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Abstract: Satellite altimetry plays a key role in monitoring changes in sea level and climate change.
The quality of satellite altimetry products is commonly ensured through dedicated calibration. One
such calibration is with microwave transponders acting as ground reference point targets. It is
common practice that satellite ranges between the transponder phase center and the satellite center
of gravity (CoG) are compared against the true geometric ranges to determine bias. Transponder
ranges are, however, realized by the two phase centers of the altimeter and the ground transponder.
So, to make this comparison feasible, the space origin of the measured range is transferred from the
altimeter phase center (APC) to the satellite CoG by applying a constant offset, usually referred to
as “CoG correction”. Instead of a fixed “CoG correction”, this work introduces the actual vector
between APC and CoG in space, by examining the satellite attitude. Thus, the observed and geometric
distances to the transponder are both referred to the APC. The case of Jason-3 and Sentinel-6A Michael
Freilich (Sentinel-6A MF) with two transponders on Crete (CDN1) and Gavdos (GVD1) islands is
examined. At first, the attitude of Jason-3 is determined by its quaternions. Then, analysis reveals
that the transponder bias is correlated with the Jason-3 satellite attitude. The revised calibration
brings about bias changes which fluctuate from about —2 mm to 1 mm in range and from —110 pus
to +110 ps in datation for Jason-3. Spectral analysis on the bias differences between the revised
and conventional transponder calibrations reveals constituents with periods of 117, 39 and 23 days.
Finally, the revised methodology on crossover calibrations over the GVD1 transponder results in an
improvement between the mean bias of the ascending and descending orbits by 12% for Jason-3 and
by 14% (preliminary) for Sentinel-6A MFE.
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1. Introduction

One of the most important regulators of Earth’s climate and thus key indicators in
understanding climate is the ocean. Specifically, sea level is a fundamental environmental
parameter as it reflects variations of multiple Earth mechanisms and physical processes [1].
Additionally, sea level rise is one of the most certain and threatening consequences of
climate change [2]. A rise of 30 cm would push coastlines inwards by about 30-100 m [3]
and thus cause destructive erosion, contamination of fresh water resources, reduction of
agricultural soils and floods that endanger human lives. The importance of sea level for
society led it to be included in the 50 essential climate variables (ECV) by the Global Climate
Observing System [4] and the 13 ECVs monitored by the Climate Change Initiative [5] of
the European Space Agency.

Sea level changes are primarily estimated and monitored on a global scale by satellite
altimetry. About 20 satellite altimetry missions spanning more than 30 years provide
products for various geophysical parameters that are crucial for the majority of Earth
observing programs. These geophysical parameters are related to open ocean, near-coast
areas, inland waters and ice-caps [6-9]. Moreover, some of the altimetric products that
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are routinely used in geophysical analysis and climate studies are the sea surface height,
wave height, wind speed, ionospheric total electron content, sea and land ice coverage
and polar region topography [10-15]. These products are the starting point for scientific
research, interpretation and important decision making that can largely impact society.
Thus, systematically assessing the accuracy and validity of altimetric products should be
treated as indispensable elements of all operational satellite altimetry missions.

The altimetric range, which is used for the direct calculation of sea surface heights,
is continuously monitored for its quality to identify potential instrumental errors, drifts,
etc. Altimetric ranges of one mission are also assessed with respect to other missions
for identifying relative effects. Continuously monitoring the accuracy, homogeneity, and
reliability of altimetric ranges is performed by external and independent facilities dedicated
to Calibration/Validation (Cal/Val). The Cal/Val techniques developed for this purpose are
generally classified into two main categories: those which rely on reference infrastructures
deployed at sea (e.g., buoys) or on coasts (e.g., tide gauges) and those that rely on point
targets operating on land (e.g., active transponders and corner reflectors). The present
analysis is focused on the latter category (i.e., calibration of altimetric ranges using a
transponder) and utilizes measurements acquired by two Ku-band microwave transponders
of the Permanent Facility for Altimeter Calibration (PFAC) of ESA, installed on Crete (CDN1
site) and Gavdos (GVDI1 site) islands.

Although altimeter calibration using a transponder has been proposed in the past [16],
its practical implementation has not evolved accordingly to align with algorithmic and
technological developments. The altimetry community has now acknowledged that satellite
attitude needs to be taken into account in altimetry data processing. The Ocean Surface
Topography Science Team (OSTST) Meeting in 2019 [17], recommends to include attitude
information in Geophysical Data Record (GDR) products, and for the older altimeters.

Up to now, effects arising from satellite attitude have been routinely considered in
precise orbit determination (POD). Satellite attitude is realized in POD by either a priori
attitude models (called “nominal” attitude), or by on-board measurements realized by
star tracker cameras. Recent results [18] show that the use of observation-based attitude
improves orbit determination with Satellite Laser Ranging (SLR) for the Jason series. An
improvement of about 4.5-8.3% in the orbit RMS is reported in [18] when using the
observation-based attitude instead of the nominal model. In addition, when POD results
for Jason-3 are determined using the observation-based attitude, it leads to an average RMS
of 3.29 cm instead of 4.13 cm with the nominal attitude model [19].

Besides orbit determination, non-ideal attitude has an additional effect on altimetric
measurements and ocean products. In [20,21], a correction was proposed for the measured
ocean range of Geosat and TOPEX/Poseidon altimeters, respectively. This correction ac-
counted for instrument biases due to significant wave height and attitude (off-nadir) angle,
estimated from the averaged return waveform using the Brown model. A degradation of
the Jason-1 star tracker system was observed in April 2002, which led to abnormally large
attitude angles and a reduced accuracy of altimetric products derived by conventional
retracking algorithms. To account for these large attitude angles, a second-order analytical
model for the altimeter echo and a four-parameter maximum likelihood estimator was
proposed in [22]. Their method resulted in a reduction in the bias of the geophysical
parameters estimated by the averaged return waveforms. In [23], the attitude angle was
identified as a potential indicator for detecting anomalies in the significant wave heights
estimated from SARAL/AltiKa altimetric waveforms. Non-ideal attitude is also known to
cause distortions on the measurements of altimeters operating in synthetic aperture radar
(SAR) mode. More specifically, a pitch angle can result in asymmetries in the echo power
distribution of forward- and backward-looking beams. This effect has been studied by [24]
to independently estimate the pitch angle of CryoSat-2. Finally, attitude-dependent correc-
tions have been implemented in [25] to account for non-uniform heating of the microwave
radiometer and improve the estimation of wet troposphere delays.
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A systematic review of the literature on satellite altimeter calibration using a transpon-
der indicates that attitude effects have neither been examined nor taken into account in this
context [26-31]. The non-ideal satellite attitude has been recognized in [32] as a potential
source of uncertainty affecting the altimeter antenna gain, which should always be evalu-
ated in the altimeter-to-transponder line-of-sight direction. Following the advancements
and recommendations in recent altimetry studies, the standard procedure of calibration
using a transponder should be revised accordingly to account for satellite attitude effects.
In this work, we propose and test a methodology for incorporating attitude information
into the calibration procedure. Our main objective is to improve the estimation of range and
datation biases by mitigating systematic errors coming from the nominal offset between the
altimeter phase center (APC) and the satellite center of gravity (CoG). We therefore design
an analytical method for the rigorous calculation of the offset between the APC and CoG
based on the instantaneous orientation of the satellite in three-dimensional space. We then
use this offset to refer all measurements used in the calibration to APC. Since our method
is completely based on readily available data, it can be easily implemented by calibration
teams without the need for any special pre-processing performed prior to the distribution of
altimetric products from the processing Agencies. The proposed calibration methodology
is comprehensive and can be applied to every past, current and future altimetry mission
with available attitude measurements.

We use our approach to evaluate and study attitude effects on range and datation
biases for the calibration of Jason-3. The selection of Jason-3 is motivated by the long
time series of transponder calibrations made at the CDN1 Cal/Val, spanning from 2016
to 2022. Jason-3 was also selected because it has been the reference altimetry mission
since 2016, up until Sentinel-6A Michael Freilich (Sentinel-6A MF) succeeded in this role
in 2022. Furthermore, its ~10-day repeat track orbit is more frequent compared to other
satellites, such as Haiyang-2 (~14 days) or Sentinel-3 (~27 days). Based on this fact, Jason-3
offers a time series of range and datation biases with finer temporal resolution, which
increases the reliability of spectral analysis. Finally, the necessary datasets for calibration
processing (SGDR version F, attitude information, etc.) are publicly available and cover its
entire lifespan.

This paper is structured as follows. Section 2 describes the ESA PFAC infrastructure, its
instrumentation, Cal/Val site distribution and current Cal/Val activities. Section 3 discusses
the determination of attitude angles, the fundamental methodology for the calculation of
range and datation biases using a transponder and the application of the revised processing
accounting for attitude effects. The most important findings are presented and discussed in
Section 4. Finally, Section 5 provides the main conclusions of this investigation.

2. Ground Cal/Val Infrastructure

The ground infrastructure of the PFAC is located in west Crete, Greece (Figure 1). It is
dedicated to satellite altimetry Cal/Val activities by providing both indirect (sea-surface)
and direct (transponder) absolute calibrations of all overflying altimeters. Established in
2004, the PFAC has been delivering bias results for every international altimetry mission,
such as Jason-1/2/3, SARAL/AltiKa, HaiYang-2A & B, CryoSat-2, Sentinel-3A & B and
Sentinel-6A MF [33]. It consists of (a) four permanent sea-surface calibration sites, namely
the GVDS8 Cal/Val site on Gavdos island, the CRS1, SUG1 and RDK1 Cal/Val sites in
southwest Crete, and (b) two Ku-band (central frequency 13.575 GHz) transponder sites for
absolute calibration of satellite altimeters [29].
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Figure 1. A map of the PFAC infrastructure with Jason-3 orbits forming a crossover at Gavdos island.

The first transponder site, named CDNI1, is located in a mountainous region at an
elevation of about 1050 m in the western part of Crete and has been continuously opera-
tional since September 2015. The second site, named GVD1, was established at an elevation
of 98 m on Gavdos island in October 2021 and has also been continuously operational
since then.

With regard to the reference orbits of Jason-3 and Sentinel-6A MF, the CDN1 transpon-
der site has been used for the calibration of their descending pass D018. The GVD1
transponder site, located on a crossover point, provides calibrations for D018 about 11 s
after the CDN1 calibration of the same pass and calibrations for the ascending pass A109
about 5 days after the calibration of D018. Apart from the principal instrument of a
transponder, each Cal/Val site is equipped with additional instrumentation required for
calibration, such as permanent Global Navigation Satellite System (GNSS) stations, meteo-
rological sensors, microwave radiometer, etc. A detailed description of the infrastructure
and all geophysical corrections necessary for calibrations can be found in [29].

Both transponder Cal/Val sites are compliant with the strategy of Fiducial Reference
Measurements (FRM), established by ESA for satellite calibrations [34,35]. This FRM
strategy entails, among other things, reporting of every constituent of uncertainty associated
to the calibration process before calculating the final uncertainty of the altimeter bias.
Moreover, FRM asks for redundancy of scientific instrumentation (different manufacturers,
diverse measuring principles, various setups, etc.) and diversity in the techniques and
methods to estimate the bias. Following these guidelines, every key parameter for altimetry
calibration is estimated using different approaches and methodologies. For example,
transponder coordinates are determined by relative GNSS positioning and precise point
positioning, while tropospheric delays are estimated using GNSS observations, radiometers
and satellite sensors (e.g., Ocean and Land Color Instrument on board Sentinel-3A & B) [36].
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3. Satellite Attitude and Transponder Calibration
3.1. Determination of the Satellite Attitude

In this Section, the Jason-3 satellite will be used as an example to demonstrate the
applied methodology of attitude determination and its impact on transponder calibration.
The Jason-3 spacecraft was designed based on a “box-wing” structural model and consists
of the spacecraft bus (box) and the solar panel arrays (wings). The main scientific payload
of Jason-3 comprises the Poseidon-3B (P3B) dual frequency (13.575 GHz and 5.3 GHz) nadir-
looking radar altimeter, a microwave radiometer, a precise orbit determination system
(PODS) and an attitude determination and control system (ADCS) [37].

The PODS is responsible for the determination of the satellite’s position in space and
consists of a Doppler Orbitography and Radiopositioning Integrated by Satellite (DORIS)
receiver, a GNSS receiver and a laser retroreflector array. The ADCS provides the satellite’s
three-dimensional orientation via the combined analysis of measurements coming from
star trackers, magnetometers, sun sensors, magnetic torquers and gyroscopes. The star
trackers have optical sensors that capture snapshots of the sky to calculate the positions of
specific stars. Comparison of the observed position of stars with the corresponding one
from the on-board ephemeris results in the accurate estimation of spacecraft attitude.

The instantaneous orientation of the satellite is used by an attitude actuation mech-
anism, consisting of reaction wheels, to perform attitude adjustments. The two attitude
criteria for a reliable operation of the satellite are as follows. Firstly, the altimeter boresight
should point downwards and perpendicularly to the reference ellipsoid (nadir-pointing).
This criterion is necessary for the altimeter to receive reliable return waveforms, following
their reflection on the ocean surface. Secondly, the solar panels direction should be perpen-
dicular to the Sun arrays in order to provide and store adequate power to the satellite. The
above requirements were firstly realized in the TOPEX/Poseidon altimeter using the algo-
rithms described in [38]. The same algorithm principles are also used for the adjustment of
Jason-3 attitude.

The following reference systems need to be defined for the estimation of satellite
attitude and the post-processing of altimetric products [39]:

*  The inertial reference system (IRS; [O: UVW]), with its origin at the geocenter O.
It is a system that does not rotate with the Earth, and its axes are parallel to the
barycentric system whose origin is at the Sun. The U axis passes from the equatorial
plane with direction towards the vernal equinox V. The W axis coincides with the
Earth’s mean rotation axis, and the V axis is perpendicular to the U axis to form a right-
hand orthogonal reference system. This system is also referred to as “pseudo-inertial”
because of the acceleration arising from the Earth’s revolution around the Sun.

*  The Earth-fixed reference system (EFRS; [O: XY Z]), with its origin at the geocenter
O. It is a reference system that rotates with the Earth’s angular velocity. Its origin O
also coincides with the center of the reference ellipsoid, i.e., the WGS84 ellipsoid for
the latest processing baseline (F) of Jason-3 products. The X and Y axes are located
at the equatorial plane with directions towards the prime meridian (A = 0°) and
perpendicular to it (A = 90°), respectively. The Z axis coincides with the Earth’s
rotation axis with direction towards the North Pole.

*  The satellite body reference system (SAT; [Q: xgypzp]), with its origin at the center Q
of the launcher attachment ring on the satellite. The xp axis is parallel to the satellite
primary direction and towards the radiometer antenna. The yp axis is parallel to the
rotation axis of the solar panels with direction towards the right solar panel array.
The zp axis direction is chosen to form an orthogonal right-handed reference system.
Ideal attitude of the satellite body is realized when the zp axis is perpendicular to the
reference ellipsoid.

*  The orbital reference system (ORB; [K: xyz]), with its origin at the satellite CoG
(denoted by K in Figure 2). The x axis is along the radial vector connecting the
geocenter O and the satellite CoG, K, with direction towards the zenith (reverse
geocentric positioning [40]). The z axis is perpendicular to the satellite orbital plane
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with the same direction as the orbital angular momentum. Finally, the y axis has
a direction to complete a right-hand orthogonal reference system (i.e., towards the
satellite velocity vector but not always parallel to it).

*  The local orbital reference system or roll-pitch-yaw system (RPY; [K: xgyzo]), has
its origin at the satellite CoG, K. Its z( axis (yaw) is perpendicular to the reference
ellipsoid with a direction towards nadir. The y, axis (pitch) is perpendicular to the
orbital plane with direction opposite to angular momentum. Finally, the x( axis (roll)
is defined to form an orthogonal reference system, with the same direction as the
satellite velocity vector.

Ideal when 2, _3),

Y

Inertial: [O: ULV
Earth Rotating: [O: XYZ]
Satellite Orbit: [K: x93]
Roll-Pitch-Yaw: [K: x,,z,]
Satellite Body: [Q: 3]

Figure 2. Graphical representation of fundamental reference systems used for satellite attitude
determination. The direction OA is defined by the vernal equinox T, and the direction OB denotes
the prime meridian (A = 0°).

The reference systems listed above are presented in Figure 2. The satellite attitude
corresponds to the three-dimensional orientation of the satellite spacecraft in space, and it is
commonly described by the roll, pitch and yaw angles, i.e., the angles needed to be applied
in order to transform a vector from RPY to SAT system. In the sequel, the fundamental
expressions used to estimate the satellite attitude angles are provided.

The transformation of a column-vector X =[U, V, W] to X5 = [xp,yp,zp]', i.e., from
the inertial IRS to the satellite body reference system SAT is performed as:

XB u
Xs = |yB| = Rrsssar | V| = Rrs—sarX, 1)
ZB W

where the matrix Rg;_,5p denotes the rotation matrix (square matrix) that transforms a
vector from reference system S1 to S2. The rotation matrix Rirs_,saT is calculated using
information stored in quaternions and can be expressed by the following sequence of
rotations [18]:

Rirs—saT = Rrpy—saTRORB—RPYRIRS—ORB- )

Solving Equation (2) with respect to Rrpy_,saT yields

T T
RRPY%SAT = RIRS%SATRIRSHORBRORBHRPY/ (3)
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where the relation Rgl g = Rsillesz = Rgp_,51 applies, as a rotation matrix is always
orthogonal and thus its transpose will be equal to its inverse. The rotation matrix Rirs_,0orp
can be derived from the satellite state vector (i.e., position vector r and velocity vector v) in
the IRF system, as follows:

T
Rirsors = [R1 Ry R3], 4)
with the components Ry, R, and Rj3 defined as

L Ry ”V|, R, = R3 x Ry, ©)

- [r x v

and the rotation matrix Rorpg_,rpy given by

0O 1 0
Rorgsrpy = | 0 0 —17. (6)
-1 0 O

After the calculation of Rrpy_,saT from Equation (2) through (6), the evaluation of roll, pitch
and yaw angles, denoted as 0;, 6, and 0,, respectively, is performed using the elements of
Rgpy_ssar, as follows:

R(3,2)
R(3,3)

9, = — arctan ( ), 6, = arcsin (R(3,1)), 6, = —arctan <R(2'1)>, (7)

R(1,1)

with R(4, j) denoting the i-th row and j-th column element of the rotation matrix R. All
rotation angles are considered passive (i.e., the reference systems are actually rotated and
not the contextual vectors) and positive in the counter-clockwise direction.

3.2. Range and Datation Bias

The range bias of a satellite altimeter represents the systematic error in measuring
distances. This bias is estimated by comparing the altimeter (or measured) range with the
corresponding geometric distance (considered the “true” value) between the satellite CoG
and the reflecting target (in this work the microwave transponder). The initial estimation
of the measured range is typically performed by the altimeter tracker or by a retracking
algorithm and is based on the return waveform. The shape of the return waveform is
described by the Brown model [41] over ocean regions and by a point target response (PTR)
over transponders. A profile map of the PFAC transponder sites and the Jason-3 return
waveforms transitioning between a Brown model and a PTR is presented in Figure 3.

In the context of calibration with a transponder, a number of corrections need to be
applied to the measured and geometric ranges to correctly estimate the altimeter range
bias [29]. The corrections to the initial measured range (i.e., tracker range) are applied
partially from the processing Agencies and the Cal/Val teams. Conventional corrections
applied by the processing Agencies account for the offset distance between the APC and
satellite CoG, the ultra-stable oscillator (USO) drift, internal path delay and instrumental
and system errors. The corrections applied by the Cal/Val teams are due to the effects of
the ionosphere and troposphere (atmospheric delays), the transponder internal path delay
and the Doppler effect as a consequence of the relative velocity of the altimeter satellite
with respect to the transponder. Additional corrections are applied to the geometric range
to account for displacements of the transponder position caused by tidal and non-tidal
effects of atmosphere, solid Earth, pole and ocean loading.

The offset between APC and CoG, also known as “CoG correction”, is associated
with satellite attitude. Given the objectives of this study, we isolate this parameter from
the rest of the corrections and examine how its current implementation influences bias
results. Based on the information given in the beginning of this section, the range bias B(t)
is defined as follows:
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Bin number

100
80
60

40 =

20

B(t) = r(t) —ro(t), ®)

where r(t) and r(t) denote the corrected measured range and corrected geometric range,
respectively, both of which refer to the satellite CoG. Since both ranges change as the
satellite flies over the transponder, they are functions of time t. The range r(t) is written in
terms of the corrected measured range R(t) referred to the APC, as follows:

r(t) = R(t) + o7, )

with dr being the CoG correction. The corrected geometric range ry(t) is calculated by:

ro(t) = \/(XTRP _ XCoG(t))z + (YTRP _ YCoG(t))2 + (ZTRP ZCoG(t))zr (10)

where (X, Y, Z) are the coordinates of the transponder (superscript TRP) and satellite CoG
(superscript CoG) in the Earth-fixed reference system. In Equation (10), it is assumed that
the transponder coordinates are constant for a specific cycle.

A second type of bias estimated during the calibration of an altimetric system is the
datation (or time-tagging) bias. This bias provides information regarding the error made
on the reference time of the altimetric measurements [42]. The definition of datation bias is
based on the time of closest approach (TCA), which represents the time at which the distance
between transponder and satellite is minimized. Two types of TCA are associated with
the calculation of datation bias. The first one is the time at which the corrected measured
range is minimized, and the second one is the time at which the corrected geometric range
is minimized. Since the histories of both ranges form a parabolic curve over a transponder
(Figure 3), the two TCAs denote the vertex position of the corresponding parabolas. The
datation bias is defined as the difference between the two TCAs, as follows

dt = argminr(t) — argminry(t), (11)
t€R+ t€R+

where the function arg min, f(x) returns the value of x that minimizes f(x).

T
CDN1 GVD1

N
Unscaled power

=N

- W

03:08:40 03:08:45 03:08:50

Time [hh:mm:ss]

Figure 3. Topographic and bathymetric profile along the Jason-3 D018 (descending) pass, starting
from the north with the CDN1 transponder in Crete, passing over the sea region between Crete and
Gavdos, and reaching the GVD1 transponder south in Gavdos. The generated averaged waveforms
of the transponder signals are also shown (bottom).

3.3. Calibration Accounting for Satellite Attitude

For altimeter calibration with a transponder, it is common practice that the corrected
measured range r(t) is used for the evaluation of range and datation biases based on
Equations (8) and (11), respectively. As already described in Section 3.1, this measured
range is transferred from APC to CoG by the processing Agencies using the CoG correction
6r. The description provided in the product handbook of each altimetry mission states that
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the CoG correction is defined as the distance along the z-axis between APC and CoG in the
satellite body reference frame. Since this parameter is derived using the geometry of the
spacecraft, its value is constant for the entire duration of a mission and for its observations.
A review of previous investigations showed that the measured range used for calibration
is indeed referred to CoG. For example, Hausleitner et al. [27] mentions that the Jason-2
altimeter range is referred to the CoG, by applying a CoG correction, given in the GDR
products. Inspection of Jason-2 GDR products reveals that this parameter is in fact constant.
The work of Cristea and Moore [26] also mentions that a constant CoG offset is also applied
to reduce the observed range for the satellite geometry prior to the calculation of EnviSat
range bias using a transponder.

It is important to examine the implications of applying a constant CoG correction to
the measured range instead of a varying correction originated from alterations in satellite
attitude. We firstly discuss the case of altimetric measurements over oceans. Figure 4a
shows an example of an ideal attitude for an orbiting satellite, where its altimeter antenna
points perpendicularly to the ellipsoid. The ocean surface point, OCN1, can be considered
a nadir-located target. The line segments |OCN1, APC|, |APC, CoG’| and |OCN1, CoG’|
represent the observed range referred to APC, the constant CoG correction and the observed
range referred to the CoG’, respectively. The CoG’ point represents the apparent CoG of the
satellite at which the measured range r(t) is referred to after applying the CoG correction
Or using Equation (9). Finally, the line segment |OCN2, CoG| denotes the distance between
the true CoG and the sea surface. From the geometry of Figure 4a, it is evident that, for
an ideal attitude, the distances |OCN1, CoG’| and |OCN2, CoG]| are equal. It is therefore
reasonable to consider that the measured range is correctly referred to the true CoG when
the constant distance between APC-CoG along the z-axis is used.

Figure 4b shows the case of non-ideal attitude, where only a pitch rotation (exagger-
ated) is displayed for simplicity. Assuming that all rotations are performed with respect to
the CoG, the non-ideal attitude results in a change in the position of APC and thus CoG’.
As a consequence, | OCN1,CoG’| distance is no longer equal to | OCN2,CoG | distance,
and therefore the measured range is not realistically referred to the true CoG.

Xp Yp

T ZB

.
i z
APC ; E B
—b’ 0.9966 mi— Sentinel 6 :
—»0.6367 mi<+— Jason-3 §
OCN1 : OCN2 i 5
H OCNT1 ! 1 OCN2
[T - ‘:. — A d_' ——
ellipsoid ' ellipsoid

(a) (b)
Figure 4. Altimetric measurement acquisition over sea surface for (a) ideal and (b) non-ideal satellite
orientation. The axes of the SAT system (satellite body system) are also presented.

We continue by examining the impact of satellite attitude on altimetric measurements
acquired over point targets (e.g., during an altimeter calibration with a transponder). A
fundamental difference here is that, unlike ocean surface, transponders are practically
never located directly at the nadir of the altimeter antenna. This is because the selection
of a transponder site is limited by (a) the terrain topography and site accessibility based
on existing road infrastructure, (b) the need to support the simultaneous calibration of
multiple missions, and (c) the quality of the signal clutter in the area. Even if a transponder
is installed at the nadir of a satellite based on its nominal orbit, the repeat ground track
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location of a specific satellite pass can vary several hundreds of meters on the ground even
for consecutive cycles.

The case of a satellite with ideal attitude passing over a transponder is given in Figure 5a.
The CoG correction denoted by the equidistant line segments | APC;By | and | APC;B| is
again applied to the measured range | APC;A | and accounts for the coordinate difference
between APC and CoG in the zp direction. As a result, the measured range is referred
to the apparent CoG, which corresponds to point B. The same also applies for non-ideal
satellite attitude, as demonstrated in Figure 5b. It is evident in both cases that the corrected
measured range | A;B| is not equal to the line segment | A;GoC |; therefore, the measured
range 7(t) is not accurately referred to the satellite CoG.

From the discussion provided so far, it can be concluded that the conventional im-
plementation of CoG correction is proper only when both of the following requirements
are met: (a) ideal satellite attitude (i.e., zero attitude angles) and (b) targets located along
the altimeter nadir. For satellites passing over transponders, none of these requirements
are met. It is therefore reasonable to argue that during satellite calibration, the measured
range r(t) is not correctly referred to the CoG. On the contrary, the geometric distance ()
is rigorously referred to CoG, since the estimated CoG coordinates provided in the GDR
products already account for attitude effects. This inconsistency has a direct impact on
the evaluation of range bias using Equation (8). In addition, the different reference of the
measured and geometric range can affect the TCA and introduce errors in the estimation
of datation bias using Equation (11). The datation errors due to non-ideal attitude mostly
depend on the relative position between B and CoG.

]

. Y
Ty
CoG Correction

@

7 Transponder

(b)

Figure 5. Altimetric measurement acquisition over a transponder for (a) ideal and (b) non-ideal

satellite orientation (when pitch is introduced). The vector with origin at the satellite’s CoG and end
at the APC is presented. The “CoG correction” is the distance added to the measured range (i.e., A,
APC) to account for the APC offset. The axes of the satellite body reference system are also presented.

It is evident that attitude effects have an influence on transponder results and need to
be further examined. An improved calibration procedure that accounts for these effects
using attitude information is also required. A revisited calibration procedure is discussed
in the rest of this section.

Attitude effects on transponder results can be corrected by rigorously referring the
measured and geometric ranges to the same reference point using information regarding
the instantaneous orientation of the spacecraft. In this work, we have chosen the APC as
the reference point for all parameters related to the calculation of range and datation biases.
The new range bias, denoted as B(t), is defined as:
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B(t) = R(t) — Ro(t), (12)

where R(t) and Ry(t) are the corrected measured and corrected geometric ranges between
transponder and APC. The calculation of R(t) is performed using Equation (9) and only
requires the subtraction of the constant CoG correction from the corrected altimeter range
used in the conventional calibration procedure. The rest of the corrections (i.e., atmospheric
delays, loading effects, etc.) are applied as usual. Following Equation (10), the geometric
range Ro(t) is defined as:

Ro(t) = \/(XTRP  XAPC(£))? 4 (YIRP _ YAPC(1))? 4 (ZIRP _ ZAPC(1)2 (13)

It is evident from Equation (13) that the evaluation of the geometric range Ry(t)
requires the calculation of APC coordinates in EFRS. The APC coordinate vector in EFRS,
denoted as VSERCS = [XAPC, YAPC, ZAPC]T, can be determined using the relation:

Vitrs = VPR + AVErrs, (14)

where Vgl‘:’gs is the CoG coordinate vector and AVgggrg the CoG-APC baseline vector in
EFRS. The vector V%lg’gs corresponds to the satellite position as defined by orbit determina-
tion. The baseline vector AVgrrs depends on the satellite attitude and is transformed from
SAT system [Q: xpypzg] to EFRS system [O: XY Z] using the equation:

AVErrRs = RoaTErRsAVsAT = RirsEFRSRSATSIRSAVSAT. (15)

The calculation of rotation matrix Rigg_,grrs for the transformation between IRS and
EFRS is described in the IERS conventions 2010 [43,44]. The calculation of RgaT_,jrs can be
performed as already discussed in Section 3.2, and the evaluation of vector AVgur is based
on the spacecraft geometry and mass properties that are provided in the corresponding
mission documentation. The APC and CoG coordinates in the SAT system for Jason-3 and
Sentinel-6A MF are given in Table 1. During the spacecraft operation, the CoG is subject to
a minor displacement over time due to events such as fuel consumption (Figure 6). The
precise evaluation of AVgar(t) at a specific time epoch f is performed as follows:

AVsar(t) = AVgar(to) + dVsar(t). (16)

The first term on the right-hand side of Equation (16) denotes the APC-CoG baseline
vector as measured prior to the satellite deployment, and the second term denotes its
temporal variations due to the CoG displacement [37]. The Jason-3 xp-axis component of
the CoG displacement in the SAT system is given in Figure 6, along with the spacecraft
mass change.

Table 1. Coordinates of reference points (CoG and APC) in the SAT system for Jason-3 and Sentinel-6A
MF [37,45].

Reference Points xp (m) yp (m) zg (m)
Spacecraft center of gravit 1.0023 0.0000 —0.0021
Jason-3 P 8 y
Altimeter phase center 1.6390 0.0000 0.6644
o Spacecraft center of gravity 1.5274 —0.0073 0.0373
Sentinel-6AME "%\ 14i meter phase center 2.5240 0.0001 0.5650

In line with Equation (11), the new datation bias, cﬁ, after referring all parameters to
APC is given by:
dt = argmin R(t) — argmin Ry (t). (17)
teRy teRy
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We finally define the attitude effect on range and datation bias per cycle (denoted
6B and 6T, respectively) as the bias difference before and after accounting for non-ideal
attitude, i.e.,:

6B =B —B, (18)
and N

6T = dt — dt. (19)
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Figure 6. Jason-3 mass and CoG (x-component) history since deployment.

4. Results
4.1. Jason-3 Attitude Determination

The Jason-3 attitude angles are evaluated at the TCA over CDN1 and GVD1 transpon-
der sites for each cycle using the methodology of Section 3.1. The files containing the
Jason-3 quaternion data for the construction of matrix Rirs_,saT are acquired from NASA’s
Crustal Dynamics Data Information System (CDDIS). Each quaternion file covers a time
period of 28 h with a temporal resolution of 30 s. The data stored in consecutive quaternion
files have a two-hour overlap. The quaternions at a specific TCA are estimated using
spherical linear interpolation. Daily values of mass and CoG displacements for Jason-3 are
obtained from the International DORIS Service (IDS). The estimation of CoG displacements
at TCA is performed using linear interpolation. The estimated CoG displacements are then
used for the calculation of 6Vgar parameter.

The attitude angles are presented in Figure 7 for the entire duration of the Jason-3
operational phase (February 2016-April 2022) before transitioning to an interleaved orbit
(after the end of Sentinel-6A MF tandem phase). The temporal resolution of all time
series in Figure 7 is 9.915 days, which corresponds to the repeat period of Jason-3. Each
sample represents a different cycle, with the entire time series spanning 226 cycles. The
presence of an attitude angle for a specific cycle does not necessarily denote an operation
of the corresponding transponder. For example, the calculation of attitude angles for the
GVD1 transponder location is performed for the entire duration of Jason-3 altimetric phase,
although operation of the GVD1 transponder commenced in October 2021. Therefore, all
attitude angles for the GVD1 D018 and GVD1 A109 times series before October 2021 are
referred to the Jason-3 TCA over the “apparent” GVD1 transponder location. Obtaining
a complete time series for the GVD1 site increases the confidence of spectral analysis on
attitude angles.

Due to the relatively short time period (11 s; see Figure 3) it takes Jason-3 to travel from
the CDN1 Cal/Val site in Crete to the GVD1 Cal/Val site in Gavdos, the attitude angles
remain almost unchanged, and thus the CDN1 D018 and GVD1 D018 time series overlap
(Figure 7). From the results of Figure 7, an incident of abnormal roll (6, = 7.25°) and pitch
(8, = 19.58°) angles is evident in both CDN1 D018 and GVD1 D018 time series at 2020.67
(9 September 2020 22:32:43, cycle 169). These extreme angles are caused by the on-board
gyro calibration, which occurred on 9 September 2020 from 22:13:36 to 23:04:55 [46]. It is
worth noting that for this date, the returned waveform did not correspond to a typical point
target response. Consequently, the calibration of Jason-3 could not be performed. Prior to
the examination of the satellite attitude, this strange behavior of the returned waveform
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could not be explained; therefore, the reason for this unsuccessful calibration was not clear
to the PFAC Cal/Val team. This highlights the importance of always examining the satellite
attitude and not taking for granted nominal attitude in the context of Cal/Val activities.
There are sporadic gaps in the time series of Jason-3 attitude angles in Figure 7, e.g.,
on26 February 2019 (cycle 112), 8 February 2020 (cycle 147) and 16 June 2020 (cycle 160),
because the satellite was set on safe hold mode [46]; thus, quaternions are not available.
The general behavior of the roll angle 6, is approximately the same for all time series,

with values fluctuating from 6, = —0.12° to —0.03°. The pitch angle 6, is positive for
the descending pass D018 from 6, = +0.08° to +0.17° and negative for the ascending
pass A109 from 6, = —0.17° to —0.08°; hence, the pitch angle is also in agreement in

terms of absolute magnitude for all time series. Finally, the yaw angle 6, is between —180°
and 180° in all cases, as expected. It is worth noting that the satellite spacecraft performs
recurrent yaw flip maneuvers (i.e., yaw transitions from 6, = 0° to +180° and conversely)
approximately every 58 days. These maneuvers are carried out for sufficient power inflow,
and their scheduling is based on a Sun-pointing algorithm.

[~e—cDN1 D018 —e—GVD1 D018 —»—GVD1 A109)

0.1

Roll angle [°]

Pitch angle [°]
O

ool VJ\’" NN N N S TN X

Yaw angle [°]

,{ |
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Year

Figure 7. Jason-3 roll, pitch and yaw angles at CDN1 and GVD1 calibration sites.

A spectral analysis of Jason-3 attitude angles over CDN1 and GVD1 transponders was
performed to identify main periodic constituents. The amplitude spectra were calculated
using the standard Fast Fourier transform algorithm and are provided in Figure 8. The
results reveal various periodic constituents for Jason-3 roll, pitch and yaw angles. The
periodicities of the most distinct spectral peaks are estimated after applying a Hann window
to the time series of Figure 7 to reduce side lobe artifacts and are summarized in Table 2.
Differences were observed in both peak amplitudes and peak periodicities among the
different attitude angles and satellite passes. For example, the amplitude of the roll angle
at 117 days period is larger for D018 compared to A109, whereas the opposite is true for
the yaw angle amplitude at 58 days period. Additionally, there were periodic constituents
present in D018 amplitude spectra but not in A109, and vice versa. For example, the
periodic constituent of 88 days for the yaw angle spectrum is evident in D018 but does not
exist in A109. Another case is the periodic constituent of 51 days for the pitch angle, which
is only present in A109 (Table 2).
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For the majority of cases, the constituent with the strongest amplitude corresponds to
the 117 days period, followed by the 39 days period for the roll and pitch angles and by the
58 days period for the yaw angle. Two notable exceptions are the pitch amplitude spectra
for the CDN1 and GVD1 D018 passes, where the strongest amplitude is at the 39 days
period with a marginally higher value than the 117 days period. Some differences in the
amplitudes of the most prominent periodic constituents are also evident. For example, the
D018 passes have a larger amplitude than A109 at the period of 117 days for the roll angle.
The most pronounced periodic constituents (117, 58 and 39 days) of Jason-3 attitude angles
are also evident in the time series of range bias, as derived from the CDN1 transponder [47].
The period of 117 days corresponds to Jason-3 draconic period (i.e., period of solar beta
angle). Finally, the period of 58 days is the yaw flip-maneuver period of Jason-3 and exists
only in the yaw angle spectrum, as expected.

Table 2. Main periods (in days) of Jason-3 attitude angles obtained by spectral analysis with a
Hann window.

Roll Pitch Yaw
CDN1/GVD1 D018 117,39, 32,27,23.5,21 117,39, 32,27, 23.5, 21 117,88, 58, 47, 39, 32,27, 23.5, 21
GVD1 A109 117,39, 32,27, 235,21 117,70, 51, 39, 32, 27,235, 21 117,58, 39, 32, 27,23.5, 21
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Figure 8. Jason-3 roll, pitch and yaw amplitude spectrum at CDN1 and GVD1 calibration sites. The
framed area on the bottom left is zoomed and presented on the upper right part of the figures.

4.2. Jason-3 Attitude Effects on Transponder Results

The attitude effects of the Jason-3 spacecraft on range and datation biases were derived
using the methodology of Section 3.3. The time series of 6B and 6T effects for each D018
and A109 cycle with a successful calibration from CDN1 and GVD1 sites are presented
in Figure 9. It is evident from the results that the attitude effect on range bias spans from
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approximately —2 mm to +1 mm, whereas the effect on datation varies between +110 ps.
The two effects show an inversely proportional behavior, i.e., as 6B increases, 6T decreases.
It is also apparent from Figure 9 that there are upper and lower limits for the attitude effects
on T generated by attitude variations. The outer limits of attitude effects stem from the
CoG-APC baseline length, which is constant (assuming temporal variations are negligible)
and restricted by the physical dimensions of the satellite.

I 1 1
[~e—cDN1 P018 —e—GVD1 PO18 —o—GVD1 P109]

NN

3 T T T
2

AU
AR

2016 2017 2018 2019 2020 2021 2022

o -
|
|

0B [mm]

'
N
T

-

o

o
|

o

|
————O

| |

ST [us]

-100

Figure 9. Time series of Jason-3 attitude effects on range (top) and datation (bottom) biases.

In order to identify additional patterns in the behavior of 6B and 6T, we provide
scatter plots of the generated attitude effects as a function of roll, pitch and yaw angles
(Figure 10). From the right diagrams of Figure 10, it is evident that attitude effects become
large when the yaw angle is either 6, = 0° or 6, = +180°. The APC precedes the CoG
with respect to the transponder location on the ground (Table 1) when the satellite flies
with 6, = 0°. In this case, the effect on range bias becomes minimum (6B = —1.7 mm),
and datation grows to a maximum value (6T = 110 ps). The opposite behavior arises
when the satellite flies with 6, = 180° with CoG preceding the APC (Table 1). In this flying
orientation, the effect on range bias becomes the maximum (6B = 0.7 mm), and datation
comes to a minimum (6T = —110 ps). When the satellite is aligned at a right angle with
respect to flight direction, where the yaw angle is 6, = +90°, the impact on datation is
negligible, i.e., 6T = 0.

Datation seems to be affected primarily from the yaw angle. The effect of yaw attitude
on T can be approximated using the relation:

ST Vrcos b, _ |CoG; By| cos 6,

p 20
o] o] @0)

where the Vg, is the projection component of the CoG-APC baseline vector on the
xp-axis in the SAT system which starts from the CoG and terminates at By as presented
in Figure 5a. The |u| represents the magnitude of the satellite’s velocity in the EFRS. In
practice, Equation (20) describes the time it takes for Jason-3 to cover the distance between
APC and CoG projected onto the flight direction. The values of T are evaluated for the
complete range of yaw angles using Equation (20). The results are shown in Figure 10. It is
evident that the modeled yaw effect of Equation (20) (shown with red dots on Figure 10) is
in good agreement with the actual result of the analytical solution (blue dots) for datation.
The attitude angles of pitch and roll seem not to significantly influence the datation as
shown in Figure 10.
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Figure 10. Jason-3 attitude effects B (top) and 6T (bottom) as a function of yaw plotted with respect
to roll, pitch and yaw for the CDN1 transponder Cal/Val site and the descending pass D018.

Another spectral analysis on 6B and 4T is also performed to examine any potential
propagation of periodic effects of attitude angles to biases. The spectral analysis is shown
in Figure 11, and it can be seen that the periods with the greatest amplitude (in descending
order of magnitude) are: 39, 23 and 117 days. These periods have already been revealed
by the spectral analysis of the angles shown in Figure 8. This resemblance in periodicities
corroborates the existence of effects on biases coming from attitude variations.

4.3. Jason-3 and Sentinel-6A MF Crossover Analysis

The GVD1 Cal/Val site is located at a crossover point, which is defined by A109
and D018 passes of Jason-3 nominal orbit (Figure 1). The time difference between two
consecutive satellite passes over GVD1 is about five days. Altimeter calibrations conducted
using the GVDI1 transponder offer the possibility of a crossover analysis. In this section, we
calculate the range bias of Jason-3 for both A109 and D018 passes using the conventional and
new calibration procedure. We then evaluate the range bias difference per cycle between
A109 and D018 for each calibration procedure. This difference defines the crossover bias.
It can be used to assess the altimeter performance and help identify systematic effects.
The evaluation and comparison of crossover bias for the two calibration procedures can
also yield valuable information regarding attitude effects on transponder results. This
experiment is especially interesting for the case of Jason-3 since the spacecraft passes over
GVD1 with opposite pitch angles (positive pitch angle for D18 and negative pitch angle
for A109), as presented in Figure 7. The same crossover analysis is also performed for
Sentinel-6 A MF mission, as its orbital characteristics are identical to Jason-3.
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Figure 11. Amplitude spectrum of Jason-3 attitude effects on range and datation bias on CDN1 D018.
The framed area on the bottom left is zoomed and presented on the upper right part of the figures.

According to the results, the proposed calibration procedure improves the Jason-
3 crossover bias. Specifically, the mean difference between D018 and A109 using the
new calibration is reduced to 7 mm and shows an improvement of 12% compared to
conventional calibration (Figure 12). The absence of results for cycles 216 and 225 is because
the GVD1 transponder was not operational during that time. The level of improvement
presented here is comparable with the results of Jason-3 sea surface height (SSH) crossover
analysis reported in Blofifeld et al. [18]. In their study, the calculation of SSH is based on
orbits estimated using model-based and observation-based attitude realization.
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Figure 12. Jason-3 crossover bias determined by the GVD1 transponder using the conventional (red)

and new (blue) calibration procedure.

The results of Sentinel-6A MF crossover analysis are presented in Figure 13. Im-
plementing the proposed calibration procedure on Sentinel-6A MF also results in better
agreement between the range bias of the ascending and descending pass. In this case,
the averaged crossover bias is reduced from 28 mm to 24 mm, which corresponds to an
improvement of 14%. It should be emphasized that the results with the new calibration
procedure are preliminary, as the quaternions used (obtained by the Eumetsat Observation
Portal) may not provide accurate satellite orientation. According to the documentation [48],
these quaternions indeed contain information regarding the satellite orientation but were
produced primarily for radio occultation analysis. The use of this dataset is motivated by
the fact that it was the only readily available attitude information for Sentinel-6A MF during
the time that the present analysis was conducted. Therefore, the Sentinel-6A crossover



Remote Sens. 2022, 14, 6369

18 of 22

analysis results may change when attitude quaternions for altimetry processing become
publicly available [48].
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Figure 13. Sentinel-6A MF crossover bias determined by the GVDI1 transponder using the conven-
tional (red) and new (blue) calibration procedure.

5. Conclusions

In this work, we have demonstrated that the measured range used in altimeter cali-
bration with a transponder is not correctly referred to the satellite CoG because of attitude
changes. We propose an improved calibration procedure, where measured and geometric
ranges are referred to the same and specific reference point. In our case, this reference
point is chosen to be the APC. The estimation of the new geometric range between the
transponder and the APC requires the APC coordinates in the EFRS. These are determined
using the three-dimensional baseline vector between CoG and APC and satellite attitude.

The evaluation of the differences between the conventional and improved calibration
procedure allows the examination of attitude effects on range and datation biases. We
study these effects for Jason-3, which was the reference mission for approximately six years
(2016-2022). At first the Jason-3 attitude angles (i.e., roll, pitch and yaw) are determined over
the CDN1 and GVD1 transponder sites. A spectral analysis revealed periodic constituents
with periods of 117, 39 and 23 days in all attitude angles. The same periodic constituents
are also evident in the time series of range bias of the CDN1 transponder. This can serve as
a first evidence indicating that satellite attitude affects the transponder Cal/Val results.

Jason-3 attitude effects on range and datation biases show a fluctuation from —2 mm
to +1 mm and 110 ps, respectively. The magnitude of attitude effects on datation bias
corresponds to about 30% of its total value per cycle. These results indicate that non-ideal
attitude has a strong impact on datation bias. The minimum and maximum values of
attitude effects on datation bias emerge for a yaw angle of 6, = 180° (—110 ps) and 6, = 0°
(+110 ps), respectively. This is due to the relative position and orientation of APC and CoG
points in space as they pass over the transponder (i.e., which point precedes with respect to
an observer at the transponder). The attitude effect is minimized when the satellite is flying
with a yaw angle 6, = 90° because both APC and CoG points pass over the transponder at
the same time. The attitude effects on datation bias can be predicted to a large extent using
an analytical expression that is a function of the yaw angle and the x-axis distance between
APC and CoG in the SAT system.

An additional analysis was conducted at the Jason-3/Setinel-6 MF crossover point
over the GVDI transponder to assess the proposed calibration procedure. The agreement
of range bias between the ascending (A109) and descending (D018) pass using the new
calibration procedure showed an improvement of 12% for Jason-3 and 14% for Sentinel-6A
MF compared to the conventional procedure. We note that the Sentinel-6A MF results are
preliminary and may change when updated quaternions become available. The level of im-
provement for Jason-3 is comparable with previous studies Blofifeld et al. [18], Li et al. [19],
where similar crossover analyses were performed in the context of SLR orbit determination
and POD to assess the use of observation-based attitude realization.

The proposed calibration procedure is comprehensive and can be applied to every
past, current and future mission with available attitude measurements. Thus, it offers
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the capability for a more accurate and objective comparison of transponder calibration
results from different altimetry missions by removing the influence of systematic effects
that depend on both physical characteristics (e.g., internal geometric structure) and atti-
tude realization of each satellite. The new calibration procedure is not computationally
demanding and can be easily implemented by any Cal/Val team. Most importantly, it
solely depends on publicly available data (i.e., attitude quaternions and GDR products)
that do not require any type of pre-processing from the distribution agencies.

A reanalysis of transponder results using the proposed procedure can be performed
for present and past altimetry missions, resulting in an updated estimation of range and
datation biases, including relative biases between missions. The evaluation of attitude
effects on calibration with a transponder can also be tested on satellite altimetry missions
equipped with an interferometric radar altimeter, such as the operating CryoSat-2 [49],
and the upcoming missions of Surface Water and Ocean Topography (SWOT) [50], the
Copernicus polaR Ice and Snow Topography ALtimeter (CRISTAL) [51] and Guanlan [52].
For these missions, the accurate knowledge of the interferometric baseline orientation and
length in three-dimensional space is an absolute prerequisite for their nominal operation.
Apart from attitude effects, a possible impact of the phase center variation of the altimeter
antenna on transponder results can also be evaluated. Modelling and accounting for all
these effects can lead to even more rigorous calibration procedures.
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EFRS Earth-fixed reference system

ESA European Space Agency

GCRS Geocentric Celestial Reference System
GNSS Global Navigation Satellite System
ICRS International Celestial Reference System
IDS International DORIS Service

ORB Orbital Reference Frame

PCA Point of Closest Approach

PFAC Permanent Facility for Altimeter Calibration
POD Precise Orbit Determination

PTR Point Target Response

RPY Local Orbital Reference or Roll-Pitch-Yaw system
SAR Synthetic Aperture Radar

SAT Satellite body reference frame
Sentinel-6A MF  Sentinel-6A Michael Freilich

SIRAL SAR/Interferometric Radar Altimeter
SLR Satellite Laser Ranging

TCA Time of Closest Approach

TOPEX Ocean Topography Experiment

TRP Transponder

uUsoO Ultra-Stable Oscillator
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