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Abstract. Variations in atmospheric surface pressure and
wind fields have a significant impact on ocean dynamics and
corresponding mass redistribution. Since gravity field esti-
mations directly obtained from satellite gravity missions like
GRACE are aliased by high-frequency atmosphere and ocean
mass signals, these variations have to be eliminated during
the gravity field processing. Routinely, the European Centre
for Medium Range Weather Forecasts (ECMWF) provides
analysis and forecast fields describing the transient state of
the atmosphere. By means of simulations with the Ocean
Model for Circulation and Tides (OMCT) the impact of these
different forcing fields on ocean mass redistribution is inves-
tigated. While differences in geoid height anomalies caused
by forecast errors do not exceed 0.3 mm rms, and the effect
of accumulated wind stress turn out to be insignificant, rms
values due to doubled temporal resolution reach 0.6 mm in
several oceanic regions. This indicates that 3 hourly fore-
casts of atmospheric pressure and wind fields contain sig-
nificant additional semidiurnal variability causing a change
in ocean mass redistribution which is well above the signifi-
cance threshold of GRACE and have to be considered during
the gravity field estimation process.
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1 Introduction

The Earth’s gravity field undergoes changes due to mass ex-
changes between and mass redistribution within its subsys-
tems. A significant contribution to the Earth’s time-variable
gravity field is caused by atmosphere and ocean dynamics.
As these variable masses influence the gravity field estima-
tion from satellite missions like the Gravity Recovery and
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Climate Change Experiment (GRACE), such signals have to
be removed from the data in order to calculate a mean grav-
ity field. By means of simulated gravity data, Wahr et al.
(1998) showed that GRACE is expected to be sensitive to
large scale ocean mass variations on annual timescales up to
degree 37. Wünsch et al. (2001) additionally analysed high-
frequency ocean mass variations, finding significant variabil-
ity even on daily timescales which is well above the sensi-
tivity threshold of GRACE. In order to reduce aliasing ef-
fects due to such short-term mass variations, atmosphere and
ocean mass anomalies are reduced in standard GRACE grav-
ity field processing using ECMWF analysis data and corre-
sponding oceanic signals obtained from the barotropic ocean
model PPHA (Hirose et al., 2001). Here, the impact of 3
hourly resolved ECMWF forecast fields on ocean mass vari-
ations is systematically analysed by means of numerical sim-
ulations using the baroclinic Ocean Model for Circulation
and Tides (OMCT; Thomas, 2002). Typical effects of tem-
poral resolution, forecast errors and wind representation on
ocean mass variations are separated and discussed by means
of instantaneous distributions as well as mean variabilities of
resulting geoid height anomalies.

2 Atmospheric data

The European Centre for Medium Range Weather Forecasts
(ECMWF) provides atmospheric data on an operational ba-
sis. The model currently in use has a spectral resolution of
wave number 511 and 60 vertical layers. Every day, four
global analyses are distributed describing the state of the at-
mosphere at 00, 06, 12 and 18 UTC. These analyses are ob-
tained from two 4DVAR minimisation cycles (Klinker et al.,
2000, and references therein) running from 03 to 15 UTC
and from 15 to 03 UTC. By assimilating observational data
for this time period an optimal transient state of the model
atmosphere is determined. Instantaneous fields from these
optimal fits, containing the best estimate of atmospheric state
at a certain time step, are provided as analysis fields. These
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analyses are applied in the standard GRACE de-aliasing pro-
cedure.

Additionally, medium range forecast runs are performed
following each 4DVAR minimisation cycle. Forecasts with
a temporal resolution of up to 3 hours are distributed up to
10 days ahead the main synoptic hours at 00 and 12 UTC.
These forecast fields contain information on instantaneous
state quantities of the atmosphere like three-dimensional dis-
tributions of temperature, pressure, and wind speeds for the
end of each forecast interval. In addition to instantaneous
fields, forecasts provide accumulated information on evolv-
ing properties of the atmosphere, e.g., the amount of precipi-
tation and evaporation as well as wind stresses accumulated
over the forecast interval (Persson, 2003), which lead to rep-
resentative mean values of these quantities for the considered
time interval. Although forecasts are not constrained by data
and consequently may contain forecast errors, the accumu-
lated wind stress information and the doubled temporal reso-
lution make forecasts potentially valuable also for post pro-
cessing tasks. As new forecast sets become available every
12 hours, the first four forecasts steps at +3, +6, +9 and +12
hours have to be used. While instantaneous fields contained
in each forecast are referenced to the end of the forecast in-
terval, accumulated fields contain information from last anal-
ysis until the end of the forecast interval. Therefore, the ulti-
mate preceding forecast field has to be subtracted in order to
assess the information for the considered 3 hour interval only,
which is then be used to calculate a representative mean.

To analyse the impact of atmospheric forecasts on numeri-
cal simulations of short-term ocean mass variations, different
numerical experiments are performed in order to separate the
impact of accumulated winds, temporal resolution and fore-
cast induced errors. As a reference, analysis data will be used
as in standard GRACE processing. To estimate the total ef-
fect of changing from analysis to forecast, an atmospheric
data set is used containing 3 hourly resolved forecast fields
with accumulated wind stresses. The impact of temporal re-
solution is analysed using a forecast dataset containing only
the +6 and +12 hours forecasts. Effects of accumulated wind
stresses are considered using instantaneous wind speed in-
formation provided with each forecast. With a resolution of
6 hours the last dataset is comparable to standard analysis
and is used to estimate the impact of changing from analy-
sis to forecast alone. For simplicity, analyses serve as ref-
erence fields and, thus, are assumed to be error-free in this
study and all deviations from these reference state are con-
sidered as forecast errors. As we are primarily interested in
analysing ocean mass variations, atmospheric mass anoma-
lies are obtained simply from atmospheric surface pressure
fields, which is sufficiently accurate for our intentions, as we
are using mass anomalies above continents only for quali-
tative argumentation. In standard GRACE processing, how-
ever, atmospheric mass anomalies are derived using the ver-
tical integral approach (see e.g., Flechtner, 2003).

3 Ocean model

The ocean’s response to atmospheric conditions is obtained
by means of simulations with the Ocean Model for Circula-
tion and Tides (OMCT). The model was developed by ad-
justing the originally climatological Hamburg Ocean Prim-
itive Equation Model (HOPE; Wolff et al., 1996, Drijfhout
et al., 1996) to the weather time-scale and coupling with an
ephemeral tidal model. Implemented is a prognostic ther-
modynamic sea-ice model (Hibler, 1979) that predicts ice-
thickness, compactness and drift. Higher order effects such
as nonlinearities are accounted for as well as the secondary
potential due to loading and self-attraction (LSA) of the wa-
ter masses.

In the present configuration, the model uses a time step of
30 minutes, a horizontal resolution of 1.875◦ and 13 layers
in the vertical. Additional information on model physics can
be found in Thomas and Dobslaw (2005, in the following la-
belled as TD05). In this study, the general ocean circulation
due to temperature, fresh water fluxes, wind stress and pres-
sure forcing has been simulated, and secondary effects like
loading and self-attraction of a baroclinic water column have
been accounted for.

To obtain mass anomalies, a temporal mean field from
2001 is subtracted. The prevailing bottom pressure anoma-
lies are transformed into geoid height anomalies using Love’s
loading numbers (Dong et al., 1996, Farrel, 1972). To in-
vestigate differences with respect to atmospheric mass distri-
butions represented by analysis and forecast data and corre-
sponding resulting differences in oceanic mass distributions,
simulations with different forcing conditions are performed:
(1) analysis data as used in standard GRACE processing and
as it has been used in TD05, (2) forecast data with 3 hours
temporal resolution and accumulated wind stresses during
the forecast intervall, (3) forecast data with 6 hours tempo-
ral resolution and accumulated wind stresses, and (4) forecast
data with 6 hours temporal resolution and instantaneous wind
stresses. Instantaneous wind speeds provided by ECMWF
regularly within forecasts and analysis are transformed to
wind stresses by means of a standard routine provided by
ECMWF, which is consistent with the operational ECMWF
forecast model (Beljaars, 1997). Fresh water fluxes due to
precipitation and evaporation have been obtained from corre-
sponding forecast fields for all simulations, since these data
are not available from analyses.

Simulations have been performed for the period 2001-
2004 using a common initial model state obtained from an
initial 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 according to Levitus (1982) followed by a real-time
simulation for the period 1958-2000 driven by wind stress
components, 2m-temperatures, freshwater fluxes, and atmo-
spheric surface pressure from ECMWF’s 40 years re-analysis
project ERA-40. Bottom pressure fields have been stored ev-
ery 6 hours, corresponding to ECMWF analysis times.
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Fig. 1. Combined effect of atmosphere and ocean mass anomalies
expressed in geoid height anomalies [mm] at 25 March 2004, 12:00
UTC, as obtained from ECMWF analysis data and OMCT simula-
tion considering thermohaline, wind-, and pressure-driven circula-
tion as well as loading and self-attraction.

4 Numerical results

To illustrate the dimensions concerned with in atmosphere
and ocean de-aliasing, the combined effect of instantaneous
mass anomalies from ECMWF analysis and corresponding
OMCT simulation have been exemplarily displayed in Fig. 1.
The largest anomalies can be found in continental regions,
here with distinct high pressure systems above Antarctica
and Russia. In oceanic regions geoid height anomalies up
to 5 mm are typically found in the region of the Antarctic
Circumpolar Current (ACC), which are mainly attributed to
strong zonal dynamics both in atmosphere and ocean. Sim-
ilar amplitudes can be found occassionally in the Arctic,
where an immediate inverse barometric compensation of at-
mospheric pressure variations is partly prevented due to sea-
ice presence. A distinct large scale anomaly pattern can be
found in tropical oceanic regions, with negative anomalies
in the Indic and south-east Pacific and positive anomalies
in the eastern Pacific and, less pronounced, in the Atlantic.
Obviously, the horizontal distribution of anomalies resem-
bles well the pattern related to barometric tides published by
Ray and Ponte (2003) indicating that high-frequency pres-
sure changes are not fully compensated by a pure inverse
barometric response of the ocean. Although, in general,
semidiurnal signals in atmospheric pressure exceed diurnal
variabilities, semidiurnal components are not adequately re-
solved by 6 hourly analyses. Thus, it will be targeting to anal-
yse 3 hourly forecasts in order to fully resolve semidiurnal
atmospheric pressure variability and corresponding oceanic
responses.

The total impact on atmosphere and ocean mass anomalies
caused by changes in atmospheric state representation has
been displayed in Fig. 2a, according to differences from two
OMCT simulations forced with analysis data and 3 hourly
resolved forecast data with accumulated wind stresses. Dif-
ferences above continents are rather small, approaching 0.3

mm above Africa and Australia. Distinctly higher signals ap-
proaching 1 mm geoid height anomaly can be found in wide
regions of the world’s ocean. Consequently, total differences
in geoid height anomalies resulting from analyses and fore-
casts are expected to reach up to 30% of the original signal.
These comparatively large differences are made up of three
distinct amounts. According to Fig. 2b, solely forecast in-
duced errors are derived from two OMCT simulations forced
by analysis and forecasts, equally sampled at 6 hours tem-
poral resolution with instantaneous wind fields. Signals are
distinctly weaker compared to Fig. 2a and show a rather large
scale pattern around 0.3 mm geoid height anomaly with ten-
dentially lower values above continents. High signals can
be found in the southern hemisphere and in arctic regions,
but they are generally too weak to explain the total effect
shown in Fig. 2a. The impact of accumulated wind stress is
displayed in Fig. 2c. Signals are generally low in most of the
oceanic regions; isolated high effects occur in small enclosed
oceanic areas, which are, however, not very well resolved
within a spatial resolution of 1.875◦. The essential contri-
bution to total differences has to be attributed to the doubled
temporal resolution of 3 hours. OMCT simulations forced by
forecasts with accumulated wind stresses sampled at 3 and 6
hours temporal resolution have been used to calculate the dif-
ferences shown in Fig. 2d. A dedicated pattern can be found
whose characteristics are easily recognised in Fig. 2a as well.
The pattern is very regular, and shows distinctly steep spatial
gradients.

In order to confirm the representativity of the instanta-
neous mass anomalies discussed above, monthly mean root
mean square (rms) variabilities have been calculated accord-
ing to

rms(φ, λ) =

√

√

√

√

1

K − 1

K
∑
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(N(tk, φ, λ) − N̄(φ, λ))
2 , (1)

where K is the number of calculated sets of spherical har-
monics per month, N the instantaneous and N̄ the monthly
mean geoid height anomaly at (φ, λ). According to Fig. 3a,
rms-values due to total differences between analysis and
forecasts generally confirm the results indicated by the in-
stantaneous snap-shot displayed in Fig. 2a, with rms-values
approaching 0.6 mm in some regions. Forecast errors alone
cause distinctly weaker rms-values up to 0.3 mm in western
Antarctica and Weddell sea, and some rather regional spots
in the tropical Atlantic, Pacific and Indic (Fig. 3b). Apart
from arctic regions, the northern hemisphere is much less af-
fected. In general, mass distributions above continents result-
ing from analyses and forecasts show only marginal differ-
ences, except for Antarctica as mentioned above. The effect
of accumulated wind stresses tends to be insignificant over
most oceanic regions (Fig. 3c). However, some very local ef-
fects with rather high rms values up to 0.3 mm can be found
in the Arctic and some enclosed oceanic areas like Black Sea,
Mediterranean, and Yellow Sea. In most other regions the ef-
fects due to accumulated wind stress are well below 0.1 mm
rms. Again, the essential contribution to monthly mean vari-
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Fig. 2. Instantaneous atmosphere and ocean mass anomalies expressed in geoid height anomalies in [mm] on 25 March 2004, 12:00 due to
(a) total effect of forecast versus analysis data, as well as separated into individual contributions due to (b) forecast errors, (c) accumulated
wind stress, and (d) increased temporal resolution.

abilities has to be ascribed to the doubled temporal resolu-
tion with rms values exceeding 0.6 mm (Fig. 3d). In analogy
to instantaneous anomalies shown in Fig. 2d, the very reg-
ular pattern in Fig. 3d indicates that significant variability
on semidiurnal or even shorter timescales must be contained
in the forecasts, which cannot be properly resolved within 6
hourly temporal resolution. In principle, both analyses and
forecasts provided by ECMWF contain diurnal as well as
semidiurnal signals (Janssen, 1999). Obviously, the proper
resolution of semidiurnal atmospheric variability causes ad-
ditional ocean dynamics, leading to a significant different
mass distribution. As bottom pressure fields used to calcu-
late rms distributions have been sampled at 6 hours in all
simulations carried out for this study, this representation will
alias exact semidiurnal variations. Additionally, variabili-
ties above continents have been aliased as well, as bottom
pressure fields (and consequently corresponding atmospheric
pressure fields) have been stored and analysed every 6 hours
concurrent with ECMWF’s analyses. To overcome these lim-
itations and to analyse in detail the behaviour of these high
frequent variability contained in 3 hourly resolved forecast
fields is beyond the scope of this paper and will be consid-
ered in a further study.

5 Conclusions

ECMWF routinely provides analysis as well as forecast data
describing the transient state of the atmosphere. Although
forecasts might be affected by errors, with 3 hours they
provide a doubled temporal resolution compared to analy-
sis data. Additionally, forecasts contain accumulated infor-
mation on evolving properties of the atmosphere, like wind
stresses at the surface, while analyses provide instantaneous
wind speeds only. Differences between short periodic mass
anomalies in atmosphere and ocean resulting from numeri-
cal simulations with OMCT forced with analysis and forecast
data exceed 0.6 mm rms of geoid height anomalies in several
oceanic regions. These rather high differences approaching
almost 30% of the absolute signal are made up of three dis-
tinct contributions which were separated by numerical exper-
iments with various forcing conditions. It turned out that dif-
ferent representations of wind forcing only marginally have
an impact on oceanic mass distributions. Although forecast
errors are responsible for rms values up to 0.3 mm, the essen-
tial contribution to overall differences in short periodic mass
anomalies between analyses and forecasts has to be attributed
by the increased temporal resolution of 3 hours, causing rms
values up to 0.6 mm rms of geoid height anomalies.

For de-aliasing purposes during the GRACE gravity field
estimation process it is necessary to remove short-term mass
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Fig. 3. Monthly mean rms-variabilities of geoid height anomalies in [mm] for March 2004, due to (a) total effect of forecast versus analysis
data, as well as separated into individual contributions due to (b) forecast errors, (c) accumulated wind stress, and (d) increased temporal
resolution.

variations as precise as possible. Since atmospheric analyses
data from ECMWF are solely available with 6 hours tem-
poral resolution, forecasts can be considered for de-aliasing
purposes to take consistently into account diurnal and semi-
diurnal atmosphere and ocean mass redistribution, too. How-
ever, application of forecast fields comes along with accept-
ing the quality degradiation due to forecast errors. On the
other hand, analysis data can be used as in standard GRACE
processing. In this case it is necessary to completely re-
move semidiurnal variability from the atmospheric data be-
fore calculating the combined effect of atmosphere and ocean
mass variations and treating semidiurnal atmospheric tides
and their corresponding oceanic responses with a separate
reduction model.
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