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Abstract. We studied a longitudinal transect in the Mediter- proximation, the anticyclonic eddies could be considered as
ranean Sea (MS) and along this transect, the influence of arclosed systems dating back to the previous winter, making
ticyclonic eddies at three long duration (LD) stations. The possible to draw first-order budgets. The daily new N-input
deep chlorophyll maximum depth, the euphatic layer depthin the photic zone is virtually identical to the N-export mea-
and the top of the nitracline depth are clearly correlated outsured at 230 m by drifting traps. This means that the eddies
side of the eddies, and deepen from the oligotrophic westerrare close to an equilibrium state where input is equal to loss.
to the ultraoligotrophic eastern MS. We provide evidence thatThe annual N-input by winter convection, which is a fun-
the locations of the three LD stations studied were near thalamental criterion for new nutrient availability, may be ex-
axis of the eddies. Their diameters were close to 100 km andremely variable inside eddies, with W-MLD varying from
the studied areas were less than 10 km from the centre of th80.5 m at the western station to 396.5m at the eastern sta-
eddies. The positions of the LD stations are marked by artion. W-MLDs are always deeper inside the eddies than out-
increase in the flux function and a decrease in apparent oxyside where they are in keeping with climatological averages.
gen utilization (AOU) and in excess density)( as expected AOU was low inside the eddies; this together with the near-
for anticyclonic eddies. Integrated mean primary productionidentical export measured at 230 and 460 m seems to indicate
measured in situ inside the three studied eddies confirmshat eddy cores are areas where low mineralisation of particu-
the previous conclusion that integrated primary productionlate organic matter occurs. “In” and “out” AOU comparisons
(IPP) about 150 mgC nf d—1 may appear as a lower limit indicate lower mineralisation inside the eddies suggesting a
for IPP during strong oligotrophic conditions. The mesoscalehigher efficiency for CQ@ sequestration via sedimentation of
activity is strong enough to locally modify the very well- particulate organic matter. The three eddies are enriched in
documented western-to-eastern gradient of trophic condidissolved organic carbon (DOC). Sequestration of, ®®
tions in the MS. We proposed a new calculation for mixed vertical export of accumulated DOC therefore seems to be
layer depths (MLDs) enabling the determination of MLD to higher inside eddies. The relative importance of DOC trans-
take into consideration processes occurring with time scaleport in the biological pump is probably one of the main char-
ranging from a few hours to several days, and also the win-acteristics of low-P low chlorophyll (LPLC) areas, and it is
ter MLD. Studying the main physical, chemical and dynam- likely to be reinforced inside anticyclonic eddies. The nu-
ical characteristics of the three eddies enables us to considenerous anticyclonic eddies in the MS are likely to influence
that the vorticity barrier prevents any strong mixing and ad-the water masses and their dispersion, and therefore have a
vection of outer water inside the eddy and explains why thestrong impact on the biogeochemical properties at the scale
depth range of eddies starts from the surface. As a first apef the MS.
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1 Introduction clonic eddies have been well studied and their biogeochem-
ical role has principally been considered to be that of wa-

The MS is a semi-enclosed sea with the general circulatiorter isolation giving rise to more oligotrophic conditions in-
resulting in a westward—eastward gradient of nutrient avail-side the eddies (Chapman and Nof, 1988; Krom et al., 1992).
ability in the upper layer (McGill, 1961; Moutin and Raim- However, mode-water eddies (McGuillicuddy et al., 1999)
bault, 2002) therefore producing a large range of trophic contend to produce strong biological responses (McGuillicuddy
ditions. It is also a sea with intense mesoscale activity, agt al., 2007) and appear to foster a shift in phytoplankton
shown by the numerous “quasi’-permanent anticyclonic ed-species composition in the Sargasso Sea (Sweeney et al.
dies encountered (Puillat et al., 2002, Taupier-Letage, 2008)2003). The Mediterranean Sea and the Sargasso Sea are typi-
Such physical structures are known to play a significant rolecal oligotrophic areas where anticyclonic eddies may play an
in the biogeochemistry of the sea, although the integrated imimportant role in vertical exchanges of nutrients and organic
pact of these intermittent events is debated (Jenkins et almatter, and subsequently on the biological carbon pump.
2008; Ledwell et al., 2008). It is therefore of great interestto  The aim of this paper is to describe the water masses and
study how such mesoscale structures may modify the well-general biogeochemical trends encountered in summer 2008
documented gradients in the Mediterranean Sea. during the BOUM experiment in the MS, putting particular

The oligotrophy in the western basin and the ultraoligotro- emphasis on the physical description of the anticyclonic ed-
phy in the eastern basin of the MS are principally the re-dies studied and their influence on biogeochemical trends,
sult of small loads and unusual anti-estuarine circulation, inbefore concluding using first-order biogeochemical daily N-
which nutrients are net exported from the basins at the straitdhudgets.
namely of Gibraltar and of Sicily, respectively (Sarmiento et The paper is organized as follows. After the introduction
al., 1988; Stratford et al., 2000). A major role of the biologi- (Sect. 1), the material and method (Sect. 2) are limited to
cal pump has been suggested for the long-term maintenance presentation of the BOUM transect in the MS and specific
of these gradients (Crispi et al., 2001). The MS is also charphysical methods, while most usual methods for physical and
acterized by a high N:P ratio in both the mineral and organicbiogeochemical parameters are presented in the Supplement
pools (Mc Gill, 1961, 1965; Coste et al., 1984; Raimbault and(SM, Part A). The results section (Sect. 3) presents the wa-
Coste, 1990; Moutin and Raimbault, 2002), which are higherter masses encountered along the longitudinal transect and
in the eastern than in the western basin (Krom et al., 1991)specifically inside eddies. The main changes in deep and
Three fundamentally different processes have been proposddevantine water properties are particularly pointed out, as
to explain the typical N:P ratios in the MS. Firstly, there is well as the anomalies found inside the eddies. The dynam-
the biological process of nitrogen gfixation (Bethoux and ical, physical and biogeochemical characteristics of the ed-
Copin-Montegut, 1986; Bonin et al., 1989; Sachs and Repetadies are then described, as well as the very low variability of
1999; Kerhere et al., 2001; Pantoja et al., 2002) which may all parameters in their cores. Finally, a “close to equilibrium”
lead to nitrogen accumulation; however, recently acquiredfirst-order nitrogen budget is presented for each eddy. The
data indicate very low nitrogen fixation rates (Ibello et al., discussion (Sect. 4) is focused on specific results in order to
2010; Yogev et al., 2011; Bonnet et al., 2011). Secondly,better characterize the influence of eddies on the physics and
there is the chemical process of phosphate adsorption ontthe biogeochemistry of the MS. The origins of the anoma-
iron-rich particles which leads to further P-depletion in the lies inside the eddies are discussed by using new information
Mediterranean Sea (Krom et al., 1991); however, it has beerfirom the winter mixed layer depths (W-MLD, SM Part B) in
demonstrated that phosphate removal by adsorption from théhe eddy cores. The conclusion (Sect. 5) establishes the main
water column does not represent a significant enough sinkesults on the physics and the biogeochemistry of the MS.
for phosphate in the MS to explain the high N:P ratios (Pan
et al., 2002; Ridame et al., 2003). The third explanation is
that high N:P values are derived from the external nutrient2 Material and methods
inputs coupled with the very low denitrification rates linked
with the oligotrophic status of the MS (Krom et al., 2010). 2.1 Sampling strategy

Fluxes of nutrients from depth are essential to sustain phy-
toplankton productivity in the euphotic zone of the olig- The BOUM cruise took place during summer 2008 (from
otrophic ocean, yet the mechanisms regulating those fluxe46 June to 20 July) in the Mediterranean Sea and con-
remain enigmatic (Ledwell et al., 2008). It was recently sisted of a 3000 km transect from the &Rk river mouth
demonstrated that mesoscale activities may provide ecologifwestern Mediterranean) to the Eratosthenes Seamount (east-
cal niches explaining the distribution of specific planktonic ern Mediterranean). Along this transect, 27 “short duration”
species (D'Ovidio et al., 2010) and that this scale should(SD) and 3 “long duration” (LD) stations located in the cen-
be taken into account in the global biogeochemical budgetre of anticyclonic eddies were sampled (Table 1). The sam-
(Benitez-Nelson and McGuillicuddy, 2008éizy, 2008). Be-  pling strategy and the general characteristics of each station
cause of their relatively simple physical structure, anticy- are detailed in Moutin et al. (2012). The locations of stations
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Fig. 1. 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). The numbers along the transect correspond to the SD station:
numbers indicated Table 1. Middle: map of the sea surface dynamic topography obtained from AVISO on 29th June 2008 and redrawn in
Mercator coordinates (colour scale in cm). 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 mir
of cruise time from vessel location (velocity scales are indicated in the left corner of each map). The circles of diamgjigkTelbte 2)

are positioned at the centre location of each eddy (shown by a blue star), as estimated before the beginning of LD stations.

along the transect are indicated in Fig. 1 (top) by humberwas sampled first, then LD station C and LD station B. The
for SD stations or eddy name (A, B or C) for LD stations, central section (SD 12 to 22) followed by LD station A was
together with bathymetry and ship mounted ADCP surfacethen sampled, and the cruise ended with the last five stations
current data. The eastern part of the section (SD 1 to 11)SD 23 to 27). The black circles on the map of sea surface

Biogeosciences, 9, 3823855 2012 www.biogeosciences.net/9/3827/2012/
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topography (Fig. 1 middle) contour the high levels induced SAOUZ (ibid for AOU). The depth-integrated anomalies for
by the three eddies (LD station A in the western MS, LD sta-o, S, & and AOU between 0 and 850 dbars are also reported
tion B in the lonian basin between the western and Levantingn Table 2.

basins, and LD station C in the Levantine basin of the east-

ern MS). The well-known lerapetra anticyclonic eddy (Fusco2.2.3 Dynamical Characteristics

et al., 2003) located to the south-east of Crete island (near . ) ) .

34 N, 26° E) was also traversed, (see ADCP currents, Fig. 1°GMax is the maximum value of geopotential difference as
top), but is weakly signed on absolute topography (Fig. q10bserved between “in” and “out” profiles using a reference

middle).

The detailed description of the usual methods for physicalvazMaX'

and chemical parameters measurements is presented in S
(Part A). All data and metadata are available at the follow-

depth at 850 dbars, and Rfa« is the depth o§Gmax and
Vazyax is the azimuthal velocity maximum; by con-
Xgntion, the azimuthal velocity is negative in an anticyclonic
eddy. Vazjay is inferred from VMADCP, and rVagax is the

distance of an eddy diameter between the 2MgzThis dis-
tance should correspond f,/2 whereL is the Rayleigh
distance (see SM(Tr) rotation pulsation is always nega-
tive (humber of days for one complete rotatiofiflat) is the
Coriolis parameter which is depending on latitugign/f is
Specific characteristics of the three studied eddies were cathe ratio of the minimum relative vorticity occurring close to
culated and are reported Table 2. It concerns (1) general proghe eddy axis to the Coriolis parameter. This negative param-
erties obtained from direct observations, (2) anomalies de&ter, calculated asc#/ f, indicates the strength of the eddy
termined from two “in” and “out” casts for each eddy, and Which isolates the eddy core in solid rotation from outside
(3) dynamical properties calculated from observations of addvection (see also SM, Part C).

vessel-mounted ADCP (see SM including a comparison be- ,

tween the observations and the simulated eddy A). 2.2.4  Flux function

ing web addressttp://www.obs-vlfr.fr/proof/php/xdatalist.
php?xxop=boumé&xxcamp=boum

2.2 Specific physical characteristics

The flux function is calculated for each cast by the integra-

tion of the geopotential anomaly referenced at 850 dbars.
Talhis function F is very useful because the difference

between 2 points, whatever their distance apart, is ex-

of depth where eddy influence is marked on any or somé'?‘f:tly e_qual to the_ paroclinic geostrop_hic transport with a
properties; these depth ranges start at the surface as all egid" directed positively and perpendicularly at the tran-
dies are strongly signed by circular-like surface currents an€Ct On the right. As an example, for eddy B (cast 115,

end at depth where anomalies are very weak. T20/850 dbar§ = 1808km), F = —28.437 Sy; for the next cast along the

are baroclinic geostrophic transport at 20 dbars using a refefif@nsect (cast 2, X = 1939 kmj; = —31.880; thus,6 F =
28437 + 31.880 = 3.443 Sv, a value of transport reported

ence depth at 850 dbars and geopotential differences between : )
“in” and “out” casts. For eddies A and B, this is only slightly for €ddy B atline T20/850 in Table 2.
less when using 1500 dbas X is the distance between the

in” cast and the “out” cast used as a reference to determine
anomalies at constant depth whiteH is the depth deepen-
ing of the maximum anomaly isopycr@ﬁaxAno from “out”
to “in” casts (see SM).

2.2.1 General characteristics

The general characteristics of the eddies are reported
ble 2. Dyottom is the bottom depth, andRge is the range

3 Daily N-budget at the LD stations

A first-order daily N-budget was carried out at the three LD
stations. As a first approximation in this paper, we will con-
sider that these eddies are in solid body rotation and are
closed systems similar to giant mesocosms for biological and
biogeochemical process studies. In this budget, we consider
nitrogen input at the top and the bottom of the 0-150 m water
column, the total primary production within the water col-
umn and particulate export at 230 m.

] The materials collected on the two PPS5 sediment traps
weakens upwards. i), is the depth where the absolute deployed at 230 and 460 m depths over three days at each
anomaly is maximum, and §3,, ., is the depth of the bot- | D station were analyzed daily according to the methods de-
tom of anomaly, i.e. that anomaly weakens downwards. Theajled on the French national “traps” web sitetp://www.
depths recorded here were taken with excess density ( obs-vlfr.fr/LOV/Piegeyfor dry weight and specific C, N and

2.2.2 Characteristics of the anomalies

Anomaly is the difference at constant depth between “in” and
“out” profiles for the selected parameter, withfor eddy.
DfopAno is the depth of the top of anomaly, i.e. that anomaly

but some weak variations were observed for other paramep composition. Results are converted in mgfd— and the

ters: oyiaxano(©@ at Diiaxane)s Stiaxano (0id for 8), iaano

(ibid for 6), AOUE_, ano (ibid for AOU), o £ (anomaly in
o observed at B, an0), 8SE (ibid for S), 6% (ibid for 6),

www.biogeosciences.net/9/3827/2012/

particulate C:N:P ratio calculated from the means obtained
with the three 1-day values (Table 3). The standard deviation
(sd) values are in italics under the corresponding means.

Biogeosciences, 9, 3355-2012
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Table 2. 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

T. Moutin and L. Prieur: Influence of anticyclonic eddies on BOUM

brackets correspond to CTD casts “in” (i.e. near eddy axis) and “out”, respectively. As eddy B shows two pycnostadS andraaly

(S Ano) sign change, two parts, surface and deep, were distinguished. See Material and Methods for a detailed description of all specific

characteristics.
Specific characteristics LD Stations
Units A Bsurf Bdeep C

General
Dgottom dbars 2758 3070 3070 923
Drange dbars 0-420 0-250 250-1200 0-800
T 20/850 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

E
DTopAno dbars 90 95 300 120

E
DE axano dbars 160 135 600 380

E
DEotano dbars 420 250 1200 800

E -3
OMaxAno kg m 28.202 28.433 29.012 28.84
S,\E,I(,MnO no dimension 37.68 38.44 38.96 39.39

E o
OFiaxAno C 14.27 15.86 15.06 17.2
AOUE . Ano umol kg1 13 5 21 12
soE kgm™3 -0.66 -0.32 -0.134 -0.251
sSE PSU -0.65 -0.28 +0.14 +0.388
s0F °C 0.75 0.5 1.04 2.35
SAOUE pmol kg1 -50 0 -30 -40
Integrated> Ano (0—850 m) kgm 2 -120 - -108 —48.2
IntegratedS Ano (0-850 m) (psu) m2 -126.1 - 28.3 111.4
Integrated? Ano (0—850) °Cm 122 555 580
Integrated AOU Ano (0—850 m) umoITﬁ -9328 - -9771 —7665
Dynamical Characteristics
5GMax m2 52 1.26 0.42 0.98 (0.58) 0.65
DGpmax dbars 40 30 30 (250) 90
Vazyax ms~1 -0.33 -0.20 - -0.20
rvVazyax km 58 42.5 - 48
o (Tr) 10 °rad/s (days) -1.8181(4) —1.212(6) - —1.3222 (5.5)
f (lat) 10 5rad/s PN)  9.1531(39.1) 8.1542(34.1) 8.1542(34.1) 8.0699 (33.7)
Cminl f no dimension -0.3973 -0.2973 - -0.3277

E
D&EML 2008 dbars 90.5 109.5 109.5 396.5
DwmML 2008 ouT dbars 57.5 89.5 300* 153.5

*Numbers inside brackets for eddy B refer to the transport corresponding to depths between 20 and 25Qgpaand®etween 250 and 850 dbarg£By.

All the pertinent information to calculate the daily N- is ~10°m? s~ (i.e. 0.86nfd~1). This K. value, with an

budget is presented in Table 4. The top nitraclingdD

estimated error of about 40% (Table 2 in Cuypers et al.,

is reported directly from Table 1, along with the slope of 2012), was considered constant. N-input by fixation is

the nitracline fno,). N-input by upward diffusion, from the the mean integrated value measured in the photic zone, and
bottom of the water column, is the product of the eddy dif- atmospheric deposition is a mean value taken in the absence
fusion coefficient K,) measured at the level of the shallow of rain (Bonnet et al., 2011 and further references herein, Ta-
nitracline (Cuypers et al., 2012) by the concentration gradi-ble 1). The estimated errors could be 30—-40% (Bonnet et
ent Sno,. The overall averaged, found in each eddy and al., 2011, their Table 1). New N-input corresponds to the
within eddies between the pycnocline basis and 100 m deptlsum of these three N-fluxes, because other possible inputs
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Table 3. Sediment trap data at the LD stations. Depth of collection, mean mass flux irTl?n‘]gTﬂ of matter (DW) and for each elements
C, N and P (sd in italics), mean C:N:P molar ratio.

Station  depth of collection Mass flux PC PN PP C:N:P molar ratio
m mgm2d~1 mgCnm?2d!l mgNm2d1 mgPm2d? 106:x:y
14.26 2,52 0.35 0.16 106:13:2.6
230 1.29 0.19 0.12 0.23
LD A 16.61 1.68 0.31 0.19 106:17:4.7
460 5.16 0.54 0.22 0.16
26.26 2.54 0.45 0.06 106:16:1.0
230 15.48 0.99 0.20 0.03
LDB 21.80 1.26 0.19 0.06 106:14:2.0
460 24.57 0.88 0.11 *
17.27 3.09 0.49 0.04 106:14:0.5
230 7.93 0.49 0.05 0.00
LDC 19.40 2.26 0.49 0.02 106:20:0.4
460 12.03 1.29 0.31 0.02

* one extremely high value was discarded; no SD can be calculated.

Table 4. Daily N-budget at the three LD stations A, B, and C.

o . LD Stations
Specific characteristics Units A B c
DNo; m 72 114 93
SNOs pmol 4 118 155 249
Input by diffusion pmolm2d-1l 101 133 214
Input by nitrogen fixation umolm?d-l 125 152 0.2
Input by atmospheric deposition pumotthd—l 250 185 185
Input of new nitrogen pmol m?d~1l 476 470 401
N export at 230 m pmol m?d~l 253 320 348
Integrated gross N-primary production umoT?rd_l 3470 4130 3560
Export vs. total production % 0.9 0.8 1.0
Regenerated vs. total production % 98.6 989 989

are neglected and also because the eddies are presumed tofbeence: 1 — (input of new N divided by the integrated gross
horizontally closed systems once formed. The sum of errordN-primary production).

is estimated to be 70 % using the square root of the mean

variance of the three N-fluxes. N-export corresponds to the

mean value measured on drifting traps at 230 m during the8 Results

occupation of each site (Table 3) with an estimated error in

the range of 40 %. The integrated gross N-primary produc-3.1 Water masses and general biogeochemical trends
tion is determined by dividing the integrated gross C-primary

production (GPP) by 6.6, the classical C:N ratio of particu- 3.1.1 Potential temperature ¢) — salinity (S) diagrams,

late organic matter. GPP corresponds to 1.72*NPP, the net a powerful tool to see the progressive modification
primary production (NPP) measured in situ using i€ of LIW from its source

method (Moutin et al., 1999) and reported as integrated (PPp%_ _ )

values in Christaki et al. (2011, their Table 4). The two in- The main Mediterranean water masses encountered along the
tegrated primary production rate determinations were averSummer 2008 BOUM cruise transect are identified in Fig. 2
aged for each eddy. The percentage of export production i§Sing¢ — S diagrams where the 30— S casts are super-
calculated by dividing the N-export by the integrated gross|.r’nposed (see legend to find the significance of the d'lfferent
N-primary production rate (Table 4). The percentage of pro_Ilnes). Sgrface temperatgre was close t6 R4t I._D station
duction attributed to nutrient regeneration in the photic zone” 28°C in the lonian basin and reached a maximum value of

(regenerated production) is estimated by 100 times the dif27°C in the eastern MS. Three layers are usually considered
in the MS: the surface, intermediate and deep layers. The

www.biogeosciences.net/9/3827/2012/ Biogeosciences, 9, 3355-2012



3834 T. Moutin and L. Prieur: Influence of anticyclonic eddies on BOUM

theta S Theta & BOUM Section thetaS Theta S BOUM Sectior

28 Pressure = 0 dbars j j

261

241

22

Temperature (deg C)
ro
(=)

Heated layer

.

12 ! L S
365 37 375 36
Salinity {ppt) Salnity
theta 3 Theta § BOUM Section theta 3 Theta S BOUM Section
12.54 Pressire =0 fibars | R : _EES!u’r‘eﬁ"Uﬁbaré 2o1a 291
12 93 S H : H H H

12092 '

/ 2913
1281 |-
129k

39.15

12.89

Thela ("C

12.88
12 87 o7
12.88 -

12850 8 - lonDW d
9.2

i i i i i i . - ¢
E ; 13.35 a— . : .
3345 38.455 38.48 38.4658:§i.:":v38.475 36.48 36.485 30.401935 387 %74 78 78

Salinity

12.84

Fig. 2.6 — S diagrams for all the 30 deep casts of the BOUM sect{ehFull range, with indications of heated layer, halocline, LIW layer

and deep layer, DW (see texfh) Zoom in order to show intermediate waters usihg 17.4°C andS > 37.5. WIW: winter intermediate

water in the western MS. ILIW, iLIW wLIW aligned along the dashed straight ochre line represent the Levantine, lonian and western LIW,
respectively. CIW: Cretan intermediate waig). Zoom for the western Mediterranean deep waters; oldWDW, swDW and nwDW stand for

old western, southwestern and northwestern deep waters. All these deep waters were thought to have formed in northwestern MS, but the
two latter after 2005—-2006d) Deep layer in the eastern MS; LevDW was observed in the Levantine basin and lonDW in the lonian basin.
Lines: The thick black lines from left to right on pan@l) represent the LD stations A, B and C located at the centre of the eddies. The blue
lines represent the closest SD stations investigated outside each eddy. The mauve thick line indicates the lerapetra eddy (station 6), and th
green thick line, the SD station located south of Sardinia (SD station 20). All other stations were drawn in thin(gyeyimiddle black

for the western MS with SD station 18 (771 dbars deep) near the Sicilian sill identified as SicSfpitThe fine black and middle grey
correspond t@ — S profiles in the south and northwestern MY @) and in the lonian and Levantine basins(di, respectively. Th@ — S

part at the depth ranges of the pycnostad found for each eddy A, B, C (see Takﬁgp;npo DﬁaxAno) is superimposed to thick black

lines in thick red (panel&) and(b)). For eddy B, the By pycnostad was drawn in thick mauve.

surface layer, heated since the previous winter, is seen as dar (S = 36.2 andT = 15.5°C for the 0-100 m depth range),
approximately vertical branch almost parallel to thaxis. S varied between 37.2 at LD station A in the Algerian basin
This layer corresponds roughly to the 0—70 m depth rangeo 39.4—39.6 at LD station C in the Levantine basin, with val-
and includes the summer mixed layer and the strong thermoues close to 38 in the northwestern MS. A regular increase in
cline. Due to strong evaporation in the MS and the increased was observed from the western to the eastern part of the
modification of Atlantic water entering at the Strait of Gibral- transect.
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The intermediate layer (70 to 700 dbafisx 17.4°C) is and ending near 38.6 in the western Ms@,ax depths con-
better represented in diagram 2b. A strong halocline wascomitantly increase from 150 dbars to 450 dbars, but peaked
found in the western MS§ increasing and decreasing with  in each eddy. The LIW was encountered deeper inside than
depth down to a first minimum efrepresentative of the win-  outside of each eddy. Another peakSafax in depth was also
ter intermediate water formed in the northwestern MS, andobserved near the Strait of Sicily (X = 1000 km) but cannot
below the well-known Levantine intermediate water (LIW) be interpreted here.
formed in the Levantine basin and identified with a maxi-
mum of# andS at depths of around 400 dbars. In the lonian 3.1.2 Main features of deep, intermediate and surface
basin, the halocline is strongly attenuated and disappeared in waters found on sections
the Levantine basin where the surface layer is connected di-
rectly to the LIW. Thed — S properties of LIW are changing Full depth (0—3000dbars) sections are presented in Fig. 4
along its flow from the Levantine basin (ILIW) toward the and Fig. 5 from the Rbne river mouth in the western MS
lonian (iLIW) and the western basin (wLIW). The maxima to the Eratosthenes Seamount in the eastern MS. The deeper
of & andsS strongly decrease westward, but they are approxi-waters in the western and the eastern basins are separated
mately on the same straight line, shown in ochre (Fig. 2b). by the Strait of Sicily (x-axis at around 1100 km). The black

The deepd — S layer found at depths below 700 dbars crosses on vertical sections indicate the CTD cast positions.
shows similar patterns but for different valueséodndS in The X-coordinates for LD stations A, B, C are approximately
the western and eastern basins (Fig. 2¢c and d for the wes#50, 1750 and 3300 km from the station in thedRa river
ern and eastern MS, respectively). A second minimum ofmouth, respectively. LD station C, in the most eastern sector
6 was encountered at 1200-1500dbars in the western MStudied, was above the Eratosthenes Seamount at a depth of
and at 1000 dbars in the eastern MS. This minimum corre-around 900 m. Specific isopycnalsy{ are drawn (Fig. 4)
sponds to the separation, along the isopycnals 29.106 andn each panel in thick white, 29.09 and 29.11, and 29.17
29.180 kg n3, between the old and new deep waters in eachand 29.19 kg m? for the western and eastern basins, respec-
basin, respectively. In the western MS, the new deep watetively, and each decreasing at a 0.5 interval from 29.1 in thin
was thought to have formed during winter 2005-2006 in theblack lines. All stations were investigated from the surface
northwestern MS. In the eastern MS, the new deep water wat the bottom (Table 1), but two stations in the lonian basin
thought to have formed in winters of the early 1990s in thereached only 3020 dbars due to sensor limitation. The main
Aegean area (EMT period), which replaced the oldest deegeatures,S, 6, dissolved oxygen concentration {Cand ap-
water (Lascaratos et al., 1999; Malanotte-Rizzoli et al., 1999 parent utilization (AOU), are presented in Fig. 4. The deep
CIESM 2009). However, the 20@8- S diagram of the lonian ~ minima in temperature and (oy close to 29.18 kgm®)
basin (Fig. 2d) did not exhibit a second minimunmdofvhich ~ which separate, in the more eastern part of the MS, the pre-
is interpreted as a recent deepest and densest water formati®ious eastern Mediterranean deep water (pEMDW) from the
in the south Adriatic (see discussion), as before the EMT. Thdransient eastern Mediterranean deep water tEMDW) were
cast undertaken in the south of Sardinia is shown in green observed during summer 2008 only in the Levantine basin at
Fig. 2a—c because it exhibits particutar S properties in  around 1000 m (Fig. 4). The tEMDW was still observed by
deep water which are interpreted as the properties of the flova deep maximum i§ and in6 along the 29.19 isopycnal at
entering the Algerian basin from the Tyrrhenian basin. around 2000 m depth. This water is also marked by a rela-

Another type of intermediate water was also encounteredively lower O, concentration and higher AOU compared to
along the BOUM section. The Cretan intermediate waterthe deep waters of the lonian basin. The deepest waters in
(CIW), which is denser than the LIW, was encountered in thethe lonian basin exhibited lower saline, colder temperatures
south of Crete and observed at the station inside the lerapetr@rig. 2d), and higher @properties (Fig. 4 bottom) could be
eddy (thick red). The three anticyclonic eddies (thick black interpreted as typical of recent deep waters probably formed
lines on Fig. 2a—d), investigated during the BOUM experi- in the north lonian or the Adriatic areas. In the western MS,
ment, show differen® — S properties in the differed — § the deep water density below 2000 dbars was close to 29.11
diagrams, but are not truly different or abnormal in compar-but sloped up northward in the area of deep water formation
ison to the respective nearest station outside the eddies (thifnorthwestern MS , X< 300 km) where high @ and low
blue lines on Fig. 2a). AOU were observed.

In order to see the progressive modification of LIW from  Above the deep waters, a minimunm @yer (max AOU)
its source, the maximurs value Smax), the depth ofSmax was observed along the entire section. The depth of this layer,
and AOU(max) of each profile under the thermocling € close to the 29.17 isopycnal, was as deep as 900 m near LD
17.4°C) are shown on Fig. 3. The most salty water was station C and oscillated between 900 and 600 m through the
then observed in eddy C with $nhax near 39.4 at a depth eastern MS. The maximum AOU layer followed the 29.09
of 150dbars, i.e. very close from the surface. Progressindsopycnal and thénax depth layer of the LIW in the western
westward,Smax decreases stepwise, firstly after the lerape-MS, but these two layers were clearly separated in the east-
tra eddy, then after eddy B, then after the Strait of Sicily ern MS where theéSnax layer was shallower than the 29.17
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Fig. 3. Salinity (a), depth b, dbars) and AOUd, uM) values found on each vertical profile along the BOUM section at the maximuim of

(blue stars), and Salinita) and AOU(c) at the maximum of AOU (red stars). W-MLDs are indicated in mauve $tgr3 he dashed vertical

lines (red) show the locations of eddies A, B, lerapetra and C, from left to right respectively. The x-axis is graduated in km of transect from
the SD station 27 near the mouth of thedRE river. In thga) and(c) panels, the stations where bottom depths wet80 dbars were kept

out.

isopycnal. This feature is shown on Fig. 3a and ¢ by addingThis indicates the presence of recent Levantine waters deep
red crosses correspondingS@nd AOU values at the maxi- in eddy B. Deeper still and down to the bottom, AOU was
mum of AOU. Maximum AOU decreases slightly (70 uM at close to 60 umol kg!, a value higher than the 50 pmolid
LD station C to 60 uM at LD station B) in the eastern MS but AOU value characteristic of the recent deep waters surround-
increases to 80 uM in the western basin (LD station A). Fig-ing eddy B in the lonian basin. This feature could indicate
ure 3c shows more precisely that AQkk and AOU atSmax that the new deep water does not penetrate under this eddy or
became close in the westernmost part of the eastern MS (Xhat more organic particulate matter was remineralised there.
near 1600 km) before the passage of LIW through the Strailn any case, eddy B has an influence on the whole water col-
of Sicily. Such a feature will be discussed in Sect. 4. umn. Eddy A did not have a deep, strong signaturesfand

The anticyclonic eddies A, B and C are easily identified AOU.
by local deepening of isotherms, isohalines and isopycnals Mineral nutrient concentrations, N@nd PQ (Fig. 5 top
(Fig. 4). At X = 2500 km, the section crossed (SD 6) the ler- and middle), are close to zero in the upper surface layer (dark
apetra anticyclonic eddy to the south of Crete. The deepenblue on the panels) and decrease at depth from west to east in
ings are mainly visible in the first 400 m, but they are still accordance with classical trends in the MS (see Pujo-Pay et
observed at deeper depths, down to 1500-2000 m, indicatingl. (2011) for a detailed description). The two colour scales
a probable deep influence of these physical structures. Antifor nitrate and phosphate concentration were chosen in accor-
cyclonic eddies, lerapetra included, are characterized by lowdance with the Redfield ratio (Rr) N/P = 16 (Redfield et al.,
AOU values 20 umolkg 1) close to the surface and even 1963). Because the colours are not identical for nitrate and
deeper down to 200 m, particularly at LD station C (Fig. 4d). phosphate, the strong depletion in P vs. N in the whole MS,
At LD station B, AOU was also low (20 umolkd) near  which is even higher in the eastern part, can be seen clearly.
500 m, but was not as low as at LD station C (10umoiRg  The bottoms of the nil concentration layers, corresponding
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Fig. 4. Salinity (S, PSU), potential temperaturé,(°C), dissolved oxygen concentration and apparent oxygen utilizatipraf@ AOU,
pmol kg~1) sections along the BOUM transect (0-3000 dbars) from tHERHiver mouth in the western part of the MS to the Eratosthenes
Seamount in the eastern part. Black vertical lines indicate the location of the three LD stations A, B, and C. Specific isopycaas (
superimposed in thick white on each panels, 29.09, 29.11, 29.17, and 29.I§I(grrﬂ1e western and eastern basins, respectively, and each
decreasing at a 0.5 interval from 29.1 in thin black lines visible only by zooming.

to Dno; and Dpo, (Table 1), have depths increasing from 3000 dbars were circa 9 and 0.38 pM in the western MS and
the west to the east, in accordance with classical trends frond and 0.17 uM in the eastern MS, respectively. Nitrate and
oligotrophy in the western towards ultraoligotrophy in the phosphate maxima concentrations occurred within the inter-
eastern basin of the MS.Ng, may be considered as the mediate layer between 500 and 1000 m depth, with values
best criterion for defining oligotrophy. N, decreases from of 10.5uM and 0.42 uM, and 6.5 M and 0.22 uM, for ni-
around 50-70 m in the western basin with lower values closdrate and phosphate, in the western and eastern MS, respec-
to 20m near the mouth of the Bhe river, to around 80— tively. These maxima are closely related and correspond to
100 m in the eastern basin with a deeper value of 114 m athe maximum AOU. Mean integrated nitrate concentration
LD station B (Table 1). Only weak differences in the top was 382 mmolm? (sd = 229) in the western basin (stations
nitracline and phosphacline depths were found when cond9 to 27), and 63 mmolm? (sd = 49) in the eastern basin
sidering changes in phosphate turnover times (Table 1) in{stations 1 to 16). The linear regression IN©26.75* IPO,
stead of concentrations, when the latter were extremely low(r? = 0.90, N = 30) indicates the strong relationship between
values (below 50 nM) measured in the upper waters of thethese two nutrients and a similar decreasing pattern from the
eastern MS. Deep concentrations of N&hd PQ at 2000—  west to the east. The three eddies studied, A, B, C, as well
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Fig. 5. Nitrate and phosphate concentrations (uM) and N* (uM) sections along the BOUM transect (0—3000 dbars). BRPON@Yr;

Rr =17.7 following Pujo-Pay et al. (2011). Linear interpolation between bottle data each 10 dbars was used to generate the distribution maps.
Colour intervals were 0.25 pM for N§and N* and 0.025 uM for PQ Black vertical lines indicate the location of the three LD stations A,

B, and C. The x-axis is graduated in km from SD 27 near the mouth of tbadtiver.

as the other eddies crossed during the transect, are also viserves N*, i.e. with a constant and low varial&lO3: APOy
ble in nutrient concentrations by the local deepening of iso-ratio. This feature will be discussed in Sect. 4.
pleths mainly in the 1000 m depth layer. The variable N*was Figure 6 (bottom) illustrates the deepening of the deep
calculated as N* = N@— 17.7* POy and plotted in Fig. 5.  chlorophyll maximum (DCMD, Table I) from 50-75m in
The 17.7 factor is theANO3:APQy ratio of particulate or-  the west to 110-120 m in the east. The maximumacbén-
ganic matter remineralisation below a depth correspondingentration (DCMC) did not decrease regularly, despite the
to O, = 195 umol kg? (i.e. around 200-250 m) in deep and highest value of 1.7 mg r? being observed in the northwest-
intermediate waters of the MS (see Pujo-Pay et al., 2011)ern MS. The lowest value was measured at SD station 14 in
N* values were close to zero in surface waters reaching negthe lonian basin (0.2 mgn¥, X = 1500 km). A lower value
ative values, but, because P@easurements are very close of 0.15mgm3 was observed at LD station B in the centre
to the detection limit in surface waters, these results shouldf the lonian basin at 75 m, but with a secondary maximum
be taken with caution. Positive N* values were measured inof 0.26 mg nT2 also observed deeper at 140 m. Two distinct
deep waters confirming the P-deficiency of Mediterraneanpeaks separated by at least 30 m depth were also observed
waters. Positive N* values of 2.11 uM (sd = 0.25 uM) were in the two closest SD stations. After omission of the sta-
surprisingly observed both in the eastern and the westertions in the Sicilian channel, integrated ehvaried between
deep Mediterranean waters for depth00 dbars, indicat- 38.8 mgnT2in the western basin and 15.5 mgfmat SD sta-
ing that the relative variations of nitrate and phosphate con+tion 10 in the eastern basin. An integrated ¢alue as low
centrations in deep waters occurred in a proportion that conas 22.7 mg m2 was measured in the western basin while a
value as high as 32.6 mgth was measured in the eastern
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Fig. 6. Salinity, AOU (umol kg'1) and “Chlorophyll” section (in situ fluorescence units) along the BOUM transect (0-500 dbars). W-MLD
and the top nitracline (Ro,) are superimposed in white and blue lines on Fig. 6¢c, respectively. Isopycnals each 0.8 kgder 29.1 are
drawn in thin black lines.

sector. This value remains somewhat constant, as already olbe the west, is also better visible. LIW, represented by a max-
served by Moutin and Raimbault (2002). The deepening ofimum of S, is located close to 150 dbars from the eastern
DCMD and decreasing in DCMC is classically associatedLevantine basin to the lonian basin where it deepens to 300—
with the increasing trend in oligotrophy, as shown by the 400 dbars before reaching the Sicilian channel. The suface
deepening of Ro, drawn in thick blue line (Fig. 6 bottom). was maximum and as high as 39.65 in eddy C at the eastern
The euphotic zone depth (EZD) estimated from the discreteend of the section. The eddies are clearly marked by a deep-
measurements of chl varied between 53 and 120 m (Ta- ening of the isohalines and particularly by the deepening of
ble 1), with the deeper depths being obtained in the easterthe 29.1 isopycnal in the eastern MS and 28.6 in the west-
MS in accordance with the eastwardly increasing oligotro-ern MS (Fig. 4 and Fig. 6). These two latter isopycnals were
phy. It is not possible to exhaust the nitrate deeper than thalso drawn for the AOU and'chl a sections (Fig. 6 middle
EZD, because it is directly linked to photosynthesis. Thus,and bottom). A strong deepening of AOU and isopycnals at
the DCMD, the EZD and Bhiorophyli« are clearly correlated, lerapetra eddy location (X 2450 km) and near 2800 km,
and deepen from the west to the east of the MS. This is neiwhich might be the Mersa-Matruh eddy (Robinson et al.,
ther the case in the NW MS nor inside the eddies, the resultd4991), were observed.
of which will be discussed in Sect. 4. MLD 4 (Table 1), representative of summer MLD, var-
The finest scale of depth (0-500 dbars) in Fig. 6 compareded between 7.5 and 29.5m during the BOUM cruise, after
to Fig. 4 clearly shows the surface layer strongly influencedthe omission of the very coastal SD station 27. AOU (Fig. 6
by low salinity waters § < 38) originating from the Atlantic  middle) is slightly negative in the mixed layer which corre-
Ocean between X = 300 and X = 1400 km. LIW, shown by sponds to a slight ©oversaturation of 6-10 pmolkg, as
the already described deepening of salty water from the eass classically observed in upper marine waters. AOU reaches
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Fig. 7. Deviation between depth-averaged (20-850 dbars) values and the mean depth-averaged values for the whole transect of the fol-
lowing parameters: AOU (umolkgh); S (PSU);o (kgm—3); deviation to the mean of the baroclinic geostrophic flux functio(Sv) at

20 dbars when considering a reference depth at 850 dbars (0 Sv); deviation of depth-averaged (20-500 dbars) to mean value of dissolvel
organic carbon (DOC pmol k_gl) and dissolved inorganic carbon (DIC umol‘k]g along the BOUM transect. The mean integrated values

for the transect are respectively mean(AOU) = 48.2 pmoilikgnean§) = 38.775, mean() = 29.008 kg nT3, mean(DOC) = 50.1 uM and
mean(DIC) = 2306.9 pmol kgt. The positions of eddies A, B, and C are indicated with red crosses and the positions of the nearest casts
are indicated by black crosses. No values were obtained when bottom depths&&€rebars (0500 dbars), as occurred near thedRa

river mouth or in the Sicilian channel.

—20umol kg ! below the pycnocline (around 30 m) under celeration of oxygen transfer towards the surface) and the
the influence of the spring net community production which heating by penetrating solar radiation which accounts for
occurs after the stratification of the water column (strong de-a solubility decrease (witli™ increase) of 10—15 umol kg
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in July in the MS. AOU reaches positive values at approx-as the lerapetra anticyclonic eddy to the south-east of Crete
imately the DCMD. This latter depth also corresponds ap-(X ~ 2450 km) with its strong AOU anomaly, and the more
proximately to the W-MLD (Table 1) and to the depth of easterly (X~ 2800 km) Mersa-Matruh eddy. An increase in
the top of the nitracline, except in areas of strong W-MLD dissolved organic carbon (DOC) was observed inside each
(northwestern MS and eddy C). The fact that W-MLD cor- eddy we crossed. This was generally associated with a de-
responds to a depth where AOU is nil (Fig. 6) indicates thatcrease in dissolved inorganic carbon (DIC) except in the
lower depths are ventilated during winter with a positive netcase of eddy C. Almost each spike corresponds to an iden-
community production when stratification occurs, whereastified eddy and has a significant value, exgl0 pmol kgt
deeper depths show AGLD, indicating more mineralisation in AOU, >1 Sv in transport. The co-occurrence on each vari-
than production (negative net community production) for the able of these spikes superimposed on trends, even if some ap-

same period of time (between winter and summer). pear relatively weak for some variables, is a strong indication
that each of the five identified eddies has a significant impact
3.1.3 West-east trends and impact of eddies on on physical and biogeochemical trends along the transect.

integrated contents
3.2 Main characteristics of the three anticyclonic eddies

Integrated (20-850 dbars) contents were quantified in order (A, B, and C)
to show the deep depth impact of the eddies on physical and
biogeochemical variables along the BOUM section (Fig. 7). On board measurements of the mean ADCP currents (Fig. 1,
The three upper panels represent differences between depttep and bottom), taken along the ship transect at depths be-
averaged values (20-850 dbars) and the mean values for theveen 29 and 125 m, indicate that the three sites were inside
whole transect (reported in the title of each panel) for AOU anticyclonic eddies. Figure 1 (bottom) provides evidence that
(umolkg™1), S ando (kg m~3). The fourth panel shows the locations of the LD stations were near the axslQ km) of
variations of the flux functionF. Each peak of the func- the eddies, but drifted with the drift of the centres. Analysis
tion F(X) indicates the presence of an anticyclonic eddy be-of the drifting of the mooring lines and of the float trajecto-
tween two adjacent stations, or possibly the presence of meries (not shown) indicates that the R/V was located less than
anders, but this could be disregarded when considering suB km from the centres of each eddy at the beginning of the
face ADCP currents (Fig. 1 bottom). The two lowest pan- LD stations. Their diameters were close to 100 km and the
els show integrated DOC (uM) and DIC (umolg using studied areas were under 10 km from the centre of the ed-
discrete sampling and 10-m interpolation intervals. On eacldies. The positioning near the centres of anticyclonic eddies
panel, the LD stations A, B and C are marked by red crossess also confirmed by the particular variations of several inte-
and the closest SD stations by black crosses. The variablegrated variables along the BOUM transect (Fig. 7).
(Fig. 7) show trends indicating general features of the MS, The main physical, chemical and dynamical characteris-
and distinctive spikes indicating the presence of eddies andics of the three studied eddies are synthesized in Fig. 8 (mid-
how much regular trends are therefore modified. M&am- dle) and Table 2. Figure 8 shows the superimposed vertical
creased by more than 0.5 towards the east and reached igsofiles of two casts for each eddy: one cast very close to the
maximum value in the Levantine basin, as expected. Overeddy axis £10 km from axis, casts 186, 114 and 71 for LD
all sea level decreased due to waters below 200 dbar beingtations A, B and C, respectively), which is later called “in”
denser and saltier in the eastern basin than they are in therofile, and one cast outside the eddy7Q0 km from axis,
western basin (Fig. 1 middle). This corresponds to a decreaszasts 130, 2 and 17 for SD stations 22, 1 and 11, respec-
ing trend in flux function as seen in Fig. 7. It is less well- tively), which is later called “out” profile. Fig. 8 shows the
known that AOU is lower in the east than in the west at thevertical profiles ofT’, S and AOU (top), those of the anoma-
same water level. The trend for DOC is positive with circa lies as will be defined below (middle) and those of primary
—5uM in the western basin to more than +5 pM in the Lev- production, Chk, oy, NOs (bottom).
antine basin. Excess density)(and DIC did not exhibit sig-
nificant trends. The positions of the LD stations A, B and C3.2.1 Dynamical characteristics and anomalies as
are marked by a maximum iA(X) greater than 2 Sv, which typical properties of each eddy
indicates a high transport between the eddy centre and the
adjacent SD stations, and a circular anticyclonic flow aroundBefore presenting the specific characteristics of each eddy
the axis of the eddy. A decrease in AOU andriras expected (Table 2), we briefly give a reminder of the dynamical speci-
for anticyclonic eddies, was observed at the same locationficity of mesoscale anticyclonic eddies. A general descrip-
(Fig. 7). However, a decreaseSrwas observed at LD station tion of a typical anticyclonic eddy is presented in SM, Part
A, while an increase was observed at LD stations B and CC. Horizontal anomalies are determined by comparing “in”
this will be explained later when considering water massesand “out” depth profiles of all observed parameters.
and the structure of each eddy. The transect also crossed Horizontal anomalies are conserved inside the body of wa-
eddies that had not been chosen for the process study sudbr around the axis, because it is isolated from mixing and
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Fig. 8. Top: vertical profiles ob (°C in black),S (PSU in red) and AOU (umol kgt in blue) vs. pressure (0-1500 dbars) 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 for SD stations, respectively). The same scales for each LD station A, B, and C with the corresponding colours are reported
below. Middle: vertical profiles of, AOU, 6 and G anomalies from left to right. Depths of top and bottom anomalies indicated in Table 2

are clearly shown by values close to zero. Bottom: vertical profiles of primary production (*: mﬁ@ﬁgr), total chlorophylla * 10 (green

. for HPLC measurements and — for fluorescence converted measurements:)panid density (¢ — 27.5)*5, — : kg nT3) vs. pressure

(dbars) at the three LD stations (same casts as for Fig. 8 (top) but with rosette sampling except for density). Primary production was measurec
twice during the LD station occupation. Vertical profiles of nitrate concentration (urﬁdi)kvgs. pressure inside (dark blyg and outside

(light blue ) the eddies for the same cast and station as for AOU in the top figure.

advection from surrounding waters during the lifetime of the to —0.4 f, and is of the same magnitude as that observed for
eddy. This is due to the strong influencezadn potential vor-  meddies, smeddies or swoddies (Pingree and Le Cann 1992,
ticity conservation (see SM treating the shape of such a body1993).

of water). Thus, the so-called anomalies are typical proper-

ties of each eddy and are easy to observe from CTD casts.

They also provide information about the period and location

of the eddy formation. It is interesting to note (Table 2) that

inferred¢, <0, remains a sizeable fraction gfroughly —0.3
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Anomalies also help to locate the eddies during the winter

:; 500 mmm ; Oligotrophic to ultraoligotrophic areas . !

= o of their formation. Eddy C probably formed at the same lo-

§ «l Q’ Wy s cation it occupied during summer 2008 because, at the maxi-

§ o °c » o ILB:} MINGS s (e 1996 mum anomaly dep'_th?,_— S properties correspond to the salti-

2 . fw s est and warmest limits known for LIW (Fig. 2). However,

2 200 ° o, RIRICE Jeitidoiioias the characteristics of the anomalies fage§ cannot corre-

£ : * * LB anticylonic eddies spond to the winter 2008 location, where estimated W-MLD

g 100- T spore reached only 109 m (Table 2), or about 200 m above the ob-

g’ . ‘ ‘ served depth range of thegBpanomaly. Indeed — S char-

T - 150 o5 acteristics at lﬁax Ano INdicate that eddy formation may have
Depths of the top of the nitracline (m) occurred in the northern part of the lonian basin, near the

L .| dor duct denth at th i eastern Greek coast (Pelops area). The deep eddy B formed
ig. 9. Integrated primary production vs. depth at the top of the ;..\, ;
nitracline. Data from the MS in the western basin (WB), the lonian in winter before 2008-' as Cpnflrmed by low A(glyxAno

' ’ value near 20 uM, which indicates recent ventilation when

basin (IB) and the Levantine basin (LB): MINOS cruise (Moutin e .
and Raimbault, 2002) and BOUM cruise, and data from the mostcompared to the station “out” value of circa 50 uM at the

— E
oligotrophic area in the world ocean, the South Pacific gyre (SP:Same depth (anAno - GOdearS). The Strpn@AOL_J of .
T. Moutin, unpublished data). around —30 pM observed in summer 2008 is consistent with

the drifting of the eddy since its formation southwestwards
into an area where the water is older. A 400 km drift prob-
ably took more than a year, but its exact duration cannot be

3.2.2 Observed anomalies on physical and estimated at present. Eddy & formed with MAW, and the
biogeochemical properties, and time and location  sAOUZ value is consistent with the formation, or at least
during formation ventilation, during winter 2008 when considering W-MLD

2008. Such trapping of surface outer water by an eddy, and

Table 2 reports, in addition to general propertieg\d$ cor- intensification of the dynamic properties of an existing deep

responding to the significant deepening of a specific isopy-eddy, cannot be discussed here, but it is probably linked to
cnal, the extreme values observedsadifferences between an interaction between the eddy and the MAW jet. Eddy A
“in” and “out” casts foro, 6, S and AOU. Figure 8 (middle) clearly formed with MAW generally observed in the Alge-
shows the depth profiles of each anomaly and the geopotenian basin and possibly during winter 2008, considering the
tial (§G). The maximum anomalies are also indicated andlow AOU at depth and — S properties of anomalies. This
noted, as for example,\ﬁaxAno, without taking into account eddy is the least deep of the three studied.
the real sign of the anomaly which 450 for o, 6, AOU and One main concern for biological and biogeochemical stud-
>0 or <0 for S. The depths of observed maximum anomaliesies and budgets is to know if eddies can be considered as hor-
are also indicated in Table 2 using the depths of maximumizontally closed systems dating back to the previous winter,
density anomalies, without taking into account the possiblein particular close to the surface. If anomalies in the 0—100 m
deviations to real depths for each parameter. These changeange are weak, the main dynamical properties, relative vor-
are in any case weak (Fig. 8 middle). Higher anomalies ap+icity, geopotential (se&G, Fig. 8 middle), are still different
peared or§ and AOU, but they are also significant 6rand  from the outer part of the eddies and a potential vorticity bar-
o. rier up to the warmed surface subsists. As already observed
0 — S properties of anomalies are indicated in thick red in by Chapman and Nof (1988), this vorticity barrier prevents
Fig. 2a and b for the depth range between the top and thany strong mixing and advection of outer water inside the
maximum of anomalies. This shows that the depth ranges oéddy and explains why the depth range of eddies starts from
significant anomalies are in the non-warmed part obthes the surface (Table 2 and SM Part C).
diagrams but not far beneath this. However, in the case of The core of each eddy was found at depth (Table 2) where
eddy B, it appeared that 2 eddies were positioned one aboviarge differences between “in” and “out” casts foand AOU
the other. These 2 parts of eddy B were namggiBnd Bieep ~ were observed (Fig. 8 top). At the centre of each eddy, a
for convenience. The maximum depths of anomalies corredistinct pycnostad was observed which showed very little
spond to the densest waters and the lower extremities. Thesg change against depth (100-250, 300—600, 150-380 dbars
extremities are close (at least fog@pand C) to the? — § for LD stations A, B, C, respectively). Nevertheless, a slight
properties of the “out” station but with a difference in depth stratification remains inside the core of the eddies, as is
of AH m. These anomalies are on the ochre dotted line repshown by the non-zerd andS vertical gradients. However,
resentative of LIW (Fig. 2b) for eddies C andddp and in  for the same depths, AOU is constant (eddy C), slightly de-
the range of winter modified Atlantic water (MAW) — S creasing (eddy B) or slightly increasing (eddy A) while a reg-
properties for eddies A andsR+. These are indications that ular and more classical AOU increase outside the eddies was
all three eddies formed during a winter period. observed. Below the deeper depth of the core, stratification
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Fig. 10.Superposition of all vertical profiles vs. depth (0-500 dbars) obtained during occupation of the LD stations A, B, and C in uppermost
position and from left to righto (kgm™3), & (°C), O, (umolkg™L), Tchl a (mgni3), and in lower position:S (PSU), ISUS nitrate
concentration (UM), AOU (umol kgt) andCp (m~1). The best x-axis scale is chosen for each station. The 3, 1 and 0.3 % of incident light
level were reported on each graph using horizontal lines in red, green and blue, respectively.

Biogeosciences, 9, 3823855 2012 www.biogeosciences.net/9/3827/2012/



T. Moutin and L. Prieur: Influence of anticyclonic eddies on BOUM 3845
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Fig. 11. Temporal sections between 0-200 m depth fahl « (mgni—3) and for the optical attenuation coefficie@p (m~1) for the

particles at the LD stations A (top), B (middle) and C (bottom). The dates on the x-axis are in 2008 Julian days, and the dates of the profiles
are indicated by red crosses near 170 dbars. The red stars indicatgddLBome values are indicated in white. The fine black lines are the
isopycnals drawn each at 0.1 kghintervals. The white lines in the upper part of each panel are the isopycnals drawn each at 0.1 kgm
intervals.

(vertical gradient of density) increases and the vertical gra-could be much deeper, and different depths were obtained
dients of the other variables are stronger than outside thevhen small dynamic anomalies were considered (Table 2) or
eddies, so that the profiles of each variable are virtually thefine-scale changes in AOU (Fig. 4).

same below a certain depth which can be considered as the Primary production rates were higher close to the sur-
bottom of the eddy (B,ano: 420, 1200 and 800m for LD face and decreased down to zero at, or just below, the eu-
stations A, B and C, respectively). The influence of the eddiephotic zone depth (Fig. 8 bottom). The top of the nitracline
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corresponds to the DCMD at each station. A main nitracline,negative) were observed between 40-60 m just beneath the
related to the W-MLD (Table 1), was observed at LD station surface thermocline while £in the upper surface water was

C. As previously noted, the upper nitracline is related to theclose to saturation (around 2 %). As indicated above, the oxy-
equilibrium between biological production and export occur- gen and nitrate concentrations were remarkably constant in
ring after the previous winter mixing. Although discrete sam- the core of eddy C, although this was not the case for den-
pling was relatively sparse at depth, similar profiles were ob-sity between 120 and 380 m. The same pattern was observed
served for nitrate concentration with relatively low variations for the deep core of eddy B (300—600 m). The main nitra-
(changes in the vertical gradients) observed inside the coresline was only encountered at the base of the core of each
of the eddies. Noteworthy identical differences between pro-eddy, 200, 650 and 380 m and between deptﬁ;d;)no and

files from inside and outside the eddies were observed fngotAno for LD stations A, B and C, respectively. For LD sta-
nitrate concentration and AOU. This result is probably re-tion B, this latter depth was 500 dbars and only low N
lated to remineralisation, leading to the same ratios betweeralues were observable on the ISUS profile (Fig. 10). Below
oxygen consumption and nitrate production (Redfield et aI.,DgotAno, “in” and “out” nutrient profiles were similar. The
1963). Less or even no organic matter was remineralised innitrate concentrations inside the eddies were relatively low,
side the cores of the eddies, either because of less or even 10, 2.1 and 0.8 uM for LD stations A, B and C, respectively.
organic matter input, or because of lack of time for minerali- As a consequence, a secondary nutricline was encountered at
sation. The deeper DCM (Fig. 8 bottom) and lower integratedthe top of the cores, reaching the upper surface waters with
chlorophylla concentration between 0-150 m (Table 1), in- their classically zero nitrate concentration.

dicators of a stronger oligotrophy, are found inside eddy B in  Maximum total chlz concentration reached 0.92, 0.29 and
the lonian basin and not, as expected, in the Levantine basio.70 ug L= for LD stations A, B and C, respectively, with

of the MS. The EZD reaches 1844 m at a maximum value variations in concentration reaching 30 % for the different
inside the lonian area at LD station B. Integrated mean pri-casts. The depths of the maximum®éhl a concentrations
mary productions measured in situ inside the three studie@orresponded to the 1% of incident light level, except for
eddies, A, B and C, were 160, 190 and 164mgCur®  eddy B (0.3%). This may be related to an artefact in the
(Christaki et al., 2011), for a nitracline depth of 72, 114 and conversion between fluorescence and concentration, as ex-
93 m, respectively (Fig. 9). The results confirm the previousplained at the end of this section.

conclusion that IPP about 150 mgC frd~(obtained using Figure 11 represents the temporal sections between 0-
24-h in situ incubation from dusk-to-dusk, as recommended200 m depth off'chl « (mgm~3) and of the optical atten-

by JGOFS) may appear as a lower limit for IPP during stronguation coefficientCp (m~1) for the particles. The temporal
oligotrophic conditions (Moutin and Raimbault, 2002). The scale on the x-axis is given in 2008 Julian days, and the dates
influence of eddy A, even located in the western basin of theof the profiles are indicated by red crosses near 170 dbars.
MS, was to lower the primary production to a level compara-On each panel, isopycnalsy( are drawn with thin black

ble to the one measured inside eddy C, in the extreme east dhes at 0.1 kg m? intervals in deeper layers from 25.7, 26.2
the MS. The mesoscale activity is strong enough to delete (oand 26.4 for LD stations A, B and C, respectively, and with
even reverse) the very well-known western to eastern gradiwhite lines at intervals of 0.03 kgnd near the surface in the

ent of trophic conditions in the MS. 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
3.2.3 Short-term temporal trends density of the mixed layers are clearly visible. In addition,

the MLDg o3 are plotted as red stars. The temporal variations
LD stations A, B and C were occupied for 4 days, allowing of Tchl « andCp (Fig. 11) are in good agreement, indicat-
the study of short-term variations in biogeochemical prop-ing maxima of phytoplankton biomass and of particles at the
erties using CTD casts undertaken every 3h. A total of 32,same depths, 90, 75 and 110 dbars for LD stations A, B and
33 and 32 casts were performed for LD stations A, B and C,C, respectively. The depths of these maxima fluctuate with
respectively. Figure 10 shows the superposition of all ver-the same temporal periodicity as for isopycnals, suggesting
tical profiles vs. depth (dbars) ef (kgm~2), 8 (°C), O;  an influence of- 10 m of near-inertial internal waves. The
(umolkg™1), total chla (mgm3), S (PSU), ISUS nitrate amplitude of the waves varied against depth, as is shown by
concentration (uM), AOU (umolkgh) and Cp (m™1), ob- the vertical oscillations of the isopycnals, and was particu-
tained at LD stations A, B, C. The first observation to note is|arly low along strong density gradients (pycnocline and ther-
the very low variability between each profile (of about 30) as mocline) as well as inside the core of the eddies. The internal
is expected from stations located in the centre of anticycloniovaves also have an influence on the Migred crosses in
eddies. This gives us confidence in comparing “in” and “out” Fig. 11). These depths reached minimum values between 0—
profiles, as previously described (Fig. 8). The properties of4 h local time during the night, i.e. when buoyancy fluxes
the cores are shown by a break on the vertical gradients invere negative. The surface layer 0-Mgfwas often slightly
o, 6 andS for specific depths (Table 2). A maximum i,O  stratified due to diurnal heating, which could be lost during
and corresponding minimum in AOU (which may even be
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night, as it could be seen by looking closely to the thin white layer depth) method described in SM (Part B). These values
isopycnals drawn each 0.01 kgrhabove the main pycno- are important because they give us a better understanding of

cline. pycnostad formation, and of strong biogeochemical anoma-
A distinct diurnal maximum irCp occurred between 12— lies that occur in the cores of the eddies. Most eddies dis-
16 h local time above the DCM. cussed here are thought to have formed during winter by a

At LD station B (and nearby SD stations), a maximum of surface jet instability which induces an accumulation of less
Tchl a was observed at 135 m depth despite there being nalense water. The consequence is a higher W-MLD near the
observed variations i@p. This is probably related to divinyl eddies’ axes. The W-MLD was effectively greater inside the
chla fluorescence associated wittochlorococcuspp. pop-  anticyclonic eddies than outside (Table 1 and Fig. 3b where
ulations, because maxima of dnland of zeaxanthine were W-MLD are also reported). W-MLD at the LD station C in
also observed at the same depth (data not shown). When cothe easternmost study area of the MS reached 400 m, more
sidering bottle measurements instead offlohl ¢ estimated  than twice as deep as the 150 m W-MLD found at the nearest
from the fluorescence, nbchl a maximum was observed at SD station outside the eddy. The method gives an estimate of
135m depth (Fig. 8 bottom) and only one was observed athe depth of the mixed layer at its maximum over the year,
113 m which is why this maximum should be considered astherefore before mixed layer retreat during spring. When the
an artefact in the conversion of fluorescence unitg¢al a mixed layer is withdrawn, a homogeneous layer (pycnostad)

concentration. subsists under the new MLD which is then isolated from at-
_ . _ mospheric influence. However, the estimates rely only on a
3.3 First-order daily N-budget at the LD stations CTD profile measurements undertaken in the summer, and

] ] . on the quantity of buoyancy that was retained by the ocean
A first-order daily N-budget was carried out at the three LD grom aimosphere-ocean fluxes since the period of maximum
stations (Table 4). Inputs by eddy diffusion and fikation  mixed layer (see SM). There are several ways to evaluate the
are virtually identical at LD stations A and B, whereas N | TmLD method, i.e. to test the quality of the W-MLD esti-
fixation is definitely weaker at the eastern LD station C. This j5te.
result is discussed by Bonnet et al. (2011). N-input By N The first way is to check whether the depths found are
fixation during the strongly stratified period in LD stations onerent with any independently known winter properties,
A and B may represent a significant part (up to 32.3%) ofgych as the winter sea surface temperature (W-SST). W-SST
new production, a percentage close to previous estimations; ,sed for surface flux calculations (ECMWF model), and
in oligotrophic areas (Karl et al., 2002). N-input by diffusion temperatures observed in summer at W-MLD generally cor-
is of the same magnitude as input by nitrogen fixation (10-respond. W-SST varied between 12.7 and 17.4 along the sec-
20 pmol nr? dfl) except in the eastern eddy C where they (jon similar to temperatures at W-MLD (not shown), and the
are largely higher. The estimated atmospheric deposits argiandard deviation (sd) of the temperature difference between
higher or of the same magnitude as input by diffusion. Theihese two datasets for the 30 stations studied wa8°C.
new N-input in the phqti_c zone is close to the N-export mea-¢ comparison is even better, and sd falls below 0G5
sured at 230m by drifting traps. We found an export/GPP\hen data in the Sicilian channel area are discarded. This re-
close to 1% and a regenerated production/GPP around 99%,t can be expected as the W-MLD method is less precise in
with & sum slightly below 100 %. areas with strong horizontal advection.

Another way to evaluate the W-MLD estimates is to com-
pare the MLD near and around the axis of an eddy. Indeed,
a recently formed eddy has a higher MLD close to its axis
The following discussion will concern specific points cho- because of surface water accumulation during its formation.

sen in order to better characterize the influence of eddied NiS observation is made for all five eddies crossed along
on the physics and biogeochemistry of the MS. The methodhe sectlon_(F_|g. 3b). The depth dlffe_rence is rather weak for
and the results of W-MLD determination will be discussed in Bsup but this is probably becausefis only a part of eddy

Sect. 4.1. The deep waters, the characteristics of the LIW, an§- i o )
N:P ratio will be discussed in Sect. 4.2. Then, the character- 1Nirdly, the observed coincidence of different depths (out-

istics and specificity of the eddies studied during the BOUM Side the eddies), the top nitracline depthn), the EZD,

4 Discussion

cruise and budgets will be discussed in Sect. 4.3. the nil AOU depth and the W-MLD (Fig. 6), gives confidence
to the LTMLD method. During winter, the upper part of the
4.1 The winter mixed layer depth (W-MLD) to water column, between the surface and the W-MLD, is ven-
understand pycnostad formation and tilated and therefore has an AOU = 0. Nitrate concentration
biogeochemical anomalies in the cores of eddies may be nil or higher depending on whether or not the mixed

layer reaches the previous year's nitracline. The EZD is a pri-
In this paper, we introduce results of W-MLD estimates (Ta- ori slightly higher than during summer. It is known that sur-
ble 1, Fig. 3) obtained from the LTMLD (lagged time mixed face chlz reaches a maximum during winter (D’Ortenzio and

www.biogeosciences.net/9/3827/2012/ Biogeosciences, 9, 3355-2012



3848 T. Moutin and L. Prieur: Influence of anticyclonic eddies on BOUM

Ribera d’Alcala, 2009) outside the northwestern MS. Then,the main nitracline (situated at a depth deeper than 400 m)
the following two cases can be considered. at a date before their winter observation in February (date
. ) ) i ) . hot given). They calculate a nutrient supply for the mixed
1. Outside the eddies, N, is determined by nitrate bi- |5yer in order to estimate an annual N-budget for the eddy.
ological assimilation during the spring-summer-autumn .y, vever, the annual budget will depend drastically upon the
period, and a Ro, near the beginning of winter EZD 0 _ayistence or not of the eddy at the beginning of winter.
is expected for a stratified ocean. If, during winter, W- \ya5 the eddy already formed before the first observation of
MLD is lower than Do, there is no new supply of = krom et al. (1992)? (i.e. did the secondary nitracline pre-
nitrate into the photic zone and the oligotrophic Status gyist7) The answer is not clear even if the new nutrient supply
of the system will increase, even if primary production depends on whether the W-MLD will reach the main nitra-
may temporarily increase because of increasing irradi;|ine.
ance following the winter solstice (Behrenfeld, 2010;  gjnay confirmation of the good W-MLD estimate using
Chiswell, 2011). The dissolved organic matter, which o | T\MLD method is given by the observation of the ARGO
accumulates during upper water column stratification, 15,5t 6900679 (Moutin et al., 2012) which stayed inside eddy
is then distributed in the W-MLD layer. If W-MLD is ¢ ynj| the end of February 2009. The 2009 W-MLD, es-
(slightly) higher than Ro,, there is a new supply of ni-  imated from the same depth profile as used for the 2008
trate into the photic zone and a new primary production\y, v p determination, was 400 m with the LTMLD method

with a new export towards deeper depths. Therefore,,ng 350 m observed with the float on the 2 of March 2009.
Dno, deepens limiting the following new nitrate sup- The error is only around 15 %.

ply. In both cases, there is a coincidence between the W-

MLD, Dno,, the EZD anq the r?” AOU dgpth, .because 4.2 Recent changes in deep waters, evidence of LIW
the upper water column is ventilated during winter. formation in the core of the Cyprus eddy and of

2. Inside an eddy core formed during winter, water less a constant N* value in the whole deep MS

dense and exhausted in nutrients accumulateg, D ) ]
and W-MLD are similar and are both higher than EZD The extended — S diagrams confirm some recent changes
which has little seasonal variation. The winter nil AOu Observed in the deep waters of the MS. Roether et al. (2007)

depth is also similar to W-MLD. After the retreat of the SNowed the impact of the EMT which replaced, in the early
winter mixed layer during spring, the layer between the 1990s, the fre;her and colder EMDW of Adriatic origin (he_re
EZD and the W-MLD is aphotic and the winter and/or old EMDW) with saltier and warmer EMDW of Aegean ori-

spring production becomes (partly) mineralized, and thedin of which Lev DW is a remnant (Fig. 2d). Then, the an-
isolated dissolved organic matter becomes (partly) precient EMDW (old EMDW) was lifted up, and the isopycnal

served. A pycnostad forms as well as a secondary niSeparation of the two deep waters was near 29.18%k} as

tracline at the depth of the EZD which coincides with OPserved in this study (Fig. 2d) and marked by minima of

the top of the pycnostad. The main nitracline appears‘9 and S near 1200 dbars in the Levantine basin (Fig. 4a, b).
at the bottom of the eddy core. Nutrient concentrationsHOWever, these minima were not observed in the lonian basin

and AOU may increase slightly inside this aphotic pyc- (F19- 2d) because the water had been replaced by new lo-
nostad layer if the particles formed in the above photic Nia" deep water of Adriatic origin (lon EMDW), as observed

layer are sufficiently large to be exported and mineral- by Rubino and Hainbucher (2007) in winter 2007. This new
ized there, but not too large to be exported and min-deep water was, however, saltier and warmer than the old

eralized deeper. The system will tend toward (ultra) EMDWZ and the should(_er obse_r\_/ed near 13.5-38.735 on the
6 — S diagram marks this transition. These changes also ex-
ghlain the minimum in oxygen along the 29.17 isopycnal near
1000 dbars (Fig. 4c) which is in the old EMDW and, as the
oldest water, has a maximum in AOU in the whole eastern
MS (Fig. 4d) at near constastvalues. In the western MS,
The simplified description of this phenomenon explains thesimilar changes between old and new WMDW are apparent,
coincidence between the different characteristic depths foundbut, since the event of a huge amount of 2005—-2006 new deep
outside of the eddies, and outside of the northwestern MSwvater (Schroeder et al., 2008, CIESM 2009), the interface
where the W-MLDs are higher than the EZD. It also explains between the old and new deep waters is marked there by the
the pycnostad formation with low AOU values, low nutrient 29.106 kg nT2 isopycnal (Fig. 2c). These critical isopycnal
concentrations and relatively high dissolved organic matterinterfaces in the eastern and western MS are also shown to
concentration inside the eddies. This description is in con-be the interfaces where deep vertical diffusive coefficients
cord with previous observations of the Cyprus eddy in 1989abruptly change (Cuypers et al., 2012).

(Krom et al., 1992). The latter authors described an annual Our results concerning the intermediate layer need to be
cycle with a new supply of nutrients to the photic zone from discussed. Several water masses, of which the LIW is the

oligotrophy only if nutrient supply to the photic zone
is not annual, i.e. only certain years depending on th
inter-annual variability of atmosphere-ocean fluxes es-
sentially during winter.
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better known, lie on this layer. Simil#& and S sections to  Cyprus eddy core (Brenner, 1993) are not far from this line
those observed during the BOUM experiment (Fig. 4) werebut clearly fresher and colder. We consider here that eddy
reported by Wist (1961) from the Strait of Gibraltar to Asia C core properties could be considered as LIW properties
minor before the 1960s. Using more than 600 bottle casts(i.e. that ILIW is a variety of LIW), because this water was
Wist (1961) found a salinity maximum of not more than 39.1 observed too deep to be LSW. It is observed in the Levantine
in the upper 200 m layer of the Levantine basin during winter,basin but not in the Rhodes gyre, and it is observed below the
and a progressive LIW deepening to near 250 m towards thd7.5°C isotherm which means under the seasonal thermo-
Strait of Sicily, with a constant depth progression defined bycline. This new ILIW could not greatly modify the LIW char-
sub-surfaces maximum towards the Strait of Gibraltar. The acteristics for the whole Levantine basin due to its relatively
area of LIW formation was already known as the cyclonic low volume. It happened, for example, when the eddy disap-
Rhodes gyre in the northern part of the Levantine basin, angbeared in March 2009, as seen from the trajectory of the float
Wist (1961) considered the following source properties for6900679. ILIW formation should nevertheless be considered
LIW, 15.5°C, 39.1 and 29.06 kg ¥ for 6, S ando respec-  as a potential factor able to modify the characteristics of LIW
tively. LIW was also assumed to expand along the 29.06formation in the Rhodes gyre during the following winter.
isopycnal. The main path of the LIW is now known to fol- Then, along the northern path of LIW where W-MLD may
low the northern slope of deep eastern Mediterranean wateneach>400m (D’Ortenzio and Prieur, 2012, their Fig. 5c),
(south Crete, west Greece, west Macedonia, south-east Italgharacteristics of LIW could decrease in temperature and
and Strait of Sicily), as drawn by Millot and Taupier-Letage salinity each winter due to possible ventilation and vertical
(2005). Lascaratos et al. (1999) reviewed the changes in thenixing with colder and fresher surface water. The new char-
intermediate layers induced by the EMT, and also presentedcteristics, weaker AOU and higher density will depend on
full sections through the eastern MS from data before 1999the W-MLD. The modified LIW could be partially trapped
The latter authors indicated that the baroclinic eddies playin different new eddies from place to place, and transported
an important role in the intermediate layer by spreading LIW towards the south, thus filling the different basins by follow-
and CIW off the northern coasts of the eastern MS. How-ing the trajectories of eddies (Wu and Haines, 1996). Argo
ever, a drastic atmospheric change was invoked to explairfloat trajectories from the north to the south were recently ob-
the formation of a huge amount of CIW, which originates served in this area (Menna and Poulain, 2010). This scenario
from the saltier and warmer summer Levantine surface waters not yet proven but is consistent with the properties found
(LSW) entering the Aegean basin. Brenner (1993) providedn the core of eddy Beep constituted undoubtedly by LIW
evidence for the quasi-permanent presence of a Cyprus eddyater relatively and recently ventilated considering the AOU
in the south-east of the Cyprus island for more than 2.5 yearanomaly. Finally, each eddy disappears dispersing its anoma-
in 1988-1990 with core properties increasing in temperaturdies in the vicinity along isopycnals (Malanotte-Rizzoli et al.,
from 16.44°C to 16.68C, in salinity from 39.08 to 39.27, 1999). This scenario could also explain the curious step-like
and in density but weakly from 28.80 to 28.88 kgtnWe decreasing irSmax and increasing in AOU afax observed
think that such an eddy found in the wake of the Eratos-from basin to basin in the eastern MS (Fig. 3). It explains
thenes Seamount was similar to eddy C observed above thehy the ochre line in Fig. 2a and b, assumed here to rep-
Eratosthenes Seamount, but in summer 2008 the core propesent the LIW core layer, is not isopycnal. It is essentially
erties were exceptionally warmer and saltier (¥£239.39,  because, during its progression towards the lonian basin, the
28.84 kg nr3). In addition, there were no minima i$ and LIW northern path (out of the BOUM section) probably un-
T between the core near the axis of eddy C and the LSWderwent several ventilations and mixings with winter surface
(Fig. 2b) making sense to increase thendS properties of  waters. In summary, the spreading of LIW core, defined as
W-MLD by mixing core water with summer LSW. As pre- Smax 0On vertical profiles, would no longer be isopycnal as
viously described, a W-MLD of 380 m with properties simi- previously assumed by Wgt (1961), but density may in-
lar to those of 2008, but slightly saltier and warmer, was ef-crease due to some localized ventilations along the northern
fectively measured during winter 2009 by the Argo float. In path, and LIW spreading from eddies towards the interior of
this context, we believe that an event of LIW formation oc- the different basins.

curred in eddy C during the winter before the BOUM cruise. Another drastic change appeared on LIW core before
This would explain the recent ventilation marked by the low the Strait of Sicily (X = 1600km, Fig. 3a, ¢ and Fig. 4).
AOU value (8 uM) observed in the eddy core: the 2008 W- AOU(Smax) and AOUyax values converge near 60 uM, as
MLD was much deeper than the depth of sumigs, when S(AOUmax) andSmax are near 38.8. This could be explained
only depths wherd@ < 17.5°C were considered in order to both by the convergence of the LIW main path and our
avoid the near surface increase by evaporation during BOUM section, and by the uplift of the 29.17 kgrhisopy-

the spring heating (Fig. 3a, b). The water formed, calledcnal induced by the Strait of Sicily outflow toward the west-
ILIW (Fig. 2b), was for that reason one end of the ochre lineern MS. The main deep flow is channelized by the narrow
which symbolizes the change fhandS at Smax, When go-  trench there. The LIW core water from the LIW northern
ing from eddy C to the Strait of Sicily. The properties of the path has a high AOU value (62 uM) because it flows under
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the northern areas of the eastern MS which are more produgsrobably “deep” diatom blooms in the MS, but the constant
tive. If we are correct, the consequence is that LIW flowing N* value of the deep waters allows us to consider a similar,
towards the Strait of Sicily was mainly fuelled by the north- and probably not very different, biogeochemistry of the east-
ern path of LIW, and not by the interior of the lonian basin ern and western MS from the rest of the ocean. The large
eddy flow. The trajectories of recent floats in the lonian basinchanges in N* are spatially localized to specific areas in the
(not shown) also confirm this. After the Strait of Sicily, due world ocean.

to the local mixing,Smax and S(AOUpnax) evolved together The constant deep N* value of 2.11uM (sd = 0.25 uM)

closely in the western MS, as it is well known. remains to be explained. It is an N-excess, which was proba-
bly not transferred to the deep layer by fast-sinking particles,
4.2.1 N:P ratio of deep waters from the surface layers. It means that this N-excess was pre-

existing in the surface water at the time and in the area of

A ANOs3:APOy ratio of 17.7, close to the Rr of 16, was deep water formation, before their subduction. Or, it is due
found in the deep layers of the MS (Pujo-Pay et al., 2011).to the rapid transfer of atmospheric deposits with N:P largely
Such a ratio was assumed, on the scale of the world oceathigher than the Rr (Krom et al., 2010). The long-term origin
to be the result of the mineralization of fast-sinking particles of the N-excess in the deep MS waters and its homogeneity
consisting of fresh organic matter known to follow the Rr, in the western and eastern basins needs further confirmation.
with no depth specific mineralisation for each element (An-
derson and Sarmiento, 1994). The N* parameter represen®$.3 The eddies as giant mesocosms allowing to draw
the mean offset of the\NO3:APQy regression line. Posi- first-order budgets
tive N* values were measured in deep waters below 200—
500 m confirming the P deficiency of the Mediterranean wa-4.3.1  Specific characteristics
ters, and the particular oligotrophy of these waters compared
to other oligotrophic areas in the world ocean. It is impor- Eddy C observed above the Eratosthenes Seamount was, as
tant to note that we did not consider the positive constantalready discussed, similar to the long-lived Cyprus eddy ob-
of 0.87x 2.9 mmoln13 (i.e. 2.5 umolt?) added by Giber  served in the late 1980s (Brenner, 1993; Krom et al., 1992,
and Sarmiento (1997) in their first definition to bring the 1993) located 150 km east of eddy C. We do not know of any
global mean of N* to about zero. It would have brought our specific study on an eddy like eddy B in the lonian basin.
mean value towards a value of +4.6 umdi lwhile N* is Eddy A is similar to eddies studied in the Algerian basin
roughly constant between —1 to —2 umotRgin deep wa-  of the western MS during ELISA cruises, but no deep bio-
ters (below 2000 m) throughout the Pacific (Deutsch et al.,geochemical and biological investigations were done at this
2001) and never exceeds +2 pmotkgn the deep Atlantic  time; ELISA eddies were observed as long-lived eddies (Mil-
(Sarmiento and Giber, 2006). The unique low P vs. N envi- lot and Taupier-Letage, 2005). The three main eddies stud-
ronmental characteristic of the deep MS waters with regardsed during the BOUM cruise had different physical charac-
to the whole deep ocean waters is a fact. teristics, probably because of their different area of forma-

The most probable explanation for the constant deep N*ion (see Sect. 3), but all of them are marked by significant
value observed for the whole deep Mediterranean waters iSG and by strong biogeochemical anomalies (Fig. 7). Inte-
that mineralisation of organic matter in deep waters followsgrated (20—850 m) AOU anomalies wet# and of —8000
the Rr. The necessary conditions are firstly that the nonto —9500 umol m?, which gives an averaged depth anomaly
refractory, deep exported, organic material has relative N ananore negative than —10 pmol kg which is strongly signifi-
P concentrations close to the Rr, and secondly that nitrifica€ant.
tion largely exceeds denitrification in the remineralisation of  The variability was low in all physical and biogeochemi-
organic matter. An inefficient denitrification in the MS has al- cal vertical profiles performed at each LD station (Fig. 10 and
ready been suggested by Krom et al. (2004). In addition, lowfig. 11) unless a curve spatial drift of the mooring line fol-
N> fixation rates were recently measured in the whole MSlowed longer than 15 km (visible by a zoom of the three pan-
(Ibello et al., 2010; Yogev et al., 2011; Bonnet et al., 2011).els on Fig. 3 bottom). This could be obtained only close to an
Diazotroph organisms, known to provide organic matter with eddy axis. As the mooring line was initially at a smaller dis-
high N:P ratio, should therefore probably not represent sigtance from eddy axis than 3-5 km, this relatively large drift
nificant biomass and exported material, even if their presenc&vas interpreted as a composite effect of the displacement of
in the MS is no longer questionable (Le-Moal et al., 2011). the eddy axis, and of the mooring line rotation around the
As diatoms and their predators are known to follow the Rraxis. This is confirmed by the detailed study (not shown) of
ratio more closely than smaller organisms, and because theDCP currents. We insist on this point because such eddy
may play an unexpected role even in the very oligotrophicstudies have rarely been undertaken so close to the eddy axis.
waters of the MS (Crombet et al., 2011), their relative con- Therefore, the properties of the full eddy cores were docu-
tributions to the carbon cycle and export need to be reconmented as discussed above, and biological processes could
sidered in the MS. Little is known about the sporadic andbe studied without taking into account horizontal advection
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and modification of water parcels (eddies can be analysediological pump. Nevertheless, because of the deepening of
as giant mesocosms). This was one of the objectives of théhe isohalines and the nitrate isopleths, the net input of nitrate
BOUM experiment (Moutin et al., 2012), and is also true for in the photic zone is probably not very different from waters
the surface layer protected by the vorticity barrier (see SM). outside the eddies, and so the biological pump globally could

not be changed. Note that this conclusion will largely depend
4.3.2 N-budget on the interannual variability of the W-MLD.

The fact that AOU was low inside the eddies, together with

The use of estimated eddy diffusion coefficients for the cal-the near-identical export measured at 230 and 460 m, seems
culation of diffusive fluxes is considered to be a prime sourceto indicate that eddy cores are areas where low mineralisation
of inaccuracy in N-budget calculations (Codispoti et al., of particulate organic matter occurs. This can probably be re-
1989; Moutin and Raimbault, 2002). Real measurements uslated to the pycnostads observed inside the eddies in favour
ing high-frequency temperature measurements were carriedf a deeper settling of particles inside the eddies than out-
out for the first time during the BOUM cruise (Cuypers et side. “In” and “out” AOU comparisons (Fig. 8 top) indicate
al., 2012) in order to provide accurate Kz. The mean valuelower mineralisation inside the eddies. Assuming a similar

measured (0.86Aj~1) is in the large 0.1-2 Ad~1 (i.e. 0.1-  primary production inside and outside, the anticyclonic ed-
2.310°m? s~1) range previously estimated by Moutin and dies might be more efficient for GOsequestration through
Raimbault (2002). sedimentation of fast-sinking particulate organic matter to-

We found a new N-input in the photic zone slightly higher wards deeper layers. The difference in mineralisation (Fig. 8
than the N-export, but in a state close to equilibrium wheretop) should probably be attributed primarily to the age of wa-
input equals loss, as was expected. The slight overestimatioter masses, which are predominantly younger inside the ed-
could probably be explained by an overestimation of atmo-dies cores than outside. A thorough budget should also focus
spheric deposition which is spatially and temporarily highly on this subject.
variable. Itis important to note that our estimations are below The three eddies are enriched in dissolved organic carbon
the daily N-flux range between 79.2 and 213.4 umofmi ! (DOC), (Fig. 7 this manuscript and Fig. 5 in Pujo Pay et
that could be calculated from annual fluxes measured at thal. 2011). Depth averaged (20-500 m) DOC anomalies are
ADIOS sampling sites in the eastern MS and mainly asso-positive and of about 5 uM. Sequestration of €y vertical
ciated with wet deposition (Markaki et al., 2010). No wet export of accumulated DOC seems to be higher inside ed-
deposition was observed at the time of the cruise. Neverthedies. It is considered to be the main organic carbon transport
less, atmospheric deposition seems to represent a significaffom the surface to deeper layers in the MS (Copin-Nguit
part of new N-input, particularly in the eastern eddy. This is and Avril, 1993; Avril, 2002). In addition, this sequestration
in agreement with recent studies showing the importance oseems to be accentuated by anticyclonic eddies and probably
atmospheric deposition for the biogeochemistry of the MSoccurs primarily when the eddy disappears and excess DOC
(Krom et al., 2010 and references inside). Nevertheless, didefinitely escapes via further winter ventilation. The life of
rect measurements of atmospheric deposition at sea remaamticyclonic eddies in the MS varies between several months
unavailable which makes the relative importance of this in-to several years (Puillat et al., 2002; Taupier-Letage, 2008).
put of new N for eddies still doubtful. The very rapid displacement of the PROVOR float (WMO

During the strongest stratified period of the BOUM cruise, 6900679) during winter 2009 seems to indicate that eddy C
export represents approximately 1 % of GPP, which is theredisappeared just after the observation of substantial vertical
fore 99 % fuelled by nutrients regenerated in the photic zonemixing. LIW formed in eddy C (Sect. 3.1) and found trapped
These results are among the lowest obtained in the Mediterin the core of eddy Repwhich can be deemed very efficient
ranean Sea and in the oligotrophic ocean in general (Moutirin trapping accumulated DOC in the intermediate water cir-
and Raimbault, 2002). Note that mineralisation of particu- culation. Accumulation of DOC in the upper surface waters
late organic matter between the deepest depth where NP®&an be attributed to various causes. Low phosphate availabil-
was measured (around 150 m) and the first depth where trapsy renders heterotrophic bacteria more limited by phosphate
were deployed (230 m) is not considered in our calculation.than by carbon, leading to DOC accumulation (Thingstad et
However, this is probably extremely low at the daily scale al., 1997). The unusually high N:P ratio of the MS, which
given the near identical values obtained in the traps at 23@nay favour the uncoupling between growth and carbon pro-

and 460 m at LD station C for N-export (Table 3). duction, also leads to DOC accumulation (Mauriac et al.,
2011). The relative importance of DOC transport in the bi-
4.3.3 Towards a carbon budget ological pump is probably one of the main characteristics of

LPLC areas, and it is likely reinforced inside anticyclonic
We found a summer budget near equilibrium. A first level eddies.
of interpretation suggests that anticyclonic eddies may bring
nutrients up to the surface from deeper water in winter, al-
lowing higher production and subsequently increasing the
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5 Conclusions side eddy core, and interpreted as the result of the winter

mixing of the dissolved organic matter inventory accumu-
The eastward-westward BOUM transect, covering essenfated before winter. The high DOC values found are indica-
tially the southern part of the basins, enabled the physical antive of a low DOC remineralisation. Finally, eddies, having a
biogeochemical states of the MS to be observed during sumstrong and deep impact on the vertical distribution of biogeo-
mer 2008. The main known water masses were found and¢hemical properties, tend towards ultraoligotrophic ecosys-
interpreted using previous knowledge of the recent eventéems during summer, even in the western MS. They also ap-
of deep water formations occurring in the eastern (EMT inpear as systems able to influence the biological carbon pump,
the 1990s) and western (2005 and 2006 in the northwesterrarticularly the ratio between dissolved vs. particulate carbon
basins, which were still visible in the deep layer. export.

The results presented and the specific discussion about the As the BOUM experiment was performed during the be-
intermediate layer in the MS allow to show that a Levan- ginning of summer, we cannot rule on the real role of eddies
tine type water recently formed in eddy C, slightly warmer during the beginning of the stratification period. Our results
and saltier than LIW usually formed in the Rhodes gyre. Thenevertheless show that the possible high biomass production
physical and biogeochemical characteristics of LIW could during that period will crucially depend on a possible refu-
change during its progression towards the channel of Sicilyelling of the photic layer by nutrients from the main nutri-
by undergoing several winter ventilations. The deepening ofcline in winter.

LIW core in the eastern MS, from its area of formation and

towards the east, is marked and characterized by a step-by-

step decrease ifinax and simultaneaous increases in density Supplementary material related to this article is

at Smax and AOU(Smax). The following scenario was pro- available online at: http://www.biogeosciences.net/9/
posed: When LIW flows along the northern coasts, some ed3827/2012/bg-9-3827-2012-supplement..pdf

dies with LIW formed in winter and ventilated at their core.

Then, the fraction of LIW kept in eddies is transported by

the drifting of their cores towards the south (where they have

been pbserved), and uItImat_er L.IW IS mIXEd_WIth the_sur' AcknowledgementsThis is a contribution of the BOUM (Biogeo-
rounding water when the _eddles disappear. This scenario ne‘(_:'hemistry from the Oligotrophic to the Ultraoligotrophic Mediter-
ertheless needs to be validated when more data become avallgnean) experiment hitp://mio.pytheas.univ-amu.fr/BOUW/ of
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firming the oligotrophic gradient. Large differences in nu- L’Atalante_ for their outstanding shlpboarq opc_ar_atlons. C._ Marec
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general trends, anticyclonic eddies display strong anomalies
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eral hundred meters. A pycnostad and a large layer with con-
stant nutrient and AOU were found close to each eddy axis.
We showed that this is the result of a recent ventilation in
winter 2008 associated with a deep W-MLD followed by a
shoaling of the mixed layer induced by the stratification of
the surface layers during spring. When stratification occurs
the bottom of this ventilated layer, which is deeper than the
EZD, escapes from the atmospheric influence, and an upper
nutricline formed near the EZD. The main nutricline remains The publication of this article is financed by CNRS-INSU.
at the bottom of the eddy core.

Primary production and export were found to be extremely
low inside eddies during summer, with less than 1% of new
production supplied by diffusive N-fluxes from the upper ni-
tracline, which means that eddy core properties are not modi-
fied. Relatively high DOC concentrations were measured in-
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