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Abstract
This paper reviews the recent progress in our estimation of ocean dynamic topography and 
the derived surface geostrophic currents, mainly based on multiple nadir radar altimeter 
missions. These altimetric observations provide the cornerstone of our ocean circulation 
observing system from space. The largest signal in sea surface topography is from the mean 
surface dominated by the marine geoid, and we will discuss recent progress in observing 
the mean ocean circulation from altimetry, once the geoid and other corrections have been 
estimated and removed. We then address the recent advances in our observations of the 
large-scale and mesoscale ocean circulation from space, and the particular challenges and 
opportunities for new observations in the polar regions. The active research in the ocean 
barotropic tides and internal tidal circulation is also presented. The paper also addresses 
how our networks of global multi-satellite and in situ observations are being combined and 
assimilated to characterize the four-dimensional ocean circulation, for climate research and 
ocean forecasting systems. For the future of ocean circulation from space, the need for con-
tinuity of our current observing system is crucial, and we discuss the exciting enhancement 
to come with global wide-swath altimetry, the extension into the coastal and high-latitude 
regions, and proposals for direct total surface current satellites in the 2030 period.

Keywords Satellite oceanography · Ocean circulation · Mesoscale · Tides · Polar oceans · 
Ocean forecasting
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Argo  An international program of profiling floats to observe ocean 
temperature, salinity, currents

AVISO & AVISO +  CNES altimetry data portal
BRAT   Broadview Radar Altimetry Tutorial and Toolbox (BRAT) is an 

online altimetry tutorial from ESA & CNES
CHAMP  Challenging Minisatellite Payload (CHAMP) was a German satel-

lite launched in 2000 to study the Earth’s gravity field
CLIVAR  The international Climate Variability Program, part of the WCRP.
CLS  Collecte Location Satellite
CMEMS  European Union’s Copernicus Marine Environment Monitor-

ing Service (CMEMS), implemented and operated by Mercator 
Ocean, provides oceanographic products and services

CNES  Centre Nationale d’Etudes Spatiales: French Space Agency
Copernicus  Previously known as GMES (Global Monitoring for Environment 

and Security), is the European Union’s Earth observation program
CRISTAL  Copernicus Polar Ice and Snow Topography Altimeter mission 

from ESA for the cryosphere
CryoSat & CryoSat-2  ESA satellite altimeters dedicated to polar observation.
CSA  Canadian Space Agency
CTD  Conductivity Temperature Depth sensors
DUACS  Operationnal multimission production system of altimeter data 

developed by CNES/CLS
EKE  Eddy kinetic energy
ENSO  El Nino Southern Oscillation climate mode
ERS  European Remote Sensing satellite was the European Space Agen-

cy’s first Earth-observing satellite programme using a polar orbit
ESA  European Space Agency
EUMETSAT  European operational satellite agency for monitoring weather, 

climate and the environment from space
GEOS-3  Geodynamics Experimental Ocean Satellite 3, was the third and 

final satellite as part of NASA’s Geodetic Earth Orbiting Satel-
lite/Geodynamics Experimental Ocean Satellite program in 
1975–1979

Geosat  GEOdetic SATellite was a U.S. Navy radar altimeter satellite, 
1985–1989

Geosat-FO  Geosat-Follow-On. US Navy/NOAA radar altimeter satellite, 
1998–2008

GOCE  Gravity Field and Steady-State Ocean Circulation Explorer) was 
the first of ESA’s Living Planet Programme satellites to map the 
Earth’s gravity field

GRACE  The Gravity Recovery and Climate Experiment (GRACE) was a 
joint mission of NASA and the German Aerospace Center (DLR). 
Twin satellites took detailed measurements of Earth’s gravity field 
anomalies

HARMONY  A proposed ESA Earth Explorer mission, with a constellation of 
two SAR satellites to fly in tandem with Sentinel-1 after 2029

HY-2  Haiyang (HY, Chinese; pinyin: Hǎiyáng; lit. ‘ocean’) is a series 
of marine remote sensing satellites developed and operated by the 
People’s Republic of China since 2002
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ISRO  Indian Space Research Organisation is the Indian Space Agency
Jason  Jason-1, Jason-2, Jason-3 are NASA/CNES/NOAA/Eumetsat 

precise radar altimeters, following on from Topex/Poseidon
JPL  Jet Propulsion Laboratory
KaRIn  Ka-band radar Interferometry wide-swath altimeter instrument on 

SWOT
LEGOS  Laboratoire des Etudes en Géophysique et Océanography Spa-

tiale, French research laboratory in Toulouse
LRM  Low Resolution Mode
MDT  Mean Dynamic Topography. Time-mean component of the 

ocean’s dynamical topography, not including the marine geoid
MOSAiC  Multidisciplinary drifting Observatory for the Study of Arctic 

Climate
MSS  Mean Sea Surface. Time-mean component of the ocean topogra-

phy including the marine geoid
NASA  National Aeronautics and Space Administration: US civil Space 

Agency
NOAA  US National Oceanic and Atmospheric Administration agency for 

monitoring weather, climate and the environment
NSOAS  Chinese National Satellite Ocean Application Service
OdYSEA  Proposed NASA/CNES Doppler scatterometry mission for global-

scale surface currents along with surface-level scatterometer 
winds

OSTST  Ocean Surface Topography Science Team: International Team of 
scientists and engineers specializing in radar altimetry for oceans 
and Earth Observation

PDO  Pacific Decadal Oscillation climate mode
SAR  Synthetic Aperture Radar
SAR-In  Synthetic Aperture Radar Interferometry
Saral/Altika  CNES/ISRO radar altimeter in Ka-band frequency
SeaSat  Sea Satellite: NASA/JPL satellite dedicated to oceanographic 

applications in 1978
Sentinel-3, -6  Earth observation satellite series developed by ESA as part of the 

Copernicus Program
Skylab  First US space station launched by NASA, 1973-1974
SSH  Sea Surface Height
SWOT  Surface Water Ocean Topography SARIn wide-swath altimeter
T/P  Topex/Poseidon: NASA/CNES precise radar altimeter satellite
UKSA  United Kingdom Space Agency
WRCP  World Climate Research Program is an international program that 

helps to coordinate global climate research
XBT  EXpendable BathyThermograph ocean temperature profiles

Article Highlights

• Reviews recent progress in estimating ocean dynamic topography and derived geos-
trophic currents at large and mesoscales from radar altimeter missions
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• Reviews advances in estimating ocean barotropic tides and internal tides, the marine 
geoid and mean circulation, and polar ocean circulation

• Reviews advances in characterizing the 4D ocean circulation, for climate research and 
ocean forecasting systems

1 Introduction

The oceans are a major reservoir of heat, freshwater, salt, nutrients and carbon in the Earth 
system. On a global scale, the ocean has absorbed more than 90% of the excess of heat 
from global warming since the industrial revolution (Levitus et al. 2009). Heat, salt, nutri-
ents, carbon and freshwater are redistributed across ocean basins and exchanged vertically 
by ocean currents: the ocean circulation. The ocean circulation varies on a wide range 
or space and time scales: It includes the small-scale mixing and rapid movements due to 
waves and tides, to the energetic adjustment from mesoscale eddies and fronts, up to the 
large-scale currents and gyre circulation and the interannual to decadal variations from cli-
mate modes (Fu and Chelton 2001). Global observations of this wide range of space and 
time-scales of the ocean circulation remain very challenging.

The development of satellite remote sensing of the global ocean circulation began in 
the 1970s (Fu et  al. 2019). This allowed a transition from observing the ocean from an 
in situ perspective, based on slow, shipborne efforts or moorings, to remote sensing which 
allowed us to sample the global ocean in a relatively short period of time. One critical 
point in remote sensing over the oceans is that most of the electromagnetic radiation does 
not propagate through water. Therefore, all satellite observations measure the surface, or 
near-surface ocean properties: surface tracers (temperature, salinity, ocean color) or sur-
face fronts and slicks, surface winds or the sea surface topography. Even though sea sur-
face topography observed by satellite radar altimeter is a surface variable, its value reflects 
the depth-integrated variations of density and pressure in the ocean. When combined with 
knowledge of the ocean vertical structure, from theory or from ocean observations or mod-
els, satellite altimetry becomes a powerful tool to observe not just the surface topogra-
phy and the derived surface geostrophic currents, but also the depth-integrated ocean 
circulation.

Before the 1960s when modern electronics enabled the collection of longtime series of 
ocean currents from moorings or underway observations of temperature and salinity, the 
notion of large-scale ocean circulation was that of a stable fluid. The discovery of the rap-
idly changing and meandering currents associated with oceanic mesoscale eddies called for 
the need to map ocean currents with better spatial and temporal resolution. The first global 
map of the variability of the sea surface height (SSH) derived from only one month of sat-
ellite altimetry data from Seasat was a revelation (Cheney et al. 1983).

This paper on Ocean Circulation from Space will review the progress in our estimation 
of ocean dynamic topography and the derived geostrophic currents, mainly based on nadir 
radar altimeter missions. These operate in the conventional “low-resolution” mode (LRM), 
described in Sect.  2, and the more recent, more precise and higher resolution Synthetic 
Aperture Radar (SAR) nadir mode, described in Sect.  3. These altimetric observations 
provide the cornerstone of our ocean circulation observing system from space. The data 
can be used at their highest resolution along their tracks (e.g., for fine-scale analyses or in 
data assimilation), or are re-gridded into multi-mission maps of altimetric surface height 
and geostrophic currents, incorporating data from all altimetry missions to increase the 
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space–time sampling. These maps are widely used by the ocean community to observe the 
ocean circulation at scales > 100–200 km in wavelength.

As ocean models are improving their estimation of finer-scale ocean circulation, there is 
a need for finer-scale observations to validate them. A new generation of altimeters is start-
ing to use wide-swath SAR-interferometry (SAR-In) modes. The first global wide-swath 
SAR-In mission is planned with the NASA-CNES SWOT mission (launched in December 
2022; Fu and Rodriguez 2004; Morrow et  al. 2019); a future Chinese Guanlan mission 
(Chen et al. 2019) is also planned. Section 4 will include a description of these recent tech-
nological advances, and how the new observations with improved spatial resolution and 
lower noise will allow us to observe the finer-scale ocean circulation.

When measuring sea surface topography from space, the largest signal is that of the 
marine geoid, which is quasi-stationary in time compared to the more rapid sea surface 
topography changes due to the ocean circulation variations. Observing the Earth’s grav-
ity field and its variations from space is critical for monitoring the ever-changing mass 
of water on Earth with applications to oceanography, hydrology, and geodesy. The large-
scale Earth gravity field and marine geoid can be determined from specific gravity mis-
sions, such as NASA’s GRACE mission or ESA’s GOCE mission. Satellite radar altimetry 
also provides an excellent global observation of the fine-scale marine geoid and its slope 
beneath the ground tracks, since the sea surface is also a surface of constant gravitational 
potential (Sandwell and Smith 2009). Whether at large or smaller scale, the marine geoid is 
not in geostrophic balance, and needs to be removed from radar altimetry measurements of 
the sea surface height for ocean circulation studies. For exactly repeating altimeter tracks, 
the geoid and its uncertainties can be removed by subtracting the mean signal from the 
alongtrack altimetric sea surface height. For non-repeat altimeter tracks, or missions on 
a new repeating orbit, an independent gridded estimate of the marine geoid is required, 
based on a combination of satellite Earth gravity missions, all altimetric missions, and 
in situ gravity observations. In Sect. 5, we discuss the recent progress in understanding the 
mean ocean circulation, which is closely linked to our ability to estimate and remove an 
accurate marine geoid.

Once the geoid and other corrections have been removed, the ocean circulation can 
be derived from the altimetric sea surface height under the approximation of geostrophic 
balance. This generally covers the most energetic adjustment processes of the ocean mes-
oscale (20–250 km) eddies and meanders, the large-scale ocean planetary waves (Rossby 
waves, Kelvin waves, etc.), up to the larger-scale ocean circulation of the gyres and bound-
ary currents. The contributions of satellite altimetry to our understanding of the large-scale 
and mesoscale processes will be discussed in Sects. 6 and 7.

Due to their large amplitude signals and short scales, the energetic oceanic mes-
oscale eddies were the first features of ocean circulation detected by satellite observa-
tions. Over the last few decades, great progress has been made in estimating the larger 
mesoscale dynamics from satellite altimetry, with scales > 200  km in wavelength (see 
Sect.  7). At larger scales, the variability and mean state of the ocean circulation are 
more difficult to observe from space (see Sect. 6). Large-scale errors in the satellite’s 
orbit, or in the tidal estimates or other corrections to the radar range measurements, can 
mask the cm-level signals of the large-scale ocean circulation. Determining the large-
scale SSH change requires a high precision of the altimetric measurement and correc-
tions at a cm level that has taken a long period of time to develop. Yet the advancement 
of satellite altimetry from the 1970s to the present has been a crucial factor in improv-
ing our knowledge of the global ocean circulation from the mesoscale to the basin-scale 
and has revolutionized the field of physical oceanography.



1248 Surveys in Geophysics (2023) 44:1243–1286

1 3

There are specific challenges in our ability to observe the ocean circulation at higher 
latitudes in the polar seas. This is related to the presence of sea ice that blocks the obser-
vation of the ocean surface, and causes strong backscattering of the radar signal, even 
in the open leads or polynyas. Although the ground tracks converge at higher latitudes 
with better spatial–temporal coverage, there are fewer valid altimetric observations and 
fewer missions (the Jason series reaches only 66° in latitude). The polar orbiting mis-
sions provide the best opportunity for high-latitude ocean circulation studies, but some 
are Sun-synchronous, meaning more uncertainties in their tidal estimates here. Recent 
advances have improved our estimate of the altimetric sea surface height in the Polar 
Regions, and the derived ocean circulation, which will be described in Sect. 8.

Ocean tides and internal tides have distinct sea surface height signals that are well 
detected in radar altimetry. The different repeat cycles of altimetric missions alias the 
diurnal and semi-diurnal tidal constituents into lower frequencies. This was recog-
nized in early altimetric studies, and the choice of altimetric orbit can be specifically 
designed to separate the main tidal constituents after a number of years of operation. 
Non Sun-synchronous orbits are generally better in resolving the major ocean tides, and 
the Topex–Poseidon–Jason series has provided a fundamental advance in our estima-
tion of global ocean barotropic tides (Ray and Egbert 2017). Internal tides in a stratified 
ocean have a smaller signal (few cm) and their coherent, phase-locked components have 
been well observed with alongtrack satellite altimetry (Ray and Zaron 2016). The strong 
interaction between the internal tide and the ocean circulation generating incoherent or 
non-phase-locked internal tides has been recently revealed in ocean models and alti-
metric observations (Zaron 2017; Richman et al. 2012; Tchilibou et al. 2018). This is 
a challenge for ocean circulation studies, since accurate geostrophic currents require a 
good separation of the unbalanced internal tide from the sea surface height observation. 
Many studies are working on innovative techniques to address this challenge. Satellite 
altimetry, from nadir to wide-swath observations, provide an excellent opportunity to 
observe the interaction of the internal tide with unstable currents, one of the unchar-
tered pathways to smaller scale mixing and dissipation. This active domain of satellite 
observation and studies will be described in Sect. 9.

Highly complementary to radar altimetry observations was the development of the 
global international in  situ Argo Program (Roemmich et  al. 2009). Beginning in the 
early 2000s, Argo has evolved into an international program that has deployed nearly 
4000 floats in the global ocean sampling the temperature and salinity of the upper 
2000 m of the water column. This global measurement is complementary to the ship-
based observations from conductivity, temperature and depth sensors (CTDs) or expend-
able bathythermograph (XBT) instruments, mooring data, and the global surface drifter 
observations. These regular in situ measurements, coupled with ocean surface topogra-
phy from altimetry, have provided essential information on the geostrophic circulation 
of the world’s oceans, as well as the density field of the ocean. Ocean observing satel-
lites, together with in situ ocean observing platforms such as from Argo, and observa-
tionally constrained ocean state estimation systems, are providing quantitative charac-
terization of the four-dimensional ocean circulation. These advances in the domain of 
altimetric assimilation and ocean reanalyses will be addressed in Sect.  10. By better 
observing the 4D Ocean circulation, we have an improved understanding of its role on 
climate and weather processes, its linkages with the global water cycle, and its impacts 
on ocean biogeochemistry. These observations are also playing a pivotal role in improv-
ing climate and weather predictions.
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2  Conventional Radar Altimetry Observations of Ocean Circulation

In the open ocean away from the equator, the slow-moving state of the large-scale ocean 
circulation is in geostrophic balance; the Coriolis force exerted on the moving fluid is 
balanced by the horizontal pressure gradient as shown by the following equations:

where p is the pressure, ρ is the density of seawater, g is the Earth’s gravity acceleration, 
u and v are the zonal and meridional velocity components, respectively, f is the Coriolis 
parameter defined as f = 2Ω sin φ, where Ω is the Earth’s rotation rate (7.292 ×  10–5  rad/
sec), and φ is the latitude. These equations for hydrostatic and geostrophic balance allow 
the computation of the velocity at the surface relative to a deep level from the horizontal 
gradient of the ocean’s density field as follows:

where zo is a reference level for the integration and vo is the meridional velocity at the ref-
erence level. A similar equation can be obtained for u. This method based on the “thermal 
wind” equation has been the main approach used to determine ocean general circulation 
from shipboard measurements of the ocean density field (see Wunsch and Ferrari 2018). 
However, the determination of the velocity at the reference level has been an elusive goal. 
The idea of making measurements of the height of sea surface from space after subtracting 
an independent estimate of the geoid and tides to determine the surface ocean general cir-
culation was part of the original rationale for developing satellite altimetry and gravimetry. 
Once the surface geostrophic velocity is known at z = 0, then the geostrophic velocity at 
deep levels can be determined from (Eq. 4).

The first satellite radar altimetry missions to observe the sea surface topography and 
derived geostrophic currents were launched in the 1970s (Skylab in 1973, then GEOS-3 
from 1975–1979) followed by Seasat in 1978, which carried a radar altimeter, a scat-
terometer, and a synthetic aperture radar (SAR). These early missions demonstrated that 
global ocean circulation could be monitored from space, although with large errors in 
their orbit estimation and different corrections, with a sea surface height (SSH) accu-
racy of around 1 m, but this was primarily orbit error for Seasat, which could be mini-
mized for mapping mesoscale features. In the late 1980s, the Geosat mission (US Navy, 
1985–1990) flew with an 18-month geodetic phase to improve the Earth’s gravity and 
marine geoid estimates, followed by a 3-year ocean circulation phase. With unique post-
processing of both Seasat and Geosat data, Leben et  al. (2011) successfully mapped 
large-scale Pacific Ocean sea surface height differences between 1978 (Seasat) and 1987 
(Geosat).
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The era of high-precision satellite altimetry started in the early 1990s with a mini-
mum of 2 altimeter missions flying in different orbits (Fig.  1). Topex/Poseidon (NASA/
CNES, 1992–2006) provided the first SSH observations with 2–3 cm accuracy on a 10-day 
repeat cycle, followed by Jason-1 (2001–2013), Jason-2 (2008–2019), Jason-3 (launched in 
2016), and recently Sentinel-6 Michael Freilich (launched in 2020), all on the same long-
term climate monitoring orbit. Complementary space–time coverage over all surfaces has 
been available from the 1990s onwards, on a 35-day repeat cycle from ESA’s ERS-1&2 
(1991–2000; 1995–2011) and Envisat missions (2002–2012), and the Saral/AltiKA (joint 
mission from CNES and ISRO from 2013), from the 17-day Geosat-FO mission (US Navy/
NOAA, 1998–2008), and the 14-day repeat cycle from the HY-2A/B/C missions (CNES 
and China’s NSOAS, from 2011 onwards). All of these nadir altimeter missions are in con-
ventional “low-resolution” mode (LRM) and have provided the cornerstone of our ocean 
circulation observing system over the last 30 years.

The satellite radar altimetry measurement technique is based on an active radar emis-
sion at microwave frequencies from the satellite platform. The following description is 
mainly derived from Frappart et al. (2017). A more detailed description can be found in 
Chelton et al. (2001), Frappart et al. (2017), and on the AVISO + website1 and in the Radar 
Altimetry Tutorial2 which is part of the Broadview Radar Altimetry Toolbox (BRAT).

Basically, the radar sensor emits an electromagnetic pulse in the nadir direction (ver-
tically downwards) and precisely measures the two-way travel time of the signal (Δt) 
between the satellite and the reflecting surface. Given the known speed of light in a 

Fig. 1  Timeline of modern radar altimetry missions (published with the permission of CNES)

1 https:// www. aviso. altim etry. fr/ en/ techn iques/ altim etry. html.
2 http:// www. altim etry. info.

https://www.aviso.altimetry.fr/en/techniques/altimetry.html
http://www.altimetry.info
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vacuum, c, the distance or range, R, between the sensor and the reflecting surface, such 
as the ocean, can be given by:

where ∆Ri represents the sum of the corrections in the delay of the round-trip travel time, 
due to instrument, atmospheric or surface effects.

Although the emitted signal has a short duration, the return echo is longer since it is 
scattered back by many reflectors on the surface that are at slightly different distances 
from the radar. This return power that increases then decreases over time (Fig.  2) is 
called a “waveform” that has a characteristic shape that can be described analytically 
(for example, over the open ocean by the Brown (1977) model), or numerically. The 
waveform shape and amplitude provide information on the nature of the surface (ocean 
lakes or rivers, ice,…) and different geophysical parameters can be derived (sea sur-
face height, significant wave height, wind speed, antenna mispointing; Fig.  2). For 
open ocean circulation studies based on the Brown model, the altimeter range (R) cor-
responds to the time (τ or epoch at mid-height) when the power received reaches the 
middle of the leading edge of the waveform. The power of the return signal gives infor-
mation on the backscattering coefficient, from which the wind speed (amplitude, not 
direction) can be derived using empirical algorithms. Significant wave height is derived 
from the slope of the waveform’s leading edge, and the antenna mispointing from the 
trailing edge slope.

The Brown model is valid in spatially homogeneous conditions, such as the open ocean, 
where the characteristics of the water surface and the transmission through the atmosphere 
are uniform. Exceptions are in regions where the ocean backscatter or surface roughness 
varies rapidly (e.g., in low wind patches, under heavy rain cells, or near the coast when 
the ocean signal is polluted by the nearby land). Such events can be monitored and edited 
using the backscatter coefficient (e.g., Quartly et al. 2001; Dibarboure et al. 2014). Con-
ventional radar altimeters provide measurements at a frequency around 10 Hz (T/P), 20 Hz 
(ERS, Jason, Envisat, CryoSat2) and 40 Hz (Saral/AltiKa). Each of these measurements 

(5)R =
cΔt

2
−

∑

i

ΔRi

Fig. 2  (left) Schematic of a time series of a radar pulse. In green, the outgoing radar pulse before it reaches 
the surface, in red, the pulse reflected from an ocean surface with waves received back at the sensor. The 
bottom panels show the radar power received at the sensor over time. (right) The main waveform param-
eters marked are derived from the Brown model used to determine the different altimetric geophysical 
parameters over the ocean. (Credits: CNES)
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is the (incoherent) sum of about 100 individual echos, and the summing helps reduce the 
measurement noise.

Figure 2 also shows a schematic of the pulses’ “round” footprint on the ocean surface. 
For Jason-class altimeters, orbiting at 1336 km altitude, and for the pulses averaged over 
1 s, this footprint is more oval in shape, being around 10 km alongtrack and 5 km cross-
track (Chelton et al. 2001). The SSH signal and any noise effects contribute return power 
over the original footprint domain (50–70  km2), and then averaged over the 1-s time. The 
footprint size is determined by the pulse duration (3 ns <—> 2 km for calm seas) but also 
depends on the sea state conditions, the altimeter frequency band, the antenna pattern 
and the satellite altitude. As an example, for a 3 m high significant wave height sea, the 
footprint crosstrack radius is around 3 km for Ka-band Saral/AltiKa at ~ 800 km altitude; 
4.4 km for Ku-band Envisat at ~ 800 km altitude, and 5.5 km for Ku-band Jason at 1336 km 
altitude. The footprint size also increases in high seas as the sea state increases. For exam-
ple, 10 m high SWH increases the footprint for Envisat to 7.7 km, and to 9.6 km for Jason 
(Chelton et al. 2001).

To obtain a precise estimate of the sea surface topography, the range has to be corrected 
for instrument corrections, atmospheric propagation delays (as the radar pulse passes 
through the wet and dry atmosphere, and due to interactions with the electron content in 
the ionosphere), and surface geophysical corrections. The details of this processing and an 
estimation of the errors can be found in (Chelton et al. 2001; Pujol et al. 2016 and Taburet 
et al. 2019). Before calculating geostrophic currents from the sea surface topography, sur-
face geophysical corrections need to be applied to remove the effects of tides (ocean tides, 
solid earth tides, loading tides, and the pole tide), rapid atmospheric dynamical effects 
from wind and pressure forcing that are not resolved by the altimeter temporal sampling, 
and corrections for the geoid or mean sea surfaces.

3  Recent Extension to SAR Nadir Altimetry

A new generation of altimeters is starting to use nadir Synthetic Aperture Radar (SAR) and 
SAR-interferometry modes, including CryoSat-2 (ESA), where these different modes are 
acquired regionally. The first global nadir altimetry missions operating in SAR mode are 
the Sentinel-3A/-3B series of the Copernicus Programme of the European Union, built and 
launched by ESA and jointly operated by ESA and EUMETSAT since 2016. The global 
SAR altimetry coverage has been recently enhanced by the launch of the reference climate 
mission Sentinel 6A-Micheal Freilich which operates in an interleaved LRM-SAR mode 
(ESA, EUMETSAT, NOAA, CNES, and NASA), also part of Copernicus. The first global 
coverage with a wide-swath SAR-interferometric altimetry mission will be SWOT—Sur-
face Water Ocean Topography, launched in December 2022, aiming to study the 2D fine-
scale ocean circulation and terrestrial surface waters, jointly developed by NASA and 
CNES, with contributions from the Canadian Space Agency (CSA) and United Kingdom 
Space Agency (UKSA).

The main interest of the SAR processing is to provide a greatly reduced footprint (less 
than 5  km2) compared to conventional LRM measurements having a footprint size of more 
than 100  km2. This gain in spatial resolution is in the direction of displacement of the satel-
lite (alongtrack). Delayed Doppler/SAR altimetry exploits a coherent processing of groups 
of transmitted pulses in order to zoom in on a smaller alongtrack bin (Raney 1998; Boy 
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et al. 2017; Egido and Smith 2017; Frappart et al. 2017). Although the SAR processing is 
complex, the basic principle is based on the Doppler effect due to the moving satellite.

As the satellite travels horizontally, the Doppler shift is zero for the scattering point at 
nadir, but it increases almost linearly with the alongtrack distance between the scatterer 
and the nadir point. Figure 3 shows a schematic of this effect: the straight lines correspond 
to contours of equal linear Doppler shift. The circles are a selection of contours of equal 
range seen from the radar. The satellite is moving to the right along the track in this sche-
matic. In essence, the SAR processing identifies the exact position of the return power and 
removes the power coming from all the vertical bands shown on Fig. 3 except from the 
central band (called the zero Doppler band) whose width is typically 340 m. This is then 
repeated for the adjacent Doppler bands to form a stack of waveforms.

As the satellite moves alongtrack, the same vertical band in Fig. 3(d) can be observed 
many times from the front of the round footprint, then the center, then the back. A multi-
looking technique is used in the SAR processing, taking the sum of the contribution of 
many co-located vertical bands during a 2 s period, instead of just analyzing the millisecond 

Fig. 3  (left panels): Schematic of conventional LRM pulse-limited altimetry showing the concentric annuli 
of pulses being reflected back to the satellite, and contributing to the steady increase in power over the 
Brown waveform. (right panels): SAR uses a combination of the range information and the time delay. Here 
the circles represent the iso-range contours, and vertical lines the iso-doppler contours). The horizontal line 
is the trajectory of the satellite. (Courtesy of R.K. Raney, Johns Hopkins University Applied Physics Labo-
ratory)
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observation from individual pulses. The advantage of this “stacking” within the SAR pro-
cessing is that the averaged return signal (and integrated noise) is thus concentrated in the 
smaller central zero Doppler band, being 340  m alongtrack and ~ 5  km across track. In 
comparison, the convention LRM mode has the signal and noise integrated over the spheri-
cal diameter surface (Fig. 3c) whose footprint size varies depending on frequency, altitude, 
and surface roughness conditions. The SAR processing gives a more focused signal, and a 
much smaller noise level, since the noise is integrated over a smaller surface area, with less 
sensitivity to sea state (though impacted by swell). It can also approach closer to the coast 
or islands or sea ice, with fewer perturbations to the radar signal when the ground track is 
perpendicular to the coast/sea ice boundary.

We can estimate how the noise level varies between different altimeter missions and 
technologies based on global wavenumber spectral analysis of the alongtrack altimeter 
data (e.g., Xu and Fu 2012; Vergara et al. 2019). For each different altimeter mission, 
wavenumber spectral analysis of the 1 Hz alongtrack data shows a relatively flat noise 
floor below about 30 km in wavelength, due to this measurement noise returned over 
the footprint size. Figure 4 shows the global distribution of noise levels estimated from 
wavenumber spectra for three different altimeter technologies: Jason-2 in Ku band at 
1336 km altitude, Saral/AltiKa in Ka-band at 800 km altitude, and Sentinel-3 in SAR 
mode at 814 km. As noted in Sect. 2, the Jason footprint size is largest, giving a wider 

Fig. 4  Global distribution of noise floors (in m RMS) computed inside the spectral wavelength range 
15-30 km for a Jason-2, b AltiKa and c Sentinel-3A. (d) Zonal average of the error levels plotted in left 
hand panels (from Vergara et al. 2019)
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field of view of the noisy return signal, which is strongly impacted by the higher sea 
state at higher latitudes (Fig. 4a). Saral/AltiKa is also in conventional LRM mode but 
with a smaller altitude, more focused footprint and lower noise (Fig. 4b). The delayed-
Doppler SAR processing on Sentinel-3 leads to the lowest noise on a global average 
(Fig.  4c), see Rieu et  al. (2021). These noise patterns also vary seasonally, mainly 
related to sea state variations (Dufau et al. 2016; Vergara et al. 2019).

Over the last two decades, there have been important advances in the processing and 
reprocessing of the alongtrack altimeter data from all missions, and also in the quality 
of the multi-mission mapping by DUACS/AVISO, used in most oceanographic studies. 
Although the mesoscale band is the most energetic component of sea level, small-scale 
errors and noise are factors which limit our observation of the smaller mesoscales. The 
choice of editing, filtering or mapping can also impact on the ocean signals we can 
observe. There have been many improvements in the quality of these alongtrack data, 
including the editing and filtering steps and error estimation, as described in detail by 
Taburet et al. (2019) and aided by the ESA Climate Change Initiative Sea Level effort 
for open ocean studies (Ablain et  al. 2015). Specific processing has also been devel-
oped in the coastal regions (see Laignel et al., 2023 for a review). Prior to mapping, the 
different altimeter missions are cross-calibrated against a reference mission (T/P-Jason 
series) to remove biases, and then a second time to reduce any residual long wave-
length orbit errors (Pujol et al. 2016). Corrections are applied and sea level anomalies 
are calculated relative to a reference surface—either a precise time-mean alongtrack 
profile (for the missions on a long-term repeating track) or a gridded 2D mean sea sur-
face product (for the new missions or non-repeating missions). All of these steps have 
a strong impact on the sea level anomalies and the derived geostrophic velocities.

Multi-mission merged sea level anomaly maps are then constructed for ocean stud-
ies, where the alongtrack data are suboptimally interpolated onto a fixed grid, using 
Gaussian spatial and temporal decorrelation functions (Ballarotta et  al. 2019). The 
most recent DUACS maps based on delayed-time 2018 processing uses more than 
25 years of multi-mission data (Taburet et al. 2019). New altimetry standards and geo-
physical corrections are regularly updated, the data selection has been refined, and 
optimal interpolation parameters have been tuned with 5–10% improvements in the 
coastal and regional seas, for both sea level and geostrophic currents.

The mean wavelength resolution of these gridded products varies from 100  km 
at high latitudes, to 200  km at mid latitudes, and reaches 800  km in the equatorial 
band (Ballarotta et  al. 2019). A comparison with the alongtrack data shows that, in 
the 65–300  km mesoscale band, around 40% of the mesoscale variability is missing 
in these gridded products, mainly associated with the smaller mesoscale signals (this 
depends very much on latitude) (Pujol et al. 2016). There is reduced alongtrack filter-
ing in the more recently reprocessed products, and in consequence, additional signals 
are now observed, associated with residual internal tide signals in both the alongtrack 
and mapped products (Ray and Zaron 2016; Dufau et al. 2016). As we reduce the alti-
metric noise, and resolve more small-scale structures, the separation and identifica-
tion of internal tides and internal waves becomes more critical (see Sect. 9 on tides). 
Despite the progress in improving the alongtrack signal-to-noise, observations of the 
smaller mesoscale circulation in the open ocean, regional seas and at higher latitudes 
are limited today by the remaining alongtrack noise and the altimeter ground track 
sampling.
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4  Future Observations with SWOT Wide‑swath SAR‑interferometry 
Altimetry

The SWOT SAR-interferometry wide-swath altimeter mission launched in December 2022 
is designed to provide global 2D SSH data over two 50 km wide swaths with 2 km pixels, 
resolving spatial scales down to 15–20  km, for a 2  m high significant wave height (Fu 
et al. 2012; Fu and Ubelmann 2014); these values vary depending on the sea state (Wang 
et al. 2019a). These SSH observations will fill the gap in our knowledge of the 2D dynamic 
height variations in the 15–200 km wavelength band. These scales are not observed today 
with multi-mission altimeter maps in the open ocean, and these scales dominate in the 
coastal and regional seas and at high-latitudes. SWOT will also provide the fine-scale 2D 
horizontal gradients of SSH and their derived geostrophic currents, which are important for 
the ocean horizontal circulation and kinetic energy budget, but also for driving energetic 
vertical velocities and tracers transports (Levy et al. 2012; Balwada et al. 2021).

As the name suggests, the Surface Water and Ocean Topography (SWOT) mission 
brings together two scientific communities—oceanographers and hydrologists. For the 
hydrology community, SWOT SAR-interferometric data will enable the observation of the 
surface elevation of lakes, rivers and flood plains, and will provide a global estimate of dis-
charge for rivers > 100 m wide, and water storage for lakes > 250  m2. SWOT will also pro-
vide unprecedented observations in the coastal and estuarine regions, forming a continuum 
of consistent ocean coastal hydrology observations. The science objectives covering all 
disciplines are outlined in the SWOT Mission Science Document (Fu et al. 2012), and an 
update on the ocean objectives and measurement system is given in Morrow et al. (2019).

4.1  SWOT Measurement Principle

Here we provide a brief overview of the SWOT Synthetic Aperture Radar Interferometric 
(SARIn) measurement system, based on the description in Frappart et al. (2017). A more 
complete description is given in Rodriguez et al. (2017). SARIn has been used extensively 
over the past three decades for fine resolution mapping and measuring changes of the sur-
face of the Earth. The principle is to combine two SAR images of the same place on the 
ground taken from two distinct positions of the radar A1 and A2 separated by a distance B 
called the baseline (see Fig. 5). This figure is drawn in the plane orthogonal to the satellite 
speed vector, the line A1, A2 is then in the across-track direction. This explains the name 
crosstrack interferometry.

In the past, the two images were standard SAR images taken at two different times for 
successive overflights of the same region by the same radar. The incidence angle (or look 
angle θ shown on Fig. 5) was typically between 20 and 40 degrees. In the case of SWOT, 
the satellite carries two antennas separated by a baseline mast of length B (10  m), and 
the two SAR images can be obtained simultaneously. The look angle θ is much lower for 
SWOT (between 0.6° and 4°) so these measurements are near-nadir SAR-interferometry.

A radar pulse is directed to one swath, and the scattered return is received at both anten-
nas. This is then repeated on the other swath. The two return radar measurements can be 
used to determine the range r1 and r2 with a range resolution of 0.75 m for SWOT. The 
instruments also measure the phase of the signal and the interferometric phase Φ can be 
computed with great accuracy. However, the phase difference between the two return 
signals has an ambiguity of 2π that is removed by a processing called phase unwrapping 
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(Rodriguez et al. 2017). After phase unwrapping the absolute phase Φa is known and the 
differential range r1-r2 and the incidence angle, θ, can be deduced. Once the range r and the 
angle θ are known, the position in 3D space of the point M can be obtained. This process is 
called geolocation and height retrieval. This is a very simplified description; further details 
are given in Rodriguez et al. (2017).

The processing of the image formation is done independently for the left and the right 
swaths of SWOT. Note that the signal coming from the point M′ is symmetrical with M and 
is thus measured at the same range as the signal coming from M (Fig. 5). This leads to an 
ambiguity in the detection of signals coming from the left and right swath that needs to be 
removed at the instrument level. For SWOT, this is done using the right and left antenna 
patterns and using different polarization of the signals (One pulse is emitted in H-polari-
zation, the next in V-polarization, etc.). For the SARIn mode on CryoSat-2 used over the 
steep polar ice-caps and ice-shelves, the goal was to provide measurements at nadir and 
there is no device to remove the left–right ambiguity. So CryoSat-2 SARIn observations 
are not well adapted for flat ocean observations, but capture well the steep terrain slopes in 
the crosstrack direction on a polar ice-cap.

SWOT uses SAR processing to refine the alongtrack resolution of the return signal, and 
the interferometric processing refines the crosstrack resolution. The SWOT SAR-KaRIn 
instrument (see Fig. 6) provides a basic measurement resolution of 2.5 m alongtrack, and 
ranging from 70 m in the near-nadir swath to 10 m in the far swath. Over the terrestrial 
surface waters, an onboard pre-summing is performed, and data are downloaded at 5.5 m 
resolution alongtrack, with the maximum crosstrack resolution. Full interferometric pro-
cessing is then performed on the ground. Over the 70% of the Earth’s surface covered 
by the oceans, the huge amount of data produced cannot be downloaded from the satel-
lite at its maximum resolution. Instead, so-called “low-resolution” data are pre-processed 
onboard, and building blocks of 9 interferograms at 250  m posting (and 500  m resolu-
tion) are downloaded from each antenna. Other parameters that are useful for the surface 
waves and front detection, such as the 250 m resolution SAR backscatter images, are also 

Fig. 5  Principle of crosstrack interferometry (after Frappart et al. 2017)
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downloaded. These data are combined through the geolocation and height calculation into 
a 250 m × 250 m expert SSH product with higher errors in swath coordinates, and a stand-
ard 2 km × 2 km product in geographically fixed coordinates. The error estimate of these 
2 km averaged data is 2.5 cm/km2 (Chelton et al. 2019), more than an order of magnitude 
smaller than conventional Jason-class measurements.

5  Mean Ocean Circulation from Space

Ocean currents arise when water parcels are moved by atmospheric forcing (winds, solar 
heating, precipitation), freshwater input from rivers or ice melt, and tidal-gravitational 
effects from the Moon and the Sun around an equilibrium state where the only acting force 
is the Earth’s gravity. Due to the inhomogeneous distribution of mass in the Earth interior, 
this equilibrium state, called the geoid, is a surface topography with hollows and bumps 
of an amplitude of ± 100 m, as measured relative to a reference ellipsoid, i.e., a theoreti-
cal, mathematically defined topographic surface that approximates the geoid. The sea level 

Fig. 6  Schematic of the SWOT measurement technique using the KaRIn instrument for SAR-interferometry 
over the two swaths, and a Jason-class nadir altimeter in the gap. (Courtesy of K. Wiedman for NASA-JPL)
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departure from the geoid caused by the above-mentioned external forcing is called the 
Absolute Dynamic Topography (ADT). Under the geostrophic approximation, when a dif-
ference in Absolute Dynamic Topography occurs between two locations in the ocean, the 
resulting geostrophic current flows perpendicular to the sea slope, to the right in the north-
ern hemisphere and to the left in the southern hemisphere.

Mean ocean circulation is in geostrophic balance to the first order. It can be readily 
obtained from the combined knowledge of the mean sea level above the reference ellipsoid, 
and the geoid height relative to the same reference ellipsoid, both quantities being measur-
able to a certain extent from space.

Satellite altimeter sensors provide alongtrack measurements of the sea level above 
the reference ellipsoid. Some altimeter missions have an exactly repeating cycle (i.e., 
the altimeter passes above the same point at regular intervals: around 10  days for the 
TOPEX–Jason–Sentinel-6 satellite series, 27 days for the Sentinel-3 series), and the Mean 
Sea Surface (MSS) above the reference ellipsoid can be obtained by averaging altimeter 
measurements over a long period. Today, state of the art altimetric Mean Sea Surfaces have 
a centimetric accuracy at spatial scales of a few tens of kilometers (Pujol et al. 2018), based 
on a combination of longtime series of repeat-track data plus a large amount of data in new 
geographical regions from recent geodetic orbit altimeter missions. These geodetic mission 
data have smaller inter-track distances, but fewer or no repeats leading to some ocean vari-
ability contamination in the mean.

From 2000 onwards, important technological and conceptual steps have been made to 
compute the Earth’s gravity field from space, leading to the launch of dedicated space grav-
ity missions such as CHAMP (2000), GRACE (2002), and GOCE (2009). Today, the geoid 
is measured from space with centimetric accuracy at scales greater than 100 km. At first 
order, the geoid can be considered stationary (it does not change with time), so by subtract-
ing the geoid from the altimeter MSS, we can retrieve an accurate estimate of the Mean 
Dynamic Topography, and hence, by geostrophy, of the mean ocean currents. Using this 
approach, the mean ocean circulation can be retrieved for spatial scales larger than 100 km.

However, geostrophic currents in the ocean occur at shorter spatial scales than this, in 
particular at high latitudes and in coastal areas, where the first Baroclinic Rossby Radius 
of Deformation, a commonly used proxy for the validity of the geostrophic approximation, 
decreases down to a few kilometers (Chelton et al. 1998). Various methods have therefore 
been developed in order to increase the resolution of the ocean Mean Dynamic Topogra-
phy (MDT), and the corresponding mean geostrophic circulation. These methods can be 
divided into two main categories. In the first method, the geoid resolution is improved, and 
then a higher resolution MDT is computed by direct combination. In the second method, 
a large-scale “geodetic” MDT (i.e., computed from differencing an altimetric MSS and a 
geoid model) is first computed and further improved using external oceanographic data to 
resolve the shorter scales.

In the first case, the quantity to improve is the geoid. This can be done using in  situ 
gravimetric data. Since these data are often limited in spatial extension, this approach 
results in local to regional improvement of the geoid. Global improvement can be achieved 
by exploiting the fact that the shortest spatial scales of the altimetric Mean Sea Surface are 
mainly due to the shortest spatial scales of the geoid, and can therefore be used to enhance 
this latter. For instance, both in situ gravimetric data and altimetry-derived gravity anoma-
lies have been used to compute the EGM08 geoid model (Pavlis et al. 2012) at a spatial 
resolution of around 8 km.

In the second case, to improve the geodetic MDT resolution, estimates of the mean 
heights and mean geostrophic velocities are built from available in situ measurements of 
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ocean dynamic height and current velocities, from which the temporal variability measured 
by altimetry has been removed (Rio and Hernandez 2004, Maximenko et al. 2005). In situ 
data are processed to make them consistent with the physical signal measured by altimetry: 
Absolute dynamic heights are reconstructed from the in situ steric dynamic heights, and 
the geostrophic component of the ocean currents is extracted from the drifter velocities. 
The resulting mean velocities and heights are then used to improve the large-scale geo-
detic MDT. Recent global combined MDTs resolve spatial scales down to 25–50 km with 
5–10 cm accuracy. Figure 7 shows the CNES-CLS18 MDT and corresponding geostrophic 

Fig. 7  The CNES-CLS18 a Mean Dynamic Topography and b corresponding mean geostrophic currents as 
calculated by Mulet et al. (2021)
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mean circulation calculated by Mulet et al. (2021) on a 1/8 grid. All major ocean currents 
are clearly resolved (Gulf Stream, Agulhas, Kuroshio, Antarctic Circumpolar current) with 
maximum intensities greater than 1.5  m/s. Using a similar approach, mean currents can 
be estimated at even higher spatial resolution at local/regional scales where sufficient spa-
tial density of in situ measurements is available, such as High-Frequency Radar (Caballero 
et al. 2020).

6  Large‑scale Ocean Variability from Space

Our knowledge of the basin-scale ocean circulation has advanced greatly over the last 
30 years due to the combination of satellite altimetry products and major in situ programs 
designed to better quantify the ocean’s vertical structure with dedicated hydrographic data. 
The strength of satellite altimetry is its global coverage with continuous and consistent 
sampling, enabling the synthesis of in situ observations into a basin-wide global estimate 
of the state of ocean circulation over decadal scales.

In the 1990s, the World Ocean Circulation Experiment (WOCE; https://www.ncei.
noaa.gov/archive/accession/NCEI-WOA18) started a decade-long survey of top to bottom 
hydrographic sections across the world oceans, completed by more regular upper ocean 
in situ sampling. This quantified the global mean ocean state and its slow variations. This 
first major survey continued over the next decades with full-depth in situ repeat sections 
and upper ocean sampling within the WRCP CLIVAR program (www. clivar. org). A major 
breakthrough in the ocean in  situ spatial–temporal sampling came with the Argo pro-
gram (https://argo.ucsd.edu/), providing 0–2000 m profiles every 10 days and at roughly 
3° (300 km) spacing, with full global coverage achieved from 2005 onwards. Throughout 
these 3 decades, satellite altimetry and other surface data sets (e.g., SST, surface drifters) 
completed this large-scale monitoring of the ocean circulation by providing full geographi-
cal coverage and the temporal evolution between these in situ data points.

Monitoring the ocean transport of mass, heat, salt, freshwater, and other tracers has 
always been a crucial part of understanding the basin-scale ocean circulation and its vari-
ations, with impacts for the global thermohaline circulation and climate. Dynamic height 
from satellite altimetry can be analyzed against in  situ dynamic height and then related 
to transport variability across the basin, as described in the Atlantic Ocean review paper 
by McCarthy et  al. (2020). The Atlantic Meridional Overturning Circulation has been 
observed with moorings and ship in situ data at a number of basin-wide sections. Regular 
altimetric sampling can be combined with ship-based hydrographic profiles or with moor-
ing measurements to produce a continuous transport time series (see Fig. 8), and to evalu-
ate the ability of ship-based techniques to capture the synoptic and interannual variability 
(Gourcuff et al. 2011; Mercier et al. 2015; Frajka-Williams et al. 2019). The North Atlantic 
has been in a cooling period since the mid-2000s, and during this time altimetry has shown 
that the subpolar gyre has been cooling, strengthening and widening resulting in negative 
sea level trends there, and winds along the eastern boundary have become predominantly 
from the north, which drives a slow-down in the shelf and coastal sea level rise (Chatif 
et al. 2019). During an earlier warming period from the early 1990s to the mid-2000s, the 
reverse occurred.

Basin-scale overturning circulation studies are also undertaken using a combination of 
density anomalies derived from Argo floats, regressed against satellite altimetry sea sur-
face height anomalies (e.g., Willis 2010). Although Argo data are only available from 2000 

http://www.nodc.noaa.gov/OC5/woa18
http://www.nodc.noaa.gov/OC5/woa18
http://www.clivar.org
www.argo.ucsd.edu
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onwards, once a stable regression has been established, a time series can be reconstructed 
over the entire altimetric 3-decade period. A key point is to set the reference velocity for 
the dynamic height equation; one solution is to derive a barotropic adjustment at 1,000 m 
based on the subsurface drift of the Argo floats (Willis and Fu 2008). Three-dimensional 
geostrophic velocity fields have also been calculated from the gridded satellite altimetry 
surface heights and a vertical relation derived from Argo float data by Schmid (2014), 
again the reference velocity is derived from the deep float trajectories. An alternative is 
to set the reference velocity from the surface absolute geostrophic currents from altimetry, 
and project the currents vertically using the thermal wind equation (Eq. 4) using the time-
varying density field at depth from Argo (Mulet et  al. 2012). These examples are from 
the Atlantic Ocean but transport studies derived from satellite altimetry and in  situ data 
have been performed in many different ocean basins. The joint use of long-term basin-
wide altimetry data, surface forcing fields, and in situ data are critical for understanding the 
mechanisms that produce these transport variations, and helping us understand the ocean 
circulation’s role in climate.

A major contributor to basin-scale ocean adjustment is from planetary waves, influenced 
by the Earth’s rotation, such as Rossby and Kelvin waves. Limited observations of these 
waves had been revealed from shipboard, mooring and island measurements (e.g., Wunsch 
and Gill 1976). Over the past decades, satellite SSH observations have provided the neces-
sary spatial and temporal sampling to allow significant advances in our knowledge of these 
basin-scale waves.

Weekly or daily maps of satellite altimetry data have allowed us to track the (mainly) 
westward propagation of Rossby waves across ocean basins, and the eastern propagation 
of equatorial Kelvin waves, clearly shown through Hovmoller diagrams. Frequency–wave-
number spectra of altimetric SSH also show that variability is concentrated over a band 
of negative wavenumbers, indicating westward propagation (Fu and Chelton 2001). In the 

Fig. 8  Bimonthly volume transport time series of the North Atlantic Current (from 47°40′N to 53°N) from 
the western into the eastern Atlantic relative to 3,400-m depth (updated from Roessler et al. 2015). Blue: 
estimates based on the moored PIES. Black: based on the correlation between the altimeter surface veloc-
ity and the PIES transports. Red dots: transport estimates calculated from LADCP profiles taken along the 
PIES array. The vertical red lines denote the uncertainties. The mean of all three methods agree within their 
uncertainties (after McCarthy et al. 2020)
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late 1990s, the mid-latitude westward propagating signals were interpreted against lin-
ear Rossby wave theories (Chelton et  al. 2011). However, there were discrepancies. The 
observed phase speed was faster than that predicted from conventional linear theory. Theo-
retical developments followed to try and explain the observations, including the effects of 
the background stratification introducing vertical shear of a mean current and bathymetric 
steering effects. More recent interpretations highlight the “non-dispersive” nature of the 
propagation, more likely due to nonlinear eddy effects (see Wunsch 2010; Chelton et al. 
2011). This will be discussed more in the following section on mesoscale processes.

Tropical dynamics are complicated by the rapidly diminishing Coriolis force toward 
the equator, leading to the rich structure in the frequency-wavenumber spectrum of SSH 
shown in Fig. 9, computed from altimetry data in a latitude band of 7°S-7°N across the 
tropical Pacific (Farrar 2011). The dominant SSH spectral power is well aligned with 
the theoretical dispersion relation for eastward propagating Kelvin waves (the black 
straight line in the side of positive wavenumbers), the mixed Rossby-gravity waves, and 
the first and second modes of the westward propagating baroclinic Rossby waves (the 
black curves from the top to the bottom with negative wavenumbers). In addition to 
the strong variance of the Kelvin waves and the baroclinic Rossby waves at large wave-
lengths and low frequencies, a prominent band enclosed by the white rectangle cover-
ing periods of ~ 33 days and wavelengths of 12°-17°, represents the tropical instability 

Fig. 9  Zonal wavenumber–frequency spectrum of SSH, averaged over 7°S-7°N. The white box indicates 
TIW spectral peak near periods of 33 days and zonal wavelengths of 12°-17° of longitude. The four black 
curves are the dispersion curves of linear equatorial wave theory for the first baroclinic mode Kelvin, mixed 
Rossby–gravity, and Rossby waves. A more realistic theoretical dispersion curve for the TIWs, derived by 
Lyman et al. (2005) from a linear stability analysis, is indicated by a thick gray curve. The white circle indi-
cates the wavenumber and frequency of the most unstable mode of the Lyman et al. (2005) analysis. The 
95% confidence interval should be measured against the color scale (after Farrar 2011)
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waves (TIW). These waves were first detected from satellite observations of sea surface 
temperature (Legeckis 1977). Satellite altimetry observations have provided an unprec-
edented database for advancing the understanding of these waves (e.g., Lyman et  al. 
2005). The dispersion relation derived for the TIW by Lyman et al. (2005) from a stabil-
ity analysis is shown by the gray line in the rectangle, with the white circle denoting the 
most unstable mode. Farrar (2011) demonstrated from SSH observations that the energy 
of these TIW radiates to the mid-latitudes in the form of barotropic Rossby waves, and 
Farrar et al. (2021) show that they reflect and refract off the complicated bathymetry in 
the North Pacific, leading to a complex pattern in SSH. This rapid barotropic Rossby 
wave variability is only revealed with specific mapping techniques, and is not well rep-
resented in the widely used AVISO gridded SSH data product due to the larger temporal 
decorrelation used in the standard objective mapping scheme. This should be modified 
in future versions. These planetary wave examples in the Pacific Ocean demonstrate 
how the basin-scale, regularly sampled SSH observations allow us to study the influence 
of the tropical perturbations on the mid-latitude ocean circulation; many other studies 
have addressed these waves in the Indian and Atlantic oceans.

The decadal global observations from space have revealed interannual and long-term 
changes in the ocean circulation. Satellite altimetry has captured the different flavors of 
the interannual ENSO events, from the strong perturbations in the Eastern Pacific caused 
by the 1997/98 and 2009 El Ninos, to the central Pacific events, the so-called “Modoki” 
El Nino, which are more prevalent over the last 2 decades (see Capotondi et al. 2015; for 
a review). Although the ENSO variability is largest at the equator, there are strong atmos-
pheric and oceanic connections to higher latitudes, and satellite altimetry allows us to mon-
itor and interpret these extra-tropical variations. These ENSO events have a strong impact 
on global climate, but are themselves modified by long-term climate variations and climate 
change (e.g., Cai et al. 2014). Figure 10 shows the altimetric observation of the tropical and 
extra-tropical impact of the 1997 and 2015 eastern Pacific El Ninos, occurring during dif-
ferent phases of the basin-wide Pacific Decadal Oscillation (PDO) with a strong signature 
in the ocean and atmospheric circulation.

Fig. 10  Altimetric sea level anomalies during the 1997 (left) and 2015 (right) eastern Pacific El Nino 
events. (CNES / EU Copernicus Marine Service)
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The basin-wide PDO also impacts on the Kuroshio Current System, a major western 
boundary current at mid-latitude in the North Pacific. Qiu and Chen (2011) discovered a 
relationship between the PDO index and the characteristics of the Kuroshio Extension Jet 
east of Japan. During the positive phase of the PDO when the sea surface of the tropi-
cal Pacific is warm and that of the Northwest Pacific is cool, the Kuroshio extension jet 
becomes stronger. During the negative phase of the PDO, the jet becomes weaker. Qiu and 
Chen (2011) also found that the position of the jet moved northward during the positive 
phase of the PDO and southward during the negative phase. Thus, the Kuroshio Current 
System is part of a basin-wide ocean–atmosphere coupled system of decadal variability 
of the Pacific Ocean. The PDO-related SSH variations dominated the overall basin-wide 
SSH trends during the altimeter period (Hamlington et al. 2014). By removing the PDO 
patterns from SSH variations one can assess the decadal variation of SSH caused by global 
warming.

One of the big questions being addressed with the 30 years of satellite altimetry SSH 
observations is how the basin-scale variability we observe responds to atmospheric forc-
ing, and which part of the variability is due to intrinsic internal ocean changes. For these 
studies, altimetric SSH data are carefully analyzed against different atmospheric forcing 
(wind, air-sea heat and freshwater fluxes), and the dynamics are also compared with real-
istic ocean circulation models (e.g., Vivier et al. 1999; Kelly et al. 2017; Frajka-Williams 
2019). To determine the role of intrinsic or chaotic ocean variability, altimetric SSH is 
generally compared with a realistic model that is forced in two ways: by realistic interan-
nual atmospheric changes or a climatological annual cycle. Penduff et al. (2011) compared 
altimetry with a ¼° model and showed that the intrinsic contribution is particularly strong 
in eddy-active regions and within the 20°–35° latitude bands, whereas the atmosphere 
directly forces the interannual variability at low latitudes and in the eastern basins. This 
intrinsic ocean variability also impacts on regional sea level trends, with 40–45% of the 
global ocean areas dominated by chaotic variability (Llovel et al. 2018). Continued space 
monitoring of the global oceans and regional seas over decades can help us provide the 
precious observations of these complex interactions.

7  Mesoscale Ocean Variability from Space

The ocean circulation’s most energetic component is at mesoscales, due to ocean eddies 
or isolated vortices, meandering currents or fronts, squirts, and filaments. Mesoscale pro-
cesses are generally in quasi-geostrophic balance, the so-called “balanced motions” and 
can have spatial scales of 10–500 km in wavelength, and time scales of days to months. A 
number of review papers cover the early mesoscale studies with satellite altimetry by Le 
Traon and Morrow (2001), Fu et al. (2010), Morrow and Le Traon (2012), and Morrow 
et al. (2018).

Over the last three decades, satellite altimetry has provided global, high-resolution, reg-
ular monitoring of this energetic mesoscale variability. Since the early 1990s, the combina-
tion of two to up to six altimeter missions produced an accurate and detailed monitoring 
of the mesoscale variability, mainly via the AVISO/CMEMS gridded maps that resolve 
mesoscales varying from 100 km in wavelength at high latitudes, to 800 km in the trop-
ics (Ballarotta et al. 2019), and with time scales exceeding 10–15 days. Three decades of 
daily altimetric gridded maps have provided the backbone of our analyses of ocean mes-
oscale processes, their role in regional and basin-wide ocean adjustment, in the ocean’s 
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energy cascade, and how they vary regionally and in interaction with larger-scale climate 
variations.

7.1  Eddy Kinetic Energy

Oceanic eddy kinetic energy (EKE) calculated from gridded satellite altimetry maps pro-
vides a powerful observational diagnostic to understand ocean circulation variability and to 
validate numerical models. EKE is larger in the energetic western boundary currents and 
along the Antarctic Circumpolar Current (See Fig. 11).

The long, multi-decadal time series of satellite data allows us to better understand 
the seasonal and interannual variations in EKE, the latter often linked to varying climate 
modes. Surface EKE is found to be maximum in summer over most of the subtropical gyres 
and Western Boundary Current regions in both hemispheres (Scharffenberg and Stammer 
2010). This increase is the EKE may be due to seasonal changes in the horizontal gradients 
in the thermocline due to atmospheric forcing (Rieck et al. 2015), or to the inverse cascade 
of energy from the energetic winter mixed layer instabilities that develop at smaller scales 
in the mid-latitudes (Sasaki et al. 2014). Regional studies have highlighted the causes of 
the increased eddy variability along the Kuroshio Current’s extension and mid-ocean sub-
tropical Pacific and Indian jets due to seasonally and interannually varying instability pro-
cesses (Qui and Chen 2005; Qui et al. 2014) and in the tropical regions impacted by the 
Indian and Asian monsoons, and by tropical instability waves (Farrar and Durland 2012). 
A near 30 year time series of altimetric EKE and satellite sea surface temperature gradients 
also show that the eddy field has strengthened at rates of 1.2–1.8% per decade globally, 
reaching rates of 5% per decade in the Antarctic Circumpolar Current (ACC) and 2.5% per 
decade in ocean boundary currents (Martínez-Moreno et al. 2021). Thus regions with ener-
getic eddies are becoming more energetic.

One consideration for any long-term studies calculating interannual variations from alti-
metric maps is that the data processing changes and the number of missions included in the 
gridded data sets can vary, potentially modifying the gridded energy levels. Two products 
are available on AVISO: the two-satellite or C3S product that maintains consistent sam-
pling over the 30 year period, mainly based on the long-term Jason orbit and completed 

Fig. 11  a Mean ocean geostrophic eddy kinetic energy computed from delayed-time CMEMS SL-TAC 
Level-4 multi-satellite gridded altimetry products, for the period 1 January 1993 to 3 June 2020
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by a second mission on the ERS/Envisat/AltiKa or more recent Sentinel-3 orbit. A second 
multi-mission gridded product includes the maximum number of available missions but 
the quantity of data varies over time, from two missions in the 1990s, 3–4 missions in the 
2000s and with more than 6 missions since 2016. The variations in EKE between these two 
products can reach 5–10  cm2/s2 over the 30 year period, with stronger variations at mid to 
high latitude. In general, for long-term EKE or eddy tracking studies, it is recommended to 
use the consistent sampling over time from the 2-satellite configuration.

7.2  Tracking Ocean Eddies

Since altimetric SSH represents the depth-integrated density perturbations and barotropic 
movements, altimetry can track deep-reaching ocean eddies over months or years, even as 
their surface mixed layer is modified by air-sea interactions, and their signature in surface 
tracers fields is lost (e.g., SST, SSS, or ocean color). Nonlinear vortices can transport heat, 
salt, carbon, and other tracers in their core waters, with consequences for the mid-latitude 
transport of tracers (e.g., Dong et al. 2014; Zhang et al. 2014).

Different automatic eddy tracking techniques have been developed to study the propaga-
tion pathways of eddies at mid to high latitudes using mapped altimetric data. These can be 
based on the Okubu–Weiss parameter, the skewness of the relative vorticity; criteria based 
on sea level or velocity, wavelet decomposition of the sea level anomalies, or a geometric 
criteria using the winding angle approach (for a review of these techniques, see Souza et al. 
2011). Depending on the technique used, there can be differences in the number of eddies 
detected, their duration and their propagation velocities (Souza et  al. 2011). In the open 
ocean, sea level or velocity anomaly maps are often used, but in regions close to coasts, 
bathymetry or orographic effects, semi-permanent eddies can be generated that have a sig-
nature in the mean field. In this case, it is more robust to use the Absolute dynamic topog-
raphy or velocity maps to track eddies (e.g., Pegliasco et al. 2021).

Altimetric eddy tracking has many regional applications but global analyses are also 
available (e.g., Chelton et  al. 2007, 2011; Faghmous et  al. 2015). The seminal work by 
Chelton et  al. (2007; 2011) highlighted that sea level anomalies in the extra-tropics are 
largely non-dispersive, with characteristics closer to nonlinear vortices than Rossby waves. 
Yet approximately 75% of these vortices propagate westward at the speed of non-dispersive 
long Rossby waves. The remaining 25% are found in the strong eastward currents in the 
western boundary of the mid-latitude gyres and the Antarctic Circumpolar Current (see 
also Frenger et al. 2015), and drift eastward with the currents. A significant fraction (~ 20%) 
of eddies has lifetimes longer than 16 weeks traveling over an average distance ~ 550 km. 
Figure 12 depicts the trajectories of the long-lived eddies. There are roughly equal numbers 
of cyclonic and anti-cyclonic eddies. The lack of eddies in the tropical region is primarily 
due to their large and complicated size, fast speed, and the dominance of planetary waves, 
making the tracking technique ineffective. Outside the tropics, strong eddies, with ampli-
tudes larger than 20 cm, are concentrated in the region of strong currents, and the eddy 
radius decreases with latitude as the Rossby radius of deformation decreases.

Tracking these larger mesoscale eddies in the altimetry data record allows the coloca-
tion of similar eddy features in other ocean parameters observed from space. For exam-
ple, Gaube et  al. (2015) analyzed sea surface wind vectors (from satellite scatterometer) 
and temperature (from satellite infrared and microwave radiometers) collocated over eddies 
detected with satellite altimetry. Their composites demonstrated eddy-like patterns of wind 
and temperature linked to ocean–atmosphere interaction at the eddy scales. Eddy currents 
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create distinct structures of sea surface temperature and roughness, which in turn affects 
the wind patterns that feed back onto ocean currents via Ekman pumping (see Chelton and 
Xie 2010 for a review). Such self-sustained processes play a significant role in the dynam-
ics of ocean circulation.

7.3  Ocean Mesoscale Fronts, Filaments and Strain

The ocean eddy field is highly turbulent and its evolving structure generates smaller eddies 
from barotropic, baroclinic and other instability processes. The fluid around these eddies 
is stretched and strained into fronts and filaments, that can be regions of surface transport 
convergence or barriers, leading to signatures in surface tracer fields that can be observed 
from space (SST, SSS, ocean color). Even though mapped altimetric geostrophic currents 
only resolve the larger Eulerian mesoscale field at scales > 150 km, lagrangian techniques 
based on the temporal evolution of these gridded altimetric currents can generate horizon-
tal stirring at the surface, and an energy cascade toward smaller-scale fronts and filaments.

Altimetric maps have been used to calculate the exponential rate of separation of par-
ticle trajectories, a basis for estimating eddy diffusivities and mixing rates from ocean 
space observations (e.g., Abernathey and Marshall 2013). Finite time or finite-size Lya-
punov Exponents formalisms (FTLE Waugh and Abraham 2008; or FSLE, e.g., d’Ovidio 
et  al. 2009) are useful indicators to delineate transport barriers that control the horizon-
tal exchange of water in and out of eddy cores. Filaments generated by mesoscale stirring 
from altimetric currents have been shown to structure different phytoplankton communities 
(Abraham et al. 2000), and to impact on the repartition of higher trophic levels, up to top 
predators. Lagrangian stirring of large-scale surface salinity (SSS) fields by altimetric sur-
face currents also shows promising results, for the reconstruction of finer scale SSS fronts 
in conditions where lateral advection dominates (Despres et al. 2011; Rogé et al. 2015).

Fig. 12  Global maps of the characteristics of eddies that were tracked for 16 weeks or longer in the first 
16  years of the merged altimeter dataset (October 1992–December 2008) showing the trajectories of 
cyclonic and anti-cyclonic eddies (blue and red lines, respectively) (after Chelton et al. 2011)
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Recent studies have also explored the mesoscale strain rate derived from gridded alti-
metric data, and its role in driving secondary ageostrophic vertical circulation around 
ocean dynamical fronts (e.g., Zhang et al. 2019; Balwada et al. 2021). The oceanic strain 
field is characterized by a local saddle point of geostrophic stream function, which stretches 
the flow along the front and compresses it across the front, thus enhancing the cross-frontal 
horizontal gradient (e.g., density gradient) (Klein and Lapeyre 2009). Composites con-
structed from Lagrangian surface drifters, satellite altimetry and satellite ocean color data 
show that when the mesoscale geostrophic strain rate is strong, it enhance the mesoscale 
fronts, but also drives the development of a secondary submesoscale ageostrophic circu-
lation with strong vertical velocities, controlling nutrient upwelling and oceanic primary 
production (Zhang et al. 2019).

7.4  Two‑dimensional Spectral Energy Fluxes

The ocean energy cascade from the deformation radius of the first baroclinic mode 
(10–100 km), toward larger scales, is called the “inverse cascade”, and there is also a “for-
ward cascade” of energy down to smaller dissipation scales. The full 2D observed spectral 
energy fluxes can only be calculated from gridded altimetry maps (e.g., Scott and Wang 
2005) and compared to models (see the review in Arbic et al. 2013). Modeling studies sug-
gest that the inverse energy cascade between the large scales and the mesoscales is well 
represented by today’s altimetry maps (Arbic et al. 2013). Even though a “forward” energy 
cascade down to smaller dissipative scales has been estimated from spectral fluxes from 
altimetry (Scott and Wang 2005), it is more difficult to interpret whether they are physical, 
or an artifact of the smoothing inherent in the AVISO/CMEMS gridded altimeter products 
(Arbic et al. 2013). In the future, the 2D wide-swath observations from the SWOT mis-
sion should allow us to observe the finer details of the global variations of spectral kinetic 
energy fluxes with much less spatial smoothing.

7.5  Ocean Dynamical Regimes Revealed by Alongtrack Altimetric Wavenumber 
Spectra

The finest resolution of the mesoscale field available today is obtained with alongtrack 
altimeter data. Altimetric alongtrack sampling cannot track the movement of smaller 
individual eddies, but is ideal for calculating statistics of sea surface height wavenumber 
spectra, used to understand the underlying ocean dynamics leading to an energy cascade 
between the large-scale dynamics and the smallest observable scales. Over the mesoscale 
range that is observable with alongtrack altimetry (50–500 km), there is a steep decrease 
in power in the SSH spectra, from high power spectral density (PSD) levels near 500 km 
to low values at lower wavelengths. Altimetric SSH wavenumber spectra showing a power 
law of k−5, where k is wavenumber, are consistent with ocean dynamics being governed by 
geostrophic turbulence, which has a k−3 velocity spectrum. Near the ocean surface, SSH 
can be governed by the surface quasi-geostrophic (SQG) dynamic regime and should fol-
low k−11/3, instead of k−5. In low eddy energy regions, the presence of internal tides that are 
not in geostrophic balance can dominate over the SSH spectral cascade, and the alongtrack 
SSH wavenumber spectra exhibits flatter spectral slopes closer to k−1 or k−2.

Long altimetric time series allow us to derive robust statistics on the regional variation 
of these wavenumber slopes, and on the underlying dynamical regimes. Xu and Fu (2012) 
produced estimates of the SSH wavenumber spectrum over the global oceans based on 
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7-years of Jason-1 data (Fig. 13), and identified distinct regional variations: Spectral slopes 
were only steeper than k−11/3, approaching k−5, in the core of the major current systems. 
The vast majority of the ocean interior poleward of 20° in latitude, had weaker SSH spec-
tral slopes between k−11/3 and k−2, and the SSH spectral slopes were flatter than k−2 within 
a narrow latitude band around the equator. Other studies showed that in the mid-latitudes, 
distinct seasonal variations occur in these altimetric SSH wavenumber spectral slopes, with 
steeper slopes occurring in the mesoscale range in summer when the EKE is strong, and 
flatter slopes in winter when the smaller-scale, deep-reaching mixed layer instabilities are 
most energetic (Callies and Ferrari 2013; Dufau et al. 2016; Vergara et al. 2019). The ani-
sotropy of the ocean circulation has also been investigated globally from the difference in 
ascending and descending track altimetric wavenumber spectra (e.g., Wang et al. 2019b). 
These regionally varying dynamical regimes revealed by alongtrack altimetry have been 
confirmed, and their vertical structure explored, with in situ data (e.g., Callies and Ferrari 
2013); and with ocean models.

One issue that has arisen over the last 10 years is the interaction of the internal tides 
with the mesoscale ocean circulation. This interaction generates non-phase-locked internal 
tide signals that occur over similar wavelengths to the mesoscale variability and can induce 
flatter wavenumber spectra and energy cascade in the tropics and in the low eddy energy 
eastern subtropical basins (Xu and Fu 2012; Dufau et al. 2016; Vergara et al. 2019). This is 
a major subject of research, since the mesoscale–internal tide interaction may be an impor-
tant pathway to mixing and dissipation of the ocean circulation (see Sect. 9).

Today, the multi-decadal altimetric time series, combined with surface tracer informa-
tion from satellite SST, SSS and ocean color data, have allowed a major increase in our 
understanding of the larger mesoscale ocean variability, its role in structuring the upper 
ocean’s density gradients and biomass, and in the energy cascades to different scales. Yet, 

Fig. 13  Global distribution of the spectral slopes of SSH wavenumber spectrum in the wavelength band of 
70–250 km estimated from the Jason-1 altimeter measurements after removing the noise. The sign of the 
slopes was reversed to make the values positive (from Xu and Fu 2012)
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the smallest mesoscales we can observe today with satellite altimetry are limited by the 
crosstrack altimetric spacing and the alongtrack noise levels (see Sect. 2), that block the 
observation of ocean dynamics at scales < 30–70 km, depending on the altimetric mission 
and technology (Vergara et al. 2019). With the future SWOT mission, we expect to observe 
finer scales in 2D, reaching 15–40 km depending on sea state (Wang et al. 2019a). Over the 
next decade, this combination of SWOT, multi-mission altimetry, and satellite tracer data, 
should allow us to better observe and extend our understanding of the smaller scales from 
15–150 km, the missing link in today’s ocean circulation from space.

8  Polar Ocean Circulation

Satellite radar altimetry is often presented as capable of observing the global ocean. Yet 
many global maps lack coverage in high-latitude areas. Large in situ experiments such as 
the MOSAiC cruise provide a wealth of observations over a limited time span but the polar 
oceans generally remain poorly observed by routine, long-term systems mainly due to 
harsh environmental conditions in these remote locations (Smith et al. 2019). Yet observ-
ing the polar regions is critical since the Arctic has warmed twice as fast as the global aver-
age (Cohen et al. 2014) and experienced dramatic sea ice decline. In this context, remote 
sensing in general and satellite radar altimetry in particular can provide valuable polar 
ocean observations: Latitudes up to 82° have been observed since 1991 (by the ERS, Envi-
Sat, SARAL/AltiKa, and Sentinel-3 series), and CryoSat-2 provides observations up to 88° 
since 2010.

Observing the polar oceans remains a challenge for satellite altimetry: Sea ice cover 
prevents accurate measurements and almost all contributions to the final sea surface height 
estimation have higher error levels: altimeter range, geophysical corrections, mean sea sur-
face models… . Sea Surface Height (SSH) retrievals in ice-covered areas rely on the iden-
tification of leads (cracks) between ice floes (Quartly et al. 2019) that act as bright targets 
in the radar footprint. The corresponding echoes are specular (peaky waveforms) and must 
be processed using a specific retracking algorithm. Several groups have applied retracking 
algorithms in the sea ice zone, with slight variations in lead identification and retracking 
to produce estimates of Arctic SSH. Peacock and Laxon (2004) produced the first SSH 
variability map from ERS data. Their work was later updated with EnviSat data and used 
to estimate interannual freshwater storage variability in the Beaufort gyre (Giles et  al. 
2012), a prominent feature of the Arctic Ocean circulation. The inclusion of CryoSat-2 
data (Armitage et al. 2016; Armitage et al. 2017) further extended the time span available 
for analysis and provided insights on seasonal geostrophic currents variability. Rose et al. 
(2019) processed the entire 1991–2018 period providing the longest available Arctic SSH 
dataset. Using this dataset, they are able to estimate the regional sea level trend (95% CI in 
[1.67; 2.54] mm/yr).

These reprocessed datasets are generally based on the analysis of one mission at a time 
and their resolution is therefore limited temporally (~ one month) and spatially (~ several 
100 kms). Whereas the circulation in these polar regions is at much smaller scales (e.g., 
Newton et  al. 1974) and higher resolution SSH products are required to address current 
oceanographic questions such as the Beaufort Gyre stability mechanisms (Doddridge et al. 
2019). Higher resolution datasets have been released (Prandi et  al. 2021) that leverage 
recent data processing advances with current altimeter constellation capabilities.
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Recent physical retracking algorithms (Poisson et al. 2018; Tourain et al. 2021) rely 
on a model that can adapt to both diffuse (open ocean) and peaky (sea ice leads) echoes. 
Such adaptive retrackers are more accurate than those using empirical algorithms and 
are able to consistently process the open ocean and ice-covered areas thus removing the 
need to estimate a bias between both surfaces. In recent years, up to 4 satellites have 
been providing data at latitudes greater than 66° (CryoSat-2, SARAL/AltiKa, Sentinel-
3A and 3B), and combining these observations through optimal interpolation (Pascual 
et al. 2006) provides polar ocean fields with an unprecedented resolution. Typical sea 
level fields from a mono-mission product (from Armitage et al. 2016) and a multi-mis-
sion product (from Prandi et al. 2021) are shown on Fig. 14, from different periods since 
these products do not overlap in time. More small-scale structures are apparent, and 
comparisons to tide gauges show that the multi-mission dataset is also able to retrieve 
shorter period signals than a mono-mission dataset. This multi-mission dataset has 
revealed the existence of new circulation pathways north of Svalbard (Athanase et  al. 
2021) thus demonstrating the ability of satellite altimetry to observe small-scale signals, 
even in ice-covered areas.

Although more studies have focused on the Arctic Ocean circulation, similar SSH data-
sets have been released over the Southern Ocean, and have been used to characterize the 
variability of the Antarctic Circumpolar Current and Antarctic Slope Current (Armitage 
et  al. 2018), and the Ross Gyre (Dotto et  al. 2018). A multi-mission altimetric dataset 
(Auger et  al. 2022) has demonstrated its ability to capture small-scale variability of the 
slope current, consistent with wind forcing variability.

Polar ocean measurements still show higher error levels than global ocean products but 
the demonstrated impact of recent processing improvements, the generalization of delay-
Doppler altimetry and the improved observation capabilities of current and future altimetry 
constellations will contribute to more accurate and higher resolution polar ocean sea level 
estimates.

Fig. 14  Maps of sea surface height anomalies (SSHA) in the Arctic Ocean from Armitage et al. 2016 data 
during September 2003 (left) and from Prandi et al. 2021 on September 12th 2017. SSHA fields are not 
directly comparable but illustrate the spatial resolution increase resulting from combining data from multi-
ple altimeter missions
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9  Tides and Internal Tides from Space

While tides are a fascinating branch of physical oceanography—they are the ocean’s 
response to a planetary scale force that is known almost perfectly—there has always been 
great practical motivation for the subject owing to many wide-ranging applications, from 
marine navigation and commercial shipping to satellite geodesy and oceanography. In 
many kinds of ocean measurements, tides are the dominating signal and must be removed 
before smaller, often subtle, signals of the ocean’s circulation and climate can be studied. 
For tide gauge measurements, removal of tidal signals requires only a well-designed digi-
tal filter. But for satellite measurements, in which an ocean location is visited only once 
every n days, the tidal signals are aliased to lower frequencies and, in fact, usually scattered 
throughout the spectrum. We must rely on tidal models to predict and remove these signals. 
A long-sought goal for the altimeter community has been to predict open ocean signals 
with an accuracy of 1 cm, and this goal is close to being achieved (Ray and Egbert 2017).

Satellite altimetry thus has a great need for accurate tidal “corrections,” but it also 
provides the most essential data for constructing the necessary models (Le Provost et al. 
1995). The orbit of the Topex/Poseidon satellite was purposely designed to provide good 
tidal measurements, with dominant signals aliased to well-separated periods and away 
from major seasonal signals. (In contrast, Sun-synchronous altimeters provide little useful 
tidal information: Solar tides are observed always with the same phase, and other impor-
tant waves are aliased to the annual cycle.) Within three years of the T/P launch, global tide 
models saw a dramatic improvement in accuracy (e.g., Shum et al. 1997), and now with 
almost three decades of data the models continue to be refined (Stammer et al. 2014), with 
even new details on the fine structure of the tidal spectrum being revealed (e.g., Ray 2020).

The tidal forced spectrum is indeed rich with structure (Fig.  15), simply because the 
orbit of the moon is quite complex (elliptical, inclined to the ecliptic and precessing, with 
large third-body effects from the sun). As Fig. 15 shows, the spatial patterns of the waves 
grow more complex with frequency. The long-period waves (e.g., Mf) are in near-equi-
librium with the tidal potential, but ocean resonances in the diurnal and especially semi-
diurnal bands lead to large amplitudes and distinctly non-equilibrium wave patterns.

One method used to map the global tide is purely empirical, treating altimeter data 
as simply a moving tide gauge that can be analyzed at the known tidal frequencies; a 
recent example is by Hart-Davis et  al. (2021). A second approach is to employ data 
assimilation with a high-resolution numerical hydrodynamic model, which formally 

Fig. 15  (Left) Spectrum of the tidal force expressed in terms of maximum height of equilibrium tide. Major 
lines are labeled according to Kelvin–Darwin conventions. (Right) Amplitudes (cm) in color and iso-phase 
lines in white of the largest long-period (Mf), diurnal  (K1), and semi-diurnal  (M2) tides. The diurnal and 
semi-diurnal tides are significantly larger than equilibrium. Tidal charts are from the FES2014 atlas (Lyard 
et al. 2021)
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incorporates both observations and dynamics and allows a tradeoff between the two 
based on error characteristics. The dynamics require accurate bathymetry and knowl-
edge of dissipative processes. Examples based on tidal assimilation are the TPXO series 
of models (Egbert and Erofeeva 2002) and the FES series (Lyard et al. 2021). Empirical 
methods work exceedingly well in the open ocean, but even with three decades of altim-
etry in hand they are often found inadequate in shallower water, where wavelengths are 
much shorter, often shorter than the track spacing of repeated altimeter tracks (note the 
shallow water regions in Fig. 15, 16a). Empirical methods can benefit by adopting prior 
high-resolution models, and altimetry is then used (in a remove–restore procedure) to 
refine the prior (e.g., Hart-Davis et al. used the FES2014 model in their analysis). The 
shallow water mapping ultimately depends on the hydrodynamics and accurate bathym-
etry, and as altimetry is pushed ever more toward near-coastal waters, assimilation 
methods appear essential. (It is possible empirical approaches will make a comeback 
when several years of wide-swath altimetry are available.) Purely hydrodynamic mod-
els, typically needed as a prior for assimilation methods, have historically been far too 
inaccurate to be competitive with empirical or assimilation results, although they are 
now markedly improved. This is firstly due to the major efforts in collecting bathymet-
ric measurements, building bathymetric databases and tools, and deriving bathymetric 
products that are more accurate and have a better representation of the smaller spatial 
scales. In addition, we now have computer resources with sufficiently high-resolution 
grids and—critically—improved knowledge obtained about tidal dissipation from altim-
eter analyses.

Shedding light on the long-standing problem of tidal energy dissipation (e.g., Munk 
1997) was an early success of accurate tidal mapping with T/P altimetry. It had been 
thought since 1920 that most tidal dissipation occurs by boundary layer processes in shal-
low water, but the total appeared too low to match independent information (such as from 
the secular tidal acceleration of the moon). With altimeter maps setting tight constraints on 
dynamics, it became clear that significant dissipation was also occurring in the open ocean 
(Egbert and Ray 2000). This was realized to be the surface tide losing energy to internal 
tides and other baroclinic motions. Accounting for this energy conversion (Shakespeare 
et al. 2020) is a necessary step in improving hydrodynamic tide models.

Fig. 16  a Elevations (cm) of the  M2 surface tide in the tropical Atlantic Ocean at the moment the Moon 
passes the Greenwich meridian. Elevations are evaluated from the FES2014 model (Lyard et  al. 2021). 
Arrows denote tidal currents expressed in terms of volume transports (scale at bottom). b The  M2 inter-
nal tide surface elevations (cm) when the Moon passes Greenwich. These are elevations coherent with the 
astronomical potential, taken from Zaron (2019)
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When currents associated with the surface tide (Fig. 16a) impact undersea topography, 
internal waves of tidal frequency (i.e., internal tides) can be generated. The internal vertical 
displacements can be quite large, dozens of meters or more; the associated displacements at 
the surface are very small, a few cm or smaller, but these can be detected and now mapped 
with altimeters (Fig. 16b). Because the density contrasts within the water column are much 
smaller than at the air–water interface, the phase velocity of internal tides is much smaller 
than the surface tide, and the wavelengths are correspondingly short—of order 100 km, as 
in Fig. 16b. That satellite altimetry can map such small waves has opened up a new path in 
the study of internal tides (Zhao et al. 2012; Zaron 2019). The dissipation of these waves 
has possibly profound implications for ocean mixing (Munk 1997; Vic et al. 2019).

By the nature of how they are mapped, the internal tide signals, seen in Fig. 16b, are 
coherent (phase-locked) with the surface tide. Yet as the ocean stratification or the back-
ground (non-tidal) currents change, the generation as well as the propagation of internal 
tides must also change. For many years our picture of internal tides was one of waves 
highly incoherent in both space and time, sometimes even intermittent. That coherent 
waves as depicted in Fig. 16b even exist is somewhat surprising. It is likely, in fact, that 
Fig. 16b misses a large portion of internal waves that do not remain phase-locked and that 
are therefore much harder to map with an altimeter.

Mapping internal tides and understanding the degree that they remain stationary and 
phase-locked with the surface tide is an important topic of current research, with implica-
tions for all altimetry missions, including the future SWOT mission. The wavelengths in 
Fig.  16b fall within the mesoscale/submesoscale band that SWOT is designed to study. 
Unless SWOT is confined to measuring internal tides, these signals must be predicted 
and removed from the data, just like the surface tide must be predicted and removed from 
standard altimeter data. The prediction problem here, however, is far more challenging, and 
not only in terms of the short wavelengths that must be mapped. If a significant part of the 
internal tide variance is non-stationary and dependent on the ocean state, as seems possible 
and even likely, then the tidal problem becomes entangled with the problem of mapping 
the non-tidal variability. Studying the internal tides that are generated in high-resolution 
general circulation models that are forced by both the atmosphere and the tidal potential 
is helping clarify the problem and our understanding of the generation, propagation, and 
decay of internal tides (Arbic et al. 2018), and the comparison of the performance of sev-
eral models (Carrere et al. 2021) in the end may be necessary to help with the prediction 
problem that is needed for high-resolution alongtrack and swath altimetry. The realism of 
these internal-tide models can be further improved by assimilating observations to cor-
rectly represent the mesoscale structures that interact with the tidal waves, and contribute 
to their non-phase-locked signals.

10  Assimilation in Ocean Circulation Models and Oceanic Reanalyses

Ocean data assimilation combines ocean observations and ocean models taking into 
account their respective errors to derive an optimal 4D estimation of the ocean state (e.g., 
see Moore et al. 2019 for a recent review). This is an essential step that transforms satellite 
and in situ observations into 4D ocean fields that are used to describe the state of the ocean 
in near real time (analyses) and to initialize ocean and coupled ocean/atmosphere mod-
els generating short term ocean forecasts and seasonal and long-term ocean/atmosphere 
forecasts.
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Ocean data assimilation is also used to generate ocean reanalyses (e.g., Stammer et al. 
2016; Storto et al. 2019; Lellouche et al. 2021) that provide consistent longtime series of 
the 4D ocean state (e.g., using the same model and same data assimilation system). The 
contribution of ocean reanalyses to the understanding of ocean dynamics has been dem-
onstrated in numerous regional and global studies. Artana et al. (2019) have thus shown, 
for example, the major contributions of Mercator Ocean global ocean reanalyses to better 
understand variations in the Malvinas Current, the Brazil Current and in their confluence, a 
region with highly complex ocean dynamics.

Ocean modeling and data assimilation systems now operationally assimilate in situ and 
satellite data to provide regular and systematic reference information on the physical state 
(Fig. 17), variability, and dynamics of the ocean and marine biogeochemistry from global 
to coastal scales (e.g., Chassignet et al. 2018; Le Traon et al. 2019). Products serve a wide 
range of applications and downstream services (e.g., Bell et al. 2009, 2015; Le Traon et al. 
2019). Modeling and data assimilation systems are a fundamental component of the value 
chain that goes from observations to applications and users (Le Traon et al. 2019).

There are a wide range of data assimilation techniques ranging from relatively sim-
ple schemes such as optimal interpolation or 3D-VAR, to more sophisticated ones, such 
as 4D-VAR, Kalman filters and smoothers and/or ensemble techniques (see Moore et al. 
2019). The choice of a data assimilation scheme depends on the application and of the 
modeling and data assimilation system characteristics, in particular, the resolution and the 
associated computing cost.

Satellite altimetry is a critical observing system required for modeling and data assimi-
lation (e.g., Le Traon et al. 2017). It provides global, real time, all-weather sea level meas-
urements (SSH) with high space and time resolution. SSH is an integral of the ocean inte-
rior properties (SSH is related to depth-integrated density perturbations and barotropic 
motions) and is a strong constraint for inferring the 4D ocean circulation through data 
assimilation. Only altimetry can constrain, in particular, the 4D mesoscale circulation in 
ocean models which is required for most operational oceanography applications. High 
resolution from multiple altimeters is required to adequately represent ocean eddies and 
associated currents in models. Both Observing System Evaluations (OSEs) (e.g., Hamon 

Fig. 17  Surface currents 7-day forecasts for mid-August 2021 from the Mercator Ocean/Copernicus Marine 
Service global 1/12° data assimilation system. The system assimilates data from all available altimeter mis-
sions, satellite sea surface temperature data and a wide range of in situ observations (Argo, moorings, glid-
ers, ships, and marine mammals)
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et al. 2019) and Observing System Simulation Experiments (OSSEs) (e.g., Verrier et al. 
2017) demonstrate the major contribution of altimetry. At least four altimeters are required 
to constrain modeling and data assimilation systems. This is particularly true with high-
resolution data assimilation systems. The new generation of nadir altimeters now provides 
enhanced capability, thanks to a Synthetic Aperture Radar (SAR) mode that reduces meas-
urement noise. Verrier et al. (2018) demonstrated that the use of SAR multiple altimeter 
missions with high-resolution models will improve the capability of the ocean analysis and 
forecasting systems. A challenge in using nadir altimetry and future SWOT data for data 
assimilation is to estimate the data errors and characterize their space–time structures. Esti-
mates are available for alongtrack altimetry (e.g., Taburet et  al. 2019) and proposed for 
SWOT based on simulations (Chelton et al. 2019), but there is a need to continue research 
efforts on this issue.

Accurate knowledge of the Mean Dynamic Topography (MDT) is also a fundamental 
element for assimilation into ocean models. Thanks to new and improved altimetric, in situ 
and gravimetric (GRACE and GOCE satellite missions) data, MDTs are regularly updated, 
leading to considerable improvements in both forecasts and analyses. Hamon et al. (2019) 
showed, for example, that, in terms of the impact on reducing SSH errors, assimilating an 
updated release of the MDT is comparable to assimilating a fourth time-varying altimeter.

The role of satellite altimetry to ocean forecasting is essential but remains limited due 
to 1D nature of the sampling by nadir altimeters. Even with 3 to 4 altimeters, only wave-
lengths longer than 200 km can be adequately monitored. The development of wide-swath 
altimetry that will be demonstrated with the SWOT mission opens up very promising per-
spectives to improve our ability to monitor and forecast the smaller space and time scales 
(e.g., d’Addezio et al. 2019; Tchonang et al. 2021). Through a series of Observing System 
Simulation Experiments, Benkiran et al. (2021) and Tchonang et al. (2021) demonstrated 
that SWOT data could be readily assimilated in a global high resolution (1/12°) analysis 
and forecasting system with a positive impact everywhere and very good performances. 
Adding SWOT observations to those of three nadir altimeters globally reduced the vari-
ance of SSH and surface velocities analyses and forecasts by about 30% and 20%, respec-
tively. The main limitation of SWOT is, however, related to its longtime repeat period. On 
the longer run, flying a constellation of two or three wide-swath altimeters would thus be 
highly beneficial to further improve the performances, in particular, for the small space and 
time scales.

11  Future Developments in Ocean Circulation from Space

Over the next decade, there are a number of key issues to ensure the continuity of the 
present observing system of ocean circulation from space, but also to extend and enhance 
our present capabilities. As this paper has discussed, the satellite-based ocean circulation 
observing system is largely constrained by multiple nadir altimeter missions, based on con-
ventional or SAR technology. It is important that these altimetric missions continue to be 
maintained, and their orbits and space–time coverage be well coordinated to allow the opti-
mal sampling of the ocean circulation as well as the continuity of the long-term time series. 
This continuity will be maintained by the European Sentinel-3 A-B and their extension 
with C-D, by the Sentinel-6A Michael Freilich and later with Sentinel-6B along the long-
term Topex/Poseidon-Jason climate orbit, and will be completed by the Chinese/CNES 
HY-2 series. Other missions currently in flight complete this constellation (see Fig. 1).
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A key aspect of the success of the altimetric monitoring of ocean circulation is due to 
the regular meetings and discussions between scientists and engineers within the interna-
tional Ocean Surface Topography Science Team (OSTST). This annual forum allows for 
technical discussions on the data quality, external calibration and validation, inter-calibra-
tion between all altimetric missions, and scientific discussions on new results and applica-
tions. It is also a forum for programmatic discussions to help coordinate the data quality 
and sampling between different altimetric missions, and different space agencies. Individ-
ual altimetric missions have their own internal meetings, but the continuity of the interna-
tional OSTST forum is critical for the precise data and good functioning of the entire alti-
metric constellation. Every 5 years, we also hold review meetings with the 15, 20 and 25 
Years of Progress in Radar Altimetry Symposiums (e.g., http:// www. altim etry2 018. org).

Global and regional high-resolution models with enhanced space–time resolution and 
more complex dynamics will be widely available over the next decade (Fox-Kemper et al. 
2019). Developing a satellite and in situ observing system with enhanced spatial and tem-
poral resolution is key to accompany these models (see Sect. 10), and to understand and 
develop better parameterizations of the finer, rapidly evolving ocean dynamics. In a chang-
ing climate, it is critical to extend these observations into regions that have strong societal 
applications yet are poorly sampled today, including coastal and regional seas and the polar 
regions (Sect. 8).

A major revolution in our ocean circulation observing capabilities over the next few 
years will be wide-swath altimetry, with the arrival of the SWOT mission (see Sect.  4). 
These global observations over two 50  km wide swaths, with improved signal-to-noise, 
will allow us to observe the fine-scale ocean dynamics in 2D right up to the coast, extend-
ing into the estuaries, with greatly improved coverage in regional seas and in polar regions 
up to 78° in latitude. In addition to the 2  km resolution in 2-D SSH coverage, for the 
first time we will have fine-scale cross-swath gradients of sea surface height, to directly 
derive the 2D geostrophic velocity and vorticity/strain fields after removing the noise (see 
Sect. 7). These geostrophic vorticity and strain fields can be used to derive the finer-scale 
upper ocean 3D circulation, including vertical velocities below the mixed layer (Qiu et al. 
2016) or the ageostrophic secondary circulation at fronts (e.g., Zhang et  al. 2019). Full 
global coverage of daily SSH and geostrophic currents will still require interpolation of the 
multi-mission altimetry constellation including SWOT, or assimilation into ocean models 
(see Sect. 10). SWOT will fly for 3.5 years from early 2023 to late 2026, and other wide-
swath altimeter missions may follow, including the Chinese Guanlan mission and the Sen-
tinel-3 New Generation Topography mission from 2030 onwards.

SWOT’s orbit has also been chosen to resolve the major ocean tide constituents, and 
after the 3.5 year mission, we expect a major improvement in coastal, regional and high-
latitude barotropic tides, and a better observation of internal tides (see Sect. 9). This will 
allow improved tidal models ingesting SWOT data, leading to improved barotropic and 
coherent internal tide corrections for reprocessing of past altimetric missions, for predict-
ing more accurate tide corrections for future missions, and tidal heights and currents for 
many coastal, regional and high-latitude applications.

A precise mean ocean circulation is required to calculate the ocean surface currents 
from the altimeter-derived ocean surface geostrophic current anomalies. We are expect-
ing a major improvement in the mean sea surface products with the extended fine-scale 
coverage at 2 km resolution of SWOT, including in the coastal, regional, and polar seas. 
Once again, after 3-years of global coverage, SWOT should improve the mean sea sur-
face and geoid models at short space scales, including the east–west gradients that are 
poorly sampled by alongtrack altimetry today (see Sect. 5). Improving the mean ocean 

http://www.altimetry2018.org
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circulation not only requires having better Mean Sea Surface and geoid models, but also 
additional information about the ocean circulation from in situ measurements (drifting 
buoy velocities, HF radar,…) or from space (e.g., SAR Doppler velocities).

SWOT will cover the Antarctic seas, but extending and enhancing our observations 
into the Arctic Ocean also requires more polar-orbiting altimeters, since CryoSat and 
Saral/AltiKa are approaching their end of life. It is critical that future missions such as 
the bi-frequency Copernicus CRISTAL mission are launched soon (expected in 2027) to 
provide continuity and enhancement of our coverage of the polar oceans, and to better 
estimate the ocean circulation response to snow and sea ice variations in these rapidly 
evolving regions (Sect. 8).

This paper has concentrated on altimetric geostrophic currents that provide a strong 
constraint on our ocean state estimation (Sect.  10). However, today, total surface cur-
rents including the ageostrophic component of the ocean circulation cannot be observed 
directly from space, although the Ekman current component can be estimated from sat-
ellite scatterometer winds, the Stokes drift from wave models, and total surface currents 
can be derived from in situ data. The future may be with SAR Doppler surface velocity 
satellite missions: A number of propositions are being considered (e.g., OdySea–NASA/
CNES, HARMONY—ESA, see Arduin et al. 2019 for a review) and airborne versions 
of the instrument are providing very good results. A future combination of SAR Dop-
pler surface currents, combined with the depth-integrated geostrophic currents from 
swath and nadir altimetry, and polar-orbiting satellites, would better respond to our 
requirements for space observations of the ocean circulation.
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