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[1] The Gravity Recovery and Climate Experiment (GRACE) processing centers at the
GeoForschungsZentrum Potsdam (GFZ) and the University of Texas Center for Space
Research (UTCSR) provide time series of monthly gravity field solutions covering the
period since mission launch in March 2002. Although the achieved accuracy still
remains an order of magnitude below the mission’s baseline goal, these time series have
successfully been used to study terrestrial phenomena such as water storage variations.
Over the oceans, the monthly gravity field solutions can be converted into estimates of
the fluctuating ocean bottom pressure (OBP), which is the sum of atmospheric and
oceanic mass variations. The GRACE products may be validated against in situ OBP
observations which are available from a ground truth site in the tropical northwest
Atlantic Ocean. Large differences are observed between the in situ and GRACE-derived
OBP which are investigated by comparing the tidal and nontidal ocean models used at
GFZ and UTCSR for dealiasing short-term (<2 months) mass variations from satellite
measurements. Results show that the barotropic nontidal and tide models need
improvement at periods shorter than 1 day and longer than 2 weeks. On a global scale
the monthly OBP fields from GRACE generally overestimate the variability compared
to ocean general circulation models, especially in tropical regions. This may be
attributed to continuing deficiencies in GRACE data processing. Nevertheless, there is
some initial evidence that GRACE possesses the potential to observe large-scale
averages of bottom pressure fluctuations.
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1. Introduction

[2] One of the key goals of the Gravity Recovery and
Climate Experiment (GRACE) [Tapley and Reigber, 2004]
is measurement of the variability of ocean bottom pres-
sure (OBP) from monthly maps of Earth’s gravity field.
Assuming that monthly gravity changes over oceanic
regions are caused entirely by mass redistribution above
the ocean bottom (i.e., within the ocean and atmosphere),
they can be transformed to fluctuations in OBP at

colatitude j and longitude l as described by Wahr et
al. [2002]:

DOBP j;lð Þ ¼ agrE
3

X1
l¼0

Xl

m¼0

2l þ 1ð Þ
1þ klð Þ

~Plm cos jð Þ

� DClm cos mlð Þ þ DSlm sin mlð Þ½ � ð1Þ

where a is the Earth’s semimajor axis, g is the mean
gravitational acceleration, rE is the mean density of Earth,ePlm are normalized Legendre polynomials of degree l and
order m, the kl are Love numbers parameterizing the
response of the solid Earth to surface loads, and DClm and
DSlm are the normalized spherical harmonic coefficient
differences of two gravity field solutions separated in time.
[3] In situ OBP measurements provide a tool to study the

abyssal flow field using the geostrophic relationship [e.g.,
Luther and Chave, 1993]. At points distant from oceanic
boundaries and the equator, on subinertial timescales, and
for spatial scales large compared to the water depth,
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horizontal motions are to the lowest-order approximation
geostrophic, so that:

~vh ¼
1

f r
~e3 	rhp ð2Þ

where~nh, f, r,~e3 and p denote the horizontal water velocity,
Coriolis parameter, water density, a unit vector in the zenith
direction, and in situ pressure, respectively. Pedlosky [1987]
shows that a simple relationship between the pressure
difference at two points in the horizontal plane and the mass
flux per unit distance obtains from (2)

p xð Þ � p xoð Þ ¼ f

Zx

xo

~e3 � r~vh 	 d~rð Þ ð3Þ

where p(x) > p(xo) and dr is an incremental vector parallel
to an arbitrary curve running from xo to x.
[4] The existing in situ OBP database is extremely sparse

in time and space. However, if the OBP spatial differences
could be inferred from GRACE with an accuracy of
0.1 mbar over scales of order 500 km, global monitoring of
the deep flow field would be feasible [Hughes et al., 2000].
[5] In order to provide accurate monthly gravity fields, or

equivalently via equation (1), OBP maps, careful dealiasing
of the monthly GRACE gravity field solutions for shorter-
term mass variations is performed in the two processing
centers at GeoForschungsZentrum Potsdam (GFZ) and the
University of Texas Center for Space Research (UTCSR). In
addition to atmospheric mass variations, the effect of ocean
tides and short-period (below the two month Nyquist
period) barotropic variability have to be accounted for.
Wunsch [1997] notes that up to 50% of the horizontal eddy
kinetic energy in the ocean is barotropic, and barotropic
timescales are typically short compared to baroclinic ones,
so that barotropic fluctuations are comparatively large at
periods under two months. The GFZ and UTCSR gravity
field products are based on the same instrumental data, and
the processing methods are similar. Both centers apply a
dynamic orbit adjustment which includes estimation of
unknowns such as initial state, numerous instrument param-
eters, and gravity field spherical harmonic coefficients. The
orbital arc length (orbit integration length) is 1.5 days at
GFZ and 1 day at UTCSR. A nominal arc length of 1.5 days
was selected at GFZ as a compromise between the need for
short arcs to prevent an increase of residual errors in
nongravitational accelerations, and long arcs to cover at
least one half of GRACE’s primary resonance period. GPS
data, necessary for precise positioning of the GRACE
satellites, are analyzed as original code and phase measure-
ments at GFZ and double differenced at UTCSR. Short
temporal-scale oceanic motions are corrected using identical
(barotropic nontidal ocean model, planetary ephemerides)
or similar (atmospheric tides) correction models. One im-
portant difference lies in the ocean tide models: the
FES2002 model [LeProvost, 2002] used at GFZ is based
on a combined hydrodynamic and assimilation approach,
while the CSR4.0 model (CSR4.0 Global Ocean Tide
Model, available at ftp://ftp.csr.utexas.edu/pub/tide/) used
at UTCSR is empirical.

[6] The goal of this paper is to present an initial evalu-
ation of the GRACE time-varying gravity field over oceanic
regions through comparison with in situ OBP measure-
ments. Previously, GRACE accuracy has been inferred only
from simulated mission data [Condi and Wunsch, 2004].
Section 2 gives a brief description of the dealiasing proce-
dure and the tidal models used in GRACE data processing.
Overviews of the GRACE products used in this study and of
data from the ground truth site are given in sections 3 and 4,
respectively. The GRACE-derived OBP and in situ ground
truth measurements are then compared in section 5. In
addition, the output from the barotropic ocean model used
for nontidal dealiasing and the GFZ and UTCSR ocean tide
models are validated against in situ measurements from the
ground truth site to identify possible modeling errors. In
section 6, the global GFZ and UTCSR GRACE-derived
OBP fields are contrasted. Further OBP comparisons are
presented based on averages over the North Atlantic derived
from GRACE and from an ocean circulation model con-
strained by observations [Stammer et al., 2003]. The results
provide encouraging evidence that at this early stage of the
experiment, GRACE might have some capacity in recover-
ing a large-scale annual OBP cycle.

2. Reduction of Time-Variable Gravity
in GRACE Products

[7] In order to derive small OBP fluctuations from
monthly gravity field solutions, the GRACE observations
must be corrected for time-varying gravitational phenomena
at periods shorter than the Nyquist value (i.e., periods
shorter than 2 months), including Earth and ocean tides
and other atmospheric and oceanic mass variations. This is
done with prognostic models during the reduction of the
GRACE satellite-to-satellite tracking data at both level 2
processing centers. In the context of understanding
GRACE-derived OBP variations, the models for the non-
tidal atmospheric and oceanic mass variations and the ocean
tides are of particular interest and shall be briefly described.
All other aspects of GRACE data reduction are described in
detail in the GFZ and UTCSR level 2 processing standard
documents [Flechtner, 2003a; Bettadpur, 2004]. A descrip-
tion of the dynamic approach for GRACE gravity field
determination at GFZ is also given by Reigber et al. [2005].
[8] For removing the influence of ocean tides, GFZ has

adopted the FES2002 model [LeProvost, 2002], whereas
UTCSR uses the CSR4.0 model (CSR4.0 Global Ocean
Tide Model, available at ftp://ftp.csr.utexas.edu/pub/tide/).
Both models include the same principal tides in the long-
diurnal, diurnal, and semidiurnal period bands. However,
since the models are derived from different data using
distinct approaches, inevitable discrepancies will impact
the OBP estimates derived from the GFZ and UTCSR
gravity field models in different ways, as is further dis-
cussed in section 6. A related topic discussed in section 5 is
the shortcomings of current state-of-the-art global ocean
tide models in the semidiurnal band [Knudsen, 2003].
[9] Nontidal atmospheric and ocean mass variations are

accounted for using standard GRACE atmosphere and
ocean dealiasing products (AOD) [Flechtner, 2003b], which
consist of sets of spherical harmonic corrections terms
complete up to degree and order 100 at 6 hour intervals
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(0, 6, 12, and 18 hours UTC) that are applied to the static
gravity field during dynamic orbit determination. For the
atmospheric part, the input data for the expansions are
global 0.5� 	 0.5� multilayer grids of meteorological fields
from the European Center for Medium-Range Weather
Forecasts (ECMWF), which are integrated vertically to
yield the 3D atmospheric mass distribution at each 6 hour
epoch. The nontidal oceanic mass variations are derived
from a barotropic ocean model, which is hereafter denoted
PPHA because it was originally developed by Pacanowski,
Ponte, Hirose and Ali [Ponte, 1993; Hirose et al., 2001].
The PPHA model is forced by 6-hourly ECMWF meteoro-
logical fields and computes the component of oceanic mass
redistribution (‘‘barotropic sea level’’) due to wind stress
and atmospheric pressure for an area between 65�N and
75�S. It lacks baroclinic dynamics and surface buoyancy
forcing which are commonly believed to have little effect at
timescales below one month [Philander, 1978], but the
deficiencies may be critical for the timescale from one to
two months, as is further discussed in section 5.

3. GRACE Products and Analysis Procedure

3.1. Monthly Gravity Field Solutions

[10] The detided and dealiased GFZ and UTCSR monthly
averaged GRACE GSM (GRACE Satellite-only Model)
gravity field solutions used in this study are listed in Table 1.

3.2. Nontidal Monthly Averaged Dealiasing Products

[11] As described in section 2, short-term nontidal varia-
tions in the atmosphere and oceans were removed from the
GRACE data using the 6-hourly AOD products. As a result,
differences between monthly GSM solutions should reflect
mainly continental hydrological phenomena [Schmidt et al.,
2005] and long-period barotropic fluctuations of the ocean
if instrument measurement noise and mismodeling of short-
term mass variations are negligible. If the monthly averaged
mass variations are added back into the dealiased GSM
products, monthly OBP fluctuations can be studied on a
global scale using equation (1). Therefore so-called GRACE
Average of Nontidal Atmosphere and Ocean Combination
(GAC) products are provided by the processing centers,
which are monthly averages of AOD products used to
generate each monthly GSM field noted in Table 1.
[12] Errors in the higher-order terms of the spherical

harmonic series, unresolved deficiencies in data processing
(such as mismodeled or unmodeled short-term mass varia-
tions), and variable spatial sampling due to the ground track
evolution from month to month can add spurious short
wavelength meridional oscillation patterns to the monthly
fields [Wiehl and Dietrich, 2005]. These are easily detected
by plotting the differences between any two monthly
solutions, and resemble aliasing errors as simulated by
Han et al. [2004]. To minimize this problem, a spatial
domain Gaussian filter with a 1000 km half width
(corresponding approximately to degree and order 20) was
applied to the full GSM and GAC products [Wahr et al.,
2002], which were then truncated at degree and order 50,
corresponding to a spatial resolution of 400 km. The C20

(flattening) coefficient has been excluded from the expan-
sion (as done in earlier studies [seeWahr et al., 2004; Tapley
et al., 2004]) because it still shows unrealistic variability

between the monthly solutions, which is still not completely
understood. A possible reason could be the high correlation
between C20 and the K band parameterization.

3.3. Ancillary Data and Model Output

[13] PPHA OBP, as well as ECMWF sea level pressure
(SLP), is available at 6-hour intervals on a 0.5� grid for the
time period January 2002 through December 2003.
FES2002 and CSR4.0 ocean tide amplitudes and phases
were transformed into spherical harmonic expansions of
degree and order 50 representing the tide-induced OBP with
a temporal resolution of one hour over April to December
2002.

4. OBP Ground Truth Site

[14] In this study, OBP data from the Meridional Over-
turning Variability Experiment (MOVE) located in the
tropical northwest Atlantic were used for GRACE valida-
tion. MOVE is designed to measure fluctuations in the
meridional mass transport of the deep ocean by means of
OBP and density monitoring [Kanzow, 2000, 2004; Send et
al., 2002; T. Kanzow et al., Monitoring the integrated deep
meridional flow in the tropical North Atlantic: Long-term
performance of a geostrophic array, submitted to Deep-Sea
Research, 2005, hereinafter referred to as Kanzow et al.,
submitted reference, 2005].
[15] Since January 2000, OBP time series based on Paro-

scientific quartz pressure transducers have been acquired at
the mooring sites M1, M2 andM3 (see Figure 1). In February
2004, four additional OBP sites (M4–M7) were added to
ensure enhanced spatial coverage of the OBP signal. The
February 2004 instruments will be recovered in 2006, and
were not available for this study.
[16] The zonal M1–M3 axis spans a distance of about

1000 km. As a result, GRACE versus MOVE comparisons
of the seasonal evolution of OBP at three single sites can be
carried out, and the zonal OBP gradient (e.g., the M1–M3
difference of OBP fluctuations) can also be examined.
The latter yields the meridional near-bottom geostrophic
velocity fluctuations according to (2). Thus aspects of the
dynamics of the abyssal flow as observed by GRACE can
also be assessed.
[17] The OBP recorders were recovered and redeployed

at approximately annual intervals. Long-term instrument

Table 1. Monthly Averaged GRACE Gravity Field Products

(GSM) Available From GFZ and UTCSR Processing Centersa

Month Year GFZ UTCSR

April/May 2003 X X
August 2002 X X
November 2002 X X
February 2002 - X
March 2003 X X
April 2003 X X
May 2003 X X
July 2003 X X
August 2003 X X
September 2003 - X
October 2003 X X
November 2003 X -

aDirect comparisons between GFZ and UTCSR fields can be carried out
with 9 of the 12 monthly solutions.
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drift was subtracted from each segment as described by
Kanzow et al. (submitted manuscript, 2005). For compari-
son with OBP inferred from both GRACE and nontidal
barotropic models, the tides have to be eliminated from the
data. Unless explicitly stated otherwise, diurnal and semi-
diurnal tides have been removed using a 48-h 6 pole
Butterworth low-pass filter. Longer-period tides (fortnightly
and monthly) were subtracted explicitly using harmonic
analysis [Lohmann, 1999].

5. Validation of GRACE OBP Using
in Situ Measurements

[18] Comparison between GRACE and in situ measure-
ments should be carried out in regions where the horizontal
correlation scale of the true OBP signal is larger than the
1000 km scale of the spatial filter applied to the satellite
OBP. This is generally the case on the MOVE line: the OBP
at sites M1 and M3 (separated by roughly 1000 km) have a
magnitude squared coherence >0.6 over the band from a
few days to several months. Peak values approaching 1.0
are observed at periods below 8 days.
[19] A comparison between MOVE and GRACE OBP

immediately shows that GRACE strongly overestimates the
variability (Figure 2, top). While GRACE OBP amplitudes
peak at 5 mbar, the in situ observations barely reach 1 mbar.
Further, the GRACE OBP signal is only weakly correlated

with the in situ measurements. However, there is a high
correlation among the GRACE time series at M1 and M3, as
there is among the in situ observations. The fluctuations of
the zonal M1–M3 OBP gradient (Figure 2, bottom), which
correspond to meridional velocity fluctuations (see scale at
the right-hand side of Figure 2), are also overestimated by
GRACE, although not by the same amount as for OBP.
There appears to be more similarity to the MOVE OBP
gradient (at least in amplitude) during 2003. This occur-
rence corresponds with GRACE satellite software upgrades
which have led to continuously improving data quality since
early 2003, and suggests that GRACE has a marginal
capability to observe spatial OBP gradients using monthly
solutions. Nevertheless, the differences between the
GRACE and MOVE OBP gradients remain large.
[20] The capability of GRACE to recover OBP gradients

might be dependent on the spatial scale. The exclusion of
the flattening term C20 from the GSM and GAC spherical
harmonic expansions only affects the largest wavelengths
(20,000 km). Its inclusion would have caused even larger
inferred seasonal fluctuations, but would not affect the
spatial gradient on scales of a few thousand kilometers. If
the GRACE OBP fields are contaminated by erroneous long
wavelength noise, this could explain why the temporal
evolution of the GRACE OBP M1–M3 gradient compares
better to in situ observations than the OBP time series at M1
and M3. However, note that the 1000 km spatial filter

Figure 1. The MOVE ground truth site in the tropical northwest Atlantic, bounded by the Lesser
Antilles arc to the west and the Mid-Atlantic Ridge to the east. At three sites along the zonal line (M1,
M2, and M3), time series of OBP have been acquired since January 2000.
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applied to the GRACE data corresponds approximately to
the separation between M1 and M3. As a consequence, the
GRACE time series at the two sites are not independent.
This may partly explain the high degree of correlation
between GRACE OBP at M1 and M3, which will
also reduce the magnitude of the GRACE M1–M3 OBP
gradient.
[21] Initial results indicate that GRACE realistically

resolves the strong annual continental hydrological cycle
[Schmidt et al., 2005; Tapley et al., 2004; Wahr et al., 2004]
with an amplitude of about 10 mbar. A key question which
must be answered is what could cause the large root mean
square (RMS) oceanic difference of 3.4 mbar between OBP
fluctuations from in situ observations and GRACE at the
MOVE site. This discrepancy agrees well with the 3.5 mbar
uncertainty of GRACE to recover continental hydrological
signals when using a 750 km filter averaging radius
[Schmidt et al., 2005].
[22] Errors in the MOVE OBP measurements amount to

only about 0.2 mbar on timescales shorter than 1 year
(Kanzow et al., submitted manuscript, 2005). Numerical
simulations indicate that the expected amplitude of the
annual OBP cycle over the oceans typically is about an
order of magnitude lower than the hydrological signal over
most continental regions [e.g., Condi and Wunsch, 2004].
This makes the oceanic annual cycle much harder to detect.
Additionally, the dealiasing of GRACE data over the oceans
is far more complicated than that over land. The amplitudes
of the fast moving tidal and nontidal barotropic fluctuations
which have to be accurately eliminated are much larger than
those of the monthly OBP fluctuations that ought to be
recovered by GRACE. Thus the accuracy of dealiasing the

GRACE observations depends crucially on the capability of
numerical models to predict true ocean variability. In the
sequel, this will be assessed by comparing the nontidal and
tidal models used for GRACE data reduction with observa-
tions from the MOVE site. Note that short-term terrestrial
hydrological variability will also contribute to aliasing
errors [Han et al., 2004], especially near large river
outflows.
[23] The barotropic PPHA model OBP compares well

with the amplitude and phase of the in situ observations at
sites M1 and M3 (Figure 3). Magnitude squared coherence
of 0.70 (where the zero coherence level at 95% significance
is 0.30) between modeled and observed OBP is observed at
periods below 20 days at both sites. Both data sets are
dominated by high-frequency variability (Figures 3, top and
3, middle). The RMS amplitudes of the MOVE observa-
tions and the PPHA model amount to 1.65 and 1.22 mbar,
respectively. On the other hand, the temporal fluctuations of
the M1–M3 OBP gradient are significantly underestimated
by PPHA, as the model RMS amplitude of 0.29 mbar is
only one third of the observed value of 0.91 mbar. The
ocean dynamics in the model are obviously too weak. Small
but statistically significant magnitude squared coherence
(0.38 on average, where the zero coherence level at 95%
significance is 0.30) between the modeled and measured
pressure gradient is observed in the 6 day to 3 month band.
It is reasonable to assume that aliasing effects will be
strongest in the presence of short-period but long wave-
length fluctuations. The discrepancy between model and
observation is significantly larger for the M1–M3 OBP
difference than for the M1 or M3 OBP. This could be
explained by the presence of a signal with a wavelength

Figure 2. Comparison of (top) GRACE (red) and in situ (blue) OBP fluctuations and (bottom)
horizontal M1–M3 differences of OBP fluctuations.
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much shorter than the M1–M3 separation of 1000 km in the
model, which would not result in severe aliasing effects.
However, analyses of the in situ observations suggest that
much of the variability seen in the M1–M3 difference
originates from barotropic Rossby waves whose wave-
lengths exceed 1000 km in the 6–15 day band [Kanzow,
2004].
[24] To assess possible model deficiencies, a spectral

analysis of modeled and observed OBP and OBP gra-
dients has been carried out (Figure 4). The PPHA model
reaches the observed energy levels in period bands only
between 2 and 6 and near 15 days. The modeled vari-
ability is significantly underestimated at longer periods
extending up to 60 days, which may lead to significant
errors in the monthly gravity field solutions. Further, the
modeled OBP gradient strongly underestimates the ob-
served gradient at all frequencies. This obvious mismod-
eling at lower frequencies will surely affect the quality of
the dealiasing and therefore contaminate the monthly
GRACE solutions.
[25] The obvious model limitations at periods longer than

a few weeks are a critical issue and may be attributed to the
absence of nonatmospherically forced barotropic dynamics
such as radiation from jets [e.g., Kamenkovich and
Pedlosky, 1998a, 1998b], the lack of baroclinic dynamics,
errors in parameterizing barotropic dissipation, and other
simulation problems. For example, Miller et al. [1987]
demonstrated that a boundary current forced by only mean
winds can readily fill a flat-bottomed numerical model basin
with barotropic energy radiated from the meandering cur-

rent after it separates from the boundary. Song and Zlotnicki
[2004] showed that baroclinic features like tropical insta-
bility waves may cause strong OBP fluctuations at periods
around 30 days, which could alias into the GRACE monthly
solutions. Replacement of the PPHA barotropic model with
a full ocean general circulation model might be expected to
lead to enhancement of the GRACE monthly gravity field
solutions over the oceans. However, barotropic fluctuations
in the oceans are very poorly characterized relative to
baroclinic ones because most measurements are insensitive
to its presence. The barotropic component is invisible to
hydrography, difficult to separate from the baroclinic field
in mooring data [e.g., Wunsch, 1997], and even sea surface
heights from satellite altimeters is usually dominated by
baroclinic variability at subinertial periods as a consequence
of the vertical mode structures of barotropic and baroclinic
components, in combination with the slightly higher energy
level of baroclinic variability. As a result, the barotropic
data constraints on any numerical model are weak, and
hence errors in any barotropic simulation are expected to be
commensurate.
[26] At present, only timescales ranging from a few days

to about one year have been analyzed using GRACE.
Because the AOD dealiasing coefficients are available with
6 hour resolution and are interpolated in space and time
during satellite orbit integration for gravity field recovery,
the PPHA performance on very short timescales is of
particular interest. In Figure 5 a 30 day model data
segment near site M1 is compared with in situ observa-
tions. For this comparison, the tidal constituents in the

Figure 3. OBP derived from in situ observations (blue) and from the barotropic PPHA model (red) at
sites (top) M3 and (center) M1. (bottom) M3–M1 OBP differences. Note the corresponding velocity
scale on the right. All time series are 2 day low-pass filtered. Additionally, the monthly and fortnightly
tides in the observations were eliminated using the harmonic fit of Lohmann [1999].
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half-day to monthly band have been removed from the in
situ observations using a harmonic fit [Lohmann, 1999].
[27] The ECMWF SLP used to force the PPHA model

displays a 6-hour sawtooth-like characteristic (Figure 5).
Moreover the modeled OBP is found to vary in phase with
the SLP forcing on this timescale with the former exhibiting
much larger amplitudes than the latter. These fluctuations
could be explained by the presence of atmospheric tides
which have not been eliminated in the PPHA SLP forcing,
and which are not present in the in situ OBP time series
since the tides have been removed. To allow for an objective
comparison, the high-frequency atmospheric contribution
(i.e., the thin solid line in Figure 5) has been added to the in

situ observations. Even then, Figure 5 suggests that the
PPHA model overestimates the variability on 6 hour time-
scales. The RMS amplitude of the 6-hour OBP difference is
1.9 mbar for the observed (including the short-term SLP
signal) and 3.2 mbar for the modeled data. Overestimation
of variability on these short timescales will contribute to
aliasing effects in the GRACE gravity field since the 6-hour
fluctuations will be folded to a 12 hour period. As has been
pointed out by Knudsen [2003], due to the sampling
characteristics of GRACE’s orbit, the half-day tidal constit-
uent S2 is associated with an alias frequency of 162 days.
Similar arguments would apply to the high-frequency fluc-
tuations in the PPHA model.

Figure 5. High-frequency OBP fluctuations from the PPHA model near site M1 (shaded line) and the
M1 in situ observations (thick solid line). A set of 48 semidiurnal, diurnal, fortnightly, and monthly tides
were removed using a harmonic fit [Lohmann, 1999]. The 36 hour high-pass-filtered SLP used to force
the PPHA model (thin solid line) has been added (see text for details).

Figure 4. Variance conserving spectra of the time series from Figure 3. Spectra were estimated using
the multitaper method with a time bandwidth of 5 and have a bandwidth of 0.0072 cpd and approximately
18 equivalent degrees of freedom at each frequency.
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[28] At these short timescales, a full ocean general
circulation model would be unlikely to lead to major
improvements, as most barotropic and baroclinic signals
are confined to longer timescales. A better representation of
the atmospheric tides with increased temporal resolution
[Ponte and Ray, 2002] in the meteorological forcing fields
could possibly reduce the noise level. Such a product is not
currently available. Han et al. [2004] have shown that
mismodeling of the atmosphere may lead to significant
aliasing effects in the GRACE gravity solutions that exceed
measurement noise. The ensuing errors in the monthly
solutions are manifest as pervasive narrow meridional
stripes.
[29] A further candidate explanation for overestimation of

OBP fluctuations by GRACE is errors in the oceanic tide
dealiasing [Knudsen, 2003; Han et al., 2004]. To investigate
this, nine month time series of hourly OBP data (see
section 3) derived from the FES2002 and CSR4.0 ocean
tide models were compared to the observed OBP data at the
MOVE site. A harmonic fit that includes 48 tidal constit-
uents in the band covering the semidiurnal to monthly
components was applied to the tide model output as well
as to the in situ OBP time series using the algorithm
developed by Lohmann [1999]. In Figure 6 the amplitude
(Figure 6, top) and phase (Figure 6, bottom) of the largest
tidal constituents are displayed. Generally, there is very
good agreement between the modeled and observed ampli-
tudes and phases except for the semidiurnal M2 and S2
tides. The M2 tide amplitude in observed OBP reaches
about 28 mbar at site M1 and 10 mbar at site M3. At
site M1, the difference between the CSR4.0 and FES2002
M2 amplitudes is 10 mbar, with CSR4.0 overestimating
and FES2002 underestimating the observed values by
about 5 mbar, respectively. At site M3 the situation is

reversed; CSR4.0 underestimates and FES2002 overesti-
mates the observed M2 value but by only 2 mbar. Because
the harmonic fit introduces errors of less than 1 mbar, the
substantial difference of 10 mbar in the estimate of the M2
tide can be regarded as significant. By contrast, the model
phases of all of the major tidal constituents compare well
with the observed OBP.
[30] To quantify the impact of tide model errors on the

monthly GRACE gravity fields, we refer to the findings of
Knudsen [2003]. He points out that different tide constitu-
ents are associated with different alias frequencies according
to the GRACE orbit sampling characteristics. The dominant
M2 tide is associated with an alias period of 13.6 days,
leading to a reduction in the tide errors of 90% for the
monthly averages. A 90% reduction of a 5 mbar error (i.e.,
half the difference between the estimates of FES2002 and
CSR4.0) in mismodeling M2 at mooring site 1 yields a
residual monthly error of 0.5 mbar. Spatial aliasing patterns
in the monthly GRACE solutions associated with M2 tide
misrepresentation comprise meridional bands of alternating
negative and positive values [Han et al., 2004]. These can
be drastically reduced by applying a Gaussian filter with a
horizontal radius of 800 km. However, S2 and K2 exhibit
alias periods of 162 and 1460 days, respectively. Therefore
mismodeling of those tide constituents is reduced by only
6% and 0%, respectively, when monthly averages are
applied [Knudsen, 2003]. Aliasing of S2 appears to be
associated with a long-wavelength pattern, which cannot
be smoothed with a reasonable spatial filter [Han et al.,
2004]. Mismodeling of S2 and K2 at the MOVE site does
not exceed 1 mbar and 0.3 mbar, respectively (see Figure 6),
which might nevertheless affect the GRACE OBP signifi-
cantly since the expected annual OBP cycle has a compa-
rable amplitude [e.g., Condi and Wunsch, 2004]. Errors in

Figure 6. Comparison of tidal constituents from in situ observations as well as from the FES2002 and
CSR4.0 ocean tide models. (top) Amplitudes and (bottom) phases of the 13 largest tides obtained by
applying a harmonic fit to the respective time series [Lohmann, 1999]. The phase is indicated relative to
the beginning of the time series.
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all diurnal tide constituents average out almost completely
in the monthly fields [Knudsen, 2003] because their alias
periods are about one day.
[31] On the basis of these results, further investigations

should focus on tide dealiasing as well as subinertial
barotropic model improvement. However, apart from S2,
which has the potential to introduce a long-period, long
wavelength aliasing pattern, other tide constituents with
shorter alias periods can be reduced by applying suitable
spatial filters to the GRACE data. Figure 7 extends this
analysis to the whole Atlantic. Visually, the RMS ampli-
tudes of the 9 month time series (see section 3) of CSR4.0
and FES2002 (left and center panel, respectively) agree
well with each other. Both models display maximum
amplitudes of more than 60 mbar in the tropical West
Atlantic and in the northeast Atlantic, whereas in the
subtropical ocean, much smaller differences are seen.
However, the RMS amplitude of the intermodel difference
can reach 15 mbar or more in some locations. The true
errors of the tide models could be even larger than their
relative differences since they are based in part on the
same data. It is not surprising to observe large differences
in regions where the tide amplitudes themselves are large.
Nevertheless, there are locations in the South Atlantic

between 40� and 60�S, as well as in the northern North
Atlantic, where the tidal amplitudes are comparatively
small, but where the CSR4.0 and FES2002 RMS differ-
ences reach 15 mbar. A closer analysis reveals that the tide
phases differ substantially between the models in those
regions.

6. GRACE Large-Scale OBP Patterns

[32] In ocean models, the flow patterns on timescales
longer than a few months are typically zonally extended
[e.g., Condi and Wunsch, 2004]. However, such patterns are
not observed in the GRACE OBP solutions.
[33] Figure 8 shows the OBP standard deviation computed

from the nine monthly OBP solutions (see Table 1) from
UTCSR (upper panel) and GFZ (middle panel). OBP from
both processing centers displays the same level of overall
variability, but differs in detail. The most prominent feature
in both cases is leakage of the tropical continental hydro-
logical cycle into the ocean at its lateral boundaries between
20�N and 20�S, which is due to the coarse resolution of
the applied spatial filter. Zonally coherent patterns cannot
be discerned in either product. Instead, GRACE OBP
seems to be dominated by meridionally coherent patterns.

Figure 7. RMS amplitude in mbar from (left) the CSR4.0 and (middle) the FES2002 ocean tide models.
(right) RMS amplitude of the difference between the two models. Computations are based on hourly
model output between April and December 2002.
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Additionally, ocean models on these timescales display a
typical OBP variability of about 1 mbar [e.g., Condi and
Wunsch, 2004], which is only about half of that seen in the
GRACE-derived OBP.
[34] In the differences between the UTCSR and GFZ

OBP (Figure 8, bottom), the continental hydrological leak-
age signal vanishes almost completely. This means that its
predicted amplitude as well as its predicted phase agrees
well between the two GRACE products. Instead, the pattern

of differences emphasizes meridionally oriented character-
istics. On the basis of the prior discussion, we interpret this
as an aliasing pattern introduced by tidal and nontidal
mismodeling as well as instrument measurement noise.
No clear relationship between this pattern and the differ-
ences between the FES2002 and CSR4.0 ocean tide models
(Figure 7, right) can be discerned. The best agreement
between GFZ and UTCSR OBP is seen at high latitudes
(north of 60�N and south of 60�S), whereas the largest

Figure 8. Standard deviation in mbar of OBP inferred from the (top) UTCSR and (middle) GFZ
monthly GRACE gravity field solutions. (bottom) Standard deviation of the UTCSR and GFZ OBP
difference.
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deviations are observed at low latitudes, which also corre-
sponds to the findings of V. Zlotnicki (personal communi-
cation, 2004). At the same time, the amplitudes of true OBP
fluctuations typically decrease toward lower latitudes. As a
result, it can be expected that the signal-to-noise ratio of
GRACE-derived OBP is better at high latitudes, where the
monthly OBP variability reduces to values comparable to
those seen in ocean models [Condi and Wunsch, 2004]. The
reasons for this are still uncertain, but the convergence of
the ground tracks with latitude resulting in improved spatial
resolution at the poles may be a candidate. The domain of
the PPHA model extends from 65�N to 75�S. Surprisingly,
it is near its margins (and beyond) where the most reason-
able levels of variability are observed.
[35] Figure 9 displays OBP time series derived from

GFZ and UTCSR monthly solutions at four globally
distributed locations, along with the GAC monthly value
of the signal simulated by the PPHA model that is added
back into the original GRACE gravity field solutions.
Near the MOVE site (M1, top left) the two gravity
products differ in phase and amplitude, with the GFZ
solution displaying slightly larger variability. This is in
agreement with the large differences seen at this location
in the previous comparison (Figure 8, bottom). The
significant differences between the GFZ and UTCSR
solutions suggest that hydrological leakage from the

Amazon basin contributes comparatively little to the
overestimation of GRACE-derived OBP at the MOVE
site (as shown in Figure 2), since it would affect either
solution in about the same way. However, even with the
application of a 1000 km Gaussian filter, the continental
contribution will not vanish completely (see the ellipse
with 1000 km semiaxes drawn around M1). In addition to
leakage, the hydrological cycle may also directly affect
OBP at M1 through river runoff, and the two error
sources are difficult to distinguish.
[36] At a site in the South Atlantic (top right), the UTCSR

solution has a consistently larger amplitude than the GFZ
one. The phases of the two solutions compare well, which
explains why the GFZ–UTCSR differences (Figure 8,
bottom) do not display a local maximum at this location.
By contrast, at two sites in the Pacific sector (Figure 9,
bottom), minimal differences between the products are
observed even though the variability in the individual
OBP time series is quite strong. As for site M1, the GRACE
OBP solutions display unrealistically large variability at the
three other locations presented in Figure 9, all of which are
relatively free from the influence of hydrological leakage.
[37] It is interesting to note that all of the time series

shown in Figure 9 are not dominated by noise on a monthly
scale and display real long-term fluctuations which
resemble an annual cycle. The monthly contribution from

Figure 9. Time series of the OBP at different locations in the world ocean derived from the UTCSR and
GFZ monthly gravity field products. For comparison the modeled OBP contribution of the GAC product
is also displayed at each location.
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the PPHA model (GAC product) is very small in all cases
(typically, less than 1 mbar).
[38] We have discussed the differences between the

GRACE products and in situ observations and models.
One might wonder whether at this early stage in the data
processing, the GRACE-derived OBP fluctuations exhibit
realistic spatial patterns. Large spatial-scale variability is
qualitatively similar to that from the estimating the circula-
tion and climate of the ocean (ECCO) model [Stammer et
al., 2003] in Figure 10. Since at the time the present work
was done, the constrained (adjoint) version of the ECCO
model did not cover the year 2003, no direct comparison
between that model and GRACE products could be carried
out. Therefore we extracted the ECCO annual cycle over the
North Atlantic for the three year period 2000 to 2002 and
applied a harmonic fit to the result. This choice of region
was inspired by recent model studies by Condi and Wunsch
[2004], who found large areas of coherent phase at the
annual cycle in the North Atlantic and North Pacific.
[39] When averaging OBP over the whole North Atlantic,

we find reasonable agreement between the phase of the
model annual cycle and the seasonal evolution of the
GRACE. However, smoothing the GRACE data with a
Gaussian filter of 1000 km half width results in significant
overestimation of the amplitude. After applying a 2500 km
filter, much better correspondence in amplitude is obtained.
Similar results have been found for the North Pacific
[Wenzel et al., 2004]. Thus there is a glimmer of evidence
for utility of the GRACE time-varying OBP signal. The
measurements may exhibit sensitivity to basin-scale fluctu-
ations of OBP. Interestingly, similar ECCO to GRACE
behavior in the South Atlantic cannot be established. This
might be attributable to inaccuracies in the ECCO model,
because the phase of the annual cycle varies substantially

within the South Atlantic, but not in the North Atlantic
[Condi and Wunsch, 2004, Figure 9].

7. Conclusions

[40] The Earth sciences will definitely benefit from
GRACE to a large degree. It provides the most accurate
mean and monthly geoid solutions for many applications in
geophysics and oceanography. The GRACE time-varying
geoid has already successfully been used to detect seasonal
hydrological signals over continents [Schmidt et al., 2005],
although errors in the preliminary fields are more than an
order of magnitude larger than the anticipated GRACE
baseline value [Reigber et al., 2005].
[41] The ability of GRACE to recover extremely small

time-varying OBP signals must be regarded as one of
the greatest challenges of the mission. Over the oceans,
the geoid variability is much smaller than over land, and the
modeled tidal and nontidal corrections are subject to larger
uncertainties. As can be shown from comparisons at the
MOVE site, at this stage GRACE still substantially over-
estimates OBP variability. If instrumental problems (e.g.,
performance not meeting specifications, nonoptimal pro-
cessing results from raw data to corrected and calibrated
products, or nonoptimal parameterization in gravity field
processing) are not the cause, it is most likely that the
processing and dealiasing of subinertial and tidal barotropic
signals has not been performed with sufficient accuracy.
These deficiencies will be further analyzed and improved in
coming months by simulation studies (planned at GFZ) or
updated background ocean models (a task for the GRACE
science team). Nevertheless, GRACE may already possess a
marginal capacity to observe ocean dynamics on spatial
scales of a few thousand kilometers.

Figure 10. Seasonal evolution of the GRACE OBP signal in mbar averaged over the North Atlantic
based on the GFZ monthly gravity field solutions using 1000 km (circles) and 2500 km (squares)
Gaussian smoothing of the spherical harmonic coefficients. The solid line indicates the annual cycle of
the OBP signal from the constrained 1� 	 1� ECCO model. To reduce possible leakage of the continental
hydrological cycle into the ocean, only data from oceanic regions of more than 2000 m water depth were
included. Additionally, OBP has been meridionally averaged between 10� and 65�N.
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[42] From a validation study carried out against in situ
measurements at the MOVE ground truth site in the tropical
northwest Atlantic, apparent deficiencies of the GRACE
gravity fields and the models used for dealiasing have been
revealed. The atmospherically forced barotropic PPHA
model used for nontidal dealiasing agrees reasonably well
with in situ observations at periods between 2 and 6 and near
15 days, but significantly underestimates the variance at
longer periods. It also appears to underestimate the variabil-
ity of deep ocean currents in general. It would be desirable to
replace it with a full (baroclinic plus more complete baro-
tropic) ocean general circulation model, which has proven to
be more consistent with observations over a wider period
band. However, the paucity of barotropic data constraints in
the ocean limits the accuracy of any numerical model to
some degree. At the shortest periods (6 hours), the
PPHA model displays much stronger fluctuations than are
observed. This could introduce significant aliasing to very
long periods. Higher-resolution ECMWF forcing fields may
help to overcome this problem. However, such fields are
currently not available, and are unlikely to be available in
the near future due to inherent sampling limitations.
[43] At the MOVE site, the ocean tide models used for

GRACE data processing (FES2002 and CSR4.0) show
reasonable overall agreement with each other and with the
observations, except for the strongest tidal constituent (M2).
Differences in M2 model amplitude of 10 mbar were
obtained. The model intercomparison has also revealed that
in certain regions, such as equatorial and high latitudes,
nonnegligible tide model differences are observed which are
explainable by phase discrepancy. It is apparent that the tide
models need further improvement. From comparisons at the
MOVE site alone, no unequivocal judgment can be made
about which of the two tide models is more accurate on a
global scale. Additional OBP sites are being maintained in
the Atlantic and Pacific sectors, and efforts could be made
to more thoroughly verify and improve the models.
[44] OBP derived from the GFZ and UTCSR gravity field

products displays similar levels of variability and regional
differences in the variability pattern. More importantly,
neither product is able to recover the zonally coherent
patterns of variability which are robust features of ocean
models. Thus the present accuracy of GRACE OBP fluctu-
ations is not sufficient to deduce the evolution of the large-
scale abyssal flow field. However, it is encouraging to note
that time series of GRACE-derived OBP do show long-
period fluctuations, and are not dominated by monthly
variability.
[45] Finally, an additional encouraging result ensues from

comparison of GRACE with the ECCO model’s annual
cycle after averaging that signal over the entire North
Atlantic. This is the first indication that GRACE might
possess some ability to recover the seasonal variability at
scales of thousands of kilometers. However, it cannot hold
for the longest wavelengths because C20 has been excluded
from the analysis.
[46] Constrained ocean model output will become avail-

able that covers 2003 (D. Stammer and J. Schröter,
personal communication, 2004), and thus will enable more
extensive statistical comparisons with the GRACE data.
An important issue is the origin of long-period fluctuations
of OBP. GRACE OBP signals will likely be more useful at

high latitudes where the signal-to-noise ratio is largest for
reasons which are presently unclear.
[47] Validation with in situ measurements will remain the

ultimate tool to assess the suitability of GRACE gravity
fields for oceanic studies. These studies must be extended to
other regions. Although in situ observations using point
sensors will always lack satisfactory spatial coverage, they
are highly accurate and applicable over a broad range of
periods extending to years. This, together with the fact that
subinertial OBP tends to have a large correlation scale,
makes them invaluable. For example, the MOVE ground
truth site has been extended for two years starting in January
2004, and additional OBP time series observations carried
out at different locations in the Atlantic may soon become
available.
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