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ABSTRACT

Obtaining a basic description of the global mesoscale variability is fundamental to
an improved understanding of ocean dynamics. Satellite altimetry which measures the
distance between the spacecraft and the sea surface is becoming an important tool for
acquiring global, synoptic measurements of the dynamic topography of the oceans.
The radial orbit error for the satellite has been the major limitation to the application of
satellite altimetry oceanographic studies. The goal of this research is to develop
methods for reducing radial orbit error and to apply these methods to study oceanic
mesoscale variability using Geosat altimeter data.

The conventional crossing arc technique has been widely applied to satellite
geodesy and oceanography. An efficient and generalized method has been developed
for the computation of altimeter crossover measurements which is applicable to both
single and dual satellites. Evaluations of the radial orbit error show that the operational
Geosat Exact Repeat Mission (ERM) orbits have 3~4 m crossover rms residuals and the

predominating radial orbit error occurs at the frequency of once per revolution (40,000

iv



km wavelength).

As a result from the orbit error analysis, a new technique has been developed for
extracting global mesoscale variability from collinear satellite altimeter profiles which
have large radial orbit error. Long wavelength radial orbit error is suppressed by taking
the derivative of each altimeter profile. The resulting mean sea surface slope profile,
averaged from 22 repeat slope profiles, has a precision about 0.1 microradians (urad).
Slopes due to mesoscale dynamic topography are typically 1 prad. Root mean square
slope variability as low as 0.2 prad are found in the Southeast Pacific and maximum
slope variations up to 6-8 prad are found in major western boundary currents (e.g.
Gulf Stream, Kuroshio, Falkland and Agulhas) and in the Antarctic Circumpolar
Current (ACC) systems.

The global rms variability map shows previously unknown spatial details that are
highly correlated with sea floor topography. At mid-latitudes, the variability is
generally high in deep water (> 3000 m) and low in shallow water (< 3000 m). Eddy
kinetic energy associated with the Gulf Stream and Kuroshio Current is also examined.
Good agreement with previous altimeter results is obtained in both magnitude and

spatial distribution.
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Chapter 1

Introduction

1.1 Observing the Ocean From Space

The structure of the ocean surface topography consists of two components: the
marine geoid and the dynamic topography. The larger of the two components (the
marine geoid) is an equipotential surface of the Earth's gravity field. Undulations in the
geoid reflect variations in the density structure of the solid Earth. At the shortest
wavelengths, the topography of the sea surface mimics the topography of the sea floor.
Superimposed on these larger geoid undulations are smaller variations in sea surface
topography caused by ocean tides, ocean currents, eddies and other meteorologically
related phenomena. The dynamic ocean topography consists of a quasi-stationary
component associated with seasonal and long term current movement and a component
associated with shorter time scale fluctuations.

Ocean currents, in association with the influence of the atmosphere, move the
Earth's heat from one latitude to another, delivering warm water to the colder climates
and cold water from the polar regions to the warm equatorial regions. They moderate
temperature and weather fluctuations on the continent and ultimately determine their
climates.

Observing the large scale ocean circulations and studying ocean dynamics have
been the primary interest of physical oceanographers for the past century. However,
over the last ten years, oceanographers have realized the importance of fluctuating

currents in ocean dynamics. Thus, much of their attention has been shifted from the



study of mean motion of the current to the variability of the current. This shift in
emphasis has resulted from studies [e.g. Wyrtki, 1976] showing that fluctuating
currents contain far more kinetic energy than does the mean motion (Figure 1.1).
Recent variability studies have classified wavelike and turbulent motions, assessed
their role in ocean dynamics, estimated the importance of the various instabilities of the
mean motion of the currents, and calculated the interactions among wave fields of the
major currents [Stewart, 1985].

As storms are important to meteorologists, eddies are important to physical
oceanographers. Eddies transport energy on a local scale, contribute to the large
currents, and move the bulk of the Earth's absorbed energy. Understanding and
parameterizing these motions requires repeated observations of large areas of the ocean
under many different conditions, with spatial resolution on order of tens of kilometers.

For centuries, oceanography has depended on sparse measurements which were
made from surveying ships or were collected from tide gauges. However, because of
the vastness and inaccessibility of the oceans, the current shipboard data sets are
insufficient for the development of detailed models of the oceans and for the
understanding of oceanic dynamics. Since the launch of Geos-3 satellite in 1975,
satellite-borne radar altimetry has promised nearly total coverage of the world oceans
with the ability to resample the surface at periods of a few weeks. The combination of
satellite altimetry and wind measurements, made from satellite scatterometer together
with in situ measurements, can significantly enhance our ability to observe the oceans

globally and synoptically.
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Figure 1.1 Kinetic energy of sea surface currents averaged over 5° squares.
Upper: kinetic energy of the mean flow. Lower: kinetic energy of fluctuating
currents (form Wyrtki, 1976).



1.2 Geosat Exact Repeat Mission (ERM)

Experience with Geos-3 and Seasat during the 1970's has demonstrated the
enormous potential of satellite altimetry, but neither mission provided a data set that
was both long term and global in coverage. On March 12, 1985, the United States
Navy altimetric satellite, Geosat, was launched into an orbit of 800 km altitude and
1089 inclination and began generating a new data set with unprecedented spatial and
temporal coverage of the global oceans [Cheney et al., 1987]. The primary purpose of
the satellite mission was the improvement of the marine gravity field. Data collected
from the first 18 months during the primary (geodetic) mission are classified.
However, the geodetic mission ended on September 30, 1986 and on October 1 the
Geosat was maneuvered into an orbit in which the ground track repeats itself within 1
km after 17 days (244 revolutions). This orbit produces altimeter data within 10 km of
the ground track for the previously released Seasat data, and the mission is now
referred to as the Geosat Exact Repeat Mission (ERM). The ERM officially became
operational on November 8, 1986. Maneuvers are performed approximately once per
month to maintain the collinearity of the ground track to within + 500 m. The ground
track spacing at the equator is about 160 km (Figure 1.2), so an excellent sample of the
oceans can be obtained. Since the ground track for the ERM is very close to the Seasat
orbit which has released altimeter data, the new data set is unclassified. Under
agreement with the U.S. Navy, National Oceanic and Atmospheric Administration
(NOAA)/National Ocean Service is producing the ERM Geophysical Data Records
(GDR) which have been distributed through NOAA's National Oceanographic Data
Center (NODC) [Cheney et al., 1987]. So far the satellite is performing well, and the

ERM will possibly continue into the early 1990s.
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Geosat ERM orbit characteristics are listed in Table 1.1. The ground track pattern

> of Geosat repeats after 244 revolutions which is approximately 17.05 days. A frozen
orbit, in which the eccentricity and argument of periapsis change due to the

geopotential are nearly eliminated, was selected to maintain a constant altitude history

and to eliminate lateral variations in ground tracks associated with an eccentric orbit

having a circulating line of apsides [Born et al., 1987]. Maneuvers have been

performed at a frequency of no more than once per month to maintain the frozen orbit.

A frozen orbit was also used on the Seasat mission.

Table 1.1 GEOSAT ERM Orbit Parameters

Semimajor Axis =7162.6 km
' Eccentricity = 0.0008
Inclinaton = 1080
Longitude(East) of Node = 1.05° + n % 1.4759
where n = 0 to 244 (orbit revolution number)
Periapsis Altitude = 778.7 km
Period = 6035.6 seconds (1.68 hours)

Node Rate = 2.00/day
Perigee Rate = -1.79/day

The configuration of the Geosat spacecraft is shown in Figure 1.3. The long
boom is used for radially decreasing the gravity gradient of the Earth to keep the
spacecraft oriented in the nadir direction. The spacecraft has two redundant doppler

beacons which also point in the nadir direction. Each beacon generates two coherent



Figure 1.3 Geosat Spacecraft Configuration (from Cheney et al., 1987)



frequencies, 150 MHz and 400 MHz, that are continually broadcasting. Two
frequencies are used to remove the first order ionospheric refraction effect. The Geosat
transmitted frequencies are biased above the nominal frequency by 80 parts per million
to help distinguish them from the Navy's Transit satellites which are also tracked by the
Navy's Tranet tracking system and which broadcast at 150 MHz and 400 MHz less 80
parts per million. To date only one beacon on Geosat has been used.

In this study, the first twenty-two repeat cycles, from November 1986 to
November 1987, of Geosat/ERM altimeter data were used for the determination of

global oceanic mesoscale variability.

1.3 Geometry of Satellite Altimeter Measurements

The satellite altimeter transmits radar pulses towards the ocean. The round trip
travel time At of the electromagnetic pulse transmitted from the satellite and reflected
off the ocean surface back to the altimeter antenna can be converted to a height by the

relation:

h=cAt/2 (1.1)

where c is the speed of light and 4 is the radial distance from the altimeter attenna to
the instantaneous ocean surface. This assumes no raidal motion of the spacecraft in the
period of At.

The in-orbit measurement precision of satellite altimeters have improved from the
1-meter precision accomplished by the Skylab mission to sub-decimeter precision

realized by Geosat. The Geosat altimeter incorporates a number of design changes that



have resulted in improved measurement precision. Its in-orbit performance indicates a

precision approaching 3 cm for moderate wave height (Figure 1.4, [McConathy, et al.,

1987]).

100 ~
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Figure 1.4 The evolution of satellite altimetry precision

Before an altimeter height model can be discussed, an understanding of the

measurement geometry, as illustrated by Figure 1.5, and a brief review of some of the

concepts and definitions is necessary.

Reference Ellipsoid:

The irregular surface of the Earth (continents and oceans) can not be represented
by a simple mathematical relation. However, the Earth's surface may be closely

approximated by a rotational ellipsoid with flattened poles [Torge, W., 1980]. The
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Geometry of Satellite Altimeter Measurements. The satellite's radar altimeter measures
its altitude above the ocean surface. An accurate orbit is used to determine the height above the
reference ellipsoid. The difference between the two heights is the sea surface topography which
consists of geoid height (marine gravity variations) and dynamic topography due to geostrophic ocean
currents. The geoid height mimics the sea floor topography.



shape of the ellipsoid is described by two geometric parameters; the semimajor axis,
a, and the semiminor axis, b. Generally, b is replaced by the inverse of the
geometrical flattening f, which is more suitable for series expansions. The reference

ellipsoid used for in Geosat GDR's is defined by [Cheney et al. 1987] :

a = 63781370 m
f = 1/298.257223563
where
_a-b
f=%5 (1.2)

Geoid and Sea Surface Topography :

The geoid is an equipotential surface that corresponds closely to the mean sea
surface. The two surfaces differ primarily due to the effect of the tides and ocean
currents. This difference is referred to as the Sea Surface Topography (SST), and it is
related to the circulation of the ocean currents.

The potential which defines the geoid is:

W=W,+W, (1.3)

where the W, is the potential of the gravity due to the solid Earth and water plus the
rotational potential of the Earth and W, is the potential of gravity due to the Earth's
atmosphere [Stewart, 1985].

The altimeter height measurement model presented by Tapley et al. [1982] is

given by:

11



he=hai+hsg+ hi+ hg + hg+ hg+ hy + hy+ € (1.4)

where

he  the distance from the satellite center of mass to the reference ellipsoid at the
altimeter subsatellite point

hg the satellite height above the instantaneous ocean surface measured by the
altimeter

hy,  the effect of the spacecraft geometry, including the distance from the
altimeter feed horn to the satellite center of mass and the effect of the
spacecraft pointing in a nonvertical direction

h;  the sum total of instrument delays

h, the sum of atmospheric path length corrections due to the troposphere (both

wet and dry components), and the ionosphere

* hg  the correction due to surface and radar pulse interaction (EM bias)
h,  the geoid height

hy  the correction for solid Earth and ocean tides

h,  the ocean surface topography due to ocean circulation phenomena

£ random measurement noise

From the model described by Eq. (1.4), one can conclude that:

« Given the satellite position as determined from ground-based tracking data, the
combined features of the ocean surface topography and the shape of the marine geoid
can be inferred from the altimeter data;

« Inversely, given an accurate ocean surface model, altimeter data can be used to



improve radial orbit accuracy.

1.4 Geosat Radar Altimeter

To simplify the discussion, it is assumed that the transmitter of a satellite
altimeter sends out a short duration electromagnetic pulse towards the ocean. The pulse
is reflected back to the satellite and a sensitive receiver records the return pulse. An
accurate clock registers the time interval between transmission and reception. A height
measurement then can be computed from Eq. (1.1) where the pulse travels at the speed
of the light (~3x108 m/sec). A measurement to an accuracy of 1 cm requires a timing
accuracy of 30 picoseconds or stability in the clock of better the one part in 108.. While
stringent, these accuracies are possible [Stewart, 1985].

In practice, the transmitter first generates a sharp pulse that is then sent through a
dispersive filter to produce a long pulse that can carry more radio energy. After
reception, the original sharp pulse shape can be recovered by passing through an
inverse of the filter. A pulse-limited mode of operation is used for the Geosat altimeter
[MacArthur et al., 1987]. A spherically expanding pulse of rectangular cross section
striking a smooth surface at first illuminates a small spot which grows until the trailing
edge of the pulse reaches the surface, during which time the scattered power increases
linearly with time. Then the illuminated area becomes a spreading annulus of constant
area, and the scattered power remains constant until the annulus reaches the edge of the
antenna beam (Figure 1.6). The result is a waveform whose average shape is given by
the double convolution of the system's point target response, the ocean surface height

distribution, and the two-way antenna pattern (Figure 1.7). The sharply rising leading

13



edge of the waveform is the basis for the precise height estimation. The halfpower
point conforms closely to mean sea level. The instrument tracks the location of that
point with respect to the transmitted pulse, and the height measurement is stored on
tape and finally telemetered to the ground. The diameter of the surface spot illuminated

by the radar just before it becomes an annulus is given by [Stewart, 1985]:

d = 2Vhet

2=+ 16 H4n2
c2 (1.5)

where h is the satellite height, ¢ is the velocity of light, Tp is the pulse duration,
and H is the standard deviation of wave height. For Geosat, 4 is 800 km and 7 is
3 ns, sod is 900 m for calm seas. If the surface is not smooth but is disturbed by
waves, the reflected pulse is spread in time, scattering first from crests and then from
troughs. This spread is measured by the radar and allows observations of significant
wave height. The slope of the leading edge affects the measurement precision directly
and degrades performance with increasing wave height. This is counteracted in part by
adaptively increasing the width of the tracking gate that senses the location of the
leading edge. The addition of adjacent high-resolution samples to form a wider gate
leads to a reduction in noise.

As part of the overall height and wave-height estimation process, the amplitude
of the ocean-return signal is normalized via an Automatic Gain Control (AGC) loop.
The properly calibrated AGC setting is a measure of the backscatter coefficient at the

surface that, in turn, is dependent on wind speed.

14



15

Antenna Beamwidth

NS L NO)
~ 4~

\\

A\

N

\ ‘
.- —

ot Sea Surface

©
QD w-
Eg
[+5)
oc
@
T T T T
0 T 2T 3t 4T
Time
|lluminated Area at
t= 1
t=27
t=371
t=4r

High SWH Pulse-Limited Circle ‘-——

Figure 1.6 Pulse-Limited Geometry of Satellite Radar Altimeter. (from Stewart, 1985)

The length of the altimeter pulses plus the height of the waves on the sea surface determine the surface
area observed by an altimeter. Two extremes are illustrated. The top and middle show a time sequence
for a rectangular pulse incident on a sea surface whose wave height is very small compared with the
pulse width. The Bottom shows a 3 ns pulse incident from an altitude of 840 km on a sea surface with
10 m waves and 300 m dominant wavelength (the vertical scale is magnified by a factor of 100)
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In summary, the Geosat radar altimeter is an improved version of the one flown
on Seasat [MacArthur et al.,, 1987]. It provides three basic measurements with

precision specified as follows:

Height: 3.5 centimeters for < 2 meters significant wave height (SWH);
SWH: 10% of the SWH or 0.5 meters (which ever is greater);
Wind speed: 1.8 m/s over the range 1 to 18 m/s.

1.5 Study Objectives

The primary limitations on the accuracy of the ocean surface features that can be
extracted with satellite altimetry are: (1) errors in the satellite orbit used to reduce the
altimeter measurements to ocean surface heights above a reference ellipsoid, and (2)
errors in the marine geoid, which is subtracted from the sea surface heights to obtain
sea surface topography. The error in the model for the Earth's gravity field is the single
largest contributor to both of these error sources. Single satellite crossing arc methods
have been widely and successfully used to reduce the effects of these limitations
[Shum, 1983]. A geometric technique using dual satellite altimeter crossovers to
improve satellite radial orbit accuracy was proposed by Born et al. [1985]. In Chapter
2, a dynamic approach using dual satellite crossover data for the purpose of gravity
model improvement and precision orbit determination has been developed. Also, an
efficient and generalized computation system which is applicable to both single and dual
satellite crossover measurements is developed. Finally, sensitivity of geopotential
coefficients to the crossover data is investigated both analytically and numerically.

In order to use the Geosat altimeter data to the full extent of the instrument



precision, accurately determined Geosat ERM orbit using the best available gravity
model and the Tranet doppler ground tracking data is desirable for the analysis of
Geosat ERM altimeter data. The precision orbit determination procedure and orbit
evaluation for Geosat ERM are presented in Chapter 3.

Geosat is the only orbiting altimetric satellite in the 1980s. It has produced
valuable new data and will provide years of observations, bridging the Geos-3/Seasat
and the Topex/ERS-1 eras. Its high quality (< 5 cm) measurements and its excellent
spatial and temporal coverage provide a unique opportunity to study the detailed and
long-term geophysical and oceanographical phenomena globally and synoptically. The
primary objective of this investigation is the analysis of Geosat ERM altimeter data for
the determination of global oceanic mesoscale (100 ~ 1000 km) variability. A new
method for extracting global mesoscale variability from collinear altimeter profiles
which have large radial orbit error (~ 4 m) has been developed. Long-wavelength orbit
error, as well as other long-wavelength errors were suppressed by a simple derivative
filtering process. A global rms variability map was constructed which shows many
previously unknown spatial details. Techniques employed for this study and results
associated with oceanographic features are presented in Chapter 4.

In Chapter 5, eddy kinetic energy associated with the Gulf Stream and Kuroshio
Current is examined and compared with previous altimetric results. A summary of this

study is given in Chapter 6.
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Chapter 2

Altimeter Crossover Methods for Satellite Oceanography

2.1 Introduction

The ability of satellite-borne radar altimeter data to measure the global ocean
surface with a few centimeter precision provides a unique data set for precision orbit
determination, mapping the marine geoid and determining ocean dynamic topography
[Shum, 1983]. Although satellite altimetry has a distinct advantage in its global
distribution of data, consideration of possible error sources when altimeter data are
used directly for orbit determination and geophysical mapping suggests several
disadvantages. In particular, long wavelength oceanographic features and nontemporal
ocean topography can be absorbed into orbit and geodetic parameters when altimeter
data are used directly. The nontemporal ocean topography, mostly due to error in the
marine geoid, currently has uncertainty at meter level and is significant when decimeter
radial orbit accuracy of certain satellite orbits is desired.

A technique which eliminates the altimeter's dependence on the nontemporal
ocean topography is based on the use of altimeter measurements at the points where the
orbit ground tracks intersect. These points are referred to as "crossover points". A
crossover measurement is defined as the difference in the altimeter measurements at the
points where satellite ground tracks intersects. Since the constant part of each altimeter
measurement will be due to the marine geoid and the quasi-stationary sea surface
topography, the crossover or differenced altimeter measurements will be a function of

the radial orbit error, the atmospheric refraction effects and the time-varying ocean
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surface topography (e.g. tides and current variations). The radial orbit errors are
primarily caused by mismodeling the forces which act on the satellite. The orbit error is
primarily a long wavelength feature with dominant once per orbital revolution (40,000
km) and twice per orbital revolution (20,000 km) components.

Global analysis of crossover residuals can provide valuable information about
radial orbit error sources. Altimeter crossover measurements have been used to
evaluate the accuracy of Seasat ephemerides [Shum, 1983, Schutz et al., 1985].
Crossover residuals have also been useful for validation and estimation of the Seasat
time tag accuracy [Marsh et al., 1982; Schutz et al., 1982]. Hagar and Boggs [1977]
and Shum [1983] investigated the observability characteristics of single satellite
crossover measurements in their application to orbit determination.

Crossover methods are also useful in recovery of geoid undulations and gravity
anomalies [Rummel et al.,, 1977, Rapp, 1983] as well as ocean tide constituents
[Parke, 1980; Brown, 1983]. Dynamic techniques, using altimeter and altimeter
crossover data, have been applied to obtain the solution of a Seasat-tailored gravity
field [Shum, 1983; Schutz et al., 1985]. More recently, the University of Texas has
developed preliminary gravity field solutions for Topex mission which included
altimeter and altimeter crossover data [Tapley et al., 1987, 1988a]. Geosat radial orbit
accuracy has been improved significantly using these recent gravity fields.

Geometric techniques to remove orbit error using crossover measurements have
been applied to the generation of maps of global mean sea surface [Marsh et al., 1982;
Marsh et al., 1986]. By taking the difference from global crossover adjusted Seasat
altimetric mean sea surface from geoid models, Tai and Wunch [1983] using GEM-9 ,

and Engelis [1983] using GEM-L1 obtained interesting and even reasonable global sea

20



surface dynamic topography maps.

Time series of the sea level changes which revealed the seasonal variability of the
Gulf Stream utilizing crossover techniques have been generated by Fu et al. [1987]
using Seasat altimeter data. Moreover, sea level time series over a large region of the
Equatorial Pacific showing the propagation of a Kelvin wave associated with the 1986-
1987 El Nino were obtained from the crossover analysis of Geosat altimeter data
[Cheney et al., 1986; Miller et al., 1987].

Santee [1985] and Born et al. [1985] performed a study to use geometrical
techniques to improve the orbit of the proposed Navy satellite, N-ROSS, with the use
of dual satellite altimeter crossover data between N-ROSS and the proposed
Topex/Poseidon satellite. Shum et al. [1986, 1987] examined the observability of
geopotential coefficients using dual satellite crossover data in the orbit determination
procedure.

The Topex/Poseidon mission, which will be conducted jointly by the National
Aeronautics and Space Administration (NASA) and France's Centre Nationale d'Etudes
Spatiale (CNES), will carry high precision radar altimeter instruments in an attempt to
measure oceanic topography including the mean and variable sea surface geostrophic
currents and tides of the world's oceans, and to lay the foundation for a continuing
program to provide long-term observations of the ocean's circulation and its variability.
In the same time span, the European Space Agency (ESA) will launch another altimeter
satellite, ERS-1. Since ERS-1 will cover most of the ocean surface with its 980
inclination and the Topex/Poseidon mission will provide a more accurate radial orbit

(~13 cm rms) [Stewart et al., 1986], the use of crossover measurements between these
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satellites will provide a significant means for precise orbit determination and the
mapping of geophysical and oceanogographic phenomena.

This chapter describes the techniques used to apply single and dual satellite
crossover data for the purpose of precision orbit determination and the reduction of
geophysical parameters. Sensitivity of geopotential coefficients to the altimeter
crossover data is examined, and the contribution of crossover data to the solution of
the Earth's gravity field is studied. Also, an efficient and generalized crossover
computation system which is applicable to both single and dual satellite crossover

measurements has been developed.

2.2 Crossover Measurement Geometry

The intersections of the ground track of the subsatellite point for an Earth-orbiting
satellite on the surface of the Earth, referred to as the "crossover" points are caused by
rotation of the Earth and, to a lesser extent, non-Keplerian perturbations of the
satellite's orbit (Figure 2.1). Assuming the crossing occurs at times #; and 4, where
1 <1j, and that the sea surface heights, A(r;) and h(tj), are made precisely at
these two times, a crossover measurement (Figure 2.2), Ah(ti,tj), can be computed

as follows :
A1) = h(t)) - h(t)) 2.1)
The altimeter measurement model, defined using the height above a reference

ellipsoid has been described by Eq. (1.4).

In view of Eq. (2.1), the crossover measurement model becomes:
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ORBIT j

Figure 2.1

GROUND TRACK j

GROUND TRACK i

Altimeter Crossover Geometry
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Ah(ti,tj)= Ahe-Ahg
=Ahsg+Ah,~+Aha+Ahs+Ahg+Ahs+Aho+As (2.2)

were A denotes the difference in the values defined at times, #; and #;. The time tags
tj and ¢j can be those of a single satellite or of two difference satellites.

Note that any nontemporal or very long period ocean phenomena, that are
relatively invariant during the time interval ¢; to ¢;, will be eliminated by the
differencing precedure. In particular, the constant or quasi-stationary part of Ahg and
Ah, will be identically zero in Eq. (2.2). Slow time-varying quantities, like Ahsg,
will also vanish. If the ocean surface is static and the orbit used to compute altimeter
measurements is perfect, then the differenced altimeter height, would simply be the
orbital altitude difference at #; and tj. Since the ocean surface is dynamic, Ah(t, tj)
includes a contribution which represents the temporal change in the ocean surface at the
crossover point with respect to the geocenter.

For the case of altimeter crossovers from two different satellites carrying radar
altimeters, ¢; and j in Eq. (2.2) denotes time tags for satellites i and j, respectively.
The geographically correlated contribution of 4,, which would be eliminated for single
satellite crossovers, will be different at the subsatellite point for two satellite orbits with
distinct altitudes and inclinations. In essence, the zonal harmonics which comprise
part of the geographically correlated gravity error are not observable using crossover
data collected from a single satellite with a circular orbit [Rosborough, 1986]. Dual
satellite crossover data generated from two satellites, depending on their respective

inclinations and altitudes, will have a sensitivity to the zonal harmonics.
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It is rare, however, that measurements are actually available precisely at the
crossover times. In practice, a "pseudo measurement” would must be formed by
interpolating from available altimeter measurements near the vicinity of the crossover
times using nominal orbits

Since the orbit and ocean model will not be perfect, the actual computed

crossover measurement is
ARG, ) = RN - B (2.3)

where * denotes that the altimeter measurements are computed from nominal orbits
with a particular ocean surface and orbit model. Hence, Ah*(ti, tj) in Eq. (2.3)
represents also a contribution of unmodeled forces acting on the satellite in the radial
component, as well as temporal changes in ocean topography due to inadequate

modeling of ocean dynamics.

2.3 Crossover Measurement Computation

As described in the preceding section, the location of crossovers are functions of
two time tags, ¢; and 4, which depends on the satellite ephemerides. Analytic theory
has been used [Shum, 1983; Santee, 1985] to predict locations and time tags of single
and dual satellite crossovers. One of the advantages of the analytic theory is that it
provides approximate crossover locations which can be upgraded using an ephemeris
determined by tracking data. However, the theory used to predict crossover solutions,
especially for the case of a general dual satellite scenario, is complicated and may not

yield accurate crossover locations.
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A generalized single and dual satellite crossover measurement computation

software system has been developed to compute single and dual satellite crossover time

tags, locations and interpolated altimeter measurements at crossover locations. The

details of crossover computation procedures are given below:

Step 1:

Step 2

Altimeter Geophysical Data Records (GDR) which consist of altimeter
measurements, sea surface heights and nominal orbits predicting the
location of the satellite with respect to the center of mass of the Earth are
used as input to the software system. Optional input can include user
supplied orbits or mean orbit elements for the satellites. If the input is
mean orbit elements, then the satellite ground tracks will be generated
by the dynamic equations of motion and only point mass and J; effects
of the Earth's gravity field considered. Ground tracks are grouped into
passes by a complete revolution, from -0.59 longitude to 360.5°
longitude. The small extension at the ends of each pass is for the
future interpolation procedures.

Two passes are selected from either a single satellite or from two
different satellites for each crossover computation. The latitudes are
first modeled by a cubic spline interpolation function [IMSL, 1984] for
every 15 data points during the crossover searching procedure. The
smoothness and stability of the interpolation function are important for
solving the crossover time with an accuracy better than one ms
(millisecond). If the sign of the latitude difference between the two

ground tracks has changed within a specified longitude interval (e.g.
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Step 3

Step 4

109), there is a crossover point in this longitude window. Then the
approximate crossover point can be solved by an iterative procedure
with a 10-3 degree convergence criterion in both latitude and longitude.
This corresponds to an accurcy approximately 10-2 second.

Windows (10 seconds) centered at the approximate crossover point

are then opened for both passes. In these windows, latitudes, satellite
orbit heights and time tags are each modeled by cubic spline
interpolation functions with longitude as the independent variable
through every data point. The accurate crossover location (latitude and
longitude), and the time tag are then solved by another iterative
procedure. The iteration convergence criterion is 10-5 degree in both
longitude and latitude at this time. This convergence criterion gives a
crossover time accuracy better than one ms. Generally, the
convergence needs only 1 or 2 Newton-Raphson iterations. Because
the orbit heights above the reference ellipsoid in a 10 seconds window
are very smooth, they are modeled by a cubic spline interpolation
function, but the sea surface heights measurements contain high
frequency noise introduced from altimeter and geoid gradients. The sea
surface heights are modeled by a least-squares cubic spline function and
the crossover measurement is evaluated at the crossover time. Crossover
data are rejected if the standard deviation of the least-squares fits is too
large or there are not sufficient data in the windows for either one of the
passes.

If it is not the last pairs of passes, go to Step 2. Otherwise the
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computation is completed.

Figure 2.3a shows a relatively good case where the least square cubic spline fit of
the sea surface heights in a 10 seconds window has an rms residual of 1.51 cm. Figure
2.3b shows a worst case with a residual of 9.42 cm. For the computation of Geosat
crossover measurements, crossover data with a least square cubic spline fit residual
greater than 9 cm were edited. Crossover measurements are then sorted into time order
and tagged with address reference indices.

Figure 2.4 shows the locations of single satellite crossovers for a 10 day ERS-1
orbit which has an inclination of 98° and an altitude of 800 km. Figure 2.5 shows the
locations of dual satellite crossovers for a 10-day ERS-1 orbit and a 10-day Topex orbit
which has an inclination of 639.4 and an altitude of 1300 km. Excellent geographical
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