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Abstract:
The paper provides a review of recent results on mesoscale ocean dynamics derived from satellite
altimetry. Since 1992, we have had an unprecedented 18 year high-resolution monitoring of the ocean
mesoscale field. Altimetry is often used in mesoscale studies in synergy with other remote sensing
techniques and in situ data. This global, high-resolution data set has allowed oceanographers to
quantify the previously unknown seasonal and interannual variations in eddy kinetic energy and eddy
heat and salt transports, and investigate their causes. Eddy tracking techniques have allowed us to
monitor their propagation pathways, to bring to light the meridional divergence of cyclones and
anticyclones, and to question the role of Rossby waves versus non-linear eddies in the mid to high
latitude bands. Altimetry has also revealed the presence of zonal fronts and jets everywhere in the
ocean, and brought to light how mesoscale eddies can impact back onto the atmospheric circulation.
Finally, altimetry, in synergy with other observations and high-resolution numerical models, has helped
reveal the complexity of the sub-mesoscale features, associated with stirring and mixing around the
mesoscale eddies, of great importance for the vertical exchange of oceanic tracers. Altimetry has
revealed the complexity of the mesoscale system… the scientific community is now working to
understand the interplay between these mesoscale eddies, the ocean interior and its impact on the
overlying atmosphere.
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INTRODUCTION
The ocean, like the atmosphere, is a fundamentally turbulent system. When we observe animations of
the ocean’s sea level changes, what is most striking is that all of the world’s oceans are full of smallscale eddies and meanders, and at all latitude bands. The circulation is indeed dominated by
mesoscale variability, due to ocean eddies or isolated vortices,
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meandering currents or fronts, squirts and filaments. The mesoscale variability generally
refers to ocean signals with space scales of 50-500 km and time scales of 10-100 days.

In the ocean, the energy of these mesoscale processes generally exceeds that of the mean flow
by an order of magnitude or more. Most of the eddy energy is generated by instabilities of the
mean flow (Stammer and Wunsch, 1999), but fluctuating winds can also provide a direct
forcing mechanism, which is particularly evident in low eddy energy regions (Frankignoul
and Müller, 1979). Eddies can feed energy and momentum back into the mean flow and help
drive the deep ocean circulation (Morrow et al., 1994; Lozier, 1997). They also transport heat,
salt, carbon, and nutrients as they propagate in the ocean, and play a significant role in the
global budgets of these tracers. Eddies are the principal mechanism for the poleward transport
of heat across strong zonal currents, such as the Antarctic Circumpolar Current (ACC)
(Karsten and Marshall, 2002; Jayne and Marotzke, 2002). Mesoscale processes also have a
strong impact on the ecosystem, and on most operational oceanography applications (e.g.,
marine safety, pollution monitoring, offshore industry, fisheries, etc).

Over the last two decades, satellite altimetry has provided a global, high-resolution, regular
monitoring of sea level and ocean circulation variations. The early satellite altimetry missions
such as SEASAT (1978) and GEOSAT (1986-1989) provided our first global coverage of the
ocean mesoscale sea level variations. Geosat data were extensively used for studying the
ocean mesoscale dynamics. For the first time the eddy space and time scales were
characterised (Le Traon, 1991) and their regional variations investigated with respect to
turbulence theory. The position and strength of meandering jets were monitored in the Gulf
Stream, the Kuroshio and the Antarctic Circumpolar Current (ACC) (Kelly and Gille, 1990;
Qiu, 1992; Gille, 1994), and eddy-mean interactions were also investigated (Tai and White,
1990, Morrow et al., 1994). A review of the early mesoscale studies with satellite altimetry is
given by Le Traon and Morrow (2001), and by Fu et al. (2010).

We will review here some of the recent advances which have been made in studying
mesoscale ocean dynamics with satellite altimetry. What has changed since 1992, is the
presence of at least two altimeter missions in orbit at the same time (and up to 5 in 2002!)
providing precise measurements and the complementary sampling that is needed for ocean
mesoscale variability monitoring (see Le Traon and Morrow, 2001; Fu et al., 2010). This
multi-mission period has been underpinned by the very precise TOPEX/ POSEIDON (T/P)
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mission which was launched in 1992 on a 10-day repeat, and followed by Jason-1, launched
in 2001 and the Ocean Surface Topography Mission OSTM/Jason-2 in 2008. At the same
time, ERS-1 (1991-1995), ERS-2 (1995-2005) and ENVISAT (2002 ->) were in orbit
providing higher-latitude and finer spatial coverage on a 35-day repeat. GFO launched in
2000 on a 17-day repeat provided additional complementary altimetric coverage (Fig. 1). The
minimum requirement for a good representation of the ocean mesoscale variability is that at
least two altimeter missions are in orbit, including one very precise long-term altimeter
system (Koblinski et al., 1992). For near-real time operational studies, a minimum of 3 or 4
altimeters are required (Le Traon and Dibarboure, 2002).

In the following sections we will present some of the exciting advances in the field of
mesoscale ocean dynamics, derived from this multi-mission period. Section 1 deals with the
mapping of multi-mission data onto a regular grid for mesoscale studies. We will then review
various scientific applications, including investigating the seasonal and interannual variations
in eddy kinetic energy (EKE) (section 2), the observed propagation characteristics of
mesoscale eddies and Rossby waves (section 3), the role of eddies in transporting heat, salt
and other tracers in the ocean (section 4), studies on meandering jets and fronts (section 5),
the interaction between mesoscale eddies and jets and the atmospheric circulation (section 6),
and finally the importance and difficulty in observing sub-mesoscale processes (section 7).
The conclusions and perspectives are given in section 8.

1. MULTI-MISSION MAPPING CAPABILITIES

All of the altimeter missions regularly sample sea level at 10-20 Hz (or 1/10 to 1/20 sec)
along their groundtracks, although most mesoscale ocean studies use the mean value every 1
sec (7 km). However in any given region over a 10-day period, the groundtrack patterns from
different missions lay out an irregular space-time coverage (see Fig. 1). Merging the different
altimetric missions is a delicate task, since each mission has different error budgets and orbit
differences which lead to large-scale biases and trends which need to be corrected.
Dibarboure et al. (2011) describe the sub-optimal interpolation technique which is currently
used by the SSALTO/DUACS project to construct global gridded data sets from multimission altimeter data. Before mapping, a crossover analysis minimises the errors between
groundtracks, including a correction for the large-scale orbit errors. All of the available
altimetric data is then mapped onto a regular 1/3° Mercator grid every 7-10 days, which
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allows for an easy analysis of the multi-mission data, and a good representation of the
mesoscale dynamics.

Le Traon and Dibarboure (2002) provided a summary of the mapping capabilities of the
T/P+ERS (Jason-1+ENVISAT) configuration, using realistic simulations from the eddyresolving 1/10° Los Alamos POP Model (Smith et al., 2000). Modeled 1/10° resolution sea
level anomalies were subsampled along altimeter tracks, with a random noise added. The
SSALTO/DUACS sub-optimal interpolation technique was then applied to the subsampled
data in order to reconstruct the 2D sea level anomaly signal. The reconstructed sea level based
on the altimetry sampling was then compared to the original full-resolution model fields. The
difference in sea level allows an estimation of the sea level and velocity mapping errors. They
found that with two altimeters in the T/P-ERS configuration, sea level can be mapped with an
error which is less than 10% of the signal variance while the velocity can be mapped with an
error of 20 to 40% of the signal variance (depending on latitude) (see Fig. 2). A large part of
the mapping error is due to high-frequency, high wavenumber signals. Errors are reduced
when 10-day averages are made, but also when a high-frequency, low-wavenumber dynamic
atmospheric correction is applied, such as MOG2D (Carrere and Lyard, 2003).

Although the 2-altimeter “Reference” merged data provide a very good representation of the
mesoscale variability, the missing 10% of the variance can be quite important especially for
correctly determining the velocity field in coastal and mesoscale situations (see discussions in
Greenslade et al., 1997). Since September 2002, Jason-1 and Topex/Poseidon have been
orbiting in the so-called “tandem mission”: T/P was maneuvered westward to fly halfway
between the Jason groundtrack, and the two satellites continued in this tandem orbit until T/P
expired in September 2005. The objectives of the tandem mission were to provide improved
spatial resolution of the surface topography for ocean mesoscale studies and coastal tides, and
also to improve the surface geostrophic currents. By comparing results from the tandem
mission with independent ERS-2 data, Le Traon and Dibarboure (2004) showed that, in
regions with large mesoscale variability, the sea level and velocity can be mapped
respectively with an error of about 6% and 20 to 30% of the signal variance. Stammer and
Theiss (2004) calculated alongtrack geostrophic velocities from the tandem mission, and
compared the velocities to in-situ observations from Acoustic Doppler current profiles along a
groundtrack near Bermuda. They found the tandem mission geostrophic velocity variances to
be around 25% lower than the in-situ current variance, which include both geostrophic and
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ageostrophic components. These direct tandem mission velocity results were similar to those
of Le Traon and Dibarboure (2002) who calculated their velocities from the mapped
T/P+ERS data. The tandem mission provides, however, better results when compared with
T/P+ERS mapping capabilities. To further improve the ocean velocity field would require
altimetric observations at around 10 km spatial resolution, as proposed by the future wideswath altimetric technology (see section 7).
From mid-September 2002 to the demise of GFO in late 2008, we have had an exceptional
sampling of the ocean with at least four altimeter missions flying simultaneously [Jason-1,
ERS-2/ENVISAT, T/P interleaved with Jason-1 and Geosat Follow-On (GFO)].

These

merged data sets can greatly improve the estimation of surface mesoscale circulation, and a
number of regional, multi-mission gridded products have been developed at higher 1/8°
resolution, in the Mediterranean Sea (Pujol and Larnicol, 2005; Pascual et al., 2005), the
Black Sea and in near-real time for the Mozambique channel1.

In the Mediterranean Sea,

mean EKE was computed from the different altimeter configurations and the combination of
Jason-1 + ERS-2 failed to reproduce some intense signals (Pascual et al., 2005). When T/P
was added, these features are recovered and the EKE shows no significant discontinuities due
to sampling effects. On average, the merged Jason-1 + ERS-2 + T/P + GFO maps yield EKE
levels 15% higher than the two-satellite configuration of Jason-1 + ERS-2. The consistency
between altimetry and sea surface temperature, drifting buoys and tide gauges, was also
significantly improved when four satellites are merged compared to the results derived from
the two-satellite configuration.

In the northeast Atlantic, (Dussurget et al., 2011) have analysed the alongtrack eddy scales
and amplitudes using reprocessed altimeter data specifically adapted to improving coastal
dynamics (Roblou et al. 2010). They find that close to the generation sites near bathymetric
gradients, there is a large number of small-scale small-amplitude eddies, with space scales
around 50-70 km, whereas further offshore, the scales and amplitudes increase, with space
scales increasing to 120-150 km. Only the offshore eddies are correctly represented in the
present generation of global DUACS AVISO altimetry maps. This change of scale and
amplitude of the observed eddies moving offshore is consistent with 2D geostrophic
turbulence, and has also been simulated using numerical models (McWilliams, 1984).
Regional maps of multi-mission data have also been constructed which maintain the smaller1

http://www.aviso.oceanobs.com/en/data/products:sea-surface-height-products/regional/index.html
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scale nearshore eddy features, with better agreement with independent data (Dussurget et al.,
2011).

All of these studies demonstrated that at least three, but preferably four, altimeter missions are
needed for monitoring the coastal and mesoscale circulation. Similar conclusions were
reached in a study performed for the global ocean (Pascual et al., 2006). In areas of intense
variability, the rms differences between a classical configuration of two altimeters and the
scenario merging four missions were shown to reach up to 10 cm and 400 cm2/s2 in sea level
and EKE, respectively.

2. SEASONAL AND INTERANNUAL VARIATIONS IN EDDY KINETIC ENERGY
A decade-long time series with regular spatial sampling allows us, for the first time, to
consider the seasonal and interannual variations in EKE, and the dynamics responsible for
these changes. Altimetric EKE variations have been studied in the Mediterranean Sea (Pujol
and Larnicol, 2005) and in the Bay of Biscay (Cabellero et al., 2007), and the regional
variations have been investigated in relation to different forcing mechanisms (wind stress,
varying coastal currents, etc). Brachet et al. (2004) also analyzed the temporal evolution of the
monthly EKE over an 8-year period (from December 1992 to December 2000) and
investigated the relationship with the wind stress in several regions. Their results follow
previous studies which link seasonal EKE variations at high latitudes to seasonal wind stress
variations, although other forcing mechanisms may also be important as discussed by Eden
and Boning (2002). Clear EKE interannual variability was revealed. They hypothesized that a
contraction of the subpolar and subtropical gyres due to the North Atlantic Oscillation (NAO)
could explain a reduction of the eddy activity in the North Atlantic Current, in the
Newfoundland basin and in the Azores Current. Penduff et al. (2004) also found that strong
NAO events after 1994 were followed by gyre-scale EKE fluctuations with a 4–12-month lag,
suggesting complex and nonlinear adjustment processes.
In the Southern Ocean south of Tasmania, Morrow et al. (2002) have shown how interannual
variations in EKE can be linked to interannual changes in the position and strength of the
Subantarctic Front. Over the entire Southern Ocean, the EKE variations also show a lagged
response to the principal climate mode forcing from the Southern Annular Mode (Meredith
and Hogg, (2006), modified by ENSO (Morrow et al, 2010). The mechanisms which generate
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the observed 2 year lag in eddy energy have also been explored with model simulations (Hogg
& Blundell, 2006).
Merged T/P and ERS data sets have also allowed a better investigation of EKE seasonal
variations (see le Traon and Morrow (2001) for a review). The North Pacific Subtropical
Counter Current (NPSTCC) around 20°N is shown to have a well-defined seasonal
modulation in its EKE field (Qiu, 1999). Using a 2 ½ layer model to represent the verticallysheared NPSTCC-NEC system, they found that the observed seasonal modulation reflected
the intensity of baroclinic instability of the sheared current system. In the South Pacific, Qiu
and Chen (2004) detected high EKE bands with well-defined annual cycles along the
eastward-flowing surface currents of both the South Tropical Countercurrent (STCC) between
21°–29°S and the South Equatorial Countercurrent (SECC) centered near 9°S. Once again,
the seasonal variation in the intensity of baroclinic instability was found to be responsible for
the seasonal modulation of the STCC’s EKE field around 25°S (Fig. 3). However, the
seasonal modulation of the SECC’s EKE field around 10°S was mainly generated by the
seasonal variation in the intensity of barotropic instability associated with seasonal changes in
the strong horizontal shear of the SECC–SEC system.

3. EDDY PROPAGATION CHARACTERISTICS

Although the ocean is a turbulent system, long-term altimetric monitoring of the global ocean
mesoscale signal has shown that the instabilities propagate in an organized way. The
fundamental property of ocean mesoscale instabilities is that they are large enough, and of
long duration, to be in quasi-geostrophic balance and to be influenced by the rotation of the
Earth. Movies of ocean sea level anomalies show a continual movement of mesoscale eddies
towards the west, at all latitude bands.

A major discovery from the long time series of multi-mission altimetry data was that the sea
level anomalies propagated westward with a wave speed up to twice as fast as that predicted
from linear Rossby wave theory (Chelton and Schlax, 1996). This observational discovery led
to host of revised theories on Rossby wave propagation, which took into account the vertical
shear in the background flow, bathymetric effects, etc (for a review see Fu and Chelton,
2001). Although the difference between these revised theories and the observed propagation
speeds has been reduced, the observed speeds remain faster than theory predicts.
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Most of the difference occurs at mid to high latitude, and Chelton et al. (2007; 2011) raises
the question of whether the observed propagation is due to Rossby waves at these latitudes, or
whether the instabilities are associated with isolated non-linear vorticies. Non-linear vorticies
also propagate westward (Cushman-Roisin et al., 1990) but interact differently with the
background flow. Unlike Rossby waves, they also transport heat, salt and tracers in their core
waters, which can have consequences for the mid-latitude tracer budgets (see section 4). In
addition, many studies using in-situ observations to determine the vertical structure of midlatitude sea level anomalies analyse a vertical “eddy” structure (Carton and Chao, 1999; de
Ruitjer et al., 1999; Morrow et al., 2003) although Roemmich and Gilson (2001) suggest that
their subsurface temperature anomalies in the North Pacific mid-latitudes appear “wavelike”.

A number of studies have tracked the propagation pathways of individual eddies at mid to
high latitude using the mapped multi-mission altimetric sea level anomalies. Different
automatic eddy tracking techniques have been developed and tested on altimetry data, based
on the Okubu-Weiss parameter (e.g. Isern-Fontanet et al., 2003), the skewness of the relative
vorticity (Niiler et al., 2003); criteria based on sea level (Fang and Morrow, 2003; Chaigneau
and Pizarro, 2005; Chelton et al., 2011), wavelet decomposition of the SLA (e.g., Lilly et al.,
2003), or a geometric criteria using the winding angle approach (e.g., Souza et al., 2011).
Depending on the technique used, there can be differences in the number of eddies detected,
their duration and their propagation velocities. For example, in the Agulhas retroflection
region, numerous studies have used a combination of altimetric sea level maps and concurrent
in-situ observations to track warm-core Agulhas rings into the south Atlantic (see de Ruitjer et
al., 1999 for a review). The number of Agulhas warm-core rings generated varies from year to
year, and their pathways can vary in response to interannual changes in the South Atlantic
gyre strength.

However, the different automatic eddy tracking techniques can produce

slightly different results, even though they all use the same gridded altimetric SLA fields
(Souza et al, 2011).

Altimetric maps have revealed that eddy corridors exist in a large number of regions. de
Ruitjer et al (2004) analysed eddies and dipoles South of Madagascar. They observed the
regular formation of dipoles around south Madagascar, where the East Madagascar Current
(EMC) separates from the shelf. Two periods of enhanced dipole formation coincided with
the negative phases of the Indian Ocean Dipole and the El Niño cycles, suggesting a
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connection between these tropical climate modes and the dipole train formation. A very
regular train of dipoles started in December 1999 and continued through 2000. They stayed
remarkably coherent and triggered an unusually early retroflection of the Agulhas Current in
late 2000. Thus, interannual variability originating in the equatorial climate modes of the
Indian Ocean can impact on the variability of the Agulhas retroflection and associated ring
shedding.

In the south Indian Ocean, Fang and Morrow (2003) analysed the pathways of anticyclonic
warm-core eddies from 1995 to 2000. They found long-lived warm-core eddies that could be
tracked for periods longer than 6 months and over distances greater than 1500 km. The
number of eddies varied interannually with the ENSO cycle … more long-lived warm-core
eddies were generated during La Nina conditions when the upper ocean thermal content along
the West Australian coast was more important. Eddies were steered by bathymetry into 3
main corridors. Eddy radius and propagation speeds decreased over the first 3 months, after
which there was a slower evolution of the eddy characteristics over time. In the Canary
Basin, a similar corridor of eddies is generated by the perturbation of the Canary Current by
the Canary Islands (Sangra et al., 2009).
These different studies highlighted that although eddies propagated westward, the warm and
cold-core eddies tracked over long periods often showed distinct meridional propagation. In
three regional studies, Morrow et al. (2004a) found divergent pathways of cyclonic and anticyclonic ocean eddies (Fig. 4). Away from bathymetry or strong background mean flow,
warm-core eddies tend to propagate westward and equatorward and cold-core eddies tend to
propagate westward and poleward. This implies a net equatorward heat flux from these longlived eddies. The clearest example is the South Indian Ocean where the background mean
flow is weak and the eddy signal is large. The tendency of large cyclonic eddies to move
poleward and anticyclones to move equatorward probably results from the β-effect and the
conservation of potential vorticity. This behaviour has been noted in many regions, in the
Agulhas (e.g., Boebel et al., 2003), in the southeast Pacific (Chaigneau and Pizarro, 2005) and
has been confirmed by a global analysis by Chelton et al. (2011) (Fig. 5).
Finally, the basic “rules” of westward or meridional propagation can be overturned in regions
of strong mean currents or strong bathymetric steering. Numerous studies based on altimetric
observations show eddies advected by the mean circulation in the NW Pacific (Isoguchi and
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Kawamura, 2004); in the ACC (Hughes et al., 1998; Fu, 2009), and in the North Atlantic
(Brachet et al., 2004).

4. EDDY HEAT AND SALT TRANSPORTS

Eddy heat and salt transports can be estimated from a combination of multi-mission altimetry
and in-situ data. Different techniques have been developed. Stammer (1998) calculated global
mean estimates of eddy diffusivities and eddy heat and salt fluxes using altimetry for the
velocity field and a statistical parameterization of the down-gradient heat or salt flux derived
from annual climatological temperature and salinity fields. The results show the first global,
high-resolution estimates of eddy heat and salt fluxes. These results need to be updated now
that we have a longer time-series and better in-situ data coverage to resolve the meridional
gradients.

An alternative technique is to estimate the available heat and salt content for individual eddies
using high resolution hydrographic sections from CTDs or gliders, or Argo profiles which
traverse the eddy. A typical eddy vertical structure is thus established. Altimetry is then used
to determine population statistics, such as the number of such eddies generated per year, their
decay time, and their propagation direction. Annual mean heat and salt transports can then be
estimated. This type of technique has been successfully applied in the Agulhas region by
numerous authors (e.g., see the review article by Ruitjer et al. 1999). Van Ballegooyen et al.
(1994) found that the amount of heat and salt entering the south Atlantic due to the Agulhas
warm-core eddies, was 0.045 PW and 3 x 105 kgs-1, respectively.

A similar technique was used to estimate the annual eddy heat and salt fluxes carried by
warm-core Leeuwin Current eddies into the southern Indian Ocean. Morrow et al. (2003)
found that long-lived anti-cyclones contributed 0.013 PW of heat and 5 x 105 kgs-1 of salt,
moving west-northwest. The magnitude of these southeast Indian Ocean eddy heat fluxes is
3-10% of the net heat loss to the atmosphere in the subtropical gyre. In the Southern Ocean
south of Tasmania, Morrow et al (2004b) showed that cyclonic eddies were instrumental in
transporting cool, fresh water in the upper 1000 m into the Subantarctic Zone where mode
waters form. The amount of eddy heat and salt transported was estimated to be of the same
order as that carried by the northward Ekman transport in the surface layer.
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In the North Pacific, 8 years of high resolution XBT transects and T/P altimetric data were
used to estimate the eddy heat transport in the North Pacific (Roemmich and Gilson, 2001).
The in-situ observations are combined to determine composite warm and cold-core eddy
structures (Fig. 6), which slant westward with decreasing depth. This tilt produces a depthvarying velocity/temperature correlation and hence a vertical-meridional overturning
circulation. On average, 3.9 Sv of thermocline waters are carried equatorward by the eddy
field over the basin, balanced by the northward transport of surface waters. Interannual eddy
variability was found to be the dominant mechanism for interannual changes in the
equatorward transport of thermocline water, which can impact directly on the tropical coupled
dynamics.

Argo data have led to improved space-time sampling of the ocean vertical structure in the
upper 2000 m. Qiu and Chen (2005) showed an interesting estimation of basin-scale heat
transport induced by mesoscale oceanic eddies in the North Pacific by combining high
resolution altimeter and sea surface temperature maps with Argo float temperature and
salinity data.

Time-varying heat budgets for the surface mixed-layer have also been

established in different oceanic regions (Chaigneau et al., 2004; Sallee et al., 2006). More
recently, combinations of altimetry with gliders have highlighted the fine-scale structure of
the mesoscale processes. In the Labrador Sea, altimetry and gliders are being used to track
eddies spawned from the west Greenland boundary current (Hatun et al., 2007). These eddies
transport low salinity upper waters and warm, saline Irminger waters at depth. Individual
eddies can contribute to the rapid restratification of the Labrador sea interior after periods of
deep winter convection, and may help explain why the deep convection region is so small,
compared to the larger scale atmospheric forcing.

5. MEANDERING JETS AND FRONTS

In two-dimensional turbulence on a β-plane, a long-term free evolution of an eddy field
should result in the formation of alternating zonal jets. Using T/P and ERS merged data sets,
Maximenko et al. (2008) have shown that alternating jet-like structures are seen in
geostrophic velocity anomalies (Fig. 7) and, also geostrophic vorticity, in every part of the
global ocean. These striations are oriented nearly zonally and in-situ data comparisons show
they are coherent vertically at least through 700 m depth. These alternating jets are also
observed in annual mean model currents at 1000 m depth (Nakano and Hasumi, 2005).
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Multi-mission altimetry has also been used to monitor the structure of polar jets and meanders
in the Southern Ocean (Sokolov and Rintoul, 2007). The traditional view of the polar fronts,
derived from hydrographic sections, is that the ACC is composed of three or four near
continuous circumpolar fronts. However, maps of the gradient in sea level or SST reveal that
the ACC consists of multiple frontal branches or filaments, as shown in Fig. 8. Sokolov and
Rintoul (2007) used 12 years of weekly altimetry maps to show that the position of the
maximum sea level gradient (i.e. a front) is strongly correlated with a particular value of
absolute sea level. (Absolute sea level is obtained by adding the altimetric sea level anomalies
to a mean surface dynamic height from climatology). The frontal positions inferred from the
absolute sea level contours agree closely with the subsurface positions derived from
hydrographic data. The reason is that although multiple branches of the fronts exist, and that
they split and reform, strengthen and weaken, their mean position remains stable (see Fig. 8).
This discovery has helped reconcile the differences between frontal locations from earlier
studies.
Sallee et al. (2008) have used a similar technique to monitor the Subantarctic Front and the
Polar Front around their circumpolar pathways. The fronts are strongly constrained by
bathymetry, but in certain flat-bottom regions the fronts meander over large distances in
response to the dominant climate mode forcing - either the Southern Annular Mode (SAM) or
the El Nino Southern Oscillation (ENSO). Although the climate mode forcing is large-scale,
and strongly zonal in the case of SAM, the ocean frontal response is shown to vary regionally.
The regional response depends on the relative importance of the SAM versus ENSO forcing,
bathymetric constraints and the mean latitude of the fronts. With altimetry, we can now
monitor these frontal meanders and understand their response in relation to the different
climate mode forcing. Knowing their position and their SST gradients is also important since
they have an impact back on the atmospheric circulation.
6. ATMOSPHERIC INTERACTIONS
We know that mesoscale instabilities can be generated by wind anomalies. More recently,
different studies have looked at how mesoscale features can impact back onto the atmospheric
circulation.
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Different authors have investigated the relationship between mesoscale sea level from merged
altimetric data sets, satellite sea surface temperature (SST) and high-resolution wind stress
curl derived from the QuickScat scatterometer (eg, White and Annis, 2003; O’Neill et al.,
2005; Chelton and Xie, 2010). At the latitudes of the strong westerly winds (i.e., in all the
western boundary currents and in the ACC), the SST signals associated with mesoscale eddies
can alter the stability of the atmospheric boundary layer above the mesoscale feature. This
creates surface zonal wind stress anomalies and also wind stress curl anomalies at the eddy
scale (Fig. 9). Satellite observations have shown that warm (cold) SST perturbations produce
positive (negative) wind stress magnitude perturbations, leading to short-scale perturbations in
the wind stress curl and divergence fields that are linearly related to the crosswind and
downwind components of the SST gradient, respectively (O’Neill et al., 2005). For a warmcore eddy, these wind stress curl anomalies (positive on the poleward side, negative on the
equatorward side) are capable of shifting the eddy equatorward and thus modifying the eddy
dynamics. This equatorward tendency of warm-core eddies is consistent with altimetric
observations of their propagation.

The alternative patterns of mesoscale wind speed

anomalies also introduce Ekman vertical velocity anomalies in the open ocean implying that
important feedback effects can occur in upper ocean processes near SST fronts (ONeill et al.,
2003).
In the northeast Atlantic Ocean, the POMME experiment used a combination of altimetry,
high-resolution SST products, in-situ data and numerical models to study the impact of
mesoscale eddies on the subduction of mode waters. As part of this experiment, a fineresolution air-sea flux product was calculated over the domain (Caniaux et al., 2005), which
clearly shows the imprint of the mesoscale ocean circulation on the overlying atmospheric
fluxes. The strong mesoscale signal in the net heat flux comes mainly from the latent and
sensible heat fluxes, driven by the difference in temperature between the ocean and the
overlying atmosphere. The adjusted fluxes also show a mesoscale ocean imprint in the surface
wind field. This mesoscale signal is absent from the standard lower resolution meteorological
products (such as ECMWF or NCEP) used in most oceanographic studies. The relation
between the mesoscale atmospheric forcing and the mesoscale ocean response is a new
research domain which warrants more investigation in the future.

Another interesting application is how near-real time satellite altimetry and SST data are
being used to improve hurricane and cyclone predictions. Hurricanes and cyclones will
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increase their intensity as they pass over regions of high SST, and that high SST will be
maintained, despite the strong wind mixing, if the underlying heat content is large.

In the

Gulf of Mexico, the Loop Current regularly pinches off a warm, anticyclonic ring, which is
associated with high sea level and SST, deepening isotherms in towards the centre and large
heat content values. The NOAA/AOML group uses a simple 2-layer model with altimetry and
SST observations to determine the Tropical Cyclone Heat Potential (TCHP) in the tropical
Atlantic and the Gulf of Mexico. Fig. 10 shows that during Hurricane Katrina, the surface
SST was greater than 28°C everywhere in the Gulf of Mexico (upper panel), but Hurricane
Katrina showed a sharp increase in intensity and a change in direction as it passed over the
warm ring pinched off the Loop Current (lower panel, Goni et al., 2009). Unfortunately for
the residents of New Orleans, the warm ring was located close to the coast, and the Hurricane
maintained its strong intensity till it struck land.

7. SUB-MESOSCALE DYNAMICS

The present configuration of having two or more altimeters in complementary orbits has
allowed an impressive progress in our understanding of ocean mesoscale dynamics. Although
with 4 altimeters in flight we have a good constraint on the mesoscale field, we still cannot
adequately sample the sub-mesoscale. As the name suggests, the sub-mesoscale concerns the
small-scale features surrounding the mesoscale eddies, or around propagating planetary
waves. These include the filament structures associated with the stirring at the periphery of
mesoscale eddies, but also coastal squirts and jets, open-ocean fronts, small-scale equatorial
waves, etc.

In order to study the sub-mesoscale, one solution currently in practice is to combine the high
resolution satellite altimetry with very-high resolution SST products and/or regional
numerical models (1-5 km resolution). The high-resolution models allow the sub-mesoscale
features to develop, and the solution can be constrained towards the observed altimetric sea
level and in-situ observations. During the POMME experiment, Paci et al. (2005) have shown
how the filaments around the mesoscale eddies play an active role in the mixed layer depth
structure, and how intense vertical velocities occur in these filaments (Fig. 11). The vertical
exchange in the filaments has consequences for the biogeochemical exchanges between the
surface layers and at depth. It also has an impact on the subduction of mode waters, which do
not occur along a theoretical north-south gradient as previously thought, but are subducted in
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the filament structures around the mesoscale eddies. The filaments greatly increase the depth
range of these exchanges, and also increase the density of mode waters subducted.

Maps based on traditional nadir-looking altimetric configurations have allowed us to monitor
and understand the larger oceanic mesoscale signals. However, we cannot observe the smaller
mesoscale and sub-mesoscale signal between the tracks, and the background noise of the
present generation of altimeters also masks the smaller scale signals in the alongtrack data. In
the future, the technology proposed by the wide-swath SWOT interferometric altimeter aims
at improving the smaller space-time scales associated with mesoscale eddies and coastal zone
dynamics (Fu and Ferrari, 2008). For SWOT, two synthetic-aperture radar (SAR) antennae
measure simultaneously the radar signals reflected by the rough sea surface. The phase
differences between the two signals and the range measurement allow interferometric
calculation of the sea surface height. The intrinsic resolution of SAR is on the order of a few
meters, allowing high spatial resolution of the measurement over two swaths of 60 km width.
After smoothing, the random measurement noise can be reduced over the oceans to a level of
1 cm over 1 km x 1 km resolution cells. When these missions are finally flown, we expect to
have a much better understanding of the important interactions between the mesoscale and
sub-mesoscale dynamics.

8. SUMMARY AND PERSPECTIVES

This brief review has highlighted how much progress has been made in the last decade in our
understanding of ocean mesoscale dynamics, but has also outlined certain new observations of
mesoscale and sub-mesoscale features which need to be further explored.

In terms of scientific questions, the coupling between mesoscale eddies and the atmospheric
boundary layer has been revealed, and the question of the role of the mesoscale in climate is
starting to be addressed. Combining high-resolution altimetry with other satellite or in-situ
data provides complementary information for monitoring and understanding upper ocean
processes. In-situ data, such as tide gauges, gliders, Argo floats and surface drifters can be
used in the data processing stages, to identify inaccuracies in the altimetry data, or to validate
different processing techniques. Altimetry and tide gauges can be combined to give better sea
level coverage in coastal regions (eg Saraceno et al., 2008). Combining altimetry and ocean
colour data gives us enormous insight into the biological coupling associated with mesoscale
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eddies and fronts. Argo floats have revolutionized our vision of the time-variable vertical
structure of the ocean, especially in the hard-to-reach regions of the Southern Hemisphere and
the centre of ocean gyres. The 10-day sampling of the Argo profiling floats make them the
ideal partner for altimetry, to study the 3-D evolution of the mesoscale field (e.g. Guinehut et
al., 2004). Data-based calculations of the eddy heat transport have been successfully made in
different ocean basins, relying on the excellent space-time coverage of altimetry and SST,
with in-situ data providing the vertical projection. Equivalent calculations for the salt
transport are lacking due to the lack of high resolution surface salinity data. The future
satellite missions of SMOS and Aquarius, linked with Argo measurements, will greatly
improve our monitoring of the large-scale salinity changes, but new techniques will need to be
developed to access the mesoscale.

Since altimetric sea level rises and falls in response to surface and deep changes in the ocean,
it provides the strongest constraint for the 4D mesoscale ocean circulation estimation through
data assimilation. Its unique monitoring capabilities are of utmost importance for the
development of operational oceanography services (e.g. safe and efficient off-shore activities,
pollution monitoring, environmental management, security and sustainable use of marine
resources) and for ocean, ecosystem and climate research (e.g. GODAE, 2000). However, a
number of altimetry issues still need to be improved to correctly observe the full spectra of
mesoscale processes. Coastal mesoscale data needs to be improved to have better coverage
and more accurate data available. Accurate mean dynamic topographies and bathymetry are
also required for a better representation of eddy-mean interactions, and the role of bathymetric
gradients in generating mesoscale instabilities. We are also missing accurate global
observations of the smaller mesoscale signals, from 10-200 km, which are not well
represented with the present altimetric coverage. Wide swath altimetry (e.g., SWOT) is also a
very attractive possibility (Fu and Rodriguez, 2004) with the potential to sample the full
spectra of mesoscale variability with a resolution better than 4 to 5 coordinated conventional
altimeters.

The critical issue is now to ensure a long-term commitment for an operational high resolution
altimeter system which is needed both for research and operational applications, especially in
the coastal domain (e.g. marine security and pollution monitoring that require high resolution
surface currents). The minimum requirement to continue the high-precision Jason series, and
the complementary ERS/ENVISAT series, is planned and will include the future Jason-3 and
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Jason-CS missions from CNES/NASA/Eumetsat/NOAA and the ESA Sentinel series. The
Ocean Surface Topography constellation project (Escudier and Fellous, 2009) recommends a
high resolution altimeter system consisting of a constellation of three optimized altimeters in
addition to the Jason series. The future of global mesoscale sea level observations will be
centred around the optimal combination of future nadir altimetry, SAR altimetry and SAR
interferometry missions.
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Figure Captions

Figure 1: 35 day coverage of altimeter missions in the NW Mediterranean Sea in January
2005.

Topex-Poseidon (light red), Jason (dark red), ENVISAT (Green), GFO (blue).

Figure 2. Comparison of EKE levels in the North Atlantic ocean calculated from model sea
level data subsampled along T/P+ERS groundtracks (left) and from the full 1/10° resolution
POP model (right).

Figure 3. a) Map of the rms sea surface height variability from T/P+ERS data in the South
Pacific Ocean. Box 1 highlights the SECC variability, Box 3 the STCC variability. b) Zonal
velocity shear between 0-600 m for the STCC-SEC from monthly climatological data (solid
line) compared to altimeter EKE (dashed line) (after Qiu and Chen, 2004 © American
Meteorological Society).

Figure 4. Propagation pathways and relative vorticity for long-lived a) anti-cyclonic and b)
cyclonic eddies detected in the SE Indian Ocean from 5 years of mapped TP+ERS data. In
this region 84% of cyclones propagate poleward and 74% of anti-cyclones propagate
equatorward (after Morrow et al. 2004a, © American Geophysical Union).

Figure 5. Global analysis of the meridional propagation of long-lived a) cyclonic and b)
anti-cyclonic eddies from 10 years of mapped TP+ERS data. In the global analysis, 55% of
cyclones propagate poleward and 70% of anti-cyclones propagate equatorward (after
Chelton et al. 2011, © Elsevier B.V.).
Figure 6. Composite eddies showing the mean temperature (in colour) and velocities
(contours) based on (left) 192 warm-core eddies and (right) 180 cold–core eddies (after
Roemmich and Gilson, 2001 – copyright American Meteorological Society).
Figure 7. 1993–2002 mean zonal surface geostrophic velocity calculated from a hybrid mean
dynamic ocean topography product based on altimetry and surface drifters (Maximenko et
al., 2008, © American Geophysical Union).
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Figure 8. Sea surface height gradient field (equivalent to geostrophic velocity in Fig. 7) in the
Southern Ocean for one date (03/07/2002) overlaid with the absolute sea level contours
corresponding to the 10 defined polar fronts. (after Sokolov and Rintoul, 2007, © American
Meteorological Society).

Figure 9. Schematic diagramme of an anticyclonic (warm) mesoscale eddy in a background
westerly wind field, which locally increases the zonal surface winds (ZSW) and induces
cyclonic/anticyclonic wind stress curl (WSC) anomalies north/south of the eddy (after White
and Annis, 2003, © American Meteorological Society).

Figure 10. a) Satellite SST and b) altimeter-derived estimates of Tropical Cyclone Heat
Potential in the Gulf of Mexico on August 28, 2005. The circles in different colours indicate
the track and intensity of Hurricane Katrina. (courtesy of NOAA/AOML, and after Goni et al.,
2009, © The Oceanography Society, Inc).
Figure 11. Surface snapshots of a) temperature, b) the velocity field : vertical velocity is
shaded, horizontal velocity vectors are overlaid, and c) mixed layer depth, from a highresolution numerical model of the POMME region in the NE Atlantic, forced by highresolution atmospheric fields and constrained by altimetry and in-situ observations. Note the
sub-mesoscale filaments give rise to strong vertical velocities and large changes in the mixed
layer depth. (after Paci et al., 2005, © American Geophysical Union).
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Figure 1: 35 day coverage of altimeter missions in the NW Mediterranean Sea in January
2005. Topex-Poseidon (light red), Jason (dark red), ENVISAT (Green), GFO (blue).
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Figure 2. Comparison of EKE levels in the North Atlantic ocean calculated from model sea
level data subsampled along T/P+ERS groundtracks (left) and from the full 1/10° resolution
POP model (right).
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Figure 3. a) Map of the rms sea surface height variability from T/P+ERS data in the South
Pacific Ocean. Box 1 highlights the SECC variability, Box 3 the STCC variability. b) Zonal
velocity shear between 0-600 m for the STCC-SEC from monthly climatological data (solid
line) compared to altimeter EKE (dashed line) (after Qiu and Chen, 2004 © American
Meteorological Society).
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Figure 4. Propagation pathways and relative vorticity for long-lived a) anti-cyclonic and b)
cyclonic eddies detected in the SE Indian Ocean from 5 years of mapped TP+ERS data. In
this region 84% of cyclones propagate poleward and 74% of anti-cyclones propagate
equatorward (after Morrow et al. 2004a, © American Geophysical Union).
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Figure 5. Global analysis of the meridional propagation of long-lived a) cyclonic and b)
anti-cyclonic eddies from 10 years of mapped TP+ERS data. In the global analysis, 55% of
cyclones propagate poleward and 70% of anti-cyclones propagate equatorward (after
Chelton et al. 2011, © Elsevier B.V.).

Figure 6. Composite eddies showing the mean temperature (in colour) and velocities
(contours) based on (left) 192 warm-core eddies and (right) 180 cold–core eddies (after
Roemmich and Gilson, 2001 – copyright American Meteorological Society).
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Figure 7. 1993–2002 mean zonal surface geostrophic velocity calculated from a hybrid mean
dynamic ocean topography product based on altimetry and surface drifters (Maximenko et
al., 2008, © American Geophysical Union).
)
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Figure 8. Sea surface height gradient field (equivalent to geostrophic velocity in Fig. 7) in the
Southern Ocean for one date (03/07/2002) overlaid with the absolute sea level contours
corresponding to the 10 defined polar fronts. (after Sokolov and Rintoul, 2007, © American
Meteorological Society).

Figure 9. Schematic diagramme of an anticyclonic (warm) mesoscale eddy in a background
westerly wind field, which locally increases the zonal surface winds (ZSW) and induces
cyclonic/anticyclonic wind stress curl (WSC) anomalies north/south of the eddy (after White
and Annis, 2003, © American Meteorological Society).
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Figure 10. a) Satellite SST and b) altimeter-derived estimates of Tropical Cyclone Heat
Potential in the Gulf of Mexico on August 28, 2005. The circles in different colours indicate
the track and intensity of Hurricane Katrina. (courtesy of NOAA/AOML, and after Goni et al.,
2009, © The Oceanography Society, Inc).
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Figure 11. Surface snapshots of a) temperature, b) the velocity field : vertical velocity is
shaded, horizontal velocity vectors are overlaid, and c) mixed layer depth, from a highresolution numerical model of the POMME region in the NE Atlantic, forced by highresolution atmospheric fields and constrained by altimetry and in-situ observations. Note the
sub-mesoscale filaments give rise to strong vertical velocities and large changes in the mixed
layer depth. (after Paci et al., 2005, © American Geophysical Union).
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