
Chapter 9
Determining Ocean Circulation and Sea Level
from Satellite Altimetry: Progress
and Challenges

Lee-Lueng Fu

9.1 Introduction

The idea of flying a radar altimeter in space to measure the height of sea surface
for a variety of geophysical studies was quickly developed after the first launch of
artificial satellite. Seasat, launched in 1978, carried the first radar altimeter with a
precision capable of revealing the variability of ocean currents. After the premature
demise of the mission after only 3 months’ data collection, the oceanographic com-
munity realized the potential of satellite altimetry for making global observation
of the ocean. The military community also realized the utility of the measurement
for naval operations and hence launched Geosat in 1985. The instrument itself was
a copy of Seasat, but without the correction for the effects of tropospheric water
vapor due to the lack of an onboard radiometer. The oceanographic community was
more ambitious in developing a mission specifically designed for studying the ocean
circulation and its variability, leading to the Franco-American collaboration in the
TOPEX/Poseidon Mission (T/P), launched in 1992.

While T/P was in development, the data from Geosat, although not as accurate
as oceanographers had desired, provided nonetheless the first multi-year altimetry
data for the study of ocean dynamics as well as a test bed for processing altime-
try data. As part of the payload of the European Remote Sensing satellite (ERS-1),
a radar altimeter similar to Seasat was launched by the European Space Agency
(ESA) in 1991. The launch of T/P then started an era in which at least two satel-
lite altimeters were flying simultaneously. The era has continued as of the writing
of the article today. Results from these missions cover a wide range of earth sci-
ences: oceanography, geophysics, geodesy, and hydrology. Fu and Cazenave (2001)
provided a comprehensive review. There has been tremendous progress made since
that review. The scope of this paper, however, is focused on recent progress in the
study of ocean circulation and sea level change, including some recap of earlier
results to provide a historic perspective. At the end, the limitation of the present
approach and the challenges for future development are addressed.
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9.2 Ocean General Circulation

A major driving goal for developing ocean altimetry mission was the vision of deter-
mining the ocean general circulation from space (Wunsch and Gaposchkin, 1980).
In parallel to the development of T/P, a satellite gravity mission was also conceived
in the early 1980s for mapping the geoid, which in combination with altimetry mea-
surement would yield the ocean circulation. The gravity mission did not materialize
until the launch of the GRACE Mission in 2002. The accuracy of the GRACE geoid
is estimated to be 2–3 mm at scales as small as 400 km (Tapley et al., 2004). This
represents more than an order of magnitude improvement over the results based on
previous geoid models, which have errors on the order of 10 cm at scales larger than
1,000 km (Fu and Chelton, 2001).

Most of the swift boundary currents in the ocean have cross-stream scales less
than 100 km and thus are not fully resolved by using the GRACE geoid. As part
of the World Ocean Circulation Experiment conducted in the 1990s, thousands of
surface drifters were deployed in the ocean to measure surface current velocity.
Such drifters suffer from sampling errors for computing the time mean velocity. This
problem has been mitigated by combining the densely populated altimetry data with
the drifter data to correct for the sampling bias in the latter. Using this technique, the
surface mean circulation was estimated based on decade-long observations (Niiler
et al., 2003; Rio and Hernandez, 2004). Many more details of the mean circulation
have been revealed down to scales of 50–100 km. The spatial resolution is highly
heterogeneous due to the drifters’ uneven distribution. The most interesting finding
is the prominent zonal striations in the surface mean circulation (Maximenko et al.,
2005, 2008; see Fig. 9.1). The appearance of the striations was enhanced by applying
a two-dimensional high-pass filter to the mean ocean dynamic topography.

Simulations by high-resolution ocean general circulation models (Richards et al.,
2006) have shown similar features but the details (exact locations, orientations,

Fig. 9.1 1993–2002 mean zonal surface geostrophic velocity [cm/s] from drifter/altimetry based
mean dynamic topography high-pass filtered with a two-dimensional Hanning filter of 4◦ half-
width (from Maximenko et al., 2008)
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strengths, etc.) exhibit discrepancies. The dynamic mechanisms for the striations
are not yet well understood. Using a kinematic model of randomly distributed field
of eddies, Schlax and Chelton (2008) showed that such striations could be caused
by the migration of eddies that were not completely averaged out over a finite time
period. The residual speed of the eddy currents after 10-year averaging is on the
order of 1 cm/s, comparable to the results of Maximenko et al. (2008). As the resid-
ual currents go down with 1/T, where T is the averaging time, a data set of multiple
decades is needed to average out the eddy effects.

A testimony of the quality of the surface mean dynamic topography of Niiler
et al. (2003) was the study of the vorticity balance of the Antarctic Circumpolar
Current (ACC) by Hughes (2005). Estimating the vorticity of the flow by differ-
entiating the dynamic topography, Hughes (2005) discovered two modes of flow
behaviors: Meanders in which a balance was achieved between the advection of rel-
ative and planetary vorticity as in a stationary equivalent-barotropic Rossby wave,
and a flow in which the advection of total vorticity was related to bottom topographic
steering.

9.3 Large Scale Low Frequency Variability

A series of El Niño Southern Oscillation events in the 1990s including the phenom-
enal event of 1997–1998 provided a focus for demonstrating the power of satellite
altimetry to study large-scale climate variability. Fu and Smith (1996) demonstrated
an early comparison of altimetry observation with a model simulation of a Pacific
warming event. The success of satellite altimetry in providing global ocean obser-
vations was a major motivation for the advancement in global ocean modeling and
data assimilation in the 1990s (Stammer et al., 1996, 2002). This development has
establish a new framework for performing ocean reanalysis using modern state esti-
mation approach by integrating data from a observing network into ocean general
circulation models (Wunsch et al., 2009).

As the altimetry data record extended into its second decade, oceanographers
for the first time had a continuous global data set for studying ocean variability
beyond the seasonal-to-interannual scales. Hakkinen and Rhines (2004) reported
a slow-down of the subpolar gyre circulation of the North Atlantic Ocean from
analysis of T/P data in combination with earlier altimeter data. They attributed
this change to weakened thermohaline forcing. Based on satellite altimetry data
in combination with a variety of in-situ observations, Roemmich et al. (2007)
discovered a decadal intensification of the subtropical gyre of the South Pacific
Ocean from 1993 to 2004. The gyre circulation increased by 20%, resulting from a
decadal strengthening of wind forcing east of New Zealand as part of a circumpolar
change of climatic state. On the other hand, Lee (2004) found that the upper ocean
overturning circulation of the Indian Ocean decreased by 70% from 1992 to 2000,
caused by the weakening of the trade winds. Subsequently Lee and McPhaden
(2008) found a larger-scale linkage of the decadal variability of the Indian and
Pacific Oceans.
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In the Pacific Ocean, sea surface temperature, wind stress, and ocean circulation
are involved in a decadal variability called the Pacific Decadal Oscillation (PDO).
Qiu and Chen (2009) analyzed 16 years’ worth of altimetry data and noted that
the phase transition of PDO triggered westward baroclinic Rossby waves, which
affected the stability of the Kuroshio Extension upon arrival in that region. Shifting
between stable and unstable regimes, the eddy energy and its interaction with the
Kuroshio Extension is linked to the larger-scale PDO.

Westward propagation of large scale variability is a ubiquitous phenomenon well
documented by numerous papers since the seminal paper by Chelton and Schlax
(1996). Fu and Chelton (2001) provided a review of the subject. The conclusion
then was that the predominant westward propagation was associated with baro-
clinic Rossby waves (see the Chapter 12 by Cipollini et al., this volume). Fu (2004)
discussed the latitudinal variation of the frequency content of the propagation and
identified cases in which the wave frequency was higher than allowed by the con-
ventional Rossby wave theory. Some of the cases were attributable to barotropic
Rossby waves.

9.4 Large Scale High Frequency Variability

A big surprise when the T/P data were first analyzed was the presence of large-scale
variability of the ocean at periods on the order of 10 days. These turned out to be
barotropic response of the ocean to rapid changes in wind forcing. Chao and Fu
(1995) showed that the observed variability could be simulated by ocean general
circulation models. The results were further confirmed by Fu and Smith (1996). A
modeling study by Fukumori et al. (1998) suggested that up to 50% of the variance
of such large-scale variability could have periods shorter than 20 days, the Nyquist
period of T/P. This raised concerns for aliasing these high-frequency signals to low
frequencies in altimetry data. Model simulations forced by good quality wind were
then used to de-alias the high-frequency signals in altimetry data (e.g., Stammer
et al., 2000; Carrere and Lyard, 2003).

To a large extent the high-frequency variability is influenced by bottom topog-
raphy. Fu et al. (2001) found a 25-day oscillation of the Argentine Basin over the
Zapiola Rise and explained it as a free barotropic mode of the basin (also see Weijer
et al., 2007). Using a simple wind-driven linear vorticity model, Fu (2003) illustrated
the intraseasonal variability of the Southern Ocean and the North Pacific Ocean
could be explained as a balance between wind stress curl and relative vorticity with
bottom friction. In the Indian Ocean, the highly periodic monsoon wind generates
intraseasonal variability at periods of 180, 120, 90, 75 days (Fu, 2007). Some of
these could be explained as resonant basin modes.

9.5 Mesoscale Eddies

Mesoscale variability was observed even by the GEOS-3 altimeter (Huang et al.,
1978) with a noise level of 25 cm. The strength of the signals and the relatively
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small scales made them survive the substantial instrument noise and orbit errors
of the GEOS-3 altimeter. However, the trade-off between temporal and spatial
resolution of a single altimeter has made it difficult to map the two-dimensional
evolution of mesoscale eddies. Despite this difficulty, many statistical properties
of mesoscale variability were ascertained from altimetry: geographic distribu-
tion of energy, spatial and temporal scales, wavenumber-frequency spectrum,
eddy transports, viscosity and diffusivity (see Le Traon and Morrow, 2000 for a
review).

The merging of multiple altimeter data into a gridded data set (Ducet et al., 2000)
created a first opportunity to study the two-dimensional movement of mesoscale
eddies. The intrinsic resolution of the data set is about 150–200 km, allowing to
map eddies of sizes larger than these scales. The data set has created a surge of effort
in tracking eddies, e.g. off the Central America coast (Palacios and Bograd, 2005)
and in the Oyashio (Isoguchi and Kawamura, 2006) and studying their behavior.
Advanced methods exist for tracking certain vorticity properties of eddies and allow
automatic tracking (Isern-Fontanet et al., 2006; Morrow et al., 2004; Chelton et al.,
2007). Figure 9.2 summarizes the properties of large eddies with lifetime grater 12
weeks surveyed by Chelton et al. (2007). A notable feature is that the propagation
of cyclonic eddies has a slight tendency for a poleward deflection from purely west-
ward. Anti-cyclonic eddies have a slight tendency for an equatorward deflection. At
low latitudes, the westward speed of eddy propagation is somewhat less than that
of non-dispersive baroclinic Rossby waves represented by the large-scale variabil-
ity. At mid and high latitudes, the eddy speed is indistinguishable from the Rossby
wave speed.

Using the maximum correlation method, Fu (2006, 2009) mapped the propa-
gation velocity vector of ocean eddy variability. The method used the spatial and
temporal lags of the maximum correlation of time series of sea surface height
anomalies to compute the velocity of propagation of the dominant variability in the
time series. The results correspond to the energy containing variability mostly asso-
ciated with mesoscale motions, but cannot distinguish isolated eddies from other
forms of variability like meandering currents and fronts. Displayed in Fig. 9.3 is an
example in the Southern Ocean (from Fu, 2009), showing the vectors of propagation
superimposed on the bottom topography (color shade) along with the tracks of the
Subtropical Front, the Sub-Antarctic Front, and the Polar Front.

Within the Antarctic Circumpolar Current (ACC) which basically flows eastward
parallel to these fronts, eddy propagation is steered from westward to eastward
by the mean currents. A prominent feature is the “U” shaped turn of eddy prop-
agation over a fracture zone centered at 55◦S and 240◦E (the Menard Fracture
Zone). Another notable influence of bottom topography and ACC is the deflection
of eddy paths over the Mid-Atlantic Ridge between 340◦ and 360◦E. In the
Argentine Basin, a counter-clockwise gyre-like pattern of eddy propagation is cen-
tered over a topographic feature called the Zapiola Rise. The center of the “gyre”
seems to be a region where eddies tend to dissipate. This may be evidence for eddies
being a source of energy driving the large-scale counter-clockwise (anti-cyclonic)
barotropic circulation over the Zapiola Rise (de Miranda et al., 1999).



152 L.-L. Fu

Fig. 9.2 The global propagation characteristics of long-lived cyclonic and anti-cyclonic eddies
with lifetimes longer than 12 weeks. Upper panels: relative changes in longitude (negative
westward) and latitude (poleward vs. equatorward). Lower left panels: histograms of the mean
propagation angle relative to due west. Lower right panel: latitudinal variation of the westward
zonal propagation speeds of large-scale sea surface height (black dots) and small-scale eddies (red
dots) along the selected zonal sections considered previously by Chelton and Schlax (1996). The
global zonal average of the propagation speeds is shown in the right panel by the red line, with
gray shading to indicate the central 68% of the distribution in each latitude band, and the propa-
gation speed of nondispersive baroclinic Rossby waves is shown by the black line (from Chelton
et al., 2007)
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Fig. 9.3 The velocity of eddy propagation in the Southern Ocean between 240◦ and 360◦E, super-
imposed on the ocean bathymetry. The different colors of the arrows are for the 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)

9.6 Energy Cascade and Eddy-Mean Flow Interaction

A fundamental issue in ocean dynamics is the flux of kinetic energy in wavenum-
ber spectral space. Namely, the rate of energy transfer across different scales.
Theoretical and modeling work suggests that baroclinic energy would cascade from
high-order modes to the first mode, where the energy is transferred into barotropic
mode, which then goes through an inverse cascade to larger scales (Rhines, 1977;
Fu and Flierl, 1980). There was no direct observational evidence for the valid-
ity of these ideas until Scott and Wang (2005) computed the spectral energy flux
directly using the gridded data set from merged multiple altimeter observations. As
shown in Fig. 9.4, there is an inverse cascade of energy (negative flux) from the
first baroclinic deformation scale to larger scales. Because altimetry observations
are primarily related to the energy in the first baroclinic mode, this result indicates
that the baroclinic energy in the ocean has an inverse cascade, in contrast to previous
theoretical predictions.

Scott and Arbic (2007) then used a quasi-geostrophic model to illustrate that
the inverse cascade is dominated by baroclinic modes in the model simulations.
Altimetry observations have been used to revise a long-held theoretical concept
about ocean dynamics. Using the same technique, Qiu et al. (2008) studied the
seasonally modulated energy exchange process between the mean flow and eddy
field of the Subtropical Counter Current in the South Pacific Ocean. They found
a transfer of energy from meridionally-oriented modes to zonally-oriented modes
through baroclinic instability. The energy is then transferred to larger zonal scales
in an anisotropic inverse cascade process reflecting the effect of the meridionally
changing Coriolis force (the beta effect). This is the first demonstration of the
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Fig. 9.4 The spectral kinetic energy flux associated with the near-surface geostrophic flow in the
Kuroshio Extension region from altimeter data (∼ 24◦–46◦N, 156◦–174◦E). The straight vertical
line indicates the wavenumber of the first baroclinic deformation scale averaged over the region
(Scott and Arbic, 2007)

detailed mechanism of energy exchange between mean flow and eddy variability
and the transformation of scales.

9.7 Tides

T/P was the only altimeter mission that was designed to fly in a orbit optimized
for resolving tidal signals for separation from those of ocean circulation. This effort
has led to the most accurate information of the barotropic tides in the open ocean
(Le Provost, 2001). Using the tide models derived from T/P, Egbert and Ray (2000)
computed the flux of tidal energy and concluded that up to 30% of the total tidal dis-
sipation took place in the deep ocean, in contrast to the traditional notion that more
than 90% of tidal dissipation occurred over the shelves and shallow seas. This find-
ing has confirmed the conjecture of Munk and Wunsch (1998) that half of the energy
(about one terawatt) required to mix the ocean waters to maintain the thermohaline
circulation comes from the tidal dissipation in the deep ocean. A major mechanism
for converting tidal energy to mixing energy is through scattering of barotropic tides
into internal tides over rough topography. Ray and Mitchum (1997) demonstrated
that surface manifestations of internal tides could be detected in altimetry data. This
work has led to a surge of studies of ocean internal tides, their sources, pathways
and energetics (e.g. Merrifield et al., 2001).

9.8 Global Sea Level Change

The ability of measuring the change of the global mean sea level with uncer-
tainty on the order of 1 mm/year represents the culmination of the development of
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precision altimetry. Although T/P and its follow-ons were not designed for meet-
ing performance requirement at this level, through a dedicated effort of a large
team of scientists and engineers, it has been demonstrated that the measurement
accuracy has reached sub mm/year level (Ablain et al., 2009). The record of altime-
try data from T/P and its follow-ons, supplemented by data from other missions,
has provided the foundation for the determination of present-day sea level change
(Cazenave and Nerem, 2004). The global coverage of altimetry observation has
provided not only a mean value of the sea level rise, estimated at a rate of 3.4
± 0.6 mm/year, from 1993 to 2008 (Ablain et al., 2009), but also a map of the
geographical pattern of sea level change.

Shown in Fig. 9.5 is such a map (from Merrifield et al., 2009), which illustrates
the complexity of the decadal variability of sea level as discussed in Section 9.3.
Also shown are the locations of well-surveyed tide gauge locations. It is clear that
tide gauges alone cannot capture the complicated geographic variability of sea level.
As the planet is warming up, the potential threat of the collapse of polar ice sheets
creates a geographically uneven risk of inundation (Bamber et al., 2009). It is there-
fore important to closely monitor not only the global mean sea level rise, but also
its geographic pattern for early warnings and adaptations.

The launch of the GRACE satellite and the deployment of the Argo floats in
the world’s oceans, together with satellite altimetry, have provided an observing
system for separating the contributions to sea level change into its components- the
change of steric sea level and ocean mass. The three independent measurements
allow a consistency check of the individual measurements. The total sea level can
be determined by altimetry directly or by the combination of Argo with GRACE.
The steric sea level can be determined by Argo directly or by the combination of

Fig. 9.5 Sea level trends (1993–2007) from multi-mission gridded sea level anomalies. The black
dots are locations of well-surveyed tide gauges (from Merrifield et al., 2009)
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Fig. 9.6 Variability in total global mean sea level and its steric and mass components. The black
lines are the observed (top) total sea level from Jason-1, (middle) steric sea level from Argo, and
(bottom) ocean mass from GRACE. The gray lines show the inferred variability from the comple-
mentary observations. A 3-month boxcar smoothing is applied to each time series (from Leuliette
and Miller, 2009)

altimetry and GRACE. The ocean mass can be determined directly by GRACE or
by the combination of altimetry and Argo.

Figure 9.6 (from Leuliette and Miller, 2009) shows that the two estimates of each
of the three components are consistent with each other to the extent of the errors of
each. Maintaining the three measurement systems for monitoring and understanding
future sea level change is crucial for preparing for the impact of a warming climate
to our society.

9.9 Future Challenges

The sampling of a single altimeter presents a trade-off between spatial and tempo-
ral resolutions. Since the launch of T/P and ERS-1 in the early 1990s, it has been
fortunate to have at least 2 altimeters fly simultaneously.

The spatial resolution of the merged data set from two altimeters is estimated to
be from 150 km (Ducet et al., 2000) to 3◦ in longitude (Chelton and Schlax, 2003).
This has prevented the observation of ocean variability smaller than these scales that
contains a substantial amount of kinetic energy and plays significant roles in mixing
and dissipation in the energy cycle of ocean circulation.
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For example, Lapeyre and Klein (2006) illustrated that up to 50% of the oceanic
tracer content is found at scales shorter than 100 km. Analyzing simulations by a
high-resolution ocean general circulation model, Klein et al. (2009) showed that the
vertical velocity of upper ocean currents can be estimated from sea surface height
at the sub-mesoscales (wavelengths shorter than 100 km). Therefore, a significant
part of ocean circulation and variability that has a fundamental role in the vertical
exchange process for transporting nutrients, CO2, and heat has been missed in the
current altimetry observations.

To extend altimetry observation to higher resolution over a wide swath, radar
interferometry has been developed since the early 1990s (Rodriguez and Martin,
1992). An instrument called Wide-Swath Ocean Altimeter (WSOA) was developed
for flight on the Ocean Surface Topography Mission/Jason-2 in the early 2000s (Fu
and Rodriguez, 2004).

Because of funding problems, WSOA was cancelled after substantial develop-
ment had been conducted. A new mission concept called Surface Water and Ocean
Topography (SWOT) was recommended by the US National Research Council
Decadal Survey for addressing the need of high-resolution observation of water ele-
vation in both the oceans and land surface water (Alsdorf et al., 2007). SWOT is
currently being developed by NASA and CNES for flight in the late 2010s.

A challenge SWOT is facing is illustrated in Fig. 9.7 (from Fu and Ferrari, 2008).
The wavenumber spectrum of sea surface height anomaly observed by the Jason-1
altimeter shows the domination of instrument noise at wavelengths shorter than

Fig. 9.7 Spectrum of sea surface height anomaly from Jason altimeter data (solid line). The two
slanted dashed lines represent two spectral power laws with k as wavenumber. The horizontal
dashed line represents the SWOT measurement noise at 1/km sampling rate. The slanting solid
straight line represents a linear fit of the spectrum between 0.002 and 0.01 cycles/km. It intersects
with the SWOT noise level at 10 km wavelength (from Fu and Ferrari, 2008)
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Fig. 9.8 The configuration of the SWOT1 measurement system

100 km. Assuming that the spectrum of ocean signals continues to follow a power
law extrapolation from the observation, the noise level of SWOT must be lower than
that of Jason-1 by two orders of magnitude in order to resolve ocean signals down
to a wavelength of 10 km.

Shown in Fig. 9.8 is the configuration of the SWOT measurement approach. The
basic instrument payload is composed of two Ka-band synthetic aperture radars
(SAR) with their antennae separated by a 10-m long mast. The intrinsic resolution
of the SAR is on the order of a few meters to tens of meters. The backscatter of
the ocean surface is received by the two antennae. Through the technique of inter-
ferometry and precision orbit determination, the height of the surface elevation of
the backscatters can be determined. Using different polarizations, the two beams of
radar transmission can be analyzed without interference. Over the ocean, the raw
data are processed and smoothed onboard over cells of 1 km × 1 km to achieve the
required low noise level. Over land, the raw data are transmitted to ground stations
for processing according to the requirements for hydrological applications. The
nadir track where interferometry does not work is to be covered by a conventional

1 For more information on SWOT, see: http://bprc.osu.edu/water
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nadir-looking Jason-class altimeter. The combined two swaths plus the nadir obser-
vation will provide a swath of width of 130 km for studying the mesoscale and
submesoscale processes over the ocean and the storage and discharge of freshwater
on land.

Because of the finite swath coverage, it takes at least 22 days to cover the Earth
between the inclination latitudes without gaps. The repeat period of SWOT is set
to 22 days. To avoid sun-synchronous orbits for sampling tides, the inclination of
the orbit is set to 78◦. At the oceanic mesoscales and submesoscales, shallow water
tides and internal tides become key concerns for studying ocean circulation. These
tides have not been well resolved by conventional altimetry and pose new chal-
lenges for SWOT. As noted in Section 9.7, tides in their own right are important
to the understanding of ocean circulation. The choice of Ka-band for SWOT is pri-
marily for meeting the interferometry measurement requirement because the height
errors are proportional to the ratio of radar wavelength to the length of the mast.
Furthermore, at Ka-band, the range delay caused by the ionospheric free electrons
becomes negligible. To correct for the errors cause by the tropospheric water vapor,
a multi-frequency microwave radiometer will be included in the payload.

9.10 Conclusions

Satellite altimetry has revolutionized oceanography since the 1990s. Precision mis-
sions like T/P and its follow-ons have provided the first view of large-scale ocean
circulation, its variability, and the global mean sea level. The new observations have
motivated the advancement in ocean modeling and data assimilation leading to the
development of ocean state estimation for a variety of applications. The discovery
of the high-frequency large-scale variability led to a new view and appreciation of
the barotropic processes in the ocean. The decade-long data record provides the first
global view of the decadal change in ocean circulation and its geographic variabil-
ity. The capability of detecting the rate of global mean sea level change at a level of
uncertainty less than 1 mm/year represents the state-of-the-art of precision altimetry.
One must realize that T/P and its follow-ons were not designed for reaching this
level of performance. The achievement was made by a dedicated effort of a large
team of scientists and engineers to push the limit of the measurement system. While
altimetry system is being transitioned from research to operation, we must recog-
nize the critical importance of maintaining such a team effort to ensure the precision
and stability of the measurement into the future.

Combined data from multiple altimeters have enabled a wide range of advances
in ocean dynamics. Further, the combination with surface drifter data has led to
the most detailed knowledge of the global ocean general circulation, revealing the
unexpected ubiquitous presence of small-scale striations in ocean currents. It is now
possible to conduct detailed analysis of the balance of vorticity, a high-order compu-
tation, of large-scale ocean currents. For the first time, one can track the movement
of ocean eddies around the world’s oceans and determine their pathways and inter-
action with mean circulation and ocean topography. The analysis of the balance of
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energy in spectral space has led to a surprising finding of inverse cascade of energy
associated with the first baroclinic mode of the ocean.

The specific orbit choice of T/P and its follow-ons has led to the most accurate
knowledge of the surface (or barotropic) tides in the open ocean. The calculation
of the energy flux of the tides proves that half of the energy required to mix ocean
waters to maintain the large-scale thermohaline circulation comes from tidal dissi-
pation in the deep ocean. The finding of internal tides in altimetry data is another
surprise that creates a new surge of studies of the subject of fundamental importance
in ocean mixing and tidal energy cycle.

A limitation of the conventional nadir-looking altimeter is its sampling in space
and time. With data merged from two altimeters, the decade-long data set that has
made great strides in advancing our knowledge of ocean circulation has a spatial res-
olution that prevents observation of the important sub-mesoscale processes at scales
shorter than 100 km. A way to advance the capability of future altimetry is the use
of radar interferometry for making high-resolution wide-swath altimetry measure-
ment. The SWOT Mission recommended by the US National Research Council’s
Decadal Survey is taking on this challenge by developing a Ka-band radar interfer-
ometry system for flight in the late 2010s. SWOT measurement will significantly
advance both oceanography and land hydrology and address two key aspects of cli-
mate change: improving the prediction of the rate of warming through improved
understanding of the oceanic submesoscale processes, and improving the capabil-
ity of monitoring and managing the shifting water resources caused by a warming
climate.

By providing wide-swath coverage, a single mission like SWOT is equivalent to
more than 10 conventional nadir-looking altimeters. After the demonstration of its
workings, radar interferometry is potentially a candidate for replacing nadir-looking
altimetry as a standard tool for oceanographic and hydrological applications.
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