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Abstract

This paper analyzes the relationship between deep sedimentary fluxes and ocean cur-
rent 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 2001.5

A tight coupling is observed between the upper and deep traps and the estimated
particle sinking rates are higher than 200 m day−1. The current vertical velocity field
is computed from a high resolution 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 velocities10

are generally smaller than 1 m day−1: we therefore exclude a direct effect of down-
ward 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 – a15

few weeks before an enhanced vertical flux is found in the sediment traps. By analyz-
ing the delayed effects of ocean vertical velocities on deep particle fluxes we envisage
a spectrum of particle sinking speeds ranging from about 100 m day−1 to more than
200 m day−1. High particle sedimentation rates may be attained by means of rapidly
sinking fecal pellets produced by gelatinous macro-zooplankton. Other sedimentation20

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-
dence of the efficiency of the biological pump in sequestering organic carbon from the
surface layers of the deep Eastern Mediterranean basins.
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1 Introduction

The Eastern Mediterranean Sea is characterized by an anti-estuarine basin scale cir-
culation through the Sicily Channel, with the entrance of surface nutrient-depleted wa-
ters and the exiting of nutrient-enriched intermediate waters (Malanotte-Rizzoli et al.,
1997; Pinardi and Masetti, 2000). Superimposed to this large scale circulation pattern,5

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 in-10

terannual scale 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 Mediter-
ranean Sea, are considered to be highly oligotrophic: surface chlorophyll concentra-
tions are generally lower than 0.5 mg m−3 and a deep chlorophyll maximum is found15

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 nu-
tricline in the southeastern Ionian Sea, while Ediger and Yilmaz (1996) measure in
the Levantine Basin a 600 m deep nutricline in correspondence of anticyclonic struc-20

tures. 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 3µm (Boldrin et al., 2002; Malinverno et al., 2003) and their calcitic remains give25

a major contribution to the calcium carbonate export to the deep layers (Ziveri et al.,
2000).

Sinking mechanisms and vertical particle fluxes in open ocean areas were studied in
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the past by means of laboratory experiments, in situ observations and sediment traps
(Honjo et al., 1984; Alldredge and Gotshalk, 1988; Asper et al., 1992; Stemmann et
al., 2002; Lee et al., 2004). Aggregation inside zooplankton fecal pellets is considered
to be one of the main mechanisms for organic matter sedimentation in the deep ocean
(Honjo et al., 1976; Fowler et al., 1987; Knappertsbusch and Brummer, 1995). Other5

sinking agents include the formation of “marine snow” particles (Lampitt et al., 1993;
Turner, 2002) possibly enhanced by the presence of transparent exopolymer particles
(Engel, 2004). However the processes affecting particle flux magnitude and sedimen-
tation rates in the ocean interior are not yet fully understood.

Vertical velocities of the general circulation might play a relevant role in affecting10

particle fluxes in two opposite ways: on one hand they could directly increase sedi-
mentation 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.

Current vertical velocities in the upper ocean are directly forced by the wind field15

through the wind stress curl. Thus Ekman vertical velocities, generated by the wind
stress curl, were used in previous studies as a proxy of the ocean currents vertical ve-
locities and a relation with biological patterns was found (Andersen and Prieur, 2000;
Agostini and Bakun, 2002). However, biogeochemical processes are directly influ-
enced by smaller scale circulation features (Lévy et al., 2001) which might not be cor-20

rectly represented by the large scale Ekman vertical velocities. These small scale
features, called mesoscales, are pervasive in the Mediterranean Sea and in particular
in the Ionian Sea (Robinson et al., 1987; Nittis et al., 1993).

Our goal is to understand the effect of ocean currents vertical velocities on particle
fluxes observed in the ocean interior. Particles are sampled during the period 1999–25

2001 by means of sediment traps moored at 500 m and 2800 m depth in two offshore
sites located in the southeastern Ionian Sea, i.e. the Urania and Bannock stations. We
analyze total particle flux, including all sinking particles, and coccolithophore flux in
terms of the calcitic plates – the coccoliths – constituting the coccolithophores external
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shell.
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 by a high resolution Ocean General Circulation Model (OGCM)
for the years 1999–2001. The OGCM vertical velocities are compared with the wind5

induced Ekman vertical velocities in order to verify the consistency between the two
fields. The OGCM vertical velocity component is then correlated with the particle fluxes
from the sediment traps.

The paper is organized as follows: Sect. 2 gives some details regarding the particle
flux observations and the computation of the wind-induced and current vertical velocity10

fields. Section 3 investigates the main results of this work, concentrating on the role
of ocean vertical velocities on the observed particle fluxes. In Sect. 4 we discuss the
major findings and in Sect. 5 we give a few concluding remarks.

2 Methods

2.1 Particle flux data from sediment traps15

Sediment trap particle flux data analyzed in this work were collected in the offshore
stations Urania and Bannock located in the southeastern Ionian Sea (Fig. 1). The
sediment trap time series at the Urania station covers the period 15 September 1999–
9 May 2001 in two successive moorings, the first one from 15 September 1999 to
2 June 2000 (hereafter referred to as Mooring 1), the second one from 30 May 200020

to 9 May 2001 (hereafter referred to as Mooring 2). The sampling frequency varies
between 10–11 days for Mooring 1 and 14–15 days for Mooring 2.

Soon after recovery, the samples were splitted on board in 8 aliquots using a pneu-
matic splitter. One aliquote, intended for the analysis of biogenic components, was
subsequently splitted into additional sample fractions by means of a rotary splitter. Of25

these fractions one was filtered on a pre-weighted cellulose acetate filter, dried and
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then weighted. The measure of total 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, designed for the total coccolith flux com-
putation, was first centrifuged in order to disassemble particle aggregates, then filtered
on a cellulose acetate filter and finally used for coccolith counting. The measure of5

total coccolith flux in units of nC m−2 day−1 thus represents the sum of coccoliths sink-
ing alone and of those deriving from disaggregated coccospheres. Additional technical
details regarding the sampling procedures may be found in Malinverno et al. (in prepa-
ration).

Flux data at the Urania station are available at both 500 m and 2800 m depth for10

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 sediment trap deployment
and recovery and during the processing of some samples. At the Urania site, a few
samples from the Mooring 1 time series collected at 2800 m depth dissolved in the15

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 coc-
colith flux time series. Moreover 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 – 500 m depth and 2800 m depth – may therefore20

give an overestimated value of the true particle flux. At the Bannock site, the sedi-
ment trap rotation mechanism stopped after the 16th temporal interval of Mooring 1,
i.e. after 6 March 2000. Particles sinking during the remaining part of the time series
(7 March–2 June 2000) were then collected in one single vial during a period of 88
days.25
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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◦ and the vertical coordinate is a full cell 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).5

The current vertical velocity field is computed as a diagnostic variable according to
the continuity equation for an incompressible fluid:

w(z)=w(−H)−
z∫

−H

(
∂u
∂x

+
∂v
∂y

)
dz′ (1)

where u and v are the horizontal velocity components, w is the vertical velocity compo-
nent and −H is the bottom depth. The kinematic bottom boundary condition for vertical10

velocity can be expressed as:

w(−H)=−Uh · ∇hH, (2)

where Uh= (u, v) and ∇h=
(
∂/∂x, ∂/∂y

)
. Because of the bottom topography dis-

cretization used, ∇hH is equal to zero, thus vertical velocity at the ocean bottom will
also be zero. The disadvantage of the z-level step-wise vertical discretization is that15

topographic gradients less than the grid aspect ratio are not well resolved unless very
high vertical resolution is used. This may lead in some cases to small scale vertical
velocities with artificially high amplitudes. This behavior was observed by Pacanowski
and Gnanadesikan (1997) who compare a full cell and a partial cell discretization,
which gives a better representation of topographic gradients. In the latter case the ef-20

fect of Eq. (2) is mitigated and the current vertical velocity field appears to be smoother
and less affected by small-scale noise.

We compare the vertical velocities computed with Eq. (1) with the Ekman vertical
velocities, which are calculated as a function of the curl of the wind stress τ=

(
τxτy

)
,
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according to:

wE (x, y, δE )=
1

ρof

(
k · ∇h×τ+

βτx
f

)
, (3)

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 meridional5

gradient of f , is computed as β=2Ω cosθ/r , where r and Ω are the Earth radius and
angular velocity, and θ is the latitude.

Ekman vertical velocities are defined at the Ekman layer depth δE , i.e. the e-
folding depth of the wind-induced currents. For the Mediterranean Sea δE is gener-
ally between 20 and 40 m. Such an estimate is calculated using the scaling formula10

δE=π
√

2Av/ |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 sec−1.

We use the daily wind stress fields for the years 1999–2001 to compute the Ekman
vertical velocity and the daily current velocity fields of the model output to compute the15

current vertical velocity. The comparison between the two fields is done on a monthly
basis at 30 m depth.

The comparison between the current vertical velocity field and the particle flux data
is done by averaging the ocean vertical velocity field on the same time intervals of the
particle flux time series, i.e. 10–11 days for Mooring 1 and 14–15 days for Mooring 2.20

The obtained fields are then vertically averaged between 100 m and 600 m depth:
this interval 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 fields are then horizontally averaged on rectan-
gular areas of 7381 km2 and of 7471 km2 centered on the Urania and Bannock stations25

respectively. We believe that these areas are large enough for model horizontal phase
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errors to be taken into account, while conserving the specificity of the circulation fea-
tures of the two regions.

Correlations between current vertical velocities and particle fluxes are calculated
both without a time lag and with a shift between time series of one and two sediment
trap rotation intervals, corresponding to a lag of 11 and 22 days for Mooring 1 and to5

a lag of 15 and 30 days for Mooring 2. This is done in order to assess the delayed
effects of ocean vertical velocities on particle fluxes. The statistical significance of the
correlation coefficients is tested by applying a correlation t-test (Davis, 2002). The null
hypothesis (i.e. that the correlation coefficients are statistically significant) is first of all
tested at 90% confidence level: in fact, due to the smallness of the sample, there might10

be the risk of rejecting the null hypothesis when it should be accepted. In cases where
the null hypothesis is accepted at 90% confidence level, we test the null hypothesis
also at 95% and 99% confidence levels.

3 Results

3.1 Surface circulation in the Ionian Sea15

In Fig. 2 a temporal average of the simulated horizontal circulation at 30 m depth for
year 1999 is depicted. 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 in the south and a weak and prevailingly
cyclonic circulation in the north. A large meander of the Modified Atlantic Water current,20

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 exten-
sion of the anticyclonic circulation (Malanotte-Rizzoli et al., 1999; Demirov and Pinardi,25

2002). This circulation change, which is an aspect of the widespread phenomenon
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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.

3.2 Vertical velocities in the Ionian Sea5

The Ekman Vertical Velocity field (hereafter referred to as EVV) calculated accord-
ing to Eq. (3), is depicted in Fig. 3 for the months of November 1999 (a), June 2000
(b), November 2000 (c), and February 2001 (d), which are months overlapping with
sediment trap data. EVVs have values between −0.1 and 0.1 m day−1 on large por-
tions of the Ionian Basin and exhibit a typical large scale structure consistent with the10

large 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 charac-
terized 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 down-15

ward 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 at 30 m
depth according to Eq. (1), is depicted in Fig. 4 for the months of November 1999 (a),
June 2000 (b), November 2000 (c), and February 2001 (d). The CVV field is noisier with20

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 winter25

months. The comparison between the CVV field in November 1999 and in November
2000 reveals a significant interannual variability, in agreement with the EVV field.

An overall consistency between the CVV and the EVV fields is therefore observed.
3132
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However, the small scale structure of the general circulation leads to a strong variability
of current vertical velocities, in both space and time. The Urania and Bannock stations,
despite their vicinity, may therefore be characterized by a different circulation regime.
This variability does not appear to be correctly captured by the large scale EVV field.
We thus believe that the usage of EVVs to compute correlations with sediment trap5

data is not suitable for our purposes.

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 Fig. 5 with a light-gray line; current vertical velocity values are superimposed on the
same plot with a dark-gray line. Vertical arrows located in the upper part of the panel10

indicate the timing of the particle flux maxima exceeding 25 mg m−2 day−1.
At 500 m depth (upper panel) TPF is highest at the end of May-beginning of June

2000, when it attains a value of more than 100 mg m−2 day−1. Secondary flux maxima
of roughly 50 mg m−2 day−1 occur in at the end of September 1999 and in November–
December 2000. Fluxes in excess of 25 mg m−2 day−1 are observed in November 1999,15

in March 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 (lower panel), the highest TPF value is
attained at the end of May 2000, with a value of almost 80 mg m−2 day−1, whereas sec-
ondary flux maxima in excess of 25 mg m−2 day−1 occur in the period of September–
October 1999.20

TPF at the Urania site is on average 19 mg m−2 day−1 at 500 m depth (with a standard
deviation of 28 mg m−2 day−1) and 15 mg m−2 day−1 at 2800 m depth (with a standard
deviation of 17 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. However this is the longest available at the moment.25

Total Coccolith Flux (hereafter referred to as TCF) measured at the Urania site is de-
picted in Fig. 6 with a light-gray line; current vertical velocity values are superimposed
on the same plot with a dark-gray line. Vertical arrows located in the upper part of the
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panel indicate the timing of the coccolith flux maxima exceeding 5×108 nC m−2 day−1.
TCF at 500 m depth (upper panel) shows a sporadic peak exceeding

3×109 nC m−2 day−1 at the end of May–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–
April 2000. At 2800 m depth (lower panel) TCF exhibits the largest values (in excess5

of 5×108 nC m−2 day−1) in the period September-October-November 1999 and at the
end of May 2000. TCFs have the same order of magnitude between the upper and
deep traps, i.e., 108 nC m−2 day−1: this might be an indication of the good preservation
of coccolithophore tests in the descent through the water column. TCF measured at
500 m depth during the second part of the time series is extremely low with respect to10

the Mooring 1 time series. We suspect that calcite dissolution might have partly oc-
curred in the samples: therefore this part of the time series might not be fully reliable.

We may thus conclude that at the Urania site, fluxes are extremely high at the end of
May-beginning of June 2000, i.e., at the beginning of summer, and are generally larger
in the autumn and spring seasons.15

TPF measured at the Bannock site is depicted in Fig. 7 with a light-gray line; current
vertical velocity values are superimposed on the same plot with a dark-gray line. A
vertical arrow in the upper part of the panel indicates the particle flux peak exceeding
25 mg m−2 day−1.

TPF is highest at the beginning of June 2000, when it attains a value of almost20

80 mg m−2 day−1. There appear to be no other large flux peak: in the remaining part
of the time series, TPF remains in fact below 4 mg m−2 day−1, except for the period
7 March–2 June 2000, when it is 8.84 mg m−2 day−1. However, since the particles sink-
ing throughout this period were collected in one single vial, we cannot know whether
the higher TPF belongs to one single event or it is due to an overall increase of flux25

magnitude over the whole period. TPF at the Bannock site at 2800 m depth is on
average 8 mg m−2 day−1 (with a standard deviation of 16 mg m−2 day−1).

TPFs measured at the Urania site are totally comparable with those observed in
other off-shore sites of the Ionian Sea, while TPFs at the Bannock site are lower. Ziveri
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et al. (2000) observe in fact an average TPF of about 16 mg m−2 day−1 at 3000 m depth
at the Bannock site, while Boldrin et al. (2002) of observe an average TPF of about
17 mg m−2 day−1 at 2250 m depth in the northern Ionian Sea.

Correlations between TPF and TCF are significant at 99% confidence level at both
500 m and 2800 m depth. This result may suggest an abundance of coccoliths in the5

total particle flux, as well as a common sinking mechanism between biogenic and
lithogenic material. It is moreover evident that some of the flux “events” appear instan-
taneously in the upper and deep traps. Consistently, correlation coefficients calculated
between the 500 m and the 2800 m depth fluxes are significant at 99% confidence level
for both TPF and TCF.10

Since the sediment traps at different depths are well correlated, we can compute the
vertical velocity of the material sinking between 500 m and 2800 m depth. Considering
the sampling resolution interval we estimate sinking velocities higher than 200 m day−1

for both total particles and total coccoliths.
Correlations between the TPFs of the trap at 500 m depth and the trap at 2800 m15

depth are significant also with 11 days lag (99% confidence level) and with 22 days lag
(95% confidence level). We may therefore hypothesize that a range of particle sinking
velocities might be occurring in the ocean interior, with values between 70 m day−1 and
more than 200 m day−1.

Fluxes of single coccolithophore species at the two investigated depths (Malinverno20

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. In contrast in the
2800 m trap the signal is more smoothed and occurs over longer time periods.

Particle sinking speeds of more than 200 m day−1 are in general agreement with25

other studies conducted in open areas of the Mediterranean Sea. In the northwestern
Mediterranean Sea, Lee et al. (2004) observe, 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

3135

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/5/3123/2008/bgd-5-3123-2008-print.pdf
http://www.biogeosciences-discuss.net/5/3123/2008/bgd-5-3123-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
5, 3123–3156, 2008

Particle fluxes and
ocean vertical

velocities

L. Patara et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

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 sediment trap flux
peak at 3000 m depth available for the period 1991–1994. However we may argue that5

at the beginning of the 80s, there could have been different chlorophyll concentrations
and phytoplankton community composition, with respect to the beginning of the 90s,
because of the Eastern Mediterranean Transient event (Klein et al., 1999).

3.4 Correlation between current vertical velocities and particle fluxes

CVVs at the Urania site (Figs. 5 and 6) exhibit positive values exceeding 80 cm day−1
10

at the end of September 1999 and in November 2000, whereas negative values lower
than −30 cm day−1 occur in June 2000 and in February 2001. Thus we observe an
increase in upward motion in autumn and an increase in downward motion in summer,
while winter months exhibit a different behavior between the years 2000 and 2001.

CVVs at the Bannock site (Fig. 7) remain negative during most of the time series.15

In the period from October 1999 to May 2000, CVVs are on average −59 cm day−1.
Afterwards they remain negative or quite close to zero except for the period November–
December 2001, when an increase of upward vertical velocities up to 50 cm day−1

occurs.
In both the Urania and Bannock sites, periods of upward vertical velocities are nor-20

mally associated with higher particle fluxes. This behavior is observed at the Urania site
at the end of September 1999, in March 2000 (in the 500 m trap only) and in November
2000. Periods of downward vertical velocities appear instead to coincide with periods
of low particle fluxes, as seen in February 2001 at the Urania site and throughout the
period October 1999–May 2000 at the Bannock site.25

An exception to this pattern occurs at the end of May–beginning of 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 peak in June 2000
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from the remaining computations: we believe in fact that mechanisms other than ocean
vertical velocities are determining the strong particle fluxes observed in this period
in both the Urania and Bannock sites. This hypothesis will be discussed in the next
section.

In Table 2 we illustrate the correlation coefficients – and associated confidence levels5

– between current vertical velocities and particle fluxes. At the Urania station and
during Mooring 1, correlations between coincidental time series of CVV and particle
fluxes are significant at 99% confidence level for TCF at 500 m and 2800 m depth and
for TPF at 2800 m depth. When the particle flux time series are lagged of one rotation
interval (i.e. 11 days) with respect to the CVV time series, correlations are significant10

at 99% confidence level for all particle fluxes at 500 m depth, while at 2800 m depth
correlations are significant at 95% confidence level. When two temporal shifts are
applied (i.e. 22 days), correlations are significant at 99% confidence level for particle
fluxes at 2800 m depth, while they are significant at 95% confidence level for TCF at
500 m and not significant for TPF at 500 m depth. During Mooring 2, TPF is correlated15

with ocean vertical velocities at 95% confidence level for coincidental time series and
at 90% confidence level for lagged time series. TCF does not exhibit instead significant
correlations (not shown): this behavior might be due to partial calcite dissolution in the
samples.

At the Bannock station and during Mooring 1, correlations between CVV and TPF at20

2800 m depth are significant at 90% confidence level when the time series are shifted
of two rotation intervals. During Mooring 2, correlations between CVV and TPF are not
significant.

We thus conclude that a prevailing positive correlation exists at both the Urania and
Bannock stations between particle fluxes and current vertical velocities. Furthermore25

during Mooring 1 we observe that at 500 m depth correlations are highest with 11 days
lag, while at 2800 m depth correlations are highest with 22 days lag. This behavior
might suggest a delay process between CVV and particle fluxes, as will be discussed
in the next section.
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4 Discussion

4.1 Correlation between current vertical velocities and particle fluxes

The positive correlation between upward vertical velocities and particle fluxes might
seem at first sight surprising. We might think that downward vertical velocities should
enhance particle fluxes through an increase of vertical sinking velocities. To explain5

this apparent inconsistency, we must first of all consider that the particle sinking rates
estimated from the sediment traps are two orders of magnitude higher than the ocean
vertical velocities calculated from the model output. We thus have to exclude a direct
effect of ocean vertical velocities on deep particle fluxes and we speculate that, in the
region analyzed in this study, another sedimentation mechanism is at work.10

The high sinking rates estimated in this work might be attained by means of bio-
logical aggregation of particles inside fecal pellets produced by macro-zooplankton.
Mazzocchi et al. (2003) detect in spring 1999 an increase in abundance of suspen-
sion filter feeders (mainly appendicularians, salps, and doliolids) in the eastern Ionian
Sea. Pelagic tunicates feed on unicellular phytoplankton by filtering large volumes of15

water and are adapted to dilute environments where they exhibit a rapid population
growth if environmental conditions are favorable (Alldredge and Madin, 1982). Pelagic
tunicates produce fecal pellets which sink very rapidly, with a range 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 and20

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 can pro-
duce a nutricline uplift in the euphotic layer. Coccolithophores would take advantage
of the nutrient increase giving rise to enhanced primary production, which would even-25

tually stimulate grazing. The calcitic constituents of coccolithophores would then sink
through the water column inside rapidly sinking fecal pellets or other large particles
and would be collected by sediment traps (see a schematic representation of this pro-
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cess in Fig. 8). Considering the sampling resolution of the sediment traps (10–11 days
for Mooring 1) we realize that the described mechanism of upwelling-enhanced deep
particle fluxes is very fast.

Not only TCFs, but also TPFs are correlated with ocean vertical velocities on coinci-
dental time series. This observation is corroborating the hypothesis of a common sink-5

ing mechanism among the various components of the total particle flux, e.g. through
biological aggregation inside macro-zooplankton fecal pellets.

Considering the significant correlations between ocean vertical velocities and lagged
particle flux time series we envisage a spectrum of particle sinking rates in the ocean
interior. This conclusion was also inferred from the correlation values obtained between10

lagged particle flux time series at 500 m and at 2800 m depth. Associated with the fast
sinking regime of more than 200 m day−1, there appears to be a slower regime of about
100 m day−1, which might be responsible for the significant correlations between ocean
vertical velocities and particle fluxes with 11 days lag at 500 m depth and with 22 days
lag at 2800 m depth.15

The lack of significant correlations at the Bannock site during Mooring 2 suggests
that the described model of upwelling-enhanced deep particle fluxes is not always
applicable. It is possible that other physical and biological processes are influencing
the observed particle fluxes. Nutrient levels in the upper ocean may be also affected
by horizontal advection and vertical mixing. In addition seasonal variability of macro-20

zooplankton abundance might lead to varying sinking regimes throughout the year.
Finally we cannot exclude that technical issues related to the trapping efficiency of the
sediment traps might have affected the particle flux time series.

4.2 The high sedimentation event of May–June 2000

At the end of May–beginning of June 2000, a strong particle flux peak occurs at both25

the Urania and Bannock sites (Figs. 5, 6 and 7). This particle flux peak is not associated
with an increase of upward CVVs. We suggest that this particle flux peak is due to a
strong dust event, which would enhance lithogenic and possibly biogenic flux.
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Saharan dust transport over the Mediterranean occurs frequently in spring and sum-
mer in the form of non-continuous “pulses” (Kubilay et al., 2000). The effect of the
Saharan dust particles on biogenic flux may be double: firstly it may represent an im-
portant source of nutrients in the euphotic layer (Markaki et al., 2003; Herut et al.,
2005). Secondly lithogenic particles may have a ballasting effect which would promote5

the sinking of the biogenic particles within the ocean interior (Klaas and Archer, 2002).
A time series of SeaWiFS TrueColor satellite images for the period 22 May–13 July

2000 is available (Fig. 9). Images reveal an intense dust event, associated with an
atmospheric cyclonic structure, occurring in the period 22–27 May 2000 in the south-
eastern Ionian Sea. The Urania and Bannock sites are on the direct trajectory of this10

dust phenomenon. We can therefore reasonably consider this event as responsible for
the high flux peak detected in the sediment trap starting from the end of May 2000.

5 Conclusions

The mechanisms of sedimentary particle fluxes in the deep Urania and Bannock sites
were studied by means of sediment trap records and model simulated vertical veloci-15

ties.
The current vertical velocities for the area of 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 and in spring when pulses of total particle fluxes are found20

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 layers and
deep ocean through particle aggregation mechanisms. We suggested that fast sinking25

rates of organic material in the deep ocean are connected to both lithogenic and bio-
logical aggregation mechanism that transfer particles rapidly in the deep water column.
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In synthesis two emerging fast sinking mechanisms have been captured:

1. Pulses of primary production, triggered by upward current vertical velocities, fol-
lowed by grazing and macro-zooplankton-related biogenic flux that rapidly con-
veys the material in the deep ocean.

2. Large Saharan dust events that fertilize the upper ocean and possibly contribute5

to aggregation of organic material, thus producing large sedimentation fluxes.

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 are moreover an evidence of the efficiency10

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 features of the marine environment capable of affecting the deep
particle fluxes.
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Table 1. Available data from the Urania and Bannock sediment traps, where TPF=Total Particle
Flux [mg m-2 day-1] and TCF=Total Coccolith Flux [nC m-2 day-1]. Mooring 1=from 15 Septem-
ber 1999 to 2 June 2000 and Mooring 2=from 30 May 2000 to 9 May 2001.

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

Mooring 1 TPF, TCF TPF, TCF TPF
Mooring 2 TPF, TCF TPF
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Table 2. Correlation coefficients between current vertical velocities and particle fluxes at the
Urania and Bannock stations, where TPF=Total Particle Flux [mg m−2 day−1] and TCF=Total
Coccolith Flux [nC m−2 day−1]. The degrees of freedom – varying among the different time
series – are shown in column 3. Correlation coefficients are computed on coincident time
series (no lag) and on time series shifted of one (1 lag) and two (2 lags) sediment trap rotation
intervals. The duration of the rotation interval is 10–11 days for Mooring 1 and 14–15 days
for Mooring 2. Confidence intervals are depicted below the correlation coefficient values, with
***=99%, **=95%, *=90%, and n.s.=not significant.

Correlation coefficients between current vertical velocity and particle fluxes

URANIA Station Degrees of freedom No lag 1 lag 2 lags
Mooring 1 TPF at 500 m 21 0.4 0.63 n.s.

* ***
TCF at 500 m 21 0.75 0.63 0.51

*** *** **
TPF at 2800 m 21 0.55 0.51 0.56

*** ** ***
TCF at 2800 m 12 0.7 0.61 0.67

*** ** ***
Mooring 2 TPF at 500 m 19 0.45 0.42 0.39

** * *
BANNOCK Station Degrees of freedom No lag 1 lag 2 lags
Mooring 1 TPF at 2800 m 7 n.s. n.s. 0.79

**
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Fig. 1. Ionian Sea bathymetry and sediment trap Mooring locations. U=Urania station (latitude
35.2◦ N, longitude 21.2◦ E), B=Bannock station (latitude 34.2◦ N, longitude 20◦ E).
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 Fig. 2. Annual average for year 1999 of the horizontal currents [cm sec−1] at 30 m depth. The
arrow length indicates the 30 cm sec−1 velocity.
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Fig. 3. Ekman vertical velocities [m day−1]: (a) November 1999 (b) June 2000 (c) November
2000 and (d) February 2001. In letters we indicate the position of the Urania (U) and Bannock
(B) stations.
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 Fig. 4. Ocean currents vertical velocities [m day-1] at 30 m depth: (a) November 1999 (b) June
2000 (c) November 2000 and (d) February 2001. In letters we indicate the position of the
Urania (U) and Bannock (B) stations.
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Fig. 5. Total Particle Flux (TPF) and Current Vertical Velocity (CVV) at the Urania site for Moor-
ing 1 (15 September 1999 to 2 June 2000) and for Mooring 2 (30 May 2000 to 9 May 2001).
Light-gray line: Total Particle Flux [mg m−2 day−1] at 500 m depth (top) and at 2800 m depth (bot-
tom). Dark-gray line: Current Vertical Velocity [cm day−1] integrated on the 100–600 m depth
interval. With black arrows we indicate Total Particle Flux peaks exceeding 25 mg m−2 day−1.
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Fig. 6. Total Coccolith Flux (TCF) and Current Vertical Velocity (CVV) at the Urania site for
Mooring 1 (15 September 1999 to 2 June 2000) and Mooring 2 (30 May 2000 to 9 May 2001).
Light-gray line: Total Coccolith Flux [nC m−2 day−1] ×109 at 500 m depth (top) and at 2800 m
depth (bottom). Dark-gray line: Current Vertical Velocity [cm day−1] integrated on the 100–
600 m depth interval. With black arrows we indicate Total Coccolith Flux peaks exceeding
5×108 nC m−2 day−1.
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Fig. 7. Total Particle Flux (TPF) and Current Vertical Velocity (CVV) at the Bannock site for
Mooring 1 (15 September 1999 to 2 June 2000) and Mooring 2 (30 May 2000 to 9 May 2001).
Light-gray line: Total Particle Flux [mg m-2 day-1] at 2800 m depth. Dark-gray line: Current
Vertical Velocities [cm day-1] integrated on the 100–600 m depth interval Top: whole time series.
Bottom: decreased y-axis scale in the periods of low particle fluxes. The black arrow indicates
Total Particle Flux exceeding 25 mg m-2 day-1.
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Fig. 8. Model of upwelling-enhanced deep particle fluxes. A nutricline uplift by means of
upward vertical velocities leads to a nutrient increase in the euphotic layer. Primary production
and eventually grazing are stimulated. Biological aggregation inside fecal pellets rapidly exports
particles in the ocean interior up to the bottom where they are collected by sediment traps.
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Fig. 9. TrueColor 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.
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