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The Jason-1 radar altimeter satellite, launched on December 7, 2001 is the follow on to
the highly successful TOPEX/Poseidon (T/P) mission and will continue the time series of
centimeter level ocean topography measurements. Orbit error is a major component in
the overall error budget of all altimeter satellite missions. Jason-1 is no exception and has
set a 1-cm radial orbit accuracy goal, which represents a factor of two improvement over
what is currently being achieved for T/P. The challenge to precision orbit determination
(POD) is both achieving the 1-cm radial orbit accuracy and evaluating the performance
of the 1-cm orbit. There is reason to hope such an improvement is possible. The early
years of T/P showed that GPS tracking data collected by an on-board receiver holds great
promise for precise orbit determination. In the years following the T/P launch there have
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been several enhancements to GPS, improving its POD capability. In addition, Jason-1
carries aboard an enhanced GPS receiver and significantly improved SLR and DORIS
tracking systems along with the altimeter itself. In this article we demonstrate the 1-cm
radial orbit accuracy goal has been achieved using GPS data alone in a reduced dynamic
solution. It is also shown that adding SLR data to the GPS-based solutions improves the
orbits even further. In order to assess the performance of these orbits it is necessary to
process all of the available tracking data (GPS, SLR, DORIS, and altimeter crossover
differences) as either dependent or independent of the orbit solutions. It was also neces-
sary to compute orbit solutions using various combinations of the four available tracking
data in order to independently assess the orbit performance. Towards this end, we have
greatly improved orbits determined solely from SLR+DORIS data by applying the re-
duced dynamic solution strategy. In addition, we have computed reduced dynamic orbits
based on SLR, DORIS, and crossover data that are a significant improvement over the
SLR- and DORIS-based dynamic solutions. These solutions provide the best perform-
ing orbits for independent validation of the GPS-based reduced dynamic orbits. The
application of the 1-cm orbit will significantly improve the resolution of the altimeter
measurement, making possible further strides in radar altimeter remote sensing.

Keywords precison orbit determination, satellite altimetry, remote sensing

The joint US/French Jason-1 satellite altimeter mission, launched on December 7, 2001,
continues the time series of centimeter-level ocean topography observations as the follow-
on to the highly successful TOPEX/Poseidon (T/P) radar altimeter satellite. Jason-1 orbits
the Earth in a 1335 km altitude, near-circular orbit with a 66.03° inclination. Like any other
altimeter satellite, the accurate knowledge of the history of the spacecraft center of mass loca-
tion (the orbit) is critical to the overall success of the mission. Radial orbit errors directly map
into the fundamental science observations, namely the altimeter-derived topographic height.
In fact, the radial orbit error is a major component in the overall measurement error budget.

For T/P, the radial orbit error was the dominant component of the original prelaunch
mission error budget accounting for over 12.5 cm of the overall 13.3 cm Root Sum Square
(RSS) error (Tapley et al. 1994). Fortunately, significant advances in Precision Orbit Deter-
mination (POD) measurement and force modeling and solution methodology have allowed
the current 2-cm level of T/P radial orbit accuracy to be achieved (Chelton et al. 2001;
Marshall et al. 1995; Tapley et al. 1994). For more than a decade, these highly accurate
orbits have been computed at the Space Geodesy Branch of Goddard Space Flight Center
(GSFC) without interruption in delivery to the project. Part of the success of the T/P mis-
sion can be attributed to the remarkable improvement of the radial orbit accuracy over the
original error budget and the continued delivery of these high accuracy orbits.

In order to continue the T/P standard of observations, Jason-1 has a radial orbit error
budget requirement of 2.5 cm. However, being the follow-on to T/P, expectations are sig-
nificantly higher and a 1.0-cm radial orbit accuracy goal has been set. Obtaining another
factor of two improvement in orbit accuracy over that achieved for T/P certainly presents
its challenges. Fortunately, Jason-1 POD can rely on four independent tracking data types,
including near continuous tracking data from the dual frequency codeless BlackJack GPS
receiver, Satellite Laser Ranging (SLR), Doppler Orbitography and Radiopositioning Inte-
grated by Satellite (DORIS), and the altimeter range itself in the form of crossovers. Even
more fortunate is the fact that each of the tracking data systems have been significantly
upgraded over those used on T/P. Jason-1 benefits from an improved codeless BlackJack
GPS receiver capable of acquiring carrier phase and pseudorange observations at both L1
and L2 frequencies regardless of antispoofing (AS) from up to 12 simultaneous GPS space-
craft (Haines et al. 2003a). The DORIS receiver is capable of tracking two ground beacons
simultaneously, while T/P’s DORIS receiver could only track one. Additionally, a 0.1 mm/s
improvement (over T/P) in the noise characteristics of the Jason-1 DORIS receiver has been
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observed as measured by our range rate DORIS residuals. Finally, the Jason-1 nine corner
cube hemispherical Laser Retroreflector Array (LRA) represents a significant improvement
over T/P’s complex laser ring array (Marshall et al. 1995).

Because we do not have a measure of absolute orbit accuracy, much of the challenge
in meeting the Jason-1 orbit accuracy goal is the performance assessment of candidate
orbit solutions. As we will discuss, assessing orbit accuracy, determining the best orbit
strategy, and characterizing the resultant orbit errors require the processing of all tracking
data types whether they are included in the orbit solution or withheld as independent data to
assess orbit performance. We have computed several high accuracy solutions from various
combinations of tracking data and different solution strategies. These orbits are compared
along with a detailed analysis of crossover constraint and SLR data performance in order to
characterize and quantify orbit error. As will be shown, our best orbits are those computed
from GPS data using a reduced dynamic technique. Although we do not have a direct
measure of absolute orbit accuracy, the suite of analyses discussed in this article suggest
our GPS-based reduced dynamic orbits likely achieve the 1-cm radial orbit accuracy goal.
In order to characterize orbit error properly, we have also computed reduced dynamic orbits
based on SLR, DORIS, and crossover data. Among the various orbit solutions we have
computed, the reduced dynamic orbits determined from SLR, DORIS, and crossover data
are closest in performance to our reduced dynamic GPS orbits and provide for a much better
comparison than, for example, dynamic orbits based solely on SLR and DORIS tracking.

The purpose of this article is to address two major issues important to those interested
in oceanographic studies from the analysis of the altimeter data: (1) which POD strategy,
combination of tracking data, and solution technique produces the best orbits; and (2) what
are the error characteristics of these orbits. This article does not discuss the various details of
each tracking system, but focuses on the analysis of various orbit strategies and the resultant
orbit errors. Details of the various tracking systems can be found in Chelton et al. (2001).

POD Methodology

Solution Strategy Overview

Among the key issues that comprise an orbit solution strategy for any satellite are:
(1) arc length (i.e., time interval over which the solution will be made), (2) parameterization
(including number and type of empirical parameters to be used), and (3) data use (editing,
combination of data types, weighting). Of course, the orbit strategy for Jason-1 benefits
greatly from the many years of experience from T/P. Arc length decisions for Jason-1 are
based on the T/P experience. Orbit solutions that do not use GPS data are nominally made in
arcs of 10 days. Orbit solutions that do use GPS data are made in shorter arcs (typically 30 h)
and blended together to provide a consistent solution over a 10-day Jason-1 repeat cycle.
The shorter arcs used in GPS-based solutions are a matter of computational convenience.
The T/P experience demonstrated that the strength of the GPS data permits the use of daily
arcs without degrading an orbit solution (Bertiger et al. 1994; Yunck et al. 1994).

The data use and parameterization issues for Jason-1 cannot be decided solely from
the T/P experience. This is primarily due to an improvement in the GPS circumstances for
Jason-1. First, as previously mentioned, the Jason-1 GPS receiver represents a significant
enhancement over the receiver carried on T/P. Second, GPS data products (IGS orbits,
station positions) and modeling have improved greatly since 1995 when the policy of AS
significantly degraded the quality of T/P GPS data. The concept of reduced dynamic pa-
rameterizations for GPS-based orbit solutions was validated for T/P (Bertiger et al. 1994;
Yunck et al. 1994). Of course, the concept of reduced dynamics still applies for Jason-1, but
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the specifics of the parameterization requires reexamination given the improved GPS cir-
cumstances. In addition, the GPS improvements require a reexamination of data weighting
issues in solutions that use GPS data together with other data types.

All of our Jason-1 orbit solutions, whether standard dynamic or reduced dynamic, use
empirical acceleration parameters. The standard T/P SLR+DORIS orbit solutions that are
placed on the mission GDRs use one cycle per revolution (1-cpr) empirical orbit acceleration
parameters (Colombo 1989). These 1-cpr accelerations are formulated as:

acceleration = A cos(wt) + B sin(wt) (D)

w=2r/T

T = orbital period,

where A and B terms are estimated in the along- and cross-track directions (the along-track
accelerations affect both the along-track and the radial components of the orbit). These
A and B parameters are valid over a certain interval (in the standard dynamic T/P orbit
solutions, the interval is one day). When these A and B terms are recovered over multiple
intervals, force model error is characterized and accommodated as a once per revolution
phenomenon with slowly varying phase and amplitude. An important aspect of the Jason-1
orbit solution strategy is the determination of the optimal length interval for these A and B
parameters. This is related to the topic of reduced dynamics.

Reduced Dynamic Solutions

The concept of reduced dynamics is not very sharply defined. In general, reduced dynamic
orbits use a large number of empirical accelerations. These acceleration parameters are
usually (but not always) constrained. Dense geometrically strong tracking data such as
GPS make reduced dynamic solutions possible. However, it has been our experience that
even GPS-based orbit solutions do not benefit from the use of empirical accelerations with
suborbital intervals unless the empirical accelerations are tied together with time correlation
constraints as in Rowlands et al. (1997). Our time correlation constraint equations give a least
squares batch orbit solution the same advantages that time-correlated parameters can give
to a Kalman-filter—based solution. Along with the determination of the optimal acceleration
interval the optimal use of time correlation constraint equations is a key aspect of our Jason-1
orbit solution strategy.

The time correlation constraint equations require two pieces of information, a correla-
tion time and a standard deviation. For example, the A parameters (Equation (1)) from two
acceleration intervals that differ by a time, T, will be constrained to be equal with a weight
(WT) formulated as

1

WT = —e or (2)

o = correlation sigma

CT = correlation time.

For the purposes of discussion, a dynamic orbit solution is the special case of a reduced
dynamic orbit solution where the correlation sigma is very large. When searching for an
optimal parameterization, it is useful to look at dynamic and reduced dynamic parameteri-
zations as different ends of the same continuous spectrum of possible orbit solutions.

Our tuning procedure begins its search for an optimal parameterization at the dynamic
end of the spectrum and proceeds by gradually decreasing the interval associated with the
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empirical accelerations. In the beginning of the search as the interval is decreased, perfor-
mance of the orbit solution generally improves (orbit solution metrics will be discussed
below). However, at some point the solutions will begin to degrade as the interval is de-
creased. This critical interval can be made smaller (optimization can be pursued further)
by beginning to use time correlation constraint equations (increasing the weight of these
equations to a significant level). At this point in the search we begin to optimize a solution
by increasing the effect of constraints (decreasing the sigma and increasing the correla-
tion time). After the optimal use of constraints is found for a given acceleration interval, a
smaller interval is pursued. Eventually the interval becomes small enough so that constraint
information does not improve solution performance.

The use of the various tracking data types is very much a consideration in tuning a
parameterization for an orbit solution. We have access to four tracking data types (GPS,
SLR, DORIS, and radar altimetry in the form of crossover constraints). It is important to
note that we use Double Differenced LC phase observations (DDLC) as our GPS tracking
data. Our GEODYN software can use any of the four Jason-1 data types individually or in
combination to form the normal equations for an orbit solution. However, at the beginning
of the tuning procedure, we prefer to form normal equations using only the minimum
number of data types required to obtain a good solution. For some solutions we start using
only GPS data, for others we start by combining only DORIS and SLR data. The fit of
the withheld data types of an orbit solution is a strong indicator of orbit quality, at least in
the relative sense (as a discriminator between two candidate solutions). For example, when
tuning a GPS-based solution, withheld SLR data are an important indicator of solution
quality. GPS orbit solutions rely on the use of thousands of ambiguity bias parameters while
modeling SLR in general does not require bias estimation except for a handful of stations.
The SLR data provides an unambiguous measure of orbit performance. The withheld SLR
data were invaluable in determining the optimal measurement model and reduced dynamic
parameterization. Although withheld SLR data provide the best possible metric, altimeter
crossovers are also useful as a withheld data type. To a lesser extent, orbit overlap statistics
(consistency of two adjacent arcs in a common time interval) and the fit of the data used in
the solution are also used to measure orbit solution performance.

Candidate Solutions and Combining Data Types

After GPS only or SLR+DORIS orbit solutions are tuned, we proceed to the addition of
other data types to these basic solutions. The optimal relative weighting of the data types is
tuned in the same manner as the optimal parameterization discussed above, using withheld
data, orbit overlaps, and data included in the solutions as performance metrics.

In selecting orbit solution strategies, we sought to determine the best orbit and then
to characterize the orbit error. In order to properly characterize orbit error, it is important
to compare two orbits of near equal performance determined from independent tracking.
In this article we discuss our analysis from five candidate orbit solution strategies that
run the spectrum of data combination and parameterization: (1) SLR and DORIS dynamic
(SLR+DORIS Dyn); (2) SLR and DORIS reduced dynamic (SLR+DORIS RD); (3) SLR,
DORIS and crossover reduced dynamic (SLR+DORIS+Xover RD); (4) GPS reduced dy-
namic (GPS RD); and (5) GPS and SLR reduced dynamic (GPS+4SLR RD). It is important
to note that we have also analyzed solutions determined from GPS+SLR+DORIS data.
From our initial analysis, these solutions did not show improved performance over our GPS-
only or GPS4-SLR-based solutions. The analysis presented in this article shows the DORIS
residuals change little or not at all among our five candidate solutions. Additionally, the
DORIS performance has been linearly degrading over time. It is believed that the problem
is due to increasingly erratic Jason-1 clock behavior as it periodically passes through the
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South Atlantic magnetic anomaly (Willis et al. 2003). This problem and the means around
it are being investigated. Because of these reasons and the fact that the GPS+SLR+DORIS
solutions do not contribute to our suite of independent orbits, we have chosen not to pursue
this solution strategy further within this article. However, it is important to mention that the
DORIS data are invaluable in our SLR+DORIS dynamic and reduced dynamic solutions.
The DORIS data provides the necessary temporal and spatial coverage to support reduced
dynamic solutions when the GPS data are not used.

POD Details

The details of our POD solutions are too numerous to discuss at length in this article.
Therefore, these details have been summarized in Tables 1 and 2. However, there are a few
specific issues that warrant a limited discussion here. Much of the following discussion is
focused on GPS measurement modeling details. These details are especially important for
our GPS RD solutions, because the reduced dynamic solution technique is most susceptible
to measurement modeling errors.

We use a consistent set of ITRF2000 SLR, DORIS, and GPS station positions with few
modifications and corrections (Altamimi et al. 2002). Our GPS stations were selected based
on International GPS Service (IGS) reported performance and their global distribution. Our
GPS solutions use IGS final orbits for the GPS satellite positioning. However, we have
found it necessary to edit these reported orbits because, on any given day, a few of these
orbits can possess several decimeters of error. Our procedure for editing these orbits starts
with using the IGS orbits as Earth Centered Fixed (ECF) x, y, and z tracking data. We
then determine orbits for each of the GPS satellites using the ECF position tracking data
and a very aggressive reduced dynamic solution strategy. These orbit solutions are made
using overlapping (by 6-h) 30-h arcs. The 30-h arcs are constructed from one day of IGS
orbits and 6-hrs. of the next day. This is important for checking the GPS orbit consistency.
Typically, the fit to the IGS orbits is on the order of 1-cm. For poorly performing IGS GPS
orbits the fit is greater than 4-5 cm. We also make overlap orbit comparisons from our
GPS orbit solutions determined using the IGS position data. Typically these orbit overlaps
are at the 0.5-2.5 cm radial RMS level. However, for poorly performing IGS GPS orbits
radial orbit overlaps can be as large as 60 cm or greater. Using both of these tests we
track the performance of the IGS orbits for all of the days we are interested in producing
LEO orbits. Trends are easily observed, and the poor-performing IGS GPS orbits can be
edited. Typically 0-2 satellites are edited per day, but on occasion as many as five have
been edited. There are several reasons for the poor performing orbits, including reaction
wheel problems, autonomous momentum dumps, solar array slewing, and small firings of
the thrusters due to sunlight sensor interference at eclipse entrance and exit. For example,
GPS satellites SVN/PRN 15/15 and 17/17 typically have poor-performing IGS orbits. These
GPS satellites are rapidly approaching the end of operations and have serious problems such
as reaction wheel problems during eclipse.

Proper modeling of the GPS antenna phase center is extremely important to the overall
performance of the GPS-based solutions. During the initial analysis of the GPS data we
determined that there was a significant difference in the z-component (zenith) of the Jason-
1 GPS antenna phase center offset from the a priori value (z-component delta). To make
matters worse the z-component delta showed a significant difference between fixed (~ —4
cm) and sinusoidal yaw steering (~ —6 cm) attitude modes of the spacecraft. Researchers
at JPL then computed an antenna phase center map (APC map) from postfit GPS undif-
ferenced LC residuals (Haines et al. 2003b). They used approximately one year of data
and averaged the residuals into a map with 2° resolution in elevation and 5° resolution in
azimuth referenced to the antenna frame. The map significantly improves GPS-based orbit
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TABLE 1 POD Summary(1): Models, Data, and Parameters

Geophysical models and parameters

Gravity/Tides JGM3 (Tapley et al. 1994)/GOT99.2 (Ray 1999)
Atmospheric density MSIS-86 (Hedin 1988)
Station coordinates ITRF2000
Earth orientation IERS C 04
Planetary ephemeris DEA403
Tracking data
GPS e Double-differenced, ionosphere-free combination of

L1 and L2 carrier phase (DDLC).
e ~33 IGS stations (best performing/optimal

distribution)
SLR / DORIS/ altimeter DORIS “SAA” station data included; light editing of
Crossovers altimeter crossover data
Modeling
Jason-1 e GSFC antenna LC phase correction (APC) map
e a priori GPS antenna LC phase center offset in S/C
Body Fixed (SBF):

o (SBF X, Y, Z); (2.389, —0.218, —0.504) (m)
e estimated SLR offset in SBF:
o (SBF X, Y, Z); (1.158, 0.598, 0.6828) (m)
e a priori DORIS offset in SBF:
o (SBFX.,Y,Z); (1.171, —0.598, 1.027) (m)
e a priori center of mass offset in SBF:
o (SBF X, Y, Z); (0.942, 0.000, 0.000) (m)
e GPS antenna orientation unit vectors in SBF:
o Boresite (SBF X, Y, Z); (0.498, —0.044, —0.866)
o X Dipole (SBF X, Y, Z); (0.867, 0.025, 0.497)
e SLR retro-reflector range correction: —0.049 m
e s/c orientation:
o telemetered quaternions (attitude model as
needed)
e s/c area and solar radiation pressure: prelaunch
“Box-wing” model
GPS satellites o IGS final/precise GPS ephemerides-Edited
e IGS Block II, ITA, TIR phase center of mass offsets
o New GPS satellite attitude (Bar-Sever 1996)

GPS stations Antenna phase center
SLR/DORIS/GPS Troposphere refraction
GPS e Outlier editing/cycle slip detection and correction

e Phase wind-up
e GPS receiver preprocess clock correction for 2nd
order effect

'CNES POD Team—http://cal VAL jason.oceanobs.com/html/calval_plan/poe/models_jason.html.
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TABLE 2 POD Summary (2): Data Weighting, Estimated Parameters, and Arc Length

Data Weighting
Data sigma weighting SLR/DORIS dynamic: 10 cm SLR; 2 mm/s DORIS
SLR/DORIS reduced 10 cm SLR; 1 mm/s DORIS
Dynamic:
SLR/DORIS/crossover 10 cm SLR; 1 mm/s DORIS;
reduced dynamic: 10 cm crossover

SLR/GPS reduced dynamic: 10 cm SLR; 10 cm GPS
Estimated parameters
Measurement model e GPS carrier phase ambiguity per pass

e GPS troposphere scale factor every 60 min/station

e DORIS measurement bias and troposphere scale factor per
pass

Force model e SLR/DORIS-based solution dynamic parameterization:
o State (pos. and vel.); Cp/ 8 h; Alg and Crs 1-cpr
accelerations/24 h

e SLR/DORIS-based solution reduced dynamic
parameterization:

o State (pos. and vel.); Cp/ 24 h; Alg and Crs 1-cpr
accelerations/28 min; 45 min correlation time;
1.e-9 m/s? sigma

e GPS-based solution reduced dynamic parameterization:

o State (pos. and vel.); Cp/ 30 h; Alg and Crs 1-cpr
accelerations/30 min; 60 min correlation time;
1.e-9 m/s? sigma
e GPS/SLR-based solution reduced dynamic parameterization:
o State (pos. and vel.); Cp/ 30 h; Alg and Crs 1-cpr
accelerations/30 min; 60 min correlation time;
5.e-9 m/s® sigma
Arc length/details
Short arcs GPS orbit solutions computed in 30-h arcs with 6-h overlapping
time periods.

The arcs do not necessarily start on O h of a day, but are
constructed such that 10 short arcs evenly cover a Jason-1
repeat cycle.

Long arcs A long arc covers a Jason-1 10-day repeat cycle. SLR/DORIS
solutions are computed over 10-day arcs. GPS long arcs are
“blended” together from the center 24 h of 10 short arcs.

solutions and removes the need for any correction to the a priori antenna phase center offset,
much less a change in correction between attitude regimes.

At GSFC we have also computed our own APC map using a completely independent
technique and software. We have developed our APC map by making a formal solution
estimating parameters which describe the correction at each point on a 5° x 5° grid in
azimuth and elevation. The solution is determined using data from only twelve 30-h arcs
carefully selected to sample all attitude regimes from day of year (DOY) 84 to DOY 223
of 2002. The correction parameters (common to all 12 arcs) are estimated simultaneously
with the standard OD parameters from the 12 arcs. Table 3 shows the performance of the
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TABLE 3 APC Map Performance in GPS RD Solutions: Residual
Summary for Cycles 8-24

GPS DDLC Independent Independent Xover

APC map RMS (cm) SLR RMS (cm) RMS (cm)
No APC map 0.942 2.308 5.843
JPL APC map 0.758 1.704 5.767
GSFC APC map 0.752 1.701 5.766

GSFC and JPL maps compared to using no map. In the case where no map is used, the
optimal attitude regime varying average phase center offsets have been applied. Both maps
are a significant improvement over using no map with the varying offset correction. It is
important to note that 93% of the these test data are independent from the GSFC APC map
solution while 100% of these data were used in the JPL map development. Figure 1 shows
the improvement in independent (not in the orbit solution) SLR residuals (all residuals not
just high elevation) obtained using the GSFC APC map. The independent SLR residuals in
Figure 1 have been fit to GPS RD solutions using the GSFC APC map and to no map using
the varying offset correction. There is general improvement over the entire time series, but
dramatic improvement in the fixed yaw attitude regimes is observed.

Figure 2 shows a comparison of the GSFC and JPL APC maps. The maps are very
similar in the top quadrants, both capturing the same general features. However, the maps
differ in the lower quadrants (about 0°). The reason for this is that our map is determined as

55

Fixed Yaw |

Fixed Yaw

e~ NoAPCMap |
\—e—GSFCAPCMap| |

4.5

35

25

Independent SLR RMS per 30-hr. arc (cm)

80 100 120 140 160 180 200 220 240 260
DOY 2002

FIGURE 1 SLR residual test performance of GPS APC map. Accurate modeling of the
GPS antenna phase center is required for POD. The time series of independent SLR residuals
RMS/30-h arc, cycles 824, show the benefit of using the GSFC APC map correction. This
is especially evident over the fixed-yaw regime. The “No APC Map” phase center offsets
had been adjusted from the prelaunch values and represent our best solution short of using
the APC map.
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part of the POD process after data editing. In our nominal POD processing, we edit data
that are at low elevation with respect to the satellite local horizon. Because the Jason-1 GPS
antenna is “tilted” ~30° from the zenith towards the spacecraft X (or the antenna 0°), our
nominal data editing removes data in the lower antenna quadrants (about 0°). This does not
adversely affect the resultant orbit solutions because the antenna model is well represented
where the data are considered viable. The important point is that the antenna phase center
maps determined from different software, data, and techniques give very similar results.
This lends confidence that these maps can and should be estimated postlaunch. Also, our
analysis shows that only a few days (twelve 30-h arcs) of data are necessary to determine
the GPS APC map.

As in the case of the GPS, proper modeling of the SLR tracking point offset is very
important. We model the Laser Retroreflector Array (LRA) optical center with respect to the
spacecraft center of mass (CoM) as the difference of the vector from the SBF origin to the
LRA tracking point (LRA offset) and the vector from the SBF to the CoM. The LRA consists
of nine corner cubes arranged hemispherically and is expected to have a stationary optical
center with a small constant bias. Therefore, an additional common range correction is
applied to account for the optical center offset with respect to the LRA tracking point offset.
To ensure precise modeling of the SLR observations, the LRA tracking point offset was
adjusted in a formal least-squares solution using cycles 1-20 of Jason-1 SLR tracking data.
The new LRA offset improves the SLR model and the POD as evidenced by the reduction of
the SLR residuals over dependant and independent cycles of data (see Table 4). Adjustment
of the LRA offset is largely in the X component (Z is along boresite of altimeter, Y is along
solar array axis of rotation, and X completes the right-handed orthogonal system), and may
compensate for errors in modeling the offset, CoM, and optical center correction. Previous
analysis has shown that the LRA adjustment in X agrees with that of the GPS phase center
adjustment in X suggesting a common CoM offset. However, as discussed above, we are
currently absorbing any mean offset error in our GPS APC map. Therefore, we apply the
LRA offset correction as such and not as a common CoM offset correction.

Quantifying and Characterizing Orbit Error

Although the challenge of centimeter-level POD is to quantify and characterize the orbit
error, no direct measure of absolute orbit error exists. Therefore, we must use several
different performance tests to help us gauge and understand the orbit error contained in
the POD solutions. These orbit tests rely on the processing and analysis of all tracking
data types available along with multiple solution techniques. Tracking data postfit residual
performance is an important performance metric. Both dependent (used in the orbit solution)
and independent (withheld from the orbit solution) data residual performance are assessed.
The independent data residuals are an important discriminator of solution performance,

TABLE 4 Summary of LRA Offset Analysis

LRA offset spacecraft SLR residuals  SLR residuals (cm)

body-fixed over cycles (cm)  over cycles 21-25

coordinates (cm) 1-20 (independent data)
Description X Y Z Mean RMS  Mean RMS
a-priori 117.1  59.8 6828 —0.060 1.897 —0.214 1.799

Estimated LRA offset 1158 59.8 68.58 +40.049 1.835 —0.130 1.721
Formal sigma 0.10 0.10 0.06
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TABLE 5 Independent and Dependent Data Residual Summary for Cycles 824

GPS DDLC DORIS RMS SLR RMS Xover RMS Xover mean

Solution type RMS (cm) (mm/s) (cm) (cm) (cm)
SLR+DORIS Dyn. 0.420 1.706 5.928 0.229
SLR+DORIS RD 0.418 1.734 5.868 0.219
SLR+DORIS+ 0.418 1.914 5.780 0.049

Xover RD
GPS RD 0.75 0.420 1.701 5.766 —0.029
GPS+SLR RD 0.77 0.420 1.342 5.752 —0.029

and in the case of high-elevation SLR residuals, provide an important measurement of
radial orbit error. Orbit overlap tests (consistency of two adjacent arcs in a common time
interval) are also used to assess the solution precision as a necessary but not sufficient
condition for 1-cm radial orbit accuracy. An important means of characterizing orbit error
is to compare ephemerides computed from independent tracking data. However, the orbits
compared should be as close to equal quality as possible, otherwise the less accurate orbit
dominates the difference. The detailed analysis of altimeter crossover residuals is another
important tool for characterizing orbit error.

Tracking Data Residual and Orbit Overlap Analysis

Tracking data residual performance is used as a first step in understanding the relative per-
formance of our candidate solutions. Table 5 presents the tracking data residual performance
statistics accumulated over repeat cycles 8 through 24. Both dependent and independent
(shown in italics) residual statistics are shown. Using the altimeter crossover residuals as
the primary discriminator, we can see that the reduced dynamic technique has improved the
SLR+DORIS solution. The SLR+DORIS RD solutions rely more heavily on the DORIS
data, due to their better temporal and spatial coverage over SLR tracking. This can be seen
from the SLR4+DORIS RD solution’s reduction in DORIS data fit and slight increase in
the SLR fit over the SLR+DORIS Dyn solution fits. As would be expected, still further
improvement in crossover data fit, at the expense of SLR data fit, is observed when adding
crossover data to the SLR+DORIS RD solution. Orbits computed solely from GPS tracking
data with a reduced dynamic technique (GPS RD) have better crossover and SLR fits than
any of the solutions performed without GPS data. This is especially remarkable because the
SLR and crossover data have been withheld from the GPS RD orbit solutions. Still further
improvement in independent crossover data fits are obtained with GPS RD solutions that
include SLR data in the orbit determination. Although the SLR data is not independent to
the GPS+SLR RD solutions, we do observe a stunning improvement in the SLR fits over
any other solution that does not use GPS data.

The tracking data residual summary presented in Table 5 clearly shows the GPS-based
reduced dynamic solutions represent a significant improvement over any orbit solution
relying solely on SLR and DORIS tracking data. The GPS RD solution improvement in
crossover RMS over SLR+DORIS Dyn represents 1.38 cm RMS in radial orbit accuracy
improvement and 1.09-cm RMS radial orbit improvement over the SLR+DORIS RD so-
lution. Adding SLR data to our GPS RD solutions is a still further 0.40-cm RMS radial
orbit improvement as indicated by the independent altimeter crossover residual statistics.
The tracking data analysis presented in Table 5 shows the best orbits are GPS-based orbits
computed using a reduced dynamic technique. These GPS-based reduced dynamic orbits
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FIGURE 3 GPS RD (a) high elevation independent SLR fit and (b) radial orbit overlap
performance. (a) Measurement biases estimated from high elevation pass SLR residuals
offer the best single metric to gauge radial orbit accuracy. The RMS of the estimated biases
indicates orbit error does not exceed 1.3 cm. The actual radial error is less because the
statistic contains other error sources as well. SLR data above 60 degrees are selected for the
high elevation test. (b) Histogram of the radial orbit overlap difference RMS for each 6-h
overlapping time period between GPS RD 30-h arcs from cycle 8-24. The result indicates
the GPS reduced dynamic solutions are consistent to 4 mm.

represent a significant improvement over the SLR+DORIS Dyn. orbits considered to be
accurate at the ~2 cm radial RMS level.

The most direct measurement of radial orbit accuracy is obtained from high elevation
SLR pass biases. A pass bias is estimated for independent SLR data that exceeds 60° in
elevation. The data from historically well performing SLR stations that have acquired at
least 10 high elevation passes were used. For each of these stations the RMS of the pass
biases is computed and an overall RMS is also computed. Figure 3a shows the GPS RD
solution independent high elevation SLR pass bias RMS for each station. It is important
to note that while this is one of the most direct means for measuring radial orbit accuracy,
it is not a perfect test and contains error sources other than radial orbit error (e.g., station
position, LRA offset, and a small horizontal orbit error component). With this in mind,
the high elevation SLR analysis indicates the GPS RD orbit solutions have a radial orbit
accuracy better than 1.3 cm. It is also important to note the consistency in performance
across stations shown in Figure 3a. Orbit accuracy can only be as good as orbit solution
precision. We can quantify this accuracy limit using orbit overlap tests to determine the
precision. The GPS-based orbit solutions are determined in 30-h arcs that overlap by 6 h.
The RMS radial orbit difference is computed for each 6-h overlap time period for all arcs
ranging from cycle 8 through 24. Figure 3b shows a histogram of the radial orbit overlap
difference RMS. It indicates the precision of the GPS RD solutions is at the 4-mm level.
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TABLE 6 Orbit Difference Statistics Computed Per Cycle and Summarized Over Cycles

8-24
Avg./Stdev of  Avg./Stdev
Avg.radial Avg.3D RSS[mean XY] of meanZ
Solutions differenced RMS (cm) RMS (cm) per cycle (cm) per cycle (cm)
GPS RD—SLR+DORIS Dyn 1.365 6.053 0.479/0.586 0.071/0.362
GPS RD—SLR+DORIS RD 1.141 4.809 0.376/0.437 0.069/0.380
GPS RD—SLR+DORIS+ 1.063 5.375 0.412/0.425 0.109/0.500
Xover RD
GPS RD—GPS+SLR RD 0.405 1.226 0.067/0.125 0.075/0.119
SLR+DORIS+Xover RD— 0.946 5.396 0.591/0.271 —0.044/0.299
SLR+DORIS Dyn.

Again, this is only a measure of radial orbit precision, but is a necessary condition for
meeting the 1-cm goal and represents the POD accuracy limit. The tracking data residual
analysis presented above, and in particular the high elevation SLR analysis results, indicate
the GPS RD and GPS+SLR RD radial orbit accuracy is likely meeting the 1-cm goal.

Independent Solution Orbit Difference Analysis

Another useful means of characterizing orbit error is to compare ephemerides computed
from independent tracking data and solution techniques. Comparing orbits computed from
independent tracking data can reveal systematic errors, especially measurement modeling
errors. When comparing orbits computed from dynamic and reduced dynamic techniques,
force modeling errors in the dynamic orbit and measurement modeling errors in the reduced
dynamic orbit can be revealed (Christensen et al. 1994; Marshall et al. 1995). A summary
of our orbit difference analysis is presented in Table 6. Orbit differences are computed for
each 10-day arc comprising a repeat cycle, and the statistics are averaged over cycles 8-24.
The first three rows of Table 6 present the summary of various SLR+DORIS based or-
bits differenced with the GPS RD orbits (our best performing solutions). The results show
improved radial agreement is achieved by employing the reduced dynamic technique in
the SLR+DORIS-based solutions. Still further radial agreement is achieved by including
altimeter crossover data in the SLR+DORIS RD solution. The results show it is possible
to obtain 1-cm radial RMS orbit agreement between solutions computed from two inde-
pendent sets of tracking data. This demonstrates that we have achieved good consistency in
measurement modeling and well tuned solutions. Additionally, this is a further indication
that our orbits likely achieve the 1-cm goal. Also shown in Table 6 are the summary statis-
tics for GPS RD—GPS+-SLR RD orbit differences. In this case a 4-mm radial RMS orbit
difference is observed. As expected, this is in excellent agreement with the 4-mm radial
RMS orbit improvement predicted by the crossover residual analysis presented above.
Force modeling errors, such as mean geographically correlated gravity error, and mea-
surement modeling errors, such as realizations of the Terrestrial Reference Frame (TRF),
can impart mean offsets in the ECF frame which can then adversely affect altimeter de-
rived estimates of sea surface topography (Marshall et al. 1995; Christensen et al. 1994;
Rosborough et al. 1986). The anticorrelated gravity error is dependent on the satellite mo-
tion and causes an equal magnitude but opposite sign radial orbit error between ascending
and descending orbit tracks (Marshall et al. 1995; Rosborough et al. 1986). The anticorre-
lated gravity error remains constant for each orbit repeat cycle and will impact altimeter
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FIGURE 4 Mean orbit differences. The figure shows orbit consistency by cycle in the
ECF equatorial (XY) plane, and about the Z axis between the GPS reduced dynamic and
SLR+DORIS solutions. The better comparison between the reduced-dynamic solutions
suggests orbit consistency in the equatorial plane depends on force modeling accuracy,
namely the geographically correlated gravity error. The orbit consistency about Z, is largely
determined by reference system consistency. The dynamic SLR+DORIS orbit has tradi-
tionally served to monitor orbit consistency along the Z axis with an expected resolution
of 5-6 mm. These orbits show a Z RMS of 4 mm, with an apparent 120-day period.

crossover analysis of sea surface variability. Orbit difference tests can be used to observe
the mean geographically correlated errors.

For each cycle we have computed the mean orbit difference in the equatorial plane
(RSS of the ECF X and Y mean) and in the Z direction. Table 6 shows the average of
these statistics over cycles 8-24. The average and variation of the mean equatorial offset
between GPS RD and SLR+DORIS-based solutions has been decreased when the reduced
dynamic technique is used in the SLR+DORIS-based solution (Figure 4). Therefore, the
reduced dynamic technique can be successfully applied in a SLR+DORIS solution to
accommodate the known mean geographically correlated gravity error remaining in the
JGM3 gravity model (Marshall et al. 1995). The SLR+DORIS+Xover RD solutions show
larger mean offsets from the GPS RD solution than does the SLR+DORIS RD solution.
It is important to note that the crossover data contains additional error sources such as
altimeter noise, altimeter correction error, and variations in the sea surface topography. The
largest mean equatorial offset is found in the difference between SLR+DORIS+Xover RD
and the SLR+4-DORIS Dyn, where both mean geographically correlated error and altimeter
measurement modeling errors corrupt the orbit solutions in this comparison.

When a reduced dynamic technique is employed in the SLR+DORIS-based solutions,
the average of the mean ECF offsets in the equatorial plane between these solutions and the
GPS RD solutions is better than 4.0 mm. This is due to the significant reduction in mean
geographically correlated gravity error obtained by applying the reduced dynamic technique
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to the SLR+DORIS solutions. It is also important to note that the variation of the mean
equatorial offset from cycle to cycle has a standard deviation of 4.4 mm and no significant
outliers (Figure 4). These remaining equatorial plane offsets are the result of remaining
geographically correlated error (limited by the SLR+DORIS RD) and possibly reference
frame errors leaking into the reduced dynamic solutions. In the Z direction, the average
of the mean ECF offset is at the 1-mm level with standard deviation of less than 4 mm
and a ~120-day periodicity. Employing a reduced dynamic technique in the SLR+DORIS
solution does not reduce the average and variation of the mean Z offset, nor does it reduce
the periodic structure (Figure 4). Still, this level of agreement in the Zoffset is quite good
and represents a significant improvement over that found with T/P POD analysis (Marshall
et al. 1995). At this current level of agreement it is not clear whether the SLR+DORIS
or the GPS-based orbits are dominating the remaining Z difference signal. The dynamic
SLR+DORIS orbit solution has traditionally served to monitor orbit consistency along the
Z axis with an expected resolution of 5-6 mm. However, this analysis shows we can no
longer assume the SLR+DORIS-based orbit solutions are the best centered. The GPS-based
orbits also show the least variation of the crossover residual means (Table 5), another metric
of orbit consistency. The improvement in the GPS-based RD solutions can be attributed to
significant improvements in the consistency of ITRF2000 station positions across tracking
technologies, and also to a lesser extent improvements in the Jason-1 GPS space receiver,
GPS satellite orbits, GPS measurement modeling (e.g., GPS attitude, tracking offsets, APC
map), and processing tools and techniques.

In addition to the statistics presented in Table 6, Figure 5 presents a view of the ge-
ographically correlated radial orbit error by computing the mean (Figure 5a and 5b) and
standard deviation about the mean (Figure Sc and 5d) of the radial orbit differences in 5° x
5° bins. Figures 5a and 5b show the geographically correlated orbit error is significantly
reduced in overall power (from 4.8 mm to 3.4 mm) and structure. This is the reduction
in the JGM3 mean geographically correlated gravity error achieved by using a reduced
dynamic technique in the SLR+DORIS-based solutions. Figures 5c and 5d also show a
reduction in the power and structure of the standard deviation of the mean when employing
the reduced dynamic technique to SLR+DORIS-based solutions. In addition to accounting
for geographically correlated gravity error, the reduced dynamic technique is accounting
for anticorrelated gravity error and time varying error caused by tidal and nonconservative
force model errors. However, this analysis is not limited to characterizing the improvement
over SLR+DORIS Dyn solutions obtained by the SLR+DORIS RD and GPS RD solutions.

The analysis also gives a glimpse of the orbit error remaining in our best solutions
(Figures 5b and 5d). As we have shown (Figure 5a and 5c), using orbit differences between
SLR+DORIS Dyn and GPS RD largely serves to characterize the orbit error in the inferior
SLR+DORIS Dyn solution arising from errors in the potential and nonconservative force
models. In order to characterize the orbit error remaining in our GPS RD solutions we needed
an orbit solution computed from independent tracking data that provides as close as possible
overall performance. Our SLR+DORIS+Xover RD orbits, which have been shown to be
our best-performing orbits computed without GPS data, served as our comparison solution
(Figure 5b and 5d). Still the results shown in Figure 5b and 5d are likely dominated by
the errors in the SLR+DORIS+Xover RD solution and should be viewed as an upper
bound for our GPS RD and GPS+SLR RD solutions. Although not shown in a figure
here, the spectrum of the radial orbit difference between GPS RD and SLR+DORIS Dyn
solutions is as expected with the dominant power at 1-cpr and modulations of the 1-cpr
by 1, 2, and 3 cycles per day (cpd) terms caused by nonconservative force modeling error,
gravity error, and reference frame error (Marshall et al. 1995). As expected, a similar
structure, but containing less power, is seen in the GPS RD and SLR+DORIS+Xover



"SIOILIQ IQ[[BWS 9ABY A[[ENIOL SUOIIN[OS JTWBUAD PIONPaI Paseq-SJdoD Y} ‘QI0JoI1oy)
pue ‘UonNJoS OIWRUAP PAdNPAI IAOX+STIOd+HATS U AQ PoIBUIIOP I8 SIOLIQ dY} ‘USNOY)[Y 'SUonnjos 1soq JNO Ul JUIUIBWII SIOLD PIJB[ALIOD
AqreorydeaSoas oy Jo asduin(3 e oA13 (p) pue (q) “(p) pue (9) anbruyoo) srwreuAp-paonpal ay) SuIsn uaym IOIId SUI[OPOW 9DI0J ANIBAIISUOOUOU PUB IPT)
A1q1ssod pue 10112 £11ARIS pIje[arIodonue A[[eoryder3oas Jo [BAOWI JUBOYIUSIS AU} SOJBIIPUI SOOUILIIP JIGIO JO SJ9S 0M] JWES ) UM UMOYS UBIW
9y} INOGE UOTJBIASP PIBPURIS 9} UI UOTIONPAI Y], "BIep SO Woij panduiod Jou uonnjos & ur uaAd anbruyoa) orwreuAp paonpai ay) Sursn uaym paseardap
Apueoyrugis S1 Jo1Id A)IAeIS paje[a110d A[eorydeiSoas oy moys sain3y ayJ, '(q) pue (e) uosLredwod JIqI0 IIWBUAP-PaINpal JOAOX+STHOA+HATS
U} ur paysmumwurp Apuedyrugis s suonnjos JIWeUAp SINOd-HATS Yl Ul pPIAIdsqo wul ¢ INOqe JO IO AAeIS paje[asiod Aq[edorydei3oas oy
JBY) MOUS ‘47—8 SO[OAD I0J SUIQ .G X .G JOAO PASBIOAR SQOUAIJIP J1QI0 [BIpeI OIBUAP-paonpal S0 "sdewl 90uaIoljIp 11qIo [eIpey S HANDIA

SrRgG s

Q \l_n @ r
-

"l L P
A s
(st wu °'g) (Y PAOX+STIOT-+ATS — M SO W (q

(suu unm

"o

o m

B RN

_A..M_E ww gZ1) NAU SHMOJ+YTS — A SO UoneIA (] pRpe)s (2

(suu ww g p)NAQ STIOT+HYTS — (Y SO e (v

415



416 S. B. Luthcke et al.

RD orbit difference spectrum because the reduced dynamic technique accounts for more of
the modeling errors.

Recovered Empirical Acceleration Analysis

The previous tracking data residual and orbit difference analysis demonstrates the reduced
dynamic solution technique significantly improves radial orbit accuracy in an overall sense
and reduces geographically correlated structure arising from gravity errors. However, it is
important to understand whether the recovered accelerations actually represent physical
phenomena in order to lend more confidence to the reduced dynamic technique. Figure 6a
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FIGURE 6 Recovered along-track 1-cpr accelerations, (a) The 1-cpr along track accelera-
tion amplitude and phase adjusted over 30-min spans from each of the GPS reduced-dynamic
30-h arcs demonstrate a remarkably coherent large scale correlation with 8°. (b) The along-
track 1-cpr acceleration amplitude adjusted over cycle 9 for three solutions: SLR+DORIS
dynamic, SLR+DORIS+Crossover reduced dynamic, and GPS reduced dynamic are com-
pared. There is a striking similarity in the accelerations captured from completely different
tracking technologies using the reduced dynamic technique. (c) Spectral analysis of the
1-cpr along-track acceleration amplitudes from reduced-dynamic solutions. Although both
display similar structure, considerably more power is captured in the GPS RD solution at
many main frequencies. These figures demonstrate the capability of the reduced-dynamic
approach to compensate for mismodeled forces where the GPS RD solution offers the best
resolution for representing the mismodeled forces.
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presents the recovered amplitude and phase of the along track 1-cpr accelerations adjusted in
30-min time spans from each of the GPS RD 30-h arcs spanning nearly 1.5 cyclesin 8’ (angle
between the Earth-Sun Vector and the orbit plane). The figure shows a remarkably coherent
large-scale correlation with 8’ and demonstrates the capability of the reduced dynamic
approach to compensate for mismodeled forces, dominated in this case by radiation pressure.
Figure 6b shows the recovered amplitude of the 1-cpr along-track accelerations estimated
over cycle 9 using three different solutions: SLR+DORIS Dyn, SLR+DORIS+Xover RD,
and GPS RD. The figure shows the more frequent estimation of acceleration parameters
used in the two solutions employing the reduced dynamic technique capture significantly
more structure about the mean accelerations recovered in the dynamic solution. Although
the GPS RD solution has more structure than the SLR+DORIS+Xover RD solution, there
is a remarkable similarity in the accelerations captured from completely different tracking
technologies using the reduced dynamic solution strategy. Figure 6¢ presents a periodogram
of the recovered along-track 1-cpr acceleration amplitude for both the GPS RD and the
SLR+DORIS+Xover RD solutions. Figure 6¢ gives another demonstration that different
tracking technologies have captured a similar acceleration pattern. Although, both display
similar structure, considerably more power is captured in the GPS RD solution at many main
frequencies, demonstrating the GPS RD solution offers the best resolution for representing
the mismodeled forces. The analysis shows the recovered accelerations from our reduced
dynamic solution technique are physically realistic and compensate for gravity, tide, and
nonconservative force model error, and therefore significantly improve the orbit accuracy
as demonstrated in the previous analyses.

Crossover Residual Analysis

Long-period geographically correlated radial orbit error can mask and contaminate oceano-
graphic signals observed through altimeter observations. Orbit errors arising from such
sources as anticorrelated gravity error, tidal modeling error, and inertial reference frame
errors can be a particular nuisance. In order to characterize these types of orbit errors we can
exploit the altimeter crossover data itself beyond that discussed in the section on Tracking
Data Residual and Orbit Overlap Analysis. Unlike orbit difference analysis, crossovers of-
fer an important independent measure of orbit error such as the anticorrelated gravity error
(Rosborough et al. 1986; Scharoo and Visser 1998). Figure 7 shows altimeter crossover
residuals from cycles 8-24 averaged over 5° x 5° bins for three different types of orbit
solutions. The three maps show a progressive and significant reduction of the radial orbit
error from the SLR-+DORIS Dyn, to the SLR+DORIS+Xover RD, to the GPS RD solution.
These maps show a good agreement to the orbit difference standard deviation maps shown in
Figures 5c and 5d. It should be noted that the crossover data contain nonorbit signal includ-
ing altimeter measurement error and oceanographic signal. Therefore, caution should be
exercised when interpreting these results as an absolute measure of radial orbit error. Never-
theless, this analysis can be used as a relative gauge of orbit error and clearly demonstrates
the GPS RD solutions are accommodating a significant part of the JGM3 anticorrelated
gravity error. Although the crossover variance is dominated by oceanographic signal and
altimeter modeling error, we have also observed a significant reduction in crossover vari-
ance using the GPS RD solution, as previously shown in Table 5. These crossover analysis
results show a substantial improvement in radial orbit accuracy has been achieved by the
GPS-based RD solutions accommodating gravity, tide and nonconservative force modeling
eITors.

The crossover residual mean computed globally per cycle allows us to observe anti-
correlated gravity error and long period radial orbit error arising from such sources as tidal
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a) SLR+DORIS DYN (17.0 mm rms)

¢) GPS RD (14.5 mm rms)
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FIGURE 7 Average altimeter crossover residuals map. Crossover residuals averaged over
5° x 5° bins for cycles 8—24 show radial orbit error primarily due to anticorrelated gravity
error. The three maps show a progressive and significant reduction of this error from the
dynamic SLR+DORIS to the reduced dynamic GPS solutions. These maps bare a good
resemblance to the orbit difference standard deviation maps (Figures 6¢ and 6d). Unlike
orbit differences, crossovers offer an independent direct measure of orbit error but also
contain nonorbit signal.
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FIGURE 8 Crossover residual mean time series. Altimeter crossover residual means, cy-
cles 824, show that the least variation are seen in the SLR+DORIS+Crossover, and
GPS-based orbits. The most variation is seen with the SLR+DORIS orbits. The interesting,
approximately 60-day signature, seen with all of the orbits and best seen with the GPS, may
be due to a nonorbit effect such as mismodeling of surface tides, ionosphere or atmospheric
pressure corrections.

modeling error and mean offsets in the inertial frame. Figure 8 presents a time series of
altimeter crossover means computed globally per cycle. Of the solutions that are indepen-
dent to the altimeter crossover data, the SLR+DORIS Dyn and RD solutions show a much
larger variation and mean than the GPS-based RD orbits. Of particular interest in Figure 8
is the 60-day signature in the mean altimeter crossover residual time series clearly observed
by the GPS-based orbit solutions. Orbit solutions based on SLR+DORIS data also see this
60-day signature but are much noisier or have an additional signal superimposed. The data
in Figure 8 also show that employing the reduced dynamic technique in the SLR+DORIS-
based solution does not significantly change this signal, lending input to the notion that this
signal is not likely a force modeling error. Furthermore, because this signal is observed in
both SLR+DORIS- and GPS-based solutions, and because of its 60-day periodicity, it is
not likely due to mean offsets of the orbit in the inertial frame.

It is quite possible that this signal is not an orbit error at all, but arises from an altimeter
measurement modeling error such as surface tide, ionosphere, or atmospheric pressure
corrections. One possible explanation is that this error is caused by errors in the S2 and/or
M2 constituents of the surface tide model used in the altimeter measurement modeling.
The S2 and M2 tides have Jason-1 aliasing periods near 60 days and comprise two of the
largest tidal constituents on the ocean surface (Marshall et al. 1995). The estimates of these
tidal constituents could have been contaminated from errors in the T/P orbits that were
computed based on SLR+DORIS Dyn solutions. We have seen throughout this article that
these orbit solutions have significant force modeling errors. Therefore, it is possible that
tidal, gravity, and nonconservative force modeling orbit errors could have corrupted the
T/P-derived surface tide models at the dominant S2 and M2 constituents. It is possible that
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we are now observing these tide modeling errors in the altimeter data itself because we
have significantly reduced the orbit force modeling errors for Jason-1 using the GPS-based
RD solution. However, further analysis will be necessary to fully understand this signal.
Of course, this is one possible explanation, but the real importance of this analysis is that
it shows the significant improvement in orbit accuracy achieved with the GPS-based RD
solutions is now making it possible to observe altimeter measurement modeling errors and
signal at the sub-cm level.

Conclusions

Achieving the Jason-1 radial orbit accuracy goal of 1-cm presented not only the challenge of
producing these orbits, but also the challenge of demonstrating the accuracy of these orbits.
Proper assessment of orbit accuracy, determination of the best orbit strategy, and character-
ization of the resultant orbit errors were the main goals of this article. Meeting these goals
required the processing of all tracking data types available whether they were included in
the orbit solution or withheld as independent data to assess orbit performance. We have
computed and assessed the performance of five candidate orbit solutions determined from
various combinations of the available Jason-1 tracking data and using different solution
techniques. Using independent and dependent tracking data analysis, orbit difference anal-
ysis, and crossover residual performance analysis, we have demonstrated our GPS-based
reduced dynamic orbits are achieving the 1-cm radial orbit accuracy goal. We have also
demonstrated these orbits are very well centered and argued that the GPS-based orbits are
as well centered or better than the SLR4+DORIS orbits.

Towards the development and analysis of our orbits at the 1-cm level we have also pro-
duced significantly better orbits without GPS data. Specifically, the SLR+DORIS+XOVER
RD orbits represent a significant improvement over the traditional SLR+-DORIS Dyn orbits
and provide the necessary independent high-accuracy orbits that compare at the 1-cm radial
RMS level with our GPS-based reduced dynamic orbits. We have also demonstrated that
combination GPS+4SLR solutions outperform GPS-only solutions. Analysis of the time
series of the crossover residual global mean computed per cycle shows the GPS reduced
dynamic solutions clearly resolve a striking 60-day periodicity. It was hypothesized that
the cause of this signal is likely error in the surface tide, ionosphere, and/or atmospheric
pressure corrections in the altimeter measurement model and not an orbit artifact. The im-
portant point is that the GPS-based reduced dynamic orbits are now at the accuracy level
that they can begin to resolve these types of signals.

The accuracy achieved by the GPS-based reduced dynamic orbits are a direct result
of both hardware and reference frame improvements (stations and GPS orbits) and the
many improvements made in the GPS measurement modeling, including the postlaunch
determination of an antenna phase correction map. Further improvements in GPS track-
ing data such as cycle slip and noise reduction and further enhancements in measurement
modeling such as integer ambiguity bias resolution and enhancements to the GPS station
positions/orbits can further improve orbit accuracy. It is important to recognize that the
SLR data provides an invaluable direct and independent measure of radial orbit accuracy
for calibrating and validating our GPS-based solutions and has also been shown to improve
upon these solutions when included in the orbit determination. Further orbit accuracy im-
provement can be realized by enhancements in the spatial and temporal distribution of the
SLR tracking data. Nevertheless, the 1-cm orbit accuracy currently achieved by the GPS
and GPS+SLR reduced dynamic solutions represents a significant improvement in radial
orbit accuracy and will enable the resolution of new signals and features within the altimetry
data.
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