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Abstract.  Degree-2 spherical harmonic coeffi-
cients of the surface mass density determined from 
independent GRACE, SLR, GPS, and Earth rotation 
measurements are compared to each other and to a 
model of the surface mass density obtained by 
summing the contributions of atmospheric pressure, 
ocean-bottom pressure, land hydrology, and a mass-
conserving term. In general, the independent meas-
urements are found to be quite consistent with each 
other and with the model, with correlations being as 
high as 0.87 and with the model explaining as much 
as 88% of the observed variance. Of the different 
measurements, SLR agrees best with the modeled 
degree-2 zonal coefficient, Earth rotation with the 
modeled (2,1) sine coefficient, and GRACE with 
the other modeled degree-2 coefficients although 
GPS agrees nearly as well as GRACE with the 
modeled (2,1) cosine coefficient. Thus, each meas-
urement technique contributes to understanding the 
degree-2 surface mass density of the Earth. 
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1  Introduction 
 
The rearrangement of mass within the surficial fluid 
layers of the Earth, including the atmosphere, 
oceans, and water, snow and ice stored on land, 
causes the Earth’s gravitational field to change, 
causes the Earth’s rotation to change by changing 
the Earth’s inertia tensor, and causes the Earth’s 
shape to change by changing the load acting on the 
solid, but not rigid, Earth. Large-scale changes in 
the Earth’s gravitational field have been measured 
for more than two decades by satellite tracking and 

more recently by the CHAMP and GRACE satellite 
missions. Changes in the Earth’s rotation have been 
measured since the 1970s by the space-geodetic 
techniques of satellite and lunar laser ranging (SLR 
and LLR) and very long baseline interferometry 
(VLBI) and more recently by the global positioning 
system (GPS). GPS can also be used to measure 
large-scale changes in the Earth’s shape by pre-
cisely positioning the sites of a global network of 
ground-based GPS receivers. On time scales of 
months to a decade, loading of the solid Earth by 
surface fluids dominates the observed variations in 
each of these three fundamental geodetic quantities 
(gravity, rotation, and shape). Since these three 
quantities all change in response to the same 
changes in surface mass load, observations of these 
quantities must be consistent with each other.  

Here we investigate temporal variations in the 
degree-2 spherical harmonic coefficients of the sur-
face mass density, which corresponds to temporal 
variations in (1) the Earth’s ellipsoidal shape, (2) 
the strongest harmonic coefficient of the Earth’s 
gravitational field, and (3) the only coefficient that 
relates to the Earth’s moment of inertia and hence to 
its rotation in space. Thus we choose to investigate 
degree-2 coefficients because they present the best 
opportunity to test the consistency between three 
fundamentally different measurement techniques 
and with the largest-scale models of the Earth.  

 
 
2  Stokes Coefficients and Surface 
Mass Density 
 
The gravitational potential U(ro) of the Earth can be 
expanded in spherical harmonics in the usual geo-
detic manner as (e.g., Kaula 1966): 
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where ro(ro, o, o) is some external field point, G is 
the gravitational constant, M is the mass of the 
Earth, a is some reference radius that is less than ro 
and which is taken here to be the radius of the 
Earth, and the ˜ P lm  are the 4 -normalized associated 
Legendre functions of degree l and order m. The 
dimensionless expansion coefficients Clm and Slm 
are known as Stokes coefficients and are the nor-
malized multipole moments of the Earth’s density 
field (r) (e.g., Chao and Gross 1987): 
 
Clm + i Slm =  

(1+ kl ' ) 
Klm
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where the integral extends over the volume Vo of 
the Earth, the Ylm are the fully normalized surface 
spherical harmonic functions, the kl' are the load 
Love numbers of degree l, and the Klm are normali-
zation factors: 
 

Klm  =  ( 1)m  2
2l +1

 (2 m0)  (3) 

 
From equation (2), changes in the Stokes coeffi-

cients caused by changes in density that are concen-
trated in an infinitesimally thin layer at the surface 
of the Earth can be written in terms of changes in 
the surface mass density ( , ) as:  
 
Clm + i Slm =  

(1+ kl ' ) Klm
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where the integral extends over the surface o of 
the Earth. When the change in surface mass density 
is expressed as a change in the pressure p( , ) 
that is acting on the surface of the solid Earth by 

( , ) = p( , ) / g, then equation (4) becomes: 
 
Clm + i Slm =  

(1+ kl ' ) Klm
a2

Mg
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where g is the gravitational acceleration that has 
been assumed here to be constant over the surface 
of the Earth. 

By expanding the surface mass density in the un-
normalized spherical harmonics used by Blewitt 
and Clarke (2003), equation (4) can be used to re-
late changes in the spherical harmonic coefficients 
of the surface mass density lm to changes in the 
Stokes coefficients as: 
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where the Nlm are normalization factors: 
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The above equations will be used below to infer 

changes in the degree-2 spherical harmonic coeffi-
cients of the surface mass density from measured 
changes in the degree-2 Stokes coefficients. They 
will also be used to determine the degree-2 coeffi-
cients of the surface mass density from models of 
atmospheric surface pressure, ocean-bottom pres-
sure, and continental water storage. 
 
3  Models of Surface Mass Density 
 
Models of the mass density of the surface geophysi-
cal fluids are used to help assess the consistency of 
the measurements. The particular models used are 
described in this section. The sum of these models 
will be compared to measurements in Section 4. 
 
3.1  Atmospheric Surface Pressure 
 
The atmospheric surface pressure series used here is 
from the National Centers for Environmental Pre-
diction / National Center for Atmospheric Research 
(NCEP/NCAR) reanalysis project (Kalnay et al. 
1996). Changes in the degree-2 spherical harmonic 
coefficients of the gravitational potential caused by 
changes in surface pressure were computed using 
equation (5) by assuming an inverted barometer 
response of the oceans to the imposed surface pres-
sure variations. The inverted barometer response of 
the oceans was computed by replacing the atmos-
pheric pressure at each oceanic grid point with the 
mean atmospheric pressure calculated over the do-
main of the global oceans.  



 
 

Degree-2 coefficients of the surface mass density 
were computed from the degree-2 coefficients of 
the gravitational potential using equation (6). In 
order to match the temporal resolution and sampling 
interval of the GRACE measurements, 30-day aver-
ages of the 6-hour values were first formed and then 
the 30-day values were linearly interpolated to the 
epochs of the GRACE measurements. The final 
values for the modeled degree-2 variations in sur-
face mass density caused by atmospheric surface 
pressure variations were obtained by detrending the 
interpolated values by removing just the mean and 
the trend that was determined from a simultaneous 
least-squares fit for a mean, a trend, and periodic 
terms having frequencies of 1 cycle per year (cpy), 
2 cpy, and 3 cpy.  
 
3.2  Ocean-Bottom Pressure 
 
The ocean-bottom pressure series used here is from 
a data assimilating oceanic general circulation 
model that was run at the Jet Propulsion Laboratory 
(JPL) as part of their participation in the Estimating 
the Circulation and Climate of the Ocean (ECCO) 
consortium (Stammer et al. 2002). The model was 
forced with twice daily wind stress and daily sur-
face buoyancy fluxes from the NCEP/NCAR 
reanalysis project and was constrained by in situ 
and satellite data including expendable bathyther-
mograph data and altimetric measurements of sea 
surface height. The ECCO/JPL series designator of 
this model run is kf049f. 

Atmospheric surface pressure was not used to 
force the ocean model. Instead, the response of the 
oceans to changes in surface pressure has been 
taken into account here when modeling the effects 
of atmospheric pressure variations (see Section 3.1). 

Since the ocean model is formulated under the 
Boussinesq approximation it conserves volume 
rather than mass. Artificial mass variations caused 
by this approximation have been removed here by 
computing the effect on the bottom pressure of a 
spatially uniform layer added to the sea surface that 
has just the right fluctuating thickness to a posteri-
ori impose mass conservation (Greatbatch 1994).  

Like the atmospheric surface pressure series, 
changes in the degree-2 spherical harmonic coeffi-
cients of the gravitational potential caused by 
changes in ocean-bottom pressure were computed 
using equation (5). Degree-2 coefficients of the 
surface mass density were computed from the de-
gree-2 coefficients of the gravitational potential 

using equation (6). In order to match the temporal 
resolution and sampling interval of the GRACE 
measurements, 30-day averages of the 12-hour val-
ues were first formed and then the 30-day values 
were linearly interpolated to the epochs of the 
GRACE measurements. The final values for the 
modeled degree-2 variations in surface mass density 
caused by ocean-bottom pressure variations were 
obtained by detrending the interpolated values. 
 
3.3  Land Hydrology 
 
The land hydrology model used here is the Euphra-
tes version of the Land Dynamics (LaD) model of 
Milly and Shmakin (2002). This model consists of 
gridded values of the surface mass density of snow, 
root-zone soil water, and groundwater given at 
monthly intervals from January 1980 to May 2005. 
The sum of the individual snow, soil water, and 
groundwater mass densities is used here. 

Changes in the degree-2 spherical harmonic co-
efficients of the gravitational potential caused by 
the total continental water storage was computed 
using equation (4) and degree-2 coefficients of the 
surface mass density were computed from the coef-
ficients of the gravitational potential using equation 
(6). The resulting monthly degree-2 surface mass 
density values of the continental water were linearly 
interpolated to the epochs of the GRACE measure-
ments and then detrended. 
 
3.4  Global Surface Mass Conservation 
 
Since mass can neither be created nor destroyed, the 
total mass of the atmosphere, oceans, and continen-
tal water must be a constant. Of course, the mass of 
an individual component of the surface geophysical 
fluids like the atmosphere can change as water in its 
various phases cycles through it. But the total mass 
of all components must be a constant. The atmos-
phere and land hydrology models used here capture 
the mass changes in these surface fluids, but the 
ocean model does not. The mass of the ocean model 
used here does not change because it is not forced 
by any mechanism that would cause its mass to 
change. So global mass conservation has been im-
posed here by adding a layer of water to the surface 
of the ocean model of just the right time varying 
thickness to make the total mass of the atmosphere, 
oceans, and water stored on land a constant. 

Since the surface mass density of the land hy-
drology model used here was given at monthly in-



 
 

tervals, the mass-conserving ocean layer was com-
puted at monthly intervals. Changes in the degree-2 
spherical harmonic coefficients of the gravitational 
potential caused by the mass-conserving layer were 
computed using equation (4) and degree-2 coeffi-
cients of the surface mass density were computed 
from the coefficients of the gravitational potential 
using equation (6). The resulting monthly degree-2 
surface mass density values of the mass-conserving 
layer were linearly interpolated to the epochs of the 
GRACE measurements and then detrended. 
 
4  Consistency of Measurements 
 
4.1  GRACE 
 
Temporal variations in the Earth’s global gravita-
tional field have been measured from space by the 
Gravity Recovery and Climate Experiment 
(GRACE) since the spacecraft were launched in 
March 2002 (Tapley et al. 2004). Spherical har-
monic coefficients of the gravitational potential are 
being determined from the GRACE observations by 
each of  the three centers of the GRACE Science 
Data System located at the University of Texas at 
Austin Center for Space Research (UTCSR), the 
GeoForschungsZentrum Potsdam, and the Jet Pro-
pulsion Laboratory. The release-1 (RL01) and re-
lease-4 (RL04) coefficients determined by UTCSR 
have been used here. 

The atmosphere/ocean de-aliasing product has 
been added back to the degree-2 coefficients in or-
der to recover the full gravitational signal. While 
UTCSR removed the effects of the ocean pole tide 
from the RL04 coefficients (Bettadpur 2007), they 
did not remove them from the RL01 coefficients. So 
they were removed here using the self-consistent 
equilibrium ocean pole tide model of Desai (2002). 

Since the UTCSR RL04 coefficients were some-
times given at slightly different epochs than the 
RL01 coefficients, the RL04 coefficients were line-
arly interpolated to the epochs of the RL01 coeffi-
cients. Degree-2 coefficients of the surface mass 
density were then computed from the degree-2 
gravitational field coefficients using equation (6). In 
order to match the duration of the GPS-derived sur-
face mass density series, the GRACE series were 
truncated at May 2005. The 34 monthly coefficients 
spanning April 2002 to May 2005 were then de-
trended.  

Figure 1 displays the resulting degree-2 coeffi-
cients of the surface mass density as measured by 
GRACE, with the UTCSR RL01 coefficients being 

given by the open circles, and the RL04 coefficients 
being given by the filled circles. Also shown as a 
thick solid line is the sum of the models of the de-
gree-2 mass coefficients due to atmospheric surface 
pressure, ocean-bottom pressure, land hydrology, 
and the global mass-conserving ocean layer. Figure 
2 gives the correlations between the observed and 
modeled series, as well as the percentage of the 
observed variance explained by the modeled series. 

With a correlation of 0.83, the (2,0) cosine coef-
ficients of the two GRACE solutions are signifi-
cantly correlated with each other. And while the 
(2,1) and (2,2) sine coefficients are quite similar to 
each other, having correlations of 0.81 and 0.95, 
respectively, there is less agreement between the 
cosine coefficients, with the correlations being 0.40 
and 0.55 between the (2,1) and (2,2) cosine coeffi-
cients, respectively. The (2,1) and (2,2) sine coeffi-
cients also agree much better with the models than 
do the cosine coefficients. For example, the models 
explain 58.9% of the observed variance of the RL04 
(2,1) sine coefficient and have a correlation of 0.78 
with it, but have a correlation of only 0.26 with the 
RL04 (2,1) cosine coefficient and the variance actu-
ally increases when the models are removed. The 
RL04 (2,0) coefficient agrees only slightly better 
with the models than the RL01 coefficient. 
 
4.2  Satellite Laser Ranging 
 
Temporal variations in the low-degree spherical 
harmonic coefficients of the Earth’s gravitational 
field have been determined from laser ranging 
measurements to the Lageos-1 satellite since it was 
launched in May 1976 (e.g., Cheng and Tapley 
2004). Because the zonal degree-2 gravitational 
field coefficient determined in early GRACE solu-
tions was less accurate than that determined by sat-
ellite laser ranging (SLR), and since many users of 
the early GRACE solutions either removed the 
zonal degree-2 coefficient or replaced it with an 
SLR-based coefficient, the GRACE project started 
providing replacement values of the zonal degree-2 
coefficient based upon SLR measurements (Cheng 
and Ries 2007). The replacement values are deter-
mined from ranges to five geodetic satellites 
(Lageos-1, Lageos-2, Starlette, Stella, and Ajisai) 
using procedures and background models consistent 
with those used to determine the UTCSR RL01 
coefficients and are therefore meant to replace the 
zonal degree-2 coefficient of just this solution. The 
degree-2 gravitational field coefficients from SLR 



 
 

used here are these replacement values, with the 
non-zonal coefficients provided to us by Cheng 
(personal communication, 2007) and coming from 
the same SLR solution as the zonal coefficient. 

Since the SLR series used here is meant to re-
place the degree-2 coefficients of the UTCSR RL01 
GRACE solution, it was pre-processed in the same 
manner as the UTCSR RL01 series. The atmos-

phere/ocean de-aliasing product was added back to 
the degree-2 coefficients in order to recover the full 
gravitational signal and the effects of the ocean pole 
tide were removed using the self-consistent equilib-
rium ocean pole tide model of Desai (2002). Since 
the SLR coefficients were sometimes given at 
slightly different epochs than the RL01 coefficients, 
the SLR coefficients were linearly interpolated to 

    Degree-2 Coefficients of Surface Mass Density 
 

 
 
Fig. 1.  Observed and modeled degree-2 spherical harmonic coefficients of the surface mass density. The observed coeffi-
cients are from the GRACE UTCSR RL01 solution (open circles), the GRACE UTCSR RL04 solution (filled circles), 
SLR (stars), GPS (crosses), and Earth rotation (diamonds). The modeled coefficients (solid line) are the sum of those due 
to atmospheric surface pressure, ocean-bottom pressure, land hydrology, and the global mass-conserving ocean layer. A 
mean and a trend have been removed from each of the displayed series. 
 
 



 
 

the epochs of the RL01 coefficients, and they were 
truncated to span the same duration as the RL01 
coefficients. Degree-2 coefficients of the surface 
mass density were computed from the SLR degree-
2 gravitational field coefficients using equation (6), 
and were then detrended. 

The SLR degree-2 surface mass density coeffi-
cients are given by the stars in Figure 1. The SLR 
coefficients agree similarly with the two GRACE 
solutions except for the (2,1) cosine coefficient 
where it agrees much better with the RL01 solution. 
The SLR (2,0) cosine coefficient agrees much better 
with the models than does either GRACE solution, 
with the models explaining 88.3% of the SLR vari-
ance and having a correlation with the SLR of 0.94. 
But the non-zonal coefficients of the GRACE solu-
tions generally agree better with the models than do 
the non-zonal SLR coefficients. 
 

4.3  Global Positioning System 
 
Following the method given by Blewitt and Clarke 
(2003) and using the basis functions of Clarke et al. 
(2007), data from the global network of GPS re-
ceivers as reanalyzed at the Scripps Institution of 
Oceanography (SIO) have been used here to deter-
mine changes in the low-degree and order spherical 
harmonic coefficients of the shape of the Earth’s 
surface, and hence of the surface mass density that 
is causing the shape to change. The resulting de-
gree-2 coefficients of the surface mass density span 
January 1996 to May 2005 at fortnightly intervals.  

In order to match the temporal resolution and 
sampling interval of the GRACE measurements, 
monthly averages of the fortnightly GPS values 
were first formed and then the monthly values were 
linearly interpolated to the epochs of the GRACE 

Degree-2 Coefficients of Surface Mass Density 
(95% significance level of correlation is 0.51) 

 

       (2,0) cosine 

  Models RL01 RL04 SLR GPS EOP  

 Models 1.0 0.62 0.70 0.94 0.88 0.57               greatest correlation between independent measurements 
 RL01 (37.9) 1.0 0.83 0.65 0.61 0.47      greatest correlation with models 
 RL04 (48.5)  1.0 0.73 0.71 0.53  

 SLR (88.3)   1.0 0.87 0.68              (variance of measurement explained by models in percent) 
 GPS (6.1)    1.0 0.60 (greatest variance explained in percent) 
 EOP (25.7)     1.0  

 

       (2,1) cosine      (2,1) sine 

  Models RL01 RL04 SLR GPS EOP  Models RL01 RL04 SLR GPS EOP 

 Models 1.0 0.70 0.26 0.33 0.65 0.46 Models 1.0 0.76 0.78 0.67 0.56 0.78 

 RL01 (44.4) 1.0 0.40 0.52 0.49 0.37 RL01 (55.9) 1.0 0.81 0.56 0.71 0.83 

 RL04 ( 14.4)  1.0 0.03 0.19 0.59 RL04 (58.9)  1.0 0.53 0.61 0.81 

 SLR ( 5.9)   1.0 0.03 0.07 SLR (42.4)   1.0 0.53 0.60 

 GPS (38.1)     1.0 0.40 GPS (30.2)    1.0 0.56 

 EOP ( 14.9)     1.0 EOP  (61.0)     1.0 

 

       (2,2) cosine      (2,2) sine 

  Models RL01 RL04 SLR GPS   Models RL01 RL04 SLR GPS 

 Models 1.0 0.40 0.74 0.26 0.59  Models 1.0 0.93 0.92 0.82 0.60 

 RL01 (16.2) 1.0 0.55 0.34 0.18  RL01 (69.2) 1.0 0.95 0.83 0.61 

 RL04 (51.4)  1.0 0.45 0.43  RL04 (75.9)  1.0 0.85 0.64 

 SLR (5.0)   1.0 0.09  SLR (61.9)   1.0 0.63 

 GPS (15.2)     1.0  GPS (29.1)    1.0 

 

Fig. 2.  Zero-lag correlation between the various observed degree-2 surface mass density coefficients and with the mod-
eled coefficients. For each coefficient, the greatest correlation between the observed and modeled series is given in bold, 
while that between the independently observed series is given in bold italics. Shown in parentheses is the percentage of 
the observed variance explained by the models, where for each coefficient the greatest variance explained is given in bold. 
A negative value for the variance explained is obtained when the variance increases when the modeled series is removed. 
 
 



 
 

measurements. The GPS degree-2 surface mass 
density coefficients were then detrended.  

The GPS degree-2 surface mass density coeffi-
cients are given by the crosses in Figure 1. The 
(2,2) sine and cosine coefficients from GPS have 
greater variability than the GRACE or SLR coeffi-
cients, but the other degree-2 coefficients have 
similar variability. The (2,1) cosine coefficient from 
GPS agrees nearly as well with the models as does 
the GRACE RL01 coefficient. 
 
4.4  Earth Rotation 
 
The observed Earth orientation series used here is 
the COMB2005 combined series of Gross (2006). 
Prior to using Earth orientation measurements to 
study surface mass loads, other sources of excita-
tion should be removed from the measurements. 
Solid Earth and ocean tidal effects have thus been 
removed from the COMB2005 excess length-of-day 
values using the models of Yoder et al. (1981) and 
Kantha et al. (1998), respectively. The effects of the 
termensual (9.12- and 9.13-day), fortnightly (13.63- 
and 13.66-day), and monthly (27.55-day) ocean 
tides have been removed from the COMB2005 po-
lar motion excitation series using the model of 
Gross et al. (1997). The effects of atmospheric 
winds have been removed using the wind angular 
momentum series (Zhou et al. 2006) obtained from 
the International Earth Rotation and Reference Sys-
tems Service (IERS) Special Bureau for the Atmos-
phere (Salstein 2003) that was computed from the 
wind fields of the NCEP/NCAR reanalysis project. 
The effects of oceanic currents have been removed 
using the current angular momentum series (Gross 
et al. 2005) obtained from the IERS Special Bureau 
for the Oceans (Gross 2003) that was computed 
from the currents of the ECCO/JPL data assimilat-
ing ocean model kf049f. And decadal-scale varia-
tions in length-of-day, caused predominantly by 
core-mantle interactions, have been removed by 
applying a highpass filter with a cutoff period of 4 
years. The same highpass filter was applied to the 
polar motion excitation values in order to remove 
their decadal variations. 

In order to match the temporal resolution and 
sampling interval of the GRACE measurements, 30-
day averages of the daily Earth orientation values 
were first formed and then the 30-day values were 
linearly interpolated to the epochs of the GRACE 
measurements. Degree-2 zonal and (2,1) sine and 
cosine coefficients of the surface mass density were 

computed from the length-of-day and polar motion 
excitation series using equations (11-12) of Gross et 
al. (2004). The surface mass density coefficients 
were then detrended. 

The degree-2 surface mass density coefficients 
from Earth rotation measurements are given by the 
diamonds in Figure 1. They are in good agreement 
with the other measurements and agree better with 
the modeled (2,1) sine coefficient than the other 
measurements. 
 
5  Discussion and Summary 
 
Degree-2 coefficients of the surface mass density 
determined from GRACE, SLR, GPS, and Earth 
rotation measurements have been compared to each 
other in order to assess their consistency. Depend-
ing on the particular degree-2 coefficient, the corre-
lations between independent measurements range 
from a low of 0.03 [between the SLR and UTCSR 
RL04 measurements of the (2,1) cosine coefficient] 
to a high of 0.87 [between the SLR and GPS meas-
urements of the degree-2 zonal coefficient]. While 
the correlation between the UTCSR RL01 and 
RL04 measurements of the (2,2) sine coefficient is 
higher at 0.95, these measurements are both based 
on GRACE observations and are therefore not inde-
pendent of each other. The worst agreement be-
tween the measurements is found for the (2,1) co-
sine and (2,2) cosine coefficients where the correla-
tions between the measurements are usually less 
than the 95% significance level of 0.51. 

The measurements were also compared to the 
sum of the models of the degree-2 mass density 
coefficients of atmospheric surface pressure, ocean-
bottom pressure, land hydrology, and a global mass-
conserving ocean layer. The SLR measurements 
were found to agree best with the modeled degree-2 
zonal coefficient, the Earth rotation measurements 
with the modeled (2,1) sine coefficient, and the 
GRACE measurements with the other modeled de-
gree-2 coefficients although the GPS measurements 
agree nearly as well as the GRACE measurements 
with the modeled (2,1) cosine coefficient. Except 
for the (2,1) cosine coefficient, the GRACE UTCSR 
RL04 solution was found to agree as well or better 
with the models than the RL01 solution.  

In conclusion, we find that three fundamentally 
different measurement techniques (based on grav-
ity, geometry, and rotation) give mutually consis-
tent results that agree well with large-scale models 
of mass redistribution near the Earth’s surface. We 
therefore expect all three techniques to contribute to 



 
 

future understanding of global-scale redistribution 
of surface mass.  
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