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Abstract

A high resolution Mean Dynamic Ocean Topography has

been constructed by differencing of the GRACE Gravity

Model 02 from a multi-satellite Mean Sea Surface. This MDT

exhibits correlated noise, especially in the form of quasi-

meridional striations, caused mostly by correlated errors in

the GRACE geoid. We found that a adaptive empirical

orthogonal method based on EOF and Singular Spectrum

Analysis, both utilizing the space covariance structure of the

data set, is more efficient in removing this kind of noise than

other methods. The main advantages of this filter are: it

works well with short data sets; it does not lose boundary

points; it does not smooth out large peaks; and it is able to

efficiently separate signal from noise, which can be further

analysed. When the original MDT is filtered by this method,

the new MDT is able to exibit subgyre-scale geostrophic cir-

culations. In the South Atlantic, the Brazil Current system

and the Subtropical Gyre structure appears to be consistent

with the double subgyre schematics of [5]. It exhibits a Brazil

Current/Return Current cell and a signature of a Subtropi-

cal South Atlantic Countercurrent at the poleward rim of the

northern subgyre around 28°S

Introduction

ON e of the present-day challenges to make
feasible the determination of absolute upper

layer mesoscale currents is a global determina-
tion of an accurate absolute Mean Dynamic Topog-
raphy (MDT) at the 100 km scale or less, which
depends on finding a Geoid with accuracy of the
same scales. Presently great improvements have
been made by use of the dedicated satellites which
are continuously measuring the global Earth grav-
itational field, especially the GRACE system ([4];
[1]), which are of interest to compute a good Geoid.
We became interested in this direct method for
mesoscale studies, and a high resolution (0.25°x
0.25° grid) MDT has been constructed by differ-
encing of the GRACE Gravity Model 02 (GGM02),
based on 363 days of data, from a multi-satellite
Mean Sea Surface (GSFCMSS00). However,
this MDT exhibits correlated noise, especially in
the form of quasi-meridional striations (Figure 1),
caused mostly by correlated errors in the GRACE
geoid. This noise can be filtered out to make feasi-
ble the recovery of Gyre-scale structures at resolu-
tions of 400 km with the use of Gaussian smooth-
ing, but the mesoscale subgyre structures are lost
due to excessive smoothing. This paper presents
a novel method which avoids washing away the
mesoscale.

Figure 1: Original raw 0.25°x 0.25° map for the South

Atlantic, featuring strong noise level in the form of quasi-

meridional striations
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Figure 2: (a) Adaptive band-pass filtered (80-200 km) data

dominated by striations; (b) reconstructed MDT not including

the striation band

Filtering out Striations

We have found that the standard filtering tech-
niques used in image processing failed to give
good results in dealing with the striations problem.
We decided to experiment with a novel, efficient

and computationally light methodology, based on
a combination of different empirical orthogonal ex-
pansion techniques:
• First EOF expand the MDT lat,lon matrix consid-
ering the lon axis as analogous to time, keeping
terms to 100% of the total variance.

• Expand each of the Principal Component
PC(lon) vectors by use of SSA, obtaining a se-
ries of Reconstructed Components (RCs).

• Determine the maximum spectral peak of each
RC; use this peak to index the RC.

• Obtain the desired adaptive band filtered map
by summing all the RCs corresponding to index
coding inside the spectral band.

Striations were found to be within the 80-200 km
band in longitude(Figure 2a). Therefore, one has
only to ommit this from the total signal reconstruc-
tion to get a sequence of striation-free MDTs. After
removing the correlated noise component, several
adaptive smoothings were produced. One can use
different cutoffs in the zonal and meridional direc-
tions. Here we show the case of a 150 km isotropic
cutoff for the RCs (Figure 2b).

Comparing MDTs

New absolute MDTs accurate enough to be useful
in oceanography has been obtained from satellite
data only as a result of the CHAMP and GRACE
missions, but down to 500 km scales. Merging
techniques with Levitus climatology is able to get
synthetic MDT to higher resolutions [3]. Histori-
cally, hydrographic data has helped to determine
subgyre structures by estimating relative MDTs
with reference pressure surfaces at depth. Among
others, important works by [5] suggest a dou-
ble gyre structure for the South Atlantic. This is
here confirmed by our absolute MDT obtained from
adaptive filtering of GRACE-derived data.

Adaptive Filtering

Empirical Orthogonal Function (EOF) expansions
of space-time signals separate them into a sum
of products of functions of position given by a ma-
trix F (the EOF sequence) and of time given by a
matrix B (the Principal Components-PC sequence)
ordered in a sequence of decreasing variances.
The input signal S may be recovered by the matrix
product S = B × F ′. For the MDT map, denoted
by MDT (lat, lon), we may consider the usual time
points as longitude points, and make the expansion

S(lat, lon) = B(lon) × F (lat)′ (1)

where the prime denotes the transpose.
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Figure 3: (a) GRACE-based (cleared of striations) MDT

with adaptive 150 km smoothing, with geostrophic flows. No-

tice the double cell structure of the subtropical gyre; (b) BL-

based MDT (ref. 500 m) smoothed in the same way, with

flows. Notice the single cell structure centered around 22 °S;

(c) Tsuchiyas suggested double cell structure

Singular Spectrum Analysis (SSA) is then applied
to each of the columns of F . The SSA expansion
has the advantage of being capable of decompos-
ing each constant latitude lon-vector into a sum of
Reconstructed Modes (RCs) ordered in a decreas-
ing sequence of variances (energy) explained by
each one, in a automatic way. They constitute a
series of M-dependent (M a free parameter) adap-
tively filtered versions of the original lon series, and

are constructed in such a way that that partial sums
of these RCs modes increasingly converge into this
original series.
The SSA expansion is based on a extended lag
covariance matrix, and is used here in the stan-
dard way (see, e.g., [2]). This basic lag covariance
M ×M matrix is given by

cij =
1

N − |i− j|

N−|i−j|∑
lon=1

XlonXlon+|i−j| 0 ≤ i, j ≤ M − 1 (2)

where Xlon is a constant latitude sequence of N
points, and M is chosen here as M = N/3. Eigen-
values λk and eigenvectors Ek

j of this matrix are
obtained and sorted in descending order of energy
λk , with j, k from 1 to M. The k Principal Compo-
nents pk (PC’s) are obtained from
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and the RC’s Rk by
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(4)

A maximum spectral energy peak for indexing
each Rk is used here to construct adaptively fil-
tered band-limited signals accounting for the maxi-
mum possible variance.
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