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Thesis Summary

The work described in this thesis concerns the application of radar
altimetry, collected from the ERS-1 and TOPEX/POSEIDON missions, to
precise satellite orbits computed at Aston University. The data is analysed
in a long arc fashion to determine range biases, fime tag biases, sea surface
topographies and to assess the radial accuracy of the generated orhits
through crossover analysis.

A sea surface variability study is carried out for the North Sea using
repeat altimeter profiles from ERS-1 and TOPEX/POSEIDON in order to
verify two local U.K. models for ocean tide and storm surge effects.

An on-site technique over the English Channel is performed to
compute the ERS-1, TOPEX and POSEIDON altimeter range biases by using
a combination of altimetry, precise orbits determined by short arc
methods, tide gauge data, GPS measurements, geoid, ocean tide and storm
surge models.

The remaining part of the thesis presents some techniques for the
short arc correction of long arc orbits. Validation of this model is achieved
by way of a comparison with actual SEASAT short arcs. Simulations are
performed for the ERS-1 microwave tracking system, PRARE, using the
range data to determine time dependent orbit corrections. Finally, a brief
chapter is devoted to the recovery of errors in station coordinates by the
use of multiple short arcs.
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CHAPTER 1

INTRODUCTION

This thesis concentrates on altimetric data obtained from the ERS-1
and TOPEX/POSEIDON missions. These two satellites alone are collecting
an unprecedented amount of quality data and it is of paramount
importance that orbits of a high precision are computed. Consequently, the
observed sea surface height may be deduced accurately.

The work undertaken in this thesis is primarily concerned with the
application of altimetry to precise satellite orbits. The determination of the
range biases for ERS-1, TOPEX and POSEIDON altimeters is of key
importance and methods for computing these values are detailed. The
need for precise orbits is further investigated by the possible use of short
arc techniques to improve the satellite radial component.

A brief description of the ERS-1 and TOPEX/POSEIDON missions is
given in chapter 2 along with details about the instruments they carry and
their orbit characteristics. Much of the work in this thesis is computer
based and chapter 3 is devoted to a overview of the software used at Aston
University for orbit determination.

Altimetry from both missions is analysed using long arc orbits in
chapter 4. The precision of orbits deduced from laser tracking is
investigated by examining the pure altimeter and crossover residuals as
well as the laser residuals. Certain altimeter errors are solved for such as
the range bias and time tag bias. Moreover extensive sea surface
topographies are computed and plotted. In addition, a repeat track method
is performed to evaluate the difference in the TOPEX and POSEIDON

altimeter biases.

-13-



Chapter 5 looks at the well-established method of measuring sea
surface variability using altimetry over repeating ground tracks. This work
concentrates on the North Sea region where variability due to ocean
circulation phenomena is known to be small. Hence this provides an
opportunity to assess the accuracy of a local U.K. ocean tide (15 tidal
constituents) and storm surge models provided by the Proudman
Oceanographic Laboratory (POL) at Bidston, U.K.

The subject of the altimeter bias is re-investigated in chapter 6, this
time using an 'on-site’ or 'short arc' approach. The technique selects the
English Channel as a calibration site and computes precise satellite
altitudes using laser tracking from the nearby Herstmonceux laser ranger.
The sea surface height is deduced from a combination of tide gauge data,
GPS measurements and local models for the geoid, ocean tide and storm
surge phenomena. Equating the orbital height to the altimetry and sea
heights yields the observed altimeter bias.

The remainder of the thesis concentrates on short arc methods, both
theoretical and practical. Chapter 7 introduces an analytical model to
predict the correlations and rms errors which arise from a short arc
correction procedure when solving for constant orbit corrections using
laser tracking from one or more ground stations. Results from this model
are compared to actual SEASAT orbits in order to validate this model.

This model is extended in chapter 8 to solve for periodic and
quadratic short arc corrections in time with the aim of deducing a more
precise orbit. This provides some insight as to which station
configurations are most likely to reduce the correlations in the solution
for the orbital parameters. Simulations are then carried out for the
microwave tracking system PRARE for short arcs over the Atlantic Ocean

using proposed ground sites.
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Finally, chapter 9 looks briefly at the use of short arcs to correct for
station coordinate errors.

It is emphasised that all orbital heights for both ERS-1 and
TOPEX/POSEIDON were computed at Aston University except for the
repeat track method in section 4.10 in chapter 4 and the work undertaken
in Chapter 5. In both of these cases, the orbital heights were taken from the
altimeter data records. The altimeter datasets used were those available at
the time during a particular piece of work. For the long arc analyses in
chapter 4, the ESA (European Space Agency) offline precise ocean product
OPR 02 (Ocean Product 02) data for ERS-1 and the preliminary IGDRs
(Intermediate Geophysical Data Records) for TOPEX/POSEIDON were
utilised. In chapter 5 for the sea surface variability study over the North
Sea, the preliminary NOAA data for ERS-1 and the preliminary IGDRs for
TOPEX/POSEIDON were used. The on-site calibration exercise detailed in
chapter 6 took advantage of the OPR 02 ERS-1 data and the full GDR
TOPEX/POSEIDON data.

This research project began in October 1990 with the objective of
improving long arc orbits with PRARE (Precise Range and Range-rate
Equipment) data from the forthcoming ERS-1 system, to be launched in
July 1991. Chapters 7 and 8 represent the preliminary analysis. The failure
of PRARE shifted the project on to the analysis of satellite altimetry; the
work for chapter 5 was then performed followed by chapter 6 and 9.
Chapter 4 demonstrates 'state of the art' results at the time of execution in
mid 1993. The author acknowledges the technological advances in the
field since the work was performed. This also explains the employment of
a number of gravity fields and non-gravitational (air drag) models in the

course of this study.
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CHAPTER 2

MISSION OVERVIEW FOR ERS-1 AND TOPEX/POSEIDON

§2.1 Introduction

The altimeter principle was first demonstrated on Skylab in 1973
and had a range resolution of 1 metre. In 1975, GEOS-3 flew an altimeter
with an accuracy of 50 cm for over three years. Launched in 1978, SEASAT
was operational for 3 months and carried an altimeter capable of 10 cm
precision. It is interesting to note that SEASAT orbits at the time had a
computed radial rms error of 1.5 to 2 metres, a figure obtained from an
analysis of crossover residuals [Schrama, 1989]. In 1985, GEOSAT was
launched and Doppler (range-rate) tracked, which somewhat limited
precise orbit determination for this mission. Consequently the radial orbit
accuracy of the original orbits was comparable to SEASAT but recently the
accuracy has been substantially improved [Shum et al., 1990].

This chapter will present some information regarding the mission
objectives of the ERS-1 and TOPEX/POSEIDON satellites. A description of
the instruments which they each carry and their orbit characteristics will

be outlined.

§ 2.2 ERS-1 satellite

The European Remote Sensing satellite, ERS-1, was put into orbit
on 17th July 1991 by an Ariane 40 rocket launched from Kourou, French

Guiana. The satellite, a product of the European Space Agency (ESA),
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§2.2.1 ERS-1 instrumentation

On-board the ERS-1 payload are the following instruments :

- A nadir pointing, single frequency (13.8 GHz) radar altimeter
capable of measuring the vertical distance from the satellite to the sea
surface below to an accuracy of 5 to 10 cm after correction for instrumental
and geophysical effects. These direct height measurements provide
oceanographers with a valuable dataset for the continual monitoring of
the Earth's oceans. The altimeter operates in either an ocean or ice mode.

In addition, ocean wave heights and wind speeds are observable.

- Along Track Scanning Radiometer, or ATSR, which consists
of two parts. Firstly, the infrared radiometer measures sea surface
temperature, vital for global climate research. Secondly, the microwave
sounder determines the amount of water content in the atmosphere in

order to correct altimeter signals for the wet tropospheric delay.

- Active Microwave Instrument, or AMI, again has two
components. The first is the synthetic aperture radar, or SAR, capable of
producing high resolution imagery of the ground or sea below in strips of
100 km in width. The second part is the wind scatterometer and its
purpose is to obtain wind speed and direction at the sea surface which may

be compared to the wind data observed by the radar altimeter.

- A microwave tracking system PRARE (Precise Range and
Range-rate Equipment). The purpose of this device was to have provided
much needed range (and to a lesser extent range-rate) data for precise orbit

determination over the southern oceans to complement existing laser

-18 -



tracking. Unfortunately, PRARE suffered fatal radiation damage soon after
launch and no useful data were ever produced (see chapter 8 for a fuller

description).
- Laser Retro-Reflectors, LRR, which is a passive device

consisting of an array of corner cubes, used as a target for ground-based

laser ranging stations.

§2.2.2 ERS-1 orbit characteristics

ERS-1 travels in a near circular, near frozen (see section 2.5)
retrograde orbit inclined at 98.5° at a nominal altitude of 785 km. This orbit
is also Sun-synchronous so that the precession of the orbital plane, caused
by the oblateness of the Earth, exactly matches the annual revolution of
the Earth around the Sun. The spacecraft must also initially overfly the
proposed altimeter calibration site at the Venice Tower in the Adriatic Sea.

In altimetry, the temporal resolution of the orbit must always be
compromised with the spatial resolution. For denser spatial coverage the
orbit takes a longer time before it repeats. Therefore a number of mission

phases were planned for ERS-1. Chronologically, these are the

- commissioning phase ; this began in early August 1991 and
lasted until 12th December 1991. During this 3 day repeat cycle, ERS-1
completes 43 revolutions with the ground track spaced ~930 km apart at
the equator. The phase was dedicated to the calibration and validation of
instruments on-board ERS-1, in particular, the radar altimeter calibration

over Venice Tower.
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- first ice phase ; again this was a 3 day repeat cycle lasting from
the 28th December 1991 to 30th March 1992 for the purpose of experiments
over the Arctic, Antarctic and other related ice areas. The orbit was similar
to the commissioning phase except that the ground track was displaced
some 2° to the west, a fact taken advantage of in the altimeter calibration
exercise over the English Channel performed at Aston University (see

chapter 6).

- multi-disciplinary phase ; ERS-1 entered a 35 day repeat cycle
from the 14th April 1992 to 15th December 1993. Denser spatial coverage of
the Earth was now possible allowing altimeter and SAR data to be more
comprehensive. ERS-1 completes 501 revolutions in one cycle with the

ground track spaced ~ 80 km apart at the equator.

- second ice phase ; similar to the first ice phase for the period

January to March 1994.

- geodetic phase ; from April 1994 until the end of the mission,
ERS-1 is planned to fly a repeat cycle of 168 days in which ERS-1 orbits the
Earth 2411 times yielding a ground track spaced ~16 km apart at the
equator. The objective is to acquire a high density altimetric dataset in an

effort to improve the marine geoid.

The mission is proposed to last for at least 3 years. A follow-up
project, appropriately named ERS-2, will fly 1994/5. The payload and orbit

characteristics are expected to be similar to ERS-1 but with the emphasis on

a 35 day repeat cycle.
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This mission is a joint venture between the U.S. and French space
agencies, NASA and CNES. The spacecraft was launched on 10th August
1992 on a Ariane 42P rocket vehicle from Kourou, French Guiana. Figure

2.2 provides the view of the satellite.
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§2.3.1 TOPEX/POSEIDON instrumentation

Unlike ERS-1, TOPEX/POSEIDON is a purely altimetric satellite
dedicated to the monitoring of ocean surfaces. The satellite carries two
altimeters which share the same antenna dish though only one can be
switched on at any time. In addition, the satellite carries a passive LRR for
laser tracking, the French DORIS range-rate tracking system and a receiver
for the NASA GPS (Global Positioning System).

TOPEX (an acronym for ocean Topography Experiment) is the
name of the American radar altimeter and is treated as the primary device.
It is built using well-tested technology and operates on two frequencies (5.3
and 13.6 GHz) which permits correction for ionospheric delay. A separate
radiometer corrects for wet tropospheric delay and removes the effects of
wind speed and cloud cover. The accuracy of the corrected altimetric
height is estimated at ~5 cm.

The French altimeter POSEIDON is of an experimental solid-state
design which is 75% lighter, smaller and more energy efficient than its
American counterpart. Moreover the telemetry data rate is reduced by a
factor of 7 because of more extensive on-board processing. It operates on a
single frequency (13.6 GHz) with the ionospheric delay computed from the
simultaneous dual frequency measurements of the DORIS tracking
system. This altimeter will undoubtedly influence the design of such
devices for future missions.

The DORIS tracking system computes the spacecraft's range-rate by
measuring the Doppler shifts of two microwave frequencies transmitted
by a global network of around 50 ground beacons to the receiver on-board
the satellite. This technology has been well validated on the French SPOT-

2 mission and the anticipated radial accuracy is 5 to 10 cm.
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Finally, TOPEX/POSEIDON carries an experimental GPS receiver
which provides continuous tracking of the spacecraft using an established
network of GPS satellites. The recent processing of 90 days worth of GPS
tracking data for TOPEX/POSEIDON by NASA has led to claims that these
orbits are accurate to 3 cm rms or better [JPL, 1993 a]. Almost certainly, this

system will revolutionize orbit determination in the years to come.

§2.3.1 TOPEX/POSEIDON orbit characteristics

The spacecraft flies a near circular, prograde orbit at a nominal
altitude of 1350 km in a plane inclined at 66°. The Earth's surface covered
is therefore less than for ERS-1 but TOPEX/POSEIDON will repeat the
ground track (to within 1 km) every 9.9 days which provides a good
balance between the temporal and spatial resolution of the sampled data.
In those 9.9 days, the satellite completes 127 revolutions with a ground
track spacing of ~315 km at the equator. The higher altitude means that the
difficult problem of drag modelling is minimised and the higher order
and degree terms for the gravity field also become less important due to
the attenuation of the gravitational effect with height. The result is that
orbits for TOPEX/POSEIDON determined from conventional laser
tracking will be superior to those for ERS-1 (see chapter 4). The satellite
must also overfly altimeter calibration sites at Lampedusa in the
Mediterranean Sea and Platform Harvest off the west coast of the United
States.

The mission is expected to last for at least 3 years with the possibility

of a follow-up mission in the future.
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§2.4 Principles of the radar altimeter

Some general principles relating to the function of the radar
altimeter are presented now and apply equally to the ERS-1, TOPEX and
POSEIDON altimeters. A more detailed account can be found in ‘Satellite
Oceanography' [Robinson, 1985].

The radar altimeter is a nadir-pointing, microwave sensor designed
to measure the time return echoes from ocean, ice and even some land
surfaces. It operates by timing the two way delay for a short duration radio
frequency pulse which is transmitted vertically downwards from the
antenna on the satellite to the Earth below. The radar beam 'spreads out'
as it approaches the Earth and is reflected off the surface below (called the
altimeter footprint). At first, the pulse meets the surface at a single point
and is reflected; the beam then continues to strike the surface as a circle
and later as a series of concentric rings or annuli (see Figure 2.3). The
strength of the returned signal depends on the reflecting area and grows
rapidly until pulse returned is from an annulus whereupon the power
remains constant. When the annulus reaches the edge of the radar beam,
the power diminishes and trails off.

A smooth curve is fitted to the returned signals to give a typical
profile as shown in Figure 2.4. The shape and timing of the returned pulse
yields information about the range distance, wind speed and ocean wave
heights since irregularities on the reflecting surface stretch and distort and
returning signal. The time taken from the transmission of the pulse to
reception of the midpoint of the leading edge, multiplied by the speed of
light yields twice the (raw) altitude.

This raw measurement is corrected for the sea surface roughness
using information from the returned signal. Corrections for the signal

delay due to the troposphere and ionosphere need to be determined
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separately. The three key corrections are due to the dry troposphere (~240
cm) which depends on the mass of air, the wet troposphere (~10 to ~30 cm
which depends on the water content in the air and the ionosphere (~5 to

~20 cm) which depends on the total electron content.

satellite

altimeter
radar beam

sea
surface

received power is zero

illuminated in this circle, the power
area on sea increases to its maximum
surface to give the leading edge

received power from these
annuli remains constant

power diminishes as
returning power from
these rings are not
captured by the radar
antenna

-

Figure 2.3




received

power
A received power relates
slope gives wave height to sigma zero
and skewness gives the /
ocean wave skewness trailing edge slope
relates to instrument
pointing
time
P
i) B

time delay gives
the altitude

Figure 2.4

The dry troposphere correction is computed from a global model for
atmospheric pressure. Although this error is in excess of 2 metres, it is
usually the most reliable of the three corrections.

The error due to the wet troposphere is computed for ERS-1 from its
on-board microwave sounder and for TOPEX/POSEIDON from an on-
board radiometer. Global wet models are also determined as a check and
are useful for when the on-board equipment fails to operate.

The TOPEX altimeter can resolve the ionospheric delay from its
dual frequency operation; POSEIDON uses the on-board DORIS system
and ERS-1 uses a global model for the total electron content in the
ionosphere.

The ERS-1 altimeter operates in two modes, ocean and ice. The
returned signal from an ice surface tends to be more specular and is

comprised of many leading edges. Therefore the centre of gravity of the
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returned pulse is computed for since it is unique and it is this point which
is used to determine the satellite altitude. In the ice mode, the altimeter
can still operate perfectly well over oceans.

Although the raw measurement in ocean mode may be precise to
about 2 to 5 cm, after allowing for the delay corrections the absolute

accuracy is more likely to be 5 to 10 cm.

§2.5 General characteristics of a repeating orbit

It is useful to discuss briefly how the choice of orbital parameters
defines the temporal and spatial sampling characteristics of a repeating
orbit [Vincent, 1990]. Figure 2.5 shows the orbital ellipse in which the
semi-major axis, a, and eccentricity, e, determine the size and shape of the
ellipse with true anomaly, 6, being the angle subtended at the Earth's

centre by the satellite and perigee (nearest point of the orbit to the Earth).

Orbital

ellipse satellite

& perigee
‘ Earth's
centre
5 1/2
a(l-e )
Figure 2.5
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Figure 2.6 illustrates the parameters needed to fix the orbital ellipse
in space. The focus of the ellipse (i.e. the Earth) is at the centre of the
celestial sphere. Angle Q is known as the right ascension of the ascending
node, N, and is measured from the ascending node of the ecliptic (or the
vernal equinox) referenced by a star within Aries, y. The inclination i gives
the angle between the orbital and the equatorial planes; angle w (called the
argument of perigee) defines the point of perigee and is measured from

the ascending node N.

satellite

Celestial Sphere

First Point

of Aries Equatorial plane

=

Orbital plane

Figure 2.6

The altitude, h, of the satellite directly fixes the orbital period, T,

through the relationship

Rrp+h)?
T =2¢ (—EH—L (2.1)
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wherein 1 is the product of the universal gravitational constant G and the

mass of the Earth; Rg is the mean radius of the Earth. The regression of the

orbital plane [King-Hele, 1964] is approximated by

rd
/

Rg
Rg +h

Q = -9964 ( (1 -82)2

5 4
j == degrees per day (2.2)

which depends on the choice of the inclination angle i as well as the
altitude h. For the exactly Sun-synchronous ERS-1 orbit, h and i are chosen
such that Q = 0.986°/day. Hence the orbital plane will always be in the
same position relative to the Sun and this provides ERS-1 with constant
illumination which benefits the operation of the ATSR and the solar
arr‘ay. The eccentricity e will be small for a near circular orbit and so it is
principally the selection of h and i which determines the sampling
properties of the orbit.

However, is also desirable to avoid orbits which are nearly
synchronous with the Sun in order that the ocean surface is not sampled
in phase with any of the major tidal constituents which will alias them
into long periods typical of ocean circulation [JPL, 1981]. The result is that
the tidal effect will be very difficult to separate from the circulation. This
was a key consideration when designing the orbit for TOPEX/POSEIDON
and finally h and i were chosen such that Q = -2.07 degrees per day.
However, ERS-1 needs to fly in a Sun-synchronous orbit in order to meet
the power requirements of its various instruments such as the SAR and
ATSR.

An exact repeat cycle of approximately Q days is obtained by
allowing the satellite to perform an exact number of complete revolutions
in exactly Q Earth revolutions relative to the satellite’s orbital plane which
depends on Q [Robinson, 1985]. In practice, periodic manouevres keep the

satellite to within 1 km of its ideal ground path. Very subtle
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changes to the altitude and inclination of ERS-1 allow this spacecraft to

move from a 3 day to a 35 day repeat orbit [ESA, 1992]; see Table 2.1.

Table 2.1: ERS-1 altitude and inclination for 3 and 35 day repeat cycles
. . *
Revolutions Repeat Altitude (km) Inclination
43 3 days 775.138 98.5162°
501 35 days 781.495 98.5429°

* relative to a mean Earth radius of 6378 km.

To help keep proper control of the satellite over the selected ground
track, a near frozen orbit is preferred in which the mean values of the
eccentricity e and argument of perigee w are constant for given values of h
and 1. In reality, e and ® will oscillate about their mean values with a long
period. ERS-1 is in such an orbit but not TOPEX/POSEIDON. Instead, the
inclination for TOPEX/POSEIDON of 66° is very close to the critical
inclination of 63.5° at which ® = 0 and so the drift of perigee for this
satellite will be small.

After the selection of a, i, e and o, it is a simple matter to select Q
such that verification sites are overflown. The mean anomaly M is
arbitrary. Figures 2.7 and 2.8 show the global ground tracks for ERS-1 and
TOPEX/POSEIDON respectively.
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The higher altitude of TOPEX/POSEIDON has some important
advantages. Firstly, the spacecraft will experience far less drag forces than
its lower companion ERS-1. Drag forces are difficult to model well, due to
uncertainties in atmospheric density at those altitudes, and so the fact that
they play a lesser role means computed orbits will be more precise. The
satellite also decays slower and hence fewer manouevres are required.
Moreover, the attentuation of gravity with height means that the higher
order and degree terms for the gravitational field become less significant.
However other forces such as direct solar radiation pressure will become
more prevalent. Secondly, the amount of time during which a ground
laser station can track is greatly increased. The satellite moves slower
across the sky and can therefore be seen more frequently and for longer
arcs which generates more laser tracking data which can only benefit the
orbit computation process. Hence a higher orbit helps to reduce the
satellite radial orbit error.

Disadvantages of a higher orbit include the fact that the area of the
sea surface that reflects the altimeter pulse (known as the 'footprint’) is
increased which lowers spatial resolution. Moreover, a higher altimeter
needs more power or a more directional antenna or a more sensitive

receiver (or a combination of all three). These requirements will increase

the cost and complexity of the altimeter.

§2.6 Conclusions

The instrumentation and orbit characteristics of both ERS-1 and
TOPEX/POSEIDON satellites have been discussed. Both carry radar
altimeters for surveying the ocean surface. Since TOPEX/POSEIDON orbits

and altimetric data are more accurate than for ERS-1, this is certainly the
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mission of most interest to the oceanographer. Nevertheless many
researchers will combine the data from both missions to produce a

consistent and valuable dataset for study of ocean phenomena.
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CHAPTER 3

ORBIT DETERMINATION USING THE SATAN SOFTWARE

§ 3.1 Introduction

The suite of computer programs used throughout this thesis for the
determination of SEASAT, ERS-1 and TOPEX/POSEIDON orbits is the
SATAN (Satellite Analysis) software originally developed at the Royal
Greenwich Observatory for use with laser ranging data [Sinclair and
Appleby, 1986]. Over the years, the software has been extensively modified
at Aston University to incorporate altimetry and crossovers [Rothwell,
1989] and Doppler range-rate data [Ehlers, 1993] as tracking data in the orbit

determination procedure.

§3.2 The orbit determination process

This process involves two stages. Firstly, the equations of motion
for the satellite are numerically integrated from an initial start vector P
which includes the initial satellite position x; and velocity x; along with
parameters relating to the force modelling of, for example, atmospheric
drag and solar radiation pressure.

Secondly, the generated orbit is fitted to suitably weighted
observation data (e.g. laser, altimetry, crossovers or Doppler) in a least
squares differential correction procedure such that small corrections AP to

the start vector are solved for. The start vector is then updated and the



entire process repeated until the fit of the generated orbit to the
observation data cannot be further improved. This measure of fit gives an

indication of how precise the computed ephemeris is.

§3.3 Numerical integration

The equations of motion for an orbiting satellite, to be detailed in
section 3.4, take into account the accelerating forces acting on the
spacecraft, namely, the gravitational attraction of the Earth and other large
bodies in the solar system, the tidal effects of the Sun and Moon on the
Earth's gravitational potential, retardation forces due to the Earth's
atmosphere and direct and indirect solar radiation pressure. For brevity,

the equations may be written as

|1

x = E(P,t) (3.1)

wherein x is the cartesian vector (X, v, i)T and F is the total force function
acting on the satellite (per unit mass) defined by the initial conditions P
and t is time. The equations 3.1 are numerically integrated within the
SATAN software using an 8th order Gauss-Jackson method [Merson,
1975]. The integration step length is usually taken as 30 seconds and the
software can reliably integrate ahead for long arc analyses of about 6 days
for SEASAT and ERS-1 and 10 days for TOPEX/POSEIDON.

The SATAN software performs the integration in an inertial
reference frame, J2000, based on the position of the equatorial plane and
vernal equinox on January 1.5 in the year 2000 [Sinclair, 1987]. However
the acceleration due to the Earth's gravity field is most conveniently
computed in Earth-fixed coordinates. Conversion of the J2000 coordinates

into an Earth-fixed frame requires the calculation of the rotation matrices
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P, N for the effect of precession and nutation (secular and periodic motion
of the Earth's rotational pole respectively) and S for effect of polar motion

and rotation to sidereal time such that

(3.2)

The satellite position and velocity are calculated by numerical
integration at the time of each observation, as are the partial derivatives
82<_/8p]. for each orbital parameter p;in P. These values are computed in the
J2000 reference frame and are required for the data reduction process.
Furthermore, the position and velocity of the spacecraft may be recorded at

each integration step either in J2000 or Earth-fixed coordinates.

§3.4 Force modelling

The total force acting on the satellite with respect to the Earth's fixed

reference frame results in the following acceleration, namely

3 - -+ skin forces -+ al -track
x =E(R,t) = grad V+grad AU, + Xppg + X 1 0 4 X [
- across-track -
* X 1/rev + X[sRp (3.3)
. - --skin forces .. . .o
wherein grad V, grad AU,, X5, x 0 and Xisrp are the individual

accelerations due respectively to the Earth's gravitational potential, solar
and lunar tidal effects, third body attraction, non-gravitational skin forces
(atmospheric retardation and direct solar radiation pressure) and indirect
radiation pressure. Terms are also included to absorb any residual once per
revolution (1/rev) error in the along-track and across-track directions. The

‘grad’ operator gives the gradient of the potential, either V or AU,, to
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derive the resulting acceleration. Each of these components are now

discussed.

§3.4.1 Earth's gravitational potential

The Earth's gravitational field may be expressed as a scalar quantity
called a potential. In spherical polar coordinates (r, ¢, A) the geopotential V

can be written

R |
V = % E E (?E-j (C;m cos mA + Sy, sin mk) Pi (sin¢)

(3.4)

in which p is the product of the universal gravitational constant, G, and

the mass of the Earth, Mg; Rg is the radius of the Earth; r is the radial
distance to the external point (or satellite) and ¢, A are the geocentric
latitude and longitude respectively; P}, ( sin ¢ ) are the associated Legendre
polynomials of degree | and order m; Cj,, and S, are the harmonic
coefficients which define the gravity field. Equation 3.4 is the solution of
the Laplace's equation in spherical polar coordinates, accomplished by the
separation of variables [Kaula, 1966]. The acceleration of the satellite due to
the geopotential V is then simply grad V.

An important feature of equation 3.4 is the attenuation (or
weakening) of V with the radial satellite distance r due to the term (Rg /
r)l. The larger r is, the faster this term becomes smaller which means the
accuracy of the higher degree and order cofficients are less important.

Hence TOPEX/POSEIDON with its higher orbit does not suffer the
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consequences of gravitational mismodelling to the same extent as its
lower companion ERS-1.

For practical purposes, the infinite series V is truncated and recent
developments have led to the JGM-2 gravity field model [Lerch et al., 1993]

which is computed to degree and order 70.

§3.4.2 Third body attraction

Other large bodies within the solar system also exert a significant
gravitational force upon Earth orbiting satellites. The third body
attractions modelled for within SATAN are the Sun, Moon, Venus, Mars,
Jupiter and Saturn. These bodies are treated as point masses and their
positions are determined at each integration step from planetary data.
Thus it is possible to deduce the acceleration of the satellite relative to the

Earth due to each of these bodies.

x: - x.. (lengths.) Bodv i
satellite J Tsat J ody j
PN -5

(lengthr)

Earth

Figure 3.1
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On referring to Figure 3.1, let x_,, and X; be the position vectors of

the satellite and body j respectively, relative to the Earth's centre. The

acceleration of the satellite due to the Earth and body j is

. - GMg GM;
Xsat = 3 Xsat + 37 ( X~ Xsat ) (3.5)
S.
j
g GM.
and the acceleration of the Earth due to bodyjis xg = —34&- wherein Mj
1]
is the mass of body j and S; = 1% - Xg5¢ |- The acceleration of the spacecraft
relative to the Earth is th]ore
. . - GME X~ Xsat X
Xsat = Xg = 3 Xsat T GMj 3 ) (3.6)
S; r;

) )

in which the central term of the Earth's gravity is accounted for within
equation 3.4 in section 3.4.1. The total acceleration of the satellite due to all

the third bodies concerned is thus

. .X.'—Z(_‘at .)_<.
Xrg = G M, 1= (3.7)

S: T

)

§3.4.3 Tidal effects on the Earth's gravity field by the Sun and Moon

The Earth is not a rigid body and is therefore deformed by the
presence of other bodies in the solar system, in particular, the Sun and
Moon. The motion of the solid earth coupled with the tidal effects on the
oceans causes the Earth's gravity potential to change with time. With
reference to Figure 3.2, the tide generating potential due to the presence of

body j is given by
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UR) = GM, |1 . &5 8
iV IR-] 3 (3.8)

in which R is the mean radius of a spherical elastic Earth and all other
components are as detailed in sections 3.4.1 and 3.4.2 [Lambeck, 1980]. By
expanding U in terms of Legendre polynomials, equation 3.8 becomes

oo

GM, R
UR) = —r}— (r—Jj Pig (cosS) (3.9)

=2

wherein S is the angle subtended at the geocentre by the point on the

Earth’s surface and the perturbing body, here taken to be a point mass.

Earth's
surface

Body j

Figure 3.2

The Earth will deform under this potential and the additional

potential resulting from this new distribution of mass is
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GM, Ry
- Dk (?J Py (cosS) (3.10)

on assuming instantaneous response for the Earth due the the perturbing

body. The values k; are the potential Love numbers. Beyond the Earth,
Dirichlet's theorem [Lambeck et al., 1974] is used and the potential due to

the deformation at distance r from the geocentre is

. R 1 1+1
AU(r) = —1 K, (“J (B) Py (cosS) (3.11)

The dominant second order term of equation 3.11 summed over all

the perturbing bodies is thus

< 2

GM{R> /3 , 1
AU, = ~—r—3k2(§cos~s-;) (3.12)

t

Coor
L

where the index j refers to the bodies Sun and Moon. Higher order terms
are deemed negligible and AU, is frequency independent. Equation 3.12 is
therefore used to model changes in the Earth's potential due to the Sun
and Moon. The Love numbers are in fact frequency dependent due to
resonant effects from the Earth's liquid core and this is accounted for as

variations in the gravity coefficients C,, and S.



§3.44 Atmospheric retardation and direct solar radiation pressure

Satellites in a low Earth orbit travel through the upper atmosphere
and experience a retardation force. This effect diminishes exponentially
with the orbital height. In the past, this force has been modelled as an
along-track deceleration depending on the area-to-mass ratio of the
satellite and atmospheric density [King-Hele, 1964]. The motion of the
satellite is further disturbed by the impact of photons from the Sun, this
force is known as direct solar radiation pressure (SRP).

Recent developments at Aston University have led to the
employment of a satellite skin force and torque modelling technique
[Ehlers, 1993]. Since ERS-1 is particularly susceptible to large orbit errors on
account of its nominal altitude of 780 km, most of the work was
concentrated on this spacecraft. Briefly, the method uses a detailed
geometric model for ERS-1 and computes the visible faces from a number
of different angles (for TOPEX/POSEIDON a cruder box/wing model was
sufficient because of its higher orbit). The force modelling software then
interpolates these 'tables’ to calculate the precise visible surfaces for any
given angle of view. The force modelling works on the principle of
momentum exchange between the impacting air molecules or photons
upon the surfaces of the satellite. Hence in this manner, drag, lift and
direct SRP forces are accounted for; let the resulting acceleration be

- skin forces

denoted by X

The retardation coefficients, Cp, may be determined in a number of

ways over a given period, for example, as a step function with Cp, taking a

different value for each 24 hour interval. It may also expressed as a

continuous saw-tooth function, the intention being to model Cp more

realistically and this was implemented into the SATAN software [Ehlers,

1993]. This extra parameterisation will lead to higher correlations in the
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data reduction process and hence some care is required to ensure the orbit

produced is realistic.

A further improvement is to include a 1/rev variation in the along-

track direction, namely

- along-track
X 1/rev

= { Cycos(w+M) + Sysin(w+M) }xr (3.13)

which absorbs any further deficiency in the drag mismodelling [Ries et al.,

1992]. Here o is the argument of perigee, M the mean anomaly and v, is

the velocity vector of the spacecraft relative to the ambient atmosphere;

C, and Sy are the acceleration coefficients to be determined for the long arc

. .. . .. across-track .
orbit. A similar function, X 1ey , may be included to compensate for

any across-track error. For ERS-1 at a nominal height of 780 km, these
1/rev terms absorb mostly drag errors; in the case of TOPEX/POSEIDON,
these terms mainly correct for shortcomings in the solar radiation
pressure model. Not all the orbits computed for this thesis employed these
1/rev corrections since, in some cases, they were too highly correlated with

other orbital parameters and were therefore omitted.

§3.4.5 Indirect radiation pressure

Indirect forces act on the satellite from Earth-reflected (albedo)
radiation and infra-red (IR) radiation emitted from the Earth. These are

modelled using

. Pir | /A coso dA A i
dxisrp = -] CrYPcosd+—~ (E)“Ef@d (3.14)
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where 7y is the albedo (proportion of direct radiation which is reflected
from the Earth) of the surface element dA; 6 is the angle between the
surface normal and the Sun; Pz the emitted IR flux of the surface
element; o the angle between the surface element's normal and the
satellite; ¢ the speed of light; d the distance of the satellite from the surface
element and é\d is the unit vector from the satellite to the surface element.
If 6 > /2 then y = 0. The total Earth reflected and IR radiation should be
calculated by integrating equation 3.14 over the surface of the Earth visible
to the satellite. This integration is approximated by summing over 13
surface elements [Wakker et al., 1983] to yield
13

Xisrp = E dX;opp (3.15)

i=1

§ 3.5 Datareduction process

The computed orbit is now compared to observation data which are
usually normal points, a single normal point being derived from many
actual data points in order to reduce the quantity of data. The observed
differences are minimised using a least squares differential correction
procedure to estimate small corrections to the start vector P which will
include the initial position and velocity and other parameters relating to
drag and solar radiation pressure as well as gravity field coefficients.

ob . . ' Y
For each observed measurement d; at time t; with an 'a priori

standard error G;, the SATAN software computes a corresponding

measurement d? which is dependent on the start vector P*, wherein the +

symbol denotes the best estimate so far. The start vector sought is the
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* ) . . . . * . . . b
vector P which will give rise to computations of d; which will best fit d?

in a least squares sense. Hence the correction vector AP is to be determined
where

P'=P" + AP . (3.16)

The least squares differential correction process involves the

minimisation of the function

N
I = ZWi(diOb -q )’ (3.17)
i=1

where N is the number of acceptable observations and w; is the weight

2 . .
deduced as 1/0;. It is necessary for the laser data to be more significantly

weighted compared to altimetry and crossovers since it is the most precise
(the range measurement is 1 to 2 cm rms, not including possible errors in
station coordinates). Function I needs to be minimised with respect to all
the orbital parameters of P for which corrections are sought, say m' where
lsm’sm, m being the total number of components within P. This gives

rise to m' partial derivatives of the form

N

*

ad;

1

L2 w(d®-d)5 =0 a15)

9P, P

i=1

for j=1.m'. The value d; can be expanded using Taylor's theorem such
that

. ad;

d =d + 5= Ap, + O(AP?) (3.19)

1 apk
k=1
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wherein Ap, are small corrections to parameters P,- On assuming the

. ob +
residual (d; = - d;) to be accurate to order O(AP), substitution of equation

3.19 into 3.18 gives

wi ) (df -d)- 5};;Apk é-i _ (3.20)
k=1

which is precise to order O(AP). Since there are m' such equations for

j=1..m’, rearrangement yields the matrix equation
DAP =b (3.21)

which are called the 'normal equations'. The elements of the symmetric

positive definite matrix D of dimension m' x m' are

Dy = Wi =— =— (3.22)

i=1

the elements of the column vector b of length m' are
N

ob + adj
b = w, (d] - d );)—I;j— (3.23)

=1

and the vector AP consists of the required m' corrections. Inversion of
matrix D yields the result AP = D! b.

The corrected start vector, P* + AP, is now taken to be the new start
vector and the process of numerical integration followed by data reduction

repeated until the fit of the observed and computed orbits cannot be

further improved whereupon AP = 0. For the SATAN software, an
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approximate start vector to within 1 km of the true satellite position is

required.

To compute D and b, the values d; and E)d;k/8pj need to be evaluated

for each observation at time t;. These are calculated using X, x and the

partial derivatives 8&/8})). generated by the numerical Integration process.

For example, a laser range measurement is given by the equation

2 2 2
" = s+ G-y (5o2,) (3.24)
in which (x;, y;, z;) is the satellite position at time t; and (X5, Vs, 25) is the

station position, both in J2000. Partially differentiating equation 3.24 with

respect to parameter P, gives

R+
ad; 1 { : ) ox; ( )ayi ( ) dz; } (3:25)
= R 1 X=X )57+ (yi-vs) 3z + (z-25) 5= .
8pj d? apj 8p}. 8pj

as required. For altimeter data, the partials needed are sufficiently well
approximated by
h+

Jd; or; 1 { o  dy, oz }

TR R = XL+ yiae 4oz 3.26
apj apj I Xlapj T ap}. T A ap}. ( )

: 2 2 2 2
with the radial distance to the spacecraft, r;, defined by r; = x; + y, + z,.

§ 3.6  Conclusions

The mathematical principles involved in numerically integrating
an Earth orbiting satellite and refining it in a least squares differential
manner to observation data such as laser ranging have been discussed.

These are the techniques employed in the SATAN software which are
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used at Aston University to produce precise orbits for SEASAT, ERS-1 and
TOPEX/POSEIDON.

-49 -



CHAPTER 4

LONG ARC ANALYSIS OF ERS-1 AND TOPEX/POSEIDON ALTIMETRY

§4.1 Introduction

In this study, ERS-1 and TOPEX/POSEIDON altimetry are analysed
in a long arc solution to determine the biases for the ERS-1, TOPEX and
POSEIDON altimeters as well as the time tag biases associated with them.
A crossover analysis will also give an indication of the accuracy of the
numerical orbits. In addition, the sea surface topography is computed to
degree and order 30. For ERS-1 one complete 35 day cycle during
September 1992 is used and for TOPEX/POSEIDON cycles 2 to 10 and 20 to

22 are employed.

§4.2 Satellite altimetry

Radar altimeters such as those on board ERS-1 and
TOPEX/POSEIDON provide accurate measurements from the satellite to
the sea surface below. Short radar pulses are transmitted towards the
Earth's surface and the time taken for the signal to return to the spacecraft
multiplied by the speed of light yields twice the altimetric range.
Consequently the raw measurement hriaw at time t; is derived. However
the radar signal is slowed down as it passes through the troposphere and
ionosphere, the combined effect of which will lead to a height error in

excess of 2 metres. Moreover the roughness of the sea surface due to strong
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winds or swell results in a sea-state bias which is the sum effect of the
tracker bias (due to difficulties for the logic algorithm to cope with rough
sea surface) and the electromagnetic bias (due to return pulse being
stronger for troughs than for crests). This error is usually estimated as a
function of the significant wave height (SWH) which is deducible from
the returned radar pulse. Section 2.4 in chapter 2 gives a more detailed
summary of the altimeter function.

Other errors associated with the raw altimeter height are essentially
instrumental in nature and include the altimeter bias (caused by a delay
within the electronics of the altimeter) , the height error resulting from a
time tag bias and the centre-of-mass correction (the vertical distance
between the altimeter electronic centre and the satellite centre-of-mass).
Establishing the altimeter bias is crucial for oceanographic work with
altimetry and rigorous calibration/validation campaigns are usually
carried out during the first few months of the missions to determine its
value. In this chapter, the bias will be estimated from an analysis of the
altimeter residuals. In chapter 6, the bias is derived by a precise 'on-site'
technique.

. , alt
Concisely the corrected observed altimeter reading, hT, of the

instantaneous sea surface at time t; may be expressed

alt raw
hl = hl +
dry wet iono ssb . .
h;"+h; +h; +h + (geophysical corrections)
com ttb bias . .
h +h; -h (instrumental corrections)
(4.1)
where
raw . . -
h; raw altimeter range above instantaneous sea surface
dry . .
h; dry tropospheric correction

wet tropospheric correction
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h; lonospheric correction
b :
h?s sea-state bias
bias . . :
altimeter bias ( not applied )
ttb : . . .
; height error due to time tag bias ( not applied )
com .
h : centre-of-mass correction

. bias ttb . . .
(see Figure 4.1). The corrections h  and h;  are included in equation 4.1

for completeness but as their values are initially unknown they are

assumed zero.

satellite at time ti

— /
orbit 4 ‘
trajectory

alt
h.
cal !
h.
1
instantaneous

sea surface

sea ocean/solid earth tide
h; + inv. bar. effect
f
geoid + SST

— reference ellipsoid

Figure 4.1
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The altimeter bias, by definition, is subtracted from the uncorrected

aw

reading, h{®", and therefore a negative bias implies the altimeter is
. . b .
measuring too short. Conversely the height error, htit , due to a timing

bias is added to ly°" because of the way it is defined in section 4.9.

§4.3 Instantaneous sea surface

For an altimetric measurement made at time t; at geodetic position
(;, A; ) it is imperative to determine the elevation of the sea surface at the
same time and location with respect to a reference ellipsoid, which is
taken to be an oblate spheroid of revolution whose surface approximates
the geoid. In turn, the geoid (or more precisely the 'zero' geoid) is the
equipotential surface of the Earth's gravitational field and centrifugal
rotation and may be considered to be the mean sea surface if there were no
ocean circulation phenomena, sea density variation and winds. The
‘mean’ geoid, as used for these analyses, is computed by adding -9.9 (3
sinp - 1) cm to the zero geoid, with ¢ being the latitude [Engelis and
Knudsen, 1989]. This extra term allows for the constant Earth deformation
from the direct gravitational effect of the Sun and Moon.

Temporal variations such as ocean/solid earth tides (caused by
lunar and solar gravitation) and the inverse barometer effect (due to the
depression of the sea surface by the weight of the atmosphere) must also be
considered. Remaining temporal effects are caused by the wind and heat
driven ocean currents and is termed the sea surface topography (SST).

Combining these individual components together yields the

instantaneous sea surface, namely
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sea g SST ot set inv
where
he geoid effect
SST
hy sea surface topography
t : .
h? ocean tide effect
set .
h; solid earth effect
inv .
h inverse barometer effect.

§4.4 Altimeter data records

Altimeter data are made available as Geophysical Data Records
(GDR) or as Intermediate GDRs (IGDR) if the data are preliminary. The
data are usually supplied on tapes, CD roms or accessible over the
computer network. The files will contain most of the the corrections
outlined above including the geoid and tides. Altimeter measurements
are provided at a rate of about one per second and hence about 50,000
readings can be expected in one day. This presents problems with storing
the data and also with the amount of computer time required for
analysing this volume of information. For long arc orbits or
determination of long wavelength phenomena this number is excessive
and it is usual to 'compress’ these data points into normal points which
have a time resolution of , say , 15 seconds as chosen for this work.

For ERS-1, the ESA product OPR 02 data [CNES, 1992] was used for
the work in this particular chapter. This particular 35 day cycle of data was

transferred via the network from POL.



The preliminary IGDR CD roms were employed for the
TOPEX/POSEIDON results [JPL, 1992 ¢J.

§4.5 Error budget

The precision of the raw altimeter reading is about 3 to 5 cm.
However the corrections themselves will also in error of a few cm but an

. , 1
overall precision of 10 cm is expected for h".

Table 4.1: Error budget for altimetry data ; it shows the amplitude and wavelength

of the unmodelled error and the residual error after modelling.

Type of error Source Amplitude Residual Wavelength
(cm) (1ccm) (km)
Altimeter Noise - 5 -
Troposphere (dry) Mass of air 240 0.7 1000
Troposphere (wet) Water vapour 10-40 3 50 - 500
lonosphere Free electrons 2-20 3 50 - 10,000
Sea-state bias Wave heights 2% SWH 2 500 - 1000
Geoid Mass of Earth 100 m 30 2000 - 5000
Solid earth tide Sun, Moon 20 2 20,000
Ocean tide Sun, Moon 100 10 500 - 1000
Inv. bar. effect Atmospheric pressure 50 3 200 - 1000
Orbital error Gravity 10 km 10 40,000
Air drag 300 3 10,000
Solar radiation 300 3 10,000




Therefore the satellite ephemeris needs to be computed to the same
degree of accuracy if full advantage is to be taken of the altimetry data. As
will be demonstrated, the key source of error now is not the orbit
trajectory, as used to be the case with the early orbits for SEASAT and
GEOSAT, but the ocean geoid. Table 4.1 lists the possible errors and their
sources [Schrama, 1989] which typically apply to ERS-1 and
TOPEX/POSEIDON.

§4.6 Analvsis of the altimeter residuals

The process of orbit determination computes the satellite altitude
cal

h.

i (the geodetic height of the satellite centre-of-mass with respect to a

reference ellipsoid) for each altimeter normal point and the residual error

is given as

ob ob cal

AhYS = h{ - Kk (4.3)

1

where the observed satellite height is
(4.4)

(see Figure 4.1). It is stressed that altimetry is not used here as radial

tracking data to improve the orbit ; instead the converged orbit is held

fixed and the residuals computed. The residuals Ah?b are predominately

due to mismodelling in the orbit, geoid, SST and ocean tides as well as the

altimeter bias and time tag bias and may be modelled by some function

1 _ al . . .
Ahica . The parameters within AhiCR1 , such as the altimeter bias and time tag
: ob
bias, are determined by fitting the function to the residuals Ah;  in a least

squares sense.
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§4.7 Sea surface topography

The SST may be considered as the difference between the ocean
geoid and the mean sea surface caused by ocean circulation phenomena,

water density and winds. From equation 4.2, the observed SST is

hSST - hAcai ) hglt ) hig ) h(i)t/set/inv (4.5)

1 1 1

The SST is conveniently modelled by a finite spherical harmonic

expansion to degree and order M, i.e.

M n
hiSSTC = E E (Cnm cos m?"i + Snm sin mxi ) Pﬂm ( sin (pi )
n=0 m=0

(4.6)

where P are the normalized associated Legendre functions of degree n

and order m and C,,, S, are the coefficients to be determined. To ease

computation, it preferable rewrite equation 4.6 as

M n 2

SSTC :

h” " = E z E Al YD (4.7)
n=0 m=0 a=1

where
A:m = Cam o=1
= Shm o=2 (4.8)
and
Y:mi = P:m (sin¢; ) cos mA, ; o=1
= P (sing;) snmh =2 (4.9)

By using the following substitution



k=n2+n+2m+ «a (4.10)

equation 4.7 can be written more simply as

e
SSTC
h; = z Xk Y'lci (4.11)
k=1
wherein

[e4

xg = AL Y. =Y. . M=M+DM+2) (412

and M' is the number of coefficients for an expansion to degree and order

M. For a SST expansion to degree and order 30, many of the C,,, S, will

be highly correlated and an ill-determined solution will result. The

method of least squares collocation [Moritz, 1980] provides a constrained

solution for C, ., S, and involves the minimisation of the function Q

as defined by

N M
Q = 2( BT RT) +Z(x§ ) wy (4.13)
i=1 k=1

: SST
where N is the number of acceptable observations ; observed h.~ are

. . 2 . \ .
assumed to be unit weighted and wy =1/ ( o)) where o, is the 'a priori
standard error of x, and xE is the 'a priori' estimate of parameter x,. Hence

the difference between x, and xi is minimised. Putting equation 4.11 into

4.13 and minimising Q with respect to X

N M’
g—XQ—_ = -22 (5. 2 X, Y'ki>Y'ji - 2(x - x) w, =0
) i=1 k=1



and upon rearranging

M’ N N
2 2 Y'ji Y IX¢ | + Wi X = Z hiSST Y‘ji + oW x}-O
k=1 i=1 i=1
(4.15)
forj=1..M'". Equation 4.15 can be expressed in matrix notation as
(D+W)x = b + W° (4.16)

where D is the positive definite symmetric matrix of size M' x M' ; W is a

diagonal matrix of size M' x M' ; W° and b are column vectors of size M'

and x is the column vector of unknowns x,. Their elements are

N

8hiSSTC 8h~SSTC

N
D.,. = = 2 Y. Y'..
13 Ix. an - ji ki

1
Wik =73 / j=k
Ok
- 0 4k
N
SSSTC N

i=1
and
%
W, =- (4.17)
O
j
for 1<j, k<M. The unknowns x, are related to the spherical harmonic

coefficients C,.,, Sy, by equation 4.10 and are determined by inverting

(D+W) to yield the solution x = (D+W)? (b + W°). Equation 4.12 shows
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how there are (M+1)(M+2) coefficients for an SST expansion of degree and
order M. Hence for M = 30 as chosen for this study there are 992 unknowns
to solve for.

Instead of solving for the SST from scratch, a preliminary SST

(PSST) expansion is introduced into equation 4.5 such that it becomes

SST cal alt
R o= Y - R

1

ot/set/inv
1

PSST

- K - h - h (4.18)

where hI:SST is the PSST elevation associated with hai“. The PSST

expansion utilised for this study is of degree and order 15 and was
determined using GEOSAT data [Lerch et al., 1992]. The unknowns C,,,
Sam will therefore be corrections to the PSST to degree and order 15,
beyond which they are the actual values to degree and order 30. The
corrections and higher order terms are assumed small and their expected
values may be taken as zero. Hence the elements of the column vector
W? are zero. The standard error ¢ for each C,,, S, is taken as 2 cm in
accordance with the PSST used. This constraint significantly lowers
correlations and permits the corrections for the harmonic coefficients to be
determined as acceptable values. Incorporating a PSST has the advantage
that good altimeter measurements are not rejected on account of omitting

the effect of the SST.

§4.8 Crossovers

The intersection between ascending and descending satellite ground
tracks forms a crossover point as illustrated in Fig. 4.2. The ground track is

the geodetic projection of the satellite orbit on the surface of the Earth.
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P satellite at time t j

descending arc

ascending arc

sea surface

T = T

intersection of ground tracks

Figure 4.2

Let hicaI and hjcal be the calculated geodetic heights of the spacecraft

_ b b . .
and similarly let h? and h;) be the corrected observed height at times t;, i

as defined by equation 4.4 . The crossover height residual is then

I
acy’ = CF - ¢ (4.19)
wherein
ob ob ob .
G = h -k ; observed crossover difference (4.20)
and
1 I
C:al = hica - hjca ; calculated crossover difference (4.21)

. . . . g b
Equation 4.20 shows how time invariant components within h?

b . . . .
and h;) such as the altimeter bias, centre-of-mass correction, SST and , in
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particular, the geoid height all cancel out. Similarly within equation 4.21
the centre-of-mass correction to the laser retro-reflector and the constant

and geographically correlated components of the radial orbit error also, for

b .
the most part, cancel out. Hence the crossover residual AC?]- will be mainly

due to residual radial orbit error and provides an independent check on
the precision of the satellite trajectory. The crossover points (3, Ay) are
calculated from ephemeris files created during the numerical integration
and hence these points are not the 'true' crossover points but rather
‘pseudo’ crossover points, sufficiently accurate to provide a useful
analysis. The crossover residuals are not used within this study to refine

the orbit determination but are calculated to evaluate the time tag bias.

§4.9 Time Tag Bias

. : : . tth
The time tag bias T introduces a height error h; = which is due to the
. . . . alt ,
time t; being tagged to altimeter observation h? rather than the true time

It . . . .
T; (where t; = T, + 1). Therefore h? is strictly an observation at time T;

and needs correcting to time t;. Orbit determination computes the

. . . . . . alt
spacecraft height at time t; and associates this altitude with h; .

Figure 4.3 shows how the timing error translates into a vertical
height error. The error T is assumed to be a small constant, in the order of

a few milliseconds, and hence the correct altimeter height required at time

t; may be expressed as a Taylor series

Rt = hAYT +1) = RY(T) + (ﬁ)r + O(t?) (4.22)
1 - 1 - 1 dt .

wherein the height error is
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dh;
tthb i ’
hi = (E‘) T = hl T (423)

and the dot represents differentiation with respect to time.

satellite at true time T;

satellite at time t ;

orbit height error
trajectory
cal h alt h alt
h i i i
Instantaneous
sea surface
—
h sea
1

— reference ellipsoid

Figure 4.3

Ignoring higher order terms O(t?) is permissible since the second

order term (i%irz)/z is less than 1 cm for, say, h; = 1 m/s? and 1 = 0.01 second.

The rate of change Bi may be computed with sufficient accuracy as r; where

r; is the computed geocentric (or radial) height of the satellite at time t;,

assuming the geoid effect on ini to be negligible. Since
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ridx  orndy ondz

r, = — + + (4.24)
axi dt ayl dt azl dt
and
o= vy o+ 2P (4.25)
hence
. 1 ) ) )
ry = ;(Xi Xit YViYit ZjZg ) (4.26)

The rate of change r;is invariant under rotation and may be
computed in the J2000 or Earth-fixed reference frame. Computation of r; is
simple since the satellite position and velocity is generated at each time t;
by numerical integration. Similar studies have been carried out for
SEASAT [Marsh and Williamson, 1982; Schutz et al., 1982]. Determination
of the time tag error T may be accomplished by two different methods ; the

'direct’ method and the 'crossover' method.

§4.9.1 Direct Method for the Time Tag Bias

It is possible to solve for the time tag bias t directly from pure
altimetry by modelling the observed altimeter residuals Ah?b as

Ahfa1 =b +hir + Cy cos M; + Sy sin M;
+ C, cos 2M; + S, sin 2M; (4.27)

where b may be interpreted as the altimeter bias, M; the mean anomaly
and Cy, 5y, C;, S; the constant coefficients. The once and twice per
revolution terms will absorb periodic errors, in particular the dominant
1/rev radial orbit error. A least squares solution for the 6 parameters

within Ah{® requires the minimisation of the function I where
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N
I = z (AR - ART)? (4.31)

i=1

where N is the number of acceptable observations. On minimising [ with

respect to parameter x,

N 8Ah~Cal
ol ob cal !
— = -2 E Ah; - Ah; =0 4.32
8Xk ( 1 1 ) an ( )

and is equivalent to solving the system of equations D x =b' (to order

O(Ah) ) where

N
aAhical aAhical
D, =
Jk aXJ an
i=1
N
9AR™
b i
by = Ah; : (4.33)
oX

for 1 <£jk <6 and x is the column vector of the 6 parameters within
equation 4.27. The partial derivatives required for the computation of

elements in equation 4.33 are

cal cal

AR JAh;

db ot




cal cal

dAh; dAh;
3, = cos M, ; 33, = sin M,
aAR™ oA
o cos 2M; ; Y sin 2M; (4.34)
2 2

Inversion of matrix D yields the solution x = D 1b'. Because this
method uses pure altimetry, the solution will be affected by the presence of

the geoid error.

§4.9.2 Crossover Method for the Time Tag Bias

. . . b .
Rather than analysing the pure altimeter residuals Ah? which

include a significant geoid error, a study of the crossover residuals may be

. . . . b
performed to determine the time tag bias t. The residuals AC?}» can be

modelled by taking the difference between Ahfal and Ahjca1 as defined by

equation 4.27, namely

1 al
Abi" - AR

cal

AC;

Ab + (h; - h) 1

i

+ C'p (cos M; - cos Mj) + 5y (sin M - sin M)
+ ', (cos 2M,; - cos 2Mj) + S5 (sin 2M; - sin ?_Mj) (4.35)
Since the bias may originate partly from non-instrumental sources,

it is assumed not to cancel out completely at the crossover point and the

difference Ab is included although it is expected to be only a few
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centimetres. Once again a least squares process is performed to determine
the 6 parameters within equation 4.35 and involves the minimisation of

the function I where

NC
ob cal \ 2
I = E (ac, - acy) (4.36)
a=1

where N, is the number of acceptable crossover points and o denotes the

crossover at times t? and t(;. Equation 4.36 is minimised and the
cal
parameters within AC, solved for as outlined in section 4.9.1 . Since the

geoid error is removed, this analysis should provide a more reliable value

for T than the direct method.

§4.10 _Repeat track analysis for TOPEX/POSEIDON data

For cycle 20 of the TOPEX/POSEIDON mission, the POSEIDON
altimeter was operating continually and represents the first complete cycle
of POSEIDON data. On the following cycle, 21, TOPEX operated
continually. These two cycles therefore provide an opportunity to carry
out a repeat track study to determine the difference between the TOPEX
and POSEIDON altimeter biases. The repeat track method [Cheney et al.,
1983] is described fully in chapter 5 but will outlined briefly here.

T
Initially the two cycles need to be aligned such that at times t; and
tg (at the start of the TOPEX and POSEIDON cycles respectively) the
satellite is at exactly the same geodetic latitude during the same pass. The

T P . : . . :
times ty and tj are determined by simple linear interpolation and are taken

here to be as early as possible into each cycle. Then for each cycle the
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observed height residuals Ah?b (computed by subtracting the CNES orbit

height, supplied on the IGDR, from the corrected observed altimeter

measurement) are determined and interpolated at regular one second

: : T P ‘
intervals from start times tg, ty; onwards to derive the regular one per

. int . . .
second residuals AH}(n , k being the new index for the interpolated values

. - . , T P
which denotes the number of integer seconds since times ty, t;. Also the

ground position is interpolated for, namely ( ¢y, A, )T and ( ¢, , A )F. Hence

int

TOPEX and POSEIDON residuals (AHi;t)T, (AH )F are determined at

approximately the same geodetic position ( ¢\, Ay ) along the ground track
of the two cycles and may be compared with each other. The observed

difference between these residuals is

ob int int
AH, = (AH )T - (aH, )P (4.37)
b
and is analogous to the observed crossover residual AC?J- discussed in

section 4.8 and hence will be free of geoid error and other time invariant

. _ b . .
effects such as the centre-of-mass correction. Within AHE is the altimeter

bias difference as well as residual radial orbit error and other errors due to

b
mismodelling of tides, etc. Hence the observed residual AH?< may be

modelled by

cal

AHk = bdiff + Cnl cOoSs Mk + Snl sin Mk
+ C", cos 2M) + S", sin 2M, (4.38)

wherein b%ff is the bias offset of the TOPEX altimeter relative to the
POSEIDON altimeter. The once and twice per revolution terms are
included to absorb the effect of the residual radial orbit error. The Jeast

squares procedure and the partial derivatives required to solve for the 5
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parameters is similar to that outlined in section 4.9.1 and will not be

described here.

The geodetic ground position ( ¢, , A, ) of the satellite for time tg + k
during the TOPEX cycle will not be exactly the same as for time tg + k

during the POSEIDON cycle, but the mean difference should be about 1

km. The distance d, between ( ¢y, A, )T and (¢ , A, )F along the ground is

approximated spherically as

Rg T AP
de =57 cos™ (I - Iy) (4.39)

N ‘ : : : .
where r | is the unit radial vector of the sub-satellite point defined by

]

—>

(cosdgcoshy )i + (cosdsinA )i + singk (4.40)

and Rg is taken as 6378 km. Hence residuals AHib with d > 1.5 km, for

example, may be rejected.

§4.11 Numerical Results

Analysis of the altimetry and crossover points is achieved by
presenting these data to the converged long arc orbits computed at Aston
University as described in chapter 3. The ERS-1 35 day repeat cycle is
broken down into 7 contiguous passes, each one 5 or 6 days in duration, so
as to ensure the accuracy of the calculated orbits. Pass 1 is only 1.5 days long
since a manoeuvre was performed very soon afterwards which disrupted
the numerical integration process. The TOPEX/POSEIDON cycles repeat

approximately every 9.9 days and an orbit was generated for each cycle of
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the same duration. All these cycles utilised TOPEX altimetry only except
for cycle 20 which is only POSEIDON data. The fit (root mean square or
rms) of the observed data to the computed values is tabulated in Table 4.2

for ERS-1 and Table 4.3 for TOPEX/POSEIDON.

§4.11.1 Long arc orbits

All the ERS-1 and TOPEX/POSEIDON long arc orbits (except for the
TOPEX/POSEIDON repeat track analysis) employed in this chapter were
computed with the JGM-2 gravity field of degree and order 70 [Lerch et al.,
1993] using the SATAN suite of programs [Sinclair and Appleby, 1986]. The
geoid is computed up to degree and order 70 from the JGM-2 gravity field
and then from 70 to degree and order 360 using the OSU91A gravity field
[Rapp et al., 1991]. The laser range normal point data and approximate start
vectors were supplied by the RGO. The rejection level for the laser
residuals for both ERS-1 and TOPEX/POSEIDON is chosen at 50 cm,
though with hindsight this is somewhat severe for ERS-1 since in some
cases one fifth of the data was rejected. A 1/rev along-track correction and
a daily saw-tooth drag model were included for both satellites and
moreover a 1/rev across-track correction for TOPEX/POSEIDON. From
Table 4.2, the ERS-1 orbits are of a good fit, with pass 1 having a rms of 1.7
cm which is due to the brevity of the orbit. Table 4.3 shows the
TOPEX/POSEIDON orbits to be of a consistent level of accuracy with a rms
of fit between the computed and observed laser ranges of about 10 cm or
better.

The crossover rms is the fit before the time tag bias or any other
terms are solved for. This measure of fit gives an indication of how precise

the radial component (excluding the geographically correlated component)
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of the computed orbits is since geoid error is not present, as described in
section 4.8. Hence for ERS-1 the radial height accuracy is about 25 cm rms
and about 13 cm rms for TOPEX/POSEIDON. However the crossover
residuals contain other mismodelled phenomena such as ocean tides and
these will have contributed to the overall rms. The rejection level for the
crossovers residuals is chosen at 50 ¢cm for ERS-1 and 30 cm for
TOPEX/POSEIDON.

The pure altimetry rms values presented are the fits after solving
for the altimeter bias and sea surface topography (SST) which absorbs some
of the long wavelength geoid error. Hence the altimeter rms is due
primarily to the geoid mismodelling, radial orbit error and ocean tide
errors. Results show that the altimetry fit for ERS-1 is around 33 cm rms
and for TOPEX/POSEIDON about 23 cm rms. The rejection level for the
pure altimeter residuals is 1 metre.

The superior measures of fit for TOPEX/POSEIDON data is chiefly a
consequence of the more accurate orbits which are far better determined
than for ERS-1 because of denser laser tracking and fewer difficulties in
atmospheric drag and gravity field modelling due to the higher orbital

height.

§4.11.2 Altimeter bias

Initial bias estimates of -70 cm for ERS-1, -40 ¢cm for TOPEX and zero
for POSEIDON were subtracted from the observed altimeter points in
order that points were not rejected on account of the bias error. These
approximate values were determined from preliminary long arc solutions.
Hence corrections are derived relative to these initial values. The solution

for a bias in the altimeter residuals means that all time-invariant errors,
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such as in the Earth semi-major axis, centre-of-mass corrections and
indeed the altimeter itself, cannot be separated. Thus it is necessary to state
that the bias results computed here are relative to a reference ellipsoid
with a semi-major axis of 6378136.3 metres and a reciprocal flattening of
298.257.

The ERS-1 altimeter bias for each of the 7 passes is determined from
the unconstrained solution for a 2x2 SST. Table 4.2 shows the bias to be
about -70 cm (ERS-1 altimeter is measuring 70 cm too short). On
combining the normal equations for the 30x30 SST coefficients, which
were determined for each of the 7 passes, and solving for a full 30x30 SST
over the 35 day period, the altimeter bias is evaluated at -69.2 cm.

The TOPEX altimeter bias for each cycle is computed from a
solution for a 30x30 SST. Table 4.3 shows the bias to be about -40 cm
(TOPEX measuring 40 cm too short). The slightly larger values for cycles 2,
3, and 4 initially suggest a drift in the TOPEX bias but this is certainly
refuted during the later cycles. On solving the combined normal equations
for the 30x30 SST for cycles 2-10, an overall bias value of -41.4 cm is
obtained. Similarly the combined cycles of 21 and 22 yield a bias of -39.6
cm. By weighting these two values with the number of observations and
taking a simple average, the TOPEX bias is estimated at -41.0 cm

From cycle 20, the POSEIDON altimeter bias is estimated at -17.7 cm,
again derived from a solution of the 30x30 SST (POSEIDON measuring
some 18 cm too short).

These TOPEX and POSEIDON results were published [Lam and
Moore, 1993; Lam et al., 1993] and agree very well with findings from other
investigators [JPL, 1993 a, b]. The computed standard errors are not listed
for the altimeter biases in Tables 4.2 and 4.3 since these values were very

small (less than a cm) and provide very little information.
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Table 4.2: ERS-1 results for 35 day cycle ( 1st Sept to Sth Oct 1992 ) ; all measurements

are in cm with the number of accepted observations in brackets. The altimeter bias is

determined from a 2x2 SST for passes 1 to 7. Combining all the passes 1-7, a 30x30 SST is

solved for to obtain the overall bias for the entire 35 day cycle. Bias values are relative to

an Earth semi-major axis of 6378136.3 metres.

Pass Epoch (MJD)

1 48866.0 - 48867.5

2 48868.0 - 48873.0

3 48873.0 - 48879.0

4 48879.0 - 48884.0

5 48884.0 - 48890.0

6 48890.0 - 48896.0

7 48896.0 - 48902.0

1-7 48866.0 - 48902.0

Days

1.5

Laser
RMS

1.7
(219)

10.6
(477)

14.8
(481)

16.0
(657)

11.2
(658)

17.9
(567)

10.9
(485)

Crossover

RMS

24.2
(4992)

Altimetry

RMS

36.8
(13194)

29.6
(15083)

35.1
(14185)

33.8

(12728)

30.7
(82109)

Altimeter

bias

-68.4

-71.6

-71.6

-70.4

-67.5

-68.7

-69.2
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Table 4.3: Results for TOPEX cycles 2-10 & 21-22 and POSEIDON cycle 20 ; all

measurements are in cm with the number of accepted observations in brackets. Bias values

are relative to an Earth semi-major axis of 6378136.3 metres and are determined from a

30x30 SST.

Laser Crossover  Altimetry Altimeter

Cycle Epoch (MJD) RMS RMS RMS bias

2 48898.07 - 48907.98 10.0 12.6 22.0 -44.7
(4252) (7584) (30334)

3 48907.98 - 48917.89 9.7 13.6 224 -43.3
(3356) (5623) (23895)

4 48917.89 - 48927.81 9.5 13.5 22.3 -43.1
(2400) (6569) (22901)

5 48927.81 - 48937.73 9.4 12.1 22.2 -41.9
(2719) (5271) (27639)

6 48937.73 - 48947.64 10.9 14.6 229 -40.0
(3580) (4300) (24829)

7 48947.64 - 43957.58 10.4 14.2 27.0 -40.4
(1317) (4422) (32475)

8 48957.58 - 48967.49 8.8 13.6 22.3 -38.9
(1702) (5085) (28250)

9 48967.49 - 48977.40 9.3 14.4 26.4 -40.2
(1756) (3829) (23694)

10 48977.40 - 48987.30 9.0 11.4 22.2 -40.3
(1780) (3593) (25486)

2-10 48898.07 - 48987.30 - 13.3 23.5 -41.4
(46276) (239503)

20 49076.55 - 49086.46 9.0 12.3 23.1 -17.7P
(5369) (6760) (32086)

21 49086.46 - 49096.38 7.4 11.8 22.2 -39.5
(4035) (6962) (33874)

22 49096.38 - 49106.30 8.7 11.6 221 -39.8
(4466) (6890) (33597)

21-22 49086.46 - 49106.30 - 11.7 21.7 -39.6
(13852) (67840)
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§4.11.3 Sea surface topography

The sea surface topography or SST is solved for in order to absorb
the permanent and temporal features of the SST over a particular period
and hence provide a more reliable value for the altimeter bias. The bias
component of the solution is not a feature of the SST and may be
interpreted as a correction to the initial bias value. However geoid and
radial orbit error are also absorbed into the solution and therefore the final
solution is not an exact representation of the true SST for that time span.
Other errors such as tides will tend to appear random and hence are
unlikely to seriously contaminate the solution. As detailed in section 4.7, a
preliminary SST (PSST) was included in the altimeter observations and
the solution constrained to provide a correction to this PSST. The PSST is
of degree and order 15 and is depicted in figure 4.4. The omission of terms
beyond degree and order 30 is not serious since the SST is known to
possess most of its power in the lower frequencies [Lerch et al., 1992].
Figure 4.5 shows the full 30x30 SST for the ERS-1 35 day repeat during 1st
Sept to 5th Oct 1992. Figure 4.6 is the SST for TOPEX cycle 2 only, figure 4.7
TOPEX is for cycles 2 to 10 inclusive, figure 4.8 is for POSEIDON during
cycle 20 and figure 4.9 is for TOPEX during cycles 21 and 22 combined. The

bias values are not included in these contour plots.

§4.11.4 Time tag bias

The normal equations for the solution of the time tag bias by both
the direct and crossover methods (as detailed in section 4.9) were
computed for each of the seven ERS-1 passes and each of the

TOPEX/POSEIDON cycles. The normal equations of the seven ERS-1
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passes were then summed and solved for, as were cycles 2 to 10 for TOPEX.
The normal equations for cycles 21 & 22 were summed together and
solved for, distinct from 2 to 10, to detect a possible change in the TOPEX

time tag bias over time. The results are presented in Table 4.4 .

Table 4.4 Time tag bias results for ERS-1, TOPEX and POSEIDON ; the time tag bias

is shown in milliseconds (ms) with all other values in cm.

Direct Method

Time tag Alt.
bias t bias cosM sinM  cos2M  sin2M
ERS-1 (35 day cycle) -2.08 -67.7 - 17.8 6.6 -2.1
TOPEX ( Cycles 2-10) 4.97 -38.7 -4.9 -0.9 1.2 0.4
TOPEX ( Cycles 21-22) 0.45 -38.1 12.6 2.5 --- ---
POSEIDON ( Cycle 20 ) 3.89 -17.3 0.7 14.7
Crossover Method
Time tag Delta
bias © bias cosM sinM cos2M sinZM
ERS-1 (35 day cycle) -0.60 -0.9 --- -19.1 - ---
TOPEX ( Cycles 2-10) -0.01 0.0 -0.4 0.2 -0.6 0.0
TOPEX ( Cycles 21-22) 0.74 -0.1 -0.2 3.6 -
POSEIDON ( Cycle 20 ) 3.73 48 0.2 245

From analysing the computed ephemerides, ERS-1 has a maximum
rate of change in the radial direction of about 10 m/sec whereas for
TOPEX/POSEIDON it is around 30 cm/sec. If the altimeter height error

due to the time tag bias T is not to exceed 10 cm then T must be within ~10
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milliseconds (ms) for ERS-1 and ~30 ms for TOPEX/POSEIDON. Hence the
results clearly show that there are no significant timing biases for any of
the three altimeters. In some cases the 1/rev and 2/rev terms were not
solved for because the solution for tis sensitive to high correlations with
these terms. The altimeter biases derived from the direct method agree
very well with those computed in the solution for the SST in section

4.11.2.

§4.11.5 Repeat track analysis

The repeat track method using the POSEIDON-only cycle 20 and
TOPEX-only cycle 21 estimates the difference between the two altimeters to
be -21.4 cm. This value implies that the TOPEX is measuring 21.4 cm
shorter than POSEIDON, i.e. the TOPEX bias is more negative by 21.4 cm.
This result is in full agreement with the values presented in section 4.11.2
and 4.11.3 where the TOPEX bias is about -40 cm and POSEIDON about -18
cm. Table 4.5 shows the complete solution. The rms of the residuals before
fit is 10.7 cm which is slightly better than the crossover rms in table 4.3.
The amplitudes of the 1/rev and 2/rev terms are very small which
suggests that most the error is from tidal mismodelling and random in
nature. In all, 426,546 one per second interpolated residuals were
computed and accepted. The mean approximate distance, d,, between two
identical’ observations was 775 m with a standard deviation of 247 m
which demonstrates that TOPEX/POSEIDON is repeating its orbit to an
accuracy of around 1 km as expected. Table 4.5 shows the distribution of

the distances dy in more detail. The CNES orbit on the IGDRs were used

for this particular analysis.
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Table 4.5: Repeat track analysis of the difference between the TOPEX and POSEIDON

altimeter biases using cvcles 20 and 21.

Bias difference cosM sinM cos2M Sin2M
-21.4 cm 0.8 am 0.7 cm -0.3 cm -1.6 cm

TOPEX is therefore measuring 21.4 cm shorter than POSEIDON.

Number of possible points = 440,568
Rejected with residual > 30 cm = 13933
Rejected with dy > 1.5 km = 89
Number of accepted points = 426,546
RMS of residuals = 10.7 cm
Number of points with dy < 0.5 km = 64992
Number of points with 0.5 < d} < 1.0 km = 283152
Number of points with 1.0 < d < 1.5 km = 78402
Number of points with dj > 1.5 km = 89

§4.12 Conclusions

The main objective of the work presented in this chapter is to
estimate the altimeter and time tag biases associated with the ERS-1,
TOPEX and POSEIDON altimeters. The final results are displayed in table
4.6.

The altimeter biases computed from the 30x30 SST and the direct
method (for the time tag bias) agree to within 3 cm for all three altimeters.
The time tag bias values are extremely small and hence the height error

due to these can be dismissed with confidence. The repeat track analysis
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demonstrates that TOPEX is measuring some 21 cm shorter than

POSEIDON which agrees extremely well with the findings in Table 4.6.

Table 4.6: Results of the ERS-1, TOPEX and POSEIDON altimeter and time tag biases

by long arc solution

--- Altimeter bias (cm) --- --- Time tag bias (ms) ---

Ar B* Direct Crossover
ERS-1 ( 35 day cycle) -69.2 -67.7 -2.1 -0.6
TOPEX (cycles 2-10) -41.4 -38.7 5.0 0.0
TOPEX (cycles 21-22) -39.6 -38.1 0.5 0.7
TOPEX ( cycles 2-10,21-22) -41.0 - - -
POSEIDON  (cycle 20) -17.7 -17.3 3.9 3.7

A = determined from a solution for the 30x30 SST

B = determined from a solution for the time tag bias by the direct method

* relative to an Earth semi-major axis of 6378136.3 metres and 1/f = 298.257.

The numerical orbits were computed using the SATAN software
and the JGM-2 gravity field. The crossover residuals indicate a radial
accuracy in the region of ~25 cm rms for ERS-1 and ~12 cm rms for
TOPEX/POSEIDON. The pure altimeter residuals yield ~33 cm rms for
ERS-1 and ~22 cm rms for TOPEX/POSEIDON, although these
measurements will include the geoid error. These figures therefore
suggest that the TOPEX/POSEIDON orbits are significantly better than for
ERS-1.




CHAPTER 5

SEA SURFACE VARIABILITY OVER THE NORTH SEA

§5.1 Introduction

The method of using satellite altimetry from repeat (or collinear)
ground tracks to provide information about the mesoscale sea surface
variability over the deep oceans [Cheney et al., 1983] is a well established
technique. Geoid, orbit error, ocean tide and inverse barometer effects are
removed to leave the mesoscale signal (up to a wavelength of several 100
km). High variability of the mesoscale signal may therefore be attributed to
strong currents and eddies. For a shelf region, such as the North Sea where
any height signal due to the variability of the thermohaline circulation
will be considerably less than that of tides and surges, this method can be
used to assess how well the dominant phenomena, the ocean tide and
storm surge, are modelled [Oskam, 1990]. Therefore the purpose of this
chapter is to establish how accurately the POL models for the North Sea
regions predict these phenomena. The surge model is used later in chapter
6 (altimeter calibration) together with a variant of the ocean tide model

used here.

§5.2 Tides

Tides are caused by the gravitational attraction of the Sun and
Moon acting on the waters of the rotating Earth, and the centrifugal forces
resulting from the motions of these three bodies. They contribute

significantly to the observed sea surface height and need to be well
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predicted and removed in order to observe other phenomena such as the
storm surge or thermohaline ocean circulation. The overall tidal effect is
composed of several distinct tides, namely, ocean tides and earth body
tides and also to a lesser extent the loading tide and a tide-like effect caused
by the motion of the Earth's pole.

If the Earth was covered by an ocean of uniform depth, the bottom
of which was frictionless then such tides would be simple to predict.
Naturally, this is not the case; the ocean depths vary and the land masses
hinder the movement of the waters as the Sun and Moon exert their

influence. The effect of the Moon on ocean tides is about twice that of the

Sun.
Table 5.1: Key lunar and solar partial tides
Relative
Period amplitude
Symbol (solar hrs) (M, =100) Description
M, 12.42 100.0 Main lunar, semi-diurnal constituent
Sy 12.00 46.6 Main solar, semi-diurnal constituent
Ny 12.66 19.1 Lunar constituent due to monthly
variation in moon's distance
Ky 11.97 12.7 Soli- lunar, semi-diurnal constituent
due to declination changes
K4 23.93 58.4 Soli-lunar constituent
O 25.82 415 Main lunar, diurnal constituent
Py 24.07 19.3 Main solar, diurnal constituent

At tide gauge stations it is usual to predict ocean tides using
harmonic analysis of historical data, parameterising the data in terms of

the various components of the ocean tides or 'partial' tides. These
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constituents are determined by observation and only a small number are
needed to predict the ocean tide quite accurately, say, to around 1 cm rms,
depending on location. The key partial tides are listed in Table 5.1
[Thurman, 1981] and the entire ocean tide phenomena has a nodal period
of 18.6 years. The vertical displacement of the ocean tide may well in
excess of 2 metres over the North Sea. Solid earth (body) tides occur due to
the elasticity of the Earth's surface and the vertical tidal effect may be up to
20 cm for the North Sea [Baker, 1984]. The solid earth is further deformed

under the weight of the moving oceans, which is called the loading tide.

§5.3 Storm surges

Storm surge is a term used for the meteorological effects of winds
and atmospheric pressure on sea level in shallow water areas. In the deep
open ocean, the key component is atmospheric pressure; an increase of 1
millibar in air pressure decreases the sea level by approximately 1 cm. This
is known as the 'inverse barometer' effect and serves as a good general
rule of thumb for sea level changes on timescales longer than 1 or 2 days.
However over the North Sea winds cause the major change in the sea
level rather than air pressure and strong coastal winds over shallow
waters can prove catastrophic for nearby towns. In practice, these two
phenomena are coupled together in shallow water wave equations and are
usually predicted as a total elevation along with the tidal component. The
tidal part is then calculated separately and subtracted to leave the sea level
change due to the storm surge [Flather et al., 1991]. These wind and air
pressure variations can raise or lower sea level by up to a metre around

the U.K. coast over a period ranging from a few hours to 2 or 3 days.

- 88 -



§5.4 Repeat track method

A satellite In a precise repeat orbit will travel over the same ground
path, to within +1 km, after a certain predefined time. For ERS-1 in the ice
phase this is 3 days; for TOPEX/POSEIDON it is 9.9 days. Therefore, after a
while, a number of repeat altimetric passes will be available. The sea
surface heights, h, are computed by subtracting the altimeter range
measurement (corrected for solid earth/ocean tides, inverse barometer
effect and sea-state bias as well as the dry/wet tropospheric and
lonospheric effects) from the orbit height as provided in the altimeter
datasets or IGDRs. The sea surface heights thus derived will not be at
identical sub-satellite points from pass to pass; however this is overcome
by aligning all the passes to some geographic origin (say, a certain latitude)
and then interpolating the data points as outlined in section 4.10. In detail,
for each pass, the time at which the satellite crosses the origin 1is
interpolated for and then subtracted from the times of all the sea surface
measurements for that particular pass. The new times will therefore be
relative to the same origin for all the passes. Interpolation at regular 1
second intervals for each pass then results in a dataset where the altimetric
points coincide at the same ground positions between all passes.

The sea surface height (derived using the orbit heights from the

altimeter records themselves) at time t; (with respect to the geographic

origin) may be expressed as

0
hy = N, + w;, +w, + AM - Ar, (5.1)

where AM is error due to the mismodelling of M (the solid earth & ocean

tide and storm surge effect). The other terms within equation 5.1 are

N ; geoid height

-89 -



wo stationary sea surface topography (SST)
wt time dependent SST

Ar : radial orbit error.

The average sea surface height is then obtained by computing the
mean sea height at each 1 second interval between all the passes. The
resulting profile will be composed essentially of the geoid and w0 plus the
time-average of all the other effects. This mean profile is then subtracted

from each pass wherein the resulting profiles h' are expressed by

Ry, = w) + AM - Ar, (5.2)

1

which is principally the residual effects of wit, AM; and Ar; (denoted with

the ' symbol since the time-average components are removed). Finally a
best-fit straight line is removed from each pass to eliminate the residual
radial orbit error Ar" which is the major contribution in equation 5.2. The
radial orbit error is known to exhibit a predominately 1/rev behaviour
with a wavelength of 40,000 km [Wagner, 1985] and so over a few 100 km
across the North Sea its effect is well approximated by a straight line.

Subtraction of a best-fit line will also remove the lower frequency

components of w’it and AM';. The resulting profile h" for each pass is then
expressed by

h", = w", + AM", (5.3)

and may be considered the 'mesoscale variation' of the sea surface h for

t
each pass. If AM"; is assumed small compared to w", then the standard

deviation of h" computed at each sub-satellite point over all the passes
gives an overall indication of the variability. The phenomena which h"
reflects have wavelengths up to the length of the repeat passes chosen and

a timescale equivalent to the period spanned by the passes. However for
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. . ,,t . . ]
the North Sea it is w"; which is small compared to AM"; and so the

profiles h" will provide information concerning the mismodelling of M.

§ 5.5 Data and models

For ERS-1 the fast delivery data for the month of January 1992 as
edited by NOAA are employed as this was the only reliable altimetric
dataset available at the time of study. NOAA provided their own wet and
dry tropospheric and ionospheric corrections. They also allowed for a
centre-of-mass correction of 85.2 cm whilst retaining the ESA correction
for the electromagnetic bias of 1.8% of the significant wave height.
Corrections for the geoid, ocean tide, solid earth tide are also provided. It is
emphasised that the ERS-1 results presented here are calculated from
preliminary altimetry.

For TOPEX/POSEIDON the data during September to December
1992 on the IGDR CD roms are employed. The altimetry is corrected for
atmospheric delay effects and sea-state bias as discussed in section 4.2. The
orbit height and solid earth tide are taken from the IGDRs.

The ocean tide model for the U.K. was supplied by POL. It utilises
some 15 constituents and has a resolution of about 12 km x 12 km (see
Figure 5.1) . The accuracy for the shelf as a whole is estimated at 10 cm rms,
although larger errors could apply in certain areas.

Storm surge elevations for the U.K. seas are computed by models
run routinely at the Meteorological Office with the assistance of POL. The
data is generated with 12 hour hindcast and 36 hour forecast and sent to

POL for archiving. Software is available to access this information which is
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of the same spatial resolution as the POL ocean tide model and has a
temporal resolution of 1 hour.
Details on ocean tide and surge modelling at POL mav be found in

‘Computer Modelling in the Environmental Sciences’ [Flather et al., 1991].
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§5,6 Results

Three arcs for each satellite ERS-1 and TOPEX/POSEIDON are
chosen over the North Sea and are illustrated in Figures 5.2(a) and 5.2(b)

respectively. Details of these arcs are presented in Table 5.2.
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Longitude
Figure 5.2(a)

Since the TOPEX and POSEIDON altimeters fly the same ground
track, it does not matter, for this exercise, which one is switched on over

the repeat passes since both instruments are of comparable precision.
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The results for ERS-1 are depicted in Figures 5.3 - 5.5 and for
TOPEX/POSEIDON in Figures 5.6 - 5.8. The top graph in each figure
compares the profile of the average sea surface height against the geoid
profile from the Oxford geoid model (see section 6.5.3). It can be seen that
the altimeter profile matches the detail of the geoid model very well, the
constant offset is due chiefly to the omission of the zero order term which
is about a metre in the North Sea [Featherstone, 1992]. Additional
differences arise from omission of the mean SST and the inclusion of time

averaged constants from other effects.
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Figure 5.2(b)
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Table 5.2 Details of repeat passes over the North Sea.

Ascending/ Number of

Pass Descending repeat arcs Period Altimeter
El D 6 Jan 1992 ERS-1
E2 D 9 Jan 1992 ERS-1
E3 A 7 Jan 1992 ERS-1
T1 A 7 Sept-Dec 1992 T/P
T2 A 7 Sept-Dec 1992 T/P
T3 D 7 Sept-Dec 1992 T/P

The bottom graph in each figure compares the standard deviation of
h" (as defined in equation 5.3) over all the repeat passes. These are labelled

1) RAW (no ocean tide or storm surge correction)

i) IGDR (the IGDR global ocean tide value and POL storm surge
corrections used)

iii) ~ POL (the POL ocean tide and storm surge corrections used).

Within the ERS-1 NOAA dataset, the global Schwiderski ocean tide
[Schwiderski, 1980] is provided while for TOPEX/POSEIDON IGDR dataset
the enhanced Schwiderski tide is supplied. All three are corrected for the
earth body tide. The variability shown in these lower graphs may be
attributed mainly to the mismodelling of the ocean tide since it is this
phenomena that exhibits the largest amplitude; however the variability
will of course contain errors from any number of sources.

All the figures show the POL model values to be superior to those

of the IGDR which is hardly surprising as the POL model was developed
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specifically for the U.K. shelf region. It can be seen that the claim of 10 cm
rms accuracy is justified in view of the dramatic improvement in Figures
5.6 and 5.7. The ERS-1 results appear far noisier than the
TOPEX/POSEIDON ones which may well be a indication of the superior
precision of the TOPEX/POSEIDON altimeter. It should be noted that the
average sea surface heights in the top graphs for ERS-1 are also noisier
than for TOPEX/POSEIDON. This may be due to jitter in the on-board
tracker for ERS-1. Table 5.3 gives the average standard deviations for the

raw, IGDR and POL results for all 6 passes.

Table 5.3: Comparison of the s.d. between the raw, IGDR and POL ocean tide

modelling: all the values are in cm and are a simple average of the rms along each profile

from Figures 5.3 - 5.9.

Pass  Data points Raw IGDR roL! PoL?
E1 141 18.8 9.4 6.2 7.2
E2 101 17.2 9.4 6.0 5.9
E3 96 19.5 17.1 7.4 5.9
Tl 101 28.2 16.8 6.0 6.4
T2 71 48.4 19.7 6.1 5.9
T3 116 17.9 6.9 4.2 5.4

1 - both POL ocean tide and storm surge applied.
2 - only POL ocean tide applied (no storm surge).
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As a further comparison, the POL ocean tide was corrected for
whilst omitting the storm surge. The mean of the resulting variability is
listed in the second POL column in Table 5.3. Figure 5.9 and 5.10 show the
difference in the overall variability between including and omitting the
surge effect.

Table 5.4 shows the constant component of the radial orbit error
determined by a best-fit straight line. These values are derived when using
the POL models to correct for the ocean tide and storm surge effect.
Although this is not the pure radial orbit error as such, it does however
give a good indication of how much better the TOPEX/POSEIDON orbits

are over those of ERS-1.

Table 54: Comparison of the 'apparent’ radial orbit error constant; all values are in

metres.

--- Repeat pass number --

Pass 1 2 3 4 5 6 7 8 9
El -2.08 1.51 0.12  -0.33 0.07 0.71

E2 -0.90  -1.90 0.55 1.28 0.61 -1.33 -0.28 2.81  -0.86
E3 -2.24 012 -043 -0.76 -090 -0.99 1.72

T1 0.14 0.05 -0.03 -0.11 -0.03 -0.13 0.12

T2 -0.11  -0.<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>