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Abstract: Lagrangian instruments and altimetry data are used to investigate the upper (0 to ~500 m)
mean and mesoscale circulations in a region of the midlatitude northeast Atlantic (36°—47°N, 13°—
23°W), a formation and subduction area of Subpolar Mode Water. Lagrangian data were collected
between September 2000 and September 2001 with isobaric subsurface floats, totaling 34.0 float
years, and surface drifting buoys, totaling 27.9 buoy years. The near-surface (0-100 m) mean
circulation is dominated by two weak (~5 cm/s) eastward currents which veer southward in the domain.
In the 100- to 500-m-deep layer, these eastward mean currents retroflect westward and form two
anticyclonic circulation cells, opened to the west and separated by a cyclonic cell. Eddy kinetic energy
is decreasing from the northwest to the southeast of the area, from ~100-200 (cm/s)2 to ~20-30
(cm/s)2. Long-lived anticyclones and cyclones display mean coherent displacements, both to the
southwest. Westward eddy propagation speeds, close to that of long Rossby waves, increase
southward and are consistent with a superposition of beta effect and advection by mean currents.
Southward eddy displacements are coherent with the observed mean currents. In the north,
anticyclones are seen to consist of Central and Subpolar Mode Water eddies, most of them likely
originating from the eastern boundary, whereas in the south, most anticyclonic features result from the
influence of “Mediterranean Water Eddies” (meddies) on the upper layers. Cyclonic activity is
concentrated in “cyclonic zones,” which are seen to exchange floats and water properties.
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1. Introduction

The midlatitude northeast Atlantic intergyre region [36°-47°N, 13°-23°W] (Figure 1, later the
« study area ») is dynamically slack, away from major current systems. In the upper layers, at the
level of the North Atlantic Central Water (NACW, from the surface to ~500 m deep), it is bounded,
to the north and northwest, by extensions of the North Atlantic Current (NAC) system near 51°-52°N
[Dietrich et al., 1980, Kdse and Krauss, 1996], and to the south and southwest, by the Azores
Current (AzC) near 34°-35°N [Kdse and Krauss, 1996, Siedler and Onken, 1996]. It is a known area
of formation and subduction of Subpolar Mode Water (SPMW) [McCartney and Talley, 1982]. The
POMME (for « Programme Océan Multidisciplinaire MésoEchelle ») programme [Reverdin et al.,
submitted] was designed to investigate these processes. Assessing the impact of mesoscale processes
on biological phenomena, implied in carbon sequestration and export of primary production, was
one of the main objectives of the programme. It was thus deemed essential to describe accurately the
mean and mesoscale circulations during the POMME programme. In this dynamically slack region,
Lagrangian instruments are well suited to provide long-lasting measurements of the mesoscale field.
This paper is concerned with a detailed description of the resulting mean and mesoscale circulations,
notably the eddies and their displacement characteristics, during the POMME year (September 2000
— September 2001).

Although the midlatitude northeast Atlantic is a well studied region, there are still
uncertainties about the mean and mesoscale circulations. A first picture of the circulation was
derived by Helland-Hansen and Nansen [1926] in their classical paper. East of 20°W, they pointed
to a "double-gyre" picture of the weak subsurface circulation, with an anticyclonic gyre north of 40°
N, and a cyclonic one to the south. In their view, the two gyres originate from branches of the NAC,
and they depicted a return westward flow just north of 40°N. Pollard and Pu [1985] and Pollard et
al. [1996] found a similar picture for the NACW circulation. Saunders [1982] derived, from

hydrographic measurements, a slow southward drift (< 0.5 cm/s, surface intensified) of the 0 - 500 m



layer, integrated over 10°-30°W around 41°N. Using an inverse model, Paillet and Mercier [1997]
found, at the upper levels (50 m and 500 m), a southward recirculation branch of NAC waters along
22°W, and a weak eastward branch near 41°N, which turns southward near the eastern boundary to
give the Portugal Current (Dietrich et al., 1980). Their solution also exhibits a weak westward
current at the latitude of Cape Finisterre (~43°N), east of 20°W and a weak westward subsurface
(500 m) current north of the AzC (~37-38°N), west of 20°W, which they identified as the « Azores
Countercurrent » described by Onken [1993]. Briigge [1995], and more recently Reverdin et al.
[2003] , used surface drifters to describe a slow mean southward drift in the study area.

Hydrographic data and their inverse modelling, and surface float data, do not seem to present
a clear and consistent picture of the various circulation schemes in the study area: Is the NACW
circulation southward (as in the works of Saunders [1982], Paillet and Mercier [1997], or in surface
float data (e.g. Briigge [1995], Reverdin et al. [2003])) or gyre-like (as in the works of Helland-
Hansen and Nansen [1926] and Pollard et al. [1996]), or a more complex combination of both
schemes?

As for the mesoscale circulation, Richardson [1983], Briigge [1995] and more recently
Reverdin et al. [2003] with surface drifters, Heywood et al. [1994] using altimetry data, and
Stammer and Boning [1996] in their review, depicted a low level of Eddy Kinetic Energy (EKE) in
the surface layers, in the 50-100 (cm/sy range in the study area. Coherent eddy structures were
detected in the mesoscale field and their characteristics were investigated during the first intensive
dedicated study of the structure of the mesoscale eddies in the region [Le Groupe Tourbillon, 1983].
These authors described a persistent anticyclonic eddy, of radius 50-70 km, near 47°N, 15°W,
slightly to the northeast of the study area. Maximum hydrographic anomalies were found around 500
m depth, and maximum azimuthal velocities (~ 30 cm/s) at ~20 km from the center of the eddy,
decreasing upward and downward. A hydrographic influence of the eddy was detected down to
4000 m deep. This eddy was seen to be moving westward at speeds ~2 cm/s over several months. A

cyclonic eddy was also observed during the 8 month study period. Pingree and Le Cann [1992]



discovered long-lived anticyclonic eddies in the Bay of Biscay region (43°-46°N, 03°-10°W). These
eddies were shown to originate from instabilities of the near-surface poleward slope current in the
area, and were hence named « Swoddies » (for « Slope Water Oceanic eDDIES »). Two of these
eddies were seen to be moving westward over a ~10 month period, at speeds ~1-2 cm/s. Paillet
[1999] used a set of hydrographic sections to examine the characteristics of NACW eddies in the
intergyre region. Diameters and energetics were consistent with former individual studies, and the
estimated number of coexisting NACW eddies between 20°N and 55°N, east of 34°W was in the
range 100-145. The distribution of these eddies was consistent with generation by NAC and AzC
instabilities and the slight bias toward anticyclones and decrease of vortex diameters near the eastern
boundary pointed to a Swoddy type generation. Martins et al. [2002] studied some characteristics of
individual eddies detected from surface drifter observations. Their results suggested southwestward
displacements for anticyclonic eddies, at speeds ~1 cm/s, and were less conclusive for cyclonic
eddies. Leach et al. [2002] pointed to a marginally significant northeastward eddy potential vorticity
flux in the study area, which would imply a southwestward residual eddy induced transport velocity
of ~0.7 cm/s.

Deeper in the water column, at the Mediterranecan Water (MW) level, Richardson et al.
[1991] described large (0.4-0.9 psu) salinity anomalies north of 38°N, which they attributed to
Meddies (MEDditerranean Water edDIES) [4rmi and Zenk, 1984]. This hypothesis was recently
confirmed by Paillet et al. [2002] who thoroughly studied a « Northern Meddy », northwest of the
Cape Finisterre area (~45°N, 12°W), which subsequently drifted southwestward, toward the study
area. Several studies [Stammer et al., 1991, Pingree and Le Cann, 1993, Paillet et al., 2002] have
shown that Meddies can induce sizeable azimuthal velocities (~5-10 cm/s) up to the surface.

The nature, forcing and propagation characteristics of the eddies in the upper layers of the
area thus appear rather complex. Are they generated by NAC and AzC instabilities [Paillet, 1999],
slope current instabilities [Pingree and Le Cann, 1992], or forced by the wind [White and Heywood,

1995]? How long do they survive as identifiable eddies? What are their propagation characteristics?



What is the effect of Meddies in the upper layers?

A first near real-time analysis of the circulation in the « POMME area » [38° - 45°N, 21°20' —
15°20'W] was conducted by Assenbaum and Reverdin [in press]. In this paper, the authors describe a
methodology implemented to estimate the mean and mesoscale horizontal velocity fields. Using
objective mapping of all the dynamical observations available in real-time, including some of the
Lagrangian data, they depict a near-surface circulation mostly dominated by mesoscale eddies, with
an EKE decreasing from the NW (~150 (cm/s)) to the SE (~25 (cm/s)?) of the POMME area, with a
mean value ~50 (cm/s)’. EKE features seasonal variations of order ~20 (cm/s)* during the POMME
year (September 2000 — September 2001), linked to variations in the position of the eddies in the
NW corner of the area, and to the strength of the frontal area near 41°N.

In this paper, we present a high resolution quantitative description of the mean and mesoscale
circulation in the « study area » (36°N — 47°N; 13°W — 23°W) from September 2000 to September
2001 (later the « POMME year »), and highlight some new results. The Lagrangian instruments, the
Lagrangian and altimetry datasets, and the methods used in this study are first documented (Section
2). The mean flow and elementary statistics, like EKE, time and length scales, diffusivity coefficients
are then described (Section 3). Using a combined analysis of altimetry and Lagrangian data, we then
focus on the description of the displacements and properties of identified individual eddies (Section
4). In Section 5, we discuss these results, notably the high resolution structure of the mean currents
and the characteristics of the observed eddies, i.e. their nature, kinematical properties and
propagation. We finally conclude with a summary and open questions on the intricate interplay of

subduction, mean circulation and the mesoscale eddy field in the area.

2. Data and Methods:

2.1 Lagrangian methods description:



In order to investigate and map the mean and mesoscale eddy fields during the POMME
experiment, several Lagrangian instruments were deployed in the POMME area. They were of seven
types: SVP (Surface Velocity Programme) WOCE (World Ocean Circulation Programme) type
surface Argos drifting buoys with drogues centered at 15m depth [Sybrandy and Niiler, 1991],
Marisonde buoys fitted with 100-200 m long thermistor chains [Blouch et al., 1993], Surdrift buoys
with drogues at 400 m depth [Vrignaud, 2001], monocycle Rafos and VCM (Vertical Current Meter)
subsurface acoustic floats [Rossby et al., 1986], multicycle Marvor subsurface acoustic floats

[Ollitrault et al., 1994] and Provor profilers [Loaéc et al., 1998].

2.1.1) Lagrangian instruments:

2.1.1.a) Acoustic floats:

The acoustic Rafos floats [Rossby et al., 1986], were of mono- and multi-cycle types:

2.1.1.a.1) The monocycle floats were "quasi-isobaric", in the sense that they tend to settle to a
specific pressure level. These floats were of several types (10 Seascan Rafos floats (nominal pressure
400 dbars), 4 Martec Sivor Rafos Floats (2 at 400 dbars, 2 at 1000 dbars), and 31 VCM floats (25 at
nominal pressure level 200 dbars, 6 at 400 dbars). These floats precisely date, every 8 hours (Seascan
and Sivor floats) or 4 hours (VCM floats), the Time-Of-Arrival of the signals sent by the acoustic
network (see below), and record temperature and pressure. A full description of the technical details,
overall performance and problems encountered with the Seascan and Sivor floats may be found in

Roudaut [2002a,b].

2.1.1.a.2) The multicycle floats were of Marvor type [Ollitrault et al. ,1994]. The Martec
Marvor float is a multi-cycle Rafos type float. It dives to the prescribed nominal pressure (400 dbars

for all POMME Marvors) by activating an external bladder. The nominal underwater cycle duration



was set to 62 days, with a surface stage of less than 1 day. Floats were programmed to listen to the
acoustic network every 8 hours. As for the Rafos floats, they record pressure and temperature. A few
Marvor floats from the ARCANE [Le Cann et al., 1999] and EUROFLOAT [Speer et al., 1999]
experiments, deployed in 1996 and 1997, were still operating in the area, with slightly different
programming parameters (nominal pressures 450, 1000, 1500 dbars and 1750 dbars, listening once a
day). POMME Marvor floats are described by Roudaut [2002c].

For the study area [36°-47°N, 13°-23°W] and during the POMME year (Sept 2000 — Sept
2001), 10.1 float-years were obtained for Seascan and Sivor Rafos floats, 24.4 float-years for Marvor

floats (including the ARCANE and EUROFLOAT data), and 15.7 float-years for VCM floats.

2.1.1.a.3) Acoustic network:

During the experiment, two networks of acoustic sources were maintained. One source array
was transmitting every 8 hours at 260 Hz to track the Seascan/Sivor/Marvor floats and is described
by Roudaut [2002a,b,c]. Over the POMME area, 4-5 sources were typically available to compute
float trajectories. A second acoustic array of 4 sources was transmitting at 780 Hz every 4 hours to
track the VCM floats.

An approximate value of positioning error, estimated by combining the last underwater
acoustic position and the first Argos fix of Marvor floats at the surface, gave ~3-5 km for the

absolute navigation error and ~1-3 km for the relative error.

2.1.1.b) Drogued surface drifters:

Several types of surface drifters have been used in the context of the POMME experiment.

2.1.1.b.1) SVP type drifters:



SVP drifters consist of a 25-40 cm diameter spherical surface float, linked to a 6-7m long
drogue centered at 15m depth [Sybrandy and Niiler, 1991, Niiler et al., 1995]. They are positioned
through the Argos system whose location precision varies between 150 and 1000 meters. Some SVP
drifters were equipped with a submergence sensor that allows to detect drogue loss. Only trajectories
with drogue attached were used in that case. When drifters were deployed without drogue sensor,
trajectories were examined to detect the time of drogue loss. A conservative approach was taken in
that process. During the POMME experiment, 24 SVP buoys were deployed, and the POMME area
was also sampled by SVP drifters from other programmes. Overall, 44 SVP buoys sampled our study

area. A total of 14.5 SVP drifter-years was obtained, for the study area during the POMME year.

2.1.1.b.2) Marisonde type buoys:

22 Marisonde GT buoys [Blouch et al., 1993] were deployed by Météo-France (CNRM
(Centre National de Recherches Météorologiques)) during the POMME experiment. The surface
buoys have an overall height 4.3 m, maximum diameter 0.8 m and weight 95 kg, and are positioned
through the Argos system. The Marisonde buoys deployed during POMME were fitted with
thermistor strings 100 to 200 m long, of diameter 16 mm. As we will later define a surface layer
comprising the first 100 meters, we considered that the drift of these buoys could somehow be
considered as representative of this layer, although some surface contaminating effects might bias
the buoy displacements. Marisonde trajectories were only considered before buoys eventually lost
their thermistor chains. A total of 8.8 Marisonde buoy-years was obtained, for the study area and

during the POMME year.

2.1.1.b.3) Surdrift type drifters:



The Surdrift type drifter [Vrignaud, 2001] is an assembly of a small spherical buoy (diameter
~30 cm) equipped with an Argos transmitter and a GPS receiver, linked to a ~12 m long x ~1 m
diameter holeysock type drogue by a 2.1 mm diameter Kevlar tether. Hourly GPS positions
(precision ~10-20 m) were transmitted through the Argos system. Drogue was set to be at 400 m
depth in no-current conditions.

If we assume that the cable below 100 m is effectively tagging waters between 100 m and
400 m, Surdrift buoys are acceptable water followers for the 100 - 550 m layer, which we will define
later as the NACW layer. Surdrifts are not fitted with drogue loss sensors, and care was taken to
assess drogue loss events. Overall performance and data return are described by Vrignaud [2001]. A
total of 27 Surdrift buoys was deployed and 4.6 buoy-years were obtained, for the study area and

during the POMME year.

2.1.1.c) Profiling floats:

A total of 23 Provor type profiling floats [Loaéc et al., 1998] was deployed in the POMME
area. Two parking depths (400 dbars for 17 floats and 1700-1750 dbars for 6 floats) and various cycle
durations (7, 10 and 14 days) were programmed.

After drifting freely at the prescribed parking depth during most of the cycle duration, the
Provor profiler dives down to 2000 dbars and performs an ascending profile while measuring
temperature and conductivity (when available). At the surface, the subsurface measurements are
transmitted in ~8h, before the float dives again. The Provor profilers are positioned through the
ARGOS system. These position data can be used to estimate the deep displacement at the parking
depth, since the duration of the subsurface drift makes up more than 90% of each cycle. Estimated
subsurface positions were then linearly interpolated to get daily positions, and subsequently used to
compute mean velocities. Due to the lack of position information during the subsurface drift,

Lagrangian properties other than the mean currents cannot be derived from this dataset.
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A total of 12.2 Provor float-years was obtained from this dataset, for the study area during the

POMME year.

2.1.2) Lagrangian deployments:

Part of the Lagrangian instruments was deployed on a grid, at a 100-150 km step, in order to
map the Lagrangian properties over the POMME area, at a mesoscale resolution. Other Lagrangian
instruments were intentionally launched in eddies during the deployment cruises. The initial
deployment of Marvors in September 2000 was complemented by a second deployment in April
2001. Most Rafos floats were launched in autumn 2000, along the western and southern sides of the
POMME box. VCM floats deployments took place in October 2000 and were restricted on a grid in
the northern (42°-45°N) part of the POMME area, where deep mixed layers and ensuing subduction
were expected. Surdrift buoys were deployed in the POMME area, in four batches (April 2000,
September 2000, February-March 2001 and April 2001). Most Marisonde buoys were deployed in
February 2001 over the POMME area. SVP type buoys were deployed, mostly in the northern part of
the POMME area, along 18°W or 20°W. Provor profilers were deployed in the POMME area, from

October 1999 to October 2001.

2.1.3) Lagrangian dataset:

The time-depth distribution of the resulting dataset for the POMME year (September 2000 —
September 2001) is presented in Figure 2. The bulk of the dataset is concentrated over the 0 - 500 m
NACW layer, with a few additional trajectories in the MW layer (800 - 1100 m) and the Labrador
Sea Water layer (1700-1800 m). In the following descriptions, on the basis of this distribution, two
layers are defined: The 0 - 100 m layer comprises SVP drifters, and Marisonde buoys. The 100 - 550

m layer comprises Marvor, Rafos, VCM and Provor floats, and Surdrifts drogued at 400 m. 550 m
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roughly corresponds to the base of the NACW in the area. The peaks of data distributions are in the 0
- 50 m and 350 - 400 m layers. Instrument density in layer 0 - 100 m sharply increased in February
2001, when Marisondes were deployed, and density in layer 100 - 550 m was fairly constant from
October 2000 to September 2001, when most Rafos and VCM floats surfaced.

As the time sampling rate varied between the different Lagrangian instruments, all data series
were resampled at a 1 day timestep. Lagrangian trajectories were then splined to compute daily
velocities, with the « Spline toolbox » from Matlab®. Profiler data were only used to compute mean
velocities.

Lagrangian tracks are shown in Figures 3 for the 0 - 100 m and 100 - 550 m layers. In Figure
3a, for the 100 - 550 m layer, eddying motions with scales ranging from ~20 km to ~100 km are
ubiquitous, with a tendency to increase northward. Non eddy-resolving Provor floats are seen to
strongly alias these eddies. The average position of eddy A1 (to be described later) is noticeable as a
cluster of loops near 43.5°N, 17.5°W. Looping motions observed in the south and east are mostly
related to anticyclones moving southwestward. Southern escape routes from the POMME box seem
to concentrate in the southwest corner. In the north, escape routes are more difficult to define. In
Figure 3b, for the 0 - 100 m layer, eddying motions are again visible, but the trapping of drifters by
the eddies is seen to be much less effective than in the layer below.

Data were then binned into 1° latitude x 1°20" longitude (~110 x 110 km) boxes to derive
mean velocities in the two layers. Data distribution for the POMME year is plotted in Figure 4. The
number of collected data is seen to be quite significant, with maxima, for the box comprising the A1l
eddy data, of 669 days in 100 - 550 m layer and 157 days for the 0 - 100 m layer. This data
distribution is exhibiting gradients near the edges of the domain, notably in the 100 - 550 m layer. In
estimating integrated Lagrangian quantities, like mean currents, such gradients may induce array-

biases. Davis [1991] showed that the velocity field bias could be estimated as:

u,,,=—k .gradlnC (1)
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where «” 1s the eddy diffusivity tensor, and C is the data density (in days). As an estimate forx®, we

have used a spatially varying mean of the zonal and meridional diffusivity coefficients (cu, see
below). In the 100 — 500 m layer, velocity biases in the POMME area are less than 4 cm/s, and
generally less than 1 cm/s. The strongest biases occur in the northwestern part of the study area near
46°N, outside the POMME area. Examination of the tracks shows that this is again mostly due to the
trapping of several floats by persistent eddies in the northwest corner, and will not bias the mean
current field. Results for the 0 - 100 m layer are comparable, although more homogeneous: no strong
northwestern bias was found.

A standard Objective Analysis (OA) method was then used to compute maps of the mean
stream function field for each layer [Freeland and Gould, 1976], from the binned velocity vectors.
Only areas where data density was exceeding ten times the average integral Lagrangian timescale
(see below) for the layer were mapped. The adopted covariance function was of the form : f(r) =[1 +
(t/19)] exp(-r/ry), where r is the separation distance. Given the gridstep of the analysis (110 km),
lengthscale parameter 1, was chosen as ry = 100 km, a compromise between data density and

resolution.

2.2 Determination of eddy properties from combined float and altimetry data.

Using results from a quasi-geostrophic (QG) model constrained by altimetry, Assenbaum and
Reverdin [in press] proved that combined in situ and altimetry data objective analysis could be used
to accurately track persistent eddies. In order to determine the positions of eddies in the study area,
Sea Level Anomaly (SLA) fields were downloaded from the CLS (Collecte Localisation Satellites)

ftp site (ftp:/ftp.cls.fr/pub/oceano/enact/msla/merged/). We used multi-satellite (TOPEX/Poseidon

and ERS-2) gridded weekly SLA data (on a 1/3° longitude Mercator grid, with equal resolution in

latitude and longitude), produced using the objective mapping method described by Ducet et al.
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[2000]. The space correlation scales used for the objective mapping in the study area are in the range
108 — 120 km. A zonal [12°-25°W] mean was removed and the fields were filtered using a
Butterworth filter with a cut-off period of 1.5 month, to enhance the detection of persistent signals. A
monthly analysis period was chosen as it roughly corresponds to the repeat period of the ERS-2
satellite, which has a better spatial resolution than TOPEX/Poseidon. One-month long Lagrangian
trajectories were superimposed on the monthly filtered SLA anomalies, to detect looping motions.
We screened the 13 maps derived for the POMME year (September 2000 — September 2001) for
persistent positive or negative anomalies. Only structures that could be unambiguously detected
during at least two months were retained. We ended up with 16 anticyclones and 14 cyclones (see
Table 1 for nomenclature and description of these eddies). Then the sequence of altimetry and
trajectory maps were analysed to derive mean eddy center positions for each month. In doing this, we
manually retained the positions derived from altimetry. Float trajectories, when available, were
essential to confirm the position and identity of the eddies. Altimetry anomalies devoid of float
tracks were only used when reasonable confidence could be gained on the existence and position of
an eddy, based on the analysis for other months. It is important to note that in this combined analysis,
we implicitly lowpass space and time signals, considering only scales larger than ~50-100 km and ~1
month. Given typical eddy center propagation speeds in the range 1-3 cm/s, these space and time
scales are consistent. The discrepancy between the positions estimated by altimetry and by floats was
generally less than ~20 km for anticyclones. It was generally larger for cyclones, up to 30-40 km, and
this is interpreted as a structural difference between anticyclones and cyclones (see below). On
occasions, several small cyclones were detected by floats, whereas altimetry only sensed a large
« cyclonic zone ». Care was also taken to try not to confuse eddies, as these can appear, split, merge
or disappear. It should also be noted that in the altimetry products, covariance functions including
westward propagation velocities that depend on geographical position were used. This was seen not

to affect the results, as was verified when both altimetry and floats were available.
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3. Mean flow and Lagrangian properties:

The resulting dataset assembled for the POMME year (September 2000 — September 2001) in
the study area [36°-47°N, 13°-23°W] is first examined, in terms of mean flow, Eddy Kinetic Energy

fields and Lagrangian time and length scales.
3.1 Mean flow and error estimates:

Maps of the quasi-Eulerian mean circulation in the layers 100 - 550 m and 0 - 100 m were
derived from binning the daily Lagrangian velocities in 1° latitude x 1°20' longitude boxes, and from
OA techniques (Figure 5).

Associated error on binned velocity fields are computed according to Student's t-test (see

Krauss and Boning [1987]) as:

u,,=t ,22 2)
err VX m

where N,=N/2T. is the number of degrees of freedom, with Ty, the integral Lagrangian timescale (in
days) and N, the number of float-days in the box. {4/, represents the Student's t-test (v=Np-1;0./2=.90

for a 80% confidence interval). A minimum number of degrees of freedom N,, > 5 was used to accept
boxes. The integral Lagrangian timescale T, (mean of zonal Ty, and meridional Ti,, values) is
computed by time integration of the velocity autocorrelation function to the first zero crossing, with
60-day overlapping windows. In the POMME area, such estimates of T (not shown) range from ~3
to ~6 days for the 100 - 550 m layer and from ~2.5 to ~4 days for the 0 - 100 m layer, with a general
tendency to increase southwestward in both layers. In estimating the error velocities, we have used

the mean values of T, for each layer in the POMME area, T;=4.5 days for the 100 - 550 m layer
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(minimum number of days per box: 45), T;=3.5 days for the 0 - 100 m layer (minimum number of
days per box: 35). This finally gives estimates of the errors on the velocity vector, which are plotted
as error ellipses (Figure 5). Most of the derived mean vectors are seen to be significant, at the 80%

confidence level, in both layers.

3.2 Description of mean Lagrangian circulation and EKE:

Overall, in both layers, the mean flow is weak, in the 1-8 cm/s (resp. 1-13 cm/s) ranges in the
100 - 550 m (resp. 0 - 100 m) layers. For the POMME area, the box averaged mean (eastward,
northward) flow is, at the 95% confidence level, (-0.6£0.5,-0.8+0.5) cm/s in the 100 - 550 m layer,
(2.7£1.3,-3.3+1.2) cm/s in the 0 - 100 m layer. The mean meridional flow is southward in the upper
layers of the POMME area, and decreasing with depth. The mean zonal flow is eastward in the O -
100 m layer, but marginally westward in the 100 - 550 m layer. At finer scales (~110 km resolution),
coherent circulation patterns emerge (Figure 5). At both levels, two eastward jets feed the region
from the west, at ~45.5°N, and at ~41°N. In the 0 — 100 m layer, these jets veer southward in the
POMME area. In the 100 — 550 m layer, after veering southward, they retroflect westward, to form
two elongated anticyclonic circulation cells opened to the west. In this layer, between these two
cells, a cyclonic cell occupies the central part of the POMME area.

Mean transports can be estimated for the upper layers, from the OA fields, by integrating
over the two layers. Overall, for the POMME box, from the surface to ~500 m, ~1.0 Sv enter from
the west, ~ 3.0 Sv from the north, ~ 4.0 Sv exit to the south, and the overall transport through the
eastern boundary is close to zero. The northern eastward flow transports ~5.5 Sv between 45°-46°N,
while ~2.5 Sv are entering the POMME area from the west, between 40°-42°N.

Monthly mean currents over the POMME area were also examined (not shown). In both
layers, maximum eastward currents occurred in winter (February-March) and in summer (July-

August) 2001. Meridional currents were maximum southward in summer (July-September) and
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minimum, marginally northward, in February-April in the 100 - 550 m layer, in June in the 0 - 100 m
layer. A second southward maximum, around April in the 0 - 100 m layer, is not seen in the deeper

layer.

EKE ( =

) in the study area is presented in Figure 6, as velocity variance ellipses.

Over the POMME area, mean EKE is 68 (cm/s) in the 100 - 550 m layer (resp. 116 (cm/s) in the 0 -
100 m layer). In both layers, EKE is decreasing from northwest in the NAC southern extension
(values ~ 170 (cm/s)* (resp. ~190 (cm/s)*)), to southeast (values ~30 (cm/s) (resp. ~80 (cm/s)?)). A
secondary maximum is noticeable, in both layers, near 41°N, 18°-21°W, coincident with the location
of the mean eastward jet. On the northern side of this relative maximum, a southwest-northeast
oriented band of minimum EKE may be seen in both layers, roughly following the southeastern flank
of the Azores — Biscay Rise (ABR, Figure 1). In the 0 - 100 m layer, EKE tends to increase again
around 36°-37°N, as the AzC is approached. Ellipse orientation distribution is not particularly
organised.

Monthly mean EKE in the POMME area (not shown) range from ~40 to ~90 (cm/sy in the
100 - 550 m layer and from ~70 to ~150 (cm/s)* in the 0 - 100 m layer. Maximum EKE were found to
occur in June (resp. March) in the 100 - 550 m layer (resp. 0 - 100 m layer), while minimum EKE

were in September in both layers.

3.3 Length scales, diffusivities:

Statistical properties are derived under the classical hypothesis of stationary and
homogeneous turbulence (see e.g. Colin de Verdiere [1983] or Krauss and Boning [1987]). Integral
Lagrangian length scales L, are evaluated as:

L,=JVEKET, 3)
In the POMME area, L, ranges from ~15 to ~40 km in the 100 - 550 m layer and from ~20 to
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~35 km in the 0 - 100 m layer, with, in both layers, a mean value of [,=29 km. The geographical

dependence of L, is different from that of T.: Lagrangian length scales are decreasing from

northwest to southeast, showing that the v EKFE term is dominating in (3).

Eddy diffusivity coefficient xy was also estimated classically, a relation valid for times much

greater than Ty, as:
ky=EKET, 4

In the POMME area, estimates of ky range from ~500 to ~4000 m?*/s in the 100 - 550 m layer,

with a mean value of 2650 m?/s and from ~2000 to ~5000 m*/s in the 0 - 100 m layer, with a mean

value of 3150 m?/s. In both layers, ky distributions resemble more or less that of EKE, increasing
northwestward. These estimates may be compared with values given by Colas [2003], ~1500 m*/s
from Lagrangian data at 450m depth, for regions east of 16°W. Reverdin et al. [submitted] also
derived eddy diffusivity coefficients from isopycnal hydrographic properties mapping, for the
NACW layer of the POMME area, and found a range of 1000 - 2000 n¥/s, slightly less than our

estimates, possibly due to uncertainties and gradient averaging.

4. Mesoscale eddies:

Examination of Lagrangian tracks and altimetry maps showed that anticyclonic (resp.
cyclonic) flows, defined by positive (resp. negative) SLA extrema, and closed loops in float tracks,
on 20-100 km scales could be followed on timescales of several months. These eddies, thus defined
as 20-100 km size patches in SLA, persisting for several months, and exhibiting closed float looping

motions, are now examined, in order to derive their kinematical properties and lifetimes.

4.1 Results of eddy center tracking:
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Using the combined float and altimetry method (see section 2.2), anticyclones (resp.
cyclones) could be tracked on average 7.4 months (resp. 7.3 months). Anticyclones Al, A2, and A7
and cyclones C5 and C6 were followed during one year. Individual eddy center tracks derived from
this analysis are presented in Figure 7. The center tracks relative to the initial center position of
individual eddies are plotted in Figure 8. Although far from regular, the eddy center translations are
seen to be organised. Overall, eddies are moving in a general west-southwestward direction. Mean
(eastward, northward) eddy center velocities computed over all available monthly velocities, are
(-0.9, -0.4) cm/s for anticyclones, (-0.9,-0.3) cm/s for cyclones, with a standard deviation ~1.0 cm/s in
all cases. Maximum monthly speeds are 4.4 cm/s for anticyclones, 3.6 cm/s for cyclones, both in a
west-southwestward direction. Kolmogorov-Smirnov type statistical tests showed that there is no
significant difference, at the 95% confidence level, between anticyclone and cyclone center velocity
distributions. No seasonal time-dependence in eddy center velocities was found. There is some
indication of the existence of two groups in anticyclone translations, with some eddies moving
roughly westward (A1, A3, A4, A6, A31), and others (A2, AS, A7, A6, A10, A32), travelling more
southwestward. Some eddy translations are seemingly affected by deep topography. This is
noticeable for the anticyclonic Al eddy, whose westward translation is halted when encountering the
ABR [Gascard et al., in preparation]. These «stalling periods» may also be observed for
anticyclone A7, and cyclones C4 and C6, at least for part of their trajectories. With no marked deep
topography, eddy translations seem more regular (e.g. A2, A6, C7). The computed distribution of
eddy center velocities was binned into 2° latitude x 3° longitude boxes (Figure 9). The overall west-
southwestward trend is readily visible, with a tendency for eddy center speeds to increase from north
to south, with no significative difference between anticyclones and cyclones. As measured by
altimetry, the mean SLA of both anticyclones and cyclones (not shown) exhibit a tendency to

increase northwestward, in a manner similar to the distribution of EKE.

4.2 Lagrangian description of eddies:
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4.2.1 General description:

To investigate more closely eddy type motions, Lagrangian trajectories were visually
inspected, to detect loops and cusps, indicative of eddying motions. We have used the same criterion
as Shoosmith et al. [submitted], i.e. an eddy was defined by two or more consecutive loops in the
same direction. Velocity and temperature time series were also examined to get estimates of start and
end of looping motions. As defined above, few eddying motions were detected in the 0 - 100 m layer,
and Figure 10 displays the resulting dataset in the 100 - 550 m layer. In the study area, for this 100 -
550 m layer, more anticyclonic (30 different float tracks, for a total duration of 2829 days) than
cyclonic (24 different float tracks, for a total duration of 1458 days) looping motions were observed
in this dataset, although this distribution might be biased, as some floats were intentionally deployed
in eddies, notably anticyclonic ones, and as some eddies were sampled by more than one float. A
summary of individual eddies characteristics is given in Table 1. Looping durations, computed using
subsurface floats only, were significantly longer for anticyclones than for cyclones, at the 95%
confidence level. For anticyclones, the mean looping duration was 117 days and the maximum (313
days) was obtained for float mv007 in anticyclone A33. For cyclones, the mean looping duration was
65 days and the maximum (185 days) was obtained for float seascanl12 in an unnamed cyclone in
the southwestern corner of the POMME area (see Figure 10 and Table 1). These figures compare
well with Shoosmith et al. [submitted], who did a similar study for the North Atlantic, north of 40°
N. From the Lagrangian dataset (see Figure 10), anticyclones are seen to be distributed throughout
the study area, whereas cyclonic loopers tend to be more numerous north of 41°N. Looping float
tracks were binned to derive estimates of geographical distribution. Anticyclonic loopers show a
bipolar distribution, with maxima around 43°-45°N and 40°-41°N, while cyclonic loopers are
concentrated between anticyclones, near 41°-43°N. As seen by floats, translation of eddies is fairly

chaotic, with anticyclones moving mostly in a general southwestward direction, like in the combined
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altimetry-Lagrangian analysis. This behavior is more marked in the south of the POMME area, with
some long southwestward moving looping trajectories. Northern anticyclones moved more
southward (northwestern eddies AS, A7) or did not not move significantly, like the Al eddy near
(43.5°N,17.5°W), right above the ABR [Gascard et al., in preparation]. From the Lagrangian dataset,
there is no consistent picture of cyclone translation.

Filtered SLA near the estimated eddy center, with zonal (13°-23°W) mean removed, is given
in Table 1, but it does not reflect the true instantaneous values, and is given as a relative estimate of
eddy amplitude. Kinematical properties are also examined: Center motion and azimuthal velocities
were determined using the method outlined by Paillet et al. [2002]. Radial azimuthal velocity

distributions are plotted in Figure 11. Maximum azimuthal velocity averaged over one looping
period Vg, and the corresponding average distance from the eddy center .« were combined to

estimate a Rossby number Ro=2Vy,./frma (Table 1). Although the POMME hydrographic surveys
were intended to map the POMME area at a ~55 km resolution, some CTD stations were found
within eddies, and are used to characterise hydrographic properties of eddies. T,S anomalies are

estimated with respect to a zonal mean in the POMME area.

4.2.2 Anticyclones:

From Figure 11, it is obvious that there are noticeable kinematical differences among
anticyclones. Accordingly, anticyclones were grouped into three categories: «Northwestern
Anticyclones » (NW-AC, located in the northwestern quadrant ~[42°-46°N, 23°-18°W]),
« Northeastern Anticyclones » (NE-AC, located in the northeastern quadrant ~[42°-46°N, 18°-13°
W]) and « Southern Anticyclones » (S-AC, located south of ~42°N). NW-ACs (A5-A7) have
significant (~25 cm/s) maximum observed float azimuthal velocities at ~400 m depths and ~30-40
km radiuses, and weaker (~10 cm/s) at depth (~-MW level). NE-ACs (A1-A13) exhibit a much tighter

« core », with maximum observed float azimuthal velocities observed at the base of NACW, ~25
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cm/s again, at a radiuses ~15-20 km, decreasing with depth. This results in Rossby numbers in a ~2:1
ratio between NE-ACs (~0.34) and NW-ACs (~0.13-0.17). At the NACW level, S-ACs (A2, A3,
A10) display weaker (~15 cm/s) azimuthal velocities at radiuses ~30-50 km, resulting in even weaker
Rossby numbers, ~0.08-0.13. Furthermore, when available, float data indicate that S-ACs azimuthal
velocities tend to increase with depth (A2), pointing to Meddy-type anticyclones, with anticyclonic
motions extending into the NACW layer. This was confirmed from available hydrographic data for
A2, A6 and A10. Observed trapping radiuses are ~40-50 km for NW-ACs and S-ACs, while they are
around 20 km for NE-ACs. These different characteristics altogether suggest that these eddies
correspond to three different types of anticyclones.

The characterictics of a representative of each of the three anticyclone types are now
described.

Al, representative of NE-AC eddies (Table 1 and Figure 11) was the most thoroughly
sampled eddy during POMME, tracked by floats from October 2000 to September 2001. This eddy
was located in the 43°-44°N latitude band, and entered the POMME area from the east in October
2000. Its westward motion was halted when it encountered the ABR in January 2001. A1 then slowly
moved anticyclonically around the deep topography. Al was apparently a Swoddy type eddy
[Pingree and Le Cann, 1992], with maximum azimuthal velocities around 25 cm/s at radiuses ~15-
20 km and at ~500-600 m depths (Figure 12b and Table 1), resulting in Rossby numbers up to 0.34 .
Its core was thus quite compact, but it was also observed that Al exhibited significant (~18 cm/s)
azimuthal velocities at radiuses ~50-60 km, with a resulting overall diameter ~150 km. Its
hydrographic anomalies encompassed a ~800m thick layer, with negative temperature and salinity
anomalies from the surface to ~500m deep, and positive anomalies below, down to ~800m deep. A
deep O, core maximum (dissolved oxygen > 5.7 ml/l, anomaly from surrounding waters > 1.5 ml/l)
was found at ~600 m depths. This was the largest dissolved oxygen value observed at these depths
during the whole POMME experiment. Hydrographic anomalies, positive in temperature (~ 1.2 °C)

and salinity (~0.2 psu), were also found at the MW level, around 1200 m depth, indicating that Al
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either interacted previously with a Meddy, or was entraining MW in its course. The Al origin and
properties will be fully described and analysed by Gascard et al. [in preparation].

A2, representative of S-AC eddies, was tracked from September 2000 to August 2001. It
exhibited the longest tracked displacement, over 600 km. During these 12 months, A2 displayed a
consistent southwestward translation, at a mean velocity (-1.8,-1.3) cm/s. Maximum observed
azimuthal velocities are in the range 13-17 cm/s at 24-45 km from center and at ~400m depths.
Maximum Rossby number (~0.13 at 24 km) is in fact obtained at the MW level. Examination of
available nearby CTDs confirmed that A2 was indeed a Meddy (maximum positive temperature and
salinity anomalies of ~2.5 °C and ~0.4 psu at ~1200 m depth). A2 is possibly of the «northern
Meddy » type described by Paillet et al. [2002], with a strong surface expression. This suggests a
possible interaction with a NACW eddy, and hydrographic evolutions between POMME cruises
point to such an event in autumn-winter, that could have resulted in the birth of a new eddy, A4, in
December 2000.

A7, a NW-AC representative, is, by several counts, the biggest eddy observed during
POMME. It was tracked during the whole POMME year, from September 2000 to September 2001.
During that period, it moved slowly (mean speed < 1 cm/s) to the southwest. This weak mean speed
in fact results from a prolonged 7 month stall, when encountering King's Trough deep seamounts
(Figure 1). At the NACW level, maximum azimuthal velocities ~25 cm/s were observed at radiuses
30 to 50 km (Table 1 and Figure 11), and loop diameters could reach 140 km. A deep float at ~850 m
level clearly indicated the decay of azimuthal velocities with depth. A maximum Rossby number of
~0.17 was obtained at radius ~26 km and ~350 m depth. Hydrography also shows that A7 was
different from NE-ACs and S-ACs: it was cold and fresh at depths greater than ~800 m (maximum
temperature anomaly ~ -2 °C and salinity anomaly ~-0.5 psu at ~1200 m depth). Density anomalies
were negative from ~200m depth down to the MW level, and positive above, indicative of a near
surface intensified eddy. The deepest mixed layer observed during the POMME experiment was

found in this eddy, in March 2001. A7 was possibly generated as the result of the splitting of a bigger
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A7+A8 eddy, and A8 was observed to disappear in March 2001. Overall, A7 is reminiscent of the

anticyclonic eddy observed near 47°N,15°W, by Le Groupe Tourbillon [1983].

4.2.3 Cyclones:

We give here a quick summary of representative properties of cyclones.

As an example of the observed cyclones, C4 (Figure 12a) was located in the western part of
the POMME area. During its tracking period, from September 2000 to July 2001, when it
disappeared, C4 was located on the eastern flank of the ABR. Its overall displacement in 11 months
was of 100 km to the south. Some of the floats that sampled C4 (e.g. seascanll4, Figure 12a)
displayed cyclonic loops, quickly moving cyclonically at the periphery of C4. We believe that this
could explain the discrepancy between floats and altimetry in eddy center determination, which was
larger for cyclones than for anticyclones. Maximum azimuthal velocities in these loops were ~14
cm/s, at ~400 m depth and at a radius of 22 km, resulting in an estimated Rossby number of ~0.14.
C4 exhibited maximum cold and fresh anomalies in the 1000 - 1500 m depth range (maximum
temperature anomaly ~-2 °C and salinity anomaly ~-0.3 psu at ~1200m depth).

Different cyclonic areas were seen to exchange floats. A particularly striking example is
shown in Figure 12b: Float mv011 originates from cyclone C5 , while mv016 originates from cyclone
C4. All these floats end up in C2, sampled by floats vem066 and mv015. It may thus be more
appropriate to speak of «cyclonic zones » rather than of true cyclones. This behavior was never
observed for anticyclones in our dataset.

As may be seen in Figure 11, we could not detect obvious differences between azimuthal
velocity distributions as a function of radius for cyclones. Even for deep cyclones, the azimuthal
velocity distribution fits well with the overall distribution. Maximum trapping radiuses are of order
30 km, significantly lower than for NW-ACs and S-ACs, and maximum azimuthal velocities are

around 15-20 cm/s.
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5. Discussion

The POMME Lagrangian dataset, combined with altimetry data, allows for a detailed
analysis of mean currents and eddy properties and propagation in the region of the Northeast
Atlantic Ocean situated between the North Atlantic Current and the Azores Current. We will now

discuss and analyse these results, and how they relate to previous work.

5.1 Mean currents

Mean currents observed during the POMME year may be synthesised by zonal and
meridional averaging (Figure 13). In Figure 13a, alternating bands of eastward and weaker westward
currents, of 2-6 cm/s amplitude and 1-2° in latitude in width, clearly appear. These mean currents are
sheared on the vertical, with maximum eastward currents near the surface (0 - 100 m layer), at
latitudes 40°-41°N (as in the work by Paillet and Mercier [1997]) and 45°-46°N (see Briigge
[1995]), and maximum westward currents in the 100 - 550 m layer, at latitudes 38°-40°N and 43°-
44°N (again as in the work by Paillet and Mercier [1997]). Minimum shear is obtained in the south
and north of the POMME area, where currents in both layers are similar. Eastward currents are
associated with relative maxima in EKE (see notably near 41°N). Zonally averaged mean meridional
currents are clearly southward in the 0 - 100 m layer, marginally so in the 100 - 550 m layer. Their
southward component also shows a tendency to increase to the south. These meridional currents may
be affected by «array bias » effects, notably near the northern and southern POMME box limits.
Meridionally averaged currents (Figure 14) nevertheless confirm the overall southward component
of the meridional currents, with maximum southward currents around 20°W, in both layers, to be
related to the southward branch found by Paillet and Mercier [1997] near 22°W.

Bower et al. [2002] showed that the eastward currents across the Mid-Atlantic Ridge (MAR),
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at the 64=27.5 level (~900m deep in the mid-latitude northeast Atlantic), flow preferentially over
fracture zones, north of 48°N. Further south, this preferential crossing is much less clear, but these
authors find (their Figure 3a) an eastward current at latitudes 45°-46°N, east of the MAR, from ~20°
W to ~23°W, similar to the one we observe at shallower depths in the same area (Figures 5 and 13)
(see also Briigge [1995]). Although there is no marked fracture zone in the MAR at that latitude, we
note that this location corresponds to a transition in MAR depths, from deep in the north to
shallower in the south. Results from Bower et al. [2002] also suggest that this flow at 45°-46°N may
be part of the flow crossing the MAR at Maxwell Fracture Zone (Figure 1), around 48°N.

At 41°N, the location of the southern eastward flow (Figure 13), we also note that there exists
a fracture zone in the MAR, at ~40.5°N, 30°-27°W, the Kurtchatov Fracture Zone (see Figure 1),
although no direct flow connexion is proven from our dataset. At that latitude, Bower et al. [2002]
also find an eastward branch, from ~22°W to ~15°W, which is the southern limb of a cyclonic cell,
reminiscent of the one we observe in the 100 — 550 m layer.

Beside this possible connection with fracture zones in the MAR, another classical dynamical
explanation of zonal currents is provided by Rhines [1975] as the result of the competing effects of
QG turbulence and Rossby Waves (RW). The inverse energy cascade which governs the large scale

dynamics of QG turbulence is interrupted by RW dispersion. In this process, alternate zonal currents
are generated. The scale of interruption, the so-called Rhines scale, [x (=VU/B), where U is a

typical mesoscale velocity scale (which we take as v EKE ~ 10 cm/s for the POMME area), and
~1.6 10" m's, is around 80 km in the POMME area. The meridional separation of the two zonal
eastward currents in the study area is observed to be ~ 500 km (~41°N to ~46.5°N), which is indeed
very close to 2nLg. Furthermore, the latitudes of the NAC and AzC at ~20°W are respectively ~52°N

and ~35°N (e.g. Briigge [1995]), and the meridional spacing between this system of eastward
currents (AzC, ~41°N, ~46.5°N, NAC) is in the range 500-700 km, roughly consistent with Rhines

scales estimations.

26



Moreover, the mean currents are not zonal, but exhibit a significant meridional component. A
southwestward flow was also noted by Bower et al. [2002], at the ~1000m level and at the Labrador
Sea Water level (~1750m), over the ABR. A visual inspection of Figure 5 indeed seems to suggest a
relation with deep topography. In the POMME area, there is an overall peak of distribution of the
mean currents in the southwestward direction, roughly aligned with topography, notably the ABR.
Secondary peaks in distribution are eastward and westward. When we tested correlation of f/h
contours with mean currents at the ~110 x 110 km resolution of mean currents, this relation does not
seem to hold, although there is perhaps a weak tendency for currents to be aligned along topography,
with topography on their left.

Overall, in the 100 - 550 m layer of the study area, the resulting pattern of the mean currents
is a tripolar structure, with two elongated anticyclonic cells around 44°N and 40°N, separated by a
cyclonic cell around 42°N. These cells are opened to the west, and closed at the eastern boundary
(~14°W). The northern anticyclone — cyclone dipole is also noticeable at the MW level in the work
of Bower et al. [2002]. We note the close correspondence between the anticyclonic and cyclonic
cells in the mean currents in the 100 — 550 m layer (Figure 5a) and the preferred locations of the
anticyclonic eddies (Figures 7 and 10). Assenbaum and Reverdin [in press] already noticed that some

of the features in the mean velocity field were remaining imprints of long-lived eddies.

The westward / southwestward branches of the flow in the 26.8 < o4 < 27.2 density classes,
roughly corresponding to the SPMW and to the 100 — 550 m layer, transport mode water to greater
depths (e.g. Pollard et al. [1996]) and thus contribute to subduction. Figure 5a shows that there are
two main different branches in the POMME area:

- a « northern branch », near 42°-44°N,

- and a « southern branch », south of 40°N, mostly exiting the POMME area in the southwest

corner. There are hints of a third branch, in the southeast corner of the POMME area.

5.2 Eddy propagation and properties
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Eddy propagation in the ocean is a long-standing problem: Accurate long term observations

are difficult to collect and may be affected by a host of external influences, and complete theory

should include multiple dynamical effects, like differential rotation (B effect), stratification, non-
linearity and bottom topography.

Observations of NACW eddy displacements in the area are limited (e.g. Le Groupe
Tourbillon [1983], Martins et al. [2002]). At the MW level, Meddy displacements were studied using
a large Lagrangian dataset by Richardson et al. [2000] in the Iberian and Canary Basins, south of 40°
N. They found that Meddies tend to move southwestward at typical speeds ~2 cm/s, and can survive
up to ~5 years. From Lagrangian studies, Shoosmith et al. [submitted] found that eddies are generally
following the mean current in the northern North Atlantic.

Altimetry data have been intensively used to study long RW propagation (e.g. Challenor et
al. [2001], Osychny and Cornillon [2004]). Reliable eddy tracks are more difficult to obtain from
altimetry data, owing to the small scales of individual eddies, relative to the altimetry sampling
scales. Morrow et al. [2004] recently used altimetry data to study the propagation pathways of
anticyclonic and cyclonic eddies in three oceanic eastern regions. They found that the eddies
generally propagate westward, and that anticyclones (resp. cyclones) exhibit an equatorward (resp.
poleward) translation.

From a theoretical point of view, following the pioneering work of Nof [1981], Cushman-

Roisin et al. [1990] derived generalisations of eddy motions with a single-layer model on a flat
bottom B plane. They concluded that quasi-geostrophic vortices propagate at a constant speed, which

is that of long nondispersive RW, -8Ry, and that there is no difference between cyclonic and
anticyclonic QG eddies. The first order correction to westward velocities, due to non-linearity, is to
increase the speed of anticyclones, and decrease that of cyclones. Non-linearities affect meridional
eddy motions, with anticyclones moving preferentially southwestward, and cyclones northwestward
(in the northern hemisphere). These displacements have been analysed as the effects of an induced
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dipolar circulation, called « beta-gyre » (see e.g. Sutyrin and Flierl [1994]).
In Figure 15, zonally averaged eddy center velocities in the POMME area are plotted as a

function of latitude. Westward zonal velocities are increasing to the south, from ~ -0.5 cm/s to ~ -1.5

cm/s and are seen to be very close to the phase speed of long Rossby Waves, SRy, estimated from
Chelton et al. [1998]. It can also be observed that there is no significant difference between
anticyclones and cyclones, which is the prediction of Cushman-Roisin et al. [1990] for QG eddies.
Furthermore, differences between zonal eddy velocities and long RW phase speed reflect quite well
the mean zonal currents in the upper layers (Figure 13). Zonal velocities tend to be higher than that
of long RW in the south, where the observed mean zonal current is westward over both layers, and
lower in the 41°-42°N and 45°-46°N latitude bands, where the mean currents are eastward. The ratio
between these differences and the upper layer currents is ~0.1-0.3, reflecting that these deep reaching
eddies are also feeling the advection effect of the slower currents at depth. Zonally averaged
meridional eddy centers velocities (Figure 15b) are southward, of order -0.5 cm/s, increasing to the
south. They are again very similar for anticyclones and cyclones, and are seen to somehow reflect
the mean meridional currents (Figure 13). Removing the periods when eddies stalled over
topographies (e.g. like Al from January to September 2001) did not significantly change the results.

Morrow et al. [2004] also find that in the low EKE northeast Pacific, the poleward
propagation of cyclones is less clear than in their two other cases, the southeast regions of the
Atlantic and the Indian oceans, where the EKE is larger. They did not present eddy tracks in the
northeast Atlantic, so no direct comparison with our results is possible. On the other hand,
Challenor et al. [2001], in their study of non-zonal RW propagations with 3D Radon transforms,
found westsouthwestward RW propagation in the POMME area.

What could explain these rather unusual findings, that both anticyclones and cyclones
propagate southwestward? Possible explanations may lie in the eddy generation processes. It has
been shown that the slope currents of the midlatitude northeast Atlantic generate long-lived (of order

one year or more) anticyclonic eddies, as baroclinic dipoles moving away from the boundary, like
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the Meddies at the MW level [Pingree and Le Cann, 1993, Bower et al., 1997, Paillet et al., 2002,
Serra et al., 2002] and the Swoddies at the NACW level [Pingree and Le Cann, 1992]. The cyclonic
component of the dipole then tends to weaken while separating from the anticyclone (Meddy or
Swoddy). The resulting anticyclone subsequently drifts into the ocean for long times (one year or
more [Richardson et al., 2000, Pingree and Le Cann, 1992]), whereas cyclonic cores tend to be
short-lived, with lifetimes of order of months or even less. At the eastern boundary of the POMME
box (~15°W), we thus expect a WSW flux of anticyclonic coherent eddies, Meddies and Swoddies,
from the eastern boundary. These anticyclones are likely to organise and bias the mesoscale field
structure, in which many other processes are involved, like RW propagation from the eastern
boundary [Challenor et al., 2001, Osychny and Cornillon, 2004], wind forcing [White and Heywood,
1995], local generation by baroclinically unstable currents, and interaction with mean currents.

Another point may be worth noting: The individual displacements of the surface-intensified
eddies seemed to be affected by topography. Stalling periods were observed in the vicinity of deep
topographies for northern anticyclones (Al, A7) and cyclones (C4, C8), indicating that these eddies
have deep expressions, at least down to ~3000 m depths, and likely more. This was confirmed by
relatively scarce deep hydrographic measurements [L. Prieur, pers. comm., 2005]. This deep
expression was already noticed for The Tourbillon Group anticyclone [Le Groupe Tourbillon, 1983],
further northeast, and for Meddies [Paillet et al., 2002], further east. Deep topography, roughly
aligned NE-SW in the study area (see Figure 1), is thus likely to constrain the southwestward
propagation of these deep-reaching eddies.

Central Water anticyclones in the POMME area have been seen to fall into three categories:
the « Northwestern anticyclones » (NW-ACs), the « Northeastern anticyclones » (NE-ACs) and the
« Southern anticyclones » (S-ACs). The distribution of these anticyclones is believed to reflect their
generation, with NE-ACs being likely of Swoddy type [Pingree and Le Cann, 1992] generated by
slope current instabilities in the West Iberia — Bay of Biscay area. The NW-ACs might also be

generated in a similar fashion further north, by slope instabilities in the Goban Spur — West Ireland
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area. They could also result from baroclinic instabilities of the 45°-46°N eastward flow. Observed S-
ACs are believed to be the surface manifestations of Meddies. These may be either genuine (meaning
that they may be generated during the formation of the Meddy), or may result from coalescence with
NACW anticyclones, notably NE-ACs. All these differences have important consequences on
transport and mixing properties of the anticyclones. Trapping radiuses are significantly larger for
NW-ACs and S-ACs on one hand (~40 km) than for NE-ACs on the other hand (~20 km).
Differences between trapping radiuses of NE-ACs and NW-ACs, and thus of their typical sizes, may
again reflect their generation processes. Assuming a uniform ~500m thickness, we can roughly
compute the trapped transport associated with NACW anticyclones at the western boundary of the
POMME box, to ~0.25 Sv, as we estimate that 2 NW-ACs and 1 S-AC crossed this boundary during
the POMME year. Taking into account that we may have missed an equal number of eddies would
merely double this figure. The same computation for the southern limit of the POMME box, where 2
S-ACs were observed to cross the boundary, gives a trapped eddy transport of ~0.15 Sv. We estimate
that 2 NE-ACs (A1, A32) and 3 S-ACs (A6, A10, A32) entered the POMME box through its eastern
boundary, for an approximate total transport ~0.30 Sv. No NE-AC was observed to make its way out
of the POMME area through the western or southern boundaries.

The differences observed between the combined altimetry-Lagrangian analysis and the floats
only analysis are thought to be linked to the effective scales seen by the two analyses. This is
confirmed by observations for anticyclone Al [Gascard et al., in preparation], showing a compact
core ~30-40 km in diameter, embedded in a much larger structure, up to 150 km in diameter.
Altimetry is accurately seing the large (~100 km) eddy structure, but not the details of the inner core,
which might wobble inside the larger structure, and these core motions are captured by the floats.

Although the combined altimetry-Lagrangian analysis gave similar characteristics for
anticyclones and cyclones, regarding sizes, lifetimes and propagation, the Lagrangian properties of
cyclones are seen to differ from anticyclones. First, Lagrangian trapping radiuses are smaller (~20-30

km), comparable to that of NE-ACs. Furthermore, cyclones may be more accurately described as
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« cyclonic zones » (i.e. what is seen in the combined altimetry-Lagrangian analysis), sometimes
encompassing several cyclonic cores (i.e. the ones trapping individual floats). These cores tend to be
located at the periphery of, and orbiting cyclonically around, the cyclonic zones. They might result
from baroclinic instabilities in these zones, and their lifetimes is significantly smaller, by a factor of
two, than that of the anticyclonic cores seen by the floats. These cyclonic zones are seen to exchange
floats trapped in cores, a process not seen for anticyclones. This assymetry, if systematic, will have
profound implications for mixing and dispersion in the area. True transport in cyclones is also likely
to be significantly smaller than for anticyclones.
To illustrate the implication of these results on subduction, we refer to the work of Paillet

[1999]. North of 45°N, this author found that significantly more anticyclones than cyclones (2 out of
3 eddies) contain mode water. Few mode water containing eddies, and only cyclones, were found
south of the subduction line (40°-42°N). Arguing that cyclones would tend to move northwestward
in a fluid at rest, Paillet [1999] concluded that « advective dynamics seem appropriate to describe

the ventilation regime in the area ». Our observations that anticyclones may contain newly ventilated
water [Gascard et al., in preparation], and that both anticyclones and cyclones are moving
southwestward are important in subduction fluxes. On modelling grounds, Valdivieso et al.

[accepted], indeed found a large effect of the mesoscale eddy field on ventilation rates in the area. In

the density class range of interest here (26.8 <oy < 27.1), they showed that the eddies, in their 1/6°
resolution primitive equation model, tend to counteract the subduction/entrainment by the mean
flow, much reducing the total subduction rate. These issues concerning the delicate interplay
between mean circulation, eddies and subduction processes, will be later examined with the full

POMME dataset.

6. Summary and conclusions

This study has examined the characteristics of the mean and mesoscale circulation of the
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upper layers (~0-500m) of the intergyre region of the Northeastern Atlantic, from Lagrangian and
altimetry data collected during the POMME programme in 2000-2001. The mean circulation was
seen to consist of two weak surface intensified eastward flows approximately 100-200 km wide, at
40°-41°N and 45°-46°N. A weak southward mean component, increasing to the south, exists on top
of these zonal currents. The flows were seen to retroflect westward at depth, forming a system of two
anticyclonic cells, separated by a cyclonic cell, both opened to the west. This results in a mean
southwestward current in the 100 - 500m layer, that is possibly linked to deep topography, roughly
aligned in the same direction. For the POMME box [38° - 45°N, 21°20' — 15°20'W], mean transport
in the upper layers is ~3.0 Sv from the northern boundary, ~1.0 Sv from the west. This transport exits
through the southern boundary, the transport through the eastern boundary being close to zero.

EKE is decreasing from the NW to the SW of the study area, from ~100-200 (cm/s} to ~20-
30 (cm/s)’, with relative maxima in the vicinity of the two mean eastward flows. Lagrangian
timescales are of order 3.5 days for the 0 - 100 m layer, and 4.5 days for the 100 - 550 m layer, and
Lagrangian length scales are of order 30 km for both layers. Estimates of diffusivity coefficients are
~2500-3000 m*/s for both layers.

From a combined altimetry-Lagrangian analysis, NACW anticyclones and cyclones are
observed to be long-lived (up to one year and likely more) and exhibit very similar properties in
lifetimes, sizes and propagation. These surface-intensified eddies are seen to be roughly 100-150 km
in diameter, and their propagation, for both anticyclones and cyclones, is in a west-southwestward

direction, at typical speeds ~1-2 cm/s. The westward propagation can be accounted for by a

combination of advection by mean currents and of B effect, at long Rossby Waves phase speed.
Meridional propagation is consistent with advection by mean currents. An additional possibility is
that the NE-SW oriented deep topography is somehow constraining the overall southwestward eddy
propagation. Deep topography is also observed to affect eddy propagation, notably as stalling
periods.

Differences between NACW anticyclones and cyclones arise when floats are considered.
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Float trapping by anticyclones is significantly longer than for cyclones, by a factor of two, with mean
trapping durations respectively ~4 months and ~2 months. Then there are differences among
anticyclones, that are linked to their geographical location, and origins. Northwestern anticyclones
are larger than northeastern anticyclones, and we propose that they are both generated in a Swoddy
type fashion [Pingree and Le Cann, 1992], and that southern anticyclones are the surface
manifestation of Meddies generated on the slopes of Western Iberia [Bower et al., 1997, Paillet et
al., 2002]. Cyclones are better described as « cyclonic zones », where several cyclonic cores could
occasionally be observed, and sometimes exchanged between different zones.

Eddy trapped transport at the NACW level was estimated to lie in the range 0.3-0.5 Sv, in a
west-southwestward direction, mostly in the anticyclones.

The dataset points to multiple and complex interactions between eddies populating the area,
mean currents and deep topography. Other unresolved issues are the fate of these eddies and their
role in subducting NACW waters. Further work is needed to fully appraise this Lagrangian dataset,
notably by combining it with hydrographic and eulerian measurements. POMME was designed as a
multi-disciplinary programme, with a strong biogeochemical component. Our analysis may be
thought of a first step to give a physical framework for these studies, and clearly further work is

needed to fully integrate other observations.
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9. Figure captions

Figure 1: General map of the study area. Major topographic features are labelled. Topography
(ETOPO)) is gray-shaded with 500 m shade intervals and the 4000m isobath is plotted as a solid
line. The « POMME area » is overlaid as a solid line rectangle, and the «study area » as a dashed
line rectangle.

Figure 2: Time (months) - depth (m) distribution of the whole POMME Lagrangian dataset.
Several « pressure instabilities » that affected Marvor type floats are visible as individual dots
scattered between the lines.

Figure 3: Lagrangian tracks of the POMME drifters and floats from September 2000 to
September 2001 in the 100 - 550 m layer (a) and the 0 - 100 m layer (b). Crosses indicate the
beginning of the tracks (or track segments in the case of Marvor floats). Smoothed topography is
represented as gray shades, in 1000 m depth ranges, and depths contours are indicated. The
« POMME area » is overlaid as a solid line rectangle. Mean position of anticyclone Al is indicated
as a white circle.

Figure 4: Lagrangian data distribution (in float-days) in 1° latitude x 1°20' longitude boxes
for the period September 2000 — September 2001. (a) 100 - 550 m layer, (b) 0 - 100 m layer. A
minimum threshold of 10 times the average Lagrangian timescale for each layer was used (100 - 550
m layer: minimum number of days 45 - maximum day-number 669 ; 0 - 100 m layer: minimum
number of days 35 - maximum number of days 157). Number of days is given in each box and color-
coded according to gray shaded colorbar.

Figure 5: Mean currents derived from Lagrangian data in 1° latitude x 1°20' longitude boxes
for the period September 2000 — September 2001. (a) 100 - 550 m layer, (b) 0 - 100 m layer. Error
ellipses are plotted. A minimum threshold of 10 times the average Lagrangian timescale for each
layer is used. A velocity scale is plotted. Smoothed deep topography is represented as in Figure 3.
Dashed lines represent streamfunction derived from Objective Analysis (see text): Contour intervals

are 1500 m*/s (a) and 3000 m*/s (b).
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Figure 6: Velocity variance ellipses derived from Lagrangian data in 1° latitude x 1°20'
longitude boxes for the period September 2000 — September 2001. EKE is equal to the arithmetic
mean of the principal axes. (a) 100 - 550 m layer, (b) 0 - 100 m layer. The scale, at the bottom left,
represents a variance circle with radius of mentioned value. A minimum threshold of 10 times the
average Lagrangian timescale for each layer is used. Topography is represented as in Figure 3.

Figure 7: Monthly trajectories of eddy centers determined from combined Lagrangian
-altimetry data. Anticyclone (« A ») (cyclone(« C »)) tracks are in red (blue). Labels identify eddies
near their trajectories. Dots indicate mid-month eddy positions during the period September 2000 —
September 2001. 2000-2001 months are labelled along the tracks. Topography is represented as in
Figure 3.

Figure 8: Eddy center trajectories relative to their initial detected position during the period
September 2000 — September 2001. 2000-2001 mid-month positions (labelled) are plotted for
anticyclones (solid line; open circles) and cyclones (dashed line; open triangles). Eddies are labelled
at the end of their relative tracks. East and North positions are given in km.

Figure 9: Eddy center velocities binned in 2° latitude x 3° longitude boxes for the period
September 2000 — September 2001. Anticyclone arrows are plotted as solid lines, cyclones arrows
are dashed. The number at the base of the arrows (upper: anticyclone; lower: cyclones) indicate the
number of monthly vectors used in the estimation (a minimum threshold of 3 months was used). A
velocity scale (1 cm/s) is plotted. Topography is represented as in Figure 3.

Figure 10: Looping float trajectories in the 100 - 550 m layer, during the period September
2000 — September 2001. Selected floats made at least two consecutive loops in the same direction.
Anticyclonic (cyclonic) tracks are in red (blue). First underwater float position is indicated as an
open circle. Gaps in trajectories are due to the surface phase of Marvor floats. Day number (from
01/01/2000) is labelled every 30 days along the tracks. Topography is represented as in Figure 3.

Figure 11: Eddy azimuthal velocities (cm/s) as a function of distance (km) from eddy center.

a) Northwestern (A5, A7 and an unnamed anticyclone), b) northeastern (Al, A13), ¢) southern (A2,
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A3, A10) anticyclones and d) cyclones (C2, C4, C5, Cl11, C12) are distinguished (see text).
Estimations are for the 100 - 550 m layer (stars), the 800 - 1100 m layer (open circles) and the 1700-
1800 m layer (downward triangles).

Figure 12: Selected trajectories for cyclonic eddies. All floats are in the 100 - 550 m layer. a)
Cyclone C4; b) « Cyclonic exchange » (« CE ») (see text). Float identification is plotted at start of
trajectory, marked by a filled dot. Solid, dashed and dashed dot lines are used to distinguish between
trajectories. Months are indicated along trajectories, as labelled crosses. Topography is represented
as gray shades, in 1000 m depth ranges, and depths contours are indicated.

Figure 13: Zonally averaged float velocities and EKE as a function of latitude for the period
September 2000 — September 2001. All quantities are zonally averaged over longitudes 22°-15°20'W.
Solid lines are for the 100 - 550 m layer, and dash-dotted lines for the 0 - 100 m layer. a) east
velocities (cm/s), b) north velocities (cm/s) and ¢) EKE ((cm/sy). In each case, we have averaged
over the box data of Figures 5 and 6. Standard deviations are plotted as error bars.

Figure 14: Meridionally averaged float velocities and EKE as a function of longitude for the
period September 2000 — September 2001. All quantities are meridionally averaged over latitudes
38°-46°N. Solid lines are for the 100 - 550 m layer, and dash-dotted lines for the 0 - 100 m layer. a)
east velocities (cm/s), b) north velocities (cm/s) and ¢) EKE ((cm/sy). In each case, we have averaged
over the box data of Figures 5 and 6. Standard deviations are plotted as error bars.

Figure 15: Eddy centers velocities computed from the combined altimetry-Lagrangian
analysis (see text), as a function of latitude, for the period September 2000 — September 2001. a) East
velocities of anticyclone (solid) and cyclone (dashed) centers (cm/s). b) North velocities of
anticyclone (solid) and cyclone (dashed) centers (cm/s). Velocities were averaged over 2° latitude
bands. Standard deviations are plotted as dotted lines. In a), the open circles indicate the mean phase
speed of long Rossby Waves as computed by Chelton et al. [1998]

(http://www.coas.oregonstate.edu/research/po/research/chelton/), in 1° latitude x 1° longitude boxes

over the longitude band 13°-23°W.
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10. Tables
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11. Table captions

Table 1 (a) (b): Identified eddies characteristics summary: (a) Anticyclones, (b) Cyclones.

Explanation notes:

(1) Eddy tracking duration and locations are derived from the combined altimetry-Lagrangian
analysis.

(2) Filtered SLA estimated at location of eddy center (in cm). Standard deviation during
tracking is given.

(3) Eddy center velocities (east component U, north component V) in cm/s, are means
estimated over the whole eddy tracking duration.

(4) Floats trapped for at least 2 loops in the corresponding eddy («mv »: Marvor floats;
« seascan » and « sv »: Rafos floats; « vem »: VCM floats; « sur »: Surdrift type drifting buoys). For

Marvor floats, corresponding cycle numbers are given between parentheses.

(5) Vimax Indicates the maximum azimuthal velocity averaged over one loop (in cm/s), and the
corresponding mean distance ., from eddy center (in km). When looping duration was too short,

analysis was not completed.

(6) Ro is the Rossby number, estimated as 2Vy,,,./frma, from the track of the corresponding
float.

(7) Additional comments: «NE», « NW» and «S» respectively mean «northeast »,
« northwest » and « south », and « AC » and « CY », « anticyclone » and « cyclone ».

(8) Mean float depth over the looping duration is given in m. For Surdrift type buoys,
nominal drogue depth (400 m) is given. Standard deviation over the mentioned record is given. For
Seascan type rafos floats, depth is estimated (see text), and no standard deviation can be computed.

(9) Mean float temperature (°C) and standard deviation over looping period.

(10) CA7 is a small cyclone looping anticyclonically around A7, and was not seen on

altimetry data.
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Figure 1
General map of the study area. Major topographic features are labelled. Topography
(ETOPOY) is gray-shaded with 500 m shade intervals and the 4000m isobath is plotted as a solid
line. The « POMME area » is overlaid as a solid line rectangle, and the «study area » as a dashed

line rectangle.
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Figure 2
depth (m) distribution of the whole POMME Lagrangian dataset. Several

Time (months) -
« pressure instabilities » that affected Marvor floats are visible as individual dots scattered between

the lines.



46°N

% ' 77
\ \gﬁgﬁ

" J‘Jﬁé - q"'-‘
: Fech T\ |

NN

Figure 3a

Lagrangian tracks of the POMME drifters and floats from September 2000 to September
2001 in the 100 - 550 m layer. Crosses indicate the beginning of the tracks (or track segments in the
case of Marvor floats). Smoothed topography is represented as gray shades, in 1000 m depth ranges,
and depths contours are indicated. The « POMME area » is overlaid as a solid line rectangle. Mean

position of anticyclone Al is indicated as a white circle.
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Figure 3b

Lagrangian tracks of the POMME drifters and floats from September 2000 to September
2001 in the 0 - 100 m layer. Crosses indicate the beginning of the tracks. Smoothed topography is
represented as gray shades, in 1000 m depth ranges, and depths contours are indicated. The

« POMME area » is overlaid as a solid line rectangle.
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Figure 4a

Lagrangian data distribution (in float-days) in 1° latitude x 1°20' longitude boxes for the
period September 2000 — September 2001 in the 100 - 550 m layer. A minimum threshold of 10
times the average Lagrangian timescale was used (minimum number of days 45 - maximum number
of days 669 ). Number of days is given in each box and color-coded according to gray shaded

colorbar.
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Figure 4b

Lagrangian data distribution (in float-days) in 1° latitude x 1°20' longitude boxes for the
period September 2000 — September 2001 in the 0 - 100 m layer. A minimum threshold of 10 times
the average Lagrangian timescale was used (minimum number of days 35 - maximum number of

days 157 ). Number of days is given in each box and color-coded according to gray shaded colorbar.
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Figure 5a

Mean currents derived from Lagrangian data in 1° latitude x 1°20' longitude boxes for the
period September 2000 — September 2001 in the 100 - 550 m layer. Error ellipses are plotted. A
minimum threshold of 10 times the average Lagrangian timescale for each layer is used. A velocity
scale is plotted. Smoothed deep topography is represented as in Figure 3. Dashed lines represent

streamfunction derived from Objective Analysis (see text): Contour intervals are 1500 nv/s.
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Figure 5b

Mean currents derived from Lagrangian data in 1° latitude x 1°20' longitude boxes for the
period September 2000 — September 2001 in the 0 - 100 m layer. Error ellipses are plotted. A
minimum threshold of 10 times the average Lagrangian timescale for each layer is used. A velocity
scale is plotted. Smoothed deep topography is represented as in Figure 3. Dashed lines represent

streamfunction derived from Objective Analysis (see text): Contour intervals are 3000 n¥/s.
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Figure 6a
Velocity variance ellipses derived from Lagrangian data in 1° latitude x 1°20' longitude
boxes for the period September 2000 — September 2001 in the 100 - 550 m layer. EKE is equal to the
arithmetic mean of the principal axes. The scale, at the bottom left, represents a variance circle with

radius of mentioned value. A minimum threshold of 10 times the average Lagrangian timescale is

used. Topography is represented as in Figure 3.
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Figure 6b
Velocity variance ellipses derived from Lagrangian data in 1° latitude x 1°20' longitude
boxes for the period September 2000 — September 2001 in the 0 - 100 m layer. EKE is equal to the
arithmetic mean of the principal axes. The scale, at the bottom left, represents a variance circle with

radius of mentioned value. A minimum threshold of 10 times the average Lagrangian timescale is

used. Topography is represented as in Figure 3.
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Figure 7

Monthly trajectories of eddy centers determined from combined Lagrangian - altimetry data.

Anticyclone (« A ») (cyclone(« C »)) tracks are in red (blue). Labels identify eddies near their

trajectories. Dots indicate mid-month eddy positions during the period September 2000 — September

2001. 2000-2001 months are labelled along the tracks. Topography is represented as in Figure 3.
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Figure 8

Eddy center trajectories relative to their initial detected position during the period September
2000 — September 2001. 2000-2001 mid-month positions (labelled) are plotted for anticyclones
(solid line; open circles) and cyclones (dashed line; open triangles). Eddies are labelled at the end of

their relative tracks. East and North positions are given in km.
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Figure 9

Eddy center velocities binned in 2° latitude x 3° longitude boxes for the period September
2000 — September 2001. Anticyclone arrows are plotted as solid lines, cyclones arrows are dashed.
The number at the base of the arrows (upper: anticyclone; lower: cyclones) indicate the number of
monthly vectors used in the estimation (a minimum threshold of 3 months was used). A velocity

scale (1 cm/s) is plotted. Topography is represented as in Figure 3.
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Figure 10

Looping float trajectories in the 100 - 550 m layer, during the period September 2000 —
September 2001. Selected floats made at least two consecutive loops in the same direction.
Anticyclonic (cyclonic) tracks are in red (blue). First underwater float position is indicated as an
open circle. Gaps in trajectories are due to the surface phase of Marvor floats. Day number (from

01/01/2000) is labelled every 30 days along the tracks. Topography is represented as in Figure 3.
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Figure 11

Eddy azimuthal velocities (cm/s) as a function of distance (km) from eddy center. a)
Northwestern (A5, A7 and an unnamed anticyclone), b) northeastern (A1, A13), c) southern (A2, A3,
A10) anticyclones and d) cyclones (C2, C4, C5, C11, C12) are distinguished (see text). Estimations
are for the 100 - 550 m layer (stars), the 800 - 1100 m layer (open circles) and the 1700-1800 m layer

(downward triangles).
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Figure 12

Selected trajectories for cyclonic eddies. All floats are in 100 - 550 m layer. a) Cyclone C4; b)
« Cyclonic exchange » (« CE ») (see text). Float identification is plotted at start of trajectory, marked
by a filled dot. Solid, dashed and dashed dot lines are used to distinguish between trajectories.
Months are indicated along trajectories, as labelled crosses. Topography is represented as gray

shades, in 1000 m depth ranges, and depths contours are indicated.
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Figure 13

Zonally averaged float velocities and EKE as a function of latitude for the period September
2000 — September 2001. All quantities are zonally averaged over longitudes 22°-15°20'W. Solid lines
are for the 100 - 550 m layer, and dash-dotted lines for the 0 - 100 m layer. a) east velocities (cm/s),
b) north velocities (cm/s) and ¢) EKE ((cm/sY). In each case, we have averaged over the box data of

Figures 5 and 6. Standard deviations are plotted as error bars.
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Figure 14

Meridionally averaged float velocities and EKE as a function of longitude for the period
September 2000 — September 2001. All quantities are meridionally averaged over latitudes 38°-46°
N. Solid lines are for the 100 - 550 m layer, and dash-dotted lines for the 0 - 100 m layer. a) east
velocities (cm/s), b) north velocities (cm/s) and ¢) EKE ((cm/sY). In each case, we have averaged

over the box data of Figures 5 and 6. Standard deviations are plotted as error bars.
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Figure 15

Eddy centers velocities computed from the combined altimetry-Lagrangian analysis (see
text), as a function of latitude, for the period September 2000 — September 2001. a) East velocities of
anticyclone (solid) and cyclone (dashed) centers (cm/s). b) North velocities of anticyclone (solid) and
cyclone (dashed) centers (cm/s). Velocities were averaged over 2° latitude bands. Standard
deviations are plotted as dotted lines. In a), the open circles indicate the mean phase speed of long
Rossby Waves as computed by Chelton et al. [1998]
(http://www.coas.oregonstate.edu/research/po/research/chelton/), in 1° latitude x 1° longitude boxes
over the longitude band 13°-23°W.
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