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Abstract. This paper analyzes the relationship betweendence of the efficiency of the biological pump in sequestering
deep sedimentary fluxes and ocean current vertical velocerganic carbon from the surface layers of the deep Eastern
ities in an offshore area of the lonian Sea, the deepesMediterranean basins.

basin of the Eastern Mediterranean Sea. Sediment trap data
are collected at 500 m and 2800 m depth in two successive
moorings covering the period September 1999—May 2001.1 Introduction
A tight coupling is observed between the upper and deep
traps and the estimated particle sinking rates are more th

200 mday!. The current vertical velocity field is computed

4Phe Eastern Mediterranean Sea is characterized by an anti-
from a 1/16 x 1/16° Ocean General Circulation Model sim- e§tuarlne basin scale C|rculat|on.through the Sicily Channel,
with the entrance of surface nutrient-depleted waters and the

ulation and from the wind stress curl. Current vertical ve- ... . . ; ,
" ; ; exiting of nutrient-enriched intermediate waters (Malanotte-
locities are larger and more variable than Ekman vertical ve-_. . o . .
. . .~ Rizzoli et al.,, 1997; Pinardi and Masetti, 2000). Super-
locities, yet the general patterns are alike. Current vertical

i imposed to this large scale circulation pattern, a seasonal
velocities are generally smaller than 1 m daywe therefore P g P

) Z . wind-forced sub-basin scale circulation is evident (Pinardi
exclude a direct effect of downward velocities in determin- ) :
. . . ; ; and Navarra, 1993; Molcard et al., 2002), with the dom-
ing high sedimentation rates. However we find that upward.

e inant north-westerly wind component giving a characteris-
veIo_c_ltles in the subsu_rface layers .Of the water column aGic separation between the southern regions, dominated by
positively correlated with deep particle fluxes. We thus hy- anticyclonic motion, and the northern regions, dominated

pothesize that_upwelllng would pr.oduce. an increase in Ljp'by cyclonic motion (Pinardi et al.,, 2005). The Eastern
per ocean nutrient levels — thus stimulating primary produc- ; : L .
Mediterranean general circulation is moreover importantly

tion and grazing — a few weeks before an enhanced Vertica{';\ﬁected by interannual variability mainly in response to sur-
flux is found in the sediment traps. High particle sedimen- y y P

tation rates mav be attained by means of rapidly sinkin fe_face fluxes (Korres et al., 2000; Demirov and Pinardi, 2002).
y y pialy g The open areas of the lonian Sea, which is the deepest

cal pellets produced by gelatinous macro-zooplankton. Othe[)asin of the Eastern Mediterranean Sea, are highly olig-

sedimentation mechanisms, such as dust deposition, are als? . .
. ) .- : otrophic, as surface chlorophyll concentrations are generally
considered in explaining large pulses of deep particle fluxes

o . S . _lower than 0.5 mg m? and a deep chlorophyll maximum is
The fast sinking rates estimated in this study might be an ev'found at around 80100 m depth (Boldrin et al., 2002: Mal-
inverno et al., 2003; Ignatiades, 2005). The nutricline in the

Eastern Mediterranean Sea is normally well below the eu-
Correspondence td-. Patara photic layer. Klein et al. (1999) measure in the year 1987
BY (patara@bo.ingv.it) a 300—-400 m deep nutricline in the southeastern lonian Sea,
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while Ediger and Yilmaz (1996) measure in the Levantine and 2800 m depth. We analyze total particle flux, i.e. the flux
Basin a 600 m deep nutricline in correspondence of anticy-of all sinking particles, and total coccolith flux, i.e. the flux
clonic structures. In the lonian Sea, oligotrophic featuresof the calcitic plates constituting the coccolithophore exter-
increase according to a north-south and west-east gradiemtal shell.
(Bricaud et al., 2002; Casotti et al., 2003), in response to Ekman vertical velocities calculated from the wind stress
different water mass characteristics and possibly circulatiorcurl were used in previous studies as a proxy of the cur-
patterns. In this oligotrophic region coccolithophores are anrent vertical velocities and a relation with biological patterns
important constituent of the phytoplankton assemblage largewas found (Agostini and Bakun, 2002). However biogeo-
than 3um (Boldrin et al., 2002; Malinverno et al., 2003) and chemical processes and vertical particle fluxes are affected by
their calcitic remains give a major contribution to the calcium mesoscale features (McGillicuddy et al., 1999; Sweeney et
carbonate export to the deep layers (Ziveri et al., 2000). al., 2003), which are pervasive in the eastern Mediterranean
Organic matter export in the ocean interior — occurring Sea (Robinson et al., 1987) but might not be correctly repre-
mainly through zooplankton fecal pellets and marine snowsented by the large scale Ekman vertical velocities.
particles (Knappertsbusch and Brummer, 1995; Stemmann et Current vertical velocities are difficult to directly measure
al., 2002; Turner, 2002) — is one of the processes maintainbecause of their extremely low values, which are commonly
ing the CQ partial pressure gradient between surface andess than 1 mday*. We therefore analyze vertical veloci-
deep layers (Sarmiento and Gruber, 2006) and it is thereties simulated with a 1/P6<1/16> Ocean General Circula-
fore involved in the ocean’s capacity to absorb atmospherigion Model (OGCM) for the years 1999-2001. The OGCM
CQOz. Hence it is important to quantify particle sedimenta- vertical velocities are compared with the wind induced Ek-
tion in the water column and to assess the mechanisms afan vertical velocities in order to verify the consistency be-
fecting its variability. Particle fluxes may be estimated by tween the two fields. The OGCM vertical velocities are then
means of sediment traps which collect the material sinkingcorrelated with particle fluxes from sediment traps.
through the water column in temporally rotating containers  The paper is organized as follows: Sect. 2 gives some de-
(Honjo, 1996; Buesseler et al., 2007), thus giving a measureails regarding the particle flux observations and the compu-
of the mass of particles (mg) sinking across the sediment tragation of Ekman and current vertical velocity fields. Section 3
surface (n) during a specific time interval (days). Results investigates the main results of this work, concentrating on
from sediment traps moored at various depths and geographhe effect of ocean vertical velocities on particle fluxes mea-
ical settings (Honjo et al., 2008) yield significant variability sured at the studied sites. In Sect. 4 we discuss the major

in particle flux magnitudes and sinking velocities as a conse<indings and in Sect. 5 we give a few concluding remarks.
quence of physical and biological processes (Berelson, 2002;

Francois et al., 2002; De La Rocha and Passow, 2007; Lutz
etal., 2007; Trull et al., 2008). 2 Methods
In oligotrophic open ocean regions particle fluxes are
generally very low, and yet they have been observed ta2.1 Particle flux data from sediment traps
strongly react to localized and episodic phenomena such as
the passage of mesoscale eddies (Sweeney et al., 2003), &article flux data analyzed in this work were collected by
evated zooplankton biomass (Conte et al., 2003; Goldthwaitmeans of conical Technicap PPS5/2 sediment traps deployed
and Steinberg, 2008), and the occurrence of lithogenic dusat 500 m and 2800 m depth in two offshore sites located in
events (Ziiiga et al., 2008); in addition deep particle fluxes the southeastern lonian Sea, the Urania and Bannock stations
are found to be in some cases decoupled with respect to sufFig. 1). Sediment traps are equipped with 24 polypropylene
face ocean primary production (Buesseler, 1998; Conte et alkottles, have a 1 fcollection area, measure 2.3 m height
2001; Lutz et al., 2002). However the relevant physical andand have an aspect ratio equal to 6.25. The sediment trap
biological mechanisms controlling particle sedimentation intime series cover the period 15 September 1999-9 May 2001
oligotrophic regions are still to be fully understood. in two successive moorings, the first one from 15 September
In this study we investigate the effect of current vertical ve- 1999 to 13 May 2000 (hereafter referred to as Mooring 1),
locities on particle fluxes measured in the deep lonian basinthe second one from 30 May 2000 to 9 May 2001 (hereafter
Ocean vertical velocities might influence particle fluxes in referred to as Mooring 2). The sampling frequency varies
two opposite ways: on one hand they could directly increasébetween 10 days for Mooring 1 and 15 days for Mooring 2.
sedimentation rates through downwelling velocities; on the Soon after recovery, swimmers were removed from the
other hand they could produce, via upwelling velocities, ansamples by hand picking under a stereoscope with fine
indirect effect through an enhancement of nutrient levels andweezers and samples were splitted on board in 8 aliquots us-
primary productivity in the upper ocean. ing a pneumatic splitter. One aliquot was further splitted into
Particles are sampled during the period 1999-2001 at thadditional sample fractions by means of a rotary splitter. Of
Urania and Bannock stations — located in the open southeasthese fractions one was filtered on a pre-weighted cellulose
ern lonian Sea — by means of sediment traps moored at 500 racetate filter, dried and then weighted. The measure of total
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H ea bathymetr Table 1. Available sediment trap data from the Urania and Ban-
Iomon S y y nock sites, where TPF=Total Particle Flux (mg?rdayfl) and

TCF=Total Coccolith Flux (nCm?day~1). Mooring 1=from 15
September 1999 to 13 May 2000 and Mooring 2= from 30 May
2000 to 9 May 2001.

38 1

Sampling URANIA site BANNOCK site
period 500 m depth 2800 m depth 2800 m depth

36 1

Mooringl TPF, TCF TPF, TCF TPF
Mooring2 TPF, TCF TPF

34 1
data at the Urania station are available at both 500 m and
2800 m depth for Mooring 1, and at 500 m depth for Mooring

/\\\ 2. At the Bannock station only total particle flux at 2800 m
32 i depth is available (see Table 1).

16 1|8 20 22 24 A few technical problems were encountered during the
sampling procedures. At the Urania site, a few samples from

T the Mooring 1 time series collected at 2800 m depth dis-

1000 2000 2500 3000 solved in the laboratory after being weighted and before the

m coccolith count: the total particle flux time series is there-
fore complete, whereas a few samples are missing from the

Fig. 1. lonian Sea bathymetry and sediment trap mooring sites.coccolith flux time series. During the sediment trap recovery

U=Urania station (latitude 32’ N, longitude 222’ E), B=Bannock  of Mooring 1, the last collecting bottle remained open dur-
station (latitude 392’ N, longitude 20 E). ing the ascent through the water column: the last samples of
the two time series — at 500 m depth and at 2800 m depth —
may therefore give an overestimated value of the true particle

i i ; 2 1
particle ﬂux in units ofmgm . day” was then ca_lculated flux. At the Bannock site, the sediment trap rotation mecha-
by knowing the sample fraction weight, the sediment trapnism stopped after the 16th temporal interval of Mooring 1,

aperture area, and the sampling frequency. Another fractioni,_e. after 24 February 2000. Particles sinking during the re-
intended for coccolith analysis, was processed following themaining part of the time series (25 February 2000—13 May

met_hod of Bairbakhish et al. (1999)_ in order to remove or- 2000) were then collected in one single vial during a period
ganic matter and disaggregate particles. Samples were the(pf 79 days

filtered onto a millipore cellulose acetate filter (04% pore
size, 47 mm diameter), oven dried af@and stored in plas-
tic petri dishes. A portion of each filter was mounted on

a glass slide and analyzed along radial transects from the model used in this study is derived from the OPA
centre to the edge using a polarized light Olympus micro-¢,qe (Madec et al., 1998), it has a horizontal resolution of
scope (LM) at 1250 magnification. Coccolith count of major 11 1/16° (corresponding to a grid spacing of approxi-

species was performed on areas of 0.2 to g mepending  ately 6km) and a vertical z-level step-wise discretization
on coccolith concentration on the filter, whereas minor an ith 72 unevenly spaced levels. Vertical resolution is en-

rare species were counted on areas of 1 to 18n@occol-  panced in the upper layers and gradually decreases with
ith flux was calculated according to the following equation: depth (Tonani et al., 2008).

2.2 \ertical velocities calculation

NA;S The current vertical velocity field is computed as a diag-
= m (1) nostic variable according to the continuity equation for an
st incompressible fluid:

where F=coccolith flux (nCnr2day 1), N=number of

counted specimens (nC},,=filter area (mrd), S=split fac- ; u  9v

tor, a; =investigated filter area (m#) A, =sediment trap W (z) = w(=H) — / (a + 8—>d '
aperture area (A and7=sample collecting interval (days). “H Y
Because of the utilized sampling procedure, coccolith data

represent the contribution from both loose coccoliths andwhereu andv are the horizontal velocity components,is
coccospheres disaggregated during sample preparation. Fluke vertical velocity component areH is the bottom depth.

@)
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The kinematic bottom boundary condition for vertical veloc-
ity can be expressed as: Year 1999

w(—H) =-Uy - V,H, 3

whereUp= (u,v) andV,=(d/dx,d/dy). Because of the
bottom topography discretization useWy,, H is equal to
zero, thus vertical velocity at the ocean bottom will also
be zero. A discussion over the vertical velocity represen-
tation at the ocean bottom in z-level models may be found in
Pacanowski and Gnanadesikan (1998). 36
We compare current vertical velocity computed with
Eqg. (2) with Ekman vertical velocity, calculated as a func-
tion of the curl of the wind stress= (., 7, according to:

wg (x,y,0g) =

! (k~thr+'3Tx), 4)
0o f f

wherewp is the Ekman vertical velocity, is computed from
ECMWEF winds using a bulk formula as reported in Tonani
et al. (2008),00 is the average seawater density taken as ~ 1 18 20 B 24
1029kgn3, and f is the Coriolis parameter. The pa-

rameter, i.e. the meridional gradient ¢f is computed as

) I
B =2Q cos@/r, wherer and2 are the Earth radius and 5 10
angular velocity, and is the latitude.
Ekman vertical velocities are defined at the Ekman layer cm/sec 30

depthd g, which is the e-folding depth of the wind-induced
currents. For the Mediterranean Seais generally between  Fig. 2. Simulated current horizontal velocities (cm in the lo-
20m and 40m. Such an estimate is calculated using th@ian Sea at 30 m depth averaged over the year 1999. The arrow on

scaling formulas ;= /2Av/|f| (Pond and Pickard, 1983), the bottom-right of the panel indicates the 30 cm selocity.

whereA, is the vertical eddy coefficient for momentum, cal-
culated in the model as a function of the Richardson numbeg, not fit a normal distribution. However we would like to
(Tcir;an2| eE?I., 2008) and normally variable between?8nd  mention that the use of Pearson correlation coefficients yields
10°mes= . very similar results. Correlations are calculated both without
We use daily wind stress fields for the years 1999-2001, (ime |ag (“0 lag” case) and with particle fluxes shifted of
to gompute Ekman vertical velocities and daily current've-one (“1 lag” case) and two (“2 lags” case) sediment trap rota-
locity fields of the model output to compute current vertical jon, intervals with respect to current vertical velocities. The
velocities. The comparison between the two fields is done« lag” case corresponds to a shift of 10 days for Mooring
on a monthly basis at 30 m depth. The comparison betweeR 5nq of 15 days for Mooring 2, whereas the “2 lags” case
the vertical velocity fields and the particle flux time series is corresponds to a shift of 20 days for Mooring 1 and of 30
done by averaging the former fields on the same time interyays for Mooring 2. The computation of lagged correlations
vals of the sediment traps, i.e. 10 days for Mooring 1 and 155 4imed at assessing the delayed effects of ocean vertical ve-

days for Mooring 2. _ locities on particle fluxes.
Current vertical velocity values are vertically averaged be-

tween 100 m and 600 m depth, which allows for the surface

high frequency signals to be neglected and is deep enough Results

for the nutricline depth to be included at all seasons (Ediger

and Yilmaz, 1996; Klein et al., 1999). The vertical velocity 3.1 Surface circulation in the lonian Sea

field is then horizontally averaged on six areas of increasing

dimensions around the station coordinates, with the aim ofin Fig. 2 we show an annual average for the year 1999 of

assessing how the spatial heterogeneity of vertical velocitieshe horizontal circulation at 30 m depth simulated with the

affects correlations with particle flux data. OGCM described in Sect. 2.2. Modified Atlantic Water en-
Spearman rank correlation coefficients between currentering the Sicily Strait flows mainly eastwards towards the

vertical velocities and patrticle fluxes are calculated. We usd_evantine Sea and separates the lonian Basin in two regions

this non-parametric method because patrticle flux time seriesharacterized by an anticyclonic circulation to the south and
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November 1999 June 2000 November 1999 June 2000

32
16 18 20 22 24

(b)

N —
-0.1 0.1
m/day

February 2001

(c)  m—— (d)  e—— (d)  m——
m/day m/day m/day

Fig. 3. Ekman vertical velocities (mday') in the lonian Sea in Fig. 4. Simulated current vertical velocities (m day) in the lo-
(a) November 1999(b) June 2000(c) November 2000, an¢d) nian Sea at 30 m depth @) November 1999(b) June 2000(c)
February 2001. In letters we indicate the positions of the UraniaNovember 2000, an¢l) February 2001. In letters we indicate the
(U) and Bannock (B) stations. positions of the Urania (U) and Bannock (B) stations.

a weak and prevailingly cyclonic circulation to the north. A scale wind field. Positive values, i.e. upward EVVs, are
large meander of the Modified Atlantic Water current, called prevalently found in the northern part of the lonian basin,
the Atlantic lonian Stream (Robinson et al., 1999), is presenwhile the southeastern regions are typically characterized by
in the lonian Sea around 34l with an anticyclonic curvature negative values, i.e. downward EVVs. Seasonal and interan-
and a detached anticyclonic eddy to the north (up toN\g7 nual variability is moreover evident: in February 2001 the lo-
The lonian Sea was affected in the late 80s by an in-nian Basin exhibits the largest areas with upward EVV, while
tensification and northward extension of the anticyclonicJune and November 2000 are characterized by prevailingly
circulation (Malanotte-Rizzoli et al., 1999; Demirov and downward EVVs. The upward EVVs are then stronger in the
Pinardi, 2002). This circulation change, which is an aspect ofnorthern part of the basin and in the winter season.
the widespread phenomenon known as the Eastern Mediter- The Current Vertical Velocity field (hereafter referred to as
ranean Transient, appears to have recovered since the lafeVV), calculated according to Eq. (2), is depicted in Fig. 4
90s (Manca et al., 2003). The weak but cyclonic circulationat 30 m depth for the months of November 1999, June and
north of 3% N and the large but limited in extent anticyclonic November 2000, and February 2001. The CVV field is nois-
meander and northward eddy are signatures of such changi®r with respect to the EVV field and values generally ex-

which our model succeeds to capture. ceed 0.1 mday! in absolute value. This is due to the intense
mesoscale eddy field that modulates the Ekman vertical ve-
3.2 \ertical velocities in the lonian Sea locities. Consistently with the EVV field, a north-south gra-

dient in the CVV sign and a large seasonal variability are
The Ekman Vertical Velocity field (hereafter referred to as evident, with a broadening of the areas of downward CVVs
EVV) calculated according to Eq. (4), is depicted in Fig. during the summer months and of the areas of upward CVVs
3 for the months of November 1999, June and Novemberduring the winter months. The comparison between the CVV
2000, and February 2001, which are months overlappingield in November 1999 and in November 2000 reveals sig-
with sediment trap data. EVVs have values betwedhl nificant interannual variability, in agreement with the EVV
and 0.1 mday? on large portions of the lonian basin and ex- field.
hibit a typical large scale structure consistent with the large
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Vertical Velocities at the Urania site 100mgnr?day!.  Secondary flux maxima exceeding
160 — ; 25mgm2day ! occur in September—November 1999, at
120 —E\\//\\i ::Zi 1 the beginning of March 2000, in November—December 2000
FE 8or and in April 2001. TPFs lower than 2mgthday ! oc-
£
o

/ WV area ]
42>//\ADM area )/ A /\(\_\//\ cur throughout the period January—March 2001. At 2800 m
AL IS MRS\ depth TPF is highest in mid-May 2000 with a value exceed-

-40t
ing 100mgnT2day ! (we recall however that this value

1 I I 1 I

8OSepQQ Nov99 Jan00 Mar00 May00 Jul00 Sep00 Nov0O JanO1 Mar01 is probably overestimated), whereas Secondary flux max-
Vertical Velocities at the Bannock site ima in excess of 25mgnf day* occur in the .per.iOd of
160 — ‘ ‘ September—October 1999. TPF at the Urania site is on aver-
120f T EWareaA 1 age 17mgm?day ! at 500 m depth (with a standard devi-
80 — CVWareaA ation of 20mgnt2day 1) and 13mgm?day ! at 2800 m
CVVarea E 1 depth (with a standard deviation of 12 mgfday1). The

cm day'1

401
WJ-W\ ‘\“M\_JV V\/ N large value of the standard deviation indicates that the mean

:‘;2 , : \ : ‘ \ ; - is not a robust estimate of the probability distribution due to
Sep99 Nov99 Jan00 Mar00 May00 Julo0 Sep00 Nov0O Jan01 Mar01 the eventful and short time series.
Total Coccolith Flux (hereafter referred to as TCF) mea-
Fig. 5. Ocean vertical velocities (cm day) at the Urania (top) and  sured at the Urania site is depicted in logarithmic scale
Bannock (bottom) sites, where EVV=Ekman Vertical Velocity com- Fig. 7 with a light-gray line; Current Vertical Velocity
puted from the Wi_nd stress curl, and CVV=simulated Current Ver- (CVV), averaged between 100 m and 600 m depth and on an
tical Velocity, vertically averaged between 100 m and 600 m depth.area of 85 km side (area E), is superimposed on the same plot

EVVs are horizontally averaged over an area of 145km side (area . .
with a dark-gray line.

A); CVVs are horizontally averaged over areas of 85 km side (area )
E) and 145 km side (area A). The tick marks on the x-axis indicate 1 CF &t 520 m depth shows a sporadic peak around
the 15th day of each month. 3x10°nCm2day ! between mid-May and the beginning

of June 2000 and secondary flux maxima in excess of
5x18nCm2 day ! at the end of September 1999 and
In Fig. 5 we show time series at the Urania and Ban-in March 2000. At 2800 m depth TCF exhibits the largest

nock sites of EVV, horizontally averaged over an area ofvalues (in excess of 6108 nCm2day™?) in the period
145km side (area A), and of CVV, vertically averaged be- September—November 1999 and in mid-May 2000 (even
tween 100 m and 600 m depth and horizontally averaged ovethough this value is probably overestimated). Microscope
areas of 145km side (area A) and of 85km side (area E)visual inspection has revealed no evidence of coccolith dis-
EVV and CVV exhibit in many cases synchronous peaks,solution (Malinverno et al., in preparation): this observation
thus suggesting a relevant role of the wind stress curl fields consistent with the similar TCF magnitude between upper
in modulating the seasonal variability of ocean vertical ve-and deep traps. TCF measured at 500 m depth during Moor-
locity. CVV, in particular when averaged over the smaller ing 2 is significantly lower with respect to Mooring 1, and
area E, is however much larger in amplitude with respectwe suspect that calcite dissolution may have partly occurred
to EVV, thus indicating that ocean dynamics enhances thdn the samples. Thus this part of the time series might not be
atmospheric forcing and translates it into smaller scale mofully reliable.
tions. Due to the spatial and temporal variability of CVV, the ~ We may thus conclude that at the Urania site, fluxes are
Urania and Bannock stations despite their vicinity are char-extremely high in May—June 2000, i.e., at the beginning of
acterized by different circulation regimes. This variability summer, and are generally larger in the autumn and spring
does not appear to be correctly captured by the large scalgeasons.
EVV field, which we therefore do not believe suitable forthe =~ TPF measured at 2800 m depth at the Bannock site is de-
computation of correlations with sediment trap data. picted in Fig. 8 with a light-gray line; Current Vertical Veloc-
ity (CVV), averaged between 100 m and 600 m depth and on
3.3 Particle fluxes at the Urania and Bannock stations an area of 85 km side (area E), is superimposed on the same
plot with a dark-gray line.
Total Particle Flux (hereafter referred to as TPF) measured at TPF is highest at the beginning of June 2000, when it
the Urania site is depicted in logarithmic scale in Fig. 6 with exceeds 70 mgnfday !, whereas in the remaining part
a light-gray line; Current Vertical Velocity (CVV), averaged of the time series TPF remains below 4 mgfday 1, ex-
between 100 m and 600 m depth and on an area of 85 km sideept for the period 25 February 2000-13 May 2000, when
(area E), is superimposed on the same plot with a dark-grajt is 10mgnt2day 1. However, since the particles sink-
line. ing throughout this period were collected in one single
At 500m depth TPF is highest between mid-May vial, we cannot know whether the higher TPF belongs to
2000 and the beginning of June 2000, when it exceed®ne single event or is due to an overall increase of flux

Biogeosciences, 6, 33348 2009 www.biogeosciences.net/6/333/2009/
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Urania station - 500 m depth
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Urania station - 2800 m depth
160 -

CVwv
(cm day'1)
(mg m* day”)
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Fig. 6. Total Particle Flux (TPF) and Current Vertical Velocity (CVV) at the Urania site for Mooring 1 (15 September 1999-13 May 2000)

and for Mooring 2 (30 May 2000-9 May 2001). Light-gray line: TPF (migfday 1), plotted in logarithmic scale, at 500 m depth (top)
and at 2800 m depth (bottom). Dark-gray line: CVV (cmdayaveraged between 100 m and 600 m depth and on a horizontal area of 85 km

side (area E). The tick marks on the x-axis indicate the 15th day of each month.

Urania station - 500 m depth

T T 9

T T F—a T
3

Cvv
{nC m? day'1)

80
Sep99 Nov9g Jan00 Mar00 May00 Jul00 Sep00 Nov00 Jan01 Mar01

Urania station - 2800 m depth
160

(nC m? day'1)

Cvv
{cm day'1)

-80 — : : :
Sep99 Nov99 Janl0 Mar00 May00

Fig. 7. Total Coccolith Flux (TCF) and Current Vertical Velocity (CVV) at the Urania site for Mooring 1 (15 September 1999 to 13 May
2000) and for Mooring 2 (30 May 2000 to 9 May 2001). Light-gray line: TCF (nCrday 1), plotted in logarithmic scale, at 500 depth
(top) and at 2800 m depth (bottom). Dark-gray line: CVV (cmﬁ%)/averaged between 100 m and 600 m depth and on a horizontal area of

85 km side (area E). The tick marks on the x-axis indicate the 15th day of each month.

magnitude over the whole period. TPF at the Bannock siteSea an average total particle flux at 2250 m depth of about

is on average 8 mgn? day 1, with a standard deviation of 17 mgnT2day L.

17 mgnt?day! (in this computation we removed the con- o . i _

stant value of 10 mg ii? day™ of the period 25 February—13 Itis ev_ldent that some of the flux “events appear instanta-

May 2000). neously_ in the upper and deep traps. Consistently, Spearman

correlation coefficients calculated between fluxes at 500 m

Particle fluxes measured at the Urania site are comparaand 2800 m depth are significant at 95% confidence level.

ble with those collected in other off-shore sites of the lonianWe would like to remark that the peak of mid-May 2000 is re-

Sea, whereas at the Bannock site they are lower. Ziveri emoved from these computations, as it may represent an over-

al. (2000) observe in fact at the Bannock site an average toestimated value of the true particle flux. Since the sediment

tal particle flux at 3000 m depth of about 16 mgfay traps at different depths are well correlated, we estimate par-
while Boldrin et al. (2002) observe in the northern lonian ticle settling velocities by dividing the distance between the
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Bannock station - 2800 m depth

TPF
(mg m day™)

-80 i =1 ... =
Sep99 Novas Jan00 Mar00 May00 Jul0Q Sep00 Nov00 Jan0O1 Mar01

Fig. 8. Total Particle Flux (TPF) and Current Vertical Velocity (CVV) at the Bannock site for Mooring 1 (15 September 1999-13 May 2000)
and Mooring 2 (30 May 2000-9 May 2001). Light-gray line: TPF (m*gzrdayfl) at 2800 m depth plotted in logarithmic scale. Dark-gray

line: CVV (cmday 1) averaged between 100m and 600 m depth and on a horizontal area of 85 km side (area E). The tick marks on the
x-axis indicate the 15th day of each month.

two traps (i.e., 2300 m) by the sediment trap temporal resoward motion in autumn and an increase in downward motion
lution (i.e., 10 days), which yields sinking velocities higher in late winter and summer. CVVs at the Bannock site (Fig. 8)
than 200 m day™. remain close to zero{ =30 cmday!) during most of the

Spearman correlation coefficients between TPF measuretime series, except for two sporadic peaks in April 2000 and
at 500m and at 2800 m depth are significant at 95% confi-November 200050 cm day*) and negative values below
dence level also with 10 days lag between the two time series—30 cm day ! in November 1999, August 2000 and March
We may therefore hypothesize that a range of particle sinking2001.

velocities mlght be OCCUrring in the ocean interior, with val- Periods of upward vertical velocities are norma”y asso-
ues that may vary between approximately 100 nidagnd  ciated with higher particle fluxes. This behavior is ob-
more than 200mday. Fluxes of single coccolithophore served at the Urania site in September—November 1999 and
species at the two investigated depths (Malinverno et al., inn November-December 2000. Periods of downward verti-
preparation) display a pattern that is consistent with this in-ca| velocities appear instead to coincide with periods of low
ference. Infactin the 500 m trap there is a rather distinct seaparticle fluxes, as seen at the Urania site in late winter 2000
sonal signal in assemblage composition, with specific abun{only at 2800 m depth) and 2001, and at the Bannock site in
dance peaks occurring over short time intervals, whereas ilNovember 1999 and late winter 2001. When ocean vertical
the 2800 m trap the signal is more smoothed and occurs ovejelocities remain close to zero, as seen in most of the Ban-

longer time periods. nock time series, there appears to be no evident correlation
Particle sinking speeds between 100 m dagnd more  with particle fluxes.

than 200 mday? are in general agreement with other stud-

iﬁs concri]ucted in op%r) areas of the Mediterralnean Sea. hen the high particle flux occurring at both the Urania and
the northwestern Me |terrane§1n Sea, Lge et al. ,(2004) Medsannock sites is not associated with a large increase of up-
sure at 200m depth a dominant particle sinking regiMe,yard CVVs. We decided to remove the May—June 2000 flux

1 . .
of 200mday=. In the northeastern lonian Sea, Boldrin event from the remaining computations: we believe in fact

et al. (20012)’ estimate_particle _sinking speeds highe_r tharfhat mechanisms other than ocean vertical velocities are de-
140mday ™ by computing the time lag between sediment o ining the observed strong particle fluxes, as it will be
trap flux peaks measured at different depths. On the contranjiscussed further on
Ziveri et al. (2000) estimate, in the southeastern lonian Sea, '
settling rates of 17—25mday for coccoliths and of more lati fici b d icle fi for th
than 100 m day* for coccospheres by calculating the time ation coe |c‘!ents ., e“tweeT CV\{‘ an p;";lmc € fluxes, for t €
lag between the 1979-1985 satellite chlorophyli maximum,three casesl 0 Ia(? "1 I?g apd ZfIathH Qorrelaltlpn coefﬁ—
and the 1991-1994 sediment trap flux peaks at 3000 m deptf£/€Nts are plotted as a function of the horizontal integration
area of CVV, where area A is the largest (145 km side) and
3.4 Correlation between current vertical velocities and par-2r€@ F is the smallest (70km side). The correlation value
i marking the 90% confidence level is depicted with a dashed
ticle fluxes i
ine.

CVVs at the Urania site (Figs. 6 and 7) exhibit positive values  During Mooring 1, TPF at 500 m depth is significantly cor-
exceeding 80 cm day in September—November 1999 and in related with CVV at 90% confidence level in the “1 lag” and
November—December 2000, whereas negative values lowe? lags” cases, whereas at 2800 m depth significant correla-
than—30 cmday ? occur in March 2000, in May—June 2000 tion coefficients occur for all time lags (“0 lag”, “1 lag”, “2
and in February 2001. Thus we observe an increase in uplags”). TCF at 500 m depth is not significantly correlated

An exception to this pattern occurs in May—June 2000,

In Fig. 9 we show, for the Urania site, Spearman corre-
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Mooring 1: CVV and  Mooring 2: CVV and  Mooring 1: CVV and At the Bannock station correlation coefficients for Moor-
TPF at 500 m TPF at500 m TPF at 2800 m ing 1 cannot be computed because of the discontinuity of the
Ta ") R time series and for Mooring 2 they are not statistically sig-
0.8 0.8 0.8 i
c e nificant.
£ 06 06 06
°
£ 0.4 oer 0.4/ e s N ==
© 02 0.2 0.2 ) )
4 Discussion

0 0 0
ABCDEFTF ABCDEFTF ABCDEF

4.1 Correlation between particle fluxes and upward vertical

Mooring 1: CVV and Mooring 2: CVV and  Mooring 1: CVV and .
velocities

TCF at 500 m TCF at 500 m TCF at 2800 m
1 1 1
- 08 (@ 0s © 08/ The positive correlation between upward vertical velocities
§ 0.6 0.6 ok 08 ° f and particle fluxes might seem at first sight surprising, as we
g 0.44 0.4 o< 0.4 might expect downward vertical velocities to enhance parti-
©0.2 \H 2 02 = P02 cle fluxes by increasing vertical settling rates. However par-
e ticle sinking rates estimated from sediment traps are two or-

0 0 o
ABCDEF ABCDEF ABCDEF ders of magnitude higher with respect to ocean vertical ve-

——0lag locities calculated from the model output, which are around
——1lag 1mday . We thus exclude, in the region analyzed in this
——2 |ags study, a direct effect of ocean vertical velocities on particle

sinking rates and thus patrticle fluxes.
Fig. 9. Spearman correlation coefficients between Current Verti- In correspondence of submesoscale features, arising as a
cal Velocity (CVV), vertically averaged between 100 m and 600 m result of non-linear interaction of mesoscale eddies in re-
depth, anda) Total Particle Flux (TPF) at 500 m depth for Mooring  gions of strong shears, large vertical velocities higher than
1 (15_September 1999-13 May 200()) TPF at 500 m depth for  10m day ! may occur (levy et al., 2001; Mahadevan, 2006).
Mooring 2 (30 May 2000-9 May 2001J¢)TPF at 2800m depth  The OGCM used in the present study, characterized by ap-
for Mooring 1, (d) Total Coccolith Flux (TCF) at 500m depth . imately 6 km horizontal resolution, is too coarse to re-

for Mooring 1, (e) TCF at 500 m depth for Mooring Af) TCF . . .
at 2800m depth for Mooring 1. CVVs are horizontally averaged solve submesoscale features and associated high vertical ve-

over 6 areas of increasingly higher dimension, where area A is théoc't'es' Hoyvever enhanced _dens'ty gradients and velocity
largest (145 km side) and area F is the smallest (70 km side). CorShears leading to the formation of submesoscale structures

relation coefficients are calculated between coincidental time serie@f€ not a predominant feature of our study area and we do
(“0 lag”) and between time series shifted of one (“1 lag”) and two Not expect this to be a substantial mechanism in this region.
("2 lags”) sediment trap rotation intervals. The correlation value  The high sinking rates estimated in this work might be at-
marking the 90% confidence level is depicted with a dashed line. tained by means of biological aggregation of particles inside
fecal pellets produced by macro-zooplankton. Mazzocchi et
with CVV, whereas at 2800 m depth it exhibits significant al. (2003) detect in the lonian Sea an eastward increase of
correlations at 90% confidence level for the “0 lag” and “1 pelagic tunicates’ abundance in the year 1999. Pelagic tu-
lag” cases. During Mooring 2, TPF at 500 m depth is sig- hicates feed on phytoplankton by filtering large volumes of
nificantly correlated with CVV at 90% confidence level for water and are adapted to dilute environments, where they ex-
all time lags (“0 lag”, “1 lag”, “2 lags”), whereas for TCF at hibit a rapid population growth if environmental conditions
500 m depth significant correlations occur only in the “0 lag” are favorable (Alldredge and Madin, 1982). Their fecal pel-
and “1 lag” cases. lets sink at a speed ranging between 242 and 2700 miday
Thus in general we observe that correlation coefficientsfor salps (Bruland and Silver, 1981; Yoon et al., 1996; Yoon
are higher for TPF with respect to TCF, and at 2800 m depttet al., 2001) and between 25 and 504 mdfafor appendic-
with respect to 500 m depth; moreover correlations appeatilarians and doliolids (Turner, 2002 and references therein).
to be in many cases higher when the horizontal average of We hypothesize that the following sedimentation mech-
CVV is performed on the smallest area F around the Uraniaanism might be occurring in the open areas of the Eastern
station coordinates. Even though characterized by some heMediterranean Sea. An upward vertical velocity at the base
erogeneity, correlation coefficients appear to be overall ro-of the euphotic layer would produce a vertical isopycnal dis-
bust with respect to the horizontal integration area of ocearplacement and a nutrient uplift in the sunlight layer. Phyto-
vertical velocities. planktonic organisms would take advantage of higher nutri-
ent levels giving rise to enhanced primary production, which
would eventually stimulate grazing. The biogenic material
would then sink through the water column inside rapidly
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sinking fecal pellets or other large particles and would be4.2 Relationship with SeaWiFS chlorophyll-a data
collected by sediment traps.

According to our results, the described mechanism of en-To support our discussion on enhanced primary produc-
hanced particle fluxes triggered by upward CVVs appears tdion triggered by upward CVVs, we analyze SeaWiFs
occur within a temporal range of a few weeks. The fact thatchlorophyll-a monthly means available from the JRC Ocean
correlations between CVV and TPF at 500 m depth are high-Color Portal {ttp://oceancolour.jrc.ec.europa)etor the
est with “1 lag” for Mooring 1 and with “0 lag” for Mooring ~ years 1999-2004. The data, which have a horizontal res-
2 is not necessarily an inconsistent result, as the temporaplution of approximately 2km in our study area, are used
resolution is of 10 days for Mooring 1 and of 15 days for to compute average chlorophyll concentrations at the Ura-
Mooring 2. Significant correlations between CVV and both nia and Bannock sites. We analyze total chlorophyll values
coincidental and lagged particle flux time series might be in-(hereafter referred to as CHL-T) and chlorophyll anomalies
dicating that various time scales are involved in the sedimenwith respect to the long-term seasonal mean (hereafter re-
tation of particle pulses from the ocean surface. We mayferred to as CHL-A). In Figs. 10 and 11 we depict, at the
speculate that this is due to the existence of a spectrum ofrania and Bannock sites respectively, CHL-T and CHL-
particle sinking rates in the ocean interior. However, due toA together with CVV and TPF. CVV, CHL-T and CHL-A
the shortness of the time series, the robustness of temporall§re horizontally averaged over an area of 70 km side (area F)
lagged correlation results might be questioned and cautioround the station coordinates.
must be used in drawing conclusions. At both the Urania and Bannock sites, CHL-T exhibits a

The observation that correlations generally increase whenvell developed seasonal cycle with maximum values in the
CVV is horizontally averaged on the smallest area F aroundate winter months (up to 0.1 mg Chitd) and minimum val-
the station coordinates gives strength to our hypothesis, ages in the summer months (below 0.04 mg Chfjn The
it would highlight the local effect of CVVs on the observed Urania and Bannock chlorophyll concentration values are
particle fluxes. Higher correlations occurring for the 2800 m characterized by equivalent mean values (i.e. approximately
depth trap — with respect to the 500 m depth trap - might in-0.05mg nr3) and seasonality (i.e. seasonal maximum in
dicate that sediment trap measurements at 500 m depth afeebruary—March). This chlorophyll concentration pattern is
more affected by upper ocean dynamics (e.g. vertical migrattypical of a subtropical oligotrophic setting where light is
ing organisms, higher abundance of zooplanktonic “swim-never limiting and nutrients are conveyed seasonally in the
mers”). eutrophic layer by means of winter mixing. CHL-A values,

Both TCF and TPF are significantly correlated with CVVs i.e. the interannual chlorophyll fluctuations around the sea-
and we hypothesize that this might be due to a high percentsonal mean, are confined betwe£d.03 mg Chin® at both
age of biogenic matter to the total particle flux. ifga et  the Urania and Bannock sites.
al. (2008) observe, in the open Algero-Balearic basin, that CVV does not exhibit any evident correspondence with
biogenic flux contributes to about 50% of total particle flux, CHL-T, whereas it appears to be more synchronously corre-
with calcium carbonate being a major constituen2b% of  lated with CHL-A values, as it may be seen at Urania site
total particle flux, with a maximum of 60% during winter). in autumn 1999 and 2000 (positive CHL-A, upward CVVs)
Our results show however that TPF, rather than TCF, is giv-and in winter 2000 and 2001 (negative CHL-As, downward
ing the highest correlations with CVV and we propose two CVVs) and at the Bannock site in March 2000 (positive
reasons for this behavior. First of all TPF contains, in ad-CHL-As, upward CVVs) and in late winter 2001 (negative
dition to coccoliths, other sinking matter of biogenic origin CHL-As, downward CVVs). We may attribute the lack of
(Zuiiga et al., 2008): TPF may therefore be, in areas of lowcorrelation between CVV and CHL-T to the predominant
lithogenic inputs, a better proxy of upper ocean productivity role played by vertical mixing — rather than water column up-
than TCF itself. Secondly, the measure of TPF may be in-ward displacement —in causing the winter increase in chloro-
trinsically more precise than the measure of TCF: the latterphyll concentration. Vertical isopycnal displacements at the
is only an estimate of the true coccolith flux and moreover,base of the euphotic layer (McGillicuddy et al., 2001) ap-
because of the various steps of the sampling and measuringear instead to affect the interannual variability of chloro-
procedures, there is a non-null risk for coccolith plates to un-phyll concentration values, even though in this area also other
dergo partial dissolution. processes, such as Saharan dust fertilization, are certainly

At the Bannock site, where CVVs are close to zero dur-relevant in determining chlorophyll interannual fluctuations.
ing most of the studied period, CVVs do not appear to affect When comparing CHL-T and TPF fields, we notice that a
particle flux variability in any evident way, and the proposed direct correspondence between the two fields is not readily
mechanism of enhanced particle fluxes triggered by upwarabserved. The Urania and Bannock sites, even though char-
CVVsiis not valid. In the next sections we will analyze addi- acterized by equivalent upper ocean chlorophyll patterns, ex-
tional data sets that may help to improve our understandindibit however very dissimilar deep export regimes (TPFs at
of the sedimentary processes at the Urania and Bannock sitéke Bannock site are generally an order of magnitude lower
during the studied period. than at the Urania site). In addition, the seasonality of algal
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Fig. 10. Urania site: (a) simulated Current Vertical Veloci- Fig. 11. Bannock site: (a) simulated Current Vertical Ve-
ties (CVV) in cmday ! vertically averaged between 100m and locities (CVV) in cmday ! vertically averaged between 100 m
600m depth, (b) SeaWiFS chlorophyll-a concentration (CHL- and 600m depth,(b) SeaWiFS chlorophyll-a concentration
T) inmg 3, (c) SeaWiFS chlorophyll-a concentration anoma- (CHL-T) inmgm~3, (c) SeaWiFS chlorophyll-a concentration
lies (CHL-A) inmgni3, (d) Total Particle Flux (TPF) in anomalies (CHL-A) inmgm3, (d) Total Particle Flux (TPF)

mg 2 day! at 500 m depth. CVV, CHL-T and CHL-A are hor- inmgm~2day~! at 2800 m depth. CVV, CHL-T and CHL-A are
izontally averaged over an area of 70 km side (area F) around thé&orizontally averaged over an area of 70 km side (area F) around the
station coordinates. The tick marks on the x-axis indicate the 15thstation coordinates. The tick marks on the x-axis indicate the 15th
day of each month. day of each month.

biomass magnitude does not appear to directly determin@lso on the biological pump efficiency. Other studies have
particle flux variability. On the contrary, TPFs appear to shown that in oligotrophic areas primary production and par-
respond with a similar magnitude to the winter chlorophyll ticle fluxes are often decoupled (Buesseler, 1998; Conte et
concentration maximum (peaks in late winter 2000 and 2001al., 2001; Lutz et al., 2002) and that the sinking fraction of
at the Urania site) and to its interannual anomalies: higheiprimary production varies seasonally possibly in response to
than average TPFs often concur with positive CHL-A valuesflux biodegradability (Lutz et al., 2007). These results argue
(autumn 1999 and 2000 and late spring 2000 at the Uranidor a relevant role of the food web structure, sedimentation
site; spring 2000 at the Bannock site), whereas lower than avpathways and particle properties in affecting deep particle
erage TPFs are often associated with negative CHL-A valuefluxes. From our data it is possible to speculate on three pos-
(late summer 2000 and winter 2000 and 2001 at the Uranissible factors affecting the biological pump: 1) grazer commu-
site; winter 2001 at the Bannock site). nity composition and activity; 2) phytoplankton coagulation
These results suggest a non-linear relationship betweeRrocesses; 3) particle properties connected to Saharan dust
upper ocean algal biomass and deep sedimentary fluxes, witBvents.
an amplification of the summer-autumn response of particle
fluxes to upper chlorophyll amount with respect to winter 1. The pulsed-like behavior of particle flux maxima in au-

and early spring. The weak coupling between primary pro- tumn 1999 and 2000 at the Urania site could be linked
ducers and deep particle fluxes supports the hypothesis that to the occurrence of macrozooplankton swarms (Conte
particle export depends, in addition to primary production, etal., 2003) which would efficiently feed on the positive
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Fig. 12. Quasi True Color satellite image&) 22 May 2000 at 10:36 a.m(h) 22 May 2000 at 12:14 a.m(¢) 24 May 2000 at 12:02 a.m.,
(d) 26 May 2000 at 10:15 a.m(¢) 26 May 2000 at 11:51 a.m(f) 27 May 2000 at 10:57 a.m.

chlorophyll anomalies generated by upward CVVs. Ob-4.3 Dust-enhanced particle fluxes in May—June 2000
servations in coastal areas of the Mediterranean Sea

show that warm-dwelling species of pelagic tunicates, Between mid-May and the beginning of June 2000, a strong
such asO. dioicg D. nationalisand T. democratica  particle flux peak occurs at both the Urania and Bannock sites
exhibit their seasonal maximum in spring-summer and(Figs. 6, 7 and 8). Since we cannot fully trust the particle flux
autumn (Avancini et al., 2006). We could then specu- peak occurring in mid-May (because of the incorrect sedi-
late that gelatinous zooplankton organisms in this areament trap opening) we concentrate on the particle flux peak
would be mostly abundant during the summer and au-occurring at the beginning of June 2000. We suggest that
tumn months whereas they would be lower in win- this event may be due to a Saharan dust pulse, which would
ter. If this is the case, the summer and autumn par-enhance lithogenic and possibly biogenic flux.

ticle flux pulses at the Urania site might be related to  Saharan dust transport over the Mediterranean occurs fre-
higher macrozooplankton abundance. The discrepancyuently in spring and summer in the form of non-continuous
between the Urania and Bannock particle fluxes could“pu|ses" (Kubilay et al., 2000). Dust particles may repre-
then be related to differences in macrozooplankton popsent an important source of nutrients in the euphotic layer
ulations at the two sites. (Markaki et al., 2003; Herut et al., 2005), and may act as
ballast on organic matter settling within the ocean interior
(Klaas and Archer, 2002). Aiga et al. (2008) observe in
the open Algero-Balearic Basin an increase of particle fluxes
(and of the lithogenic fraction therein) associated with sum-

2. The exudation by phytoplankton organisms — includ-
ing coccolithophores — of transparent exopolymer par-
ticles (TEP) may be playing a relevant role in promot-
ing phytoplankton aggregation and export at depth (En-

gel, 2004). Beauvais et al. (2003) observe, in an off-Me" a_nd autgmn Saharar_1 dust pul§es.
shore site of the western Mediterranean Sea, an increase * {ime series of SeaWiFS Quasi True Color (QTC) satel-

in TEP volume after the spring bloom and throughout lite im.ages for the period 22 May-13 J_ul_y 2000 is available.
the summer months, and they relate this feature to in—_QTC images are generated by combining the three Sea"‘."
creases in carbon excretion by phytoplankton and to":S t?a_”ds that most clogely represent red, green and blu? n
thermally stratified conditions. Thus it is possible that _the visible spectrum. This procedure creates an 'mage which
during summer there may be more favorable conditions'S VE'Y ¢lose to what the human eye would perceive from

for TEP-enhanced phytoplankton aggregation followed space (Sciarra et al., 2006). The effectiveness of QTC images
by higher particle fluxes in detecting intense dust events is documented in Volpe et

al. (2009). The analysis of QTC images for our study area re-
3. The higher frequency of Saharan dust events in summeveals a Saharan dust event occurring in the period 22-27 May
might be responsible for the high particle flux event in 2000 (Fig. 12) which we may reasonably consider responsi-
May-June 2000, as it will be discussed in Sect. 4.3. ble for the high particle flux peak detected in the Urania and
Bannock sediment traps at the beginning of June 2000.
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Simulated horizontal velocities at the Urania site Urania site: ZONAL
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Fig. 13. Simulated current horizontal velocities (¢ at 90m,  Fig 14, Urania site: simulated current horizontal velocities at 90 m
500 m and 2800 m depth at the Urania (top) and Bannock (bottom)depth (cms?l) and SeaWiFS chlorophyll-a concentration (CHL-

sites, temporally averaged over the sediment trap rotation intervaIsT) gradients computed over a 200 km side area (rﬁﬁ/ﬂoo km).
The tick marks on the x-axis indicate the 15th day of each month. Top: zonal velocities (U) and zonal CHL-T gradients; bot-

tom: meridional velocities (V) and meridional CHL-T gradi-
ents. With arrows we indicate the direction of lateral advection

4.4 Impact of horizontal advection (grey arrows) and of positive chlorophyll gradients (white arrows)
during periods when these simultaneously exceed 5cmand

In Fig. 13 we show, for the Urania and Bannock sites, simu-0.01mgnT3/200 km respectively.

lated horizontal currents at 90 m, 500 m and 2800 m depth,

temporally averaged over the sediment trap rotation inter- ) ] o
vals. Horizontal currents at the Urania site have a mearPhYll concentration gradients characterizing the study area

of 7.5-2.8-0.6 cmst at 90-500-2800 m depth respectively, with horizontal current velocities at 90 m depth, i.e. approx-
whereas at the Bannock site they have a mean of 4.1-2.olmately at the base of the euphotic layer. We use SeaWiFS
0.2cms? at 90-500-2800m depth respectively. At 90 m chlorophyll-a monthly means available for the years 1999
depth, horizontal currents at the Urania site are higher with?004 to compute zonal and meridional chlorophyll concen-
respect to the Bannock site, and a rather pronounced seasoi@tion gradients on a 200km side area around the Urania
ality is evident, with strongest currents {5cms1) occur-  Site- In Flg 14 these values are plotted together with _zon_al
ring in autumn 1999. On the other hand, at 500 m and 2800 n"d meridional current velocities at 90m depth. We indi-
depth mean currents are lower in amplitudscms ) and  Caté with grey arrows the direction of zonal (i.e., west-east)

almost stationary with greater variability again at the Urania@nd meridional (i.e., south-north) velocities and with white
site. arrows the direction of positive chlorophyll gradients, dur-

Because horizontal velocities in our study area are generid Periods when these simultaneously cheed 5cnfise.
ally well below 5cm s at both 500 m and 2800 m depth, we 2PProximately 4km day) and 0.01 mg m*/200 km respec-

do not expect a significant impact of hydrodynamics on Sed_tively._ The choice of these thrgshold vqlues is not based on

iment trap collecting efficiency (Buesseler et al., 2007). Lat_qua:jtltthe arggm_ents:l our aim here is only to make our

eral advection in the upper ocean may however modify thedu@litative description clearer. _

source region of particles collected by deep sediment traps Ve can write a simplified equation accounting for the local

(Siegel et al., 2008). This process might be occurring in par_rate ofphange of chlorophyll concentration due to horizontal

ticular at the Urania site, where horizontal velocities up to advection as:

10-15cms? (i.e. approximately 10km day) would cause  gchl  9Chl  9ChI

a lateral transport of upwelled nutrients and primary produc- ar . " T v 3y

ers of about 100-200 km during a 10-15 day period. We ex-

pect instead that the Bannock site, where simulated currentwhere Chl is chlorophyll concentration and and v the

at 90 m depth are normally below 5 cris will be more rep-  zonal and meridional ocean velocities respectively. Accord-

resentative of local conditions. ing to Eq. (5) when horizontal velocity and chlorophyll gra-
To evaluate the qualitative aspects of lateral advection ofdients have opposite sign, we expect an enhancement of lo-

primary producers at the Urania site, we compare chloro-cal chlorophyll values by horizontal advection (as it could be

: ®)
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occurring in December 1999, March and May 2000); when If these mechanisms are at work in other open ocean ar-
horizontal velocity and chlorophyll gradients have the sameeas, it is possible to argue that the carbon export to the deep
direction, we expect lateral advection to cause instead a reecean is larger in the cyclonic gyres of the ocean general cir-
duction of local chlorophyll values (as it could be occurring culation and during the months of maximum upward vertical
in November 1999 and in January—February 2001). We mayvelocities. The fast sinking rates estimated in this study could
then speculate that part of the particle flux increase occurbe moreover an evidence of the efficiency of the biological
ring in December 1999 and in March—May 2000 at the Ura-pump in sequestering organic carbon from the surface layers
nia site may be due to lateral advection from more productiveof the open areas of the Mediterranean Sea. Further work is
regions near the site. On the other hand in January-Februanyowever needed to unravel the relevant physical and biolog-
2001 particle fluxes may be particularly low because of lat-ical features of the marine environment capable of affecting
eral chlorophyll divergence away from the station. deep particle fluxes.

However we also recall that correlation coefficients be-
tween CVV and particle fluxes are overall robust with respectAcknowledgementsThis work has been supported by the Italian
to the spatial integration area of CVV (Fig. 9): it could then Proj_ect VECTOR (VuInEra_lbiIity of the Italian coast_al area and
be argued that, for our studied period and area, horizontal aglarine Ecosystems to Climatic changes and Their rOle in the
vection is not changing the spatial distribution of particles to Mediterranean caRbon cycles) funded by the ltalian Ministry of

such an extent to provoke a substantial effect on CVV-TPRIESearch and Universityhitp://vector-conisma.geo.unimib)it/
correlations Sediment trap samples were available for the study of biogenic

particles within an Italian-Dutch cooperation agreement. Mooring
equipment was made available by NWO/ALW, through the Dutch
Marine Research Facilities at NIOZ; ship-time was funded alterna-
tively by NWO and the Italian CoNISMa (National Interuniversity

The mechanisms of sedimentary particle fluxes in the dee Consortium for Marine Sciences). The study of biogenic particles
yp [\)Nas performed within the European Project BIODEEP (BIOtech-

Urania and Bannock sites are studied by means of sedimerhtologies from the DEEP, EVK3-2000-00042). The SeaWiFS
trap records and model simulated vertical velocities. derived products have been processed by CNR-ISAC, and obtained
The current vertical velocities in the lonian Sea have afrom the E.C. Joint Research Centre, Institute for Environment and
large mesoscale signal that is superimposed to a seasonalfjustainability, through its MERSEA portal (FP6-EC project—SIP3-
varying Ekman vertical velocity field at low amplitude. Itis CT-2003-502885). The Ocean Biology Processing Group of NASA
found that current vertical velocities at the Urania site areis also acknowledged for the distribution of the SeaWiFS raw data.
positive (upward motion) in autumn, when pulses of total
particle fluxes are found in the water column at 500 m andEdited by: A. Borges
2800 m depth.
From sediment trap data the sinking velocities of TPF and
TCF are estimated to be 100-200 m dayvhile current ver-
tical velocities are estimated to be around 1mﬂayThis Agostini, V. N. and Bakun, A.: “Ocean triads” in the Mediter-

observation brought us to envisage a tight coupling between “y3nean Sea: physical mechanisms potentially structuring repro-
surface and deep layers through particle aggregation mecha- gyctive habitat suitability (with example application to European
nisms. We suggested that fast sinking rates of organic ma- anchovy,Engraulis encrasicolus Fish Oceanogr., 11(3), 129—
terial in the deep ocean are connected to both lithogenic 142, 2002.
and biological aggregation mechanisms that transfer partiAlldredge, A. L. and Madin, L. P.: Pelagic tunicates — unique her-
cles rapidly in the deep water column. bivores in marine plankton, Bioscience, 32(8), 655-663, 1982.
In synthesis two emerging fast sinking mechanisms havevancini M., Cicero, A. M., Di Girolamo, 1., Innamorati, M., Ma-
been captured: galetti, E., and Sertorio Zunini, T. (eds.): Guida al riconosci-
mento del plancton dei mari italiani, Vol. Il — Zooplancton ner-
itico. Ministero dell’Ambiente e della Tutela del Territorio e del
Mare ICRAM, Roma, Italy, 192—-206, 2006.

5 Conclusions
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