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ABSTRACT
Over the past 20 years, altimetry calibration has
evolved from an engineering-oriented exercise to a
multidisciplinary endeavor driving the state of the art.
This evolution has been spurred by the developing
promise of altimetry to capture the large-scale, but
small-amplitude, changes of the ocean surface
containing the expression of climate change. The
scope of altimeter calibration/validation programs has
expanded commensurately. Early efforts focused on
determining a constant range bias and verifying basic
compliance of the data products with mission
requirements. Contemporary investigations capture,
with increasing accuracies, the spatial and temporal
characteristics of errors in all elements of the
measurement system. Dedicated calibration sites still
provide the fundamental service of estimating
absolute bias, but also enable long-term monitoring
of the sea-surface height and constituent
measurements. The use of a network of island and
coastal tide gauges has provided the best perspective
on the measurement stability, and revealed temporal
variations of altimeter measurement system drift.
The cross-calibration between successive missions
provided fundamentally new information on the
performance of altimetry systems. Spatially and
temporally correlated errors pose challenges for
future missions, underscoring the importance of
cross-calibration of new measurements against the
established record.
1. INTRODUCTION
Satellite altimetry has come a long way since Seasat
(1978) first demonstrated the feasibility of studying
the variability of ocean circulation from space. One
of the most significant results showed the global
pattern of sea surface height (SSH) variability from
only 24 days of Seasat altimeter data [1]. The sheer
impact of this result on the paradigm of global ocean
observation cannot be overestimated. The capability
of satellite altimetry for studying the ocean was

further advanced by Geosat in the 1980s. These two
missions paved the way for the leaps and bounds in
the advancement of satellite altimetry in the 1990s
after the launch of TOPEX/Poseidon (T/P). This was
the first altimeter mission specifically designed to
deliver the high accuracy and precision needed for
detecting large-scale, small-magnitude changes of the
ocean.
The accuracy and precision of TOPEX/Poseidon
were utilized to cross-calibrate other simultaneously
flying satellite altimeters to minimize large-scale
errors in their measurements. This approach to
merging TOPEX/Poseidon and ERS-1 data increased
significantly the spatial and temporal resolution of
the merged data products with optimal accuracy [2].
Such efforts have led to a record of uniformly
gridded global SSH products spanning the past two
decades, using data from T/P and its succeeding
missions of Jason-1 and Jason-2, in combination with
all other altimetry missions, including ERS-1, ERS-2,
Envisat, and Geosat Follow-on. With progressively
improved geoid models available from the GRACE
and GOCE Missions as well as modeling efforts, the
absolute ocean surface topography has also become
available. The two-decade long altimetry data record
has fundamentally advanced global oceanography to
an unprecedented level. Satellite altimetry has
become a standard resource in the tool bag of both
research oceanographers and practitioners needing
routine oceanic information [3].
A surprising discovery from the 20-year record of
altimetry observations is the pronounced spatial
variability of the trend of sea level change over the
span of the record [4]. Although there have been
theoretical treatises of decadal variability of ocean
circulation, satellite altimetry has provided the first
direct evidence for the existence of geographic
variability of the long-term trend of sea level change.
This variability is superimposed on and overwhelms
the pattern of sea level change linked to the general
warming trend of Earth’s climate, making it difficult

to differentiate between decadal variability of the
ocean and longer-term change. Anthropogenic sealevel changes are expected to occur over century-long
time scales [5], of which the current altimeter record
spans only a small fraction. Advances in satellite
altimetry have nonetheless enabled new insights into
these issues, while posing new challenges to the
calibration and validation of altimeter observations.
In this paper, we briefly review the evolution of
altimetry calibration against the backdrop of the
developing altimeter measurement system over the
past 20 years. Altimetry calibration has evolved from
an engineering-dominated exercise at the beginning
to a multidisciplinary challenge affecting the core
utility of the measurement at present and into the
future [6].
2. ALTIMETRY CALIBRATION WITH TIDE
GAUGES
The traditional concept of altimetry calibration
focuses on the determination of an absolute bias in
the altimeter measurement system—expressed in
units of range or height—using data from a wellsurveyed tide gauge and ancillary instruments at a
dedicated site. Such sites are typically located
directly in the path of the satellite repeating ground
track.
Fig. 1 depicts the long-term time series of the SSH
bias results (for T/P, Jason-1, and Jason-2) from the
Harvest Platform near Point Conception, California
[7]. At such dedicated calibration sites, other
equipment—like water-vapor radiometers, satellite
tracking sensors, meteorological sensors, etc.—
provide the necessary information to validate the
various corrections that are needed to derive the sea
surface height estimates. The comprehensive
information available at such sites allows evaluation
of repeatability of the satellite measurements, and the
overall uncertainty of the bias estimates. Due to
systematic errors, such as those linked to the
geocentric positioning of the tide gauge, the
uncertainty in the absolute bias determined at each
site is on the order of 1–2 cm. Results from dedicated
sites can lend insight on the long-term stability of the
altimeter measurement system, but tight control of
systematic errors, and a long time series are needed
to approach accuracy levels of 1 mm/yr.

Fig. 1 Long-term SSH calibration time series from
the Harvest platform [6].
In order to better monitor the stability of the altimeter
measurement systems, Mitchum [8-9] used tide
gauges of opportunity from the global network. At
each location, a difference between the altimeter and
tide gauge SSH was computed for the satellite’s
closest approach. All the differences computed from
the global tide gauge network were then averaged to
reduce errors from both measurements. Since most of
the participating tide gauges were not accurately
surveyed to the geocenter, the absolute bias could not
be determined. Changes in the SSH bias, however,
could be accurately monitored.
Shown in Fig. 2a is the first result of the global tide
gauge calibration. It was surprising to note the
prominent quadratic pattern of the time series of the
altimeter-tide gauge difference. The much reduced
error at a level about +/- 5 mm lent credence to the
quadratic pattern. It was later demonstrated that this
pattern was linked to an error in the data processing
software, which led to erroneous estimates of the rate
of global mean sea level rise [10]. The expression of
the software error—in the form of a ~13-cm bias—
was also seen in early results from the dedicated
calibration sites. The overall experience underscored
the effectiveness and importance of a multifaceted
and continuous approach to altimetry calibration for
detecting systematic errors in the measurement.
After the correction for the processing software error,
the altimeter-tide gauge comparison still exhibited a
residual quadratic pattern (Fig. 2b) of unknown
origin. Such systematic differences with tide gauge
measurements heightened the concerns for the
complexity of the altimetry measurement system and
its effect on the accuracy of estimating the rate of

of an optimal approach to the time-varying gravity
field. More research is needed in this subject.
Another issue is the uncertainty in the terrestrial
reference frame, causing instability of 1 mm/yr. It is
highly desired to reduce the instability significantly.
Flying a spaceborne geodetic satellite like the
concept of GRASP would be a viable approach.
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