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The long duration and low noise leve! offered by the US Navy's Geosat altimeter 
opened up new scope for the quantitative use of satellite altimetry in observing 
oceanic mesoscale variability. This paper, centered on recent results from Geosat 
data, shows how satellite altimetry contributes to the description of oceanic 
mesoscale variability. The methods commonly used to extract the oceanic mesas
cale signal are first recalled. We briefly discuss their impact on the signal, and 
measurement errors. We then look at the results of comparisons between altimeter 
data and in situ measurements, and demonstrate that Geosat data are suitable for 
observing mesoscale variability. The unique contribution which altimetry can 
make cornes from its global space-time coverage, which provides a quasi-synop
tic description of the ocean circulation and a statistical description to an unrival
led degree of detail. A few examples illustrate the innovative contribution which 
synoptic mapping can provide. But the greatest contribution is in the statistical 
description of ocean mesoscale variability. We review severa! papers dealing with 
the global statistical description of mesoscale variability and its seasonal varia
tions, characterization of space and time scales and frequency-wave number spec
tral analysis, and statistical descriptions of western boundary currents. Ali 
confrrm the unique contribution which satellite altimetry can make to the statisti
cal description of mesoscale phenomena. 

Oceanologica Acta, 1992. 15, 5, 441-457. 

Apport de 1 'altimétrie à 1 'observation de la circulation mésoéchelle 

En raison de son faible niveau de bruit et de sa longue durée de vie, le satellite 
altimétrique de l'US Navy Geosat a ouvert de nouvelles perspectives pour l'étude 
quantitative de la variabilité mésoéchelle océanique. Cet article traite principale
ment des résultats récents obtenus grâce à Geosat en essayant de mettre en avant 
les contributions originales de 1' altimétrie pour l'étude de la variabilité océamque 
mésoéchelle. On rappelle les méthodes habituellement utilisées pour extraire le 
signal océanique mésoéchelle. L'impact de ces méthodes et les erreurs de mesure 
sont brièvement discutés. La capacité de Geosat pour l'observation de la variabili
té mésoéchelle est ensuite démontrée en utilisant les résultats des comparaisons 
entre les données de Geosat et les mesures in situ. L'apport de l'altimétrie vient de 
sa couverture spatio-temporelle globale, qui permet une description quasi-synop
tique de la circulation océanique et une description de type statistique avec un 
détail inégalable. A travers quelques exemples significatifs, l'apport nouveau lié à 
la possibilité de cartographie synoptique est montré. C'est dans la description sta
tistique de la variabilité mésoéchelle océanique que l'apport est cependant le plus 
évident. De nombreux articles traitant de la description statistique globale de la 
variabilité mésoéchelle et de ses variations saisonnières, de la caractérisation des 
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échelles spatiales et temporelles et de l'analyse des spectres en fréquence et en 
nombre d'onde, et de la caractérisation statistique des courants de bord ouest sont 
revus. Ils montrent clairement la contribution unique de 1' altimétrie satellitaire 
pour la description statisitique de la mésoéchelle. 

Oceanologica Acta, 1992. 15, 5, 441-457. 

INTRODUCTION 

It is now established that oceanic circulation varies over a 
wide range of space and time scales ranging from tens to 
thousands of kilometers and from days to years (e. g., 
Wunsch, 1981). The term mesoscale or eddy variability 
usually refers to a sub-class of energetic motions with typi
cal space and time scales of 50 to 500 km and 10 to 100 
days. However, in practice it is often impractical to isolate 
longer time-scale fluctuations from mesoscale variability, 
so that the definition in this paper is rather broad. 
Phenomenological representations of this variability indu
de eddies, fronts, meanders, rings and planetary waves. 
Over the past thirty years, a major effort bas been made to 
observe and mode1 eddy variability. Our understanding bas 
progressed a lot and the eddy field bas been visualized qua
litative! y (Robinson, 1982). Ocean eddies can be observed 
almost everywhere at mid and high latitudes, their energy 
generally exceeding the energy of the mean flow by an 
order of magnitude or more. They are forced by instability 
of the large-scale circulation, by wind fluctuations, by the 
scattering of currents off topography. From these source 
regions, eddy energy is redistributed throughout the ocea
nic gyre by complex processes which we do not yet com
pletely understand. They lose energy to smaller scales by 
dissipation but can also feed energy back to the mean flow 
(Rolland et al., 1982). They also transport beat although 
their climatic role is not yet weil established. 

Despite ali this progress, our understanding of eddy dyna
mics remains incomplete and mostly qualitative. In particu
lar, much of our understanding cornes from eddy-resolving 
numerical models, and we do not have enough oceanic evi
dence. We now need observations over larger areas and 
longer time spans. These will help, for example, to quantify 
the energy sources of eddies and their interaction with the 
general circulation, to rationalize their structures and to 
estimate their contribution to the total beat transport. In this 
respect, satellite altimetry bas unique capabilities for pro
ducing a global and synoptic view of the oceans, even in 
remote areas. Satellite altimetry can accurately measure the 
variable part of the sea surface topography. Since mesosca
le eddies are mainly in geostrophic equilibrium, this trans
lates directly into velocity measurements. Spatial sampling 
along the satellite ground track is ideal for mesoscale stu
dies while a temporal sampling period of ten-twenty da ys 
should avoid aliasing of most of the mesoscale signal. 
Extensive, global space-time sampling is a unique means of 
describing mesoscale phenomena. This description is, of 
course, limited to the surface oceanic circulation. However, 
given the high vertical coherence of mesoscale variability, 
this information reflects more than just surface conditions 
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and, when assimilated in ocean models, is a strong 
constraint for inferring the three-dimensional oceanic 
mesoscale circulation. 

Four satellites have carried altimeters for earth observa
tions: Skylab (1973), Geos-3 (1975), Seasat (1978) and 
Geosat (1985-1989). Noise levels have decreased steadily: 
60, 25, 5 and 3.5 cm for 1-s averages. The oceanographie 
results obtained with Skylab, Geos-3 and Seasat have been 
reviewed by Fu (1983 a). The US Navy's Geosat altimeter 
opened new horizons for the quantitative use of satellite 
altimetry. Because of its long duration - the satellite opera
ted on a near-repeat orbit ( 17 .05-day cycle) for almost three 
years (November 1986 through June 1989)- and its low 
noise level, Geosat is particularly suitable for mesoscale 
observations (Cheney et al., 1986; Douglas and Cheney, 
1990). This was also emphasized in two special issues of 
the Journal of Geophysical Research in 1991. We now 
know that satellite altimetry can make a major contribution 
to the observation of mesoscale variability. 

Most of the discussion in this paper therefore centers on 
recent results obtained from Geosat data, and shows how 
satellite altimetry contributes to the description of oceanic 
mesoscale variability. The second section recalls the diffe
rent methods for extracting the mesoscale signal from alti
metry and discusses their impact on the signal. The compa
rison of Geosat data with in situ measurements is examined 
in the third section. The contribution of satellite altimetry 
to synoptic and statistical descriptions of mesoscale circu
lation is then examined, respectively. The last section pro
vides the main conclusion. 

EXTRACTION OF THE MESOSCALE VARIABILITY 
FROM ALTIMETRY 

If we disregard measurement errors, the sea surface topo
graphy measured by an altimeter consists of the geoid and 
the dynamic topography related to oceanic currents. 
Present geoids are not generally accurate enough to estima
te absolute dynamic topography, except at very long wave
lengths (> 5 000 km) and where accurate gravimetrie 
geoids are available. A dedicated gravimetrie mission is 
needed to enhance our knowledge of the geoid. An alterna
tive approach would be to estimate a "synthetic geoid" by 
combining in situ oceanographie measurements with alti
meter data (e. g., Mitchell et al., 1990; Glenn et al., 1991). 

The variable part of the dynamic topography is, however, 
easily extracted since no prior knowledge of the geoid 
height is needed. The most commonly used method is the 
so-called repeat-track method [collinear analysis (e. g., 
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Ménard, 1983)]. lt is suitable for satellites whose orbits 
repeat their ground tracks (to within ± 1 km) at regular 
intervals. For a given track, the variable part of the signal is 
thus obtained by removing the mean proftle which contains 
the geoid and the quasi-permanent dynamic topography 
from each proftle. The crossover difference technique (e. g., 
Fu et al., 1987) does not require a repeating orbit since only 
differences at crossovers of the satellite tracks are analyzed. 
This makes the analysis more difficult and the spatial sam
pling is too coarse for mesoscale studies. A third method 
uses an altimetric mean sea surface as a reference (e. g., De 
Mey and Ménard, 1989). It is the simplest but requires pre
cise altimetric mean sea surfaces, particularly at short wave
lengths, which are not yet available. However, it should be 
possible to obtain accurate estimations after the Topex
Poseidon and ERS-1 missions. 

2.0 

1.5 
w 
0 
::;) ... 
::; ... 
::1: 
< 

0.5 

FREOUENCY (cycle/l') 

Figure l 

Transfer function of a fi/ter for mean re moval over time T (T = 24 days 
for Seasat, T = 2.5 yearsfor Geosat) [adaptedfrom Fu (1983 a)]. 

Fonction de transfert du retrait d'une moyenne sur une durée T (T = 24 
jours pour Sesat, T = 2,5 années pour Geosat [adapté de Fu, 1983]). 

Most scientists who have extracted mesoscale variability 
from Geosat data have used the repeat-track method. 
Figure 1, adapted from Fu (1983 a), shows how remo
ving the mean impacts the temporal spectrum of me sos
cale variability. The sampling rate also induces aliasing 
of frequencies higher than the Nyquist frequency (34 
days-1 for Geosat). The variance of the error induced by 
removing the mean is typically <h'2>TI tr (<h'2> is 
variance of sea level variability, T is duration of observa
tion and TI is decorrelation time of sea leve! variability). 
For Geosat, assuming decorrelation of one cycle in two 
(34 days), this amounts to a relative quadratic error of 10 
% (30% for the signal amplitude) for a one-year mean. 
Note also that this procedure is complicated by the fact 
that altimetric data are generally gappy. This means that 
only almost complete profiles can be used to estimate the 
mean profile ( otherwise, there is contamination by the 
geoid signal as a result of orbit error). However, there are 
severa! ways of dealing with the problem (e. g., Chelton 
et al., 1990; Glenn et al., 1991). 

Altimeter measurements of sea surface topography are also 
affected by electromagnetic bias, inverse barometer effect, 
wet and dry tropospheric effects and ionospheric effects, 
ocean and terrestrial tides, residual geoid errors. As far as 
the mesoscale signal is concemed the more problematic 
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corrections are wet tropospheric correction (if no radiome
ter on board) and inverse barometer effect. Note that for 
Geosat, SSM/1 data provided an accurate estimation of the 
wet tropospheric correction after September 1987. Inverse 
barometer effect correction depends on the frequency
wave-number oceanic response to pressure forcing which 
is not weil understood although encouraging progress has 
been made recently (e. g., Ponte, 1992). However, nume
rous studies have shown that at mid-latitudes Geosat data 
are not over-contaminated by the effects mentioned above 
(e. g., Fu, 1983 b; Bisagni, 1989; Jourdan et al., 1990; 
Monaldo, 1990; Zlotnicki et al., 1989; Le Traon et al., 
1990). Spectral analysis of these error sources shows, for 
example, that for wavelengths shorter than 1 000 km 
(mesoscale range), the oceanic signal is only slightly 
affected. The effect on geostrophic velocities is even smal
ler since the derivation reduces the effect of these long 
wavelength errors. 

At this stage, the orbit error must still be corrected. The 
best orbits are currently accurate to within approximately 
30 cm rms. However, since the orbit error is mainly long 
wavelength (one cycle per revolution, around 40,000 km), 
it can theoretically be separated from the mesoscale ocean 
signal which bas characteristic spatial scales of a few hun
dred kilometres. This very long wavelength error is usually 
approximated by a first or second degree polynomial which 
is fitted to each altimeter profile. However, this polynomial 
adjustment method induces non-negligible errors on the 
mesoscale signal since there are not enough degrees of 
freedom to estimate the polynomial satisfactorily (Le 
Traon et al., 1991). Figure 2 (reproduced from Le Traon et 
al., 1991) illustrates the trade-off between having a long
arc and/or a low degree polynomial to minimize the errors 
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Rms errors in centimetres (averaged on the arc) due to first-degree 
(LSFI) and second-degree polynomial adjustments (LSF2) and corres
ponding orbit error modelling errors (0RB1 and ORB2)for different arc 
lengths (in kilometres). A homogeneous mesoscale signal of 15 cm rms 
and a 1-m rms orbit error are assumed (from Le Traon et al., 1991, 
reprinted by permission of the American Meteorological Society). 

Erreurs à un écart-type en centimètres (moyennées sur l'arc) dues à un ajuste
ment par un polynôme de premier degré (LSFl) ou un polynôme de deuxiè
me degré (LSF2), et erreurs de modélisation de l'erreur d'orbite correspon
dantes (ORBI et ORB2) pour différentes longueurs d'arcs (en kilomètres). Le 
signal mésoéchelle de 15 cm (à un écart-type) est supposé homogène, et l'er
reur d'orbite est de 1 rn à un écart-type (d'après Le Traon et al., 1991, repro
duit avec la permission de l'American Meteorological Society). 
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induced by mesoscale variability and having a short-arc 
and/or high degree polynomial to minimize the effect of 
orbit error modelling error. For an orbit error of one meter 
rms and a mesoscale signal of 15 cm rms, it shows that, 
assuming an orbit error with a period of one cycle per 
revolution, a first degree polynomial fit on a 5 000 km 
long arc minimizes the sum of these two errors. The 
advantage of the polynomial fit is that it also removes 
sorne of the residual long-wavelength errors. Sorne 
authors have also tried to directly fit sine and eosine func
tions with periods of one cycle per revolution (e. g., 
Chelton et al., 1990). However, the orbit error spectra are 
more complex and these analyses may not remove all the 
orbit error. They also fail to remove residuallong-wave
length errors. Note that the effect of the orbit error on geo
strophic velocities is almost negligible (1 rn orbit error at 
one cycle per revolution would induce an error on geo
strophic velocities of about 1 cm s-1 at 45°N). The effects 
of polynomial fitting are also much smaller on geostro
phic velocities. Through more complex methods using 
cross-track information, estimations of the orbit error cao 
be considerably better constrained (e. g., Tai and Fu, 
1986; Tai, 1988). More generally using inverse tech
niques, the orbit error signal could be obtained through a 
global fit taking into account not only the spatial but also 
the temporal characteristics of the signal and noise 
(Blanc et al., 1992). This should allow a better estimation 
of the mesoscale variability signal. 

Hopefully most of the errors described in this section do 
not generally affect the mesoscale signal to any signifi
cant extent. Furthermore Geosat space-time sampling is 
well suited to mesoscale studies. This is confirmed in the 
next section. 

VALIDATION AND COMPARISON WITIIIN SITU DATA 

Comparing altimetry with in situ measurements is not only 
useful for validation. It also highlights the different signais 
seen by the altimeter and in situ measurements, as well as 
the different space-time sampling modes. Any interpreta
tion of the comparison must consider the different types of 
signais seen by various instruments. It is also important to 
consider the differences in space-time sampling characte
ristics and naturally the measurement errors. For example, 
dynamic heights obtained from hydrographie measure
ments (XBT, CTD) are not directly comparable with the 
altimetry: on their own, they provide only the baroclinic 
component of the signal while altimetry gives an absolute 
measurement of the variable signal (baroclinic and barotro
pic components). However, by choosing a deep enough 
level of no motion (e. g., 1 000-2 000 dbar), the differences 
are only slight and the hydrographie measurements on their 
own cao be compared with the altimetry. Another impor
tant point is that the altimetry provides only the variable 
part of the signal. And comparisons with velocity measure
ments (from current meters and drifters) must also take 
account of the fact that the altimetry provides only the geo
strophic component of the surface current. 
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Figure 3 

Comparison ofGeosat dynamic topography anomaly (solid lines) and 
simultaneous dynamic topography anomaly obtained from XBTICTD data 
for two consecutive cycles (squares and triangles) during the AthenA·88 
experiment in the North-East Atlantic. A reference leve/ at 1 000 dbar was 
assumed. Units are centimetres (from De Mey, 1992). 

Comparaison de l'anomalie de la topographie dynamique déduite de 
Geosat (traits pleins) et de celle obtenue simultanément à partir de don
nées XBT/CTD pour deux cycles consécutifs (carrés et triangles) pendant 
la campagne AthenA-88 dans l'Atlantique Nord-Est. Le niveau de réfé
rence a été fixé à 1 000 dbar. L'unité est le centimètre (d'après De Mey, 
1992). 

During the Athena-88 experiment in the North-East 
Atlantic, De Mey (1992) showed a good agreement bet
ween the along-track Geosat dynamic topography anoma
lies and dynamic height anomalies estimated from 
XBT/CTD with a 1 000-dbar reference level (see Fig. 3). 
Stammer et al. (1991) have compared Geosat measure
ments in the lberian basin with dynamic height measure
ments referenced to 3000 dbar. Geosat data and hydrogra
phie data were frrst objectively analyzed to obtain gridded 
values, and a climatological mean was added to Geosat 
maps to obtain absolute measurements of sea surface 
height. A high correlation (0.71) with hydrographie measu
rements was thus found with no significant bias despite the 
low signal-to-noise ratio of altimeter data in this part of the 
ocean (Fig. 4). Furthermore, the discrepancies are general
ly below the objective analysis mapping errors. As found 
by Willebrand et al. (1990; see below), the addition of a 
climatological mean to Geosat data improves the compari
son very significantly. 

Zlotnicki (pers. comm., 1991) has found good agreement 
between current-meter measurements and Geosat measure
ments in the Canary basin, despite a particu1ar1y weak 
velocity signal, on the order of 10 cm s-1. Note, however, 
that the agreement was only obtained after suitable filtering 
of the current-meter data and Geosat data. Willebrand et al. 
(1990) have compared Geosat data with surface drifter data 
in the Gulf Stream extension area. Drifters were drogued at 
100 rn depth and were assumed to be good geostrophic cur-
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Figure4 

Comparison ofGeosat data with hydrographie data in the lberian basin. 
Geosat and hydrographie data (upper figure) were objective/y analyzed 
and compared. The lower figure shows the scatter dia gram of Geosat se a 
surface heights against dynamic topography 5011()00 dbar. A climatology 
is added to Geosat data for the comparison. The slope of the regression is 
0.8 ± 0.2 and the correlation coefficient is equal to 0.71 [from Stammer 
et al.,J99J (copyright by the American Geophysical Union)]. 

Comparaison des données de Geosat avec des données hydrographiques 
dans le bassin ibérien. Les données de Geosat et les données hydrogra

·. phiques (figure du haut) ont été objectivement analysées et comparées. La 
· figure du bas montre le diagramme de dispersion des hauteurs de surface 
de la mer mesurées par Geosat en fonction de la topographie dynamique 
50/3000 dbar. Une climatologie a été ajoutée aux données de Geosat pour 
la comparaison. La pente de la régression est de 0,8 ± 0,2, et le coefficient 
de régression est égal à 0,71 [d'après Stammer et al., 1991 (copyright par 
l'American Geophysical Union)]. 
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rent followers. Sea surface height anomaly maps were 
constructed using an objective analysis procedure. Data 
over one cycle (seventeen days) were treated as synoptic. A 
mean dynamic topography was added to these maps to 
obtain an estimation of the absolute signal. Although the 
climatological field is very smooth and does not corres
pond to the mean field over the duration of the Geosat data 
set used in this study (fourteen months), it significantly 
improves the comparison with surface drifter data. The 
drifter trajectories agree weil with these composite maps 
although a detailed comparison shows differences. The 
variance of the geostrophic velocity field deduced from 
Geosat maps is about a third of the variance of surface drif
ter velocities. However, this is the result of the objective 
analysis procedure. The variances before objective analysis 
agree very well, a result also found by Le Traon et al. 
(1990). In order to make comparisons, drifter data were 
objective! y analyzed to estimate a streamfunction. The cor
relation between drifter velocities after objective analysis 
and Geosat geostrophic velocities is 0.81, with no signifi
cant bias. Note that the differences also reflect different 
mapping errors between Geosat and drifter data. 
Comparison between the dynamic topography at 50 dbar 
relative to 1 500 dbar along hydrographie sections also 
yielded general agreement except in regions of high mean 
gradients. This study validates Geosat data, most of the dis
crepancies being due to mapping errors related to coarse 
altimetric sampling. It also shows how useful it is to corn- .. 
bine drifter and altimetry data (see also Le Traon and 
Hemandez, 1992). Also note the agreement in the Gulf 
Stream region between Geosat and the Doppler current
meter (ADCP) measurements (Joyce et al., 1990) and 
inverted echo sounders with pressure gauges (IES/PGs; 
Hallock et al., 1989). 

Comparisons with AVHRR images have also validated the 
altimeter signal, even if, once again, the signais seen are 
not directly comparable (Vasquez et al., 1990; Kelly and 
Gille, 1990). However, sorne eddies have very marked 
thermal structures, which can be used for qualitative corn
pansons providing that this signal is not masked by a surfa
ce signal from the mixed layer, as is usually the case during 
summer and fall. 

Statistical comparisons have also been made. Le Traon et 
al. (1990) have compared Eddy Kinetic Energy (EKE) 
deduced from a set of historical drifter data with that dedu
ced from Geosat data in the North Atlantic (Fig. 5). The 
agreement is very good and the mean ratio <EKEbuoysl 
EKEoeosat> is about 1 with a standard deviation of 0.4. 
This also confirms that EKE as measured by drifters is 
essentially due to geostrophic currents, and that Geosat's 
temporal sampling is such that it can observe a large por
tion of the mesoscale variability. Le Traon et al. (1990) and 
Le Traon (1991) have also shown that the mesoscale spatial 
and temporal scales seen by Geosat are compatible with 
existing in situ measurements (CTD, currentmeters). 

All these comparisons between Geosat altimeter data and 
in situ measurements confirm Geosat's capabilities for 
observing mesoscale circulation even in low eddy energy 
areas. This is an important and interesting result in itself. 
However, as mentioned earlier, the altimeter signais and in 
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Figure 5 

Eddy kinetic energy deducedfrom drifter data (upper figure) and from 
two years ofGeosat data (bottomfigure). The two maps show very good 
agreement. Note the high eddy kinetic energy in the Gulf Stream and in 
the North Atlantic drift and the low values in the eastern part of the basin 
[from Le Traon et al. , 1990 (copyright by the American Geophysical 
Union)]. 

Énergie cinétique tourbillonnaire obtenue à partir de données de flotteurs 
de surface (figure du haut) et de deux années de données de Geosat (figu
re du bas). Les deux cartes montrent un très bon accord. On peut noter les 
fortes valeurs d'énergie cinétique tourbillonnaire dans le GuLf Stream et 
dans La dérive nord-atlantique, et les faibles valeurs dans la partie est du 
bassin [d'après Le Traon et al., L990 (copyright par l'American 
Geophysical Union)] . 

Figure 7 

Rms sea leve/ variability (in centimetres). Geosat versus Seasat. The 
high variability in the area of western boundary currents (Gulf Stream, 
Kuroshio, Falkland, Algulhas) and the Antarctic Circumpolar Current 
(A CC) appears more clearly on the Geosat map (upper figure) since one 
month of Seasat data revealed roughly one third of the total rms signal 
[from Koblinsky, 1988 (copyright by the American Geophysical Union)]. 

Écart-type de La variabiLité du niveau de la mer (en centimètres). Geosat 
versus Seasat. Les fortes variabiLités dans les régions des courants de 
bord ouest (Gulf Stream, Kuroshio , Falkland, AiguilLes) et le Courant 
Circumpolaire Antarctique (CCA) apparaissent plus clairement sur la 
carte de Geosat (figure du haut), puisqu'avec un mois de données, Seasat 
n'a pu observer qu'environ un tiers de L'écart-type du signal total [d'après 
Koblinsky, 1988 (copyright par l'Americain Geophysical Union)]. 
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Figure 6 

Trajectories of se ven selected eddies which were followed using Geosat 
data. These are shawn to be shed from the Agulhas retroflection into the 
South Atlantic subtropical gy re. Eddy positions and approximate size are 
shawn as open symbols at roughly one month interva/s [from Gordon and 
Haxby, 1990 (copyright by the American Geophysical Union)]. 

Trajectoires de sept tourbillons qui ont été suivis en utilisant les données 
de Geosat. On montre qu'i ls se détachent de la rétroflection du courant des 
Aiguilles vers Je gyre subtropical de J'Atlantique Sud. Les positions des 
tourbillons et leurs tailles approximatives sont données à des intervalLes 
d'environ un mois, et sont représentées par des cercles [d'après Gordon et 
Haxby, 1990 (copyright par L'American Geophysical Union)]. 



Figure 8 

Rms variability of sea surface slope from one year of 
Geosat data. V nits are wad (3 wad at 45°N corresponds 
to rms velocity of about 30 cms·1 ). The contour marks 3 
km ocean depth. Maximum variability can be observed 
aga in in western boundary currents and in the ACC. Note 
also the correlation between variability and ocean depth 
[from Sandwell and Zhang, 1989 (copyright by the 
American Geophysical Union)/. 

Écart-type de la variabilité de la pente à partir d'une année 
de données de Geosat. Les unités sont en J..lrad (3 J..lrad à 
45°N correspondent à une vitesse de 30 cms-1). Le contour 
représente la profondeur de 3 km. Les plus fortes variabili
tés sont de nouveau observées dans les courants de bord 
ouest et le CCA. On peut noter la forte corrélation entre la 
variabilité et la profondeur de l'océan [d'après Sand weil et 
Zhang, 1989 (copyright par I'American Geophysical 
Union)]. 

situ measurements are not generally directly comparable. 
The sampling modes are also different and the measure
ments are rare! y simultaneous. This means that the absolute 
errors on the altimeter signal cannot be quantified precise
ly. This would call for dedicated calibration and validation 
experiments, as will be done for Topex-Poseidon. The 
effects of space-time sampling and analysis methods on the 
mapping of the complete signal must also be rationalized. 
This can be done via regional validation experirnents such 
as, for example, Semaphore-93 (Eymard et al., 1991). 
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VARIABILITY BY ALTIMETRY 

Given its space-time sampling, satellite altimetry can pro
vide synoptic mapping of mesoscale eddies. The accuracy 
of the mapping will depend, of course, on the orbit repeat 
period, and eddies at the center of the altimeter data grid 
may not be weil resolved. Accurate mapping would require 
two simultaneous altimeter satellites, such as Topex
Poseidon and ERS-! . The mesoscale signal can then be 

Figure 9 

Rms sea leve/ variability in centimetres for the win
ter season in the northern (upper figure) and 
southern ( bottom figure) hemisphere (differences 
relative to the annual mean). North-East Pacifie 
and North-East Atlantic show significant higher 
energy in the winter season, suggesting possible 
windforcing (from Fu et al.,l988). 

Écart-type de la variabilité du niveau de la mer en 
centimètres pour la saison d'hiver de l'hémisphère 
Nord (figure du haut) et de l'hémisphère Sud [figure 
du bas (différences par rapport à la moyenne 
annuelle)]. Le Pacifique Nord-Est et l'Atlantique 
Nord-Est montrent des énergies significativement 
plus importantes pendant l'hiver, suggérant un fo r
çage possible par le vent (d'après Fu et al., 1988). 
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mapped very accurately (e. g., Le Traon and Hernandez, 
1992). However, the inter-track distance for Geosat is 
1.475° which at mid-latitudes is generally less than the 
eddy spatial decorrelation scale. This means that the ove
rail accuracy is acceptable even at the center of the altime
ter data grid. The synoptic mapping capability of altimetry 
bas been used by many investigators (e. g., De Mey and 
Ménard, 1989; Fu and Zlotnicki, 1989; Gordon and Haxby, 
1990; White et al., 1990; Stammer et al., 1991). By visuali
zing the eddies, their size, movement and deformation can 
be studied. This bas made a significant contribution to our 
understanding of eddy dynamics. 

Gordon and Haxby (1990) have analyzed a year of Geosat 
data in the Agulhas retroflection area of the Indian Ocean 
and the South Atlantic. Synoptic mapping of the mesoscale 
circulation at seventeen-day intervals over such a large area 
bas revealed that anticyclonic eddies shed from the Agulhas 
retroflection migrate into the South Atlantic subtropical gyre 
at a rate of about five eddies a year (Fig. 6). They propagate 
westward at about 5 cm s-1 and need 2.5 years to cross the 
ocean. Gordon and Haxby (1990) infer that these eddies 
transport a sizeable 10 to 15 Sv of Indian ocean water (and 
salt and beat) into the South Atlantic. This result demons
trates the contribution which satellite altimetry can make. 
Clearly, a hydrographie section at a given time may not see 
these eddies and could miss their contribution. Global moni
toring, as provided by satellite altimetry, is required. 

Stammer et al. (1991) have used two years of Geosat data to 
map the eddy fields in the Iberian basin (30°-45°N to 20°W-
100W). By comparing Geosat data with hydrographie data 
(see the preceeding section), they have shown that the surface 
signature of mid-depth Mediterranean water lenses or med
dies can be detected in Geosat sea surface height maps. They 
were also able to follow sorne meddies and estimated a 1.9 cm 
s-1 westward displacement, consistent with current knowled
ge of meddy movements. This is an interesting result because 
these signais are really weak. It also opens up new scope for 
the investigation of meddies with satellite altimetry. 

White et al. (1990) have also objectively analyzed Geosat 
data over one year to track eddies in the California current 
region. This analysis bas shown the wavelike structure of 
eddies and their westward propagation which bas been fur
ther statistically analyzed (see the next section). 

These studies clearly demonstrate that Geosat altimetry is 
capable of observing and monitoring the instantaneous 
ocean eddy field. As explained above, this helps to unders
tand eddy dynamics better. It is also important for altimeter 
data assimilation. It shows that Geosat data can actually be 
assimilated into numerical oceanic models to infer the 
ocean three-dimensional circulation and its dynamics. 

STATISTICAL DESCRIPTION OF MESOSCALE 
VARIABILITY BY ALTIMETRY 

The global space-time sampling of satellite altimetry is a 
unique means of statistically describing mesoscale phenome
na. Such a description can reveal differences between ocean 
regions and provide a global description of geographical and 

temporal (e. g., seasonal) variation in mesoscale eddy statis
tics. This information can be used to rationalize their structu
re, identify sources of eddy energy, and analyze energy trans
fer from these sources. This will help us to understand eddy 
dynamics, particularly the mechanisms which generate and 
dissipate eddies. Global statistical descriptions are also a 
means of testing and validating models and are necessary for 
inverse modelling and altimeter data assimilation studies. 

Global statistical description 

The simplest description of mesoscale variability is that 
obtained by global mapping of either rms variability of the 
dynamic surface topography or of the variance of geostro
phic velocity or slopes (e. g., Koblinsky, 1988; Sandwell 
and Zhang, 1989; Shum et al., 1990). These maps, genera
red from a year or more of Geosat measurements, essential
ly contain the mesoscale portion of the ocean signal but 
also any longer-period variations such as seasonal varia-

• tions. Geosat bas given us accurate global maps of these 
quantities. Koblinsky (1988) bas compared therms variabi
lity of the surface topography obtained by Seasat and 
Geosat (Fig. 7). With less than a month of measurements, 
Seasat revealed only a small part of the mesoscale spec
trum, roughly a tenth of the total energy (see Fig. 1). The 
high variability in the area of western boundary currents 
(Gulf Stream, Kuroshio, Falkland, Algulhas) and the 
Antarctic Circumpolar Current (ACC) appears more clear
ly on the Geosat map, with maximum variability greater 
than 30 cm rms. Outside these areas, the signal is generally 
less than 8 cm rms. Sandwell and Zhang (1989) have pro
duced a global map of the variance of dynamic topography 
slope, which translates direct! y into variance of geostrophic 
velocity outside equatorial areas (Fig. 8). They have esta
blished a correlation between the intensity of the variability 
and the ocean depth: areas of highest variability are in deep 
basins (> 4 km; see Fig. 8). Most of these areas are also 
characterized by intense mean currents (western boundary 
currents and ACC) which are the main source of eddy ener
gy through instability. Fu et al. (1988) and Zlotnicki et al. 
(1989) have investigated the seasonal variations in eddy 
energy intensity (Fig. 9). These could be related to differ
ences in wind forcing intensities which are higher during 
winter. Fluctuating wind forcing is thought indeed to be a 
possible source of eddy energy in regions far from western 
boundary currents (e. g., Frankignoul and Müller, 1979; 
Müller and Frankignoul, 1981). Zlotnicki et al. (1989) have 
made a detailed analysis of these variations. After careful 
analysis of the different sources of errors, they concluded 
that sorne regions (North-East Atlantic and North-East 
Pacifie) do show higher energy during winter. This sug
gests that wind forcing may be a source of eddy energy 
there. Shum et al. (1990) have done a global mapping of 
the geostrophic velocity variance and of its seasonal varia
tions, which, assuming isotropy, is equal to the Eddy 
Kinetic Energy. More than 65 % of the ocean is shown to 
have EKE values Jess than 300 cm2s-2. The maximum EKE 
exceeds 2000 cm2s-2 for most of the western boundary cur
rents but reaches only 500 cm2s-2 in the ACC. Significant 
seasonal variations were found in the Gulf Stream and 
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Kuroshio currents. The ACC system exhibits no apparent 
seasonal variation. Chelton et al. (1990) have undertaken a 
global investigation of the surface circulation of the 
Southern Ocean (south of 35°S) using two years of Geosat 
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data. The altimeter data were carefully analyzed to estimate 
the mean profùe and to remove the orbit error. Residual data 
were then averaged over 2° by 2° boxes to investigate the 
spatial and temporal variability of mesoscale variability. 
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Figure 10 

Mean wave number spectra of sea leve[ variability in the North Atlantic on 10° in longitude by 10° in latitude areas deduced from two years of Geosat data. 
Breaks in spectral slopes are indicated by arrows [Le Traon et a1.,1990 (copyright by the American Geophysical Union)]. 

Spectres moyens en nombre d'onde dans l'Atlantique Nord sur des zones de 10° en longitude par 10° en latitude, obtenus à partir de deux années de données 
de Geosat. Les ruptures des pentes spectrales sont indiquées par des flèches (d'après Le Traon et al., 1990 (copyright par l'American Geophysical Union)]. 
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Figure 11 
50N SON 

Seventeen-day isocorrela-
tion map (x 100) of altime-
tric sea leve[ variability in 45N ..SN 
the North Atlantic deduced 
from two years of Geosat 
data. Depths shallower 40N ..ON 

than 3 000 rn are shaded. 
Time scales are shortest in 

35N 35N 
areas of high mesoscale 
activity and/or strong mean 
currents (i. e. Gulf Stream 30N 30N 
and North Atlantic cur-
rent), while relative/y long 25N 25N 
ti me scales are found 
above the mid-Atlantic 
ridge and in the eastern 20N 20N 

part of the basin (Le Traon, 85W 75W 65W 55W 45W 35W 25W 15W 5W 
1991). 

Isocorrélation à 17 jours (x lOO) de la variabilité altimétrique du niveau de la mer dans l'Atlantique Nord obtenue à partir de deux années de données de 
Geosat. Les régions moins profondes que 3 000 rn sont grisées. Les échelles temporelles sont les plus courtes dans les zones de forte activité mésoéchelle 
et/ou de forts courants moyens (i.e. Gulf Stream et dérive nord-atlantique), tandis que des échelles temporelles relativement grandes sont observées au-des
sus de la dorsale médio-atlantique et dans la partie est du bassin (d'après Le Traon, 1991). 

The results show a close relationship between the geogra
phical distribution of mesoscale variability and the strength 
of the mean circulation of the ACC and Agulhas return cur
rent. This is not surprising since these narrow currents are 
likely to be baroclinically unstable. There is also strong 
topographie control of the eddy field (and the mean field) 
consistent with recent numerical simulation (e. g., Treguier 
and Mc Williams, 1990). As also noted by Shum et al. 
(1990), there is surprisingly little seasonal or interannual 
variability in the eddy energy, in contrast with other major 
currents of the world ocean (e. g., Gulf Stream, Kuroshio). 

These descriptions have produced global, quantitative esti
mates of eddy energy with high spatial resolution. Spatial 
details have been revealed, such as the correlation with 
ocean depth and/or the mean currents. Geosat data have 
also provided, for the first time, a global description of the 
seasonal variations in eddy energy. 

Characterization of space and time scales of mesoscale 
variability and spectral analysis 

Le Traon et al. (1990) have produced a global statistical 
description of mesoscale variability in the North Atlantic 
using Geosat data. They have conducted a systematic study 
of wave-number spectra and have characterized the space 
scales of mesoscale variability. Their results provide a 
good match with in situ data and compare qualitatively 
with quasi-geostrophic turbulence models (Rhines, 1977; 
Hua and Haidvogel, 1986). Wave-number spectra are thus 
consistent with eddy forcing by instability of a mean cur
rent in the western side of the basin and with fluctua ting 
wind forcing on the eastern side. Altimetric spectral slopes, 
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however, are weaker, possibly due to non-geostrophic 
effects related to the mixed layer mesoscale variability. 
They are typically - 4 in the western part of the basin and 
between- 2 and- 3 in the other areas between 50-200 km 
and 200-600 km (Fig. 10). After the break in the slope, 
spectra remain red in the eastern part of the basin. Space 
scales typically decrease from west to east and south to 
north. Simple proportionality with respect to the first inter
nai Rossby radii does not apply everywhere. This study bas 
been complemented by a global description of time scales 
and their relationships with space scales in the North 
Atlantic by Le Traon ( 1991 ). Time scales are shortest in 
areas of high mesoscale activity and/or strong mean cur
rents (i. e., Gulf Stream and North Atlantic current), while 
relatively long time scales are found above the mid
Atlantic ridge and in the eastern part of the basin (Fig. 11). 
Bottom topography appears to play an important role in the 
temporal coherence of mesoscale structures. In general, 
time scales are not proportional to space scales. 
Frequency-wavenumber spectral analysis shows that the 
dominant wavelengths of around 200 to 600 km (depen
ding on latitude) are associated with long periods (> 150 
days) in the eastern part of the basin, while near the Gulf 
Stream significant energy is also found at shorter periods 
(Fig. 12). In the Gulf Stream area, propagation velocities 
are either westward or eastward for short periods ( < 80 
days). At longer periods and in the North-East Atlantic, 
they are mainly westward. Quasi-seasonal signais associa
led with westward propagations are also observed in these 
frequency-wave-number spectra (Le Traon, 1991). These 
results confirm the interpretation of wave-number spectra 
by Le Traon et al. (1990) who suspected a change in dyna
mic regime after the spectral wave-number peak. Indeed, 



> 
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pseudo-dispersion relations deduced from Geosat data 
point to two distinct dynamic regimes, as in numerical 
models: a turbulent regime for smaller scales ( < 300 to 500 
km), where there is proportionality between space and time 
scales, and an apparent! y more linear regime after the spec
tral peak in wave number where an inverse dispersion rela
tion is found in the eastern part of the basin. This latter fea- . 
ture is in agreement with quasi-geostrophic models forced 
by fluctuating winds (Treguier and Hua, 1987). 

White et al. (1990) have done a statistical analysis of one 
year of Geosat data in the Califomia Current region from 
20° to 50°N, westward to 140°W. Complex empirical ortho
gonal function (CEOF) analysis reveals that 53 % of the 
signal variance is associated with the annual cycle, reaching 
a maximum in summer and a minimum in winter. The spa
tial phase distribution shows annual waves originating at the 
coast and propagating westward over 1-2 cycles. Zonal 
wave number-frequency analysis points to dominant wave
lengths of 500-1 000 km with periods of 4-12 months and 
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westward propagations. These results agree with recent 
results obtained with wind-forced models (Pares-Sierra et 
al., 1992). At ali latitudes, peaks in these spectra lay near the 
linear baroclinic Rossby wave dispersion curve. Park (1990) 
has also used frequency and wave number spectral analysis 
to reveal semi-annual baroclinic Rossby waves modified by 
the topography in the Crozet basin area of the ACC. 

These frequency/wave number spectral characterizations 
(and the corresponding characterizations of time and space 
scales) are a new and unique contribution from satellite 
altimetry. They are very difficult to obtain from in situ 
measurements. Eddy statistics have been visualized in 
greater detail, often bringing new information. They 
should now be compared with the results of modelling. 
The comparison with models should also help us to better 
understand the observed frequency/wave number oceanic 
response and possibly relate it to the different kinds of for
cing. Note that altimeter data have already been compared 
with models (e. g., Pares-Sierra et al., 1992; Stammer and 
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Figure 12 WAVENUMBER 

Meanfrequency-wave number spectrumfor the Gulf 
Stream area (30°N-40°N; 70°W-50°W). Units are squa-
re centimetres. Contour interval is 50 cml (upper figu-
re). Mean frequency-wavenumber spectrum for the 
Azores eurre nt are a (30°N-40°N; 40°W-20°W). 
Contour interva/ is JO cml (bottomfigure). The mean 
spectrum for the Gulf Stream are a shows that the ener-
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4 

103 WAVELENGTH 
102 

10 gy corresponds main/y to wavelengths between 200 
10'1 10 and 600 km over a broad range of periods while the 

mean spectrum for the Azores eurre nt area shows very 
weak energy for periods shorter than 80 days. Note 
also that seasonal signais are observed in both spectra 

1 
(Le Traon, 1991). 

c;;:7 Spectre en fréquence et en nombre d'onde moyen pour 
!! la région du Gulf Stream (30°-40° N ; 70°-50° W). 

102 L'unité est le centimètre carré. L'intervalle de contour 
~ 1o·• est de 50 cm2 (figure du haut). Spectre en fréquence et 
il! en nombre d'onde moyen pour la région du courant des ... 

Açores (30°-40° N ; 40°-20° W). L'intervalle de 
contour est de 10 cm2 (figure du bas). Le spectre 
moyen pour la région du Gulf Stream montre que 
l'énergie correspond principalement à des longueurs 
d'ondes comprises entre 200 et 600 km, et à une large 
gamme de périodes, tandis que le spectre moyen pour 

10'3 
103 la région du courant des Açores montre très peu d'éner-

1o·•. 1o·• 10'2 10'1 gie pour les périodes inférieures à 80 jours (d'après Le 
WAVENUMBER Traon, 1991). 
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Boning, 1992; Tréguier, 1992). These comparisons must be 
continued and developed. 

StatisÙcal description of Gulf Stream and Kuroshio 

Many studies have focused specifically on the statistical 
description of western boundary currents (Gulf Stream, 
Kuroshio) and particularly on their annual cycle (Fu et al., 
1987; Kelly and Gille, 1990; Tai, 1990; Tai and White, 
1990; Vasquez et al., 1990; Kelly, 1991; Qiu et al., 1991; 
Zlotnicki, 1991). 

Tai and White (1990) have done a detailed statistical analysis 
of one year of Geosat data in the Kuroshio extension to study 
the energy propagation away from the jet, the Reynolds stress 
pattern and the seasonal cycle of the eddy field (Fig. 13). 
Residual data of ascending trades are frrst objectively analy
zed assuming spatial decorrelation of 200 km and no time lag 
over each cycle (most of the descending tracks are gappy or 
missing in this area). Space-time diagrams and frequency
wave number spectra are then used to study the dominant 
direction of phase and energy propagation. The phase propa
gation appears to be toward the jet (assumed to be at 35°N). 
U sing the dispersion relation of Rossby waves, Tai and White 
(1990) infera group velocity away from the jet which could 
result from radiation of Rossby waves in response to mean
der forcing. Reynolds stresses show that the eddy flux of 
momentum is towards the jet and tends to strengthen it. On 
the north and south sides of the jet, the Reynolds stresses 
<u'v'> induce an eastward acceleration thus drive recircula
tion. This suggests baroclinic instability. Ail these results 
help to understand the eddy dynamics (energy source, energy 
propagation). However, the objective analysis method used 
which assumes isotropy (i.e., zero Reynolds stresses <u'v'>) 
probably conceals sorne of the dynamic features present in 
the data. The eddy field is found to have a seasonal cycle 
related to seasonal variation in surface transport. These 
signais are the weakest in winter and become progressively 
stronger towards the fall. 

Vasquez et al. (1990) have exarnined more than two years 
of Geosat data in the Gulf Stream. Using ascending tracks 
only, they have mapped the sea level variability every ten 
days using a successive correction scheme. They have cal
culated mean temporal spectra at four locations along the 
Gulf Stream path (72°W, 65°W, 60°W and 55°W). Spectra 
slopes are between- 1.5 and- 0.9. Spectra tend to be whiter 
eastward because of the greater high-frequency energy, a 
result consistent with the Eulerian time scales obtained by 
Kelly (1991) and Le Traon (1991; see Fig. 11). The annual 
cycle accounts for 13 to 40 % of the total signal from east 
to west, Using a simple model based on AVHHR data, 
Vasquez et al. have also shown that this annual cycle can 
be largely explained by the meandering of a Gulf Stream 
with constant surface transport. 

Kelly and Gille (1990) have studied the Gulf Stream statis
tics from Geosat at 69°W. The originality of the ir method is 
that they use a Gaussian velocity profile for the Gulf 
Stream to mode! sea surface height. From the comparison 
between mode! and data, they can infer the along-track 
width and its position. Theoretically, the mode! provides an 
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estimate of the absolu te signal provided there is enough 
displacement of the Gulf Stream axis over the time per
iod. Kelly and Gille found that the annual transport cycle 
in the Gulf Stream reached a minimum in May-June and 
a maximum in November. This contrasted with previous 
altimetric studies (Fu et al., 1987) and other estimates (e. 
g., Worthington, 1976). The same result was found by 
Vasquez et al. (1990) and Tai and White (1990). 
Maximum and minimum transport of the Gulf Stream 
occur when the Gulf Stream is north and south respecti
vely of its mean position. This study bas been extended 
to the entire Gulf Stream by Kelly (1991), who described 
the Gulf Stream meandering and structure. Figure 14 
shows the statistics for the mean positions of the Gulf 
Stream which were deduced from this study. Two diffe
rent flow regimes, separated by a transition region coin
ciding with the New England Seamount Chain, are found 
west of 64°W and east of 58°W. East of 58°W, increased 
meandering makes the mean current twice as wide as 
west of 64°W. Eulerian time scales also drop by a factor 
of 3 and peak velocities and surface transport drop by 25 
%. The single jet Gaussian mode! surprisingly accounts 
for most of the velocity variance in Geosat data, sugges
ting that it is an efficient description of the Gulf Stream 
structural changes. It is found again that more transport 
occurs at more northerly positions with the transport 
maximum 1eading the position maximum by about one 
month. Tai (1990) has used a similar method on an 
ensemble of ascending tracks in the Gulf Stream and 
Kuroshio extension. Surface transport is found to increa
se from 90 to3 m2s-2 (after leaving the coast) to reach a 
maximum of 130 103 m2s-2 at 63°W for the Gulf Stream 
and at 150°E for the Kuroshio. These results compare 
weil with surface transport deduced from drifter data 
(Richardson, 1985). The variability maximum coïncides 
with the mean position of the jet. 

Recently, Qiu et al. (1991) have refined the Kelly and Gille 
(1990) method. They estimate the two-dimensional mean 
surface height by combining synthetic profiles along ascen
ding and descending tracks through an inverse method. 
Their method also accommodates possible modifications of 
the Gaussian shape such as possible recirculation gyres. 
This method was applied to 2.5 years of Geosat data in the 
Kuroshio. The mean sea surface height agrees well with the 
climatological mean obtained from hydrographie data. The 
ratio of eddy kinetic energy to mean kinetic energy has a 
nearly constant value of 1.5 to 2.0 along the Kuroshio path. 
Propagation of mesoscale fluctuations is generally west
ward except for the upstream region of the Kuroshio exten
sion. Annual variations are found to be significant in the 
upstream region (141 ° to 153°E). On average, they explain 
only 15 %of the total variance while interannual variations 
explain 23 %, During the frrst two years of the Geosat Exact 
Repeat Mission (ERM) the Kuroshio extension as a whole 
shifted steadily north ward at 0.1 km per day, while the sur
face height difference increased. This trend reversed during 
the following six months. Qiu et al. (1991) suggest that the 
increase in surface height difference may have been caused 
by the intensification of the subtropical wind gyre with the 
1986-1987 ENSO event. 
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Statistical afUllysis of Geosat data in the Kuroshio extension. Rms sea leve[ variability is shown on upper figure (values higher than 15 cm rms are shaded and 
contour interval is 5 cm). Propagatingfrequency-wave number spectra along the line Lfrom 25W to 35°N (left) and 35°N to 45°N (right; shading corresponds to 
southward propagation; middle figure). The phase propagation appears to be towards the jet ( assumed to be at 35°N). Reynolds stresses <u' v'> in cm2 s-2 avera
ged zofUllly over JO" longitude and tempora/ly over one year (bottomfigure). The eddy flux ofmomentum is toward the jet and tends to rein/oree the jet. North and 
south of the jet, the Reynolds stresses induce an eastward acceleration thus drive recirculation (reprinted by permission of American Meteorological Society). 

Analyse statistique des données de Geosat au niveau du Kuroshio. L'écart-type de la variabilité du niveau de la mer est montré sur la figure du haut (les 
valeurs supérieures à 1.5 cm sont grisées, et l'intervalle de contour est de .S cm). Spectres de propagation en fréquence et en nombre d'ondes le long de la 
ligne L de 2.5" à 3.5° N (à gauche) et de 3.5° à 45" N (à droite). Les zones grisées correspondent à des propagations vers le Sud (figures du milieu). La vitesse 
de phase est vers Je jet (suppos6 situé à 35" N). Tensions de Reynolds en cm2-s-2 moyennées zonalement sur 10• de longitude et temporellement sur une 
année (figure du bas). Le flux de quantit6 de mouvement est vers le jet ct le renforce. Au nord et au sud du jet, les tensions de Reynolds impliquent une 
accélération vers l'est, et induisent donc une recirculation (reproduit avec la permission de l'Anlericain Meteorological Society). 
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Figure 14 

Statistics on the position of the Gulf Stream derived from 
Geosat data [Kelly, 1991 (copyright by the American 
Geophysical Union)]. 

Statistiques sur la position du Gulf Stream obtenues à partir 
des données de Geosat [d'après Kelly, 1991 (copyright par 
I'American Geophysical Union)]. 
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Zlotnicki's approach (1991) has been to estimate the sea 
level differences across the Gulf Stream and the Kuroshio 
extension. The south minus north differences (over 
approximately 10° of latitude) in both regions are higher in 
the fall. Sorne 60 % of this signal variance corresponds to 
an annual cycle with a maximum in late September-mid
October (9 cm for the Gulf Stream, 6.9 cm for the 
Kuroshio). These results also disagree with Fu et al. (1987) 
who found a maximum of 6 cm in April and a minimum of 
8 cm in December. Zlotnicki argues that the signal seen by 
Fu et al. (1987) may reflect a change in the position of the 
Gulf Stream rather than a change in surface transport. 
Worthington (1976) has found that total transport of the 
Gulf Stream is higher in January through March (90 Sv) 
and lower in October through November (65-70 Sv). 
Kawabe (1988) has also found from tide gauge data a mini
mum transport in September-October in the Kuroshio. All 
these results diverge considerably from the Geosat results. 

To conclude, it is fair to say that there is still work to do to 
rationalize the annual cycle of these western boundary cur
rents. Note, however, that these studies have used at most 
two years of data which is too short a period to draw 
conclusions on these annual cycles. This short period may 
also explain differences between Geosat, GEOS-3 and in 
situ data. The synthetic methods used for sorne of the 
above studies are also really interesting since they can be 
used to estimate the absolute signal without knowing the 
geoid. They can be applied when lateral excursions of a 
current are comparable to or larger than the current's width. 
Prior knowledge of the current's functional form is also 
required. These results are also important for altimeter data 
assimilation. They show that, in certain conditions, altime
tric residuals do contain information on the mean current 
and that the assimilation of residuals should provide 
control over part of the mean oceanic circulation. 

CONCLUSION 

We have attempted to describe the contribution that satelli
te altimetry has made to observing mesoscale ocean circu
lation. The study is based essentially on the data returned 
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by the US Navy's Geosat altimeter which, by its long dura
tion (nearly three years in a repeat orbit) and low noise 
level (about 3.5 cm rms) provided a quantitative descrip
tion of the mesoscale circulation. The impressive number 
of referred publications concerning the analysis of Geosat 
data- over 100 from 1986 through 1991, of which about 
one third discussed mesoscale ocean circulation - is in itself 
very telling. We hope that our review of the results will be 
convincing enough to demonstrate the innovative contribu
tion of Geosat data. 

We began by summarizing the methods for recovering the 
mesoscale signal and discussing the measurement errors. 
We show that data processing and errors generally affect 
measurements of the ocean mesoscale signal only slightly, 
contamination being greater at longer spatial and temporal 
scales. This is confirmed by ali the studies which have 
attempted to compare Geosat data with in situ data. 
Although the signais seen by the altimetry and the in situ 
instruments are generally different, as are the sampling 
modes, such studies have clearly shown Geosat's capabi
lities for observing mesoscale circulation even in low 
eddy energy areas. 

The unique contribution of altimetry is its space-time cove
rage which can provide both a quasi-synoptic description 
and a statistical description of ocean surface circulation. 
Our examples show the exciting potential of synoptic map
ping. One of the most representative studies is undoubtedly 
Gordon and Haxby (1990), which revealed the transport of 
10 to 15 Sv of water from the Indian Ocean to the South 
Atlantic by eddies shed from the Agulhas retroflection. 
However, the greatest contribution is the statistical descrip
tion of ocean mesoscale variability. Quantitative estimates 
of eddy energy have been obtained globally and have 
revealed previously unknown spatial details. Seasonal 
variations in eddy energy have also been estimated globally 
for the frrst time. One of the features revealed by studying 
these seasonal variations has been the possible role of for
cing by fluctuating winds in certain parts of the ocean. The 
frequency/wave number mesoscale circulation spectrum 
has been characterized, as have the corresponding time and 
space scales. Eddy statistics have been visualized in greater 
detail, often bringing new information. Western boundary 
currents, in particular the Gulf Stream and Kuroshio, have 



been studied very closely, revealing the complexity of the 
signais in these areas. Such studies are really useful to 
rationalize the structure of eddies and to understand eddy 
dynamics better. They are also a means of testing and vali
dating models and theories. As models become more rea
listic in terms of resolution, bathymetry and wind forcing, 
their mesoscale features should thus be compared with 
these extensive statistical descriptions. 

These results are also important for altimeter data assimila
tion. They clearly demonstrate Geosat's capabilities for 
observing and monitoring the instantaneous ocean eddy 
field even in low eddy energy areas. It shows that Geosat 
data can actually be assimilated into numerical oceanic 
models to infer the ocean three-dimensional circulation and 
its dynamics. Synthetic methods have also shown that, in 
certain conditions, altimetric residuals do contain informa
tion on the mean current, so that the assimilation of resi
duals should allow control over part of the mean oceanic 
circulation. Statistical descriptions of the oceanic mesosca
le circulation obtained from Geosat data are also useful and 
often required for altimeter data assimilation studies. 

There is still much to learn from Geosat data for mesoscale 
variability studies. First, detailed comparisons with models 
should help us to understand sorne of the Geosat results 
better. In particular, the frequency-wave number characte
ristics of altimeter sea level variability could be rationali
zed and possibly related to different kinds of forcing. The 
transfer function between the surface variability and the 
deeper mesoscale variability should also be investigated to 
estimate the relative importance of the mixed layer meso
scale variability (e. g., Klein and Hua, 1988). This is 
important for the interpretation of altimeter data (e. g., 
weak wave number spectral slopes) and for assimilation 
studies. Dedicated studies of relatively small regions could 
also be undertaken to describe their mesoscale characteris
tics in detail. In particular, most studies have dealt with 
high eddy energy areas. Relatively low eddy energy areas 
should now be investigated more systematically. For 
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