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Abstract. By analysing real time model runs performed
with the Ocean Model for Circulation and Tides (OMCT)
with various forcing conditions, the impact of non-barotropic
ocean dynamics on the time variable Earth’s gravity field is
estimated. The applied global ocean model is capable of
simulating the three-dimensional thermohaline, wind- and
pressure-driven circulation as well as lunisolar tidal dynam-
ics and takes into account several so-called secondary ef-
fects, e.g., loading and self-attraction of a baroclinic wa-
ter column, mass variations associated with sea-ice dynam-
ics, and nonlinear interactions between tides and circulation
which are commonly neglected in global numerical ocean
models. In order to get insight into typical spatiotemporal
patterns of ocean mass redistribution and consequently to
identify oceanic regions of high impact on gravity changes,
causative physical processes are separated and corresponding
ocean bottom pressure fields reflecting the ocean’s influence
on the gravity field are analysed. Although monthly mean
variabilities of ocean mass distributions are only slightly af-
fected by loading and self-attraction and nonlinear interac-
tions, instantaneously these secondary effects are responsible
for anomalies in geoid heights up to about 1 mm, i.e., near the
level of GRACE measurement noise. The baroclinic simula-
tions suggest that ocean mass redistribution temporarily af-
fect monthly mean gravity estimates obtained from GRACE
down to horizontal scales of ∼ 450 km.
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1 Introduction

Mass redistribution within and mass exchanges between the
subsystems of the Earth are reflected by variations of global
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parameters of the Earth, e.g., rotational variations, the Earth’s
shape and gravity field. In principle, high precise sea surface
heights from altimetry and gravity fields determined by the
new satellite missions CHAMP, GRACE, and GOCE provide
a measure of geophysical aspects of global change. However,
gravity estimates directly obtained from satellite missions
are restricted concerning resolution in time and in space,
and these missions will alias non-resolved oceanic motions.
Thus, additional methods from theory and modelling are nec-
essary to eliminate non-resolved processes aliasing the mis-
sion results and, finally, to allow for interpretations of the
high precise geodetic measurements. By means of numerical
global ocean models it could be shown that ocean dynam-
ics affect the recovery of the gravity field on subdaily up to
seasonal time scales (e.g., Wahr et al., 1998, Wünsch et al.,
2001).

The ocean model currently in use for dealiasing purposes
during the GRACE gravity field estimation process is re-
stricted to barotropic wind- and pressure-driven ocean dy-
namics and covers the global oceans from 75◦S to 65◦N (Hi-
rose et al., 2001). Recently, Thompson et al. (2004) com-
pared output from a barotropic and a baroclinic version of
the Parallel Ocean Program (POP) model (Dukowicz and
Smith, 1994) and concluded that using a barotropic model
should be sufficient in reducing the high-frequency aliasing
error caused by the oceans, since baroclinic oceanic varia-
tions are too slow to alias monthly gravity estimates. How-
ever, the baroclinic POP model applied by Thompson et al.
(2004) as well as Wahr et al. (1998) exclusively accounts
for thermohaline and wind-driven signals. In the following,
additional contributions to short-term ocean mass variations
caused by the pressure-driven circulation, secondary effects
due to loading and self-attraction of a baroclinic water col-
umn, as well as nonlinear interactions between circulation
and tides are estimated by means of numerical simulations
with the Ocean Model for Circulation and Tides (OMCT).
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2 The numerical ocean model

In general, global ocean models can be classified in different
ways: the models are either barotropic or baroclinic, they are
free or constrained by data, and, traditionally, the models are
pure tidal or general circulation models. In order to exam-
ine the validity of the conventional separation of circulation
and tides in global models the Ocean Model for Circulation
and Tides (OMCT) (Thomas et al, 2001; Thomas, 2002) was
developed by adjusting the originally climatological Ham-
burg Ocean Primitive Equation Model (HOPE) (Wolff et al.,
1996; Drijfhout et al., 1996) to the weather time-scale and
coupling with an ephemeral tidal model. The model is based
on the nonlinear balance equations for momentum, the con-
tinuity equation for an incompressible fluid and conserva-
tion equations for heat and salt. The hydrostatic as well as
the Boussinesq approximations are applied. Implemented
is a prognostic thermodynamic sea-ice model (Hibler, 1979)
that predicts ice-thickness, compactness and drift. Prognos-
tic variables are horizontal velocities, surface elevation, tem-
perature, salinity, sea ice thickness and compactness. Higher
order effects such as nonlinearities are accounted for as well
as the secondary potential due to loading and self-attraction
(LSA) of the water masses (see Thomas et al., 2001). Since
baroclinic ocean models using the Boussinesq approximation
conserve volume rather than mass and artificial mass and
consequently bottom pressure changes are introduced due
to applied heat and freshwater fluxes, following Greatbatch
(1994) a spatially uniform layer is added to the sea-surface
to enforce mass conservation (see, e.g., Ponte and Stammer,
2000; Gross et al., 2003). Considering the dominant diurnal
and semidiurnal tides in a global general circulation model
requires a significant increase of the time resolution. In the
present configuration the model uses a time step of 30 min-
utes, a horizontal resolution of 1.875 degrees and 13 layers
in the vertical.

In contrast to the traditional partial tide approach, the
OMCT takes into account effects from the complete luniso-
lar tidal potential computed from the ephemerides of the
tide-generating bodies. Initially, ephemerides were calcu-
lated during the model run by means of the analytical ap-
proach of van Flandern and Pulkkinen (1998) reaching accu-
racies of computed positions of about one arc minute which
is sufficient in view of a grid resolution of 1.875◦. Re-
cently, these algorithms have been replaced by the more
accurate ephemerides VSOP87 (Variations Seculaires des
Orbites Planetaires) developed by Bretagnon and Francou
(1988) to guarantee precise ephemerides over long periods
(Hellmich, 2003). Thus, the model is now capable of gener-
ating precise ephemerides from knowledge of the actual date
alone.

To estimate the quality of the tidal oscillation system pro-
duced by the ephemeris approach applied in OMCT, har-
monic coefficients of main partial tides were extracted and
contrasted to the ST103 data set of observed pelagic tidal co-
efficients according to Le Provost (1995). Although mod-
elled tidal amplitudes are frequently about 10-20% lower

than observed, phase differences are always below the level
of significance, i.e., smaller than the time step applied (cf.,
Thomas, 2002). Despite comparatively coarse resolution
in time and space, the ephemeris approach implemented in
OMCT meets the quality of Seiler’s (1991) free barotropic
partial tidal model using a time step of 90 seconds and
a horizontal resolution of 1 degree in latitude and longi-
tude (Thomas and Sündermann, 1999). Naturally, a free
model cannot be expected to meet the high quality of mod-
els constrained by observed data, e.g., by altimetry from
TOPEX/POSEIDON. Thus, a consideration of ’free’ tides in
some simulations presented in the following is less intended
for a reproduction of tidal observations as realistic as pos-
sible, but rather for estimations of effects that are generally
not accounted for in standard models. In contrast to assim-
ilated models, unconstrained models are physically consis-
tent and allow additional fundamental investigations: Up to
now, free models provide the only opportunity to estimate
oceanic angular momentum caused by long-period tides on
a global scale. The new concept of a free combined model
of ephemeral tides and circulation realised in OMCT allows
to estimate the mechanical impact of tidal dynamics on pa-
rameters of the general circulation, for instance on vertical
mixing and therefore on the meridional overturning circu-
lation. Further, the combined nonlinear model will reveal
the importance of nonlinear interactions between partial tides
as well as between tides and general circulation and, finally,
the corresponding contributions to ocean mass redistribution.
The latter are expected to be most pronounced on timescales
where both tidal and circulation induced variations are sig-
nificant, e.g., at seasonal timescales. According to Thomas
et al. (2001), nonlinear interactions between tides and cir-
culation and secondary effects arising from loading and self-
attraction are responsible for about 8% of total oceanic exci-
tation of polar motion on subseasonal to decadal timescales.

To produce a quasi steady-state thermohaline and wind-
driven circulation, the OMCT was initially spun up for 265
years with cyclic boundary conditions, i.e., climatological
wind stresses according to Hellerman and Rosenstein (1983)
and annual mean surface temperatures and salinities accord-
ing to Levitus (1982). The climatological initial model run
was followed by a real-time simulation for the period 1958-
2000 driven by wind stress components, 2m-temperatures,
freshwater fluxes, and atmospheric surface pressure from the
40-year reanalysis project ERA-40 of the European Centre
for Medium Range Weather Forecasts (ECMWF) covering
the period from September 1957 to August 2002. The model
results presented here are based on a subsequent OMCT run
forced with operational atmospheric analysis data provided
by ECMWF (see Dobslaw and Thomas, 2005). Both ERA-
40 reanalyses and operational analyses have a time resolution
of 6 hours.
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Fig. 1. Instantaneous ocean induced anomalies in geoid height in [mm] on 25 March 2004, 12:00 UTC: (a) simultaneous consideration of
thermohaline, wind-, and pressure driven circulation and lunisolar tides including effects due to loading and self-attraction as well as nonlinear
interactions; (b) contribution of lunisolar tides alone; (c) thermohaline and wind-driven circulation; (d) contributions due to deviations from a
pure inverse barometric response of the sea surface to atmospheric pressure changes; (e) loading and self-attraction; (f) nonlinear interactions
between general circulation and tidal dynamics.

3 Ocean induced geoid height anomalies

Ocean bottom pressure fields resulting from simulations
driven with operational analysis data from ECMWF were
expanded into time-dependent spherical harmonics up to de-
gree l = 100, which is equivalent to a horizontal scale of
about 200 km. The harmonic coefficients were transformed
to variations in geoid height anomalies relative to the tempo-
ral mean of 2001 using Love loading numbers from Dong
et al. (1996) for l = 2 . . . 9 and from Farrell (1972) for
l = 10 . . . 100. In accordance with the GRACE solutions

l = 0, 1 terms were not included. Exemplarily, in Fig. 1a
an arbitrarily chosen snap-shot of the corresponding instan-
taneous distribution of geoid height anomalies resulting from
a simultaneous model run of lunisolar tides and the ther-
mohaline, wind-, and pressure driven circulation is given,
including secondary effects arising from loading and self-
attraction of a baroclinic water column and nonlinear interac-
tions. Combined circulation and tidal induced anomalies are
typically in the range of −3 to +3 cm. Not surprisingly, the
dominant contribution is caused by lunisolar tides (Fig. 1b),
whereas the sum of remaining influences of the thermoha-
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Fig. 2. Monthly rms-variability of geoid heights in [mm] in March 2004: (a) simultaneous consideration of thermohaline, wind-, and pressure
driven circulation and lunisolar tides including effects due to loading and self-attraction as well as nonlinear interactions; (b) contribution
of lunisolar tides alone; (c) thermohaline and wind-driven circulation; (d) contributions due to deviations from a pure inverse barometric
response of the sea surface to atmospheric pressure changes; (e) loading and self-attraction; (f) nonlinear interactions between general
circulation and tidal dynamics.

line, wind-, and pressure driven circulation as well as sec-
ondary effects is generally one order of magnitude smaller.
According to Fig. 1c and 1d, circulation induced anomalies
have to be mainly attributed to the thermohaline and wind-
driven circulation; slightly minor contributions are caused by
instantaneous deviations of the sea-surface from a purely in-
verse barometric response to atmospheric pressure changes.
Secondary effects due to loading and self-attraction and non-
linear interactions between tides and general circulation gen-
erate additional geoid height anomalies with maximal ampli-

tudes of about 1 mm (Fig. 1e and 1f).
To examine the influence of individual dynamical pro-

cesses in the ocean on monthly mean gravity estimations
directly obtained from satellite missions, distributions of
monthly root mean square (rms) variabilities were calculated
according to

rms(φ, λ) =

√

√

√

√

1

K − 1

K
∑

k=1

(N(tk, φ, λ) − N̄(φ, λ))
2 , (1)

where K is the number of calculated sets of spherical har-
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monics per month, N the instantaneous and N̄ the monthly
mean geoid height anomaly at (φ, λ). As expected, the most
important contribution to total ocean induced monthly mean
geoid height variabilities seen in Fig. 2a are caused by tidal
dynamics (Fig. 2b) reflecting the dominance of semi-diurnal
and diurnal tides in submonthly ocean mass redistribution.
As a consequence of the dominance of the lunar partial tide
M2 in the world ocean, obviously, the rms pattern is related
to the well-known M2 oscillation system. Again, about one
order of magnitude lower amplitudes result from remaining
influences of the general circulation with quite similar por-
tions from the thermohaline and wind-driven circulation as
well as pressure-driven circulation (Fig. 2c,d). High ampli-
tudes around 1 mm are typically found in southern oceans
associated with the Antarctic Circumpolar Current. Mean
variabilities above 1.5 mm are generally located in the Arc-
tic ocean due to the presence of sea-ice, since, for instance,
in ice-covered regions an instantaneous invers-barometric re-
sponse of the sea-surface is largely prevented. Though to
less extent, according to Fig. 2e effects of sea-ice are also re-
flected in the variability pattern caused by loading and self-
attraction. However, all in all the impact of loading and self-
attraction on high frequency bottom pressure anomalies is
rather small reaching maximal amplitudes of about 0.25 mm
in the northeast Atlantic. As depicted in Fig. 2f, distinctly
higher influences have to be attributed to nonlinear interac-
tions between circulation and tides. Since phase velocities of
the tidal waves depending on local water depths are modified
in the simultaneous model run due to the actual sea surface
topography resulting from the general circulation, contribu-
tions from nonlinear interactions are expected to be most pro-
nounced where on the one hand the variability of tidal veloc-
ities and on the other hand circulation induced surface ele-
vations are high. Thus, the rms-pattern of nonlinear effects
resembles the tidal pattern shown in Fig. 2b particularly in
Pacific regions where the mean surface topography is high,
for instance, due to comparatively low salinities.

To analyse the spatial scales of ocean induced mass
anomalies having an impact on satellite gravity estima-
tions, degree variance spectra computed from daily, monthly,
and annual differences of Stokes coefficients resulting from
the combined effects of thermohaline, wind-, and pressure-
driven circulation, loading and self-attraction, and nonlinear
interactions are contrasted to (predicted) error spectra of the
gravity missions. According to Fig. 3, annual oceanic sig-
nals are above the predicted error spectrum for GRACE up
to degree l = 42, i.e., down to half-wavelengths of about 475
km. Compared to the results published by Wahr et al. (1998),
who analysed output from the POP model, annual variabili-
ties are slightly increased. This might be primarily attributed
to the neglect of pressure forcing in the POP model as well
as to distinctly different model characteristics.

While mean monthly ocean induced gravity anomalies
as deduced from OMCT simulations are expected to af-
fect GRACE gravity estimates up to degree l = 39 and
consequently at spatial scales similar to annual signals, the
required resolution for ocean dealiasing purposes drops to
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Fig. 3. Degree variance spectra of daily (green), monthly (blue), and
annual (red) differences of simulated ocean induced geoid height
anomalies (model year 2004). Solid lines represent mean spectra
caused by the thermohaline, wind-, and pressure driven circulation
considering loading and self-attraction as well as nonlinear inter-
actions. Dash-dotted lines confine corresponding 2σ = 0.95 con-
fidence intervals. Black lines are predicted errors of the gravity
missions.

l = 35 (∼ 570 km) in the case of daily anomalies. Thus,
daily anomalies are very similar to the results published by
Wünsch et al. (2001) who analysed OMCT simulations
forced with twice-daily climate model data from ECHAM3
simulations.

As expected, correlations of oceanic signals generally de-
crease with increasing time. However, confidence intervals at
2σ=0.95 (dotted lines in Fig. 3) show that these differences
are highly variable, occasionally leading to significant annual
and monthly variances up to degree l = 45 (∼ 450 km). This
value can be expected as a lower boundary for spatial resolu-
tion of ocean induced geoid height anomalies intended to be
used for dealiasing purposes during the GRACE gravity field
estimation process.

4 Conclusions

By means of numerical simulations with the Ocean Model
for Circulation and Tides (OMCT) driven by 6-hourly atmo-
spheric analysis data provided by ECMWF the impact of the
thermohaline, wind-, and pressure driven circulation as well
as secondary effects due to loading and self-attraction and
nonlinear interactions between circulation and ephemeral
tides on the temporal variable gravity field of the Earth have
been estimated. According to rms variabilities exemplarily
calculated for March 2004, monthly thermohaline and wind-
driven signals cause geoid height anomalies exceeding 1 mm
in several regions, particularly in the range of the Antarc-
tic Circumpolar Current and in the Arctic Ocean. Simi-
lar monthly signals have to be expected from the pressure
driven circulation with most pronounced contributions from
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the Arctic Ocean, since due to the presence of sea-ice at-
mospheric pressure changes cannot be immediately compen-
sated by deformations of the sea surface.

Since on the one hand an unconstrained model cannot
compete with assimilated partial tide models, on the other
hand the applied model has proven to reproduce tidal dy-
namics satisfactorily, here, we did not pay attention to the
direct effect of ephemeral tides but focussed on secondary
tidal effects and estimated the impact of nonlinear interac-
tions between tidal dynamics and the general circulation on
ocean mass distributions. Although corresponding monthly
rms-values generally approach only 0.5 mm, these nonlinear
contributions distinctly exceed the influences due to loading
and self-attraction. Though mean variabilities are compar-
atively small, instantaneous anomalies caused by these sec-
ondary effects can reach the level of measurement noise, as
indicated in Fig. 1.

Contrasting mean degree variance spectra calculated from
simulated ocean induced geoid height anomalies to corre-
sponding predicted error spectra of gravity missions suggests
that ocean mass redistribution will have an impact on, for in-
stance, monthly mean GRACE gravity fields at horizontal
scales up to ∼ 510 km. However, simulated spectra them-
selves are characterised by high variances indicating that
baroclinic oceanic signals temporarily affect GRACE gravity
estimates up to degree l = 45, i.e., down to half wavelengths
of about 450 km.
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