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Abstract. A technique is presented for the development
of a high-precision and high-resolution mean sea surface
model utilising radar altimetric sea surface heights
extracted from the geodetic phase of the European
Space Agency (ESA) ERS-1 mission. The methodology
uses a cubic-spline fit of dual ERS-1 and TOPEX
crossovers for the minimisation of radial orbit error.
Fourier domain processing techniques are used for
spectral optimal interpolation of the mean sea surface
in order to reduce residual errors within the initial
model. The EGM96 gravity field and sea surface
topography models are used as reference fields as part
of the determination of spectral components required
for the optimal interpolation algorithm. A comparison
between the final model and 10 cycles of TOPEX sea
surface heights shows differences of between 12.3 and
13.8 cm root mean square (RMS). An un-optimally
interpolated surface comparison with TOPEX data gave
differences of between 15.7 and 16.2 cm RMS. The
methodology results in an approximately 10-cm im-
provement in accuracy. Further improvement will be
attained with the inclusion of stacked altimetry from
both current and future missions.
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1 Introduction

The accurate determination of the global mean sea
surface (MSS) is an important goal in both oceano-
graphic and geodetic studies. It may be defined as a
measure of the global average of sea surface heights
(SSHs) taken over a period of time suitable to average
out annual, semi-annual and other effects. SSHs are best
obtained from the spaceborne radar altimeter. Altimetry
is unrivalled in the spatial and temporal domains and
has an accuracy which is suitable, although in need of
improvement.

The resultant surface is a combination of the marine
geoid height above a reference ellipsoid, the large-scale
mean dynamic ocean topography (sea surface topogra-
phy), the mean wind and thermohaline circulation-
driven dynamic sea surface variability and finally any
averaged signal noise. The product’s main usage for
oceanographic purposes is as a reference surface on
which to base computations of variability and large-
scale dynamic ocean circulation and for data editing. Of
equal importance is its use within geodesy. Although the
altimetrically determined gravity anomaly field has re-
ceived considerable scientific publicity (see e.g. Dickey
et al. 1998), it is really only for the measurement of
small-scale tectonic signatures of wavelengths less than
200 km. Usage for medium- and long-wavelength stud-
ies is limited by fall-off in signal amplitude as a function
of increasing wavelength. The mean sea surface, how-
ever, contains all global wavelengths including relatively
lower-amplitude, short-wavelength signals. Hence, al-
though contaminated with ocean signal, an approxi-
mation to the marine geoid may be obtained. Studies
such as that of Cazenave et al. (1995) have used the
marine geoid from SSHs to infer lithospheric ageing
over the Pacific Ocean. Improving the separation of the
marine geoid from the dynamic sea surface topography
remains an important goal.

In recent years the determination of accurate global
high-resolution mean sea surface models has been made
possible following the launch of a number of remote
sensing satellites with onboard radar altimeters. The
combination of TOPEX’s (1992-) unrivaled accuracy
with the resolution capabilities of ERS-1 (1991-1996) (in
particular, its geodetic phase undertaken during 1994/
1995), has provided sea surface height measurements at
an accuracy and resolution to enable significant im-
provements over earlier models. With the prospect of
additional altimeter missions [GFO (1998-), EnviSat-1
(2001), JASON-1 (2001) and CryoSat (2003)], further
refinement of mean sea surface models is expected.

A host of methods are now available to the scientific
community for MSS determination both on a regional
and on a global scale. For example, methods published



since 1990 have been reported by, amongst others, Blanc
et al. (1990), Kim (1993), Rapp et al. (1994), Anzenhofer
and Gruber (1995), Yi (1995), Cazenave et al. (1996),
Jolly and Moore (1996), Peacock (1998), Knudsen (1999)
and Wang (2000). We see a convergence of the accuracy
of models for those containing stacked TOPEX, ERS-1/2
and geodetic phase ERS-1 altimetry to about 9.5 cm root
mean square (RMS) (see Rapp and Nerem 1995) when
compared to TOPEX sea surface heights.

A simple MSS model may be achieved by binning
SSHs over a period of a few years and averaging each
bin. However, the goal of optimal refinement provides
the motivation for continued studies but proves more
difficult as various signal errors need to be taken into
account. MSS determination from satellite altimetry
poses a problem in that each measurement of the ocean
surface height contains the marine geoid, sea surface
topography, tidal phenomena and a range of errors re-
lating to the measurement itself. Additionally, the
measurement is also contaminated by a range of in-
strumental and environmental measurement errors
(discussed in Sect. 3). These can be corrected to a high
degree via the use of model corrections or corrections
derived from in-situ measurements. There are, however,
a number of errors where improvement in model cor-
rections are necessary; these will also be discussed later.

In general, most solutions to the problem of MSS
model error minimisation have been restricted to the
spatial domain. This has not been a problem to date as
results have proven favourable. However, whether im-
proved accuracy can be attributed to the methodology
used or to the vast increase and enhancement of mea-
surements is unknown. Nevertheless, each method has
its advantages/disadvantages and new approaches are
also required in order for improvements to be made.
Since the use of spectral domain techniques has proven
valuable in geodetic/oceanographic analyses, it was en-
visaged that MSS model refinement could be possible by
the same procedure.

This study takes spatial optimal interpolation as a
starting point (see Moritz 1980; Wunsch and Zlotnicki
1984) and develops it for Fourier interpretation. The
theory is then applied to the determination of a global
high-resolution MSS from ERS-1 satellite altimetry
collected during its geodetic phase. A notable advantage
of the technique is the speed of computation; however,
its main asset is the ability to analyse signals within the
Fourier domain.

The model presented has been validated against
SSHs derived using independent data from the GEO-
SAT and TOPEX missions. A comparison is also
provided against the original ERS-1 SSHs from which
the model was derived. A rigorous analysis of the
formal errors within the final surface has been left for
future study.

2 Spectral optimal interpolation

Optimal estimation studies of the geoid and MSS have
been investigated by Moritz (1980), Wunsch and
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Zlotnicki (1984), Blanc et al. (1990), and more recently
Jolly and Moore (1996). In this study, spatial optimal
interpolation theory is developed from the above
references and then transformed to the Fourier do-
main.

We intend to develop an estimate, §, of an unknown
signal, s, from a noisy set of observations, /. This esti-
mate is deemed optimum by minimising the least-
squares (LS) difference (|§ —s|*), where the brackets
represent a weighted integral over the surface. In matrix
notation the linear estimate, S, based on a minimum
linear variance, is given by Moritz (1980) as

§=CyC,'1=ayl (1)

where C;; is the auto-covariance (ACV) function of [/
and C,;, the cross-covariance between s and /. Also the
parameter, ag = Cleljl is known as the LS estimator
matrix. Now, we make the assumption that the noisy
signal, /, is a linear combination of signal, s, and
collective noise, n, ie. [ =s+n We find that
Cll = st + Cnn and Csl = Css + Csn = Cssa where Css is
the ACV of s, since we assume there is no correlation
between signal and noise, i.e. Cy, = 0. Hence, Eq. (1)
can now be rearranged to give

§ = asll = CSS[CSS + Cnn]_ll (2)

Given the error vector, € = § — s, the a posteriori error
estimate is given by

Cee = Css - Css [Css + Cnn]71CSS (3)
Our overall intention is to develop a spectral equivalence
of Egs. (2) and (3). Rearranging Eq. 2 we obtain

[Css + Cnn}asl = Css (4)

The Fourier transform of Eq. (4) is now computed.
Note that for two arbitrary signals f and g the power
spectral density (PSD) relationship, Py, is given by

Py = F{Cry — sty (5)

where 7, represents the Fourier operator, whilst x, and
1, are the signal means. If either p, or p, is zero then

Pry = gj{Cf(/} (6)

Substituting s = f = g and n = f = g into Eq. (6) gives
Fourier transform pairs, Cy<—=P,, C,,<=P,, and
ay<=Ay. Since Eq. (4) may be written as a convolution
integral in the spatial domain (see e.g. Schwarz et al.
1990), its spectral equivalence is a multiplication of
components. Thus

[Pss + Pnn]Asl = Pss (7)

Rearranging Eq. (7) to obtain the spectral LS estimator
we obtain

P

A. = ——
7 P+ Pun

(8)
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Therefore, in the spectral domain the matrix inversion of
[Css + Cup] in Eq. (2) is now simply a division of PSDs,
Py and Py + P,,, at each discrete frequency. Transform-
ing Eq. (1) into the spectral domain with l<=L and
S§<==§ gives

PSS

S=AyL=—2_1p 9
TRt P ®)

where S is the spectral estimation of the MSS, L is the
spectrum of the original noisy data set, and Ay is the
spectrum of the LS estimator. 4, has been expanded
utilising PSDs for P, the estimate of signal power, and
P, the estimate of altimetric measurement noise power
in the frequency domain. The inverse of S is

Py
§=F '|—"—1L 1
* {Pss + P } (10)

where Z ~! denotes the inverse Fourier transform. Thus,
Ay 1s simply a filtering function of the data function /.
Also, note that zero noise components within the signal
(i.e. P, =0) will give exact signal replication since
Ag =1, i.e. S=L or §= 1. Similarly, the a posteriori
error covariance estimate of Eq. (3) is modified to

CEE - 97_1 |:Pss - PSS PS‘S:| (1 1)

PSS —"_ P}’H’l

P,, within Egs. (9)—(11) can be developed by a covari-
ance analysis of the noise elements within the data, C,,,.
Alternatively, a noise surface may be developed from the
altimetry itself, as will be described in Sect. 5.

The fast Fourier transform (FFT) is to be used to put
the spectral optimal interpolation into practice and this
requires modifications to Eq. (9). There are three main
reasons for adapting Eq. (9).

(1) ERS-I1 covers a latitudinal range of +£82°. Therefore
the first MSS guess will contain wavelengths (from
the total loss of 16° of information over both polar
caps) in the latitudinal direction that cannot be re-
solved by the FFT.

(2) Due to the non-periodicity of the surface in the
latitudinal direction a windowing procedure is re-
quired to smooth SSHs over the latitudinal extremes
(—82° > ¢ > —66° and +66° < ¢ < +82°). This
also results in long-wavelength components being
unresolved.

(3) Finally, it has been suggested (see Wunsch and
Zlotnicki 1984) that the spatial LS procedure is
improved when a long-wavelength model has been
removed. This is based on the premise that reduced
power allows an easier distinction between residual
signal and noise. It was therefore decided that this
methodology should also be applied in the frequency
domain.

The procedural modification that is required due to the
above three points is the same. That is, the removal of a
model geoid to degree and order 30 (cosine tapered to
degree 40) and sea surface topography to degree 20,
since the latter is only resolvable from the geoid to n

equal to approximately 20 degrees (Tapley et al. 1996).
Cosine tapering of the gravity model coefficients is used
to reduce spectral ringing [see Cazenave (1994) for a
description and example of this phenomenon in terms of
spherical harmonic expansions]. Long-wavelength com-
ponents of the geoid and sea surface topography are re-
applied at the end of the procedure.

Following Blanc et al. (1990), the optimal MSS esti-
mate, 4, at a location with geodetic coordinates (¢, 1) is
given in the spatial domain by

h($,2) = hiy + Chgho[Choho + Can) ™' (do — hiy) (12)

where £ is our gridded final optimal estimate; d; is the
gridded altimetric data set following data editing/
geophysical correction (dy is the subject of Sect. 3);
and A represents an initial guess MSS signature minus a
long-wavelength geoid model 4;, (i.e. hy = dy — hyy). In
this study 4, is the sum of N3, a 30 x 30 geoid, and {5,
a 20 x 20 sea surface topography, both derived from the
EGM96 gravity field model (Lemoine et al. 1996), i.e.

hlw’(d)?}“) :N30(¢7/1) +C20(¢7/1) (13)

hp, 1s removed from the gridded noisy SSHs, dj, for
reasons described above regarding longer wavelengths
being non-resolvable. Also, there are two auto-covari-
ance matrices, namely, Cj.;,, describing our initial
estimate, hg, and C,,, the errors within the altimetric
signal. Conversion to the spectral domain gives

h=F"! [Hz + (7})’[0%

Dy — Hy, 14
P/’l()ho +le>( 0 : ):| ( )

Equation (14) forms the basis for determining a MSS
model in the fast Fourier domain.

3 Altimetry preprocessing

The choice of sea surface measurements was based on
the need for optimum high accuracy and resolution.
Although the geodetic mission of the US Navy’s
satellite GEOSAT has the best spatial ground-track
resolution to date (4 km at the equator), the geodetic
phase of the ERS-1 mission has by far the better
accuracy and resolution trade-off. GEOSAT’s poor
orbital performance, surface tracking ability and lack
of on-board microwave radiometer has given it an
inferior overall performance with respect to ERS-1. The
ERS-1 geodetic phase commenced on 10 April 1994
and ended on 23 March 1995. It consisted of approx-
imately two cycles of 168 days with a total of 2411 arcs
per cycle. An orbital manceuvre at the end of the first
cycle allowed the ground tracks of the two cycles to
interleave and attain an improvement in the 168-day
repeat ground-track resolution by a factor 2. Thus, the
resultant equatorial ground-track spacing is approxi-
mately 8 km. The immediate release of the geodetic
ERS-1 global altimetry eclipsed that of GEOSAT and
resulted in the first high-resolution and high-accuracy
maps of the geoid and mean sea surface (see Cazenave
et al. 1996).



Off-line Ocean Product (OPR) data (CERSAT, 1994)
for the entire ERS-1 geodetic phase for Modified Julian
Dates (MJD), MJDs 49,454-49,790 (10 April 1994 to 23
March 1995) have been used. The altimetric geophysical
data records (GDR) were edited for land/ice flagged
data, leaving only ocean/shallow SSHs. Inclusion of
shallow sea data supplies optimum data, despite the
poor tidal definition over the majority of shallow water
and coastal regions.

Altimetry is subject to a number of measurement
inadequacies due to imprecise knowledge of the satellite
location, effects of the environment on electromagnetic
radar energy and the instrument performance itself. Of
these, the major error aliased into SSHs is the radial
orbit error. Radial height mis-modelling is attributed to
errors within the gravitational field, mis-modelling of
atmospheric drag and sparsity in tracking of the satel-
lite. ERS-1 suffered the failure of the precise range and
range rate equipment (PRARE) shortly after launch,
leaving satellite laser ranging and the altimeter itself as
the sole tracking systems. However, an alternative
means of orbit enhancement is provided by dual-satellite
crossover residuals with TOPEX/Poseidon (T/P). Dual-
satellite crossover analysis (Carnochan et al. 1994), as
used to minimise orbital error, works on the principle
that a satellite (T/P) with accurate ephemeris may be
used to correct another (ERS-1) with less accurate
ephemeris.

T/P was launched into an orbital altitude of ap-
proximately 1336 km with lower atmospheric drag and
gravitational attraction than ERS-1. T/P also has su-
perior tracking from DORIS and global positioning
systems (GPS) yielding better-determined orbits. For-
tunitously, both platforms were operational during the
majority of the ERS-1 mission apart from the early
commissioning and ice phases and the first five cycles of
the first multidisciplinary phase. Ground-track cross-
overs, with epochs differing by 5 days or less in order to
reduce any long-term oceanic variability, yield discrete
corrections to the orbit of ERS-1.

TOPEX-ERS-1 (T/P-E) crossover residuals were
computed at all crossover locations from T/P SSHs
corrected for all environmental effects as specified by
AVISO (1996). An initial removal of a 44-cm bias was
performed and erroneous residuals rejected with a
threshold of 1 m. Residuals were then split into
TOPEX-ERS-1 (T-E) and Poseidon—ERS-1 (P-E) sets.
An additional bias was computed for each set and a 3-¢
rejection criterion applied. The dual crossover data
yielded a total of 460 120 residuals with RMS crossover
differences of 12.11 and 11.39 cm between ERS-I,
TOPEX and ERS-1, Poseidon respectively.

A continuous orbit error correction was computed
using a B-spline fit to dual ERS-1 and TOPEX cross-
overs using a modified Le Traon et al. (1995) method
(see Cullen 1998 for further details). There are two
principle differences between the method adopted here
and that of Le Traon et al. (1995). First, as the number
of crossovers per unit area is latitudinally dependent, it
is advisable to introduce a higher significance to equa-
torially based crossovers. Hence the ith residual was
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weighted as a function of Ilatitude, ¢, through
W; = cos® ¢;. The second difference between the methods
was the exclusion of single ERS-1 crossovers. Single
ERS-1 crossovers both outside the (>|66°|) latitudinal
coverage of TOPEX and in coastal/continental shelf
regions constrain (although complicate) the cubic fitting
procedure but have been shown to reduce the orbit error
in these regions. However, inclusion of these crossovers
in the procedure was relaxed as these regions suffer from
poor tidal modelling with high latitudes being subject to
windowing for spectral processing. Thus, the final
product was set to cover the latitudes within the range of
TOPEX.

The overall reduction in radial orbit error stems
from the cubic spline fit to high-amplitude long-wave-
length signatures resident in the signal. The cubic spline
methodology, however, fails to fit the short-wavelength
signal and noise components within the error signal.
This brings into doubt the use of the method for
studies that require accuracy at the medium and short
wavelengths. However, for our purposes, the procedure
is of use since the resulting spline fit to the dual
crossover residuals was 5.8 cm RMS over the entire
geodetic phase. This represents a significant improve-
ment over the uncorrected RMS dual crossover resid-
uals of 12.11 and 11.39 cm for TOPEX and Poseidon
respectively.

All ERS altimetry was corrected using model cor-
rections for solid Earth, CSR3.0 ocean, ocean loading
and long period tides (Eanes and Bettadpur 1995), wet
tropospheric path delay derived from the ERS-1 mi-
crowave sounder, model dry troposphere, Bent model
ionospheric path delay and sea-state bias computed as
5.95% of the significant wave height (see Carnochan
1997). A correction for inverse barometer (IB) effect was
also computed to reduce variability effects. Additionally,
systematic errors caused by drift in the ultra stable os-
cillator (USO) and bias jumps caused by instrument
temperature gradients during switch-off were minimised
via corrections supplied by ESRIN. Finally, data were
edited if 10-per-second sea height observations had a
standard deviation exceeding 25 cm, wet tropospheric
corrections were derived from a model, significant wave
height exceeded 25 m, backscatter coefficient (¢°) was
outside 6 < ¢° < 25 dB and any other model failed to
supply a correction.

The corrected data contain a significant aliased
variability signal. With altimetric repeat cycles, vari-
ability may be effectively reduced by stacking these re-
peat cycles to produce a data set containing an averaged
variability signal. However, with the non-repeating
geodetic phase stacking cannot be achieved. Thus any
mean sea surface produced will still contain the vari-
ability signal. Other MSS models utilising ERS-1 geo-
detic phase altimetry have suffered from the appearance
of ground tracks in regions of large-scale variability.
Rapp (1997) suggests that a post-processing correction
be applied from the computation of cross-track gradi-
ents to allieviate the problem. However, it is more
convenient to reduce the variability signal at the pre-
processing stage. This was achieved via the computation
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of 5-day-interval optimally interpolated variability
models from TOPEX altimetry (Lam and Moore 1995)
gridded in 2° latitude by 360/127° longitude bins.

For MSS recovery, data were sorted into bins of
square size 0.075° corresponding to the ERS-1
2 x 168-day equatorial ground-track spacing of
approximately 8 km. A weighted average for each bin
was determined using weights W; = e~ !/V2A% for the jth
measurement, where [/ is the distance from the grid
point in degrees and Ax the grid spacing, also in de-
grees. Additionally, an iterative scheme was employed
with a +30 rejection criterion before the new average
was computed. For ERS-1, gridded values of d, are
computed over the whole +82° latitudinal range
despite erroneous radial orbit error minimisation out-
side the TOPEX coverage.

4 The auto-covariance function, Cp,p,

The ACV of the first-guess MSS signal, (dy — 4;,), in
Eq. (12) is used here as a signature for errors within the
MSS. This function, Cp,,, was computed from a
combination of: EGM96 geoid error degree variances,
o¢; EGM96 geoid degree variances to degree 360, i.e. D,;
and a geoid degree variance fit, D/, computed to deal
with the EGM96 spectral limit for degrees beyond 360.
The ACV function, Crr, of the anomalous geopo-
tential, 7, as determined from spherical harmonic ex-
pansion, is given by Heiskanen and Moritz (1967) as

Mmax

Crr =Y G2, (cos ) (15)
n=1

where n is the degree; P,(cos ), Legendre polynomials;
Y the spherical distance between two points; and
Nmax = 2400 corresponds to the maximum resolution
obtainable. g2 are potential degree variances calculated
from

o, = (oz, +05,) (16)

where m is the order and os , og are standard
deviations of the gravity field harmonics C,, and S,
respectively. On the geoid the ACV was computed from
Brun’s equation, N = T/y, where N is the geoid height in
metres, 7 the anomalous potential (m? s~2) and y, the
normal gravity (m s~2). Thus, rearranging Eq. (15) to
take into account Brun’s equation gives the ACV

Mmax

Cioy = Rz Y _ G, Pa(cos ) (17)

n=1

where R, is the mean radius of the Earth. 62 represents
degree variances for the signature MSS model as
developed from

g, 2<n<30
6, =< D,, 31 <n<360 (18)

DI, 361 < n <2400

where ¢¢, D,, and D/ are standard deviations for EGM96
geoid error, EGM96 geoid and EGM96 geoid extrapo-
lation fit respectively. EGM96 geoid and geoid error
degree standard deviations are displayed in Fig. 1.

Figure 2 shows the complete degree standard devia-
tion fit as used to describe the distribution of spherical
degree signal energy for the MSS signature. The fit for
n > 360 was extrapolated to potential degree variances,
DI, via 7 x 10722 n~*%_ It can also be seen in Fig. 2 that
between degrees 2 and 30 an EGM96 model error, ¢,
and an error fit, 6%/, are provided. In fact the fit 6% is
used since the rather large discontinuity at n = 30 be-
tween ¢¢ and D, is large enough to cause significant
spectral ringing with the ACV conversion to the fre-
quency domain. The fit ¢ to the EGM96 potential
degree variances between degrees 2 and 30 is given by
2.5x 1073771,

Given this arrangement, Cj,, was calculated using
Eq. (17) over the globe at the same grid specifications as
previously described (i.e. 0.075°). The spherical angle, y,
between two points is determined from basic spherical
trigonometry (Todhunter and Leathem 1901), as

Y = cos™![cos ¢’ cos /] (19)

where ¢’ and A’ are latitudinal and longitudinal co-
ordinates referenced to a particular computation point.
The one-dimensional normalised ACV is shown in
Fig. 3 for the EGM96 error, geoid error and reduced
MSS signature. These show the various signal correla-
tion lengths provided at the half normalisation point.

The power spectral density, Py, can be computed
using the FFT relationship given in Eq. (6); its perfect
symmetry implies that windowing is not required.
However, windowing was used to maintain consistency
with other parameters. In the spectral domain, B, is
almost entirely real, with FFT rounding errors resulting
in a negligible (< 10~'%) imaginary component.

5 Altimetric error PSD, P,,
Typically within spatial optimal interpolation, a set of

model covariance functions describing the major alti-
metric error sources would be used. Thus in Wunsch and

1000 —

14 EGMO96 error -—-----------—
EGM96 geoid

w04

ol
0 60 120 180 240 300 360

Degree n

Fig. 1. EGM96 geoid and geoid error degree standard deviations
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Degree n

Fig. 2. Degree constructed standard deviations for first guess
description of the reduced wavelength MSS. Between degrees 2 and
30 there is the EGM96 geoid error and a linear fit to remove the
discontinuity at degree 30 (see text for further explanation)

Finteel
Gaold  --------

031 Error

MNormalised C )

1 T T T T ™
0 5 10 15 20 25 30
Spherical distance (¥) (Deg)

Fig. 3. 1-dimensional auto—covariance function. The three curves are
denoted by (a) EGM96 plus the fitted error, (b) EGM96 geoid and (c)
EGMO96 geoid error

Zlotnicki (1984), Mazzega and Houry (1989) and Blanc
et al. (1990) covariance models are computed for the
radial orbit, instrumental, atmospheric propagation and
oceanic variability errors. From the error sources, a
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total error ACV function, C,,, would be obtained.
However, due to computational restrictions, studies
have been limited to small regions. Unfortunately, at
high resolution, global modelling of these covariance
parameters is time consuming. Since the PSD of a
function may be obtained either from its covariance or
from itself, we investigate the use of altimetry to form
the PSD of the errors resident within the signal.

The prospect of using altimetry for this is advanta-
geous in terms of computation speed and in not having
to rely on model covariances. First of all a residual al-
timetric surface is computed by removing the sea surface
topography, {59, and geoid, N3go, using Eq. (13) from a
first-guess MSS, i.e.

Si(p, A) = M(p, ) — Naso (¢, 1) — {a0(, A)

where S, is the residual surface and M the original
gridded MSS. Removal of N3¢ from the MSS gives a
measure of ERS-1 geodetic phase sea surface topogra-
phy; see Fig. 4. Further removal of {,, gives the residual
surface, S,, shown in Fig. 5. A first impression of Fig. 5
reveals that low-amplitude orbit streaks dominate the
surface. A closer examination, however, reveals that
residual short-wavelength tectonic signatures are also
visible. This surface contains degree 2 to 360 EGM96
geoidal error, degree 1 to 20 EGM96 sea surface
topography error and errors in all correction parameters
(see Sect. 3). Unfortunately, the residual surface also
contains MSS signal power for degrees greater than 360;
this problem will be dealt with shortly. First, however,
some land/ice and water boundary points that result in
residual values in excess of 50 cm remain. These points
were detected and removed via the use of a Laplacian
non-directional edge detection algorithm. The reduced
surface was further edited for points outside a threshold
limit set at +3 og; this coped well with the removal of
erroneous boundary points.

The residual surface contains large land and ice based
regions that cannot easily be filled. However, since the
signal and therefore boundary discontinuities are small,

(20)

60N -
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90°S
0 60°E 120°E 180° 120°W
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60"W 0

Metres
Fig. 4. ERS-1 geodetic phase sea surface
topography with RMS value of 0.65 meters
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the surface was transformed without any filling strategy.
The residual signal, S,, is now converted to its equivalent
PSD, Pss., after appropriate Hanning windowing
between latitude degrees 75 and 82. Note that as S, is
non-symmetric, its Fourier domain representation is
complex.

As mentioned earlier, removal of EGM96 sea surface
topography and geoid results in a complete high-fre-
quency sea surface signal. The final noise spectrum, P,,,
may therefore be obtained via a scaling of Pss above
degree n = 360, so that

Pss,,
Pnn — rOr
{PS,S,/Bv

where B represents a scaling factor that was initially
given a value of 10. A logarithmic plot of P,, is shown in

2<n<360

> 360 (21)

| Fig. 5. Residual ERS-1 surface revealing fa-

Metres  miliar residual orbit error streaks and very
1 1 small scale (>360 degrees) tectonic features.
015 020 The RMS of this surface is 29 cm

Fig. 6. Here the residual radial orbit error is clearly seen
as the oval shape surrounding the centre of the figure.
Isolation of this feature followed by an inverse trans-
formation regenerated the orbit streaks seen in Fig. 5.

6 Results and validation

After computation of each of the spectral parameters,
P, and P,,, the spectral LS estimator, 4y, may be
derived via Eq. (9) through addition and division at each
discrete frequency location. The optimally interpolated
MSS may then be obtained from Eq. (14). It must be
noted that the reduced sea surface grid (dy — hy,) will
contain land regions devoid of data, creating large
boundary discontinuities. Since the FFT procedure
requires a complete data set, it is necessary to fill void

Fig. 6. Spectrum of gridded residual ERS-1
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regions; here we simply used the EGM96-derived geoid detic phase. Fifteen TOPEX cycles were chosen for
expanded from degree 31 to 360. Additional filtering was evaluation, starting with cycle 58 and then every second
conducted by a cosine windowing function between the cycle up to and including cycle 86.
relevant frequencies to reduce any high-frequency noise. Each TOPEX corrected sea surface height was re-
The resultant spectral surface was transformed back to  trieved and sea surface variability removed by the pro-
the spatial domain where the long-wavelength EGM96 cedure described in Lam and Moore (1995). The four
geoid and sea surface topography were reinstated. The surrounding MSS grid points were found and a com-
optimally interpolated MSS with a re-established geoid parison height calculated via bi-linear interpolation.
(N39) and sea surface topography ({yy) is presented in Differences were recorded and rejections made at
Fig. 7. threshold differences of 60 cm. Table 1 contains the full
As the MSS developed within this paper does not set of results against TOPEX data. Comparisons are
contain direct TOPEX data, and since TOPEX gives the given for shallow water (16.5-18.5 cm RMS), ocean
most accurate sea heights to date, it is reasonable to use ~ (12.3-13.8 cm RMS) and for all data (12.7-14.1 cm
TOPEX data as an independent means of validating the RMSYS). For the un-optimally interpolated MSS a com-
MSS. There are 33 T/P cycles covering the ERS-1 geo- parison (also Table 1) for shallow (19.9-20.7 cm RMYS),

Table 1. Validation of optimally interpolated MSS against TOPEX altimetry. Comparison is made over shallow water, ocean and both; ,;
and ¢, are RMS values for the optimally interpolated and original surfaces respectively

Cycle  Shallow water Ocean Ocean and shallow
No.

No. of No. of Ooi oy No. of No. of Ooi oy No. of No. of Ooi oy

points rejections  (cm) (cm) points rejections  (cm) (cm) points rejections  (cm) (cm)
58 37 978 5876 17.9 20.6 466 854 19 051 13.5 16.0 504 832 24 927 13.8 16.3
60 38 870 6108 17.4 20.1 456 290 14 363 13.5 15.9 495 159 20 471 13.8 16.3
62 40 635 6873 18.1 20.5 449 658 12 040 13.3 15.7 490 293 18 913 13.6 15.8
64 41 919 7038 17.6 20.3 440 646 9991 13.0 15.8 482 565 17 029 13.4 16.2
66 42 959 7534 16.5 19.9 433 848 8855 12.3 15.7 476 807 16 385 12.7 16.1
68 43 721 8141 17.7 20.2 424 169 7999 12.9 15.7 467 890 16 140 133 16.1
70 46 456 9169 17.9 20.3 423 010 7729 133 15.8 469 466 16 898 13.7 16.2
72 48 632 9608 17.7 20.7 419 016 7516 13.4 15.9 467 648 17 124 13.9 16.3
74 49 552 10 145 18.5 20.5 419 456 7707 13.7 15.7 469 008 17 852 14.1 16.2
76 48 465 9913 18.3 20.5 415 101 7613 13.7 15.9 463 566 17 526 14.1 16.3
78 48 660 9653 18.2 20.2 422 631 7615 13.6 15.8 471 291 17 268 14.0 16.2
80 45 536 8625 18.0 20.4 423 357 8225 13.6 15.9 468 893 16 850 13.9 16.3
82 42 306 6913 18.4 20.2 439 551 10 553 13.7 16.1 481 857 17 466 14.0 16.4
84 39 316 6076 17.9 20.6 456 689 15010 13.8 16.2 496 005 21 086 14.1 16.5

86 37 802 6059 18.3 20.6 463 180 18 166 13.8 16.1 500 982 24 225 14.1 16.5
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ocean (15.7-16.2 cm RMS) and all data (15.8-16.5 cm
RMS) was also made. An improvement of the spectrally
optimally interpolated MSS over the original has thus
been made at the 3-4-cm RMS range over all ocean
types. This is equivalent to a near 10-cm improvement in
heights assuming a normal distribution for the refine-
ment. An example of global comparisons between the
optimally and un-optimally interpolated surfaces is
given in Fig. 8 for cycle 66. Here, an overall reduction in
differences is evident between the two surfaces.

A comparison has been made with the original ERS-1
altimeter geodetic phase data. The altimetry was cor-
rected for geophysical effects with radial orbit error and
sea surface variability reduced by the aforementioned

.5 0.4

43 02 01 00 03 02 03 04 0.5

Fig. 8. Comparison of the mean sea surface against TOPEX cycle 66
sea surface heights (top) before optimal interpolation and (bottom)
after optimal interpolation

procedures. The data was split into nine sub-cycles of 37
days and a comparison made as summarised in Table 2.
Here differences are between 10.1 and 10.3 cm RMS
over all cycles against approximately 14.5 cm RMS for
the un-optimally interpolated surface. Against enhanced
GEOSAT sea heights (see Table 3), the model provided
a poorer fit. However, considering the mis-modelling
within GEOSAT altimetry (i.e. orbital accuracy and
lack of radiometer), the results are reasonably good.
Comparisons reveal a model fit of approximately 18 cm
RMS against approximately 22 cm for an un-optimally
interpolated surface.

For completeness, a comparison was made with the
OSU-95 MSS obtained from the TOPEX GDR with an
RMS difference of 15.1 cm between the two surfaces.
Also of interest are comparisons of the TOPEX cycles
against EGM96 and OSU91A. The EGM96 geoid plus
sea surface topography model gave an RMS of 26.5-
27.5 cm, whilst for the OSU91A it was approximately
29 cm, thus confirming the improvement between these
two models.

7 Conclusions

The theory and practical methodology used to deter-
mine a high-resolution/precision MSS model has been
described. In summary the procedure is as follows: (1)
minimisation of radial orbit error via the use of a
modified Le Traon et al. cubic spline fitting to dual
ERS-1 and TOPEX crossovers: (2) removal of TOPEX-
derived sea surface variability in order to reduce cross-
track gradients in the end product; (3) gridding of the
ERS-1 geodetic phase altimetric data set; and (4)
spectral optimal interpolation, including the generation
of several geophysical parameters followed by inverse
transformation.

In comparison, recent MSS models, such as those
described by Kim (1993), Yi (1995) and Cazenave et al.
(1995), show differences with T/P in the region of 9.5-
13 cm RMS. All these models, however, contain a years’
worth of TOPEX data and therefore have an advantage
when compared against the same data. Thus, although
such models may be good along—track, there is no actual
means of assessing the performance off the T/P ground

Table 2. Optimally interpolated and un-optimally interpolated MSS against nine.sub-cycles of ERS-1 geodetic phase altimetry

Cycle  Shallow water Ocean Ocean and shallow
no.

No. of No. of Ooi oy No. of No. of Ooi Oy No. of No. of Ooi oy

points rejections  (cm) (cm) points rejections (cm)  (cm)  points rejections (cm)  (cm)
1 119 077 8075 16.9 19.8 1427378 19983 9.3 14.1 1 546 455 38 058 10.0 14.6
2 123960 18 817 16.8 19.9 1423606 19930 9.4 14.0 1 547 566 38 747 10.1 14.5
3 118936 18 054 17.1 20.3 1365908 17 756 9.3 14.1 1 484 844 35 810 10.0 14.6
4 129 162 19 606 17.3 20.2 1 406 652 18 286 9.5 14.3 1 535814 37 892 10.3 14.8
5 129 549 19 665 17.2 20.1 1407212 18293 9.6 14.2 1 536 761 37 958 10.3 14.7
6 128 989 19 503 17.0 20.3 1415789 19 821 9.5 14.2 1 544 778 39 324 10.2 14.7
7 128 569 19 516 17.1 20.1 1426 074 19 965 9.4 14.1 1 554 643 39 481 10.2 14.6
8 136 218 20677 16.9 20.2 1499 052 19 487 9.4 14.0 1 635270 40 164 10.1 14.5
9 179 127 27 191 16.8 20.1 1928 250 25 067 9.4 13.9 2 107 377 52 258 10.1 14.4
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Table 3. Optimally interpolated and un-optimally interpolated MSS against ten 23-day sub-cycles of GEOSAT geodetic mission altimetry

Cycle  Shallow water Ocean Ocean and shallow
no.
No. of No. of Ooi oy No. of No. of Ooi oy No. of No. of Ooi oy
points rejections  (cm) (cm) points rejections  (cm) (cm) points rejections  (cm) (cm)
1 142 469 23 899 21.3 29.1 834 650 70 889 18.1 21.8 977 119 94 788 18.6 23.0
3 140 209 21 782 20.6 28.7 787 400 54 800 18.1 21.7 927 609 76 582 18.4 22.9
5 152 311 25 695 20.4 28.6 816 324 47 469 17.3 20.6 968 635 73 164 17.8 22.0
7 127 765 22 988 20.5 28.9 712 288 39193 17.4 20.5 840 083 62 181 17.9 21.9
9 141 123 25339 20.6 29.4 796 941 43 298 17.2 20.3 938 064 68 637 17.7 21.9
11 142 695 25 674 20.9 29.3 799 649 47 695 17.8 21.0 942 344 73 369 18.2 22.4
13 150 149 29 291 21.3 30.1 868 745 71 320 17.7 21.2 868 745 100 611 18.2 22.7
15 135992 26 459 21.4 30.1 820 440 75 784 18.8 22.4 956 432 102 243 19.1 23.5
17 126 827 22 067 21.0 29.3 768 265 68 457 17.8 21.5 895 092 90 524 18.4 22.4
19 137 735 22 996 21.3 29.0 722 095 52 779 18.1 21.5 859 830 75 775 18.6 22.9
21 126 370 21 870 21.0 29.1 653 579 41 094 18.1 21.5 779 949 62 964 18.6 22.9
23 104 340 21 091 20.3 29.2 610 020 34 624 17.5 20.5 714 360 55715 17.9 21.9

track. Inclusion of stacked TOPEX 10-day and ERS-1/2
35-day repeat altimetry into the model described here
would almost certainly yield further improvements, as
would the inclusion of further refined ERS-1 orbital
ephemerides as they become available. However, correct
weighting of the TOPEX SSHs is critical as too high a
weight will simply give an incorrect assessment of ac-
curacy. The inclusion of ERS-1/2 35-day repeat data
would require inter—phase relative biases between ERS-
1/2 and TOPEX being dealt with as outlined in Moore
et al. (1999).

Clearly the +66° limit to the model presented here is
a result of the nature of ERS-1 altimetry being degraded
as a result of poor orbit outside these latitudinal limits.
Inclusion of stacked ERS-2 altimetery would allow the
model to be extended to 82° in the Arctic, although sea-
ice contamination is a major concern (see Peacock
1998). However, since the ocean sampling characteristics
for the ERS-2 35-day repeat period are different to the
ERS-1 geodetic phase a modification would be required
to the algorithm.

The proposed launch of CryoSat in 2003 will provide
a major contribution to the determination of MSS
models over sea-ice surfaces even though it is not a
primary scientific goal of the mission (an overview of the
mission is given by Wingham 1999). The platform’s high
inclination, 92°, and long repeat period at 369 days with
5334 revolutions/cycle, results in a very dense ground-
track pattern that ideally suits the proposed method
defined in this paper. If the secondary objective of an
ocean product is given the go-ahead then we will have a
unique opportunity to resolve an MSS model in com-
bination with several other data sets on a global scale
with improved accuracy.

The inclusion of the IB correction gives some cause
for concern since it can cause some side effects despite
reducing overall variability (see Yi 1995). This study
employed the correction with the overall intention of
removing the variability. Quite clearly it would be nec-
essary to examine the effect without the inclusion of the
IB correction. On the subject of variability, the authors
made it a special case to remove variability derived from
TOPEX data, as described in Sect. 3 during pre-

processing of the altimetry. The fixed-resolution grids
used cannot assist in the removal of variability at the
higher resolution of the MSS model. It therefore remains
to be seen what the overall effect of the remaining
higher-frequency components of variability is. Further
analysis is therefore required.

A study to refine B [Eq. (21)] via an iterative process
would be expected to yield a minor improvement in the
final surface with the a posteriori covariance given in
Eq. (11) being used to assess any improvement. It also
remains to be seen whether the removal of the EGM96
geoid model to degree and order 30 needs be fixed at this
value. A re-assessment of the problem may allow the
removal of the complete model. Finally, a further ex-
amination of how the altimetric error surface compares
with model covariances describing the altimetric error
would be useful. Here, covariances determined empiri-
cally from the altimetry could help improve modelling,
and vice versa.
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