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Abstract

The motivation behind this study is twofold. First to assess the accuracy of ERS-1 long
arc ephemerides using state of the art models. Second, to develop improved methods for
determining precise ERS-1 orbits using either short or long arc techniques.

The SATAN programs, for the computation of satellite orbits using laser data were used.
Several facilities were added to the original programs: the processing of PRARE range
and altimeter data, and a number of algorithms that allow more flexible solutions by
adjusting a number of additional parameters.

The first part of this study, before the launch of ERS-1, was done with SEASAT data.
The accuracy of SEASAT orbits computed with PRARE simulated data has been
determined. The effect of temporal distribution of tracking data along the arc and the
extent to which altimetry can replace range data have been investigated.

The second part starts with the computation of ERS-1 long arc solutions using laser
data. Some aspects of modelling the two main forces affecting ERS-1’s orbit are
investigated. With regard to the gravitational forces, the adjustment of a set of
geopotential coefficients has been considered. With respect to atmospheric drag,
extensive research has been carried out on determining the influence on orbit accuracy of
the measurements of solar fluxes (F1¢.7 indices) and geomagnetic activity (Kp indices)
used by the atmospheric model in the computation of atmospheric density at satellite
height.

Two new short arc methods have been developed: the Constrained and the Bayesian
method. Both methods are dynamic and consist of solving for the 6 osculating elements.
Using different techniques, both methods overcome the problem of normal matrix ill-
conditioning by constraining the solution. The accuracy and applicability of these
methods are discussed and compared with the traditional non-dynamic TAR method.
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Chapter 1

Introduction

Since the advent of the first satellites carrying radar sensors, precise orbits have become a
requisite for the effective exploitation of data generated by the instruments on board these
spacecraft. For the first European Space Agency remote sensing satellite (ERS-1) this is
a major requirement. Launched in July 1991, ERS-1 is the forerunner of a new
generation of space missions aiming to make a substantial contribution to the scientific
study and understanding of our environment. Circling the Earth in a near polar orbit, it
provides global and repetitive observations of the environment using advanced
microwave techniques.

Amongst other instruments ERS-1 carries a Radar Altimeter, which measures the height
of the satellite relative to the ocean surface with an accuracy of better than 10 cm. To use
these data for geodetic and oceanographic applications, the satellite's position, in
particular its radial component, should be known with an accuracy close to that of the
altimeter measurement itself.

The experience gained with SEASAT showed that for altimetric satellites, global
ephemerides at decimetre level are possible only if a precise tuned gravity field model is
available. In the absence of such a model this accuracy can only be achieved over regions
of intensive tracking using short arc techniques.

The present global gravity field models were derived from tracking data from a number
of satellites. Although they claim to be global, indeed they are tailored to the satellites
used in their solution. When applied to the computation of other satellites' orbits with
different orbital parameters, some coefficients, in particular high degree resonant
coefficients, may cause significant perturbations. The failure of PRARE (Precise Range
and Range Rate Equipment), a new tracking system especially designed for ERS-1, due
to the fatal damage of the instrument soon after launch, highly compromised the
development of a tailored gravity field model for ERS-1. Without PRARE, the only
tracking data available are laser data, which in general are sparse and with poor
geographical distribution.

In addition to the gravitational forces, surface forces, in particular atmospheric drag,
cause large errors on ERS-1 ephemerides. This is due to the fact that part of the ERS-1
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mission is taking place during a period of high solar activity, making the effects of
atmospheric drag more significant.

Through the German Processing and Archive Facility (PAF), ESA provides precise
ERS-1 orbit restitution as an on-line product. Two products have been announced: a
preliminary solution to be available within ten days of data collection, and a precise orbit
generated after six months. The quoted accuracy of these solutions is given in Table 1.1
(Doherty, 1992).

Table 1.1
Accuracy of ERS-1 orbits provided by ESA

Preliminary | Precise
along-track 8.00 m 2.00 m
across-track 200 m 0.60 m
radial 1.50 m 0.40 m

ERS-1 generates a series of near real time products. To analyse these products, the user
community requires orbital information with suitable accuracy, usually better than the
preliminary solution mentioned above and as close as possible to real time.

The motivation behind this thesis is therefore twofold:

* To assess the accuracy of ERS-1 long arc solutions (typically of three days) using
the state of the art models.

* To develop improved methods for determining precise ERS-1 orbits, using either
short or long arc techniques.

In this development two main factors are considered. On one hand the solution obtained
should be as precise as possible, by modelling all known forces affecting a satellite's
motion. On the other hand, it is aimed to determine solutions that do not depend on data
that are only available a long time after data collection. In other words the solution should
be as close as possible to real time.

The software used is the SATAN software package written at the Royal Greenwich
Observatory, designed for the computation of satellite orbits using laser data. Several
facilities were added to the original programs, including the processing of PRARE range
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and altimeter data, and a number of algorithms that allow more flexible solutions by
adjusting a number of additional parameters.

At the beginning of this study ERS-1 tracking data were not yet available. Because it is
extremely difficult to simulate altimeter data in a realistic way, and given the similarity
between the two satellites, the first part of this study was done with SEASAT data. The
tracking data types used were actual altimeter measurements and PRARE simulated data.
The fact that PRARE will not be able to contribute to the tracking of ERS-1 does not
invalidate these results, as PRARE ranges are very similar to laser data. The latter still
have the advantage that the accuracy of most of the present lasers is better than the
assumed PRARE accuracy (7 cm). Despite the delay in the launch of ERS-1, some
tracking data were nevertheless available in time to be processed in this project. The last
part of this study was concerned with the computation of ERS-1's orbit by processing its
own data.

This thesis is divided into 11 chapters, each one describing a specified topic.

Chapters 2 to 7 describe the necessary background for satellite orbit determination, the
mathematical tools and developed algorithms. To compute a satellite orbit, it is necessary
to relate positions of objects on the Earth (station coordinates, geoid) with objects in
space (the satellite, objects in the solar system); a correct understanding of the
relationships between all these quantities is therefore necessary. These relationships,
concerning time and reference systems commonly used in orbit determination, are
described in chapter 2. Chapter 3 describes the main characteristics of the SATAN
software package used in this study, with emphasis on the new algorithms implemented
in the programs. A summary of previous studies related to orbit determination for
altimetric satellites similar to ERS-1 is presented in chapter 4. Chapter 5 describes and
compares SEASAT and ERS-1 orbits and sensors, with emphasis on the parameters that
are relevant for orbit determination. The methodologies used for the processing of
PRARE and altimeter data are described in chapters 6 and 7 respectively. The method
used for simulating PRARE data is described, as well as the new algorithm developed in
this study for the processing of altimeter data.

The SEASAT results for the long arc ephemerides are the subject of chapter 8. First, the
accuracy of SEASAT orbits using laser and simulated PRARE data is determined.
Second, the effect of temporal distribution of the tracking data along the arc is
investigated, by using several configurations with only a few passes from one or two
PRARE stations. Then altimetry data were added to these range data and the extent to
which altimetry can replace range data was determined.
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The only suitable ERS-1 tracking data available for this study were laser data. The
altimeter data available were a fast delivery product, with an accuracy not appropriate for
tracking purposes. The ERS-1 results are described in chapter 9. This study starts with
the computation of ERS-1 orbits using laser data and the state of the art models for this
satellite. Then some aspects of modelling the two main forces affecting ERS-1's orbit are
investigated. With regard to the gravitational forces, the adjustment of a selected set of
geopotential coefficients is investigated. With respect to atmospheric drag, extensive
research was carried out on determining the influence on orbit accuracy from actual
measurements of solar flux (Fg 7 indices) and geomagnetic activity (Kp indices), used
by the atmospheric model to compute density at satellite height.

Chapter 10 presents the research carried out on the development of short arc techniques.
The motivation for this study is the fact that most of the applications do not require a
precise ephemeris over a long arc, but only within a limited region. Two new short-arc
methods are developed in this study. Both methods are dynamic and involve solving for
the 6 initial osculating elements. Solving for these 6 elements usually leads to ill-
conditioned solutions with high correlations between the solved-for parameters. The first
method, the so-called "constrained" method, overcomes this problem by applying
constraints to the solved-for parameters. These constraints are dependent on station
configuration. The second method, called the "Bayesian" method, uses the covariance
matrix from a previous "a priori" solution, usually a long arc, in a Bayesian least square
scheme to constrain the short arc. These two methods are also compared with the
traditional non-dynamic TAR method, whereby corrections to a previous long arc
solution, along the three directions, along-track (T), across-track (A) and radial (R), are
solved for and applied to obtain a corrected satellite track.

Finally the main conclusions and recommendations are presented in chapter 11.

ERS-1 orbits computed with state of the art models yield rms range residuals of 1.5
metres. Two main forces were found to be responsible for these large residuals. During
periods of quiet geomagnetic activity the main errors are from gravitational origin, while
for periods of strong geomagnetic perturbations, the main source of orbit error is due to
drag mismodelling.

The time lag introduced in the geomagnetic Kp indices (TLKP) was found to have a
strong influence on the orbit adjustment. A difference of 2 hours in the TLKP causes the
rms of fit to laser ranges to vary from 1.6 m to only 0.4 m. Hence the use of Kp data
with an appropriately adjusted time lag is essential for precise orbit determination.

The influence of solar flux indices was found to be of slight importance since the
adjustment of daily drag coefficients will absorb any existing bias in the indices. As a
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consequence of this result, predicted values of the solar flux can be used by just
modelling the long wavelength component of their variation, without significantly
degrading the solution. This prediction can be important if rapid ephemerides are
required.

Results with altimeter data for SEASAT have shown that this data type can fill gaps of
range data as long as two days, provided at least one pass of range data exists at the end
of the arc. Altimetry is therefore a very useful tracking data type for interpolating, but not
for extrapolating range data.

The two short arc methods developed in this study produced very precise orbits. For arcs
of up to 30 minutes the accuracy of these solutions is at decimetre level. For longer arcs,
up to one orbital revolution, the accuracy gradually diminishes as the length of the arc
increases.
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Chapter 2

Earth Rotation, Time and Reference Systems

2.1 Introduction

In satellite orbit determination two types of reference systems are required. The equations
of motion are usually written in a quasi-inertial system so that positions and velocities
refer to this system. Positions of the bodies within the solar system affecting the
satellite's motion are also given in an inertial system. However the effect of the Earth's
gravitational attraction, or the positions of the ground tracking stations, are described in a
terrestrial system. Consequently a correct understanding of these reference systems and
the transformation between them is required. The transformation between an inertial and
a terrestrial system involves a correct modelling of the Earth's motion relative to fixed
space.

This chapter reviews the background to the reference systems used in this study and to
the related earth rotation parameters and time systems used in orbit determination.

2.2 Earth Rotation

The ecliptic is the mean orbit plane of the Earth's movement around the sun; it moves
slowly due to planetary perturbations. The attractions of the sun and the moon on the
oblate mass distribution of the Earth cause a movement of the Earth's axis of rotation
around the pole of the moving ecliptic. The long period part of this motion is called
precession. It is a slow circular motion of the pole with respect to the inertial space with
a period of about 25,700 years. Superimposed on precession, there is a short period
motion with periods from 14 days to 18.6 years known as nutation (Figure 2.1).

Both movements are described by the motion of the instanﬁneous equator and equinox
with respect to the fixed equator and equinox of a given epoch. When the effects of
nutation are removed, the resultant fictitious equator and equinox are called the mean
equator and equinox of that epoch. When the effects of nutation are included, they are
referred to as the true equator and equinox of the date.
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Precession changes the celestial longitude of a point on the Earth by about 50 arcsec per
year. Nutation affects both celestial longitude and celestial latitude with a maximum
amplitude of about 20 arcsec.

Pole of Ecliptic /Precession
Pole of Equator
Precession
and Nutation
Ecliptic
Equator
Earth

Figure 2.1 - Precession and Nutation

In addition to this forced movement, the pole of the Earth has a free motion called polar
motion. As defined by the International Earth Rotation Service (IERS), this is the
motion of the celestial ephemeris pole (the axis of maximum moment of inertia) with
respect to a reference point fixed to the Earth's crust (IERS, 1992). This reference point
is usually selected to be near the average position of the true pole over a certain time
interval, usually 6 years, and is called the mean terrestrial pole of that interval.

Polar motion includes a strong periodic component with a period of 14 months
("Chandler term"), another component with an annual period, and a secular trend
towards west. Usually this motion is described in terms of cartesian coordinates (xp,yp)
expressed in seconds of arc (Moritz, 1979). The origin of such a system is at the adopted
conventional pole, the x axis along the Greenwich Meridian, and the y axis along
longitude 90°W (Figure 2.2).
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Until 1987, both IPMS (International Polar Motion Service) and BIH (Bureau
International de 1'Heure) published polar coordinates. In 1988, the IPMS and the earth
rotation section of the BIH were replaced by the IERS, which is now responsible for
providing the information necessary to define a Conventional Terrestrial System (CTS)
and a Conventional Inertial System (CIS).

Pole of Rotation

<< /\ Conventional Pole
y

Y x

Figure 2.2 - Polar Motion

Since 1968, the pole used to define the Conventional Terrestrial System has been the
mean pole of the period 1900-1905, also known as the average 1903 pole or the
Conventional International Origin (CIO). The CIO frame was initially defined by the
adopted values of the astronomic latitude of 5 observatories of the IPMS, all around the
39° 08' parallel. Initially, polar motion was determined from latitude and/or time
observations of stars at a number of observatories. More recently, techniques like VLBI,
and lunar and satellite laser ranging observations, are being used to determine Earth
Rotation Parameters (ERP), including polar motion.

2.3 Time systems
2.3.1 Dynamical time

Dynamical time is the uniform timescale that governs the motions of bodies in a
gravitational field, the independent argument in the equations of motion of a body
according to some particular gravitational theory.

There are two types of dynamical time (King et al., 1985):
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namical Time (TDB) is measured in the most nearly inertial
system to which we have access through gravitational theory, which has its origin at the
barycentre of the solar system. A clock fixed on the Earth will exhibit periodic variations
as large as 1.6 milliseconds with respect to TDB due to the motion of the Earth in the
sun's gravitational field. However, in describing the orbital motion of a near Earth
satellite we do not need to use TDB, nor account for these relativistic effects, since both
the satellite and the earth itself are subject to nearly the same perturbations.

e Terrestrial Dynamical Time (TDT) is the system used for satellite orbit

computations as observed from the Earth. It is a uniform timescale for motion within the
Earth's gravity field. It has the same rate as an atomic clock on the Earth. This was
previously called Ephemeris Time (ET).

Dynamical Time
32.184 s >
Atomic Time
Os >
UTC
UT1

Figure 2.3 - Relationship between different time systems. Adapted from (King et al,,
1985).

2.3.2 Atomic time

International Atomic Time (TAI) is the fundamental timescale for all the Earth's time
keeping. It results from analysis by the BIH until March 1985, and since then by the
Bureau International des Poids et Mesures, of data from atomic standards of many
countries. Its unit is the International System of Units (SI) second. It is a continuous
timescale and serves as the practical definition of TDT:

TDT =TAI +32.184 s (2.1)
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The Earth's rotation with respect to the sun is slowing down by a variable amount
which, at present, averages about 1 second per year. In order to create a time system that

would take this into account, Coordinated Universal Time (UTC) was introduced. It runs

at the same rate as TAI, but is decreased by 1 second jumps (leap seconds), when
necessary, normally at the end of June or December each year, so that it is kept within
one second of UT1. It differs from TAI by an integral number of seconds.

2.3.3 Sidereal time and UT1

The angle of the Earth's rotation with respect to the true equinox of date is called
Greenwich Apparent Sidereal Time (GAST) and is usually designated by 6. Another

angle is that which describes the Earth's rotation with respect to the mean equinox of
date. This is called Greenwich Mean Sidereal Time (GMST) or 0)4. The variation of Oy

is due to the rotation of the Earth () and to the precession of the equinox, described by
the angles v, @, and X (Sinclair, 1987).

M= © +ycosp - X (2.2)
Integrating :

t t
68, = constant +f00)dt +f (Ycosp - x )t (2.3)
0

The second integral is called the "accumulated precession in right ascension” (M) and is
given by precession theory. Its value, as given by the IAU (1976) precession model, is:

M =4612".4362 T + 1". 39656 T2 - 0".00009267 T3 (2.4)
with T in centuries from J2000.

The integration of the first integral is more complicated because the rate of rotation of the
Earth (o) is not constant. It varies due to tidal friction (long term variations), to core
mantle interaction (medium terms), and to seasonal and atmospheric effects (short
terms). Therefore to calculate this integral, a nominal constant value g and a non-

uniform timescale, Universal Time (UT1) are introduced, so that:
IO) dt= Qg . TUTI (2.5)

where Ty is a time interval on the UT1 scale.
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Thus the UT1 definition is (Sinclair, 1987): a non-uniform timescale relative to which the

Q1 (n , TOIAT Q dall INCItid

~alti}l nNas d NUMCTicd

UT1 is calculated by :
UT1 =UTC + AUT1 2.6)

where AUT1 = UTI1-UTC is determined from actual measurements. It is computed and
published by the IERS.
Ecliptic t

\ meal’i equinox tg
\ -— Y—= /
\R\\Qa&equinox t |
«-N—}' Mean equator t@
’ £ N
true equinox t\

Ecliptic tg

0
] M\"j Mean equator t
\—, / True equator t
Greenwich Meridian

Figure 2.4 - Nutation and Sidereal time. Extracted from (Sinclair, 1987).

The new expression for GMST adopted by the International Astronomic Union (JAU) in
1982 is:

GMST = UT1 + 6h 41m 505.54841 + 86401845.812866 T
+08.093104 T2- 652 x 10-6 T3 2.7)

T =[JD(UT1) - 2451545.0] /36525 .
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In these expressions UT1 is the time of day on the UT1 scale from Oh, and JD(UT1) also
includes the fractional part of the day.

Finally, GAST is calculated by applying to GMST the nutation effect (known as the
equation of the equinox):

GAST = GMST + Ay cos( € + AE) 2.8)

Ay and A€ are the nutation in longitude and obliquity respectively (see section 2.4.3).

2.4 Reference Systems

When dealing with problems of orbit determination, two types of reference systems are
usually required: an Earth-fixed or terrestrial and a space-fixed or inertial. If this idea is
very simple, in practice the realisation of such systems and the establishment of the
transformations between them is a complex task. In general, each observational
technique uses different realisations of both the terrestrial and inertial frames. Since the
realisation of the MERIT project (Melbourne et al., 1983), an attempt has been made to
use the same frames (Mueller, 1981), (Wilkins and Mueller, 1986).

2.4.1 Celestial Systems

Ideally a celestial system should be jnertial (move through space with a constant
translational velocity but without rotation) or at least guasi-inertial (without rotational
motion but its origin may have acceleration). The requirement for an inertial frame is that
this is the frame in which Newton's laws hold, and any rotation of the frame will appear
as an unmodelled coriolis force on the satellite (Sinclair, 1987).

An example of a quasi-inertial frame is a system whose direction with respect to the stars
remains unchanged and whose origin is at the Earth's centre of mass, as the Earth has a
curvilinear non-uniform motion around the sun (Moritz, 1979). Such systems are
realised in practice by various techniques such as: VLBI to extragalactic radio sources,
observations to the stars, to moon or the planets and artificial satellite tracking. The most
accurate are the systems determined by VLBI in which the system is attached to
extragalactic radio sources.

By resolution of the International Association of Geodesy (IAG) and the International

Astronomical Union (IAU), the Conventional Inertial System (CIS) used after 1 January
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1984 is defined by the mean equator and equinox at 12 h TDB on 1 January 2000
(Julian Date 2451545.0), designated J2000.

Mean ecliptic of J2000
Geocentre -
€
quur?:(l)x Mean Equator of J2000

Figure 2.5 - J2000 Conventional Inertial System (CIS)

2.4.2 Terrestrial Systems

A conventional terrestrial system is defined by a set of adopted station coordinates. It
moves and rotates, in some average sense, with the Earth (Mueller, 1988).

The Conventional Terrestrial System (CTS) is defined with the z axis towards the CIO

pole and the x axis on the intersection of the equator with the Greenwich Meridian.

The definition of the CIO and of the Greenwich Meridian was initially based on the
adopted coordinates of the five International Latitude Service (ILS) stations making
astronomic zenith observations. These were assumed to be motionless relative to each
other, and without variations in their respective verticals relative to the Earth. Later the
BIH and more recently the IERS have tried to maintain the same frame for a much larger
number of instruments that are also making UT1 determinations at a much greater
number of locations around the world. The new techniques of SLR, LLR, Doppler and
VLBI have all attempted to maintain the same frame by forcing their polar motion series
to fit into the BIH series. The present CTS is conceptually defined similarly to the CIO-
BIH system, i.e., it is attached to observatories located on the surface of the Earth. The
main difference is that these can no longer be assumed motionless with respect to each
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other. The IERS is the entity responsible for the definition and realisation of the CTS, by
combination of data provided by space techniques presently participating to IERS,
namely VLBI, LLR and SLR (Boucher and Altamini, 1992).

‘z Mean rotation axis (1900-1905)

Mean equator (1900-1905)

Figure 2.6 - Conventional Terrestrial System (CTS)

2.4.3 Transformation between CIS and CTS

The relationship between the CIS and the CTS systems is established by an appropriate
modelling of the precession, nutation, polar motion and UT1-UTC. The first two are
modelled theoretically because they are forced movements; the last two are determined
from direct measurements.

The transformation between the two systems is usually performed in four main steps
(Figure 2.7).

Using vector notation :

X X
y =S.N.P. |Y (2.9)
z JCTS Z |CIS

or inversely

X T T T |2
Y =P.N.S |y (2.10)
Z|C1S z|CTS
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where
¢ [x,y,z] is the position vector in the CTS.
* [ X,Y,Z] is the position vector in the CIS.

* P is the rotation matrix accounting for precession between J2000 and the required
epoch.

P =Rj3(-zy) Ry(04 ) Ry(-L) (2.11)

The matrices Ry, R and Rj are rotations about the X, Y and Z axis respectively. These
are orthogonal matrices (R'1 = RT) of the form:

1 0 0 coso. 0 -sinc coso, sina. O
Ri(@)=]0 cosa sina| Rp(a)=| 0 1 O R3(a) =|-sina cosa 0] (2.12)
0 —sino. coso sinat 0 cosa 0 0 1

The rotation angles as given by the IAU,(1976) Theory of Precession, are :

CA = (2306".2181+1".39656T — 0".000139T2)t + (0".30188 — 0".000344T)t2
+ 0".017998t3

Za = (2306".2181+1".39656T — 0".000139T2)t + (1".09468 + 0". 000066 T)t2 (2.13)
+0".018203t3

0 = (2004".3109 - 0".85330T — 0".000217T2)t + (—0". 42665 — 0".000217T)t>
~0".041833¢3

T =[ JD (base epoch) - 2451545.0] / 36525

is the interval in Julian Centuries (36525 days of TDB or TAI), between J2000 and the
base epoch.
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t = [ JD (current date) - JD (base epoch)] / 36525

is the interval in Julian centuries between base epoch and current date. Usually base
epoch is J2000, so T=0 and t = [ JD (current date) - 2451545.0] / 36525

CIS
Mean equator and equinox of J2000

P (Precession)

Mean equator and equinox of date
‘ N (Nutation)

True equator and equinox of date

+ Sideral time

True equator and Greenwich Meridian
+ Polar motion

Mean pole and Greenwich Meridian

CTS

Figure 2.7 - Schematic representation of the transformation between the CIS and
the CTS

* N is the rotation matrix accounting for nutation for the required epoch
N =R;(-€ -A€ ) R3(-Ay) R (€ ) (2.14)
€ =23°26'21". 448 - 46". 8150 T - 0". 00059 T2 + 0". 001813 T3 (2.15)

is the obliquity of the ecliptic. It varies between 22°.14 and 24°.43 with a period of
41.000 years.

T =[JD (date) - 2451545.0] / 36525

Ay and A€ are given by the nutation theory as sums of many periodic terms. The
Theory of Nutation adopted by the IAU (1980) is based on the Wahr (1981 ) model.



* S is the rotation matrix accounting for Earth rotation
S =R (-xp). R1(-yp) . R3(6) (2.16)

(xp,yp) are polar motion components defining the angular separation of the z axis of the
CTS with the axis of the Earth for which the nutation (N) is computed. In the IAU
(1980) nutation model this axis is the axis of maximum moment of inertia. The
correspondent pole is referred as the Celestial Ephemeris Pole and differs from the
instantaneous axis of rotation by small quasi-diurnal terms. The polar motion angles are
computed and distributed by the IERS. 0 is Greenwich Apparent Sidereal Time (GAST)
and is calculated as indicated in section 2.3.3.
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Chapter 3

Orbit Computation

3.1 Introduction

Satellite orbit computation is a complex exercise requiring expert knowledge in a wide
range of subjects, from celestial mechanics to numerical analysis. The development of
computer programs for the computation of satellite ephemerides is therefore a difficult
and time consuming exercise. Large software packages have been developed at
specialised centres such as the GEODYN program at the Goddard Space Flight Center
(GSFC). However a very large computer is needed to run GEODYN, and setting up and
running the program involves a considerable amount of effort. The software employed at
University College London is the gatellite analysis (SATAN) package of programs
written by A. T. Sinclair and G. M. Appleby at the Royal Greenwich Observatory
(RGO). This is a much more compact package of programs which run on a much smaller
computer. During this project they were implemented on a puVAX 2000 computer, with a
single precision of 7 to 8 figures and a double precision of 16 decimal places.

This package was used as a starting point for this thesis, and was subsequently adapted
and expanded to meet the specific needs of this project. This chapter gives a brief
description of this software, with more detailed information on the new algorithms added
to the programs.

3.2 The SATAN Programs and Software Development

The SATAN package consists of two main programs: ORBIT and RGODYN (Sinclair
and Appleby, 1986). The first computes satellite position and velocity at specified dates
by numerical integration of the equations of motion. The second determines corrections
to the parameters that define the orbit by fitting it to laser observations.

Throughout this study several facilities were introduced into the programs:

- Solution for multiple drag coefficients

- Solution for orbital elements of initial position and velocity instead of cartesian
coordinates

- Solution for a user selected set of geopotential coefficients
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- Possibility of applying constraints to the solve-for parameters
- Bayesian least squares solution in addition to conventional least squares
- Processing of PRARE range data

- Processing of altimeter data

3.2.1 Program ORBIT

Program ORBIT performs the numerical integration of the equations of motion (Sinclair,
1988):

—I:=f(—I:- _l:’t) = ;g+_l:b+_l:d+—l:rp+ ;tides @(3.1)
where .

%g - acceleration due to the Earth's gravitational field

%b - acceleration due to third bodies (sun, moon and planets )

jr:d - acceleration due to atmospheric drag

;rp - acceleration due to radiation pressure

[ 1]
-—

Ytides - acceleration due to solid earth and ocean tides

The integration method used is an eighth order Gauss-Jackson method with an iterative
starting scheme. Given the position and velocity at an initial time ty, the starting scheme
calculates the position and velocity for the next 8 points ty, ... , tg. For a subsequent time
t10, the position and velocity are calculated as functions of the previous nine values and
the total acceleration at time ty(.

The step length is fixed for each integration. This limits the use of the programs to
satellites of low eccentricity. For each satellite, the step length should be selected to give
the required accuracy. It has to be short enough to cope with the short period
perturbations caused by the high order tesseral harmonics of the gravitational field.

The celestial reference frame used for the integration is the equator and equinox of J2000.
However, the acceleration due to the gravitational field has to be calculated in a terrestrial
reference frame (the real equator of the Earth, as defined by the geopotential coefficients).
So, at every step of integration, the satellite position is transformed to the terrestrial
reference frame and the acceleration is evaluated. The acceleration is then transformed to
the J2000 frame for the numerical integration. The rotation matrices used in the
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transformation between the two systems are those of the FK5 system: IAU (1976)
precession, IAU (1980) nutation, and IAU (1982) sidereal time as described in section
2.4.3.

The timescale used is an atomic timescale that is equal to UTC at the starting epoch of
integration (called ATC). So ATC is calculated by subtracting from TAI the leap seconds
that occurred until the starting epoch, but if a leap second occurs during the span of the
integration, it will not be applied.

The program also calculates the partial derivatives of satellite position and velocity with
respect to the solve-for parameters that affect the orbit. These partial derivatives are
necessary for subsequent use in RGODYN to fit the orbit to observations. In its
original form the program included the calculation of the partial derivatives with respect
to the initial state position and velocity vectors, a drag coefficient and its rate of change,
solar radiation coefficient and the product GM. The main modifications introduced into
this program were the implementation of the solution for multiple drag coefficients and
for a selected set of geopotential coefficients.

The force model used, described in section 3.3, is the recommended one in project
MERIT standards (Melbourne et al., 1983), and includes effects due to :

* The Earth's gravitational field

* Gravitational attraction of the sun, moon and the planets

* Atmospheric drag

* Radiation pressure

* The solid Earth and ocean tides

3.2.2 Program RGODYN

For most of the applications, the accuracy achieved when computing an orbit by simple
integration of the equations of motion is not sufficiently good. This is due to the inability
of the force model to describe accurately the forces that act on a satellite. In practice, the
satellite is tracked from a number of stations on the Earth, and orbital parameters are
estimated by fitting the orbit to observations.

In its initial form, RGODYN performed the adjustment of the orbit to laser observations
only. The processing of PRARE range and altimeter data has been added to the program,
allowing any combination of the three data types. The program takes each observation
(O) in time, computes a corresponding quantity (C), according to initial conditions, and
forms the "O-C" residuals. In addition, it computes the partial derivatives of the
observed quantity with respect to the solve-for parameters, and adds their contribution to
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the normal equations. After all observations have been processed, the normal equations
are solved to derive corrections to the initial parameters. In this way, an updated set of

parameters is determined.

The least squares procedure implemented in RGODYN was the traditional method of
"observation equations" described in section 3.4.1. This algorithm assumes that there is
no "a priori" information on the initial set of parameters. When such information exists, it
may be used to help to constrain the new solution. Hence, the Bayesian Least Squares
technique described in section 3.4.3 was also implemented in the program.

The new formulae implemented in RGODYN for the partial derivatives of PRARE Range
and altimeter data with respect to satellite parameters are presented in section 3.5. The
algorithms for the computation of the computed (C) values are described in chapter 6 for
PRARE and laser range data, and in chapter 7 for altimeter data.

3.3 The Force Model
3.3.1 The Earth's Gravitational Field

The Earth's gravity field, expressed as a potential, the geopotential, W, at a point
(r, @, A), can be written as:

W=V+(I) (32)

& is the centrifugal potential, due to the Earth's rotation, which for points outside the
Earth is nil.

For a satellite at a distance r the only component of W that needs to be considered is the
gravitational potential V. The distribution of density within the Earth departs considerably
from radial symmetry. Therefore, gravitational attraction varies with latitude and
longitude, in addition to the geocentric distance (Sinclair, 1988):

<
[
0)

o 14
M. GM fo i
=3 z”[r] Py [sing] +
=2 (33)

oo l £
+ Gr— Y Y Kgm [Cgmoos mA + Spm sin mk] ["_rg] Pgm[sing]
£=2 m=1
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where:
G - universal gravitational constant
M - mass of the Earth
¢ - geocentric latitude
A - longitude
r - geocentric distance to the satellite
Py, Pym - Legendre and associated Legendre polynomials
Jo- zonal coefficients
C¢m> S¢m - normalised tesseral coefficients
Io - equatorial radius of the Earth
K¢m - normalising factor (m#0)

and

- (6-m)l2(2¢+ 1)
( ¢+ m)i

Kem (3.4)

An alternative notation is to omit the zonal terms explicitly, and include them in the
tesserals by summing from m=0 to £. Then,

J¢ =-Kpo-Cyo (3.5)
K[O= Y2¢+ 1 (3.6)

The J's represent the variation of the gravitational field with latitude; the C's and the S's
with latitude and longitude. The predominant effects are from the lower order zonal
harmonics. The largest asymmetries are due to the equatorial bulge and the pear shape
of the Earth.

In the SATAN programs, the Earth's gravitational potential is input as a set of normalised
coefficients which can be specified to any degree and order.

The satellite acceleration due the Earth's gravitational field is:

rg=

3.7)

In program ORBIT the computation of —];‘g follows a method by Merson and Odell
(1975) and modified by Sinclair (1988). Merson and Odell derived expressions for the
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acceleration caused by the gravity field using a set of axes in which the XY plane is the
true equator of date, and the X axis points towards the equinox of 1950.0. Sinclair
rewrote Merson's formulae by redefining the system of axes so that the X,Y plane is the
earth fixed equatorial plane, and the X axis points towards the Greenwich meridian.
Using this system of axes the acceleration due the gravity field can be written as:

X, = -AX + B
Y, = -AY - v (3.8)
Zg = -AZ + B

P£+1 + 2 EK[m P[+1 Cemam"'sf"‘ﬁm)

-5 0 [ o 5§ e [
= £=2 m=1

oo ¢l ﬂ
B =GM Z ZmK[m [rr_] (Cemam 1+ SgmBp. 1)
i (3.9)

In these formulae all the symbols are as described in equation (3.3) except for:

Ol =0c0s™¢ cosm A

m (3.10)
Bm=cos ¢sinma

. . (m) .
The coefficients oy , B are computed by recurrence relations. The P, are functions

of sin¢ but differ from the associated Legendre polynomials P¢m(sin¢). They are
defined as:

pf{"’(sinq,) _ Pgm(c;inq») (3.11)

cos ¢
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and computed using a method described by Sinclair (1988).

3.3.2 The Direct Attraction of the Sun, Moon and the Planets

The Earth is not the only body to affect satellites' motion. The sun, the moon and the
planets also affect satellites' orbits. The direct attraction of the moon is the most
significant effect. Although the sun is more massive, it is also much farther and therefore
its effect is less.

The perturbing acceleration due to a "third body" is (King et al., 1985) :

— — —_

‘l: = Gmp Ip- T Tp
b 3 (3.12)

- =3
|rb- r I Iy
where_’
_l: b - geocentric position vector of the third body
Y - geocentric position vector of the satellite

mp, - mass of the third body

The geocentric position vectors of the sun, moon and the planets are calculated by
interpolation on ephemerides published by the Jet Propulsion Laboratory (JPL).

The programs include perturbations by the Sun, Moon, Venus, Mars, Jupiter and Saturn.

3.3.3 Atmospheric Drag

Atmospheric drag is a force which arises from the friction between the satellite surface
and the surrounding atmosphere. Due to this effect, the satellite loses energy which
results in secular changes in the semi-major axis a and in the mean anomaly M.

For low satellites such as ERS-1 or SEASAT, the drag acceleration is given by:

2 2
1 A 7
Y = - — Cd —_— V
d 2 P rel

<|<i

(3.13)

where:

p - atmospheric density
C{ - drag coefficient

V - satellite velocity
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Vrel- satellite velocity relative to the atmosphere =V - Vam

A - satellite cross sectional area
m - satellite mass

Since the air density decreases rapidly as height above the Earth increases, the effect of
air drag is predominant at low altitudes. A satellite in an orbit of appreciable eccentricity
is mostly affected within a small section of the orbit where it is closest to the Earth. To a
first approximation therefore, the effect of air drag is to retard the satellite as it passes the
perigee, with the result that it does not swing out so far from the Earth at the subsequent
apogee (King-Hele, 1964). From this perturbation results that the apogee height is
reduced while the perigee height remains almost constant, and so the orbit becomes more
circular.

For satellites at heights below 500 km this is the dominant of the surface forces. Above
this height, radiation pressure makes itself felt, and above 700 km it may become more
important than atmospheric drag. Actually, these figures vary with the phase of the solar
cycle, since the atmosphere expands or contracts with solar activity. At sunspot
minimum, the effect of radiation pressure becomes comparable with that of atmospheric
drag at about 600 km, while at sunspot maximum it does not become so below 1100 km
(Jacchia, 1965).

Several difficulties exist in modelling the drag force (Moore, 1987):

- The effective cross-sectional area is very difficult to describe as most of the
satellites have irregular shape.

- To know the velocity of the atmosphere relative to the satellite, it is necessary to
know the velocity of the atmosphere relative to the geocentre. The atmosphere rotates
west-to-east with some north-south rotation.

- Various atmospheric density models of increasing complexity have been derived.
The density of the atmosphere at satellite height varies due to a variety of phenomena.
The main types of variations are a diurnal and an annual variation and variations due to
solar and geomagnetic activity. This subject is discussed further in section 9.4.2.

The original SATAN programs used a linear model for modelling the drag coefficient,
i.e,it included a constant Cq and its rate of change Cyq :

= 2

rq = - ;— (Cq+Cq) p % Vrel (3.14)

<|<i

The option to solve for multiple drag coefficients has been introduced into the programs.
The algorithm is explained in section 3.6. Atmospheric density is computed using
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Jacchia's atmospheric model (Jacchia, 1972), with an efficient procedure for its
evaluation (Oliver, 1982).

3.3.4 Radiation Pressure

The radiation incident on a satellite produces a repulsive pressure upon its impact on the
spacecraft equal to the difference between the incident and reflected momentum flux. This
radiation can be the directly emitted solar radiation, the radiation reflected by the Earth
and its atmosphere (albedo) or the infrared radiation (IR) emitted by the Earth and its
atmosphere. The dominant effect is from the direct solar radiation.

The acceleration due to the direct solar radiation pressure is given by Melbourne et al.,
(1983) :

RO A I-Ts
Ydrp = VPs & — ——— (3.15)

m ., L3
lr - rsl
where:
v = 0 when the satellite is in the Earth's shadow

v —eclipse factor { v =1 when it is in sunlight
0 < v<1ifitisin the penumbra region.

P; - solar radiation pressure constant = 4.5605x10-6 Newton/m?2
C; - reflectivity coefficient depending on the reflective properties of the satellite

A - cross sectional area of the satellite on which radiation falls

— —

I's, I - geocentric position vector of the sun and the satellite
m - satellite mass

Passage through Earth's shadow is modelled using a cylindrical model for a spherical
Earth. A penumbra effect is included by using a sinusoidal shadow function.

A first order model for the Earth's albedo and infrared radiation pressures is given by
McCarthy and Martin (1977). According to this model, the acceleration on the satellite
due to radiation from an Earth's surface element dS is (Wakker et al., 1983a):

—_ —»

=3 cose A I- T
Yalbedo +ir =[Cf'Y Pscos© + Pi"] N m _ _’ses & (3.16)
|2 Ted
where:

Cr - direct solar radiation scaling factor
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v - albedo of the surface element
P - solar radiation pressure constant

Pjr - force exerted by the infrared radiation emitted by the surface element (emitted
flux/velocity of light)

0 - angle between the surface element's normal and the sun

a. - angle between the surface normal and the satellite

A - satellite's cross-sectional area (as viewed from the Earth's surface element)

m - satellite mass

e

Tse, Y - geocentric position vector of the surface element, and the satellite

The values of Pjr and 7y at a surface element are interpolated from tables based on Haar
and Suomi (1971). The total acceleration produced on the satellite is computed by
integrating the equation over the whole Earth surface visible to the satellite. This is done
by dividing the visible surface into 13 different area elements grouped about the sub-
satellite point. The contributions of these areas are summed to yield the total acceleration
due to albedo and IR radiation.

The effects of radiation pressure are most visible on the semi-major axis, a, and
eccentricity e, but, unlike atmospheric drag, can either increase or decrease the orbital
parameters. The effect is dominant for satellites at heights above 1000 km.

One of the main difficulties found in modelling the effects of radiation pressure is the
computation of the area to mass ratio because the area exposed to the radiation for non-
spherical satellites varies along the orbit.

Effects of direct solar radiation pressure, Earth's albedo and infrared radiation are
included in program ORBIT.

3.3.5 The Solid Earth and Ocean Tides

In section 3.3.2, it was explained how the gravitational attraction of the sun and moon
causes the precession and nutation movements, which are movements of the Earth as a -
whole. Because the Earth is not perfectly rigid, the changes in the attractions of the
disturbing bodies also produce small movements or tides which vary from place to place.
The joint attractions of the sun and the moon cause displacements of the matter in the
interior, oceans and atmosphere of the Earth. These tidal deformations cause a periodic
rearrangement of the Earth's mass, which in turn alters the Earth's gravitational
attraction, inducing additional accelerations on a near Earth satellite.
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Solid Earth tid
The potential exerted at a point on the Earth's surface by an external body at a distance ry,
from the geocentre is (Melchior, 1978):

n
i r
U=Gmp ¥ S Pph(cos®) (3.17)
n=2 r2+

0 - angle between the geocentric position vector of the point and the geocentric

position vector of the perturbing body
ro - Earth radius

rp - geocentric distance of the perturbing body
mp, - mass of the perturbing body

Considering only the second order term,

2
Uo = Gmp — P2 (cos 8) (3.18)
b

For a purely elastic Earth, the deformations due to tides cause a variation in the Earth's
gravitational potential equal to:

AV = k2 Uz (3.19)
where kj is the nominal second degree Love number.

The Love numbers (h and k) are dimensionless parameters introduced by Love in 1909 in
the theory of spherical elasticity. In 1912, Shida introduced a third number £. These three
numbers allow a very practical representation of all deformation phenomena produced by
a potential which can be developed in spherical harmonics (Melchior, 1978).

At the satellite (geocentric distance r) the potential due to the tidal deformation is given by
Dirichlet's theorem:

3 5
rO k2 b ro 2
AV=|—| ko U= -2 """ _"- (3 -1
[f] 22 2 3 3 ( oos ® ) (320)
r I’b

The higher order terms in the potential have little influence on the satellite because their

n+1
r
amplitude quickly decreases with [-s—] .
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The perturbing acceleration due to the tidal induced potential AV, caused by either the sun
or the moon, is equal to grad (AV) and is given by King et al. (1985):

.o 5 - -»

- ka2 Gmp r 2 r

Lot = <2 Sb_z_ (3-15cose):_+6c>ose-r—b (3.21)
2rp r

Using this simple model, the total acceleration due to solid Earth tides is obtained by
writing this equation for the sun and the moon and adding the two accelerations.

Actually, Love numbers are not constant but depend on frequency due to resonant effects
produced by the Earth's liquid core. So, in the expression of AV, k2 should be replaced

by a set of coefficients ko, multiplying the different frequencies. The effects due to
frequency dependence of Love numbers are usually expressed in terms of corrections to
the Earth's gravitational potential coefficients.

The model implemented on the programs is the MERIT recommended model for solid
Earth tides (Melbourne et al., 1983, Appendix 5). The effect is calculated in two steps:
first, the perturbed acceleration is computed considering a frequency independent k2,
using equation 3.21; secondly, corrections for the error that arises from using k2 are

applied to the geopotential coefficients.

Ocean tides

The effect due to oceanic tides is more complicated to model than for solid Earth tides.
Schwiderski (1980) gives one such model in which the tidal constituents are expressed in
terms of spherical harmonics. This is the MERIT recommended model for ocean tides
and it is implemented as periodical variations in the geopotential coefficients (Melbourne
et al., 1983, Appendix 6).

ion ti isplacem

The total displacement of a station on the Earth's surface due to the solid Earth tides is
computed using Wahr's theory, where only the second degree tides are needed for a
centimetre level precision (Melbourne et al., 1983). This formulation uses frequency
independent Love and Shida numbers. The formula for the vector displacement is
(Melbourne et al., 1983):

-

. 4 - -t R - 2
mj f3 [[3|2(rj,r)]-r-‘7+ 3(%2--I2)(rj.;) --h§2-
rj

(3.22)

-!"!‘

- 3
Ar = 2
j=2

M i
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m; - mass of moon (j=2) or the sun (j=3).
M - mass of the Earth

I'j - geocentric position vector of the moon or sun

r - geocentric position vector of the station
hp - nominal second degree Love number = 0.6090

13 - nominal Shida number = 0.0852

The station's tidal displacement is of the order of S0 cm. Hence it has to be modelled and
applied when processing the tracking data acquired at a particular station. This formula
gives the deformation to about 2 cm precision. A correction can be applied to account for
the error introduced by using frequency independent Love numbers. This correction is
maximum at 45° latitude, with an amplitude of 1.3 cm (Melbourne et al., 1983).
Therefore it is neglected in this study.

3.4 Least Squares
3.4.1 Observation equations

The procedure of the best estimation of orbital parameters by least squares is explained
(Cross, 1983).

Let us consider the theoretical relationship between the observed quantities and the
parameters:

f(X) = ¢ (3.23)

£' - vector of the true values of the quantities to be observed (e.g. range)
X' - vector of the true values of the parameters to estimate (e.g. orbital
parameters).

In practice there is no access to these true values, but only to approximate values Xo
(calculated) and £ (observed) of X' and £' respectively. Hence corrections x and v have
to be determined, so that:

X' = Xo + X

3.24
£'=40 +v ( )
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Note the use of capital letters to mean parameters (X) and lower case letters to mean
corrections to the parameters (X). This notation was followed for simplicity to avoid the
use of differential notation for corrections.

The relationship between parameters and observations can be rewritten:
fXo+X)=£L+V (3.25)

Usually these equations are not linear. Linearisation can be obtained by expanding f in
a Taylor series and retaining only the first order terms:

f(Xo) + of . x =€ + v (3.26)
oX
or:
of . x =[£- f(Xo)] + Vv (3.27)
X
In matrix form
AXx=Dba+v (3.28)

where A is the matrix of the partial derivatives (for m observations and n parameters):

oy ofy ] .

dx; 9%y Oxy fi

of ofy  dfp £, |
A= |dxg 9xp = 0xy f= (3.29) |

Uy Am  m fm

| 0x;  Oxp 9%y -

and b is the vector of the "observed minus calculated" residuals:
b =2 - f(Xo) (3.30)
The least squares estimate for x is defined as the solution which minimises:

vl W v = minimum (3.31)

-1 . . . .
where W = Cy and Cy is the covariance matrix of the observations. For uncorrelated

observations, W is simply a diagonal weight matrix:
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W = diag.(w1, w2, ..., Wm) (3.32)
wi = _go2
0i2

oj - standard deviation of observation i
Oo - standard deviation of unit weight, usually unknown

The least squares solution for X, ; , is given by the solution of the normal equations:
(ATWA)x =ATWb -~ (333)
which is:
X = (ATWA)YT1 ATwb (3.34)
The symmetric matrix N=AT WA is called the normal equations matrix.
The residuals after the fitting process are given by:
V=A X -b (3.35)
The sum of the squares of the weighted residuals after fitting can easily be computed by:
VIWv=bTWb- xTN X (3.36)

The covariance matrix for the parameters is:

(3.37)

-0'% 612 - 0'1,,-

C; = 0'(2, N - 021 0'% ... O2p

[On1 Ony - 0'121 1

The covariance matrix for the residuals is:

Cv=002 (W1- A N1AT) (3.38)

The covariance matrix for the estimated observed quantities is:
Cj= 602(A N1AT) =602 W1- Cy (3.39)

Standard error of unit weight:
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AT P o
2_ v Wv
Oo = — (3.40)

Orbit determination is usually an iterative process where the procedure explained above is
repeated the number of times necessary for the corrections to become negligible. In fact,
at step 1 we have:

bo =£ - f(Xo)
x1 = (ATWA)1 AT Wb (3.41)
X1 =Xo + X1

and at step n:
bn-1 =¢- 1n-1)
Xn = (ATWA)1 AT Wb (3.42)

Xn = Xn-1 + Xn

3.4.2 Observation equations with added constraints

The method explained in the previous section applies when, for each equation, there is
only one observed quantity (e.g. range or range-rate) and all the parameters are assumed
to be independent. If some of the parameters are not independent but are subject to r
equations of condition, which in the linear form are written as:

Cx=d (3.43)

the least squares solution for x is the solution of the normal equations (Allan, 1993)

- (3.44)

aTwa cT {x‘| ATwb
d

C o) k

where k are auxiliary parameters, the Lagrange multipliers. The standard error of unit
weight becomes

AT
2 _ vWy

G = m-n+r .
(3.45)
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where (m - n + r) is the number of redundant observations. This algorithm is used in
Chapter 10 to apply constraints to parameters in short arc solutions.

3.4.3 Bayesian Least Squares

The procedure explained in section 3.4.1, the so-called traditional Least Squares,
assumes that there is no particular information on the initial set of parameters Xq.
However, sometimes these parameters come from a previous solution with an associated
covariance matrix, and it may be useful to use this “a priori” information to constrain the

new solution.

Let Xo be the initial set of parameters, By the associated “a priori” covariance matrix and
Wx=Byx" 1,

The Bayesian solution for X is the solution for which
VIWV + (X-Xo)T Wy (X -Xo) = minimum (3.46)

In statistical terms, the Bayesian solution is the solution which maximises the “a
posteriori” density function (Eddy et al., 1990)

p(X/e) = p(X).p(£/X)

p(2) (3.47)
where
p(£) - probability density function for data vector ¢
p(£/X) - conditional density function for data vector ¢, given that vector X has
occurred
p(X) - “a priori” probability density function for parameter vector X
p(X/£) - “a posteriori” conditional probability density function for parameter

vector X, given that vector data ¢ has occurred.

Maximising p(X/¢) is equivalent to maximising the product p(X). p(¢/X), because p(¢)
is a constant valued function.

Assuming that p(X) and p(X/¢) are normal distributions:

detW
p(X) = X

9 T
o exp[—z—(Xo-X) Wy (XO'X)] (3.48)
p
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T
p(e/X) = det W exp[-‘-v Wv]
m 2

2p (3.49)

where all quantities are as defined above, n is the number of parameters, m the number
of observations and W =C-1 (C - covariance matrix of the observations £).

So, maximising the a posteriori density function p(X/¢) is equivalent to maximising the
product p(X) . p(¢/X) and thus, to minimise:

vIWv & (Xo -X)T Wy (Xo -X) (3.50)
Considering an iterative process, we have at step n:

bn-1=4¢- tXn-1)

51
v=A Xn - bn.‘] (3 )

The Bayesian solution for X, is the solution for which
vIWvV + (Xp - Xo)T Wx (Xp - Xo) = minimum (3.52)

and is given by
Xn=[AT WA +Wyx]1 [AT Wbp.1 + Wx ( Xo - Xn-1) ] (3.53)
Xn = Xn-1 + Xn

The covariance matrix for the parameters is:
~ 2] T o
Cx = G, | A WA+ Wy (3.54)

and the standard error of unit weight is:

T
”~ ~ T
2 v Wy +(Xn-Xo) w (Xn-XO)
o, = — X (3.55)
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3.5 Partial derivatives

In order to form the normal equations, the partial derivatives of the observed quantities
with respect to the solve-for parameters have to be computed for all data types.

If ¢ is an observed quantity at time t, and p is a satellite solve-for parameter, usually £ is
a function of p through satellite state vector @ =[ X, Y, Z, X, Y, Z] at time t, i.e. there
are functions g and h such that :

£ =h (3)
- (3.56)
Q= g(
The computation of
@ _ %
P " P (3.57)
can then be separated in two parts: the part which is independent of the data type , % .

and the part which is different for each data type, i?—(%

Unless specified, it is assumed that all coordinates are referred to an inertial system
which in the case of program RGODYN is the J2000 system.

3.5.1 Partials of satellite position and velocity with respect
to solve-for parameters
The partial derivatives of satellite position and velocity at a given time t, with respect to

various parameters, , are computed by program ORBIT by numerical integration.

TN,

Considering the equations of motion in the form,

X=1(XY.2X Y, Zp; t)

Y=1,(X. Y. 2. X Y, Z pi, t) (3.58)

Z=13(X. Y, Z. X, Y, Z, pi, t)
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the differential equations for the partials are derived by forming the partial derivatives of
the equations of motion and rearranging (Sinclair, 1988) :

2 ax} 8f1} L ax dfvay dfraz, atiax 3 av 3t a7

dt2 opi dpijexp 3 apl E2 apl oz aPl oX aPl oY aPl oz apl

d[av]. bfz} Jof2ax df2av a2 az  of2 ax  of2 av |, df2 a2

42 1Pl [pilexp X 3pi 37 i B i X i avopi az opi (359
2 -

d [az]_ afa] Jofaax dfsay dfsaz  dfsax, dfs av M3 az

dt2 _api_ dpilexp dX apl E3 apl z apl oX apl oY apl oz apl

The computation of the partials of f with respect to X,Y,Z is done using formulae
described by Sinclair (1988). For every solve-for parameter the explicit partial derivatives
of;
f} must also be calculated. The partials of position and velocity with respect to
ilexp
the required parameters are then obtained by integrating these equations. Since the
dependence of f on velocity is weak, usually only the partials with respect to position are
computed. These partials are only needed to low accuracy because the correction

procedure is only accurate to first order.

In the original programs, the parameters considered were the start vector in terms of
cartesian coordinates Q o = [ Xg» Yo Zo» Xo» Yor Zo 1> the constant GM and the drag
and solar radiation coefficients. Two major modifications have been introduced into the
programs: solution for a selected set of geopotential coefficients and for the start vector in
terms of orbital elements instead of cartesian coordinates.

Solution for_start vector in terms of orbital elements

Solving for the start vector in cartesian coordinates is the usual practice, especially when
using numerical methods to integrate the equations of motion. However, sometimes it is
convenient to solve for the start vector in terms of orbital elements, instead of cartesian
coordinates, as correlations between the parameters are more meaningful.

Let Eo be the start vector in terms of orbital elements :

Eo= (ag » €0 »ig » Mg » 0g » o) (3.60)
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where a - semi-major axis
e - eccentricity

i  -inclination

M - mean anomaly

o - argument of perigee

Q -rightascension of ascending node

For near circular orbits there is a high correlation between M and ®, and in this case it
may be advantageous to use the following equivalent set of elements :

Eo= (g » €0 » ip » Mg + @ » ©g » P ) (3.61)
In any case

) _ 3 R

Eo 9% o (3.62)
Q . o .
—— is computed by numerical integration as explained above.
0Qo

-

The formulae for —=— in the case —é0= (ag > €g»ig» Mg, 0g , g ), the usual 6 orbital
dE,

elements, are well known from Kaula (1966). When the modified set of parameters given

0
in (3.61) is used, the matrix of the partial derivatives —90' in equation (3.62) have a
Eo

slightly different form.

Let A be the matrix of the partial derivatives of the start vector in terms of position and
velocity Qo = [ Xo. Yo, Zo» Xo» Yo» Zo ] With respect to the 6 osculating orbital

elements E o= (ag, € ,ip, Mg, 0g, Qg ):
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oX
da
oY
oa
0Z
da
0X
da
)¢
oa
oZ
da

oX
de
oY
de
0Z
de
oX
de
)¢
oe
oZ
de

oX
di
aY
di
dZ
di
oX
di
oY
di
9Z
di

0X
oM
aY
oM
dZ
oM
oX
oM
oY
oM
oZ
oM

oX
ow
oY
ow
0Z
0w
oX
ow
oY
510
0Z
0w

oX
oQ
oY
oQ
oZ
0Q
oX
oQ
oY
oQ
oz
oQ

(3.63)

The subscript "o" was omitted in the matrix to avoid heavy notation. The corresponding
matrix B of the partial derivatives of Q ¢ = [ Xg, Yo, Zo» Xo» Yo Zo ] With respect to
Eo=(ao,eo,io,Mo+(Do,0)o,Qo)iS:

[9X
2
aY
da
oZ
da
ax
da
v
da
oZ
| 32

oX
e
aY
de
oZ
de
ax
de
i)z
de
0Z
e

X
El
Y
En
az
di

X
di

av
di

oz
ER

oX

oM
Y

oM
dZ

oM
oX

oM
oY

oM
oZ

oM

X dX

Jdn oM
Y 9dY

Jo oM
0Z 0Z

o oM
oX oX

Jn oM
aY dY

Jn oM
02 97

o oM

oX
Q
Y
oQ
Iz
oQ
%
oQ
ay
aQ
oz
oQ

(3.64)

This form of the start vector in terms of the 6 modified osculating elements is used in

Chapter 10 in short arc computations.

Adjustment of geopotential coefficients

As explained above, the inclusion of more solve-for parameters requires the computation
of the explicit partial derivatives of the acceleration f in equation (3.58) with respect to
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these parameters. In the case of the geopotential coefficients these partials are derived by
differentiating equations (3.8) with respect to each coefficient:

Partials with respect to zonals Jy :
ot _ A
dJy aJy
of2 _ @A Y
ay  ady (3.65)

of3 _ A 7,08

5]2 - aJy aly

Partials with respect to tesserals Cem
ot __ A, 9B
&L ¢m L om o ¢m
dfo A ay
=- Y -
Lim  Lem  LCgm (3.66)
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Similar expressions hold for the partials with respect to S¢p, by just replacing C¢py, by
S¢m in the above equations.

Denoting by H the common factor:

_ GM |ro
T T3 [r_] (3.67)
r

the partials of A, B, B and y with respect to each coefficient can be expressed as:
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These partials are first computed in the terrestrial system and then transformed into the
J2000 system by using the appropriate transformation.

3.5.2 Partials of the observed quantity with respect to satellite
position

In this study, three different tracking data types were used: laser, PRARE and altimeter
observations. These data types are described in Chapters 6 (laser and PRARE) and
Chapter 7 (altimetry). This section gives the formulae for the partial derivatives of these
quantities with respect to satellite position. All the partials with respect to satellite velocity
are zero, since none of these observed quantities is a function of velocity.

rtial n Laser RARE

Range vector from station T to satellite S :

R=S-T (3.69)
S=1[Xs, Ys, Zs ]
T=[Xr, Yy 21
Range distance :
R=[(Xs-XT)2 + (Ys-YT)2 + (Zs-ZT)21V/2 (3.70)

Partials of range with respect to satellite cartesian coordinates:

R _ Xs- XT

aXs R

oR Ys- YT

s = R (3.71)
R _ Zs- ZT

Zs R
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Partials of altimeter height

Partials of h with respect to satellite geocentric coordinates X, Y,Z :

-—a-ll = COS( COSA

ax ¢

<§—2 = cosQ sinA (3.72)
-ai = sin

oz =5¢

where @ is geodetic latitude and A is longitude.

These expressions give the partials in the terrestrial system. To compute them in the
J2000 system the required transformation has to be applied. Note that these expressions
are precise, not just approximate. The demonstration of these formulae, derived by the
author of this thesis, is presented in Appendix A.

3.6 Multiple Drag Coefficients

It has been current practice in long arc solutions, if enough tracking data are available, to
solve for multiple drag coefficients instead of a single coefficient for the whole arc. This
greatly improves the orbital fit by absorbing some of the along-track error.
The use of multiple drag coefficients instead of a single coefficient involves two main
aspects:

i) redefinition of the formula for the acceleration due to the drag force

il) computation of the partial derivatives of satellite position and velocity with
respect to each coefficient.

1) In the case of a single coefficient, the acceleration due to drag force can be written as
(see equation 3.13):

rq = Cq . B (3.73)
where
A 1 A 3 2 _\7
D=-—p 22V - .74
2 P m rel Vv (3.74)

Let us consider an arc A, with start and end dates to and tn respectively, which is
divided into n arcs Aj:
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A = [to, tn]

Aj = [ti-1, t] , i=1,N (3.75)
so that a different drag coefficient Cid applies for each arc A;.

C4 can now be considered a vector of length n :
1 2 n
Cd=( Cq Cds-+Cq) (3.76)

and the formula for the acceleration due to drag becomes a function of n branches:

’

C(liﬁ te A
2 —
L} Cy4.D te A
rg=4{ ¢ 2 (3.77)
n —
CdD te An

Therefore, at every step of the integration of the equations of motion, the corresponding
Cdis used. The fact that acceleration is now a discontinuous function does not mean that
the resulting satellite position and velocity will have sharp variations at the discontinuity
points. This is a consequence of the numerical integration method itself. In the case of
Gauss-Jackson method, at every step, satellite position and velocity are a function of
acceleration at that time, plus function values at the previous 9 steps. Therefore a sharp
change on the acceleration due to a change of the drag coefficient leads to smooth
changes in position and velocity.

ii) The computation of the partial derivatives is not so simple. As the equations of motion
are solved by numerical integration, at every step, satellite position and velocity are a
function of not only the parameters that define the orbit at that time but also, in an implicit
form, of all parameters that have affected the orbit since the beginning of the arc. As
explained in section 3.5.1 the partial derivatives of satellite position and velocity with
respect to the solve-for parameters (including Cq) are computed by numerical integration
(equation 3.59). For each drag coefficient there is an equation of the form:

f of of
- " —'] + —T] (3.78)
Ly Ly explicit Ly implicit
. L .. | of
To set up these equations the explicit partial derivatives Tq explicit must be computed.
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According to equation 3.77 they are :

B te A
i] _ (3.79)

i
Ly explicit 0 te A
To compute the implicit dependence one only need to include the partials with respect to
position. This is because the dependence of f on velocity is very weak and, as the

correction procedure is of first order, the partials are only needed at low accuracy
(Sinclair, 1988). This implicit dependence is computed as:

o 00X of dY of dZ .
of =gt o t == = teAjforjsi
— = {0X 9Cy dY 9Cy 0Z 9Cy (3.80)
9CH Jimpiicit | 0 teAj forj>i

Therefore, for each arc Aj :

ot _|Tat] far] [ ot 0.0
md ] y 5 y ’ 1 ] : ] (3_81)
Cq imp Ly imp Cq imp Ly imp + exp

In other words, at every step of the integration t, inside arc Aj, the implicit dependence

. . j.
of f with respect to each drag coefficient Cy is computed as:

oif j>i —‘.i is null as f does not depend at all on Cld .
T
* if j= i then a—f] is fully computed, both the explicit and the implicit components,
Cy

as f is an explicit function of de

*ifj<ithen on i only the implicit part has to be computed, as f is only an
T4
implicit function of C‘d , due to the fact that C]d has affected the function on

previous steps.

As the partial derivatives themselves are computed by numerical integration, the problem
arises of how to change the computation from explicit to implicit and vice-versa when
changing the arc, since the integration method used (Gauss-Jackson) needs an iterative
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starting scheme. During this study, intensive research was done on how to implement
this algorithm with the addition of minimal computational effort. Here the main
conclusions are presented.

c; cf, cg C; Cq 03

Arc 1 E 101 10 Arc 1 E (4] @

Arc2 I E 1 @ Arc 2 I T E %)

Arc3 I I E Arc 3 I I T E
A B

Figure 3.1 - Schematic representation of two equivalent algorithms for implementing the
solution for multiple drag coefficients.

To simplify the schematic representation of the algorithm, let us suppose that the number
of drag coefficients to solve for along the arc is 3. Two different algorithms were found
to be equivalent. Figure 3.1 describes these algorithms. In this figure the following
symbolic representation was used :

E - the partial derivatives are computed considering both the explicit and the implicit
parts.

I - only the implicit part was computed

I @ - although the implicit part is computed (because it is needed as starting values
for subsequent arcs), it is not output (the output is zero).

T - the computation is restarted at the beginning of the arc. When this symbol does
not appear, the change from implicit to explicit and vice-versa is done without using the
starting procedure, i.e., the integration continues normally only with different formulae.

Results show that it is irrelevant whether the integration is restarted at the beginning of
each arc or continued sequentially. Algorithm A is faster than B because the starting
procedure is slower than the Gauss-Jackson integrator. Considering the computation
time and simplicity of the algorithm, the adopted model which was implemented in the
programs was model A.
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3.7 Conclusions

This chapter has described the main features of the SATAN programs and some of the
modifications that have been introduced during this project. Additional algorithms
developed in this study for processing PRARE range and altimeter data are described in
chapters 6 and 7 respectively. These programs were used in all the research work carried
out during this project which is described in chapters 8 to 10.
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Chapter 4

Background to orbit determination
for altimetric satellites

4.1 Introduction

This chapter summarises the background to techniques that have been used in the
computation of the orbit of low orbiting remote sensing satellites.

Orbit computation fdr low satellites such as ERS-1 is usually performed by means of two
types of solutions: short arcs and long arcs. These two solutions have different
requirements and possess different characteristics with respect to a number of points:

* spanning interval

* amount and distribution of tracking data

* accuracy of dynamic models

* accuracy of tracking stations

Typically a short arc covers a time interval of a few minutes, less than one orbital
revolution. For a low polar orbit a long arc should encompass at least 3 days, unless
there are plenty of well distributed tracking data along the arc. This is because the
ground track pattern of low orbiting polar satellites repeats itself after a time interval close
to 3 days. Therefore this is the minimum time for the satellite to go through all the
perturbations due to the Earth's gravitational field except resonance. If a shorter interval
is used, an artificially good fit to data can be achieved but, away from tracked areas, the
solution may have large errors.

For short arcs, the amount and distribution of tracking data along the arc are crucial.
These will determine the stability of the solution, as well as the number and type of
parameters to adjust. The precision of these solutions is that of the tracking data, and they
are highly inaccurate away from the fitted arc. The type of dynamic model used is of
slight importance, since the model errors are absorbed in the fitting process.

The most important factor for long arcs is the accuracy of the dynamic model, i.e. how
well it describes the forces that act on the satellite and their variability. Their accuracy is
limited by the accuracy of the model used, in particular the gravity field and atmospheric
drag models. These are smooth solutions that, in principle, are of similar accuracy at all
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parts, even where not fitted to data. The amount and distribution of the tracking data used
is of minor importance.

Sinclair (1985) considers a third type of solution: medium arcs from 10 minutes to one
revolution. These solutions achieve a precision of fit only slightly worse than that of the
tracking data, but they depend to some extent on the orbit model used. The amount and
distribution of data are still as important as in short arcs, the accuracy of the tracking
stations being less important.

Orbit solutions can still be classified as dynamical and non-dynamical.

A dynamical solution usually consists of an iterative process. First an orbit is computed
by numerical integration using a model for the forces that act on the satellite. During the
next step some of the parameters that define the force model are adjusted by fitting the
orbit to observations. These improved parameters are then used to compute an improved
orbit.

A non-dynamical method determines corrections to a computed orbit in such a way that
the corrected track of the satellite is no longer an exact solution of the equations for its
motion. Examples of non-dynamical methods are the TAR method described in section
4.2 and crossover analysis of altimetry data (section 4.5).

4.2 Short arcs

Short arc computations require the use of special techniques. The quality of the solution
is strongly dependent on the number and type of parameters to adjust.

To compute an orbit over a short arc up to 10 minutes, Sinclair (1985, 1989) considers
two methods:

» Method 1: To generate an orbit by numerical integration and fit it only to the data
points of the short arc by solving for the 6 parameters of the start vector at some
convenient close starting epoch. This method may lead to very high correlations between
the solved-for parameters. An alternative is to first determine a long arc orbit that includes
the short arc, and then fit the long arc orbit to the short arc data points by solving for
corrections to the 6 osculating orbital elements at some epoch. This gives virtually
identical results with the advantage that constraints can be applied to them more
meaningfully. In both methods, it is found that the gravity field, and the models for drag
and radiation pressure used, have no influence on the quality of the solution.
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* Method 2: To determine a long arc orbit and fit it to the short arc data points by
solving for corrections along the three following directions: along-track (T), across-track
(A) and radial (R), the so-called TAR corrections.

A good fit to the short arc data points can be obtained by both methods, but the solution
can sometimes be spurious.

The TAR corrections can be represented as simple constants, linear variations with time,
or periodic variations of the orbital period. The best way of representing the corrections
seems to be the last method. The advantage of using TAR corrections is that correlations
related to the configuration of the track relative to the stations are more apparent, and can
be controlled by limiting the number of parameters. The disadvantage is that the corrected
track is no longer an exact solution of the equations for its motion.

Using the TAR method, Sinclair (1989) researched the type of configuration the network
of the tracking stations should have to give an accuracy of less than 10 cm over a short
arc. The configuration required is either:

» Two stations, close to the ground track of the satellite, one at each end of the arc.
* Four stations, two at each end of the arc, preferably on either side of the track,
with significantly different minimum zenith angles.

If range data from a single pass of a station are used, then very high corrections are
found between various solved-for parameters.

Hauck and Herzberger (1986) and Hauck (1988) used similar techniques for short arc
solutions where station coordinates were simultaneously solved. They used two
methods: the first is similar to method 1 described above; the second method solves for 4
corrections to the following parameters: T, R, inclination and ascending node.

For short arc solutions, the coordinates of the tracking stations have to be accurately
known. The tracking data only locate the satellite relative to the stations. Hence its
location relative to the centre of the Earth is dependent on knowing the station
coordinates. Errors in the latitude and longitude of the stations will cause errors in the
position of the satellite of the same order in the T and R directions, the effect on R being
smaller (Sinclair, 1989). However, an error in the height of the station will cause errors
of the same order in the radial component.

On a simulation study for ERS-1, Wakker et al.(1983a) found that a radial accuracy of
better than 10 cm can be achieved for an arc of about 15 minutes that is tracked
intensively by several laser or PRARE stations, but the errors increase rapidly away from
this region. The results also show that, for these short arcs, the gravity model errors lead
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to only very small orbit errors of less than 4 cm, and that the surface model errors have
almost a negligible effect on orbit accuracy. The dominant error in this case is the station
coordinates error.

4.3 Medium arcs

Sinclair (1985) investigated how a short arc technique could be extended to longer arcs,
up to half a revolution. He used an artificial method whereby two orbits were computed
for the satellite Starlette (height 960 km and inclination 49.8°) using two different gravity
models, GEM10B and PGS1331. GEMI10B is a general purpose geopotential model
developed by GSFC, complete to degree and order 36, while PGS1331 is a tuned gravity
field for Starlette. The GEM10B orbit was fitted to the PGS1331 orbit in 2 ways: by
fitting at points every 0.3 minutes along the whole arc, and by fitting at points every 0.3
minutes along the first and last 9 minutes of the arc. This latter method was intended to
simulate a situation where the arc would be tracked by stations at each end of the arc. It
was found that the first method gives rather strange results, completely different from the
effect of fitting to range data, giving radial errors larger than the along-track and across-
track errors. The second method gives a better overall result with an rms radial error of 6
cm to 57 cm, depending on arc length.

For these medium arcs, if the arc is well determined at the ends, there will be an error
within it due to the limitations of the orbital model. These errors will not be as large as in
long-arc solutions, because the long-period errors of the model, and those close to the
orbital period, will be absorbed by the fitting process.

Short and medium arc computations can be very useful for ERS-1. Due to the limitations
in the existing force models for this satellite, this may be the only alternative if very
precise positions are required. In this study intensive research has been done on the
development of alternative short and medium arc methods. These results are presented in
Chapter 10.

4.4 Long arcs

Generally, long arc solutions are less influenced by data distribution but are very
dependent on the accuracy of the force models being used, especially the models for the
gravity field, atmospheric drag and radiation pressure. Together with the start vector,
drag and solar radiation coefficients are usually adjusted in the orbit computation
process.
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Studies being done for Starlette (Sinclair, 1985) suggest that to obtain an orbit that
achieves close to the optimum radial accuracy of the model being used at all parts, the
amount and distribution of tracking data is not critical but should cover at least 3 days,
should be very well distributed geographically (i.e. from all continents), and should
include 15 or more passes. For arcs longer than 8 days, the accuracy gradually
deteriorates, and the use of single solved-for coefficients for drag and radiation pressure
becomes inadequate. Generally, for arcs longer than 3 days, or arcs covering a period of
strongly enhanced solar and geomagnetic activity, multiple daily drag coefficients should
be used. The adjustment of multiple drag coefficients will absorb any slowly varying
along-track orbit error due for example to mismodelling of geopotential coefficients.

For long arc solutions the main source of orbit error is the gravity field model. At
present, the best gravity models for orbit determination seem to be the GEMTn series
(Table 4.1). GEMT1 is a general purpose model, derived from satellite only tracking data
from 17 satellites, complete to degree and order 36 (Marsh et al., 1988).

The accuracy of a geopotential model is limited by two types of modelling errors:

- commission errors due to mismodelling of the coefficients.

- omission errors due to fact that each model is truncated at a particular degree and
order.

The commission error for GEMT1 is 1.60 m. GEMT2 uses data from 31 satellites, is
complete to degree and order 36 and contains more than 600 coefficients above degree
36, up to degree 50, to better accommodate zonal, low order, and satellite resonant
terms. The commission error for GEMT?2 is 1.30 m for the 36x36 portion of the field
and 1.41 m for the full model (Marsh et al., 1990a).

Gravity models derived from satellite data only are limited by the fact that the available
data do not cover all the relevant inclinations and semi-major axes. Such models possess
heavily correlated coefficient values, and will be unsuitable for the computation of orbits
of satellites with other different parameters (Zandbergen et al., 1988).

For irregularly shaped satellites like ERS-1 or SEASAT the cross-sectional area for
atmospheric drag or radiation pressure has large variations. For these satellites it is
important that these areas are modelled accurately. Wakker et al. (1983a) show that the
modelling of the variable cross-sectional area of SEASAT considerably affects the orbit

solution.
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Table 4.1
Summary of geopotential models used in this study

Geopotential | Degree RMS Commission error of | Data utilised in the models
model the geoid (m)
GEMT1 36 1.60 Data from 17 satellites including
SEASAT
GEMT2 50 (incomplete) 1.30 - for the 36x 36 portion | Data from 31 satellites including
Complete to degree 36 | of the model SEASAT and GEOSAT
1.41 - for the whole model
OSUS9A 360 0.32 - for the portion of the | GEMT2 model + 1°x 1° gravity
OSU89B field common to GEMT2 anomalies + SEASAT and
0.60 - for the whole model GEOS3 altimetry
GRIM4_C2 |50 0.54 Data from 29 satellites including
SEASAT, GEOSAT and SPOT2
(DORIS) + 1°x 1° gravity
anomalies + SEASAT and
GEOS3 altimetry
SEASAT orbits

To assess the accuracy to be expected for ERS-1 orbit, and given the similarity between
the two satellites, the SEASAT orbit has been extensively computed by a number of
investigators. These studies reveal the progress that has been achieved on force
modelling and data processing during the last decade.

The SEASAT orbit used in the Geophysical data records had errors of the order of 1.5
m.

For arcs from 3 to 6 days' length, Wakker et al. (1983b) determined SEASAT orbits
using adjustable daily drag coefficients, area tables for atmospheric drag, and the
SEASAT tuned gravity field PGS-S4. These orbits exhibit laser range residuals from
0.5 m to 1.23 m and rms values of 0.8 m in radial and across-track direction and 3 m
along-track.

Using GEMT1, SEASAT area tables and daily drag coefficients, Wakker et al. (1987)
obtained solutions with rms laser residuals of 48 to 62 cm.
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Zandbergen et al. (1988) investigated the kind of accuracy that could be achieved by
tailoring GEMT1 to SEASAT. In this exercise, crossover data were added to the laser
data, because of the sparseness of the latter, and 360 coefficients were solved for. It was
found that for 3 day arcs, using this tailored model, the radial orbit error is reduced to 30
cm rms, with laser range residuals from 28 to 45 cm. The same kind of accuracy could
be obtained for ERS-1, the only difference being that GEMT1 is already a very accurate
model for SEASAT, which is not true for ERS-1.

Using crossover differences, Marsh et al (1990a) predicted a radial error of 28 cm for
SEASAT orbits computed with GEMT2.

Chapter 8 describes the work performed during this study on the determination of the
SEASAT orbit by using GEMT1 and GEMT2.

ERS-1 simulations:
For ERS-1 several simulation studies have been done.

For arcs of 3 days, assuming a gravity field error model equal to 30% of the differences
between GEM10 and GEM10B, Wakker et al. (1983a) estimated a global rms orbit error
for ERS-1 of 0.6 m in the radial and across-track components and 2.4 m in along-track.
Note that GEM10B ( 36 x 36 model), contains many coefficients which are not present in
GEMI10 (22 x 22 model).

For this satellite, long arc solutions are crucially dependent on the existence of a good
tuned gravity field model, in which the unmodelled high order resonant coefficients are
absorbed by the lower terms. The optimum accuracy of the long-arc orbits computed
with this tuned model is expected to be 50-70 cm (rms range residuals). Provided this
good tuned field giving rms range residuals of 50 cm is available, the expected rms radial
error for ERS-1 1is 30 cm (Sinclair, 1985).

The failure of the PRARE tracking system highly compromised the development of a
precise tuned field for ERS-1. While this field is not available, the best geopotential
models for this satellite are probably the models that include DORIS (Doppler
Orbitography and Radiopositioning Integrated by Satellite) data. DORIS is an uplink
Doppler tracking system that measures the satellite radial velocity relative to stations
located at the Earth (Boucher and Dufour, 1992). It was used for the first time on the
French remote sensing satellite SPOT2, a sunsynchronous satellite at 832 km altitude and
an inclination of 98.7°. The system includes a dedicated tracking network of 50 fairly
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well distributed stations, providing numerous data that can be used for gravity field
determination.

Several geopotential models have been derived using DORIS data: GRIM4_S2 and
GRIM4_C2 (Biancale et al, 1993), (see Table 4.1) and TEG-2B (Boucher and Dufour,
1992). Since these models include data from SPOT, which has an inclination very similar
to that of ERS-1, they should give better results for ERS-1 than the GEMTn models.

Chapter 9 describes the work carried out during this study on the determination of ERS-1
orbit using GEMT2 and GRIM4_C2.

4.5 Use of altimetry as tracking data

Altimeter data alone can only be used to recover the radial component of the orbit error,
as they lack information on the across-track component and give extremely weak along-
track information. To be used in a global solution, they have to be mixed with other types
of data.

With only one laser station no accurate orbit determination is possible, but one or two
laser stations together with altimeter data may replace an extensive ground based tracking
system (Wakker et al.,, 1983a). Orbits computed with only one laser station and
crossover points are found to be as good as orbits computed with a full network of laser
stations (Wakker et al., 1987).

The use of altimeter data to improve global orbit solutions has been investigated by
several authors, using either dynamic (Wakker et al, 1987) or non-dynamic (Fernandes,
1988), (Goad et al, 1980), (Wakker et al, 1987) methods. Two main approaches are
adopted: the use of altimeter measurements themselves, with appropriate sampling and
filtering, and the use of crossover differences (Wakker et al, 1987), (Zandbergen et al,
1988).

Radial orbit errors are not random in nature but geographically correlated. This
geographically correlated error is found to be latitude dependent and is believed to be, in
an rms sense, half of the total error.

The use of crossover differences has the advantage that they are not affected by the large
errors in modelling the mean sea surface (geoid errors). However, they do not allow the
recovery of the geographically correlated part of the error because this is cancelled in the
differencing process. Although the orbit error is the predominant part, they also contain
tidal errors and time dependent oceanic effects (eddies, meanders, rings and atmospheric
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storms). In the crossovers, the 1 cycle per revolution portion of the error is unobservable
at the northernmost and at the southernmost latitudes but is perfectly observable at the
equator. This is related to the way crossovers are formed. Also, crossovers that are
formed at extreme latitudes have time lags that are almost exact multiples of one
revolution and so there is no observability of the orbit error (Wagner, 1985). For frozen

orbits (® = /2, w=0) like SEASAT and ERS-1 orbits, there are further components of
the orbit error that are unobservable in crossover differences: the constant offset, the 2
cycles per revolution term and the periodic zonal terms (Moore and Rothwell, 1990).

The use of filtered residual sea surface heights usually leads to an overestimation of the
value of the radial orbit error because it tends to incorporate some geoid errors. On the
contrary, crossover residuals lead to an underestimated value as they contain the
geographically uncorrelated part of it. By using Legendre functions this geographically
correlated error was found to be, for SEASAT, of the order of 50-80 cm radially
(Wakker et al., 1987). The correlated and uncorrelated parts of the error are found to be,
in an rms sense, of the same order (Zandbergen et al., 1988).

Engelis (1988) and Engelis and Knudsen (1989) used a combined solution where the
stationary sea surface topography was simultaneously determined with orbit and long
wavelength geoid improvement, by using both residual sea surface heights and crossover
discrepancies. In these solutions the errors due to the geopotential are absorbed by the
adjustment of geopotential coefficients. It was found that the total radial orbit error had an
rms of 1.02 m. The main components of this error are a constant of about 85 cm and the
error due to the geopotential, with an rms of about 40 cm. Excluding the constant
correction, which is attributed to an error in the semi-major axis of the GRS80 ellipsoid,
the rms of the remaining error is of the order of 50 cm. Using this method, the rms of
crossover differences was found to go from a previous level of 90 cm to a level of 28 cm
after the adjustment.

Marsh et al. (1990b) performed a simultaneous solution for the gravitational field
(PGS3520), satellite orbit and the quasi-stationary surface topography using altimeter
and conventional tracking data. SEASAT orbits computed in this solution have an
estimated radial accuracy of 20 cm rms.

4.6 Spectrum of the orbital error

To establish optimum techniques for short arc determination, or for the analysis of
altimetry data, an understanding of the spectrum of the ephemeris error is required.
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The major errors are due to the gravity field. The spectrum of these errors can either be
determined analytically (Figure 4.1) or by examining the differences of two orbits
computed with two different field models (Figure 4.2). The second method is much more
practical but lacks information on the part of the error that is common to both solutions.

The frequency spectrum for the gravity model induced orbit error spans resonant
(secular), long period, daily, and short period terms of the order of one revolution
(Tapley and Rosborough, 1985). Long period and resonant terms are usually absorbed
by the solve-for parameters within the orbit determination process, provided that accurate
tracking data are used. Consequently, the error in actual ephemerides has mainly short
period and daily terms. The remaining error in a satellite ephemeris has a geographically
correlated portion that does not average to zero. Using conventional orbit determination
methods, this can only be removed from the ephemeris through gravity model
improvement or through near continuous tracking.

In particular, the errors of any computed orbit along the TAR directions have a major
variation with time that is approximately periodic with a period of one orbital revolution
(Figures 4.3 and 4.5). The reason for this is that the osculating elements can in principle
be represented as arbitrary constants plus forced periodic and secular terms. Errors in the
force model lead to errors that have a wide range of periods, but when they are expressed
as TAR variations they are close to the orbital period (Sinclair, 1989). In addition to this,
in the orbit determination process, the adjusted parameters will have errors as they absorb
errors due to the force model. These errors cause orbit errors which in the TAR
directions are exactly 1 cycle per revolution. Along with this dominant 1 cycle per
revolution term, the along-track error has a much wider spectrum, with many significant
terms of long wavelength.

Engelis (1988) gives a detailed analytical analysis of the radial orbit error. The radial
error from gravitational origin has frequencies that are a linear combination of the orbit
frequency @ + M (one cycle per revolution), the apsidal frequency o of a complete
revolution of the perigee, and the frequency Q — @ of a complete rotation of the Earth
with respect to the precessing orbital plane. This error is mainly periodic with
frequencies close to 1 and 2 cycles per revolution with time independent amplitudes, 1
and 2 cycles per revolution with amplitudes linearly increasing with time, many long
wavelength terms of frequencies between zero and two cycles per revolution and a
constant bias term.

Errors due to initial state errors have the same form and opposite sign to these errors and
are a function of the constants of integration. If the observations to the satellite are global
and very accurate, these errors can be simultaneously removed during the adjustment of
the initial state vector. Similarly, resonant errors are likely to be absorbed by drag
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parameters that are estimated during the adjustment. In practice, 1 cycle per revolution
errors of constant and time dependent amplitudes remain after the adjustment. Residual
drag and resonant errors often exhibit a signature (bow-tie pattern) that is zero at the
middle of the arc and is maximum at its extremities (Figure 4.4).

Moore and Rothwell (1990) present a detailed analytical analysis of the radial error due to
gravitational and non-gravitational origin, with application to altimeter crossover
differences. For the gravitational error, the conclusions are similar to the results by
Engelis (1988). The error due to air drag is dominated by a quasi secular change in the
radial distance r, with a small sinusoidal term of increasing amplitude superimposed. For
radiation pressure the errors are similar to drag errors but the sinusoidal term is more
significant.

If inadequate tracking data are used to determine an orbit, the major discrepancies
(compared to the optimum orbit for the force model being used) will be of the orbital
period. In particular, the radial error is always close to the orbital period, whether it is
caused by an inadequate force model or insufficient data. This is why short arc
extrapolations have to be very limited: although the radial error can be made very small
locally, within a quarter of a revolution it will have increased to its maximum (Sinclair,
1985).
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Chapter 5
ERS-1 and SEASAT

5.1 Introduction

At the time of the beginning of this study, ERS-1 had not yet been launched. SEASAT
was the satellite closest to ERS-1 with regard to the type of orbit and characteristics of
the measuring instruments, and with easily available data. Therefore, the first part of this
study (Chapters 8 and 10) was concerned with the computation of SEASAT's orbit, as a
preparation for the subsequent work on the determination of the orbit of ERS-1 (Chapter
9).

This chapter describes and compares the characteristics of these two satellites with
respect to the parameters that are relevant for orbit determination.

5.2 ERS-1
5.2.1 Mission objectives

ERS-1 was launched from Kourou, in French Guiana, aboard Ariane flight V44, on 17
July 1991. It is the European Space Agency’s first satellite devoted entirely to remote
sensing from a polar orbit. It provides global and repetitive observations of the
environment using advanced microwave techniques, which enable measurements and
imaging to take place independently of weather or sunlight conditions.

The main objectives of the mission are (Duchossois, 1991) and (Francis et al.,

1991):

* to increase our understanding of ocean-atmosphere interactions with the aim
of deepening our knowledge of climate.

* to determine improved weather and sea-state forecasting.

» study ocean circulation and transfer of energy.

* to determine reliable estimates of the mass balance of the Arctic and
Antarctic ice sheets.

* monitor the dynamic coastal processes and pollution.

* improve detection and management of land use change.
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The SAR's range resolution is obtained from the travel time of the transmit pulse by
phase coding the pulse with a linear chirp, and compressing the echo by matched
filtering. Azimuth resolution is achieved by recording the phase as well as the amplitude
of the echoes along the flight path. The set of the echoes over a flight path of about 800
m will be processed (on the ground) as a single entity, giving a resolution equivalent to a
real aperture 800 m in length (the “synthetic aperture” of the radar).

ii) Wave mode, to derive wave spectra from small SAR images ( S x 5 km) at
intervals of 200 km along track.

* A Wind Scatterometer, to measure wind speed and wind direction over ocean. It
uses three sideways looking antennae, one pointing normal to satellite flight path and the
other two pointing 45° forward and backwards, respectively. These antennae
continuously illuminate a 500 km wide swath providing measurements of radar
backscatter from the sea surface on a 25 km grid.

Because of the high data rate generated (100 Mbit/s), the AMI can only operate in the
image mode for about 10 minutes per orbit. The wind and wave modes however, are
capable of interleaved operation, the so-called wind/wave mode.

2 - A Radar Altimeter (RA), operating in the Ku band (13.7 GHz), with nadir pointing,
to measure echoes from ocean and ice surfaces. It has two measurement modes,
optimised for measurements over ice and ocean respectively. In the ocean mode it is used
to measure altitude, significant wave height and ocean surface wind speed. In the ice
mode the instrument operates with a coarser resolution, providing information on ice
sheet surface topography and sea/ice boundary. The height measurement precision is less
than 10 cm when averaged over 1 second. More detail on this instrument is given in
Chapter 7.

3 - An Along Track Scanning Radiometer and Microwave Sounder (ATSR-M), a passive
instrument consisting of an advanced four channel infrared radiometer (IRR) and a two
channel nadir viewing Microwave Radiometer (MWR), designed to determine:

* Infrared Radiometer: sea surface temperatures; cloud top temperatures; cloud
cover and classification; land, sea and ice surface radiance.

* Microwave Sounder: total atmospheric water content; liquid content and rain
areas; land and ice surface emissivity.

4 - A Precise Range and Range Rate Equipment (PRARE), an active microwave
instrument to allow for precise tracking of the satellite, and ionospheric correction of the
altimeter signal. Unfortunately, the PRARE suffered fatal damage to the Random Access
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Memory, due to radiation after a few hours of nominal operations. An improved version
of PRARE is being built for ERS-2. Chapter 6 gives detailed information on this
instrument.

5 - A Laser Retro-Reflector array (LRR), a passive optical device operating in the
infrared, to allow for very accurate laser tracking of the satellite from ground stations. It
is mounted on the Earth-facing side of the spacecraft and consists of an array of corner
cubes, one nadir-looking in the centre, surrounded by an angled ring of eight corner
cubes.

5.2.3 Mission phases

The ERS-1 mission is sub-divided into six main phases (ESA, 1992) and (Louet and
Francis, 1992):

- orbit acquisition

- commissioning phase

- first ice phase

- multi-disciplinary phase

- second ice phase

- geodetic phase

During each phase, the main parameters and characteristics of the mission are kept
unchanged. The transition between different phases is accomplished by a number of
manoeuvres to adjust the orbital pattern to the various requirements for ground coverage.

* The Launch and Early Orbit Phase (LEOP) took place during the first two weeks after
launch.

* The Commissioning Phase took place during the first 5.5 months of the mission,
immediately after the LEOP. During this period the so-called Venice orbit was used,
providing a 3-day repeat cycle passing over the city of Venice, selected for the Radar
Altimeter's calibration. The main goals during the commissioning phase were to:

- calibrate and validate the on-board instruments

- phase-in and commission the near-real-time ground segment components.

* During the Jce Phases a 3-day repeat orbit is still used, but with a slightly different
longitudinal phase, selected especially for the ice experiments to ensure highly repetitive
coverage of ice zones during Arctic winters.
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Table 5.1
Timetable for ERS-1 mission phases

Phase Repeat Cycle Start End
(days)

Commissioning 3 03/08/91 10/12/91

First Ice 3 28/12/91 30/03/92

Multidisciplinary 35 15/04/92 31/12/93

Second Ice 3 01/01/94 31/03/94

Geodetic 176 15704 /94 .

* The Multi-disciplinary Phase corresponds to a period where the satellite is in a 35-day
repeat cycle orbit. During this period the SAR will be capable of imaging any part of the
world within station coverage, and the density of the altimeter tracks increases to give a
separation between ground tracks of just 39 km at 60° latitude.

* The Geodetic Phase will take place only at the end of the mission. A repeat cycle of 176
days will be used allowing the acquisition of high density altimeter measurements,
aiming at a better determination of the geoid over the oceans.

The timetable for the first mission phases is presented in Table 5.1 (ESA, 1992)

5.2.4 ERS-1 orbit

ERS-1 is in a near circular, polar, sunsynchronous orbit with a mean altitude of 780 km
and an inclination of 98.5 degrees. This high inclination has been selected to give the
satellite visibility of all areas of the Earth as the planet rotates beneath its orbit.

The characteristics of the three main types of orbits used during the ERS-1 mission are
presented in Table 5.2 (ESA, 1992).

For the spacecraft to be in a periodic motion relative to the rotating Earth the satellite
orbital period must be a rational fraction n/m of the Earth's spin period (Rosengren,
1992). After m spacecraft orbits and n Earth rotations, the satellite will be back over the
same point. For ERS-1 the orbital periods of 3/43 and 35/501 days have been selected.
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For the 3-day repeat cycle, at the equator, each successive track is displaced 2796 km
west of the previous one. Every day the satellite begins a new cycle of passes, which are
displaced 932 km from the previous day cycle (Figure 5.3). The 35-day repeat cycle
results in an adjacent crossing of the equator of only 80 km thus allowing a much finer
coverage (Figure 5.4). The orbital parameters are maintained to ensure the ground track
repeatability to within 1 km at any point in the orbit.

Table 5.2
ERS-1 Orbit characteristics

Commissioning Ice Multi-disciplinary
Phase Phases Phases

Repeat cycle 3 days 3 days 35 days
Semi-major axis (km) 7153.138 7153.138 7159.496
Inclination 98.516° 98.516° 98.543°
Mean altitude (km) 785 785 782
Orbits per cycle 43 43 501
Ascending node reference 24.36°E 128.02°W 20.96°E
Mean local solar time at
descending node (+ 1 min.) 10h 30m 10h 30m 10h 30m

The combination of ERS-1 inclination and mean altitude causes the orbit to be retrograde,
with a period close to 100 minutes.

Orbital parameters have been selected to provide an orbit in which there is no precession
of the perigee, i.e., the argument of the perigee is kept fixed at a mean value of 90°. Such
an orbit with a small eccentricity and perigee over the North pole is called a frozen orbit.

The ERS-1 orbit is sun-synchronous, i.e., the precession of the orbit caused by the non-
spherical components of the Earth's gravity field, exactly opposes the mean angular rate
of the Earth in its orbit around the sun. Consequently the orbital plane will always
maintain its position relative to the mean sun, crossing the equator with the descending
node at 10:30 am % 1 minute mean local time.

However the direction of the true sun relative to ERS-1 orbit plane varies along the year
due to two main factors. First, the movement of the Sun relative to the Earth takes place
in a plane (the ecliptic) which is inclined by 23°.4 relative to the equator. Secondly,
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because the velocity of the sun relative to the Earth is not constant, the hour angle of the
true sun departs from the hour angle of the mean sun by an amount given by the so called
“Equation of Time”, which amounts to +15 minutes. Therefore the true local solar time at
the descending node (TLST) is not equal to the constant value of the Mean Local Solar
Time (MLST) but has an annual variation of 15 minutes (Figure 5.5).

TLST = MLST + Equation of Time = 10h 30m + Equation of Time

In consequence of these movements the inclination of the sun relative to the ERS-1
orbital plane has an annual variation with minimum 17° at the beginning of June and
maximum 27° at the beginning of February (Figure 5.6). Therefore the spacecraft solar
array needs only be rotated about one axis (the spacecraft X axis, normal to the orbit
plane) to maintain pointing to within 5° of the Sun's direction. During each orbit the solar
array rotates through 360° with respect to the satellite, around the X axis, to maintain its
Sun pointing. This information is important for the modelling of the cross-sectional areas
for atmospheric drag and radiation pressure, as will be discussed in section 9.2.4.

5.2.5 ERS-1 attitude system
ERS-1 is a three-axis stabilised earth pointing spacecraft (Figures 5.1 and 5.7)

The attitude control system orientates the yaw (+Z) axis towards the local vertical
(geodetic pointing with respect to the reference ellipsoid) and the pitch (X) axis normal to
the instantaneous ground velocity

vector (and not normal to the

instantaneous orbital velocity vector,

as in the previous Earth satellites). A +Z (Yaw)

The (-Z) axis and therefore the L~ direction
Radar Altimeter and the ATSR-M ,"' of flight
are directed towards the sub satellite .’

nadir point relative to the Earth's < 2 e
surface (Rosengren, 1992). + X (Pitch)

The (-Y) face of the spacecraft is in

the “forward” direction, i.e., the
direction of motion of the sub +Y (Roll)

satellite point relative to the Earth's

surface. This attitude control

technique, called yaw steering Figure 5.7 - ERS-1 Satellite Fixed Reference

mode, has been selected to provide System
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more favourable conditions for the operation of the AMI in the wind mode. In this way
the AMI SAR antenna and AMI wind mode mid-beam boresight are looking towards the
zero Doppler line.

The direction of the pitch axis oscillates slightly during each orbit, to keep it oriented
normal to the composite ground velocity vector, taking into account the Earth's rotation.

Table 5.3
Attitude accuracy for ERS-1

Pitch Roll Yaw
Bias and long-term drift 0.11° 0.11° 0.21°
Harmonic and random 0.03° 0.03° 0.07°

The attitude accuracy is as specified in Table 5.3 (ESA, 1986). Absolute rate errors in
each platform axis are less than 0.0015 °/sec over all frequencies.

ERS-1 has a range of attitude sensors (Francis et al, 1991). The long term reference in
pitch and roll are obtained from an infrared Earth sensor. The yaw steering is obtained
once each orbit from a narrow-field sun sensor aligned to point at the sun as the satellite
crosses the day/night terminator. The short term attitude and rate reference are obtained
from an inertial platform, with a pack of three gyroscopes. In addition the spacecraft
possesses two wide-field sun acquisition sensors for use in the initial stages of attitude
acquisition, and in safe mode, when the satellite is in sun rather than in Earth pointing
(Francis et al, 1991).

5.3 SEASAT
5.3.1 The SEASAT spacecraft and instruments

SEASAT was the first satellite to assess the value of microwave sensors for remote
sensing of the oceans. It was launched on June 27, 1978, and operated only until
October 10, when a short circuit in the power system occurred.

A simple comparison of Figures 5.1 and 5.8 shows that SEASAT and ERS-1 spacecraft
have significantly different shapes. SEASAT was a modified version of the Agena
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The SEASAT spacecraft included five sensors. The first three were active radar
instruments, the last two, radiometers:

1 - Radar Altimeter - a nadir viewing instrument to measure altitude above mean sea
level, significant wave height and wind speed at nadir. The precision of altitude
measurement is about 10 cm for 1 second averaged data. Detailed information on this
instrument is given in Chapter 7.

2 - Synthetic Aperture Radar (SAR) - an active imaging system operating in the L
band (1.275 GHz) to derive wave spectra. The SAR antenna was oriented along track,
which resulted in a ground swath 100 km wide, centred 23° off nadir.

3 - Microwave Scatterometer - an active microwave sensor to measure surface wind
speed with an accuracy of 10 cm, and wind direction with an accuracy of £20°.

4 - Scanning Multichannel Microwave Radiometer (SMMR) - to determine sea
surface temperature, surface wind speed and atmospheric water content.

5 - Visible and IR Radiometer- a passive imaging system to measure sea surface
and cloud top temperatures, and to identify cloud, land and water features.

The SEASAT tracking systems included: a unified S band transponder, a TRANET
Doppler beacon, and a laser retro-reflector array (Wakker et al, 1983b). A total of 14
laser stations have tracked SEASAT, but some of them produced a reduced set of passes
or passes with significant data problems (Wakker et al, 1987).

5.3.2 SEASAT orbit and attitude system

The SEASAT orbit was near circular, with an altitude of about 800 km, a period of 101
minutes and an inclination of 108 degrees.

During the SEASAT mission two orbit cycles were used. From July 3 to August 17 a
near 17 day repeat cycle was used, with a semi-major axis of 7166 km, giving an
equatorial spacing between adjacent tracks of 165 km. During the period August 18 to
September 10 the satellite was manoeuvred into a 3 day repeat cycle orbit, with a semi-
major axis of 7172 km, an argument of perigee of 90° (frozen orbit), and an equatorial
spacing of 932 km. The satellite remained in this orbit until its failure.

Table 5.4 compares some characteristics of the SEASAT and ERS-1 3-day repeat orbits
and ground track patterns. It is obvious that there is a great similarity between these

orbits. The major difference is that SEASAT's orbit has a smaller inclination and is not
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sun-synchronous. The maximum latitudes covered by SEASAT and ERS-1 are 72° and
81°.5 respectively, showing that ERS-1 allows a better sensing of the polar regions.

Table 5.4

SEASAT and ERS-1 mean orbital elements

for the 3-day orbit

semi-major axis (km)
inclination (deg)
eccentricity

nodal period (min.)
revolutions per day
argument of perigee
o rate (*/day)

Q rate (*/day)

eq. spacing between successive tracks
eq. spacing between adjacent tracks

SEASAT

7169.0
108.0
0.0008
100.8
14 1/3
90

-1.7
2.04
2796 km
932 km

ERS-1

7153.1
98.5
1.165x10-3
100.5

14 1/3

90

0

0.986
2796 km
932 km

One consequence of the 10 degrees difference in the inclination, is that the satellites are
sensitive to different coefficients of the geopotential. Therefore a tuned field for SEASAT
such as GEMT2 (tuned in the sense that incorporates SEASAT’s own data) is not
necessarily an accurate model for ERS-1.

; +Y (Pitch)
direction :
of flight ;
. ) < vy LT,
Figure 5.9 - SEASAT Attitude + X (Roll o
Reference System ' <
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The SEASAT attitude reference system (Figure 5.9) is a geodetic, orthogonal reference
set (X, Y, Z) with origin at the satellite centre of mass where:

» Z - axis is perpendicular to the reference ellipsoid at the sub-satellite point,
positive toward nadir.

D
- —_

* X - axis is defined by (r X r) X Z where Y is the radius vector of the

—

satellite toward the geocentre.
*Y - axis completes the right-hand coordinate set.

This attitude system is similar to ERS-1's system when the satellite is in the fine pointing

mode.
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Chapter 6
PRARE and Laser Data

6.1 PRARE System Description

This chapter describes the PRARE and laser tracking systems and the process used in
this study to simulate PRARE data for SEASAT.

PRARE (Precise Range and Range Rate Equipment) is a new tracking system designed
to be tested on ERS-1 for the first time (Hartl et al., 1984). Unfortunately, the instrument
was damaged by radiation soon after launch and could not be recovered. However, this
does not invalidate the study being done on PRARE simulated data, as a new instrument
(PRARE-2) is being built for ERS-2.

It is a space-based two-way, two-frequency range and range rate measurement system.

Two microwave signals are sent to Earth from the satellite, one in S band (2.2 GHz), the
other in the X band (8.5 GHz). Because the S band signal is more affected by the
ionosphere than the X band, it encounters a different time delay. The difference in the
time delay, in the reception of the two simultaneously emitted signals, is measured at the
ground station. Here it is transmitted to the on board memory where it is used to calculate
the ionospheric correction and applied to the data.

At the ground station the X band signal is transposed to 7.2 GHz and retransmitted to the
space segment, to determine on board the two-way signal delay. This time delay is used
to calculate the two-way slant range between ERS-1 and the ground station. In addition,
the received carrier frequency is evaluated in a Doppler counter, to derive the relative
velocity of the spacecraft to the ground station (range rate).

Together with the ionospheric delay data, meteorological ground data are also sent with
the up-link signal to calculate the tropospheric correction.

The PRARE system consists of three components (Wilmes at al., 1987):

* the space segment -with minimum interface to the spacecraft

* the ground segment - the network of ground tracking stations

* the control segment - the master station for control operations, data transfer to
and from the spacecraft payload and for processing of the tracking data.
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The ground stations are small transportable units with a parabolic dish antenna of
60 cm diameter. Four ground stations can be served simultaneously. To allow the
tracking of more than four stations in any coverage zone, time multiplexing is used. More
than 15 PRARE stations were expected to be tracking ERS-1. Due to the system failure
all this planning will have to be postponed to ERS-2.

The main advantages of PRARE over conventional systems are:

- the smaller, easily transportable and fully automatic ground stations

- use of very high frequencies which accounts for the extreme accuracy

- use of PN- codes (pseudo random noise) for signal modulation, which brings a
high accuracy, operational flexibility and leads to wide band system

- the use of two-way ranging allowing for better compensation for propagation
effects

- the use of two frequencies allowing the correction for ionospheric effects

- the all weather capability

The estimated accuracy of PRARE is better than 7 cm for X band ranging and about 0.1
mm/s for range rate measurements (Wilmes at al., 1987).

6.2 PRARE Processing

To first simulate and later process PRARE data, the measurement system has to be
accurately modelled.

The PRARE range measurement principle is explained in Figure 6.1.

The pulse is sent from the satellite at time t; and arrives at station at time t3. Here it is
transposed to another frequency and sent back at time t3, reaching the satellite at t4. In the
time taken for this to occur, station and satellite have also moved. The observed quantity
is the time difference (t4 - t1).

Thus, the "observed" one-way range is the quantity Rq :
Ro=0.5(R1+R2)=0.5(t4-t1).c +corrections (6.1)

where c is the velocity of light.

The "calculated” one-way range is obtained by first computing the time that the pulse
takes to go from the satellite to the station, T; , and secondly the time that it takes to reach
the satellite on the way back, 1;.
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R1 R2

X(t2) ® © X(t3)
Figure 6.1 - PRARE range measurement principle.

The "Calculated” one-way range, Rc, then becomes:

Rc=05(R1+R2)=05(1+1).c (6.2)

Calculation of 7;:

known: —é(to) - satellite position at a tabulated time t (close to t1), in J2000 frame
Vs (t,) - satellite velocity at tg, in J2000

T - station position in the Conventional Terrestrial System
c - speed of light

 compute satellite position at time t;:
S(t1) =S(to) + Vs (11 - 1)
» compute t2 and station position at tp, by iteration:
» compute NP(t1) - the precession-nutation matrix for time tg
e tau(1)=0
DO j=1,3
* 12 =t + tau(j)
* compute SS(t,) - the Earth rotation matrix for time t,.
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* compute station position in J2000 frame, at time ty:
T(tp) = NPT(ty). SST(tp) . T
» apply tides:
T(t2) = T(t) + tides
e tau(+1) = | S)T(t2) | / ¢
END DO
* 71 =tau(3)

Note that within the DO loop, NP only needs to be calculated once for all j's , because
precession and nutation can be considered constant during the measurement time. On the
contrary, SS represents the velocity of the station, rotating with the Earth, and thus it has
to be calculated for each time.

Calculation of 1,:

known:  S(t;) - satellite position at time t; in J2000 frame
T(t2) - station position at time t2 in J2000

* compute t4 and satellite position at t4, by iteration:
o tau(1)=0
DO j=1,3
* iy =12 + tau(j)
odiff =t4-11
S =8 +Vs . diff
etau(j+1) =S Tl/c
END DO
* Ty = tau(3)

’Rc=0.5(11 + 12). C

Note that in this computation the station displacement during the time (t3-t2) was
neglected, which should be very small. This fraction of time is hardware dependent (time
taken, at the ground station, to transpose the X band signal from 8.5 to 7.2 GHz) and a
correction can be applied if information on its value is provided.
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6.3 PRARE Range Data Simulation

For use in this study, PRARE range data were simulated for the SEASAT satellite. Two
sets of data were generated, one for using on long arc solutions, with an interval between
observations of 30 seconds and another for short arc analysis with an interval of 5
seconds.

imulation algorithm
A - Long Arcs

1. The period chosen is the 3 day period from Oh September 18 to Oh September
21, 1978, corresponding to the Modified Julian Dates MID € [43769.0 , 43772.0].

2. The reference orbit used on this simulation, is a solution computed using all laser
data available for the period MID € [43769.0 , 43772.25], the field GEMT2, and a step
length of 1.25 min. The computation of this reference orbit is described in Chapter 8.

3. A set of 18 well-distributed stations were selected, with assumed approximate
positions according to the PRARE programme status at the time of this exercise. The
assumed coordinates of these stations on the GRS80 ellipsoid (a = 6378137 m 1/f =
298.257) are presented in Table 6.1. Figure 6.2 shows their geographical distribution.

4. For each station, a set of dates were generated, at 30 seconds interval for the
same 3-day period.

5. The reference orbit was used to compute the satellite position at these dates.

6. Using the algorithm described in section 6.2 the two-way slant range from
satellite-to-station-to-satellite was computed.

7. To these computed range values, a random number with zero mean and standard
deviation of 7 cm (PRARE range accuracy) was added.

8. A minimum elevation angle of 20° was used.

This procedure generated 225 passes for these 18 stations, corresponding to a total of
2639 observations. These data are summarised in Table 6.1. The code used for station
number is such that each new PRARE station has a number starting with 3. For stations
that are very close to previous laser sites the laser codes were kept. '
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Table 6.1 - Simulated PRARE Data for long arcs

Station | Symbol Location Longitude | Latitude | Height | Passes | Points
CE) o | o
3002 TRO | Trompsg Norway 18.0 70.0 100] 19 257
3003 AZO | Azores/Portugal 3340 38.0 350] 9 108
3004 HIG | OHiggins/Antarctica 303.0 -63.0 100] 21 260
3005 FAL | Falkland/UK 300.0 -52.0 100] 13 153
3006 BUE | Buenos Aires/Argentina 302.0 -34.0 100 8 99
3009 FOR | Fortaleza/Brazil 3215 4.0 10 7 80
3011 GRO | Greenland/Dennmark 316.0 60.0 5001 21 235
3013 SVA | Svalbard/Norway 12.0 79.0 100] 16 167
3014 HAR | Hartbeesthoes/S. Afr. 276 -258] 1200 8 89
3017 KER | Kerguelen Isl./France 70.0 -49.0 0] 12 138
3019 DJA | Djakarta/Indonesia 105.8 -6.3 50 7 79
3020 TOW | Townsville/Australia 146.0 -19.0 100y 7 80
3022 FAI | Fairbanks/Alaska 2124 64.9 200 20 263
3023 MUR | Mc Murdo/Antartica 167.0 -78.0] 1000) 17 188
3027 ULA | Ulan Bator/Mongolia 107.0 48.0] 1500} 10 123
7067 BER | BermudaIsland 295.3 324 23 9 97
7121 HUA | Huanine/French Polyn. 209.0 -16.7 47 8 85
7834 WAT | Wettzell/Germany 12.9 49.1 661] 13 138
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Figure 6.2 - Spatial distribution of PRARE stations for long arcs
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Table 6.2 - Simulated PRARE Data for short arcs

Station § Symbol Location Longitude | Latimde | Height | Passes | Points
CE) ) ()
3002 TRO | Trompsg/Norway 18.0 70.0 100 3 262
3003 AZO | Azores/Portugal 334.0 38.0 3501 2 113
3004 HIG | O'Higgins/Antarctica 303.0 -63.0 100 1 67
3005 FAL | Fakkland/UK 300.0 -52.0 100 1 87
3006 BUE | Buenos Aires/Argentina 302.0 -34.0 100 1 84
3009 FOR | Fortaleza/Brazil 3215 4.0 10 1 88
3011 GRO | Greenland/Dennmark 316.0 60.0 5001 2 156
3013 SVA | Svalbard/Norway 12.0 79.0 100 3 209
3019 DJA | Djakarta/Indonesia 105.8 6.3 50 1 87
3020 TOW | Townsville/australia 146.0 -19.0 100 1 76
3023 MUR | Mc Murdo/Antartica 167.0 -78.0] 1000 3 204
3027 ULA | Ulan Bator/Mongolia 107.0 48.0] 1500 1 120
3028 FS1 False station no 1 145.0 40.0 50 1 37
3029 FS2 | False station no 2 120.0 500 1000 2 145
3030 FS2 False station no 3 125.0 -50 50 1 75
7067 BER | BermudaIsland 295.3 324 23 2 85
7834 WAT | Wettzell/Germany 12.9 49.1 661 1 36




Figure 6.3 - Simulated PRARE stations for short arcs

S11
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B - Short arcs

The same procedure was repeated to simulate data for short arc solutions, with the
following differences:

1. Period: first 310 minutes of day 43769, corresponding approximately to the first
3 revolutions.

2. The reference orbit used is the same solution used on long arcs, with the
difference that a smaller step size of 0.5 minutes was used. This step is more suitable for
short arc computation, as it is necessary to interpolate satellite position and velocity at
dates only 5 seconds apart.

3. From the previous set of stations, 14 were found to track the satellite during this
period. To these 14 stations 3 more were added with convenient locations, to allow
certain configurations for test purposes. These stations were called “False stations”.

4. An interval between observations of 5 sec was selected.

This procedure generated 27 passes for these 17 stations, corresponding to a total of
1931 observations. These data are summarised in Table 6.2

6.4 Laser Processing

In laser tracking, a short laser pulse is sent by the ground station to the satellite where it is
reflected back by corner cubes. The delay time of the pulse is measured and used to
derive the range from the satellite to the respective ground station.

Lasers are the most accurate tracking systems so far. Depending on the quality of the
systems, they produce measurements with a single shot precision of 1 to 10 cm. The
main problem with lasers is that they need clear skies to operate. They are quite
expensive, require much maintenance and are not easily transportable.

The laser measurement principle is explained in Figure 6.4. The laser pulse is fired from
the station at time ty, it arrives at satellite at time tp, is reflected back and reaches the
station at t3. In the time taken for this to occur, station and satellite have moved. The
observed quantity is the time difference ( t3 - t1).

The "observed" one-way range is given by:

Ro=0.5(R1+R2)=0.5(t3-11).c + corrections (6.3)
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The computation of the "calculated" one-way range is analogous to the method used for
PRARE data. The only difference is that the measurement starts at the station instead of
starting at the satellite. Now 7Ty is the time that the pulse takes to go from the station to
the satellite and T, the time that it takes to reach the station on the way back.

S(t1) S(t2) S(t3)

—2__

R1 R2

X(t1) X(t3)

Figure 6.4 - Laser range measurement principle

The "Calculated" one-way range is :

Rc=05( Ri+Rp)= 05( 1+ 1p).c (6.4)

The main correction that needs to be applied to laser observations is a correction for the
tropospheric effects. The model currently adopted is the Marini and Murray (1973)
formulae which is implemented in RGODYN.

The correction to a one-way range is (McCarthy, 1992):

_ fo\) A+B
(¢, h) . sinE + B/(A+B)
sinE + 0.01

(6.5)
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where
A = 0.002357 Py + 0.000141¢
8 8. P32
B = (1.084x10) Py Tg K + (4.734x10°) — ———
To (3-1/K)
K = 1163 - 0.00968 cos 2¢ - 0.00104 Ty + 0.00001435 P,
where
AR - range correction (metres)
E - true elevation of satellite
Po - atmospheric pressure at the laser site (in 10-1 kPa, equivalent to
millibars)
To - atmospheric temperature at the laser site (degrees Kelvin)
€0 - water vapour pressure at the laser site (in 10-1 kPa, equivalent to
millibars)
f(A)  -laser frequency parameter (A = wavelength in micrometres):

fQ\) = 0.9650 +0.0;64 +0.00(2228
X A

f(p, h) - Laser site function:

f(p, h) = 1 - 0.0026 cos 2¢ - 0.00031h

where @is the latitude and h is the geodetic height.

(6.6)

6.7)

(6.8)

In 1991 a number of 40 fixed and mobile SLR stations were participating in the work of
the IERS (IERS, 1992). These stations are mainly involved in the tracking of the geodetic
satellite Lageos and the Etalon pair of satellites. In addition to the tracking of these
satellites, ERS-1 became a high priority target of SLR in 1991 (IERS, 1992). New 1992
SLR targets include TOPEX/Poseidon and Lageos-II. The high quality of the data
acquired for the geodetic satellite Lageos (launched in 1976 to an orbit at a height of 5900
km) has revolutionised satellite geodesy. Several research centres have been processing

these SLR data, deriving high accuracy solutions for Earth Rotation Parameters and
Station Coordinates (Charlot, 1992).
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Chapter 7

Altimeter Data

7.1 Introduction

Following the advances in altimeter processing techniques during the last decade,
altimeter data have been widely used as a tracking data type. For tracking purposes these
data are usually processed by using one of the following techniques:

- the altimeter measurements themselves expressed as residual sea surface heights,
with appropriate sampling and filtering to remove the errors from other sources

- crossover differences - altimeter height differences at the intersections of
ascending and descending satellite ground tracks.

The advantages and disadvantages of each technique were discussed in section 4.5. In
this study the first approach was adopted. An algorithm was developed and implemented
in the RGODYN program, to process the residual sea surface heights. This algorithm is a
low pass filter making use of Fast Fourier Transforms (FFT).

This chapter describes and compares the SEASAT and ERS-1 altimeters and the
algorithm developed in this study to process altimeter data for tracking purposes.

7.2 SEASAT and ERS-1 Radar Altimeters

In 1973 the SKYLAB altimeter was the first to give a continuous, direct measurement of
the sea-surface topography. This altimeter was designed for obtaining the radar
measurements necessary for designing the future improved instruments. The GEOS-3
altimeter was actually the first globally applied altimeter system. SEASAT was the third
in the series of altimetry missions. Since SEASAT several space missions have been
planned which included altimeters: GEOSAT in 1985 and more recently ERS-1 and
TOPEX-Poseidon.

An altimeter is a nadir pointing radar instrument designed to make precise measurements
of the echoes from the surface of the ocean. From these measurements three main
quantities can be derived:

* the height from the satellite to the ocean surface

* ocean wave height

* ocean wind speed
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This study is only concerned with the height measurement.

The principle of altitude measurement by an altimeter is simple and straightforward. A
short pulse is transmitted by the radar toward the surface beneath it at a time t;. The pulse
propagates toward the surface, at a speed ¢, is returned by the surface, and an echo is
received by the sensor at a time t3. The height from the sensor to the ocean surface is
therefore a function of the time difference At= t - ty,

h=c A—; .1)
The accuracy of time measurement depends mainly on the duration of the pulse t. The
sharper the radar pulse is, the wider the frequency band required to carry it. The value of
T is determined by the smallest wavelength to be resolved at the sea surface. For
SEASAT and ERS-1 altimeters T is 3 ns giving a minimum resolved wavelength of 0.5
m.

I3

When using such a short pulse the problem arises of how to give it sufficient power so
that the strength of the return signal is measurable. This is achieved by a pulse
compression (chirp) technique. A filter is applied to the sharp pulse, dispersing it into a
much longer pulse T, and the frequency is swept linearly over range f - to f + such that
f+-f- = B, where B is the signal bandwidth. This expanded chirp pulse carries the same
information, but possesses more energy. On return, the reflected dispersed pulse is
vecompressed by applying an inverse filter, producing an effective pulse width of T =
1/B. For SEASAT and ERS-1, T =20 pus, T =3 ns and B = 300 MHz.

Ideally one would like to have a sharp pulse focused in a small area of the sea so that all
the measured area would be simultaneously illuminated. This is the so-called beam-
limited geometry. However this would require a very large antenna with serious
technological disadvantages. In the present altimeters the pulse-limited geometry is used
instead, requiring only an antenna of small diameter (= 1m for SEASAT and ERS-1).

The formation of the footprint is explained in Figure 7.1. This is formed when the pulse
radiated from the altimeter antenna, as a spherical shell, intersects the ocean surface and
produces a transient illuminated area. The leading edge of the pulse will strike the sea
first, just beneath the satellite and then move out in a circular front. The trailing edge will
do the same a fraction of time later. The illuminated area will be first a circle of growing
area and then will become an annulus. The effective area (footprint) whose height is
sampled is the illuminated circle just before it becomes an annulus. This area also
depends on the wave height.



ALhMENR
LN ANTENNA

CFIECT OF LA STATE
ON FOOTMINT RADIVS

N a) 2 (wm)
[] 1.2
) (%4
s 3.0
10 4.2
0 3.8

AULSE TRAILIMG (OGE
LEACHES wAVE 1ROUGH

AALSE LEADING LOGHE

AT FLaSt CONTACT

wilH SEA SURFACE l
Todsm r = pULSIWIOTH

MEIAN $EA SURMACE
preeee WAVE TROUGH

/
OO TPRINT
(ONE ALSEH
(a)
OIECTION OF
OIECTION OF SPACICAAST
SPACICRAST (X1 ]

FLIGHT

-1 o.z_u. b
N

ONE MEASLRIMINT OVER 0.1 AVERAGE MEASLREMENT OVER 1 4

(v) (c)

121

Figure 7.1 - SEASAT altimeter footprint. a) Cross-sectional view; b) and c) Satellite's

eye views. Extracted from (JPL, 1980).

For a calm sea, the footprint is a circle of radius (Robinson, 1985):

Tmin="V 2hct

For a rough sea with significant wave height hj/3 this radius increases to:

Tmax = V2het

2 2 16his In2
T =T + —
C

(7.2)

(7.3)

(7.4)
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For SEASAT and ERS-1, h = 780 km, T =3 ns and s0 rpjp =1.2 km and rpax = Skm
for hy/3=5m. Therefore the swath width varies from 2.4 km for a calm sea up to some 10
to 15 km 1in high seas.

The return signal is sampled and fitted to a model curve. The shape of the curve varies
with wave height, but for the height measurement the quantity of interest is the timing of
the mid-point of the leading edge slope (Figure 7.2). By comparing it to the known
characteristics of the emitted pulse the travel time can be derived. Curve fitting can lead to
errors, but these are reduced by averaging over a certain time interval. For SEASAT the
accuracy for 1 second averaged measurements was = 10 cm. For ERS-1 it is expected to
be better than 10 cm.

:.;, 1,94 M SWH

&

b )

[}

>

S

(5]

3
0.56 M SWH
oo | ! d |

-15 <10 -5 o] 5 10 15 20

Time (ns)

Figure 7.2 - Return pulse curve fitting for two sea states (Stewart, 1985).
SWH-=Significant wave height.

During 1 second the satellite travels about 7 km. Therefore the spatial resolution of each
measurement is a strip of variable width, depending on sea state, and 7 km length.

The ERS-1 altimeter has two measurement modes, optimised for measurements over
ocean and ice respectively. In ice mode the altimeter works at a coarser resolution, to
maximise the data return over the ice surfaces.

Table 7.1 compares the main characteristics of the SEASAT altimeter with the ERS-1
altimeter in the ocean mode.
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Table 7.1
SEASAT and ERS-1 altimeter characteristics

SEASAT ERS-1
Radar frequency 13.5 GHz 13.8 GHz
Pulse repetition frequency 1020 Hz 1020 Hz
Chirp pulse length 20 us 20 ps
Chirp bandwidth 320 MHz 330 MHz
Effective pulse length 3.125 ns 3.0 ns
Antenna diameter 1.0m 1.2 m
Mass 94 kg 96 kg
DC power 165W 130 W
Altitude accuracy (1 sec averages)] 10cm <10cm

7.3 Data Modelling

The radar altimeter measures the height of the satellite above the sea surface. To relate this
quantity to the satellite position, it must be converted into a height above some reference
ellipsoid.

The fundamental relationship between the main quantities involved in satellite altimetry is:

h= hy + N +S8ST (7.5)

where:
h - satellite height above the reference ellipsoid
N - geoid height above the same ellipsoid

SST - sea surface topography (sea height above geoid)
hy - altimeter measurement corrected for instrument and geophysical effects.
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The altimeter data used in this study were SEASAT data as provided in the Geophysical
Data Record (GDR) tapes (JPL, 1980). The following corrections, also provided in the
tapes for each measured point, were applied to data:

Instrument corrections:

* time tag adjustment - adjusts the time tag so that it refers to the time of signal
reflection from the ocean surface.

» attitude (off nadir pointing) - uses attitude information to infer a correction for h
due to satellite off-nadir pointing.

¢ centre of mass reduction.

» wave height - uses telemetered sea state information to correct h for the deviation
of sea surface from a specular surface.

Geophysical corrections:

* inverse barometer effect - change in the sea surface height above the geoid due to
atmospheric pressure variations.

* tides (solid Earth and ocean) - periodic variations in sea surface height due mainly
to the attractions of the moon and the sun.

* atmospheric effects (tropospheric and ionospheric) - an overestimate of the
distance due to the reduction in the speed of light through the atmosphere. This can be
separated into tropospheric (dry and wet) and ionospheric effects.

Equation 7.5 is a theoretical relationship. In practice only approximate values of these
quantities are known, which are in error. So one can write (Figure 7.3):

h=h¢ + dh = (hg + dhg) + (N + dN) + SST (7.6)

where
h¢ - "computed" approximate height above ellipsoid

dh - errorin the "computed" height (orbit error)

dhy - residual errors on altimeter measurement

dN - error in the computed geoid height due to inaccuracy of the geoid model
SST - Sea Surface Topography (sea height above geoid)
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The "computed" height above the ellipsoid, h¢, can be computed from the satellite
geocentric position vector (X, Y, Z) using the relationship between cartesian and geodetic
coordinates:

X = ( v+ he) cosgp cos)
Y = ( v+ he) cosgp sin) (7.7

V4

[v(1- eEZ) + he] sing

The subscript E means that these elements are referred to the Earth's ellipsoid and are not
to be confused with satellite orbital elements.

The "calculated" h¢ is:

he = —VX2+Y2

cos ¢

v (7.8)

v is the radius of curvature in prime vertical and ¢ is the geodetic latitude, which can be
computed by iteration using the expressions:

Y

2 2
v=ag(1- eg sin @) (7.9)
z 2 ysi
_Z+eg vsing
ang = ———= (7.10)
X +Y

The iteration can be started using an initial value for ¢, given by the spherical
approximation ¢:

tang = (7.11)

The geoid height above the reference ellipsoid at a point with geodetic coordinates (¢,A),
can be computed from one of the present geopotential models using Brun's formula:

N=—

Y (7.12)

where T is the disturbing potential:
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oo £
T=- 9;'\1 Y AJyg [%3] Pg[sin(p] +

£=2 (7.13)

oo V4 14
+ GM ZKgm[Cgmcosmk+ S¢m sinml][:_—°] Pom[sing]

~
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N
3
[
-—h

All the quantities are as defined in equation (3.3) except for:

Adp=dg-J3"P (7.14)

li .
where J ¢ are the zonals of the geopotential model, and J zi P the coefficients defining the

normal potential of the reference ellipsoid. 7 is the normal gravity at latitude ¢.

7.4 Filtering process

The expression for the total altimeter (O-C) residuals can be written in the form:
RESID = (hg +N ) - hc =dh - (dN + dhg + SST) (7.15)

An inspection of this formula shows that these residuals are a sum of errors of different
sources (Table 7.3):

* orbit error - as explained in section 4.6, it is mainly long wavelength, the main
frequencies being of one and two cycles per revolution.

* SST - the sea surface topography can be as big as 1.5 m, but it is usually less than
0.5 m.

* geoid error - present geoid models are accurate for the longer wavelengths, close
to the dominant errors of the satellite ephemeris error, but the errors increase rapidly for
the smaller wavelengths. Wakker et al (1987) quote an accuracy for the present models as
indicated in Table 7.2.

The adopted approach explores the knowledge that the orbit error is predominantly long
wavelength with wavelengths higher than all other error sources. The method developed
for this study is a fast algorithm using Fast Fourier Transforms (FFT).
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Table 7. 2
Accuracy of present geoid models

A (km) accuracy
10,000 <5cm
2,000 40 cm
100 1.5m

To be able to use these observations for orbit determination, it is necessary to find a
process of filtering these residuals to eliminate the component of the error that comes
from other sources.

Fourier Transform (FT) methods are widely used for spectrum analysis. If the data set is
large the classic FT is slow, and FFT should be used instead, the number of
computations being reduced from N2to N log2(N). However the use of FFT requires

data to be evenly sampled with a number of points equal to a power of 2.

The altimeter data set does not meet any of these requirements. First, the altimeter
measurement is not continuous, mainly due to land gaps. Second, one is usually
interested in processing data within a specified interval which can have any number of
points, depending on the length of the interval and on the sampling rate used.

The method presented here implements the use of FFT methods to any uneven set of
points. It is based on an algorithm developed by Press and Rybicki (1989) to compute the
periodogram of unevenly sampled data. The basic idea is to find an evenly spaced data
set, with a number of points equal to a power of 2, which produces a spectrum
"equivalent” to the spectrum of the original data set. This is done by Press and Rybicki
through a process called "extirpolation”, similar to an inverse Lagrange interpolation. By
this process, each point on the original interval is transformed into a set of evenly spaced
function values on an expanded interval, with a number of points of the form 2k ,in such
a way that the original points could be obtained by interpolating along these function
values. Press and Rybicki implemented this method to compute the FFT and therefore the
periodogram of an unevenly spaced data set.



Table 7.3
Typical altimeter error budget

(Tapley et al., 1982)

Type of effect | Source Amplitude | Residual | Wavelength
(cm) after (km)
modelling
(cm)

altimeter noise 5

altimeter bias 20 2

sea state electromagnetic bias 7% swh 3% swh | 500 - 1000
+ tracker bias

ionosphere free electrons 2-20 3 50 - 10,000

dry troposphere | mass of air 240 1 1000

wet troposphere | water vapour 10- 40 3 50 - 500

liquid water clouds, rain 10-100 30-50

ocean tides moon, sun attraction 100 5 500 - 1000

solid earth tide | moon, sun attraction 20 2 20,000

ocean currents | equatorial 30 ? 5000
western boundary 130 ? 100 - 1000
eastern boundary 30 ? 100 - 1000

mesoscale eddies 25 100
rings 100 100
gyres 50 3

geoid mass distribution of{ 100m 2m 2000 - 5000
earth

orbital error gravity 10 km 140 40,000
drag 300 30 10,000
solar radiation 300 30 10,000
station location 100 10 10,000
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During this study this method was further developed to build a complete filtering
algorithm. This algorithm was implemented in a FORTRAN subroutine called DFFT
(Discrete Fast Fourier Transform) which makes use of a set of other subroutines:

Subroutine SPREAD - "Extirpolates” an array of length N into an expanded array
of size NDIM (Press and Rybicki, 1989)

Subroutine SHRINK - Reverses extirpolation made by SPREAD

Subroutine REALFT - Computes the FFT (if the input parameter ISIGN is set to 1)
or the inverse FFT (if ISIGN is set to —1) of a real array of size N =2K (Press et al, 1986)

The main innovation introduced by this algorithm is the recovery of the lowest
frequencies on the original data set (subroutine SHRINK), by a process which inverts the
"extirpolation” done by subroutine SPREAD. This way the recovered data set is a
smoothed version of the original, after removing the highest frequencies. In this study
this algorithm was used for the specific purpose of processing altimeter data, but can also
be applied as a low pass filter to any unevenly spaced data set.

7.5 Processing Algorithm

Let (X,Y ) be a set of N unevenly spaced points (N any number). X is usually time and
Y the values of a measured quantity at the corresponding times (Figure 7.5).

1 - Transform array Y into an equivalent array DATA of size NDIM evenly spaced
points, by "extirpolation” (Subroutine SPREAD).

2 - Take FFT of DATA. DATA is transformed from the time domain to the
frequency domain (Subroutine REALFT, with ISIGN=1).

3 - Choose an appropriate cut-off frequency (LFREQ) and neglect frequencies
above LFREQ.

4 - Take inverse FFT of filtered DATA. DATA, now smoothed is transformed back
to the time domain (Subroutine REALFT, with ISIGN=-1).

5 - Go back from smoothed DATA of size NDIM to equivalent YF of size N ,
which is now a smoothed version of the original Y (Subroutine SHRINK).
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Y —>> DATA —3> DATA  ——3> Smoothed —3>YF
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Figure 7.5 - Smoothing algorithm

The filtering process is controlled by a number of parameters. Here the main points are
underlined:

1. The size of the expanded array DATA, NDIM is controlled by two parameters:

OFAC - Oversampling factor - Using an OFAC >1 basically has the effect of
a better sampling of the spectrum by increasing the number of sampled frequencies.

MACC - Number of interpolation points per 1/4 cycle of highest frequency.
Each point on Y is transformed into a number of MACC points on DATA.
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2. How to choose LFREQ:

By analogy to the evenly spaced case, an unevenly sampled data array Y of N points,
has N/2 independent frequencies. Let L be the length of the interval covered by these N
points. Then the frequencies are:
=L il N
f‘ = L I 1,.-,2 (7.16)

with corresponding periods

I—l
—.l'—

. N
i = i=1,..,—
Pi P

—r

7.17)

The maximum frequency % is called the nyquist frequency.

If we could compute directly the FFT of array Y, then it would be easy to choose the
appropriate LFREQ as the maximum frequency to retain. However the actual FFT that is
computed is the FFT of array DATA of size NDIM and, in this case, there are NDIM/2
independent frequencies. However a close inspection of the algorithm shows that the
first N/2 frequencies of DATA are in fact the frequencies of the original data Y.

If imax is the index of the maximum frequency to retain (imax cycles per L) i.e. :

Imax

fmax= 3 is the maximum frequency to retain and
R S .. .
Pmin= is the minimum period
I'max
LFREQ should be
LFREQ = i maxXx OFAC = —E x OFAC (7.18)
Pmin

The index of the maximum frequency with significance is g x OFAC .

* Although the frequencies on the original interval correspond exactly to the first

frequencies on the expanded interval, the amplitudes have to be scaled. The need for this

NDIM

comes from the fact that an FFT of size is computed instead of an FFT of size

g x OFAC . Thus the scale factor to be applied to the amplitudes on the expanded interval

NDIM
Nx ORAC™

to obtain the amplitudes on the original interval is
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To test the efficiency of the algorithm two examples are presented.

Example 1

A set of (X, Y) unevenly spaced points was generated where Y is a sinusoidal function
of X . To simulate noise existing in real data, to each value of Y was added a random
variable NOISE with zero mean and ¢ = 0.8. To simulate uneven spacing, 50 points
were generated with a spacing between consecutive points of 3 + R, where R is random
variable with zero mean and ¢ =0.3.

Number of points: N=50
Length of the interval : L =150
DO i=1,50

X;= 3i+R

W = @2r/ L)Xi

Y; = 2.5+ 2cos(®;) + 3sin(20;) + 1.5sin(6; ) + NOISE
END DO

According to the way these points were generated, there are 3 main frequencies, of 1, 2
and 6 cycles in the interval L. Therefore the index of the maximum frequency to retain is

imax = 6

Figure 7.6 illustrates the result when using
OFAC=MACC=2
LFREQ=6 x OFAC =12

In the figure the dots represent the original data points and the continuous line the
smoothed version of these data which contains only the 6 largest frequencies. The
remaining signal, which contains all the frequencies from 7 to 25 is regarded as noise.
The importance of the oversampling factor OFAC can be illustrated in this figure. Using
an oversampling factor of 1 means that the Fourier function (F) will be periodic in the
interval L and therefore the smoothed curve will be such that F(1)=F(N). This is a
serious constraint that will strongly influence the shape of the smoothing function at both
ends of the interval. By applying an OFAC >1 , for example OFAC = 2, the interval L is
expanded to 2L and this constraint is then applied to the interval 2L, therefore becoming
unnoticed in the original interval.
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Figure 7.6 - Result of smoothing data in example 1, using OFAC=2, MACC=2,
LFREQ=12. '

Example 2

In this example a set of actual altimeter residuals is presented. According to equation
7.15 these residuals are computed in the following way:

RESID = (hg +N ) - h¢
where

ha - actual SEASAT altimeter measurements after applying all instrument and
geophysical corrections, using a sampling interval of 1 minute.

N - geoid undulation computed using OSU89B geopotential model up to degree
and order 180 (Rapp and Pavlis, 1990).

hc - computed satellite height above ellipsoid using an ephemeris where all the
forces described in section 3.3 were modelled and the GEMT]1 gravity field was used.

The ellipsoid used is the Geodetic Reference System 80 (GRS80) ellipsoid, as
recommended in the SEASAT GDR tapes: (a = 6378137 m, 1/f=298.257).
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It was found that using a sampling interval of 1 minute, the original data set of 1 sec
measurements is highly reduced without loosing the long wavelength information of the
signal. The main advantage of using a large sampling interval is the saving in computing
time.

The spectrum of these residuals is shown in Figure 7.7. The two main frequencies
correspond to 2 and 1 cycles per revolution with periods of 50 min and 100 min
respectively. These are the well known dominant frequencies of the orbit error. Apart
from some long period signals, the remaining frequencies with significance have periods
smaller than 30 minutes, which can hardly be considered orbit error. At these
wavelengths the geoid error becomes as important as the orbit error itself. Therefore it
was decided to use a cut-off frequency just above 2 cycles per revolution.

The smoothing algorithm was applied to this data set:

Number of points: N= 2886

Length of the interval L = 4299 minutes (= 3 days)
OFAC=2

MACC=1

Pmin = 48 min

LFREQ = 180
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Figure 7.7 - Spectrum of altimeter residuals (example 2)
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Figure 7.9 - Zoomed section of Figure 7.8
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Figures 7.8 and 7.9 illustrate the result. The second figure is a zoomed representation of
a section of the first. The 2 cycles per revolution frequency is the dominant signal. The
statistics of the plotted values over the whole interval (= 3 days) are:

average of total residuals (Y): 0.88 m

rms total residuals (Y): 1.48 m
rms smoothed residuals (YF): 1.13m
rms noise (Y-YF) : 0.98 m

These are typical values obtained when processing altimetry data. An important feature
of these statistics is the average value of these residuals of approximately 1 m. This is a
common feature in all SEASAT solutions and was explained by several investigators as
being due to an error of similar value in the semi-major axis of the GRS80 ellipsoid.

If the assumption made above about the spectrum of the errors that constitute the altimeter
residuals is correct, then the smoothed curve YF is the orbit error with an rms of 1.13 m.

This algorithm was implemented in program RGODYN to process altimetry data for
tracking purposes. This is done in three main steps:

1 - program computes residuals for all observations (Y)

2 - applies smoothing algorithm, using an appropriate cut-off frequency, returning
the smoothed residuals (YF).

3 - All the observations are processed again now using YF as the actual altimeter
residuals, and the fitting process is completed.
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Chapter 8
SEASAT long arcs

8.1 Introduction

The first part of this study, before the launch of ERS-1, was dedicated to the computation
of SEASAT's orbit, as a preparation for subsequent application to the determination of
the orbit of ERS-1, once its own data became available. The main components of this
study, which are the subject of this chapter are:

- to determine the accuracy of SEASAT long arc ephemerides, computed with the
SATAN programs implemented at UCL and the state of the art models for this satellite.

- to assess the accuracy of orbits determined with PRARE data.

- to investigate the effect of tracking stations' configuration in the orbit accuracy, by
using reduced tracking networks.

- to investigate the potential of altimetry data to replace range data over considerably
long time intervals.

The tracking data used were actual SEASAT laser and altimeter measurements and
PRARE simulated observations.

8.2 Computational model

This section describes the computational model used in SEASAT solutions. This model is
summarised in Table 8.1.

The period chosen for this study is the 3 day period from Oh September 18 to Oh
September 21, 1978, corresponding to the Modified Julian Dates MJD e [43769.0 ,
43772.0]. This corresponds to a period during which SEASAT was flying on a 3-day
repeat orbit, similar to the ERS-1 orbit used during the commissioning and ice phases.

For long arc analysis, arcs of 3 days' length were selected. This is the minimum length
required to obtain a stable solution. This nominal length was chosen due to the large
number of tests that were performed. A much larger arc length, such as 6 days, would
substantially increase the computing time of each run.
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8.2.1 Reference systems

The adopted time scale and reference systems were described in Chapter 2 except for the
Terrestrial System where the so-called GEMT1 system was used instead of the
BIH/IERS frame. This is the system adopted by the geopotential models GEMT1 and
GEMT?2. Therefore if these models are utilised in the computations, this system should
be adopted as the terrestrial frame where the acceleration due to the Earth's gravity field is
computed. The main difference between the BIH and GEMT]1 systems is a shift in the
pole origin. The GEMT]1 system adopts an origin that coincides with the 1979-1984 6-
year average pole.

The transformation between BIH and GEMT1 systems is described.

f i 1 EMTI:

Mueller et al. (1982) establish the relationship between the Earth Rotation Parameters
(ERPs) for two different reference systems.

The two celestial (CIS) and two terrestrial (CTS) systems inherent in two different
techniques (I and II) are generally not identical. Let the relationship between the two
CIS's be

<11 x11
Y =R;(ap) Ry(ay) Ri(ay. |Y (8.1)
Z |c1s Z]c1s

and similarly the relationship between the two CTS's

I

X

Y] (8.2)
Z]CTS

where 0j and Bj are small rotation angles about the axes i (cf. equation 2.12).

X

i
[)’] =R; (Byp R, (By R3(By.
CTS

¥4

The transformation from CIS to CTS is

X 1 I X 1
y =S NPI|Y (8.3)
Z|CTS Zjc1s
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X 1 X =

I
[y} =S NP [Y] (8.4)
ZJCTS Z]c1s

It is assumed that common nutation (N) and precession (P) matrices are used for both
systems (I and II). S is the Earth rotation matrix S = Rp(-xp).R1(-yp).R3(6), in which

xp and yp are the coordinates of the pole, measured in arc seconds, and O is the
Greenwich Sidereal Time (see section 2.4.3).

Substituting the left hand side of equation (8.2) by the right hand side of equation (8.4),

I

X X
R;(Bp R,(By) R;(By. H =s"'NP [Y] (8.5)
zcTs Z c1s .

1T

11

X

and replacing I:Y] by its equivalent expression given in equation (8.1):
CIS

I

I
e X
RiBPR,(By)R3(By [Y] = s'NP Ri(a) Ry(ap) Rz(ay) [Y] (8.6)
z|CTS Z]c1s

After some manipulation, neglecting second order terms,

I
X
[y] =R, (-B;+0,cos0 + a,sinB)R, (-B,- o, sin@ + a5 cosB ) .
Z |CTS

(8.7)
)i X :
.R3(-B3+ay S"NP|Y
Z]c1s
Comparing equations 8.7 and 8.3,
S'=R, (-B,+0,c0s0 + 0, SinO) R, (-B,- &y Sind + &L, c0SH ) .
(8.8)

R3(-B3+ ap S”

Therefore the difference between the pole coordinates of the two systems can be written
as:

o 1 i
Ayp=yp -yp =-B; +a,cosb + o, sinf (8.9

Axp = xpn- pr= -B, - a,sin® + o, cosO
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The parameters for the BIH — GEMT!1 transformation can be taken from Marsh et al.
(1988):

Bl= 1.46 mas
B2= -3.80 mas
al= -0.22 mas (8.10)
a2= (.62 mas

In this transformation a3 = B3 = 0, i.e,, there is no transformation in the UT1-UTC

series. The GEMT1 model adopts the BIH-provided UT1-UTC series with no changes
whatsoever (Marsh et al., 1988).

The transformation applied to the BIH polar motion series to refer them to the GEMT1
system was

GEMT1 BIH
=Yp

yp -B; + 0ty cos8 +a,sin@ -y

GEMT1 BIH (8.11)
X = Xp

-B, - 0;sin@ + a,cos0 -x

In these expressions x andy are the coordinates of the 6 year average pole adopted as
GEMT1 origin.

38.2 mas

|
]

(8.12)
y = 280.3 mas

Using this transformation the BIH polar motion series is transformed to the so-called "a
priori" GEMT]1 system, i.e., the reference system initially adopted by GEMT1. However
the GEMT1 solution includes the adjustment of the ERPs, including polar potion. After
the adjustment it was found that there was a significant shift along the y axis, of
approximately 18 mas, between the "a priori” and the adjusted series. The parameters for
the transformation between the "a priori" and the "adjusted” series were found to be:

B1=-17.30 mas
B2= -2.30 mas
al= 0.13 mas (8.13)
a2= 0.03 mas

These parameters were used again in equation (8.9), for the final transformation between
the "a priori” and the "adjusted” GEMT]1 systems. Throughout this thesis the expression
"GEMT1 system" will be used to refer to the "adjusted” system.
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Table 8.1

Summary of the computation model used in SEASAT orbits

Period of study From Oh September 18 to Oh September 21, 1978
MID e [43769.0 , 43772.0]
Celestial Reference System J2000
Terrestrial Reference System GEMT1 system
Earth Parameters a=6378137 m
1/f = 298.257
GM = 398600.436
¢ =299792.458 km/s
Laser Station Coordinates GEMT1 stations

Pole coordinates

BIH coordinates transformed to GEMT]1 system

Geopotential Variable (GEMT1, GEMT2, GRIM4_C2)
Precession IAU, 1976

Nutation IAU, 1980

Earth Tides Wabhr, 1980

Ocean tides Schwiderski, 1980

Atmospheric Drag Jacchia 1972 atmospheric model

A/m =0.0114 (m2/kg)

Radiation Pressure

A/m =0.0114 (m2/kg)

Ephemerides JPL DE-2000. Effects of Sun, Moon, Venus, Mars,
Jupiter and Saturn included

Adjusted parameters Start vector, daily drag coefficients, radiation
pressure coefficient

Step length for integration 1.25 minutes for long arcs
0.50 minutes for short arcs

Laser data 20° cut-off elevation

Marini-Murray tropospheric correction

Centre of mass correction
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8.2.2 Integration step length

When computing a satellite ephemeris by numerical integration, if a large number of
computer runs is to be performed, the integration step length should be as large as
possible to reduce the computing time. However it has to be short enough to cope with
the short period perturbations due to the Earth's gravity field.

If a geopotential model such as GEMT1 is employed, complete to degree and order 36,
the shortest wavelength described by the model is:

xmin=i‘9§%@1qn = 1100 km (8.14)

According to the sampling theorem, to detect these perturbations the minimum sampling
interval has to equal half this wavelength (550 km). The satellite velocity projected onto
the Earth's surface is approximately 6.7 km/s. The time taken by the satellite to sweep
this distance is

tmin=%s =825 (8.15)

Therefore, for a 36 degree model, a step length of about 75 seconds (1.25 minutes) is
adequate.

If a model containing terms up to degree 50 is used, such as GEMT2, the step length
should decrease to about 60 seconds. It will be demonstrated that in practice it is not
necessary to apply a step length smaller than 1.25 minutes, since the last coefficients in
the geopotential model have little influence on the solution.

During this study the effect of step length on orbit computation was investigated, with the
aim of establishing the minimum step that should be used for the computation of orbits of
satellites such as SEASAT or ERS-1. To do this, a 3-day SEASAT orbit which had been
computed using a step = 1.25 minutes, was re-integrated using the same model (GEMT2)
and the same starting values but different step lengths. These solutions are named L1,
L2, L3 and L4 and are described in Table 8.2. The rms of fit is the same for all solutions:
0.30 metres.

The results show that truncation and convergence errors grow with step length (Table
8.2). These parameters are error estimates associated with the numerical integrator
(Sinclair, 1988). Comparing these errors for solution L1 (step = 1.25) and L4 (step =
0.5), the last are about 106 smaller.
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The differences between these solutions are presented in Table 8.3. The differences
between orbits L1 and L2 are also plotted in Figure 8.1. The only component with
significance in these differences is the along-track component. The differences in the
across-track direction are always negligible. For the larger steps, the radial differences
have an rms of about 2 decimetres, but for the smaller steps they are also negligible. The
differences in the along-track direction increase linearly with time, the maximum values
being reached at the end of the arc. So, orbits integrated with the same initial parameters
and force model but different step sizes, have an along-track difference that increases
linearly with time. The limit, i.e., the value after which it is not worth decreasing the step
any further, is 0.5 minutes. Now when step size is halved (0.25 minutes), the along-
track difference after 3 days is 4 cm which is within the accuracy of the observations.

Table 8.2
Orbits computed using the same force model and initial parameters
but different step lengths

Orbit step number of steps | Max. convergence | Max. truncation
(minutes) error (m) error (m)
L1 1.25 3456 0.5x10-6 0.7x10-2
L2 1.00 4320 0.6x10-7 0.2x10-2
L3 0.50 8640 0.2x10-9 0.3x10-5
L4 0.25 17280 0.6x10-10 1.0x10-9
Table 8.3

Differences between solutions computed with different integration steps

Orbits Total (m) T (m) A R (m)

ms max rms max rms max rms max

L1-L2 472 7781 472 7181 0.05 0.08 0.24 0.41
L1-L3 4299 7472 4299 7472 | 005 0.07 0.22 0.39
L2-13 1.74 3.09 1.74  3.09 0.00 0.01 0.02 0.04
L3-14 002 004 002 004 0.00 0.00 | 0.00 0.00

o |

L1-L3A 0.01 0.03 0.01 0.03 0.00 0.00 0.00 0.01
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Figure 8.1 - T A R differences between orbits L1 and L3, computed with the same force
model and initial parameters but different integration steps (step=1.25 versus step=0.50
minutes).



147

These results do notimply that one cannot use steps larger than 0.5 min. To prove that,
orbit L3 (step = 0.5) was fitted to the same laser tracking data that had been used on the
computation of orbit L1 (step = 1.25). This solution is named L3A. The difference
between these solutions after fitting is presented in the last row of Table 8.3. Although
initially these two orbits (L1 and L3) had a difference which after 3 days reached several
metres, as the fitting process progresses they converge, and the final solutions are
equivalent. Naturally the solved-for parameters will be different for both solutions, to
compensate for the different step lengths.

In conclusion, the step length is an intrinsic characteristic of each solution computed by
numerical integration. If an orbit is computed using a given step value, then it must not be
changed on further computations involving this solution. A further conclusion is that a
step length as large as 1.25 minutes can be employed on the computation of SEASAT
orbits with geopotential models up to degree 50, without any appreciable loss of
accuracy.

For the reasons explained above, a constant step length of 1.25 minutes was used on all
long arc computations.

8.2.3 Centre of mass correction for laser data

The laser data used in SEASAT computations are described in Table 8.4. The positions
of the laser stations were directly extracted from the GEMT1 file (Marsh et al. 1987),
without need for any transformation.

The corrections applied to these data were the tropospheric correction using the Marini-
Murray (1973) formulae and the centre of mass correction. For the first five stations the
centre of mass correction was provided with the data (last column of Table 8.4). A simple
correction algorithm was applied to the last three stations for which no correction was
available.

Figure 5.8 illustrates the spacecraft symmetric shape relative to the satellite Z axis. The
laser retro-reflector is positioned at the bottom of the cylinder, with its centre coincident
with the base centre of the cylinder. The correction AR to be applied to the measured
range to refer it to the satellite centre of mass can be written to sufficient approximation as
(Figure 8.2):

AR =AcosO + Bsin0 (8.16)

A - Distance between the centre of the laser retro-reflector array and the satellite
centre of mass
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B - Radius of the laser retro-reflector array

0 - Angle defined by the range direction and the satellite geocentric vector.
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Figure 8.2 - Centre of mass correction for SEASAT laser data.

Using the known corrections (AR) for S of the stations, constants A and B were
determined by least squares. The obtained values are:

A =4.660m
B=0.611m

These values were then used to compute the centre of mass correction for the three
remaining stations (7833, 7903 and 7921) by using equation (8.16). This simple
procedure proved to be very efficient, supplanting the need for a more complicated
algorithm.

8.3 Solutions with laser data; the Reference Orbit

One of the aims of this study is to assess the feasibility of using reduced sets of tracking

data for orbit determination. To determine the accuracy of these solutions the best

possible orbit must be computed and used as a reference with which all other solutions
could be compared.
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It is not possible to make an assessment of the exact error of a computed ephemeris,
because the “true” path of the satellite is not known. Two methods are frequently used
for estimating the accuracy of a computed solution.

The first is the analysis of the rms of fit to tracking data. As the spatial and temporal
coverages of these data are very limited, this method lacks information on areas where no
data are available. For long arcs, if the data are well distributed, the solution is usually
uniform, which means that the error should be of the same order all over the arc.
However, with reduced sets of tracking data, small rms values are a very poor indicator
of the accuracy of the orbit over the non tracked parts.

Table 8.4
SEASAT laser data for the period MJD e [43769.00 , 43772.25] - LASER1

Station | Symbol Location Longitude Latitude Height | Passes | Points | C.M.

CB V) (m) corr.

7062 SDI | San Diego, 243.15912 32.60080 992.1 5 921 Yes
California

7063 GRB | Greenbelt, 283.17221 39.02046 223 2 377 | Yes
Maryland

7067 BER | Bermuda 295.34392 32.35390 -19.3] 4 259 | Yes
Island

7068 GND | Grand Turk 288.86811 21.46057 -15.1 2 57 Yes
Island

7069 PAT |Patrick AFB 279.39429 28.22804 2011 4 484 | Yes

Florida

7833 | KOO | Kootwijk, 5.809896 52.17840 9351 2 31 | No
Holland

7907 | ARE | Arequipa 288.50687 -16.46567| 24923| 5 148 | No
Peru

7921 HOP | Mount Hopkins 249.12192 31.68430] 2352.9 4 42 No
Arizona

The second method consists in computing the differences between solutions generated
with different models. As both models are non exact, this mainly gives information on
the accuracy of the less accurate model and does not detect errors common to both
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models. It has however the big advantage of being global, i.e., of giving information
about all parts in the arc. These differences are usually expressed along the three
components: along-track (T), across-track (A) and radial (R). In this thesis these
directions are defined by the unit vectors:

7,1}
vl

Iml'

X

oo

Z = )

where S is the satellite geocentric position and S the satellite velocity.

T =

R = (8.17)
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To generate a reference orbit for SEASAT, a solution was computed using all laser data
available for the period MJD € [43769.0 , 43772.25]. The reason for using this slightly
longer period of 3.25 days, is because there were no tracking data for the last 6 hours of
September 20. This would obviously generate a poorly determined solution at the end of
the arc, if a 3-day solution was computed.
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Figure 8.3 - Temporal distribution of SEASAT laser data (LASER1) for the period MJID
€ [43769.0 , 43772.25]. Each circle represents one pass. For each pass the Y axis
represents the minimum angular distance between the satellite and the tracking station. If
the station is on the left or on the right of the satellite track, the angular distance is
considered respectively positive or negative.
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The laser data available for this 3.25 day period comprise 25 passes from 8 stations. The
quality of these data varies from station to station. In this solution the same accuracy was
assumed for all stations with a standard deviation of 0.2 m. In the final iteration,
considering a rejection level of 2 m and a minimum elevation of 20°, a set of 2319
measurements was processed, distributed as indicated in Table 8.4. This laser data set is
referred to as LASER1.

Figure 8.4 illustrates the poor spatial distribution of these stations showing that most of
them are located in North America. However the passes are fairly well distributed along
the arc, as is illustrated in Figure 8.3.

_ Table 8.5
SEASAT orbits computed with different geopotential models

Orbits Tracking data Model rms (m)
L1 LASER1 GEMT2 0.30
L5 LASER1 GEMT1 0.46
L6 LASERI1 GRIM4_C2 0.29
P1 PRAREI1 GEMT1 0.64

Table 8.6

Differences between SEASAT orbits computed with different geopotential models

Orbits Total (m) T (m) A (m) R (m)
1ms max ms max rms max rms max
L1-L5 1.34 3.62 1.07 3.44 0.72 1.89 037 1.05
L1-L6 0.96 247 0.73 244 0.57 230 0.27 0.98
L1-P1 1.27 3.45 1.01 343 0.67 1.74 0.37 111
P1-L5 0.45 0.88 0.39 0.84 0.20 0.30 0.06 0.09

The geopotential model used to generate this reference orbit was the best available model
for SEASAT at the time of these computations: GEMT2. The adjusted parameters were
the start position and velocity, the solar radiation coefficient and 3 drag coefficients, one



Figure 8.4 - Spatial distribution of SEASAT laser stations (LASER1) for the period MJD e [43769.0 , 43772.25)

(49!




153

Illlllllllllllllllllllllll1ll

SURNNSRSIRRRTIRNTNRSNRTINENT

@]
o
9]
[
(V]

1.5 2 2.5

3 1 1 1 1 1
2 3 -
1 3 —
=
] C
E o0 3 ol
-~ 3 C
-1 3 -
2 3 -
: :
-3 T T T T T
(o] 0.5 1 1.5 2 2.5 3
) 1 1 1 2 1
1 -
N C
E o 4 -
o= 4 N
-1
-2 T T T T T ]

o]
o
)]
[

1.5 2 2.5 3
Time (days)

Figure 8.5 - TAR differences between orbits L1 and L6 (GEMT2 versus GRIM4_C2)



154

for each of the first two days and one for the last 1.25 days. This generated a solution
with range rms residuals of 0.30 m. Due to the poor spatial distribution of the tracking
data the rms of fit is probably an optimistic indicator of the ephemeris accuracy over the
non-tracked parts. The actual global accuracy can be two to three times worse.

To have a more realistic estimate of the accuracy of this solution, the same computation
was repeated using two different geopotential models: GEMT1 and GRIM4_C2 (Table
8.5). The differences between these solutions are presented in Table 8.6.

The solutions computed with GEMT2 and GRIM4_C2 have similar accuracy since they
possess the same rms of fit. However their differences amount to 0.7, 0.6 and 0.3 m in
the TAR directions respectively, with a global rms of 1 metre (Figure 8.5). These figures
are a more realistic indicator of the actual accuracy of these ephemerides.

GEMT1 solution (L5) exhibits a larger rms than GEMT2 and GRIM4_C2 orbits,
showing that the last two models are more accurate for SEASAT than GEMT1.

These figures are in agreement with published results for SEASAT. Wakker et al. (1987)
computed GEMT1 solutions with rms in the range 48 to 62 cm. Using crossover
differences, Marsh et al (1990a) predicted a radial error of 28 cm for SEASAT orbits
computed with GEMT2. The 30 cm rms in the laser range residuals exhibited by
solutions L1 and L6 contain errors in all components and therefore cannot be compared
directly with the 28 cm radial error obtained using crossover analysis. However the
differences between these two orbits (L1-L6) is of 27 cm in the radial direction which is
a clear indication of the actual radial error in these solutions.

Orbit L1 described above will be referred to throughout this chapter as the reference orbit.

8.4 Solutions with PRARE and altimetry data
8.4.1 Solution with a full PRARE network

Having established the accuracy of SEASAT orbits obtained with laser data and various
geopotential models, the aim is now to assess the accuracy of solutions computed with
PRARE data.

As described in section 6.3, PRARE range observations were simulated for a network of
18 well-distributed stations. The orbit used to generate these observations was the
reference orbit L1. This full network of 18 PRARE stations is named PRARE1 (Table
8.7).



155

Since these PRARE observations were generated using the state of the art geopotential
model for SEASAT (GEMT2), in the analysis of these data the same model cannot be
used, since any solution computed with the same model would fit exactly to the
observations (the rms of fit would be equal to the standard deviation of the observations,
7 cm). Therefore, for the analysis of these PRARE data the GEMT]1 geopotential model
was used. This procedure was intended to simulate our imperfect knowledge of the
gravity field. When comparing orbits computed with these PRARE data and GEMT1
with the reference orbit L1, the errors due to the gravity field are modelled as the
differences between GEMT1 and GEMT2. This was believed to be a realistic estimate of
the gravity field error for ERS-1. Later on, in Chapter 9, it will be demonstrated that this
estimate is too optimistic.

In this analysis, errors due to the surface forces drag and radiation pressure were not
considered. Most of the errors due to mismodelling of these forces are in the along-track
component and are absorbed by solving for daily drag coefficients.

An orbit was computed using all PRARE1 data and GEMT1 (orbit P1 in Tables 8.5 and
8.6). Since these data are very well distributed in both spatial and temporal dimensions
(see Figure 6.2), this solution represents the best SEASAT orbit that can be computed
using the GEMT1 model. The rms of fit of this solution is 0.64 m. This rms of fit is
greater than the rms of fit of the orbit computed with the same model and LASER1 data
(orbit L5). This is a clear indication that a smaller rms of fit does not necessarily mean a
better orbit. Although orbit P1 has a larger rms than orbit LS, the global accuracy of the
two orbits is comparable since the difference between them (0.45 m rms) is of the order
of the rms of fit (Table 8.6).

We can conclude that orbits with PRARE data have the same accuracy as laser orbits. The
dominant error in all these solutions is due to errors in the geopotential. The differences
between orbits L1 and P1 are an indication of the remaining errors on SEASAT
solutions computed with GEMT], irrespective of station configuration. These are of the
order of 1.0, 0.7 and 0.4 m in the T, A and R directions respectively.

8.4.2 Solutions with reduced PRARE networks and altimetry
data

In practice the tracking data available have a spatial distribution that is far from the ideal
coverage represented by the PRAREI tracking network. This section describes the
research being done on the influence of tracking data distribution in the orbit accuracy and
the extent to which altimetry data can be used to replace range data.



156

Wakker at al. (1983a) have considered the combination of altimetry with laser data, but in
these solutions the distribution of the laser data was fairly regular with at least one pass
per day. In practice sometimes there are intervals of one day or more during which there
are no passes of range data. In the present study the influence of tracking data distribution
along the arc is investigated in more detail.

To study the effect of tracking data distribution on the ephemeris accuracy, several
configurations with only a few passes from one or two PRARE stations were considered.
The reason for using PRARE instead of laser data is because at the time of this study it
was expected that PRARE would play an important role in the tracking of ERS-1.
According to the simulation process, the standard deviation of these PRARE observations
is op = 0.07 metres.

Results obtained with five of these configurations, named PRARE2 to PRARES®, are
presented. These configurations are defined in Table 8.7. The temporal distribution of
these data sets is represented in Figures 8.6 to 8.10.

The altimeter data set employed in these computations consists of SEASAT altimeter
measurements for the period MJD e [43769.0, 43772.0]. Although the original data set
contains one measurement every second, to use these data for tracking purposes it is
more appropriate to adopt a larger sampling interval. Since we are only interested in
retaining the long wavelength component of these measurements, this procedure highly
simplifies the data processing without information loss. Two sampling intervals were
found to produce the same results: 30 sec and 60 sec. For simplicity a sampling interval
of 60 seconds was employed, resulting in a data set of 2901 points covering the 3-day
period.

These altimeter data were processed using the algorithm described in Chapter 7. This
processing is controlled by a number of parameters:

Qversampling factor (OFAC) - As was explained in the previous chapter, the
oversampling factor should be greater than 1. Since the Fourier functions are periodic in
the sampled interval (3 days), using an OFAC = 1 causes the orbit error to be exactly
equal at the beginning and end of the arc. To avoid this, an OFAC = 2 was used in all
computations. This way the original interval is expanded into 6 days, and the periodicity
constraint is applied to this interval, becoming undetectable in the original interval.

Cut off frequency (LFREQ) - This was chosen in such a way that the minimum
period retained (PMIN) is close to 48 minutes. This is equivalent to using a cut-off
frequency of two cycles per revolution. It is found that higher frequencies are corrupted
with geoid errors and therefore should not be incorporated in the orbit error.
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Standard deviation of the altimeter measurements - G, - It is very difficult to obtain
a realistic estimate of the accuracy of the filtered altimeter measurements when used for
tracking purposes. Assuming that the filtering process is correct, one estimate can be the
so called altimeter "Noise", computed as the difference between the original altimeter
residuals and the filtered residuals. Results suggest a value around 1 metre. In practice it
is not relevant if the adopted value is close to the truth. The altimeter standard deviation
should be regarded as a scaling factor, which determines the relative weight of these
measurements in the final solution, when mixed with PRARE observations with a sigma
op =0.07 m.

Table 8.7
Tracking data sets used in SEASAT computations for the period
MID e [43769.00 , 43772.25]

Name Description

LASER1 Laser data for 8 stations: 7062, 7063, 7067, 7068, 7069,7833, 7907, 7921

PRAREL1 PRARE data for 18 stations

PRARE2 3 passes from PRARE station 7834 - 31 points

PRARE3 5 passes from PRARE station 7834 - 54 points

PRAREA 7 passes from PRARE stations 3011 and 7834 (2 + 5) - 79 points

PRARES 8 passes from PRARE stations 3011 and 7834 (3 + 5) - 91 points

PRARE6 8 passes from PRARE station 3003 - 94 points

ALT1 Altimeter data - 2901 points at a sampling interval of 60 sec; Geoid computed
from OSU89B (Rapp and Pavlis, 1990) considering terms up to degree and
order 180

For each of these data sets an orbit was computed using PRARE data only. These
solutions are named P2 to P6 (Table 8.8). In the next step altimeter data were added to
each PRARE data set resulting in orbits P2A, to P6A.

Table 8.8 summarises the results obtained. For the solutions computed solely with range
data, the only solution parameters presented in the table are the rms and maximum values
of fit to data. For the solutions computed with range and altimeter data, several altimeter
parameters are presented. The fifth column represents the rms of the altimeter residuals
after fitting (only the filtered part). This parameter is an indication of the remaining radial
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error in the computed solution. The sixth column represents the altimeter Noise
(difference between the total and the filtered residuals). This noise parameter is a measure
of the accuracy of this tracking data type. The last column shows the average of the total
altimeter residuals. Several authors have found that this average has values from about
0.7 m to one metre: 0.75 m (Rapp, 1987), 0.86 m (Marsh et al., 1990b) and 0.90 m
(Engelis and Knudsen, 1989). This bias is attributed to an error in the adopted GRS80
ellipsoid (Moritz, 1980). For this reason, in most of the computations, a constant

altimeter bias (ALTBIAS) of -0.80 m was applied to all altimeter measurements.

Table 8.8
SEASAT orbits computed with PRARE and Altimetry

Altimeter PRARE | Altimeter | Alt. Alt.
A parameters residuals | residuals | Noise | Average
Orbit | Tracking data (m) (m) (m) (m)
Ga PMIN AL'I‘BIAS ms rms rms
(m) (min) (m) max max
P2 PRARE2 — 023 051 — — —
P2A | PRARE2 + ALTI1 0.1 48 -0.80 1018 043]071 218 0.96 0.11
e ——————
P3 PRARE3 — 011 0.32 — — —
P3A | PRARE3 + ALT1 0.3 48 -080 |029 0.61]1072 205} 096 0.13
P3B | PRARE3 + ALTI1 0.3 48 000 |041 078]1.07 293} 096 0.87
P3C | PRARE3 + ALT1 1.0 48 080 |009 023]1082 260} 0.96 0.18
P4 PRARE4 — 015 0.50 — —_ —
PAA | PRARE4+ ALT1} 03 48 -080 (036 082]0.74 210]| 0.96 0.15
e e ——
P5 PRARES — 041 1.19 — — —
P5A | PRARES + ALT1 0.5 48 -0.80 1043 1101072 199]| 0.96 0.13
P6 PRAREG6 — 025 0.81 — — —
P6A | PRAREG + ALTI 0.5 48 -080 (081 2391071 216} 095 0.10

The results obtained for each tracking configuration are described.

1 - The first configuration (PRARE2) was chosen to be close to the limit of a'very poor
3-day arc tracking network. It consists of only three passes of one station (7834) two at
the beginning of the arc and one at the end (Figure 8.6). With only these tracking data it
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is not possible to compute a solution by solving for all the usual parameters. The normal
matrix will be poorly conditioned and several parameters come up with correlations equal
to 1. A simple solution is to solve for only the start vector, keeping drag and radiation
pressure coefficients constant. This was the procedure used in the computation of orbit
P2. The rms of fit of this solution is 0.23 m, but this is only an indication of the accuracy
of the orbit in the tracked areas. The global accuracy is very poor as indicated by the
differences to the reference orbit (Table 8.9 and Figure 8.11). These differences
demonstrate a strong one cycle per revolution signal, with an amplitude of 15 min the T
component and about 4 metres in the A and R components. Such a large amplitude is a
clear indication of a very unstable solution. Therefore with such a poor configuration no
reliable solution can be obtained.

Table 8.9
Differences between reference and orbits computed with PRARE and Altimetry
(Meaning of orbit names explained in Table 8.8)

Orbits Total (m) T (m) A (m) R (m)

rms max ms max ms max H ms max
L1-P2 9.17 19.92 843 19.77 2.13 425 2.92 4.80
L1-P2A 3.39 7.96 3.21 7.93 1.01 2.53 0.40 1.22
L1-P3 5.63 12.78 5.41 12.69 0.84 2.15 1.21 2.82
L1-P3A 1.72 3.70 1.30 3.66 1.06 263 0.38 1.24
L1-P3B 1.74 3.87 1.24 3.71 1.14 2.80 0.44 1.25
L1-P3C 3.14 6.31 291 6.22 1.09 2.72 041 1.27
L1-P4 437 9.63 417 9.51 0.87 2.20 0.96 240
L1 - P4A 1.69 3.68 1.44 3.67 0.82 212 0.39 1.26
1.1-P5 1.54 3.60 1.24 3.59 0.83 2.10 0.38 1.13
L1 - P5A 1.46 418 1.14 4.18 0.83 2.11 0.38 1.23
L1-P6 1.88 6.47 1.62 6.43 0.86 2.08 0.40 1.26
L1 - P6A 2.16 7.09 1.93 7.05 0.85 207 0.45 1.4

A second orbit (P2A) was then computed by adding altimetry to these three passes of
range data. The results are shown in Figure 8.12. To make the comparison of the two
orbits (P2 and P2A) easier, the same scale is used in the graphs of Figures 8.11 and
8.12. A similar procedure was adopted for all the other configurations. The improvement
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is remarkable particularly in the radial component where the errors decreased from an rms
of 2.9 m to 0.4 m. The amplitude of the along-track error was also greatly reduced. The
improvement in the A component is the less noticeable, confirming that altimeter data
lacks information in this direction.

2 - The second configuration was created by adding two passes to the previous data set,
close to the end of the second day (Figure 8.7). There still is a gap of about two days
during which there are no tracking data. A solution is now possible (P3) using the
conventional solved-for parameters, although correlations as high as 0.9 still exist
between some of the parameters. The differences to the reference orbit are still very large
amounting to 5.4, 0.8 and 1.2 m in the T, A and R directions respectively (Figure 8.13).
The amplitude of these differences is now smaller than on the previous solution (P2). The
main signature in these differences is the big increase in the T component errors, in the
area of the arc where no tracking data are available, revealing that the accuracy of the
solution is not uniform along the arc.

As before, an orbit was computed by adding altimetry to the PRARE3 data (orbit P3A).
As shown in Figure 8.14, the altimeter data are strong enough to make the previous
along-track pattern disappear, making the solution uniform along the whole arc.

To illustrate the influence of the altimeter standard error and the altimeter bias in the
solution, two more solutions are presented for this configuration: P3B and P3C. These
solutions are identical to P3A except for:

P3B - no altimeter bias was applied (ALTBIAS =0)
P3C - Altimeter sigma 03 =1m

Comparing solution P3B with P3A we see that the averages of the altimeter residuals
differ by about 0.8 m (last column of Table 8.8). The fact that the fitting process does not
absorb this constant bias, indicates that this bias is not an orbit error. This is further
illustrated in the differences between these two ephemerides (Figure 8.15). If this bias
were part of the orbit error then it would be absorbed and these orbits computed using
different bias would have a constant shift in the radial component. These results justify
the use of a constant altimeter bias in all other solutions.

Comparing orbits P3A and P3C we see the influence of the altimeter sigma in the
solution. The value of 63 =1 m is certainly closer to the true accuracy of the altimeter data
than the value 63 = 0.3 m. However the influence of altimeter data in the solution in the

first case is not strong enough to balance the lack of range data. In fact it is found that
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Figure 8.11 - TAR differences between orbits L1 and P2.
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Figure 8.12 - TAR differences between orbits L1 and P2A.
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Figure 8.13 - TAR differences between orbits L1 and P3.
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