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Abstract. This paper analyzes the relationship between
deep sedimentary fluxes and ocean current vertical velocities in an offshore area of the Ionian Sea, the deepest
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.
A tight coupling is observed between the upper and deep
traps and the estimated particle sinking rates are more than
200 m day−1 . The current vertical velocity field is computed
from a 1/16◦ ×1/16◦ Ocean General Circulation Model simulation and from the wind stress curl. Current vertical velocities are larger and more variable than Ekman vertical velocities, yet the general patterns are alike. Current vertical
velocities are generally smaller than 1 m day−1 : we therefore
exclude a direct effect of downward velocities in determining high sedimentation rates. However we find that upward
velocities in the subsurface layers of the water column are
positively correlated with deep particle fluxes. We thus hypothesize that upwelling would produce an increase in upper ocean nutrient levels – thus stimulating primary production and grazing – a few weeks before an enhanced vertical
flux is found in the sediment traps. High particle sedimentation rates may be attained by means of rapidly sinking fecal pellets produced by gelatinous macro-zooplankton. Other
sedimentation mechanisms, such as dust deposition, are also
considered in explaining large pulses of deep particle fluxes.
The fast sinking rates estimated in this study might be an evi-
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dence of the efficiency of the biological pump in sequestering
organic carbon from the surface layers of the deep Eastern
Mediterranean basins.

1

Introduction

The Eastern Mediterranean Sea is characterized by an antiestuarine basin scale circulation through the Sicily Channel,
with the entrance of surface nutrient-depleted waters and the
exiting of nutrient-enriched intermediate waters (MalanotteRizzoli et al., 1997; Pinardi and Masetti, 2000). Superimposed to this large scale circulation pattern, a seasonal
wind-forced sub-basin scale circulation is evident (Pinardi
and Navarra, 1993; Molcard et al., 2002), with the dominant north-westerly wind component giving a characteristic separation between the southern regions, dominated by
anticyclonic motion, and the northern regions, dominated
by cyclonic motion (Pinardi et al., 2005). The Eastern
Mediterranean general circulation is moreover importantly
affected by interannual variability mainly in response to surface fluxes (Korres et al., 2000; Demirov and Pinardi, 2002).
The open areas of the Ionian Sea, which is the deepest
basin of the Eastern Mediterranean Sea, are highly oligotrophic, as surface chlorophyll concentrations are generally
lower than 0.5 mg m−3 and a deep chlorophyll maximum is
found at around 80–100 m depth (Boldrin et al., 2002; Malinverno et al., 2003; Ignatiades, 2005). The nutricline in the
Eastern Mediterranean Sea is normally well below the euphotic layer. Klein et al. (1999) measure in the year 1987
a 300–400 m deep nutricline in the southeastern Ionian Sea,

Published by Copernicus Publications on behalf of the European Geosciences Union.

334
while Ediger and Yilmaz (1996) measure in the Levantine
Basin a 600 m deep nutricline in correspondence of anticyclonic structures. In the Ionian Sea, oligotrophic features
increase according to a north-south and west-east gradient
(Bricaud et al., 2002; Casotti et al., 2003), in response to
different water mass characteristics and possibly circulation
patterns. In this oligotrophic region coccolithophores are an
important constituent of the phytoplankton assemblage larger
than 3 µm (Boldrin et al., 2002; Malinverno et al., 2003) and
their calcitic remains give a major contribution to the calcium
carbonate export to the deep layers (Ziveri et al., 2000).
Organic matter export in the ocean interior – occurring
mainly through zooplankton fecal pellets and marine snow
particles (Knappertsbusch and Brummer, 1995; Stemmann et
al., 2002; Turner, 2002) – is one of the processes maintaining the CO2 partial pressure gradient between surface and
deep layers (Sarmiento and Gruber, 2006) and it is therefore involved in the ocean’s capacity to absorb atmospheric
CO2 . Hence it is important to quantify particle sedimentation in the water column and to assess the mechanisms affecting its variability. Particle fluxes may be estimated by
means of sediment traps which collect the material sinking
through the water column in temporally rotating containers
(Honjo, 1996; Buesseler et al., 2007), thus giving a measure
of the mass of particles (mg) sinking across the sediment trap
surface (m2 ) during a specific time interval (days). Results
from sediment traps moored at various depths and geographical settings (Honjo et al., 2008) yield significant variability
in particle flux magnitudes and sinking velocities as a consequence of physical and biological processes (Berelson, 2002;
Francois et al., 2002; De La Rocha and Passow, 2007; Lutz
et al., 2007; Trull et al., 2008).
In oligotrophic open ocean regions particle fluxes are
generally very low, and yet they have been observed to
strongly react to localized and episodic phenomena such as
the passage of mesoscale eddies (Sweeney et al., 2003), elevated zooplankton biomass (Conte et al., 2003; Goldthwait
and Steinberg, 2008), and the occurrence of lithogenic dust
events (Zuñiga et al., 2008); in addition deep particle fluxes
are found to be in some cases decoupled with respect to surface ocean primary production (Buesseler, 1998; Conte et al.,
2001; Lutz et al., 2002). However the relevant physical and
biological mechanisms controlling particle sedimentation in
oligotrophic regions are still to be fully understood.
In this study we investigate the effect of current vertical velocities on particle fluxes measured in the deep Ionian basin.
Ocean vertical velocities might influence particle fluxes in
two opposite ways: on one hand they could directly increase
sedimentation rates through downwelling velocities; on the
other hand they could produce, via upwelling velocities, an
indirect effect through an enhancement of nutrient levels and
primary productivity in the upper ocean.
Particles are sampled during the period 1999–2001 at the
Urania and Bannock stations – located in the open southeastern Ionian Sea – by means of sediment traps moored at 500 m
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and 2800 m depth. We analyze total particle flux, i.e. the flux
of all sinking particles, and total coccolith flux, i.e. the flux
of the calcitic plates constituting the coccolithophore external shell.
Ekman vertical velocities calculated from the wind stress
curl were used in previous studies as a proxy of the current vertical velocities and a relation with biological patterns
was found (Agostini and Bakun, 2002). However biogeochemical processes and vertical particle fluxes are affected by
mesoscale features (McGillicuddy et al., 1999; Sweeney et
al., 2003), which are pervasive in the eastern Mediterranean
Sea (Robinson et al., 1987) but might not be correctly represented by the large scale Ekman vertical velocities.
Current vertical velocities are difficult to directly measure
because of their extremely low values, which are commonly
less than 1 m day−1 . We therefore analyze vertical velocities simulated with a 1/16◦ ×1/16◦ Ocean General Circulation Model (OGCM) for the years 1999–2001. The OGCM
vertical velocities are compared with the wind induced Ekman vertical velocities in order to verify the consistency between the two fields. The OGCM vertical velocities are then
correlated with particle fluxes from sediment traps.
The paper is organized as follows: Sect. 2 gives some details regarding the particle flux observations and the computation of Ekman and current vertical velocity fields. Section 3
investigates the main results of this work, concentrating on
the effect of ocean vertical velocities on particle fluxes measured at the studied sites. In Sect. 4 we discuss the major
findings and in Sect. 5 we give a few concluding remarks.

2
2.1

Methods
Particle flux data from sediment traps

Particle flux data analyzed in this work were collected by
means of conical Technicap PPS5/2 sediment traps deployed
at 500 m and 2800 m depth in two offshore sites located in
the southeastern Ionian Sea, the Urania and Bannock stations
(Fig. 1). Sediment traps are equipped with 24 polypropylene
bottles, have a 1 m2 collection area, measure 2.3 m height
and have an aspect ratio equal to 6.25. The sediment trap
time series cover the period 15 September 1999–9 May 2001
in two successive moorings, the first one from 15 September
1999 to 13 May 2000 (hereafter referred to as Mooring 1),
the second one from 30 May 2000 to 9 May 2001 (hereafter
referred to as Mooring 2). The sampling frequency varies
between 10 days for Mooring 1 and 15 days for Mooring 2.
Soon after recovery, swimmers were removed from the
samples by hand picking under a stereoscope with fine
tweezers and samples were splitted on board in 8 aliquots using a pneumatic splitter. One aliquot was further splitted into
additional sample fractions by means of a rotary splitter. Of
these fractions one was filtered on a pre-weighted cellulose
acetate filter, dried and then weighted. The measure of total
www.biogeosciences.net/6/333/2009/
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Table 1. Available sediment trap data from the Urania and Bannock sites, where TPF=Total Particle Flux (mg m−2 day−1 ) and
TCF=Total Coccolith Flux (nC m−2 day−1 ). Mooring 1=from 15
September 1999 to 13 May 2000 and Mooring 2= from 30 May
2000 to 9 May 2001.

Fig. 1. Ionian Sea bathymetry and sediment trap mooring sites.
U=Urania station (latitude 35◦ 20 N, longitude 21◦ 20 E), B=Bannock
station (latitude 34◦ 20 N, longitude 20◦ E).

particle flux in units of mg m−2 day−1 was then calculated
by knowing the sample fraction weight, the sediment trap
aperture area, and the sampling frequency. Another fraction,
intended for coccolith analysis, was processed following the
method of Bairbakhish et al. (1999) in order to remove organic matter and disaggregate particles. Samples were then
filtered onto a millipore cellulose acetate filter (0.45 µm pore
size, 47 mm diameter), oven dried at 40◦ C and stored in plastic petri dishes. A portion of each filter was mounted on
a glass slide and analyzed along radial transects from the
centre to the edge using a polarized light Olympus microscope (LM) at 1250 magnification. Coccolith count of major
species was performed on areas of 0.2 to 5 mm2 , depending
on coccolith concentration on the filter, whereas minor and
rare species were counted on areas of 1 to 10 mm2 . Coccolith flux was calculated according to the following equation:
F =

N Af S
,
af Ast T

(1)

where F =coccolith flux (nC m−2 day−1 ), N=number of
counted specimens (nC), Af =filter area (mm2 ), S=split factor, af =investigated filter area (mm2 ), Ast =sediment trap
aperture area (m2 ) and T =sample collecting interval (days).
Because of the utilized sampling procedure, coccolith data
represent the contribution from both loose coccoliths and
coccospheres disaggregated during sample preparation. Flux
www.biogeosciences.net/6/333/2009/

Sampling
period

URANIA site
500 m depth 2800 m depth

BANNOCK site
2800 m depth

Mooring 1
Mooring 2

TPF, TCF
TPF, TCF

TPF
TPF

TPF, TCF

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
depth is available (see Table 1).
A few technical problems were encountered during the
sampling procedures. At the Urania site, a few samples from
the Mooring 1 time series collected at 2800 m depth dissolved in the laboratory after being weighted and before the
coccolith count: the total particle flux time series is therefore complete, whereas a few samples are missing from the
coccolith flux time series. During the sediment trap recovery
of Mooring 1, the last collecting bottle remained open during 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
flux. At the Bannock site, the sediment trap rotation mechanism stopped after the 16th temporal interval of Mooring 1,
i.e. after 24 February 2000. Particles sinking during the remaining part of the time series (25 February 2000–13 May
2000) were then collected in one single vial during a period
of 79 days.
2.2

Vertical velocities calculation

The model used in this study is derived from the OPA
code (Madec et al., 1998), it has a horizontal resolution of
1/16◦ ×1/16◦ (corresponding to a grid spacing of approximately 6 km) and a vertical z-level step-wise discretization
with 72 unevenly spaced levels. Vertical resolution is enhanced in the upper layers and gradually decreases with
depth (Tonani et al., 2008).
The current vertical velocity field is computed as a diagnostic variable according to the continuity equation for an
incompressible fluid:
Zz 
w(z) = w(−H ) −


∂u ∂v
+
dz0
∂x
∂y

(2)

−H

where u and v are the horizontal velocity components, w is
the vertical velocity component and −H is the bottom depth.
Biogeosciences, 6, 333–348, 2009
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The kinematic bottom boundary condition for vertical velocity can be expressed as:
(3)

 
where U h = (u, v) and ∇ h = ∂ ∂x, ∂ ∂y . Because of the
bottom topography discretization used, ∇ h H is equal to
zero, thus vertical velocity at the ocean bottom will also
be zero. A discussion over the vertical velocity representation at the ocean bottom in z-level models may be found in
Pacanowski and Gnanadesikan (1998).
We compare current vertical velocity computed with
Eq. (2) with Ekman vertical velocity, calculated
as a func
tion of the curl of the wind stress τ = τx , τy according to:
w(−H ) = −U h · ∇ h H,

wE (x, y, δE ) =

1
ρo f



β τx
k · ∇h × τ +
,
f

(4)

where wE is the Ekman vertical velocity, τ is computed from
ECMWF winds using a bulk formula as reported in Tonani
et al. (2008), ρ0 is the average seawater density taken as
1029 kg m−3 , and f is the Coriolis parameter. The β parameter, i.e. the meridional gradient of f , is computed as
β = 2  cos θ r, where r and  are the Earth radius and
angular velocity, and θ is the latitude.
Ekman vertical velocities are defined at the Ekman layer
depth δE , which is the e-folding depth of the wind-induced
currents. For the Mediterranean Sea δE is generally between
20 m and 40 m. Suchqan estimate is calculated using the

scaling formula δE =π 2 Av |f | (Pond and Pickard, 1983),
where Av is the vertical eddy coefficient for momentum, calculated in the model as a function of the Richardson number
(Tonani et al., 2008) and normally variable between 10−2 and
10−3 m2 s−1 .
We use daily wind stress fields for the years 1999–2001
to compute Ekman vertical velocities and daily current velocity fields of the model output to compute current vertical
velocities. The comparison between the two fields is done
on a monthly basis at 30 m depth. The comparison between
the vertical velocity fields and the particle flux time series is
done by averaging the former fields on the same time intervals of the sediment traps, i.e. 10 days for Mooring 1 and 15
days for Mooring 2.
Current vertical velocity values are vertically averaged between 100 m and 600 m depth, which allows for the surface
high frequency signals to be neglected and is deep enough
for the nutricline depth to be included at all seasons (Ediger
and Yilmaz, 1996; Klein et al., 1999). The vertical velocity
field is then horizontally averaged on six areas of increasing
dimensions around the station coordinates, with the aim of
assessing how the spatial heterogeneity of vertical velocities
affects correlations with particle flux data.
Spearman rank correlation coefficients between current
vertical velocities and particle fluxes are calculated. We use
this non-parametric method because particle flux time series
Biogeosciences, 6, 333–348, 2009

Fig. 2. Simulated current horizontal velocities (cm s−1 ) in the Ionian Sea at 30 m depth averaged over the year 1999. The arrow on
the bottom-right of the panel indicates the 30 cm s−1 velocity.

do not fit a normal distribution. However we would like to
mention that the use of Pearson correlation coefficients yields
very similar results. Correlations are calculated both without
a time lag (“0 lag” case) and with particle fluxes shifted of
one (“1 lag” case) and two (“2 lags” case) sediment trap rotation intervals with respect to current vertical velocities. The
“1 lag” case corresponds to a shift of 10 days for Mooring
1 and of 15 days for Mooring 2, whereas the “2 lags” case
corresponds to a shift of 20 days for Mooring 1 and of 30
days for Mooring 2. The computation of lagged correlations
is aimed at assessing the delayed effects of ocean vertical velocities on particle fluxes.

3
3.1

Results
Surface circulation in the Ionian Sea

In Fig. 2 we show an annual average for the year 1999 of
the horizontal circulation at 30 m depth simulated with the
OGCM described in Sect. 2.2. Modified Atlantic Water entering the Sicily Strait flows mainly eastwards towards the
Levantine Sea and separates the Ionian Basin in two regions
characterized by an anticyclonic circulation to the south and
www.biogeosciences.net/6/333/2009/
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Fig. 3. Ekman vertical velocities (m day−1 ) in the Ionian Sea in
(a) November 1999, (b) June 2000, (c) November 2000, and (d)
February 2001. In letters we indicate the positions of the Urania
(U) and Bannock (B) stations.

Fig. 4. Simulated current vertical velocities (m day−1 ) in the Ionian Sea at 30 m depth in (a) November 1999, (b) June 2000, (c)
November 2000, and (d) February 2001. In letters we indicate the
positions of the Urania (U) and Bannock (B) stations.

a weak and prevailingly cyclonic circulation to the north. A
large meander of the Modified Atlantic Water current, called
the Atlantic Ionian Stream (Robinson et al., 1999), is present
in the Ionian Sea around 34◦ N with an anticyclonic curvature
and a detached anticyclonic eddy to the north (up to 37◦ N).
The Ionian Sea was affected in the late 80s by an intensification and northward extension of the anticyclonic
circulation (Malanotte-Rizzoli et al., 1999; Demirov and
Pinardi, 2002). This circulation change, which is an aspect of
the widespread phenomenon known as the Eastern Mediterranean Transient, appears to have recovered since the late
90s (Manca et al., 2003). The weak but cyclonic circulation
north of 35◦ N and the large but limited in extent anticyclonic
meander and northward eddy are signatures of such change,
which our model succeeds to capture.

scale wind field. Positive values, i.e. upward EVVs, are
prevalently found in the northern part of the Ionian basin,
while the southeastern regions are typically characterized by
negative values, i.e. downward EVVs. Seasonal and interannual variability is moreover evident: in February 2001 the Ionian Basin exhibits the largest areas with upward EVV, while
June and November 2000 are characterized by prevailingly
downward EVVs. The upward EVVs are then stronger in the
northern part of the basin and in the winter season.
The Current Vertical Velocity field (hereafter referred to as
CVV), calculated according to Eq. (2), is depicted in Fig. 4
at 30 m depth for the months of November 1999, June and
November 2000, and February 2001. The CVV field is noisier with respect to the EVV field and values generally exceed 0.1 m day−1 in absolute value. This is due to the intense
mesoscale eddy field that modulates the Ekman vertical velocities. Consistently with the EVV field, a north-south gradient in the CVV sign and a large seasonal variability are
evident, with a broadening of the areas of downward CVVs
during the summer months and of the areas of upward CVVs
during the winter months. The comparison between the CVV
field in November 1999 and in November 2000 reveals significant interannual variability, in agreement with the EVV
field.

3.2

Vertical velocities in the Ionian Sea

The Ekman Vertical Velocity field (hereafter referred to as
EVV) calculated according to Eq. (4), is depicted in Fig.
3 for the months of November 1999, June and November
2000, and February 2001, which are months overlapping
with sediment trap data. EVVs have values between −0.1
and 0.1 m day−1 on large portions of the Ionian basin and exhibit a typical large scale structure consistent with the large
www.biogeosciences.net/6/333/2009/
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Fig. 5. Ocean vertical velocities (cm day−1 ) at the Urania (top) and
Bannock (bottom) sites, where EVV=Ekman Vertical Velocity computed from the wind stress curl, and CVV=simulated Current Vertical Velocity, vertically averaged between 100 m and 600 m depth.
EVVs are horizontally averaged over an area of 145 km side (area
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
the 15th day of each month.

In Fig. 5 we show time series at the Urania and Bannock sites of EVV, horizontally averaged over an area of
145 km side (area A), and of CVV, vertically averaged between 100 m and 600 m depth and horizontally averaged over
areas of 145 km side (area A) and of 85 km side (area E).
EVV and CVV exhibit in many cases synchronous peaks,
thus suggesting a relevant role of the wind stress curl field
in modulating the seasonal variability of ocean vertical velocity. CVV, in particular when averaged over the smaller
area E, is however much larger in amplitude with respect
to EVV, thus indicating that ocean dynamics enhances the
atmospheric forcing and translates it into smaller scale motions. Due to the spatial and temporal variability of CVV, the
Urania and Bannock stations despite their vicinity are characterized by different circulation regimes. This variability
does not appear to be correctly captured by the large scale
EVV field, which we therefore do not believe suitable for the
computation of correlations with sediment trap data.
3.3

Particle fluxes at the Urania and Bannock stations

Total Particle Flux (hereafter referred to as TPF) measured at
the Urania site is depicted in logarithmic scale in Fig. 6 with
a light-gray line; Current Vertical Velocity (CVV), averaged
between 100 m and 600 m depth and on an area of 85 km side
(area E), is superimposed on the same plot with a dark-gray
line.
At 500 m depth TPF is highest between mid-May
2000 and the beginning of June 2000, when it exceeds
Biogeosciences, 6, 333–348, 2009

100 mg m−2 day−1 . Secondary flux maxima exceeding
25 mg m−2 day−1 occur in September–November 1999, at
the beginning of March 2000, in November–December 2000
and in April 2001. TPFs lower than 2 mg m−2 day−1 occur throughout the period January–March 2001. At 2800 m
depth TPF is highest in mid-May 2000 with a value exceeding 100 mg m−2 day−1 (we recall however that this value
is probably overestimated), whereas secondary flux maxima in excess of 25 mg m−2 day−1 occur in the period of
September–October 1999. TPF at the Urania site is on average 17 mg m−2 day−1 at 500 m depth (with a standard deviation of 20 mg m−2 day−1 ) and 13 mg m−2 day−1 at 2800 m
depth (with a standard deviation of 12 mg m−2 day−1 ). The
large value of the standard deviation indicates that the mean
is not a robust estimate of the probability distribution due to
the eventful and short time series.
Total Coccolith Flux (hereafter referred to as TCF) measured at the Urania site is depicted in logarithmic scale
in Fig. 7 with a light-gray line; Current Vertical Velocity
(CVV), averaged between 100 m and 600 m depth and on an
area of 85 km side (area E), is superimposed on the same plot
with a dark-gray line.
TCF at 500 m depth shows a sporadic peak around
3×109 nC m−2 day−1 between mid-May and the beginning
of June 2000 and secondary flux maxima in excess of
5×108 nC m−2 day−1 at the end of September 1999 and
in March 2000. At 2800 m depth TCF exhibits the largest
values (in excess of 5×108 nC m−2 day−1 ) in the period
September–November 1999 and in mid-May 2000 (even
though this value is probably overestimated). Microscope
visual inspection has revealed no evidence of coccolith dissolution (Malinverno et al., in preparation): this observation
is consistent with the similar TCF magnitude between upper
and deep traps. TCF measured at 500 m depth during Mooring 2 is significantly lower with respect to Mooring 1, and
we suspect that calcite dissolution may have partly occurred
in the samples. Thus this part of the time series might not be
fully reliable.
We may thus conclude that at the Urania site, fluxes are
extremely high in May–June 2000, i.e., at the beginning of
summer, and are generally larger in the autumn and spring
seasons.
TPF measured at 2800 m depth at the Bannock site is depicted in Fig. 8 with a light-gray line; Current Vertical Velocity (CVV), averaged between 100 m and 600 m depth and on
an area of 85 km side (area E), is superimposed on the same
plot with a dark-gray line.
TPF is highest at the beginning of June 2000, when it
exceeds 70 mg m−2 day−1 , whereas in the remaining part
of the time series TPF remains below 4 mg m−2 day−1 , except for the period 25 February 2000–13 May 2000, when
it is 10 mg m−2 day−1 . However, since the particles sinking throughout this period were collected in one single
vial, we cannot know whether the higher TPF belongs to
one single event or is due to an overall increase of flux
www.biogeosciences.net/6/333/2009/
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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 (mg m−2 day−1 ), plotted in logarithmic scale, at 500 m depth (top)
and at 2800 m depth (bottom). Dark-gray line: CVV (cm day−1 ) 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.

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 (nC m−2 day−1 ), plotted in logarithmic scale, at 500 depth
(top) and at 2800 m depth (bottom). Dark-gray line: CVV (cm day−1 ) 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 site
is on average 8 mg m−2 day−1 , with a standard deviation of
17 mg m−2 day−1 (in this computation we removed the constant value of 10 mg m−2 day−1 of the period 25 February–13
May 2000).
Particle fluxes measured at the Urania site are comparable with those collected in other off-shore sites of the Ionian
Sea, whereas at the Bannock site they are lower. Ziveri et
al. (2000) observe in fact at the Bannock site an average total particle flux at 3000 m depth of about 16 mg m−2 day−1 ,
while Boldrin et al. (2002) observe in the northern Ionian
www.biogeosciences.net/6/333/2009/

Sea an average total particle flux at 2250 m depth of about
17 mg m−2 day−1 .
It is evident that some of the flux “events” appear instantaneously in the upper and deep traps. Consistently, Spearman
correlation coefficients calculated between fluxes at 500 m
and 2800 m depth are significant at 95% confidence level.
We would like to remark that the peak of mid-May 2000 is removed from these computations, as it may represent an overestimated value of the true particle flux. Since the sediment
traps at different depths are well correlated, we estimate particle settling velocities by dividing the distance between the
Biogeosciences, 6, 333–348, 2009
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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 (mg m−2 day−1 ) at 2800 m depth plotted in logarithmic scale. Dark-gray
line: CVV (cm day−1 ) 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.

two traps (i.e., 2300 m) by the sediment trap temporal resolution (i.e., 10 days), which yields sinking velocities higher
than 200 m day−1 .
Spearman correlation coefficients between TPF measured
at 500 m and at 2800 m depth are significant at 95% confidence level also with 10 days lag between the two time series.
We may therefore hypothesize that a range of particle sinking
velocities might be occurring in the ocean interior, with values that may vary between approximately 100 m day−1 and
more than 200 m day−1 . Fluxes of single coccolithophore
species at the two investigated depths (Malinverno et al., in
preparation) display a pattern that is consistent with this inference. In fact in the 500 m trap there is a rather distinct seasonal signal in assemblage composition, with specific abundance peaks occurring over short time intervals, whereas in
the 2800 m trap the signal is more smoothed and occurs over
longer time periods.
Particle sinking speeds between 100 m day−1 and more
than 200 m day−1 are in general agreement with other studies conducted in open areas of the Mediterranean Sea. In
the northwestern Mediterranean Sea, Lee et al. (2004) measure at 200 m depth a dominant particle sinking regime
of 200 m day−1 . In the northeastern Ionian Sea, Boldrin
et al. (2002), estimate particle sinking speeds higher than
140 m day−1 by computing the time lag between sediment
trap flux peaks measured at different depths. On the contrary
Ziveri et al. (2000) estimate, in the southeastern Ionian Sea,
settling rates of 17–25 m day−1 for coccoliths and of more
than 100 m day−1 for coccospheres by calculating the time
lag between the 1979–1985 satellite chlorophyll maximum,
and the 1991-1994 sediment trap flux peaks at 3000 m depth.
3.4 Correlation between current vertical velocities and particle fluxes
CVVs at the Urania site (Figs. 6 and 7) exhibit positive values
exceeding 80 cm day−1 in September–November 1999 and in
November–December 2000, whereas negative values lower
than −30 cm day−1 occur in March 2000, in May–June 2000
and in February 2001. Thus we observe an increase in upBiogeosciences, 6, 333–348, 2009

ward motion in autumn and an increase in downward motion
in late winter and summer. CVVs at the Bannock site (Fig. 8)
remain close to zero (< ±30 cm day−1 ) during most of the
time series, except for two sporadic peaks in April 2000 and
November 2000 (>50 cm day−1 ) and negative values below
−30 cm day−1 in November 1999, August 2000 and March
2001.
Periods of upward vertical velocities are normally associated with higher particle fluxes. This behavior is observed at the Urania site in September–November 1999 and
in November–December 2000. Periods of downward vertical velocities appear instead to coincide with periods of low
particle fluxes, as seen at the Urania site in late winter 2000
(only at 2800 m depth) and 2001, and at the Bannock site in
November 1999 and late winter 2001. When ocean vertical
velocities remain close to zero, as seen in most of the Bannock time series, there appears to be no evident correlation
with particle fluxes.
An exception to this pattern occurs in May–June 2000,
when the high particle flux occurring at both the Urania and
Bannock sites is not associated with a large increase of upward CVVs. We decided to remove the May–June 2000 flux
event from the remaining computations: we believe in fact
that mechanisms other than ocean vertical velocities are determining the observed strong particle fluxes, as it will be
discussed further on.
In Fig. 9 we show, for the Urania site, Spearman correlation coefficients between CVV and particle fluxes, for the
three cases “0 lag”, “1 lag” and “2 lags”. Correlation coefficients are plotted as a function of the horizontal integration
area of CVV, where area A is the largest (145 km side) and
area F is the smallest (70 km side). The correlation value
marking the 90% confidence level is depicted with a dashed
line.
During Mooring 1, TPF at 500 m depth is significantly correlated with CVV at 90% confidence level in the “1 lag” and
“2 lags” cases, whereas at 2800 m depth significant correlation coefficients occur for all time lags (“0 lag”, “1 lag”, “2
lags”). TCF at 500 m depth is not significantly correlated
www.biogeosciences.net/6/333/2009/
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At the Bannock station correlation coefficients for Mooring 1 cannot be computed because of the discontinuity of the
time series and for Mooring 2 they are not statistically significant.

4
4.1

Fig. 9. Spearman correlation coefficients between Current Vertical Velocity (CVV), vertically averaged between 100 m and 600 m
depth, and (a) Total Particle Flux (TPF) at 500 m depth for Mooring
1 (15 September 1999–13 May 2000), (b) TPF at 500 m depth for
Mooring 2 (30 May 2000–9 May 2001), (c)TPF at 2800 m depth
for Mooring 1, (d) Total Coccolith Flux (TCF) at 500 m depth
for Mooring 1, (e) TCF at 500 m depth for Mooring 2, (f) TCF
at 2800 m depth for Mooring 1. CVVs are horizontally averaged
over 6 areas of increasingly higher dimension, where area A is the
largest (145 km side) and area F is the smallest (70 km side). Correlation coefficients are calculated between coincidental time series
(“0 lag”) and between time series shifted of one (“1 lag”) and two
(“2 lags”) sediment trap rotation intervals. The correlation value
marking the 90% confidence level is depicted with a dashed line.

with CVV, whereas at 2800 m depth it exhibits significant
correlations at 90% confidence level for the “0 lag” and “1
lag” cases. During Mooring 2, TPF at 500 m depth is significantly correlated with CVV at 90% confidence level for
all time lags (“0 lag”, “1 lag”, “2 lags”), whereas for TCF at
500 m depth significant correlations occur only in the “0 lag”
and “1 lag” cases.
Thus in general we observe that correlation coefficients
are higher for TPF with respect to TCF, and at 2800 m depth
with respect to 500 m depth; moreover correlations appear
to be in many cases higher when the horizontal average of
CVV is performed on the smallest area F around the Urania
station coordinates. Even though characterized by some heterogeneity, correlation coefficients appear to be overall robust with respect to the horizontal integration area of ocean
vertical velocities.
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Discussion
Correlation between particle fluxes and upward vertical
velocities

The positive correlation between upward vertical velocities
and particle fluxes might seem at first sight surprising, as we
might expect downward vertical velocities to enhance particle fluxes by increasing vertical settling rates. However particle sinking rates estimated from sediment traps are two orders of magnitude higher with respect to ocean vertical velocities calculated from the model output, which are around
1 m day−1 . We thus exclude, in the region analyzed in this
study, a direct effect of ocean vertical velocities on particle
sinking rates and thus particle fluxes.
In correspondence of submesoscale features, arising as a
result of non-linear interaction of mesoscale eddies in regions of strong shears, large vertical velocities higher than
10 m day−1 may occur (Lévy et al., 2001; Mahadevan, 2006).
The OGCM used in the present study, characterized by approximately 6 km horizontal resolution, is too coarse to resolve submesoscale features and associated high vertical velocities. However enhanced density gradients and velocity
shears leading to the formation of submesoscale structures
are not a predominant feature of our study area and we do
not expect this to be a substantial mechanism in this region.
The high sinking rates estimated in this work might be attained by means of biological aggregation of particles inside
fecal pellets produced by macro-zooplankton. Mazzocchi et
al. (2003) detect in the Ionian Sea an eastward increase of
pelagic tunicates’ abundance in the year 1999. Pelagic tunicates feed on phytoplankton by filtering large volumes of
water and are adapted to dilute environments, where they exhibit a rapid population growth if environmental conditions
are favorable (Alldredge and Madin, 1982). Their fecal pellets sink at a speed ranging between 242 and 2700 m day−1
for salps (Bruland and Silver, 1981; Yoon et al., 1996; Yoon
et al., 2001) and between 25 and 504 m day−1 for appendicularians and doliolids (Turner, 2002 and references therein).
We hypothesize that the following sedimentation mechanism might be occurring in the open areas of the Eastern
Mediterranean Sea. An upward vertical velocity at the base
of the euphotic layer would produce a vertical isopycnal displacement and a nutrient uplift in the sunlight layer. Phytoplanktonic organisms would take advantage of higher nutrient levels giving rise to enhanced primary production, which
would eventually stimulate grazing. The biogenic material
would then sink through the water column inside rapidly
Biogeosciences, 6, 333–348, 2009
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sinking fecal pellets or other large particles and would be
collected by sediment traps.
According to our results, the described mechanism of enhanced particle fluxes triggered by upward CVVs appears to
occur within a temporal range of a few weeks. The fact that
correlations between CVV and TPF at 500 m depth are highest with “1 lag” for Mooring 1 and with “0 lag” for Mooring
2 is not necessarily an inconsistent result, as the temporal
resolution is of 10 days for Mooring 1 and of 15 days for
Mooring 2. Significant correlations between CVV and both
coincidental and lagged particle flux time series might be indicating that various time scales are involved in the sedimentation of particle pulses from the ocean surface. We may
speculate that this is due to the existence of a spectrum of
particle sinking rates in the ocean interior. However, due to
the shortness of the time series, the robustness of temporally
lagged correlation results might be questioned and caution
must be used in drawing conclusions.
The observation that correlations generally increase when
CVV is horizontally averaged on the smallest area F around
the station coordinates gives strength to our hypothesis, as
it would highlight the local effect of CVVs on the observed
particle fluxes. Higher correlations occurring for the 2800 m
depth trap – with respect to the 500 m depth trap - might indicate that sediment trap measurements at 500 m depth are
more affected by upper ocean dynamics (e.g. vertical migrating organisms, higher abundance of zooplanktonic “swimmers”).
Both TCF and TPF are significantly correlated with CVVs
and we hypothesize that this might be due to a high percentage of biogenic matter to the total particle flux. Zuñiga et
al. (2008) observe, in the open Algero-Balearic basin, that
biogenic flux contributes to about 50% of total particle flux,
with calcium carbonate being a major constituent (∼25% of
total particle flux, with a maximum of 60% during winter).
Our results show however that TPF, rather than TCF, is giving the highest correlations with CVV and we propose two
reasons for this behavior. First of all TPF contains, in addition to coccoliths, other sinking matter of biogenic origin
(Zuñiga et al., 2008): TPF may therefore be, in areas of low
lithogenic inputs, a better proxy of upper ocean productivity
than TCF itself. Secondly, the measure of TPF may be intrinsically more precise than the measure of TCF: the latter
is only an estimate of the true coccolith flux and moreover,
because of the various steps of the sampling and measuring
procedures, there is a non-null risk for coccolith plates to undergo partial dissolution.
At the Bannock site, where CVVs are close to zero during most of the studied period, CVVs do not appear to affect
particle flux variability in any evident way, and the proposed
mechanism of enhanced particle fluxes triggered by upward
CVVs is not valid. In the next sections we will analyze additional data sets that may help to improve our understanding
of the sedimentary processes at the Urania and Bannock sites
during the studied period.
Biogeosciences, 6, 333–348, 2009
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4.2

Relationship with SeaWiFS chlorophyll-a data

To support our discussion on enhanced primary production triggered by upward CVVs, we analyze SeaWiFS
chlorophyll-a monthly means available from the JRC Ocean
Color Portal (http://oceancolour.jrc.ec.europa.eu) for the
years 1999–2004. The data, which have a horizontal resolution of approximately 2 km in our study area, are used
to compute average chlorophyll concentrations at the Urania and Bannock sites. We analyze total chlorophyll values
(hereafter referred to as CHL-T) and chlorophyll anomalies
with respect to the long-term seasonal mean (hereafter referred to as CHL-A). In Figs. 10 and 11 we depict, at the
Urania and Bannock sites respectively, CHL-T and CHLA together with CVV and TPF. CVV, CHL-T and CHL-A
are horizontally averaged over an area of 70 km side (area F)
around the station coordinates.
At both the Urania and Bannock sites, CHL-T exhibits a
well developed seasonal cycle with maximum values in the
late winter months (up to 0.1 mg Chl m−3 ) and minimum values in the summer months (below 0.04 mg Chl m−3 ). The
Urania and Bannock chlorophyll concentration values are
characterized by equivalent mean values (i.e. approximately
0.05 mg m−3 ) and seasonality (i.e. seasonal maximum in
February–March). This chlorophyll concentration pattern is
typical of a subtropical oligotrophic setting where light is
never limiting and nutrients are conveyed seasonally in the
eutrophic layer by means of winter mixing. CHL-A values,
i.e. the interannual chlorophyll fluctuations around the seasonal mean, are confined between ±0.03 mg Chl m−3 at both
the Urania and Bannock sites.
CVV does not exhibit any evident correspondence with
CHL-T, whereas it appears to be more synchronously correlated with CHL-A values, as it may be seen at Urania site
in autumn 1999 and 2000 (positive CHL-A, upward CVVs)
and in winter 2000 and 2001 (negative CHL-As, downward
CVVs) and at the Bannock site in March 2000 (positive
CHL-As, upward CVVs) and in late winter 2001 (negative
CHL-As, downward CVVs). We may attribute the lack of
correlation between CVV and CHL-T to the predominant
role played by vertical mixing – rather than water column upward displacement – in causing the winter increase in chlorophyll concentration. Vertical isopycnal displacements at the
base of the euphotic layer (McGillicuddy et al., 2001) appear instead to affect the interannual variability of chlorophyll concentration values, even though in this area also other
processes, such as Saharan dust fertilization, are certainly
relevant in determining chlorophyll interannual fluctuations.
When comparing CHL-T and TPF fields, we notice that a
direct correspondence between the two fields is not readily
observed. The Urania and Bannock sites, even though characterized by equivalent upper ocean chlorophyll patterns, exhibit however very dissimilar deep export regimes (TPFs at
the Bannock site are generally an order of magnitude lower
than at the Urania site). In addition, the seasonality of algal
www.biogeosciences.net/6/333/2009/
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Fig. 10. Urania site: (a) simulated Current Vertical Velocities (CVV) in cm day−1 vertically averaged between 100 m and
600 m depth, (b) SeaWiFS chlorophyll-a concentration (CHLT) in mg m−3 , (c) SeaWiFS chlorophyll-a concentration anomalies (CHL-A) in mg m−3 , (d) Total Particle Flux (TPF) in
mg m−2 day−1 at 500 m depth. CVV, CHL-T and CHL-A are horizontally averaged over an area of 70 km side (area F) around the
station coordinates. The tick marks on the x-axis indicate the 15th
day of each month.

Fig. 11. Bannock site: (a) simulated Current Vertical Velocities (CVV) in cm day−1 vertically averaged between 100 m
and 600 m depth, (b) SeaWiFS chlorophyll-a concentration
(CHL-T) in mg m−3 , (c) SeaWiFS chlorophyll-a concentration
anomalies (CHL-A) in mg m−3 , (d) Total Particle Flux (TPF)
in mg m−2 day−1 at 2800 m depth. CVV, CHL-T and CHL-A are
horizontally averaged over an area of 70 km side (area F) around the
station coordinates. The tick marks on the x-axis indicate the 15th
day of each month.

biomass magnitude does not appear to directly determine
particle flux variability. On the contrary, TPFs appear to
respond with a similar magnitude to the winter chlorophyll
concentration maximum (peaks in late winter 2000 and 2001
at the Urania site) and to its interannual anomalies: higher
than average TPFs often concur with positive CHL-A values
(autumn 1999 and 2000 and late spring 2000 at the Urania
site; spring 2000 at the Bannock site), whereas lower than average TPFs are often associated with negative CHL-A values
(late summer 2000 and winter 2000 and 2001 at the Urania
site; winter 2001 at the Bannock site).
These results suggest a non-linear relationship between
upper ocean algal biomass and deep sedimentary fluxes, with
an amplification of the summer-autumn response of particle
fluxes to upper chlorophyll amount with respect to winter
and early spring. The weak coupling between primary producers and deep particle fluxes supports the hypothesis that
particle export depends, in addition to primary production,

also on the biological pump efficiency. Other studies have
shown that in oligotrophic areas primary production and particle fluxes are often decoupled (Buesseler, 1998; Conte et
al., 2001; Lutz et al., 2002) and that the sinking fraction of
primary production varies seasonally possibly in response to
flux biodegradability (Lutz et al., 2007). These results argue
for a relevant role of the food web structure, sedimentation
pathways and particle properties in affecting deep particle
fluxes. From our data it is possible to speculate on three possible factors affecting the biological pump: 1) grazer community composition and activity; 2) phytoplankton coagulation
processes; 3) particle properties connected to Saharan dust
events.

www.biogeosciences.net/6/333/2009/

1. The pulsed-like behavior of particle flux maxima in autumn 1999 and 2000 at the Urania site could be linked
to the occurrence of macrozooplankton swarms (Conte
et al., 2003) which would efficiently feed on the positive
Biogeosciences, 6, 333–348, 2009
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Fig. 12. Quasi True Color satellite images: (a) 22 May 2000 at 10:36 a.m., (b) 22 May 2000 at 12:14 a.m., (c) 24 May 2000 at 12:02 a.m.,
(d) 26 May 2000 at 10:15 a.m., (e) 26 May 2000 at 11:51 a.m., (f) 27 May 2000 at 10:57 a.m.

chlorophyll anomalies generated by upward CVVs. Observations in coastal areas of the Mediterranean Sea
show that warm-dwelling species of pelagic tunicates,
such as O. dioica, D. nationalis and T. democratica,
exhibit their seasonal maximum in spring-summer and
autumn (Avancini et al., 2006). We could then speculate that gelatinous zooplankton organisms in this area
would be mostly abundant during the summer and autumn months whereas they would be lower in winter. If this is the case, the summer and autumn particle flux pulses at the Urania site might be related to
higher macrozooplankton abundance. The discrepancy
between the Urania and Bannock particle fluxes could
then be related to differences in macrozooplankton populations at the two sites.
2. The exudation by phytoplankton organisms – including coccolithophores – of transparent exopolymer particles (TEP) may be playing a relevant role in promoting phytoplankton aggregation and export at depth (Engel, 2004). Beauvais et al. (2003) observe, in an offshore site of the western Mediterranean Sea, an increase
in TEP volume after the spring bloom and throughout
the summer months, and they relate this feature to increases in carbon excretion by phytoplankton and to
thermally stratified conditions. Thus it is possible that
during summer there may be more favorable conditions
for TEP-enhanced phytoplankton aggregation followed
by higher particle fluxes.
3. The higher frequency of Saharan dust events in summer
might be responsible for the high particle flux event in
May-June 2000, as it will be discussed in Sect. 4.3.
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4.3

Dust-enhanced particle fluxes in May–June 2000

Between mid-May and the beginning of June 2000, a strong
particle flux peak occurs at both the Urania and Bannock sites
(Figs. 6, 7 and 8). Since we cannot fully trust the particle flux
peak occurring in mid-May (because of the incorrect sediment trap opening) we concentrate on the particle flux peak
occurring at the beginning of June 2000. We suggest that
this event may be due to a Saharan dust pulse, which would
enhance lithogenic and possibly biogenic flux.
Saharan dust transport over the Mediterranean occurs frequently in spring and summer in the form of non-continuous
“pulses” (Kubilay et al., 2000). Dust particles may represent an important source of nutrients in the euphotic layer
(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). Zuñiga et al. (2008) observe in
the open Algero-Balearic Basin an increase of particle fluxes
(and of the lithogenic fraction therein) associated with summer and autumn Saharan dust pulses.
A time series of SeaWiFS Quasi True Color (QTC) satellite images for the period 22 May–13 July 2000 is available.
QTC images are generated by combining the three SeaWiFS bands that most closely represent red, green and blue in
the visible spectrum. This procedure creates an image which
is very close to what the human eye would perceive from
space (Sciarra et al., 2006). The effectiveness of QTC images
in detecting intense dust events is documented in Volpe et
al. (2009). The analysis of QTC images for our study area reveals a Saharan dust event occurring in the period 22–27 May
2000 (Fig. 12) which we may reasonably consider responsible for the high particle flux peak detected in the Urania and
Bannock sediment traps at the beginning of June 2000.
www.biogeosciences.net/6/333/2009/
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Fig. 13. Simulated current horizontal velocities (cm s−1 ) at 90 m,
500 m and 2800 m depth at the Urania (top) and Bannock (bottom)
sites, temporally averaged over the sediment trap rotation intervals.
The tick marks on the x-axis indicate the 15th day of each month.

4.4

Impact of horizontal advection

In Fig. 13 we show, for the Urania and Bannock sites, simulated horizontal currents at 90 m, 500 m and 2800 m depth,
temporally averaged over the sediment trap rotation intervals. Horizontal currents at the Urania site have a mean
of 7.5–2.8–0.6 cm s−1 at 90–500–2800 m depth respectively,
whereas at the Bannock site they have a mean of 4.1–2.0–
0.2 cm s−1 at 90–500–2800 m depth respectively. At 90 m
depth, horizontal currents at the Urania site are higher with
respect to the Bannock site, and a rather pronounced seasonality is evident, with strongest currents (>15 cm s−1 ) occurring in autumn 1999. On the other hand, at 500 m and 2800 m
depth mean currents are lower in amplitude (<5 cm s−1 ) and
almost stationary with greater variability again at the Urania
site.
Because horizontal velocities in our study area are generally well below 5 cm s−1 at both 500 m and 2800 m depth, we
do not expect a significant impact of hydrodynamics on sediment trap collecting efficiency (Buesseler et al., 2007). Lateral advection in the upper ocean may however modify the
source region of particles collected by deep sediment traps
(Siegel et al., 2008). This process might be occurring in particular at the Urania site, where horizontal velocities up to
10–15 cm s−1 (i.e. approximately 10 km day−1 ) would cause
a lateral transport of upwelled nutrients and primary producers of about 100–200 km during a 10–15 day period. We expect instead that the Bannock site, where simulated currents
at 90 m depth are normally below 5 cm s−1 , will be more representative of local conditions.
To evaluate the qualitative aspects of lateral advection of
primary producers at the Urania site, we compare chlorowww.biogeosciences.net/6/333/2009/
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Fig. 14. Urania site: simulated current horizontal velocities at 90 m
depth (cm s−1 ) and SeaWiFS chlorophyll-a concentration (CHLT) gradients computed over a 200 km side area (mg m−3 /200 km).
Top: zonal velocities (U) and zonal CHL-T gradients; bottom: meridional velocities (V) and meridional CHL-T gradients. With arrows we indicate the direction of lateral advection
(grey arrows) and of positive chlorophyll gradients (white arrows)
during periods when these simultaneously exceed 5 cm s−1 and
0.01 mg m−3 /200 km respectively.

phyll concentration gradients characterizing the study area
with horizontal current velocities at 90 m depth, i.e. approximately at the base of the euphotic layer. We use SeaWiFS
chlorophyll-a monthly means available for the years 1999–
2004 to compute zonal and meridional chlorophyll concentration gradients on a 200 km side area around the Urania
site. In Fig. 14 these values are plotted together with zonal
and meridional current velocities at 90 m depth. We indicate with grey arrows the direction of zonal (i.e., west-east)
and meridional (i.e., south-north) velocities and with white
arrows the direction of positive chlorophyll gradients, during periods when these simultaneously exceed 5 cm s−1 (i.e.
approximately 4 km day−1 ) and 0.01 mg m−3 /200 km respectively. The choice of these threshold values is not based on
quantitative arguments: our aim here is only to make our
qualitative description clearer.
We can write a simplified equation accounting for the local
rate of change of chlorophyll concentration due to horizontal
advection as:
∂Chl
∂Chl
∂Chl
≈−u
−v
,
∂t
∂x
∂y

(5)

where Chl is chlorophyll concentration and u and v the
zonal and meridional ocean velocities respectively. According to Eq. (5) when horizontal velocity and chlorophyll gradients have opposite sign, we expect an enhancement of local chlorophyll values by horizontal advection (as it could be
Biogeosciences, 6, 333–348, 2009
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occurring in December 1999, March and May 2000); when
horizontal velocity and chlorophyll gradients have the same
direction, we expect lateral advection to cause instead a reduction of local chlorophyll values (as it could be occurring
in November 1999 and in January–February 2001). We may
then speculate that part of the particle flux increase occurring in December 1999 and in March–May 2000 at the Urania site may be due to lateral advection from more productive
regions near the site. On the other hand in January-February
2001 particle fluxes may be particularly low because of lateral chlorophyll divergence away from the station.
However we also recall that correlation coefficients between CVV and particle fluxes are overall robust with respect
to the spatial integration area of CVV (Fig. 9): it could then
be argued that, for our studied period and area, horizontal advection is not changing the spatial distribution of particles to
such an extent to provoke a substantial effect on CVV-TPF
correlations.
5

Conclusions

The mechanisms of sedimentary particle fluxes in the deep
Urania and Bannock sites are studied by means of sediment
trap records and model simulated vertical velocities.
The current vertical velocities in the Ionian Sea have a
large mesoscale signal that is superimposed to a seasonally
varying Ekman vertical velocity field at low amplitude. It is
found that current vertical velocities at the Urania site are
positive (upward motion) in autumn, when pulses of total
particle fluxes are found in the water column at 500 m and
2800 m depth.
From sediment trap data the sinking velocities of TPF and
TCF are estimated to be 100–200 m day−1 while current vertical velocities are estimated to be around 1 m day−1 . This
observation brought us to envisage a tight coupling between
surface and deep layers through particle aggregation mechanisms. We suggested that fast sinking rates of organic material in the deep ocean are connected to both lithogenic
and biological aggregation mechanisms that transfer particles rapidly in the deep water column.
In synthesis two emerging fast sinking mechanisms have
been captured:
1. Pulses of primary production, triggered by upward
current vertical velocities, followed by grazing and
macrozooplankton-related biogenic flux that rapidly
conveys the material in the deep ocean.
2. Large Saharan dust events that fertilize the upper ocean
and possibly contribute to aggregation of organic material, thus producing high sedimentation fluxes.
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If these mechanisms are at work in other open ocean areas, it is possible to argue that the carbon export to the deep
ocean is larger in the cyclonic gyres of the ocean general circulation and during the months of maximum upward vertical
velocities. The fast sinking rates estimated in this study could
be moreover an evidence of the efficiency of the biological
pump in sequestering organic carbon from the surface layers
of the open areas of the Mediterranean Sea. Further work is
however needed to unravel the relevant physical and biological features of the marine environment capable of affecting
deep particle fluxes.
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