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Abstract

The availability of time-dependent global gravity field models like EIGEN-6C or EIGEN-6C2 allows the genera-
tion of GRACE-like geopotential Earth models. The paper introduces an approach to generate those GRACE-like

models using time-dependent global gravity field models. Such GRACE-like models can then be used to estimate,

for example, the Terrestrial Water Storage (TWS) for the months where GRACE data are not available. The paper

gives the necessary derivation of such GRACE-like models from the time-dependent global gravity field models.

GRACE-like models, created by using the time-dependent global gravity field models at the same months where
GRACE data are available, are compared to the original GRACE models. The results proved that the GRACE-like

models give comparable values to the original GRACE models and no loss of spectrum power occurs.

1 Introduction

The widely known satellite mission Gravity Recov-
ery and Climate Experiment (GRACE) has collected
global gravity observations since the year 2002. It of-
fers a perfect possibility to monitor the mass redistribu-
tion within the Earth’s system. This is directly related
to the variation in terrestrial water storage (Wahr et al.,
2004; Tapley et al., 2004).

The GRACE mission has been designed for a nominal
mission lifetime of five years, which lasted for 15 years
now. Some months are dropped from the GRACE
data. The GRACE spacecrafts orbit has decayed by
about 150 km, starting in May 2017 (http://www.csr.
utexas.edu/grace/operations/configuration.html). The
GRACE follow-on mission is being designated.
Accordingly, there is a need for filling in the GRACE
data gaps.

The paper presents an approach to create GRACE-like
geopotential models by using time-dependent global

gravity field models. Among other important usages
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of the created GRACE-like models, they can be used
to fill in the gaps of the original GRACE data.

The nowadays available time-dependent global grav-
ity field models are outlined and discussed. The nec-
essary derivation of computing the monthly average
GRACE-like models from the time-dependent global
gravity field models is given. The GRACE-like mod-
els have been created at the same months where origi-
nal GRACE data are available. A comparison between
the original GRACE and the GRACE-like models is

made and widely discussed.

2  Time-dependent gravity
field models

A number of time-dependent global gravity field mod-
els exist nowadays. We will focus here on two models,
namely the EIGEN-6C model (Forste et al., 2011) and
the EIGEN-6C2 (Forste et al., 2012). For these global
gravity field models, the lower-degree harmonic coef-
ficients, up to degree and order 50, are functions of a

few time-dependent parameters.
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2.1 EIGEN-6C gravity field model

The EIGEN-6C global gravity field model (Forste et
al., 2011) combines the following data sets:

e 6.5 years of LAGEOS (SLR) and GRACE (GPS-
SST and K-band range rate) data from the time span
1.1.2003 till 30.6.2009.

e 6.7 months of GOCE data (Satellite gradiometry
only) from the time span 1.11.2009 till 30.6.2010.

e DTU2010 global gravity anomaly data set (Ander-
sen, 2010) obtained from altimetry and gravimetry

as surface data.

The EIGEN-6C model has a set of time-variable pa-
rameters (gfct, trnd, acos, asin) up to degree and or-
der 50. To compute the values of the time variable fully
normalized spherical harmonic coefficients Gec(7) us-
ing the EIGEN-6C model at a certain epoch ¢, one
needs to apply both the drift parameter trnd as well
as the periodic terms acos and asin as follows (Forste
etal., 2011)

Gec(t) =gfct(to) +trnd x (1 — 1)+
2 o 2wt —1)
+i§i {aszn(z) sin [p(i) } T @

+ acos(i) cos {MS(Z)Q)} } ’

where gfct(t,) is the value of the fully normalized
harmonic coefficient Ggc(2,) at the reference epoch 1,
(o = 1.1.2005), and

p(1) = 1.0year,
p(2) =0.5year.
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2.2 EIGEN-6C2 gravity field model

The EIGEN-6C2 global gravity field model combines
GRACE data for 7.8 years, LAGEOS-1/2 SLR data for
25 years, GOCE data for 350 days and surface data.
The surface data consists of altimetry-derived data in
oceans as well as terrestrial data on land. Three surface
data sets were included in EIGEN-6C2 model. Two of
them are products of the Danish National Space Insti-
tute DTU Space. They are:

e Data set 1: An update of the DTU10 global grav-
ity anomaly data set (Andersen, 2010) which was
obtained from altimetry over the oceans.

e Data set 2: The DTU10 geoid data over the oceans,
obtained from DTU10 MSSH and DOT data.

* Data set 3: Geoid heights over the continents gen-
erated from EGM2008 (Pavlis et al., 2008, 2012).

The EIGEN-6C2 model has also a set of time-variable
parameters (namely, gfct, trnd, acos, asin) up to de-
gree and order 50. To compute the values of the time
variable fully normalized spherical harmonic coeffi-
cients Ggca(t) using the EIGEN-6C2 model at a cer-
tain epoch ¢, one needs to apply both the drift parame-
ter trnd as well as the periodic terms acos and asin as
follows (Forste et al., 2012)

Geca(t) =gfct(to) +trnd x (t —to)+
> . 2wt —10)
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+ acos(i) cos [2"%”] } ,

where g fct(t.) is the value of the fully normalized har-
monic coefficient Ggco(2,) at the reference epoch 7,
(t- = 1.1.2005), and

p(l) =1.0year,
p(2) =0.5year, (2.4)
p(3) =18.6129 year (only for Cap).

It is worth mentioning that the third period p(3) is the
lunar period, which affects only the C>o harmonic co-
efficient. This means that the summation appearing
in the expression of computing Gec(2), Eq. (2.3), for
all other harmonic coefficients rather Cyg is performed

only up to i = 2.

3  Creating monthly average
GRACE-like models

The monthly average GRACE-like models are cre-
ated by generating the monthly average fully normal-
ized harmonic coefficients for the same months as the
GRACE data. This is achieved by performing the fol-

lowing integration

G(ll,lz) =

1 )
/tl G(r)dt, (3.1

h—n

where #; and #, are the epochs of the starting and end-
ing of each of the original GRACE-months. In the fol-



4 Comparison with GRACE model

lowing sections, we will perform the integration ap-
pearing in Eq. (3.1) for both EIGEN-6C and EIGEN-
6C2 models, generating GRACE-like-EIGEN-6C and
GRACE-like-EIGEN-6C2 models, respectively.

3.1 Creating GRACE-like-EIGEN-6C
model

To generate the GRACE-like-EIGEN-6C model, we
insert Eq. (2.1) into Eq. (3.1) and perform the re-
quired integration analytically. This immediately leads
to the following expression for the monthly average
fully normalized harmonic coefficients Ggc(t1,22) for
the GRACE-like-EIGEN-6C model

= 1
Gec(t1,12) pr— [gfct(ro) X 1+

2 ” 1
trnd x | = —tt, — .
o X<2 ﬂ "ol —n)

n
2
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+ acos(i) p(i) sin (Mg(l—)to)ﬂ i .
) 3.2)

The expressions between the square brackets appear-
ing in Eq. (3.2) are numerically computed between the
lower #; and upper 7, integration limits, and p(i) is
given by Eq. (2.2).

To generate the monthly average GRACE-like-
EIGEN-6C model, Eq. (3.2) has been employed using
the EIGEN-6C model for the same months as the orig-
inal GRACE data.

3.2 Creating GRACE-like-EIGEN-6C2
model

To generate the GRACE-like-EIGEN-6C2 model, one
needs to insert Eq. (2.3) into Eq. (3.1) and performs
the required integration analytically. This immediately

leads to the following expression for the monthly aver-

age fully normalized harmonic coefficients Ggc (t1,2)
for the GRACE-like-EIGEN-6C2 model

Geca(t1,12) = [gfct(to) X 1+

h—1
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Here the expressions between the square brackets ap-
pearing in Eq. (3.3) are numerically computed between
the lower #; and upper #, integration limits, and p(i) is
given by Eq. (2.4). It should be mentioned again that
the summation appearing in Eq. (3.3) for all monthly
average fully normalized harmonic coefficients except
C» is performed only up to i = 2.

Expression (3.3) has been used to generate the monthly
average GRACE-like-EIGEN-6C2 model using the
EIGEN-6C2 model for the same months as the orig-
inal GRACE data.

4  Comparison with GRACE model

Figure 4.1 shows the comparison between the spheri-
cal harmonic coefficients of the GRACE and GRACE-
like-EIGEN-6C models for March 2009. The ab-
solute differences between GRACE and GRACE-
like-EIGEN-6C models range between zero and
3.95x 1077 with an average of 3.28 x 107! and a
standard deviation of about 7.67 x 107!, The lower-
left panel of Fig. 4.1 shows that the absolute differ-
ences between the GRACE and GRACE-like-EIGEN-
6C models are always significantly small (and range
mainly between 10~!" and 10713 except for the very
low harmonics). The lower-right panel of Fig. 4.1
shows very small relative errors. This indicates that
the GRACE-like-EIGEN-6C model behaves similar to
the original GRACE model.

Figure 4.2 shows the comparison between the GRACE
and GRACE-like-EIGEN-6C2 models for March
2009. Here, the absolute differences between the
GRACE and GRACE-like-EIGEN-6C2 models range
between zero and 4.00 x 10~° with an average of
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339 x 107! and a standard deviation of about
7.77 x 107", The lower-left panel of Fig. 4.2 shows
that the absolute differences between the GRACE and
GRACE-like-EIGEN-6C2 models are always signif-
icantly small (and range mainly between 10~!! and
10~ 13 except for the very low harmonics). The lower-
right panel of Fig. 4.2 shows very small relative er-
rors. This indicates that the GRACE-like-EIGEN-6C2
model also behaves similar to the original GRACE

model.
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Figure 4.1: Comparison between the GRACE and GRACE-like-
EIGEN-6C models for March 2009.
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Figure 4.2: Comparison between the GRACE and GRACE-like-
EIGEN-6C2 models for March 2009.

Comparing Fig. 4.1 and Fig. 4.2 shows that both
GRACE-like-EIGEN-6C and GRACE-like-EIGEN-
6C2 give a good approximation to the original GRACE
model, with nearly the same degree of approximation.
Figure 4.3 shows the degree variances for the
GRACE and GRACE-like-EIGEN-6C2 models for
March 2009.
cide. This means that there is no loss of spec-
trum power between the GRACE and GRACE-like-

It shows that both curves are coin-

EIGEN-6C2 models. The degree variances for both
GRACE and GRACE-like-EIGEN-6C2 models range
between 9.64 x 107'% and 2.34 x 10~7 with an aver-
age of 3.97 x 107 and a standard deviation of about
3.05 x 1078, It should be noted that a similar conclu-
sion has also been drawn for the GRACE-like-EIGEN-
6C model.
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Figure 4.3: Degree variances for the GRACE and GRACE-like-
EIGEN-6C2 models for March 2009.
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Figure 4.4: Difference of the degree variances between GRACE and
GRACE-like-EIGEN-6C2 models for March 2009.

Figure 4.4 shows the differences of the degree vari-
ances between the GRACE and GRACE-like-EIGEN-
6C2 models for March 2009. These differences range
between 7.89 x 10723 and 1.60 x 10~!7 with an av-
erage of 3.28 x 107! and a standard deviation of
about 2.29 x 1078, Comparing the range values for
the degree variance (Fig. 4.3) and the range values
for the degree variance differences (Fig. 4.4) con-
firms again that there is no loss of spectrum power
between the GRACE and GRACE-like-EIGEN-6C2
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models. Again, similar conclusion has been proved for
the GRACE-like-EIGEN-6C model.

Figures 4.5 and 4.6 show the time series of the degree
variances cjg and c¢pg for the GRACE and GRACE-
like-EIGEN-6C2 models, respectively.
again the comparable behaviour of the GRACE-like
models to that of the original GRACE model, also with

They show

respect to time (please note the very small variations
in the degree variance axis in both Figs. 4.5 and 4.6).
Similar graphs have been created for the other degree

variances up to degree 50.
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Figure 4.5: Time series of the degree variance cjo for the GRACE
and GRACE-like-EIGEN-6C2 models.
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Figure 4.6: Time series of the degree variance cpo for the GRACE
and GRACE-like-EIGEN-6C2 models.

5 Conclusion

The paper presents an approach to generate GRACE-
like geopotential models. The developed approach

uses the time-dependent global gravity field models to

generate the GRACE-like models. Two time-depen-
dent global gravity field models have been used in the
current investigation; they are EIGEN-6C and EIGEN-
6C2 models. The paper gave the necessary deriva-
tion of generating the GRACE-like models using these
time-dependent global gravity filed models.

The results proved that the generated GRACE-like
models, either using EIGEN-6C or EIGEN-6C2 time-
dependent global gravity field models, behave simi-
larly as the original GRACE model. It has also been
shown that there is no loss of spectrum power when
using the GRACE-like models instead of the original
GRACE model.
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