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Abstract

The overall goal of the BOUM (Biogeochemistry from the Oligotrophic to the Ultra-
oligotrophic Mediterranean) experiment was to obtain a better representation of the
interactions between planktonic organisms and the cycle of biogenic elements in the
Mediterranean Sea (MS), in the context of global climate change and, more particu-
larly, on the role of the ocean in carbon sequestration through biological processes.
The BOUM experiment was organized around three main objectives which are: (1)
to give a longitudinal description of the biogeochemistry and the biological diversity
of the MS during the strongest stratified period, (2) to study processes at the centre
of three anticyclonic eddies, and (3) to obtain a representation of the main biogeo-
chemical fluxes and the dynamics of the planktonic trophic network. The international
BOUM cruise took place between 16 June and 20 July 2008, involved 32 scientists
on board, and covered around 3000 km in the MS from the South of Cyprus to Mar-
seilles (France). This paper describes in detail the objectives of the BOUM experiment,
the implementation plan of the cruise, the water masses and general biogeochemical
trends encountered, and lays particular emphasis on description of the sections and
the main physical characteristics of the three anticyclonic eddies studied, before con-
cluding with first order biogeochemical budgets and a general overview of the 24 other
papers published in this special issue.

1 Introduction

The additional CO, in the atmosphere, mainly resulting from fossil fuel emissions linked
to human activities (anthropogenic CO,), is the main cause of global warming. The
ocean has acted as a major sink of anthropogenic CO, (Sabine et al., 2004) preventing
a greater accumulation in the atmosphere and therefore a greater increase in the earth
temperature. Although the biological pump (Fig. 1) provides the main explanation for
the vertical gradient of carbon in the ocean, it was thought to be in an equilibrium state
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with an associated near zero net exchange of CO, with the atmosphere (Broecker,
1991; Murname et al., 1999). Climate alterations are beginning to disrupt this equilib-
rium and the expected modification of the biological pump will probably considerably
influence oceanic carbon sequestration (and therefore global warming) over a decadal
time scale (Sarmiento and Gruber, 2006).

CO, is exchanged at the atmosphere-ocean interface and reacts with carbonate ions.
The timescale for reaching equilibrium within the upper layer is about a year (Kley-
pas and Langdon, 2006). This dissolved inorganic carbon is then transported much
more slowly into deeper layers via mixing. This second step limits the sequestration
of anthropogenic CO, in the ocean on a decadal time scale and therefore, influences
the accumulation of CO, in the atmosphere and thus, subsequent climate alteration
(Sarmiento and Griber, 2006). Some of the CO, in the upper layer is incorporated into
biomass by photosynthesis. This synthesis of particulate organic carbon is essentially
dependent on the availability of light and nutrients (including trace metals). A fraction of
the particulate organic carbon pool is transferred into the dissolved organic pool (Mara-
non et al., 2005). Most of the organic carbon is recycled in the upper surface layer and
the CO, produced is re-exchanged with the atmosphere over a short time scale. Only
a fraction of the organic carbon is exported to the ocean interior and constitutes the
biological pump (Fig. 1).

Predictions in the 21st century seem to indicate an oligotrophication of the open
ocean, resulting in a weakening of the transfer of carbon to the ocean interior and a
concomitant acceleration of climate change (Boyd and Doney, 2003; Le Quére et al.,
2009). In order to determine the actual efficiency of the biological pump and to forecast
its future efficiency, major challenges today concern both biogeochemical, physical and
biological oceanography. Major questions arise, of which one is central: what is the
balance between production of organic matter in the photic layer, and remineralisation
in the upper layer?

What are the main processes controlling the vertical exchanges of nutrients and or-
ganic matter and particularly, what is the role of mesoscale activity and its links with
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water circulation? It was recently demonstrated that mesoscale activities may provide
ecological niches explaining the distribution of specific planktonic species (D’Ovidio et
al., 2010) and that this scale should be taken into account in global biogeochemical
budget (Lévy, 2008). Because of their relatively simple physical structure, anticyclonic
eddies have been much studied and their biogeochemical role has been principally
considered to be isolation of water (Chapman and Nof, 1988; Krom et al., 1992; Bren-
ner, 1993; Benitez-Nelson and McGillicudy, 2008), leading towards higher oligotrophic
conditions inside the eddies. However, their role in vertical exchanges of nutrients and
organic matter linked with water circulation, despite their importance for the biological
pump, are less well understood.

What is the influence of the complex relationships between organisms (What do
we find when we open the living POC pool box)? A “world” exists between our over-
simplified biogeochemical view of the biological pump (Fig. 1) and the real, multiple
and complex relationships (predation, competition, symbiosis, commensalism, para-
sitism,...) which actually exist between organisms in the upper water. It is true that
we need not only to better describe and understand these relationships (Biological
population dynamics studies) but we also need to be able to simplify them in more
simple functional schemes allowing to address central questions concerning global
change and, for example, the role of the sea in carbon sequestration (Biogeochemical
studies). These two approaches should be conducted simultaneously with increasing
interactions for as long as we remain unable to describe fluxes at the level of individual
organisms in the global “earth-ocean-atmosphere” model of the carbon cycle, i.e. for a
long time yet!

It is of particular interest to apply these general questions to oligotrophic areas.
Oceanic oligotrophic areas represent more than 50 % of the global ocean and about
40 % of total oceanic production (Antoine et al., 1996). However, the functioning and
productivity of oligotrophic systems and particularly, the balance between production
and mineralisation in these areas, is still the subject of much debate (Karl et al., 2003;
Williams et al., 2004; Serret et al., 2006). Recent research has shown that these
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systems which were once thought to be biological deserts, may contribute significantlty
to the total oceanic organic carbon export (Karl and Letelier, 2009; Kahler et al., 2010).
It is thus important to thoroughly understand these vast ecosystems in order to be
able to characterise them and to predict any modifications that may occur due to future
environmental changes.

Among oligotrophic areas, the Low-P Low Chlorophyll (LPLC) areas such as the Sar-
gasso Sea or the Mediterranean Sea (MS) are of further interest because a decrease
in phosphate availability is the most probable decadal trend to occur with the onset
of climate change (Moutin et al., 2008). The general trend seems to be towards an
extension of LPLC areas, which reinforces our need to better understand their role in
the carbon cycle.

2 The Mediterranean Sea and the oligotrophic ocean

Oligotrophic marine areas are characterized by a more or less pronounced thermal
stratification of the water column, which delimits (1) a warm surface mixed layer with
high light intensity but which is depleted in nutrients and (2) a sub-superficial layer with
low light levels and more nutrients. Tropical areas, including large anticyclonic gyres,
the Sargasso Sea and the MS, have long been considered as typical oligotrophic sys-
tems (Herbland and Voituriez, 1977). The depth at which nitrate concentration ap-
proaches zero during the stratified period is around 10 m in the Alboran area close
to the Strait of Gibraltar, and can reach more than 150 m in the eastern basin of the
MS (Moutin and Raimbault, 2002). This is related to hydrological conditions (higher
winter convection in the western basin) and is also the result of the two major external
sources of nutrients, the Rhone river input and the entry of the nutrient rich Atlantic
surface waters, being located in the western part of the MS. The great nitracline depth
in the Levantine basin (the easternmost basin of the eastern MS) is found elsewhere
only in ultra-oligotrophic conditions, for example, in the centre of the South Pacific gyre.
Figure 2 shows integrated primary production vs. depths at the top of the nitracline. In
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this figure, upwelling areas with high primary production and high nitrate concentration
would be found on the y-axis, as would HNLC areas with low primary production and
high surface nitrate concentration. Oligotrophic to ultraoligotrophic areas are presented
from the left to the right. A natural oligotrophic gradient from the western to the eastern
MS was observed during a previous cruise transect in 1996, with an eastern basin olig-
otrophy found to be as extreme as those observed in the most oligotrophic areas in the
world (Moutin and Raimbault, 2002). On a regional scale, the MS presents the main
oceanographic features of contrasting environments characteristic of the oligotrophic
ocean.

A decrease in integrated primary production, in particulate carbon export and in nu-
trient availability towards the eastern side of the MS was observed, as was a deepening
of the Deep Chlorophyll Maximum, while integrated chl-a remained constant (Moutin
and Raimbault, 2002). Integrated primary production reached 150 mgC m=2d~"in the
Levantine basin, a value considered as a limit for primary production rates under strong
oligotrophic conditions. A large phytoplankton bloom is observed exclusively in the NW
area throughout the late winter and spring (Siokou-Frangou et al., 2010). The duration
and intensity of the spring bloom allow identifying areas in the MS in terms of yearly
evolution of Sea Surface Chlorophyll-a (D’ortenzio and Ribera d’Alcala, 2009). The
open sea waters from the western and eastern basins appear clearly distinct.

Phosphate concentrations are close to the analytical detection limits in oligotrophic
surface waters, and because of this, phosphate turnover time (Tpo,), which represents
the ratio between natural concentration and uptake by planktonic species (Thingstad
et al., 1993), is considered as the most reliable measurement of phosphate availability
at the present time. Tpg, varied between several hours in the MS and the Sargasso
Sea during the stratified season and several months in the SP gyre, despite all these
environments being oligotrophic. This allowed us to distinguish clearly between Low P
and High P Low Chlorophyll areas: LPLC areas such as the MS or the Sargasso Sea
with Tpp, <« 50h in comparison to HPLC areas like the SP gyre with Tpg, > 50h in the
upper surface stratified waters (Moutin et al., 2008).
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It has long been suspected that the low phosphate availability in the MS exerts a ma-
jor control on ecosystems and carbon fluxes. Bioassays have shown that phosphate
enrichment stimulates photosynthesis (Berland et al., 1980; Diaz et al., 2001). How-
ever, not only primary production, but also heterotrophic bacterial production may be
controlled by phosphate availability. It has been demonstrated that phosphate limita-
tion on bacterial production, as observed in several locations (Thingstad 1998; Zohary
and Robarts, 1998), is a general feature of the western and eastern MS (Sala et al.,
2002; Van Wambeke et al., 2002). Dissolved inorganic phosphate concentrations in
the upper photic zone have been shown to decrease from west to east reaching lev-
els well below 1 nM (Moutin et al., 2002). Synechococcus spp., the most abundant
phytoplankton in surface waters of the MS during summer (Vaulot et al., 1996), have
been shown to have specific advantages concerning dissolved inorganic phosphate
uptake, which may explain their abundance in P depleted environments (Moutin et al.,
2002). Adaptation to P limitation has also been demonstrated among higher trophic
levels (Christaki et al., 1999; Dolan et al., 2002). Recent work has shown an increase
in copepod egg abundance following phosphate addition to surface waters in the east-
ern MS (CYCLOPS), implying that copepods may be coupled to lower trophic levels
through interactions which are not usually taken into account (Thingstad et al., 2005).
These mechanisms are not fundamentally new, however, very few studies have dealt
specifically with the consequences on the oceanic carbon cycle of possible short cuts
between primary production and the export of carbon.

Nutrient limitation of organic production has been widely studied in the MS and al-
though there is consensus as to the major control exerted by phosphate availability,
nitrogen is also scarce, and the availability of silicic acid may play a central role in con-
trolling the export of production (Leblanc et al., 2003). Biological diversity may reflect
multiple organic production limitations, thus a multi-element approach is necessary to
increase our understanding of marine food webs.

8097

BGD
8, 8091-8160, 2011

Mediterranean BOUM
experiment

T. Moutin et al.

Title Page
Abstract Introduction

Conclusions References

Tables Figures
1< >l
4 >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/8/8091/2011/bgd-8-8091-2011-print.pdf
http://www.biogeosciences-discuss.net/8/8091/2011/bgd-8-8091-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

Abundant evidence exists for the uncoupling between nitrogen and phosphate cycles
in the MS: (1) the Nitrate:Phosphate ratio is higher in the deep Mediterranean waters
than in other oceans, from 22 in the western basin (Coste et al., 1984) to 29 in the east-
ern Levantine basin (Krom et al., 1991), (2) the highest Nitrate:Phosphate ratios, which
exceed the Redfield ratio, are found in the sub-surface waters of both the western (Mc
Gill, 1961, 1965; Raimbault and Coste, 1990) and the eastern Mediterranean (Krom et
al.,, 1991; Moutin and Raimbault, 2002) and (3), the high N:P ratios in the particulate
fraction (Krom et al., 2005a). Some of these specific features of the MS as compared
to the global ocean have also been observed in the Sargasso Sea (Lomas et al., 2010).
At present, there is no definitive explanation for the uncoupling between nitrogen and
phosphate cycles in the MS. Several hypotheses have been proposed to explain the
high nitrate vs. phosphate ratio of the MS. As far as deep water is concerned, nutrient
exchanges at the Strait of Gibraltar and at the Strait of Sicily, in combination with the
large vertical variation of nutrient concentrations, appear as key factors in the under-
standing of the nutrient budget of the MS (Moutin et al., 2002). The ultraoligotrophic
status of the eastern MS is principally a result of its unusual anti-estuarine circula-
tion, in which nutrients are net exported from the eastern basin at the Strait of Sicily
within the Levantine Intermediate Water (Krom et al., 2005b). The influence of these
exchanges at the Straits relative to that of nutrient input from rivers has been widely
discussed, with values ranging from about 10 % (Coste et al., 1988) to about 90 %
(Bethoux et al., 1988) being proposed. The large P deficiency in the external input,
both riverine (Ludwig et al., 2009) and atmospheric (Guerzoni et al., 1999), combined
with the exchanges at the Strait of Sicily, has been hypothesized to explain the P de-
ficiency in the eastern basin (Krom et al., 2010). Apart from hydrological fluxes, two
fundementally different “internal” processes have been proposed to explain the typical
NO5:PO, ratios observed in deep waters. Firstly, the biological process of dinitro-
gen (N,) fixation (Bethoux and Copin-Montegut, 1986; Bonin et al., 1989; Sachs and
Repeta, 1999, Kerhervé et al., 2001; Pantoja et al., 2002) which may lead to nitrogen
accumulation in deep waters, and secondly, chemical processes such as phosphate

8098

BGD
8, 8091-8160, 2011

Mediterranean BOUM
experiment

T. Mouitin et al.

Title Page
Abstract Introduction

Conclusions References

Tables Figures
1< >l
4 >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/8/8091/2011/bgd-8-8091-2011-print.pdf
http://www.biogeosciences-discuss.net/8/8091/2011/bgd-8-8091-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

adsorption onto iron rich particles, which lead to further P depletion in the MS (Krom
et al., 1991). Phosphate removal by adsorption from the water column has not been
found to represent a significant sink for phosphate in the MS (Herut et al., 1999; Ri-
dame et al., 2003), thus, N, fixation appears to be the key factor in explaining the high
NO5:PO, ratios. Nevertheless, very few measurements are available. N, fixation rates
have recently been measured at the DYFAMED station in the western Mediterranean,
and whilst these rates were typically low, this biological process does supply significant
new nitrogen which may balance the nitrogen biogeochemical budget and thus explain
the high nitrate/phosphate ratio in deep waters (Garcia et al., 2006). Indeed, the role
of N, fixation in the marine nitrogen cycle has undergone increasing scrutiny and re-
evaluation over the last decade, leading to increased estimates of its role in supporting
oceanic new production (Karl et al., 2002). The discovery of marine diazotrophs, in
addition to Trichodesmium spp. (Zehr et al., 2001; Montoya et al., 2004), has given a
new dimension to the significance of N, fixation in the ocean. If significant amounts of
new nitrogen are, indeed, introduced by small organisms previously thought to recycle
nitrogen, our conception of the functioning of oligotrophic systems needs to be revised
(Garcia et al., 2006). 5°N data from fossilised chlorophyll (MINOS cruise) provides
geochemical evidence for extensive N, fixation in the eastern Mediterranean (Sachs
and Repeta, 1999). It has thus become of great interest to describe and quantify nitro-
gen input by N, fixation as well as to better understand the organisms responsible for
this biogeochemical function.

The quantity of dissolved atmospheric N, is inexhaustible, so it is important to un-
derstand the control of N, fixation. It seems that phosphate or iron availabilities are
key factors controlling these fluxes on a global ocean scale (Falkowski 1997, Karl et
al., 2002). If nitrogen input by N, fixation is important in the MS, where low phos-
phate availability is thought to be the key factor controlling this flux, then the control
of new production, initially defined as the fraction of production associated with new
nutrients (generally nitrate), should be defined starting from new phosphate (Dugdale
and Goering, 1967). It is important to further our understanding of the phosphate cycle
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in surface waters, which has hitherto been little studied (Benitez-Nelson, 2000), in or-
der to improve our knowledge of oceanic production, particularly in oligotrophic areas.
The chemical element phosphorous 31p exists in the water only in the form of phos-
phate -organic or mineral, particulate or dissolved- and is non-reducible under natural
conditions. Thus, the many complex reactions of oxydoreduction found in the nitro-
gen cycles are not found in the phosphate cycle (Moutin, 2000), making it possible to
envisage coupling with production and the establishment of a budget from a different
angle.

The MS has a wide range of oligotrophic conditions suitable for studying the transfor-
mation of organic matter in marine food webs during low new nutrient availability and
provides a case study for observing the links between the C, N, P, Si and Fe-cycles.
Comparisons between different systems along a longitudinal gradient of trophic sta-
tus provide new insights for identifying and understanding fundamental interactions
between marine biogeochemistry and ecosystems.

3 Objectives of the BOUM experiment

The BOUM (Biogeochemistry from the Oligotrophic to the Ultraoligotrophic Mediter-
ranean) experiment has one overall goal: to obtain a better representation of the inter-
actions between planktonic organisms and the cycle of biogenic elements, considering
scales from single process to the whole MS. It is organized along three main objectives:

1. To give a longitudinal description of the biogeochemistry and biological diversity
of the MS during the strongest stratified period.

2. To study the production and fate of organic matter in three oligotrophic environ-
ments located at the centre of anticyclonic eddies, with particular attention to the
processes which drive the divergence of the stoichiometric ratios of the biogenic
elements in the organic matter found in the surrounding water and in exported
materials.
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3. To obtain a satisfactory representation of the main biogeochemical fluxes (C, N,
P, Si) and the dynamics of the planktonic network, both in situ and through micro-
cosm experiments.

4 Implementation of the BOUM cruise

The BOUM cruise took place during the summer of 2008 (16 June—20 July). The
3000 km transect, surveyed using the French Research Vessel I'Atalante, stretched
from the Rhone river mouth in the western part of the MS to the Eratosthenes
Seamount in the eastern part (Fig. 3). Along this transect, two types of stations (Tables
1a and b) were sampled: the so-called “short duration” (SD) and “long duration” (LD)
stations (centres of anticyclonic eddies).

Thirty stations (27 SD stations + one profile at each LD station) were investigated
from surface to bottom. The three LD stations were investigated over four days with
a CTD cast (0-500m) every three hours and specific operations (see below) car-
ried out between the CTD casts. The approximate locations of the LD stations were
determined using previous work and satellite imagery (IR images from |. Taupier-
Letage, G. Rougier and G. Zodiatis, sea colour images from E. Bosc (Fig. 3 top and
middle), all images were transmitted on board) as well as the MERCATOR forecast
(www.mercator-ocean.fr). The exact locations of the LD stations were determined on
board (1) from a rapid survey (Fig. 3, bottom) using XBT (roughly 10 XBT T-7 type
were launched each 50 min at a vessel speed of approximately 11 nmi), and (2) us-
ing thermosalinograph and ADCP data obtained from a CTD cast (0-500m) grid of
16 stations spaced every 3 miles and centred around the presumed centre of each
eddy (Fig. 3, bottom). A mooring line (equipped with two PPS5 sediment traps, current
meters, specific oxygen sensors, specific high frequency temperature sensors, con-
sult: http://www.com.univ-mrs.fr/BOUM/spip.php?article75 for an illustration) was then
deployed at the centre of each eddy to start the process study. Simultaneously, a first
ARGO float (Bio) was deployed (Table 2). The mooring line was recovered at the end of
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occupation of each LD station, immediately following the last CTD cast from surface to
bottom. A second ARGO float (CST3) was then deployed before departure to another
station (Table 2). Specific operations during the LD station occupation consisted of
radiometric cast, Marine Video Profiler cast, clean pumping for trace metals sampling,
profiles of turbulence measurements (Scamp), profiles of current measurements, hauls
for phytoplankton and zooplankton sampling with specific nets.

5 Water masses and general biogeochemical trends
5.1 Theta-S diagramme

The main Mediterranean water masses encountered along the BOUM cruise-transect
are identified in Fig. 4. Deep waters reach an excess of potential density (o) close
to 29.20 in the eastern MS and 29.12 in the western MS. A zoom of the graph for
salinity and temperature of deep waters (not shown) indicates that new deep waters,
since the EMT (Roether et al., 1996) were observed both in the eastern and western
basins forming a scorpion tail, as already defined by Lacombe and Tchernia (1972)
and Lacombe et al. (1985), bringing the lower extremities of the TS diagrams towards
more dense and warmer waters.

Ascending through the water column, Mediterranean mode waters (large volumes
of water formed during winter) are encountered. The “straight lines” represent the
mixing between eastern deep waters and intermediate waters of Levantine origin which
are normally considered to be formed to the South East of Rhodes Island, inside the
cyclonic gyre near 35.5° N-28°E (Lacombe and Tchernia, 1972; Lascaraetos et al.,
1993). At the eastern LD station C, the segment is long and ends with a salinity of
39.4. No decrease in salinity in the upper layers has been observed, indicating there
has been no mixing with lower salinity waters. As a consequence, it can be assumed
that the anticyclonic eddy C was an area of Levantine water formation during winter
2008. Older and denser Levantine waters have been identified at several stations
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between LD stations B and C. At the latter station, salinity is maximal close to the
surface due to the high levels of evaporation of warm and stratified surface water at
the time of the survey. This seasonal surface water is called the Levantine Surface
Water and its salinity may reach 39.8, as measured in September 2008 by ARGO
Float (WMO 690079). For the other stations, where no formation of intermediate water
occurred during winter 2008, there is a deep salinity maximum at a depth between
400-500m. This corresponds to the Levantine Intermediate Water (LIW) which flows
out of the western basin. When approaching surface waters, the diagrams illustrate
an “elbow” and finish with an almost vertical branch. This elbow corresponds to the
TS properties of the previous winter’s cold water at each station. By joining all these
elbows with a virtual horizontal line, we find in the uppermost limit of the influence of
the Levantine water. The segment (elbow-Levantine water) corresponds to the mixing
of winter surface water de-salinated by water of Atlantic origin and Levantine water.
Because the anticyclonic eddy C was an area of Levantine water formed during winter
2008, no signature of mixing with low salinity waters was observed in the summer
profile. The salinity of the eddy C elbow is 39.4, markedly higher than the value of 39.2
measured in 2002 during the lagrangian CYCLOPS experiment (Krom et al., 2005a).

5.2 Main characteristics of the stations

The date, location and general biogeochemical characteristics of the stations investi-
gated along the BOUM transect are presented in Tables 1a and b.

Three mixed layer depths (MLD; 43, MLD,y, W-MLD) were obtained (Table 1a) from
the same vertical density profile, p(z) at time ¢,, having a 1dbar resolution. MLD o3
was calculated considering the standard criterion of depth where density equals sur-
face density +0.03kg m~3. The two other mixed layer depths were predictions of the
deeper mixed layer depths estimated between a previous initial time t; and t,; ;=3
days (MLD,y) or t; =200 days (W-MLD) before the time ¢, of the density profile mea-
surement (see Supplement). The three ML depths were calculated from the first cast
at each SD station and from the last CTD cast at each LD station, A, B and C. W-MLD
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corresponds to the maximum mixing depth that would have been measured during win-
ter 2008, before the summer 2008 BOUM cruise. As shown in Fig. 1, the W-MLD is
a fundamental variable for the estimation of biogeochemical budget and the efficiency
of the biological pump. The W-MLDs were greater inside the anticyclonic eddies than
outside (Table 1a). W-MLD at the LD station C in the most eastern study area of the
MS reaches 400 m, or more than twice as deep as the 150 m W-MLD estimated in
the nearest SD station outside the eddy. MLD,4 indicates the maximum mixing depth
that would have been measured in a lag time of three days before the sampling. In-
deed, MLD,, values were similar to the maximum MLD, o3 values measured every
three hours during LD station occupation (data not shown). This is the more appropri-
ate MLD to take into consideration for biological and biogeochemical processes occur-
ring with time scales of orders of magnitude ranging from a few hours to several days.
After omission of the very coastal SD station 27, MLD,4 varied between 7.5 and 29.5m
during the BOUM cruise. The EZD estimated from the discrete measurements of chl-a
varied between 53 and 120 m, with the deeper depths being obtained in the eastern
MS in accordance with the eastwardly increasing oligotrophy. Discrepancies between
estimated and measured values inside the eddies (last but one and last columns of
Table 1a) can be explained to a greater extent by the discrete sampling which was
not always perfectly conducted to catch the chl-a biomass, and which thus allows an
estimation at £10 m of the EZD level.

Table 1b presents other general biogeochemical characteristics of the stations inves-
tigated along the BOUM transect.

The DCM depth increased from 40 to 140 m at a maximum value in the eastern
MS, associated with the increasing trend in oligotrophy. The DCM concentrations de-
creased from 1.7 mg m~2 on the western part of the transect to 0.32mg m~2 on the
eastern part. A lower value of 0.15mg m~ was observed at LD station B in the cen-
tre of the lonian basin (between the western and Levantine basins) at 75 m depth, but
with a secondary maximum of 0.26 mg m~2 also observed deeper at 140m. Two dis-
tinct peaks separated by at least 30 m depth were also observed in the two closest
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SD stations. After omission of the stations in the Sicilian Channel, integrated chl-a
varied between 38.8 mg m~2 in the western basin and 15.5 mg m~2 at SD 10 in the
eastern basin. An integrated chl-a value as low as 22.7mg m~2 was measured in
the western basin while a value as high as 32.6 mg m~? was measured in the east-
ern sector. This value remains somewhat constant, as already observed by Moutin
and Raimbault (2002). This observation is reinforced by the fact that part of the chl-a
biomass is not taken into account in the eastern sector because integration was done
between surface and 150 m depth only. Nutrients integration performed at the same
depths gives a clear decreasing trend from the West to the East, with the exception of
the value obtained at LD station A (49.0 mmol m'z), which is very low when compared
to the values at the surrounding stations. Mean integrated nitrate concentration was
382 mmol m™2 (SD =229) in the western basin (stations 19 to 27), and 63 mmol m~2
(SD =49) in the eastern basin (stations 1 to 16). The linear regression | NO; = 26.75*
| PO, (r2 = 0.90, N =30) indicates the strong relationship between these two nutri-
ents and a similar decreasing pattern from the West to the East. When a significant
linear relationship was obtained between nitrate or phosphate concentration plotted
against depth at the depths of the nutricline (related to nutrient consumption, i.e. glob-
ally related to the EZD), the slope and y-intercept of this relationship were calculated
(Table 1b). The slopes enable the calculation of upward diffusive fluxes of nutrients
(Bonnet et al., 2011) that will be used in the “budget”, Sect. 6. As explained in Sect. 2
and shown in Fig. 1, the depth Dy, where nitrate reaches zero (y-intercept) may be
considered as the best criterion for defining oligotrophy. Dyo, decreases from around
50-70m in the western basin with lower values close to 20 m near the mouth of the
Rhone river, to around 80-100m in the eastern basin with a deeper value of 114 m
at LD station B. This confirms the trend from oligotrophy towards ultraoligotrophy from
the West to the East in the MS. No large differences were observed between Dy, and
Dpo, in the eastern MS (Table 1b), contrary to other estimations based on different
calculations (Pujo-Pay et al., 2011). The presence of a phosphacline close to the EZD
cannot be confirmed by direct measurement due to the lack of precision of chemical
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measurements. However, the large increase in PO, turnover time (Tpg,, one but last
and last columns of Table 1b) is probably related to a “large” increase in phosphate
concentration (factor 10). The PO, turnover time (see Moutin et al., 2002 for a detailed
description of the methodology) represents the ratio between PO, concentration and
PO, uptake rate by the microbial assemblage (Thingstad et al., 1993). Tpq, is also
the time it would take for all ambient PO, to be taken up, assuming no additional in-
put (Ammerman et al., 2003). Taking into account the fact that Tpg, measurement is
independent of PO, concentration, Moutin et al. (2002) proposed an indirect method
to measure it, and PO, concentration at nanomolar to subnanomolar levels was esti-
mated in the surface waters of the MS. It does not seem possible to obtain a Tpp, of 234
days (SD =61) with a PO, concentration of around 120 nM, as was measured in the
South Pacific gyre (Moutin et al., 2008) and a Tpq, of several hours, as was measured
in the upper surface of the MS during the BOUM cruise (Mauriac et al., 2011b), without
considering nanomolar to subnanomolar levels of PO, concentration in the upper MS.
An increase towards PO, concentration near the EZD of 10 nM below the detection
limit of chemical measurements may represent a large increase in concentration (fac-
tor 10). Thus, it is yet not possible to draw conclusions concerning the discrepancies
between nitracline and phosphacline in the eastern basin. Consequently, this argument
to sustain a higher P limitation in the eastern MS should be considered with caution,
as has already been recommended by Krom et al. (2005b), who found similar levels
of nutricline using nanomolar methods. At some stations, a secondary nitracline was
observed below the EZD, and should be related to hydrological processes and previ-
ous winter mixing rather than nutrient consumption. In these cases, a corresponding
phosphacline was also observed at the same depths.

5.3 Sections

Salinity, potential temperature, oxygen concentration and apparent utilization (solubility
algorithm from Benson and Krause, 1994) are presented in Fig. 5 from the Rhone river
mouth in the western sector of the MS to the Eratosthenes Seamount in the eastern
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sector. The deeper waters in the western and the eastern basins are separated by the
Sicily Strait (X axis at around 1100 km). The black crosses on vertical sections indicate
the CTD cast position. The X-coordinate for LD stations A, B, C are approximately
450, 1750 and 3300 km, respectively, from the station in the Rhone river mouth. LD
station C in the most eastern sector was above the Eratosthenes Seamount at a depth
of 900 m. Specific isopycnals (og) are drawn in thick white: 29.09 and 29.11, 29.17
and 29.19 for the western and eastern basins, respectively.

Surface temperature was 24 °C at LD station A, reaching a maximum value of 27 °C
in the eastern MS. The 29.17 isopycnal in the eastern MS, at around 900 m depth,
is characterized by a deep minimum in oxygen concentration and a maximum in Ap-
parent Oxygen Utilization (AOU). Such characteristics were observed along the 29.09
isopycnal in the western MS at around 400 m depth. The fact that density layers do not
correspond to oxygen layers was used by Pujo-Pay et al. (2011) in their proposal of a
new way to separate different levels against depth in the MS, permitting the study of
the chemical fate of organic matter. LIW formed in the eastern MS is characterized by
a maximum in salinity. Leaving the influence of the anticyclonic eddies aside, LIW lo-
cated around 400 m in the lonian basin reaches the surface in the Levantine area and
is not characterized there by a minimum in oxygen and a maximum in AOU. On the
contrary, the layer with a maximum in AOU corresponds to the layer of LIW flowing into
the western MS through the Sicilian Channel. This is because LIW is closer to the sur-
face in the eastern MS and not completely isolated from the influence of atmospheric
oxygen.

The deep minima in temperature and salinity in the more eastern part of the MS cor-
respond to the previous Eastern Mediterranean Deep Water (b EMDW) which formed
before the Eastern Mediterranean Transient (EMT), and which was observable only in
the Levantine basin at around 1000 m depth (Fig. 5). The tEMDW (transient Eastern
Mediterranean Deep Water) originating from the EMT is still observable in the Levan-
tine basin (maximum in salinity around 2000 m depth, maximum in potential temper-
ature, low oxygen concentration and higher AOU) but can no longer be seen in the
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lonian basin. It has been replaced by a less saline, colder and with a higher oxygen
content more recent deep water probably originating from the North lonian or the Adri-
atic areas.

The anticyclonic eddies are easily identified by a deepening of isotherms as a con-
sequence of deep warm anomalies, and by a deepening of isopycnals (Fig. 5). At
X =2500 km, the transect crossed the lerapetra anticyclonic eddy to the south of Crete.
At the eastern Mediterranean end of the transect, temperature at depths >1500 m was
higher than at depths around 1000 m and the same feature was observed for salin-
ity. Such a feature signals the change of deep water in the eastern MS after the
EMT (1990-1991). This anomaly is easily observed on an extended TS diagram (not
shown). It is noteworthly that such an anomaly was not found beneath eddy B. Anticy-
clonic eddies, lerapetra included (X = 2500 km), are characterized by low AOU values
(<20 pmol kg_1) close to the surface and even deeper down to 200 m, particularly at
LD station C (Fig. 5). At LD station B, AOU was also low near 500 m, but was not as
low as at LD station C. This indicates the presence of recent Levantine waters. Deeper
yet and down to the bottom, AOU was higher, indicating that recent deep waters with
an AOU close to 60 pmol kg‘1 do not penetrate this eddy, which has an influence on
the whole water column. This could indicate that it is an old eddy. Eddy A did not have
a deep, strong signature for salinity and AOU (Fig. 5).

Nutrients concentrations (Fig. 6) are close to zero in the upper surface and decrease
from the West to the East in accordance with classical trends in the MS. A detailed
description is given by Pujo-Pay et al. (2011). In this figure, the scales for nitrate and
phosphate follow the Rr (Rr = Redfield ratio). Because the colours are not identical for
nitrate and phosphate, the strong depletion in P vs. N in the whole MS, which is even
higher in the eastern part, can be clearly seen. Maxima of nitrate and phosphate con-
centrations occurred within the intermediate depths between 500 and 1000 m. These
maxima are closely related and correspond to the maxima of organic matter reminer-
alisation. The three eddies studied, A, B, C, as well the other eddies crossed during
the transect, are easily observable in T, S (Fig. 5) and are also visible in nutrients
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concentrations (Fig. 6). The variable P* (Deutsch et al., 2007) was calculated as
P* =P0O,—NO4/Rr and plotted in Fig. 6. P* values were close to zero in surface wa-
ters reaching 0.1 uM at a maximum value but because PO, measurements are very
close to the detection limit in surface waters, these results should be taken with cau-
tion. Negative P* values were measured in deep waters confirming the P deficiency
of Mediterranean waters and the very particular oligotrophy of these waters compared
to other oligotrophic areas in the world ocean, such as the South Pacific gyre which is
considered as the most oligotrophic area of the ocean (Claustre and Maritorena, 2003)
and where P” never reaches negative values (Moutin et al., 2008). Negative P* val-
ues of —0.119 uM (SD = 0.014 uM) were observed both in the eastern and the western
deep Mediterranean waters, indicating that the relative variations of nitrate and phos-
phate concentrations in deep waters occurred in a proportion that conserves P, i.e.
with a constant and low variable NO3:PQO, ratio. A Rr of 17.7 below 250 m was consid-
ered as suggested by Pujo-Pay et al. (2011). The most probable explanation for this
result is that mineralisation of organic matter in deep waters follows the Rr and that the
deep exported material has probably relative N and P concentrations close to the Rr,
as previously hypothesized by Redfield et al. (1963). As diatoms and their predators
are known to better follow the Rr ratio than smaller organisms, and because they might
play an unexpected role even in the very oligotrophic waters of the MS (Crombet et
al., 2011; Nowaczyck et al., 2011), their relative contributions to the carbon cycle and
export need to be reconsidered. A decrease in P* towards a water parcel could be
associated with N, fixation (Deutsch et al., 2007). Such a feature is not shown in Fig. 6
even in the intermediate waters known to flow from the eastern to the western MS wa-
ters. This could be related to the relatively low N, fixation rates measured (Krom et al.,
2010; Bonnet et al., 2011), even if the presence of diazotrophic organisms in the MS is
no longer questionable (Le-Moal et al., 2011).

“Chlorophyll” concentration (in situ Fluorescence Units) illustrated the deepening of
the Deep Chlorophyll Maximum (DCM) from West to East (Fig. 7). This is associated
with the increasing trend in oligotrophy and is shown as the deepening of the top of the
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nitracline (Table 1b, see also Fig. 2). The strong relationship between the top of the
nitracline and the DCM has already been described (Herbland and Voituriez, 1979),
and is directly related to the winter mixed layer depths (Table 1a) with the exception of
inside the eddies and in the NW MS. The DCM may correspond to an equilibrium depth
where new biomass is maintained by diffusion of new nitrate from below. Diffusion
fluxes are very low during the BOUM cruise stratified period (Cuypers et al., 2011) and
the DCM should rather be seen to result from nitrate exhaustion of surface water by
biological uptake and export at the time of the measurements. It is also probable that
the biomass at the DCM is primarily fuelled by regeneration of nutrients, as it is in the
upper surface (Moutin et al., 2002). It is not possible to exhaust the nitrate deeper than
the euphotic zone (Table 1a) because it is directly linked to photosynthesis. Thus, the
DCM depth, the euphotic layer depth and the top of the nitracline depth are clearly
correlated, and deepen from the West to the East of the MS. This is not the case in the
NW MS and nor inside the eddies because the previous winter mixing in these areas
is deeper than the depth of the layer that is subjected to nitrate depletion during the
stratified period. A first level of interpretation suggests that anticyclonic eddies may
bring nutrients up to the surface from deeper water, allowing higher production and
subsequently increasing the biological pump. Nevertheless, because of the deepening
of the isohalines and the isonitrate concentrations, the net input of nitrate in the photic
zone is expected to be virtually the same as outside the eddies, and so the biological
pump is not changed. In any case, it is not possible to draw a conclusive picture of
the real role of anticyclonic eddies on the biological pump without taking into account
the possible lateral exchanges of waters and the fate of the eddies. As a very first
approximation in this paper, we will consider that these eddies are in solid body rotation
and are closed systems similar to giant mesocosms for biological and biogeochemical
process studies.

The more detailed scale of depth (0-500dbar) in Fig. 7 as compared to Fig. 5 en-
ables to locate the LIW. During winter, LIW (S = 39.4) was located at the surface in the
Levantine basin and reached an anomalous Salinity of 39.7 inside the Cyprus eddy
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(LD C) which is a source of LIW. LIW is located close to 150dbar from the eastern
Levantine basin to the lonian basin where it deepens to 400 dbar before reaching the
Sicilian Channel. The eddies are clearly marked by a deepening of the isohalines. AOU
(Fig. 7) is slightly negative in the mixed layer (around 15 m depth, see Table 1a) which
corresponds to a slight O, oversaturation of 6—10 pumol kg_1 , as is classically observed
in upper marine waters. AOU reaches —20 pumol kg‘1 below the pycnocline (around
15-30 m) under the influence of the spring net community production which occurs af-
ter the stratification of the water column (strong deceleration of oxygen transfer) and
the heating by penetrating solar radiation which accounts for a solubility decrease of
10—15 pmol kg'1 in July in the MS. AOU reaches positive values at approximately the
depth of the DCM. This latter depth also corresponds approximately to the W-MLD
(Table 1a) and to the depth at the top of the nitracline, except in areas of strong deep
water formation (NW MS and eddy C). The fact that W-MLD corresponds to a depth
where AOU is nil (Fig. 7) indicates that lower depths are ventilated during winter with a
positive net community production when stratification occurs, whereas deeper depths
show AOU>0, indicating more mineralisation than production (negative net community
production) for the same period of time (between winter and summer).

5.4 Main characteristics of the three anticyclonic eddies (A, B, and C)

As shown in Fig. 8a, on board measurements of the mean ADCP currents, taken along
the ship’s transect at depths between 29 and 125 m, indicate that the three sites were at
the centres of anticyclonic eddies. Figure 8a (bottom) provides evidence that locations
of the LD stations were near the axis (<10 km) of the eddies, but drifted with the drift of
the centres. The positioning at the centres of anticyclonic eddies is confirmed by the
particular variations of several variables along the BOUM transect shown in Fig. 8b.
The three upper panels represent differences between depth-averaged values (20—
850 dbar) and the mean values for the whole transect for AOU (umol kg'1 ), Salinity and
excess density (kg m~2) along the BOUM transect. The bottom panel shows the varia-
tions of the flux function F calculated for each cast by the integration of the geopotential
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anomaly referenced at 850dbar. This function F is very useful because the differ-
ence between 2 points, whatever their distance apart, is exactly equal to the baroclinic
geostrophic transport with a sign directed positively and perpendicularly at the tran-
sect on the right. As an example, for eddy B (cast 115, X=1808km), F = -28.437
Sv and for the next cast on the transect (cast 2, X=1939km), F =-31.880, thus
6F = -28.437 + 31.880 = 3.443 Sv. Each peak of the function F(X) indicates the pres-
ence of an anticyclonic eddy between 2 adjacent stations, or possibly the presence of
meanders, but this should be disregarded when considering surface ADCP currents
(Fig. 8).

The variables (Fig. 8b) show trends indicating general features of the MS and dis-
tinctive spikes indicating the presence of eddies. Salinity increased towards the East
and reached its maximum value in the Levantine basin. Overall sea level decreased
(Fig. 8) due to waters below 200 dbar being denser and saltier in the eastern basin than
they are in the western basin. It is less well-known that AOU is lower in the East than
in the West for the same water level, yet this is not very surprising when the general
gradient in organic matter production towards the East (Moutin and Raimbault, 2002) is
considered. The positions of the LD stations A, B, and C are marked by an increase in
F(X) and a decrease in AOU and in excess density, as expected for anticyclonic eddies.
However, at LD station A, a decrease in Salinity is observed while an increase is seen
at LD stations B and C: this will be explained later when considering water masses
and the structure of each eddy. The transect also crossed eddies which had not been
chosen for process study such as the lerapetra anticyclonic eddy (Fusco et al., 2003)
to the south east of Crete (X~2450km) with its strong AOU anomaly, and the more
easterly (X~2800 km) Mersa-Matruh eddy (Robinson et al., 1991). An increase in Dis-
solved Organic Carbon (DOC) was observed inside each eddy we crossed (Fig. 8b).
This was generally associated with a decrease in Dissolved Inorganic Carbon (DIC)
except in the case of eddy C.

Analysis of the drifting of the mooring lines and of the float trajectories (not shown)
indicates that the R/V was located at less than three km from the centres of the eddy at
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the beginning of the LD stations. Their diameters were close to 100 km and the studied
areas were under 10 km from the centre of the eddies.

The main physical, chemical and dynamical characteristics of the three studied ed-
dies are synthesized in Fig. 9 (middle) and Table 3. Figure 9 shows the superimposed
vertical profiles of two casts for each eddy, one cast very close to the eddy axis (<10 km
from axis, casts 186, 114 and 71 for LD stations A, B and C, respectively) which is later
called “in” profile and one cast outside the eddy (>70km from axis, casts 130, 2 and
17 for SD stations 22, 1 and 11, respectively) which is later called “out” profile. The
location of each chosen cast is indicated on Fig. 3 with red dots. Comparison be-
tween these pairs of casts has already been used to evidence the existence of eddies
(Fig. 8b). Figure 9 (top) shows the vertical profiles of T, S and AOU, those of the
anomalies as defined below (Middle) and those of primary production, chl-a, oy, NOg
(middle bottom).

Table 3 presents specific characteristics of the three studied eddies. It concerns (1)
general properties obtained from direct observations, (2) anomalies determined from
the two “in” and “out” casts for each eddy, and (3) dynamical properties calculated from
observations of a vessel-mounted ADCP (see Supplement including a comparison be-
tween the observations and the simulated eddy A). These specific characteristics are
defined only in the legend of Table 3.

Before presenting the specific characteristics of the eddies, it is useful to briefly re-
call the dynamical specificity of mesoscale anticyclonic eddies. A surface intensified
mesoscale eddy in an ocean in rotation (f >0 in the Northern Hemisphere) shows
the following dynamical properties (Defant, 1961): Geopotential differences “in” — “out”
(6G(z)) is >0, azimuthal velocity (Vaz) is <0 at any depth, and the transport function (7)
between the two casts is locally maximum. These specific characteristics are observed
for the three studied eddies (Table 3 and Fig. 8b).

The isopycnal lines deepen (see AH, Table 3) towards the eddy centre, at least
when Vaz is decreasing with depth. When Vaz is increasing with decreasing depth, the
isopycnal slope is reversed (see Fig. 4 in McGilliccudy et al., 1999, mode water eddy
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case), as was observed close to the surface in our eddies. In this case, the maximal
absolute velocity Vaz,,,, occurs not at surface but at a depth DVaz,,,, below the surface
and at a horizontal distance rVaz,,,, from the eddy axis.

Due to the deepening of the isopycnal lines, the vertical spacing of isopycnals in-
creases and the square of the Brunt Vaissala frequency (N2 =-g/p.00/0z) decreases
near to the axis. Hence, a pycnostad appears on the “in” profile. At depths greater than
the depth of maximum ¢ anomaly, N? for the “in” profile is higher than for the “out” pro-
file because at great depths, density is the same for both profiles.

In addition, as the relative vorticity ¢ calculated as 2@/f is negative near the axis
for an anticyclonic eddy, the absolute potential vorticity near the axis is N2/g(1 + ¢/f)
and less than the same for “out” profile. It is due firstly to N? and secondly to the
negative value of {. Thus, the inner part of an eddy is characterized by a trough of
absolute potential vorticity which isolates the eddy core in solid rotation from any outer
advection. The horizontal limits of this trough are given in Supplement. When the
eddy rotation velocity is sufficiently high, a pycnostad with a nil vertical gradient occurs
when || =f. This may happen during eddy formation, particularly in winter (Krom et
al., 1992). However, in spring and summer, the top of the eddy is warmed and some
geostrophic adjustments occur. As a consequence, the vertical density gradient is not
nil but has a lower value than outside the eddy (Chapman and Nof, 1988) and the eddy
takes the shape of a mode water eddy (Pingree and Le Cann, 1992; McGilliccudy et
al., 1999). Below the warmed part of the eddy, horizontal anomalies, as described
hereafter, are conserved. Thus, the so-called anomalies are typical properties of each
eddy and are easy to observe from CTD casts. They provide information about the
period and location of the eddy formation. It is interesting to note (Table 3) that inferred
¢, <0, remains a sizeable fraction of f, roughly —0.3 to —0.4f, and is the same order
of magnitude as that observed for meddies, smeddies or swoddies (Pingree and Le
Cann, 1992, 1993).

Horizontal anomalies are conserved inside the body of water around the axis be-
cause it is isolated from mixing and advection form surrounding waters during life time
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of the eddy. This is due to the strong influence of ¢ on potential vorticity conservation
(see Supplement treating the shape of such a body of water). As a consequence, the
winter time mixed layer depth is greater “in” than at the corresponding “out” station and
the body water’s are more recent and more oxygenated inside the eddy. This is the
reason why an anomaly of AOU corresponds to anomalies in ¢, potential temperature
(8) and S.

Table 3 reports the extreme values observed as 6 differences between “in” and “out”
casts for 0, 8, S and AOU and Fig. 9 (middle) shows the depth profiles of each anomaly
and of the ge%potential (6G). The maximum anomalies are also indicated and noted,
for example oy;,,an0» Without taking into account the real sign of the anomaly which is
<0 for g, 8, AOU and >0 or <0 for S. The depths of observed maximum anomalies
are also indicated in Table 3 using the depths of maximum density anomalies, without
taking into account the possible deviations to real depths for each parameter. These
changes are in any case weak (Fig. 9, middle). Higher anomalies appeared on S and
AQU, but they are also significant on 8 and o.

6S properties of anomalies are indicated as red dots on Fig. 4 for the depth range
between the top and the maximum of anomalies. This shows that the depth ranges of
significant anomalies are in the non warmed part of the 8S diagrams (Fig. 4) but not
far beneath this. Maximum anomalies correspond to the densest waters and the lower
extremities. These extremities are close (at least for By, and C) to the 8S properties
of the “out” station but with a difference in depth of AH m. These anomalies are on the
representative LIW line for C and By, eddies, and are in the range of winter Modified
Atlantic Water (MAW) 8S properties for A and B, eddies. These are indications that
all three eddies were formed during the winter period.

Anomalies also help to locate the eddies during the winter of their formation. Eddy
C was probably formed at the same location it occupied during summer 2008 because
at the maximum anomaly depth, 8S properties correspond to the saltiest and warmest
limits known for LIW (Fig. 4). However, the characteristics of the anomalies for By,
cannot correspond to the winter 2008 location, where estimated W-MLD reached only
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109 m (Table 3), or about 200 m above the observed depth range of the Byee, anomaly.

Indeed, 8S characteristics at Dfvexano jndicate that formation may have occurred in the
northern part of the lonian Sea, near the eastern Greek coast (Pelops area). The deep
eddy B was formed a winter before 2008, as confirmed by low AOU™MaA yalues, which
indicate recent ventilation. The strong 5AOUE observed in summer 2008 is consistent
with a drifting of the eddy since its formation south westwards in an area where the age
of water is older at DEe# A 400 km drift probably took more than a year, its exact
duration cannot be estimated at present. Eddy Bg,; formed with MAW, and 5AOUF
is consistent with a formation, or at least a ventilation, during winter 2008 considering
W-MLD 2008. Such trapping of surface outer water by an eddy, and intensification of
the dynamic properties of an existing deep eddy, cannot be discussed here, but it is
probably linked to interaction between the eddy and MAW jet. Eddy A is clearly formed
with MAW generally observed in the Algerian basin and possibly during winter 2008,
considering the low AOU at depth and 8S properties of anomalies. This eddy is the
least deep of the three studied.

One main concern for biological and biogeochemical studies and budgets is to know
if eddies can be considered as closed systems dating back to the previous winter,
in particular close to the surface. If anomalies in the 0—-100m range are weak, the
main dynamical properties (relative vorticity, geopotential, see 6G, Fig. 9 middle) are
still different from the outer part of the eddies and a potential vorticity barrier up to
the warmed surface subsists. As already observed by Chapman and Nof (1988), this
vorticity barrier prevents any strong mixing and advection of outer water inside the eddy
and explains why the depth range of eddies starts from the surface (Table 3).

The cores of each eddy were found at depth (Table 3) where large differences be-
tween “in” and “out” casts for S and AOU were observed (Fig. 9 top). At the centre of
each eddy, a distinct pycnostad was observed which showed very little salinity change
against depth (100-250, 300—-600, 150-380 dbar for LD stations A, B, C, respectively).
Nevertheless, a slight stratification remains inside the cores of the eddies, as is shown
by the non-zero T and S vertical gradients. However, for the same depths, AOU is
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constant (C), slightly decreasing (B) or slightly increasing (A) while a regular and more
classical AOU increase outside the eddies was observed (Fig. 9 top). Below the deeper
depth of the core, stratification (vertical gradient of density) increases and the vertical
gradients of the other variables are stronger than outside the eddies, so that the pro-
files of each variable are virtually the same below a certain depth which can be con-
sidered as the bottom of the eddy (420, 1200 and 800 m for LD stations A, B and C,
respectively). The influence of the eddies could be much deeper and different depths
were obtained when small dynamic anomalies were considered (Table 3) or fine scale
changes in AOU (Fig. 5).

Primary production rates were higher close to the surface and decreased down to
zero at, or just below, the euphotic zone depth (Fig. 9 bottom). The top of the nitracline
corresponds to the DCM depth at each station. A secondary nitracline, related to the
winter mixed layer (Table 1b), was observed at LD station C. As previously noted, the
first nitracline is the result of biological N production and export occurring after the pre-
vious winter mixing. Although discrete sampling was relatively sparse at depth, similar
profiles were observed for nitrate concentration with relatively low variations (changes
in the vertical gradients) observable inside the cores of the eddies. Noteworthy iden-
tical differences between profiles from “in” and “outside” the eddies were observed for
nitrate concentration and AOU. This result is probably related to remineralisation, which
leads to the same ratios between oxygen consumption and nitrate production (Redfield
et al., 1963). Less or even no organic matter was remineralised inside the cores of
the eddies, either because of less or even no organic matter input, or because of lack
of time for mineralisation (see Sect. 6). The deeper DCM (Fig. 9 bottom) and lower
integrated chl-a concentration between 0—150m (Table 1b), indicators of a stronger
oligotrophy, are found inside the eddy B in the lonian basin and not, as expected, in the
Levantine basin of the MS. The EZD reaches 104 + 4 m at a maximum value inside the
lonian area at LD station B. Integrated mean primary production measured in situ inside
the three studied eddies, A, B and C, were 160, 190 and 164 mgC m=2d~" (Christaki et
al., 2011), for a nitracline depth of 72, 114 and 93 m, respectively. The results confirm
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the previous conclusion that IPP about 150mgCm~2d~" (obtained using 24-h in situ
incubation from dusk-to-dusk, as recommended for JGOFS) may appear as a lower
limit for IPP during strong oligotrophic conditions (Moutin et al., 2002). The mesoscale
activity is strong enough to delete (or even reverse) the very well-known western to
eastern gradient of trophic conditions in the MS.

Short-term temporal trends

LD stations A, B and C were occupied for 4 days, allowing the study of short-term
variations in biogeochemical properties using CTD casts undertaken every 3h. A to-
tal of 32, 33 and 32 casts were performed for LD stations A, B and C, respectively.
Figure 10 shows the superposition of all vertical profiles vs. depth (dbar) of excess
density (kg m‘3), potential temperature (°C), dissolved oxygen (umol kg‘1), total chl-a
(mg m‘3), Salinity (PSU), ISUS nitrate concentration (uM), AOU (umol kg‘1) and Cp
(m‘1), obtained at LD stations A, B, C. The first observation to note is the very low
variability between each profile (of about 30) as is expected from stations located in
the centre of anticyclonic eddies. This allows the comparison of an “in” and an “out”
profile, as was described for the previous figure (Fig. 9). The properties of the cores
are schown by a break on the vertical gradients in excess density, potential temper-
ature and Salinity for specific depths (Table 3). A maximum in oxygen concentration,
and corresponding minimum in AOU (which may even be negative) were observed
between 40-60 m just beneath the surface thermocline while oxygen concentration in
the upper surface water was near saturation (about 2%). The slight oversaturation is
linked to oxygen solubilisation following warming in the upper surface water. As indi-
cated above, the oxygen and nitrate concentrations were remarkably constant in the
core of eddy C although this was not exactly the case for density between 120 and
380 m. The same pattern was observed for the deep core of eddy B (300—600 m). The
main nitracline was encountered at the base of the core of each eddy, 200, 650 and
380m for LD stations A, B and C, respectively. The nitrate concentrations inside the
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eddies were relatively low, 1.0, 2.1 and 0.8 uM for LD stations A, B and C, respectively.
A secondary nutricline was encountered at the top of the cores, reaching the upper
surface waters with their classically zero nitrate concentration. Maximum Total chl-a
concentration reached 0.92, 0.29 and 0.70 ug I=" for LD stations A, B and C, respec-
tively, with variations of concentrations reaching 30 % for the different casts. The depths
of the maximum of Total chl-a concentrations corresponded to the 1 % of incident light
level, excepted for eddy B (0.3 %). This may be related to an artefact in the conversion
between fluorescence and concentration, as explained at the end of this section.

Figure 11 represents the temporal sections between 0-200m depth of tchl-a
(mg m'3) and of the optical attenuation coefficient Cp (m'1) for the particles. The
temporal scale on the X-axis is given in 2008 Julian days and the dates of the profiles
are indicated by red crosses near 170 dbar. Cp is obtained from Cm as measured with
a Seapoint transmissiometer with a 25cm optical length in seawater, by subtracting
the depth-averaged value of Cm between 450-500 m where Cp is considered negligi-
ble (Loisel and Morel, 1998). On each panel, isopycnals (og) are drawn with thin black
lines at 0.1 kg m~2 intervals in deeper layers from 25.7, 26.2 and 26.4 for LD stations A,
B and C, respectively, and with white lines at intervals of 0.03 kg m~2 near the surface
in the range (25.21-25.39), (25.31-25.61) and (26.30—26.48) for LD stations A, B and
C, respectively. The daily changes in density of the mixed layers are clearly evidenced.
In addition, MLD,, 45 are plotted as red stars.

The temporal variations of tchl-a and Cp (Fig. 11) are in good agreement, indicating
maxima of phytoplankton biomass and of particles at the same depths, 90, 75 and
110dbar for LD stations A, B and C, respectively. The depths of these maxima fluctuate
with the same temporal periodicity as for isopycnals, suggesting an influence of £10m
of near inertial internal waves. The amplitude of the waves varied against depth, as
is shown by the vertical oscillations of the isopycnals, and was particularly low along
strong density gradients (pycnocline and thermocline) as well as inside the core of the
eddies. The internal waves also have an influence on the MLD. These depths reached
minimum values between 0—4 h local time during the nights, i.e. when buoyancy fluxes
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were negative (red crosses in Fig. 11).

A distinct diurnal maximum in Cp occurred between 12:00-16:00 h local time above
the DCM. At LD station B (and nearby SD stations), a maximum of tchl-a was observed
at 135 m depth despite there being no observable variations in Cp. This is probably re-
lated to divinyl chl-a fluorescence associated with prochlorococcus spp. populations,
because maxima of chlo-b and of zeaxanthine were also observed at the same depth
(data not shown). When considering the bottle measurements instead of the tchl-a es-
timated from the fluorescence, no tchl-a maximum was observed at 135 m depth (Fig. 9
bottom) and only one was observed at 113 m which is why this maximum should be
considered as an artifact in the conversion of Fluorescence Units to tchl-a concentra-
tion.

6 First order biogeochemical budgets

Data obtained from sediment trap deployment are presented in Table 4. Methods are
detailed on the French national “traps” web site (http://www.obs-Vlfr.fr/LOV/Pieges).

Daily N-budget at the LD stations

A first order daily N-budget was carried out at the three LD stations (Table 5). N-input
by eddy diffusion is the product of the eddy diffusion coefficient measured at the level of
the nitracline (Cuypers et al., 2011) by the gradients of concentration Sy, (Table 1b).
N-input by N, fixation is the mean integrated value measured in the photic zone (Bonnet
et al., 2011). New N-input corresponds to the sum of these two fluxes, first because
other possible inputs are neglected and second, because the eddies are presumed
to be closed systems after their formation. N-export corresponds to the mean value
measured on drifting traps at 230 m (Table 4) during the occupation of each site. N-
primary production is determined by dividing the gross C-primary production (GPP) by
6.6, the classical C:N ratio of particulate organic matter. GPP corresponds to 1.72*NPP,
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the net primary production (NPP) measured in situ with the 14C method (Moutin et al.,
1999). The percentage of export production is calculated by dividing the export by the
GPP. The percentage of production attributed to nutrients regeneration in the photic
zone is estimated by the difference with the export production at 230 m.

Inputs by eddy diffusion and N, fixation are virtually identical at LD stations A and
B whereas N, fixation is definitely weaker at the eastern LD station C. This counter
intuitive result is discussed by Bonnet et al. (2011). N-input by N, fixation during the
strongly stratified period may represent a significant part (up to 55.3 %) of new pro-
duction, a percentage close to previous estimations in oligotrophic areas (Karl et al.,
2002). The use of estimated eddy diffusion coefficients for the calculation of diffu-
sive fluxes is considered as a prime source of inaccuracy (Krom et al., 1991; Moutin
and Raimbault, 2002). Therefore, real measurements using high frequency tempera-
ture measurements were carried out during the BOUM cruise (Cuypers et al., 2011).
Nevertheless, the mean value measured (0.86m~2j™ ') is in the 0.1-2m~2j~" (i.e. 0.1—
2.3x107°m™ s'1) range previously estimated by Moutin and Raimbault (2002), using
the turbulent energy dissipation rate (¢) proposed by Gregg (1989) and the buoyancy
frequency N(z) calculated according to Osborn (1980). The new N-input in the photic
zone is virtually identical to the N-export measured at 230 m by drifting traps. This
means that the eddies are close to an equilibrium state where input equals loss.

The slightly higher values, particularly at LD station C, could mean that systems tend
towards this equilibrium but also that little organic matter remains to be exported from
the last “spring” bloom. The unexpected discovery of numerous diatoms at LD station
C (Crombet et al., 2011) corroborates this assumption. During the strongest stratified
period of the BOUM cruise, export represents approximately 1% of GPP, which is
therefore 99 % fueled by nutrients regenerated in the photic zone. These results are
among the lowest obtained in the Mediterranean Sea and in the oligotrophic ocean
in general (Moutin and Raimbault, 2002). It is important to note that mineralisation
of particulate organic matter between the deepest depth where NPP was measured
(around 150 m) and the first depth where traps were deployed (230 m) is not considered
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in our calculation. However, this is probably extremely low given the near identical
values obtained at 230 and 460 m at LD station C (Table 4).

Annual N-budget at the LD stations

Data are presented in Table 6. The euphotic zone depth (EZD) and the winter mixed
layer depth (W-MLD) were presented in Table 1a. Concentration at the W-MLD is
obtained from the closest Niskin bottle (depth indicated in brackets) considering no
seasonal change at this depth. Following the complete vertical mixing from surface to
this depth, this concentration was the surface nitrate concentration during the previous
winter, [NOz]w_mL- As nitrate concentration is under chemical detection limit over the
greater part of the photic zone during the strongest stratified period (Fig. 9 bottom),
the annual nitrate input by winter convection in 2008 is estimated using the product of
[NOs]wm* EZD. Annual N-input by N, fixation is estimated at 365* daily N-input, i.e.
we considered that destratification did not influence N, fixation, which we take as being
constant over the year for reasons of simplification. Annual N-input by eddy diffusion is
estimated using the product of the daily N-input* 304, i.e. we considered a stratification
period of 10 months with an established stratification, as observed during the BOUM
cruise, and a convection period of 2 months. Annual new N-input is considered as the
sum of inputs per winter convection, eddy diffusion and N, fixation. The percentages
of each in comparison with the global annual input are calculated together with the
minimal annual export (background export) which we take as being identical to the daily
export measured during the stratified period throughout the year. It is then possible to
determine the percentage of export not linked to the background, i.e. export which
probably occurred just after the spring bloom (“Spring” export), by its difference with
the global new input and considering that the latter equal the annual export production
(Eppley and Peterson, 1979).

The annual N-input during the 2008 winter convection is extremely variable inside
eddies. It can be nil (eddy B) because the W-MLD did not reach the depth required
for restocking of nutrients. On the other hand, it is the main source of new N for eddy
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A (83.5%) and for eddy C (91.9%). Inputs through eddy diffusion and N, fixation
are virtually identical on an annual scale and are of a similar order of magnitude for
eddies A and B. N, fixation is extremely low inside eddy C in the eastern MS, whereas
it is slightly above the level of input through turbulent diffusion inside eddy A in the
northern MS. The annual “background” export is approximately 10 mmol m™2 y_1 for
the three eddies. Export outside of this period may represent more than 80 % of the
annual export (LD stations A and C) and may also be nil (LD station B). This is in
keeping with the strongest oligotrophic characteristics of eddy B and with the presence
of diatoms and of a maximum of biogenic silica at LD C (Crombet et al., 2011). It is likely
that spring “blooms” are probably not regularly observed from space in oligotrophic
areas because they occur principally at non-observable depths (below 50 m). Thus, the
distinction between “non-bloom” and “bloom” areas as evidenced by satellite imagery
(D’Ortenzio and Ribera d’Alcala, 2009) may need to be questioned, as suggested by
observations (Crombet et al., 2011). The previous winter mixed layer depth reached
appears to be a fundamental criterion for new nutrients availability. Extreme spatial
variability exists between eddies, with W-MLD from 90.5m at LD station A to 396.5m
at LD station C. W-MLDs are always deeper inside the eddies than outside where
they are in keeping with climatological means. Temporal variability may also be high,
particularly on an annual basis. The previous W-MLD of eddy B is likely to be deeper
than the depth reached during winter 2008.

It should be recalled that for this first order annual N-budget, new production (in the
sense of Dugdale and Goering, 1967) related to winter convection (non stratified pe-
riod) was calculated by considering initial stocks of biomasses to be negligible as well
as the net dissolved organic production. Moreover, atmospheric deposition of dust was
omitted because of its high spatial and temporal variability, even if its relative impor-
tance in the N-budget has recently been re-evaluated (Markaki et al., 2010). Finally,
eddies were considered as closed systems and further budgets should take into ac-
count possible exchanges with surrounding waters.
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The input of new nutrients and particularly of new nitrogen in the photic zone is
considered as the first criterion in oceanic fertility (Minas et al., 1988). Nevertheless,
sequestration of anthropogenic CO, depends on a budget which takes greater depth
into account. It is important to know what fraction of export production escapes miner-
alisation on a decadal time scale (Fig. 1) and is then exported to deeper depths, i.e. to
know what fraction will reach deep circulation.

Towards a carbon budget

The fact that AOU was low inside the eddies, together with the near-identical export
measured at 230 and 460 m, seems to indicate that eddy cores are areas where low
mineralisation of particulate organic matter occurs. This can probably be related to
the pycnostads observed inside the eddies in favor of a deeper settling of particles in-
side the eddies that outside. “In” and “out” AOU comparison (Fig. 9 top) indicates lower
mineralisation inside the eddies. Assuming a similar primary production inside and out-
side, the anticyclonic eddies will be more efficient for anthropogenic CO, sequestration
through sedimentation of particulate organic matter. The difference in mineralisation
(Fig. 9 top) should probably be attributed primarily to the ages of water masses, which
are predominantly younger inside the eddies than outside. A thorough budget should
also focus on this subject.

The three eddies are enriched in dissolved organic carbon (DOC), (Fig. 8b). Se-
questration of anthropogenic CO, by vertical export of accumulated DOC seems thus
to be higher inside eddies. It is considered to be the main organic carbon transport
from surface to deeper layers in the MS (Copin Montégut and Avril, 1993, Avril 2002).
In addition, this sequestration seems to be accentuated by anticyclonic eddies and
probably occurs primarily when the eddy disappears. The life of anticyclonic eddies in
the MS varies between several months to several years (Puillat et al., 2002; Taupier-
Letage, 2008). The very rapid displacement of the PROVOR float (WMO 6900679)
during winter 2009 seems to indicate that eddy C disappeared just after the observa-
tion of substantial vertical mixing. LIW are formed in eddy C (Sect. 5.1) which thus
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can be deemed very efficient in trapping accumulated DOC in the intermediate water
circulation. Accumulation of DOC in the upper surface waters can be attributed to vari-
ous causes. Low phosphate availability renders heterotrophic bacteria more limited by
phosphate than by carbon, leading to DOC accumulation (Thingstad et al., 1997). The
unusually high N:P ratio of the MS which may favor the uncoupling between growth
and carbon production also leads to DOC accumulation (Mauriac et al., 2011a). The
relative importance of DOC transport in the biological pump is probably one of the main
characteristics of LPLC areas, and it is likely reinforced inside anticyclonic eddies.

7 Special issue presentation

The goal of this special issue is to present the knowledge obtained concerning the
functioning of the MS ecosystems and associated biogeochemical cycles based on the
dataset acquired during the BOUM experiment. The cruise strategy was organized to
promote collaborations between physicists, biogeochemists, biologists and modellers.
Most of the contributions to this volume have taken advantage of this collective effort.
The papers below are introduced according to the three main objectives of the BOUM
experiment.

1. Longitudinal description of the biogeochemistry and biological diversity of the MS
during the strongest stratified period.

Distribution of the following parameters were studied along the East-West
3000 km BOUM transect: particulate and dissolved organic and mineral nutrients
(Pujo-Pay et al., 2011; Crombet et al., 2011), phospholipids (Poppendorf et al.,
2011), aerosol composition (Ternon et al., 2011), photosynthetic production of dis-
solved and particulate organic carbon (Lopez-Sandoval et al., 2011), planktonic
N, fixation (Bonnet et al., 2011), species richness of unicellular and filamentous
diazotrophs (Le Moal et al., 2011), diatoms (Crombet et al., 2011), dinospores
and their host diversity (Siano et al., 2011), picocyanobacteria Prochlorococcus
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and Synechococcus (Mella-Flores et al., 2011), heterotrophic bacterioplankton
abundance and production (Van Wambeke et al., 2011), distribution of the major
members of the heterotrophic microbial food web (Christaki et al., 2011; Talarmin
et al., 2011), Aerobic anoxygenic phototrophic (AAP) bacteria (Lamy et al., 2011)
and their diversity (Jeanthon et al., 2011), metazooplankton abundance and di-
versity (Nowaczyk et al., 2011), copepod parasites (Alves-de-Souza et al., 2011).

The P depletion of the MS was confirmed particularly in the ultraoligotrophic east-
ern basin (Pujo-Pay et al., 2011) which definitively establishes the MS as one of
the Low P Low Chlorophyll (LPLC) areas of the world ocean (Moutin et al., 2008).
Following the nutriclines, parallel deep maxima of biogenic silica, of fucoxanthin,
and of tchl-a (Crombet at al., 2011) were evidenced towards the East together
with decreases in biomasses and production (Christaki et al., 2011; Crombet et
al., 2011; Lamy et al., 2011; Nowaczyk et al., 2011; Van Wambeke et al., 2011).
Contrary to the Deep Chlorophyll Maximum which was a persistent feature of the
MS, the Deep Silica Maximum correlated with the Deep Fucoxanthin Maximum as
was observed in discrete areas of each basin (Crombet et al., 2011). Interestingly,
there was an eastward decreasing trend of N, fixation, the results of which dis-
agree with indirect estimates based on geochemical tracers and nitrogen budget
(Bonnet et al., 2011). The majority of identified diazotrophs were isolated unicel-
lular diazotrophic cyanobacteria of the picoplanktonic size fraction (Le Moal et al.,
2011). Nevertheless, those living in association with diatoms were observed at
nearly all sites (Crombet et al., 2011) giving an unexpected yet interesting cou-
pling between the nitrogen and silicon cycles in the MS. Dissolved carbon pro-
duction increases under strong nutrient limitation (Lopez-Sandoval et al., 2011),
which may also explain the stronger DOC accumulation in the east and inside
the eddies (Pujo-Pay et al., 2011, see Sect. 5.4). Phospholipid concentration
was found to correlate with phosphate concentration across the MS, and a rapid
response of membrane lipid composition to changes in nutrients was demon-
strated for the first time (Popendorf et al., 2011). The on board measurements
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of cell-specific radiolabeled leucine using flow cytometry coupled with cell sorting
allowed to reinforce the prevalent role of mixotrophs within the microbial commu-
nities of the MS (Talarmin et al., 2011). It was shown that dinospores were able
to thrive and infect dinoflagellates, both in coastal and ultraoligotrophic waters,
emphasizing the overlooked role of parasitism in food web and biogeochemical
cycles (Siano et al., 2011). No large differences in the genetic diversity of the
cyanobacterial populations observed during the BOUM cruise (2008) and the pre-
vious PROSOPE cruise (1999) were observed, suggesting that local populations
have not yet been displaced by their (sub)tropical counterparts (Mella-Flores et
al., 2011). The three geographically distant eddies showed very different biogeo-
chemical conditions from the typical East-West trends in the MS (Pujo-Pay et al.,
2011) and different ecosystems from surrounding waters (Christaki et al., 2011)
probably principally because of the “closed” system conditions they experienced
from the previous winter (see Sect. 5.4). They were chosen for process studies.

. Process studies at the centre of the three anticyclonic eddies studied.

Process studies concern both in situ measurements and microcosm experiments.
The first estimations of turbulent dissipation inside anticyclonic eddies evidence a
significant increase at the top and base of eddies which can be associated with
strong near-inertial waves (Cuypers et al., 2011). Vertical turbulent diffusivity is
increased both in these regions and in the weakly stratified eddy core (Cuypers et
al., 2011). This allows the quantification of nitrate flux by upward diffusion, which
was low and of the same order of magnitude as input by N, fixation (Bonnet et
al., 2011). Contrary to the common view that siliceous phytoplankton are not key
players in the MS, Crombet et al. (2011) suggest that they may contribute in a
major way to marine production. Bio-optical anomaly and diurnal variability of the
particulate matter were studied. For the first time, the diel cycle of the particulate
backscattering coefficient was observed from field measurements (Loisel et al.,
2011). A new method for analysing diel cycles in particulate beam-attenuation
coefficient measured at multiple wavelengths suggests that most of the observed
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variations can be ascribed to a synchronized population of cells with an equiv-
alent spherical diameter of between 1-4 uM (Dall’Olmo et al., 2011). Nutrient
limitation of the pelagic microbial food web was investigated using amended mi-
crocosm experiments. A gap between biogeochemical features (an apparent P-
starved status) and biological responses (no apparent P-limitation) was demon-
strated (Tanaka et al., 2011) as well as an uncoupling of phytoplankton production
and consumption by heterotrophic prokaryotes (Lagaria et al., 2011). Primary pro-
duction significantly increased after addition of aerosols, indicating the relieving
of on-going (co)-limitation (Ternon et al., 2011) and the strong stimulation of N,
fixation (Ridame et al., 2011).

. Representation of the main biogeochemical fluxes and the dynamics of the plank-

tonic trophic network.

An interesting schematic box-plot representation of the biogeochemical function-
ing of the two Mediterranean basins was proposed by Pujo-Pay et al., (2011).
Surprisingly, the nitrate vs. phosphate ratio in the intermediate and deep layer
tended towards the canonical Redfield values in both basins and their biogeo-
chemical functioning showed a similar pattern. A multi-element model using
Eco3M (Ecological Mechanistic Modular tool) was implemented to understand
how primary producers and remineralisers interact and control the overall DOC
and nutrients dynamics. It was suggested that the unusually high N:P ratio of
the MS may favour the uncoupling between growth and carbon production, lead-
ing to higher DOC accumulation when compared to systems with lower N:P ratio
(Mauriac et al., 2011a). The next step will be to use the numerous data col-
lected during the BOUM cruise (http://www.obs-vlfr.fr/proof/php/x_datalist.php?
xxop=boum\&xxcamp=boum) to implement physical models on the spatial scales
of the eddy and of the whole MS, in order to study the influence exerted by the
numerous anticyclonic eddies on anthropic carbon sequestration in the MS and
on the decadal time scale.
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Supplementary material related to this article is available online at:
http://www.biogeosciences-discuss.net/8/8091/2011/
bgd-8-8091-2011-supplement.pdf.
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Table 1a. Date, location and general biogeochemical characteristics of the stations investi-
gated along the BOUM transect. Distance (km) : Distance from the Rhone river mouth (SD27);
MLD, o3: Mixed Layer Depth, 45 (M) : depth where o > oy, +0.03kgm™>; MLD,,: Mixed Layer
Depth 2 days lagged (dbar); W-MLD :Winter Maximum Mixed Layer Depth (dbar); EZD, Eu-
photic Zone Depth (dbar) estimated according to Morel and Maritorena (2001); EZD, Mean and
SD of the Euphotic Zone Depth (dbar): depth where 1 =0.01*SPAR.

Station CTD Date Latitude Longitude Bottom Distance MLD MLD MLD EZD EZD
cast Depth (m) (km) 0.03 (dbar) 2d (dbar) W (dbar) (dbar) (dbar)
27 SD 193 18July 43 1270 N 4 5580 E 105 0 2.0 25 98.0 76
26 SD 192 18July 42 37.00 N 4 5730 E 1721 67 6.7 16.5 1000.0 87
25 SD 190 18July 41 5980 N 5 000 E 2258 136 28.3 29.5 178.5 53
24 SD 188 17 July 41 530 N 5 3.40 E 2663 237 8.9 155 104.5 77
23 SD 187 17July 40 1070 N 5 670 E 2786 338 20.6 225 66.5 85
A LD 186 11-17July 39 596 N 5 21.00 E 2758 433 7.8 13.5 90.5 102 83+2
22 SD 130 11July 38 5370 N 6 4508 E 2864 575 25 14.5 57.5 83
21 SD 128 11July 38 3785 N 7 5458 E 2159 679 9.7 16.5 58.5 92
20 SD 127 10July 38 2180 N 9 390 E 1758 784 8.3 125 70.5 81
19 SD 125 10July 38 590 N 10 1340 E 519 889 5.4 12,5 58.5 79
18 SD 124 9July 37 4990 N 11 23.00 E 771 995 2.8 15.5 68.5 77
17 SD 122 9July 37 1000 N 12 008 E 117 1087 5.5 235 56.5 86
16 SD 121 9July 36 393 N 12 48.06 E 861 1229 7.7 9.5 81.5 95
15 SD 119 8July 35 4045 N 14 600 E 588 1354 4.4 11.5 65.5 101
14 SD 118 8Jduly 35 17.00 N 15 2410 E 382 1480 4.3 11.5 67.5 109
13 SD 116 7July 34 5350 N 16 42.00 E 2097 1606 4.4 7.5 85.5 107
12 SD 115 7Jduly 34 3013 N 18 002 E 3321 1732 3.9 7.5 82.5 114
B LD 114 3-7July 34 820 N 18 2670 E 3070 1810 7.2 8.5 109.5 117 104x4
1 SD 2 21June 34 1966 N 19 4920 E 3210 1939 12.2 14.5 89.5 87
2 SD 4 21June 34 1557 N 20 59.12 E 2593 2046 10.7 13.5 97.5 107
3 SD 5 21June 34 1090 N 22 950 E 2382 2155 16.4 18.5 81.5 99
4 SD 7 22June 34 7.00 N 23 1967 E 2471 2262 16.4 17.5 80.5 107
5 SD 8 22 June 34 270 N 24 29.80 E 2616 2370 9.7 17.5 84.5 106
6 SD 10 23June 33 5849 N 25 40.06 E 2761 2478 9.7 13.5 221.5 115
7 SD 1 23June 33 5420 N 26 5020 E 2784 2586 10.9 24.5 94.5 101
8 SD 13 23June 33 4990 N 28 030 E 2768 2694 10.2 235 75.5 109
9 SD 14 24June 33 4570 N 29 1050 E 3033 2803 11.1 17.5 90.5 120
10 SD 16 24June 33 4190 N 30 960 E 2942 2894 4.0 14.5 88.5 119
11 SD 17 25June 33 3482 N 31 56.04 E 2514 3058 9.3 12,5 153.5 113
C LD 71 25-30June 33 3750 N 32 3920 E 923 3130 10.1 115 396.5 103 102+3
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Table 1b. Other general biogeochemical characteristics of the stations investigated along the
BOUM transect. DCMD, Deep Chlorophyll Maximum Depth: depth where in vivo fluorescence
sensor CTD reaches a maximum value; DCMC, Deep Chlorophyll Maximum Concentration:
chl-a concentration at the DCMD (mg m‘s). Fluorescence Units were converted to total chl-
a (tchl-a) concentration using the best fitted linear relationship between Fluorescence Units
and direct HPLC total chl-a measurements (r2 =0.98, N =79); Ichlo-a, Integrated total chl-a
concentration (mg m‘2) between 0—150dbar (for bottom depth < 150 dbar, the integration was
performed from 0 to bottom depth minus 6 dbar); INO; and IPO,: Integrated (0—150dbar) ni-
trate and phosphate concentrations (mmol m~2); D,, S,, N, and rf: characteristics of nutriclines
(slopes in nM m~" and depth inm where NO; or PO, reaches zero, N: number of samples for
the linear relationship, r*: correlation coefficient). All 0-500m CTD casts were considered for
the calculations at the LD stations; DTPO,: depths before (°) and after (+) a large (> 100h)
increase of phosphate turnover time.

Staton DCMD  DCMC Ichlo-a INO, IPO, Dyo, Swo, Nwo, o, Dro, Seo, Neo, fros’ Do, Dreo,”
(m) (mgm™) (mgm3) (mmolm™?) (mmolm™3) (m) (umolm™) (m) (umolm™) (m) (m)

27 SD 271 153.6 4.1 25 49.4 5 0.96 17 1.0 9 0.68 31 40
26 SD 40 1.7 34.2 846.4 29.9 19 1441 3 0.89 23 5.0 3 1.00 25 51
25 SD 50 1.7 36.2 662.3 243 45 149.9 3 093 41 4.7 3 0.99 nm nm
24 SD 70 0.75 38.8 327.3 8.5 58 79.8 3 085 68 26 3 091 76 101
23 SD 75 0.72 276 313.3 6.1 50 66.0 3 1.00 80 2.3 5 098 74 101
A LD 85 0.7 22.7 49.0 2.2 72 11.8 98 0.76 nc nc nc nc 76 91
22 8D 70 0.75 24.4 376.0 15.4 58 93.0 3 0.89 56 34 3 083 50 75
21 SD 80 0.45 23.0 312.7 145 67 92.3 3 084 60 3.0 3 083 nm nm
20 SD 70 117 37.9 347.9 16.1 67 111.0 3 092 61 3.6 3 1.00 75 100
19 SD 65 1.05 32.9 432.7 155 50 105.6 3 1.00 47 2.8 3 0.80 nm nm
18 SD 80 2 52.6 86.1 2.5 104 175 6 0.96 99 1.6 5 0.89 nm nm
17 SD 80 0.77 25.7 57.0 21 73 123.9 5 0.85 71 34 5 0.84 nm nm
16 SD 75 0.63 30.6 117.7 3.9 70 34.0 6 0.99 67 1.0 6 0.98 76 100
15 SD 100 0.43 25.0 58.1 2.7 97 411 6 0.99 84 1.1 6 097 75 101
14 SD 120 0.25 18.2 425 3.4 103 55.6 7 0098 79 1.0 7 093 75 100
13 SD 90/140 0.62/0.70 33.3 79.0 3.3 80 35.7 6 094 84 1.3 5 091 73 123
12 SD 70/125 0.18-0.25 20.8 16.7 0.6 104 17.5 5 0.98 nc nc nc nc 101 125
B LD 75/140 0.15/0.26 19.7 7.4 0.0 114 155 96 0.92 nc nc nc nc 121 141
1 SD 75/85 0.68 32.6 22.6 0.0 104 17.5 4 0.99 nc nc nc nc 101 126
2 8D 110 0.32 20.0 57.9 0.5 98 36.8 5 0.99 109 0.8 5 093 100 125
3 SD 110 1.55 31.8 141.8 2.3 88 48.1 4 091 102 1.3 4 083 100 125
4 SD 105 0.4 21.8 161.5 3.1 91 49.4 4 095 106 1.4 4 093 101 126
5 SD 115 0.62 26.0 100.7 1.2 92 56.8 3 099 103 12 3 096 100 126
6 SD 110 0.42 22.6 23.9 0.5 96 15.9 3 1.00 nc nc nc nc 125 251
7 SD 100 0.4 21.8 84.7 1.6 94 51.7 3 0098 nc nc nc nc 100 125
8 SD 90/100 0.50/0.35 20.6 128.5 25 77 51.6 3 099 nc nc nc nc 100 125
9 SD 125 0.35 18.2 10.9 0.0 95 6.9 5 0.96 nc nc nc nc nm nm
10 SD 110 0.32 15.5 28.3 0.5 78 12.6 3 0098 nc nc nc nc 100 126
11 SD 110 0.35 20.1 27.6 0.6 88 121 3 087 nc nc nc nc 100 125
C LD 110 0.62 25.1 32.4 8.3 93 249 71 0.64 nc nc nc nc 101 120

nc: not calculated (linear relationship not established), nm: not measured
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Table 2. ARGO floats deployed along the BOUM transect at the three pre-defined LD stations

(A, B, C).

Deployment location

Station  Float number Date of Latitude Longitude
deployment

A WMO 6900664 17 July 39°20.48°N 511.41E

B (Pro Bio A) WMO 6900674 4 July 34°797°N  18°26.70 E

B WMO 6900663 7 July 33°56.87°N 18°27.29°E

C (Pro Bio B) WMO 6900679 26 June 33°37.53°N 32°39.70 E

C WMO 6900665 30 June 33°42.54°N 32°41.90 E
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Table 3. Specific depth characteristics of the three studied eddies at the three LD stations A(130; 186), B(2,71)
and C(17,71). Numbers in brackets correspond to CTD casts “in” (i.e. near eddy axis) and “out”, respectively. As
eddy B shows, two halostads/pycnostads and an S anomaly (S Ano) sign change, two parts, surface and deep, were
distinguished. General characteristics: Dyqom (bOttom depth “in”, see Table 1a), Dyynge (Range of depth where eddy
influence is marked on any or some properties; these depth ranges start at surface as all eddies are strongly signed by
circularly like surface currents and end at depth were anomalies are very weak), T20/850 dbar (baroclinic geostrophic
transport at 20 dbar using a reference depth at 850 dbar and geopotential differences between “in” and “out” casts.
For eddies A and B, this is only slightly less when using 1500 dbar. Numbers inside brackets for eddy B refer to the
transport corresponding to depths between 20 and 250 dbar (Bs,1) and between 250 and 850 dbar Byeg,,), AX (distance
between the “in” cast and the “out” cast used as a reference to determine anomalies at constant depth. AH (depth
deepening of the maximum anomaly isopycn gEMaxano from “out” to “in” casts (see Supplement). Characteristics of the
anomalies: Anomaly is the difference at constant depth between “in” and “out” profiles for the selected parameter, Eis
for anomaly eddy. DETopano (depth of the top of anomaly, i.e. that anomaly weakens upwards), DEMaxano (Depth where the
absolute anomaly is maximum), DEB°‘A"°(depth of the bottom of anomaly, i.e. that anomaly weakens downwards). The
depths recorded here were taken with excess density o, but some weak variations were observed for other parameter,
Opaxano (€XCess density at DEMaxano)  SEMaxano (ibid for salinity), Gy, ane (ibid for Potential Temperature), AOUMaxAno
(ibid for AOU), 5cF (anomaly in excess density observed at DEMBXA”"), &St (ibid for Salinity), 56° (ibid for Potential
Temperature), SA0OUE (ibid for AOU). Dynamical Characteristics: 6Gy,, (maximum value of geopotential difference as
observed between “in” and “out” profiles using a reference depth at 850 dbar), DGy, (Depth of 6Gyax and Vazyay),
Vazy,, (depth azimuthal velocity maximum; by convention the azimuthal velocity is negative in an anticylonic eddy,
Vazya is inferred from VMADCP), rVaz,, (distance on an eddy diameter between the 2 Vaz,,,,. This distance should
correspond to L,/2 where L is the Rayleigh distance (see Supplement)), ®(Tr) (rotation pulsation, also negative (number
of days for one complete rotation)), f(lat), (Coriolis parameter, latitude), ¢i,/f (ratio of the minimum relative vorticity
occurring close to the eddy axis to the Coriolis parameter. This negative parameter, calculated as 2w@/f, indicates the
strength of the eddy trough which isolates the eddy core in solid rotation from outside advection.
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Table 3.

Specific characteristics LD Stations
Units A Beurt Beep C
General
Deottom dbars 2758 3070 3070 923
range dbars 0-420 0-250 250-1200 0-800
T20/850 dbars Sv 2.40 3.45 (1.70)*  3.45 (1.75)* 3.04
AX km 142 128 128 71
AH m 91 70 330 231
Anomalies
DFTopno dbars 90 95 300 120
DEwaxano dbars 160 135 600 380
DFsomno dbars 420 250 1200 800
gEMaxano kgm™® 28.202 28.433 29.012 28.84
SFwuano no dimension 37.68 38.44 38.96 39.39
GFvarano °C 14.27 15.86 15.06 17.2
AQUEvarane pumol kg™ 13 5 21 12
60° kgm™® -0.66 -0.32 -0.134 -0.251
65F PSU -0.65 -0.28 +0.14 +0.388
56° °C 0.75 0.5 1.04 235
5A0UF pmol kg™ -50 0 -30 —40
Integrated ¢ kg m™2 -20 - -108 -48.2
Ano (0-850 m)
Integrated S: (PSU) m™2 -126.1 - 28.3 111.4
Ano (0-850 m)
Integrated 6 ‘Cm 122 555 580
Ano (0-850 m)
Integrated AOU pmol m=2 -9328 - -9771 -7665
Ano (0-850m)
Dynamical
Characteristics
5Giyax m?s2 1.26 0.42  0.98(0.58) 0.65
Max dbars 40 30 30 (250) 90
Vazy, ms™ -0.33 -0.20 ? -0.20
rVazyay km 58 42.5 ? 48
® (Tr) 10°rads™" (days) -1.8181(4) -1.212 (6) ? -1.3222 (5.5)
f (lat) 107%rad/s (°N) 9.1531 (39.1) 8.1542(34.1) 8.1542(34.1) 8.0699 (33.7)
Conin/ no dimension -0.3973 -0.2973 ? -0.3277
DFwmzoos dbar 90.5 109.5 109.5 396.5
DyymL20080UT dbar 57.5 89.5 300* 153.5
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Table 4. Sediment trap data at the LD stations. Depth of collection, Mass flux in mg m2d™" of

matter DW and for each elements C, N and P. SD in italics.

Station depth of collection Mass flux PC PN PP C:N:P molar ratio
m mg m24d~"’ mgC m24d~"’ mgN m=24d~" mgP m=2d~" 106:x;y
LD A 230 14.26 2.52 0.35 0.16 106:13:2.6
1.29 0.19 0.12 0.23
460 16.61 1.68 0.31 0.19 106:11:3.2
5.16 0.54 0.22 0.16
LD B 230 26.26 2.54 0.45 0.06 106:16:1.0
15.48 0.99 0.20 0.03
460 21.80 1.26 0.19 0.64 106:7:10.4
24.57 0.88 0.11 1.00
LDC 230 17.27 3.09 0.49 0.04 106:18:0.6
7.93 0.49 0.05 0.00
460 19.40 2.26 0.49 0.02 106:18:0.4
12.03 1.29 0.31 0.02
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Table 5. Daily N budget at the three LD stations A, B, and C.

Specific characteristics Units LD Stations

A B C
Do, m 72 114 93
Sno, pmolm™ 11.8 155 24.9
Input by diffusion pumol m2d"' 101 133 214
Input by nitrogen fixation pmol m2d' 125 152 0.2
Input of new nitrogen pmol m2d"' 226 285 21.6
N-budget export at 230 m umolm=2d™' 253 32.0 348
Integrated Gross Primary Production pmolm™2d™' 3470 4130 3560
Export production % 0.9 0.8 1.0
Regenerated production % 99.1 99.2 99.0
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Fig. 1. Biological pump: carbon transfer by biological processes into the ocean interior. Modi-
fied from Moutin et al. (2000).
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Fig. 2. Integrated Primary Production vs. depth at the top of the nitracline. Data from the MS
in the Western Basin (WB), the lonian Basin (IB) and the Levantin Basin (LB): MINOS cruise
(Moutin and Raimbault, 2002) and BOUM cruise, and data from the most oligotrophic area in
the world ocean, the South Pacific gyre (T. Moutin, unpublished data).
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Fig. 3. Middle: transect of the BOUM cruise superimposed on a SeaWiFS composite image of
chl-a concentration in the upper layer of the MS between 16 June and 20 July 2008. The two
types of station, short duration and long duration, are indicated. The three LD stations investi-
gated for a period longer than four days are indicated in red and are located in the centre of an
anticyclonic eddy (courtesy of E. Bosc). Top: small size colour images indicating the location
of eddies previous to sampling and small displacements of the eddies through comparison with
the image below. Bottom: XBT survey (black circles) and sampling grid stations (blue crosses)

investigated to locate eddy centres.
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Fig. 4. Theta S diagrams of each station during the BOUM cruise transect. The colour lines
represent the SD stations and the thick lines the LD stations, A, B, and C from left to right.

Labels of density isolines (dotted lines) are expressed as excess density above 1000kgm™,

3

considering a pressure reference at 0 dbar. Graph realized with the matlab Woods Holes routine
(WHOI toolbox). Depths between the top and maximum anomalies (defined Sect. 5.4) are
represented in thick red, and the “out” profiles (same section), chosen to characterize each
eddy (casts 17, 2 and 130 for eddy C, B and A, respectively), are shown in thick blue.
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Fig. 5. Salinity (S, PSU), potential temperature (°C), oxygen concentration and Apparent Oxy-
gen Utilization (umol kg‘1) sections along the BOUM transect (0-3000 dbar) from the Rhéne
river mouth in the western part of the MS to the Eratosthenes Seamount in the eastern part.
Black vertical lines indicate the location of the 3 LD stations A, B, C.
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Fig. 6. Nitrate and phosphate concentrations (uM) and P* (uM) sections along the BOUM
transect (0-3000dbar). P*=NO4-PO,/Rr; Rr=17.7 following Pujo-Pay et al. (2011). Linear
interpolation between bottle data each 10dbar was used to generate the distribution maps.
Black vertical lines indicate the location of the three LD stations A, B, C.
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Fig. 7. Salinity (S, PSU), Apparent Oxygen Utilisation (micromol kg-1) and Tchlo-a (ugl'1)
sections along the BOUM transect (0-500 dbar). Black vertical lines indicate the location of the
three LD stations A, B, C.
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Fig. 8a. Top: map of the bathymetry (GEBCO 1998) together with the mean velocities measured with the ship ADCP
along the transect between 29 and 125 m depth (scale is indicated in blue in the lower left corner). Middle: map of
the sea surface Dynamic Topography obtained from AVISO on 2008 June 29th and redrawn in Mercator coordinates
(colour scale incm). Location of each eddy is indicated by a black circle around the local maximum. Bottom: Details of
ship course (pink) and mean ADCP currents measured around the three eddies, A, B, and C. Ship ADCP vectors are
drawn each 10 min of cruise time from vessel location (Velocity scales are indicated in the left corner of each map).
The circles of diameters dVaz,,, are positioned at the centre location of each eddy (shown by stars), as estimated
before the beginning of LD stations.
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Fig. 8b. Deviation between depth-averaged (20-850dbar) values and the mean depth-averaged values for the o _
whole transect of: AOU (umol kg_1); Salinity (PSU); excess density (kg m's); geoflux function (Sv) and the differ- Z _
ences between baroclinic geostrophic transports at 20 dbar when considering a reference at 850dbar (0 Sv); Dis- é
solved Organic Carbon (DOC umolkg™") and Dissolved Inorganic Carbon (DIC pmolkg™') along the BOUM transect. o _
Mean(AOU) = 48.222 pmol kg‘1, Mean(S) = 38.775, Mean(excess density) = 29.0076 kg m'3). The positions of eddies _30
A, B, and C are indicated with red crosses and the positions of casts are indicated by black crosses. No values were % ®
obtained when bottom depths were <850 dbar, as occured near the Rhone river mouth and in the Sicilian Channel. @ @ T
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Fig. 9. Top: vertical profiles of potential temperature (°C in black), salinity (PSU in red) and AOU (umol kg‘1 in
blue) vs pressure (0—1500dbar) inside the eddies (thick lines; casts 186, 114 and 71 for LD stations A, B and C,
respectively) and outside but from the closest SD station (thin lines; casts 130, 2 and 17). The same scales for each
LD station A, B, and C with the corresponding colours are reported below. Middle : Vertical profiles of S, AOU, 6o and
G anomalies from left to right. Depths of top and bottom anomalies indicated in Table 3 are clearly shown. Bottom:
Vertical profiles of primary production (o: mgC m™3 d‘1), Total chl-a* 10 (green , for HPLC measurements and — for
fluorescence converted measurements: pg I'1) and density ((0-27.5)*5, —: kg m'3), vs pressure (dbar) at the three LD
stations (same casts as for Fig. 9 (top) but with rosette sampling except for density). Primary production was measured
twice during the LD station occupation. Vertical profiles of nitrate concentration (umol kg'1) vs pressure inside (dark
blue «) and outside (light blue %) the eddies for the same cast and station as for AOU in the top figure.
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Fig. 10. Superposition of all vertical profiles vs. depth (0-500 dbar) obtained during occupation of the LD stations A,
B, and C in uppermost position and from left to right: excess density (kg m‘s), potential temperature (°C), dissolved
oxygen (pmol kg'1), total chl-a (mg m‘a), and in lower position: Salinity (PSU), ISUS nitrate concentration (uM), AOU
(umol kg'1) and Cp (m'1). The best X-axis scale is chosen for each stations. The 3, 1 and 0.3 % of incident light level
were reported on each graph using horizontal lines in red, green and blue, respectively.
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Fig. 11. Temporal sections between 0-200 m depth for tchl-a (mg m'3) and for the optical at- &
tenuation coefficient Cp (m™') for the particles at the LD stations A (top), B (middle) and C S _
(bottom). The dates on the X-axis are in 2008 Julian days and the dates of the profiles are ./
indicated by red cross near 170 dbar. The red stars indicate MLD,, ,5. E
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