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T h e  F u T u r e  o F  o c e a N o g r a p h y  F r o m  S pa c e

eddy dyNamicS From
SaTelliTe alTimeTry

abSTr acT. Most of the kinetic energy of ocean circulation is contained in ubiquitous 
mesoscale eddies. Their prominent signatures in sea surface height have rendered satellite 
altimetry highly effective in observing global ocean eddies. Our knowledge of ocean eddy 
dynamics has grown by leaps and bounds since the advent of satellite altimetry in the 
early 1980s. A satellite’s fast sampling allows a broad view of the global distribution of 
eddy variability and its spatial structures. Since the early 1990s, the combination of data 
available from two simultaneous flying altimeters has resulted in a time-series record of 
global maps of ocean eddies. Despite the moderate resolution, these maps provide an 
opportunity to study the temporal and spatial variability of the surface signatures of eddies 
at a level of detail previously unavailable. A global census of eddies has been constructed 
to assess their population, polarity, intensity, and nonlinearity. The velocity and pattern of 
eddy propagation, as well as eddy transports of heat and salt, have been mapped globally. 
For the first time, the cascade of eddy energy through various scales has been computed 
from observations, providing evidence for the theory of ocean turbulence. Notwithstanding 
the tremendous progress made using existing observations, their limited resolution has 
prevented study of variability at wavelengths shorter than 100 km, where important 
eddy processes take place, ranging from energy dissipation to mixing and transport of 
water properties that are critical to understanding the ocean’s roles in Earth’s climate. The 
technology of radar interferometry promises to allow wide-swath measurement of sea 
surface height at a resolution that will resolve eddy structures down to 10 km. This approach 
holds the potential to meet the challenge of extending the observations to submesoscales 
and to set a standard for future altimetric measurement of the ocean.
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iNTroduc TioN
In the early 1960s, swirls of ocean 
currents with spatial scales from tens 
to hundreds of kilometers and time 
scales from days to months were found 
to be the oceanic analog of storms in 
the atmosphere. The deployment of 
moored instruments and drifting floats 
in the open seas during the ensuing 
decade documented the ubiquity of such 
motions in the world’s ocean. The term 
“mesoscale eddies” was established for 
these motions and associated variability 
of ocean properties (e.g., Robinson, 
1983). The kinetic energy of ocean 
circulation is dominated by mesoscale 
eddies, which play a significant role in 
transporting water mass, heat, and nutri-
ents in the ocean. Studying the dynamics 
governing mesoscale eddies has been 
a central theme of physical oceanog-
raphy for decades.

Sparse distribution of in situ measure-
ments limited detailed knowledge of the 
global pattern of mesoscale eddies. The 
launch of Earth-observing satellites in 
the late 1970s opened a new window for 
studying the surface characteristics of 
these energetic motions from a global 
perspective (see Le Traon and Morrow, 
2001, for a review). Owing to their 
strong effects on sea surface proper-
ties, mesoscale eddies are easily seen on 
images of sea surface temperature and 
ocean color. However, water-surface-
property signatures do not convey much 
information on the dynamic processes 
of eddies. Through geostrophic balance, 
water motions associated with eddies, 
as well as mean flows, are related to the 
departure of sea surface height (SSH) 
from the geoid, the surface on which 
Earth’s gravity is constant. This height 
departure from the geoid is called ocean 

surface topography, which is related to 
the geostrophic velocity of ocean surface 
currents. To the extent that surface 
geostrophic velocity reflects an integral 
dynamic effect of the upper-ocean 
density field, SSH observations from a 
satellite radar altimeter are very effective 
for studying eddy dynamics on a global 
scale. SSH variability associated with 
mesoscale eddies creates the strongest 
signals from satellite radar altimeters. 
Although the performance of the first-
generation altimeter of the GEOS-3 
mission was quite poor, with orbit uncer-
tainty larger than 1 m and instrument 
noise higher than 10 cm, the SSH vari-
ability associated with mesoscale eddies 
was clearly discernible in the noisy data 
(Huang et al., 1978). 

The much improved Seasat altimeter 
provided the first map of global ocean 
mesoscale variability (Cheney et al., 
1983; Fu, 1983), albeit the energy level 
was underestimated due to the short 
three-month duration of the mission. 
Based on Seasat technology, Geosat 
was developed and launched into an 
orbit that was selected to map ocean 
mesoscale eddies. Although Geosat did 
not carry instruments to correct for 
the delay of radar signal propagation 
caused by the effects of ionospheric free 
electrons and tropospheric water vapor, 
it provided the first opportunity to study 
the dynamic properties of mesoscale 
eddies on a global basis (Zlotnicki et al., 
1989), especially in energetic regions 
where measurement errors did not over-
whelm the signal.

The launch of European Remote 
Sensing Satellite-1 (ERS-1) and TOPEX/
Poseidon (T/P) initiated a new era for 
studying oceanic mesoscale eddies. 
T/P was designed specifically for 

observing SSH with sufficient accu-
racy and sampling to study large-scale 
changes in ocean circulation and sea 
level. Although the 2.8° spacing between 
its ground tracks (e.g., 315 km at the 
equator; 200 km at 50° latitude) is too 
large to resolve the two-dimensional 
structure of mesoscale eddies, the orbit 
of ERS-1 is a good complement to that 
of T/P. Its higher inclination allows 
coverage of the polar oceans up to 
82° latitude, beyond the 66° limit of T/P. 
Its 35-day repeat period, as opposed to 
10 days for T/P, corresponds to a much 
smaller ground track spacing of ~ 0.7°, 
which is about 80 km at the equator. 

A data set has been created by 
merging the two altimeter data streams 
from T/P and ERS-1 with the use of 
objective analysis technique (Ducet et al., 
2000). This data set, produced by and 
available from the French Archiving, 
Validation and Interpretation of Satellite 
Oceanographic (AVISO) data center, 
now covers 17 years, extending from 
the beginning of the T/P mission to the 
present by using data from each of the 
follow-on missions to T/P (Jason-1 and 
Ocean Surface Topography Mission/
Jason-2) and ERS-1 (ERS-2 and Envisat). 
The AVISO data set has provided a fertile 
ground for numerous studies of ocean 
circulation at spatial and temporal scales 
never observed before.

In this paper, we first review the 
progress made using satellite altimetry to 
advance knowledge of ocean mesoscale 
eddies, from early efforts to detect eddies 
to recent results of tracking the move-
ment of eddies around the world’s ocean. 
We also discuss the roles of eddies in 
energy, mass, and ocean property flux. 
We then discuss the limitations of the 
existing data in resolving the scales of 
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eddy motion and highlight the impor-
tance of the unresolved submesoscales. 
Finally, we address the challenges for 
developing the next-generation altimetry 
missions to observe ocean eddies.

STudieS From aloNg-
Tr ack daTa
A major finding from the in situ 
observations made in the 1970s was 
the ubiquitous dominance of eddies in 
ocean variability. It was not surprising 
that the first ocean signals detected from 
satellite altimetry were from eddies. At 
the speed of 7 km s–1, a satellite radar 
altimeter provides a snapshot of an SSH 
profile along its ground tracks, revealing 
the spatial structure of ocean variability 
that is not available from in situ observa-
tions. The SSH wavenumber spectrum, 
which conveys the distribution of SSH 
variance on spatial scales, has been a 
topic of investigation since the early days 
of satellite altimetry (Fu, 1983). Despite 
eddies’ varying energy levels at different 
locations, their spectra at the high-wave-
number end exhibits a power law like k–p, 
where k denotes wavenumber. The expo-
nent p is interpreted as an indicator of the 
dynamic process governing eddy energy 
transfer in spectral space. Although eddy 
motions are in geostrophic balance, the 
governing dynamics are increasingly 
nonlinear at high wavenumbers, where 
the theory of geostrophic turbulence 

(Charney, 1971) is expected to apply and 
dictates a k–3 spectrum for kinetic energy, 
or k –5 for SSH. 

Based on three years’ worth of T/P 
data, Stammer (1997) advocated for 
the existence of a normalized universal 
SSH wavenumber spectrum following 
the k –5 power law, consistent with the 
geostrophic turbulence theory. More 
recent studies have disputed this conclu-
sion. Using multiple altimeter data sets, 
Le Traon et al. (2008) suggest that the 
SSH spectrum in high-eddy-energy 
regions is closer to k –11/3 than to k –5 and 
is consistent with the theory of surface 
quasi-geostrophic turbulence that takes 
the effects of the surface boundary 
into consideration (a point further 
discussed in a later section on Flux of 
Oceanic Energy and Properties). Using 
data from the Jason-1 altimeter, Fu and 
Ferrari (2008) show that the spectrum 
in low-eddy-energy areas clearly follows 
k –2. Therefore, as previously argued by 
Le Traon (1993), there does not seem 
to be a strong case for the existence 
of a universal wavenumber spectrum. 
Understanding the differences in spectral 
shape between low- and high-eddy-
energy regions remains an open issue.

The tradeoff between spatial and 
temporal sampling of a single satellite 
altimeter makes it difficult to track the 
two-dimensional movement of ocean 
eddies. However, two-dimensional 

information on eddy current velocity 
can be obtained at the crossover points 
of altimeter observations by combining 
the two cross-track components of 
eddy geostrophic velocity to estimate 
the velocity vector of eddy motions. 
Applying this approach to Geosat data, 
Morrow et al. (1994) constructed time 
series of eddy current velocity in the 
Southern Ocean where the density of 
crossover points is relatively high. They 
mapped the distribution of eddy velocity 
variance and correlation in terms of 
current ellipse as well as Reynolds stress. 
They also computed eddy momentum 
fluxes from these quantities and found 
that the forcing of eddies on mean 
flows is comparable to the magnitude 
of wind forcing.

After the launch of Jason-1, T/P was 
moved into a new orbit for a tandem 
mission with Jason-1. The new ground 
tracks of T/P were interleaved with 
those of Jason-1, which flew over the 
original T/P tracks (with 2.8° separation 
in longitude). The overfight times of the 
two satellites crossing a given latitude 
were nearly simultaneous (only seven 
minutes apart), allowing the along-track 
geostrophic velocity to be estimated 
directly from the SSH difference between 
the two measurements separated by 
1.4° in longitude. This provided direct 
estimates of the large-scale geostrophic 
velocity vector along satellite tracks. 
Scharffenberg and Stammer (2010) 
compute the eddy kinetic energy from 
the tandem mission data and illustrate its 
dominance over the kinetic energy of the 
mean flow. Although the 1.4° cross-track 
separation leads to underestimation of 
the geostrophic velocity (Schlax and 
Chelton, 2003), the eddy kinetic energy 
is larger than the mean kinetic energy by 
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more than an order of magnitude over 
most of the global ocean, confirming a 
well-known observation established by 
sparse in situ data decades ago. 

mappiNg The eddy Field
merged observations From 
multiple altimeters
Launching multiple satellite altimeters 
to increase the spatial and temporal 
resolution was only an idea until the 
launch of T/P and ERS-1 provided the 
first opportunity to merge observations 
from two altimeters. Most mesoscale 
studies are now taking advantage 
of the improved resolution derived 
from the SSALTO/DUACS1 merged, 
gridded data sets distributed by AVISO 
(Le Traon et al., 1998). Ducet et al. 
(2000) presented the first global high-
resolution maps of mesoscale variability. 
Comparing the SSH wavenumber 
spectrum from the merged data to that 
from the along-track data, which was 
considered to represent the intrinsic 
resolution of the altimeter data, they 
estimated the resolution of the merged 
data to be about 150 km in wavelength. 
A similar resolution of about 2° in 
longitude by 2° in latitude has recently 
been inferred from wavenumber spec-
tral analysis of the gridded SSH fields 
(Chelton et al., in press). For Gaussian-
shaped eddies, this wavelength resolu-
tion corresponds to being able to detect 
mesoscale features with e-folding scales 
of about 0.4°. Displayed in Figure 1 is 
a snapshot of the SSH anomalies over 
the Pacific Ocean, illustrating the ubiq-
uitous presence of eddies to the extent 
resolved by the combined observations 
from the two altimeters.

Le Traon and Dibarboure (2002) 
provided a summary of the mapping 
capabilities of the T/P + ERS (Jason-1 + 
Envisat) configuration, using simulations 
from a high-resolution ocean general 
circulation model. With two altimeters 
in the T/P-ERS configuration, they 
found that sea level could be mapped 
with an accuracy of better than 10% of 
signal variance, while velocity can be 
mapped with an accuracy of 20–40% 
of signal variance (depending on lati-
tude). A large part of the mapping error 
is due to unresolved high-frequency, 

high-wavenumber signals. Although the 
T/P + ERS merged data set has provided 
a much better representation of meso-
scale variability than previous results, it 
is far from fully resolving mesoscale vari-
ability. From October 2002 to September 
2005, there was an exceptional sampling 
of the ocean with four altimeter missions 
flying simultaneously (Jason-1, ERS-2, 
T/P interleaved with Jason-1, and Geosat 
Follow-On [GFO]). Pascual at al. (2006) 
merged these data sets to improve esti-
mation of mesoscale surface circulation. 
They showed that the combination of 

1  Segment Sol multimissions d’alTimétrie, d’orbitographie et de localisation precise/data unification and altimeter combination System

Figure 1. Sea surface height anomalies on april 8, 2009, in the pacific ocean from the aViSo 
merged data set.
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Jason-1 + ERS-2 alone failed to repro-
duce many small-scale signals. In areas of 
intense variability, the root-mean-square 
(rms) differences between SSH maps 
from two altimeters and those from 
four altimeters reach up to 10 cm and 
400 (cm s–1)2 in SSH and eddy kinetic 
energy (EKE), respectively. 

 
Tracking eddies
The improved spatial resolution of SSH 
fields in the AVISO merged data revealed 
the prevalence of mesoscale eddies 
throughout most of the world’s ocean. 
Thousands of eddies can be identified 
globally at any given time (Chelton et al., 
2007, in press). Investigation of the char-
acteristics of this large number of eddies 
thus mandates the use of automated 
procedures to identify the eddy positions, 
to estimate their amplitudes and scales, 
and to determine their trajectories.

The first automated procedure for 
detection and tracking of eddies in 
altimeter data was developed by Isern-
Fontanet et al. (2003), building upon 
techniques developed previously for 
turbulence studies from numerical 
model simulations (e.g., Okubo, 1970; 
Weiss, 1990). Subsequent studies have 
fine-tuned the methodology to address 
various shortcomings (e.g., Morrow 
et al., 2004; Chaigneau et al., 2008; 
Chelton et al., 2007, in press). The proce-
dures strive to identify eddies as compact 
structures in SSH or in variables related 
to the relative vorticity field that are 
intended to isolate rotating features. 
In altimetric applications, vorticity-
based methods are not as well suited 
as SSH-based methods because they 
require computation of SSH derivatives, 
which amplify any noise that exists in the 
SSH field (Chelton et al., in press). After 

the eddies are identified in each SSH 
field, an automated procedure is applied 
to determine the trajectory of each eddy. 

The eddy trajectories confirm that 
eddies occur nearly everywhere in the 
world’s ocean (Figure 2a). There are 
6% more cyclones than anticyclones 
with lifetimes ≥ 16 weeks (18,469 and 
17,422, respectively). A detailed analysis, 
however, finds that the eddies with the 
longest lifetimes and longest propaga-
tion distances are predominantly anti-
cyclonic. Approximately three-fourths of 
the eddies in Figure 2a had net westward 
displacement; the 8600 eddies with net 
eastward displacement were confined 
to regions of strong eastward currents 
that advect the eddies downstream. 
SSH is typically influenced by four to 
six eddies per year within the eddy-rich 
regions and two to three eddies per year 
in the more quiescent regions. Very few 
eddies were observed in the region of 
the Northeast Pacific Ocean centered 
near 50°N, 160°W, and in an analogous 
region of the Southeast Pacific Ocean 
near 50°S, 95°W. If eddies exist in these 
regions, their amplitudes or scales are 
too small to be detected in the AVISO 
maps for the 16-week minimum lifetime 
considered here. The apparent small 
number of eddies in the tropics is attrib-
utable mostly to technical difficulties in 
identifying and tracking low-latitude 
eddies because of their fast propagation 
speeds, large spatial scales, and the rapid 
evolution of their structures. 

With the exceptions of a few local-
ized regions, eddies form nearly every-
where in the world’s ocean. Formation 
rates are highest in eastern boundary 
current systems. The essentially global 
geographical distribution of eddy 
origins supports the conclusions of past 

studies that the generation mechanism 
is likely baroclinic instability of the 
vertically sheared ocean currents, espe-
cially in regions where the flow has a 
nonzonal component (Smith, 2007, and 
references therein). 

The mean amplitudes of the eddies 
vary considerably geographically 
(Figure 2b). The largest eddies are found 
in regions of strong, meandering currents 
(western boundary currents and their 
extensions into the ocean interior, the 
Antarctic Circumpolar Current, and the 
Loop Current in the Gulf of Mexico), 
where the mean amplitudes can exceed 
30 cm. The mean amplitudes are moder-
ately large in some eastern boundary 
current regions (e.g., the California 
Current and the Leeuwin Current off the 
west coast of Australia), in the eastern 
tropical Pacific in association with the 
Central American wind jets, in the 
subtropical western North and South 
Pacific, and in a few other regions. The 
mean amplitudes are only a few centi-
meters in the ocean interiors away from 
regions of energetic mesoscale variability.

The mean radius scales of the eddies 
decrease approximately monotonically 
from about 200 km near the equator to 
about 75 km at 60° latitude (Figure 2c). 
At mid and high latitudes, these scales 
are much larger than the baroclinic 
Rossby radius of deformation at which 
energy is input to the ocean from baro-
clinic instability. The larger scales of the 
eddies is consistent with the up-scale 
transfer of energy that is expected from 
surface quasi-geostrophic turbulence 
theory (e.g., Capet et al., 2008). 

A key feature of observed mesoscale 
eddies that distinguishes them from 
linear Rossby waves is their degree of 
nonlinearity, which can be assessed by 
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a variety of metrics. One useful metric 
is the ratio of the maximum rotational 
fluid velocity U within the interior of an 
eddy to its translation speed c. (Note that 
both U and c are estimated from SSH 
anomalies and are thus relative to the 
mean flow.) When this nondimensional 
parameter U/c exceeds 1, there is trapped 
fluid within the eddy interior (Samelson 
and Wiggins, 2006). The eddy can then 
transport heat, salt, and biogeochemical 
properties such as nutrients and phyto-
plankton. Nonlinear eddies can thus 
have important influences on heat flux 
and marine ecosystem dynamics, in 
addition to their well-established impor-
tance in momentum and energy fluxes. 
The mean value of U/c exceeds 1 every-
where poleward of about 20° latitude 
in both hemispheres, reaching values 
higher than 15 in eddy-rich regions 
(Figure 2d). A detailed analysis finds that 
more than 99% of extratropical eddies 
were nonlinear by this metric (Chelton 
et al., in press). Many were highly 
nonlinear, with 48% having U/c > 5 and 
21% having U/c > 10. Although U/c is 
smaller in the tropics where the transla-
tion speeds c become high, even there 
more than 90% of the eddies had U/c > 1. 

Additional evidence for nonlinearity 
of the observed mesoscale eddies is 
the consistency of their propagation 
speeds and directions with theoretical 
predictions for large, nonlinear eddies 
(McWilliams and Flierl, 1979; Cushman-
Roisin et al., 1990). In particular, 
westward propagation speeds are very 
near the phase speed of nondispersive 
baroclinic Rossby waves, and 84% of 
the eddies that propagated more than 
1000 km had average azimuths that 
differed by less than 15° from due west. 
Also consistent with theory, there are 

small opposing meridional deflections 
of cyclones and anticyclones (poleward 
and equatorward, respectively), as first 
noted regionally by Morrow et al. (2004) 
and shown globally by Chelton et al. 
(2007, in press).

The wealth of information about 
mesoscale eddies in the AVISO merged 
data set is enabling studies of the 
kinematics and dynamics of mesoscale 

eddies that have not previously been 
possible. While the altimeter observa-
tions provide unprecedented coverage of 
the surface characteristics of the eddies, 
many important questions about their 
significance in ocean dynamics and 
thermodynamics, as well as their role 
in marine ecosystem dynamics, require 
subsurface information as well. These 
questions are being addressed in ongoing 

Figure 2. global maps of 
eddy characteristics that 
were tracked for 16 weeks 
or longer in the first 
16 years of the merged 
data set (october 1992–
december 2008): 
(a) trajectories of cyclonic 
and anticyclonic eddies 
(blue and red lines, 
respectively); (b) mean 
amplitude for each 
1° square; (c) mean scale 
for each 1° square, defined 
to be the effective radius 
at which the rotational 
speed averaged around an 
SSh contour is maximum; 
and (d) mean nonlinearity 
parameter U/c (see text). 
Adapted from Chelton 
et al. (in press)
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research using analysis of the altimetric 
SSH fields in conjunction with subsur-
face float observations and ocean general 
circulation models. 

an eulerian description of 
eddy propagation
While the tracking of individual isolated 
eddies summarized in the last section 
was performed by following eddy 
trajectories in a Lagrangian manner, 
global eddy propagation can also be 
characterized in an Eulerian framework. 
Kuragano and Kamachi (2000), Jacobs 
et al. (2001), and Brachet et al. (2004) 
fitted certain functional forms to eddy 
covariance to estimate eddy propaga-
tion velocity. The decade-long SSH time 
series available on AVISO grids allows 
direct computation of eddy covariance 
at a given location and searches for the 
maximum correlation in space and 
time lags. Using such an approach, Fu 
(2009) provided a global description of 
the pattern and velocity of the propaga-
tion of eddy variability. Propagation 

velocity is highly inhomogeneous in 
space. Outside the equatorial zone, zonal 
propagation is intrinsically westward, 
modified by ocean currents, which could 
reverse the zonal eastward propagation 
in regions like the Gulf Stream and the 
Antarctic Circumpolar Current (ACC). 

Figure 3 shows an example of the 
effects of currents and bottom topog-
raphy on eddy propagation for a sector of 
the Southern Ocean (Fu, 2009). Eastward 
propagation is generally seen along the 
paths of the ACC, represented by the 
paths of the Sub-Antarctic Front (SAF) 
and the Polar Front (PF). In the western 
part of the region, eddy propagation 
generally follows the two fronts located 
between 45°S and 50°S until they cross 
over the Southwest Indian Ridge at 
30°E, 50°S, where a sharp bifurcation 
of eddy propagation occurs, with one 
branch moving southward and the other 
continuing eastward and northeast-
ward. A similar bifurcation of the two 
fronts takes place just east of the ridge. 
Topographic influences of the Conrad 

Rise at 45°E, 53°S and the Del Cano 
Rise at 45°E, 45°S are prominent. The 
Kerguelen Plateau also exerts a signifi-
cant effect on eddy propagation, causing 
acceleration of eastward propagation 
both north and south of the plateau. 

The blue line in Figure 4 shows the 
latitudinal profile of the zonal averages 
of the westward propagation speeds 
estimated by the Eulerian method. 
The results are in very close agree-
ment, with the westward propagation 
speeds estimated by the Lagrangian 
method from the tracked eddies 
summarized in the previous section 
(the red line in Figure 4).

Flux oF oceaNic eNergy 
aNd properTieS
Ocean eddies provide an important 
mechanism for transporting heat, salt, 
and nutrients in the ocean. Although 
the fraction of eddy transport in the 
total meridional heat transport is quite 
small in the ocean interior, eddy heat 
transport plays an important role in the 

Figure 3. The velocity of eddy propagation in the Southern ocean between 0° and 120°e, superimposed on ocean bathymetry. The 
different colors of the arrows are for ease of viewing. The three colored curves are (from north to south) the Subtropical Front, the 
Sub-antarctic Front, and the polar Front, respectively. From Fu (2009)
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heat balance of strong western boundary 
currents, the ACC, and the tropical 
ocean (Wunsch, 1999). Holloway (1986) 
provided the first demonstration of 
using satellite altimetry to estimate the 
spatial pattern of eddy heat transport. 
He applied geostrophic turbulence 
theory to the standard deviation of 
global SSH obtained from Seasat altim-
eter data for estimating eddy diffusivity, 
which was then multiplied by the 
depth-averaged climatological gradient 
of temperature to compute eddy heat 
transport in the North Pacific Ocean. His 
results revealed a great deal of variability 
associated with the Kuroshio Current.

Using multiple years of T/P data with 
an alternative approach, Stammer (1998) 
computed meridional transport of heat 
and salt in the global ocean. He argued 
that eddy diffusivity is proportional to 
the product of eddy velocity and a length 
scale related to eddy kinetic energy and 
time scales, which both can be derived 
from satellite altimetry data. The eddy 
diffusivity was used with the mean 
meridional gradient of temperature and 
salinity, obtained from hydrographic 
data, to compute the mean meridional 
transport of heat and salt. Stammer 
(1998) illustrated that eddy diffusivity 
was highly inhomogeneous in the global 
ocean, reaching 2500 m2 s–1 in the 
energetic western boundary currents 
and the tropical zonal currents, and 
decreasing to 250 m2 s–1 in the ocean 
interior and eastern basins. His calcula-
tion of the meridional eddy transports 
of heat and salt also have a high degree 
of spatial inhomogeneity. Substantial 
poleward transports of heat and salt 
occur in the energetic western boundary 
currents: the Gulf Stream, Kuroshio, 
and Agulhas. Equatorward transports 

are found between 5° and 15° latitude 
in the tropics.

The weakness of estimating eddy 
transports using the methods of 
Holloway (1986) and Stammer (1998) 
was discussed by Qiu and Chen (2005), 
who pointed out that eddy transports 
were not always down gradient of 
temperature and salinity as implied in 
the altimetric approach, and that the 
vertical structure of temperature and 
salinity had been ignored. Combining 
altimeter data with satellite sea surface 
temperature data and vertical tempera-
ture profiles from Argo floats to estimate 
eddy heat transport in the subtropical 
North Pacific, they obtained meridional 
eddy heat transport that was somewhat 
less than the altimetric estimates. The 
importance of subsurface information 
for determining eddy heat transport was 
also noted by Roemmich and Gilson 
(2001), who showed that a vertical tilt 
of the eddy core was essential for eddy 
transport of heat.

Eddy diffusivity has also been studied 
using dispersion statistics obtained 
from surface drifters or numerically 

simulated floats based on surface 
currents derived from altimetry. The 
spatial-temporal coverage of the alti-
metric surface currents allows one to 
test different statistical techniques to 
estimate eddy diffusivity. This is a field 
of active research (e.g., Marshall et al., 
2006; Sallée et al., 2008) because eddy 
diffusivity has important impacts on 
ocean mixing. In addition, altimeter-
derived estimates can be used to test and 
develop new model parameterizations 
of eddy diffusivity.

Energy flux through different spatial 
scales, or energy cascade, is a funda-
mental problem in ocean dynamics, 
addressing the sources and sinks of 
ocean circulation energy. At oceanic 
mesoscales, a well-established theory 
for energy cascade is quasi-geostrophic 
turbulence (Rhines, 1977). This theory 
predicts that the baroclinic energy 
(with vertically varying structure) in 
the ocean tends to cascade from both 
small and large scales toward the defor-
mation radius of the first baroclinic 
mode (10–100 km), where the energy 
is converted into barotropic mode 
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Figure 4. latitudinal profile of the 
global zonal average of the propaga-
tion speeds of all the eddies with 
lifetimes ≥16 weeks obtained by 
chelton et al. (in press) based on the 
eddy tracking method (red line). The 
gray shading indicates the 25 and 
75 percentile points of the distribu-
tion of speeds along each latitude. The 
blue line is the latitudinal profile of 
the global zonal average of the eddy 
propagation speeds estimated from 
space-time lagged cross-correlation 
analysis by Fu (2009). The black line 
is the latitudinal profile of the zonally 
averaged westward phase speeds of 
non dispersive baroclinic rossby waves.
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(vertically uniform structure) and then 
the energy is cascaded into larger scales 
in a process called “inverse cascade.” The 
theory has been illustrated with numer-
ical models but has never been tested by 
observations until recently. 

Scott and Wang (2005) made the 
first calculation of energy cascade 
in wavenumber space from satellite 
altimeter data. Their results revealed an 
inverse cascade at scales larger than the 
deformation radius. Because altimetry 
observations are primarily the SSH 
perturbations associated with motions of 
the first baroclinic mode, the observed 
inverse cascade of baroclinic motions is 
not consistent with the Rhines (1997) 
theory, which allows inverse cascade 
only for barotropic modes at scales 
larger than the radius of deformation. 
The observed inverse cascade of baro-
clinic energy is thus puzzling from the 
standpoint of the conventional theory of 
quasi-geostrophic turbulence. However, 
the theory of surface quasi-geostrophic 
turbulence does provide a framework 
to explain the inverse cascade of upper-
ocean baroclinic energy (Capet et al., 
2008). Together with the findings of 
the k –11/3 spectral slope described earlier, 
evidence of inverse cascade validates 
the theory of surface quasi-geostrophic 
turbulence for describing energy transfer 
in the upper ocean. 

Qiu et al. (2008) applied the tech-
nique of Scott and Wang (2005) to study 
seasonal energy exchange between the 
mean flow and the eddy field of the 
Subtropical Counter Current in the 
South Pacific Ocean. They found that 
the instability of the mean flow gener-
ated meridionally elongated eddies 
that, through eddy-eddy interactions, 
transformed into zonally elongated 

eddies. The energy was then transferred 
from eddy scales to larger zonal scales in 
an anisotropic inverse cascade process. 
This is probably the first observational 
evidence for the detailed mechanism 
of energy exchange between mean flow 
and eddy variability and the transfor-
mation of scales.

Small-Scale proceSSeS aNd 
The FuTure challeNge iN 
SaTelliTe alTimeTry
The resolution limit of the currently 
available altimeter data set raises many 
issues. Most of the swift currents in 
the ocean have cross-stream widths in 
the range of 10–100 km, which are not 
fully resolved in the gridded AVISO 
maps. Along-track altimeter data can 
now be processed to reveal strong 
fronts and coastal currents with scales 
of 50–100 km, but we cannot observe 
these features between the ground tracks. 
Higher-resolution data sets are needed to 
fully resolve their details. 

Limited in situ measurements of 
temperature, salinity, and velocity, and 
high-resolution satellite measurements 

of ocean color, sea surface temperature, 
and synthetic aperture radar imagery, 
have shown the prevalence of fronts and 
filaments in the ocean at scales shorter 
than 100 km, and their importance in 
mixing and transporting ocean heat and 
nutrients. It is estimated that about 50% 
of the vertical transport of ocean biogeo-
chemical properties takes place at these 
small scales (Lapeyre and Klein, 2006). 

Numerical model experiments suggest 
that the three-dimensional structure of 
upper ocean circulation at these scales 
can be estimated from high-resolution 
SSH information based on surface quasi-
geostrophic turbulence theory (Klein 
et al., 2009). Figure 5 compares model-
simulated vertical velocity and vorticity 
of the upper ocean to reconstructions 
from the theory, illustrating the efficacy 
of high-resolution SSH observations for 
studying vertical transfer processes in 
the ocean. Furthermore, the processes 
taking place at these scales are critical to 
understanding the balance of the kinetic 
energy of ocean circulation, involving 
both inverse and forward energy 
cascades (Capet et al., 2008). 

Figure 5. (left) model-simulated low-frequency vertical velocity (in colors) and relative 
vorticity (contours) at 200 m. (right) reconstructed vertical velocities (in colors) and rela-
tive vorticity (contours) at 200 m from sea surface height using surface quasi-geostrophic 
theory. From Klein et al. (2009)
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on the order of a few meters, allowing high spatial resolu-
tion of the measurement. To achieve the low measurement 
noise required for observing oceanic signals, the radar 
frequency was chosen in the Ka band (about 35 GHz). 
However, the noise level of the raw measurement, on the 
order of 10 cm, is still too high for observing oceanic 
submesoscales. After smoothing over a large number of 
raw measurements, random measurement noise can be 
reduced to a level of 1 cm over 1 km x 1 km resolution 
cells. This measurement performance is nearly two orders 
of magnitude better than that of Jason-1 (Fu and Ferrari, 
2008). SWOT observations are expected to resolve ocean 
variability at wavelengths of 10–25 km.

Within 10 km of the nadir path, the ranges of the 
signals received by the two SAR antennae are too close 
to each other for interferometric calculations, leaving a 

20-km gap in the swath measurement. An option under 
consideration is to carry a conventional altimeter for 
making nadir observations. Although the spatial resolution 
is limited, the nadir observations are useful for calibrating 
the interferometry observations to minimize system-
atic errors at large scales for studying the interaction of 
submesoscale processes with large-scale ocean circulation. 
Other payloads of such a mission include a multifrequency 
microwave radiometer to correct for the errors caused by 
tropospheric water vapor, as well satellite tracking sensors 
for precision orbit determination. Because the sensitivity 
of radar measurements to ionospheric free electrons is very 
weak at Ka-band frequencies, the dual-frequency correc-
tions for ionospheric effects that were necessary for the 
accurate measurements obtained from T/P and Jason-1 
and -2 are not required for SWOT.

The SurFace waTer aNd oceaN Topogr aphy miSSioN

configuration of a wide-swath altimetry mission based on the radar interferometry technique.

The figure (right) illustrates the 
measurement principle of the SWOT 
mission. Two synthetic-aperture radar 
(SAR) antennae are mounted on the two 
ends of a mast about 10-m long. Each 
antenna looks sideways with a small 
off-nadir angle of about 4°, illuminating 
a swath 60-km wide across the flight 
direction on each side of the spacecraft. 
The two antennae simultaneously 
receive radar signals reflected by the 
rough sea surface. The phase differences 
between the two signals allow interfero-
metric calculation of the off-nadir angle 
of the received signals. The combined 
information of the off-nadir angle, 
the range of the reflecting sea surface 
from the radar measurement, and 
the spacecraft altitude from orbit 
determination allows estimation 
of sea surface height relative to an 
Earth-fixed coordinate. 

The intrinsic resolution of SAR is 
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To make fundamental advances 
toward improving ocean circulation 
models for studying future climate 
evolution, observations at wavelengths 

of 10–100 km are needed to address 
the small end of the mesoscale, loosely 
defined as the submesoscale here (the 
term has also been used to refer to scales 
of 50 m–10 km in other contexts). Use of 
radar interferometry for high-resolution, 
wide-swath SSH observations is being 
developed for the next-generation 
altimetry missions to meet the chal-
lenge of observing submesoscale ocean 
processes (Fu and Rodriguez, 2004; 
Fu and Ferrari, 2008).

The capability for high-resolution 
measurements of water surface elevation 
also makes the technique of wide-swath 
altimetry useful in land hydrology for 
observing the storage and discharge 
rates of land water bodies (Durand 
et al., 2010). Recognizing the need of 
high-resolution wide-swath altimetry 
for advancing both oceanography and 
land hydrology to address critical issues 
in climate change, the decadal survey 
conducted by the US National Research 
Council (NRC, 2007) recommended the 
flight of a mission called Surface Water 
and Ocean Topography (SWOT) to 
measure the water elevation of the global 

oceans as well as rivers and lakes on 
land. The US National Aeronautics and 
Space Administration (NASA) and the 
French space agency, Centre National 

d’Études Spatiales (CNES), are part-
nering to implement the SWOT mission. 
This mission will address two major 
issues of a warming climate: improving 
understanding of ocean circulation that 
holds the key to the warming rate, and 
improving the knowledge of shifting 
water resources resulting from the 
warming. SWOT will thus be a critical 
tool for observing the hydrosphere from 
space, and will set a standard for future 
satellite altimetry.
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