in CC1000 during theer 2009 shelf waters lost temperature, became denser and
second winter-spring evaluated. sank, overflowing the shelf edge and cascading downslope
through the Cap de Creus submarine canyon, as shown by
the decrease in near-bottom water temperature at the upper
canyon. This process, known as DSWC, has been recently
studied in detail in several papers (e.g. Canals et al., 2006;
Heussner et al., 2006; Palanques et al., 2006). The DSWC
event started in December 2009, lasted for about 2 months
and was formed by 3 main pulses of water.

Winter 2009-2010 was characterized by the occurrence The first DSWC pulse was recorded at the end of De-
of several wind storms that triggered important changescember 2009. This event increased down-canyon suspended
in the water column structure and the sediment transporfediment ﬂlixes mainly by increasing the current speed up
downcanyon. The northern windstorms occurring in De-t0 0.77 ms 1and caused an increase in the TMF up to
cember 2009 resulted in strong sea—atmosphere heat loss#8-2gm<d~" at CC300 (Fig. 2e, g). In addition, grain

in the studied area (Fig. 3a—c). Cumulated SHF increase@ize distributions of the particles collected by the sediment
640 W nT2 in less than two weeks (Fig. 3b), which repre- trap display a clear coarsening during this pulse (Fig. 6a).
sents an average of sensible heat losses of 58 Aer day. This means that the cascading currents were strong enough

5 Discussion

5.1 Atmospheric forcing of particle fluxes in
winter 2009-2010
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to resuspend and transport coarse particles in suspensiang that event, which repeatedly show coarsening when com-
from the shelf downwards to the basin. Nevertheless, curpared to the pre- and post-winter conditions (Fig. 6a). Over-
rents were not strong enough to transport sediment deepall, the results demonstrate the multi-step sediment transport
in the canyon, as suggested by the low TMF measured aby cascading pulses, first from the shelf to the upper canyon,
CC1000. Overall, data suggest that the sediment eroded arehd then from the upper canyon to the middle canyon, as ob-
transported by the dense water plume settled in somewhergerved in winter 2006 by Pasqual et al. (2006) and Palanques
between CC300 and CC1000. et al. (2012). In addition, the arrival of resuspended particles
From the end of December 2009 to mid-January 2010, sevthrough the southern flank of the canyon may have caused
eral cold and dry northern windstorms with high wind speedsTMF to increase only at middle canyon depths and not at
led to a continued period of heat losses. This sustained hedhe canyon head (Canals et al., 2006; Martin et al., 2013).
loss triggered a continued cooling of the surface waters andeven though with decreasing current speeds (and thus with
thus a loss of buoyancy. In consequence, DSWC was readecreasing capacity of eroding sediments), the DSWC pulse
tivated in mid-January, as confirmed by the decrease in thériggered another increase in TMF at the CC1000 station in
near-bottom water temperature and the sharp increase in thtee end of March 2010, at the very end of the cascading event.
current speed and in the SSC at CC300. The strong intensifi-
cation in current speed (up to 1.12m$ and in SSC (upto 5.2 Atmospheric forcing of particle fluxes
34.68 mg 1) denoted a major escape of resuspendible fine in winter 2010-2011
sediments from the shelf and down the canyon. Furthermore,
the TMF at both CC300 and CC1000 increased slightly, ev-An eastern windstorm with high E winds and Hs up to 3.9 m
idencing that, this time, cascading waters reached probablgffected the Cap de Creus area in fall 2010. This episode
the middle canyon course. In addition, the coarsening of thavas followed by increased river discharge in the rivers adja-
samples collected during this event at CC1000 indicates thaient to the study area, which altogether reached 1,661
effectively, the cascading waters flowed downcanyon, reach{Fig. 2c). As the mooring lines were not yet deployed, we
ing depths of at least 2000 m. cannot investigate the impact of this eastern storm on the sed-
The third DSWC pulse started February 2010. At this iment transport downcanyon.
stage, the superficial waters of the GoL were probably com- The following months were characterized by the occur-
pletely unstratified as a result of the continued wind cool-rence of cold and dry northern windstorms. Cumulative tur-
ing and mixing processes that took place during the win-bulent heat fluxes from the beginning of November 2010 to
ter. Winter cumulated SHF in the beginning of February waslate December 2010 were about 400 Whhigher than dur-
higher than 520 W m? (note the high slope of SHF in Febru- ing the same months in the previous winter. Heat loss trig-
ary 2010 Fig. 3b) and the cumulated turbulent heat lossegered a loss of buoyancy and the occurrence of DSWC along
were around 1% 10°Wm~2. This might have caused sur- the submarine canyon. In fact, it seems that there is a cer-
face water temperature to decrease, resulting in pronounceiin heat loss threshold above which DSWC occurs, as can
buoyancy losses of the coastal waters of the GoL. This sithbe seen when comparing the two winters evaluated (Fig 3a—
uation led shelf waters to cascade downslope continuously). During the first winter it was not until turbulent heat
for a prolonged time period (from the beginning of Febru- fluxes (Fig. 3c) reached values of about 80° W m—2 that
ary 2010 until the beginning of March 2010), as can be seerthe first DSWC event occurred. The same happened during
by the long and marked drop in near-bottom water temperawinter 2010-2011 — the first dense shelf water pulse was
ture (of more than 3C) and the notable increase in the cur- recorded, as a near-bottom water temperature drop, when
rent speed at the upper canyon (Fig. 2d, e). However, thisvinter cumulative turbulent heat fluxes reached values of
event resulted in a small increase in down-canyon suspendearound 6x 10° W m~2 (Fig. 3c).
sediment fluxes at CC300. G@h et al. (2006) suggested = The DSWC event of December 2010 lasted for 17 days
that the “memory” of the past events on the shelf plays aand triggered increased current speeds. The consequences
crucial role in sediment dynamics as the recurrence of theof this event were a rapid but discrete increase in the cur-
preceding storms reduces the availability of fresh shelf seditent speed, SSC and TMF in the canyon head (Fig. 2e—g).
ments that can be resuspended. This also suggests that thaSerthermore, the newly formed water plume became dense
events in December 2009 and January 2010 cleaned erodénough to cascade along the canyon, reaching depths of at
ble sediments in the upper canyon and thus cascading wdeast 1000 m as the TMF of the CC1000 recorded values of
ters in February flowed without a significant suspended sedapproximately 16.6 g mé d—1 (Fig. 2g).
iment transport to CC300 (Fig. 2g). However, cascading wa- Turbulent heat losses from the beginning of January until
ters may have eroded part of the sediments trapped betweeviarch 2011 were lower than the previous 2009-2010 win-
the two moorings in the upper-middle canyon, thus triggeringter. Furthermore, the increased river discharge recorded in
an increased arrival of particles, with the maximum fluxesthe Ri®ne River throughout winter, together with the punc-
recorded at the CC1000 station (Fig. 2g). This is also con+tual discharge from the smaller rivers opening to the Gulf
firmed by the grain size distributions of particles settling dur- of Lions, suggest the presence of a large amount of light
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freshwater in the shelf. This might have inhibited dense water In the end of the winter and beginning of spring, the
formation through increased buoyancy of surface waters. changes in the composition of the settling particles responded

In late January 2011 a slight temperature drop indi-to a seasonal control. The higher variability in the biologi-
cates the arrival of dense shelf waters. The occurrence ofal signal (i.e. OM and opal content) occurred in response
a concomitant eastern storm with Hs of up to 3.6 m sug-to the biological spring bloom recorded during March and
gests that the eastern storm reactivated punctually DSWCApril 2010 (Fig. 4). The less severe hydrodynamic conditions
despite the freshwater inhibition. Indeed it is well known that (end of the major cascading pulse) also favored the reduction
eastern storms cause intense shelf sediment resuspensiaf,the input of resuspended lithogenic particles.
which can decrease buoyancy and form a downcanyon flow The CaCQ relative abundance displayed an apparently
(Palanques et al., 2006; Sanchez-Vidal et al., 2012). This isandom pattern with higher values in January and Febru-
demonstrated by the increased current speed (0.74ms ary 2010, which are not related to OM and opal peaks
SSC (11.02mgtl) and TMF (up to 29.0gm?d1) atthe  (Fig. 5). The resuspension and transport of carbonated shell
canyon head. The turbid flow might have stopped beforeremains from the shelf is the most plausible explanation, as
reaching the CC1000 station as no significant TMF increasesuggested by Mair et al. (2006) in the nearby La Fonera
was recorded. The grain size of the samples collected duringubmarine canyon (Fig. 1).
this event presented a clear coarsening at CC300 but not at
CC1000 (Fig. 6b). 5.3.2 Composition variability of settling particles

In mid-March 2011, another eastern storm occurred, with during winter-spring 2010-2011
Hs of more than 4.5m, which was accompanied by a sig- . )
nificant increase in the Massif Central and Pyrenees riverdn the context of a milder and wetter 2010-2011 winter-
discharge (Figs. 2c, 3d). Increased current speeds (up t8P"NY period, the high Iltihogemc fraction in sgttillng part|.-
0.68ms?) and SSC (up to 7.37 mgtl) were recorded. The F:Ies suggests also a domlngnt resuspended origin, especially
fact that flooding occurred several days after the main pulsd’ the shallower station, which was the more affected by the
of downcanyon sediment transport suggest again, that erdn@n sediment transport events. However, primary produc-

sion from the adjacent shelf was the main source of particled! Products (i.e. OM and opal) dilution due to increased
introduced in the canyon during mid-March 2011 (Mawt lithogenic sediments resuspension was lower, most likely be-

al., 2013). The turbid flow did not penetrate into the canyoncause of the weakened main transport events. This was also

deeper than about 350 m. The coarsening of the grain sizVident in the relative abundance of Cagand especially
of the particles collected at CC300 suggest that near-bottoritt the CC1000 station, which was impacted by less events

currents during this event where strong enough to resuspenid’@n the preceding winter and spring. Nevertheless, at CC300
and transport coarse particles in suspension from the shelf tf!® C2CQ relative abundance decreased progressively until
the canyon head (Fig. 6b). the end of February 2011. At the same time, an increase of

OM and lithogenic contributions were recorded, which in ab-
sence of any primary production event suggests the arrival of

5.3 Variability in composition of the settling particles OM-rich resuspended material. The occurrence of a weak-
and Chla ened dense shelf water cascading may have triggered a se-
lective winnowing of fine (and OC-rich, following Tesi et al.,
5.3.1 Principal variations in the composition of the 2010 and Sanchez-Vidal et al., 2008) particles Eetral.,
settling particles of winter-spring 2009—-2010 2005; Bourrin et al., 2008) that sedimented in the head of

the canyon. The development of the phytoplanktonic bloom

Winter 2009-2010 dense shelf water pulses caused TMAN SPring 2011 (Fig. 4) may have increased the contribution
of CaCQ, together with OM and opal to maximum levels

to increase and to be dominated by the siliciclastic frac-*"

tion (more than 67%) (Fig. 5). During December 2009, (Fi9- 5)-
and January and February 2010, the composition of the set-
tling particles was relatively constant, showing that DSWC g
pulses transported homogenized materials from the same ori-

gin (i.e. the shelf and upper slope) towards the basin (as reThis study compares hydro-sedimentary processes and asso-
ported before by Pasqual et al. (2010)). Furthermore, durciated particle fluxes in the westernmost submarine canyon
ing these events, the non-siliciclastic fraction was close toof the Gulf of Lions, at the outlet of the shelf and slope
the values reported by Heussner et al. (2006), withO—  cyclonic circulation system of the area, during the winters
30% CaCQ, 2-3% OM, and opal was virtually absent. and part of the springs of 2009—2010 and 2010-2011. Dur-
These values were also close to those reported by Roussigdg these periods, contrasting atmospheric forcings devel-
et al. (2006) for the superficial sediments from the shelf andoped and led to unequal modifications of the thermohaline
upper slope (31 % CaC1-4% OM and opal nearly absent properties of the upper ocean |ayer_

or under detection limit).

Conclusions
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A more pronounced ocean-to-atmosphere heat transfer (upith the laboratory work, X. Rayo for his technical assistance
to 14.2x 103Wm*2) occurred in winter 2009-2010, which when using Geographic Information Systems, A. Micallef for
triggered a stronger cooling of the water over the continendmproving the English, and two anonymous referees for their
tal shelf, compared to winter 2010—2011. This situation re-valuable comments.
sulted in an increase in the density of surface water, which_
sank and cascaded at higher velocities (up to 0.99'ms Edited by: R Danovaro
down the Cap de Creus canyon. The higher current speeds
recorded during winter 2009-2010 caused higher erosion, regeferences
suspension and ultimately transport of sediment to the mid-
canyon reach. In contrast, reduced heat losses were record@durrin, F. and Durrieu de Madron, X.: Contribution of the study
(12.6x 103Wm~2) during winter 2010-2011, which, to- of coastal rivers and associated prodeltas to sediment supply in
gether with a high volume of cumulated freshwater over the north-western Mediterranean Sea (Gulf of Lions), Vie Milieu,
shelf, inhibited the penetration of dense shelf water down to 56, 307-314, 2006.
the middle canyon. A noticeable eastern storm that occurredourrin, F., Durrieu de Madron, X., Heussner, S., and Estournel,
during this winter-spring, resulted in peak near-bottom cur- C.: Impact of winter dense water formation on shelf sediment

1 . erosion (evidence from the Gulf of Lions, NW Mediterranean),
;%35?1 (t)(]; ?Hii?;erfaig%?r:gg;he export of particles only Cont. Shelf Res., 28, 1984-199#)i:10.1016/j.csr.2008.06.006

he lith ic fracti domi in th icle fi 2008.
The lithogenic fraction was dominant in the particle fluxes Canals, M., Casamor, J. L., Urgeles, R., BariM., Calafat, A. M.,

of the two winter-spring seasons, which point to a resuspen- Amblas, D., Willmott, V., Estrada, F.,@chez, A., Arau, P,

sion origin, despite the comparatively milder character of the  Frigola, J., and Céis, S.: Mapa del relleu subrale Catalunya,

2010-2011 winter. The variability in OM and opal contents  1:250 000; Institut Cartogfic de Catalunya, Barcelona, Spain, 1

followed a seasonal pattern in response to the plankton spring map, 2004.

bloom during March and April 2010 and 2011. Canals, M., Puig, P., Durrieu de Madron, X., Heussner, S., Palan-
The CaCQ relative abundance also showed a noticeable dues, A., and Fabres, J.: Flushing submarine canyons, Nature,

variability both within each winter-spring and between the _ 444, 354-357¢0i:10.1038/nature05272006.

two winter-spring periods. Variability sources are, however, Company. J. B., Puig, P., Sardr., Palanques, A., Latasa, M., and

different. The apparently random pattern of Cad®2009— Scharek, R.: Climate influence on deep sea populations, PloS

2010 is attributed to the resuspension of relict carbonateD e(;r:, 3581:&?;3;'13&;1% ur;](?;.posn_e}soogiﬁﬂggiﬁi.ps A S

sheIIs.durlng the multi-pulse, deep-penetrating DSWC of g0 gyface Temperature Variability: Patterns and Mechanisms,
that winter. In contrast, the weakened transport events dur- ann Rev. Mar. Sci., 2, 115-143l0i:10.1146/annurev-marine-
ing winter-spring 2010-2011 triggered the resuspension of 120408-1514532010.
only fine (and OM-rich) particles. Furthermore, the lower ad- Durrieu de Madron, X., Zervakis, V., Theocharis, A., and
vection of resuspended sediments favored an increase in the Georgopoulos, D.: Comments to “Cascades of dense wa-
relative content of the biogenic components (OM, opal and ter around the world ocean”, Progr. Oceanogr., 64, 83-90,
CaCQ) during the spring bloom. doi:10.1016/j.pocean.2004.08.0@005.
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