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ity field and its variations with unprecedented preci-
sion[6,7]. The variations of the global land water storage 
can be inversely estimated through the harmonic poten-
tial coefficients of the Earth’s temporal gravity fields[8]. 
Due to the largely accumulated errors in the harmonic 
coefficients of high degrees, however, only the low de-
gree gravity field can be accurately determined. Jekeli 
developed a smoothing function to obtain the mean val-
ue with a given spatial resolution[9], which has been 
widely used for the GRACE-inversed water distribution. 
By this approach, only a resolution of several hundred 
kilometers can be achieved for the GRACE-inversed 
water distribution. Consequently, only the land water 
storage and its variations on large spatial scale can now 
be accurately determined. 

Crossley et al.[10] pointed out that high precision ground-    
based gravimetry can calibrate the gravity changes de-
rived from the GRACE on ground and validate the re-
liability of GRACE gravimetry. Because the SG (Su-
perconducting Gravimeter) has broad dynamic linear 
measure range, high precision of 10−10 m s−2 and low 
drift rate of 10−8 m s−2 a−1 and high stability, it can detect 
the gravity changes on time scale from several seconds 
to several years and make it possible to monitor tiny 
signals induced by geodynamics[11,12]. As a result, the 
GGP (Global Geodynamic Project) was founded by the 
group of the SEDI, IUGG (Studies of Earth’s Deep Inte-
rior, International Union of Geodesy and Geophysics)[13]. 
This project started in July, 1997. It is based on global-
ly-distributed SGs manufactured by GWR company. In 
the SGs, there are identical central sensors and identical 
data filters and data gathering systems and identical 
sampling rates. The same data processing technique and 
analysis method are recommended by the GGP to obtain 
the tidal parameters in different frequency bands and to 
avoid artificial or technique-induced errors. 
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This project benefits us to investigate geodynamic  

phenomena on large spatial scale as well as regional or 
local gravity changes. With the accumulation of SG data, 
the long-term gravity changes due to variations of land 
water storage are at present feasible to be investigated. 
Boy et al. studied the seasonal gravity changes and 
showed that, after removal of tides and polar motion 
effects and atmosphere and nontidal ocean loading from 
observations, the residuals are highly correlated to the 
land water loading on seasonal time scale[14]. A similar 
conclusion was also drawn by Sato et al.[15]. Neumeyer 
et al. also calculated the effects of land water loading on 
gravity using harmonic expansion method and investi-
gated the difference between the results derived from 
different hydrological models [16]. They showed that the 
fact that there is significant discrepancy in current hy-
drological models and the gravity observations could 
provide constraint to the hydrological model[16]. As a 
result, combination of the ground- and space-based 
gravity observations will be one resource to be used to 
validate the reliability of the global hydrological model. 

At present, using temporal gravity variations derived 
from the GRACE as well as from 7 SGs and air pressure 
observations at GGP stations and global hydrological 
models and nontidal ocean model, the relation between 
residuals and land water loading is investigated to vali-
date the reliabilities of the global hydrological models. 
In the investigation, only the gravity changes induced by 
land water are remained, other effects such as tides, at-
mosphere and nontidal ocean loading and polar motion 
are removed. 

1  Processing of ground-based gravity 
observations 

The information of the observations at 7 stations is listed 
in Table 1. The preprocessing on the original observa-
tions is carried out by Tsoft software, which includes 
removing the wrong data such as spikes, steps and gaps  

 
Table 1  Information of SG observations 

Station/country Time band of data Standard deviation (10−9 m s−2) Atmosphere-gravity admittance (10−11 m s−2 Pa−1)
Wetzell/Germany 2000-01-01―2005-06-30 0.693 −1.78 
Vienna/Austria 1998-01-01―2004-12-31 0.559 −2.76 
Canberra/Australia 1998-01-01―2004-12-31 0.996 −3.09 
Medicina/Italy 1998-01-01―2005-06-30 0.799 −2.65 
Membach/Belgium 1998-01-01―2005-06-17 0.890 −2.78 
Sutherland/South Africa 2000-10-23―2005-01-01 0.950 −2.38 
Tigo/Chile 2002-12-05―2005-05-30 1.181 −2.65 
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and modifying the observations using remove-restore 
technique to obtain time series with disturbances re-
moved and filtering the observations from minutely-    
sampled series to hourly-sampled ones[17]. 

The observations consist of tides  as well as 
nontidal signal  and background noise 

tidey
( )N t ( )tε  and 

drift  which can be represented by( ),d t [18]  

  (1) obs tide( ) ( ) ( ) ( ) ( ),ε= + + +y t y t N t d t t

where  is mainly comprised of meteorological and 
hydrological effects and polar motion effects. The tides 

 can be represented by 

( )N t

tidey

 tide cos( ),δ ω φ ϕ= +∑ ∑i j j j i
i j

y A t +  (2) 

where  are tidal group index and tidal constituent 
index in corresponding tidal group, respectively. 

,i j

j, ,j jA ω φ  are amplitude, angular frequency and initial 

phase of one constituent, respectively, and ,i iδ ϕ  are 
the amplitude factor and phase lead of one tidal group, 
respectively. From the hourly-sampled series, the equa-
tion group can be constructed through eq. (1). And 
through solving this equation group by least square me-
thod, the tidal parameter can be obtained. At present, the 
international standard harmonic analysis software of 
ETERNA is used to obtain the tidal parameters and error 
estimations[19]. 

To investigate the land water loading in gravity 
changes, the other signals should be removed. First, the 
tides are removed using synthetic tides which are con-
structed by amplitude factor and phase lead obtained by 
harmonic analysis through eq. (2). Comparing with the 
theoretical Earth’s tides, using the synthetic tides has 
some advantages. For example, it can better remove the 
diurnal and semi-diurnal tides which have dominant 
energy in tides. Moreover, the ocean tide loading has the 
same frequency as the Earth’s tides, which is one part of 
the synthetic tides. Therefore, the ocean tide loading 
needs not being removed individually. In addition, the 
gravity changes due to Earth’s rotation changes are re-
moved. As we know, the changes of Earth’s rotation 
(polar motion and changes of length of day) will result 
in the centrifugal potential variation and consequently 
the gravity variation. The previous studies show that the 
high precision SG observations could obviously detect 
the gravity changes induced by polar motion[20―22]. Wahr 

once put forward an equation in calculating the gravity 
changes induced by polar motion (in unit of 10−8 m 
s−2)[20]: 
 6

1 2( , ) 3.9 10 sin 2 ( cos sin ),g m mδ θ λ θ λ λ= − × +  (3) 
in which θ  and λ  are co-latitude and longitude of the 
station of interest, respectively, m1 and m2 are two para-
meters representing polar motion. It is noted that m1 
orients to 0 meridian and m2 orients to 90°E meridian. 
The effects of changes of length of day could be neg-
lected because they are two orders in magnitude smaller 
than those of polar motion[20]. The changes of Earth’s 
rotation result in the changes not only of gravity but also 
of ocean. Like ocean tides, the ocean surface changes 
due to polar motion also induce gravity changes. How-
ever, recent studies show that the observed amplitude 
factor of gravity induced by polar motion is about 1.18 
and the difference from the theoretical value of 1.16 was 
caused by ocean polar tides[23]. This shows that the dif-
ference is about 2%. The gravity changes induced by 
polar motion are about 100×10−9 m s−2 in magnitude. 
Therefore, the difference in gravity is about 2×10−9 m s−2. 
This effect is also much smaller than the effect of polar 
motion and consequently it could be neglected. That is 
to say, eq. (3) holds at present. 

2  Seasonal change of gravity 

After removing the synthetic tides and polar motion in-
duced gravity, the residuals have obvious seasonal 
changes (see Figure 1), which mainly consist of annual 
and semi-annual variations. They are caused by global 
mass transportation, especially by the annual and 
semi-annual variations of the global cycle of atmosphere 
and ocean and land water. 

The previous studies showed that, after removal of 
synthetic tides and gravity induced by polar motion, the 
negative correlation between residuals (downward posi-
tive) and air pressure changes at station was obvious. 
Therefore the local air pressure at station can be used to 
carry out atmosphere loading correction. Boy et al. 
showed that the difference between corrections using 
global air pressure model and using local air pressure 
was small[24]. Hence, the air pressure at station is used to 
correct atmosphere loading here. The atmosphere-grav-    
ity admittances for the stations are listed in Table 1.  

Nontidal ocean loading effects are large over coastal 
areas while the effects in inland area are very small.  
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Figure 1  The processing and corrections on observations at station Tigo. 

 
Figure 1 provides the effects of nontidal ocean loading 
on gravity at coastal station of Tigo. The effects are es-
timated by loading theory developed by Farrell[25]. In 
calculations, ocean bottom pressure data, which directly 
represent the load acting on ocean bottom, are trans-
ferred to equivalent water height through 

 ,Ph
gρ

=  (4) 

in which g is the gravity acceleration at ocean bottom, 
taken the value 9.8 m s−2, ρ is the density of sea water. 
From the convolution between Green’s function and 
water height 
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 2( , ) ( ) ( , )sin d d ,
S

Lg R G hθ λ ρ ψ θ λ θ θ′ ′ ′ ′ ′= ∫∫ λ  (5) 

the effects of nontidal ocean loading can be estimated. In 
eq. (5), R is the Earth’s mean radius, ,θ λ′ ′  are 
co-latitude and longitude of the grid point, ψ is angular 
distance from grid point to station, and S is ocean area. 
The Green’s function has the form  

 2
0

( ) { ( 1) 2 } (cos ),n n n
n

fG n n k h P
R

ψ ψ
∞

=

′ ′= − + + −∑  (6) 

where f is gravitational constant and nP  is Legendre 
polynomial. The ocean bottom pressure data come from 
ECCO (Estimating the Circulation and Climate of the 
Ocean, http://ecco.jpl.nasa.gov), which are globally dis-

tributed with latitude range from 79.5°S to 79.5°N. The 
spatial resolutions are from 1°×1° in polar area to 
0.3°×0.3° in the equator. The data are interpolated to 
1°×1° grid in calculations, and the temporal resolution is 
12 hours. 

After the atmosphere and nontidal ocean loading ef-
fects are removed, the residuals are mainly comprised of 
land water loading effects. Hence, through comparing 
residuals with the gravity changes calculated by the hy-
drological model, the reliability of the hydrological 
model can be validated. At present, the effects of land 
water loading are estimated by the same method as the 
one for nontidal ocean loading estimation except for that 
the area of the integral is continent. S

In our study, two hydrological models are used. The 
models give the equivalent water height. LaD (Land 
Dynamics) was constructed in terms of water balance 
and energy balance and assimilation of varieties of ob-
servations which are used as constraints to model. The 
observations include shortwave and longwave radiations, 
total precipitation, surface pressure, near-surface at-
mospheric temperature, humidity and wind speed. The 
spatial and time resolutions of this model are 1°×1° and 
1 month, respectively[4]. GLDAS (Global Land Data 
Assimilation Systems) made use of the new generation 
of ground- and space- based observation systems, which 
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provided data to constrain modeled land surface states. 
Constraints were applied in two ways. First, by forcing 
the land surface models with observation-based meteo-
rological fields, biases in atmospheric model-based 
forcing can be avoided. Secondly, by employing data 
assimilation techniques, observations of land surface 
states can be used to constrain unrealistic model states. 
The spatial and time resolutions of this model are 1°×1° 
and 1 day respectively[5]. Land water is the sum of 
ground water and soil moisture and snow. When using 
these two models, the Antarctic and Greenland are ex-
cluded for difficulties in well estimating the water con-
tent under the secular ice sheets in these areas.  

3  Reduction of GRACE satellite gravity 

The variations of gravity field solved by GRACE satel-
lites observations are represented by potential coeffi-
cients which are mainly contributed by mass change at 
Earth’s surface and mass redistribution in Earth’s inte-
rior due to surface mass loading. The Earth’s tectonic 
movement also contributes the potential coefficients. On 
seasonal time scale, however, the variations of gravity 
field are dominantly induced by global land water 
changes based on the GRACE observations[16]. 

In the calculation of gravity variation induced by land 
water loading, the effects of loading-induced displace-
ment are included, which are represented by the item of 

 in eq. (6). However, they are not included in the 
observations of GRACE satellites. Therefore, to com-
pare the two results mentioned above with each other, 
this item is added to the GRACE results

2 nh′−

[16]. Let be 
the change of direct gravitational potential induced by 
the change of water mass on the Earth’s surface and 
be the GRACE-derived gravity potential, then 

U

W

 

Max Max
'

0 0
1Max

0 0

( , , ) (1 )

[ cos(

 sin( )] (cos ),

n n

n n n
n n

nn n

nm
n m

nm nm

W r W k U

fM R C m
R r
S m P

θ λ

)λ

λ θ

= =

+

= =

= = +

⎛ ⎞= ⎜ ⎟
⎝ ⎠

+

∑ ∑

∑ ∑  

(7)

 

where , ,r θ λ  are spherical coordinates of station, M is 
the mass of Earth, and  is load Love number corres-
ponding to the additional potential induced by mass re-
distribution in the Earth’s interior due to loading, 

 is the maximum degree of potential coefficients 
given by the GRACE-recovered gravity field,  

are potential coefficients of sine and cosine parts with 
degree  and order m, 

nk ′

Maxn
,nm nmC S

n nmP  is fully normalized asso-
ciated Legendre function with degree  and order m, 
which satisfies the following condition: 

n

 
1 2

0 )m1
( ) d 2(2 ,nmP x x δ

−
⎡ ⎤ = −⎣ ⎦∫  (8) 

where ijδ  is Kronecker symbol. In terms of surface 

loading theory, if the gravitational potential of the load-
ing mass is given, then the vertical displacement due to 
loading can be obtained. This displacement is the prod-
uct of equilibrium tidal height and load Love number: 

 ,n
n n

U
H h

γ
′=  (9) 

where γ is the gravity at station, and  is load Love 
number corresponding to vertical displacement. Then 
the formula in calculating the gravity on Earth’s surface 
from gravity potential can be obtained as 

nh′

 

[ ]

Max

2
0

2
( , ) 1

1

cos( ) sin( ) (cos ).

n
n

n n

nm nm nm

hfMg n
kR

C m S m P

θ λ

0

n

m
λ λ θ

=

′⎛ ⎞
Δ = + −⎜ ⎟′+⎝ ⎠

+

∑

=
∑

 (10) 

Now the results from eq. (10) are comparable with land 
water loading gravity or ground-based observations. 

The difference between eq. (10) and the correspond-
ing equation given by ref. [16] is that the denominator of 
displacement item in eq. (10) is  while it is 1 in 
ref. 

1 nk ′+

[16]. At present, the item is derived in terms of the 
definition of load Love number in which the vertical 
displacement is the product of load Love number and 
equilibrium tidal height. However, in ref. [16], it was 
derived in terms of the gravity potential in which the 
vertical displacement is the product of load Love num-
ber and geoidal height. Although the numerical results 
show that the difference is not obvious, the eq. (10) at 
present is more religious than that given in ref. [16].   

In the calculation of gravity from gravity potential 
coefficients, 600 km smoothing radius is used in Gaus-
sian smoothing function[9,26]. And correspondingly, the 
harmonic degree is truncated at 30. The monthly mean 
gravity fields recovered by GRACE are provided by 
GFZ (http://isdc.gfz-potsdam.de)[27]. 
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4  Numerical results and discussions 

As an example, the processing and analysis on observa-
tions at station Tigo are discussed in detail first. In Figure 
1(a), the dash line means residuals after removing syn-
thetic tides from observations. The magnitude of these 
residuals is about 400×10−9 m s−2. The solid line in figure 
1a means the gravity changes induced by polar motion. 
The magnitude of the changes is about 100×10−9 m s−2. 
From the first half of the time band, there is a good 
agreement with each other in phase. This shows that the 
gravity changes induced by polar motion are distinguish-
able in high precision gravity observations. Figure 1(b) 
shows the gravity changes induced by atmosphere loading. 
At station Tigo, the air pressure variations are about 
29×102 Pa in magnitude and correspondingly the gravity 
variations are about 80×10−9 m s−2 derived through the 
admittance. Figure 1(c) gives the gravity variations in-
duced by nontidal ocean loading with magnitude of 
about 10×10−9 m s−2. Because station Tigo is located in 
coastal area, the loading effects will be much smaller 
than this value for inland stations. In Figure 1(d), the 
solid line represents the gravity variations induced by 
land water loading calculated from the hydrological 
model of GLDAS. The magnitude of these variations is 
about 150×10−9 m s−2. The dash line in Figure 1(d) 
means the residuals after removing the effects of polar 
motion and atmosphere and nontidal ocean loading from 
the residuals in Figure 1(a). Comparing the two lines in 
Figure 1(d) with each other, it shows that the residuals 
and the land water loading effects have strong correla-
tion of 0.85, which indicates that the seasonal variations 
of ground-based observations are contributed by local 
water cycle. However, there is discrepancy in magnitude. 
This difference is mainly caused by uncertainty in hy-
drological model and errors in observations and some 
unidentified geodynamic and tectonic processes. The 
numerical test shows that the loading effects estimated 
only from the land water storage among the area around 
the station with radius of 100 km can reach 80% of the 
total loading effects. To reach 95%, the radius of 250 km 
is needed[28]. 

Therefore, after filtering the seasonal variations out 
from the long-term continuous ground-based gravity 
observations and efficiently correcting global or local 
atmosphere loading effects, the residuals may useful to 
inverse local land water storage variations. This will 

provide a reliable way to monitor and investigate the 
local land water storage variations. 

By the same stages, the observations at other stations 
are processed. Similarly, Figure 2 gives the same results 
as in Figure 1(d) except for that the hydrological model 
used here is LaD. For station Membach, in the second 
halves of years 2000 and 2002, there are obvious dis-
crepancies between land water loading effects and resi-
duals. While in other time bands, the two series are in 
good agreement with each other not only in magnitude 
but also in phase. For station Wettzell, the agreement is 
quite obvious between the two series, especially in mag-
nitude. This shows that the observed seasonal variations 
of gravity are caused by the water cycle. Additionally, 
from Figure 2, the observed gravity variations lag those 
calculated from hydrological model by 26 days. This 
phenomenon has been also found in station Wuhan[28]. 
For station Sutherland located in coastal area in 
south-Africa, on seasonal time scale, the agreement be-
tween land water loading effects and residuals is also 
obvious with some exceptions in special time bands 
such as Apr. through Jun. in 2003. For station Vienna, 
the good agreements in magnitude and phase also exist. 
Like station Sutherland, for coastal station Canberra, the 
agreement on seasonal time scale is also distinguishable. 
At Medicina, the SG-obseved results agree well with the 
LaD-derived results in phase while the former differs 
from the latter in magnitude. This implies that, due to 
low spatial resolution of 1°×1° of hydrological model, 
the gravity variations induced by land water loading are 
regional mean values and are not accurate enough to 
interpret gravity changes by the local environmental 
factors at this station. Therefore, the model is ought to 
be refined later. This also provides us with an idea to 
constrain hydrological model with gravity observations.  

As a whole, the residuals of gravity observations 
agree well with the gravity variation induced by land 
water loading, and the seasonal variations of gravity are 
contributed by globally large spatial scale water cycle. 
Nowadays, because the air pressure and ocean and land 
water models do not have high resolutions, and the en-
vironmental noise is difficult to be effectively modeled, 
there are difficulties in investigating high frequency 
signals in gravity residuals and local environmental ef-
fects. This needs to resort to constructions of accurate 
local models. Whereas, the meteorological and hydro-
logical observations near stations will benefit to reliably  



 

 
Figure 2  Comparison between gravity residuals (dash line) and the effects of land water loading on gravity (solid line). 

 
interpret the observed gravity changes. 

In order to compare the GRACE-derived results with 
the land water loading effects, the gravity variations at 
SG stations are calculated through eq. (10) using poten-
tial coefficients of gravity fields recovered by GRACE 
from Feb. 2003 to Jun. 2005, provided by GFZ. Since 
the gravity changes derived from the GRACE are mean 
values with smoothing radius of 600 km, in order to va-
lidate GRACE-derived results, the comparisons with SG 
results and land water loading effects calculated with 
LaD and GLDAS models are carried out, which are 
shown in Figure 3. The SG-observed results and 
GLDAS-derived results are monthly-averaged values. It 
is obvious that the GRACE-derived results agree well 
with the SG-observed results on seasonal time scale. 
Due to different spatial scales, however, there are dis-
crepancies at some stations such as at Tigo in 2003 and 
at Sutherland in 2004 and at Wettzell in 2005. 

The three kinds of results (GRACE, SG, land water 
loading) are in good agreement in 2003 and 2004. Espe-
cially at Membach, the agreement is very obvious. 
While in the first half of year 2005, the agreement is not 
good at some stations. For example, at Sutherland, the 
two results from hydrological models agree well with 
each other and differ from the GRACE-derived results. 
At Canberra, the GRACE-derived results agree well 

with the LaD-derived results while differ from the 
GLDAS-derived results. At Medicina, the results from 
hydrological models are obviously larger than the ob-
served values. It should be noted that, at Vienna, the re-
sults both from the GRACE and SG and from hydrolog-
ical models are in good agreement either in magnitude 
or in phase. This implies that the accuracies of the hy-
drological models around the stations are reliable. 

The gravity changes derived from GRACE are 
smoothed means by a smoothing function with radius of 
600 km, which reflect the effects of water mass migration 
in large region on gravity. Therefore, some local signals 
are impaired. On the contrary, SG-observed gravity varia-
tions include abundant local signals. The environmental 
effects with high frequency are filtered in the monthly 
mean of SG-observed gravity variations while those with 
low frequency are still remained. This means that 
GRACE-derived results are averaged values in time and 
space while the SG-observed results are averaged values 
in time. Hence, the difference between the two results is 
acceptable in special station. This difference is indeed due 
to local effects. However, it is not doubt that the precision 
of the SG is higher than that of the GRACE, which is also 
verified by Table 1. Therefore, after accurately correcting 
the local effects, the SG-observed results can calibrate the 
GRACE-derived results. 
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Figure 3  Comparison of results from SGs and GRACE and hydrological models. 

 

5  Conclusion 

Using SG observations as well as air pressure observa-
tions at 7 GGP stations and global hydrological models 
and nontidal ocean model, the seasonal variations of 
gravity are investigated. The results show that the varia-
tions are directly relevant to global water cycle, which 
contributes the gravity variations. Although the loading 
effects on gravity estimated by the models are different 
from the observations at special station due to the low 
spatial resolution of the models, as a whole, there are 
good agreements between the modeled and observed 
gravity variations. Therefore, the current hydrological 
models are applicable in investigations of geodesy and 
geophysics, especially in those investigations with large 
spatial scale. And the gravity observatory ought to be 
equipped with meteorological and hydrological measure 
facilities so that the gravity observations can be inter- 

preted scientifically.  
The comparisons between the gravity changes caused 

by the land water loading effects and those derived from 
GRACE show that the GRACE gravity measurements 
are efficient for monitoring seasonal variations of land 
water storage, while the local characteristic of gravity 
variations is not obvious due to large spatial scale. Nev-
ertheless, combining the ability of inversing large spatial 
scale water transportation of GRACE and the ability of 
constraining local water transportation of ground-based 
gravity surveying will benefit to investigate regional 
water storage changes. The recently developed monitor-
ing network of the tectonic environment in Chinese 
mainland is a network with high precision in gravity 
measurements. Combining the GOCE satellite gravity 
mission in the future, the network will play an important 
role in studies of the regional gravity fields and water 
storage changes. 
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