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[1] The new generation of high-resolution ocean models offers a new way to
investigate the characteristics and the evolution of the ocean mesoscale. An analysis of
the simulated Mediterranean eddies, the so-called “meddies,” is presented. The model
used in this study is the Mercator North Atlantic [9°N, 70°N] and Mediterranean Sea
Prototype (PAM), a high-resolution configuration (3.5—8 km horizontal grid) based on the
OPA ocean general circulation model. The meddies are coherent structures of warm
and salt Mediterranean Water (MW) advected in the northeast Atlantic. A 5 year
experiment performed with PAM reproduced the main observed characteristics of the
meddies: thermohaline properties (11.8°C, 36 psu), sizes (radius between 25 and 110 km),
thickness (between 500 and 1000 m), westward advection velocities (1.4 cm.s™ "),
angular velocities (a period of 20 days), a good estimate of the number of meddies in the
northeast Atlantic (~22), and their realistic geographical distribution (80% south of
40°N). Moreover, and in agreement with a previous study based on an observation cruise,
these modeled meddies represent half of the westward salinity transport of MW.
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1. Introduction

[2] In the context of the MERCATOR operational ocean-
ography project (http://www.mercator-ocean.fr), we have
studied the representation by the North Atlantic and Med-
iterranean Sea Prototype (PAM) of the meddies. These
oceanic eddies are defined as salty lenses of Mediterranean
Water (MW) created in the Atlantic by the interaction of the
MW vein and the topography. The ability of such a model to
reproduce these kinds of structures will be really useful to
complete studies based on observations. Statistical studies,
about the meddy geographical distribution for example,
based on model simulation now appear close to the reality
when such studies are always difficult to carry out with a
too few measurements.

[3] The meddies have been studied for more than 20
years; one of the first references to these structures was
made by McDowell and Rossby [1978]. Since then, many
hydrographic cruises in the northeast Atlantic have revealed
the hydrographic properties and velocity structures of the
meddies have been described [Armi and Zenk, 1984; Paillet
et al., 2002; Pingree and Le Cann, 1993; Richardson et al.,
1991; Tychensky and Carton, 1998; Zenk et al., 1992].
Many theoretical and numerical studies have been done to
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describe the formation, evolution and propagation of coher-
ent vortices in the ocean and the interaction of these
structures with the bathymetry [4iki and Yamagata, 2004;
Beckmann and Kdse, 1989; Colin de Verdiere, 1992; Dewar,
2002; Jungclaus, 1999; Killworth, 1986; Morel, 1995;
Morel and McWilliams, 1997; Pichevin and Nof, 1996].
PAM allows a resolution of the order of 6 km in the meddy
formation area around St. Vincent Cape, quite similar to
some previous studies based on quasi-geostrophic models
[Beckmann and Kise, 1989; Morel and McWilliams, 1997]
or used to simulate a limited area [Jungclaus, 1999]. The
large geographic domain in PAM configuration allows us to
track the meddies in the entire North Atlantic domain.

[4] After a description of the model configuration in
section 2 and of the Mediterranean Water outflow in
section 3, the meddy properties in a PAM 5 year simulation
will be analyzed in section 4. The interesting points are the
thermohaline structure and the dynamic of the meddies, the
events of splitting and coalescence, the number and lifetime
of the meddies and the salinity anomaly they advect.

2. Model Configuration

[s] The PAM model provides a description of the North
Atlantic (from 9° to 70°N) and Mediterranean basins
[Siefridt et al., 2002] (available at http://www.mercator-
ocean.fr/html/lettre/lettre_S/page 1.html), with a very high
horizontal resolution (5—7 km). The vertical resolution is
based on 43 levels with layer thickness ranging from 6 m at
the surface to 200 m at the bottom of the Mediterranean Sea,
and 300 m for the Atlantic. The bathymetry is processed

1 of 16



Co03016

DRILLET ET AL.: MEDDIES IN AN EDDY-RESOLVING MODEL

Co03016

S0N

45N

40N

r\l T T T rblqiz'll

Q —

=7 SNNN
/ﬂc' arcot Senno Gulf o

1 Wsca‘v Seamount

¥ i I Tajo Plato ;
‘Iﬁ Cape St Vincent ]
T Ve
k-\_? S, i
@ %) ca s =
o ey
2 35N \\) -" GibrFalta rait|
5 _ .
_
30N —
25N d -.” —
0 g j
8 | c}/ i
b i PO / i
\ i T
e , Ji -
20N .} 1 1 1 %‘I 1 1 1 I 1 1 1 | 1 | 108 | 1 1 1 1 | 1 1 1 1 1 1 1 1 1
SW J0W 25W 20w | SW 10W S5W OE
Longitude

Figure 1. Smith and Sandwell [1994] bathymetry interpolated on the model grid in the meddies
formation and displacement area. The bathymetry isocontours represented are 250 m, 500 m, 750 m,
1000 m, 2500 m, 3500 m, 4500 m, and 5500 m, with a bold line for the 750 m and 3500 m isocontours.

from the Smith and Sandwell [1994] database (Figure 1).
PAM uses version 8.1 [Madec et al., 1998] of the OPA
numerical model, with vertical z coordinates, including a
rigid lid assumption at the surface, a diagnostic ice condi-
tion and a turbulent kinetic energy mixing parameterization
(1.5 closure scheme). The viscosity and diffusivity operators
are bilaplacian, with respectively a coefficient of —9.10°
and —3.10° m” s® on the largest meshes; they decrease with
the size of the mesh proportionally to Ax>. The surface
forcing function uses daily stress of wind, evaporation,
precipitation, net heat and solar fluxes provided by the
European Center for Medium-range Weather Forecasts
(ECMWF) analyses over the 1998-2002 period. The
PAM modeling project benefited from the CLIPPER
research project [Treguier et al., 2001] for high-resolution
modeling of the Atlantic Ocean. The main physical param-
eterizations in the PAM configuration are those in the
CLIPPER configurations. The main improvements between
CLIPPER and PAM are increased horizontal resolution and
the addition of the Mediterranean Sea.

[6] The representation of the bathymetry by steps in the z
coordinate model is problematic for the simulation of the
dense water sinking downstream of the Gibraltar Strait.
Even with a high horizontal resolution (between 5 and

10 km) all these z coordinate models have one of the
following problems: intensity of the flow through the
Gibraltar Strait; Mediterrancan Water tongue depth; or
thermohaline properties of this water mass. For example,
Smith et al. [2000] simulate a warmer (+2°C) and saltier
(+0.4 psu) Mediterranean water tongue compared with the
Reynaud climatology and the bathymetry in the PAM model
prevents the dense water at 800 m where it is mixed with
surrounding water instead of rapidly sinking down to
1000-1200 m.

[7] In order to solve this numerical problem, a small
relaxation, toward climatological temperature and salinity,
three-dimensional (3-D) area in the Gulf of Cadiz was
introduced in PAM [Drillet et al., 2002]. Such a solution
has been adopted by M. E. Maltrud (personal communica-
tion, 2003) in a 1/10° global ocean circulation model. In our
case the relaxation area is centered at 8°W, 35°N with a 4°
radius. At the center the relaxation time is 50 days. This
time is increased up to infinity 4° away from the center. The
relaxation is not constant over the vertical; it is only applied
below 500 m and it is increased linearly between 500 to
1000 m, where the relaxation time is 50 days at 8°W, 35°N.
Between 1000 m and the bottom of the ocean the coefficient
value is unchanged.
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Figure 2. Salinity (psu) at 870 m depth. (left) Three year mean of simulation minus Reynaud
climatology; the contour intervals are 0.05 psu. The areas where the climatology is saltier than the model
are shaded. Vertical sections 1, 2, and 3 are plotted in Figures 3, 4, and 5. (right) Three year mean of
simulation; the contour intervals in psu are [35, 35.5, 35.6, 35.7, 35.8, 35.85, 35.9, 35.95, 36, 36.05, 36.1,

36.15, 36.2, 36.3, 36.4, 36.5].

[8] In this configuration, the relaxation area is restricted
to the Gulf of Cadiz where the MW current is strong and
stable. At the St. Vincent Cape the relaxation time is
150 days at 750 m and 75 days under 1000 m, and at Tejo
Plato the model evolves freely. The small relaxation along
these two capes does not inhibit the destabilization of the
MW current which create meanders and eddies.

[¢9] The computational cost of this model allows us to
perform only short simulations. One year of simulation
needs 200 CPU hours on the Fujitsu VPP5000, 30 Go of
memory and generates 100 Go of output fields. Conse-
quently, the simulation analyzed in this paper simulates only
the period 1998 to 2002 after a short 16 month spin-up
period.
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[10] The experiment (PAM21) analyzed in this study is
initialized in September by the Reynaud climatology in the
Atlantic [Reynaud et al., 1998] and by the MEDATLAS
climatology in the Mediterranean Sea [Mediterranean Data
Archeaology and Rescue, 2002]. The first 16 months of the
simulation have been forced by the daily temporal mean of
the 6 hour ECMWF forecast for the period between March
1998 and February 2000. Following this “spin-up,” the
interannual experiment simulates the period from March
1998 to August 2002. A short simulation is long enough to
study the meddy formation and their displacement in the
northeast Atlantic. After 2 years of simulations, the number
of meddies is at equilibrium (see section 4.6.1), several
meddies have reached the Mid-Atlantic Ridge. Neverthe-
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Figure 3. Salinity section (branch 1 (see Figure 2)) in the Gulf of Cadiz (8.2°W). (left) Three year mean
of simulation minus climatology; the contour intervals are 0.05 psu. The areas where the climatology is
saltier than the model are shaded. (right) Three year mean of simulation; the contour intervals in psu are
[34.8, 35.5, 35.8, 35.85, 35.9, 35.95, 35.98, 36, 36.02, 36.05, 36.1, 36.15, 36.2, 36.25, 36.3].
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Figure 4. Salinity section (branch 2 (see Figure 2)) at 15°W. (left) Three year mean of simulation minus
climatology; the contour intervals are 0.05 psu. The areas where the climatology is saltier than the model
are shaded. (right) Three year mean of simulation; the contour intervals in psu are [34.8, 35.5, 35.8,
35.85, 35.9, 35.95, 35.98, 36, 36.02, 36.05, 36.1, 36.15, 36.2, 36.25, 36.3].

less, the simulation duration is too short to follow the
meddies in the western part of the Atlantic.

3. Mediterranean Water Outflow
3.1. High-Salinity Tongue Extension

[11] The MW salinity extension in the Atlantic Ocean has
been intensively studied in the past. See for example the
review of the subject by lorga and Lozier [1999a]. The salty
MW sinks under the Atlantic water west of the strait of
Gibraltar. The MW stabilizes at around 1000—1200 m in the
Gulf of Cadiz, which is the level of neutral buoyancy.

[12] With the slight relaxation constraint described in
section 2, the model can reproduce realistically enough
the MW circulation in the northeast Atlantic. At 870 m
(Figure 2) and 1100 m (not shown) the salinity field reveals
the extension of the MW tongue in the model and in the
Reynaud climatology. In the real world, the westward high-
salinity core (>35.8 psu) propagation extends toward 25°W
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at 870 m and more than 20°W at 1100 m (Reynaud
climatology and lorga and Lozier [1999b]). In the model,
the westward penetration of the MW tongue is greater than
observed at 870 m and weaker at 1100 m.

[13] In the northern direction the salty water follows the
European continental shelf of the Bay of Biscay (salinity >
35.8 psu) up to 50°N (salinity > 35.5 psu). At Cape
Finisterre the previous problem is also present with an
excess of salty water at 870 m and a deficit at 1100 m.
However, this salinity bias is very small compared to the
observations (<0.05 psu); and the boundary of the MW
(35.5 psu contour in Figure 2) is similarly located around
32°W and 52°N at 870 m, and around 29°W and 49°N at
1100 m, both in the model and the climatology.

[14] The first maximum of salinity is situated above 700 m
(Figure 3), corresponding to the MW vein which follows the
Portuguese shelf. Although this MW vein does not exist in
the climatology, this result is in good agreement with the
MW properties measured during the “SEMANE 99 cruise
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Figure 5. Salinity section (branch 3 (see Figure 2)) at 41°N along the Portuguese coast. (left) Three year
mean of simulation minus climatology; the contour intervals are 0.05 psu. The areas where the
climatology is saltier than the model are shaded. (right) Three year mean of simulation; the contour
intervals in psu are [34.8, 35.5, 35.8, 35.85, 35.9, 35.95, 35.98, 36, 36.02, 36.05, 36.1, 36.15, 36.2, 36.25,

36.3].
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Figure 6. Five day mean of the bottom velocity (color field) in meters per second in August 2002. The

contour lines are the bathymetry in meters.

[Talandier et al., 2001] which give a salinity of 36.2 psu and
a temperature of 12°C at around 650 m along the shelf at
8.3°W, 36.7°N. It is also important to note that the Reynaud
climatology is colder (1.5°C) and fresher (0.2 psu) com-
pared to the “SEMANE 99” observations at the Gibraltar
output. The thin coastal MW (Figure 3) vein along the
Spanish shelf (~650 m) does not exist in the climatology
the presence of this vein explains some model bias de-
scribed later in section 4.3. The principal MW vein follows
the 1000 m depth referenced isodensity 32.2 kg m ™ line in
both model and climatology, in a layer between 1100 and
1200 m. The vein salinity exceeds 36.25 psu in the
climatology and the maximum of the modeled vein salinity
remains less than 36.2 psu.

[15] The 15°W section (Figure 4) shows a northward
displacement of the salinity maximum, the vein is also
lifted into upper layers of the water column. The
explanation could be the principal MW vein separate
from the coast at Tejo Plato in the simulation instead of
at Cape St. Vincent in the observation. The vein is also
lifted into upper layers of the water column because of
salinity and so density deficit at the source of the MW
vein in the Gulf of Cadiz. Following the MW in the
north direction, south of Cape Finisterre (Figure 5) and
also along the continental shelf in the Bay of Biscay
(not shown), the vertical extension of the vein is larger

in the model compared to the climatology, and the
salinity maximum, around 36.1 psu, is higher in the
water column.

3.2. Dynamics of the Mediterranean Water Mass

[16] The MW characterized by temperature and salinity
fields seems to spreads out uniformly in the Atlantic Ocean.
The study of the MW vein dynamics allows us to identify
four branches of MW.

[17] The water vein going through the Gibraltar Strait and
the Gulf of Cadiz is the source of the MW in the Atlantic
Ocean. Current observations give an evaluation of transport
intensity through the Gibraltar Strait between 0.6 and 1.2 Sv.
In the simulation, described in section 2, the 4 year mean
transport of MW through the Gibraltar Strait is 0.84 Sv with
instantaneous values between 0.5 Sv and 1.2 Sv. This value
is in good agreement with the estimation by Johnson et al.
[1994] (0.9 Sv) or Hopkins [1999] (0.84 Sv). The velocity
of the MW at the bottom of the Gibraltar Strait (Figure 6) is
around 15 cm s~ ' in the PAM model, which is very
similar to the estimation of 14 cm s~ ' by lorga and Lozier
[1999b].

[18] The bottom horizontal velocity of the MW reaches a
maximum between the sill of the Gibraltar Strait and 700 m
depth in an area centered at 6.5°W, 36°N. In the area, the
maximum velocity ranges between 0.7 and 1 m s~ ', the
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Figure 7. The cross 3 year mean [20°W, 30°N—10°W, 50°N] section velocity (cm s~ '). The shaded
contours are the eastward velocity. The four Mediterranean Water (MW) veins described in section 3.2
are numbered in this section.

modeled MW water plume pattern resembles, that de- weaker between 7°W and 9°W in a layer bounded by
scribed by Johnson et al. [1994]. The authors indicate a 500 m and 1000 m. In agreement with the estimation
maximum of velocity around 1 m s™' situated at 6.6°W, made by Bower et al. [2002], the velocity slows down to
35.75°N between the isobaths 400 m and 600 m. In the around 15 cm s~' downstream of Cape St. Vincent at
model, the maximum velocity is around 50 cm s~' 1000 m.
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Figure 8. Three year mean velocity (cm s~ ') at 870 m depth. The shaded area shows the higher
velocities (>2.0 cm s~ '). The dotted lines show the mean pathway of the four main MW veins. The
encircled areas A, B, C, D, and E are described in section 3.2.
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Figure 9. Eddy kinetic energy (m” s~ ) at 868 m computed for 2001. For the dashed line and encircled

areas, see the text for comments in section 4.2.

[19] In a first approximation, the MW is advected west-
ward. Several methods have been used in the model to
estimate the mean westward velocity during the simula-
tion, to study the mean velocity through a vertical section
(Figure 7) in the MW or to study the Lagrangian
trajectories. The vertical section (Figure 7) shows the
different modeled MW branches described in the follow-
ing subsections.

[20] lorga and Lozier [1999b] used the velocity field at
isodensity 29.7 referenced at 500 m (approximately 870 m
in the model) and 29.9 (approximately 1145 m in the model)
to characterize the MW vein. This vein splits into two
branches at Cape St. Vincent, a first one identified as a zonal
current constrained between 35.5°N and 36.5°N, and a
second as a slope coastal current along the European shelf
until Ireland. Bower et al. [2002] compute the mean velocity
and the Eddy kinetic energy in the Cape St. Vincent and
Tejo Plato area using non meddy float data and define a
similar MW pathway adding nevertheless a low-intensity
zonal current in front of Tejo Plato.

[21] As discussed in the following subsections, the south-
ern branch is well represented by the model, but the
northern branch splits into three branches in the simulation.
Three of the model branches (the southern one (branch 1),
the middle one (branch 2), and the first northern one
(branch 3) (see Figure 8)) exhibit meddy formation area.
The advection of the meddies along these three routes
explains a large part of the velocity intensity in these
branches.

3.2.1. Southern Branch

[22] The southern branch of MW leaves the coast off
Cape St. Vincent in the western direction at 36°N (branch 1
(Figure 8)). Eastward of 23°W, the current is predominantly

zonal with a mean velocity around 2.0 cm s~ (Figures 7
and 8) centered at 750 m depth and a very low EKE
(Figure 9). In the observation [Bower et al., 2002; lorga
and Lozier, 1999b], but also in low-resolution model (not
shown), this branch is the principal one, it transports MW
westward in the Atlantic Ocean even the meddies are not
take into account. Bower et al. [2002] shows a first
maximum in front of Cape St. Vincent with velocity
greater than 10.0 cm s ' and EKE greater than
100.0 cm? s~2 which is not present in our simulation.

[23] Westward of 23°W, this branch meets the end of the
Azores current (area A, Figure 8) coming from the west
and going into the Gulf of Cadiz. The mean velocity of
this first MW branch is between 0.9 and 1.5 cm s at
870 m depth (Figure 8); this mean velocity decreases
slightly with depth in the vein (not shown). When the
southern branch meets the Azores Current (23°W 35°N),
the vein is shifted toward the southwest direction, reaching
40°W between 30 and 33°N at 0.8 cm s~' mean speed.
The continuity of this current is not viewable in Figure 8 but
several floats launched in this experiment effectively cross
the 33°N latitude line at a longitude between 15° and 30°W.
Sparrow et al. [2002] exhibit also a southwest bifurcation
of this southern branch west of the Horseshoe Seamounts
around 20°-25°W. The EKE (Figure 9) is in this area
relatively large (50 cm® s~ %) in the simulation which
indicates a meddy pathway along the western part of the
branch 1.
3.2.2. Middle Branch

[24] North of the separation of the southern branch and
the main vein, between Cape St. Vincent and Tejo Plato, the
mean coastal current reaches large values (>10.0 cm s )
with a maximum of 18.0 cm s~ ' at 870 m in good
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agreement with Bower et al. [2002]. At 1100 m this current
remains strong with a mean velocity greater than 3.0 cm s~
and a maximum value of 5.0 cm s~

[25] Around Tejo Plato, the main MW vein in the PAM21
simulation separates from the coast (branch 2, Figure 8).
Contrary to the branch 1 the mean velocity in this vein is
more intense in this simulation than observations and the
high EKE (dashed line, Figure 9) along the branch 2
indicates the main meddy pathway. Bower et al. [2002],
using non meddy float data, exhibit a really low intense
westward MW vein in front of Tejo Plato, this vein is also
missing in low-resolution model (not shown), that proves
the branch 2 is principally due to the meddy pathway. The
zonal current at 39°N has a westward direction west of
24°W with a velocity of 2.0-3.0 cm s ' at 870 m. There,
the current follows the topography of the Azores Seamounts
to take a southward direction. South of the Azores
Seamounts around 36°N, the current velocities decrease
(<1.0 cm s~ ") and cross the Atlantic Ridge through rifts.
This mean current seems to be continuous between the
European coast and the middle of the Atlantic Ocean, but
mixing and diffusive processes have dissipated the salinity
anomaly.

3.2.3. Two Northern Branches

[26] In the northern part of the MW pathway a
new separation occurs around Cape Finisterre (branch 3,
Figures 7 and 8) and the main vein enters into the Bay of
Biscay (branch 4, Figures 7 and 8) and follows the European
shelf until Ireland. The third separated branch has a westward
direction with a velocity between 1.0 and 3.0 cms™' at 870 m
depth and the EKE along this branch (Figure 9) indicates the
pathway of the meddies created around the Finistere Cape.
The branch is blocked by the strong North Atlantic current
around 43°N (areas B and C, Figure 8).

[27] The mean pathway of the MW penetrating into the
Bay of Biscay is also constrained by topographic structures.
At Cape Finisterre the current leaves the coast in the
western direction and makes a loop around the Charcot
Seamounts and the Biscay Seamount before entering the
Bay (area D area, Figures 7 and 8). The current seems to
induce a closed circulation in the south of the Bay of Biscay
with a westward current following the Spanish coast south
of the Biscay Seamount.

[28] The coastal northward current is more intense at
870 m than at 1100 m, 2.5 cm s~ ! versus 1.0 cm s7!
along the French shelf. In the lorga and Lozier [1999b]
description this coastal current seems to be more
intense (3.0-4.0 cm s ') and does not decrease with
the depth. Like branch 3, branch 4 joins the North
Atlantic current off Ireland between 50° and 55°N (area
E, Figure 8).

4. Meddies
4.1. Methods for Meddy Detection in the Model

[20] Four different criteria based on different model out-
puts are used to detect and study a meddy in the model.

[30] 1. The first consists in identifying directly the meddy
pattern in the 3-D salinity and temperature field. In the
subsequent horizontal and vertical sections, the meddy is
spotted through its thermohaline properties, i.e., where
the gradient is strongly localized. This method is used in
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section 4.3.1 to study six modeled meddies at a chosen date
and location.

[31] 2. The second method uses float trajectories
computed in the model to select the meddies. The floats
are initialized in the whole domain in January 2001 on a
horizontal grid with 1° resolution and at the vertical levels
56 m, 102 m, 473 m, 867 m, 1874 m, and 2809 m. They are
advected with the 3-D model velocities for 1.5 years; their
positions, salinities, temperatures and velocities are stored
every day. A first sort is performed to select the floats which
are in the MW at a specified date. The criteria for this
selection are: salinity between 35.7 and 36.5 psu; position in
the 3-D box bounded by 15°W, 8°W, 35°N, and 45°N;
and depth between 600 and 1880 m. To differentiate
the floats trapped in a meddy from a float in the MW, a
velocity criterion is used. In the MW, a velocity greater than
8.0cms ™' is always in a meddy, because in the MW vein the
velocities are always much lower.

[32] 3. The third method is an automatic counting of the
meddies performed on the salinity field at 870 m. A coastal
box limited by 9, 13°W and 37, 44°N has been omitted from
the counting: in this area the meddies are not separated from
the MW vein, and the structures detected with the algorithm
are not meddies but salinity fronts. The criterion of detec-
tion is based on a gradient of salinity greater than 0.15 psu
in all directions around each point where salinity is greater
than 35.95 psu. This detection is performed on a salinity
field sampled on a coarser grid (one point over the four
original grid points). The horizontal sampled precision is
then approximately 20 km. After a selection, the points
which satisfy the criterion are merged with their neighbors
and an ellipsoid including all these points is computed. In
the size classification the smallest meddies have a radius
less than 25 km, so they are represented by four meshes of
the subsampling field or 64 meshes with the model resolu-
tion. In any case eight points in each direction are large
enough to resolve mesoscale structures.

[33] 4. Finally, a vertical section of salinity and its normal
velocity are used to compute the anomaly salinity transport
between 475 and 1670 m. At each model level the mean
salinity is computed along the section and the meddies are
detected for each grid point where the anomaly salinity is
greater than 0.4 psu.

4.2. Formation of the Meddies

[34] The formation of the meddies has been studied with
analytical and numerical methods [4iki and Yamagata,
2004; Beckmann and Kdse, 1989; Colin de Verdiere,
1992; Dewar, 2002; Jungclaus, 1999; Killworth, 1986;
Morel, 1995; Morel and McWilliams, 1997; Pichevin and
Nof, 1996]. For example, Pichevin and Nof [1996] describe
the eddy formation in an idealized case of a dense water
current (the MW), following a wall on its right (the southern
Spanish coast, west of the Gibraltar Strait) and arriving on a
zonal Cape (Cape St. Vincent). The current goes round the
cape and the Coriolis force constrains the flow to the
northward direction. In their configuration, the stationary
state is continually perturbed by the formation and west-
ward advection of eddies. These cases are especially en-
countered in our three meddy formation areas detected in
the model, which are Cape St. Vincent, Tejo Plato, and Cape
Finisterre. In the simulation, the Tejo Plato plays the main
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Table 1. Characteristics of Six Model Meddies Distributed Over the Whole Domain at the End of August 2002 in the

Simulation and Two Meddies Observed During Cruises®

Branch No. Position, “W—°C Maximum Salinity, psu Maximum Temperature, °C Radius, km Thickness, m
M1 19.2-33.2 36.1 11.8 25 800
M2 20-38 36.18 11.9 85 1200
M3 13.8—-41.9 36.1 11.6 30 500
M4 15.5-43.5 36.15 11.8 110 700
M5 30.5-35 36.17 12.0 40 700
M6 16—46 36.00 11.4 25 600
Hyperion 28-36 36.37 13.2 60 900
Ulla 12-45 36.15 11.5 30 1000

“Horizontal and vertical sections of the simulated meddies are plotted in Figure 10.

role in the meddy formation rather than the usual Cape St.
Vincent.

[35] The Eddy Kinetic Energy field (EKE) (Figure 9)
computed for the 2001 at 870 m, exhibits a maximum of
turbulence in front of Tejo Plato. This maximum follows a
zonal front at 39°N in the westward direction (dashed line,
Figure 9), which identifies the main formation area and
advection route for the meddies. A southwest tongue of
intense EKE is also detected, which indicates that some
meddies, formed at the Tejo Plato are advected in the
Horseshoe Seamounts area (encircled area, Figure 9). Bower
et al. [2002] have computed the EKE with the float data
around Cape St. Vincent and Tejo Plato, they exhibit two
maxima with the more intense at Cape St. Vincent (EKE >
100 cm? s~%) and the second one at Tejo Plato (EKE >
50 em® s ). In PAM21 simulation the EKE is quite
well represented in front of Tejo Plato with values around
50 cm”® s° but the Cape St. Vincent does not play the
main role like described with observations. Cape Finisterre
plays the same role as Tejo Plato, with a topographic
perturbation of the northward coastal current which sepa-
rates from the coast at the cape and is advected in the
westward direction.

4.3. Thermohaline Structures of the Meddies

[36] The description of the thermohaline structure of the
simulated meddies is based first on the vertical temperature
and salinity sections crossing the meddies on a 5 day mean
field. Second, float trajectories are followed to get the
temporal evolution of the 3-D field. We illustrate the study
with six meddies found in the 5 day mean field and four
float trajectories extracted from 206 encountered in the MW
during the simulation. The six meddies described in section
4.3.1 are different from those found in the four trajectories
described in section 4.3.2.

4.3.1. Instantaneous Vision

[37] To study the thermohaline structure of the simulated
meddies, six coherent eddies were chosen in the MW
tongue at the end of August 2002. They represent all the
different types of eddies simulated by the model in the MW
with different sizes, spread over a large geographical area.
Five anticyclonic structures (M1, M2, M4, M5, and M6)
and one cyclonic (M3) were selected (Table 1).

[38] A meddy usually has an anticyclonic circulation;
the five studied here have a radius between 25 and
110 km and a thickness between 600 and 1200 m. The
size of their structures is in agreement with the meddies
observed during the Amuse and Semaphore cruise
[Richardson et al., 2000], whose radii range from 20 to

80 km. Their vertical thickness varies between 800 and
1400 m, with the core of the structures located at a
depth around 1000 m [Richardson et al., 2000]. Another
meddy, called Hyperion, observed in July 1993 [Tychensky
and Carton, 1998] also had a radius of 60 km and a thickness
of 900 m (Table 1).

[39] The observed meddies are found 100 m deeper
(around one model level at that depth) than the simulated
ones. The difference between the depth of the temperature
maximum and the depth of the salinity maximum is never-
theless well represented in the model. The salinity maxi-
mum is always deeper than the temperature maximum. This
difference is 200—300 m in the observation and 100—150 m
in the simulation. The two salinity maxima in the observed
meddies are never captured by the model. The meddy
temperature maximum (Figure 10) is 11.8°-11.9°C and
their salinity maximum is 36.1-36.2 psu. The temperature
difference between the core of the meddy and its surround-
ing water is 1°-2°C, and the salinity difference is 0.5—
0.6 psu. Compared to the observations, south of 40°N, the
PAM simulated meddies are too cold and too fresh by 0.7°C
and 0.2 psu. This bias in the thermohaline structure of the
meddies is probably due to the deep climatological data
relaxation described in section 2. We already mentioned in
section 3 that the coastal MW current along the Spanish
shelf is not present in the climatology. This vein should be
saltier (+0.2 psu) and warmer (+1.5°C) before the Cape St.
Vincent. The meddies formed by the vein are thus fresher
and colder in the model.

[40] The northern meddies (M4 and M6) have tempera-
ture and salinity properties in accordance with the observa-
tions. Paillet et al. [2002] described a northern meddy,
called Ulla (Table 1), situated at 12°W, 45°N, which has a
temperature maximum of 11.5°C, a salinity maximum of
36.15 psu, a zonal radius of 30 km, and a meridional radius
of 20 km. These values are in good agreement with meddy
M6 in the model (Table 1). The vertical extension of meddy
M6 (600 m) is also in good agreement with the observed
one (700 m).

[41] Cyclonic eddies have been less frequently observed
[Richardson and Tychensky, 1998] but are largely simulated
by different models. M3 is a small structure and has
temperature and salinity gradients (0.5°C and 0.1 psu)
weaker than the anticyclonic as in previous studies, and
our cyclonic eddies are often coupled with the anticyclonic
ones and form a sort of dipole.

4.3.2. Spatiotemporal Variability

[42] The study of four particular meddies allows us to

describe the spatiotemporal variability of the thermohaline
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(top) Twenty months of floats trajectories trapped in four different meddies. Across every

week is plotted on the trajectory. The three bottom temporal series represent the evolution of the (a)
depth, (b) temperature, and (c) salinity along the four float trajectories.

structure in a meddy. Figure 11 shows the trajectories of five
floats caught in the five meddies. The evolution of the
salinity along the four trajectories (F1, F2, F3, and F4) can
be explained by: the change due to the dissipation or
interaction with the bathymetry, a current or another eddy,
the horizontal or the vertical position of the floats in the
meddy or their expulsion from it.

[43] The horizontal displacement of the floats is correlated
to their position in the meddy: floats near the centre
(respectively the edge) are represented by small (respectively
large) loops. Figures 11a, 11b, and 11c¢c show the temporal
evolution of the vertical displacement of the floats.

[44] For float F1, around 35°N, the mean salinity along
the trajectory is 36.23 psu with a standard deviation of 0.05.
The salinity decreases slightly between February 2001 and
August 2002. During this period the meddy is advected in
the Horseshoe Seamounts area where the topography
perturbs its trajectory, and its salinity which weakens from

36.32 to 36.17 psu. This slight decrease in salinity is
contrasted with the fast sinking of the float, which is
situated around 720 m before the Horseshoe Seamounts
and around 850 m afterward.

[45] Float F3, located around 38°-39°N, is advected in
the western direction toward 19°W and in the southwest
direction afterward. Salinity variations between the begin-
ning and the end of the trajectory are very small
(standard deviation of 0.02 psu) compared to the mean
value (36.11 psu). Where there is no topographic pertur-
bation, no interaction between several meddies and no
interaction with another current, the diffusion affects only
slightly the robust characteristics of the meddy for several
months.

[46] Float F2, around 43°N, is advected in the northwest
direction but remains south of Cape Finisterre, with a mean
salinity of 36.08 psu and a standard deviation of 0.05 psu
during the trajectory. The loss of salinity observed at the end
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Figure 12. Float trajectories during Amuse and Semaphore cruise in 1993—-1994.

of the simulation (—0.2 psu) is explained here by the
interaction with another current. This time, the end of
the strong North Atlantic current increases the mixing of
the meddy with surrounding waters.

[47] The Charcot and Biscay seamounts also perturb the
meddy north of 45°N (F4) and the variations are principally
explained by the expulsion of the float from the meddy after
15 months of advection. The mean salinity of 35.94 psu
(35.97 psu when the float is in the meddy) is smaller
compared to other meddies; the standard deviation of
0.08 psu (0.05 psu when the float is in the meddy) is larger
than in the other cases. This case would be similar to the
floats F2 and F3 if the period after the expulsion were
omitted. This example highlights the difficulties in applying
simple statistics to the float trajectories.

4.4. Dynamics of the Meddies

[48] The 5 year simulation is not long enough to follow
all the simulated meddies throughout their life, but never-
theless some meddies are advected in the model for almost
4 years, and several for more than 1 year. This allows us to
reach conclusions about relevant mean values (angular
velocity, background or total velocities). The visual com-
parison between trajectories observed during Amuse and
Semaphore cruises (Figure 12) and modeled trajectories
(Figure 11) shows similarities: (1) formation of modeled
meddies at St. Vincent Cape and Tejo Plato (F1 and F3,
Figure 11); (2) advection of these meddies to the west and
southwest direction; and (3) the end of the F5 travel after
5 years of simulation (Figure 11) around 30°W—-35°N is a
position where meddy have been observed during Sema-
phore cruise (Figure 12). In a longer simulation it will be
really interesting to know if F5 float will be advected more
westward like in the observation. This comparison shows
also a couple differences: (1) observed meddy advected in
the Gulf of Cadiz is never simulated and (2) the size of the
loops is smaller in the observed compare to the simulated
trajectories. This is also a indication that the simulated
meddies are too large.

4.4.1. Background and Total Velocity of the Meddies

[49] In this section we compute a zonal or a meridional
background velocity which is the velocity of one particle
between two zonal or meridional sections supposing this
trajectory is linear. The total velocity include the mesoscale
activity, it is computed with the total distance along the
trajectory between the two sections. The most westerly
position of a meddy during this simulation is 34°W and is
reached after 55 months of simulation (Figures 13b and 11
(F5 trajectory)). This position is 2000 km from the meddy
formation area. In this case, the westward background
velocity is around 1.4 cm s™' compared to 1 cm s~ ' in
the work of Arhan et al. [1994].

[s0] The northern and southern meddies are not advected
as far from the formation area as those drifting in the
western directions. The most southern position seems to
be around 32°N, even if one meddy is detected at 30°N
(Figure 13d), and the most northern position is between
46°N and 47°N (Figure 13c). So the largest southward
advection is of the order of 500 km and the largest
northward advection is 250 km, by contrast to the westward
direction for which the meddies are followed over the order
of 2000 km.

[s1] Thanks to float trajectories, it is possible to separate
the background velocity and the total velocity in the
meddies. A selection of several floats is made with the
following criteria: depths between 600 and 1600 m, salin-
ities between 35.7 and 36.5 psu, and the floats crossing the
15°W and the 20°W longitudes. For the 45 selected trajec-
tories, the mean time to cover the 5° distance is computed
and gives the background westward velocity. The total
distance covered by each float between these two lines is
also calculated with the daily position. For the 45 trajecto-
ries, the background westward velocity is 1.4 cm s~ ' and
the mean total velocity is 7.6 cm s~ '. This evaluation of the
background velocity using float trajectories between 15°W
and the 20°W is in good agreement with the 3 year mean
velocity across the section (Figure 7) where we can observe
a velocity between 1.0 and 2.0 cm s~ in the core of the
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Figure 13. Temporal evolution during the 72 months of simulation of (a) the total number of meddies,
(b) the longitude of the more westward meddies, (c) the latitude of the most northerly meddies, and (d)

the latitude of the more southerly meddies.

branch 1, between 1.0 and 3.0 cm s~ in the core of the

branch 2 and between 1.0 and 3.0 cm s~ ' in the core of
the branch 3. Trajectories can be classified by their geo-
graphical area. (1) South of 35°N. Only one float in this
simulation is situated at this latitude and crosses the 15°W
and the 20°W longitudes. The southern floats are principally
advected in a southwest direction and many of them are
trapped in the Horseshoe Seamounts area. (2) Between 35
and 40°N. Most of the floats trapped in meddies and
crossing the 15°W and the 20°W lines are in this area.
They represent 37.8% of the selected floats, the background
westward velocity is 1 cm.s~' and the mean total velocity is
8.6 cm s '. (3) North of 40°N. The floats trapped in
meddies at this latitude represent 22.2% of the selected
floats, the background westward velocity is 1.3 cm s~ ' and
the mean total velocity is 7.9 cm s~ '. (4) The remaining
floats, 37.8% of them, are not trapped in meddies. This
percentage (62.2%) cannot be viewed as a measurement of
the exact proportion of the meddies inside the MW.
Indeed, even if their initial positions are regularly distrib-
uted, our criteria selected floats preferentially trapped in
energetic structures like eddies or strong currents. In this
case, both velocities computed with float trajectories
should represent the most intense MW current. The
background westward velocity (1.9 cm s ') is nevertheless
in agreement with other estimations in the model or in the
measurements (section 3.2). The mean total kinetic energy
in the meddies is obviously greater than in the background
flow.
4.4.2. Angular Velocities of Meddies

[s2] The rotation periods in the measurements are very
different depending on the observed meddy. Richardson
and Tychensky [1998] and Bower et al. [1997] have esti-

mated with Lagrangian float trajectories a mean period of
3 and 24 days, with a mean value of 8 days.

[s3] Although the period in the model also exhibits a
wide distribution (between 12 and 33 days) the mean value
is larger (20 days). This underestimation of the angular
velocity in the model is probably linked to the two other
principal biases in the meddy representation, i.e., the over-
estimation of the size of the meddies and the underestima-
tion of the temperature and salinity anomalies. In the
observations, the smaller warmer and saltier meddies create
larger gradients, intensifying the dynamical characteristics
of the meddies.

4.5. Meddies Splitting and Coalescence

[s4] Events of meddy splitting and meddies coalescen-
ces have been observed by Schultz Tokos et al. [1994]
and Richardson et al. [2000]. An illustration of these
events in the model is shown, Figure 14, on the salinity
field at 870 m. This figure displays one field every
20 days, starting 13 July 1998. At this date there is
one coherent structure situated at 20.5°W, 39.8°N, with a
salinity maximum of 36.27 psu. During August 1998, this
meddy is elongated and two salinity maxima are created.
Their salinity is decreased by 0.06 psu compared to the
single initial structure. In September and October, two
different meddies of similar size and with the same
salinity are clearly formed. Lastly, in November, these
two structures coalesce into one meddy situated at 24°W,
39°N. The result of the 5 month life of this meddy is a
displacement of 400 km and a salinity decrease of
0.16 psu. This displacement is further than the mean
westward velocity estimated in section 4.3.2 at 440 km/yr,
and the decrease of salinity is very large compared to
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Figure 14. Salinity field (psu) at 870 m depth. Evolution of a meddy between 13 July and 30
November. There is one plot every 20 days. Note the separation of a meddy into two different structures

and the coalescence of these two structures into one.

other meddies. With such a salinity decrease rate, the
lifetime of a meddy would be 250 days instead of the
usual period of several years found with noncoalescent
meddies.

[s5] Compared to the fastest mesoscale oceanic processes,
only a few days are necessary to split/coalesce meddies. In
this example (Figure 14), the two events occur on the same
structure but in the model splitting is more often encoun-
tered than coalescence. Splitting is one of the causes of the
dissipation of a meddy: either by the interaction with fresher
and cooler currents, or by interaction with the bathymetry,
particularly in the Horseshoe Seamounts in the south or in
the Biscay seamount in the north.

4.6. Meddy Classification

4.6.1. Steady States

[s6] The top right curve (Figure 13a) indicates the num-
ber of meddies selected with the third criterion described in
section 4.1 during a 5 year simulation. Almost 2 years of
simulation are necessary to stabilize the number of meddies
(22 on average between April 1998 and August 2002) and
reach what is called here a “steady state.” The time needed
to reach the most western (Figure 13b), the most northern
(Figure 13c) or the most southern positions (Figure 13d) are
very different.

[57] In the western direction, the meddies drift the fur-
thest away from the formation area and 35 months are
needed for a meddy to reach the 30°W longitude, which is
the mean value of the most westward position at the steady
state. The most western position of a meddy in the simu-
lation is around 34°W, i.e., 2600 km away. This occurs after
55 (and 70) months of simulation. The simulation is not
long enough to make conclusions about cyclic phenomena.
In the north direction, the mean value of the more northerly
position during the steady state is 45.5°N. In this direction,
the excursion is only 7°—10°, and the time needed to find a
meddy at this latitude is 12 months, the more northerly
position is 47°N.

[58] The maximum displacement of 5° in the south
direction is due to a systematic interaction and the consec-
utive dissipation of the meddies with the seamounts. The
time to reach the 32°N position (mean value of the more
southerly position during the steady state) is 28 months, and
the most southerly position is reached after 35 months of

simulation. It seems that the model underestimates the most
southerly position of the meddies. This is due to the position
of the meddy formation, which is mainly at Tejo Plato rather
than Cape St. Vincent in the simulation. Richardson and
Tychensky [1998] have analyzed the meddies observed in
the Canary basin during the SEMAPHORE experiment,
tracking meddies up to 20°N. Our meddy geographical
“steady state” is defined when all the boundary limits of
the box bounded by 30°W, 47°N and 32°N have been
crossed by at least one meddy.

4.6.2. Size Classification

[59] The meddy counting method described in section 4.1
allows us to classify them by size. Using the criteria applied
to the salinity field at 870 m, we estimated the shape
ellipsoid area including all the selected points. The ellipsoid
is considered a good approximation of the geometric meddy
boundaries. In this approximation, the axes of the ellipsoid
are parallel to the grid of the model, with a precision of
around 20 km (four grid points). The ellipsoids are mainly
circular, and the chance of finding an axis three times larger
than the minor one is very slim. To estimate the size of the
meddies, the index is the size of the minor axis of the
approximated ellipsoid. The mean number of meddies
during the 4 years of simulation, between March 1998
and August 2002, is 22.4 with extrema values of 18 and
27 (Figure 15).

[60] We divide the meddy population into four size
classes (class 1: <25 km; class 2: <50 km; class 3:
<75 km; and class 4: >75 km). The class 2 and 3 popula-
tions have a similar mean of approximately 7, with extrema
ranging between 5 and 10. They represent 65% of the total
number of meddies. The smallest meddies (radius < 25 km)
represent 20% of the total number; the variability of the
population of these small structures is large compared to
the mean (between 1 and 9). This can be explained by the
shrinking of the meddies during their lives. The largest
meddies (radius > 75 km) represent only 15% and their
number is more stable than for the smallest meddies,
varying between 2 and 4.

4.6.3. Area Classification

[61] The counting method described in section 4.1 also
allows us to classify the meddies by geographical domain
during the number of meddy steady state. Four areas (NW,
SW, NE, SE) are defined as north or south of 40°N and east
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Figure 15. Temporal evolution of the number of meddies
classified according to size. This time series begins in April
1998, when the number of meddies is stabilized in the
model. The mean values for each class are displayed
between brackets.

or west of 18°W. The choice of these areas is justified by
geographical and topographic criteria. The 40°N latitude
separates the southern and middle branches (Cape St.
Vincent and Tejo Plato) from the northern ones (Cape
Finisterre) defined in section 3.2. East of 18°W longitude
is the seamount area (Horseshoe Seamounts in the south and
Biscay Seamount in the north) where the meddies often
interact with the bathymetry. Over the 4 year simulation
there are respectively 3, 7.5, 7.1 and 4.8 meddies in the
areas. That means 54.9% in the southern part of the domain
and 53.1% in the eastern part (Table 2). We will see in
section 6 that these values are quite different with the no-
slip lateral friction condition.

4.7. Meddy Contribution to Salinity Transport

[62] The main topic of this study is the representation of
the meddies with this high-resolution model. However, it
also proves very interesting to evaluate the impact of the
meddies on the large-scale circulation. This 5 year simula-
tion is not long enough to evaluate the impact of the MW
and the meddies over the thermohaline circulation, but it is
interesting to quantify the contribution of the meddies to the
salt anomaly transport in the North Atlantic. An estimation
of the salinity transport has been made by Arhan et al
[1994]. The hydrographic section, called “Bord-Est sec-
tion,” follows the east Atlantic coast between 20°W, 20°N
and 10°W, 60°N. During the cruise, three meddies were
observed, and Arhan et al. [1994] estimated that the meddy
contribution to the anomaly salinity transport across this
section was 55%. In the model, we have estimated the
meddy contribution to the anomaly salinity transport
through a slightly different “Bord-Est section.” Our section
crosses the entire model domain from 8°W, 57°N to 30°W,
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9°N. The salinity and the normal velocity are calculated at
each point of the model along this section.

[63] The salinity anomaly is calculated for each model
level as described in section 4.1. This computation is
performed every month using a 5 day mean model output.
The anomaly salinity transport is between 2.8 and 5.8 Sv psu
for the total MW. The large variability in the meddy
formation and in the MW vein explains the large variability
of the contribution of the meddies to the salinity anomaly
transport. The salinity anomaly transport in the smallest
meddies is around 0.15 Sv psu and in the largest it reaches
2.5 Sv psu. The percentage of the meddy contribution can
vary between 0 to 100% with time the mean value being
51% during the period.

5. Summary and Discussion

[64] This study uses a model with a high-horizontal-
resolution model (3.5-7 km) based on the OPA ocean
general circulation model. In this configuration, the MW
outflow is quite well simulated with a maximum of salinity
situated at a depth of around 1000 m, and the separation of
the MW tongue into four branches in the Atlantic Ocean.

[5] The maximum of temperature and salinity in the
meddies are respectively between 11.4° and 12.0°C, and
between 36.0 and 36.2 psu. The observed meddies are
generally saltier (+0.1-0.2 psu) and warmer (+0.5°-
1.0°C) than the simulated ones, apart from the northern
meddy where the thermohaline characteristics are in good
agreement with the observations. This fresh and cold bias in
the model is due to the relaxation of the MW outflows
toward a fresher and colder climatological data set.

[66] The radii of the simulated meddies are mostly found
between 25 and 75 km, which is the most commonly
observed size for these structures. Nevertheless, a nonnegli-
gible number of simulated meddies (15%) have a radius
greater than 75 km, which is larger than the largest meddies
ever observed.

[67] The advection velocity of the modeled meddies,
around 1.4 cm s™', is also a commonly accepted value,
but their period of rotation, estimated around 20 days, is
comparable to the largest observed values. The realistic
lifetime of the structures we track for several years shows
that the diffusivity processes in the model are well adapted.
The mean number of meddies (22 in the PAM21 simulation)
is also in good agreement with the observations. We plan in
the near future to use an objective analysis method [Hodges,
1994] to identify and track the meddies in a more systematic
way over a longer period.

[68] The realism of the meddies compared to observations
allows us to conclude that the PAM model is an efficient
tool to simulate: the number of meddies; their geographical

Table 2. Geographical Distribution of the Meddies in the Four
Areas (NW, NE, SW, SE) Separated by the 18°W Longitude and
the 40°N Latitude®

West, % East, % Total, %
North, % 13.4 31.7 45.1
South, % 335 21.4 54.9
Total, % 46.9 53.1 100

*These percentages are computed during the simulation period between
April 1998 and August 2002.
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distribution; their trajectories; their interaction with the
bathymetry; the frequency and the area of formation. These
phenomena are difficult to measure, track and sample. We
also know that several improvements to the model are
possible. For example, the main position of the meddies
birthplace which can be relocated at Cape St. Vincent by
changing the lateral boundary friction in no-slip condition
instead of the free slip used in this simulation.

[69] A good representation of the meddies in a global
ocean basin model is an original result in the ocean
modeling community. This study shows the good potential
of the PAM model for simulating mesoscale structures in the
North Atlantic Ocean and Mediterranean Sea. In the Mer-
cator forecasting system, the PAM model is already imple-
mented and can be used to forecast trajectories and
thermohaline characteristics of the meddies. During the last
decade, many studies concerned altimetry observation of
surface mesoscale structures. Although first attempts to
observe meddies from space with altimetry satellites have
been recently made [Yan et al., 2004], the PAM model in the
Mercator system has been able to simulate meddies and
track them in real time.
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