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Satellite Radar Altimetrv
Curt H.

Abstract—A brief review of the historical development and
principles of satellite radar altimetry is presented, with special
emphasis placed on the unique capability of the microwave al-
timeter to provide valuable information for global geoscientific
studies. Altirheter data over the ocean is used to m6nitor mean
sea levels, waveheights, windspeeds, and surface topographical
features. Over the ice sheets, the altimeter data is used to pro-
duce surface elevation maps, while repeated measurements are
used to monitor volume changes. The success of earlier altim-
eter missions has promoted the development of future missions
that will provide more accurate data sets. These will continue
the study of Earth’s systems well into the 21st century.

INTRODUCTION

OVER the last three decades, the development of, or-
biting space platforms has opened a new era in which

observations of the Earth can be carried out on a global
scale. Spaceborne remote sensing began in the 1960’s with
a series of meteorological satellites and planetary flyby
spacecraft equipped with passive imaging systems. Ac-
tive microwave sensors were first utilized in the 1970’s
aboard NASA’s manned Skylab mission and the Geos-3
and Seasat satellites. In the next decade, an unprece-
dented number of sophisticated spaceborne remote sens-
ing systems will be deployed to observe the Earth on a
continuous basis. These measurements are designed to
monitor the interactions between the ocean, atmosphere,
and land, and to assess the role that each plays in a chang-
ing global environment.

Three basic types of spaceborne radar remote sensors
will be used by these systems: thes ynthetic-aperture radar
(SAR) imager, the radar scatterometer, and the radar al-
timeter. The microwave radar altimeter is conceptually
the simplest of the active remote sensing instruments, and,
after nearly two decades of spaceborne operation, it has
become a well-developed and documented tool. Short-
pulse altimetry from space was first suggested in the mid-
1960’s in a study supported by NASA at Woods Hole,
MA [1]. This study drew upon the state of the art in air-
borne remote sensing as the basis for satellite applica-
tions. The pt-imary purpose for the development of space-
borne altimetry was oceanic physics, where altimeters
were proposed for the measurement of mean sea level and
sea state. Robin [2] first proposed the use of satellite al-
timeters for surveying ice-sheet topography.
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The first spaceborne altimeter was flown in 1973 on
NASA’s manned Skylab mission [3]. It provided the ex-
perimental data that showed that meaningful oceano-
graphic and geodetic information could be obtained from
a spaceborne platform. The Geos-3 altimeter [4] operated
from 1975 to 1978 and provided the spatial and temporal
coverage necessary for detailed oceanographic studies.
The Seasat altimeter [5], [6], which operated for three
months in 1978 and then failed, is widely recognized as
having made the greatest impact on the fields of ocean-
ography and geodesy. From an orbiting altitude of 800
km, it achieved a range precision of 10 cm and has served
as the model for future altimeter designs, including the
U.S. Navy Geosat altimeter [7] and the European Space
Agency ERS-1 altimeter [8]. In addition to oceanographic
applications, the satellite altimeter has proven to be a use-
ful tool for studying the continental ice sheets of Green-
land and Antarctica [9]-[ 11]. In this paper, the basic prin-’
ciples of altimetry are discussed, and then the
oceanographic and glaciological applications are re-
viewed.

II. ALTIMETER PRINCIPLES AND TECHNIQUES

The satellite altimeter is a nadir-pointing instrument de-
signed to measure the precise time it takes a radiated pulse
to travel to the surface and back again. If the orbital po-
sition of the satellite is known relative to a reference sur-
face, then the measured time, converted to range, can be
used to derive the elevation of the reflecting surface. A
very narrow pulse ( <10 ns) is transmitted in order to ob-
tain a small range resolution. In addition to measuring
range, the altimeter records an averaged number of return
echoes (typically 100), and estimates other geophysical
parameters such as ocean waveheight and return pulse
magnitude. A diagram of the altimeter pulse interaction
with a jiat surface and the corresponding return echo is
shown in Fig. 1. As the incident pulse strikes the surface,
it illuminates a circular region that increases linearly with
time. Correspondingly, a linear increase in the leading
edge of the return waveform occurs. After the trailing edge
of the pulse has intersected the surface, the region back-
scattering energy to the satellite becomes an expanding
annulus of constant area. At this point, the return wave-
form has reached its peak and then begins to trail off due
to the reduction of off-nadir scattering by the altimeter’s
antenna pattern. For a rough ocean surface, the leading
edge of the return pulse will be “stretched” because scat-
tering from the wave crests precedes the scattering from

0018-94$0/92$03.00@ 1992 IEEE



DAVIS: SATELLITERADARALTIMETRY 1071

time ‘o ‘1 tz , TABLE I
SPACEBORNE ALTIMETER CHARACTERISTICS

tra

Gee-3 Seasat Geosat ERS-1 Topex
n Parameter (us) (us) (us) (ESA) (us)

Year 1975 1978 1985 1991 1993
Range Precision (cm) 50 10 10 10
Frequency (GHz) 13.9 13.5 13.5 13.5 13.:;5.3
Pulsewidth (nsec) 12.5 3.2 3.2 3 3
Peak Power (W) 2000 2000 20 50 20/20
Orbit Altitude (km) 840 800 800 ‘ 800 1334
3-dB Beamwidth (deg) 2.6 1.6 2.0 1.3 1.1/2.7
Output Amplifier TWT TWT TWT Solid-State Solid-State
PRF (Hz) 100 1020 1020 1000 4272/1012
Max. Latitude (deg) +65.1 +72.1 +72.1 +82 *66

TABLE H
MAGNITUDEOFDYNAMICVARIATIONS

Source Variation Time Scale

~
sipilicanl Tides

W.Veheight Deep Ocean <lm Hours

Fig. 1. The interaction of an altimeter radar pulse with a horizontal and
Shallow 1-3 m Hours

planar surface, from its initial intersection (t.), through the intersection of
Ocean
Currents

the back of the pulse shell with the surface (t,), to the stage where the pulse
begins to be attenuated by the antenna beam (t2). The return is from the

Large Scale ,1 m Months

surface only (from [12]).
Mesoscale lm Days

Coastal Winds O-3 m Hours
Surface <0.5 m Hours
Pressure

the wave troughs as the pulse wavefront progresses down-
ward. Thus, the width of the leading edge of the return
pulse can be related to the height of the ocean waves.

A summary of important characteristics for several past tal planar surface with a large number of scattering facets
and’future spaceborne altimeter missions is given in Table distributed randomly about the mean sea surface. ,Moore
I. The evolution of the altimeter transmitter is marked by and Williams [13] showed that the mean altimeter return
improvements in pulse compression techniques that have waveform could be described by the convolution of two
substantially reduced peak power requirements. Thus, terms,
solid-state technology can be used in place of traveling- P,(t) = P, (t) * l’, (~)
wave tube output amplifiers. All the altimeter missions

(1)

listed operate at Ku-band: The choice of frequency is con- where P,(t) is the received power at the satellite, P,(t) is
strained by both the system and operational requirements. the transmitted. pulse profile, and .P~(t) is a term involving
Since a narrow transmitted pulse (typically 3 ns) is re- the distribution of scatterers, their backscattering prop:
quired to achieve a reasonable range precision, high fre- erties, and the antenna gain. Barrick [14] used this con-
quency operation will support both the large receiver volitional form and obtained a double integral describing
bandwidth and narrow antenna beamwidth requirements. the altimeter return waveform assuming a Gaussian dis-
The upper limit on the operational frequency is con- tribution of scattering facets. Brown [15] approximated
strained by atmospheric attenuation effects that signifi- the transmitted pulse shape and range distribution of sc~t-
cantly” degrade the performance of the altimeter for fre- terers with Gaussian functions and generated an analytical
quencies >18 GHz. In addition to a Ku-band transmitter, solution for the mean ocean return. Lipa and Barrick [16]
the Topex altimeter will include a C-band transmitter so and Barrick and Lipa [17] demonstrated that the average
that ionospheric propagation delays can be accurately altimeter waveform could be described by the convolution
measured. The two-frequency system ,will produce a sub- of the ocean surface specular point probability density
decimeter range precision so that very small dynamic function and a function that describes the altimeter param-
variations (see Table II) in the ocean surface can be de- eters.
tected. All on-board estimation of the oceanic geophysical pa-

In contrast with other microwave instruments, the radar rameters is based upon the ocean surface-scattering model
altimeter is supported by a noncontroversial mathematical (e.g., [18], [19]). Mean ocean-return waveforms from the
model relating the return waveform to sea surface inter- Brown model are shown in Fig. 2, where each individual
action. Since the backscatter area seen by the altimeter is curve represents a different rms surface roughness, u,. For
restricted to a fraction of a degree around the nadir posi- small u,, the return waveforms rise sharply to the plateau
tion, the ocean surface can be approximated by a horizon- region and then begin to trail off due to the reduction in
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Fig. 2. Ocean sufiace-scatter wavefoms from Brown model for different
values of rms surface roughness, u,. Note that the half-power point corre-
sponds to the elevation of the mean sea surface.

antenna gain at off-nadir angles. Forlarger andlargero~,
the slope of the leading edge becomes shallower until the
fall-off in the plateau region of the waveform is no longer
apparent. Over the ocean, the width of the leading edge
is used to estimate significant waveheight (SWH), where

SWH = 4 -0,, (2)

and the range to the mean sea surface is associated with
the half-power position on the leading edge of the wave-
form. Since the reflectivity of the ocean surface is nearly
constant, the amplitude of the return waveform can be
used to estimate the surface wind speed. As the surface
wind increases, the ocean surface becomes rougher and
fewer areas will contribute specularly reflected energy,
causing a decrease in the overall waveform amplitude.
Over the last 15 years, various forms of the surface-scat-
tering model have been used extensively to study the
ocean surface, and waveheight/windspeed measurements
have been validated through comparisons with in situ data
(e.g., [20] -[24]).

The on-board algorithm that estimates the satellite range
tracks the half-power point on the leading edge of the re-
turn waveform. The return waveform is digitized into
equally spaced sample “gates” where the center range
gate should coincide with the half-power point. The de-
sign of the tracking algorithm is based upon the assump-
tion that the range to the surface changes slowly and pre-
dictably with time. This is a valid assumption for the
ocean sin-face, and the algorithm positions the center gate
at the half-power point very accurately. However, over
the ice sheets the half-power point deviates substantially
from the center gate because of larger topographical vari-
ations. Since the telemetered range corresponds to the
center gate, further’ processing on the ground is required
to correct the range estimate for ice-sheet waveforms. This
procedure is called “retracing.” The retracing correc-
tion is a measure of the distance of the leading edge of
the return waveform from the center gate. All ice sheet
altimeter data must be retracked to produce accurate ele-
vation measurements [25], [26], and further corrections
can be applied to correct for elevations errors caused by
local surface slopes [27].

III. OCEANOGRAPHIC APPLICATIONS

The oceans cover three quarters of our planet,
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and their

dynamics play an importan~ role in the Ea~h’s energy and
water cycles. Because water has a large heat capacity, the
oceans store a major portion of the Earth’s total heat con-
tent, and the transport of this energy around the globe
modulates temperature and weather patterns. The oceans
are the reservoir for the Earth’s entire water resource, and,
through circulation, evaporation, and precipitation, they
regulate the global water supply. Satellite remote sensing
instruments provide the only practical means for monitor-
ing oceanographic processes on an adequate spatial and
temporal scale. Satellite altimetry data over the ‘ocean is
used to globally monitor: a) the mean sea level, b) the sea
state, and c) surface topographical features.

The ocean surface is a fluid interface subject to rota-
tional and gravitational forces and is modified by atmo-
spheric effects (wind and pressure), tides, and currents.
Fig. 3 shows the relationship between the satellite height
measurement, the reference ellipsoid, the marine geoid,
and the sea surface elevation. In the absence of any at-
mospheric or tidal effects, and assuming that ocean water
rotates at the same angular speed as that of the Earth, the
ocean surface will follow an equipotential surface that
corresponds to the mean sea level. The marine geoid is
equivalent to the mean sea level and is the static compo-
nent of the ocean surface topography. The reference el-
lipsoid is a smooth geometric surface that approximates
the shape of the entire Earth. Because mass excesses and
deficiencies produce gravity variations, the shape of the
geoid is irregular, departing from the reference ellipsoid
by as much as 100 m. The dynamic component of the
ocean surface topography is primarily comprised of tides,
ocean currents, and surface winds that result in elevation
perturbations superimposed about the time-independent
geoid (see Table II). The mean sea level is derived from
averaging instantaneous elevation measurements over a
long period of time. Undulations in the mean sea surface
provide a wide variety of geophysical information. Long
wavelength ( >1000 km) variations are related to convec-
tion and subduction deep within the Earth’s mantle. Me-
dium wavelength (= 100-300 km) undulations are related
to density inhomogeneities within the oceanic crust, and
short wavelength ( <100 km) undulations are directly re-
lated to the seafloor topography. Altimetric mean sea sur-
faces have been derived from Geos-3, Seasat, and Geosat
data. Fig. 4 shows a map of the marine geoid created us-
ing three months of Seasat altimeter data. Major seafloor
topographical features are clearly evident such as the mid-
Atlantic ridge and the trenches in the Pacific subduction
zones.

In addition to sea surface elevation measurements, sat-
ellite altimeter data can be used to describe the sea state
through measurements of sea surface windspeed and ocean
significant waveheight. Accurate forecasting of ocean
waves and storm surges is hindered by the lack of simult-
aneous observations of winds and waves to test and refine
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Fig. 3. Satellite altimeter observational geometry illustrating the geoid,
the reference ellipsoid, the sea surface, and the dynamic ocean topog-
raphy.

Fig.4. Average ocean sutiace topography derived from Seasataltimet~
‘data. The map shows the relationship between gravity and the shape of the
sea surface. Features such as oceanic trenches, mid-ocean ridges, and sea-
mounts are apparent. [from M. Parke, Jet Propulsion Laboratory].

wave-prediction models. The severity of damage caused
by storm surges is related to the height of the surge, which
in turn is determined by complex interactions between
winds, waves, and tides. Fig. 5 shows a comparison be-
tween altimeter-derived wind speeds and ocean buoy
measurements made at 10 m above the surface. The over-
all accuracy is approximately +2 m/s. Fig. 6 shows
global waveheight and wind speed maps derived from
Seasat altimeter data. Future altimeter missions will pro-
vide continuous measurements over a period of years so
that a valuable data base can be gathered to improve wave
and storm forecasts.

The differences between instantaneous sea surface ele-
vation measurements and the marine geoid are caused by
dynamic variations in \he ocean topography (see Fig. 3).
Tides, ocean currents, and surface winds all produce sub-
stantial variations in the mean sea level. The magnitude
of the elevation changes range from a few centimeters to
several meters (see Table II), and extremely accurate al-
titude measurements are required to detect small ampli-
tude elevation variations. Large scale currents are asso-
ciated with semi-permanent oceanic circulation, while
mesoscale currents are associated with time-dependent
eddies. In the deep ocean basins, tides are accurately
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Fig. 5. Wind speed measurement derived from satellite altimeter com-
pared to wind speed measurement made by surface buoys 10 m above the
surface (from [22]; Copyright @ 1982, American Geophysical Union).

Fig. 6. (a) Seasat altimeter map of global wave heights, and (b) Seasat
altimeter map of global wind speeds (from [28], reprinted by permission
from Nature, vol. 294, pp. 529-532, Copyright @ 1981, Macmillan Mag-
azines Ltd. ).

known where the variation is small, but in the shallower

coastal areas the amplitude variations can reach several

meters and are much less known. Fig. 7 shows a Seasat
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7. Seasat altimeter elevation profile showing the gulf-stream current
and two mesoscale cold rings (from [29], published in 1981 by American
Geophysical Union).

elevation profile that identifies several topographical fea-
tures. The gulf-stream current is clearly defined by a 1 m
increase in elevation at 380 N, and two mesoscale cold
rings are apparent with subsequent drops in elevation of
30 and 65 cm. Circulation patterns in the North Atlantic
are fairly well known, but, by comparison, our knowl-
edge of circulation patterns around the world is poor. By
globally monitoring major topographical features such as
these, our knowledge of the general circulation of the
oceans can be improved so that models can be developed
to help predict long-term changes brought about by a
changing global climate.

IV. GLACIOLOGICAL APPLICATIONS

Even though spaceborne altimeters were primarily de-
signed for oceanographic applications, the orbits of Seasat
and Geosat extended to latitudes of +72.10 (see Table I),
covering major portions of the Greenland and Antarctic
ice sheets. The continental ice sheets constitute 10% of
the Earth’s surface land area, “and the accumulated ice
comprises 90% of global fresh water reserves. Ice sheets
exist as a consequence of climate and are coupled closely
with the natural environment through complex exchanges
of energy and mass. The most recent results from global
climatic models predict a worldwide temperature increase
of 3.0 K due to the doubling in the current levels of green-
house gases over the next 50 years [30]. Changes in the
volume of the ice sheets caused by atmospheric warming
will translate directly to changes in sea level. During the
last interglacial period, the sea level was 6 m higher than
present-day levels. This is believed to have been caused
by the total de-glaciation of the West Antarctic ice sheet
[31].

The ice sheets are composed of many individual drain-
age basins that often show considerable independence,
Localized field measurements indicate that some regions
are thickening while others are thinning. This indepen-
dence demonstrates that the ice sheets must be monitored
in their entirety. One of the most important parameters
for ice sheet studies is surface elevation. By the laws of
gravity, ice flows along the direction of maximum surface
slope so that elevation maps will also provide ice flow
directions. Thus, elevation data can be used to define the
boundaries between the major drainage basins comprising
the ice sheets. Moreover, a time series of elevation mea-
surements can be used to determine whether the ice sheets

30%----
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Fig. 8. Surface elevation contours of Greenland relative to mean sea level
derived from Seasat altimeter data. Contour interval is 100 m (from
[34]).

are growing or shrinking. Accurate determination of these
rates is critical for mass balance studies that can be ulti-
mately used to predict the response of the ice sheets to a
changing global climate. Satellite altimetry provides the
only proven means of measuring surface elevations with
the precision and spatial coverage required for meaningful
ice sheet studies [9].

Datasets produced from the Geos-3, Seasat, and Geosat
satellites have been used to develop surface elevation
maps of large portions of Greenland and Antarctica [32]-
[34]. These measurements comprise the most comprehen-
sive and accurate set of ice sheet elevations to date and
accomplished in ten years what would have taken decades
of intensive and costly field research to achieve. Fig. 8
shows surface elevation contours of Greenland south of
72.1 ‘N with a 100-m interval derived from Seasat ele-
vation data. The southern dome with a maximum eleva-
tion of 2800 m is evident, as well as the several drainage
basins that discharge ice into the fjords of southeast
Greenland. The elevation data have also been used to pro-
duce maps of specific surface features such as ice margins
and ice shelves (e. g., [35] –[37]). The elevation data from
all three satellites are now archived at both the World Data
Center for Glaciology in Boulder, CO, and at NASA/
GSFC in Greenbelt, MD. This data base allows glaciol-
ogists interested in regional studies to determine the nec-
essary mass balance parameters, which, when combined
with flow rates, provide estimates of glacial thinning or
thickening.

Besides providing a reference elevation dataset, the al-
timeters provide a time series of data with which elevation
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changes over the entire ice sheet can be determined. By
comparing elevation measurements made at the same lo-
cation at two separate times, one can determine any
change in elevation ‘over a specific time period. An anal-
ysis of Seasat-Geosat crossover points, spanning a de-
cade, and also Geosat-Geosat crossover points, spanning
four years, by Zwally et al. [38] showed that the Green-
land ice sheet was thickening at an average rate of 23
cm/ year. Increased precipitation rates caused by a
warmer polar climate were suggested by Zwally [39] as a
possible cause for the positive mass balance. This is the
first direct indication of the response of the ice sheets to
a changing climate and demonstrates the ability of satel-
lite altimeters to produce results of global significance.
Future altimeter missions will provide additional surface
elevation data that will be used to monitor the growth rates
of the continental ice sheets.

V. CONCLUSION

The advances in satellite remote sensing technology
have had a profound’ effect upon the fields of oceanogra-
phy and glaciology. The spaceborne radar altimeter has
been utilized over the last two decades and has produced
data sets that provide a combinatio~ of global coverage
and temporal resolution. Future altimeter missions sched-
uled to fly in this decade will provide companion data sets
with increased elevation precision. The major challenge
that must be met is the incorporation of these observations
into accurate global models describing the interaction be-
tween the ocean, atmosphere, and the ice sheets. Only in
this way can we hope to accurately assess the role of the,
individual systems in a changing global climate.
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