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An absolute calibration of the TOPEX/Poseidon (T/P) and Jason-1 altimeters has been
undertaken during the dedicated calibration phase of the Jason-1 mission, in Bass Strait,
Australia. The present study incorporates several improvements to the earlier calibration
methodology used for Bass Strait, namely the use of GPS buoys and the determination of
absolute bias in a purely geometrical sense, without the necessity of estimating a marine
geoid. This article focuses on technical issues surrounding the GPS buoy methodology
for use in altimeter calibration studies. We present absolute bias estimates computed
solely from the GPS buoy deployments and derive formal uncertainty estimates for bias
calculation from a single overflight at the 40–45 mm level. Estimates of the absolute bias
derived from the GPS buoys is −10 ± 19 mm for T/P and +147 ± 21 mm for Jason-1
(MOE orbit) and +131 ± 21 mm for Jason-1 (GPS orbit). Considering the estimated
error budget, our bias values are equivalent to other determinations from the dedicated
NASA and CNES calibration sites.

Keywords altimeter calibration, GPS buoy, kinematic GPS, Jason-1, TOPEX/
Poseidon

Following the outstanding success of the TOPEX/Poseidon (T/P) mission, the U.S.
National Aeronautics and Space Administration (NASA) and the French Space Agency,
Centre National d’Etudes Spatiales (CNES) launched a follow-on satellite, Jason-1, in
December 2001. Jason-1 was placed in an identical orbit to T/P, slightly leading the T/P
spacecraft by approximately 1 min and 10 s. The formation flight configuration, lasting for
seven months, was designed for cross calibration of the two altimeters, ensuring consistency
of the long-term altimeter-derived sea-level record (see Ménard and Haines 2001). The two
primary in situ calibration sites for the mission include the NASA site at Harvest (Chris-
tensen et al. 1994; Haines et al. 2003) and the CNES site at Corsica (Bonnefond et al. 2003).
The aim of the calibration sites is to provide estimates of altimeter performance, specifically
estimates of absolute altimeter bias. The long-term stability of the altimeter measurement
system is of particular importance given the significance of secular sea-level trend estimates
(Church et al. 2001). T/P and now Jason-1 underpin the global ocean observing system and
hence the determination of the satellite system performance and absolute bias is crucial to
the successful implementation of the global ocean observing system and to the monitoring
of sea-level change.

To understand the performance of the altimeter system, it is desirable to use a geograph-
ically well-distributed set of calibration sites, each with their own specific oceanographic
conditions. Dong et al. (2002b) highlights that such parallel activity does not represent
duplication, and it is only by combining results from different parts of the world that an
overall assessment of altimeter performance can be made.

The work presented in this article builds on a previous verification experiment con-
ducted at the Bass Strait (Burnie) calibration site following the launch of the T/P altimeter
in 1992 (see White et al. 1994). Both the instrumentation and methodology adopted at the
southern hemisphere site have been significantly augmented since the previous study. The
same calibration site is used, located on the south west edge of Bass Strait which con-
nects the Great Australian Bight to the west and the Tasman Sea to the east. The Strait is a
relatively shallow body of water with typical depths between 60 and 80 m. The strongest cur-
rents throughout the Strait are of tidal origin, both diurnal and semidiurnal. Low frequency
wind-driven currents are weak in the region surrounding the calibration site.

T/P and Jason-1 descending pass 088 crosses the southeast coast of mainland Australia
at the city of Lorne, Victoria. The pass follows a 325 km path over Bass Strait crossing the
Tasmanian coast approximately 2 km west of the city of Burnie. The Bass Strait calibration
site, together with the locations of the dedicated NASA and CNES calibration sites, are
shown in Figure 1.
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FIGURE 1 Location of the Bass Strait calibration site together with TOPEX/Poseidon and
Jason-1 descending pass 088. The NASA site (Harvest) and associated pass 043 together
with the CNES site (Corsica) and associated pass 085 are also shown.

Our calibration methodology is discussed in detail in the following section, with specific
attention paid to instrumentation and associated issues. In situ and altimeter data processing
strategies are then discussed. The error budget is presented followed by the results and
a comparison with bias estimates computed from both the dedicated NASA and CNES
calibration sites.

The Calibration Methodology

The Calibration Site

The methodology at the Bass Strait site involved the regular deployment of GPS buoys
at a chosen comparison point along the altimeter ground track. The application of GPS
buoys enables the direct measurement of sea surface height (SSH). The buoy technology
eliminates the need to extrapolate a marine geoid to the comparison point. This removes the
dominant error term in the previous calibration study at the Bass Strait site. The calibration
methodology presented in this article is therefore purely geometric and relies solely on
episodic GPS buoy deployments.

The absolute comparison point in Bass Strait is located approximately 39.4 km north-
west of Burnie along the descending altimeter ground track. An acoustic tide gauge and
collocated, continuously operating GPS is situated in the Burnie port. The selection of the
offshore comparison point has been made as a compromise between GPS network geometry
(minimizing baseline lengths for the GPS buoy processing) and maximizing the distance
from land to avoid any altimeter interference. The closest land to the comparison point is
the Rocky Cape headland situated approximately 18 km to the southwest of the comparison
point. The GPS buoys are deployed within 200 m of the nominal position of the comparison
point.
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FIGURE 2 The Bass Strait calibration site. Note the location of the Burnie tide gauge and
collocated GPS. Additional GPS sites at TBCP and RKCP are shown. The selected absolute
comparison point is shown with a cross on descending pass 088.

To support the GPS buoy deployments, two additional GPS stations were established
along the coast, northwest of Burnie. These additional sites are situated on prominent
headlands at Table Cape (site name TBCP) and Rocky Cape (site name RKCP). The Bass
strait calibration site is shown in detail in Figure 2.

To augment the GPS buoy deployments, an oceanographic mooring array was also
deployed for the duration of the calibration phase of the Jason-1 mission. The array of three
moorings was placed near the offshore comparison point and along the T/P-Jason-1 ground
track towards Burnie. The mooring at the comparison point included a pressure gauge,
three temperature and salinity recorders, and two current meters. The center mooring was
a single acoustic Doppler current profiler, and the inshore mooring was a single current
meter. The mooring data will provide valuable comparison of altimeter variability over the
calibration phase in addition to enabling independent quality assessments of the GPS-buoy–
derived time series. It is therefore anticipated that the mooring data will aid the reevaluation
and reduction of the error budget associated with the GPS-buoy–based calibration. The
combined buoy and oceanographic mooring calibration technique is currently being refined
with results to be presented in a future publication.

Absolute Bias Determination

The calibration methodology at the Bass Strait site is centered on the estimation of sea
surface height (SSH) at the chosen comparison point using GPS buoys. The SSHBuoy esti-
mates must be computed in a reference frame consistent to the altimeter derived estimates,
SSHAlt, to allow direct comparison. In the most simplified form, the absolute altimeter SSH
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FIGURE 3 Calibration geometry at the Bass Strait calibration site. The GPS buoy sea
surface heights are derived differentially from the land-based reference stations, coordinated
in a consistent reference frame to the altimeter system.

bias (BiasAlt) is given by:

BiasAlt = SSHAlt − SSHBuoy. (1)

A negative (−)ve bias is indicative of SSH being measured too low by the altimeter (i.e.,
altimeter range is too long).

With reference to Figure 3, the SSH determination for both the altimeter and GPS buoy
is defined in Equations (2) and (3), respectively:

SSHAlt = hAlt − (rAlt + rCorr) + CTGGCorr, (2)

where hAlt is the ellipsoidal height of the altimeter spacecraft, rAlt is the observed altimeter
range, rCorr is the sum of the associated path length corrections and CTGGCorr is a cross
track geoid gradient correction to account for the small difference in the distance between
the altimeter ground track and the position of the buoy; and

SSHBuoy = hBuoy = hRefGPS + dhRefGPS to Buoy, (3)

where hBuoy is the ellipsoidal height of the GPS buoy reduced to the mean water level, and
hBuoy is derived relative to the ellipsoidal height of the GPS reference station (hRefGPS), using
the GPS estimated change in ellipsoidal height to the buoy (dhRefGPS to Buoy).

The computation of the ellipsoidal height of the GPS reference station (hRefGPS) is
complicated by a range of geophysical signals which cause periodic displacement of the
Earth’s crust. In order to achieve sufficient accuracy, hRefGPS must be computed from GPS
data observed over a long time period (typically, individual 24-h solutions are combined).
During this time period, the crust behaves “elastically” in response to the lunisolar potential
and mass loadings caused by, for example, the ocean and atmosphere. The instantaneous
ellipsoidal height of the reference station will therefore vary at any given instant. For this
reason, corrections are made for each GPS observation in the GPS analysis, such that the final
position and height estimates are derived relative to the ellipsoid, but on a nontidal, rigid crust
(i.e., the effect of the lunisolar attraction and loading signals are removed using available
models). Measurements from the altimeter (Equation (2)) relate to the instantaneous position
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of the sea surface on the elastic crust, relative to the geocenter and are therefore not directly
comparable with the GPS measurements without further correction. For this reason, the
periodic displacement and loading terms at the GPS buoy/altimeter comparison point need
to be similarly applied to the SSHAlt estimates.

The final complication in the absolute bias calculation is the treatment of the permanent
component of the Earth body tide. The treatment of the tidal displacement and loading
parameters and the permanent tide is discussed in further detail in the reference station
analysis section of this article.

Instrumentation

GPS Buoys
GPS buoys measure instantaneous sea level at a user-defined frequency over a spe-

cific duration. The required measurement duration imposes constraints on the power re-
quirements for the buoy, often dictating the buoy size and overall dynamics. Continuous
operation over a period of greater than 48 h typically requires the use of solar panels, and
hence a large external structure on the buoy. With the GPS antenna situated on the top of
the buoy structure, large designs require the continuous measurement of the position of
the antenna with respect to the water surface. This additional measurement adds further
complexity and uncertainty to the GPS-derived SSH time series. Hein et al. (1990) provides
an early example of a large, continuously operating GPS buoy which incorporates an array
of inclinometers and water level sensors to compute the GPS antenna to water level offset.

In order to bypass the difficulties mentioned above, a surface buoy was developed for
episodic based deployments for durations of up to 24 h. The design (Figure 4) differs from

FIGURE 4 The GPS buoy design and deployment configuration. Note the approximate
water level, positioning the antenna reference point (ARP) approximately 29 mm above
mean water level.
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the typical “life preserver” style of buoy such as the system described in Key et al. (1998).
The buoy deployed for this experiment is capable of autonomous operation either tethered
or free to drift. In our design, the buoy houses both antenna and receiver, with associated
battery power. Both the battery and receiver are situated low in the buoy capsule, helping to
lower the center of mass and stabilize the buoy in the water. The capsule itself is designed
around the diameter of the GPS choke ring antenna. In the case of this experiment, Leica
AT504 antennas and CRS1000 receivers are used. In order to cover the antenna and seal
the capsule, a lightweight, hemispherical dome is used. This radome is custom made out
of a commercially available material, generically called “Sunloid KD.” The material is an
acrylic polyvinyl chloride plastic alloy, 3 mm thick. Two high-density plastic rings (10 mm
thickness) are used to clamp and seal the dome to the capsule. The rings fit around the dome
and capsule, respectively, and are held in place using 12 stainless steel fasteners. To stabilize
the buoy capsule, a stainless steel frame supporting three compressed cell polystyrene floats
is used. The resultant buoy is readily transportable with an operational weight and diameter
of approximately 31 kg and 1.6 m, respectively. The first use of the design was as part of
coastal oceanographic experiment (see Pugh et al. 2002).

To achieve the highest accuracy, the buoy design is limited to deployments in moderate-
to-calm sea conditions (maximum sea states of 3 to 4 on the Beaufort scale). This limitation
is caused by the potential loss of GPS signal acquisition when surface waves break over the
antenna dome structure. Any loss of lock of the GPS signal not only breaks the resultant SSH
time series, but also further complicates the GPS kinematic solution due to the inclusion of
additional bias parameters (see later).

For redundancy and improved processing opportunities, two buoys are deployed at the
comparison point during each deployment. As shown in Figure 4, the two buoys are tethered
to within 15 m of each other and in turn tethered on a ∼40 m line to an anchored chartered
fishing vessel (itself anchored in approximately 50 m of water). Data are logged at 1 Hz on
both buoys, typically over a 4-h duration, centered on the time of the altimeter overflight.

Special Considerations
The measurement of the GPS antenna reference point (ARP) to water level offset is

of fundamental importance to the absolute bias determination. The measurement of this
distance was undertaken by floating both buoys in a pool with known salinity. The salinity
was close to that measured at the comparison point in Bass Strait, hence any error in the
floatation height based on different water densities is expected to be at the submillimeter
level. Observations taken with a Zeiss Ni 2 parallel plate level allowed the estimation of
the offset distance to within 1 mm. In deployment configuration with all tethers and lifting
attachments, the antenna ARP was determined to be 0.029 m ± 0.001 m above the water
level.

An equally important, yet often overlooked consideration is the analysis of the phase
center variation (PCV) of the antenna caused by the antenna dome. Numerous studies
have highlighted that antenna dome design and construction can considerably alter a given
antenna phase pattern (see, for example, Braun et al. 1997). Any uncertainty in the position
of the phase center propagates directly into the estimation of antenna position in the GPS
calculations.

Design considerations, such as those presented in Braun et al. (1997), were adopted
when designing the dome for the GPS buoys. A thin material, still robust enough to withstand
the rigors of a sea deployment, was selected for the dome. The dome was hemispherical
in shape with the center of curvature centered on the approximate position of the antenna
phase center. The effect of the dome was studied by observing a short baseline between two
stable survey pillars (baseline length approximately 4 m). Two Leica AT504 antennas and
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CRS1000 receivers were used to log data at 5-s intervals over a period of 3 days
(3 consecutive 24 h sessions). For the following 3 days, data were obtained with a dome
(and associated attachment rings) attached to one antenna. Results highlighted insignificant
changes at the 1–3 mm level in the estimation of baseline components (north, east, and up)
between the “dome off” and “dome on” scenarios. The additional effect of seawater on the
dome was not investigated as part of this study. Seawater washing over the dome occurs
infrequently with the water draining quickly. Any additional effect caused by the water is
therefore considered negligible.

The final special consideration was an analysis of the effect the tether had on the position
of the buoy relative to the water surface. Tidal currents at the comparison point ensure the
tether line is taut throughout the deployment window. The tether analysis was required to
ensure its effect would not bias the GPS antenna position and hence bias the final (filtered)
SSH estimate. The tether analysis was completed in a wave tank using a 1:2 scale model of
the buoy, which was tethered to the end of the wave tank. Using a high speed digital video
and image tracking software, two points of interest on the buoy were tracked over various
wave frequencies similar to those found at the Bass Strait comparison point. The mean
positions of these points were determined and compared with the point positions observed
without any wave action. Results showed there was no significant bias in the determination
of mean water level caused by the tether restraining the buoy.

GPS Reference Stations
The primary GPS reference station for the Bass Strait calibration site is the continuously

operating receiver located at the Burnie wharf (Figure 5). The Burnie GPS station (BUR1)
is mounted on a stainless steel pillar collocated with the tide gauge and is connected to
the network of tide gauge benchmarks (TGBMs) by traditional survey techniques. The
GPS hardware includes an Ashtech Z-Fx receiver, Ashtech choke ring antenna, and SCIGN
antenna dome. Data are logged on-site at 30-s intervals. On a daily basis, these data are
uploaded and archived by Geoscience Australia.

The two supplementary GPS stations at Table Cape (TBCP) and Rocky Cape (RKCP)
were installed and operated on an episodic basis during a buoy deployment. TBCP and RKCP
consist of stainless bolts drilled and set into bedrock on the two prominent headlands. Leica

FIGURE 5 Burnie tide gauge and collocated continuously operating GPS station (BUR1).
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AT504 choke ring antennas are fixed to the permanent bolts when required. Leica CRS1000
receivers are used at both sites.

During the 4-h buoy deployment window, all reference stations log at 1-s intervals to
support kinematic GPS processing. In addition, TBCP and RKCP data are logged at 30-s
intervals for approximately 12 h either side of the altimeter overflight. These data are used
during the reference station analysis.

The use of Table Cape and Rocky Cape as reference stations simplifies the differential
kinematic processing of the GPS buoy data because of decreased baseline lengths. The
RKCP and TBCP sites are within 18 km and 23 km, respectively, of the comparison point,
compared with approximately 40 km from the Burnie site (Figure 2).

Data Processing

GPS Processing Methodology

The GPS processing for this experiment can be separated into two main operations. Firstly,
absolute positions of the reference stations are required in a global terrestrial reference
frame (TRF) equivalent to the reference frame used to derive the orbits of both T/P and
Jason-1. This first operation serves to define the datum for the second stage of processing,
estimating the SSH at either GPS buoy. The second stage requires kinematic process-
ing techniques to compute the position of the buoys on a continuous basis during their
deployment.

Reference Station Analysis
The reference stations are processed using the GAMIT (King and Bock 2000) and

GLOBK (Herring 2002a) suites developed at the Massachusetts Institute of Technology.
Our reference stations are processed together in a regional network solution with sites
contributing to the Australian Regional GPS Network (ARGN). The ARGN consists of a
network of 15 stations distributed around the Australian and Antarctic regions (Twilley and
Digney 2001; Figure 6).

The GAMIT and GLOBK analysis procedures have been well documented, see for ex-
ample Dong et al. (1998) and Tregoning et al. (1998). The processing configuration remains
relatively standard for this analysis. The double differenced ionosphere-free combination
(“LC”) is used as the basic observable, with ambiguity fixing attempted using both an iono-
spheric constraint and pseudorange data. The GAMIT “Relax” mode of processing is used
for solving both station coordinates and constrained orbital parameters.

As the GPS solution involves the combination of data observed over wide spatial
and temporal scales, local site deformation caused by a range of geophysical signals must
be taken into consideration during processing. As stated previously when introducing the
absolute calibration methodology, these corrections to the GPS reference stations dictate
that identical corrections are required to the altimeter data.

The Earth body tide is caused by the elastic response of the crust to the external tide
generating potential. Within GAMIT (v10.06), the Earth body tide is modeled according to
IERS 1996 standards (McCarthy 1996). More recently, the accepted standard has changed
to include, among other things, a more rigorous treatment of the frequency dependence
of the Love numbers and the associated corrections from the diurnal and longer period
tidal bands. The body tide parameters supplied with the Jason-1 altimeter data reflect the
IERS 2000 standard (personal communication, B. Haines 2002). The difference between
the existing GAMIT implementation (IERS 1996) and the improved IERS 2000 standard
was investigated in our analysis. Over a 24-h observing session, the average difference
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FIGURE 6 The Australian Regional GPS Network (ARGN) and the Bass Strait calibration
site reference stations. The ARGN also contributes to the International GPS Service (IGS)
global network, which is used in the definition of the International Terrestrial Reference
Frame (ITRF).

was found to be negligible in all components (north, east, and up). The difference does,
however, become significant in the height component if the session time is appreciably
less than 24 h. Instantaneous differences in the height component have a peak-to-peak
amplitude of approximately 45 mm. As many of the observation sessions at the TBCP and
RKCP stations were approximately 16 h duration, the GAMIT implementation (IERS 1996)
was considered inadequate, given the level of accuracy required. The IERS 2000 standard
(also used for the Jason-1 body tide computations) was therefore added into the GAMIT
software using the code available in McCarthy (2000).

The time independent, permanent component of the Earth body tide requires special
consideration. An in-depth discussion in relation to the permanent tide and GPS posi-
tioning is provided in Poutanen et al. (1996). The current working standard of the ITRF
analysis centers is to eliminate the effect of the permanent tidal deformation of the crust.
The GPS site positions are therefore computed on a “nontidal” crust. The GAMIT anal-
ysis package is aligned to this practice, and the permanent tide is not restored following
the correction for the Earth body tide. In reality, the altimeter measurement is made in
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a system which includes the permanent attraction of the sun and moon. A correction for
the permanent tide is therefore required, which we choose to apply to the GPS site po-
sitions just prior to comparison with the altimeter measurements. Using the IERS 2000
formulation, the permanent tide at the Bass Strait calibration site has a magnitude of
16.3 mm

The periodic loading and displacement of the crust caused by the ocean tides also re-
quires careful consideration for this experiment. Within GAMIT, ocean loading was mod-
eled using IERS 1992 formulation (McCarthy 1992). Horizontal and vertical amplitudes
and phases for 11 tidal components are read directly or interpolated from a global grid. The
current GAMIT implementation uses station and grid tables derived from tables created by
Hans-Georg Scherneck from the Onsala Space Observatory. A review of ocean tide loading
considerations for the Australian region is given in Penna and Baker (2002). Deformations
of the solid Earth arising from variations in the centrifugal potential have also been con-
sidered in this analysis. Variations in the pole position causing changes in site position (the
“pole tide”) have been modeled within GAMIT according to IERS 1992 standards. Other
geophysical loading terms such as atmospheric loading have not been modeled and remain
a source of further analysis (see, for example, van Dam et al. 1994).

Following the GAMIT solutions, GLOBK software is used to combine the loosely
constrained parameter estimates from each daily solution with similar estimates from the
global IGS daily solutions. The network is fixed to the latest realization of the International
Terrestrial Reference Frame (ITRF2000) by constraining several sites to their ITRF2000
positions (Altamimi et al. 2002). GLOBK then combines each daily solution to compute
the best estimates of station position and associated uncertainty over the entire experiment
duration. The final position estimates are defined in ITRF2000 at a specific epoch in time,
with geodetic coordinates expressed on the GRS80 ellipsoid.

Formal error estimates for the reference stations are computed in the GLOBK analysis-
based on variance covariance (VCV) data from the GAMIT analyses. The scale of the VCV
information is dependent on the a priori estimates of carrier phase measurement precision.
We have adopted the standard precision of 10 mm in our GAMIT analyses. For our sites of
interest (TBCP, RKCP, and BUR1), formal one standard deviation error estimates for each
daily solution in the height component are in the order of 8–10 mm for TBCP and RKCP.
With seven solutions for TBCP and RKCP, and six solutions for BUR1, weighted root
mean square (wrms) values in the height component were 4.6 mm, 3.9 mm, and 4.1 mm,
respectively. Normalized root mean square (nrms—the square root of chi-square per degree
of freedom) values were 0.74 (TBCP), 0.73 (RKCP), and 0.75 (BUR1), indicating error
estimates are in fact conservative (nrms < 1). The small sample size, however, prevents
any detailed analysis of the long-term behavior of these sites. Studies such as Mao et al.
(1999) and Dong et al. (2002a), highlight that uncertainties are often underestimated due to
unmodeled seasonal variations present in the data. These seasonal effects include contribu-
tions from residual geophysical loading signals, atmospheric loading, nontidal sea surface
loading, groundwater loading, and site-dependent effects including multipath and residual
antenna phase variation, to name a few. In order to assess a more realistic uncertainty, we
therefore examined the 4-year GPS time series at the BUR1 site, as processed by P. Mor-
gan (P. Morgan, University of Canberra, personal communication 2003). Using BUR1 as a
proxy for TBCP and RKCP is not considered unrealistic given the close proximity of the
three sites and the high spatial correlation of the signals involved. The height component
of the BUR1 time series shows a wrms of 10–13 mm for approximately four years of daily
solutions. Both semiannual and annual signals are apparent in the BUR1 data, indicating
further analysis is required to fully quantify the GPS time series. To account for this system-
atic structure, we scale the wrms values for TBCP, RKCP, and BUR1 to reflect a far more
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conservative estimate of the uncertainty in the height component. Given the most likely
uncertainty lies between 10 and 20 mm, depending on the various processing strategies
utilized, we adopt final error estimates of 10 mm of “fixed” error and an additional 10 mm
to reflect the “quasi random” terms.

The Kinematic Analysis
The kinematic analysis involves the computation of the ellipsoidal height of the GPS

buoy relative to the accurate positions of the GPS reference stations determined in the pre-
vious section. Coordinates from the GLOBK analysis are therefore used together with data
from BUR1, TBCP, and RKCP to process data from the two GPS buoys using TRACK
software developed at MIT (Herring 2002b). TRACK is a kinematic GPS positioning
program, initially developed for airborne laser altimetry applications. Multiple reference
stations and multiple rover stations are supported. For each observation epoch, the pa-
rameters solved for in the observation models include the three-dimensional position of
the GPS antenna, the receiver clock offset, and the corrections to the atmospheric model.
The parameters are modeled as different stochastic processes (white noise, random walk,
and integrated random walk), each with user-defined initial conditions. The initial a pri-
ori standard deviation on the atmospheric delay parameter is set to 0.1 m, and the ran-
dom walk process noise is constrained to 0.0001 m/sqrt(epoch). This process noise allows
±3 cm variation over 24 h corresponding to a relatively stable atmosphere (Dodson et al.
2001). The position of the GPS antenna is modeled as a random walk with very loose
constraints.

The primary observable used in the buoy analysis is the ionosphere-free linear com-
bination, LC. TRACK uses a station-to-station single difference algorithm for initial cycle
slip detection. Initial bias estimates are computed using the Melbourne-Wubbena wide lane
combination. The bias fixing approach attempts to estimate ambiguity parameters from non-
integer estimates, termed the “float” analysis. A Kalman smoothing filter is implemented
representing the optimum solution to the kinematic problem, especially when unresolved
bias parameters exist in the solution (Herring 2002b).

During a deployment, breaking waves washing over the buoy antenna dome can cause
loss of signal acquisition. This is the major difficulty encountered during the processing,
and it forces the reset of all bias parameters and disrupts the convergence of the filter
operation. These events occurred on average one to two times over a typical deployment.
Such discontinuities may result in the incorrect resolution of bias parameters which is often
clearly evident in the resultant position time series. For this reason, the two buoys are
processed independently (as separate baselines) allowing some level of quality control on
the resultant SSH time series. Depending on the time of altimeter overflight, data from a
specific buoy may be rejected due to bias fixing difficulties.

The output of the TRACK analysis is a SSH time series at 1 Hz relative to ITRF2000
and expressed on the GRS80 ellipsoid (semimajor axis of 6378137 m and an inverse
flattening of 298.257222101). The altimeter SSH at the comparison point represents a
spatial average within the footprint of the radar signal. The buoy time series therefore
requires filtering to compute the effective “mean sea surface” at the time of overflight.
This filtering is achieved using a simple exponential filter which is passed each way down
the GPS SSH time series to avoid phase distortion. The low pass filter is tuned to pre-
serve signals with periods of 30 min or less, hence effectively eliminating swell, sur-
face waves, and high frequency noise, which are effectively averaged over the altimeter
footprint.

The T/P and Jason-1 altimeter data are provided on a different ellipsoid with semimajor
axis of 6378136.3 m and an inverse flattening of 298.257. The filtered GPS buoy SSH
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estimate taken at the time of overflight is therefore transformed from the GRS80 to the T/P
ellipsoid. In the cases where satisfactory solutions exist from both GPS buoys, an average
SSH estimate is computed.

The scale of the VCV information from the TRACK analysis is also dependent on the
a priori estimates of carrier phase measurement precision. Using the standard precision of
10 mm, formal one standard deviation error estimates for each 1 Hz sea level measure-
ment are typically in the range of 60–100 mm. The assessment of the final error estimate
of the filtered SSH is complicated by the temporal correlation of the error sources in the
kinematic solution (residual tropospheric delay, multipath, etc.). To gain a better under-
standing of the final error estimate, we process RKCP as a kinematic site using TBCP
as the reference station. This baseline length is comparable to the buoy processing and
hence serves as a useful guide to our processing errors. The standard deviation of the fil-
tered time series was approximately 20 mm. This estimate agrees well with comparisons
made between filtered SSH taken from solutions to both buoys. We therefore define our
formal error estimate for the GPS-buoy–derived SSH, relative to the fixed reference stations
as 20 mm.

An example of the 1 Hz GPS buoy SSH and corresponding filtered time series is shown
in Figure 7. This example is taken from our first buoy deployment where the significant
wave height throughout the deployment was approximately 0.8 m. This signal was due

FIGURE 7 An example taken from the kinematic analysis of Buoy 2 from the TBCP
reference station. The top panel shows the 1 Hz SSH time series over the 4-h deployment.
The low pass filtered signal reveals the dominant tidal signal as shown by the bold line. The
vertical line indicates the time of overflight of the altimeter. The power spectrum density
of the SSH time series is shown in the lower panel indicating power within the signal at a
frequency corresponding to the prevailing swell.
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predominantly to a consistent swell from the northwest, which is verified in the spectral
analysis, having a period of approximately 14 s.

Altimetry Processing Methodology

Altimeter Data Treatment
For T/P, the 1 Hz data from the most recent MGDR-B data files were used (see

Benada 1997). In addition, some corrections from the “GCPR” (retracked) version of
the T/P “GCP” product were used. The POE orbits on the MGDR-Bs were used, and
the following corrections (all from the MGDR-B fields unless otherwise specified) were
applied:

• center-of-gravity
• dry troposphere
• TMR wet troposphere correction (MGDR) plus the GCP wet troposphere correction
• sea-state bias (Gaspar 4 parameter)
• ionosphere (mean of all reasonable values between 39◦48′ S and 40◦48′ S. Using other

smoothers (e.g., as recommended in GDR manuals) makes negligible difference).

Note that the GCP corrections to the sea-state bias and ionosphere corrections have
minimal effect on the cycle-by-cycle SSH values and no effect on the mean SSH.

To allow comparison with the GPS-derived SSHs, corrections for the solid earth tide,
pole tide, and ocean loading were applied to the altimeter measurements. The 1 Hz SSH
data were then linearly interpolated to the point of closest approach to the GPS buoy
location.

For Jason-1, the most recent version of the Jason-1 IGDR files were used as at October,
2002 (see Picot et al. 2001). Two versions of 1 Hz SSH values were produced, one using
the MOE orbits on the IGDR files and the other using GPS (TRSR) orbits provided by JPL
(Bruce Haines). The following corrections were applied:

• dry troposphere (IGDR)
• JMR wet troposphere (reprocessed—see below)
• ionosphere (IGDR) (mean of all reasonable values between 39◦48′ S and 40◦48′ S. Using

other smoothers (e.g., as recommended in GDR manuals) makes negligible difference).
• SSB (model tuned by Labroue et al. (personal communication 2003), based on the Gaspar

et al. (2002), nonparametric Ku-band SSB model).

The reprocessed JMR data was provided by Chris Ruf and Shannon Brown at the
University of Michigan. The averaged path delay (PDAvg in their terminology) was used.

As for T/P, corrections for the solid earth tide, pole tide and ocean loading were applied
to the Jason-1 data. Then, 1 Hz SSH data were linearly interpolated to the point of closest
approach to the GPS buoy location.

Cross-Track Geoid Gradient
Following the linear interpolation of the 1 Hz altimeter data to the point of closest

approach (PCA) to the GPS buoy, a correction for the cross track geoid gradient is required.
The ground track of the altimeter is designed to repeat to within 1 km of a nominal position.
The position of the PCA for each altimeter overflight is therefore different for each buoy
deployment. A range of mean sea surface (MSS) models have been used to determine
the geoid gradient at the comparison point. The GSFC00.1 (Wang 2001) and KMS01
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FIGURE 8 Locations of the GPS buoy deployments and corresponding T/P and Jason-1
ground tracks. The contours of the KMS MSS model are shown to indicate the cross track
gradient at the comparison point.

(O. Anderson, personal communication 2003) MSS models show the best internal agreement
within our region. The adopted cross track gradient at the comparison point (Figure 8) is
computed using a mean from the GSFC00.1, KMS01, and AUSGeoid98 models. The cross
track gradient adopted is 10 ± 3 mm/km. As shown previously in Equation (2), the correction
is applied to the altimeter SSH at the PCA, effectively transforming the measurement to the
location of the GPS buoy. The cross track gradient error for each overflight is a function
of distance from the buoy to the PCA. For simplification, we adopt the conservative error
value of 3 mm per overflight.

Error Budget

An important component of the final results is the error budget for a single overflight. The
error estimates have been divided into fixed (systematic) and variable (quasi random) terms
as shown in Table 1. Estimates for the GPS reference station analysis, GPS kinematic analy-
sis, and the cross track geoid gradient have already been discussed. Additional uncertainties
discussed for the GPS positions relate to the GPS buoy antenna height measurement and
residual phase center variation.

For both T/P and Jason-1 altimeters, the error terms shown in Table 1 refer to corrected
SSH. This incorporates error terms for altimeter noise, range correction terms, and orbit
error. For T/P, an error term of 35 mm for a single pass has been adopted from Chelton
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TABLE 1 Error Budget for the Bass Strait Calibration Site

T/P Jason-1

Error budget: Bass Strait Fixed Variable Fixed Variable

GPS reference stations
Static solutions 10 10 10 10

GPS Buoy SSH
Kinematic solution — 20 — 20
Antenna height and PCV 3 — 3 —

Cross track geoid gradient — 3 — 3
GPS totals: 25 mm 25 mm
T/P SSH error — 35 — —
Jason-1 SSH error — — — 39
Altimeter totals: 35 mm 39 mm
Total (per overflight): 43 mm 46 mm

et al. (2001). This estimate is based on 1 Hz GDR data with 2 m significant wave height. For
Jason-1, the most recent error budget for corrected SSH for IGDR data is 39 mm (Ménard
et al. 2003).

The final error estimates for each individual overflight comparisons are 43 mm for T/P
and 46 mm for Jason-1 (root sum square). The dominant term within the budget is the single
pass precision of the altimeters. Assuming independent estimates, the final uncertainty for
the absolute bias calculation computed with data from five overflights is 19 mm for T/P and
21 mm for Jason-1.

Absolute Bias Results

From a total of six successful buoy deployments, five separate estimates of absolute bias
have been computed for both T/P and Jason-1. The first deployment was completed just
before the launch of Jason-1, whilst data from T/P cycle 355 were eliminated due to flags
in the MGDR alt bad 2 byte. The absolute bias results from the GPS buoy campaign for
both T/P and Jason-1 are shown in Table 2. Results using both the MOE and TRSR GPS

TABLE 2 Absolute Bias Results for T/P and Jason-1 using GPS Buoys in Bass Strait

T/P Jason-1 Jason-1
T/P Jason-1 SSH SSH bias SSH bias

cycle cycle bias (MOE orbit) (GPS orbit)

332 — −8 mm — —
347 4 −6 mm +154 mm +151 mm
349 6 −15 mm +136 mm +146 mm
354 11 −41 mm +154 mm +105 mm
355 12 — +139 mm +101 mm
357 14 +17 mm +152 mm +151 mm
MEAN −10 mm +147 mm +131 mm
Std. error of sample 9 mm 4 mm 11 mm
Formal uncertainty 19 mm 21 mm 21 mm
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TABLE 3 Harvest/Corsica/Bass Strait Comparisons for
the T/P Absolute Bias

Site N σ (mm) Mean (mm) Median (mm)

Harvest 21 31 +6 ± 7 +7 ± 7
Corsica 17 24 +3 ± 6 +1 ± 6
Bass strait 5 21 −11 ± 9 −8 ± 9
All 43 27 +3 ± 4 +3 ± 4

N = number of overflights.
σ = sample standard deviation.
The errors placed on the mean and median estimates refer to

standard errors of the sample mean. These errors must not be con-
fused with formal uncertainties computed using variance propa-
gation and a realistic error budget.

orbit are provided for Jason-1 results. As a measure of variability, the standard error about
the sample mean of the bias estimates has been computed and included in Table 2.

For T/P the mean bias is −10 mm with a standard error of the sample mean of 9 mm. For
Jason-1, we see a significant bias of +147 mm using the MOE orbits and +131 mm for the
GPS orbits. Variability for Jason-1 using the GPS orbits is similar to T/P with a standard error
of the sample mean of 11 mm. The variability is, however, reduced using the MOE orbits to
4 mm. Considering the small sample size, the standard error is not a reliable estimate of the
overall uncertainty of the mean bias estimates. Using variance propagation and estimates
from the error budget shown in the previous section, the more realistic uncertainty for
the bias estimates is 19 mm for T/P and 21 mm for Jason-1. Considering these formal
uncertainties, the T/P bias is not significantly different from zero. The relative bias and
formal uncertainty between T/P and Jason-1 is therefore +157 ± 28 mm (MOE orbits) and
+141 ± 28 mm (GPS orbits).

The Bass Strait bias estimates presented in Table 2 compare well to estimates com-
puted by other cal/val groups at Harvest (see Haines et al. 2003) and Corsica (see Bon-
nefond et al. 2003). Table 3 shows the comparison for T/P bias estimates (adapted from
Ménard et al. 2003). Considering the error budget involved, absolute bias estimates for
T/P from the three calibration sites are equivalent, although the results from Bass Strait
appear marginally low in comparison to Harvest and Corsica results. The combined T/P
bias is not significantly different from zero. Note the errors placed on the mean and median
values in Tables 3 and 4 are standard errors of the sample mean and should not to be con-
fused with formal uncertainties computed using variance propagation and a realistic error
budget.

The comparisons for Jason-1 data for both MOE and GPS orbits (Table 4, adapted from
Ménard et al. 2003) also show good agreement for the three calibration sites. When our
error budget is considered, bias values from the three sites are equivalent, although results
using the MOE orbit at Bass Strait appear marginally high in comparison to other sites.
Similarly, there is no significant difference between the bias computed with the MOE and
GPS orbits.

Conclusions and Future Work

The use of GPS buoys at the Bass Strait calibration site has enabled an estimate of the T/P
and Jason-1 absolute biases using a purely geometrical approach, and hence is not reliant
on the estimation of a marine geoid. Our estimate of the absolute biases derived solely
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TABLE 4 Harvest/Corsica/Bass Strait Comparisons for
the Jason-1 Absolute Bias

Site N σ (mm) Mean (mm) Median (mm)

Jason-1 absolute bias IGDR orbit (MOE)
Harvest 22 42 +133 ± 9 +129 ± 9
Corsica 23 45 +120 ± 9 +119 ± 9
Bass Strait 5 9 +147 ± 4 +152 ± 4
All 50 42 +129 ± 6 +128 ± 6

Jason-1 absolute bias TRSR orbit (GPS)
Harvest 22 34 +134 ± 7 +130 ± 7
Corsica 23 37 +130 ± 8 +131 ± 8
Bass strait 5 25 +131 ± 11 +146 ± 11
All 50 34 +132 ± 5 +131 ± 5

N = number of overflights.
σ = sample standard deviation.
The errors placed on the mean and median estimates refer to stan-

dard errors of the sample mean. These errors must not be confused
with formal uncertainties computed using variance propagation and
a realistic error budget.

from five deployments of the GPS buoys are −10 ± 19 mm for T/P and +147 ± 21 mm
for Jason-1 (MOE orbit) and +131 ± 21 mm for Jason-1 (GPS orbit). We can draw no
conclusions as yet on the source of the significant bias present in the Jason-1 data, except
to say that it is globally consistent.

The results from our GPS buoy campaign in Bass Strait are consistent with the ded-
icated NASA and CNES calibration sites within the estimated error budgets of all cal/val
determinations. Our error budget for a single overflight is 43 mm for T/P (GDR data) and
46 mm for Jason-1 (IGDR data) and is dominated by the uncertainty in the altimeter SSH
(35 mm for T/P and 39 mm for Jason-1). For T/P, a recent detailed examination of the TMR
brightness temperature data suggests that the radiometer correction to the altimeter range is
biased by approximately a centimeter when within 40–50 km of land. This implies our ab-
solute SSH bias estimate may be too low (i.e., too negative) by approximately a centimeter.
Quantitative estimates of this TMR bias are being pursued.

Although the bias estimates from this study are determined from a small sample, the
results confirm the success of the GPS buoy design and processing strategy used within
this campaign. The rigorous reference station and kinematic GPS analysis provides highly
accurate absolute calibration for each overflight, without any uncertainty associated with
estimating (a potentially time varying) marine geoid.

Calibration work at the Bass Strait calibration site has progressed to the analysis of the
oceanographic mooring array deployed at the comparison point and along the T/P and Jason-
1 ground-track towards Burnie and the in situ Burnie tide gauge and GPS. The mooring data
will enable an improved analysis of altimeter variability by allowing comparison over the
complete calibration/verification phase of the Jason-1 mission. The combined analysis of
GPS buoy, mooring, and tide gauge data (for future publication), will provide a reduction in
the final error estimates, allowing us to judge whether the (small) differences to the northern
hemisphere bias estimates are significant. Together, the GPS buoy, oceanographic mooring,
and tide gauge measurements provide a unique set of tools for the determination of altimeter
bias and bias drift.
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