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[11 In anticipation of the future observations of the gravity mission Gravity Field and
Steady-State Ocean Circulation Explorer (GOCE), the present-day accuracy of mean
dynamic topography (MDT) is estimated from both observations and models. A
comparison of five observational estimates illustrates that RMS differences in MDT vary
from 4.2 to 10.5 cm after low-pass filtering the fields with a Hamming window with
wavenumber N = 120 (corresponding to an effective resolution of 167 km). RMS
differences in observational MDT reduce to 2.4—8.3 cm for N =15 (1334 km). Differences
in data sources (geoid model, in situ data) are mostly visible in the small-scale oceanic
features, while differences in processing (filtering, inverse modeling techniques) are
reflected at larger scales. A comparison of seven different numerical ocean models
demonstrates that model estimates differ mostly in western boundary currents and in the
Antarctic Circumpolar Current. RMS differences between modeled and observed MDT are
at best 8.8 cm for N = 120, and reduce to 6.4 cm for N = 15. For models with data
assimilation, a minimal RMS difference of 6.6 cm (N = 120) to 3.4 cm (N = 15) is obtained
with respect to the observational MDTs. The reduction of differences between MDTs
with increasing filtering scales is smaller than expected. While it is expected that
GOCE will improve MDT estimates at small spatial scales, improvement of mean sea
surface estimates from satellite altimetry may be needed to improve MDT estimates at

larger scales.
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1. Introduction

[2] The dynamic topography is the distance between the
ocean surface and the gravity equipotential surface called
the geoid. As it reflects the geostrophic currents at the
surface, it is of great interest for ocean circulation studies.
The time-mean dynamic topography (MDT) is the average
of the dynamic topography over a particular time period.
Assuming that this time period is long enough for the ocean
to reach a steady state, the MDT can be interpreted as the
steady state component of the ocean circulation. Originally,
methods of estimating MDT were based entirely on hydro-
graphic data assuming a level of no motion [Sverdrup et al.,
1942]. This approach was replaced by mass conservation,
either through inverse methods [Wunsch, 1978], or through
other methodologies [e.g., Reid, 1997].

[3] Inverse models allow a combination of different data
types, including satellite data [ Wunsch, 1996]. For example,
MDTs have been derived from a combination of satellite
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altimetry and subsurface drifters [Maximenko and Niiler,
2004; Rio and Hernandez, 2004]. Altimeter-based MDT
estimates require at least two data sets: the mean sea surface
height relative to an ellipsoid from satellite altimetry (MSS,
again, averaged over a time period long enough to reach a
steady state) [Hernandez et al., 2001; Wang, 2001] and the
geoid height relative to the same ellipsoid. Originally, geoid
models were based on terrestrial measurements and/or satel-
lite orbit analysis, but recent geoid estimates include data
from dedicated gravitational missions such as CHAMP
(CHAllenging Minisatellite Payload) and GRACE (Gravity
Recovery and Climate Experiment) [Reigber et al., 2005;
Tapley et al., 2003]. Time variations in the geoid are much
smaller than in the MSS and consequently their effect on the
mean geoid estimate will be negligibly small. However, the
GRACE geoid error spectrum decreases with increasing
wavelength and time-averaging many months or even several
years of GRACE data is necessary to reduce these errors. The
need for time-averaging is less strong when using GOCE
data, as this satellite is more sensitive to short-wavelength
geoid signals resulting in a more accurate geoid at short
length scales when averaging over a relatively short period.

[4] After pioneering studies with the Seasat altimeter
observations [e.g., Cheney and Marsh, 1981; Zlotnicki,
1984; Engelis and Knudsen, 1989], the longer time series
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of the Geosat altimeter allowed a reasonable estimation of a
satellite-derived global mean dynamic topography [e.g.,
Nerem et al., 1990; Denker and Rapp, 1990]. At that time,
the geoid error at scales smaller than 4000 km was too large
to allow for high-resolution MDT estimates. In addition,
MDT accuracy was strongly affected by orbit errors as well
as errors in the observational corrections, such as the
correction for the effect of surface waves, tides, and
atmospheric pressure on sea surface height. With the
TOPEX/Poseidon mission more precise estimates of the
mean dynamic topography could be obtained [Rapp et al.,
1996; Stammer, 1994] as orbit and geoid accuracy had
improved and errors in observational corrections had been
reduced. However, then still, the geoid errors were very
much limiting the accuracy of the MDT estimates. Only
recently, the GRACE mission has contributed to a consi-
derable reduction in geoid error [ZTapley et al., 2003]. In
fact, the accuracy of a GRACE-based geoid for MDT
estimation is significantly higher than previous geoid esti-
mates, as shown by a regional comparison of MDTs in the
North Atlantic [Jayne, 2006].

[5] Over the last few decades, technological develop-
ments as well as increased computational resources stimu-
lated the development of more realistic Ocean General
Circulation Models (OGCMs) (for an overview, see for
example Willebrand et al. [2001], Griffies et al. [2000],
and Griffies [2005]). The time-average of model sea surface
height is itself a mean dynamic topography, which reflects
the steady state component of the circulation as simulated
by the model.

[6] OGCMs are generally categorized in terms of their
vertical discretization. The most straightforward choice for
vertical coordinates is on the basis of depth. These depth-
level (or z-level) coordinates were applied in the first
OGCMs [Bryan, 1969; Semtner, 1974; Cox, 1984]. Using
the fact that most of the ocean circulation takes place along
lines of constant density, so-called isopycnal coordinates
were introduced that provide a natural discretization of the
water column [e.g., Bleck, 1998]. While the z-level coordi-
nate is especially useful in weakly stratified regions such as
the mixed layer, the isopycnal coordinates provide a more
efficient discretization of the ocean at depth. A third class of
OGCMs, based on terrain-following (or sigma) coordinates
is especially useful in coastal regions [Blumberg and Mellor,
1987]. Hybrid models, such as the Hybrid Coordinate
Ocean Model combine the advantages of these different
discretizations, adapting the discretization for regions with
different dynamical characteristics [Chassignet et al., 2006].
In addition to the direct impact of vertical discretization on
sea level, the difference in vertical discretization also
implies a difference in the representation of the bathymetry,
which causes an additional effect on modeled MDT.

[7] From the original z-level models, which were based
on the rigid-lid assumption that eliminates high-speed
external gravity waves and allows a longer time step, sea
level height could be derived a posteriori applying thermal
wind equations. The development of free-surface formula-
tions [e.g., Dukowicz and Smith, 1994; Roullet and Madec,
2000], allowed a direct computation of sea level height in
z-level models. In isopycnal and sigma-coordinate models,
the computation of sea level follows from the thickness of
the layers.
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[s] While first OGCMs had a horizontal resolution of 2,
current OGCMs are configured at eddy-resolving resolution
of one tenth to One twelfth of a degree [Maltrud and
McClean, 2005; Chassignet et al., 2006], leading to a
highly accurate representation of oceanic fronts and mean-
ders in model sea level height. In addition to the improve-
ments in resolution, discretization and representation of
bathymetry, refinement in sub-grid-scale mixing paramete-
rizations [Cox, 1997; Gent and McWilliams, 1990; Large et
al., 1994] and the availability of long time series of global
analyses of atmospheric forcing fields from models and
(satellite) data [e.g., Kalnay et al., 1996; Gibson et al.,
1997] further increased the accuracy of modeled ocean
circulation and associated MDT.

[v] On one hand, the increasing accuracy of both observed
and modeled MDTs allows altimetric data to be combined
with a geoid model into ocean general circulation models
[Stammer et al., 2002], and to assess the impact of assi-
milated dynamic topography on the simulation of ocean
currents [Birol et al., 2004, 2005]. On the other hand, it
enables investigations to the effect of geoid error on trans-
port estimates when combining altimetry with hydrographic
sections in inverse estimates [LeGrand, 2001; Schriter et al.,
2002; Losch and Schroter, 2004]. Using a combination of
models assimilating observations, Bingham and Haines
[2006] demonstrated that it is now possible to generate a
regional MDT as accurate as 3.2 cm RMS at a spatial
resolution of 1°.

[10] On the verge of the launch of the Gravity and Ocean
Circulation Explorer (GOCE), which promises to further
reduce geoid errors at spatial scales of about 100 km
[European Space Agency, 1999], this study examines the
present-day uncertainties in MDT estimates from observa-
tions and state-of-the-art ocean numerical models. The
objective of this study is to evaluate recent estimates of
MDT, to quantify their mutual differences, and to identify
the regions of largest uncertainties in these estimates.

[11] The outline of this paper is as follows. In section 2,
five different observational estimates of the dynamic
topography are presented and compared. Mean dynamic
topography estimates from numerical models are described
and compared in section 3. Section 4 describes a compa-
rison of the model solutions with one of the observational
dynamic topography estimates. Section 5 concludes with a
summary and discussion.

2. Observational Estimates of the Mean Dynamic
Topography

[12] When subtracting a geoid model from the altimeter
based MSS to obtain an MDT, a number of issues need to be
considered. Foremost, the geoid has about 2 orders of
magnitude more energy than the MDT at all wavelengths
[Wagner and Colombo, 1979], which implies that MSSs
derived from altimetry are dominated by geoid information.
This is not only the case at the very long wavelengths, but
also down to wavelengths of a few tens of kilometers.
However, satellite derived, global geoids are accurate up to
wavelengths of hundreds of kilometers only [Tapley et al.,
2003] and have no information about the gravity field at
wavelengths much shorter than the satellite altitude. As a
consequence, the shorter wavelength geoid information
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Table 1. Overview of Observation-Derived Dynamic Topographies®
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MDT Observations Geoid (Degree/Order) Resolution

Rio05 MSS-CLS01 (TOPEX/Poseidon, ERS-1,2, Geosat), GRACE,CHAMP and EIGEN-3 (30) 0.5°
in situ oceanographic obs

Chambers-Zlotnicki GSFC MSS 00 (TOPEX/Poseidon, ERS-1,2, Geosat), GRACE and surface GGMO02c¢ (360) 0.5°
gravity obs

Naeije MSS-CLS01 (TOPEX/Poseidon, ERS-1,2, Geosat), GRACE and surface GGMO02c (360) 0.5°
gravity obs

LeGrande Gouretski and Jancke [2001] climatology, 5-year T/P EGM96 (180) 1.0°

Maximenko-Niiler 10-year drifter data set [Niiler, 2001], JPL mean sea level using GRACE GGMO1 (90) 0.5°

GGMO01, NCAR/NCERP re-analysis winds

“The resolution indicated is the resolution on which the grids are provided. The effective resolution may be different as a result of the processing.

which is present in the MSS but not in the geoid estimate,
should be removed, minimizing leakage of small-scale geoid
error into longer wavelengths of the geoid estimate. Further-
more, the satellite geoid is global but the MSS only exists
over the oceans. The above issues make the computation of
an observational MDT a challenging and delicate task. The
various estimates of MDT from MSS and geoid model took
different approaches to solve this problem [see Rio and
Hernandez, 2004; Chambers and Zlotnicki, 2004; Jayne,
2006].

[13] In this study, five different observational estimates of
the global MDT have been analyzed. They are summarized
in Table 1. All estimates include satellite altimeter data, but
the additional data sets vary as well as the filtering and the
geoid models used. A further description of the processing
methodology is given below.

2.1. LeGrand

[14] LeGrand et al. [2003] have based their dynamic
ocean topography on 5 years of TOPEX/Poseidon data
(1993-1997), combined with an estimate of dynamic ocean
topography from D. P. Chambers of the Center for Space
Research, University of Texas at Austin, relative to the
EGMO96 geoid [Lemoine et al., 1998]. In addition, a gridded
historical climatological data set derived from in situ obser-
vation by Gouretski and Jancke [2001] has been included in
the estimate. The topography has been computed with a
finite difference inverse model of the ocean circulation
developed at the Laboratoire des Physique des Océans in
Brest [Mercier et al., 1993; LeGrand et al., 1998]. The MDT
is computed on a grid with a 1° spatial resolution.

2.2. Naeije

[15] The Naeije MDT (M.C. Naeije, personal commu-
nication, 2006) has been constructed at the Department of
Earth Observation and Space Systems Research (DEOS)
in Delft by subtracting GGMO02c geoid [Tapley et al.,
2003] from the CLSO1 MSS [Hernandez et al., 2001]
based on altimetric data of different satellite missions
(Geosat, ERS1-2, and TOPEX/Poseidon) over the period
1993-1999. Because of the differences in spatial resolu-
tion of the geoid and the MSS and large gradients that
may occur in the MSS, special attention has been paid to
the way in which the two fields have been subtracted. For
each location on a 0.5° grid the point value of the geoid
height has been determined without interpolation or
averaging. The corresponding MSS point values have been
determined at exactly the same locations, again without
interpolation or averaging. The resulting difference field has

been smoothed with a Gaussian filter using a 1-sigma value
of 1.5°, removing variations in the MDT with scales smaller
than 300 km. Both MSS and geoid model were determined
in the mean-tide reference frame. At the grid points over
land the MDT has been set to the EGM96 geoid. The Naeije
MDT grid is provided at a 0.5° resolution.

2.3. Chambers-Zlotnicki

[16] The Chambers-Zlotnicki MDT [Chambers and
Zlotnicki, 2004] is based on the mean sea surface from
Goddard Space Flight Center: GSFC MS 00 [Wang, 2001].
This estimate includes data from TOPEX/Poseidon, ERS-1
and -2 and Geosat, and is representative for the mean sea
surface of the 1990s. From this mean sea surface, the
GGMO2c geoid has been deducted. This geoid is based on
363 days of GRACE data, spanning April 2002 and
December 2003, complemented with surface gravity data
to degree and order 360. The data have been filtered to
remove the energy in the gravity field at wavelengths
shorter than 400 km, as these can not be recovered by the
GRACE satellites. The details of the processing can be
found on the GRACE website (http://gracetellus.jpl.nasa.
gov/dot.html) and in the paper by Tapley et al. [2003],
which describes the generation of an earlier version of the
MDT.

2.4. Rio05

[17] The Collecte, Localisation, Satellites (CLS) com-
bined mean dynamic topography Rio05 [Rio et al., 2005]
is computed using a two-step procedure. In the first step, a
large-scale estimate of the MDT is obtained subtracting the
EIGEN-GRACES3S geoid model from the CLS01 MSS, both
fields having been preliminary filtered from scales shorter
than 400 km using a Gaussian low-pass filter. Note that the
CLSO01 MSS is the same that has been used for the Naeije
MDT. The EIGEN-GRACE-03S geoid includes 376 days of
GRACE data and is computed similarly to the EIGEN-
GRACEO2S geoid as described by Reigber et al. [2005]. It
does not include any terrestrial gravity observations. At
latitudes equatorward of 40° data from the Levitus climatol-
ogy relative to 1500 m depth is also included. In the second
step, the altimeter sea level anomalies are used to remove the
time-dependent signal from the in situ measurements resul-
ting in a synthetic estimate of the MDT. The in situ data used
are surface drifter velocities from the World Ocean Circula-
tion Experiment (WOCE) and Tropical Ocean and Global
Atmosphere (TOGA) Surface Velocity Program (SVP) plus
additional hydrographic profiles to a depth of 1500 meters
from the French Coriolis data center for the period 1993 —
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2002. To achieve consistency with the altimetric content,
further processing is applied to the in situ data sets. To obtain
the geostrophic component of the surface velocity, Ekman
surface currents are modeled and subtracted from the drifting
buoy velocity data followed by removing high-frequency
signals with a 3-day low-pass filter. A remove-restore
procedure is then applied in which the obtained synthetic
estimate of the MDT is used to improve the first guess
through a multivariate objective analysis. More details of the
processing are given by Rio and Hernandez [2004], who
describe an earlier version of the topography. By choosing a
reference depth of 1500 m, the dynamic topography signal
below this level is not included in the hydrography.
To correct for this, the signal is estimated subtracting the
1500 m Levitus climatology from the 400 km resolution
GRACE MDT. This estimate of the 1500 m signal is then
added to the dynamic heights relative to 1500 m to recover
the dynamic topography signal over the whole water column
(M.-H. Rio, personal communication, 2006). Therefore the
synthetic estimate of the MDT represents the full oceano-
graphic signal and so does the resulting topography. Note
that the MDT is displaced vertically to match the dynamic
topography between 40°N and 40°S computed from the
Levitus et al. [1998] climatology. This causes the MDT to
be offset with respect to other MDT estimates.

2.5. Maximenko-Niiler

[18] Maximenko and Niiler [2004] have used a simplified
form of the horizontal momentum equation at 15 m depth to
estimate a 10-year mean tilt of the absolute dynamic
topography. The equation describes the balance of four
terms: acceleration, Coriolis force, pressure gradient and
vertical friction. In development of their previous technique
[Niiler et al., 2003], they estimated the terms in this
equation not only with the aid of surface drifters [Niiler,
2001], Aviso sea level anomaly and wind fields from the
National Centers for Environmental Prediction (NCEP), but
also utilized an MDT generated at the NASA Jet Propul-
sion Laboratory by V. Zlotnicki, one of the early MDTs
based on the first year of data from the GRACE mission.
This altimeter-based MDT has been generated with the
NASA GSFC MSS 00 of Wang [2001] (see description at
Chambers-Zlotnicki MDT), truncated at degree and order
360, and subsampled to 0.5°. The MSS has been referenced
to a GRACE-based geoid one version earlier than GGMO1
[Tapley et al., 2003], truncated at degree and order 90. The
differences have been smoothed with a two-pass spatial
averaging filter of approximately 1000 km (V. Zlotnicki,
personal communication, 2006). Maximenko and Niiler
have used this smooth MDT to parameterize the Ekman
dynamics, i.e., the imbalance between the three first terms
of their equation, to the local NCEP wind at 10 m level. In
addition, they used a new variational technique to down-
scale the smooth MDT with their estimates of the MDT
gradient. Weights of the costfunction are tuned so that
their product deviates significantly from the MDT of
V. Zlotnicki only at scale less then 1000 km, where drifter
data are available. Effective smoothing scale is set at 0.5°,
which is also the spatial resolution of the grid. The
reference level of the dynamic topography was then
changed by subtracting the global mean of the MDT. The
MDT and an additional description of its processing are

VOSSEPOEL: UNCERTAINTIES IN MEAN DYNAMIC TOPOGRAPHY

C05010

available at http://apdrc.soest.hawaii.edu/projects/DOTY/.
The data set also provides a mask of drifter data distribu-
tion, which is not applied in this study. It should be noted
that low-pass filtering of the Maximenko-Niiler MDT will
increase the influence of the MDT of V.Zlotnicki and
reduce the impact of drifter data.

2.6. Comparison of Observational Mean Dynamic
Topographies

[19] The Rio05 estimate is illustrated in Figure 1. This
estimate is chosen as a reference, as this MDT includes the
most observational information. The fact that Rio05 is
displaced to match the Levitus et al. [1998] dynamic
topography relative to 1500 m, causes an offset in the
difference fields of 1.16 m (with respect to Chambers-
Zlotnicki and Naeije), 1.62 m (Maximenko-Niiler) and
1.52 m (LeGrand). These biases are completely arbitrary,
and they do not affect the determination of geostrophic
currents which are computed from MDT gradients. In the
comparison that follows, either the offset between the
different MDTs has been removed or the MDTs have been
considered regionally relative to an area mean.

[20] Although most of the MDTs include observations
from the same satellites, it should be noted that differences
between MSS can be considerable. An extensive compari-
son of three MSSs fields illustrates that RMS differences
between MSS are in the 2.5-3 cm range for that part of the
ocean which is deeper than 500 m [Hernandez and
Schaeffer, 2001]. Regional differences can reach values up
to 8 cm in energetic regions such as the Gulf Stream, the
Kuroshio, the Agulhas retroflection and the ACC. The two
most widely used MSSs, the CLS01 MSS [Hernandez et al.,
2001] and the GSFC 00.1 MSS [Wang, 2001], have differ-
ent periods for reference (CLSO1: 1993—-1999, GSFC MSS
00.1: 1993-1998). As a consequence, differences are likely
to be due to residual interannual variability. The spatial
structure of the difference between the two MSSs reveal El
Niflo/La Nifa-like variability in the tropical Pacific and
mesoscale variability in the WBC regions. In addition to
this, MSS errors are known to be high in coastal regions,
where altimeter satellite tracking tends to be worse. Rms
differences between MSSs can be as large as 10 cm in
regions where the ocean is shallower than 100 m. Finally,
considerable differences between MSS fields can occur as a
result of differences in altimeter data processing (for exam-
ple, inverse barometric correction, electromagnetic bias
correction). The differences in MSS, but also the differences
in the averaging periods of in situ data used for the MDTs
should be kept in mind when comparing the different
products.

[21] Differences between the two estimates which do not
include oceanic in situ observations (Chambers-Zlotnicki
and Naeije) are concentrated in coastal regions, where they
may exceed the 5 cm level (not shown). Outside of these
regions, the correspondence is very good. This is not
surprising, as both estimates are based on the same altimeter
data and geoid models. The differences in the coastal
regions are likely to be related to the strong coastal
gradients in the Naeije MDT, which are caused by the
transition of the MDT to the EGM96 geoid at land points.
These gradients reflect the differences between the EGM96
geoid and the GGMO02c geoid, and should not have been
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present if the grid points at land would have been set to the
GGMO02c values (M.C. Naeije, personal communication,
2006). The remainder of differences between Chambers-
Zlotnicki and Naeije are likely to be due to differences in
the MSS and the filtering of the MSS minus geoid diffe-
rence field.

[22] The difference between LeGrand and the other
observational MDTs suggests that the LeGrand MDT is
too low in the Indian Ocean and ACC, and too high in the
Atlantic and Pacific Oceans (not shown). In addition, this
MDT exhibits a meridional bias, where the MDT in the
tropical regions is relatively higher than in other solutions.
This pattern is also present in the comparison with model-
based MDT estimates. Although the bias suggests an
overestimation of the subtropical gyre circulation, the trans-
ports computed in the inverse model of the LeGrand MDT
have realistic values (P. LeGrand, personal communication,
2006). The cause for this bias is unclear.

[23] Small-scale differences between the observational
MDTs reflect uncertainties in both MSS and geoid, as well
as differences in observational information. This is illustra-
ted in Figure 2, which shows the original MDTs in the
Agulhas retroflection area. The LeGrand MDT has the
weakest gradients in sea level as a result of its coarse
resolution. The Chambers-Zlotnicki and Naeije MDTs are
very similar, but processing differences between the two
MDTs result in slightly stronger gradients in the Naeije
MDT. This is not only the case in places where we expect
gradients to be strong (in the Agulhas proper and return
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current) but also along the African coast, north of 30°S, and
the island of Madagascar. As discussed above, these gra-
dients are due to the transition of the MDT to the EGM96
geoid at land.

[24] In the Rio05 and the Maximenko-Niiler MDTs the
gradient of the Agulhas current along the African coast is
relatively weak, but the gradient of the return flow, and
its meandering spatial structure, are more pronounced
than in the other MDTs. The comparison suggests that
the in situ observations sharpen the fronts in the MDT,
not only in the Agulhas, but also in other western
boundary currents (WBCs) and the Antarctic Circumpolar
Current (ACC, not shown). That this sharpening is not
visible in the MDTs based on altimetry only, is probably
related to the smoothing applied to reduce geoid errors.

[25] Also in the Gulf Stream region the inclusion of in
situ data results in sharper gradients (not shown). Again, the
Rio05 and the Maximenko-Niiler MDTs have the strongest
sea level gradients. The position of the Gulf Stream is
identical in all five observational MDTs. Around 59°W,
the Rio05 solution has a meandering structure. This mean-
der is only weakly visible in the Maximenko-Niiler MDT,
but is lacking in the other three observational MDTs,
similarly to what is observed for the Agulhas return current.
This type of Gulf Stream meanders has been observed in the
yearly mean positions of the Gulf Stream Landward Surface
Edge based on satellite infrared radiometry analysis of Auer
[1987], but they are not present in his 5-year climatology.
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Figure 2. Observational MDTs in the Agulhas region: (a) Chambers-Zlotnicki, (b) Naeije, (¢) LeGrand
(d) Maximenko-Niiler, and (e) Rio05. Contour interval is 5 cm. Area means are subtracted.
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Table 2. Overview of Model-Derived Dynamic Topographies

MDT Model Resolution Period Forcing
ORCA Océan Parallelisé 1/3°-2° 1951-1999 NCEP
MPI-OM Max Planck Institute- Ocean Model 15—-184 km 1948-2002 NCAR/NCEP
OCCAM OCCAM 1/4° 1985-2003 NCEP
POP Parallel Ocean Program 0.1° 1998-2000 NCEP
HYCOM Hybrid Coordinate Ocean Model 1/12° ERA-15 Clim. ECMWE
ECCO MITgem 1° 1992-2004 NCEP
NCOM Naval Coastal Ocean Model 1/8° 1998-2005 NOGAPS

This suggests that such a meander is a transient feature of
the Gulf Stream.

3. Model Estimates of the Mean Dynamic
Topography

[26] Seven state-of-the-art OGCMs each with its own
discretizations and formulations for oceanic (mixing) pro-
cesses, provide different global solutions of the mean sea
level. Different atmospheric forcing fields have been used
for the models, and the averaging period varies. Neverthe-
less, the time-averaged sea level fields are regarded as
“climatological” descriptions of the MDT. An overview
of the different models and their resolutions is given in
Table 2, and their setup is described in the following
subsections.

3.1. ORCA

[27] ORCA2.0 is a global configuration of the Océan
Parallelisé (OPA) of the Laboratoire d’Océanographie et de
Climatologie (LODYC, now: Laboratoire d’Océanographie
et du Climat-Expérimentation et Analyse Numérique
LOCEAN) with a resolution of roughly 2, getting smaller
to 1/3° near the equator. ORCA is the generic name given to
global ocean configurations using OPA model. The model
has 31 levels in the vertical, and a free-surface formulation
[Roullet and Madec, 2000]. Vertical eddy diffusivity and
viscosity coefficients are computed from a 1.5 turbulent
closure scheme [Blanke and Delecluse, 1993]. Enhanced
vertical diffusion is applied to remove statically unstable
density profiles [Lazar et al., 1999]. Lateral diffusion is
modeled along isopycnals, using a horizontal filtering of the
isopycnals prior to the computation of the isopycnal diffu-
sion operator. The filtering avoids the need for a minimum
background horizontal diffusion for numerical stability. In
addition to this, a Gent and McWilliams [1990] quasiadia-
batic parameterization is used, in which eddy-induced
advection is added to the tracer equation to mimic mixing
caused by baroclinic instabilities.

[28] Further details of the model are given by Madec et
al. [1998]. The model has been run for a period of 49 years
(1951-1999) (K. Rodgers, personal communication, 2004),
forced with NCEP atmospheric fields [Kalnay et al., 1996].
The MDT is computed from this run by time-averaging the
sea level over this period.

3.2. OCCAM

[29] The OCCAM (Ocean Circulation and Climate
Advanced Modeling) model is based on the Bryan-
Cox-Semtner OGCM [Bryan, 1969; Semtner, 1974; Cox,
1984]. Details are described by Coward and de Cuevas

[2005] and Webb et al. [1998]. The model has 66 levels in
the vertical. To overcome problems of convergence near
the North Pole, the grid is split into two parts. The model
uses a K-Profile Parameterization (KPP) mixing scheme
[Large et al., 1994], and isoneutral mixing, which does not
require a background horizontal diffusivity to remain
stable [Pacanowski and Griffies, 1998]. An additional
Gent and McWilliams [1990] mixing scheme is used to
account for eddy-induced mixing. The model has been run
at a 0.25° resolution for a period of 19 years (1985-2003)
using the 6-hourly winds and full surface forcing from
NCEP including satellite fields as described by Coward
and de Cuevas [2005].

3.3. HYCOM

[30] In contrast to OPA and OCCAM, the Hybrid Coor-
dinate Ocean Model (HYCOM) includes isopycnic coordi-
nates over most of the water column in deep water, is terrain
following in coastal regions, and z-level in the surface
mixed layer and in unstratified seas [Halliwell, 1998;
Halliwell et al., 1999; Chassignet et al., 2003, 2006]. This
model evolved from the Miami Isopycnic-Coordinate
Ocean Model [Bleck, 1998]. Mixing is parameterized with
the mixed-layer model of the NASA Goddard Institute for
Space Studies (GISS) [Canuto et al., 2004]. A description
of the model formulation is given by Bleck et al. [2002].

[31] The HYCOM MDT estimate used in our study is
based on a S-year climatological run with a spatial reso-
lution of 1/12°, and 32 layers in the vertical. It is forced
with monthly ERA-15 climatology [Gibson et al., 1997]
with 6-hourly wind anomalies added. The bulk formula in
the heat flux parameterization implies that these wind
anomalies cause an additional 6-hourly variability in the
heat flux forcing. Since the forcing is identical in all years,
features that are a direct response to atmospheric inter
annual variability, such as El Nifio/La Nifia, are absent
from the simulation.

3.4. MPI-OM

[32] The Max Planck Institute Ocean Model (MPI-OM) is
a z-coordinate OGCM. The mixing parameterization
includes isopycnal tracer diffusion following the implemen-
tation of Griffies [1998]. Eddy-induced tracer transport uses
the scheme of Gent et al. [1995]. It also includes a bottom
boundary layer slope convection scheme [Legutke and
Maier-Reimer, 2002]. The model contains a free surface
and a state-of-the-art sea ice model with viscous-plastic
rheology and snow. The MDT analyzed here was generated
from a model simulation over the period 1948—-2002, that
has been forced with NCAR/NCEP forcing. The model has
an irregular grid (approximately 1°) and a vertical resolution
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of 23 levels. Further details are given by Marsland et al.
[2003].

3.5. POP

[33] The Parallel Ocean Program (POP [Dukowicz and
Smith, 1994]) is based on earlier level models by Bryan,
Cox, Semtner and Chervin, which also formed the basis
for the OCCAM model. Sub-grid-scale mixing is param-
eterized using biharmonic momentum and tracer diffusi-
vity. The model has a KPP mixing parameterization
[Large et al., 1994]. There is no explicit sea ice model
or bottom boundary layer parameterization. The model
that was used to generate the present MDT has a spatial
resolution of 1/10° horizontally and 40 levels vertically. It
is forced by daily averaged NCEP reanalysis winds
[Kalnay et al., 1996] with heat and fresh water fluxes
derived from a mixture of daily and monthly atmospheric
state fields. Wind stress and heat fluxes are calculated
using the Large and Pond [1981] bulk formulae. The
model run describes the 1998—-2000 period. More details
about the model configuration that is used for this
simulation are given by Maltrud and McClean [2005].

3.6. ECCO

[34] The project of Estimating the Circulation and Cli-
mate of the Ocean (ECCO), [Stammer et al., 2002, 2003],
assimilates different types of observations into the MITgem
[Marshall et al., 1997]. The ocean model has a resolution of
1° by 1°, 23 levels in the vertical and a full surface mixed
layer based on KPP [Large et al., 1994]. KPP comprises a
nonlocal term which mimics convection through enhanced
mixing under unstable conditions. The assimilation system
is based on the adjoint method that uses Lagrange multi-
pliers. The underlying adjoint code is generated by auto-
matic differentiation using the software tool TAF [Giering
and Kaminski, 1998]. Control variables are initial tempe-
rature and salinity, as well as time-dependent surface buo-
yancy and momentum fluxes.

[35] The present analysis is based on iteration 199 of the
so-called version 2 of the ECCO-GODAE production
(ECCO-GODAE-v2.199) [see Wunsch and Heimbach,
2006, 2007]. It differs from version 1 (which ended with
iteration 69, and is referred to as ECCO-SIO-v1.69), in that
most observational data sets and weights previously
employed [see Lu et al., 2002] have been revised, updated,
and the period extended from 2002 to 2004. Assimilated
data now incorporate SLA from TOPEX/Poseidon, Jason-1,
ERS-1/2, ENVISAT, and an MDT provided by CLS (M.-H.
Rio, personal communication, 2006). This MDT is based on
the CLS01 MSS and the EIGEN-GRACEO03S geoid, which
has also been used for the Rio05 MDT, but in contrast to the
Rio05, it does not include any in situ data.

[36] In situ data assimilated in the analysis include the
WOCE hydrographic sections, Argo as well as P-ALACE
floats, and XBT data. Sea surface temperatures are con-
strained by monthly mean data from Reynolds et al. [2002].
The monthly-mean annual cycle of three-dimensional tem-
perature and salinity is fitted to a merged climatology
between WOAO1 [Conkright et al., 2002] above 300 m and
the WOCE Global Hydrographic Climatology [Gouretski
and Koltermann, 2004] below 300 m. Improvements in prior
uncertainty estimates and weights are documented in the
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papers by Forget and Wunsch [2007] and Ponte et al. [2007].
The model is forced by 6-hourly NCEP/NCAR air-sea fluxes
that have been adjusted by the assimilation. More details are
given by Wunsch and Heimbach [2006, 2007] as well as the
ECCO website (http://www.ecco-group.org).

3.7. NCOM

[37] The Navy Coastal Ocean Model (NCOM) is a free-
surface, primitive-equation model based primarily on two
other models, the Princeton Ocean Model [Blumberg and
Mellor, 1987] and the Sigma/Z-level Model [Martin,
2002]. The model is run in a resolution of approximately
1/8° [Barron et al., 2006]. Its 40 sigma-z levels are
concentrated toward the surface to maintain a minimum
rest thickness of 1 m in the uppermost layer.

[38] The atmospheric forcing is obtained from the
Navy Operational Global Atmospheric Prediction System
(NOGAPS) and the model assimilates temperature and
salinity fields with the Modular Ocean Data Assimilation
System (MODAS) [Fox et al., 2002]. The assimilation
system [Kara et al., 2006] uses sea surface height fields
from the high-resolution Navy Layered Ocean Model
(NLOM) [Wallcraft et al., 2003], which assimilates obser-
vations from the GEOSAT Follow-On (GFO), JASON-1 and
ENVISAT satellites. The model does not assimilate an MDT
based on altimetry and a geoid model (as is the case in
ECCO), but instead, uses a mean sea level based on a high-
resolution model run that has been adapted to match the
position of the fronts with infrared radiometry [Smedstad et
al., 2003]. This has been done by applying several methods
including data merging, adapting the extreme values and
rubber sheeting [Carnes et al., 1996]. In addition, sea surface
temperature observations from multichannel AVHRR are
being assimilated. NCOM sea surface height agrees well
with tide gauge observations, both in a free running and in an
assimilative case [Barron et al.,2006]. The MDT used in this
study has been computed from a simulation over the period
1998—-2005. A validation of the assimilation and further
details are given by Kara et al. [2006].

3.8. Comparison of Modeled Mean Dynamic
Topographies

[39] Each modeled MDT was delivered at its own model
resolution. To obtain comparable fields, the model grids
have been converted to a regular 1° grid by spatial
smoothing using a Hamming window with a cutoff wave-
number N = 120, which corresponds to an effective
resolution of 167 km. For a description of this filter, see
section 4. Two types of ocean models can be distinguished:
those that assimilate observations (ECCO, NCOM), and
those that do not (ORCA, MPI-OM, OCCAM, HYCOM,
POP). The spread in the nonassimilative models at the
given spatial resolution, as presented in Figure 3, gives an
impression of the variations in the sea level representation
of present-day numerical ocean models. These differences
have two main sources: model error (including errors in
atmospheric forcing) and differences in averaging period.
Largest differences are found in the ACC and the WBC
regions. These regions are known to have sharp frontal
features. On one hand, the variability associated with these
fronts will cause considerable differences in MDT related to
differences in averaging period. On the other hand, such
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Figure 3. RMS differences from mean as a function of longitude and latitude for the mean dynamic
topographies from ORCA, MPI-OM, OCCAM, POP and HYCOM. Contour interval is 2.5 cm, and

values larger than 2.5 cm are shaded.

fronts are not always well represented by numerical models
owing to limited resolution or other model limitations such
as parameterization of mixing, representation of bottom
topography and limited vertical resolution. For example,
the front associated with the ACC may be overestimated in
numerical models by a factor of 2 [Stammer et al., 1996;
Thorpe et al., 2005].

[40] MDT differences caused by differences in averaging
period are investigated with the time series of the both
ECCO and ORCA. The ORCA time series has been divided
into four 10-year periods and one 9-year period. RMS
differences between the mean sea level fields of these
periods are in the 2.5-3 cm range. The time series for
ECCO has been split in two periods: 1992—1998 and
1999-2004. The RMS difference of the mean sea level
for these periods is 3.6 cm. These results indicate that
differences in averaging periods cause nonnegligible differ-
ences in MDT.

4. Comparison of the Modeled Mean Dynamic
Topographies With the Observational Mean
Dynamic Topographies

[41] To investigate the differences between MDT esti-
mates from observations and models at different spatial

scales, the small-scale features have been filtered out with a
low-pass filter. The choice for a filter requires care. While
the geoid is defined over land, the MSS is not, and
consequently the MDT is undefined over land. Applying a
spectral filter requires the values over land to be filled in
(for example, with geoid undulations, zeros, or by zonal
interpolation), and this may introduce additional errors in
the filtered field. Therefore a spatial filter has been chosen
to smooth the MDTs considered in this study.

[42] Many spatial smoothers, or low-pass filters, are
based on the Gaussian function. This function has the
advantage that the frequency response function is well
known, but the disadvantage that it tends to attenuate the
low-frequency signals while suppressing the high-frequency
ones (results not shown). Following the approach of Jayne
[2006], a Hamming window smoother has been applied,
which is given by the equation

\_ J0.544+046cos(Ny) y<7/N
Fly) = {0 v > /N, (1)

where 7 is the angle between two points (04, ¢;) and (65, ¢»)
on the surface of the Earth, given by cosy = sin 6, sin 0,+
cos 0y cos Bcos (¢ —¢> ) and N is a wavenumber. The
reasons for using this smoother are clearly described by
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Figure 4. RMS differences between the different MDTs and the reference MDT Rio05 as a function of
the cutoff wavelength of the low-pass filter. Model MDTs are indicated with dashed lines.

Jayne [2006] and are repeated here. The main advantage of
using this filter to using a Gaussian is that it has a well-
defined cutoff wave number in the spectral domain, while
the Gaussian function has nonzero values over all
frequencies. In addition, it minimizes the sidelobes in the
wave-number domain. A practical advantage is that the
Hamming window has a finite domain, while the Gaussian
function includes all points on the sphere.

[43] The cutoff wave number is given by the value of N.
At a wavenumber of 2N, the power spectrum of the filter
trails off to zero. The approximate resolution (A) of the
low-pass filtered field is given by:

_ 2 - REarth

A
2N

(2)

where Ry, the radius of the Earth, is set to 6371 km.
Points over land have been disregarded from the smoothing.
This may cause errors near the coast, but this approach is
preferred to filling in land points with zeros or some other
value such as those derived from a geoid model. The MDTs
have been filtered at four different wave numbers,
corresponding to four different spatial resolutions: N = 15
(A =1334km), N=30 (A =667 km), N=60 (A =334 km),

and N = 120 (A = 167 km). In this comparison, only the
MDT equatorward of 65.5°N and 65.5°S has been
considered.

[44] As a reference for further comparisons, the Rio05
MDT has been chosen, as it includes most in situ observa-
tions. An overview of the RMS differences as a function of
the approximate spatial resolution of the Hamming window
smoothed field is presented in Figure 4. The low RMS
differences for the Chambers-Zlotnicki and Maximenko-
Niiler MDTs (ranging from 4.2 cm and 4.5 cm at N = 120 to
2.9 cm and 2.4 cm at N = 15) indicate a strong resemblance
to Rio05. Differences with Naeije MDT are slightly larger,
mostly owing to its gradients in coastal regions. The
LeGrand MDT differs from Rio05 by 11 cm (at N = 120)
to 8.3 cm (N = 15) RMS, as a result of the large-scale
differences and the weaker gradients as discussed in
section 2.6.

[45] It should be noted that RMS differences when
choosing the Chambers-Zlotnicki or Maximenko-Niiler as
a reference MDT were not substantially different from
those presented in Figure 4. This confirms the observed
similarity between the Rio05, Maximenko-Niiler and
Chambers-Zlotnicki topographies. It also implies that diffe-
rences in number and type of in situ observations that
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Figure 5. Difference between MPI-OM and Rio05 MDTs after low-pass filtering with a Hamming
window using N = 120. Contour interval is 10 cm, and differences larger than 10 cm are shaded. The area

mean difference has been removed.

mostly affect the small scales, as well as the differences in
averaging period of the MSS, have an impact on the
dynamic topography that remains below the 5-cm RMS
level.

[46] Low-pass filtering with the Hamming-window
smoother reduces differences between the MDTs, but
does not lead to qualitatively different results. Generally
speaking, the largest differences between the MDTs are
found in the WBC regions and in the ACC. While
differences in the representation of the strong gradients
associated with WBCs and the ACC are reduced with
increasing filtering scales, the differences in gyre strength
remain visible (not shown). In particular the subtropical
gyre in the North Atlantic is weaker in the modeled
MDTs than in Rio05. In addition, the models have a Gulf
Stream whose path is more zonal and a Kuroshio position
further North than observed. In all models without data
assimilation, the ACC is stronger than in the Rio05 MDT.

[47] The reduction in RMS differences with increasing
spatial filtering scale, as illustrated in Figure 4 is only a few
centimeter for OCCAM, ORCA, POP and HYCOM. Con-
trary to the common perception that large-scale ocean circu-
lation is reasonably well known, this result suggests that
uncertainties at the larger spatial scales are not much smaller
than uncertainties at the smaller scales. Consequently, a
further reduction of uncertainties in the mean dynamic
topography through reduced MSS errors, improved geoid
accuracy and/or numerical model refinement can be expected
over the entire N = 15—120 wavenumber range.

[48] The results for the observational MDTs are all
similar, with the exception of the LeGrand MDT. The major
difference between this MDT and the other observational
MDTs is the choice of the EGM96 geoid, instead of some
GRACE-derived geoid. This is a plausible cause for the

exceptionally large differences between the LeGrand MDT
and the Rio05 MDT.

[49] Not surprisingly, largest differences have been found
between the reference MDT and the ocean models that do
not assimilate observations. In particular, the MPI-OM
MDT deviates strongly from the Rio05 MDT, ranging from
23.1 cm RMS at N =120 to 17.7 cm at N = 15. Differences
are concentrated in two regions, where they reach values
around 50 cm: the Southern Atlantic Ocean (ACC
and Brazil-Malvinas confluence) and the Gulf Stream.
The differences in the Southern Ocean are illustrated in
Figure 5, indicating that the Agulhas leakage in the MPI-
OM MDT is represented as a continuation of the subtropical
gyre in the Indian Ocean that traverses the South Atlantic.
This points to a circulation that is more viscous than the
observed circulation (see also the discussion by Dijkstra
and de Ruijter [2001]). The low resolution of MPI-OM and
the choice of mixing coefficients may be held responsible
for this. The differences between MPI-OM and Rio05 in the
Gulf Stream region are related to the Gulf Stream separation
point, as will be discussed later.

[s0] The ORCA MDT, in spite of its low horizontal
resolution, agrees reasonably well with the Rio05 MDT.
Largest differences are found in the ACC region, as well as
the Gulf Stream and Kuroshio regions (not shown). In
contrast to the MPI-OM MDT, the ORCA MDT has an
Agulhas leakage which is smaller than in Rio05. Likely
candidates for this difference are a strong effect of bottom
topography, which causes an early retroflection of the
Agulhas current and the coarse resolution which inhibits
the simulation of eddies. Differences of the ORCA MDT
with respect to the Rio05 MDT range from 10.5 cm RMS at
N=120to 7.8 cm RMS at N = 15. ORCA has a remarkably
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Figure 6. Difference between OCCAM and Rio05 MDTs after low-pass filtering with a Hamming
window using N = 120. Contour interval is 5 cm, and differences larger than 5 cm are shaded. The global
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good correspondence with Rio05 in the tropical band, where
spatial resolution of the model is increased.

[51] Differences between the POP MDT, which has a
resolution of 0.1°, and Rio05 MDT are only slightly smaller
than the differences between the ORCA and Rio05 MDTs
and have a more noisy spatial character. Largest differences
between POP and RioO5 occur at the North Atlantic
Current, near the Kuroshio and in the ACC region.

[52] In addition to differences in the WBC and ACC
regions, the OCCAM MDT exhibits relatively large diffe-
rences with respect to the Rio05 MDT in the tropical band.
This is illustrated in Figure 6, which shows the difference
between the OCCAM and Rio05 MDTs. Both the Atlantic
and the Pacific Ocean have positive sea level anomalies up
to 20 c¢cm in the eastern side of the ocean basin, centered
around 5°S and 10°N. A similar positive anomaly is visible
in the Indian Ocean around 10°S. These features, reminis-
cent of Rossby waves, may be related to the choice of the
wind-stress fields (B. de Cuevas, personal communication,
2006). Together with differences at higher latitudes, they
cause the RMS difference with respect to Rio05 to lie in the
10—15 cm range.

[53] Of all the nonassimilative ocean models, only the
HYCOM model, which has the highest spatial resolution,
has RMS differences from Rio0O5 that remain below the
10-cm level (8.8 cm at N =120 to 6.4 cm at N = 15). This
is mostly due to the close agreement between HYCOM
and Rio05 in the WBC regions. In the ACC region,
however, there are still considerable differences between
HYCOM and Rio05, as will be discussed later in this
section. In the western and central tropical Pacific, specif-
ically around 10°S, small differences occur that may be a
result of missing interannual variability in the HYCOM
simulation. HYCOM is forced with climatological winds

for the ERA-15 period (1978—-1994), while the Rio05 has
1993—-1999 as a reference period.

[54] The two models that assimilate observations, NCOM
and ECCO, have MDTs that closely resemble the Rio05
MDT (results not shown). At N =120, the RMS differences
with Rio05 are 6.6 cm, while at N = 15, this is reduced to
4.1 cm. The agreement of these model solutions with Rio05
is good, as they are partly based on the same observations.
The ECCO representation of the Kuroshio agrees better
with Rio05 than the NCOM MDT. In the ACC region,
ECCO has some considerable differences with Rio05
around Drake Passage and the Brazil-Malvinas confluence,
while NCOM has larger differences in the Agulhas return
current. The difference of ECCO with respect to Rio05 are
largest in the ACC region, where the assimilation system
assumes the largest uncertainties of the assimilated dynamic
topography. This estimate of uncertainties is based on
sampling variance of the altimeter, the inverse barometric
corrections, and the electromagnetic bias, which is related to
significant wave height (P. Heimbach, personal communi-
cation, 2006). As a consequence of the increased altimetric
uncertainties in this region, the in situ observations will
obtain relatively higher weight in the assimilation. Note
that, in contrast to Rio05 and Maximenko-Niiler, no drifter
observations have been included in the present ECCO
estimate. The effect of the higher resolution in NCOM on
the differences with Rio05 is not noticeable in this compa-
rison. As the estimates are not independent, interpretation of
these differences remains limited.

4.1. Gulf Stream

[s5s] The separation of the Gulf Stream is more northerly
in most model estimates than it is in the observational
MDTs. As an independent reference, the estimates of the
models without data assimilation have been compared to the
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Figure 7. Modeled MDTs: (a) MPI-OM, (b) ORCA, (¢c) OCCAM, (d) POP, and (¢) HYCOM after
low-pass filtering with a Hamming window using N = 120. The Rio05 MDT is given for reference
(bottom right). Contour interval is 5 cm. The mean position (thick line) and standard deviation (thin lines)
of Watts et al. [1995] are indicated in red. Area means have been removed.

mean path of the Gulf Stream from the analysis of Watts et
al. [1995], which is illustrated in Figure 7. The overshoot of
the Gulf Stream near the separation point is most clear for
MPI-OM and OCCAM. Both models have a Gulf Stream
that is more northerly compared to the observed mean path.

The Gulf Stream in ORCA is more diffuse owing to its low
resolution.

[56] Smith et al. [2000] illustrated that the simulation of
the separation of the Gulf Stream is resolution-dependent
and demonstrated a transition of regimes between 0.1°
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Table 3. RMS Differences Between the Modeled MDTs and the
Rio05 MDT in the Southern Ocean®

MDT RMS Difference
MPI-OM 30.7
ORCA 15.0
OCCAM 15.5
POP 10.5
HYCOM 8.4
ECCO 7.7
NCOM 6.7

?Southern Ocean is 65°S to 20°S; values are given in centimeters.

and 0.2° resolution. The Gulf Stream in the POP MDT,
which is generated with a resolution of 0.1°, agrees
relatively well with the observed mean path. Also its
tightness near the coast and the weakening of the gradient
off-stream is consistent with the observed standard devi-
ation in the Gulf Stream mean path. HYCOM is the only
model whose path is more southerly between 75°W and
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70°W than the observed mean path. Its continuation east
of 70°W is more northerly than other models and closer
to the Rio05 MDT.

[57] In all model estimates, the Gulf Stream path is more
zonal than in the observational MDTs. This effect is
strongest in MPI-OM (up to 55 cm sea level difference
with Rio05 MDT) and weakest in HYCOM MDT (20 cm
difference with Rio05 MDT). This result suggests that also
the representation of the Gulf Stream path improves with
increasing resolution.

4.2. Antarctic Circumpolar Current

[s8] Largest differences between modeled MDTs are
found in the Antarctic Circumpolar Current. This highly
energetic current is associated with sharp sea level gradients
[Gille, 2003] whose simulation requires a high model
resolution. As mentioned before, numerical models have
shown to overestimate the transport and related sea surface

€
LT

‘Sﬁﬁrﬁmnimnl

Figure 8.

(top) Bathymetry in the Southern Ocean. Bathymetric contours at 5000 m depth are indicated
in purple, and at 3000 m are indicated in cyan. (bottom) Rio05 mean dynamic topography (black) and
bathymetric contours at 3000 m (cyan). Topographic features indicated are the Mid-Ocean Ridge (MOR),
Drake Passage (DP), Zapiola Rise (ZR), Campbell Plateau (CaP), Crozet Plateau (CrP), and Kerguelen
Plateau (KP).
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Figure 9. MDTs in the Southern Ocean: (top) HYCOM and (bottom) POP. Bathymetric contours at
3000 m depth are indicated in cyan.

slope up to a factor of 2 [Stammer et al., 1996; Thorpe et al.,
2005]. The ACC region, with its sharp fronts, is quite
sensitive to differences in averaging period. Although the
geoid in this region is relatively accurate at the large scales
as a result of the denser ground track coverage of the
GRACE satellite, observational MDT errors may be rela-
tively large. This is because the high levels of significant
wave height in this region imply larger errors in the
electromagnetic bias correction of the altimeter data. By
contrast, the topographic features derived from drifter data
may be relatively accurate. For example, Hughes [2005],
who used the Maximenko-Niiler topography to compute the
surface vorticity balance of the ACC, demonstrated the high
quality of this drifter-based MDT in the ACC region.

[59] An overview of the RMS differences with respect to
the Rio05 MDT for the Southern Ocean (20°S to 65°S) is
given in Table 3. The large difference between Rio05 and
MPI-OM is related to the overestimated Agulhas leakage
that has been discussed above. The ORCA ACC has a mean
path which corresponds to the observations, but is much

smoother owing to its limited resolution. The OCCAM
MDT has an MDT slope associated with the ACC which
is in places much steeper than the corresponding slope in
the Rio05 ACC. In particular the gradient at Drake Passage
is relatively strong and exhibits a meandering feature
around the Falkland Plateau. This model artifact has also
been observed by Thorpe et al. [2005].

[60] The high-resolution models POP and HYCOM
show a good general agreement with the Rio05 MDT
and also correspond with Gordon et al. [1978]; Gordon
and Molinelli [1986]; Olbers et al. [1992], but noticeable
differences occur in the details. Because of its strong
gradient, a relatively small difference in position of the
ACC can cause considerable errors between two MDTs.
To illustrate the representation of the ACC in the MDTs,
the Rio05, HYCOM and POP MDTs are illustrated in
Figures 8 and 9. The high-resolution models HYCOM and
POP have sea level fields in the Southern Ocean that are
relatively close to the Rio05 topography (HYCOM:
8.4 cm RMS, POP: 10.5 cm RMS). As the ACC is
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topographically steered [e.g., Gille, 2003], it is interesting
to see the differences between the z-level POP model and
the HYCOM model with isopycnal coordinates. While
topographic ridges cause vigorous mixing in z-level mod-
els [Lee et al, 2002], this is not the case in isopycnal
models, where the transport occurs along isopycnic coor-
dinates by construction.

[61]] A number of topographic features (indicated in
Figure 8) can be recognized in the sea level fields of both
models. The contraction of the dynamic topography con-
tours at the Mid-Ocean Ridges in the Pacific and the
Atlantic basins in the Rio05 MDT is weaker than in both
model MDTs. South of Australia, the HYCOM MDT has a
frontal structure following the course of the Mid-Ocean
Ridge in accordance with the Rio05 topography. This
gradient is less visible in the POP MDT.

[62] The tight focus of height contours and the meande-
ring structure around the tip of South America is present in
both models. Farther north, the anticyclonic circulation at
the Zapiola rise [e.g., Fu, 2006] is clearly reflected in the
Rio05 MDT. Although observable in all MDT estimates
which include altimetry, this circulation is missing in all
model MDTs without data assimilation. The rise in sea level
associated with the Crozet Plateau is weaker in HYCOM
than in POP. Both models have a positive height anomaly
on the Kerguelen Plateau which is stronger than in Rio05.
The ACC in both models deflects southward when it meets
the Campbell Plateau south of New Zealand. This causes a
tightening of the height contours which is only weakly
visible in the Rio05 MDT.

[63] Largest differences between the two models are
observed along the Mid-Ocean Ridges near 5°W and
southwest of Australia (not shown). In these regions, the
HYCOM MDT is generally closer to the Rio05 MDT than
the POP MDT. The reasons for this difference is not easily
identified, as it may be related to the vertical discretization,
but could also be caused by differences in averaging period
and the fact that HYCOM is forced by climatology, while
POP is not. It should be noted that atmospheric forcing in
this region is relatively unconstraint by observations, which
may cause considerable errors in the modeled MDTs. The
interpretation of the differences is further complicated by
the relative large errors in observational MDTs. From the
above analysis it is concluded that, with the exception of the
Zapiola Rise, the modeled MDTs exhibit a stronger res-
ponse to topographic features in the ACC than expected
from observations.

5. Summary and Discussion
5.1. Summary

[64] Five observational and seven model estimates of
mean dynamic topography (MDT) have been compared.
Agreement between the observational MDTs is relatively
good. The MDT of Rio and Hernandez [2004] and
Maximenko and Niiler [2004] have finer spatial structures
as a result of the inclusion of in situ observations. The
MDT of LeGrand et al. [2003] exhibits large-scale dis-
crepancies and has weaker gradients than the two other
MDTs that include in situ observations. The two altimeter-
based MDTs, by Naeije and Chambers-Zlotnicki, are based
on the same geoid model (GGMO02c¢), but differ in the
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mean sea surface used, and the processing methodology.
While processing differences are most clearly observed in
the coastal regions, MSS differences occur over the entire
ocean at different spatial scales. Averaging periods of both
the altimeter data in the MSS and the additional in situ
observations substantially influence the differences bet-
ween the observational MDTs.

[65] Model estimates can be as close as 8.8 cm RMS to
the observational estimates at spatial scales of 1°. This is the
case for the high-resolution HYCOM model [Chassignet et
al., 2006], which has a relatively close agreement with the
Rio05 estimates, particularly in the western boundary cur-
rent (WBC) regions, where most other models have diffi-
culties representing the sea-level gradients partly because of
a limited resolution. In all models investigated here, the
representation of the Antarctic Circumpolar Current (ACC)
shows largest differences with respect to the observations.
The ocean model of MPI-OM [Marsland et al., 2003]
differs strongly from the observational estimates, particu-
larly in the South Atlantic. This is probably due to a lack of
resolution and high viscosity. In spite of its low resolution,
the ORCA model [Madec et al., 1998] agrees reasonably
well with the Rio05 MDT. The OCCAM model [Coward
and de Cuevas, 2005] MDT exhibits remarkable differences
with respect to Rio05 in the tropical band. The POP model
[Maltrud and McClean, 2005] has a Gulf Stream separation
which matches the observations. In spite of its high resolu-
tion, the POP model has a Gulf Stream which is too zonal,
and an overestimated ACC strength. In the ACC region, the
HYCOM and POP models have an MDT which is closest to
the Rio05 MDT. The MDTs of these two models exhibit a
stronger response to topographic features in the ACC than
expected from observations. The Zapiola Rise, which is
clearly visible in all altimetric MDTs is missing in the
MDTs of MPI-OM, ORCA, OCCAM, POP and HYCOM.
Two models that assimilate observations, NCOM [Barron et
al., 2006] and ECCO [Wunsch and Heimbach, 2006, 2007],
have MDTs that agree well with the observational estimates,
but are not independent.

[66] To investigate the differences at different spatial
scales, the MDTs have been low-pass filtered with a
Hamming window smoother. Spatial filtering of the MDTs
does not affect the results in a qualitative sense. The larger
the spatial structures, the smaller the differences between
the MDTs. The reduction of differences between MDTs
with increasing filtering scales is smaller than expected.
While the future gravity mission Gravity Field and Steady-
State Ocean Circulation Explorer (GOCE) promises to
improve MDT estimates at small spatial scales, a further
reduction of errors in the mean sea surface estimates
through refined processing of satellite altimetry may be
needed to improve MDT estimates at larger scales.

5.2. Discussion

[67] In the present study recent estimates of MDT have
been evaluated. Their mutual differences have been quan-
tified, and the regions of largest uncertainties have been
identified. Still, this study is not conclusive about the exact
errors of the different MDT estimates.

[68] When combining observations from different sour-
ces, as is generally the case when estimating an observa-
tional mean dynamic topography, the exact error can only
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be estimated when all sources of observational errors are
taken into account properly. This does not only mean taking
into account the instrumental errors, the density of obser-
vations, and the covariances between them, but also the
difference in spatial scales of the observational information
should be considered. In geodesy, the errors resulting from a
truncation of spherical harmonics at a certain wavelength, or
from low-pass filtering a (geoid) field, are called “omission
errors,” as opposed to “commission errors” that describe
the actual errors in the (geoid) field. The omission error is of
particular relevance when combining altimetric observa-
tions with geoid estimates [Losch et al., 2002]. As a matter
of fact, the omission error will also play a role when
comparing MDTs of different spatial resolutions as is done
in the present study. By low-pass filtering all MDTs to a
common resolution, only the commission errors have been
considered here.

[9] The reduction of MDT differences with increasing
spatial scales is smaller than expected. This implies that
the models are relatively far removed from observations at
the large scales, where the dynamic topography is assumed
to be reasonably well known. This may also imply that the
models are already relatively close to the observations at
the small scales. It should be realized, however, that given
the inhomogeneities in the in situ data applied in the
Rio05, LeGrand and Maximenko-Niiler MDTs, and the
smoothing applied to the altimeter data, the effective
resolution of the observational MDTs may be lower than
assumed. Choosing Rio05 as a reference means that we
can only judge the model MDT estimates relative to an
imperfect “truth,” of which the exact error is not known.

[70] In this study, the Rio05 MDT has been chosen as a
reference, as it contains the most in situ data. This MDT has
more small-scale features than the other observational
MDTs. These may be semipermanent ocean features, but
may also be caused by aliasing signals with a temporal
resolution which is not resolved. The choice for this
reference MDT may be somewhat arbitrary, but results
obtained with the Chambers-Zlotnicki and Maximenko-
Niiler MDTs were qualitatively similar, suggesting that
the present findings are robust.

[71] The interpretation of the observational MDT diffe-
rences is for a large part obscured by the differences in MSS
estimates. In part, these can be explained from differences in
averaging period, but much of the differences will also be
due to errors in altimetric corrections such as the electro-
magnetic bias correction, the inverse barometric correction
and the wet-tropospheric correction. These, together with
geographically correlated orbit error, will need to be reduced
in order to obtain a more accurate observational MDT. As
geoid errors are being reduced by the advances in gravi-
metry, the processing of altimeter data deserves renewed
attention.

[72] At present, observations can only provide a global
MDT with reasonable accuracy for scales of 100 km and
above. Much of the ocean circulation, specifically mixing
processes and vertical circulation, take place on much
smaller scales. These processes, which may have a substan-
tial impact on larger-scale circulation cannot be observed
with the current satellite techniques. Direct measurements
remain essential for the observation of these processes.
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[73] Although time-varying gravity observations from
satellites can be used to derive bottom currents [Wahr et
al., 2002], it is currently not possible to infer the vertical
velocity profile from satellite observations. The dynamic
height signature of ocean circulation below the thermocline
can be substantial [e.g., Davis, 2005]. To monitor this part
of the global circulation, in situ observations such as those
from the global Argo project [Roemmich and Owens, 2000]
will continue to be indispensable.

[74] Global assimilation of both satellite and in situ data,
as advocated by the GODAE project (http://www.bom.gov.
au/bmrc/ocean/GODAEY/), allow the combination of both
satellite and in situ data into comprehensive analyses of the
ocean circulation. For an assimilation system to give a
reliable estimate, both observational and model errors will
need to be known. Error estimates from model MDTs are
generally lacking. A considerable effort has been made to
set up model intercomparison projects [e.g., Willebrand et
al., 2001; Griffies et al., 2000; Griffies, 2005], and to
validate new model versions [e.g., Chassignet et al.,
2003; Smith et al., 2000; Maltrud and McClean, 2005],
but quantification of model error remains a delicate issue.

[75] In the present study, atmospheric forcing from dif-
ferent periods and data sources have been used to generate
the mean sea level fields. As a consequence, low-frequency
temporal variability in the sea level will affect the diffe-
rences between the models. However, the differences bet-
ween model solutions computed from the same period (for
example, ORCA and MPI-OM both cover the last 50 years
of the 20th century), suggest that the effects of differences
between model parameterization and configuration are
much larger than low-frequency temporal variations in sea
level. Of course, it would be better to compute mean sea
level over exactly the same simulation period, using exactly
the same forcing fields, but this is beyond the scope of this
study.

[76] It is not clear to what extent a “mean dynamic
topography” really exists, as the ocean topography varies
on all time scales. Also, it is unclear to what extent the
ocean models have reached a steady state in the given
simulation period. Simulation periods may not have been
long enough for the models to reach a statistical equilib-
rium, specifically in the ACC, where the oceanic adjust-
ment is relatively slow. Moreover, all models suffer from
climate drift, and the effect of this drift on the MDT
estimates has not been considered in the present study.

[77] Apart from the effects of difference in atmospheric
forcing, averaging period, and (the lack of) internal equi-
librium, there is a number of modeling aspects that will
affect the model representation of dynamic topography. The
effects of horizontal resolution [e.g., Smith et al., 2000], the
effects of bottom topography [e.g., Marshall, 1994] and
vertical resolution [e.g., Chassignet et al., 2003] on the
simulation of mean sea level are known to be considerable.
Moreover, the parameterization of mixing in the ocean
models can contribute significantly to the differences bet-
ween model and observational MDT estimates. Without
performing a systematic model intercomparison, the present
study identifies possible causes of differences between
modeled and observed mean dynamic topography.

[78] To identify model errors and improve model formu-
lation, combination of observations and models through data
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assimilation can be instrumental. For example, methods have
been developed to infer mixing coefficients from sea-level
observations, although the potential of these methods is
limited by the low sensitivity to mixing coefficients in
regions of high eddy activity [Vossepoel and van Leeuwen,
2007]. The discrimination between the different error sources
and eventually the improvement of ocean models is not
possible without further observational evidence. To clarify
the uncertainties listed above, a more accurate observational
estimate of the mean dynamic topography is needed. If the
GOCE gravity mission meets its objectives [European Space
Agency, 1999], it is likely to contribute to such an estimate
and shed light on the true uncertainties in the Earth’s mean
ocean dynamic topography.
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