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Abstract. Multiple input/multiple output system theory
(MIMOST) is briefly presented, and the application of
the method to the quasi-stationary sea surface topogra-
phy (QSST) estimation and the filtering of the input
observations are discussed. The repeat character of
satellite altimetry missions provides more than one
sample of the measured sea surface height (SSH) field,
and an approximation of the input signal and error
power spectral densities can be determined using this
successive information. A case study in the Labrador
Sea is considered using SSHs from ERSI phases C and
G, ERS1-GM, ERS2 phase A and TOPEX/POSEIDON
altimetric missions in combination with shipborne
gravity anomalies. The time period of the observations
in this study is from 1993 to 1998. Some comparisons
between the techniques used for the power spectral
density approximation are carried out and some
remarks on the properties of the estimated QSST are
presented.
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1 Introduction

The use of spectral methods in physical geodesy has
been developed during recent decades. The basic advan-
tage of the analysis in the spectral domain is the
algebraic simplicity of the convolution integrals. As is
well known, the convolution integrals are transformed
to multiplications in the spectral domain and the
evaluation of some complicated formulas in gravity
field modeling is speeded up.

The heterogeneous data combination and the appro-
priate error propagation using spectral methods are pre-
sented in Sideris (1996). The input/output system theory

(IOST) is based on the analysis given by Bendat and Pi-
ersol (1986) and the proper adaptation in gravity field
applications is discussed in Sideris (1996). Gravity field
applications of IOST can be found in Li (1996) and Tzia-
voset al. (1996a, b, c, 1998) and an application to airborne
gravimetry was presented by Wu and Sideris (1995). The
similarities and the differences between IOST and least-
squares (LS) collocation were analyzed by Sanso and
Sideris (1997). The multiple input/multiple output system
theory (MIMOST) has recently been used by Andritsanos
and Tziavos (1999) and Andritsanos et al. (1999). In these
papers, some simulation studies were performed in the
Labrador Sea using Gaussian noises for the input gravity
and geoid data filtering, as well as for the quasi-stationary
sea surface topography (QSST) estimation.

Many researchers developed appropriate algorithms
for an accurate estimation of the sea surface topography
(SST). Engelis (1983) presented a global solution based
on harmonic analysis using SEASAT altimeter data. A
comparable solution was presented by Tai and Wunsch
(1984) using filtered SEASAT data to reduce aliasing. A
global solution based on harmonic analysis of pure
oceanographic data from Levitus (1982) was computed
by Engelis (1987Db). In another approach, a simultaneous
radial orbit error reduction was achieved (Engelis,
1987a). SEASAT altimeter data were also used in the
SST estimation presented by Engelis and Knudesn
(1989). Knudsen (1991) estimated the QSST in the
Faeroe Islands, as well as the time-variant part with (LS)
collocation, and constructed error covariances using
information from previous studies and Butterworth fil-
ters for the analytical expressions. Hwang (1995) esti-
mated a global SST solution based on orthonormal
functions for GEOSAT. Rapp et al. (1996) recom-
mended the use of spherical harmonics for SST repre-
sentation, followed by transformation to the
orthonormal basis. Sanchez et al. (1997) implemented
the height function representation, introduced by Rao
et al. (1987), and compared it with spherical harmonics.
Recently, Pavlis et al. (1998) presented a global estima-
tion of the SST based on spherical harmonics and an
eigenvalue analysis of the Proudman functions.



In the present paper, a QSST estimation procedure
based on MIMOST is presented. A 6 year time period is
chosen in order to verify the quasi-stationary character
of the approximation. Precomputed input error and
signal information are used for the sea surface height
(SSH) observations based on a successive track analysis.
Two slightly different methods are applied for deter-
mining the input error power spectral density (PSD) and
the resulting two-dimensional (2-D) covariances are
compared with each other. The PSDs/covariances are
calculated for each separate year and each specific sat-
ellite, and are introduced into the MIMOST procedure
for the QSST estimation.

2 Theoretical background
2.1 MIMOS theory

A multiple input/multiple output system (MIMOS) is
presented in Fig. 1, where yj, are the input observations,
y; are the pure input signals, m; are the input noises, 4,
are the unknown transfer functions that filter out the
input noise, x; are the unknown output signals, and ¢;
are the output noises. The total number of input data i
may be equal to or different than the number of output
signals j. The interaction between every input and
output is also presented in Fig. 1.

The aim of the method is the determination of the
impulse response functions %;, based on some criterion.
The minimization criterion of the output error PSD is
used for the transfer function estimation; see, for ex-
ample, Bendat and Piersol (1986) and Sideris (1996). If
matrix notations are applied for the description of the
system depicted in Fig. 1, then the following equations
are valid; see, for example, Bendat and Piersol (1986),
Sideris (1996), Andritsanos and Tziavos (1999), and
Andritsanos et al. 1999:
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where capital letters stand for the spectra of the
respective quantities and the output error matrix is
given as follows:
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Fig. 1. Multiple-input/multiple-output system
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E=X-X, =X-H,, (Y+M) (2)
The transfer function matrix is of the form:
Hxlaylu Hxluyza T Hxlqua
H’Qayln HxloyZO T HVZayqn
Hyy, = | . - : (3)
mey lo H-’rwuyza H Xwo)qo

which shows the dependence of each output on the
inputs. If Eq. (2) is multiplied by its complex conjugate
form, an estimation of the output error PSD can be
computed following the periodogram approach as de-
scribed in Marple (1987) and Bendat and Piersol (1986)

Pee = Pxx - on)’u PYux - Px)’oH;nXo + HXD)’oP)’oYuH;nXO (4)

where the asterisk stands for the complex conjugate of
the matrix elements. The optimal transfer functions can
be calculated by the minimization of the output error
PSD matrix P as follows:

aPee
oH;

YoXo

=0 (5)

= —Pyy, + Hyy, Pyy, =0 (6)

Assuming no correlation between input signals and
input noises, the optimal transfer function matrix is

ony,, = nyP;‘]ly0 = ny(Pyy + Pmm)71 (7)
Then the output signal vector and the output noise PSD
matrices are

Xo = Hyy, Yo = Pyy(Pyy + Pom) (Y + M) (8)

The similarities between MIMOST and least-squares
collocation (LSC), as presented in Sanso and Sideris
(1997), can be observed in Eq. (8). Direct comparison
between Eq. (8) and the classical solution of LSC
presented in Moritz (1980) justifies this statement.

When both input and output are known, the method
is focused on the optimal estimation of the transfer
function between the input and the output signals
(Bendat and Piersol, 1986). In gravity-field-related ap-
plications, the output signals are unknown. The funda-
mental difficulty of the method in the current
application is the estimation of the input—output PSD,
when the output signal is unknown. In this specific case,
the evaluation of the input—output PSD matrix is pos-
sible only if the input noise PSD matrix is known. Then,
P,y can be computed by

ny = nyPyy = ny(Py.,y0 - Pmm) (9)

where Hyy is the transfer function matrix which connects
the pure input and output signals. For example, if
gravity anomalies are chosen as the input signals, and
the geoid as the output signal, then, theoretically, Hyay
is nothing other than the Stokes operator in the
frequency domain. Using Eq. (9), the final solution of
Eq. (8) is given by
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X() = ononO = ny(Pyoyo - Pmm)P;ulyu (Y + M)

= HyyY — (HyyPum[Pyy + Pom] ' (Y + M) — HyM)
~X-E (10)

According to Eq. (10) it is clear that for the existence of
the final solution, the input error PSD matrix Py, must
be known. This is the fundamental difficulty with the
frequency domain solution (Sideris 1996). In practice,
only the variances of the measurements are known and
not the errors themselves. Since the error variances
change from point to point, we are dealing with non-
stationary noise. The simply algebraic relations in the
frequency domain become complicated integral equa-
tions when the stationarity assumption is eliminated. This
problem is discussed in detail in Sanso and Sideris (1997).

Nevertheless, the advantages of the IOST are indis-
putable. The spectral character of the method contrib-
utes to the fast and efficient handling of large amounts
of data. New heterogeneous data can be combined using
this technique (e.g. altimetric, airborne, marine, and
terrestrial data). Input (stationary) errors can be easily
propagated into the results. Proper modification of the
transfer function matrix can be achieved in order to
minimize the noise-to-signal ratio. In this manner, the
input noise is filtered out and error estimates for the
predicted results are provided. MIMOS system results
are efficiently calculated by computer algorithms due to
the smaller matrix dimensions in comparison to space
domain techniques, such as LS collocation. In addition,
all matrix computations are evaluated in the frequency
domain with the convenient matrix division (frequency-
by-frequency division), rather than the complicated
matrix inversion in the space domain.

2.2 QSST estimation and input data filtering model

The model used in this application is a MIMOS with
input data SSHs from the previous-decade altimetric
missions of ERS1, ERS2, and T/P, and marine gravity
data collected by shipborne gravimetry. The results of
the present application are the QSST signal and filtered
input data. The number of input SSHs is dependent
upon the data availability in the specific time period. For
example, for the year 1998, only SSHs from TOPEX/
POSEIDON (T/P) and ERS2 can be used as inputs. The
model in the case of three input (two SSHs) and four
output signals is depicted in Fig. 2, where Sg; is the
spectrum of the ERSI1 signal SSHs, S7/p is the spectrum
of the T/P SSHs, DG (AG in the equations) is the
spectrum of the marine gravity anomalies and 7 is the
output QSST signal.

The optimal transfer function matrix and the final
solution in matrix notation are as follows:
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Fig. 2. QSST estimation and filter input data system
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The input-output signal PSD can be computed as
described in the previous section. In particular, for the
case of QSST output and input SSHs from ERS1 and
T/P satellites, the equations for the PSD determination
are as follows (see e.g. Andritsanos and Tziavos 1999 or
Andritsanos et al. 1999):

Sg1 + S
T = Soean — :%T/P_N
Se.Sg1 + S5, S
:>PSmT:SZlT:w_S.21N
P. + P. 1
:PSEIT:M__LNPEIA\L; (13)
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where y is the normal gravity and Ly is the Stokes kernel
which can be computed directly in the frequency domain
with the analytical expression

] I
CViE+ 2 g

or, preferably, can be evaluated through the Fourier
transform of the kernel in the space domain

LN:F{M}:F{;E%:ﬁ} (15)

where u and v are the frequencies corresponding to the
space domain coordinates x and y. More on the Stokes
kernel and its expression in analytical, discrete, planar,
or spherical form can be found in Schwarz et al. (1990)
and Tziavos (1993). It should be noted that the data
introduced to the PSD computations are referenced to a
global geopotential model. The derivation of Eq. (13) is
possible after the substitution of the unknown geoid
signal using Stokes’ formula in planar approximation.
The cross-PSDs between the other input signals and the
QSST signal are estimated following similar procedures

Ly (14)

Ps, 50 1 Ps, ps 1
PST/PT _ 2 S1ypSen 5 T/PSTIP 2—7_WLNPST/PA9 (16)
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Pagr = =~ 2y L Poaa (17)
In the above equations all related quantities are
computed from the input signals. In a simulation study,
signals and noises are known quantities and the
computations are straightforward. In the present study,
a special treatment of the repeated altimetric informa-
tion is used for the signal and error PSD estimation.

2.3 Signal and error PSD/covariance computation

The repeated altimetric tracks provide a multiple sample
configuration of the area under consideration. Using
this information a PSD estimation is possible. Following
Sailor (1994), we can write for a repeated track analysis

hi = h+ Al + n; (18)

where A; is the observed SSH, i=1,...,k+1 is the
number of repeated tracks, 4 is the time-invariant part of
the altimetric observation equation (marine geoid and
QSST), A{; is the time-variant part of the SST, and »; is
the altimetric observation noise. The observed SSHs are
assumed to be corrected for environmental, geophysical
and orbit errors as described in various publications; see,
for example, Rowlands (1981), Cheney et al. (1987),
Engelis (1987a), Schrama (1989), Denker (1990), Knud-
sen (1992), AVISO — Altimetrie (1996), Koblinsky et al.
(1999). If the deviations from the QSST, A({;, are
assumed to follow a random distribution and no
correlation exists between A{; and n; then a new
random variable ¢; can be assigned by

AC,«—i—n[:e[ (19)

This new variable contains the statistical information of
the observation noise, as well as the assumed random
time-variant part of the SST. We should note that this
assumption is not exactly valid in the case of slow-
moving oceanographic features (Sailor 1994). In such
cases, an oceanographic feature that moves very slowly
could be confused with the oceanic geoid signal.
Transforming in the frequency domain and subtracting
each observation equation from its previous one yields
the following set of & difference observations:

Hi —Hiy=E —Ey i=1,...,k (20)

The input error PSD can be computed using the
complex conjugate form of the previous equation,
applying multiplication and assuming no correlation
between the input errors

k
k(Pekek + PekuEku) = 2kpee = Z(Hk - Hk+1)*(Hk - Hk+l)

i=1

_ 1 &
jPee:ﬁzph,—h,ur] (21)
i=1

Using Eq. (21) the input noise PSD can be estimated
directly from the observation equations and introduced
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into the MIMOS. The average error PSD derived by
Eq. (21) describes the mean statistical behavior of
the error during the time considered. An average of
the observations in the specific time interval yields the
estimation of the mean observed PSD P, ;, .

Special care is needed in the signal PSD computation.
Subtraction of the mean error PSD from the mean ob-
servation PSD computed above is not justified since, in
the real world, none of the assumptions made in
Sect. 2.1 is valid
Py, — Pee = Bun + Pre + Pens

o

Pheapeh 7& 0 (22)

The estimation of the mean signal PSD can be derived
by an adequate summation of Eq. (18) using the results
of Eq. (21) as follows:

Hi+Hi =2H+E; + Eiy
k

i=1,... .k

= Phi+hl.+] = 4kphh + 2kpee
i=1
_ 1 &
= B = @;(Phﬁ-hm - th—h5+1) (23)

Using Egs. (21) and (23) and the mean observations
derived in the considered time interval, an estimation of
a mean SST during this period is possible. The
deviations from a mean SST are eliminated due to the
import of the time-variant part into the error, the use of
mean observations, and the average signal PSD. There-
fore, the average PSD and data information, when
introduced to a MIMOS, yields an estimation of QSST.

3 Test data description and preprocessing

A test area located in the Labrador Sea was selected for
numerical experiments based on real altimetric and
marine gravity data. The bounds of the test area are
45.05° < ¢ <55.00° and —55.00° < A < —45.10°. This
area was selected due to the availability of point shipborne
gravity anomalies and its importance for oceanography —
the Labrador current is present in this area.

3.1 The satellite altimetry data

AVISO’s CD-ROMs containing SSH information were
used in this study. This data is corrected for all
environmental, geophysical and orbital errors and has
passed a robust validation procedure; see AVISO —
Altimetrie (1996). Data from the six years of T/P (1992—
1998), from the complete mission of ERS1 and its
follow-on mission of ERS2 was used. Both AVISO’s
corrected SSHs (CORSSH) and sea level anomalies
(SLA) CD-ROMs were utilized for the yearly-mean
signal and error PSD computation, as well as the QSST
approximation; see AVISO — Corrected Sea Surface
Heights (1997) and AVISO — Sea Level Anomalies
(1997). The altimetric observations were classified with
respect to the provided Modified Julian Date in specific
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directories denoted each year. The start date was 1
January 1993 and the end date was 31 December 1998.
The annual periods and the satellite data used in the
specific time interval are presented in Table 1.

3.2 Shipborne gravity data

A total of 84 169 point gravity anomalies derived by
shipborne gravimetry are available in the test area
(Fig. 3). Unfortunately, no information about either the
measurement distributions by cruise, or the date the
measurements were made, is provided. This is required
in order to perform a multiple sample PSD computation.
A study on the error covariance behavior in various
areas around Europe was recently presented by Behrend
(1999), based on the availability of cruise date informa-
tion. The generation of a multiple sample field can yield
an error PSD estimation for the marine gravity data.

3.3 Preprocessing of marine measurements

The contribution of the global geopotential model
EGM96 (Lemoine et al. 1998) was computed and
subtracted from the point gravity anomalies. The
construction of a grid with a spacing of 3’ x 6 followed.
The final grid was 200 x 100 elements, and the statistics
are presented in Table 2. Due to the absence of error
information, simulated Gaussian noise was generated
with 5-mGal standard deviation. The statistics of the
input noise field are also presented in Table 2.

3.4 Preprocessing of SSH observations

The SSH observations were classified as described in
Sect. 3.1. For each time interval the total number of
observations was collected for the specific satellite. This
was the case for both CORSSHs and SLAs which were
used for the error PSD approximation. Finally, the
mean observations for each year were computed by
applying the generic mapping tools (GMT) routine
blockmean (Wessel and Smith 1995) to the total number
of annual SSHs in order to avoid aliasing of short
wavelengths. The result was a mean observation field,
from which the contribution of the global geopotential
model EGM96 was subtracted, followed by a gridding
procedure.

Table 1. Time periods of the altimetric data

Time interval Satellite data

1/1/1993-12/31/1993
1/1/1994-12/31/1994
1/1/1995-12/31/1995
1/1/1996-12/31/1996
1/1/1997-12/31/1997
1/1/1998-12/31/1998

ERSI1-phase C, T/P

ERS1-GM, T/P

ERSI1-phase G, ERS2-phase A, T/P
ERSI-phase G, ERS2-phase A, T/P
ERS2-phase A, T/P

ERS2-phase A, T/P

T o
306° 30’8” 3107 312° 314

Fig. 3. Marine gravity anomaly data distribution

Table 2. Gravity anomaly observations and noise statistics

Type Max Min Mean RMS SD
(mGal)

Signal 88.115 -54.968 -2.177 11.174 +10.960
Noise 22.144 -21.963 -0.026 5.023 + 5.023

4 Discussion of numerical results
4.1 Error and signal PSD/covariance estimation

Different strategies were followed for the signal and
error PSD computations. In the case of error PSD
approximation, two methods were followed. The first
one was based on CORSSH processing. The CORSSH
observations reduced to the mean sea surface (MSS)
given by AVISO (AVISO - Corrected Sea Surface
Heights 1997) were used. These observations are given in
a 1/s time interval and they do not coincide exactly
between successive cycles. In this case, the gridding
procedure was unavoidable as a first step, in order to
have consistent successive information. A grid of
resolution 3’ x 6/ was constructed in order to be
consistent with the marine data. A special arrangement
of the ERS1-GM data was made in order to have a
multiple sample configuration. Each of the two 168-day
cycles is divided in AVISO’s CD-ROM into subcycles,
with spatial resolution approximately the same as in the
ERM configuration, and the gridding procedure was
applied to the data of each subcycle. The reduction was
performed in order to smooth the data for the gridding
procedure and to minimize aliasing in the spectral
method. This reduction did not affect the error PSD
computation since the MSS cancels out when forming
the differences in Eq. (21). A further aliasing minimiza-
tion technique was used, applying GMT’s routine
blockmean to obtain the average in the specified grid
cells. Various gridding techniques were applied, includ-
ing the GRAVSOFT program geogrid (Tscherning et al.



1992) with the weighted means and the collocation-
kriging option using the five nearest points for the
prediction; and GMT’s surface routine, which performs
gridding with continuous curvature splines in tension
(Smith and Wessel 1990). The latter gridding technique
was finally selected due to the small discrepancies
between the original data and the resulting grid statis-
tics. The collocation-kriging technique gave a smoother
field, although far from the original data statistics. A
thorough study on the gridding procedures in altimetric
and marine data was presented by Kirby (1996), where
different interpolation kernels were tested using simula-
tion data analysis. The final result was one-grid-per-
cycle files with values in the specific cells. After obtaining
the multiple grid information the differences between
each cycle grid and the subsequent one were computed.
The final mean error PSD approximation for each year
was calculated using Eq. (21).

The second method for the error PSD computation
was based on SLA files. SLAs are the differences from
the MSS, computed at specific common locations for
every cycle. For a given track and for each cycle, cor-
rected data are resampled every 7 km using a cubic
spline (AVISO — Sea Level Anomalies 1997). In this
case, the differences were formed prior to the gridding
procedure in order to minimize the error as much as
possible in the final estimation. The differences were
computed only in locations where there exist values for
both successive cycles. The final mean error PSD ap-
proximation was computed by Eq. (21). A mean error
PSD computation for the data of the ERSI1 geodetic
mission was not possible using this method since no
exact repeat information is available at specific loca-
tions.

The computation of the mean error covariances for
each year and each satellite followed. The computation
was based on the inverse correlogram approach, where
the covariance is estimated by the inverse fast Fourier
transform (FFT) of the mean error PSD as

Cee = F_l {Pee} (24)

The resulting variances are given in Table 3.

It is noticeable that the error variance is greater in the
first than in the second method. This difference can be
attributed to the a priori gridding procedure. As previ-
ously mentioned, the surface routine used for the grid
construction gave the best results with respect to the
original point data statistics. Nevertheless, in case of big
gaps in the data coverage, the resulting grid was
smoother than a field with full coverage. Using the
second method (SLA values), although the gridding was
limited to the final step just before the PSD estimation
procedure, many gaps resulted due to the lack of com-
mon data in successive files.

Table 3 shows that T/P has the smallest variances
compared with the other satellites. This fact can be
partly attributed to the high accuracy of the T/P data,
but mainly to the different resolution with respect to the
ERS configuration. The lower resolution of the T/P data
results in further smoothing in the gridding procedure
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Table 3. Computed variances for each satellite and each year.
Values in cm?

Satellite and year CORSSH case SLA case
ERSI1-C 1993 47.294 35.890
T/P 1993 32.573 27.704
ERS1-GM 19%4 33.280 -

T/P 1994 30.085 23.601
ERSI-G 1995 33.579 34.356
ERS2-A 1995 34.677 32.823
T/P 1995 28.738 26.175
ERSI1-G 1996 42.465 33.305
ERS2-A 1996 44.134 34.482
T/P 1996 23.956 22.605
ERS2-A 1997 45.784 34.661
T/P 1997 27.498 25.324
ERS2-A 1998 44.831 31.510
T/P 1998 21.919 20.457

and a lower estimate of the error variance. In Figs. 4
and 5, the mean error 2-D covariance, as well as the
averaged-over-azimuth 1-D empirical and analytical
representations for the year 1998 of the T/P satellite are
depicted. The 2-D covariances were computed using the
afore mentioned methods for the error PSD approxi-
mation and the inverse FFT. A procedure for obtaining
the average over the azimuth was applied and an ex-
ponential analytical model was used to fit the empirical
values.

The SLA estimation procedure resulted in a smoother
covariance structure than the CORSSH method due to
the different gridding process used.

The fitted analytical error covariance expressions for
the 1998 T/P data are as follows:

Ccorssy = 20.852 - g 0746y (25)

CsLa = 19.326 . ¢70606v (26)

In the case of signal PSD computation, the contribution
of EGM96 was subtracted in order to smooth the field
and to reach consistency with the gravity anomaly
observations. An aliasing minimization technique was
applied by GMT’s routine blockmean. The gridding of

%

00 05 10 15 20 25 30 35 40 45 50
Distance (degrees)

Fig. 4. 2-D error covariance and its 1-D averaged-over-azimuth
representation for the 1998 T/P SSHs using the CORSSH method.
Points: empirical values; solid line: analytical expression based on
C = a - exp(—by) model. Contour interval 1cm?
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Fig. 5. 2-D error covariance and its 1-D averaged-over-azimuth
representation for the 1998 T/P SSHs using the SLA method. Points:
empirical values; solid line: analytical expression based on
C = a - exp(—by) model. Contour interval 1cm?

the data followed, using GMT’s surface routine. Equa-
tion (23) was used for the mean signal PSD computation
for each year.

A general script was created for an automated com-
putational procedure and for an estimation of the time
needed in order for the application to be integrated. The
script uses GMT’s blockmean, surface, and grd2xyz
routines, GRAVSOFT’s harmexp, and two programs
(noisecomp.f and signalcomp.f) written in Fortran by the
authors for the mean signal and error PSD computation.
The script was executed on a PC with a Pentium III
processor at 450 MHz under the Linux Operating Sys-
tem (kernel 2.2.9). The total computation time was 9
hours 29 minutes and 33 seconds.

The estimation of the input error PSD, as described
in the present section, is a critical step in the QSST es-
timation because valuable information on the statistical
behavior of the input error can be extracted. Addition-
ally, the error covariance estimation for each satellite on
the specific date can provide interesting conclusions
about the oceanic variability.

4.2 QSST estimation

The annual mean signal and error PSD, as well as the
annual mean observation field, computed in the previous
section, were introduced to the MIMOS. A general
program ( ioprog4.f) written in Fortran and based on the
theoretical background of Sect. 2.1 was used for the
QSST estimation and the input data filtering. As
previously mentioned, the input error PSD matrix must
be known in order to estimate the optimal impulse
response function matrix. The input error PSD for the
SSHs was computed following the methodology pre-
sented in Sect. 2.3. In the case of the gravity anomaly
field, a simulated noise field was assumed. The elements
of the noise field followed the Gaussian distribution with
a standard deviation of 5 mGal. It is worth mentioning
that, using the cruise date information, the computation
of the error PSD is possible following a similar
procedure to that of the SSHs.

The computations were performed firstly with PSDs
derived by the CORSSH method and secondly with
PSDs derived by the SLA method. The QSST mean

annual estimates by the CORSSH method are presented
in Table 4. The differences between the two solutions are
given in Table 5.

Note that the maximum values of the QSST estimates
are caused by the presence of land masses in the test
area. The differences in the QSST computation due to
the adopted PSD estimation method (CORSSH, SLA)
are minor, as shown in Table 5. The QSST estimation
for the year 1996 is depicted in Fig. 6, where some short-
wavelength features are present. These features can be
attributed to the marine gravity data gaps and the in-
appropriate error modeling for the shipborne gravity
anomalies; see, for example, discussion by Engelis
(1985). The dense contour intervals in the lower left part
of the figure are caused by the presence of land masses.

In order to validate our solution two comparisons
with pure oceanographic-derived SST estimates fol-
lowed. A solution comparable to the global pure
oceanographic spherical harmonic analysis of Levitus
SST (Levitus 1982) performed by Engelis (1987a) was
obtained with the application of a Gaussian low-pass
filter to the QSST field. All wavelengths smaller than 10°
(1111 km — harmonic degree 36) were eliminated. This
choice was made in order to keep the frequency content
comparable to Engelis’ solution. The resulted QSST field
is depicted in Fig. 7.

Comparing Fig. 7 with Engelis’ Fig. 14 (Engelis
1987a), similar features can be identified. The overall
behavior of the filtered field is approximately the same
as in the purely oceanographic-derived solution. A bias
between the two solutions can be detected. This bias
can be explained by the difference between the QSST
estimated by MIMOST and the complete magnitude of
the SST field expressed by Engelis’ expansion. The
complete SST field contains the time-variant part of the
SST which is absent in the QSST estimate. In partic-
ular, in the test area, the Labrador current and the
edge of the Gulf Stream are present and affect the local
solution. Another reasonable explanation for the

Table 4. QSST annual estimation by MIMOST. Values in m

Year Max Min Mean RMS SD

1993 1.795 -0.533 0.379 0.533 +0.374
1994 1.721 —-0.585 0.373 0.527 +0.373
1995 1.736 -0.544 0.372 0.518 +0.361
1996 1.766 —-0.558 0.388 0.533 +0.365
1997 1.880 -0.518 0.393 0.551 +0.387
1998 1.914 -0.507 0.388 0.542 +0.379

Table S. Differences in the QSST estimation using input error PSD
computed by CORSSH and SLA methods. Values in m

Year Max Min Mean RMS SD

1993 0.014 -0.012 0.001 0.003 +0.003
1994 0.004 -0.004 0.001 0.001 +0.001
1995 0.008 —-0.009 0.000 0.002 +0.002
1996 0.010 -0.016 0.000 0.003 +0.003
1997 0.011 -0.017 0.000 0.003 +0.003
1998 0.018 -0.031 0.000 0.004 +0.004




Fig. 6. QSST estimation for the year 1996. Contour interval 0.1 m

presence of this bias is the well-known weakness of the
oceanographic solution: an equi-pressure surface of
2250 mb was used as an equipotential surface for the
reference of the oceanographic solution (Engelis 1985).
Such a surface seems to approximate most closely a
level surface on a global basis; see, for example,
Montgomery (1969). The uncertainty of this choice can
be lead to a bias datum inconsistency. Of course, the
time period between the two independently derived
solutions is different and some inconsistencies between
the results can be attributed to this time difference.

306° 308° 310° 312° 314°
%
54° 54°
%
52° 52°
50° 50°
48° 48°
46° 46°

306° 308° 310° 312° 314°

Fig. 7. Low-pass-filtered QSST estimation for the year 1996. Contour
interval 0.1 m
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Finally, the datum of the marine gravity anomalies, in
combination with the problematic measurement envi-
ronment of shipborne gravimetry, can introduce an-
other source of errors; see, for example, Talwani
(1966), Prince and Forsyth (1984), and Wessel and
Watts (1988).

Additionally, a numerical comparison between our
solution and the global spherical harmonic solution
presented in Pavlis et al. (1998) was performed. The
spherical harmonic SST coefficients were derived from
an LS fit to the output of the parallel ocean circulation
model (POCM-4B) (Stammer et al. 1996), to a maxi-
mum degree 30. The POCM-4B output used was tem-
porally averaged for the years 1993 and 1994 (T/P cycles
11 to 84) (Pavlis et al. 1998). A low-pass filter was ap-
plied to the 1994 QSST MIMOS solution with a cut-off
wavelength of 1333.333 km (harmonic degree 30). The
two solutions were compared before and after a bias and
tilt fit and the results are presented in Table 6. A four-
parameter model was used for the bias and tilt fit.

As can be seen from Table 6, the agreement be-
tween our local altimetric—gravimetric based solution
and the global pure oceanographic spherical harmonic
solution is of the order of 7.3 cm standard deviation
(SD), after a bias and tilt parametric fit. The bias and
tilt can be attributed to the same reasons as described
in the previous comparison. The different methodolo-
gy used for each solution (global spherical harmonic
SST solution—-local MIMOS QSST estimation), as well
as the absence of the time-variant part of the SST in
our solution, are responsible for the residual long-
wavelength patterns that can be identified in Fig. 8. It
is worth mentioning that these comparisons were
performed in order to show the consistency between
two QSST estimation methods and to mention the
methodological differences. The SD of the differences
provides only a magnitude of the external accuracy
since it is not possible to make comparisons in such
small blocks of signal (10-degree blocks smoothed
over 10 degrees). Some comparisons between a global
harmonic solution and a local filtering technique were
presented in Engelis (1983), where the conceptual
differences of the methodologies used were explained.

In order to verify the quasi-stationary (time-invari-
ant) character of our estimation, the differences with
respect to the QSST of 1993 were computed. The mean
values of the differences, both for the CORSSH and for
the SLA PSD estimation methods, are presented in
Fig. 9.

It can be seen that the difference in the mean value
fluctuates around zero in the time period under consid-
eration. A similar diagram is depicted in Fig. 10 for the
standard deviations of the differences with respect to the

Table 6. Differences between the filtered 1994 QSST solution and
the global SST harmonic solution of POCM-4B. Values in m

Max Min Mean SD
Before bias + tilt fit -0.957 -1.380 —1.258 +0.092
After bias + tilt fit 0.281 -0.152 0.000 +0.073
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310° 312 314
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Fig. 8. Differences between the global spherical harmonic solution
and the local MIMOS QSST estimation for 1994 after a bias + tilt
fit. Contour interval 0.01 m

1993 QSST. The standard deviations present an ex-
pected stability within MIMOST accuracy. A longer
study period is needed in order to confirm the afore-
mentioned statements.

5 Summary, conclusions and recommendations

The application of the MIMOST to the QSST estima-
tion was presented. SSHs from recent altimetric missions
and marine gravity anomalies were optimally combined
and the repeat tracks of the exact repeat mission (ERM)
configuration were used for the input error PSD
computations. The CORSSH- and SLA-based methods
for the input error and signal PSD approximation were
presented. The derived PSDs were compared with each
other and used in the QSST estimation through the
MIMOS.

71993 1994 1995 1996 1997 1998
Year

Fig. 9. Differences in the mean of the QSST estimations with respect
to 1993. Values in cm. Squares: CORSSH method; circles: SLA
method

45 4 /
—~4.0 1
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Fig. 10. Differences in the SD of the QSST estimations with respect to
1993. Values in cm. Squares: CORSSH method; circles: SLA method

Input error PSDs computed by the SLA method
showed a smoother behavior compared with the one
computed by the CORSSH method. This was caused by
the different procedure in the estimation: a gridding
procedure was the first step in the CORSSH method,
while in the SLA method the gridding was applied only
before the PSD estimation. Nevertheless, due to the low
sensitivity of the MIMOST to the input error, the ap-
parent differences affected the QSST estimation in only a
minor way. The time-invariant character of the estima-
tion was verified considering a time period of 6 years.
This period is not adequate for annual sea level variation
studies and a longer interval is needed. Comparisons
with the global individual oceanographic SST solution
of Levitus, expanded in spherical harmonics by Engelis,
as well as the global spherical harmonic expansion of
POCM-4B, showed interesting similarities in the basic
features of SST. An apparent bias was attributed to
datum inconsistencies between solutions.

The extraction of the time-variant part of the SST
from the input error PSD is the basic topic of our future
work. In the case where the time-variant SST is part of
the system signal, the continuous monitoring of local
areas of interest is possible since the estimation of the
complete SST component is the MIMOS result. The
automated procedure described in Sect. 4.1 will con-
tribute to this goal. The combined estimation of the SST
using both oceanographic and geodetic data is another
prospective research field. Following the methodology
presented, error models for both altimetric and marine
data could be computed in local and regional areas. The
gridding disadvantage in the PSD estimation could be
confronted by special treatment in the FFT algorithm,
due to the characteristic configuration of the altimetric
data. Further research in this area could also yield in-
teresting results in the area of gravity field modeling.
Another interesting application is the possible intro-
duction of parametric models such as ARMA (auto-
regressive moving average) and MA (moving average)
[see, for example, analysis in Blais and Vassiliou (1987),
Marple (1987) and Kay (1987) for 1-D data and Cadzow
and Ogino (1981) for 2-D data] in the PSD estimation of
irregularly distributed data, such as shipborne gravity
anomalies. Additionally, the advent of the gravity field
dedicated missions CHAMP, GRACE, and GOCE



could lead to a more accurate SST estimation due to the
availability, the resolution and the improved accuracy of
the observed gravity field.
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