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Abstract Gravity recovery and climate experiment
(GRACE)-derived temporal gravity variations can be resolved
within the µgal (10−8 m/s2) range, if we restrict the spatial
resolution to a half-wavelength of about 1,500 km and the
temporal resolution to 1 month. For independent validations,
a comparison with ground gravity measurements is of fun-
damental interest. For this purpose, data from selected su-
perconducting gravimeter (SG) stations forming the Global
Geodynamics Project (GGP) network are used. For compar-
ison, GRACE and SG data sets are reduced for the same
known gravity effects due to Earth and ocean tides, pole tide
and atmosphere. In contrast to GRACE, the SG also mea-
sures gravity changes due to load-induced height variations,
whereas the satellite-derived models do not contain this ef-
fect. For a solid spherical harmonic decomposition of the
gravity field, this load effect can be modelled using degree-
dependent load Love numbers, and this effect is added to the
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satellite-derived models. After reduction of the known grav-
ity effects from both data sets, the remaining part can mainly
be assumed to represent mass changes in terrestrial water
storage. Therefore, gravity variations derived from global
hydrological models are applied to verify the SG and GRACE
results. Conversely, the hydrology models can be checked by
gravity variations determined from GRACE and SG obser-
vations. Such a comparison shows quite a good agreement
between gravity variation derived from SG, GRACE and
hydrology models, which lie within their estimated error lim-
its for most of the studied SG locations. It is shown that the
SG gravity variations (point measurements) are representa-
tive for a large area within the µgal accuracy, if local gravity
effects are removed. The individual discrepancies between
SG, GRACE and hydrology models may give hints for further
investigations of each data series.
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1 Introduction

One objective of the new-generation GRACE (gravity recov-
ery and climate experiment) (e.g. Tapley and Reigber 2001)
satellite gravity mission is the recovery of temporal Earth
gravity field variations. The results of a recent GRACE data
evaluation show a gravity resolution in the µgal range at a
half-wavelength (λ/2) spatial resolution of about 1,500 km for
a temporal resolution of 1 month (Schmidt et al. 2005a). Be-
cause of this remarkable gravity resolution, the comparison
and validation of satellite-derived temporal gravity variations
with ground gravity measurements is of fundamental inter-
est. A proposal for such a comparison was made by Crossley
and Hinderer (2002) and Crossley et al. (2003).

The time variation contained in the GRACE solutions
ranges from 1 month to the lifetime of GRACE (20 months
in this study). Therefore, surface gravity measurements must
have a long-term stability, which only superconducting gravi-
meters (SG) (Goodkind 1999) fulfil. As such, the aim of the
comparison presented in this paper is as follows: validation of
the GRACE results, checking of the SG data pre-processing
and reduction procedures and checking of gravity variations
derived from hydrological models.

On the Earth’s surface, high-precision gravity measure-
ments are carried out with SG’s of the Global Geodynamics
Project (GGP) network (Crossley et al. 1999). These mea-
surements have a gravity resolution of about 0.1µgal in the
time domain (reaching 1 ngal [10−11 m/s2] in the tidal band
by integration over 2 or 3 years) and a linear drift of someµgal
per year. The gravity resolution of the SG measurements is
frequency-dependent. It decreases for longer periods, mainly
caused by the noise at the site (Rosat et al. 2004) and the
reduction quality of environmental gravity effects induced
by atmosphere and hydrosphere.

For comparison of satellite-derived with ground-
measured temporal gravity variations, we must be sure to
the best knowledge that, after pre-processing and reduction
of known gravity effects, both data sets represent the same
sources of gravitation at the same spatial resolution. Partic-
ularly the spatial resolution raises some questions because
the SG measurements are merely point measurements. How
representative are these for an area with the extent of approxi-
mately 1,500 km, which is the spatial resolution of the
GRACE satellite-derived temporal gravity variation?

The first comparison between temporal gravity variations
derived from SG and CHAMP has shown a noticeable agree-
ment (Neumeyer et al. 2004a). It could be inferred that the
SG gravity variations are valid for a large area within the µgal
accuracy, if the local gravity effects are carefully removed.
Further studies confirm the quality of gravity field variation
measurements with SGs in Europe (Crossley et al. 2005).
With the increased gravity and spatial resolution of GRACE
solutions (Reigber et al. 2005; Schmidt et al. 2005a), this kind
of comparison can be studied in more detail. Eight stations
have been chosen from the global SG GGP network, which
cover a large test field and also allow studying of closely
located SG stations. These are:

• Sutherland/South Africa (SU):ϕ=−32.381◦, λ=20.811◦,

h = 1791 m
• Moxa/Germany (MO): ϕ = 50.645◦, λ = 11.616◦,

h = 455 m
• Wettzell/Germany (WE): ϕ = 49.144◦, λ = 12.878◦,

h = 580 m
• Strasbourg/France (ST): ϕ = 48.622◦, λ = 7.684◦,

h = 180 m
• Vienna/Austria (VI): ϕ = 48.249◦, λ = 16.358◦,

h = 192.4 m
• Metsahovi/Finland (ME): ϕ = 60.217◦, λ = 24.396◦,

h = 56 m
• Wuhan/China (WU): ϕ = 30.516◦, λ = 114.49◦,

h = 80 m
• Matsushiro/Japan (MA): ϕ = 36.543◦, λ = 138.207◦,

h = 406 m

The following data sets were used for this study: GRACE
monthly gravity field solutions, SG recordings, 3D air pres-
sure variations, groundwater level variations measured at SG
sites and gravity variations derived from hydrology models
within the time period from April 2002 to November 2003.

2 Accuracy of gravity signals derived from GRACE,
SG and hydrology models

The recovery of GRACE-derived gravity variations is based
on monthly averages of time-varying gravitational potential
(see Sect. 4.1). Reigber et al. (2005) describe the determi-
nation of the gravity field models from GRACE data. The
formal error estimates were a posteriori calibrated based on
the scattering of subset solutions.

A special method for calibrating the formal errors of
monthly solutions is described in Schmidt et al. (2005a). Fig-
ure 1 shows these calibrated errors of the monthly solutions
with increasing degree ℓ of the spherical harmonic coeffi-
cients. With higher degree ℓ, the spatial resolution becomes
finer (λ/2 ≈ 2 · 104/ℓ), but the error increases. A compar-
ison of the calibrated errors of the monthly GRACE solu-
tions with the signal amplitudes of the monthly hydrology
model-derived gravity variations shows that the cumulated
error (dotted lines in Fig. 1) equals the hydrology signal at
about degree ℓ=16 and the error per degree (solid lines in
Fig. 1) equals the hydrology signal per degree at ℓ=10. Thus,
to ensure that the GRACE errors are smaller than the ex-
pected hydrology effect, we used the GRACE and hydrology
models up to a maximum degree of ℓmax=10 for comparison.
Table 1 roughly summarizes the GRACE parameters for a
spatial resolution of 500 and 2000 km in comparison with
the SG.

3 Preconditions for combining satellite-derived
and ground-measured temporal gravity variations

A combination of satellite-derived with ground-measured
temporal gravity variations requires representative data sets
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Fig. 1 Calibrated errors of Gravity recovery and climate experiment
(GRACE) monthly solutions and gravity variations derived from the
Water gap Global Hydrology Model (WGHM) as functions of degree
ℓ of spherical harmonics. Monthly solutions per degree (solid line) and
monthly solutions as function of maximum degree (dotted)

Table 1 Performance parameters of Gravity recovery and climate
expreiment (GRACE) and superconducting gravimeter (SG)

GRACE SG

Gravity resolution (µgal) 10 0.5 0.1
Spatial resolution λ/2 500 km 2,000 km Point
Spherical Harmomic coefficient ℓmax=40 ℓmax=10 N/a
Temporal resolution 1 month 10 s
Long-term stability (drift) No drift ∼3µgal/year

with the same sources of gravitation and comparable spatial
resolutions. This can be achieved by:

• Reduction of the same known gravity effects in both data
sets using the same models

• Adaptation of the SG gravity variations to the spatial res-
olution of the satellite

• Consideration of effects that are unique to each method.

On the Earth’s surface, the SG measures, besides the
gravitational mass attraction, the gravity effect due to elas-
tic deformation (vertical surface shift) (e.g. Pick et al. 1973;
Vaníček and Krakiwsky 1982) and the deformation potential
(mass redistribution due to vertical surface shift). In contrast
to the SG, the satellite is not coupled to the Earth’s surface
and thus it is only sensitive to the change in gravitational
potential. The part that comes from the fact that the SG has
changed its location due to the deformation is sensed by SG
only. The reductions of Earth and pole tide, and also the
loading effects of atmosphere and hydrosphere, are different
for SG and GRACE. Body Love numbers hℓ and load Love
numbers h

′

ℓ, which describe the height variations, are only
relevant for the SG data processing.

The spatial resolution for the remaining gravity varia-
tions after reduction of the known effects is different for
SG (point measurements) and GRACE (spatial resolution of
λ/2 between 1,000 and 2,000 km used in this study). The
SG measurements include gravity variations from short- to
long-periodic spatial distribution. For comparison, only the
gravity variations related to the spatial resolution of GRACE
should be taken into account. The present way for adapting
the remaining SG gravity variations to the spatial resolution
of GRACE consists in removing the local gravity effects,
mainly induced by the hydrology, from SG data.

4 Preparing the gravity variations for comparison

Before comparing SG and GRACE gravity variations, the SG
measurements must be reduced for the same gravity effects
that have been applied in the GRACE data processing. These
effects are:

1. Earth tides
2. Pole tide
3. Gravity variations induced by the atmosphere
4. Ocean tidal loading.

The same models are used for both sets of gravity variations
to reduce these effects. Additionally, the load-induced height
variations, contained in the SG measurements, are added to
the monthly GRACE solutions (see Sect. 4.1).

4.1 Monthly gravity field solutions from GRACE

Monthly batches of GRACE science instrument data were
collected to recover monthly averages of the time-varying
gravitational potential. The observations provided by the
on-board instruments are GPS-GRACE high–low satellite-
to-satellite (hl-SST) carrier-phase differences and code
pseudo-ranges from the GPS BlackJack receivers, non-con-
servative accelerations from the SuperSTAR accelerometers,
attitude angles from the star cameras and low–low satellite-
to-satellite (ll-SST) rates of distance changes from the
K-band intersatellite link. The instrumentation and on-board
instrument processing units are described in detail in Dunn
et al. (2003).

The process of global gravity field recovery from GRACE
data, as applied at GeoForschungsZentrum Potsdam (GFZ)
using its Earth parameter and orbit estimation system (EPOS),
is described in detail, together with the mean field solution
EIGEN-GRACE02S, in Reigber et al. (2005). The compu-
tation of the monthly gravity field solutions is described in
Schmidt et al. (2005b).

As for EIGEN-GRACE02S, the Stokes coefficients of a
spherical harmonic expansion of the gravitational potential
were adjusted up to degree and order 150 for each of the
monthly gravity field solutions, exploiting GRACE data for
a particular calendar month. During creation of the normal
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equation systems, several time-varying gravitational phenom-
ena are accounted for in the underlying dynamic model.
These are:

• Earth tides and pole tide: Determined according to Inter-
national Earth Rotation Service (IERS) Conventions 2003
(McCarthy and Petit 2004). The pole tide is based on the
IERS polar motion series. The recording of the polar mo-
tion is carried out with very long baseline interferometry
(VLBI), lunar laser ranging (LLR), satellite laser ranging
(SLR) and GPS measurements. IERS provides a smooth-
ing of these measurements with a resolution of 1 day (Bul-
letin B).

• Atmospheric attraction and loading: For atmosphere de-
aliasing, atmospheric pressure grids at different altitudes
available at six-hour intervals from the European Centre
for Medium-Range Weather Forecast (ECMWF) are eval-
uated by vertical integration (Flechtner 2003b).

• Ocean tidal loading: Applying the FES2002 ocean tidal
model (Le Provost et al. 2002) supplemented by long-
period tides (Lyard (1998). For ocean de-aliasing, a baro-
tropic model (Ali and Zlotnicki 2003) is used to estimate
the non-tidal ocean mass variability at the same intervals.
The ocean pole tide (Desai 2002; Chen et al. 2004) is not
considered.

• Changes in potential caused by post-glacial rebound: In
addition to a linear drift in C20 (IERS Conventions 2003)
secular variations in the zonals of degrees 3 and 4 (Cheng
et al. 1997) were included in the a priori modelling during
the gravity recovery process.

Atmospheric and ocean mass contributions are summed
up to yield a time-series of corrections in terms of gravita-
tional spherical harmonic coefficients up to degree and order
50 with a 6-h interval. The corrections are added to the initial
mean gravitational potential when computing the satellite’s
gravitational accelerations for dynamic orbit and gravity field
parameter adjustment. However, besides the accuracy of the
atmospheric and oceanic models used, aliasing effects can
further deteriorate the quality of the applied corrections (see
Thompson et al. 2004). According to Han et al. (2004), the
degree-error relative to the measurement error is increased by
a factor of ∼20 due to atmospheric aliasing and by a factor
of ∼10 due to oceanic aliasing.

With these background models in mind, the differences
between monthly gravity field solutions should reflect, apart
from instrumental noise, residual mismodelling in tidal and
non-tidal atmosphere and ocean variability, and unmodelled
longer-term variations, mainly continental hydrological phe-
nomena including ice shield mass variations.

The GRACE products were developed, processed and
archived in the Science Data System (SDS) (available at the
GFZ Information System and Data Center [ISDC] http://isdc.
gfz-potsdam.de/grace), which is shared among the Jet Pro-
pulsion Laboratory (JPL), the University of Texas Center for
Space Research [UTCSR] and the GFZ Potsdam. For com-
parison, we also used the available GRACE monthly solu-
tions from UTCSR. Although the solutions of SDS centres at
UTCSR and GFZ use the same GRACE instrument database

(Level-1B data provided by JPL) and the dynamic method
for orbit determination and gravity recovery, results for the
estimated monthly gravity fields differ as revealed in Fig. 5
(shown later). These differences may originate from vari-
ous sources within the processing standards. Details related
to all of these items can be found in the Level-2 Processing
Standards Documents for UTCSR (Bettadpur 2004) and GFZ
(Flechtner 2003a). Further information on the GFZ process-
ing strategy can be found in Reigber et al. (2005).

In addition to the direct gravity field variations, the SG
also measures the gravity changes due to the load-induced
variations of the radial position of the SG, whereas the satellite-
derived models naturally do not contain this effect. If we have
a spherical harmonic decomposition of the gravity field, this
load effect can be modelled using the degree-dependent load
Love numbers h

′

ℓ (Farrell 1972, Zürn and Wilhelm 1984, Hin-
derer and Legros 1989). Therefore, we will add this effect to
the satellite-derived models. The associated satellite-derived
gravitational potential is:

W (r, ϕ, λ) =
G M

R

ℓmax
∑

ℓ=0

(

R

r

)ℓ+1 ℓ
∑

m=0

[

C̄ℓm · cos(mλ)

+S̄ℓm · sin(mλ)
]

· P̄ℓm(sin ϕ) (1)

where r, ϕ, λ are the spherical geocentric coordinates of the
computation point (radius, longitude, latitude), R is the ref-
erence radius (mean equatorial radius of the Earth), G M is
the gravitational constant times mass of the Earth, ℓ, m are
degree and order of the spherical harmonics, ℓmax is the cho-
sen maximum degree in practical calculations (any natural
number, ℓmax < ∞), Pℓm are the fully normalized Legen-
dre functions, and Cℓm, Sℓm are the fully normalized Stokes
coefficients.

The variation of the gravity field in time with respect
to some mean field is then derived as variation δCℓm, δSℓm

of the coefficients. The variation δr of the radial position
of the SG caused by the variation of the geoid height ∂ Nℓ,
which is the variation of the Earth’s equilibrium figure, can
be described by:

δr =

ℓmax
∑

ℓ=0

δrℓ =

ℓmax
∑

ℓ=0

δNℓ · h′
ℓ (2)

where δNℓ is the geoid variation of degree ℓ of its spherical
harmonic decomposition.

In spherical approximation (Heiskanen and Moritz 1967),
the geoid height variation at the point (ϕ, λ) can be repre-
sented by:

δN (ϕ, λ) =

ℓmax
∑

ℓ=0

δNℓ = R ·

ℓmax
∑

ℓ=0

ℓ
∑

m=0

[

δC̄ℓm · cos(mλ)

+δ S̄ℓm · sin(mλ)
]

· P̄ℓm(sin ϕ) (3)
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The corresponding gravity variation detected by the satellite
in spherical approximation is:

δg(r, ϕ, λ) =
1

r
·

G M

R

ℓmax
∑

ℓ=0

(

R

r

)ℓ+1

(ℓ + 1)

×

ℓ
∑

m=0

[

δCℓm · cos(mλ) + δSℓm · sin(mλ)
]

·Pℓm(sin ϕ)

(4)

The gravity variation δgload induced by δr (Eq. 2) is:

δgload = δr ·
∂2W

∂r2 (5)

To calculate the second-derivative of the potential W with
respect to the radius r , it is accurate enough to take only the
zero degree term of Eq. (1). For r = R we get:

δgload(r = R, ϕ, λ) = −2
G M

R2 · δNℓ(ϕ, λ) · h′
ℓ (6)

To compare the satellite-derived gravity variation with that
measured by the SG, we add δg from Eq. (4) and δgload from
Eq. (6) and get with Eq. (3) at the Earth’s surface (r = R):

δgG(ϕ, λ) =
G M

R2

ℓmax
∑

ℓ=0

(ℓ + 1 − 2h′
ℓ)

ℓ
∑

m=0

[

δC̄G
ℓm · cos(mλ)

+δ S̄G
ℓm · sin(mλ)

]

· P̄ℓm(sin ϕ)

(7)

where the superscript G is related to spherical harmonic coeffi-
cients of GRACE gravity variations.

Based on Eqs. (1 – 7) it follows that taking the loading
into account means multiplying the basic effect by degree-
dependent scaling factors. Summing degrees 2 – 10 results
in a loading effect that is almost proportional to the basic
effect. The common scaling factor is about 1.35. Hence, the
GRACE signal and the GRACE signal plus loading effect
have almost the same form and no good or bad agreement
between SG and GRACE can be introduced artificially.

The resulting monthly data sets of spherical harmonic
coefficients have been used to calculate the gravity variations
δgmG (Eq. 7) for the selected SG positions in the time span
from April 2002 to November 2003. According to Fig. 1, the
coefficients are used from degree 2 through degrees 10, 15,
and 20, which corresponds to a spatial resolution λ/2 = 2,000,
1,333 and 1,000 km, respectively.

4.2 SG gravity variations

The SG measures gravity variations associated with mass
redistributions. According to the law of gravitation, the grav-
ity sensor, a test mass, is sensitive to mass and distance
changes. Therefore, the recordings include not only the tidal
gravity from the Sun, Moon and other celestial bodies, but
also the gravity effects induced by various geophysical and

geodynamic sources on global, regional and local scales.
The gravity variations induced by the atmosphere and hydro-
sphere contain the gravitational attraction part on the SG test
mass and the deformation part of the Earth‘s surface. These
gravity variations correlate with changes of atmospheric and
hydrospheric parameters, such as atmospheric pressure, pre-
cipitation, groundwater table, soil moisture and sea level vari-
ations, which can be measured and used for modelling the
gravity effects induced by the atmosphere and hydrosphere.
Therefore, a separation and reduction from the raw gravity
data is possible for these effects.

In a pre-processing procedure, spikes and steps due to
instrumental and other perturbations, such as earthquakes,
were carefully removed from the raw SG recordings. Spikes
larger than 0.2µgal and steps that do not have their origin in
atmosphere- or groundwater level- induced gravity variations
have been removed. Of special importance is the correction
of steps in the raw data that are associated with instrumental
problems (e.g. liquid Helium transfers or lightening strikes).
This must be carried out with great care because steps in the
data series directly influence the comparison results. Then,
the data were low-pass filtered with a zero phase shift filter
(corner period 300 s) and reduced to 1 h sampling rate. From
these pre-processed gravity data (δgraw), which include grav-
ity variations of different sources, the same gravity effects are
subtracted as in the GRACE data processing. These are:

• Earth tides: The Earth tide reduction is performed with
the Wahr–Dehant model (e.g. Dehant (1987); Wenzel
(1996)). The tidal parameters from this model were used
for calculating the tidal gravity effect (ET) applied for
semi-diurnal to long-periodic constituents (tidal frequen-
cies 3.190895 – 0.00248 cpd).

• Gravity variations induced by the atmosphere (atmospheric
pressure effect): For calculating the atmospheric pres-
sure effect (δgair), 3D atmospheric pressure data from
ECMWF have been used. This gravity effect consists of
both attraction and deformation part. The calculation of
the attraction term is performed with the program 3DAP
(Neumeyer et al. 2004b), which considers the real air den-
sity redistribution in the atmosphere. This result is more
precise than the calculation with local or 2D atmospheric
pressure data, because the surface pressure independent
(SPI) part of the attraction term can only be determined
with 3D data. The SPI part is of the order of up to 2µgal
at a seasonal period; therefore, it must be taken into ac-
count for comparing with GRACE-derived gravity vari-
ations. The deformation term is calculated according to
the Green’s function for atmospheric loading (Merriam
1992, Sun 1995).

• Ocean tidal loading: Based on the FES2002 global ocean
tide model (Lefevre et al. 2002, Le Provost et al. 2002)
the ocean loading for various waves in semi-diurnal, diur-
nal and long-periodic bands have been calculated with
the GFZ program OCLO based on (Francis and Mazzega
1990). OCLO calculates the gravity variations induced
by the ocean loading (δgol ) in the time domain using data
from FES2002. Because of the inaccuracy of the global
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ocean tidal models, the lack of regional models and the
complicated bay coastal lines, which induce a kind of spe-
cial shallow sea tidal phenomena (Sun et al. 2002), addi-
tional tide gauge measurements can improve the ocean
loading correction (Neumeyer et al. 2004c). This is rec-
ommended for SG stations near the ocean with a strong
oceanic influence (Khan and Hoyer 2004).

• Pole tide (PT): The polar motion causes changes in cen-
trifugal acceleration, which can be measured with the SG.
From the IERS polar motion data XP(t) and YP(t) (in ter-
restrial frame) the gravity effect of the polar motion can
be calculated for the SG station with co-latitude θ and
longitude λ according to Torge (1989)

δgPol(θ, λ, t)

= Rω2δPol sin(2θ) · [X P(t) cos(λ)−YP(t) sin(λ)] (8)

where R is the radius of a spherical Earth model, ω is the
angular velocity of the Earth according to the IERS Con-
ventions 2003 (McCarthy and Petit 2004) and δPol= 1.16
is the gravimetric factor (Wahr 1985; Xu et al. 2004).

• Local groundwater level gravity effect (δggwl) induced
by water circulation in the surroundings of the SG causes
variation in the gravitational attraction and deformation
at the surface similar to that due to the atmosphere. Pre-
cipitation causes changes in soil moisture and ground-
water level. Presently, four of the SG stations used in
this study are equipped with a borehole for measuring
groundwater level variations. In many cases, a good cor-
relation between gravity and groundwater level variations
has been shown (Kroner 2001, Harnisch and Harnisch
2002; Virtanen 2001). The gravity effect of these varia-
tions is determined by regression analysis. The regression
coefficient varies between 1 and 10µgal/m depending on
the hydrological conditions. This is a simple model that
does not reflect the real hydrological gravity signal very
accurately. Separating local from regional/global envi-
ronmental signals is a challenge for interpreting tempo-
ral gravity variations. While suitable approaches exist for
atmospheric signals (e.g. Boy et al. 2002, Neumeyer
et al. 2004b) the problem is much more difficult and not
yet satisfactorily solved when regarding hydrological sig-
nals. Both soil moisture and groundwater level data reflect
local effects and also signals on regional or continental
scale. Additionally, topography and local hydrological
structure have a big impact on hydrological loading (e.g.
Boy et al. 2005, Kroner and Jahr 2005, Meurers et al.
2005). All these facts restrict a clear separation of hydro-
logical gravity contributions from different scales. In our
study, we reduce the local hydrological gravity effect
based on groundwater level variations near the SG sta-
tion and we may also reduce a part of the global effect.
For better modelling, a local hydrology model is necessary
around the SG site, which considers the local hydrological
cycle. Input data for this model should be precipitation,
soil moisture and groundwater level variations measured
at representative locations. With these data, modelling the

local gravity variations induced by the hydrosphere can
be better evaluated.

• The determination of the instrumental drift is based on
polar motion measured by SG (δgSG_pol = δgraw − ET −

δgair−δgol−δggwl) and calculated from IERS data (PT). It
is simulated by a first-order polynomial dr(t) = a0 +a1t

and the drift parameters a0 and a1 are determined by a
linear fit of δgSG_pol and PT.

After reduction of these gravity effects from the raw grav-
ity data (Fig. 2), the remaining part can be assumed to be
mainly mass changes in terrestrial water storage δgSG.

δgSG(t) = δgraw(t) − ET (t) − PT (t) − δgair(t)

−δgol(t) − δggwl(t) − dr(t) (9)

From gravity variations δgSG, monthly arithmetic means
δgmSG are calculated for comparison with GRACE (Fig. 3).

5 Gravity variations derived from global hydrology
models

After reduction of different gravity effects from the SG
recordings and the GRACE solutions, the remaining gravity
variations are mainly induced by mass changes in continen-
tal water storage. Therefore, gravity variations were derived
from global hydrology models for comparison with these
“measured” hydrological effects (Wahr et al. 2004; Schmidt
et al. (2005b)).

The aim of global hydrological models is to represent both
the spatial distribution and the changes of continental water
budget with time. Since every redistribution of water masses
induces changes of the Earth’s gravity field, the ideal hydro-
logical model for our purposes should represent all water
resources, available as ground water storage, in water basins,
contained in ice shields or present in any other form. How-
ever, none of the existing models meet these requirements
completely, and it is the purpose of the modern gravity mis-
sions to mitigate these inconsistencies.

Although the water budget change (wbc) of all global
hydrological models is based on precipitation (prec), run-off
(roff) and evapotranspiration (evpt), expressed by the very
simple fundamental relation:

wbc = prec − roff − evpt (10)

the implementation brings additional difficulties. There is no
possibility to measure directly the water stocks, and the same
holds – to some extent – for the remaining variable quanti-
ties. Hence, the possibilities to validate a model through a
direct check of Eq. (10) using only the respective observ-
ables are very limited. Even in the case of strictly defined
objective, the modelling freedom is rather large and two
different models could be quite different, especially from the
point of view of reflecting entirely the redistribution of water
masses.
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Fig. 2 Reduction of the raw gravity data (Metsahovi station, Finland).
a Raw gravity data (δgraw). b Earth tides due to Wahr–Dehant-model
(ET). c Atmospheric pressure effect (δgair). d Pole tide (PT) due to
International Earth Rotation Service (IERS) data. e Local groundwater
level effect (δggwl). f Ocean loading due to FES2002-model (δgol). g
Instrumental drift (dr)

5.1 Hydrology models considered

In the present study, three global hydrological models have
been considered:

1. Water gap Global Hydrology Model (WGHM) (Döll et al.
2003), data coverage from 01/1992.

2. Leaky-Bucket Model (H96) (Huang et al. 1996, Fan and
van den Dool 2004), data coverage from 01/1948.

3. Land Dynamics model (LaD) (Milly and Shmakin 2002),
data coverage from 01/1980.

The output of these three models is available in the form
of gridded data sets representing monthly averages of water
storage expressed as equivalent water columns in mm or cm.
The grid step in geographical latitude and longitude is 0.5◦

for the first two models and 1◦ for the third one. The models
are updated regularly so that the current data are available
with a delay of several months. It should be stressed that
the depth of the considered groundwater in different models
differs, the snow is taken into account only partially and in
different ways, and the modelling of ice shields is, according
to the authors, very incomplete and unreliable.

5.2 Computation of gravity variations from hydrological
models

In order to compare the observed variations of the Earth’s
gravity field with the variations deduced from the changes in
water storage as represented by global hydrological models,
the component of the gravity field induced by the modelled
water stocks have been computed for each epoch (i.e. month)
and represented in spherical harmonics expansion with a GFZ
analysis program based on Eq. (15).

The input data for each epoch are given on a regular geo-
graphical grid as equivalent water thickness δh(ϕ, λ), which
represents deviations from some reference state of the water
budget in the considered block. Since δh(ϕ, λ) does not rep-
resent some real water column, but an equivalent of complete
water mass excess or deficit contained in groundwater, sur-
face water, soil moisture and other considered components, it
is reasonable to regard it as a surface mass using the relation:

δσ (ϕ, λ) = ρWδh(ϕ, λ) (11)

where ρW is the density of fresh water.
In order to compute gravitational effects, numerical inte-

gration of the surface mass density δσ is necessary. According
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Fig. 3 Gravity variations δgSG (black line) and δgmSG (grey dots) for comparing with GRACE and hydrology models (Metsahovi station, Finland)

to Wahr et al. (1998), δσ can be expanded as

δσ (ϕ, λ) = RρW

∞
∑

ℓ=0

ℓ
∑

m=0

P̄ℓm(sin ϕ)(δĈℓm cos(mλ)

+δ Ŝℓm sin(mλ)) (12)

with

{

δĈℓm

δ Ŝℓm

}

=
1

4π RρW

2π
∫

0

dλ

π/2
∫

−π/2

sin ϕdϕδσ(ϕ, λ)

×P̄ℓm(sin ϕ)

{

cos(mλ)

sin(mλ)

}

(13)

Now it is possible to represent any gravitational effect as a
sum of spherical harmonics by substituting δCℓm and δSℓm

in Eqs. (1), (3) or (4), where
{

δC
HM
ℓm

δS
HM
ℓm

}

=
3ρW

ρave

1 + k′

2ℓ + 1

{

δĈℓm

δ Ŝℓm

}

(14)

and ρave is the average mass-density of the Earth and k′
ℓ

are loading Love numbers, which take into account the de-
formability of the solid Earth, that is the additional grav-
itational contribution resulting from the loading response.
The superscript HM denotes spherical harmonic coefficients
based on gravity variations derived from the hydrological
model.

Of course, the variation δr of the radial position of the
SG-station caused by the load must be considered as in the
case of the GRACE-derived gravity variations. This can be
done by applying Eq. (1) to Eq. (6). The equation for gravity
variations derived from hydrological model δgHM then takes
the form:

δgHM(ϕ, λ) =
G M

R2

ℓmax
∑

ℓ=0

(ℓ + 1 − 2h′
ℓ)

ℓ
∑

m=0

[

δC
HM
ℓm · cos(mλ) + δS

HM
ℓm · sin(mλ)

]

· Pℓm(sin ϕ)

(15)

for arbitrary ℓmax, which is the same form as Eq. (7)

Degree-0 (ℓ = 0) and degree-1 (ℓ = 1) terms have not
been used for the comparisons, since the hydrological models
cannot and do not contain mass conservation, which does not
exist on the level of continental water budget alone, and since
hydrologically derived geocentre variations are not interpret-
able for the same reason.

5.3 Uncertainties of hydrological models

The main goal of this study is to compare temporal variations
of the Earth’s gravity field deduced from different sources.
Prior to comparing variations deduced from global hydro-
logical models with the respective variations resulting from
GRACE or SG observations, it is necessary to get some feel-
ing as to how reliably can this kind of information be deduced
from global hydrological models. Global comparison of the
variations of geoid undulations deduced from two differ-
ent hydrological models shows differences that lie almost
in the same order of magnitude as the variations themselves,
although the correlation coefficients are rather high, see
Table 2.

However, in some regions (e.g. the South American con-
tinent) the coincidence between the variability deduced from
the three hydrological models is relatively good. The well-
pronounced features, especially in large tropical river basins,
are clearly visible in all three representations. In the con-
text of the present paper, this means that the variations of
the Earth’s gravity field at some SG stations deduced from
global hydrological models might be quite realistic. How-
ever, the existing global hydrological models in their present
form still have to be regarded as rather uncertain. The main

Table 2 Weighted root mean-square (wrms) of the changes of geoid
undulations (in mm) between different epochs deduced from H96, LaD
and from differences H96-LaD as well as global correlation coefficients
between H96 and LaD

wrms Corr.

Epochs H96 LaD H96-Lad coeff.

05/2002 versus 08/2002 1.75 2.30 1.64 0.70
08/2002 versus 11/2002 0.66 1.12 0.77 0.74
11/2002 versus 03/2003 1.96 1.95 1.55 0.69
03/2003 versus 05/2003 0.47 1.05 0.87 0.58
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Fig. 4 Gravity variations derived from hydrology models WGHM, H96 and LaD (ℓmax= 10) at the Moxa station, Germany

Table 3 Correlation between SG, GRACE (GFZ and UTCSR solutions) and hydrology model

MO WE VI ME SU WU MA

CSG−GFZ10 0.63 0.58 0.17 0.74 0.3 0.61 0.73
(0.34) (0.56) – (0.58) (0.3) - -

CSG−GFZ15 0.4 0.66 −0.22 0.45 −0.46 0.32 0.57
CSG−GFZ20 0.13 0.65 −0.18 0.39 −0.42 0.49 −0.14
CSG−CSR10 0.32 0.75 −0.21 0.74 0.54 0.45 0.44
CSG−WGHM 0.74 0.67 −0.56 0.82 0.4 0.47 −0.13
CSG−H96 0.52 0.84 −0.71 0.7 0.72 0.54 −0.5
CSG−LaD 0.73 0.43 −0.47 0.89 0.38 0.45 0.5
CGFZ10−WGHM 0.79 0.8 0.8 0.88 0.02 0.91 0.33
CGFZ10−H96 0.52 0.61 0.7 0.8 0.75 0.94 −0.48
CGFZ10−LaD 0.53 0.58 0.69 0.82 0.23 0.91 0.62

possibilities to validate these models in an independent way
are comparisons with the gravity field determined either with
satellite techniques, like GRACE (Schmidt et al. 2005a) or
with SG, as in this study.

The deviations of the three models (Fig. 4) show the diffi-
culties in modelling the gravity effect based on global hydrol-
ogy models. A comparison between hydrology models, SG
and GRACE gravity variations does not indicate any hydrol-
ogy model that fits best everywhere. Depending on the SG
location, one of the models matches SG and/or GRACE at
best (Table 3; shown later).

6 Comparison of SG, GRACE and hydrology
model-derived gravity variations

We did not select all possible stations available in the GGP
SG network in this study, but rather focussed on selected
sites with specific conditions (availability in the same time
period, geographical distribution to sample different conti-
nental water storage cases, small noise level in the data).

Within the selected time period from April 2002 to Novem-
ber 2003, the SG gravity data from these sites were processed
according to the procedure in Sect. 4.2. Only for the MO, WE
and ME sites, the local groundwater level correction δggwl
was performed. The measured groundwater level variations

at the SU site are very small and show no correlation to the
gravity signal. At the VI, WU and MA sites, no groundwater
level data were available.

For comparison, the monthly averages of the gravity vari-
ations δgmSG (Eq. 9) are used. The assigned GRACE values
δgmG are taken from the monthly global gravity field solu-
tions calculated for the coordinates of the selected SG sites
(Eq. 7). Because of the reduction due to Earth and ocean
tides, pole tide and atmosphere, the remaining time vari-
able gravity effects are mainly caused by continental large-
scale hydrology. Eleven monthly solutions from GFZ and 14
solutions from UTCSR were available for the same period
at ISDC of GFZ (http://isdc.gfz-potsdam.de/grace). For the
SG sites, hydrology model-derived gravity variations δgmHM
(Eq.15) have also been calculated. Figure 5 summarizes the
results. The error bars on the SG gravity (δgmSG) do not
represent measurement errors; they show the variations of
gravity within the respective month.

In order to demonstrate the agreement of the different
data series, the correlation coefficients between δgmSG
and δgmG_GFZ10 (CSG−GFZ10), δgmG_GFZ15 (CSG−GFZ15),
δgmG_GFZ20 (CSG−GFZ20), δgmG_UTCSR10 (CSG−UTCSR10),
δgmSG and δgmHM_WGHM(CSG−WGHM), δgmHM_H96
(CSG−H96), δgmHM_LaD (CSG−LaD), δgmGFZ10 and
δgmHM_WGHM (CGFZ10−WGHM), δgmHM_H96 (CGFZ10−H96),
δgmHM_LaD (CGFZ10−LaD) have been calculated (Table 3, in
parentheses are correlation coefficients without groundwater
level correction).



1 0 J. Neumeyer et al.

Fig. 5 Gravity variations from SG, GRACE and H96-model (δgm) at SG sites MO, WE, VI, ME, SU, WU, MA

It should be taken into account that the correlation
computation is based on 11 (GFZ solution) or 14 (UTCSR
solution) data points only, meaning that the degree of
freedom can be at most 14 (in statistical applications of
the correlation, degree of freedom of several hundreds is no
exception). Hence, the computed values of the correlation
coefficient should be considered as rather insignificant in a
statistical sense. However, they give an objective measure

of how similar the two curves look (opposed to a subjective
estimate of a viewer). Further, it should not be forgotten that
the correlation compares only the forms, giving no informa-
tion about the relation of magnitudes. Such an approach is
legitimate, since the scale of some of the models used for
physical quantities is rather uncertain. This holds in the first
place for global hydrology models, Sect. 5.3 and especially
Table 2.
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For all SG locations, the GRACE solutions of GFZ
δgmGGF710 and UTCSR δgmGUTCSR10 are relatively close
to each other. Differences may be caused by different pro-
cessing procedures (see Sect. 4.1). The agreement between
GRACE, SG and hydrological model-derived gravity varia-
tions is different depending on the site. This expresses the
uncertainties of all three data series.

According to Table 3, the correlation coefficients between
δgmSG and δgmG lie above the level of 0.5 for all SG sites
except VI, CSG−GFZ10 for the stations MO, WE, ME, WU and
MA and CSG−UTCSR10 for WE, ME and SU. However, the
correlation coefficients CSG−GFZ10 are small for VI and SU or
CSG−UTCSR10 for MO, WU. Of all SG sites, VI has the lowest
correlation for the GFZ and a negative correlation for the UT-
CSR solution. This may be caused by an unconsidered hydro-
logical signal or an SG instrumental problem. Therefore, the
data for this station are not suitable for comparison at pres-
ent. The low correlation for the SU station is mostly caused
by the large gravity signals in August 02 (δgmG−GFZ10) and
September 2002 and February 2003 (δgmG−UTCSR10). The
reason for this is unknown.

For the MO station, the SG data are also corrected for
groundwater level changes. However, we could not consider
a hydrological portion caused by rainfall and changing soil
moisture above the SG, because the site is located in a moun-
tain tunnel. This portion may influence the reduction of the
hydrological signal (Kroner 2001).

The effect of the local groundwater level reduction is
shown for MO, WE and ME (Fig. 5 yellow curves). SG vari-
ations are far too large without reduction of the groundwater
level effect δggwl for WE. After reduction of δggwl there is a
better agreement (CSG−GFZ10 = 0.58, CSG−UTCSR10 = 0.75,
CSG−H96 = 0.84). All data series match each other well. For
ME and MO, we also obtain a better agreement with the
gravity variations from GRACE and hydrological models af-
ter reduction of the groundwater level changes and also the
correlation coefficients become higher (Table 3). For SU, this
influence is negligible. The SG gravity variations at WU and
MA are larger than those of GRACE and a hydrology model.
Groundwater level variations, which were not available, are
suspected as a possible cause for this.

The correlation of SG and hydrological models are differ-
ent depending on the model. The best fits are at MO location
for WGHM; WE, SU and WU locations for H96; ME and
MA locations for LaD. Correlations between SG and best-
fitted hydrological models are higher than those of SG and
GRACE for MO, WE, ME and SU. We got similar results for
the correlation of GRACE and hydrological models.

According to Sect. 2 the spherical harmonic coefficients
have been calculated up to ℓmax=10 for the GRACE solu-
tions. In Fig. 5, ℓmax is increased to 15 (1,330 km) and 20
(1,000 km) for VI and WU. For ℓmax =15 an agreement is
still present, while for ℓmax=20 the deviations become larger.
The correlation coefficients CSG−GFZ15 and CSG−GFZ20 are
smaller than CSG−GFZ10 (Table 3) and they lie just above the
0.5 level for WE (ℓmax =15 and 20) and MA (ℓmax =15). From
this results it follows that the GRACE solution delivers the

best result for comparison with SG measurements at ℓmax=
10 – 15 (Fig. 1).

7 Conclusions

Our comparison shows quite a good agreement among SG,
GRACE and hydrology model-derived gravity variations;
within their estimated error limits for most of the selected SG
locations. The individual discrepancies may give suggestions
for further investigations of each data series.

For improving the combination of the different data sets,
the following recommendations can be given:

• All SG sites should be equipped with groundwater table,
soil moisture and rain gauges for better modelling of the
local hydrological gravity effect;

• For each SG station, a local hydrology model based on real
data should be developed;

• Only SG sites where the local hydrological gravity effects
can be well modelled are recommended for validation of
GRACE and global hydrology models.

For further validation experiments, field SG measurements
should be carried out in areas with large or very small gravity
variations, for example the Amazon area in South America,
where seasonal gravity changes can be observed in the order
of some 10µgal or in the Atacama desert (Chile) where only
a very weak hydrology signal is to be expected.

The deviations of the different data sets cannot presently
be explained completely. There are still open questions, for
example, why gravity variations derived from global hydrol-
ogy models do not fit to SG and GRACE results for the Mat-
sushiro site? What happened on August 2002 to the GRACE
solution at Sutherland site? To answer these questions in full,
investigations on longer data sets are necessary.
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