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Abstract. Meddies, intra-thermocline eddies of Mediter- 1 Introduction
ranean water, can often be detected at the sea surface as posi-
tive sea-level anomalies. Here we study the surface signature
of several meddies tracked with RAFOS floats and AVISO Generated by the destabilization of the Mediterranean out-
altimetry. flow along the Iberian Peninsula and at surrounding banks,
While pushing its way through the water column, a meddy meddies (Mediterranean Water Edd|ES) drift across the
raises isopycna|5 above. As a consequence of potentia| VO.NortheaStern Atlantic, sometimes reaching the Mid-Atlantic
ticity conservation, negative relative vorticity is generated in Ridge without major change in their dynamical properties
the upper layer. During the initial period of meddy accelera- (Richardson et al., 2000; Serra and Ambar, 2002).
tion after meddy formation or after a Stagnation stage, a cy- Meddies, warm and salty intrathermocline eddies, are iso-
clonic signal is also generated at the sea-surface, but mostliated from the surrounding waters by strong potential vortic-
the anticyclonic surface signal follows the meddy. ity gradients and show low horizontal and vertical diffusiv-
Based on geostrophy and potentia| Vorticity ba|ance’ Weities (HEbert, 1988, Martin et al., 2001) For meddies, hori-
present theoretical estimates of the intensity of the surfac&ontal intrusions are thought to be the most probable mech-
signature_ It appears to be proportionaj to the meddy core raanism for heat and salt exchange across their lateral bound-
dius and to the Coriolis parameter, and inversely proportionaRfies, but they are not an efficient mechanism for vorticity
to the core depth and buoyancy frequency. This indicates thalissipation until the late stages of the eddy disintegration
surface signature of a meddy may be strongly reduced by théHebert, 1988; Hebert et al., 1990). Relative vorticity decay
upper ocean stratification. Using climatic distribution of the in meddies may be due to their interaction with a background
stratification intensity, we claim that the southernmost limit Shear flow, which strips vorticity away (Legras and Dritschel,
for detection in altimetry of small meddies (with radii on the 1993; Mariotti et al., 1994), or to energy dispersion through
order of 10-15 km) should lie in the subtropics (35-K5, radiation of Rossby waves (Flierl, 1984). Core properties
while large meddies (with radii of 25-30 km) could be de- of meddies also change when they interact with seamounts.

tected as far south as the northern tropics (25885Those ~ Such interactions can range from “elastic”, when the eddy
results agree with observations. only slightly changes its trajectory, to “drastic”, when the

eddy is split into several parts or destroyed after interaction
with the seamount (Van Geffen and Davies, 2000; Richard-
son et al., 2000; Bashmachnikov et al., 2009b).

The propagation of meddies in the ocean may be a result
of various mechanisms. The simplest such mechanism is the
advection of a meddy by an ambient currents (currents at the
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932 I. Bashmachnikov and X. Carton: Surface signature of Mediterranean water eddies

depth of the meddy, or barotropic currents). But typically a For each meddy, the RAFOS float trajectories were split
more efficient process is the advection of a meddy by “betainto rotation cycles; during each cycle, the RAFOS positions
gyres”, which is the formation of an antisymmetric inter- were averaged to determine the position of the meddy centre.
nal dipole circulation inside the meddy that, in turn, advectsFor each cycle, the mean values of the distance between the
the meddy (Morel, 1995). “Beta gyres” in a meddy may be RAFOS and the meddy centre (called here “the radius”), tem-
formed by planetary, baroclinic or topographic beta effects.perature, azimuthal velocities, and meddy propagation veloc-
Due to baroclinic beta effect, “beta gyres” are formed via aities, were estimated. If several RAFOS floats were simulta-
vertical tilt of the isopycnals above or below a meddy, which neously rotating around a meddy centre, the final results rep-
leads to vertical squeezing or stretching of the meddy, whichresented the average values over all these floats. The results
becomes horizontally asymmetric. As a result a meddy maywere interpolated and smoothed with piecewise cubic Her-
be advected by a baroclinic ambient current (for instance amite interpolation polynomials over 7-day intervals, centred
current in a layer only above or below the meddy). For baro-at the same dates as the gridded altimetry data (AVISO).
clinic currents, direct advection by the current may be anni- From the RAFOS float data, the relative vorticity of each
hilated by beta gyres associated with the mean-flow potentiameddy was computed, assuming that it had a shielded Gaus-
vorticity gradient (Vandermeirsch et al., 2001), leaving othersian (or Rayleigh) profile (Carton et al., 1989). This hypoth-
effects to dominate. Except for advection by strong ambientesis is reasonable for the radial profile of relative vorticity
currents, the resulting meddy propagation speeds are a fewy,, in view of previous in-situ observations (Pingree and Le
cms L, Cann, 1993a; Palillet et al., 2002), but finer details of real vor-

Since the pioneering work bydée et al. (1989), several in- ticity profiles will be discussed below. The Rayleigh profile
situ surveys of meddies in the Northeastern Atlantic Ocearof azimuthal velocity is:
have shown that these eddies can have a clear signature at -
the sea-surface (Pingree and Le Cann, 1993a, b; Pingreey(r) = Qre~" /2Rm,

1995; Tychensky and Carton, 1998; Paillet et al., 2002; etc.)

(see Table 1). On average, the geostrophic azimuthal veloc@nd relative vorticity is expressed as:

ities near the sea-surface are around 70% of those of the )

meddy core, varying from 30 to 1Q0% (Bashmachmqu etwm "= (2_ r_) o2 /2R

al., 2009a). These strong surface signals, and the stability of RZ:,

meddies, allow their possible tracking with altimetry (Armi

et al., 1988; Stammer et al., 1991; Pingree and Le Canntiere, Rym is the radius where the azimuthal velocity
1993b; Bower et al., 1997; Richardson et al., 2000). reaches its maximumymax), and the constarg® = */i})Ter:W.

Up to now, no systematic investigation of meddy surfaceThe values ofvy andr were derived from float data, aver-
signals, nor of background ocean conditions which can affecaged over rotation cycles, whil,,, was derived from in-
their intensity, has been carried out. In this paper we develositu sections across the meddy. The dynamical radii of med-
criteria to determine where meddies with given characteris-dies (Rn) were defined as the distance at which the vorticity

tics can be observed at the sea-surface. changed sign. For a Rayleigh profile, the two radii are related
by Rm = v2Rym.
Gridded AVISO altimetry sea-level elevations) (with
2 Materials and methods a spatial resolution of about 30km were used to com-

pute the sea-surface velocity and relative vorticity with
For the experimental part of this work, we used several availthe geostrophic approximation. To reduce the measurement
able studies which address observations of dynamic struchoise, a 7-point stencil width was used for computation of the
ture of water column from meddy cores to the ocean surfacalynamic parameters, as recommended in Arbic et al. (2012).
(Table 1). The characteristics of the meddies, their signaturét the surface, meddy signatures were often mixed with other
at the surface and the background oceanographic conditiondynamical structures; therefore we identified meddy surface
form the test bed of the theoretical study to follow. In addi- signals from local extrema of the sea-level (Isern-Fontanet
tion, a joint analysis of RAFOS floats’ trajectories in med- et al., 2003). These extrema are given by the Laplacian of
dies and of AVISO altimetry data was performed to exam- sea-level heightvg = %A{. Note that such extrema can also
ine the variations of the surface signatures of meddies withrepresent surface eddies. Their correlation with RAFOS float
time. To study these long-term variations, we retained onlypositions was therefore essential.
the meddies thoroughly surveyed at least once with CTD sec- The accuracy of the computation peak relative vorticity
tions and followed with subsurface drifters for at least sev-from AVISO data depends on the data accuracy of the altime-
eral months. Meddies Hyperion, Zoe (Tychensky and Cartonfry missions, as well as on how far the closest altimetry track
1998; Richardson and Tychensky, 1998) and Pinball (Pin-was from the centre of the structure. When a track crosses the
gree, 1995; Richardson et al., 2000) satisfied those requirecentre of the surface signal, the along-track sea-level anoma-
ments. lies (SLA) are obtained with spatial resolution of 6—-7 km and
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Table 1. Characteristics of surface signatures of various meddies, derived from in-situ observgfiang) andvg(wg) are the maximum

azimuthal velocity (vorticity) in the meddy core and in its surface signal, respectively.

Meddie's name, H,m/Rym km wvm.cms?l v, ecms? c.em  |oml/f |wol/f wo/wm.% Reference,

position, time and Instrumentation*

min depth of

observations

Ceres, 36N, 1000/ 30 12 23 13 0.13 0.12 96% Tychensky and

24° W, 07-09.93, Carton, 1998;

om CTD, XBT, SF,
SLA,; (south of the
Azores)

Encelade, 33N, 1000/ 35 14 8 5 0.13 0.04 29% Tychensky and

21°W, 10-11.93, Carton, 1998; CTD,

Om XBT, SF,
SLA,; (south of the
Azores)

Hyperion, 35 N, 900/ 35 20 13 8 0.18 0.06 33% Tychensky and

28°W, 07.93,0m Carton, 1998;
CTD, XBT, SF,
SLA,; (south of the
Azores)

Ulla, 45° N, 1100/15 18 8 2 0.38 0.08 22% Pallletetal.,

12°W,04.97,0m 2002, CTD, XBT,
LADCP, RAFOS,
DDB, SF

Pinball (A3), 1000 (700-1200) / 25 15 6 0.39 0.12 30% Pingree, 1995;

01.94, 37-38N, 20 (10-35) (20-30) (10-20) Oliveira et al.,

10-12W,0m 2000; RAFOS, SF,
SLA, SST

Bobby92, 35 N, 1100/ 22 30 15 6 0.43 0.11 25% Pingree and Le

23*W,03.92,0m Cann, 1993b; CTD,
ADCP, buoys

B2,38 N, 13 W, 1300/ 25 31 18 8 0.39 0.11 29%  Schultz Tokos et

04-05.91, 100 m al., 1994; CTD,
RAFOS, SF

Aska (B1), 38 N, 1000/18 27 15 5 0.47 0.13 28%  Schultz Tokos et

13* W, 04-05.91, al., 1994; CTD,

100m RAFOS, SF

Smeddy, 38N, 700/12 20 8 2 0.52 0.10 20% Pingree and Le

9°W, 03.92,0m Cann, 1993a; CTD,
XBT, PF, SST

AVERAGE 5 0.35 0.10 30%

* Instrumentation, showing deep and/or surface signatures: CTD- conductivity-temperature-depth profilers, XBT — expendable bathythermograph profilers, RAFOS, PF and DDB —
deep floats (free floating, profiling of deep-drogued), SF — surface floats, SLA — sea-level anomalies, SST — sea-surface temperature.

H is the depth of a meddy cor&ym is the radius of maximum azimuthal velocity, vorticity is estimated@s= 2.8vm/Rvm, sea-level anomaly is estimated from the

quasi-geostrophic approximation:= (f Vs + V52/2) * Rm/g. For the surface signal the radius is doubled in accordance with observations.

typical precision of about 2 cm (Chavanne and Klein, 2010),0f 5 cm across the radius was constructed with a grid resolu-
while in general the SLA error is less than 3—4 cm (Fu andtion of 30 km. At every grid-point SLA was further perturbed

Cazenave, 2001). To estimate the error in relative vorticityby a normally distributed random noise with the standard
calculation, resulting from the noise in the measured SLA, adeviation changing from 1 to 1.5 cm and back to 1 cm along
vortex with a characteristic radius of 50 km and a SLA drop 5 consecutive SLA fields. This models the weekly sampling
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of a vortex moving with a speed of 3 cm’sfrom one Topex-  and b). Following an initial decrease, the surface signal re-
Poseidon’s ground track to another. The mean peak vorticitymained rather stable up to December—January 1995, when it
at the eddy centre was computed and its error was estimatesharply increased; an increase of the relative vorticity was
using Student’s t-distribution. The experiment was repeatedilso registered by the in-core RAFOS float (Fig. 1c). This
30 times. The mean error in peak relative vorticity was aboutincrease was accompanied by a rapid drift of the RAFOS to-
2.5x 109571, Since meddies often generate surface SLAwards the meddy centre, suggesting strong variations in the
of bigger radius and the SLA drop across the radius may exshape of its core. The correlation of the mean and minimum
ceed 10 cm (Oliveira et al., 2000), this estimate is consideredelative vorticities of the surface signal with the variations in
to be close to the upper bound of the related error. wm of the meddy core (Fig. 1¢), as registered by the RAFOS
float, reached 0.75-0.77; this suggests a strong influence of
the meddy core changes on the surface signal intensity. These
3 Description of observed meddy surface signals strong changes may have been related to an interaction with
a bottom rise of Santa Maria island, and/or to an interaction
Table 1 summarizes the simultaneous in-situ observations ofvith another meddy. No in-situ data are available to iden-
meddies and of their surface signatures available from literatify a meddy north of Zoe, but the meddy may be connected
ture. with an anticyclonic surface signal, which was moving south-
The peak vorticity of the meddies was computed from thewards along the eastern slope of the San Miguel-Santa Maria
Rayleigh model agom(0) = 2\/2“;3%*, where Ry and the  plateaux (Fig. 1b). A plausible eddy—eddy interaction might
maximum azimuthal velocityvgmax) are derived from ob- have taken place in November 1994, when the surface anti-
servations. In factpm(0) directly derived from the experi- cyclone was seen in altimetric data north of Zoe at a distance
mental distribution ofuy was on average 20 % smaller than of about 2 meddy diameters. During this period Zoe sharply
that given by the Rayleigh model. The latter correction, fur- changed the direction of drift and began a clockwise rotation
ther on applied to the results of the Rayleigh model, may bearound the anticyclonic structure to the north. The above-
due to the fact that, close to the centre, the observed relamentioned abrupt change in RAFOS characteristics occurred
tive vorticity of meddies was most often uniform and thus two months later, in January 1995, after Zoe had left the
did not exactly match the Rayleigh profile (see in particu- south-eastern tip of the San Miguel-Santa Maria plateaux,
lar, Richardson et al., 1989; Armi et al., 1989). Observationsand might rather be a result of merging with another meddy
showed that 3/4 of the presented meddies were coupled tthan of topographic origin (Fig. 1a).
a surface signature with relative vorticidyy ~ —0.1f (f is Meddy Hyperion (07.1993-12.1994) had a significant
the Coriolis parameter). The relative vorticity of the surface southward drift component. In the first year of its registered
signal ranged from 20 to 50 % (on average around 30 %) ofpropagation, Hyperion moved from 36 t0°2Y (Fig. 2a and
that in the meddy coredy). Observations also indicated that b). During this period the meddy interacted with and crossed
the Rym Of the surface signature was twice that of the meddy.the Azores Current. After crossing the Azores Current, it un-
For the meddies tracked with RAFOS floats, we fitted thederwent a long-lasting interaction with a surface cyclone de-
meddy positions with the AVISO altimetry maps. The sur- tached from the jet. These two interactions were presumably
face negative vorticity anomalies typically peaked above theresponsible for the variations of the meddy surface signal
centres of the observed meddies (i.e. less than 16 km awayyluring a period shorter than a month (Fig. 2c). During the
and rarely 16 to 49 km away. The modulus of relative vortic- initial period, the RAFOS floats in the meddy core showed a
ity monotonically decreased to zero over the radial distancegast outward drift, in particular as the meddy interacted with
of 50 to 100 km (see Figs. 1-3). Nearly all selected meddieghe Plato seamount (Fig. 2a and c, see also Richardson and
were coupled to a noticeable relative vorticity anomaly dur- Tychensky, 1998). Later on (from November 1993 to Novem-
ing 80 to 100 % of the observation time (Table 2). The only ber 1994), the RAFOS floats rotated about 30-40 km from
exception was meddy Ceres, which did not show a clear surthe meddy centre. During this latter period, the azimuthal ve-
face signature for a significant part of its tracked trajectory.locity and the core temperature showed a slight and gradual
This meddy lost its surface signal while crossing the Azoresdecrease with time, suggesting a continuous dissipation of
Current and did not regain it until it got destroyed at the Irv- the relative and potential vorticity anomalies of the meddy
ing seamount (Richardson et al., 2000). core (Fig. 2c). At the same time, the variations of the sur-
Meddies Zoe and Hyperion possessed comparable charaface signal along the meddy track were more drastic. The
teristics, were observed at approximately the same latitudemean and maximum surface signal intensity decreased sub-
and showed surface signals of similar intensity at the be-stantially as the meddy rapidly drifted southward: in Novem-
ginning of their registered journey. But their surface signalsber 1993, in December—January 1993/1994 and in April—
evolved differently. June 1994 (Fig. 2a—c). Approximated with linear trends, the
Zoe (09.1994-02.1995) drifted westward in a dynamically modulus of the mean relative vorticity at the surface, in less
calm region north of the Azores Current and generated an inthan of 20km away from the meddy centre, decreased by
tense permanent surface signal along its trajectory (Fig. 18.0x 10~/ s~ per month, and of its peak relative vorticity
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Table 2. Mean vorticity values (normalized by) at various distances from the centres of meddies, as calculated from RAFOSdigats;
andwq min,are the average and the peak negative vorticity over the 100 km around the meddy centre.

Meddy (time of observations) Zoe Hyperion Encelade Ceres Pinball
(09.94-02.95) (07.93-06.94) (11.93-05.94) (08.93-01.94) (01-09.94)

w/f at 20km —-0.07+0.02 -006+0.03 —0.084+0.02 -0.05+0.06 —0.02+0.02

w/f at45km —0.03+0.01 -0.03+0.02 -0.06+0.01 -0.03+0.03 -0.01+0.01

w/f at 75km 001+0.01 -0.01+0.01 -0.02+0.01 -0.01+001 -0.00+0.01

mean backgrounad/f in 4° x 4° —0.005+0.003 Q001+0.005 Q004+0.002 Q000+0.003 Q001+0.001

square

wo/wm, % 20+ 5 %* 40+ 20% 35+£5% 45+45%  20+35% **

wg < 0, wgmin < 0, in % of time 100, 100 % 93,94 % 100, 100 % 70, 100 % 78,100 %

of observations

% of time when the peak relative 20% 35% 90 % 40 % 20%

vorticity in 4° x 4° square is
situated over the meddy

* Relative vorticity of the core was set constant and equal@®f;
** Includes initial period of meddy stagnation, when anticyclonic signal has not been formed yet.

(not shown) — by 3.& 10~7s~1 per month. This is signifi- Here H is the mean thickness of the upper layer diig
cantly faster than the decrease of the modulus of the peak rels its perturbation by the moving meddy, with maximum
ative vorticity at the meddy core (2:310~7 s~ per month).  value AH over the meddy centre (Fig. 4H is typically

Meddy Pinball (01-09.1994) was first detected shortly af-200 m less tharH, the depth of the centre of meddy core
ter its formation near the Iberian coast (Pingree, 1995). LateHebert, 1988; Paillet et al., 2002; Carton et al., 2002). Fur-
on, it propagated westward, merged with another meddy andher vortex—vortex interaction may lead to alignment of the
finally got destroyed at the Josephine seamount (Fig. 3a). Atwo vortices or co-rotation of the structures around a com-
the time of its formation, this meddy was first overlain by mon centre (Polvani, 1991). When the radii of the vortices are
a surface cyclone, the formation of which concurred with smaller than or equal to the first Rossby deformation radius
the formation of the meddy. As the meddy started movingand when the initial separation of the centres is about half the
away from the continental slope in January 1994 the cycloniomeddy radius, the second evolution is the most probable one.
signal intensified, but did not follow the meddy (Fig. 3b). Co-rotation does not result in any significant change in the
About a month later, the meddy interacted with the cycloneparameters of the vortices (except for their relative position),
(Richardson et al., 2000), dived under it and lost its weak an-and we may consider the characteristics of the meddy surface
ticyclonic surface signal. Finally, in April, the meddy started signal to remain as in the final stage of its formation process.
its travel north and then west, gaining a permanent, though Taking characteristic values @f ~700m and isopycnal
weak, anticyclonic signature at the surface. The signal douelevationsA H ~50-100m, the vorticity, generated in the
bled its mean and peak surface vorticity as Pinball mergedupper layer, will bewg ~ —0.07 to—0.14f. This represents
with another meddy (Richardson et al., 2000) in May—June20 to 40% of a meddy peak vorticity (of about0.3f)
1994 (Fig. 3c). and corresponds well to the observations in Table 1. With
f ~8x10°s71, and a dynamic radius of the surface sig-
nature R ~50km (Table 2, see also Oliveira et al., 2000;
Paillet et al., 2002), the maximum azimuthal velocity at the
sea-surface is themy ~ % ~7-15cms?! (compare with
Figs. 1-2b).

Dynamically, a moving meddy forces the fluid above its
Observations indicate that a drifting meddy, while pushingfrontal slope to diverge, but the Coriolis acceleration resists
its way through the water column, raises isopycnals above ithe process deflecting the fluid particles from the radial di-
(Hebert, 1988; Paillet et al., 2002; Carton et al., 2002). Asrection. As a result the vertical velocity and the sea-surface
a consequence of potential vorticity)(conservationg =  doming are induced to form the meddy surface signal in
F’,tf—z(r’n negative vorticity should be generated in the uppergeostrophic balance. For a homogeneous upper layer and
layer, above the front slope of the meddy (Paillet et al., 2002 the geostrophic approximation, the sea-level anomaly (SLA)
Bashmachnikov et al., 2009a): over the meddy can be estimated as:

4 Theoretical estimates of meddy surface signatures

4.1 Homogeneous upper layer

fR?w0  f2R2AH
4g 4gH

)

AH
= —— é‘«\./_
o 7 f 1)
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Fig. 1. Temporal evolution of the characteristics of meddy Zoe
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Fig. 2. Same as Fig. 1, but for meddy Hyperion (the direction of
meddy movement is to southwesfly) shows the AVISO derived
geostrophic currents on 22.09.1993.
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where g is gravity acceleration. For our set of parameters
(AH ~50-100mH ~ 700 m),; = 3-6 cm withR ~ 50 km,
and¢ =6-12 cm withR ~ 70 km. These estimates agree with
the elevations observed over some meddies (Oliveira et al.,

2000) and are above the altimetric measurement error, whiclyenerated anticyclonic relative vorticityac = LAH shoyld
is less than 3—4 cm (Fu and Cazenave, 2001). v/

. . _ fAH
Vorticity considerations also suggest that at the beginningbe less than that of the cyclonic signaj = H-AH' On the

of meddy propagation (with the upper layer fluid at rest), acontrary, & steadily moving meddy generates only an anticy-
cyclonic signal should form on the lee side of the meddy. Ob-Clonic surface signal, since the isopycnals above, after being
servations of meddy Pinball give evidence that at this stagePushed upward by the passing meddy, return to their initial

the cyclonic signal may dominate the anticyclonic surfaced€Pth levels of the upper layer at rest.
signature (Fig. 3b). This dominance can also be explained by

potential vorticity conservation. When the meddy starts prop-

agating, the water column in front of the meddy has initially

q0= % which becomes% when it climbs over the

meddy (ac is the generated anticyclonic vorticity). The wa-

ter column initially above the meddy has= ﬁ——fAH' which

becomeé"cﬁ;f as the column descends the lee side. Thus, the
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2 YV tained by demanding that the pressure perturbation, thus cal-
culated, is generated by the free surface elevation.

Indeed, negative relative vorticity is generated above a
> meddy to compensate the compression of the upper layer due
to the meddy. The ratio of the relative vorticity terms to the
stretching term is:

v2 2
Bu= VYV (N
L2 02y fR

N2 972

Fig. 4. Schematic view of generation of a surface signal by a meddy.For southern subtropical water$,= 5 x 10-3s71, f =8x
10°s71, and% ~ 100, while for northern subtropic®] =

3x103s71, f=1x10%s71, and% ~ 30. Using the char-

acteristics of a meddy surface sigia= H ~ 700 m, in the

) ) southern subtropicg, over a meddy should be conserved for
Meddies propagate in the lower part of the permanent ther-, _ 7o km, while in the northern subtropigsover a meddy

mocline, and the layer above them is not vertically homoge—shou|d be conserved fat ~ 20 km. Therefore, in the north-
neous. In the stratified case, contrary to the homogeneougy, s htropics we may expect the radius of a surface signal
case, the potential vorticity change in the upper layer isy, pe close to the radius of a meddy core, while it should be
not only a function of the relative position of two iSOPYC- gensibly Jarger in the southern subtropics or further south.
nic surfaces forming the layer bouandanes, but also of the Takingg — Go = 0 in the layer above the meddy, and con-
mean buoyancy frequencyVf = —£52) of the layer:q = stantgm = ¢ — go inside the meddy, we get an equation for
_2 (f +w). When the decrease in upper layer thickness isthe streamfunction anomaly generated by the meddy:
largely compensated by an increaseNof little or no sea- 92 52 52

level rise is observed. Dynamically, the acceleration of '[he(_2 +—+ Tz) V¥ =GmH(Rm—r), 2)
divergent motion above the meddy due to Coriolis force is dx dy 9z

balanced by the baroclinic radial pressure gradient inside th%vhere the

water column. 5 =5 . .
On the one hand, the same order of magnitude of the estiv/ X~ +y*+z* is the distance from the meddy centry, is

mate (Eqg. 1) and of the observations in Table 1 suggests thdf'® dynamics radius of the meddy, and the Heaviside func-

the surface signals of strong meddies are only moderatel{#oN 1S

damped by stratification, at least in subtropical latitudes. OnH(Rm —ry = { 1(r < Rm) . 3)

the other hand, the rapid decrease of the surface signal of 0(r > Rm)

meddy Hyperion as it moved south (Sect. 3) showed that in4ith the ratio of the vertical to horizontal dimensions in

creasing stratification plays an important role in the surfacey meddy%—” = % the rescaling of the vertical coordinate

signal damping. (z — 7) leads the meddy to be quasi spherical in the new
We study the case when the surface signal has alreadyoordinate system. Shifting from Cartesian to spherical co-

formed over a meddy. Under these conditions, an area whergrdinates(x, y,z) — r(r, 6, ¢), whereé is the polar angle

particles are trapped exists above a meddy (Flierl, 1981). Uscounted from the horizontal XY-plane upwards, ani$ the

ing the quasi-geostrophic approximation with constaahd  azimuthal angle counted clockwise from the X-axis, the so-

4.2 Stratified upper layer

rescaled vertical coordinate= %z, r=

N, the potential vorticity anomaly is lution of the Poisson equation (Eq. 2) is (Weber and Arfken,
2004)
_ . 82 82 f2 32 % o ~
1—q0= (W o2 tazaz |V Y(r)=—4 [ cosp'dd’ [ dy' [ _qu|<f@r—/|r’>r'2_dr/
“z o 0
herego i tant backgrourgl and v is the st : 2T D G @
wherego is a constant backgrounjiand y is the stream- —— L [ cow'ds’ [dy' [ A ar,
function induced by the meddy. x 0 0

The principle of the calculation to follow is that we as- | _
sume that the meddy drifts steadily with respect to the up-Vith the definition ofr-
per layer, and that the upper layer has zero potential vor{r —r/|2 = (r' cosv’ cosyp’ — r cosy COS(p)2+ (r' cost’ sing’
ticity anomaly. We solve the Laplacian in three dimensions
and find the streamfunction in the upper layer, driven by the T
meddy displacement below. The disturbance extends; by —2r'rsing sing’ — 2r'r cosf) cost’ (cosp cosy’
times the Meddy radius. The free surface displacement is ob- +sing sin<p/) .

—rcostsing)? + (' sing’ — rsing)? = 2 4 r2
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We consider the ocean to be isotropic around the meddy cerifable 3. Characteristics of the surface signals for a meddy with
tre. For an isotropic problem, we can arbitrarily defihe the Rm=30km and|gm|=0.7f. In the northern subtropics (40—

and . It is convenient to sef = %, for which |[r —r'| = 45°N) N/f = 30 and in the southern subtropics (3580 N/f =

. . 100.
(r?+r2—2'r sme/)l/z. Then Eq. (3) transforms into
5 region Hm, ¢(0), Radius of  Radius of
~ 2 Km 1 = =
V() = _qu I . zcosg/, 2‘ L dodr m cm  vg =max,km o=0,km
“10 (r2+r2=2r'rsing’) (5) N subtropics 600 35 25 35
_ Rm % 1100 19 23 47
:%’“f’—{(r/z—}—rz—Zr/rsin@/) / }2 dr’.
o | -5 S subtropics 600 8 37 74
1100 4 68 136
Since 0<r’ < Rm <r, the expression in the curly brack-
ets is equal t((r’2 +r2— Zr’r)l/2 - (r’2 +r24 Zr’r)l/2 =
|r —r'| =|r +r'| = =2, and Eq. (4) becomes the altimetric data. Secondly, the radius of the surface sig-
® nal should be large enough to intersect at least one of the
i 5 R3 adjacent altimetric tracks (Tournadre, 1990). To the north the
qm 24, dmim . . .
y(r) = =g (6)  diameters of meddy surface signals are comparatively small.
0 This is partly compensated by the altimetric tracks becom-

der th ; b hori | ing closer to each other and the AVISO mesh being reduced
Now we consider the sea-surface to be a horizontal secr. 59 km at 30N to 21 km at 50 N. From Eq. (6) it fol-

tion of our solution at distance= H from the meddy cen- |« o deep meddy witRy, = 20-30 km has a SLA of
tre (H_is the depth of the meddy centre). Then we define5_16 cm even 20km away from the centre. Therefore, the

— /3232 i i i . : . ;
s =+/x%+ y*as the distance in the horizontal plar;e Cozumedsurface signature of strong meddies should not be intermit-
from the point above the meddy centre anek v/s=+ 5%, tent, while that of weak, small and shallow meddies may lie

NH i H H H . .
whereb = = In the quasi-geostrophic approximation, the petween altimetric tracks.
streamfunction at the sea-surface is equalipso that the From Table 1, one can conclude that larggrcorresponds

sea-level elevation above a meddy can be expressed as 0 a strongetm. We also note that theo/wm ratio follows
the R/ H ratio (Fig. 6a). From Eq. (8), the ratio of the vor-

£(s) = [/ 1Gml RY, @ ticity of the surface signal to that of the meddy is
3gvs2+ b2 i 5
. . . . (0) _ 2 |gml fRm 10
The azimuthal velocity of the surface signal is om 3| Joml |\ N ) (10)
~ 3 . .
_89¢ _ _lamlRp S WhenN = const also within the meddy core, then
UQ(S) = f 95 - 3 2 bz 3/2° (8)
(s%+67) R G PR G PRt
and its relative vorticity is lom| ~ |om| N2 922 " |oml| N2 fp 9z2
g oo f f
w(s)= V0 L Yo laml Ry < ©) NZ5 32 |oml joml
s s 3 (s2+ b2)5/

and the ratio is a function of the Rossby number. On another
An example of the horizontal profiles of the sea-level ele-hand, the best correspondence between the values observed
vation, azimuthal velocity and vorticity at the sea-surface,and predicted by Eq. (9) is obtained with fixegh = —0.3f
Egs. (6)—(8), is presented in Fig. 5. From Egs. (6)—(8), it(Fig. 6b), rather than witoy, taken from Table 1. Figure 6b
follows thatb is the horizontal scale of the surface signal. also shows that, in compliance with observations, the ratio
In particular, the vorticity of the surface signal changes signwo/wm predicted by Eq. (9) decreases with an increase of
at R = +/2b, andvy reaches its maximum at= b+/2. The  @m, but for meddies withwm| < 0.4f, this ratio should be
dynamical characteristics of the surface signal, for a meddysmaller than predicted by Eq. (9), and conversely for meddies
with Rm =30km with a shallow or a deep core, are given With |om| > 0.4f.
in Table 3. It follows that the deeper meddies, as well as the This may be explained by expressing Eq. (10) in another
meddies observed further south, have larger but less intens&ay, as the ratio of relative vorticity to stretching in a meddy:
signals. % = % — 1. Observations suggest that in older large med-
This result raises two issues for meddy detection at thedies, decrease dfom| is accompanied by even stronger de-
sea-surface. Firstly, the sea-level anomaly generated by erease of the stretching term (Hebert, 1988). Being initially
meddy should obviously be larger than the noise level ofless than unityBu grows with the meddy age, i.e. the ratio
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Fig. 5. Radial profiles of¢ (m, solid black line),ug (M s1 dash 504

line) andw (10~*s~1, solid grey line) of the surface signal of a =

meddy withRm =35km, H =1100m andgm| = 0.7f; (@) in the e

northern tropics f =7.3x 10 °s™1, N =3x 103s71), (b) inthe R

subtropics £ =8.5x 1072571, N =2.5x 10~3s~1). Observed ra-

dial profiles of ¢ (m, black dots) and» (10~4s~1, grey dots) of 0 , ‘ ‘ ‘ ‘ ‘ ‘ :

surface signals of meddy Hyperion (the part of the trajectory south =~ Ceres Encelade Hyperion  Ulla B2 Pinball  Bobby92  Aska(Bl) Smeddy

of 32° N) and meddy Zoe are overlaid on plateyand(b), respec-

tively. Fig. 6. (a) Variations of meddy-core peak relative vorticitynf —
thick grey line with crosses) and of surface peak relative vorticity
(wo — grey line with filled-in circles), of ratiawg/wm (solid black

in Eq (10) may decrease (not gI‘OW) for meddies with low line with diamonds) and of rati(Rm/H (dashed black line, not in

Theref |gml | v d d d the scale). The X-axis gives the names of the meddies listed in Ta-
|w_m|' nerefore;,,j may l0osely depend iy, and we set e 2.(b). Observed ratiag/wm (solid line), predicted ratio from
this ratio to be constant for all meddies, although the effectzq (g) (dash-dotted black line). The error bars represent the root-

discussed is not taken into account in the calculation. mean square error, computed assuming error§ iof 10 %, in H
The significant difference between the observed and modof 100 m and inkm of 3 km. The buoyancy frequency was obtained
elled surface signal of the meddy Ceres results from thefrom the climatic monthly mean density fields (WOAQ9).
alignment of the meddy with a surface anticyclone (Tychen-
sky and Carton, 1998). Therefore, the surface signature of

T

the meddy is not described by Eq. (9). The backtracking of |
the meddy surface signal identified this anticyclone as a de i %“anela\iie
tached meander of the Azores Current (Bashmachnikov e

al., 2009a). £,
With meanwm = —0.3f, the maximum value of SLA at ~
the centre of the surface signal is

-~ 253 3p3

R R

|qm| f m 0.02 f m . (12) 2= Y 0 i 1% 3 B B o4 E & 2 B & 10 u
3¢ NH NH

8 9 10 12 1 2
months of the years 1993 1994 1995

(0

From Eg. (10), the intensity of the surface signal is most senFig. 7. Sea-level anomalies above meddies (cm) computed from
sitive to the dynamic radius of the underlying meddy. AVISO altimetry (thin lines) and via expression (10) (thick lines)

for meddies Hyperion (black lines), Encelade (dots and circles, dark

grey lines), Pinball (triangles, dark grey lines), Ceres (squares, light

5 Analysis of meddy surface signals in the Northeastern ~ grey lines) and Zoe (light grey lines). The buoyancy frequency was
Atlantic Ocean obtained from the climatic monthly mean density fields (WOAQ9).

The time evolution of the meddy surface signatures is now
analysed taking into account our theoretical elements of thevith time (if any), since the RAFOS’ positions relative to
previous section (Fig. 7). the meddy centre may be a result of their migration within
Considering slow, and mostly zonal, meddy propagationsthe meddy. Repeated observations of meddy Sharon (Hebert
the variation of the surface signals due to the variation ofet al., 1990) showed that its dynamical radius decreased by
stratification should be visible over time scales of a season 08 km during a year of observations. To compute the time evo-
longer. But at such time-scales the characteristics of a meddiution of the meddy surface signatures in Fig. 7, we assumed
core may also change. For instance, during a year of obsethat the meddy radii decreased by 5 km per year.
vations, the RAFOS floats trapped in Hyperion deepened by Figures 6 and 7 show that expressions (9)—-(11) adequately
100 m, suggesting a corresponding increas# oft is more  describe the intensity and time evolution of the surface sig-
difficult to reliably assess a decrease of the meddy radiusals of meddies, though slightly overestimate the intensity of
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the sea-level anomalies over meddies with comparatively lowin April 1994, when the meddy started moving westward
wm, as has been noted earlier (cf. Fig. 6). The difference mayFig. 3a—b). At the end of its tracked journey, the increase
equally result from smoothing of along-track SLA as the datain surface signal of Pinball resulted from the increase of the
are interpolated to the AVISO grid. meddy radius and from the decrease of the meddy core depth;
From November 1993 to November 1994, Hyperion these two changes were due to the merger of Pinball with
moved south by six degrees of latitude. Its surface signal noanother meddy (with a shallower core) in June 1994 (Pin-
tably decreased (Figs. 2 and 7), a priori affected by both thegree, 1995). The surface signal then grew above the value
decrease of meddy-core intensity and the increase of stratifipredicted with the original characteristics of Pinball.
cation. After May 1994, i.e. after the meddy crossed 180 Meddies B2 and Aska (B1) were observed during a merg-
its surface signal did not exceed 5cm any longer, and it being process: B1 was absorbed by the stronger meddy B2
came difficult to distinguish it from the background noise. (Schultz Tokos et al., 1994). Acceleration and deformation of
The predictions correctly describe the overall trend in thethe core of B1 during the merging may explain the observed
intensity of the surface signal of Hyperion, although fail to deviation of the intensity of its surface signal from Eq. (11).
explain rapid episodic drops of the signal intensity. Note The gridded AVISO products allow a reliable identifica-
that those variations happened when the meddy crossed th@n of a mesoscale signal wher> 4 cm and when this sig-
Azores Current (October 1993) and interacted with a cyclonenal does not entirely lie between the ground tracks of the
(December 1993-January 1994), i.e. when the meddy surfaceatellites (Fu and Cazenave, 2001). For a mesoscale structure
signal is influenced by the intensive background dynamiclying exactly on the ground track of an altimetric satellite, the
fields. accuracy improves to 2 cm. Taking either one of these crite-
The evolution of meddy Ceres was specific (Richardsonria as the critical value, we can evaluate where meddies with
et al., 2000) and the information on its characteristics doesertain characteristics may be identified in AVISO altimetry.
not allow a correct description of the variations of its sur- Based on the Figs. 6 and 7, we chas2cm error bars. The
face signal. At the beginning of its study, Ceres was alignedresults are presented in Fig. 8. Here we should keep in mind
with a surface anticyclone (Tychensky and Carton, 1998) andhat for large meddies (Fig. 8c and d), Egs. (9)—(11) overes-
the SLA did not represent the meddy surface signal propertimate the meddy surface signal by approximately 2 cm, and
Later on, the meddy rapidly crossed the Azores Current, arthe northern dashed line should be taken as the reference. It
event during which the surface signal got lost (Bashmach+ollows from Fig. 8 that in the main meddy propagation path,
nikov et al., 2009a). Sharp variations of the radius of rotationaround 36—38N (Shapiro and Meschanov, 1996), meddies
of RAFOS floats during this period suggest that, during thiswith dynamic radii of 20 km will be detectable at the surface,
crossing, the core of this weak meddy underwent destructivéout their signal should be weak and fairly intermittent. Such
changes. small meddies should quickly loose their surface signatures
Meddies Encelade and Zoe followed a zonal trajectory,if they take a southern path, e.g. along the coast of Africa
which could have allowed the observation of the seasona(Hebert et al., 1990). Meddies witRy, =30 km with either
influence of stratification. But Encelade was trapped by theshallow or deep cores are detectable in both subtropics and
southern boundary of the Azores Current; therefore, its surnorthern tropics, at least as far as 25280 This latter pre-
face signal was also determined by this effect. The factdiction corresponds well to the evolution of the surface signal
that Eq. (11) works reasonably well in the description of of meddy Hyperion, which became weak and often intermit-
the meddy’s intensity and dynamics indicates that the influ-tent south of 30N.
ence of the meddy dominated the evolution of its surface Figure 8 also shows that the isolines of the sea surface ele-
signature, compared with the influence of the meanders ofation¢ in the Eastern North Atlantic are nearly zonal; there-
the Azores Current (see also Bashmachnikov et al., 2009dpre we can easily compute critical latitudes, south of which
2012). The signal over Encelade showed a 15% decreasea meddy cannot be identified in altimetry, in th&, Ry)
from winter to summer. plane (Fig. 9). In particular, Fig. 9 shows that a meddy with
The characteristics of meddy Zoe core are not described®, = 10 km is not detectable in altimetric data anywhere in
in the literature in sufficient detail for our analysis. Here, this region, while meddies witR,, = 15 km may be episod-
we usedH =1200m, Ry =30km, wn = —0.20f (Richard- ically seen north of 35—40N.
son and Tychensky, 1998). The variations of the SLA above
Zoe in October-December 1995 were not related with the
surface signature of the meddy itself but they were due tothés Conclusions
influence of another anticyclone which approached Zoe from
the north (see Sect. 3). The proper surface signal of Zoe durn-situ (Table 1) and altimetric (Table 2) observations clearly
ing this period is better seen in the vorticity field (Fig. 1b). indicate that most of the registered meddies showed a ver-
Initially, the surface signal of the meddy Pinball was tical alignment with an anticyclonic eddy at the sea surface
weaker than expected, since the meddy was in its formatiorfkeeping in mind that the spatial precision allowed by the
stage. Its surface signal reached the estimated intensity onlgridded AVISO altimetry products i& 15 km). This surface
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H=800m, Rm=30km. The thick black line marks the critical Fig 9. critical latitudes, presented as a function of meddy core
value ¢=4cm, while its position varies within the limits of the depthH and of its dynamic radiugm, for critical ¢ of 4cm(a)and
dashes lines when#£2 cm interval for detectable signals is intro- 4o cm(b). Meddies with a given s¢t, Rm] of characteristics are
duced. The buoyancy frequency was obtained from the mean Cligetectable in AVISO altimetry data at latitudes north of those pre-
matic density field (WOAQ9). Grey filled-in circles mark the med- ganted in the graph. The buoyancy frequency was obtained from the

dies described in the text (Table 1); white filled-in circles are the nean climatic density field (WOA09). Grey filled-in circles mark
meddies with[H, Rm] characteristics close to those presented in he meddies described in the text (Table 1).

the respective panel.

components, and, in the limiting case, may not reach the sur-

eddy was between 50 and 100 km in diameter. The relatedace. The vertical damping effect is mostly afunction%nf.
sea-surface elevation and relative vorticity anomaly peakedur criteria (Eqs. 6—-10) provide a fair estimate of the ob-
near the meddy centre and reached 5 to 15cm-ad@5to  served variation of surface signals above meddies. But they
—0.15f, respectively. The surface signal of large meddies,also slightly overestimate the intensity of the surface signals
as a rule, was sufficiently strong to be detected in altimetry,for meddies with lowwm,, while they underestimate it for
and its intensity often exceeded that of other surface anticyhigh wm.
clonic structures in the Subtropical Northeast Atlantic. Atthe The background conditions enter these criteria via the
same time, the signal was typically smaller than that of theX ratio. This allows the calculation of sea-surface detec-
meanders of the Azores Current (Table 2). tion conditions for various meddy-core parameters. With the

Drifting meddies lift isopycnals above and in front of present accuracy of altimetric data, remote detection of med-
them and the isopycnals return to their initial position behinddies in subtropics is possible when the meddy cores are larger
these meddies, thus generating anticyclonic surface vorticitgthan 10-15km, while in tropics only very large meddies,
anomalies. Potential vorticity conservation also suggests thatith R, between 25 and 35 km, are detectable. Seasonality
when a meddy starts drifting, rapidly accelerates, or abruptlyin the upper layer stratification affects the intensity of the sig-
changes direction, a surface cyclone can also be generated @l, but the range of the seasonal variation should not exceed
the lee side of a meddy. A clear cyclonic signal was formed2—4 cm.
when meddy Pinball started its westward propagation away The decrease in signal intensity with time results not only
from the coast. Near the coast the formation of the cyclonicfrom the southwestward meddy drift, but also from the vari-
signal may also have resulted from the interaction of meddyation of characteristics of meddy cores. Gradual or drastic
Pinball with a southward surface flow (Aiki and Yamagata, dissipation of the cores results in decrease or loss of the sig-
2004). At the same time, the surface cyclone did not cou-nals. Conversely, meddy merger with another meddy results
ple with the meddy surface signal as predicted by Aiki andin an increase of the intensity of the surface signal.
Yamagata's model; on the contrary, it stayed in its region of A number of processes affecting the meddy signal it-
formation (Richardson et al., 2000), more in accordance withself were not taken into account here. Intensification of the
the mechanism suggested here. meddy surface signal due to alignment with an existing sur-

The surface signal of a meddy may be strongly damped byface anticyclone has been discussed above (meddy Ceres).
the upper ocean stratification. In a stratified ocean, the energ@ppositely, too intensive background flow may cause the sur-
of this signal is partitioned between baroclinic and barotropicface signal separation from the meddy, in a similar way as the
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detachment of a bottom trapped anticyclone from a seamount EGU General Assembly, Vienna, Austria, 24-27 April 2012,
(Verron, 1986). This may be the reason for the sharp decrease EGU2012-6152-1, 2012.

in the intensity of the surface signals as meddies cross th&ower, A. S., Armi, L., and Ambar, |.: Lagrangian observations of
Azores Current (Hyperion, Ceres). A possible loss of meddy meddy formation during a Mediterranean Undercurrent Seeding

surface signal may also be due to encompassing or block(-: Exper)i(mint,':\ll_. Plhés' F?cear;ogr.,l 27,'2i45|i/|_-25T7hs, 1997. .
ing of the surface signal by an intensive surface structure "o X. J., Flierl, G. R., and Polvani, L. M.: The generation o
tripoles from unstable axisymmetric isolated vortex structures,

For example, when iTtgrafting wiFh a s_urface inte_nsified cy- Europhys. Lett., 9, 339-344, 1989,

leone' a meddy may “dive l_mder it, which results 'r.] S(':‘p""ra'Carton, X., Cherubin, L., Paillet, J., Morel, Y., Serpette, A., and
tion of the meddy surface signal and the meddy (Richardson | ¢ cann, B.: Meddy coupling with deep cyclone in the gulf of
et al., 2000; Carton et al., 2010). In these cases, the back- cadiz, J. Marine Sys., 32, 13-42, 2002.

ground flow field should also be considered in detail (Vander-Carton, X., Daniault, N., Alves, J., Cherubin, L., and Ambar, I.:
meirsch et al., 2003a, b). When a meddy propagates fvith Meddy dynamics and interaction with neighboring eddies south-
drift velocities, resonance with the baroclinic Rossby waves west of Portugal: Observations and modelling, J. Geophys. Res.,
may heavily damp the surface signals. Such effects should be 115, C06017¢0i:10.1029/2009JC005648010.

studied with very high resolution models of the NortheasternChavanne, C. P. and Klein, P.: Can oceanic submesoscale processes
Atlantic Ocean. be observed with satellite altimetry? Geophys. Res. Lett., 37,

L22602,d0i:10.1029/2010GL045052010.
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