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1. INTRODUCTION

The primary objective of this study was to determine
the feasibility of measuring local geoid undulations and de-
flections of the vertical with high accuracy using satellite
radar altimeters, This determination was made by processing
the GEOS-3 altimeter data, estimating the local undulations
and deflections using optimal Kalman smoothing and related
techniques, and by comparing the results with independently
derived geoidal estimates obtained by the U.S. Naval Ocean-
ographic Office (NAVOCFANO) from surface shipbtoard gravimetric
measurements, This comparison resulted in a statistical
summary (mean and rms differences) along individual tracks
of data. In general, the results of comparing these geoid
undulation estimates showed a mean difference of two to three
meters and an rms difference of 20 to 40 cm. For the vertical
deflections, the mean differences were not significant, except
for those tracks affected by the western edge of the Gulf
Stream. The rms differences were tvpically between one and
two sec¢. (arc seconds).

An additional objective was to determine the limits
ol the capability of the altimeter to resnlve short wave-~
length features in the geoid. This analysis was based on a
eross spectrum study of closely spaced paraliel subtracks
whiich are essentially paraliel lines over limited geograph-
1cal regions. The resulls of this analysis show that the
alt:meter can easily resolve geold wavelengths of 100 km,
and the lower limit varies from 30 km to 80 km, depending on

several factors described in this paper.



The analysis was performed using data collected in
the region of the Blake Escarpment. This area was selected
for several reasons. The first reason is the availability
of high resolution surface data produced from shipboard
gravimetric surveys with which the results of the satellite
data processing can be compared. Second, the Blake Escarp-
ment region is an interesting region geophyvsically, and the
gravity disturbances are such that the vertical deflecticas
range from very small (2 to 5 Sec.) in part of the region,
to very large in other parts (nearly 40 Sec¢.). Third, this
area 1is partially within the GEOS-3 calibration area in which
it was anticipated that orbits and tide height corrections
would be most accurate. The geographic locations of the
data collection area and the Blake Escarpment, are shown in
Fig. 1-1, and the east vertical deflection at 28 degrees
latitude derived from the NAVOCEANO data is shown in Fig. 1-2.
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Figure 1-1 Area of GEOS-3 Data Collection

Used in This Study
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Figure 1-2 Gravimetrically-Derived East Vertical
Deflection at 28 Degree North Latitude

This report is organized as follows. Chapter 2
describes the GEOS-3 data analyzed in this study and the data
preprocessing required prior to data analysis. The geoid
modeling and results are given in Chapter 3. The spectrum
analysis and results of the altimeter resolution study are
presented in Chapter 4. Chapter 5 contains a summary of the
principal _.onclusions of the study.



2. GEOS-3 ALTIMETRY DATA AND DATA PREPROCESSING

2.1 DATA USED IN THIS STUDY

The data used in this study for all the geoid esti-
mation and geoid resolution results described here were the
sea surface height values computed along the altimeter sub-
tracks. These values were computed by NASA/WFC and supplied
on the investigators' data tapes. Consideration was given
only to the intensive mode data, since it was shown early
in the study (Ref. 1) that the global mode data was not
sufficiently accurate to meet the above objectives, All
processing was performed on data sets taken at the rate of
ten samples per second.

As described in Chapter 1, the analysis was to be
performed on data taken in the vieinity of the Blake Escarp-
ment. This constraint resulted in a set of approximately 75
tracks available for processing. For the purposes of this
paper, a subset of these tracks has been selected to illus-
trate the results. The orbit numbers, start and stop times
are given in Table 2.1-1, and the sublracks are shown in
Fig. 2.1-1. Note that the tracks are grouped in sets of two
or three parallel tracks.

The near repeatability of the tracks is an important
aspect of the GEOS-3 data set. Since the spacing between
the subtracks (1 to 3 km) is often less than the altimeter
beam spot size (3.6 km), these tracks often contain over-
lapping regions sampled at time intervals of a few months.
This subtrack repeatability can be exploited in many ways to



TABLE 2.1-1
SELECTED GEOS-3 DATA

T-1010
SEGMENT START TIN; SPUMENT STUI' TIME
i YEAR WONTY DAY SR, OF DAY (GMT) YRAR HONTN | RFC. OF DAY (GET)

E=====
17 75 u7 02 23044 . ADABKA 75 o7 02 231490, 685529
1306 75 07 11 27133. 903559 75 o7 11 27323¢ . 663007
1505 75 07 28 32857 . 498202 7% o7 25 32962 . 258640
1682 75 (1] o6 71056 . 785739 78 oa 06 75081 . /10178
1810 75 uR 15 70027 . 360603 7% on 15 THIN . 169144
2001 75 (] k3 18387.2410068 75 oR n 4AR4NZ . NO242
2080 75 on o 22.200872 75 00 (™) 74. 520888
2208 7" e 19 40AG . 631075 7% L 13 4191.43P815
2276 75 o0 22 H155.157178 7% on 22 R259.917814
2758 7% ue 23 58107.794426 75 e 2 BNIZ0. BH4RGA
2606 7% 10 11 15049. 997104 75 10 11 15602.326120
2756 75 10 21 0R636 . 180881 7% 10 n 60744.241118
2862 75 10 29 23681. 007603 ) 10 29 23785. 7T6R041
2881 75 10 30 73723.512241 75 10 a0 73828, 30207
3240 75 1 26 15114 . 0.,0580 75 11 26 35238 . 79108

Figure 2.1-1 Selected Tracks of GEOS-3
Altimeter Data
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analyze the GEOS-3 data. A method for performing this analysis
is given 1in Chapter 4.

2.2 LAW DATA PREPROCESSING

For the purposes of this study, "raw data' 1s the sea
surface height data sampled at the rate of ten per second. As
received from NASA, the data were corrected for tropospheric
refraction, Other corrections, however, were needed before
the geoid estimation could be performed. This processing can
be summarized as follows:

Raw geoid estimate = Sea Surface Height

~ Altimeter Bias (2.2-1)
- Tide Correction

The altimeter bias value was taken to be 5.3 meters as given
in (Ref. 2). The tide model employed was that developed

by Mofjeld for the GEOS-3 calibration area (Ref. 3). An
ellipsoid conversion was also needed tc transform the Navy
geodetic values from the reference ellipsoid used by the Navy
in referencing their surface gravimetric survey data. In

the area of the Blake Escarpment, this ellipsoid conversion
was 9.8 meters. Over the geographically limited region of
the Blake Escarpment these corrections are nearly constant,
and, thus, do not affect the estimation of the vertical
deflections but only the absolute level of the geoid estimate.

The above gorrections are routine and presented no
difficulties in the study. However, another aspect of the
preprocessing could not be handled in a routine manner.

This aspect results from the presence of short term '"spikes"
in the data. These spikes are usually negative~going with
magnitudes of several meters and time duration between

3%
!
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0.5 sec. to C.9 sec. Often the spikes have magnitudes of
approximately three, six or nine meters, but this is not
universally true, nor are the spikes always negative.

The cause of these spikes is not known at present,
but a study of those passes which contain a significant num-
ber suggests that the cause may be related to relatively
high altitude rates or to the bresence'or short wavelength
features in the geoid. However, the observed altitude rates
apparently need not be large compared to the altimeter speci-
fication for altitude rate in order for spikes to occur.
Though the spikes are believed to be induced by the altimeter
and not by the ocean surface, the effect is often qualitatively
highly repeatib.e. Two tracks which illustrate these phenomena
are shown in Fig. 2.2-1. These tracks are within three km
of each other as indicated in Fig. 2.1-1.
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Before any of the processing to estimate geoid undu~
lations and vertical deflections or to estimate spectra can
be performed, the invalid data must be eliminated. Invalid
data may result from spikes, over-~land or nearly over-land
subtracks, or altimeter loss o1 lock. Several approaches to
automatic editing were tried, and the approach yielding the
most satisfactory results involved a spike detecting algorithm
based on comparing the difference between the raw data and
a smoothed version of the data with a threshold level derived
from the altimeter noise level. 1In this case, the smoothing
filters employed were finite impulse response filters (Ref. 4),
having a low pass characteristic. The finite impulse re-
sponse filters used for this smoothing applicatior were
midpoint filters of the form

i
X =

W, X (2.2-2)
1 y=i-n 37

A 51 point filter was found to be satisfactory for this ap-
plication. The filter weights, Wj, were chosen to provide

the appropriate pass band. This pass band was derived from
spectrum analysis of the data. Though, in practice, a certain
amount of iteration was required to obtain satisfactory per-
formance, a filter cut-off of 15 km was sufficient to edit

the spikes without distorting the data. Of course, the optimal
smoothers provide further smoothing. Results of the editing
process (including mean removal) are shown in Fig. 2.2-2.
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3. GEOID ESTIMATION

3.1 GEOID MODELING

The altimeter data processing performed in this study
relies on various assumed matliematical models for the varia-
tjon 1in the sea surface height data along individual tracks.
Some of the analysis used models that are explicitly para-
metrie. These include the state space models used for optimal
Kalman smoothing as well as the .inite impulse response fil-
ters derived from various spectral passband sbhapes. Both of
these techniques were used in the estimation of geold undula-
tions and vertical deflections. Other techniques used in
data analysis were not parametric. These types include some
of the spectrum analysis (e.g. FFT techniques) to be described
in Section 4.2. &Even though the techniques are nonparametric,
the interpretation of the results still requires some type of
model. This will be discussed further in Section 4.1.

One class of mathematical models used in this study
to estimate the geoid is that of state space modelz (Ref. 5).
These have the form
= F x + Gw (3.1-1)
H + (3.1-2)

[ -
I
| <

In this particular application the vector process, x, models
the geoid vayriations with particular compunents representing
the geoid undulation and the along-track component of the
vertical deflection. An example of such a model for geodetic
applications is the TASC third order model described in

(Ref. 6). The statistics of the process X are determined



by the matrices F, G, and Q. The vector process, z, is the
measurement data corrupted by additive noise v. 1In this
application the measurements are the scalar sea surface
heights following the preprocessing described in Chapter 2.

Some subtracks contain a large amount of long wave-
length energy. This is particularly true for those passes
going directly over the Escarpment, This energy must be re-
moved using a9 trend removal algorithm before smoothing with
a stationary model 1like the above TASC model. An alternative
procedure which proved satisfactory is to augment the state
vector with non-stationary trend states (e.g. first or second
order polynomial dynamics) which can also be estimated. The
ability to handle nonstationary states 1s one advantage (along
with computational efficiency) of the Kalman smoothing approach
with respect to classical filtering and smoothing techmniques.

The TASC third order model requires the specification
N)' To obtain
best results, these parameters were estimated from a preliminary

of undulation rms (oN) and correlation distance (c

spectrum analysis following linear or quadratic trend removal.

Typically, the values obtained for o, were between two and

N
five meters with correlation distances between 60 km and 100 km.

An alternative modeling approach employed in this
study was to fit autoregressive models of the form

x_ = A, x + ... + A

n 1 ¥po1 x + W (3.1-3)

k "n-k

where
L Xp is the undulation at position (or time) n
' along the track

. wp is a random driving noise term (white noise
with variance o or covariance matrix P for a
veetor process)

3-2



® the parameters (matrices for vector processes),
Ay and the order, k, are to “e estimated from
the data

The matrices, AJ, were estimated using the maximum
entropy technique (Ref. 7). The approach used for the selec-
tion of the model orcur, k, was based on the final prediction
error (Ref. 8). The model developed usinz this approach
can be rewritten to form a discrete-time state space model
which can then be used to apply the optimal Kalman smoothing
algorithm. Generally, the optimum order selected for the
tracks considered in this study was between five and twelve,
and a seventh or eighth order model would often produce
satisfactory results.

These alternative approaches did not generally pro-
duce significantly different geoid estimates for those tracks
relatively free of invalid data. Comparisons among these
various approaches and with other organizations performing
similar analyses (Ref. 9), showed undulation estimate dif-
lerences =i between 10 cm and 30 cm and vertical deflection
estimate differences of less than 0.5 Seé. Such differences
are not statistically significant within the accuracy of the
data.

3.2 GEOID UNDULSTION ESTIMATION RESULTS

This section presents typical results of the gecid
undulation estimation results. As described in Chapter 1,
these estimates were compared to the undulation estimates
produced by the U.S. Navy using gravimetric survey data. The
results are also compared to the NASA GEOS-3 calibration area
geoid (Ref. 10). Over a typical track, the mean difference
between the undulations estimated from the GEOS-3 data, and

[ %]
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those estimated from the Navy data is about two to three
meters. This is believed to be due primarily to GEQOS-3
radial orbit uncertainties, but other long wavelength error
sources could also be comtributing. These may include long
wavelength errors in the Navy geoild, tide model errors, errors
in calibrating the altimeter biass, propagation uncertainties,
etc. The rms difference is generally on the order of 20 cm
to 30 cm showing that the altimeter does well in recovering
the short wavelength (50 km - 200 km) features defined by the
gravimetrie data near the Blake Escarpment. It should be
emphasized that the gravimetric undulations are also smoothed
as a result of the Stoke's equation.

The results are illustrated in Fig. 3.2-1 which shows
the results obtained for Rev. 2606. The 5.3 meter bias de-
scribed earlier has not been subtracted from the altimeter
data in order to display the datz more clearly. These results
were obtained using the TASC third order model described in
Section 3.1 with parameters GN = 3m, CN = 80 km (Ref. 8)
and the altimeter noise, 0, = 60 cm (at a sampling rate of
i0/sec). This model has the form of Egs. 3.1-1 and 3.1-2.

The state vector, X%, is three-dimensional with components {xj}.
For this case the matrices F, G, @, H, and R are defined as
follows

- 0 0
F = L -8 0 ' (3.2-1)
0 1 -8
/1
G = ko (3.2-2)
0
830N2
Q = (45 5 ) (3.2-3)
Cx
H= (0, 0, - V) (3.2-4)
R = (aﬁ2 At) (3.2-5)
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Estimates (Rev. 2606)
where £=2.905 V/CN, V is the GEOS-3 subtrack velocity
(6.7 km/sec), At is the sampling interval (0.102405 sec),
and O is the altimeter noise (0.6m). For this model the
undulation, N, is defined by
N = -Vx (3.2-6)

3
and the along track deflection of the vertical, », is given by

(3.2-7)

The data processing was preceded by the preprocessing and linear

trend removal described earlier.



3.3 VERTICAL DEFLECTION ESTIMATION RESULTS

The results of the estimation of the along-track com-
ponent of the vertical deflection for the tracks collected
in the Blake Escarpment area were also compared to the ver-
tical deflections calculated from the Navy survey data and
interpolated along the satellite subtracks. The along track
vertical deflection is given by the negative of the derivative
of the undulation with respect to arc length along the track.
Thus, the bias or long wavelength errors described earlier
do not sipnificantly affect the estimation of the vertical
defiections, Of course, linear trends in the long wavelength
errors woulyv directly affect the vertical deflection esti-~
mates. However, these long wavelength slopes should not
exceed 0.25 Se¢. Assuming an orbit determination accuracy
of radial velocity of better than 1 cm/sec.

Typical results of th« vertical deflection comparison
show insignificant mean differences between the estimates
produced from the GEOS-3 data and those estimates derived
from the Navy data. The rms differences were typically be-
tween one and two $ec¢. Significant mean differences (2~5 dec.)
can arise over significant ocean currents like the Gulf Stream,
and this must be considered when evaluating the results.

Gulf Stream information was obtained from the Department of
Commerce and NAVOCEANO for use in determining the current
velocities and boundaries in order to correct for siea surface
slope according to the geostrophic approximation (Ref. 11).

The results of the vertical deflection comparison
performed for Rev. 2606 are presented in Fig. 3.3-1. This
portion of the track did not overlap a significant part of
the Gulf Stream. The vertical deflections estimated from
the altimeter data were produced using optimal Kalman smooth-
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ing and the model defined in Eqs. 3.2-1 through 3.2-7. The
vertical deflections estimated from the Navy ocean survey data
were produc~d from a numerical integration of the Vening-
Meinesz equations and a spline function interpolation along
the satellite subtrack.



4, GEOID RESOLUTION CAPABILITY OF THE
GEOS-3 SATELLITE ALTIMETER

4.1 APPROACHES TO THE GEOID RESOLUTION PROBLEM

The analysis of the previous section has produced
estimates of rms errors. It is the purpose of this section
to extend this analysis by determining geoid wavelengths
that can be reliably resolved from the altimeter data. The
emphasis in this analysis is on short (less than 1GO km)
wavelength resolution. Of course, long wavelength resolu-
tion 1s also of interest for related studies, and this reso-
lution is limited by coverage and orbit errors. However,
the focus of the work described here is on the short wave-
length resolution problem.

Short wavelength geoid resolution by satellite alti-
meters conuld potentially be limited by many factors including
along-track sampling rate, altimeter beam spot size, effective

signal to noise ratio (ratio of geoid to altimeter noise power)

and short wavelength ocean surface effects (currents, sea
state). The results shown in this section indicate that the
limiting factor for the GEOS-3 data is the effective signal
to noise ratio. Thus, it is likely that in regions other
than the Blake Escarpment area, the lower bounds on the gecid
wavelengths resolvable in the data would be higher or lower
depending on whether or not there was less or more power in
the short wavelength geoid variations.

In analyzing the resolution capability of the GEOS3-3
altimeter, two approaches were adopted, neither of which
relies necessarily on the use of parametric models, as dis- ,
cussed in Section 3.1. The first of these approaches, des-
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cribed in Section 4.2, is based on the spectrum analysis

of single tracks of data. While this is obviously not an
optimum approach to estimating the altimeter resolution due
to the relatively small amount of data involved, it can pro-
vide some useful insights and approximate answers. The
second approach involves the simultaneous analysis of groups
of closely spaced parallel subtracks and the quantitative
assessment of the repeatability of each wavelength in the
data. The quantitative assessment is baued on the estimation
of the spectral coherence function (Ref. 12) which is effec-
tively the squared correlation coefficient of the data

along two subtracks at each frequency (or wavelength) in

the altimetry data spectrum.

Given two stationary stochastic processes, x and vy,
the cross-gurrelation function is defined by

ny(T) = E[x(t) y(t+1)] (4.1-1)

where E (*) 1s the expectation operator. The cross-spectrum,

Sxy(m), is the Fourier transform of ny(T)

Sxy(m) {wcxy(r)e drt (4.1-2)

The coherence spectrum, p{w), is the normalized cross-spectrum
defined by

(4.1-3)

As can be readily seen from Eg. 4.1-3, 0 < p{(w) < 1. The
coherence function measures the correlation at each frequen-
cy. The application of this function to the estimation of
geoid resolution is discussed in Section 4.3.
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4.2 SPECTRUM ANALYSIS OF SINGLE GEOS-3 DATA TRACKS

This section describes typical results obtained from
a spectrum analysis of GEOS-3 altimetry data over a subtrack
arc length of approximately 1000 km. The analysis is per-
formed on the data as a time series (l.e., data sampled
uniformly in time), and interpreted in terms of physical
wavelength using the fact that over limited regions the
satellite subtrack is essentially linear with constant sub-
track velocity. This is, of course, an approximation which
is believed vo be sufficiently accurate for the analysis
described here, but no detailed error analysis has, as yet,
been performed.

Short wavelength gravity anomalies are primarily
due to ocean floor topography and to associated compensation
at the Moho. Ocean surface gravity anomalies are influenced
by the depth of the ocean in the following way. Consider
a gravity anomaly spectrum on the ocean flocor at the mean
depth, h, given by Aog(wx,wy) where Wy and my are the frequen-~
cy variables in a local cartesian coordinate system (planar
approximation). The anomaly spectrum at the surface,

th(wx, my), is given by (Ref. 13) the equation

2 2.2
o 9y g e Cuy,ug) (4.2-1)

Ahg(wx,my) = g
The geoid undulation spectrum, N(wx,my), is related to the

gravity anomaly spectrum through the Stokes's transfer func-
tion (planar approximation) as follows

1

rglo,,w ) (4.2-2)
g (w2 + w 22 o '
o X y

N(mx,my) =



The spectrum for a one-dimensional track is given by the inte-
gral of the two dimensional spectrum over the orthogonal fre-
quency axis. For example,

N(w,) = th(wx,wy)dmy (4.2-3)

Under the assumption that Aog(wx,wy) is bounded, it follows
that the one dimensional spectrum N(wx) iias the asymptotic
form in sufficiently short wavelengths

~hu
N(wx) n ME: e X
Dy

(4.2-4)

Accordingly, an approximately exponential character of the
spectrum is anticipated in short wavelengths. It should be
noted that the value of the parameter h that may be inferred
from the spe¢trum may be larger than the ocean depth since the
topography spectrum is not white and since the gravity anom-
alies may arise from deeper sources, Thus, the spectrum
Aog(mx,wy) may ltself have an exponential character.

The exponential character of the spectrum will be
dominated in very short wavelengths by other phenomena in
the altimeter data. These include altimeter nolse and other
short wavelength phenomena which dominate the geoid power in
sufficiently short wavelengths and form a relatively flat
portion of the spectrum called the '"noise floor'". For accurate
estimation of a signal of unknown form, a positive signal to
noise ratio (SNR) of at least a factor of 3 to 5 is required.
Accordingly, onée simple way of estimating the geoid resolu-
tion capability of the altimeter is tc observe the wavelength
at which the SNR becomes negative. Due to the variance in the
above sense does not have high precision, but, since the es-
timate is straightforward to produce, it is useful in a pre-
liminary investigation.



The above discussion is illustrated in Fig. 4.2.1
which shows the power spectrum calculated for a segment of
GEOS-3 Rev. 1810. The resolution bound for this data set is
approximately 60 km as indicated in the figure.

This could be improved slightly by averaging the sea
surface height values from a few closely-spaced subtracks
which would have the effect of lowering the noise floor.

This approach is limited by several factors, Iirst, the
number of available subtracks that are sufficiently close
(e.g. 1-3 km) to average without distorting the signal process
is limited, in the data currently available, to not more
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than four. Thus, a reduction in the noise floor level can

not exceed a factor of two. Second, the short wavelength dis-
turbances are not purely uncorrelated altimeter noise and,
thus, the ideal variance reduction may not be achieved in
practice., Third, the signal spectrum is steep in this fre-
quency range, and a small improvement in SNR will not lead

to a significant increase in resolution. For example, an
improvement by a factor of four in the case of Fig. 4.,2-1,
would change the approximate resclution bound from 60 km teo

50 km.

Based on these preliminary results, it appears that
the most important factors in achieving a higher geoid resolu-
tion are a lowering of the noise floor and increased track
repeatability. A more systematic procedure for analyzing the
resolution capability is also required. An approach toc meeting
this requirement is described in the next section.

4.3 CROSS-SPECTRUM ANALYSIS OF CLOSELY-SPACED PARALLEL
SUBTRACKS

An alternate approach to estimating the geoid reso-
lution capability of the altimeter is vased on the assumption
that repeatable components in the short wavelength variations
present in the sea surface height data are due to geoid varia-
tions and not to ocean surface effects or altimeter noise.
Since the tracks contained in Fig., 2.1-1 were collected over
a period of many months, and at uncorrelated times during the
day, the assumption seems reasonable.

Two possible objections, however, may be raised.
First, the orbit determination errors will not be totally
uncorrelated since the orbits for the clusely-spaced tracks



will be influenced by the same geopotential errors (Ref. 14).
However, these effects will not influence the wavelengths
considered here. The second objection is that altimeter
errors may not be totally uncorrelated with the Jlocal geoid
structu~e. Some evidence for this has already been shown in
Fig. 2,2-1, This question requires further study, but the
data analysls performed during this study indicates that the
recurrence of spikes of other altimeter errors did not result
in sigrificant correlation after preprocessing in the short
wavelengths indicated by their occurrence in the data. This
will be shown in the coherence spectra described below.

Though the estimation of coherence need not be based
on parametric models, satisfactory results were obtained by
fitting vector autoregressive models of the form in Eq. 3.1-83
to segments of data along two closely spaced subtracks. The
coherence spectrum can be readily calculated from the spectral
density matrix based on the autoregressive model given by

X -1 X -1
S(w) = [ - I Ay eiJ“’] P[I Y g~ 1iuw (4.3-1)
J:l J:

1

The auto-spectra required by Equation 4.1-3, are given by the
diagonal elements of Equation 4.3-1, and the cross~spectra
are given by the off..diagonal eleus.2nts.

The statistical significance of a given level of co-
herence depends on the length of the data set, the accuracy
of the data, samples, and the structure of the model which,
in the cases considered here, is determined by the autoregres-
sion order. Statistical significance calculations in parametric
models zre discussed in (Ref. 12).



As noted earlier, the data collected along the nearly
repeating subtracks exhibits high repeatability in the long
wavelengths. This is illustrated in Fig. 4.3-1 which shows
the smoothed sea =urface height data along segments of
Revs. 1810, 2336, and 2862. The relative bias-like offsets
of the data are due to radial orbit determination error.

It is likely that these biases are correlated due to geopo-
tential errors, and that all three tracks have a common error
(Ref. 14). It should also be noted that the subtracks for
Revs. 2336, and 2862 are somewhat closer to each other than
to the track for Rev. 1810, and this is reflected in a higher
repeatability of the data. This higher repeatability is
quantified by the coherence spectrum. For example, the es-
timated coherence between the data for Revs. 2336 and 2862

at a wavelength of 75 km is approximately 0.36. However

the estimated coherence between the dai.a for Revs. 1810 and
2336 at a wavelength of 75 km is only 0.20. Despite the
qualitative similarity of the smoothed data, these sets are
not highly coherent at short wavelengths.
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A more representative example is given by Rhevs. 1682
and 3260. The raw deta collected along these tracks is shown
in Fig. 2.2-1. After preprocessing, the autoregressive model
fittiag program select>»d order 10 as the optimal order. Based
on the tenth order order model, thde coherence spectrum showed
statistically signii -~ant coherence (95% confidence) down to
w velengths of 50 km. The coherence spectrum is shown in
Fig. 4.3-2.

Similar an~iysis for the other tracks shown in
Fig. 2.1-1 shows geoid resolution estimates baced on sig-
nificant coherence at wavelengths rangirg from 30 km to 80 km.
Had more tracks been available at sufficiently close spacing,
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some averaging could have been performed, as discussed in
Section 4.2, to increase the resolution before calculating the
coherence. However, as noted as in Section 4.2, unless a
large number of tracks were available (not currently the situ-
ation), the resolution estimate would not be significantly
different. Thus, it can be seen from the preceding analysis
that the GEOS-3 altimeter was able to resolve geold features
having wavelengths approximately 50 km in the region near the
Blake Escarpment.



PRINCIPAL CONCLUSIONS

' Based on the results of this study, the following
principal conclusions may be drawn. These conclusions are

based on data collected in the area near the Blake Escarpment.

The geoid undulation accuracy as measured by the
satellite altimeter is approximately 1 toc 2 meters
(rms). This conclusion is bhased on a comparison
with geoid estimates produced from U.S. Navy
shipboard survey data. Further confirmation of
this result has come from comparison with results
produced at other organizations (Ref. 92). The
predominant error source is radial orbit deter-
mination error.

Similar comparisons show that vertical deflec-
tions may be estimated to within an accuracy
of 2 §ec (rms).

The altimeter is capable of resolving geoid
features having wavelengths as short as 30 km to
80 ¥km.

The results of this study demonstrate that the GEOS-3 radar
altimeter experiment was highly successful in providing accurate

data for use in estimating the ocean geoid. Though the results

of this study were obtained only for the Blake Escarpment re-

gion, 1t is highly probable that similar results can be ob-

tained in the balance of the broad ocean areas covered by

GEOS-3.
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