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S U M M A R Y
A mean dynamic ocean topography (MDT) has been computed using a high resolution GOCE
(Gravity field and steady-state Ocean Circulation Explorer) gravity model and a new mean sea
surface obtained from a combination of satellite altimetry covering the period 1992 October
till 2010 April. The considered gravity model is GO-CONS-GCF-2-TIM-R3, which computes
geoid using 12 months of GOCE gravity field data. The GOCE gravity data allow for more
detailed and accurate estimates of MDT. This is illustrated in the Southern Ocean where the
commission error is reduced from 20 to 5 cm compared to the MDT computed using the
GRACE gravity field model ITG-Grace2010. As a result of the more detailed and accurate
MDT, the calculation of geostrophic velocities from the MDT is now possible with higher
accuracy and spatial resolution, and the error estimate is about 7 cm s−1 for the Southern
Ocean.
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1 I N T RO D U C T I O N

On 2009 March 17 the satellite GOCE (Gravity field and steady-
state Ocean Circulation Explorer) was launched (ESA 1998, 2006).
The mission objectives of GOCE are the determination of the global
gravity field and geoid with high accuracy and spatial resolution.
More specifically GOCE aims at a geoid accuracy of 1–2 cm with
a spatial resolution of about 100 km, corresponding to a spherical
harmonic expansion complete up to degree and order 200 (Rummel
et al. 2002; Drinkwater et al. 2003). The core instrument of GOCE is
a three axis gravitational gradiometer, the first of its kind in space. A
rather complex sensor system had to be developed in order to ensure
the high quality of the measured gradients. The mission character-
istics are described in Rummel (2010) and in Rummel & Gruber
(2010). Almost twelve months of mission data have been processed
and the first preliminary spherical harmonic models constructed. In
this study a pure satellite model derived from GOCE data is con-
sidered. It is the GO-CONS-GCF-2-TIM-R3 model (GOCE-TIM3
in the following), complete up to degree 250 and computed using
the timewise approach (Pail et al. 2010).

The intention of this paper is to look into the use of a GOCE
high resolution geoid model for the computation of mean dynamic
ocean topography (MDT) and geostrophic velocities. The chosen
area of investigation is the Southern Ocean. As reported by Griesel
et al. (2012), topography is complex there, with rather short spatial
scales and high temporal variability. Furthermore, at times large
parts of the Southern Ocean are covered by sea ice affecting both
satellite altimetry measurements as well as in situ oceanographic
data available for an independent validation.

The principles of computation of geodetic mean topography were
discussed by Hughes & Bingham (2008). They are primarily related
to the consistency of the altimetric mean sea surface (MSS) and the
geodetic surface in terms of coordinate system, reference ellipsoid
and permanent tide system. The basic principles were also discussed
in Bingham et al. (2008), and more recently, in Haines et al. (2011).
In Bingham et al. (2008), the important issue of spectral consis-
tency of the altimetric and geoid surface is addressed. The authors
favour the so-called global approach, which represents the MDT
as a spherical harmonic series. It was introduced by Tapley et al.
(2003). This technique will also be followed here, because it per-
mits to quantify the signal content in selected spectral windows. A
problem of this approach is the need to complement the altimetric
surface of the ocean by a corresponding surface on land, usually
a high resolution so-called combined geoid model. Distortions in
the spectral representation, in particular along the coastlines, can-
not be avoided (Albertella & Rummel 2009). Spectral consistency
of the altimetric sea surface and the geoid is attained by filtering.
Challenges are the signal attenuation, distortions along coastlines,
narrow topographic features and Gibbs oscillations (Bingham et al.
2008). Anisotropic filtering may serve as a remedy, as proposed in
Bingham (2010) and in Bingham et al. (2011).

The high spectral resolution of GOCE helps to capture small
scale features of MDT and of geostrophic velocities and to reduce
the effects of filtering. First experiments with GOCE geoid models
are the mean dynamic topography computations in the Arctic Ocean
by Farrel et al. (2012), the North Atlantic study by Bingham et al.
(2011) and the global as well as regional study by Knudsen et al.
(2011). Here we look into the benefit of the high spatial resolution of
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GOCE in the Southern Ocean studying mean dynamic topography
and geostrophic velocities as well as the corresponding propagation
of the error variance–covariance. The global approach in terms of
spherical harmonic series will help with a quantification of the
higher spatial resolution.

The characteristics of the new altimetric MSS as well as com-
parisons with alternative models are described in Section 2.1. In
Section 2.2, a summary of the gravity field model GOCE-TIM3 is
given. The key ocean quantity in our application is the MDT. It is
derived from the height difference between the MSS and the geoid.
Its derivation is discussed in Section 3. This section also includes a
discussion of regional MDT models and an analysis of their spatial
and spectral properties. In Section 4 geostrophic velocities as de-
rived from the MDT are studied. In order to validate the results, a
comparison with independent in situ measurements is presented in
Section 5. Section 6 contains the conclusions.

2 DATA

2.1 MSS

Altimeter satellites provide precise, repeated, and quasi-global mea-
surements of sea surface heights. A MSS is a temporal average of
these sea surface heights over a chosen period of time. As the present
investigation aims at the determination of a quasi-stationary MDT,
the MSS should represent a reliable long-term mean.

A new MSS (DGFI10) has been generated, averaging the mea-
surements of altimeter missions with exact repeat periods (ERS-
1/2, ENVISAT, TOPEX/Poseidon, Jason-1 and Jason-2), acquired
within the period from 1992 October to 2010 April. The period
1992–2010 exhibits a rather homogeneous data distribution and
ensures that the MSS is hardly affected by seasonal variations or in-
terannual variability like the 1997/1998 El Nino. The MSS heights
are computed at the nodes of a regular 30′ × 30′ geographical grid,
corresponding to a grid spacing of 55 km, which is far below the
smallest filter length of the low pass filter, applied to generate the
MDT (see Section 3).

The DGFI10 MSS is constructed by a careful pre-processing of
the altimeter measurements followed by a remove-gridding-restore
method. The pre-processing includes:

(i) Application of the most recent orbits and mission specific
correction models (e.g. for the sea state bias), see Chambers et al.
(2003), Iijima et al. (1999), Scharroo & Smith (2010), Scharroo &
Visser (1998) and Schrama et al. (2000).

(ii) Harmonization by applying identical geophysical reduction
models as far as possible (e.g. for ocean tides), see Mayer-Gürr
et al. (2011).

(iii) Cross-calibration to estimate radial errors and range biases
for each of the altimeter missions (for details see Dettmering &
Bosch 2010a,b).

The ultimate goal of the pre-processing is to generate homogeneous
and consistent multimission data which can be readily merged for
the MSS computation. The interpolation of the pre-processed al-
timeter data to the 30′ × 30′ grid was performed with instanta-
neous sea surface heights reduced by a reference surface, here the
CLS01 MSS (Hernandez & Schaeffer 2000). Compared to sea sur-
face heights (≈ ±100 m), the instantaneous sea surface heights (<1
m) have significantly reduced gradients and are therefore much eas-
ier to interpolate. The along-track instantaneous heights were then
averaged to fixed points along the nominal ground track and in a

Table 1. Statistics (in centimetres) of the differences
between DGFI10 and CLS01, CLS10 and DTU10.

Mean rms Min Max

CLS01-DGFI10 −1.13 2.37 −29.86 21.86
CLS10-DGFI10 −0.72 2.21 −31.62 25.79
DTU10-DGFI10 2.28 3.04 −23.47 27.81
CLS10-CLS01 0.41 1.27 −30.95 25.98
DTU10-CLS01 3.41 4.27 −23.98 36.55
DTU10-CLS10 3.00 3.90 −14.06 45.21

second step all mean instantaneous sea surface heights within the
grid cells were averaged to a multimission mean anomaly. Finally,
the CLS01 sea surface heights within the 30′ × 30′ grid cells (them-
selves sampled with 2′ spacing) were averaged and added back to
the multimission mean anomaly. In this way the DGFI10 MSS rep-
resents a MSS for the period 1992–2010 with heights (averaged
over 30′ × 30′) defined on the nodes of a 30′ × 30′ grid.

In order to validate the DGFI10 MSS, a comparison with other
MSS models recently published was performed. Besides CLS01
(Hernandez & Schaeffer 2000), the updated MSS CLS10, produced
in 2010 by CLS Space Oceanographic Division and distributed by
AVISO with support from CNES (http://www.aviso.oceanobs.com)
is considered. Furthermore DGFI10 is compared with the DTU10
MSS, an update of DNSC08 (Andersen & Knudsen 2009). These
external MSSs are based on different sets of altimeter missions; they
are related to other averaging periods and differ in the treatment of
the inverted barometer effect. Over land areas all these external
MSSs are augmented by geoid heights with a smooth transition
between geoid and sea surface heights at coastal zones. A detailed
description of the individual processing schemes is outside of scope
of this paper.

Important for the comparison is the fact that the external MSSs
are provided with a high spatial resolution of 2′ × 2′ (CLS and
CLS10) or even 1′ × 1′ (DTU10). Consequently these MSS have to
be pre-processed in order to achieve the same resolution as DGFI10
MSS for the comparison. This was done by averaging of all sea
surface heights within 30′ × 30′ grid cells to ensure the spectral
consistency to the DGFI10 MSS. The comparison was then per-
formed for grid nodes in open ocean, excluding a coastal zone of
100 km to prevent that the statistics, summarized in Table 1, being
dominated by systematic effects at the coast. The global rms values
are surprisingly small and remain below 5 cm. The best agreement
is between CLS01 and CLS10 which use the same averaging period
(1993–1999). The rms differences of DGFI10 MSS to the others
are below 3.04 cm. The advantage of our computation of an MSS
is the full control over all processing steps and the use of the most
recent standards, reductions and orbit.

2.2 Geoid

The satellite gravity field GOCE-TIM3 is a GOCE-only solution
based on measurements from 2009 November to 2011 April of
GOCE orbits and gravity gradients. It is a GOCE-only result in
a strict sense, that is, no prior gravity field information entered
the computation. It is computed using the timewise approach, see
Pail et al. (2010) and Pail et al. (2011), and it is available up de-
gree/order 250. In Fig. 1 the cumulative geoid error of GOCE-
TIM3 is compared with that of the pure GRACE solution ITG-
Grace2010 (Mayer-Gürr et al. 2010). In the low degrees the low-low
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Figure 1. Cumulative geoid errors (in centimetres) for the GRACE satellite-
only model ITG-Grace2010 (grey line), the GOCE satellite-only model
GOCE-TIM3 (black line).

Satellite-to-Satellite Tracking (SST) concept of GRACE is superior
to GOCE, the latter starts to become superior starting from degree
155. At degree L = 200 the cumulative geoid error of GOCE-TIM3
is around 6 cm, still higher than the projected 2 cm. The accu-
mulation of more data is expected to improve the quality of the
model.

3 M E A N DY NA M I C O C E A N
T O P O G R A P H Y

The MSS is expressed as height h above a chosen reference ellipsoid.
Likewise the geoid surface—which represents the ocean surface at
rest—is given in terms of geoid heights N above a chosen reference
ellipsoid. The difference between the MSS height h and the geoid
height gives the steady-state MDT, H , that is,

H = h − N . (1)

In order to compute a consistent geodetic MDT, first of all, some
indispensable corrections must be applied to the data, (Hughes &
Bingham 2008). Geoid and MSS must refer to a common reference
system, as described, for example, in Heiskanen & Moritz (1967):
the geoids GOCE-TIM3 and ITG-Grace2010 are referred to the
GRS80 ellipsoid, while the MSS referred to the Topex/Poseidon
ellipsoid.

Geoid and MSS must also be defined in the same permanent tide
system. The ITG-Grace2010 model refers to zero tide system (the
permanent direct effects of the Sun and Moon are removed, but
the indirect effect related to the elastic deformation of the Earth is
retained) while the GOCE-TIM3 refers to tide free system where all
effects of Sun and Moon are removed applying conventional Love
numbers. The latter are not measurable and are therefore theoret-
ical to some extent. The MSS is usually defined in the mean tide
system (no permanent tide effects are removed). The transforma-
tion between the different tide systems can be applied directly to
the spherical harmonic coefficients (Smith 1998) or by adding the
tide correction to the geoid heights (Rapp 1989). The geoid is here
referred to the Topex/Poseidon ellipsoid and defined in the mean
tide system.

Finally geoid and MSS must be expressed using the same coor-
dinate system; here ellipsoidal coordinates are considered.

A more critical point are the different spectral characteristics of
h and N , (Bingham et al. 2008). The geoid is defined globally over
the whole surface of the earth. Its resolution is expressed by the
maximum degree of its spherical harmonic representation

N (ϑP , λP ) = R
L∑

�=2

�∑
m=0

(C�m cos mλP

+ S�m sin mλP ) P�m(cos ϑP ). (2)

Here, R is the mean earth radius, (ϑP, λP) are the spherical co-
latitude and longitude of the point P, C�m and S�m are the normalized,
non-dimensional, spherical harmonic coefficients, L is the highest
degree considered in the spherical harmonic expansion, P�m are the
fully normalized associated Legendre functions of degree � and
order m.

For all degrees (and orders) less than or equal to L, the coefficients
of the geoid and their error variances (the commission error) are
available. The signal for degrees above L is the omitted signal or
omission error. The degree L corresponds approximately to a spatial
scale of 20 000/L km, consequently the gridded geoid field does not
contain spatial scales less than this.

The MSS data represent local sea level averaged and interpo-
lated onto nodes of the regular 30′ × 30′ grid (about 55 km ×
55 km at the equator). The original data are altimetric measure-
ments densely available along satellite tracks; these measurements
contain information with high spatial resolution. The short scale
altimetric features will contain both dynamic topography and geoid
features not contained in eq. (2) that must be removed by filtering,
to make sure that the computed MDT is consistent with the spatial
resolution of the geoid field, (Bingham 2010). Furthermore Losch
et al. (2002) show that geoid and MSS should have the same repre-
sentation using same base functions. Otherwise the omission error
may leak in the commission error.

In this paper h and N are combined in terms of spherical har-
monics, similar to Bingham et al. (2008). This requires extension
of the altimetric MSS over land areas. In our case the MSS is com-
plemented on land by geoid heights, computed from the EGM08
gravity model up degree and order 180

hext =
{

h on ocean

NEG M08 on land
(3)

allowing its representation in terms of spherical harmonic series.
The distortions along the transition zone from ocean to land cannot
be completely eliminated (Albertella & Rummel 2009), but they can
be strongly reduced by iteratively applying a sequence of spherical
harmonic analysis and synthesis (Albertella et al. 2010), or, as done
here, by using a moving window operator. In the latter case, the
value in each point on the land areas is replaced by an average of
the adjacent values by

h̄ext(ϑi , λ j ) = 1

(2k + 1)2

∑
k

hext(ϑi+p, λ j+q ) (4)

with p = −k, . . . , k q = −k, . . . , k. Depending on the position of
each point (ϑ i, λj) relatively to the land–ocean transition, both val-
ues, MSS and geoid height, will contribute to h̄ext. The procedure of
spherical harmonic expansion is repeated several times maintaining
in each step the original values at sea and considering the new set
of mean values on land. Thirty iterations, with k = 4, are sufficient
to remove significant variations along the coastlines.
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Figure 2. MDT in the ACC area. Gauss filter corresponding to degree 180 is applied. Gravity model ITG-Grace2010 (left-hand panel) and GOCE-TIM3
(right-hand panel) gravity models are considered. Units are metres.

The spectral consistency is achieved by applying the same Gauss-
type filter to MSS and to the geoid. The Gauss filter exhibits no
side lobes in the spectral as well in the spatial domain, see Jekeli
(1981) and Wahr et al. (1998). It corresponds to a weighted moving
averaging with a defined spherical radius r in the space domain. As
described in Zenner (2006), the half-weight radius r of the filter is
related to the harmonic degree L of the spectrum by the empirical
relation

r ≈ 1.45 × 104

L
. (5)

Unfortunately the shape of the filter in the spectral domain causes
that some short scale dynamic topography signal is removed too, by
filtering (Bingham et al. 2008).

In Fig. 2 the MDT computed using the gravity model ITG-
Grace2010 (left-hand panel) is compared with the MDT computed
using GOCE-TIM3 gravity model (right-hand panel). The filtering,
here up degree L = 180, is not able to eliminate the short scale dis-
tortions in the GRACE solution and the oceanic signal is partially
obscured. The MDT from GOCE data shows more oceanographic
details, reflecting the features related to the major ocean currents.
At these scales (≈111 km) the complexity of the ocean topography
becomes clearly visible; more details appear e.g. in the area of the
Drake Passage and of the Aghulas current. Furthermore it is possi-
ble to observe detailed structures along the Antarctic Circumpolar
Current (ACC).

The MDT is now globally defined and it is represented as series
of spherical harmonic functions (Bingham et al. 2008):

H (ϑP , λP ) = R
L∑

�=0

�∑
m=0

(
C H

�m cos mλP

+ SH
�m sin mλP

)
P�m(cos ϑP ) (6)

with the coefficients C H
�m, SH

�m being the difference between the
filtered coefficients of the SH-expansion of the MSS and C�m, S�m

of eq. (2).
Based on eq. (6) it is possible to analyze the spectral content of

the MDTs in various bandwidths, giving insight into where the char-
acteristics of GRACE and GOCE data are distinguishable. Strictly
speaking the spherical harmonic representation of the MDT, eq.
(6), can only be divided into spectral bands, if they are independent,

that is, if there exist no correlations between the coefficients of
the various bands. In reality some (rather small) correlations exist.
Neglecting them here has only a small effect.

In Fig. 3, different bandwidths of the MDT computed using the
gravity model ITG-Grace2010 (upper panel) are compared with the
corresponding bandwidths of the MDT computed using GOCE-
TIM3 (lower panel) in the area of the ACC. In the first band, from
spherical harmonic degree 90 up 120 (first column), the spectral
content is almost the same. Already between 120 and 150 (second
column) the MDT band based on GRACE is significantly noisier,
while typical ocean current features are still clearly discernible up
to degree 180 when GOCE-TIM3 model is used. This demonstrates
that (i) such short scales still contain significant oceanographic
signal and (ii) that this signal can be discerned using a GOCE high
resolution gravity model.

The error variance–covariance matrix CHH of H , from eq. (1), is

CH H = Chh + CN N − 2ChN . (7)

Here Chh is the variance–covariance matrix of the MSS, CNN the
variance–covariance matrix of the geoid heights and ChN the covari-
ances between h and N . In first approximation the covariances of h
can be neglected and its variances can be considered to be constant
σ 2

h . In a second approximation we confine the CNN matrix to its
diagonal part, that is, to the error variances, neglecting the corre-
lations between the spherical harmonic coefficients of the gravity
model, see also van van Gelderen & Koop (1996). Furthermore the
correlations between N and h are assumed to be zero, recalling that
N and h are derived from independent measurements. After these
simplifications we arrive at

diag(CH H ) = σ 2
h · diag(I ) + diag(CN N ) . (8)

From the harmonic coefficient error variances, provided together
with each of the gravity models, it is possible to propagate the error
to the MDT. Here σ 2

h is taken 9 cm2. As shown in Fig. 4, the total
error rms of the GRACE MDT is around 20 cm, while the error rms
of the MDT using GOCE-TIM3 is about 5 cm. In both cases the
total error is slightly varying with latitude. The improvement of the
larger set of the GOCE data is visible in the band from d/o 150–180.
The MDT’s errors confirm that, while the MDT from GRACE data
is accurate on long spatial scales, the use of GOCE information is
necessary to describe correctly the shorter scales.
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Figure 3. MDT in different bandwidths computed using ITG-Grace2010 (upper panel) and GOCE-TIM3 (lower panel). The harmonic components from 90
to 120 (left-hand panel), from 120 to 150 (middle panel) and from 150 to 180 (right-hand panel) are shown. Units are centimetres.

Figure 4. Comparison between the propagated errors from the harmonic coefficients to MDT in the area of the ACC area as function of latitude. Two gravity
models are considered: ITG-Grace2010 (grey line) and GOCE-TIM3 (black line). The error of the MSS is considered uncorrelated with an rms value equal to
3 cm. The upper panel shows the cumulative error up degree L = 180. In the lower panel the MDT errors in different bands are shown considering the harmonic
components from 90 to 120 (left-hand panel), from 120 to 150 (middle) and from 150 to 180 (right-hand panel). Units are centimetres.
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Figure 5. Magnitude of the geostrophic velocities in the ACC region. The geostrophic velocities, computed from the MDT relative to ITG-Grace2010 (left) and
to GOCE-TIM3 (middle), are Gauss filtered corresponding to degree L = 180. The black lines are the fronts of the ACC computed from in situ measurements.
In the right panel the geostrophic velocities from in situ measurements and corrected as described in Section 5 are shown. Areas without measurements are
indicated with white color. Units are cm s−1.

4 G E O S T RO P H I C V E L O C I T I E S

The gradient of the MDT is directly related to the geostrophic
currents. The formulas for the surface geostrophic velocities of the
ocean circulation, in longitude (east) and in latitude (north) direction
are:

us = − g

f

1

R

∂ H

∂ϑ

vs = g

f

1

R sin ϑ

∂ H

∂λ
. (9)

Here g is the gravitational acceleration, f = 2�cos ϑ the Corio-
lis term and � the angular velocity of the earth. With the MDT
expressed in a series of spherical harmonic functions, eq. (6), the
surface velocities as function of the harmonic coefficients C H

�m, SH
�m

become:

us(ϑP , λP ) = − g

f

1

R

L∑
�=0

�∑
m=0

(
C H

�m cos mλP

+ SH
�m sin mλP

)
P ′

�m(cos ϑP ) (10)

vs(ϑP , λP ) = g

f

1

R sin ϑP

L∑
�=0

�∑
m=0

m
(−C H

�m sin mλP

+ SH
�m cos mλP

)
P�m(cos ϑP ), (11)

where P ′
�m is the first derivative with respect to ϑ of the associated

Legendre function P�m. The direction (azimuth) of the resulting

surface current vectors is A = arctan
(

us
vs

)
and their length is V =√

u2
s + v2

s , (Elema 1993).
The use of the spherical harmonic coefficients to derive the

geostrophic velocities allows (i) to avoid approximations inherent
in numerical differentiation based on grid values of the MDT and
(ii) the analysis of spectral bands. Since the step from MDT to sur-
face velocities involves the surface gradient field, high degrees and
orders of the spherical harmonic expansion get amplified. This is
the same as saying, short scales features are emphasized. Conse-
quently the strength of GOCE at shorter scales should become more
pronounced, when comparing velocities.

In Fig. 5 the magnitudes of the geostrophic velocities in the ACC
area are shown. The velocities computed using ITG-Grace2010
(left-hand panel) and GOCE-TIM3 (middle panel) are compared

with the geostrophic velocities derived, as described below, from in
situ measurements (right-hand panel). Superimposed on the figures
are the locations of the Subantarctic and Polar fronts as estimated
from historical data (Orsi et al. 1995). These two major fronts are
continuous features of the ACC. Stronger velocities are observed
in the areas where these fronts are quite close to one another and
where the current meanders. The location of 40S between 40E to
80E marks the area where the Subantarctic and Subtropical front are
close, again resulting in higher velocities. The results from GRACE
data show the ringing also seen in the MDT, while the information
from GOCE displays all the stronger currents in this area, following
what the in situ measurements show.

The analysis of the spectral content of the geostrophic velocities
in different bandwidths, Fig. 6, shows the noise behaviour in the
chosen spectral bands. Noisy information is already present between
90 and 120 if only GRACE data are used for the geoid (upper panel).
The velocities derived from GOCE-TIM3 (lower panel) are less
noisy, though between 150 and 180 the signal is partially affected
by noise. Nevertheless the Aghulas current and the East Australian
current are still clearly visible.

The accuracy of the velocity fields depends on the accuracy of
the spherical coefficients of the MDT. From formulas (10) and
(11) the errors of the geostrophic surface velocity field can be
calculated, also considering different bandwidths. The total error
obtained considering ITG-Grace2010 is around 40 cm s−1, while
the rms error of the surface velocities using GOCE-TIM3 is about
10 cm s−1, at all latitudes, see Fig. 7. Thus, as expected, in the
case of the surface geostrophic velocities the refinement coming
from GOCE, in particular in the bandwidth from 150 to 180, is
significant. Compared with the rms of the geostrophic velocities
in the ACC area, 10 cm s−1 is not negligible, however. When the
mission GOCE will be concluded and all its measurements will be
available, a further improvement of this value can be expected.

5 VA L I DAT I O N O F T H E R E S U LT S

The geostrophic velocities, as computed from the geodetic MDT,
are validated by comparison with independent in situ measure-
ments. The Global Drifter Program of NOAA and AOML col-
lected satellite-tracked drifting buoys (drifter in the following) mea-
surements of upper ocean currents and sea surface temperatures

C© 2012 The Authors, GJI
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MDT from GOCE 7

Figure 6. Magnitude of the geostrophic velocities in different spectral bands computed from MDT using ITG-Grace2010 (upper panel) and GOCE-TIM3
(lower panel) gravity models. The harmonic components from 90 to 120 (left), from 120 to 150 (middle) and from 150 to 180 (right) are shown. Units are
cm s−1.

Figure 7. Comparison between the propagated errors from the harmonic
coefficients to the geostrophic velocities in the ACC area as function of
latitude. Two gravity models are considered: ITG-Grace2010 (grey line) and
GOCE-TIM3 (black line). The error of the MSS is considered uncorrelated
with an rms value equal to 3 cm. The upper panel shows the cumulative error
up degree L = 180. In the lower panel the MDT errors in different bands
are shown considering the harmonic components from 90 to 120 (left-hand
panel), from 120 to 150 (middle panel) and from 150 to 180 (right-hand
panel). Units are cm s−1.

around the world, (Lumpkin & Pazos 2007). Each drifter location is
estimated from 16 to 20 satellite fixes per day. These raw data are
processed applying quality control procedures and interpolated via
kriging to regular 6-hr intervals.

A large set of these data has been considered for our comparison,
taking all the measurements from 1993 January to 2010 December,
in the ACC area: latitude from 40S to 90S and longitude from 180E
to 180W. In Grodsky et al. (2011) a problem in the Southern Ocean
is discussed related to the more recent buoy models. Artificial accel-
erations have been observed after three months of measurements.
For this reason, only the first 90 d of drifter data after 2004 January
1 are considered.

The drifter observations include tide currents, Ekman currents,
inertial currents and high-frequency ageostrophic currents. In or-
der to perform a correct comparison with the geostrophic velocities
derived from the MDT, the drifter data must be corrected, in an
attempt to extract only their geostrophic component. The Global
Drifter Program provides a global estimate of the mean Ekman cur-
rents (Lumpkin & Garraffo 2005), derived using wind stress data
and the local Coriolis parameter, (Ralph & Niiler 1999). This data
set can be used to estimate the order of magnitude of the Ekman
corrections, even if these averaged values refer to a period (from
1997 September 1997 to 2003 August) different from the period
considered in the MSS DGFI10 computation. A second correction
is to subtract the altimetric velocity anomaly corresponding to the
Sea Level Anomalies (SLA). This is the so called synthetic method,
see Rio et al. (2006). The global SLA are interpolated to a 30′ × 30′
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Table 2. Statistics of the differences between the geostrophic velocities of
either GOCE or GRACE MDTs and the geostrophic velocities as derived
from drifter data in the ACC area. In parenthesis the statistics relative to the
region of the Drake Passage (ϕ ∈ [−40◦, −60◦], λ ∈ [290◦, 320◦]). Different
resolutions are considered. Units are cm s−1.

Mean(	vs) rms(	vs) Mean(	us) rms(	us)

GOCE MDT
L = 120 4.18 (3.36) 5.24 (4.05) −5.17 (−1.84) 7.17 (3.91)
L = 150 4.20 (3.38) 5.55 (4.49) −5.19 (−1.88) 7.51 (4.63)
L = 180 4.20 (3.40) 6.34 (5.48) −5.21 (−1.91) 8.12 (5.89)

GRACE MDT
L = 120 4.17 (3.35) 5.37 (4.33) −5.15 (−1.81) 7.27 (4.20)
L = 150 4.18 (3.36) 6.84 (6.93) −5.17 (−1.90) 8.68 (7.30)
L = 180 4.17 (3.36) 10.36 (12.02) −5.17 (−2.00) 7.27 (13.99)

grid every month from January 1993 to December 2010. For each
grid point the corresponding geostrophic velocities are computed,
through a simple numerical differentiation between adjacent grid
points. Then each drifter measurement is corrected by subtracting
the values of the SLA velocity of the corresponding month. Finally,
the drifter data are gridded on a 30′ × 30′ grid and spatially Gauss
filtered with half-weight radius r consistent with the harmonic de-
gree L of the spectral filter in eq. (5).

Statistics of the differences are summarized in Table 2. The mean
of the differences is always different from zero, showing an offset
(negative for the eastward component us and positive for the north-
ward one vs). Results considering GRACE MDT are comparable
with GOCE MDT only up to L = 120. As resolution increases,
GOCE is able to reproduce the currents better, even if the rms is not
small, when compared with the rms of the signal [rms(us) = 15.57
cm s−1 and rms(vs) = 10.73 cm s−1]. If only the sub-region of the
Drake Passage area is considered, the rms for both the components
has an acceptable size, showing that strong regional variations exist.
In this comparison, it should be noted that (i) the spatial distribution
of the in situ measurements is by far not uniform and (ii) that the
Ekman correction is an estimate not really temporally consistent
with the MSS.

6 C O N C LU S I O N

A geodetic MDT is determined from joint cross-over adjustment of
17 yr of multimission altimeter data and a recent gravity model from
the GOCE mission. The proper representation of MDT is needed
in order to describe the mean ocean geostrophic surface flow. One
of the areas where this has been a challenge is Southern Ocean.
Due to the strong winds that drive the ACC, presence of sea ice and
strong variability, the Southern Ocean has not been well observed
neither with satellite nor in situ measurements. The sparsity of in
situ observations (in space and time) as well as complex topography
still poses a challenge also for validation of the MDT products in
Southern Ocean.

The MDT computed using only satellite data, from GOCE and
altimetry, is of increased accuracy and resolution compared to
GRACE and altimetry solution. The GOCE data are adding short
wavelength geoid information, in particular above spherical har-
monic degree 120, corresponding to spatial scales below 160 km.
In this paper, we also described a technique of minimizing adverse
effects of extension of MSS over the areas not covered by altimetric
measurements. However, coastal zones remain the weak spot of the
filtering process when following the spectral approach described

here. Unfortunately, these zones are also problematic in terms of
MSS calculations and ocean tide modelling.

From the MDT surface, velocities of comparable resolution are
derived and analysed in spectral bands similarly to MDT. In this
case the strength of GOCE at shorter scales is more pronounced
since the geostrophic velocities are computed from gradients of
MDT, amplifying the short scales proportionally to the spherical
harmonic degree. The ACC currents based on GOCE seem now
well defined and in good agreement with Subantarctic and Polar
fronts estimated from in situ data. The agreement of the geostrophic
velocities as derived from the geodetic MDT with those based on
drifter data is acceptable, but it can be improved. The procedure
for isolating the geostrophic part of drifter velocities (including
realistic error estimates) can be refined. The spectral representation
of MDT allows us to provide also estimates of uncertainty of the
new MDT as well as of the geostrophic velocities. The values of
which have strongly decreased from for GRACE only models to
GOCE results. The improvement on the shorter scales involves a
reduction of 75 per cent of the total error.

Further progress is expected from up-coming gravity models
which will utilize a more extended ensemble of GOCE measure-
ments and will be combined with GRACE information.
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Losch, M., Sloyan, B.M., Schröter, J. & Sneeuw, N., 2002. Box inverse
models, altimetry and the geoid: problems with the omission error, J.
geophys. Res., 107(C7), 3078, doi:10.1029/2001JC000855.

Lumpkin, R. & Garraffo, Z., 2005. Evaluating the decomposition of tropi-
cal Atlantic drifter observations, J. Atmos. Oceanic Technol., I22(3078),
1403–1415.

Lumpkin, R. & Pazos, M., 2007. Measuring surface currents
with surface velocity program drifters: the instrument, its data,
and some recent results, in Lagrangian Analysis and Pre-
diction of Coastal and Ocean Dynamics (LAPCOD), chapter
2, pp. 39–67, eds Griffa, A., Kirwan, A.D., Mariano, A.J.,
Ozgokmen, T. Rossby, T., Cambridge University Press, Cambridge.
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