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Thesis Summary

Due to the failure of PRARE the orbital accuracy of ERS-1 is typically 10-15
cm radially as compared to 3-4cm for TOPEX/Poseidon. To gain the most
from these simultaneous datasets it is necessary to improve the orbital
accuracy of ERS-1 so that it is commensurate with that of TOPEX/Poseidon.
For the integration of these two datasets it is also necessary to determine the
altimeter and sea state biases for each of the satellites.

Several models for the sea state bias of ERS-1 are considered by analysis of the
ERS-1 single satellite crossovers. The model adopted consists of the sea state
bias as a percentage of the significant wave height, namely 5.95 %.

The removal of ERS-1 orbit error and recovery of an ERS-1 - TOPEX/Poseidon
relative bias are both achieved by analysis of dual crossover residuals. The
gravitational field based radial orbit error is modelled by a finite Fourier
expansion series with the dominant frequencies determined by analysis of the
JGM-2 co-variance matrix. Periodic and secular terms to model the errors
due to atmospheric density, solar radiation pressure and initial state vector
mis-modelling are also solved for. Validation of the dataset unification consists
of comparing the mean sea surface topographies and annual variabilities
derived from both the corrected and uncorrected ERS-1 orbits with those
derived from TOPEX/Poseidon. The global and regional geographically
fixed/variable orbit errors are also analysed pre and post correction, and a
significant reduction is noted.

Finally the use of dual/single satellite crossovers and repeat pass data, for the
calibration of ERS-2 with respect to ERS-1 and TOPEX/Poseidon is shown by
calculating the ERS-1/2 sea state and relative biases.

Keywords: altimeter range bias, radial orbit error, sea state bias,

TOPEX/Poseidon
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Chapter 1

Introduction

With the launch of ERS-1 in 1991, TOPEX/Poseidon in 1992 and ERS-2 in
1995 there exists an unprecedented amount of altimetry data that is available
to the scientific community. If the most is to be obtained from these datasets,
as well as from past and future missions, it is vital that the data from different
satellites be as homogenous as possible. This means that the orbit and
altimetric errors present in each dataset must be carefully understood and

controlled such that they are at a minimum.

TOPEX/Poseidon, being in a relatively high orbit of altitude 1350km, is not
heavily perturbed by the atmosphere and gravity field. This and the
comprehensive tracking of TOPEX/Poseidon with laser range, DORIS range
rate and GPS psuedo range and carrier phase measurements has resulted in
the orbital accuracy being at the level of 3-4cm rms in the radial direction
[Marshal et al, 1995]. ERS-1 orbits, however, have not been so accurate
because of the failure of PRARE, resulting in laser range and crossover
differences being the only tracking data available. TOPEX/Poseidon altimetry
has therefore become the first choice dataset for the majority of oceanographic
applications which, in turn, has resulted in satellite dependent altimetric
corrections, such as sea state bias, being well modelled for this satellite. The
ERS missions, however, provide data at higher latitudes and, with a much
denser resolution than TOPEX/Poseidon, provide a complimentary dataset over

the oceans and a unique set over the ice sheets.
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The aim of this thesis is therefore to reduce some of the errors in the ERS
altimeter datasets, by analysis of single and dual satellite altimeter
observations, so that they are commensurate with those of TOPEX/Poseidon.
At the time this study was undertaken (1992), two of the dominant error
sources present within the ERS-1 altimeter dataset were radial orbit error and
the sea state bias model used. In the intervening years more accurate
dynamic ERS-1 orbits, the accuracy inreasing from 10-15cm rms (1992) to 5-
7cm rms (1996) radially, have become available through the use of improved
gravity field models and the recovery of empirical parameters in the dynamic
solution.  This, however, does not lessen the significance of the work
presented in this thesis as the present orbits for ERS-1 are still not of the same
accuracy as TOPEX/Poseidon.  Until better atmospheric models are available
for orbits of satellites at the ERS heights, the use of empirical corrections
either non-dynamically or in the form of empirical parameters in the dynamic
solution will be required to provide orbital accuracies approaching

TOPEX/Poseidon.

As an introduction to the work contained in this thesis, chapter 2 discusses the
principles of satellite altimetry whilst chapter 3 briefly describes the satellite
instrumentation and missions for ERS-1, ERS-2 and TOPEX/Poseidon.

Finally chapter 4 describes the precise orbit determination software used at
Aston to determine the ERS-1 orbits that underpin the work contained in this

thesis.

In chapter 5 the sea state bias for ERS-1 is determined from analysis of single
satellite crossover residuals. Several models that consist of terms relating to
wind speed and significant wave height are considered. It is found that the
correction provided on the OPR dataset is a significant underestimation to the
extent that the model recommended for ERS-1 throughout this thesis is the

simple linear relationship with significant wave height.
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The largest part of this thesis consists of reducing the radial error in the orbits
of ERS-1. This is done in chapter 6 by modelling the error due to the
gravitational field by a finite Fourier expansion series with additional secular
and periodic terms to model the errors caused by atmospheric density, solar
radiation pressure and initial state vector mis-modelling. In chapter 7 several
error recovery strategies utilising ERS-1 single satellite and TOPEX/Poseidon -
ERS-1 dual satellite crossovers are attempted for cycle 9 of ERS-1's multi-
disciplinary phase. The dominant gravitational terms are identified from the
JGM-2 co-variance matrix . An optimal strategy for the recovery of ERS-1
radial orbit error is identified and then applied to 13 cycles (cycles 6-18, there
being no TOPEX/Poseidon altimetry before cycle 6) of altimetry data in chapter
8. This large (in excess of 440 days) altimeter dataset is used to determine
the relative range biases between TOPEX/Poseidon and ERS-1 and to compare
the mean sea surfaces and annual variability observed by ERS-1 with those
observed by TOPEX. The accuracy of the corrected ERS-1 orbits is also
estimated by analysis of the geographically correlated (mean and variable)

radial error and by comparison to ERS-1 orbits corrected by cubic splines.

Chapter 9 describes part of the exercise carried out at Aston University as its
contribution to ESA’s ERS-2 Radar Altimeter and Microwave Radiometer
Commissioning Working Group.  This involves determining the relative
altimeter range bias between ERS-1 and ERS-2 and, to a lesser extent, the

relative altimeter range biases between the ERS satellites and TOPEX.

Finally, in chapter 10 the conclusions that can be drawn are discussed.
Further, the acheivements in relation to the aims of reducing errors present
in the ERS altimeter datasets are outlined. Some suggestions for future work

are also presented.
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Chapter 2
An Introduction To Satellite Altimetry

2.1 Introduction

The principle of satellite altimetry was first demonstrated as early as 1973 by
astronauts on SKYLAB operating a hand held device. Whilst this manned
mission only lasted ten months (May 73 - Feb 74) and the altimeter only
operated occasionally with a precision poor by today's standards, the
experiment showed the possibilities and laid the foundations for altimetric

global monitoring of the world's oceans.

The next mission to carry an altimeter, GEOS-3, was launched in April 1975.
This mission continued until December 1978 with a range precision of
approximately 50cm [Stanley, 1979]. This precision is inadequate for most
oceanographic purposes but GEOS-3 altimetry has been used in the
development of the most recent gravity field models such as the GEM [Lerch
et al, 1994] and JGM [Nerem et al, 1994] model series.

1978 then saw the launch of the first satellite dedicated to ocean monitoring
in the form of SEASAT. This satellite had a much improved altimeter
precision of approximately 10cm [Tapley et al, 1982], however, the mission
only lasted three months due to a power supply fault resulting in the mission's

termination.

A gap of seven years was then experienced until the launch of GEOSAT, a US
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Navy satellite, in 1985. This satellite, with an altimeter range precision of
3.5cm [Wakker et al, 1990], had the mission objectives of determining a better
geoid and ocean mesoscale. The GEOSAT mission consisted of two stages.
The first of these was initially classified, lasted 18 months and was called the
geodetic mission. The second phase called the exact repeat mission had a

repeat period of 17 days (similar to SEASAT).

As this satellite used gravity gradient stabilization as part of it’s attitude
control the satellite design resulted in a degradation in orbit accuracy for
periods of increased solar activity. Also the lack of an instrument to measure
the atmosphere’s water content for the determination of the wet tropospheric

correction limited the accuracy of the altimeter data.

Table 2.1. Altimetric Satellite Height and Inclinations.

Satellite Height (km) | Inclination (deg)
GEOS-3 848 114.9
SEASAT 793 108.0
GEOSAT 791 108.0
ERS-1 785 98.0
TOPEX/Poseidon 1350 66.0
ERS-2 785 98.0

The range accuracy of each of these missions has increased to the extent that
the altimeter precision is no longer a significant error source for most
altimetric missions, and is now dominated by radial orbit and media correction
errors. Initially the radial orbit error for these missions was quite poor (being
in excess of 1m for SEASAT [Schrama, 1989]) and the limiting factor in the use
of the altimeter data. However, with improvements in the gravity field

models through analysis of satellite tracking data, the radial errors for these
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satellites (in the latest recomputed orbits) and for current missions are much

lower, being sub 20cm rms [Schum et al, 1990].

With the launch of ERS-1, TOPEX/Poseidon and ERS-2 (see chapter 3 for
descriptions of these satellites and their missions) two altimetric satellite
missions have been operating simultaneously from 1992. The ERS satellites
are of similar design, with the exception of the GOME experiment, and orbit
at the same orbital height and in the same orbital plane. Orbits of the ERS
satellites have radial orbital accuracies of 10-15c¢cm [Scharroo et al, 1993]
whilst the altimeter precision is 3cm [Schum et al, 1994]. TOPEX/Poseidon,
with it’s much better defined orbit (due to its higher altitude and
comprehensive tracking with DORIS, SLR and GPS data) and state of the art
dual frequency altimeter, has a radial orbit accuracy of 3-4cm [Marshal et al,

1995] and an altimeter range precision of 2cm [Tapley et al, 1994].

If the data sets of these overlapping (and finally non overlapping) missions are
to be merged for long term ocean studies it is necessary to reduce the errors in
the satellite orbits and altimeter measurements to the extent that they are

minimal and as near homogeneous as possible.

This thesis is therefore primarily concerned with the integration of ERS-1 and
TOPEX/Poseidon altimeter data through the reduction of ERS-1 orbit error;
the estimation of the TOPEX/Poseidon - ERS-1 relative range biases and
analysis of the sea state bias for ERS-1.

First, however, the principles of satellite altimetry, the measurements and the

corrections that need to be applied are discussed.

2.2 The Principles of a Satellite Altimeter.

Essentially an altimeter is a device that measures the two way propagation

23



delay and characteristics of a microwave

been reflected from the Earth. Whllst this thesis is only concerned Wlth

ulse return signal that has

altimetry over the oceans, altimeter data also has many apphcatlons over land

and ice as altimeter data can be used for the determination of the shape of the

Earth, it's elevation and surface roughness, measuring the wavelength and

direction of ocean waves, observing the direction and strength of winds over

the ocean surface and monitoring the size and thickness of ice floes in the polar

regions.

The altimeter transmits a series of microwave radar pulses towards the Earth

(as shown in figure 2.1) and the return echo's shape , power and propagation

delay are then measured.

satellite -

radar pulses

e ~

Figure 2.1 The Satellite Altimeter Radar Pulse
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Assuming the reflective surface is fl nable approximation for the

o blqeaxi%s').\\'th\e:.reﬂectijor;i\wﬂyl.be purely specular. This would result in the return

signal received\ by the satellite as shown in figure 2.2.

Returned Power

! i Time
b=ty t=tpT

Figure 2.2 The 'Ideal’ Altimeter Réturn Signal

At time t=t, , in figure 2.1, the leading edge of the radar pulse, of duration T,
starts to hit the surface. No area is yet illﬁminatéd on the surface and
therefore the return signal received by the satellite at time t=t, is zero. As the
time increases (t,<t<t,+T) the surface area illuminated by the radar pulse is
circular and the area continues to grow until the trailing edge of the pulse
reaches the surface at t=t,+T.  This corresponds to the period t;<t<t,+T at the
satellite where the return power increases (known as the return signal’s

leading edge).

After time t=t, +T an annulus of constant sea surface area which moves
outwards is illuminated by the radar pulse. This constant area of sea surface
illumination then results in the ‘4deal’” received power at the satellite

remaining constant after the time t=t,+T.
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In reality, however, the oceans are not smooth (due to wind driven waves) so

,ﬁhaf"S.dmér,%s.ign-alf:befor\e»t=to¢ is returned as th'e’t leading edge S,frik,es_}\,thé: peaks

of the rough surface. Similarly at time t=t+T not all of the trailing edge has
been reflected because of the wave troughs on the surface. This results in the
actual return signal being stretched (as shown in figure 2.3). The return

signal’s power also tails off after the peak due to the transmitted power

decreasing with off pointing./ :

Réturn Power:

|
I
|
I
!
|
|
|
|
|
|
I
|
!
|
|
!

t=t;  t=tpT

Time

Figure 2.3 The 'True' Altimeter Return Signal

Analysis of the return signals allows several distinct measurements to be
made. The mid point of the leading edge is used to determine the propagation
delay (hence the range to the inxstanténeous/sea sﬁrface can be calculated),
the slope of the stretched leading edge is dependent upon the surface
roughness (thus allowing the significant wave height to be determined) and
the power of the return signal will give details regarding the reflective
properties of the illuminated surface (ie backscatter coefficient which is related

to wind speed).
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2. 3 The Altimeter Range Measureme

For practlcal use the raw. altimeter range measurement must be eorrected for -

sever,al instrumental and atmospheric factors. Figure 2 4 ﬂlustrates how a
typical raw range measurement is corrected to give the satellite height above

the reference ellipsoid.

- satellite

satellite orbit

corrected héight
(raw height + instrument and media corrections) |

tide corrections

: reference ellipsoid
geoid and sea surface

height

Figure 2.4 The Altimeter Measurement and Corrections

The corrected altimeter range measurement, h, ., which is a measure of the
satellite’s height above the instantaneous sea height, can be expres:sed- by

equation (2:1),

hcorr:hraw+hion+k +h +h hSSb hblaS/ / (21)

where h h h h h h and h,.,, are the raw altimeter

raw > "Cion 7 Cwet inv 2. “ssb:

dry: ?

range measurement, ionospheric correction, wet tropospheric correction, dry
tropospheric correction, = inverse barometer correction, sea state bias and
altimeter bias respectively. The final two corrections are subtracted as

convention states that biases should be removed.
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2.3.1 The Ionospheric Correction.

As the radar pulse travels through the ionosphere the path's refractive index
varies due to the presence of free electrons. This variation is not only
dependent upon height but also local solar time, time of the year, solar activity
and signal frequency. The most precise determination of it's effect on the
altimeter range measurement can be made from analysis of dual frequency
signals but for single frequency altimeters use of a model must be made. The

jonospheric correction in milemeters is modelled by [CERSAT, 1996],

h., = —40250—7:5——(2 (2.2)

ion” 0
f

where TEC is the total electron content in electrons/m? and f the altimeter
frequency in Hz. In the case of dual frequency measurements TEC is
determined from the differential effect on the signal whilst the BENT Model
[Llewellyn and Bent, 1973] is typically used for single frequency altimeters.

2.3.2 Tropospheric Corrections.
The refractive index of the troposphere varies according to the presence of air
and water vapour which also require correcting. Corrections for the

troposphere thus consist of two components.

()Dry Tropospheric Correction. This correction whilst large, being of the order
of two meters, remains relatively constant and compensates for the change in

refractive index due to the presence of air. The dry tropospheric correction in

milimeters is defined by equation (2.3) [CERSAT, 1996],

h,,=-2.27T7P (1 +0.0026c0s2®) (2.3)

where @ is the satellite latitude and P, is the surface pressure of the
atmosphere at the sub satellite point as defined by meteorological models and

measured in milibars .
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(ii)Wet Tropospheric Correction. Unlike the dry tropospheric correction this
is highly variable, is of the order of decimeters and compensates for the
change in refractive index due to the presence of water vapour. The correction
is obtained from measurements of total integrated water vapour from a
microwave radiometer on board the satellite or by use of meteorological

models.

2.3.3 The Inverse Barometric Correction

This correction is an empirical correction which attempts to compensate for the
fact that variations in atmospheric pressure cause variations in the sea surface
and is approximately equivalent to lem for each mb of pressure variance from
1 atmosphere ( 1013.3mb). The inverse barometric correction in milimeters

is modelled by equation (2.4) [AVISO, 1992],

h. = ~9.948(Psurf~1013.3) (2.4)

v

where the surface atmospheric pressure, P, , can be obtained from the dry

tropospheric correction (equation (2.3)).

Whilst this empirical correction is known to be quite accurate for most
latitudes, errors in excess of 100% have been observed close to the equator

[Woodworth, 1996]

2.3.4 The Sea State Bias.

Due to the distribution of sea surface reflective facets and the altimeter
tracker’s properties, altimeter measurements are biased towards the troughs
of waves (range measurement is too long). The correction applied to account
for this is called the sea state bias. A more detailed discussion of the sea state

bias, and how it is modelled, can be found in chapter 5.
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2.3.5 The Altimeter Range Bias.

All altimeters have a unique offset called an altimeter bias. This is caused by
electronic delays within the altimeter itself and is usually determined from the
altimeter data during the commissioning phase of the satellite. It is of great
importance to determine this offset accurately as different satellites will
possess different altimeter biases (as is also the case for sea state biases) and

the integration of altimeter datasets requires the removal of these offsets.

Once all geophysical and instrumental corrections have been applied a
measure of the instantaneous sea height averaged over the altimeter's
footprint is obtained. In order to measure the mean sea height it is also
necessary to correct for tidal effects (such as ocean, loading, pole and solid
earth tides). The corrected altimeter range to the mean sea surface is then
added to the geoid and mean sea surface heights (as defined in figure (2.4)) at
the sub satellite point to give the height above the reference ellipsoid.

As altimeter data is typically available in one second averaged values (the
satellite will move approximately 6-7km along track in one second) it is
apparent that satellite altimetry is an extremely valuable global tool for the

long term monitoring of the world’s oceans.

2.4 The Crossover

Often, such as in satellite tracking, the errors (usually geoid and sea surface)
present in the altimeter range measurements are too large. This has resulted
in satellite crossovers being used for tracking purposes and for oceanographic

studies of variability.
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Figure 2.5 The Crossover

Figure 2.5 shows the single satellite crossover as the intersection of two
groundtrack passes, one ascending and the other descending. At a crossover
the geoid and sea surface topography (providing the time difference between
observations is not too large) will be the same for both epochs and therefore
cancel in the formation of the dataset. This allows time varying parameters
such as sea surface variability and ocean tides to be monitored more
accurately. Alternatively the time varying signal can be treated as noise and
the crossover difference used in orbit determination as a measure of the

normal height differences between the two epochs.

With the launch of TOPEX/Poseidon the availability of two simultaneous
altimeter datasets has allowed dual satellite as well as single satellite
crossovers to be used. Dual satellite crossovers use the intersection of
groundtracks from different satellites and may be composed of two descending,
two ascending or one ascending and one descending arc depending upon the
orbital charecteristics of the satellites in question. Thus whilst the time

independent errors (such as geoid and mean sea surface) still cancel,
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_ information that cannot be obtain rossovers (such as

 the geographically correlated orbit e

The bulk of this thesis uses single and duél satellite Crossovers él_s a means of

unifying and calibrating different altimeter datasets.
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Chapter 3
Altimetric Satellite Mission Overviews for

1991 - 1996

3.1 Introduction

With the launch of ERS-1 (European Remote Sensing satellite 1), ERS-2
(European Remote Sensing satellite 2) and TOPEX/Poseidon there exists for
the first time three altimetric satellites which for part of their missions are
operating simultaneously. Whilst ERS-1 is the primary satellite as far as
this thesis is concerned, and altimetry the data set utilised, some basic
information regarding ERS-2, TOPEX/Poseidon and the other instruments

carried by these three satellites is provided.

3.2 ERS-1

ERS-1 is an ESA (European Space Agency) multipurpose earth observation
satellite. It was launched on 17th July 1991 by an Ariane 4 rocket, from
Kourou in French Guiana, into an orbit of inclination 98.5 degrees and
nominal altitude 785km. The orbit is almost circular and is sun synchronous,
in which the orbital plane rotates at the same rate as the Earth about the Sun
thus ensuring near uniform shadowing for the SAR (Synthetic Aperture Radar)
along any repeat tracks. The orbital elements have also been chosen so that
the orbit is ‘frozen’ [Cook, 1966] therefore ensuring that the perigee location
remains fixed at 90 degrees. Figure 3.1 shows the ERS-1 satellite and its

scientific payload.
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Figure 3.1 The ERS-1 Satellite, BNSC [1990].

3.3 ERS-1 Instrumentation

Due to ERS-1 being a multipurpose satellite the instruments carried are many
and include an earth pointing radar altimeter, an along track scanning
radiometer, an active microwave instrument, precise range and range rate

equipment and a laser retro reflector. A brief description of each now follows.

3.3.1 Earth Pointing Radar Altimeter.
The altimeter onboard ERS-1 is a single frequency (13.8GHz) radar altimeter
which operates in two measurement modes. These modes are optimised for

measurements over ice and ocean. In the ocean mode the altimeter measures
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the instantaneous sea height, wave height and surface wind speed over a
footprint of diameter 7km. Whilst in ice mode the altimeter can make
measurements (although of a much coarser resolution than ocean mode) of

ice/land topography.

3.3.2 ATSR (Along Track Scanning Radiometer).
The ATSR consists of two components known as the Infrared Radiometer and

the Microwave Sounder.

The Infrared Radiometer measures the sea surface and cloud top
temperatures, which are accurate to near 0.5K, over an area of 50km by 50km

[CERSAT, 1996].

The Microwave Sounder is a nadir viewing passive radiometer which measures
the total water content of the atmosphere within a 20km diameter footprint.
This information is used to correct the Infrared Radiometer's sea surface
temperature as well as determine the wet tropospheric correction for the

altimeter.

3.3.3 Active Microwave Instrument.
This instrument also consists of two components, these being the SAR

(Synthetic Aperture Radar) and the Wind Scatterometer.

Synthetic Aperture Radar - This produces images of the sea/land surface in
100km wide strips. Due to power/thermal constraints imposed by the satellite
design it is only able to operate for a maximum of twelve minutes each orbit.
The high data rate (105 Mbit/s) is too high for on board recording and
constrains the operation of the instrument to when the satellite is in contact

with a receiving ground station.
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Wind Scatterometer - This instrument consists of three sideways looking
antennae which illuminate a 500km wide swath and measure the radar

backscatter enabling the surface wind vectors to be deduced.

3.3.4 PRARE (Precise Range and Range Rate Equipment).

An all weather microwave tracking system, this instrument, in conjunction
with a network of ground based transponders takes two way range and range
rate measurements. The system was intended to enhance the global coverage
of satellite tracking available by providing data in the southern hemisphere
where there is a shortage of laser range data. However, shortly after launch
the system suffered permanent radiation damage resulting in it being switched
off. This initially caused the ERS-1 orbits to be much poorer than expected,
particularly for the early part of the ERS-1 mission when solar activity was
high resulting in large changes in atmospheric density. With the reduction
in solar activity, improvement in gravity field models and orbit determination
procedures to absorb along track mis-modelling, the accuracy of ERS-1 orbits

has, however, been greatly improved.

3.3.5 Laser Retro Reflector

This is a passive device, consisting of an array of corner cubes, which is used
as a target for ground based laser stations. These laser range measurements
are then used for satellite tracking. With the failure of PRARE laser range

data has been the primary tracking data set for ERS-1.

3.4 ERS-1 Mission Details
Due to the multipurpose nature of ERS-1's mission the satellite has undergone

several mission phases. Each of these phases are now described.

3.4.1 Commissioning Phase (31 Jul 91 - 20 Dec 91)

Starting soon after launch this phase had a 3 day repeat period, consisting of
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43 orbital revolutions, which results in an equatorial ground track spacing of

approximately 930km as shown in figure 3.2.

Figure 3.2 ERS-1's Commissioning Phase Groundtrack.

The commissioning phase was primarily concerned with the calibration of the
instruments (such as the Venice tower calibration exercise [Francis, 1993])

which required frequent observations at the various calibration sites.

3.4.2 First Ice Phase (28 Dec 91 - 30 Mar 92)

Following the Commissioning Phase the satellite ground track was shifted
some 2° westwards (still retaining the 3 day repeat period) so that specific ice
zones in the arctic and antarctic were overflown frequently.  This 2°
westwards shift resulted in the ground track passing very close to the

Herstmonceux laser range station and this close overpass has been used to
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determine the absolute ERS-1 altimeter range bias from short arc analysis

[Lam et al, 1993].

3.4.3 First Multi-disciplinary Phase (14 Apr 92 - 20 Dec 93)

Using a 35 day repeat period with 501 orbital revolutions, giving an equatorial
ground track spacing of 80km, as described in figure 3.3 this phase was
primarily designed for land/ice mapping using the Synthetic Aperture Radar.
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Figure 3.3 ERS-1's Multi-disciplinary Phase Groundtrack.

The much denser spatial coverage of the worlds oceans and the relatively
frequent repeat period, however, provides a very valuable oceanographic

altimeter data set.

3.4.4 Second Ice Phase (23 Dec 93 - 10 Apr 94)

Essentially this phase, although carried out two years later, was the same as

38



the first ice phase.

3.4.5 First Geodetic Phase (10 Apr 94 - 27 Sep 94)

Using a 168 day repeat track of 2411 orbital revolutions, with an equatorial
ground track spacing of 16km, as shown in figure 3.4, this phase gives a dense
spatial coverage of the worlds oceans and was primarily dedicated to accurate

mapping of the marine geoid.

Figure 3.4 ERS-1's Geodetic Phase Groundtrack.

3.4.6 Second Geodetic Phase (27 Sep 94 - 21 Mar 95)
This phase was very similar to the first geodetic phase except that the ground
track had been shifted 8km longitudinally to double the resolution of the

recoverable marine geoid.
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3.4.7 Second Multi-disciplinary Phase (21 Mar 95 - Jun 96)

Using the same repeat period (35 days), this phase was primarily a
continuation of the first multi-disciplinary phase. With the launch of ERS-2
(see section 3.5) a tandem satellite period lasting between May 95 and June 96
provided a unique ERS-1/2 dual satellite altimeter data set. During this
period ERS-1 was designated the primary ESA satellite with ERS-2 fulfilling

a secondary role.

3.4.8 Dormant (Jun 96 until ERS-2 Failure)

After operating in the tandem phase ERS-1 was 'switched off', in the sense
that data is no longer continually transmitted by the satellite to the ground
stations, in June 1996. The plan is to keep ERS-1 in a dormant mode to
extend it's lifetime until the failure of ERS-2 when it is ‘expected’ to be
returned to 'life' thus ensuring that any possible gap between the failure of
ERS-2 and launch of ENVISAT will be covered. This overlap of data will
allow ENVISAT to be calibrated with respect to ERS missions allowing a

consistent merging of the data sets to be carried out.

3.5 ERS-2

Launched from Kourou, French Guiana, by an Ariane 4 rocket on 21* April
1995 ERS-2 is the second ESA remote sensing satellite. Based on ERS-1, the
design of ERS-2 is essentially the same as ERS-1. ERS-2, however, also
carries the new GOME experiment and the PRARE equipment has been
enhanced with redundant capability. The orbital characteristics of ERS-2 are
identical to those of ERS-1 with the exception that ERS-2 orbits some 20
minutes behind ERS-1, with the result that the two ground tracks are the
same but with ERS-2 altimeter epochs 24 hours after those of ERS-1.

The repeat period for ERS-2 is 35 days with 501 orbital revolutions (as in ERS-
1's multi-disciplinary phases) but there are no plans to change this throughout
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the mission life. The first four cycles of ERS-2's mission were dedicated to the
calibration of ERS-2 and chapter 9 describes part of Aston University's
contribution to this exercise. Initially, ERS-2 fulfilled the role of secondary
satellite to ERS-1, however, after June 1996, just prior to ERS-1 entering it’s

dormant status, ERS-2 became ESA’s primary altimeter satellite.

3.6 ERS-2 Instrumentation
With the following exceptions the instrumentation on board ERS-2 is identical
to that carried onboard ERS-1.

3.6.1 Radar Altimeter.

The design of the ERS-2 altimeter is the same as for ERS-1. However, the
onboard tracking software has been slightly modified which has resulted in
small differences between the ERS-1 and ERS-2 altimeter data sets (refer to

chapter 9 for more details).

3.6.2 PRARE.

Unlike the PRARE system on board ERS-1 (see section 3.3) this system is fully
operational and is being used as a tracking device for ERS-2. After the failure
of PRARE onboard ERS-1 ESA took a larger responsibility (the system was
only an announcement of opportunity on ERS-1) of the PRARE onboard
hardware ensuring that it was radiation hardened and that the system had
inbuilt redundancies. The system was then tested onboard the Russian
satellite Meteor 3. Whilst some problems have been experienced with the
network of ground beacons it is expected that PRARE will improve the
accuracy of ERS-2's orbits such that crossovers will not be required for the

orbit determination process.

3.6.3 Global Ozone Monitoring Experiment (GOME)

Carried for the first time on ERS-2 this instrument is a nadir viewing
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spectrometer which observes the transmission and/or scattering of solar
radiation by the Earth's atmosphere. From these observations quantities of
various trace constituents of the troposphere and stratosphere, such as ozone,

nitrogen dioxide and water vapour, can be measured.

3.7 TOPEX/Poseidon

The joint NASA/CNES (US/French) satellite TOPEX/Poseidon was launched
on August 10th 1992. It was inserted into a near circular orbit of 66 degrees
inclination and baseline altitude of 1350 km and is a dedicated altimeter

mission for the monitoring of the world's oceans.

Figure 3.5 TOPEX/Poseidon's Groundtrack

Figure 3.6 shows the design of TOPEX/Poseidon and the instruments carried
on board whilst figure 3.5 shows a portion of the 9.92 day repeat ground track
of TOPEX/Poseidon consisting of 127 orbits with an equatorial ground track
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spacing of 315 km.
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Figure 3.6 The TOPEX/Poseidon Satellite, Fu et al, [1994]

3.8 TOPEX/Poseidon Instrumentation

As Topex/Poseidon is purely an altimetric satellite it's

consists of the two altimeters (TOPEX and Poseidon) and supporting

hardware.

satellite tracking purposes.

3.8.1 The TOPEX Altimeter.
An acronym for Topography Experiment this NASA dual frequency (5.3 Ghz
C band and 13.6 Ghz Ku band) altimeter is the primary instrument on board

Other devices such as DORIS and GPS receivers are carried for
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the satellite. It is operational some 90% of the time with ionospheric
corrections derived from the dual frequency signal. The wet tropospheric
correction is gained from the three frequency (18, 21 and 37 GHz) TOPEX
Microwave Radiometer (TMR). After application of the corrections the

altimeter range accuracy is approximately 5cm.

3.8.2 The Poseidon Altimeter.

Limited to operating for 10% of the mission time due to sharing the antennae
dish with TOPEX, the CNES single frequency (13.65GHz) altimeter is a state-
of-the-art solid state altimeter. Poseidon is smaller, lighter and more energy
efficient that it's TOPEX counterpart, however, it's experimental status has
resulted in it being designated the secondary altimeter. As the altimeter only
operates at a single frequency it is necessary to use alternative

instrumentation to determine the ionospheric correction.

3.8.3 DORIS (Doppler Orbitography in Space) Receiver.

This instrument is an all weather tracking system that measures the satellite
range rate by observing the Doppler shift of two frequencies transmitted by a
network of globally distributed omni-directional beacons. The secondary
function of this instrument uses the dual frequency signal as a means of
determining the ionospheric correction for the single frequency Poseidon

altimeter.

3.8.4 GPS (Global Positioning System) Receiver.

This instrument is a NASA experimental tracking device which provides near
continual coverage by utilising the network of GPS satellites. The Orbits
generated using this data are very accurate, however, as these orbits are
determined with a ‘reduced dynamic solution’ they are only used as an

independent check of the primary, DORIS and SLR, orbits.
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3.8.5 Laser Retro Reflector.
In addition to the DORIS and GPS receivers the satellite has a ring of laser
reflecting corner arrays. This allows ground based laser ranging stations to

track the satellite.

3.9 Conclusions

The mission phases and objectives as well as the instrumentation for the
satellites ERS-1, ERS-2 and TOPEX/Poseidon have been discussed in this
chapter. The ERS satellites being multipurpose missions have orbits that are
a compromise between the requirements of the SAR and altimeter. This has
resulted in a degradation in the achievable orbital accuracies for ERS-1.
TOPEX/Poseidon providing the more accurate orbits, due to it’s higher altitude
and more comprehensive tracking data, is undoubtably of more immediate use
to oceanographers. However, the denser and higher latitude global coverage
of the ERS satellites means that the altimeter data obtained by these satellites
is still of vital scientific importance, particularly for the monitoring of ice
sheets in the Arctic and Antarctic. Furthermore the continuation of the ERS
satellites and expected overlap with ENVISAT implies that the ERS altimeter

data sets will be useful for long term ocean studies.

45



Chapter 4

Precise Orbit Determination.

4.1 Introduction

With the continual improvement in altimeter accuracies (as described in
chapter 2) the need for precise orbits for altimetric satellites has increased
dramatically since the SKYLAB experiment of 1973. This chapter describes
the precise orbit determination procedure/software (the package being called
SATAN-A) currently employed at Aston University that underpins the work

in the following chapters.

Precise orbit determination is an iterative process in which the estimated
orbital position is refined in a least squares sense to best fit the tracking data.
Each iterative step consists of two stages namely orbit prediction and orbit

correction.

4.2 Orbit Prediction
To predict a satellite's position an 8" order Gauss-Jackson numerical
integrator is used to integrate the equations of motion and the variational

equations in the J2000 co-ordinate system.

4.2.1 Co-ordinate Systems
The pseudo inertial reference frame used in the orbit determination is a
cartesian co-ordinate system known as J2000. This system is defined by the

Earth's axis of rotation and the first point of Aries (as shown in figure 4.1).
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(First Point of Aries)

Figure 4.1 The J2000 Co-ordinate System

As the equatorial plane is not constant due to movement of the Earth’s
rotational axis, caused by nutation and precession, and the ecliptic plane
slowly changes with time, a specific reference date (1st January 2000) is used.
Sometimes it is desirable to work in a co-ordinate system based upon the
current axis of rotation and first point of Aries. This is called the true of date
axis system and is obtained by simple axis rotations to account for the

precession and nutation of the pole and change in the plane of the ecliptic.

Finally an Earth fixed system is used when the satellite's position relative to
the Earth is important (such as determining the Earth's gravity). This co-
ordinate system is defined by rotating the true of date axes to account for the

Earth's rotation and polar motion (that caused by the Earth’s crust moving
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with respect to the core) so that the x axis intersects the Greenwich meridian.
This then allows terrestrial measurements such as latitude and longitude to
be defined and translated to the J2000 system. In essence to express a vector

X o000 Which is defined in the J2000 co-ordinate system as a vector x,. in the
earth fixed system requires three rotation matrices N, P and S for nutation,

recession and ‘rotation’, where
b

Xer=SNPX 1y 4.1)

4.2.2 Equations of Motion
The equations of motion for a satellite orbiting the Earth can be expressed by

equation (4.2),

nlxz:Fgrav+Fsurf+Fbod)'+F8mP (42)

where m is the satellite mass, ¥ is the satellite acceleration vector and
Fgmv s Four Fooay and F,, are the force vector due to the Earth's
gravitational attraction, atmospheric drag and radiation pressure (surface

forces), third body gravitation and empirical forces respectively.

4.2.3 The Earth's Gravitational Attraction

Typically the gravitational potential (U) of the Earth is described in terms of
latitude (®), longitude (1) and distance from the Earth's centre (r) by the
spherical harmonic expansion given in equation (4.3),

i
_  pa, — _ _
U:ZS ZmJ “_iPml(sin@)(Cimcosm}»+Szmsinm}u)) (4.3)

m=0 r1+1

where P are the mnormalised associated Legendre polynomials,

im
-CZ and S‘h; the normalised zonal and tesseral harmonics of degree 1 and

order m (the zonal harmonics having order zero), a, the Earth's mean

e

equatorial radius and p the product of the universal gravitational constant
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and the Earth's mass.

The gravitational force vector, F oray > €A1 then be described for a satellite of

mass m as,

F __=mVU (4.4)

grav

Most global gravity field models (such as the JGM series [Nerem et al, 1994])
used in orbit determination are complete to degree and order 70, although
some models (ie the OSU series [Rapp et al, 1991]) are complete to degree and
order 360

4.2.4 Atmospheric and Solar Radiation Forces

Remote sensing satellites are typically in sufficiently low orbits (altitudes of
approximately 1000km) that the Earth's atmosphere, whilst thin, is still dense
enough to significantly perturb the satellite motion. For a spherical satellite

atmospheric drag is modelled by equation (4.5) [King-Hele, 1987],

1 5 .
deg:—-z-pV“SCDy 4.5)

where p is the atmospheric density, v the satellite velocity with respect to the
atmosphere (the direction being denoted by the unit vector ¥ ), S the area per

unit mass perpendicular to the air flow and C;, the drag coefficient.

Similarly the force exerted on a satellite by direct solar radiation perturbs the
satellite's motion. Whilst for lower orbits (such as for the ERS satellites) this
force is small compared to drag, it is still a major source of orbit error if not
modelled accurately. The direct solar radiation force for a spherical satellite,

with reflectivity coefficient Cg, is given by equation (4.6) [Ries et al, 1992],
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@, .
Foi==— G (4.6)

where @ is the solar flux at the satellite, ¢ the speed of light and A the area per
unit mass perpendicular to the satellite sun vector (denoted by the unit

vector § )

Both atmospheric drag and solar radiation pressure, are perhaps the most
difficult to model accurately due to uncertainties in the atmospheric density
(thermospheric models such as MSIS83 [Hedin, 1983] can be wrong by as much
as 50-100%) as well as the complexity of modelling gas molecule/ radiation

interaction with non-spherical satellite surfaces.

For non spherical satellites a simple approximation to the shape is utilised.

Thus for TOPEX/Poseidon a simple box and wing model is adopted whilst for
ERS-1 the Aston model [Ehlers, 1993] uses a structure incorporating
triangular and quadrilateral panels to represent the satellite body, solar array,
SAR antenna and wind scatterometer antennae. For both ERS-1 and
TOPEX/Poseidon the orientation of the solar panels relative to the sun is
modelled for aerodynamic and solar radiation pressure forces. For drag
modelling of the satellite TOPEX/Poseidon the estimated area perpendicular
to the satellite vector is derived whilst for solar radiation pressure the surface
parameters defined by the TOPEX/Poseidon macro model [Marshal et al, 1992
and Antreasian and Rosborough, 1992] are used.

Extensive studies of ERS-1 have been undertaken at Aston to improve the
atmospheric and solar radiation pressure force models. This has resulted in
the generation of surface tables for appropriate viewing angles that allow the

interpolation of a significant component of each force.
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The atmospheric drag model defines the drag force vector, Fy,,. , as,

F

irag =A,cosO(-Pr+1r) 4.9)

where A cos® is the surface perpendicular to the air flow (as shown in figure
4.2) and is derived by the interpolation of the atmospheric force tables
described earlier. n and t are the surface normal and tangent vectors whilst
P and t are the momentum changes for the air flow in the normal and

tangential directions.

air flow

/ projectedon

surface

Figure 4.2 Projected Surface Area to Air
Flow

The expressions for P and t [Ehlers, 1993] are complex and dependent upon
atmospheric conditions (atmospheric density, temperature and mean molecular
mass - as given by the thermospheric model) and properties of the satellite

surfaces (such as reflectivity and absorbivity coefficients).
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The solar radiation pressure force vector for an i surface of ERS-1 is defined
by the model expressed in equation (4.8),
2

Fi—E"ds;A 0 (1 d-2 )
oI'V—T[ sCOS s(( _ts_rs)—'_ (rscos st

N

Ty

-1
3 ) (4.8)

'sS

where d is the incident radiation vector, d, is the sun to Earth distance and d
is the sun-satellite distance. Further, E, is the solar flux per unit area at the
Earth and v a factor ranging from 0-1 depending upon whether the satellite is
in the Earth's shadow, penumbra or sunlight. A_,0,, t,r,r,,t, are the area of
the surface, angle of the surface normal with respect to d, coefficient of
transmisivity for specular reflection, coefficient of reflectivity for specular

reflectivity, coefficient of reflectivity for diffuse reflection and coefficient of

transmisivity for diffuse reflection.

The expression in the square parenthesis of equation (4.8) is similarly
interpolated from the solar radiation area tables whilst the multiplier is

calculated using planetary data at each integration step.

4.2.5 Earth and Albedo Radiation Forces

The Earth acts as a source of two additional kinds of radiation that influence
satellite motion. Of the radiation from the Sun that hits the Earth some is
reflected (the percentage known as the albedo) back out to space and therefore
affects the satellite motion. This obviously only occurs when the satellite is

above a sunlight portion of the Earth.

Given the heat balance of the Earth the remainder of the Sun's radiation
incident on the Earth is re-emitted in the form of infra-red radiation. This
infra-red radiation will then be reflected by the satellite thus causing an
additional continuous acceleration irrespective of whether the satellite is over

the sunlit portion of the Earth or not.
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To model these additional radiation sources the visible portion of the Earth,
with respect to the satellite, is split into 13 regions of equal area when
projected onto a plane perpendicular with the geocentric satellite position
vector. If the Earth surface element i has area A, then the force vector, F,., ,

experienced by the satellite is,

Ardcose ApAcosa

F, ==Y 1> (AvCPcos®+Py) -
med”

earth™ )e 4.9

where A, is the albedo of the Earth elementiand v the shadow factor discussed
in section 4.2.4. P and Py are the solar and earth radiation fluxes per unit
area at the Earth (as derived from tables [Vonder Haar and Suomi, 1971]) and
the angles ® and o are defined by the normal vector of the Earth’s surface
element i (figure 4.3). Finally Cy is the reflectivity coefficient, d the distance
between the Earth's surface element and the satellite, Ay the satellite area
perpendicular to the satellite's geocentric position vector g, and c the speed of

light.

Satellite

surface

Earth

surface 1

Figure 4.3 Definition of Angles for Earth and
Albedo Radiation
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The surface force vector, F ., is therefore defined by equation (4.10),

F.vur.)‘ ":Fumzr)x +Fsm’ +Fearth (4 1 O)

as the sum of the atmospheric, solar radiation and earth radiation forces.

No thermal forces for ERS-1 are currently modelled.

4.2.6 Third Body Gravitational Forces
Several celestial bodies are sufficiently massive that their gravitational
attractions have a significant effect on satellite motion. These bodies have

direct and indirect gravitational attractions.

@ Third Body

Xj- Xgat

Earth \
X

= sat ® Satellite

Figure 4.4 The Three Body Problem

The direct gravitational force can be modelled by considering the three body
problem described in figure 4.4, where the gravitational acceleration
vector, ¥ , experienced by the satellite (from the Earth and the third body j)
1s expressed by equation (4.11),
Mpxy, Mjx;x,)
i=-G( 5 E ) 4.11)

X" XXy,

if the mass of the Earth, Mg, j* disturbing body, M; and satellite M,, , are

considered to be point masses.
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Now the acceleration vector of the Earth ( f; ) due to the third body (the

satellite mass being considered negligible) is given by,

Mpx,
13) (4.12)

so that the acceleration vector for the satellite with respect to the Earth , X, ,
caused by all the third bodies (the moon, sun and planets, Venus, Mars,

Jupiter and Saturn) is,

i,=GY i M 5 ) (4.13)

The indirect gravitational attractions of the Sun and moon are also important.
As the Earth is not a rigid body the Sun and Moon's gravitational attraction
cause a deformation in the shape of the Earth (known as solid Earth and ocean
tides). This deformation causes a change in the Earth's gravitational potential
which in turn results in the gravitational attraction, as experienced by the
satellite, being altered. The change in gravity field caused by the ocean tides
is modelled by the JGM-2 ocean tide model [Nerem et al, 1994] and the
frequency dependent variation in the Earth's potential is modelled by
variations in the coefficients C,, and S, of equation (4.3). The frequency

independent variation, AU, caused by body J is modelled by equation (4.14),

Uair™ JZ[? 1( )" PycosS) (4.14)

l |)_szl

where the terms S and r are defined in figure 4.5, whilst k; are the potential

love numbers of order 1 and P,, are the Legendre polynomials.
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satellite

third body

Earth’s
surface

Figure 4.5 Indirect Tidal Forces

As all terms , except for order 2, are considered negligible the indirect

gravitational force vector, Fy 4., experienced by the satellite can be expressed
by,

F

indir

=MNV(AU,, (4.15)

where

.M s

AU, =GN L T g Ceosts-)

indir J=1 3 3209 2
1,17 Xl

The resultant force vector due to third body gravitational effects, Fy,, 18

therefore expressed by equation (4.16),

Fbody :Findir +’n'§di£ (4 .1 6)

4.2.7 Empirical Accelerations
Due to imperfections in the modelling of certain forces that act on the satellite

it has become customary to include some empirical accelerations in the force
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model [Ries et al, 1992]. These empirical acceleration vectors result in the

force vector being described by equation (4.17),

F =m(AsinU+BcosU)a+(CsinU+DcosU)c 4.17)

emp

where A,B,C and D are the amplitudes of the once per revolution accelerations
in the along track, a, and cross track, ¢, directions. mis the satellite mass and
U is the argument of latitude (angle measured in the orbital plane from the

ascending node).

In the case of ERS-1 the empirical cross track forces are normally set to zero
because the errors are predominantly along track, being caused by drag and
gravity field mis-modelling. With TOPEX/Poseidon the empirical forces
compensate for mis-modelling in the solar radiation pressure forces so both

cross track and along track accelerations are used.

4.3 Orbit Correction

Due to inaccuracies in the satellite's initial position/velocity and force model
(and hence equations of motion) significant errors occur at subsequent epochs,
and the predicted ephemeris requires correction. This correction is performed
by solving for certain force model and orbital parameters using the method of

least squares to best fit the tracking data.

4.3.1 Solved for Parameters
The parameters solved for in the orbits determined for this thesis are initial
state vector, drag scale factors, a reflectivity scale factor and empirical once per

revolution along track accelerations.
The initial state vector is solved for so that the initial position and velocity of

the satellite is accurately defined (important for the numerical integration as

initial errors will have a knock on effect), whilst the multiple drag scale factors
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compensate for mismodelling of the atmosphere and/or satellite geometry (and
to a lesser extent gravitational field) by multiplying the atmospheric forces by
a continuous saw tooth function (the parameters defining node values at
certain intervals). The empirical parameters recovered are the constants
A B,C and D defined in equation (4.17) and the reflectivity scale factor is a

multiplier for the solar radiation force.

Current orbit determination procedures involve the recovery of a significantly
larger number of parameters. Typically daily values of along and cross track
once per revolution accelerations (adding 18 new parameters for an arc of 5
days length) and range biases for the laser range stations are recovered. This
has resulted in the rms fits to the laser range and crossover datasets of current
ERS-1 orbits being much lower than those outlined in chapters 7 and 8 for the

orbits before correction by the non-dynamic procedure.

4.3.2 Dynamic Correction Procedure

The dynamic correction procedure utilised is the least squares differential
correction process. This involves using tracking data (such as laser range,
altimeter, crossover, DORIS and PRARE data) to refine the orbit parameters,
outlined in section 4.3.1, by minimising the function I, defined in equation

(4.18),
=)0 W(0,-C)y (4.18)
where W, is the weight attached to each observation O; (observed measurement

of the satellite position) and C, is the calculated measurement as derived from

the satellite’s position given by the orbit prediction process.
If the satellite orbit is defined by the model parameters P (described in section

4.3.1) where P* are the current estimates, P* the true values and AP the

corrections to the model parameters, equation (4.18) must be minimised with
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respect to all j parameters such that,

ol i=No.Obs . 9C/
—==2) . W(O.-C.)——=0 )
3P > {0-C— (4.19)

J

where C," is the calculated position using the true model parameters P

Expansion of C,” by Taylor's theorem gives,

C*_C++ =No.Param aCI+AP +O AP2
i =L k=1 ap. K (AP7) (4.20)

k

which on substitution into equation (4.19) yields,

‘ ) aC; aC;
i=No.Obs + t=No.Param i - i
i WIO,-C)-) 4o AP, = 4.21
Z 1 i i Z]/; 1 8PL k SPJ ( )
for each parameter.
: L aC;
The partial derivatives = are computed from,
Pj

aC" aC; ax 9C; ax
= —t —
op; Jx dp; K Pp;

(4.22)

ox i : _y
where the variation equations — are derived within the orbit prediction

program as follows. On using equajtion (4.2) and differentiating with respect

to p;,
oX OoF
P 4.23
ap; op; (4.23)
or,
d ox OJF ox
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where F is the sum of force vectors acting on the satellite, such that the
partials of x with respect to p; (and & with respect to p; if required) are
estimated by integrating the three second order differential equations along

side the equations of motion.

Solving for all parameters, equation (4.21) can therefore be rearranged and
written in matrix form (known as the normal equations) as shown in equation

(4.24),

DAP=b (4.24)

where D is the positive definite matrix with dimensions equal to the number

of parameters sought and each element,D,;, defined by,

. aC;" aC;”
D = z.:Na.Obs w. i i
kj Ez~1 i 8PJ aPA

and b is the j™ term of b the column vector as expressed by,

ac;

o,

bj:Et]lVo.Obs M(O,-_Ciiv)

The parameter corrections, AP, can therefore be calculated by pre multiplying

equation (4.24) by the inverse of matrix D such that,
AP=D"'b (4.25)
Once these parameter corrections have been determined the corrected

parameters are then used in the prediction procedure and the prediction-

correction procedure continued iteratively until AP~0.

Utilization of laser range and crossover data in the dynamic solution of
typically 5 or 6 days duration for ERS-1 and 10 days for TOPEX/Poseidon
provides a radial accuracy of the order 10 - 15 cm for ERS-1 (when using the
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JGM-2 gravity field) as opposed to the 3-4 cm typically quoted for
TOPEX/Poseidon. It is, however, sometimes possible to improve these long
arc dynamic solutions by calculating an additional non-dynamic correction
from analysis of altimeter and crossover, single and/or dual satellite,

observations.

4.3.3 Non-Dynamic Corrections

Two types of non dynamic correction exist. The simplest of these is the
empirical correction such as that employed by [Le Traon et al, 1995] based
upon a cubic spline fit where no orbit theory is used. These processes will
result in signals other than the orbit error, such as ocean tides and geophysical
correction errors, also being removed. Whilst this can be advantageous,
caution must be taken that the desired oceanographic signals are not also
removed. The alternative is to utilise some orbit theory to minimise the
removal of non orbit based signals. Such procedures have been used by many
authors [Sandwell et al 1986, Engelis, 1988, Wagner and Melchioni, 1989 and
Gray, 1993], and chapters 6,7 and 8 describe the use of such a method for the

improvement of ERS-1 orbits.

4.4 Conclusions

Throughout this chapter the force model used in Aston University's orbit
prediction software has been described. The process of refining orbits using
the method of least squares in a dynamic sense has been discussed and the

concept of non-dynamic orbit correction introduced.
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Chapter 5
Sea State Bias Determination for ERS-1

5.1 Introduction

In chapter 3 the basic principle of radar altimetry was discussed in that it was
shown that the radar altimeter measures the satellite altitude above the
instantaneous sea surface by measuring the two way propagation delay of a
radar return pulse signal. The mid point of the return signal's leading edge
is used by the altimeter tracker to provide a measure of the height of the sea

surface's horizontal reflective surface.

As early as 1971 [Yaplee et al, 1971] it had been established that altimeters
overestimate the range to the sea level (in this case observations were made
from a tower based altimeter) due to the reflective facets being predominantly
in the troughs of the wind disturbed sea surface. This phenomenon is
commonly known as the electromagnetic bias. In addition to the
electromagnetic bias, the onboard tracker and skewness biases form what is

generally known as the sea state bias.

5.2 The Sea State Bias

As stated previously this bias has three components. The electromagnetic bias
occurs because the altimeter measures the heights of the sea surface’s
reflective facets which are biased towards the troughs. This results in a
difference between the sea surface height as measured by the altimeter (ie the

height of the reflective facets) and the true sea surface height. Theoretical
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[Barrick and Lippa, 1985 , Srokosz, 1986] and empirical [Douglas and
Agreen,1983 , Walsh et al, 1991] studies have shown that this component has
dependencies upon significant wave height (if the surface was perfectly flat
there would be no distribution of reflective facets), degree of wave development
(as older waves have a different distribution of reflective surfaces) and
altimeter frequency. As most satellite altimeters operate at similar
frequencies (13.5GHz) the electromagnetic bias is usually altimeter

independent.

A skewness bias is caused by the on-board altimeter tracker tracking the
median height of the specular facets rather than the mean. A consequence of
this is that an additional bias towards the surface troughs is introduced.
Typically this value is significantly lower than that for the electromagnetic

bias

As the tracker assumes a gaussian distribution of sea surface reflective facets,
and this is generally not the case, the tracker’s determination of the median
height is in error and this contribution to the sea state bias is known as the
altimeter's tracker bias. As this bias is dependant upon the altimeter tracker

it can be significantly different from satellite to satellite.

5.3 The Sea State Bias Model

Whilst theoretical models for the electromagnetic bias exist these are usually
deficient in modelling the sea state bias as the other components, skewness
and tracker biases, can be significant and vary from satellite to satellite. This
has resulted in the sea state bias typically being determined from satellite
crossovers [Gaspar et al, 1994] and /or repeat pass tracks [Born et al, 1982,

Douglas and Agreen, 1983, Fu and Glazman, 1991 and Glazman et al, 1994]

The simplest electromagnetic bias models usually considered consist of the
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electromagnetic bias (h,,,) being directly proportional to the significant wave

height (h,,;) as shown in equation (5.1).

h  =ah 1

3

emb

Empirical studies utilising airborne altimeters [Walsh et al, 1991] to determine
the electromagnetic bias using this model have yielded results varying from 2%
(a=0.02) to 4% (a=0.04) of the significant wave height depending upon the

altimeter frequency.

The ERS-1 OPR (Ocean Product) version 2 altimeter data uses a model based

upon a statistical theory for free gravity waves [Barrick and Lipa,1985],

namely,
A
h, .=hi*x—
emb % 8 (5 L2 )
where the skewness co-efficient is defined by equation (5.3),

3

Other models [Fu and Glazman, 1991], such as the CNES model used to define
the electromagnetic bias on the early TOPEX/Poseidon GDRs, have attempted

to account for the degree of wave development,

:kh_mz - (5.4)

3

h

emb

by parameterising the pseudo wave age as,

64



where g is the gravitational acceleration, U the wind speed and the terms k

and | are altimeter dependent.

Post launch analysis of TOPEX/Poseidon crossover data, however, has resulted
in an improved empirical four parameter model [Gaspar et al, 1994] being

adopted for the TOPEX and Poseidon altimeters. This model takes the form,

hy,=-h1(a+bU+cU*+dh ) (5.6)
3 3

where h_ is the sea state bias rather than the electromagnetic bias. The
parameters a,b,c and d are altimeter dependent and have been recovered for

both the TOPEX and Poseidon altimeters.

It was therefore decided that this four parameter model, and simpler versions
of it, would be used in the analysis of ERS-1 data to determine the sea state

bias.

5.4 Recovery of the Sea State Bias for ERS-1

In total some 84,000 crossovers from 4 cycles (cycles 2,3,4 and 9) of ERS-1's
first multi-disciplinary (35 day repeat) phase are used to determine the sea
state bias coefficients for equation (5.6) and its simpler forms. Crossover data
rather than individual altimeter points are used in order to remove
geographically correlated errors, such as radial orbit, geoid and mean sea

surface errors, from the data.

The crossover data utilises the corrections provided on the OPR dataset with
the following exceptions. The ocean tide model used is the Cartwright and
Ray [Cartwright and Ray, 1990] tide model as derived from GEOSAT data.

Corrections for the inverse barometer effect have been calculated by deriving

the atmospheric pressure from the dry tropospheric correction and analysis of
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the data records/flags has allowed the altimeter dataset to be ‘cleaned up'.
This involves rejecting those points over shallow water (where the tide model
is deficient) as well as those where the standard deviation of the 20Hz data
used to create the 1 second normal points is greater than 20cm (to try and

remove unreliable data such as that over ice).

The precise orbits were recovered using Aston University's SATAN-A orbit
determination suite with both laser ranges and crossover differences used as
tracking data. The orbits determined, were typically 5 days in length except
in near proximity to satellite manoeuvres and utilised the JGM-2 gravity field
[Nerem et al, 1994], MSIS83 thermospheric model [Hedin, 1983] and Aston
University's surface area model [Ehlers, 1993] for aerodynamic and radiation
pressure modelling. The parameters recovered were initial state vector, 6 hour
drag scale factors, a single scale factor for solar radiation pressure and an

empirical once per revolution along track acceleration.

It was considered necessary to use crossovers as tracking data because of the
poor coverage provided by laser range measurements, particularly in the
southern oceans where the majority of altimetry is present. This should not
corrupt the sea state bias recovery as orbit error is predominantly long
wavelength whilst the changes in significant wave height and wind speed are
pseudo random. However, to check the sensitivity of the solutions to the orbits
used a comparison of sea state bias solutions derived with the less accurate

laser range tracked orbits provided on the OPR dataset was made.

The global fits to the crossover data, for each cycle when the OPR sea state

bias and a 60cm rejection level are used, are given in table 5.1.
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Table 5.1 The ERS-1 Crossover Datasets

Cycle No. MJD No. Crossovers RMS
2 48761 - 48796 20,223 15.8 cm
3 48796 - 48831 13,662 16.2 cm
4 48831 - 48866 20,517 17.0 cm
9 49006 - 49041 29,695 17.1 cm

The low number of crossovers in cycle 3 is caused by several days worth of
altimetry data being unavailable around satellite manoeuvres, whilst the high
number of crossovers for cycle 9 can be attributed to the fact that cycle 9 occurs
during the southern hemisphere summer, so that fewer points are rejected due

to contamination by ice.

The complete dataset of crossovers (no restrictions on the time difference
between crossover epochs) has been employed in the recovery of the sea state
bias parameters using a least squares approach. The ERS-1 sea state bias
solutions obtained using the Aston 'precise orbits', as well as the formal errors
derived from the normal matrix, multiplied by a factor of 100 are presented in
table 5.2 where the 4 models reflect the successive suppression of parameters

recovered.

Table 5.2 Recovered ERS-1 Sea State Bias Parameters Using Aston Orbits.

Param a Param b Param ¢ Param d
Model 1 | 5.72 + 0.23 0.165 + 0.022 | -0.016 £ 0.001 | 0.183+ 0.039
Model 2 | 6.49 +0.13 0.151 = 0.022 | -0.015 = 0.001 -

Model 3 | 7.75 £ 0.10 -0.129 + 0.006 - -
Model 4 | 5.95 = 0.06 - - -
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The values of the TOPEX/Poseidon satellite altimeters' parameters (multiplied
by a factor of 100) as determined by Gaspar et al [1994] are given in table 5.3
along with the ERS-1 parameters recovered using the OPR version 2 orbit
heights so that inter altimeter/orbit comparisons and observations can be

made. The values given for TOPEX are those for the Ku band.

Table 5.3 TOPEX/Poseidon and ERS-1 OPR Orbit Sea State Bias

Parameters.

Altimeter Param a Param b Param ¢ Param d
TOPEX 1.93 0.368 - 0.014 -0.268
Poseidon 5.12 0.233 -0.011 -0.176
ERS-1 491 +0.26 | 0.186 +0.025 | -0.016 + 0.001 | 0.232 + 0.045
ERS-1 5.65 = 0.06 - - -

The global rms values, in centimetres, for the crossover data as corrected by
each of the sea state bias solutions given in tables 5.2 and 5.3, are presented

in table 5.4.

Table 5.4 ERS-1 Crossover Rms Fits for Different Sea State Bias Models.

Mod. 4
16.13

Mod. 2
16.07

Mod. 3
16.08

Mod. 1
16.06

OPR SSB
16.62

Zero SSB
17.13

No. SXO
84,097

5.5 Observations Regarding the Recovered Sea State Biases

Table 5.4 suggests that the model used on the OPR version 2 dataset
significantly under estimates the ERS-1 sea state bias, as the rms fit to the
crossover dataset using this model is significantly higher than those for the
recovered models. Each of the recovered models significantly reduces the rms

fit to the crossover data, however, the more complex models only provide a
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small improvement in comparison to the improvement obtained by the single
parameter solution (model 4). This has repercussions for the estimation of
the ERS-1 altimeter bias as the OPR electromagnetic bias is equivalent to
approximately 2.0% (a=0.02 in equation (5.1)) of the significant wave height.
This underestimation by almost 4% of the significant wave height will result
in an 8cm bias being present in the altimetry if a global mean significant wave

height of 2m is assumed.

Analysis of the four parameter model values in tables 5.2 and 5.3 reveals that
the significant wave height term for ERS-1 (a=0.0572) is much higher than
that for TOPEX-Ku Band (a=0.0193) and marginally higher than that for
Poseidon (a=0.0512). As all three altimeters operate at similar frequencies
the electromagnetic bias component of the sea state bias should be similar for
each satellite. This then leaves the skewness and/or tracker biases or
significant wave height measurements as the only possible sources for these

large discrepancies.

It has been shown [Queffeulou, 1994] that ERS-1 underestimates the
significant wave height by as much as 20%. This alone does not account for
the TOPEX - ERS-1 discrepancy although it suggests that the ERS-1 and
Poseidon values are similar. As the ERS-1 and Poseidon trackers are closely
related (both being based upon Dumont [1985]) this suggests that the tracker
bias is responsible for the large difference between TOPEX - ERS-1 and
TOPEX - Poseidon.

It is also apparent that the solutions obtained using the OPR version 2 orbit
heights produce significant wave height terms which are lower than those
derived with the Aston orbits in both the four and single parameter models.
This lower value of sea state bias is also observed by Gaspar and Ogor [1994]
who derived the ERS-1 sea state bias as 5.5% (a=0.055) of the significant wave
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height when using the OPR orbit heights and analysing all 18 cycles of the
first multi-disciplinary phase. Analysis of the results obtained by Gaspar and
Ogor [1994] for cycles 2,3,4 and 9 gives the percentages of significant wave
height as 5.75%, 5.25%, 5.15% and 5.35% (a=0.0575, 0.0525, 0.0515 and 0.0535
respectively) which on averaging (if each value is given equal weight) provides
a value close to 5.4% (a=0.054). Clearly the use of the smaller dataset has not
hampered the recovery of the sea state bias as a simple linear relationship

with significant wave height.

The differences in values caused by using different orbits could be due to the
distribution of crossovers, which are predominantly in the southern oceans
(where significant wave height can be quite high), and the poor coverage of
laser range data causing some of the orbit error of the OPR orbits to be aliased
into the recovery of the sea state bias. Alternatively the use of crossovers
(with a poor sea state bias) in the orbit determination could have caused some
of the sea state bias to be absorbed. The author is inclined to believe that the
first explanation is probably more likely as in chapter 9 it can be seen that the
variance in sea state bias for the orbit determination process does not result

in a significant change in the recovered sea state bias.

Finally, Gaspar and Ogor [1994] observed that if the four parameter model
solutions for ERS-1, TOPEX and Poseidon are compared it is possible to see
that for ERS-1 the significant wave height squared term (parameter d) has
the opposite sign to the other two altimeters. This has the effect of increasing
the relative sea state bias (sea state bias as a percentage of significant wave
height) for higher values of significant wave height when the opposite is
observed for both the TOPEX and Poseidon altimeters (figures 5.1 and 5.2).
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Figure 5.1 Relative Sea State Bias for TOPEX

Sig Wave Height (m)

5 10 15 20

Wind Speed (m/s)

Figure 5.2 Relative Sea State Bias for Poseidon

The four parameter model recovered using the Aston ‘precise’ orbits also
exhibits this peculiar trend (figure 5.3). This phenomenon can only be
attributed to the tracker onboard ERS-1 and it will be interesting to see if the
same occurs for ERS-2 (although this is beyond the scope of this thesis).
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Figure 5.3 Relative Sea State Bias for ERS-1

5.6 Conclusions.

Using several models the sea state bias for ERS-1 has been recovered through
the analysis of 4 cycles of crossover data. It has been found that the model
used on the OPR data underestimates the sea state bias by a considerable
amount and this has implications for determining the altimeter bias of ERS-1.
All the models recovered provide an improvement over the OPR model with the
4 parameter model giving the best fit to the crossover dataset. This model,
however, reveals some strange behaviour by the ERS-1 altimeter and as the
improvement is small compared to that obtained using the simpler linear
relationship with significant wave height it has not been chosen to define the
ERS-1 sea state bias. The model chosen is therefore the single parameter

model (model4) where the constant, a, is defined by 0.0595 (or 5.95%).

Comparisons of the results obtained using the OPR and Aston ‘precise’ orbits
also reveals a worrying trend in that the OPR orbits provide lower sea state
biases than the Aston orbits. This cannot be fully explained although it is
believed to be due to poorer orbits provided on the OPR altimeter dataset.
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Chapter 6
The Radial Orbit Error Model

6.1 Introduction

In chapter 4 reference was made to the use of non dynamic correction
procedures to improve the 'precise’ orbits generated by the prediction-
correction software. This chapter derives the model used for a non dynamic

correction of ERS-1 radial orbit error for application in chapter 7.

Initially the Keplerian elements are introduced and then an analytical
expression for the radial orbit error in terms of these elements is derived. The
contributing factors to the radial orbit error considered are: mis-modelling of
the gravitational field, atmospheric density, solar radiation pressure

reflectivity coefficient and initial state vector.

6.2 The Keplerian Elements

In chapter 4 the various Cartesian co-ordinate systems (J2000, true of date
and earth fixed) typically used in orbit determination were described. Often
it is desirable to define the satellite's position with respect to the orbital plane

and a reference point within that plane.

The Keplerian elements 1, Q, » (defined in figure 6.1), a, e and f (shown in
figure 6.2) known as inclination, right ascension of the ascending node,
argument of perigee, semi-major axis, eccentricity and true anomaly are used

to define the orbital plane relative to the given x,y,z co-ordinate system as well

73



Equaf qrial Plane

(6.1)

or equation (6.2) [Rosborough and Tapley, i987], .

where E is the eccentric anomaly (also defined in figure 6.2).
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Figure 6.2 Definition of Position Relative to Perigee
Location

6.3 Derivation of The Radial Orbit Error Model

Taking equation (6.2) and expressing cosE as an infinite series,

cosE= —g Dy %J,f(ne)COS(nM) (6.3)
2

where J'_is the Bessel function of the first kind which has been differentiated
with respect to e [Smart, 1953], it is possible to express r by equation (6.4),

2 2

r=a(l-ecosM +£2: —%—COSZM) +0(e?) 6.4)

where M is the mean anomaly and terms of order e’ and above are ignored (e
being small). Making small changes in a, e and M (due to mis-modelling)

results in a change in 1, Ar, such that the radial error can be defined by
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Expressions for the changes in the elementsa,e,1,£2,w and M, with respéct to

di 1 e OF 1 e)0F
dt pa*e M na’e 9w

di nae M na%e 0o

dM_ 1 2F 209F

STl natede. nada.

s eh % ke %

Codt pgsinif(1-€?) OF

time due to the Lagrangean F are ‘expréésédifby;,' Lagrange’s Planetary

- (6.6a)

(6.6d)

(6.6e)

where n is the mean motion;of:;:thétésatellite.’f&e,SCribéd,'byizequatiqn 6.7

(6.7)

and F=U-T where U is the potential energy and T the kinetic energy.
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Using these expressions it is possible to determine an analytical model for the

radial orbit error by considering each of the error sources individually.

6.3.1 Radial Orbit Error due to the Gravitational Field

Section 4.2.3 described the gravitational potential, U, in the form of a spherical
harmonic expansion where the potential is dependent upon latitude, longitude
and distance from the Earth’s centre. U can be split into two components: a
central potential, p/r, due to the Earth's sphericity and a perturbing potential
(or disturbing function), R, due to the Earth's non sphericity.

U=%+R (6.8)

On converting the co-ordinate system from geocentric latitude and longitude
to Keplerian elements [Kaula, 1966] and using lumped harmonics [Moore and

Rothwell, 1990], the disturbing function can be written as,

k=L =L =Q
RZ%Zer i:;:O Z=—Q Ukmq (69)

where L is the maximum degree of the gravity field considered and Uy, 18

defined by equation (6.10),

t+8 Xsin®, 1) (6.10)

- k4o 4
Ukmq - Vkm( Cm co SlPkmq m kmq

where the lumped harmonics C_* and S, ** are functions of the inclination
and eccentricity functions (Fy,, (i) and Gy, (e)) [Kaula, 1966] and gravitational
coefficients Cp, and S,,. v, is defined by equation (6.11) where the power in

the square brackets is the integer part,

k-m+1
[F=—]

Vkm:(_l) 2 (611)

and the frequency ‘Pkmq by,

77



Equation (6.6) expresses the’,irarigtiggéih each of the elements a,e and M with
respect to time for the Laéféﬁgééfh R Now as F:UTT,rby Substitution of U

gives,

(6.13)

de_(1-¢?) oR

R Jl-ehR
dt »fng?e;,‘aM 7 /

na’e o

Now,

nada 2a na3/ -

so that the rate of change in M is,

(6.14¢) |

Using the method of 1inear;péfﬁigbatioﬁs;i:f is poss1bletoexpressthe change

in any element { by equation (6.15),

Al e ,
AC=-.——£d‘Pkmq o (6.15)

kmgq
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. }If,s'u\chwtha\_gt;gubstitutiop» of equations (6.1 allows the error

 111 each of t e

potent1a1 (AR) and mean motlon (An) as,

,;-,,aA,,R); |
Aa: 2 f'lykmq(t) -aM :
Tkmq([o) ,Tkmq

(6.16a)

(6.16b)

Apo¥1=e?) fi’;;;(rf( ?

na’e < Lon o

1 —e2 AR

2aAR)

AM=An-—- f‘*’m«:“)__ﬁe,__ai;__a_‘.’__dgg |

S, by their errors AC,, and ASlm ko

Finally after integration of equation (6.16) with respect to Y\..q the errors in
a,e and M due to errorsin the gravitational coefficients AC,,, and AS,, can be

expressed by,

Aa= (M)(H O g o

na’®,

kmq

26(1= |
’”""( gl gk )>(H<t> H(t»
-~ 2na- e‘I‘/f - ,

kmq e

e=(

6. 1,7yb]),' |
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kmq Tkmqa .

0. 05 ¢
— H H-H(t
+(nae8e e ))( () (,,)) e (6.17¢)
where,
H,(n=(C, "qcos‘P t+S sm‘I’kmq) =
and

2 =k I
HZ(t)Z(Sm qCOSlPl\mqt C’" Slan"”“] ) ’

On substitution of these equations mtoe

' ’t‘ognggf(ﬁé),and ignoring termsof .

order e’ or greater (ie taking q=0 = 1 it 1 ress the radial error

as,

¥ 1B,

kmq

sm‘P kmq )

'Zkﬁ =L gL yg=l
Argrav“ k=-L Zmio Zg=-1

+Cf’“"+ g""(t to)s'nM /

Now as the perigee position remains constant for altlmetmc satellites (o= O)
the frequency term ‘P expressed by e juation (8 12)’ /can: be simplified.

Also as only values of q—O 1 need con/'d ration for a 'Wr/ c1rcu1ar satellite

orbit it is possible to collect together terms e ncy and eliminate

the summation over g, to the extent that the radial error due to mls -modelling

of the gravity field is given by, .
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Argmv: ’1’; 2 22%21"1 :::é (Ak;;zCOSLPkmt +BkmSiankmt) N
+Clgmv+C2grav(t_to)sinM (619)
where equation (6.20) defines the frequency ‘Pkm .
P, =kM+m(Q-0) (6.20)

6.3.2 Radial Orbit Error due to Atmospheric Density

In chapter 4 the atmospheric force experienced by a satellite in a low earth
orbit was discussed. If the density of the atmosphere is mis-modelled the drag
force (and hence equations of motion) are miscalculated which for some

satellites, such as ERS-1, can cause large orbit errors.

To model the radial orbit error due to mis-modelling of the atmospheric density
it is assumed that the density ,p , decreases exponentially with height such

that [Moore and Rothwell, 1990],

(-2—)
p=p,exp H (6.21)

where the subscript p refers to the perigee location and H is a constant
representing density scale height. The error in atmospheric density can then

be related to the error in density at the perigee location by,

=)
Ap=Apexp = (6.22)

where equation (6.23),
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r-r,=ae(l -cosE) (6.23)

describes the difference in height between the point in question and perigee.

Substitution of equation (6.23) into (6.22) and expansion of the exponential in
equation (6.22) as a power series in z=ae(1-cosE)/H gives the density error as

equation (6.24),

B ae aecosk
Ap=Ap,(1 H +

)+0(z?) (6.24)

which is accurate to the order z2.

The mis-modelling, or error component, of the atmospheric drag force for a
spherical satellite in the along track direction (AFy,,,) can then be defined by
(cf equation (4.5)[King-Hele, 1987]),

ae aecosE

1 5
AF, =——C, Sv¥Ap (1-—+
2 P Pyl H H

drag -

) (6.25)

Modified versions of the Lagrangian planetary equations (Equations(6.6))
given by King-Hele [1987] express the variations in a,e and M with respect to
time and forces in the radial, along track and cross track directions thus
allowing Aa, Ae and AM to be determined if the satellite's surface area relative

to the atmosphere is assumed to be constant (ie a spherical satellite).

On substitution of the expression AFg,, into the modified Lagrangian
equations and converting the independent variable to E, yields the error inr

for a satellite with low eccentricity as [Moore and Rothwell, 19901,

2 ae ae
Ar=-a*C,SAp (E(7) -E(z ) (1 g —EgCOSE(I)) (6.26)
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plus periodic terms of frequency one and two cycles per revolution, which on

further simplification can be written as,

Ary = CE™8 11, 78 JeosM- Y A Ssinibd-Bcosind) (6.2

rag

where,

E(f)-E(t,)=n(t-1)

Due to the density error at the perigee changing continually with atmospheric
conditions the drag error terms should ideally be solved for each recovered
drag scale factor. However, for the purpose of this thesis only one set of terms

are used to model the radial orbit error for each ephemeris.

6.3.3 Radial Orbit Error due to Solar Radiation Pressure

Due to the complex geometry and surface optical properties of altimetric
satellites it is necessary to make some assumptions in the investigation of
likely errors due to the mis-modelling of solar radiation pressure. These
assumptions include; a constant sunlight cross sectional area (ie a spherical
satellite); the solar radiation force acts along (or parallel) to the sun-earth line
and the penumbra is defined by the two eccentric anomalies E, and E,. Itis
also assumed that there are no error contributions from Earth or albedo

reflected radiation.

On using equation (4.6) the mis-modelled solar radiation force, AF,,, due to an

error in the reflectivity coefficient ACy is given by,

o,
AF,,=-ACy—AS (6.28)

Using the variations in a, e and M with respect to time given by Asknes [1976]
it is possible to determine Aa, Ae and AM as a function of the transverse,

normal and radial components of radiation force experienced at the satellites
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 perigee position.

Allowing for the afbsorpti'oh of along track error terms by the recovery of .
multiple drag scale factors and initial éfa/tefz;f\rjéctor~/’;:a;the radial error for k
satellite revolutions after théirefenehc'éfepochs:tg,\can be expressed as [Moore

and Rothwell, 1990], =~ . = -

Ar, =Aa ®_gAe ©cosE -ae(Aw®+AQWcosi)sinE. (6.29)

where,

Aa®=kC,

Ae®=k(C,,+C, dE)
Aw+AQ==(C, +C, OF)
e i 2p

and C,, C,,, C,.,C,, and C,, are constants on assuming the direction cosines of
the force vary slowly with time, and SE is the portion of the arc in sunlight (E,-
El)'

Equation (6.29) can therefore be simplified such that the radial orbit er\ror\’\is\’

predominantly a sinusoidal variation in M of increasing amplitua‘éz .

superimposed upon a secular trend. ) oot

Ar =Ct-1)+C3N 11 )sinM+C3 (11, )cosM. - (6.30)

As only one reflectivity coefficient factor is recovered foféach arc in the orbit

generation equation (6.30) should be perfectly adequate.

By taking t, as the mid point of the ephemeris (defined as ¢, ) the error
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 recovered assumes the 'bow tie' pat

6.3.4 Radial Orbit Error due to the Initial State Vector.

Equation (6.5) defines the error in’:rfwhenfélzrdii;sr in the elements a,e and M are
introduced. - If the estimates of a,e and M at time t, (as derived from the initial
state vector) are erroneou’s’/ithén:??the*érf/fér?finf?r‘ at tlmet due to these initial
errors can be described by, 5 ‘

Ar, (t)=Aay(1-ecosM) —aAeO(éosM fe'%eco;ZM) g

‘aeAM, (sinM+esin2M) Gal

where AM, is the summation of AM, , the initial error in M, and AM. the -

init. 2

subsequent error in M due to Aa,.

This therefore gives

AMszAMo—%g—Aao(t—to) IR (6.32)

which on substitution into equation (6.31) gives,

Ar, =Aay(1-ecosM)-ale(cosM~e+ecos2M) +

+ae(AMo—%Aao(t—to))(sinMwsinZM) . (6.33)
a ; - - i & - A

This can then be simplified further to give,

Ar (O=C{"™« CM (11 sinM+Cy™(t 1) sin2M+ Y ;75 (A;"cosiM+B;"'siniM) (6.34)
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. 6.4 Conclusmns .N

\’\By cons1der1ng the mis- modelhng of the gravite ;onal ﬁeld atm pherl

density, solar radiation reﬂect1v1ty coefﬁment and 1n1t1al state Vector it has .

been possible to derive analytical expressions for the radial orbit error in terms
of the Keplerian elements for each of these sources. These expressions are
used in chapter 7 to derive the /rad1a1i"orb1t :error of ERS 1?thr0ugh analysis of
dual crossovers with TOPEX/Poseldon V
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Chapter 7
Recovery of the ERS-1 Radlal Orbit Error

7.1 Introduction

In chapter 6 , analytical expressions for components of the radial orbit error

were shown tobe,

e L g grav e
ATy=D k=11 2= O(Ak,,, cos‘Pkm(t 1) Bkm 81n‘§[’k,,,(t—:0))+

+cg"’“ ’C;"‘”(t to)smM / (6.19)

Ary..=C %= t)+Cdmg(t t)cosM+E 1(AdmgsmlM+B fcosiM) - (6:27)

Ar

“sol

Cf”’(t t)+Czs"l(t t)smM+C3 (t to)cosM (6.30)

Ar, =Cl+Cl"(t-t )sinM+Cy"(t- t)szn2M+Z 1(A ""’coszM+B”’”ssz) G

where t_ is the initial epoch.

The complete radial orbit error can therefore be described by, /
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k=L+1 m=L i
Ar= B= -L-1 (Akmcosqjkm(t —to) +Bk

m=1 m

sin®, (1-1))+C,+Cyt-1,)+

+Cy(t-t,)sinM+ C,(t-t,)cosM+C(t-t )sin2M+CsinM+

+CocosM+Cgsin2M+Cycos2M (7.1)

when the reference epoch for the secular terms (C,,C;,C,,Cs) is redefined as t.,
the mid point of the arc, such that the bow tie effect is observed
[Colombo,1984], and the m=0 terms from the k,m summation are lumped with

the cosM, sinM, cos2M and sin2M terms.

To analyse a period consisting of more than one ephemeris a slightly different
form of equation (7.1) must be considered. As the gravitational field errors
can be considered the same for each are, (ie arc independent) but the errors
due to atmosphere, solar radiation pressure and initial state vector mis-
modelling are arc dependent, equation (7.2) is used to describe the radial orbit

error for multiple arc solutions,

=L+1 m=L 3 PR, i=NoArcs i
Arz': k=-L-1 (AkmCOSlPkm(t_to) +Bk)7151nl{,km(tﬂt0)) +X:i=1 61( Cl +

m=1
G-t )+ Ca-t sin+C (t=t ycosM+ C{ (1) sin2M+CsinM +

+ C7icosM +C, Sisin2M + chosZM) (7.2)

where 8,=1 if the observation lies within the i™ arc, but is zero otherwise.

This chapter discusses how these models of the radial error are used to
improve the orbits of ERS-1 by analysis of single and dual satellite crossovers

with the joint NASA/CNES satellite TOPEX/Poseidon.
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7.2 The Crossover Datasets and Unobservable Terms.

In 2.4 the concept of single and dual satellite crossovers was outlined. When
using the crossover datasets to recover the radial error terms given in equation
(7.1) it is necessary to account for several deficiencies due to certain terms
being unobservable and others leading to a singular solution if all terms in

certain combinations are sought.

7.2.1 Single Satellite Crossovers.
A single satellite crossover residual, being the difference in altimeter residuals
at the intersection of ascending and descending ground tracks, is defined by

equation (7.3),

A ¢, =(0bs,-Calc,)~(0bs,~Calc,) (7.3)

where Obs; and Calc; are the observed and calculated heights above the
reference ellipsoid at epoch i. As the geoid and mean sea surface heights
cancel the crossover residual is a good measure of the satellite's radial orbit

accuracy such that,

A yo=Ar,~Ar,+noise (7.4)

SX0

where Ar, is the radial orbit error at epoch 1.

Other signals, such as the variation in the sea surface and altimeter media
correction errors, will contribute to the single satellite crossover residual.
However, these signals can be assumed to be random in nature (ie do not occur
at the same frequencies as orbit error) and consequently are taken to be noise.
On ignoring these additional signals, equation (7.5) is used to describe the

single satellite crossover residual.
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k=1+1
ASXO_E?LJ

m=L
m=1

(A

kmCO SlPkmt 1 +BkmSl l’llPkmll —AkmCOSLPkmt2 MBkmSl l’lLP

kth) *

+(C+Cy(t, -1 ) +Cy(t, -~ )sinM, +C,(t, -t )eosM | +C(t, -t )sin2M +C sinM | +

+C.cosM|+Cgsin2M, +Cyc0s2M ) ~(C, +C\(t,- 1) +Cy(t,—1,)sinM, +

+C4(12—t*)cosM2+C5(12—t*)sin2M2+CﬁsinM2+C7cosM,_,+Cgsin2M2+C90052M2)(7.5)

Examination of equation (7.5) reveals that several of the error terms are
unobservable. Obviously the constant component is unrecoverable as it will
cancel in a similar manner to the geoid and mean sea surface errors. Further
as ERS-1 and TOPEX/Poseidon are in orbits where the perigee position, w, is
effectively fixed at 90 degrees the cosM and cos2M terms are also unobservable

due to M, =~ -M,. Also some of the frequencies are linearly dependent and an

ill-conditioned solution

simultaneously. Sandwell et al [1986] have shown the sets of linearly

is obtained if all the terms are

dependent frequencies for k < 2 to be those given in table 7.1.

Table 7.1. Linearly Dependent Frequencies in Single Satellite Crossovers.

recovered

Set Linearly Dependant Frequency Terms
! lPl,l ’ lP—l,l

? o IP0,1 .

’ li12,2 ’ To,z ) lIJ-z,-:z

If all the terms in each of the above sets are to be recovered then additional
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radial data in the form of short arc data, accurate altimeter measurements
over non oceanographic surfaces (such as from transponders) or dual
crossovers are required. Analysis of single satellite crossovers alone therefore

cannot allow a complete recovery of the radial orbit error.

7.2.2 Dual Satellite Crossovers.

Dual satellite crossovers formed at the intersection of different satellite ground
tracks are similar to single satellite crossovers in that the mean sea surface
and geoid heights cancel. However, dual satellite crossovers form a more
comprehensive data set and come in the form of ascending/ascending,
descending/descending as well as ascending/descending ground track
intersections, the combinations being dependent upon the orbital parameters
of the two satellites. As the geoid and mean sea surface heights cancel the
dual crossover residual provides a measure of the relative orbit error of the two
satellites, which for TOPEX/Poseidon - ERS-1 dual crossovers can be described
by equation (7.6),

Apyo=Aryp—Ar.,+hoise (7.6)

DX0O

where the subscripts T/P and E1 refer to TOPEX/Poseidon and ERS-1

respectively.

Ignoring the altimetric correction error signals (defined as noise in equation
(7.6)), although acknowledging that different media corrections (particularly
for the ionosphere) may cause orbit error like signals, the dual crossover

residual is defined by equation (7.7).
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Any attempt to solve for all terms in equation (7.7) yields similar deficiencies

to the single satellite crossover residual data set. ~ Only one constant term,
as a measure of the relative difference between C,” and C,*, can be recovered.
The cosines of one and two cycles per revolution are linearly dependent as the

latitudes for both observations are the same such that, -~

sinU®'sini ¥ ~sinU "sini 7?

where U is the argument of latitude and i the orbital inclination. Thus,

. . P
sini
cosMEf’ -——cosM e

sini #

if the perigee locations are fixed for both satellites at 90 degrees. On using the
above expression for cosM®!, and the standard identity for cos2M it can also
be shown that the cos2M® and cos2M™ terms are linearly dependent if the

constant offset is-also recovered.

[Moore and Ehlers,1993] list the additional sets of linear dependent
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frequencies for k less than or equal to 2 as those defined in table 7.2.

Table 7.2 Linear Dependent Frequencies in Dual Satellite Crossovers.

Set No. Linear Dependent Frequencies
1 L?T/P TT/P lYE] liJEI
L1 Yoo T P
2 TT/P lPT/P TT/P TEI TEI TEI
21 0 Yor o T Tor s tor s L2
3 grr P @t @B @i
22 0 To2 0 T 22 Yoz 0 T2

Suppression of any one of the TOPEX/Poseidon frequencies from each of these
sets allows the recovery of all the ERS-1 terms. Therefore the use of dual
crossovers allows near complete recovery of the ERS-1 and TOPEX/Poseidon

radial orbit error.

7.3 Recovered Terms

Examination of equation (7.1) reveals that if all terms were to be recovered for
an orbit defined by a gravitational field of degree and order 70 the estimation
of parameters for 9940 frequencies would be required. It is therefore

necessary to determine which terms are significant and require recovery.

Several authors , Sandwell et al [1986] in the analysis of SEASAT single
satellite crossovers and Moore and Ehlers [1993] in the analysis of simulated
TOPEX/Poseidon - ERS-1 dual satellite crossovers, reduced the number of
recoverable terms by only considering those frequencies below two cycles per
revolution as this is the domain of the most significant error contributing
frequencies. This still leaves a very large number of frequencies (1002 for
ERS-1 when in the multi-disciplinary phase and 254 for TOPEX/Poseidon) if

all combinations of k and m are considered. Moore and Ehlers [1993] reduced
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thls number further by consuiermg only th ose f encies where m is less than

43, Thls had the effect of removing one frequency from each tr1p1et of : gt'f:'if;

correlated frequenmes such that only 170 frequencies for ERS-1 requlred’
recovery and in the process ensured a stable solution for the simulated data.
However, this simple means of reducing the number of parameters recovered
also resulted in some of the signiﬁcant frequencies (ie those with m=43 and
m= 57, corresponding to near respnance for ERS-1) being omitted from the

solution.

To determine which frequencies are significant contributors to the orbit error

the covarlance matrlx for the J GM-2 gravity field has been used to quantlfy: . '

the radlal errors due to the grav1ty field harmonics (AC,, and AS, ).

If the radial error for a particular pair of k and m is expressed by equation

(7.8),

Arkm = —A—g—m / / (78)

where Agrav is the matrix of terms corresponding to AC,, and AS, and c is the

coefficient vector that describes the error in terms of the inclination/

eccentr1c1ty functions and satellite orbit parameters then the expected error,

or standard error, ,, in Ar for the same k and m can be described by equatlon -

(7.9),

(ork,,,):C—TCQ R ~ (7.9)

if C is the gravity field covariance matrix. =
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Plots of the square root of the power of the expected error signal due to the
JGM-2 gravity field (sine term squared plus cosine term squared) against
frequency for ERS-1 and TOPEX/Poseidon are shown in figures 7.1 and 7.2.

Clearly, as would be expected, the ERS-1 errors are much larger, and the
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significant frequencies are predominantly clustered around one cycle per

revolution.

Utilisation of this information allows the most significant error contributing
frequencies to be identified and recovered whilst limiting the computational
requirements (ie the size of normal matrix creation and inversion).
Considering only terms where the root of the error power exceeds Smm some
76 frequencies for ERS-1 and 10 for TOPEX/Poseidon can therefore be
considered significant contributors to the orbit error. Significantly this results
in only one ERS-1 frequency ((k,m)=(-2,8) at 2.56 cycles per revolution) being
outside the two cycles per revolution domain whilst 7 ERS-1 frequencies,
where m >43 ((k,m)=(3,57), (4,43), (3,43), (4,44), (2,43), (2,44) and (5,57)),
ignored by Moore and Ehlers [1993], require recovery.

7.4 The Least Squares Recovery Procedure
Having established the analytical expression for the radial orbit error and
identified which frequencies are significant contributors, it is pertinent to

discuss the method by which the radial orbit error parameters are recovered.

The set of observation equations can be represented in matrix form by

equation (7.10),

Ax-b=v (7.10)

where v is the noise vector, x the vector of parameters recovered and A the

transformation matrix where the i row is given by equation (7.11),
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In equation (7.11)

Poseidon - ERS-1 dual crossovers and both are equal to zero otherwise and for

ATOPEX

1 for TOPEX - ERS-1 dual crossovers, AT*®%" = 1 for

single satellite crossovers.

The method of least squares minimises the expression Q, defined by equation

(7.12),

where W is a diagonal weight matrix having the i value,

S Q: Y_ZW}{

| sm‘PT/P (t)

TIP,
cos‘Pkm (t)

km

A TOPEX
A Poseidon

T/P
t T/P -t

*

-|(t T/P;l*T/P)SinMT/P

" cos‘Pf,f,(t)

sm‘Pkm(t)

Vil =kl
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if 0, 1s the standard deviation of -obs;érva:tx

The least squares solution for x is then,

(A TWA)x=4 "Wb (7.13)

which is often written in the form,

N being the normal matrix, and N'! the covariance matrix.

By analys1s of the eigenvalues of the covarlance matrix several authors ie

Moore and Ehlers [1993], Carnochan et al [1994} have shown that the

recovered solution is not particularly rehable for large sets of fparameters. For
this reason constraints based fUPQQ,thQ expected errors(as i,shov&n in figures 7.1
and 7.2) have been utilized. ) T};e ioolusioo of / constl;eints reduces the
eigenvalues of the covariance matrix (Wthh are a measure of the error ellipse’s
semi major axis [Bomford, 1980]) as observed by Moore and Ehlers [1993]. In

add1t10n the elgenvectors y1e1d the linear contrlbutlon of parameters leadlng

to ill- condltlonmg The ut1hsat10n of constraints requires that Q be redefined*: . -

as,

0=y Wy+s TW's (7.15)

where s is a subset of x with known/s{tanda;jd?deg/i:at;:oh ¢ and W’ is a diagonal

weight matrix with the i element,

o; being the expected error in the i term.
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The resultant solution equation is,

(A TWA+Whx=A TWh (7.16)

7.5 The Initial ERS-1 Orbits
Using the force models in table 7.3, ephemerides for ERS-1 have been
computed using the Aston university orbit determination software described

in chapter 4.

Table 7.3 Force Models for SATAN-A Orbit Determination Software

Gravity Field Model JGM-2 ! (degree and order 70)
Thermospheric Model MSIS-83 *
Surface Force Model Aston University Model ®

1 - [Nerem et al, 1994] , 2 - [Hedin, 1983], 3 - [Ehlers, 1993]

Within the orbit determination the parameters recovered were initial state
vector, six hour drag scale factors, a solar reflectivity factor and an empirical
once per revolution along track acceleration. The drag scale factors were each

given the constraint, C, defined by equation (7.17),
C=C,%1.0 (7.17)

where Z’; is the mean value of the drag scale factors over the arc. Similarly

the reflectivity scale factor was given a constraint of 1+0.2.

For test purposes the period analysed, MJD 49006 - MJD 49041, corresponded
to cycle 9 of ERS-1's multi-disciplinary phase, and the orbits were converged
using crossover and laser range data. Both data types were assigned unit

weights and each arc was typically six days in length with consecutive arcs
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having a one day overlap, except close to orbital manoeuvres.

Table 7.4 Corrections Used for the ERS-1 Altimetry.

Ocean Tide Model CSR3.0!
Tonospheric Correction BENT Model?
Wet and Dry Troposphere OPR Correction
Solid Earth Tides OPR Correction

Inverse Barometer Correction | Applied (derived from dry troposphere)

Sea State Bias 5.95% h,,; (derived in chapter 5)
Sea Surface Topography JGM-2 Geosat Model (deg & order 15)
Geoid Model JGM-2? (degree & order 70)

OSU91A* (degrees and orders 70 - 360)

Altimeter Range Bias -75.0cm

1 - [Eanes R, 1995] , 2 -[Llewellyn and Bent, 1973], 3- [Nerem et al, 1994], 4 -
[Rapp et al, 1991]

The models used for the various ERS-1 altimetric corrections are given in table
7 4 and the TOPEX/Poseidon altimetry was similarly corrected with the
following exceptions.  For sea state bias the Gaspar 4 parameter model
[Gaspar et al, 1994] (expressed by equation(5.6)) was used. Also the dual
frequency ionospheric correction was deemed more accurate than that given
by the BENT model. As the DORIS tracking data was not readily available
to allow the determination of sufficiently accurate in-house TOPEX/Poseidon
orbits the orbit heights used were the NASA JGM-2 orbit heights given on the
AVISO CDROM.

Computation of the orbits for cycle 9 enabled the determination of all the
single and dual crossover locations, and corresponding residuals.  On

imposing a maximum time difference of five days between the two epochs, so
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that any ocean signal is not observed, the data distributions presented in

figures 7.3 and 7.4 are obtained.

Figure 7.3 Single Satellite Crossover Distribution for Cycle 9

Figure 7.4 Dual Crossover Data Distribution for Cycle 9
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The improved distribution of dual crossovers is a consequence of the 5 day time
restriction limiting the single satellite crossovers to specific latitudes. The
high inclination of ERS-1 causes the concentration of single satellite crossovers
to be at high latitudes which are predominantly over ice or land such that they

are of no use as satellite tracking data.

Table 7.5 Rms Fits to the Crossover and Altimeter Datasets for Cycle 9.

DATES (MJD) SXO Rms (cm) DXO Rms (cm) Alt Rms (cm)
49005 - 49011 14.5 (0.7%) 12.0 (0.2%) 25.2 (1.0%)
49010 - 49016 13.0 (1.4%) 14.4 (0.6%) 22.9 (1.2%)
49015 - 49022 14.0 (0.7%) 12.2 (0.1%) 23.3 (1.3%)
49022 - 49027 14.3 (4.4%) 13.2 (2.2%) 24.7 (3.1%)
49026 - 49032 14.0 (0.7%) 12.2 (0.5%) 23.9 (1.5%)
49031 - 49037 14.5 (1.2%) 13.0 (0.7%) 23.9 (1.4%)
49036 - 49042 15.8 (0.7%) 12.8 (0.4%) 24.4 (1.1%)

On employing a rejection criterion of 40cm for crossovers and 70cm for
altimetry (with respect to an apriori relative range biases of 30.2/45.0cm for
TOPEX/Poseidon dual crossovers) yielded the rms fits to the crossover and
altimeter datasets as given in table 7.5 where the numbers in parenthesis are

the percentage of observations rejected.

As a comparison the fits of the TOPEX single satellite crossovers are provided
in figure 7.5 which show the typical rms value to be 7.5cm
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Figure 7.5 TOPEX Single Satellite Crossover Residual Rms Values

As a signal of 1.7cm rms in the TOPEX single satellite crossovers can be
attributed to the variable component of the geographically correlated orbit
error [Moore et al, 1996(a)] the remaining signal due to altimetric correction
and non conservative force mis modelling radial errors can be estimated as

5.0cm rms.

As would be expected the ERS-1 orbital fits are significantly poorer than those
for TOPEX/Poseidon. If the dual crossover is considered as a measure of the
ERS-1 radial error, and signals of 5.0cm rms are removed for both the error
contributions of TOPEX (altimetric and non conservative force mis modelling)
and ERS-1 (altimetric errors) the ERS-1 radial accuracy can be approximated
to 10.4cm rms. It should be noted that this is only an estimate as the accuracy
of the ERS-1 altimeter measurement is unknown. However, the assumption
that the ERS-1 altimeter accuracy is less than that of TOPEX is founded on the

use of the less accurate BENT ionosphere and sea state bias models.
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7.6 The Orbit Refinement

Early work [Carnochan et al, 1994] using the GEMT2 [Marsh et al, 1989]
gravitational field for the derivation of both ERS-1 and TOPEX/Poseidon orbits
revealed that the recovery of error terms for TOPEX/Poseidon as well as ERS-1
provided the optimal solution. This solution strategy also employed ERS-1
single satellite crossovers to extend the latitude range of data provided by the
dual crossovers. However, with the creation of the JGM [Nerem et al, 1994]
gravity fields, and the resulting improvements in the TOPEX/Poseidon orbits,
as observed in the crossover residuals typically approximating 7.5 cm rms, it
was deemed that the TOPEX/Poseidon orbit error signal (3-4cm rms in the
radial direction) was too small to be identified without absorbing other signals.
This has therefore resulted in the ERS-1 parameters being the only
parameters solved for. Several solution strategies, employing both dual and
single satellite crossover residuals, are now described in the subsequent

sections.

7.7 The Thirty Five Day Solution

In the first instance one solution for the entire 35 day cycle was obtained,
using both the single and dual crossover datasets and the constraints outlined
in section 7.3. By eliminating periods of overlap and using equation (7.2) to
model the radial error for ERS-1 some 210 parameters were recovered. This
total of 210 parameters comprised of 76 frequencies which are defined by a
cosine and sine term, 7 sets of 8 arc dependent parameters and two constants.
Initially recovery of both TOPEX and Poseidon constants for each of the arcs
was attempted, however, this resulted in large correlations to the extent that

the recovered solution was unreliable.
The initial and post correction fits to the crossover datasets subject to a 40cm

prior to correction and 30cm post correction rejection levels are presented in

table 7.6 and the recovered ERS-1 error shown in figure 7.6 .
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Table 7.6 Pre and Post Correction Rms Fits to the Crossover Datasets.

SXO Rms (cm) DXO Rms (cm)
Initial ERS-1 Orbits 14.5 (1.6%) 12.6 (0.6%)
Corrected ERS-1 Orbits 11.0 (1.1%) 10.1 (0.6%)

Radial Error (m)

-0.4 T

l T T
49010 49020 49030 49040

Date (MJD)

Figure 7.6 Recovered Error for the 35 Day Solution

Evidence for reduction in the radial error is seen as both single and dual
satellite crossover residuals have been reduced whilst more single satellite

crossover observations have been accepted.

Again using the dual crossover as a measure of the ERS-1 radial accuracy and
assuming that the signal removed by the correction procedure is purely ERS-1
orbit error, the accuracy of the corrected ERS-1 orbits is 7.2cm rms (after the

removal of 7.5cm rms).

The recovered error signal, shown in figure 7.6 , has an rms of 11.0cm and

exhibits peaks where certain arcs are less well defined. This suggests that
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dual and s1ng1e satelhte crossover residuals should exhibit a more mgmﬁcantff\; -

 the recovered signal is not a cemplete rep

reduction than the 7. 5cm rms obtained.

of the orbit error as the

To check the validity of the solution the eigenvalues and eigenvectors of the

covariance matrix were analysed

to determine possible errors in the recovered

solution. The eigenvalues are plotted in figure 7.7, and show that none of the

recovered terms cause a serious degradation in the solution as the maximum

eigenvalue is only 5.3cm.
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F{gure 7.7 Recovered Eigenvalues for the 35 Day Solution

The powers of the k and m frequencies recovered are shown in figure 7.8 to

have similar values to those in figure 7.1. This therefore suggests that the

strategy is not optimal for the error model derived and solutions have therefore

been determined for each arc.
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7.8 Individual Arc SOlutlonS - 2y |
Utilising the same basic procedure but using equation (7.1), solutions with 162

parameters (ie 76 frequencies in the k,m summation requiring two parameters

each, 8 arc dependent terms and two constants) for each ephemeris have been
determined. Several solution strategies have been attempted and these are

now described.

7.8.1 Solution 1: Rééo&‘ery of All Terms

Recovering all the ERS-1 terms in équation: (7.1) for each individual arc
resulted in the post correction rms fits to the crosso{vzer datasets as those
presented in table 7.7 when rejection levels of 30cm for both datasets were

employed.
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Solution 1.

. Table 7.7 Crossover Rms Fit,

DawesMJD) | SXORms(em) | DXORms(em)
49005 - 49011 8.2 (05%) 82 03%) |
49010 - 49016 89 (08%) | 88 (0.5%
49015 - 49022 8.6 (0.8%) | 87 (0.6%)
49022 - 49027 8.8 (3.0%) 8.8 (2.0%)
49026 - 49032 89 (6% | 85 (05%)
4003149037 | 90 03m) | 8 6 (0.4%)

| 49036 - 49042 87 (6% | 86 (0.4%)

The recovered constant terms, measures of the TOPEX/ERS-1 and
Poseidon/ERS-1 relative range biases are plotted in ﬁgure 7.9 which result in

the mean values presented in table 7.8,
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Figure 7.9 Recovered Relative Altimeter Range Biases for Cycle 9
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Table 7.8 Relative Altimeter Biases for Cycle 9 '

_ Altimeters | Relative Range Biases

TOPEX /ERS-1 33.3+4.0cm

Poseidon/ ERS-1 A 4851 45 cm

Clearly the resultant values for the TOPEX/Poseidon - ERS-1 relative range
biases are noisy. Thisis most hkelycausedbytheabsorptlon of some orbit

error and or sea state bias errors into the recovered parameters.

The solution strategy, however, results in the fits to the single and dual \\ 
satellite crossovers being signiﬁcantly?re(iuced, thus indicating a sizeable |
reduction in orbit error. The mean dual crossover residual of 8.6cm suggests
that a signal of 9.2 cm has been removed such that the accuracy of the ERS-1

orbits is now 4.9cm rms.
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Figure 7.10 Eigenvalues of Solution 1 for the Arc MJD 49026-49032
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Analysis of the eigenvalues (those recovered for the arc MJD 49026 - MJD
49032 are shown in figure 7.10) of the covariance matrix reveals that some

terms are highly correlated resulting in a degradation of the solution.

The recovered eigenvectors suggest that the terms responsible for the largest
eigenvalues (10.1cm, 5.8cm and 5.7 cm) are the constant terms (C,"" and C,™),
the once per revolution terms (Cg and C;) and the frequencies where (k,m) are
equal to (2,43) and (4,43). Now the constant terms are important to model the
relative altimeter biases which are approximately 30cm for TOPEX - ERS-1
and 45cm for Poseidon - ERS-1 dual crossover, whilst the terms with
frequencies at and close to one cycle per revolution are expected to contribute
significant errors. For this reason it was decided to investigate two other

solution strategies which are now described.

7.8.2 Solution 2: Suppression of the Constant Terms
Using the constant terms obtained for the 35 day solution and suppressing
their recovery during the error estimation for each individual arc resulted in

the post correction crossover rms fits presented in table 7.9.

Table 7.9 Crossover Rms Fits for Correction Solution 2.

Dates (MJD) SXO Rms (cm) DXO Rms (cm)
49005 - 49011 8.1 (0.4%) 8.2 (0.3%)
49010 - 49016 8.8 (1.0%) 8.8 (0.6%)
49015 - 49022 8.6 (0.9%) 8.7 (0.6%)
49022 - 49027 8.8 (2.8%) 8.8 (2.0%)
49026 - 49032 8.8 (0.5%) 8.4 (0.4%)
49031 - 49037 9.0 (0.6%) 8.7 (0.5%)
49036 - 49042 8.7 (0.6%) 8.6 (0.4%)
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of the ﬁts to the crossover data as the mean dual crossover fit of 8 6cm suggests .

a radial accuracy of 4. 9cm rms.

The eigenvalues of the covariance m:

arc MJD 49026 - 49032 ar 2

M \:Clearly the suppressmn of the constant ter

resulted in no degradatlon.

to the

how that the maximum

eigenvalue, of 10.1cm, has been réméiie’él Kand that afs'igrliﬁcantly more reliable

solution has been obtained
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The recovered error for solution 2 is shown in figure 7.

obtained for the 35 day solutmn

¢ MJD 49026-49032

12 and compansons with
figure 7.6 show that th1s strategy results in a snmlar error recovery as
However the peaks in ﬁgure 7.12 are not

as noisy and this results in the overall error signal bemg smaller having an

rms of 9.2 cm, which is 1dent1cal‘ to the 'Slgnal/ removed from the dual

Crossovers.
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Figure 7.12 Recovered Time Dependent Error for Solution 2

7.8.3 Solution 3: Suppression of Frequency Terms with (k,m)= (2,43) and (4,43)
The final solution strategy suppresses the recovery of the (k,m) frequencies
(2,43),(4,43) as well as the constant terms (the constant terms from the 35day
solution still being used). This resulted in the post correction crossover rms

values presented in table 7.10.

Table 7.10 Crossover Rms Fits for Correction Solution 3.

Dates (MJD) SXO Rms (cm) DXO Rms (cm)
49005 - 49011 8.9 (0.5%) 8.5 (0.3%)
49010 - 49016 8.8 (1.0%) 8.8 (0.6%)
49015 - 49022 8.8 (1.1%) 8.9 (0.6%)
49022 - 49027 8.8 (3.3%) 8.9 (2.2%)
49026 - 49032 8.9 (0.8%) 8.4 (0.5%)
49031 - 49037 9.2 (0.5%) 8.7 (0.4%)
49036 - 49042 9.2 (0.6%) 89 (0.5%)
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The mean dual crossover rms value of 8.7cm reveals that the suppression of
the frequencies close to one cycle per revolution has resulted in a less
significant improvement. The approximate radial accuracy of the ERS-1

orbits using this solution strategy is therefore only 5.1cm rms.

Analysis of the covariance matrix eigenvalues (figure 7.13) shows that the

possible error in the error solution is now less than 3.5cm.
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Figure 7.13 Eigenvalues of Solution 3 for the Arc MJD 49026-49032

7.9 Analysis of Error Recovery Strategies

Clearly the suppression of the constant terms has provided a more reliable
solution in that the largest eigenvalue (and hence possible error in the
recovered solution) has been removed. This is of even more significance when
arcs outside cycle 9 are considered as the maximum eigenvalue associated with
the two constant terms was observed to be as high as 40cm, most likely
because of the shortage of Poseidon data. The suppression of the terms with

frequency close to one cycle per revolution has reduced the maximum
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eigenvalue but as these frequencies are significant contributors to the radial
orbit error it remains to be seen as to whether the suppression of these terms

is beneficial.

Analysis of tables 7.7, 7.9 and 7.10 shows that the suppression of the constant
terms does not significantly alter the reduction in the crossover rms fits,
however, by suppressing those frequencies close to one cycle per revolution the

crossover rms reduction is marginally lower.
The rms values of the recovered error signals, the suggested signal removed
from the dual crossover residual improvement and the estimated ERS-1 radial

accuracies for each of these strategies are given in table 7.11.

Table 7.11 Error Signal Removed by Each Correction Procedure.

Correction Procedure | Error Signal DXO Signal ERS-1 Radial
Rms Removed Accuracy

35 day Solution 11.0 cm 7.5 cm 7.2 cm

Solution 1 9.2 cm 9.2 cm 4.9 cm

Solution 2 9.2 cm 9.2 cm 4.9 cm

Solution 3 8.8 cm 8.8 cm 5.1 cm

7.10 Application of the Error to the Altimeter Datasets

Whilst the significant reduction of the dual and single satellite rms fits 1s
encouraging, the use of these datasets within the radial orbit error recovery
implies that this cannot be taken as total validation of radial orbit error
removal. For this reason an independent data set in the form of 30 second
normal altimeter residuals has been calculated for each of the recovered error

solutions using the same geophysical corrections as outlined in table 7.4.
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Table 7.12 Altimeter Fits for the Various Orbit Correction Strategies.

ERS-1 Orbit Altim Rms (cm)
Original 24.1 (1.5%)
Corrected - 35 day Solution 23.9 (1.5%)
Corrected - Solution 1 23.6 (1.4%)
Corrected - Solution 2 23.6 (1.4%)
Corrected - Solution 3 23.6 (1.5%)

The fits to this altimeter data set are given in table 7.12 where 1t can be seen
that the signals removed for the 35day and individual arc corrections are
3. 1cm and 4.9cm respectively. These signals are much lower than those

suggested by the single and dual crossover reductions.
Analysis of the pre- and post-correction altimeter residual fits when the error

from solution 2 is applied for each individual arc as shown in table 7.13

suggests that the sea surface topography used is poor.

Table 7.13 Altimeter Rms Values for Solution 2

Dates (MJD) Orig Altim Fit Rms Corr Altim Fit Rms
49005 - 49011 25.2 (1.0%) 23.7 (0.9%)
49010 - 49016 22.9 (1.2%) 23.0 (1.3%)
49015 - 49022 23.3 (1.3%) 23.2 (1.1%)
49022 - 49027 24.7 (3.1%) 23.6 (2.7%)
49026 - 49032 23.9 (1.5%) 23.9 (1.6%)
49031 - 49037 23.9 (1.4%) 23.7 (1.4%)
49036 - 49042 24.4 (1.1%) 24.0 (1.1%)
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Indeed the corrected rms values for some arcs are higher than the uncorrected
values suggesting that the sea surface topography errors are masking the

initial orbit error and hence the improvement in radial position.

For this reason a degree and order 15 sea surface topography with respect to
the geoid defined in table 7.4, h, has been derived from TOPEX data covering
the period MJD 49006 - 49041. Equation (7.18) describes the sea surface

recovered,

_N=1s m=l sst sst_. o
B =Y 01 9 meo (CpycOSmA+S,, 'sinmA)P,

Im Im m

(sin®@) (7.18)

where C,.** and S,,*! are the normalized harmonic coefficients, P, are the

normalized polynomials, A is the longitude and @ the latitude.

The rms fits of the original and corrected altimeter residuals with this more

accurate independently determined sea surface are shown in table 7.14.

Table 7.14. Altimeter Fits to the Derived TOPEX Sea Surface.

ERS-1 Orbit Altim Rms (cm)
Original 19.1 (1.2%)
Corrected - 35 day solution 18.0 (1.2%)
Corrected - solution 1 17.6 (1.2%)
Corrected - solution 2 176 (1.2%)
Corrected - solution 3 176 (1.2%)

The reductions in each of these datasets suggest the removal of 6.4cm rms for
the 35 day solution and 7.4cm rms for each of the individual arc solutions.
Whilst these values are still slightly lower than the signals removed from the
crossover datasets the values are much closer than those obtained with the

GEOSAT sea surface.
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7. 11 Conclusmns
 The solut1on strategy of est1matmg the radlal orb1t error for the full cycle\,\'f:
not worked as well as determining the error for individual arcs. Th1s 1s of .
course due to the fact that more parameters are used to define the radial error
and the k and m frequency terms can therefore absorb some of the non-
gravitational orbit error. Clearly the suppresslon of the constant terms and
frequencies close to once per revolutlon has little 1mpact on the models ability
to recover the ERS-1 radial orbit ermf;for:mdmdual;arcs. With the largest

eigenvalue due to the correlation between constant terms sometimes rising as

high as 40cm it would appear prudeat te se:the constant terms derived by the

35 day solution and suppress their recovery when determining the error for .

each arc.

The suppression of the frequency terms close to one cycle per revolution (k,m)

=(2,43) and (4,43) , however, results in a less s1gmﬁcant 1mprovement in the
crossover fits. As these terms are expected to contrlbute s1gn1ﬁcantly to the
orbit error as the ERS-1 orbit is near resonance for m 43 the suppress1on of
these terms is not cons1dered beheﬁc1al The solutlon strategy adopted 18

therefore solution 2.
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Chapter 8
Validation of Radial Orbit Error Removal

and Accuracy Assessment of the

Corrected ERS-1 Orbits

8.1 Introduction

In chapters 6 and 7 the radial orbit error model was derived and applied to
cycle 9 of ERS-1's multi-disciplinary phase. This chapter describes validation
procedures used to confirm that the radial orbit error has been reduced, thus
enabling a unification of the TOPEX and ERS-1 altimeter datasets, and to
assess the accuracy of the corrected orbits for 13 cycles of ERS-1 data. The
chapter is subsequently split into four sections : recovery of the ERS-1 relative
range biases with respect to TOPEX and Poseidon; mean sea surface and
variability comparisons between ERS-1 and TOPEX; calculation of the
geographically correlated mean and variable (variation about the mean)
components of the ERS-1 radial orbit error and comparisons of the Aston
University ERS-1 orbital refinement with those corrected by cubic splines [Le
Traon, 1995].

8.2 The ERS-1 Orbits and Data Preparation

Using the orbit determination software outlined in chapter 4 and the models
outlined in chapter 7, orbits have been generated for 13 cycles (cycle 6 - cycle
18) of ERS-1's multi-disciplinary phase. This corresponds to some 440 days
of data covering the period MJD 48901 - 49343 (6th October 1992 - 22nd
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December 1993). Both laser range and single satellite crossover tracking data
was utilised to determine the baseline ERS-1 orbits which were then corrected
using the model derived in chapter 6 and the methodology described in chapter
7. The resulting mean pre- and post- correction rms fits to the crossover
(single and dual satellite) and altimeter datasets for each cycle are those given
in tables 8.1 and 8.2 when the apriori sea surface model used is the GEOSAT
derived model described in chapter 7 and rejection levels of 40/30cm and 70cm

are used for the original/corrected crossover and altimetry data sets

respectively.
Table 8.1 Rms Fits for the Original ERS-1 Orbits.
Cycle No. Agxo (cm) Apxo (cm) Ay (cm)
6 12.8 (2.4%) 12.8 (2.4%) 24.7 (1.3%)
7 13.4 (0.8%) 12.4  (0.4%) 23.5 (1.1%)
8 13.6 (1.6%) 12.7 (0.8%) 24.7 (1.4%)
9 14.5 (1.6%) 12.6 (0.6%) 24.1 (1.5%)
10 13.0 (0.8%) 11.7 (0.6%) 244 (1.6%)
11 13.1 (1.2%) 12.3 (0.8%) 244 (1.4%)
12 13.3 (1.2%) 12.4  (0.7%) 244 (1.2%)
13 13.6 (4.0%) 12.5 (1.7%) 24.7 (2.7%)
14 13.2  (0.7%) 12.1  (0.6%) 241 (1.1%)
15 13.1 (1.1%) 12.3  (0.7%) 24.0 (1.5%)
16 13.0 (0.6%) 11.5 (0.3%) 23.5 (1.2%)
17 129 (2.1%) 11.8 (1.0%) 23.3 (1.4%)
18 12.9 (0.8%) 11.6  (1.7%) 23.7 (1.1%)

On taking the mean of the dual crossover values of table 8.1 and assuming

5.0cm contributions from TOPEX altimetric and orbit errors and a 5.0 cm
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contribution from ERS-1 altimetric errors the radial accuracy of ERS-1 for the

13 cycles can be estimated as 9.9 cm rms.

Table 8.2 Rms Fits for the Corrected ERS-1 Orbits.

Cycle No. Agxo (cm) Apxo (cm) Aupr (cm)

6 8.9 (0.8%) 9.0 (0.8%) 23.2 (1.2%)

7 8.6 (0.6%) 8.8 (0.7%) 22.9 (1.0%)

8 8.4 (0.6%) 8.6 (0.6%) 23.0 (1.2%)

9 8.7 (0.9%) 8.6 (0.7%) 23.6 (1.4%)
10 9.1 (0.7%) 8.7 (0.7%) 23.7 (1.6%)
11 9.3 (1.2%) 94 (1.0%) 23.6 (1.3%)
12 9.0 (0.8%) 9.3 (1.0%) 23.3 (1.1%)
13 8.7 (4.6%) 9.1 (2.6%) 23.2 (2.5%)
14 8.8 (0.7%) 8.9 (1.0%) 23.5 (0.9%)
15 8.0 (0.7%) 8.5 (0.7%) 22.9 (1.4%)
16 8.3 (0.3%) 8.5 (0.7%) 22.8 (1.1%)
17 8.5 (1.6%) 8.6 (1.0%) 22.8 (1.4%)
18 8.5 (0.5%) 8.3 (0.6%) 22.9 (1.0%)

Using the assumptions outlined in chapter 7 regarding the error contributions
from TOPEX (altimetric and orbit) and ERS-1 (altimetric) the mean dual
crossover fit of 8.8cm indicates a radial accuracy 5.2cm rms if ERS-1 orbit error
is the only signal removed. This value is slightly higher than that obtained
for cycle 9 in chapter 7 because the geographical distribution of crossovers
varies throughout the year and cycle 9 gives a particularly good distribution

due to the epochs corresponding to the southern hemisphere summer.
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8.3 Recovery of the Relative Altimeter Range Biases

An important component in unifying different altimeter datasets is the
removal of relative altimeter range biases. The constant terms in the
recovery of the radial orbit error model are predominantly due to these relative
biases (hence the recovery of two constants - one for TOPEX and one for
Poseidon). It should be noted, however, that with the movement of the
reference time to the middle of the arc for the arc dependent parameters (C; ...
C,) some of the constant term will be due to orbit error of an originally secular
nature. Similarly, any error in the ERS-1 (or TOPEX/Poseidon) sea state bias
will result in an offset that contributes to the recovered relative range bias,
particularly as the dual crossovers are concentrated in the southern oceans
where high wave heights (and hence errors in the sea state bias) are often
observed. These additional signals, however, should only take the size of a
few centimetres and only contribute noise to the relative biases recovered over
the 13 cycles as the full annual cycle of wind and waves is sampled. As the
solution procedure adopted involves suppressing the recovery of the constant
term when recovering the error for each arc (as described by solution 2 in

chapter 7), solutions for each of the 35 day cycles have been obtained.
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Figure 8.1 The TOPEX/Poseidon - ERS-1 Relative Range Biases
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The 13 relative bias values obtained are shown in figure 8.1 which on

averaging give the relative biases shown in table 8.3.

Table 8.3 Mean TOPEX/Poseidon - ERS-1 Relative Range Biases.

Altimeters Relative Range Bias (cm)
TOPEX - ERS-1 30.2 +1.8
Poseidon - ERS-1 45.0 1.9

The values in table 8.3 compare with the absolute range bias values of -39.3
+5.0cm,-17.3 3.0 cm and -0.3 +3.0 cm obtained for ERS-1, TOPEX and
Poseidon through short arc analysis by Murphy et al [1996]. Using the
absolute values of range bias the relative range biases obtained are 22.0 = 6.0
cm and 39.0 + 6.0 cm for TOPEX/ERS-1 and Poseidon/ERS-1 respectively.
Some difference between the relative range biases observed is obvious,

however, the error bars do overlap (just).

8.4 Mean Sea Surface and Annual Variability Comparisons

To validate the removal of radial obit error and unification of the ERS-1 and
TOPEX altimeter datasets in a consistent manner, mean sea surfaces and sea
surface variability studies have been performed with both datasets. This is
an important element of validating the removal of orbit error as the ultimate
purpose is to improve the accuracy of the ERS-1 altimetry to a level

comparable with that of TOPEX/Poseidon.

8.4.1 Mean Sea Surface Comparisons

Mean sea surfaces of degree and order 15, with respect to the geoid outlined
in table 7.4, have been determined for both ERS-1 (original and corrected
orbits) and TOPEX altimeter datasets for the period MJD 48901 - MJD 49343,
corresponding to cycles 6-18 of ERS-1's multi-disciplinary phase. Altimeter
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TOPEX with the use of the corrected ERS-1 orbits resulting in an erroneous
signal of 3.3cm rms being removed from the sea surface topography. =~ When
all grid locations with differences greater than =15cm (ie the coastal and
shallow water areas) are rejected the rms differences between the sea surfaces

are those presented in table 8.6.

Table 8.6 Rms of Sea Surface Differences (15 cm Rejection Level)

Sea Surfaces Difference Rms (cm)
ERS-1 (Original) - TOPEX 4.7
ERS-1 (Corrected) - TOPEX 3.6

It is important to note that the use of a long wavelength spherical harmonic
expansion acts as a low pass filter to the data, significantly underestimating
differences between the datasets that are of wavelength less than 2600km.
However it is evidence that correction of the ERS-1 orbits has resulted in sea
surface topographies for ERS-1 that are significantly closer to those
determined by TOPEX.

8.4.2 Annual Sea Surface Variability Comparisons

In order to compare the sea surface variabilities observed by both TOPEX and
ERS-1, spherical harmonic sea surfaces of degree and order 15 for each ERS-1
35 day period have been determined. This has resulted in 13 sea surfaces
being derived for each of the two ERS-1 and the TOPEX altimeter datasets.
Subtraction of the corresponding mean surface from each of these near
monthly solutions provides a measure of the sea surface variability, with
respect to the mean, for each 35 day period. Amplitudes and phases for
signals corresponding to a constant, annual, semi1 annual (six monthly), tri
annual (four monthly) and seasonal (three monthly) frequencies have been

recovered for every sea surface bin of dimension 2 degrees by 2 degrees.
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corrected data set.

8.5 Study of the Geographically Mean and Variable Components of the
Radial Orbit Error

This section is split into two parts. Both sections use the dual crossover data
set for the 13 cycles outlined in section 8.2 . In the first section the mean and
variable geographical orbit error is determined on a global basis. This is
followed in the second part by a harmonic analysis performed over latitude
bands in the southern oceans to determine which orders of the JGM-2 gravity
field are deficient for ERS-1 and confirm that the correction procedure has

removed errors associated with these deficiencies.

8.5.1 The Global Analysis
Tapley and Rosborough [1985], Rosborough [1986] and Klokocnik et al [1993]

define the radial orbit error for a satellite pass as the sum of two components,

Ar=Af+d,,Av (8.1)

where Af and Av are the mean geographically correlated error and the
geographically correlated variation about the mean and can be expressed in
terms of Kaula’s inclination functions [Kaula, 1966] and the satellite latitude
and longitude [Tapley and Rosborough, 1985; Schrama, 1992; and Klokocnik
et al, 1993]. d,p is defined by,

1 -ascending

o, =
AP _1-descending

A single satellite crossover residual , being the combination of an ascending

and descending arc, can therefore be defined by,

A ,=£2Av (8.2)

SXO0 —

with the sign being dependent upon whether the first crossover epoch
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corresponds to the ascending or descending pass. The single satellite
crossover is therefore only a measure of the variable component of the
geographically correlated orbit error and, as discussed in section 7.21, is not

capable of describing the radial orbit error in its entirety.

The TOPEX/Poseidon - ERS-1 dual crossover residual, however is dependent
upon two different satellites and thus described by equation (8.3),

Aon:AfT/P’LE’XgAV T/P_(AfE1+6§1DAV 51) (8.3)

where the superscript T/P and E1 refer to TOPEX/Poseidon and ERS-1

respectively.

By assuming the contribution from TOPEX/Poseidon is negligible, and
dropping the E1 superscript for ease of notation, equation (8.3) can be
simplified such that the dual crossover residual is defined in terms of the mean

and variable components of the ERS-1 orbit error.

Apyo=—Af-8,,Av (8.4)

On considering dual crossover residuals for descending and ascending ERS-1
passes the mean and variable components for 2 degree latitude by 4 degree

longitude bins are defined by equation (8.5) [Moore et al, 1996(a)],

A = 1 i:Nd/:{ll AA 1 i:N’l':", AD
f=- A Zizl on_—‘TZi:I DXO (8.5a)
2Na’ual 2Ndmll
1 i:N)z‘m A 1 i:NIZIIf D
Av=- 7 D IADX0+_—b-Zi:l Apxo (8.5b)
2Nduul 2Ndual
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The error sources for both the uncorrected and corrected orbits can therefore
be quantified as shown in table 8.7.  Clearly the errors attributed to non
conservative force mis-modelling are dominant for both the original and
corrected orbits. The correction procedure whilst definitely reducing the
errors from each of the error sources is struggling with those due to
atmospheric drag and solar radiation pressure. This is hardly surprising
when one considers the number of parameters used to define the non gravity
field errors (8) compared to those used to model the gravity field error (152).
If further improvements are to be made the radial error model for the non

conservative force error sources must be re-examined.

8.5.2 Harmonic Analysis of Dual Crossovers in the Southern Hemisphere
From Rosborough [1986] the radial orbit error may be expanded in terms of the
geopotential coefficients such that the error due to a given geopotential order

m can be expressed as,

Ar=Zm=L Ar (8.6)

m=0 m

where Ar,, is defined by equation (8.7),

Arm :Afm +6ADAvm (8 7)
and,
Af, =E, cosmA+F sinmA (8.8a)
Av =3, (G, sinmA ~H cosmA) (8.8b)

on assuming constant values for the inclination and latitude functions given
by Tapley and Rosborough [1985], Schrama [1992] and Klokocnik et al [1993].
Moore et al [1996(a)] describes the terms E_,F .G, and H,, as,
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where the expressions A, , 2., and &', are those of Klokocnik et al [1994].

E,F

constant across a narrow latltude band Usmg the 13 cycles of dual crossover
residuals within the latitude range of -41 degrees and 66 degrees to provide
a near continuous data set uncorrupted by land masses the amphtudes E.,

F_, G, and H have been recovered for latitude bands of width 1 degree and
1.5 degrees.

degrees to 1.5 degrees in order to compensate for the sparser d’is‘c\ribuﬁi\on\o’f

. mnx =l ‘

m>

F m ax 1) l A -—-1f A S

m I=max(m, 2)

g max = ey e
m ZI =max(im; 2) j\lmp‘—‘lmpA Clliz.

H :S—\In_]ax Z:i)A =V AS .

m_ Lisl=max(m;2) Imp=lmp Im

mp >

G and H,, depend upon latltude but for a glven satelhte are assumed

lmp'_'lmp Im O

The latitude band width changes from 1.0 degrees south of -56

dual crossovers at latitudes closer to the equator.

The recovered parameters for each latitude band have /been used to determine

the mean power of the variable and mean error coﬁlpo'nefxts (P.Yand P.) for

each harmonic of order m by using equation (8.10);.'

1/ =N, ands b
(Plyp=— Ly (E i)

bands
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The recovered powers for the original and corrected ERS-1 orbits are presented

in figures 8.15 - 8.18.
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Figure 8.15 Geographically Correlated Mean Error Powers for the
Original ERS-1 Orbits D '
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Figure 8.16 Geographically Correlated Variable Error Powers for the
Original ERS-1 Orbits
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Although the powers recovered for the uncorrected orbits are contaminated to
some extent due to the presence of other signals such as non-gravitational orbit
error, figures 8.15 and 8.16 provide a very good indicator of the orders of the
JGM-2 gravity field which are deficient for satellites in high inclination orbits
such as ERS-1. Clearly there are strong low order (m<10) signals, some of
which are due to the gravity field whilst others are probably due to non-
gravitational orbit and altimetric correction errors. The orders of particular
interest, however, are m=14, 29, 43 and 57 as these are well known
contributors to ERS-1's orbit error due to the satellite being near resonance

(performing 501 orbit revolution in 35 days).

Table 8.8 Resonant Frequencies and Periods for ERS-1.

k m Frequency Period

1 14 0.022 cyc/rev 3.2 days
2 29 0.026 cyc/rev 2.7 days
3 43 0.004 cyc/rev 17.4 days
4 57 0.018 cyc/rev 3.9 days

The m=43 resonance being of period ~ 17.5 days (as shown in table 8.8) is
absorbed to a large extent within the parameters of the orbit determination.
Thus any deficiency at m=43 is not apparent in figures 8.15 and 8.16. Whilst
order 29 does not show a significant error signal it is clear that orders 14 and
57 are deficient within the JGM-2 gravity field at inclinations close to 98

degrees.
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Figure 8.18 Geographlcally Correlated Varlable Error Powers for the
Corrected ERS-1 Orbits : :

Analysis of figures 8.17 and 8.18, which show the mean powers for the

corrected orbits, reveals that the error signals due to orders 14 and 57 have
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been completely removed.  Additionally, the low order signals have been
significantly reduced, although several peaks still remain. These peaks are
most likely due to non-gravitational ERS-1 orbit error signals that have not
been removed. Altimetric correction errors or possibly even TOPEX/Poseidon

orbit errors are also potential sources for these long wavelength signatures.

8.6 Analysis of Corrected Orbits Using Dual Crossovers and Cubic
Splines

In section 4.3.3 the concept of non-dynamic empirical correction procedures
that use no orbit theory was outlined. This section compares the ERS-1 dual
crossover corrected orbits generated by Le Traon et al [1995] and supplied by
AVISO, using such a method, with those determined using the theory and
methodology developed in chapters 6 and 7.

8.6.1 The Cubic Spline Corrected Orbits

The non-dynamic correction procedure utilized by Le Traon et al [1995] uses
cubic splines to define the ERS-1 radial orbit error by minimisation of single
and dual (with TOPEX /Poseidon) satellite crossover residuals using the

method of least squares.

As no orbit theory is used in the determination of the cubic spline orbit error
it is important to note the models that have been used to correct the altimetry
as a significant portion of any errors in these corrections will also be absorbed
into the orbit correction. The models used by Le Traon et al [1995] are
essentially the same as those outlined in chapter 7 for the Aston dual crossover

data set; however, there are some differences and these are given in table 8.9.
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Table 8.9 Differences Between the AVISO and Aston Altimeter Corrections.

Correction/Orbit ASTON Crossovers AVISO Crossovers
Ocean Tide Model CSR 3.0* CSR 1.2}

Sea State Bias 5.95h,,, 5.5h,,,°

Ionospheric Correction BENT(predicted)® BENT(actual)
TOPEX/Poseidon Orbit | NASA GDR Orbit* CNES GDR Orbit*
ERS-1 Orbit Aston JGM-2 Orbits Delft JGM-2 Orbits®

1-[Eanes R, 1995], 2-[Gaspar and Ogar, 1994], 3-[Llewellyn and Bent, 1973],
4-[AVIS0,1992], 5-[Scharroo et al, 1994].

Of the differences between the AVISO and Aston dual crossover datasets the
most significant is probably the different sea state bias models. If the
crossover data set was evenly distributed in latitude and variation in wave
height this would result in a mean difference with some noise. However, as
the crossovers are predominantly in the southern oceans where large values
and variation of significant wave height are observed some additional signal
will undoubtedly be absorbed by the cubic splines if the 5.95 % model 1s
assumed correct. Whilst a difference of near 0.5% only contributes a lcm
difference for wave heights of 2m, at heights above 7m differences exceeding
3 5em exist. The use of the actual sunspot activity rather than the predicted
values for the BENT ionospheric model should result in the AVISO ionospheric
correction being more accurate and cause few problems. Similarly the CSR
1.2 and 3.0 tide models are similar and few problems are anticipated with the

use of these models.

In the cubic spline error estimation [Le Traon et al, 1995], some 2500 spline
knots mainly positioned at the northern and southernmost TOPEX - ERS-1
dual crossovers are typically used for each cycle. Those arcs that result in the

two knots being further than 10,000km apart and which have a minimum of
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90 dual crossovers have an additional knot placed in the middle of the arc.
This then requires the recovery of some 2500 parameters (number of knots +4)
in the least squares recovery procedure. In comparison the Aston procedure
uses a minimum of 1134 parameters to define the error for a cycle containing

7 arcs and a maximum of 1458 parameters for a cycle with 9 arcs.

To assess the accuracy of the orbits and the cubic spline correction the initial
JGM-2 orbits (as supplied by Delft University) and those improved with
corrections supplied by AVISO have been applied to 7 cycles (cycles 6 -12) of
the Aston dual and single satellite crossover data sets. The rms fits to these
data sets are presented in tables 8.10 and 8.11 when means of -41.8 cm
(TOPEX) and -26.8cm (Poseidon) have been removed from the uncorrected
dual crossovers and -11.7cm (TOPEX) and 3.4 cm (Poseidon) have been
removed from the corrected dual crossovers to account for the relative range

biases and differences in reference ellipsoids.

Table 8.10 Delft ERS-1 Orbit Fits to Aston Crossover Datasets.

Cycle No. ASXO Rms (cm) | ADXO Rms (cm)
6 20.1 (3.5%) 15.8 (0.7%)
7 21.4 (2.6%) 15.1 (0.3%)
8 21.3 (0.9%) 17.0 (4.7%)
9 16.0 (0.4%) 13.1 (0.2%)
10 18.6 (3.4%) 15.0 (1.4%)
11 19.5 (1.2%) 14.6 (0.2%)
12 15.3 (0.2%) 12.8 (0.1%)
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Table 8.11 AVISO Corrected ERS-1 Orbit Fits to Aston Crossover Datasets.

Cycle No. ASXO Rms (cm) | ADXO Rms (cm)
6 8.3 (0.1%) | 8.0 (0.3%)
7 8.3 (0.3%) 7.7 (0.3%)
8 7.6 (0.3%) 7.7 (0.4%)
9 7.9 (0.5%) 7.8 (0.4%)
10 8.0 (0.4%) 8.0 (0.4%)
11 9.2 (1.1%) 9.0 (0.7%)
12 9.0 (0.6%) 9.1 (0.5%)

The rms fits for the Delft orbits (subject to a 50cm rejection level) are higher
than those for the baseline Aston orbits as the former were determined using
laser ranges as the only satellite tracking data set. The corrected orbits,
however, provide lower rms values (subject to a 30cm rejection level) than the
corrected Aston orbits. Using the same assumptions outlined earlier
regarding the error signals from TOPEX/Poseidon and ERS-1 the mean dual
crossover fits of 14.8cm and 8.2cm indicate radial accuracies of 13cm and 4.2
em for the uncorrected and corrected orbits respectively.  As it is assumed
that none of the signal removed is anything but ERS-1 orbit error the estimate
of 4.2cm is definitely optimistic. However, it is almost impossible to ascertain

how much of these other signals has been absorbed.

8.6.2 Analysis of the Delft and AVISO Orbits

Using the methodology outlined in 8.5.1 the mean and variable components of
the orbit error have been determined for the Delft and AVISO ERS-1 orbits.
Analysis of the seven cycles (6-12) results in the derived mean and variable

components plotted in figures 8.19 - 8.22.
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The mean and variable components for the cubic spline corrected orbits show
a significant reduction. In fact the mean values (mean error of 1.9cm rms and
variable error of 1.3cm rms) indicate that a larger error has been removed
than in the correction procedure employed at Aston (mean error of 2.2cm rms
and variable error of 1.9cm rms).  This is not surprising due to the high
number of parameters recovered and the ability of the cubic splines to absorb
other signals. However, the remaining north-south tilt present in the mean
component is a cause for concern as this should have been completely removed
(as was the case for the Aston correction procedure). At the time of study no
explanation could be found for this phenomena as none of the altimeter
correction differences were expected to reveal this kind of signal. Only later
was it determined [Le Traon, 1996] that different pole tide corrections had
been erroneously used for the TOPEX/Poseidon and ERS-1 altimetry in the
AVISO dual crossovers. This difference therefore resulted in a north-south
signal that was absorbed by the cubic spline correction procedure. On
applying the corrected orbits to the Aston altimeter datasets the pole tide
discrepancy was reinstated. This highlights the main problem with non-
dynamic, empirical, correction procedures as extreme care must be taken when
applying the corrected orbits to other altimeter datasets which utilise different
correction algorithms. Ideally if any of the geophysical or tidal corrections are

changed the orbit correction should be recomputed.

The estimated error components for the uncorrected and cubic spline corrected
orbits are shown in table 8.12. Unsurprisingly the Delft University orbits
suffer from larger variable geographically correlated and non conservative
force mis-modelling errors than the Aston equivalents as crossover differences
have not been used in the orbit determination. The cubic spline corrected
orbits show better recovery in all three categories than the methodology used
at Aston, however, this again is not surprising due to the ability of the cubic

splines to absorb signals other than the orbit error.
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. Table 8.12 Radlal Error Sources for the De

SO Corrected ERS-1

Variable Geog. Correlated

Orbits.
Oﬁginal Orbits Corrected Orbits
Radial Accuracy 13.0cm rms 4.2cm rms
Mean Geog. Correlated 4.2cm rms 1.9cm rms
5.7cm rms 1.3cm rms

Non Cons. Force Mis-Mod.

10.9cm rms

3.5cm rms

Figures 8.23 - 8. 96 show the mean harmonic powers recovered when a
harmonic. analysis. of data. in the southern hemisphere using the Ast on,\\’{f\;

crossovers datasets with the Delft and AVISO orbits is carried out using the

methodology outlined in 8.5.2.

Power (cm'squared)

Figure 8.23 Geographically Correlated Mean Error Powers for the Delft

ERS-1 Orbits
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Figure 8.24 Geographically Correlated Variable Error Powers for ,,the‘3 \\
Delft ERS-1 Orbits .
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Figure 8.25 Geographncally Correlated Mean ErrorgPowers for the
AVISO Corrected ERS-l Orbits -
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Figure 8.26 Geographically Correlated Variable Error Powers for the
AVISO Corrected ERS-1 Orbits

Once again the cubic splines ability to recover the radial error is demonstrated
as the orders of m that contribute significantly to the radial error have been
reduced. This reduction also occurs for the low order terms where the Aston
correction procedure struggles; thus suggesting that the cubic splines have
modelled the non-gravitational orbit errors more efficiently at the possible

expense of absorbing other signals.

8.6.3 Comparison of Cubic Spline and Aston Corrected ERS-1 Orbits

Finally a comparison between the orbit heights from the cubic spline and
Aston correction procedures is carried out. The orbital heights above the
reference ellipsoid used at Aston (Rg=6378.1363 km, £'=298.257) were
calculated at 30 second intervals and split into land, sea and extreme latitude
categories. The points over land were determined by applying a land filter
whilst those with latitudes beyond +65 degrees were defined as extreme
latitude (beyond the latitude range of the dual crossovers). Those points
classed as over sea were then checked to see if altimetry data and associated

corrections were present so that shallow water regions and periods when the
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8.7 Conclusions

This chapter has attempted to verify possible unification of the ERS-1 and
TOPEX/Poseidon altimeter datasets through refinement of orbital positioning
and assessment of the accuracy of the corrected orbits. Clearly the orbit error
for ERS-1 has been reduced as the enhanced ERS-1 orbits provide closer
agreement with TOPEX in the determination of mean sea surface and annual

sea surface variability.

Analysis of the mean and variable geographical orbit error has also validated
the removal of orbit error, with the corrected orbits having an estimated radial
accuracy of 5.2cm rms, comprising of 2.9cm geographically correlated errors
and non-conservative mis-modelling errors of 4.3cm. This compares with an
estimated radial accuracy of 9.9cm rms with geographically correlated and
non-conservative force mis-modelling errors of 5.8 and 8.0 cm rms respectively

for the uncorrected orbits.

By considering dual crossovers in the southern hemisphere between latitudes
of -66 and -41 degrees it has also been possible to establish that the
gravitational error frequencies that most significantly contribute to the radial

error have been well recovered.

Finally, comparison of orbits corrected by the Aston methodology and cubic
splines has allowed an estimation of the radial difference over the oceans to
be made, the rms difference being approximately 5.0cm. This compares well
with the estimate made when comparing the radial accuracies of each orbit

(5.2 and 4.2cm).
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Chapter 9
Altimeter Calibration Exercise for ERS-2

9.1 Introduction

With the launch of ERS-2 on the 21st April 1995, ESA has two structurally
identical satellites operating in the same orbit, separated by some 20 minutes
within the orbital plane. This has allowed some interesting uses of ERS-
1/ERS-2 altimetry that previously have not been possible eg. the study of
differential aerodynamic forces. In order to fully realise the potential this
situation offers it is necessary to calculate the sea state (the reader is referred
to chapter 5 where the sea state bias of ERS-1 is recovered) and range biases

for the ERS-1 and ERS-2 altimeters thus allowing the data sets to be merged.

This chapter outlines some of the work undertaken at Aston University in an
estimation of these biases for ERS-2 as a contribution to the ERS-2 Radar
Altimeter and Microwave Radiometer Commissioning Working Group set up

by the European Space Agency.

9.2 Precise Orbits Used

The period of the ERS-2 mission analysed consisted of one partial and three
full 35 day repeat cycles. The first partial ERS-2 cycle was 12 days long and
began on MJD 49840 and the last cycle ended on MJD 49957. The four cycles
have been split into arcs that are typically five days in length overlapping at
the start and finish (overlaps being one day in length) except where

manoeuvres are present. As a consequence some 30 ERS-1 and 29 ERS-2

155




orbits have been determined.

The force models used throughout the orbit determination procedure are given
in table 9.1 and the parameters recovered are: drag scale factors for nodes six
hours apart; a solar reflectivity coefficient; initial state vector ;an empirical
once per revolution along track acceleration and an altimetric time tag bias.
The drag scale and solar reflectivity coefficients were constrained by the

constraints outlined in chapter 7.

Table 9.1 Force Models Used in Orbit Determination.

Gravity Field Model JGM-3
Thermospheric Model MSIS-83*
Surface Force Model Aston University Model®

1-[Hedin, 1983], 2-[Ehlers, 1993]

In addition to the laser range data, crossover data, with epoch differences less
than five days to minimise aliasing of any oceanographic signal, have been
uatilised in order to better define the satellite's position. The use of crossovers
as a tracking data set has been required because of the poor global coverage

offered (predominantly Europe and North America) by the laser range stations.

Table 9.2 Rms Fits for the ERS-1 Orbits.

DATES (MJD) | No. Orb. SLR Rms SXO Rms Alt Rms

49838 - 49852 3 82 +0.7cm | 10.4 +0.2cm | 22.3 % 0.4cm
49851 - 49888 9 95 +1.6cm | 10.1 +0.4cm | 22.3 = 0.3cm
49887 - 49923 9 10.6 + 1.6ecm | 10.1 +0.5cm | 22.2 + 0.2cm
49922 - 49957 9 11.1 + 1.4cm | 10.1 +0.8cm | 22.6 + 0.4cm
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Table 9.3 Rms Fits for the ERS-2 Orbits.

Dates (MJD) No. Orb. SLR Rms SXO Rms ALT Rms
49838 - 49855

87 +1.6cm | 10.7 +0.3cm | 23.2 + 0.4cm

49854 - 49887 99 +1.5cm | 10.3 £0.5cm | 22.5 + 0.5cm

49886 - 49923
49922 - 49958

10.4 +0.9cm | 10.0 £0.6cm | 22.1 + 0.2cm

© [([© | | W

11.3 +1.6cm | 10.3 +0.7cm | 22.7 + 0.7cm

The crossover and laser observations were given the same weighting and a
rejection level close to the 30 level (30cm) employed, resulting in the mean rms

fits and variations presented in tables 9.2 and 9.3.

Altimetric data was also included within the orbit determination but was given
zero weight so as not to influence the solution. This enabled long arc
altimeter range biases to be recovered from the 15 second normal altimeter

observations.

9.3 The Altimeter Dataset

The altimetry data used in the orbit determination (and subsequently the
relative range, sea state and daily time tag bias determination) was the Ocean
Product (OPR) supplied by ESA as part of the calibration and validation of
ERS-2.  The corrections applied are those given on the OPR CDROM
[CERSAT, 1996] with the exceptions listed in table 9.5 and the altimeter data
was screened for unreliable data by using the editing criteria outlined in table
9.4.

Table 9.4 Altimeter Data Editing Criterion.

Altimeter Range 0 < 25cm

Significant Wave Height (h,,;) | hy; < 10m

Backscatter Coefficient (o,) 6dB < o, < 21dB
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Table 9.5 Altimeter Range Measurement Corrections.

Ocean Tide Model CSR 3.0*

Pole Tide Applied

Inverse Barometer Correction | Applied

Sea State Bias 5.5% hy,*

Significant Wave Height Modified®

Geoid Height JGM-2* (deg & order 70)
OSU91A® (deg & order 70-360)

Sea Surface Topography Aston® (deg and order 15)

Processing Errors Corrected’

USO Drift Corrected’

Altimeter Bias Jumps Corrected®

1-[Eanes R, 1995], 2-[Gaspar and Ogar, 1994], 3-[Cotton and Challenor, 1996],
4-[Nerem et al, 1994], 5-[Rapp et al, 19911, 6-[Moore, 1996(b)], 7-[Stum, 1996],
8-[Loial, 1996]

Table 9.5 outlines several corrections :the modification of the significant wave
height; correction for altimeter bias jumps; correction for drift in the ultra
stable oscillator and corrections for mistakes in the OPR processing, which are
not given as explicit corrections on the OPR data set and warrant some

discussion.

9.3.1 Modification of the Significant Wave Height

Comparisons of the significant wave heights as measured by ERS-1 with
measurements made at buoy locations has shown that ERS-1 significantly
underestimates the heights of ocean waves. Cotton and Challenor [1996] have
derived relationships to correct the ERS-1 and ERS-2 significant wave heights

such that they are consistent with buoy measurements. The relationships
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derived by Cotton and Challenor [1996] for ERS-1 are given by equations (9.1)

h %: 1.156h %OPR +0.322 h%<0.92n¢ (9.1a)

h ;""":0.932}1 _g”R +0.527 h_;>092m (9.1b)
whilst equations (9.2) gives the relationships for ERS-2.

h %: 1.169h ;”R—o.om h_;<l 24m (9.2)

hi""=0.955h " +0.268 hi>1.24m (9.2b)

3 3 3

The value of 5.5% of significant wave height to model the sea state bias was
used in preference to that derived in chapter 5 (5.95%) because of the use of
these modified wave heights. It was felt that if underestimation of the wave
heights had been compensated for by using equations (9.1) and (9.2) 5.95%
would be too high and would significantly affect the long arc range biases

determined during the orbit determination process

9.3.2 Correction of Altimeter Bias Jumps

Preliminary studies [Moore et al, 1996(b)] of the QLOPR (Quick Look Ocean
Product) altimeter data sets revealed that the ERS-1 and ERS-2 altimeters
have been experiencing bias jumps. These bias jumps have subsequently been
shown to be associated with on board anomalies [Roca and Francis, 1996]
which cause the altimeter to be switched off resulting in a drop in instrument
temperature and a change in the altimeter’s steady state. Analysis of SPTR
(Single Point Target Response) data [Loial, 1996] has allowed corrections to

account for these bias jumps to be determined and these have subsequently
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_ been applied to both altimeter data sets.

The bias jumps for ERS-1 and ERS-2, as derived from the SPTR dat
shown in figure 9.1.

Bias Jump (m)

-0.02 T T
49400.0 49600.0 498000 500000

‘Date (MJD)

Figure 9.1 Range Bias Jumps for ERS-i and ERS-2

9.3.3 Correction for Ultra Stable Oscillator Drlft
The ultrastable oscillator frequencies onboard ERS 1 and ERS-2 are drifting
from their assumed value used during the altimeter data processing by
CERSAT [Stum, 1996]. As a consequence the range mea_sureme‘nts‘ fo.r-\' these \
two satellites are drifting such that the absolute andlfelative altimeter biases
do not appear to remain constant over a perioé of tinle As of the middle of
1995 (which corresponds to the perlod concerned) the ERS-1 range
measurements are short by some 2. 5cm WhllSt the ERS 2 range measurements

are long by 0.7cm. These corrections have been applied so that the ultra

stable oscillator drift does not add to the absolute or relative range biases

determined.
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9.3.4 Corrections for Data Processing Errors

Several range biases have been artificially introduced into the ERS altimeter
measurements during the processing of the data. Stum [1996] reported that
these processing errors were caused by “use of bad file for OPR generation”
(ERS-1 range is 1.57cm too long), “differences of the group delay of the RF path
outside the calibration path between ERS-1 and ERS-2" (ERS-2 range is
40.92cm too long) and “OPR generated with 85.83cm for distance antenna/CoG
instead of 83.7cm” (ERS-2 range is 2.13cm too long) that require correction.
Both ERS altimeter data sets have therefore been corrected for these OPR data

processing errors.

Utilizing these additional corrections the long arc values of the ERS-1 and
ERS-2 altimeter range biases have been recovered during orbit determination.
Figure 9.2 shows these recovered altimeter biases when the sea state bias is

modelled as 5.5% of the significant wave height.
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Figure 9.2 Altimeter Range Biases for the ERS Satellites Determined
During Orbit Determination
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The means of the long arc bias values shown in figure 9.2 are -75.8 + 1.1 cm
and -75.8 +0.8 cm for ERS-1 and ERS-2 respectively. Subtraction of the ERS-
2 value from that obtained for ERS-1 gives a preliminary relative range bias
of 0.0 + 1.4 cm. As the sea state bias values used in the determination of this
value have not been validated no real conclusions can yet be drawn other than

the two altimeters appear to be behaving similarly, as would be expected.

9.4 Time Tag and Sea State Bias Recovery

Before determining the relative ERS-1/ERS-2 altimeter range bias it is
important to remove as many erroneous signals as possible.  This 1s
particularly true because of the haste in which the ERS altimeter datasets
were produced (several processing errors have already been identified).
Analysis of the ERS-2 QLOPR data [Moore et al, 1996] [Scharroo ,1996]
revealed severe problems with the time tags of data processed by ground
stations other than Kiruna as the time tag bias was not stable and was
frequently as high as +10ms. To ensure that time tag biases are not absorbed
into the ERS orbits an altimetric time tag bias has been recovered from the
crossover data during the orbit determination. Subsequently any time tag
bias present in the OPR datasets will still be present in the crossover datasets

and requires removal before the determination of any relative range bias.

As the significant wave heights have been modified thus causing the sea state
biases for the ERS datasets to be unknown it is necessary to determine these
corrections. The sea state bias model used is the simple linear relationship

with significant wave height described by equation (5.1).

9.4.1 The Time Tag Bias
A time tag bias, T, results in the altimeter time tag, t, being wrong such that

T the correct time tag is defined by equation (9.3),

T=t+1 (9.3)
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_ The altim,eter;height,,half, at ﬁme t can therefore be expressed by [Lam, 1994]

dh ~alt

() halt(T ) ha{I(T) ( )T'*‘O(Tz)

where the error in the altimeter height measurement due to the time tag bias
18,

dh alr

Ah a[t /
,(, dr )r (9.5)

Wagner and Klokocnik [1994] describe the altimetric height error caused by
a constant time tag bias for a near circular orbit above an oblate spheroid' .

Earth as,

C,.a
Ah alt:faeSinzi(fﬁ.-%%)/Sinz U‘%(ij_ (9,6)

where U is the argument of latltude 1 and a are the orbltal inclination and
semi major axis and a, , f and C20 are the Earth’s mean equatorial radius,

coefficient of flattening and un-normahzed zonal harmonic of degree 2.

The erroneous signal caused by a time tag bias can therefore be identified as
a signal of frequency twice per revolution. Significantly this means that if any \
time tag bias was present in the ERS-1 data set used for chapters 7 and 8 it
will have been removed by the correction procedure as a twice per revolution

signal was recovered.

9.4.2 The Least Squares Recovery -
Using the method of least squares recovery outlined in section 7.4 each of the
crossover and repeat pass datasets have been used to determine the sea state,

daily time tag and relative range bias values for ERS-1 and ERS-2.
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s1ng1e satellite crossovers, h,**" is the corrected signiﬁcant: wave hélgh‘tufof

satellite 1 (set to zero for TOPEX) and (dh‘ﬂ‘“/dt)l is the rate of change in

altimeter height with respect to time

TOPEX, as it is assumed that the s no time tag bias in the TOPEX

altimetry, and when the crossover epoch is not W1th1n the sp ed time period

for the relevant ERS daily time tag bias:’;"
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2
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9.4.3 Time Tag and Sea State Blas Determmatmn
To determine the sea state and t1me tag blases of ERS 1 and ERS-2 prior to
recovery of relative range biases, the single satellite crossovers for both of the
ERS satellites have been analysed. By considering those points where the
time difference is less than ten days scatter plots of the crossover residuals

with respect to the first epoch can be constructed and are shown in figures 9.3

and 9.4.
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Figure 9.3 ERS-1 Single Satellite Crossover Residuals
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Figure 9.4 ERS-2 Single Satellite Crossover Residuals

Analysis of figures 9.3 and 9.4 shows that the crossover residuals of ERS-1
are slightly lower than the crossover residuals of ERS-2, however, this

difference is only marginal and no significance can be attached.
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Figure 9.6 Recovered Daily Time Tag Biases for ERS-2
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After determining the sea state and daily time tag biases for the entire data
set (cycles 1-4) each individual cycle was analysed. This analysis consisted of
using the daily time tag biases previously recovered and shown in figures 9.5
and 9.6 and suppressing their recovery whilst the values of sea state bias were
recalculated. The sea state biases, as percentages of significant wave height,
determined for the entire data set with errors determined from the variance

in solutions recovered from the individual cycles are presented in tables 9.6

and 9.7.

Table 9.6 Recovered Sea State Biases for ERS-1.

Cycle No. | Dates (MJD) No. Obs Recovered SSB SXO Rms
1 49838 - 49851 5,129 5.05 12.1
2 49851 - 49886 18,508 5.07 11.5
3 49886 - 49921 17,573 5.54 11.5
4 49921 - 49956 19,244 5.30 11.5
1-4 49838 - 49956 68,649 5.27 £ 0.20 11.6

Table 9.7 Recovered Sea State Biases for ERS-2.

Cycle No. Dates (MJD) No. Obs Recovered SSB SXO Rms
1 49840 - 49852 3,773 5.61 12.1
2 49852 - 49887 15,479 4.94 12.2
3 49887 - 49922 17,434 5.17 11.3
4 49922 - 49957 15,986 5.29 11.7
1-4 49840 - 49957 60,571 5.18 + 0.25 11.8

The recovered daily values of the time tag biases suggest that the time tag
biases for ERS-1 and ERS-2 are -1.23 + 0.17 ms and -1.06 = 0.30 ms
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respectively (where the values are added to the altimeter time tag against the
convention of subtracting biases). The source of this bias is as of this moment
unclear, however, processing errors and or orbit error of signal two cycles per

revolution are possible contributors.

Preliminary studies of the QLOPR (Quick Look Ocean Product) and OPR data
sets using the original wave heights resulted in the recovered sea state biases
being approximately 6% and 5.5% of the significant wave height for ERS-1 and
ERS-2 respectively. The recovered sea state bias values, using the modified

wave heights, show that there has been some unification of the data sets in

that both ERS-1 and ERS-2 have similar sea state biases.

The lower significant wave height parameters recovered for the sea state bias
values, as compared to previous studies, has validated the use of the 5.5% in
preference to the 5.95% model of sea state bias during the orbit determination.
If a global mean of 2m for the significant wave height is assumed the derived
sea state bias would result in the long arc altimeter biases for ERS-1 and ERS-
2 as calculated during the orbit determination (figure 9.2) requiring corrections
of -bmm and -6mm respectively. Adding these corrections to account for
errors in the sea state bias models yields long arc biases of -76.3 + 1.1 cm and
-76.4 = 0.8 cm for ERS-1 and ERS-2 respectively. A relative bias of 0.1 + 1.4
cm (ERS-1 - ERS-2) is therefore observed from long arc studies.

9.5 Relative Range Bias Determination

To determine the relative range bias between ERS-1 and ERS-2 several dual
satellite crossover and repeat pass datasets have been utilised. All data sets
have been corrected by removing the daily time tag biases, shown in figures
9.5 and 9.6 (these values are preferred to values obtained during the orbit
determination), and sea state biases of 5.27% and 5.18% for ERS-1 and ERS-2

respectively. In the least squares process the recovery of the sea state and
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daily time tag biases was suppressed so that the only term recovered was the

relative range bias.

9.5.1 The Dual Crossover Datasets.

Three types of dual satellite crossover are considered, namely; ERS-1/ERS-2,
TOPEX/ERS-1 and TOPEX/ERS-2 dual crossovers. No Poseidon data has
been used due to the limited timescale of the period analysed and the small
amount of Poseidon data available. The TOPEX altimetry data was prepared
in exactly the same manner described in chapter 7 except NASA orbit heights
determined with respect to the JGM-3 gravitational field, as supplied by

AVISO from cycle number 93 onwards, have been used.

Scatter plots and histograms of each of these data sets are shown in figures 9.7
- 9.9 where the dates refer to the first satellite (ie TOPEX in TOPEX/ERS-1
and ERS-1 in ERS-1/ERS-2 dual crossovers) and the recovered relative range
biases are presented in tables 9.8 - 9.10 where the errors given are the

standard errors from the scatter in solutions for cycles 1-4.
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Figure 9.7 TOPEX - ERS-1 Dual Satellite Crossover Residuals
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Figure 9.8 TOPEX - ERS-2 Dual Satellite Crossover Residuals
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Figure 9.9 ERS-1 - ERS-2 Dual Satellite Crossover Residuals
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Table 9.8 Recovered Relative Range Biases from TOPEX - ERS-1 Dual

Satellite Crossovers.

Cycle No. | Dates(MJD) | No. Obs | Rel. Range Bias (cm) | Rms (cm)
1 49838-49851 | 18,910 30.8 11.5
2 49851-49886 | 87,069 30.3 10.7
3 49886-49921 | 57,344 30.8 10.2
4 49921-49956 | 72,522 31.2 10.0
1-4 49838-49956 | 236,772 30.8 + 0.3 10.4

Table 9.9 Recovered Relative Range Biases from TOPEX - ERS-2 Dual

Satellite Crossovers.

Cycle No. | Dates(MJD) | No. Obs | Rel. Range Bias (cm) | Rms (cm)
1 49840-49852 | 15,958 26.5 12.3
2 49852-49887 | 80,653 27.9 11.1
3 49887-49922 | 60,338 28.9 10.3
4 49922-49957 | 65,095 28.5 10.3
1-4 49840-49957 | 222,982 28.3 + 04 10.8

Table 9.10 Recovered Relative Range Bias from ERS-1 - ERS-2 Dual

Satellite Crossovers.

Cycle No. | Dates(MJD) | No. Obs | Rel. Range Bias (cm) | Rms (cm)
1 49838-49851 8,253 -2.7 12.5
2 49851-49886 | 33,057 -2.0 11.9
3 49886-49921 | 34,576 -2.0 11.6
4 49921-49956 | 34,477 -2.6 11.6
1-4 49838-49956 | 112,291 -22+04 11.8
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All the dual crossover data sets yield ERS-1 - ERS-2 relative range biases close
to -2.0 cm, although a larger scatter is observed for the TOPEX dual crossovers
(where the TOPEX - ERS-1 relative range bias is subtracted from the TOPEX -
ERS-2 relative range bias). This is hardly surprising as the different media
corrections (primarily ionosphere) and non-cancellation of orbit errors will

contribute to the TOPEX - ERS relative biases observed.

9.5.2 Repeat Track Analysis.

As ERS-2 follows the ground track of ERS-1 but with a time lag of one day it
is possible to use the repeat passes between ERS-1 and ERS-2 as a data set
similar to dual satellite crossovers. The repeat tracks from ERS-1 (or ERS-2)
every 35 days are not considered because of the growth in ocean signal

associated with the large time difference between epochs.

The repeat pass data was constructed by interpolating the altimeter and orbit
heights at 0.25 degree latitude intervals for each of the ERS satellites. No
cross track corrections for deviation from the reference track were made due
to the continual close proximity of the tracks throughout the ERS-2 calibration
phase. This results in an extensive global data set which is more evenly
distributed throughout the latitudinal bands than the single and dual satellite

Crossovers.

The scatter plot and histogram of the mean relative bias for each pair of
ascending and descending tracks with a minimum of 20 observations are
shown in figure 9.10, when sea state biases of 5.27% and 5.18% are applied
with the time tag bias values of figures 9.5 and 9.6 and their recovery
suppressed. The relative range biases recovered by the least squares

procedure are given in table 9.11.
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Figure 9.10 Mean Relative Bias for Each Pair of ERS-1 - ERS-2 Repeat
Pass Tracks

Table 9.11 Recovered Relative Range Biases from ERS-1 - ERS-2 Repeat

Tracks.
Cycle No. | Dates(MJD) | No. Obs Rel. Range Bias (cm) | Rms (cm)
1 49838-49851 | 94,122 -2.3 8.0
2 49851-49856 | 268,932 -1.6 7.3
3 49856-49921 | 269,987 -1.5 7.4
4 49921-49956 | 265,271 -2.2 7.2
1-4 49838-49956 | 901,530 -1.8+x04 7.4

Again an ERS-1 - ERS-2 relative range bias close to -2.0cm is observed. The
low rms fits to the repeat pass data is due to the ERS geographically correlated
errors (mean and variable) cancelling to the extent that the observations are
of accuracies near consistent with TOPEX/Poseidon single satellite crossovers.
This data set with it’s inherent accuracy and high number of well distributed

observations is obviously very powerful.
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9.6 An Estimation of the Systematic Errors in the Relative Range Bias
In an attempt to estimate realistic errors (as opposed to the rms variation) for
the relative range biases given in tables 9.8 - 9.11 and the long arc range bias
values derived during the orbit determination the effect of systematic errors
from various sources are considered. These error sources consist of
geographically correlated orbit error, centre of gravity and instrumental offset

errors, media /tidal correction errors and sea state bias errors.

9.6.1 Geographical Orbit Error

Due to the non uniform distribution of crossover and repeat pass data (data is
predominantly southern hemisphere) it is necessary to consider the systematic
effects that orbit error might impose upon the relative and absolute range bias

recoveries.

Whilst the geographically correlated orbit error will cancel for the repeat pass
tracks between the ERS satellites so that there is no obvious systematic error
contribution, the same cannot be said for the dual crossover data sets. In the
case of ERS-1 - ERS-2 dual crossovers this is due to any systematic errors
between the ascending and descending arcs still being observable.  The
difference in geographically correlated orbit error between the ERS satellites
and TOPEX/Poseidon will also cause a systematic bias to be introduced into
the relative bias determined from TOPEX - ERS dual crossovers. However,
the subtraction of the TOPEX - ERS-1 relative bias from the TOPEX - ERS-2
relative bias should still provide a reasonable measure of the ERS-1 - ERS-2
relative bias due to the systematic errors present in each data set being

similar, and therefore cancelling.
The effect of orbit error is perhaps most significant when determining the

range biases from long arc analysis. However, as any systematic bias error is

likely to be present in both data sets a reasonable relative bias should be
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obtainable.

The systematic orbit error is thus quantified by assuming the mean of the
single satellite crossover residuals as presented in figures 9.3 and 9.4. The
higher value for ERS-2 is taken resulting in a systematic bias of 0.14 cm being

adopted for ERS-1 and ERS-2.

9.6.2 Media and Tidal Correction Errors.

The significant media errors are primarily due to mis-modelling of the wet and
dry troposphere, the ionosphere, ocean tides and inverse barometer corrections.
Stum [1996) reported that a mean bias of 0.7 cm between the ERS-1 and ERS-
2 wet tropospheric corrections as measured by the two, slightly different,
microwave radiometers could be observed. As the dry tropospheric correction
models are the same for both satellites and based upon the same
meteorological data, there should be no systematic bias observed in any dual
ERS altimeter measurement from this correction. Similarly it is assumed that
the models used for the ionospheric (Bent Model) and ocean tide (CSR 3.0)
corrections provide no systematic bias in the ERS-1 - ERS-2 dual crossovers
and repeat track data. The systematic error for ERS dual measurements (dual

satellite crossovers and repeat passes) is therefore defined as 0.7 cm.

TOPEX/Poseidon's ionospheric correction is more accurately determined than
ERS-1's due to the use of a dual frequency altimeter. Similarly the
microwave radiometer on board TOPEX/Poseidon cannot be assumed to
measure the same wet tropospheric correction as measured by the radiometers
onboard the ERS satellites. As the ocean tide model used is the same for both
satellites no systematic error is assumed. A lem systematic error is therefore

expected between the ERS and TOPEX altimeter media corrections.

The long arc range bias measurements will contain systematic errors from
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each of the altimetric media corrections. Additionally tidal corrections may
provide a systematic error so a much larger systematic error of 2cm is

assumed for the long arc range bias determination.

9.6.3 Sea State and CoG/Instrumental Errors.

The sea state biases for ERS-1 and ERS-2 are recovered as 5.27 + 0.20 and 5.18
+ 0.25 percent of the significant wave height (as presented in tables 9.6 and
9.7) where the variation is derived from the scatter of recovered results. The
systematic bias due to sea state bias is therefore assumed to be 0.25% of the
significant wave height for both ERS-1 and ERS-2. Assuming an average of
2m for the significant wave height results in systematic errors of 0.5 cm due

to the sea state bias for each altimeter measurement.

The error due to mis-modelling of the centres of gravity and/or instrumental

corrections 1s assumed to be 0.2cm for each of the ERS satellites.

9.6.4 The Absolute and Relative Range Biases and Errors

Table 9.12 Systematic Errors for Each Dataset.

Data Type Orbit Error | Media Errors | SSB Errors | CoG Errors
T-ERS DXOs 0.14 cm 1.00 cm 0.50 cm 0.20 cm
E1-E2 DXOs 0.20 cm 0.70 cm 0.70 cm 0.30 cm
Repeat Passes 0.00 cm 0.70 cm 0.70 cm 0.30 cm
Altim Obs 0.14 cm 2.00 cm 0.70 cm 0.20 cm
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Table 9.13 Recovered Relative Range Biases with Estimated Errors.

Data set Rel/Abs Altimeter Range Bias (cm)
TOPEX - ERS-1 Dual Crossovers 30.8 + 1.1
TOPEX - ERS-2 Dual Crossovers 283 + 1.1
ERS-1 - ERS-2 Dual Crossovers -22 + 11
ERS-1 - ERS-2 Repeat Pass Tracks -1.8 + 1.0
ERS-1 Altimeter Observations -76.3 = 2.1
ERS-2 Altimeter Observations -76.4 + 2.1

Table 9.12 summarises the systematic error sources that contribute to each of
the datasets and table 9.13 presents the derived absolute and relative range
biases, plus errors derived from the error contributions of table 9.12, for each

of the data types.

9.7 Conclusions

Upon correction of the ERS altimeter datasets for onboard bias jumps, Ultra
Stable oscillator drift, OPR processing errors and underestimation of the wave
heights analysis of the single satellite crossovers has resulted in the ERS-1
and ERS-2 sea state biases being determined as 5.27 + 0.20 and 5.18 + 0.25
percent of the significant wave height respectively. The closeness of these
results suggests that equations (9.1) and (9.2) compensate for ERS-1's and
ERS-2's underestimation of wave height reasonably well. Similarly the daily
time tag biases recovered for each satellite, -1.23 +0.17 ms for ERS-1 and -
1.06 + 0.30 ms for ERS-2, are similar.

The ERS-1 - ERS-2 relative range biases recovered from analysis of the dual
satellite crossovers, repeat pass tracks and altimeter observations are
summarised in table 9.14, where the errors presented are those derived in

section 9.6.
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Chapter 10

Conclusions

10.1 A Review of the Thesis Aims

The aim of this thesis was primarily to reduce the errors present within the
ERS-1 (and to a lesser degree ERS-2) altimeter datasets such that they have
accuracies commensurate with TOPEX/Poseidon. Whilst the radial orbit
error of ERS-1, at the time of study, was identified as the largest discrepancy
between the ERS and TOPEX/Poseidon datasets, the recovery of the relative
range and sea state biases for ERS-1 was also deemed important for the

unification of these datasets.

Progress in this direction has been achieved, firstly, by analysis and removal
of the two most significant error sources present in the ERS dataset, namely;
the sea state bias and orbit error; and secondly by calibration of the ERS-2
altimeter with respect to ERS-1.

10.2 Reduction of ERS-1 Error due to Sea State Bias

Analysis of several models for the less accurate sea state bias model of ERS-1
(compared to TOPEX/Poseidon) by the minimisation of single satellite
crossovers has been carried out in chapter 5.  All of the models considered,
with terms relating to wind speed and significant wave height, provide
considerably better fits to the crossover datasets than the model provided on
the OPR dataset. Whilst the most significant improvement was achieved by
the four parameter model, similar to that used for TOPEX/Poseidon,
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comparisons of the results with those for TOPEX/Poseidon revealed anomalous
trends relating to the term involving the square of the ERS-1 significant wave
height (ie this parameter took the opposite sign). This discrepancy could only
be assigned to the properties of the ERS-1 tracker. Until further analysis and
confirmation of this result is carried out it was concluded that models
consisting of both significant wave height and wind speed parameters would
be unreliable. For this reason the simple linear relationship between sea state
bias and significant wave height was adopted where the sea state bias 1s
defined as 5.95% of the significant wave height. The use of this model instead
of that provided on the OPR dataset resulted in the ERS-1 single satellite
crossover residuals reducing from 16.6 cm rms to 16.1 cm rms. As the OPR
sea state bias model is approximately equal to 2% of the significant wave
height this represents an error of 8cm at wave heights of 2m (the approximate

global average) and significantly larger errors at wave heights of 5m or more.

10.3 Reduction of ERS-1 Error due to Radial Orbit Error

The radial orbit error of ERS-1 was expressed as a finite Fourier expansion
series to model the gravitational field based error and additional secular and
periodic terms to model errors due to atmospheric density, solar radiation
pressure and initial state vector mis-modelling. By analysis of the JGM-2
gravity fleld’s co-variance matrix, the significant gravitational error
frequencies were identified and recovered for 13 cycles of ERS-1's multi-
disciplinary phase. An optimal strategy for error recovery was devised by
analysis of the solution’s co-variance matrix eigenvalues and the reduction in
the TOPEX/Poseidon - ERS-1 dual crossover residuals.  This strategy
consisted of recovering 160 out of the 162 dominant error terms for each
individual arc, where the two constant terms were taken from the respective
35 day solution (involving the recovery of 210 parameters). This then resulted
in the mean TOPEX/Poseidon - ERS-1 dual crossover residual reducing from

12.2cm rms to 8.8cm rms which translates to a radial accuracy improvement
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of 8.5¢cm rms; the original ERS-1 orbits having a radial accuracy of 9.9cm

compared with 5.2cm rms for the corrected orbits.

Determination of the mean of the constant offsets in the TOPEX/Poseidon -
ERS-1 dual crossover datasets allowed the relative altimeter range biases
between TOPEX/Poseidon and ERS-1 to be defined as 30.2 (TOPEX) and 45.0
(Poseidon) cm respectively, which compares favourably with independent
results obtained by other authors from absolute range bias determination.
This result, however, will change when the mismodelling of the TOPEX USO
drift present in the AVISO CDROM data has been corrected. Once corrected
the TOPEX and Poseidon altimeters will have similar range (and relative

range) biases close to that derived for Poseidon.

The reduction of orbit error was then validated by comparisons of the mean sea
surface and annual variability derived from the ERS-1 and TOPEX altimetry
datasets. The analysis showed that the errors present in the ERS altimeter
dataset have been significantly reduced as the corrected ERS-1 dataset gave

results more consistent with TOPEX.

Analysis of dual crossovers to determine the geographically correlated orbit
errors for ERS-1 also showed that the correction procedure had reduced the
errors present, with the mean and variable components being 2.2cm and 1.9cm
respectively compared to 4.2cm and 4.0cm for the uncorrected orbits. Errors
associated with the significant near resonance frequencies for ERS-1 in its 35
day repeat phase (ie at orders 14, 29, 43 and 57 in the gravity field) were also

shown to have been removed, thus validating the removal of orbit error.
Comparisons of the corrected orbit heights with those of orbits corrected by

cubic splines showed the radial differences over the ocean to be 5.0cm,

suggesting that both strategies provide orbits of accuracies near the 5cm level.
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By analysis of the geographically correlated errors for the cubic spline
corrected orbits it was also possible to see that there was still some signal that
could be removed as the mean and variable components had values of 1.9cm
rms and 1.3cm rms respectively. Comparisons of the error powers, however,
suggests that the cubic splines performed better at removing lower order
signals which may be associated with media corrections rather than orbit

error.

10.4 Reduction of ERS-2 Errors by Calibration with Respect to ERS-1
The last chapter, chapter 9, attempted to calibrate ERS-2 with respect to ERS-
1 and TOPEX/Poseidon. This was achieved by analysis of single and dual
crossover residuals as well as repeat track data, resulting in a relative bias of
-2.1cm (ERS-2 measuring 2.1cm longer) being determined. Additionally it 1s
shown that, when the wave heights for both satellites are calibrated with
respect to buoy data, the sea state biases are similar. ERS-1 was determined
to have a sea state bias equal to 5.27% of significant wave height compared
with 5.18% for ERS-2. As expected the time tag biases of the two altimeters
were similar (ERS-1 = -1.23ms and ERS-2 = -1.06ms) thus confirming the

similarity in the two altimeters.

10.5 Summary of Conclusions
To summarise the findings of the thesis;
1) The ERS-1 OPR sea state bias is an underestimation and the sea state
bias should be defined as 5.95% of the significant wave height.
2) The ERS-1 radial orbit error has been reduced by minimising the single
and dual (with TOPEX/Poseidon) crossover residuals such that the
accuracies of the uncorrected and corrected orbits can be summarised as

in table 10.1.
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Table 10.1 ERS-1 Radial Orbit Accuracies

Orig. ERS-1 Orbits | Corr. ERS-1 Orbits
Radial Error 9.9cm rms 5.2cm rms
Geog. Fixed Error 4.2cm rms 2.2cm rms
Geog. Variable Error 4.0cm rms 1.9cm rms
Non Cons. Force Mod. Error 8.0cm rms 4.3cm rms

3) The near resonant frequency signals for ERS-1 have been removed in the
non dynamic correction procedure.
4) In the calibration of ERS-2 with respect to ERS-1 the time tag and sea
state biases (using modified wave heights) are those given in table 10.2

and the relative range bias is -2.1cm (ERS-2 measures 2.1cm longer).

Table 10.2 Bias Values for ERS-1 and ERS-2

ERS-1 ERS-2

Sea State Bias | 5.27+ 0.20 % Sig. Wave Ht. | 5.18 £0.25 % Sig. Wave Ht.

Time Tag Bias -1.23 +0.17 ms -1.06 +0.30 ms

10.6 Suggestions for Future Work
Whilst the main aims of the thesis have been met in that an ERS-1 dataset
more consistent with that of TOPEX/Poseidon has been developed there are

still some areas that could have been investigated had time permitted.

Firstly , the sea state bias models analysed revealed some anomalous trends
within the ERS-1 altimeter data. As the ERS-2 altimeter is virtually
identical (although the tracking software has been modified slightly) it would
have been interesting to see whether the same anomalous characteristics are
observed in ERS-2 data.  Also, the dependency upon orbit heights used casts

some doubt on the value of 5.95% obtained for the linear relationship with
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significant wave height. ~With the launch of ERS-2, and the year’s worth of
data for the tandem ERS-1/ERS-2 phase, an ideal dataset in the form of ERS-
1/ERS-2 repeat tracks exists for the analysis of ERS-1 and ERS-2 sea state
biases. As the geographically correlated errors (mean and variable) will
cancel the repeat tracks will provide an accurate dataset that may not require
the use of crossovers in the orbit determination, thus allowing the sea state

bias to be determined with much greater certainty.

The second area that could receive more attention is the non-conservative
(drag and solar radiation pressure) force mis-modelling as the model used in
this thesis is heavily biased towards the removal of gravitational field errors.
With the creation of the JGM gravity fields the errors associated with the
gravitational field have been reduced and surface force errors are
proportionally more significant.  Also, with the availability of PRARE on
ERS-2 the correction procedures employed at Aston University and by AVISO
could be validated at the extreme latitudes and over land where the most

significant differences occur.

Finally, having reduced the errors associated with the ERS-1 orbits and sea
state bias the most significant difference remaining in the ERS and
TOPEX/Poseidon datasets will be the ionospheric corrections. If
TOPEX/Poseidon and ERS altimetry data is to be merged properly this area

requires attention.
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