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Abstract

Satellite Laser Ranging (SLR) is a powerful technique for the estimation of the very long wavelengths of the Earth’s
gravity field. The most important parameter in this context is J,. It represents the Earth’s dynamic flattening, which
is responsible for the largest deviation of the real (geometrical and physical) figure of the Earth from its spherical
approximation. Despite of having available data from a number of recent dedicated gravity field missions, SLR is still
superior for the determination of J,. In addition, SLR is able to contribute to the estimation of further long-wavelength
gravity field constituents. Therefore, (satellite-only) gravity field combination models usually comprise SLR data. One
example is the latest release of the GOCO series: the GOCOO03S model; for its compilation the Space Research
Institute of the Austrian Academy of Sciences analysed ranging measurements to five geodetic satellites over a
period of five years. In the meantime, we extended the analysis period to nearly 14 years. Furthermore, we refined
parameterization and included observations to a sixth satellite. In this contribution we present the updated data
processing strategies and the obtained results. We particularly address time-variability of the degree-2 spherical
harmonic coefficients.
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Kurzfassung

Satellite Laser Ranging (SLR) liefert hochgenaue Messungen fur die Bestimmung des sehr langwelligen Anteils des
Erdschwerefeldes. Der bedeutendste Schwerefeldparameter ist J,, welcher die dynamische Abplattung der Erde
beschreibt. Er ist fir die groBte Abweichung der Erdfigur von einer Kugel verantwortlich. Trotz der Realisierung meh-
rerer dezidierter Schwerefeldmissionen kann die Abplattung am genauesten mit SLR bestimmt werden. Zusétzlich
liefert SLR Informationen zu weiteren Koeffizienten des langwelligen Anteils. Aus diesen Griinden beinhalten kombi-
nierte Schwerefeldmodelle SLR Daten. Ein Beispiel hierfiir ist das letzte Release der GOCO Serie, GOCOO03S. Das
Institut fir Weltraumforschung der Osterreichischen Akademie der Wissenschaften hat bei der Erstellung dieses
Modells mitgewirkt und SLR Messungen zu funf geodéatischen Satelliten Uber einen Zeitraum von funf Jahren ana-
lysiert. Seit der Veréffentlichung von GOCOO03S haben wir die Zeitreihe auf fast 14 Jahre erweitert und die Anzahl
der Satelliten auf sechs erhéht. Im vorliegenden Beitrag wird auf die Prozessierung der Daten eingegangen sowie
die Zeitvariabilitat der Schwerefeldkoeffizienten vom Grad 2 prasentiert und diskutiert.

Schliisselworter: Satellite Laser Ranging, Schwerefeld, zeitliche Variationen, GOCO

1. Introduction

Satellite Laser Ranging (SLR) satellites (often
referred to as geodetic satellites) are passive
cannonball-like objects, free falling in the Earth’s
gravity field. They are of spherical shape and
fully covered with Laser Retro-Reflectors (LRR,
cf. Fig. 1). The sole objective of these satellites is
to act as targets for ranging measurements. SLR
provides unambiguous two-way time-of-flight
observations between ground-based stations
and the LRR; they are transferred to two-way
distances. In post-processing, this so-called full
rate data is compressed to Normal Points (NPs),
i.e. time-averaged two-way distances. NPs are
precise to about 1-3mm [1].

Quantities derived from SLR data include
positions and velocities of crust-bound stations,
satellite orbits, and Earth orientation parameters.

Fig. 1: lllustration of the LAGEOS-1 satellite. The sur-
face of the passive satellite is covered by 426 laser
retro-reflectors (image credit: NASA).
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LAGEOS-1 LAGEOS-2 Ajisai Starlette Stella Larets
Sponsor us US/lItaly Japan France France Russia
Launch date 1976 1992 1986 1975 1993 2003
Diameter [cm] 60 60 215 24 24 24
Mass [kg] 407 405 685 47 48 23
Inclination [°] 109.8 52.6 50.0 49.8 98.6 98.2
Eccentricity [-] 0.0045 0.0135 0.0010 0.0206 0.0008 0.0002
Altitude [km] 5860 5620 1490 812 800 691

Table 1: Characteristics of geodetic satellites considered in this study.”

Furthermore, SLR plays a crucial role in the com-
putation of International Terrestrial Reference
Frames (ITRFs) as it contributes to the origin and
scale of the datum definition [2, 3]; to date, SLR
is the best single technique to estimate geocen-
ter motion, i.e. the translational shift between the
Earth's center of mass and the Earth’s center of
figure (or center of network) [4, 5]. As far as the
Earth’s gravity field is concerned, the contribu-
tion of SLR is twofold. First, the technique has
been proven to be a highly valuable source of
information for the determination of static long-
wavelength gravity field features. As a conse-
quence, nowadays (satellite-only) combination
solutions typically contain SLR; examples in-
clude GO_CONS_GCF_2_DIR_R4 [6], EIGEN-6S
[7] and GOCOQ3S [8]. Secondly, SLR is powerful
to detect temporal changes in gravity caused by
very large-scale mass variations on and near to
the Earth’s surface [9, 10]. This holds particularly
true for the C,q spherical harmonic gravity field
coefficient (or J,, recalling the relation J, =—-Cy).
For this reason, the C,, terms of time-variable
gravity fields derived from dedicated space mis-
sions — such as GRACE (Gravity Recovery and
Climate Experiment) — are routinely replaced (or
augmented) by values derived from SLR [11, 12].

This contribution summarizes the strategy
and results of the Space Research Institute in
SLR-based gravity field research, with particular
emphasis on C, and the further degree-2 gravity
field coefficients. It is an extension to the work by
[13] with regard to refinements in parameteriza-
tion, analysis period prolongation, and the inclu-
sion of a sixth satellite.

2. Data

The International Laser Ranging Service (ILRS)
provides SLR data acquired by a global network

1) All information retrieved from the ILRS website (ilrs.
gsfc.nasa.gov, last access: Mar 19, 2014) except for
the diameter of Larets retrieved from http://cddis.nasa.
gov/lw14/docs/presnts/tar3a_vbp.pdf.

of tracking stations [14]. We analysed observa-
tions — on the level of NPs — to six geodetic
satellites: LAGEOS-1, LAGEQOS-2, Ajisai, Stella,
Starlette, and Larets; their main characteristics
are summarized in Table 1. The analysis period
covers January 2000 to October 2013, i.e. almost
14 years. Our intention is to continuously prolong
the analysis period beyond October 2013 as the
reliability of long-term trends, for instance, in-
creases with increasing length of the time series.

One of the main challenges (and limiting fac-
tors) in SLR data processing is the spatially and
temporally inhomogeneous acquisition of rang-
ing information. As exemplarily shown for Janu-
ary 2007 in Fig. 2, the number of observations
per tracking station varies considerably. Obser-
vatories located in climatically favoured regions
—such as Yarragadee, Australia — typically collect
more observations than stations with restricted
satellite visibility (see also http://ilrs.gsfc.nasa.
gov/). It becomes obvious from Fig. 2 that the
satellites are given different priority; in January
2007, Ajisai has been tracked most often, fol-
lowed by LAGEOS-1/2 and Starlette.

Fig. 3 shows the spatial distribution of the
NPs in January 2007. The figure illustrates the
importance of highly inclined satellites orbiting
at high altitude — such as LAGEOS-1 - for ex-
panding the data coverage to the polar regions
where no tracking facilities exist. Furthermore, it
should be emphasized that due to the spatially
inhomogeneous distribution of SLR stations, the
spatial coverage on the southern hemisphere is
considerably poorer compared to that one on the
northern hemisphere.

During January 2000 to October 2013 - the
time span investigated in this study — in total
about 6.4 million NPs are available for the six
considered satellites. The distribution on the
individual satellites is as follows: Ajisai 34 %,
Starlette 19 %, LAGEOS-1 17 %, LAGEOS-2 16 %,
Stella 9%, Larets 5%.
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Fig. 2: SLR data acquisition (NPs) per laser station in January 2007. LAGEOS-1: light blue, LAGEOS-2: dark blue,
Ajisai: light green, Starlette: dark green, Stella: light red, Larets: dark red.
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Fig 3: Spatial distribution of NPs per satellite in January 2007 (the colour scheme is the same as in Fig. 2)

3. Precise orbit determination

Dynamic Precise Orbit Determination (POD) is
a prerequisite for the recovery of gravity field
parameters from SLR measurements. It is based
on the solution of Newton’s equation of motion
in the inertial space. In a least-squares sense,
the sum of squared residuals between observed
and computed (i.e. forward-evaluated) ranges is
iteratively minimized. Typically, the total investiga-
tion period is subdivided into shorter time spans

(called arcs) to minimize possible degradation
of the determined orbit due to imperfect force
modelling. For each arc, arc-specific parameters
such as the initial state vector are iteratively deter-
mined. In a second step, the global parameters
(i.e. gravity field coefficients, station positions)
are estimated by reducing the overall normal
equations system (comprising both arc-specific
and global parameters) by the arc parameters;
correlations between global parameters and arc
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Reference system/frame

Inertial reference frame
Earth rotation parameters
Polar motion

Precession and nutation
Solid Earth tides

Ocean loading

Solid Earth pole tide

A priori station coordinates

Gravity

A priori gravity field model
Solid Earth tides

Solid Earth pole tide
Ocean tides

Third bodies

Relativistic corrections

Surfaces forces

Atmospheric density model
Earth radiation pressure (albedo)

Data editing criteria

Rejection level of NPs
Elevation cut-off angle
Minimum number of NPs per station and month

Measurement corrections

Center of mass corrections

Tropospheric refraction model

Weighting

NP weighting

Weighting of satellite-dependent normal equations

Estimated arc parameters
Atmospheric drag coefficient
Empirical accelerations

Measurement bias
Satellite state vector

Estimated global parameters
Gravity field coefficients
Station coordinates

J 2000.0

IERS 08 C04 [21]

IERS conventions 2003 [22]

IERS conventions 2003

IERS conventions 2003

IERS conventions 2003, GOT4.8 [20]
IERS conventions 2003

SLRF2008 [23]

EIGEN-5S up to degree and order 150 [24]
IERS conventions 2003

IERS conventions 2003

GOT4.8 up to degree and order 20

DE-403: all planets, Sun, and Earth’s Moon [25]

Applied (light time corrections, point mass
accelerations, Coriolis force, Lense-Thirring effect)

MSIS-86 [26]
Applied

3.5 sigma
12°
30

0.251 m (LAGEOS-1, LAGEOS-2), 0.993 m [27]
(Ajisai), 0.078 m (Stella, Starlette), 0.0562 (Larets)

Mendes-Pavlis [28]

1
all 1

1 per day

1/rev along track, constant cross track
(1 set per day)

1 per station and arc
1 per arc

up to spherical harmonic degree and order 4
3-d position

Table 2: Standards and models used for orbit determination and parameter estimation
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parameters are thus taken into account. For more
details on the technique, we refer to [15]. For
our computations, we used the NASA/GSFC soft-
ware packages GEODYN-II [16] and SOLVE [17]
for POD and gravity field recovery, respectively.
We processed the SLR data in “weekly” batches;
each calendar month was subdivided into three
7-day arcs plus a fourth arc of variable length ac-
cording to the number of days within the month.

Table 2 summarizes the standards and mo-
dels used for POD. The adopted standards
are motivated by the compilation of the gravity
field models of the GOCO (Gravity Observation
COmbination) series. The objective of the GOCO
initiative is to compute high-accuracy and high-
resolution global gravity field combination mo-
dels from complementary gravity data sources;
the Space Research Institute of the Austrian Aca-
demy of Sciences is responsible for the SLR part
(please visit www.goco.eu for more information).
The GOCO consortium agreed to data proces-
sing in consistency with the GOCE High-level
Processing Facility (HPF) standards [18]. Thus,
the processing of SLR data entering GOCO02S
and GOCOO03S (the SLR part is the same for
both models) is consistent with the GOCE HPF
standards. For the 14-year time span presented
here, however, the ocean tide model FES2004
[19] was replaced by the more recent GOT4.8
model [20].

Furthermore, Table 2 lists the estimated arc
(or local) parameters and global parameters. As
far as the gravity field parameters (in terms of
spherical harmonic coefficients) are concerned,
earlier simulations have shown that their recovery
from SLR is limited to about degree and order 5
[13]. A higher resolution could not be achieved
because the normal equations become ill-condi-
tioned, which can mainly be traced back to the
non-global data coverage (cf. Fig. 3), but is also
due to the high altitudes of the geodetic satellites
(cf. Table 1). SLR has particular strength for the
determination of the degree-2 terms, as will be
focused on in Sects. 4 and 5. For this reason
and in order to avoid any regularization to over-
come ill-conditioning, we chose the maximum
gravity field resolution to degree and order 4.
The coordinate system has been chosen such
that it coincides with the Earth’s centre of mass
implying that the degree-1 coefficients are fixed
to zero.

Table 3 shows Root Mean Square (RMS) va-
lues of the post-fit residuals that give an indi-
cation for the quality of the POD process. The
high precision of the LAGEOS trajectories is due

to orbital altitude; at about 6000 km above the
Earth’s surface, the influence of the atmosphere
on the motion of the satellite is negligible. The
RMS values for the further (lower-orbiting) sa-
tellites point to deficiencies in the modelling of
non-gravitational perturbing forces such as at-
mospheric drag and solar radiation pressure. A
further shortcoming might come from the fact
that we treated the centre of mass corrections
as constant values. [27] showed, however, that a
constant value for Ajisai is only an approximation
as the correction actually varies up to 45mm
among different stations.

Satellite RMS [cm]
LAGEOS-1 1.63
LAGEOS-2 1.60
Ajisai 11.46
Starlette 11.91
Stella 16.56
Larets 20.27

Table 3: RMS values of post-fit residuals over 7-day
arcs from January 2000 to October 2013

4. Time-variable gravity field

We estimated monthly sets of gravity field coef-
ficients to be able to compare our results with
two solutions provided by the Center for Space
Research (CSR) at Austin, Texas [29]. For this
purpose, the normal equations of all six satellites
over one calendar month (three 7-day arcs plus
a fourth arc of variable length) were combined
and inverted, yielding one set of coefficients per
month. One of the external solutions is based
on SLR data (retrieved from ftp://ftp.csr.utexas.
edu/pub/sir/degree_2/RL05/) and one is based
on GRACE (release 05 gravity field solutions). In
order to ensure consistency, the CSR estimates
were adjusted as follows: for both the SLR and
GRACE time series, the C,y coefficients were
transferred from the zero-tide system to the
tide-free system. Further, the monthly average of
the atmosphere and ocean de-aliasing product
[30] was added to the GRACE series. Finally, we
scaled all spherical harmonic coefficients to the
reference radius of 6378.1363 km.

The variability of C,, reflects changes in the
Earth’s oblateness [31, 32, 33]; it is dominated
by an annual signal and — to a smaller extent — a
semi-annual signal (Fig. 4, top) caused by mass
redistribution in the atmosphere, in continental
water reservoirs, and in the oceans. Inter-annual
variability is clearly recognizable. The periodic
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to the determination of the zonal
degree-2 coefficient. For the other
degree-2 coefficients, on the other
hand, the amplitudes of the GRA-
CE- and SLR-derived time series
are in the same range (cf. Fig. 4).

Variations in Cyy and Sy (Fig.

4, middle) are caused by mass-
induced excitations of polar mo-
tion. Besides seasonal variations,
these coefficients experience a
significant linear trend that is exp-

lained by PGR as well as present-

day mass changes of glaciers
and ice sheets [35]. The sectorial
coefficients of degree two (Cy,
and S,,; Fig. 4, bottom) reflect the
ellipticity of the equator and are
characterized by mainly seasonal
fluctuations.

Our results agree very well with
the external SLR-based solution
by the CSR. In particular, the
variations in C,y almost coincide.
Apart from a few peaks in our so-
lution, also the S,4 and Sy, series

show good agreement. The same

(arguably to a slightly smaller ex-
tent) holds true for the C,; and
C,, results, for which periodic
variations are much less empha-
sized compared to the other co-
efficients.

JOO Jo1 JO2 JO3 JOo4 JO5 JOB JO7 JOB JO9 J1O J11 J12 J13 J14

Calendar date

Fig. 4: Monthly degree-2 gravity field coefficients reduced by mean va-
lues. Our solution is depicted in red (formal errors in light red). The SLR-
based solution by the CSR is shown in blue (formal errors in light blue);
data availability from January 2001 to December 2013. The GRACE-
based estimates by the CSR are shown in green; data availability from
January 2003 to November 2013 (gaps: June 2003, January 2011, June
2011, May 2011, October 2012, March 2013, August 2013, September

2013).

effects are superposed by a secular trend, which
is explained in the first instance by land uplift due
to the Post-Glacial Rebound (PGR) signal, but
has also contributions from the ablation of moun-
tain glaciers and changes in water reservoirs
[34], as well as the deceleration of the Earth’s
rotation (mainly caused by tidal friction).

The comparison between our SLR and the
GRACE Cy, time series reveals unrealistically
large amplitudes for GRACE (Fig. 4, top), un-
derpinning the superiority of SLR when it comes

5. Static gravity field

For the computation of a set of
coefficients (up to degree and
order 4) representing the static
gravity field, we analysed the
SLR data from January 2000 to
October 2013 in a joint least-
squares adjustment (superposi-
tion of arc-wise normal equation
systems). The resulting static
gravity field coefficients have to be seen as
averaged values over the considered time span.
The error amplitudes (formal errors) per degree
of the static solution are approximately one order
of magnitude smaller than those of the monthly
estimates (Fig. 5). Note that — especially for the
degree-2 coefficients — the error amplitudes of
our combined solution are considerably smaller
than that one of the adopted a priori gravity
field model EIGEN-5S (a combination solution
of GRACE and 14 years of LAGEQOS data). We
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Fig 5: Degree-error amplitudes in terms of geo-
id heights. Grey lines: monthly solutions (SLR), solid
black line: averaged solution (SLR); dashed black line:
EIGEN-5S.

attribute this improvement to more convenient
stochastic properties in general, and - to a
lesser extent — taking into account ranges to six
geodetic satellites instead of to LAGEOS only.

6. Discussion and conclusions

Although a number of dedicated gravity field
missions were realized in the recent past, SLR
is still an integral part in gravity field recovery.
Therefore, global static (satellite-only) gravity field
models comprise SLR data; the ranging informa-
tion significantly supports the determination of
very long-wavelength gravity field features.

As far as the temporal variations of the de-
gree-2 terms are concerned, SLR is able to detect
both seasonal changes and secular variations on
(and near to) the Earth’s surface. SLR-based Cy
values are superior to the estimates from GRACE
or any other space gravimetry mission. It should
be emphasized that C,, is the most important
gravity field parameter as it describes the flat-
tening of the Earth and has the largest absolute
value in the spherical harmonic expansion. The
quality of the non-zonal degree-2 coefficients is
similar for SLR and GRACE. Beyond degree two,
the benefit of SLR over GRACE becomes less
pronounced. However, due to the fact that GRA-
CE might be decommissioned at any time, SLR
is likely to gain more emphasis in future gravity
field research.

The validation of our SLR-derived degree-2
time series with those provided by the CSR
revealed a very good agreement. Our monthly
estimates of degree-2 spherical harmonic coef-

ficients can be retrieved from http://geodesy.iwf.
oeaw.ac.at.

Acknowledgements

The software packages GEODYN-Il and SOLVE were kindly
provided by the NASA Goddard Space Flight Center; we
are grateful to David D. Rowlands for technical and sci-
entific support. Furthermore, we acknowledge the ILRS
for providing the SLR data used for this study. Valuable
comments and suggestions by two anonymous reviewers
are acknowledged.

References

[1] Degnan, J.J. (2013): Millimeter accuracy Satellite Laser
Ranging: a review. In: Smith, D.E., Turcotte, D.L. (eds.)
Contributions of Space Geodesy to Geodynamics:
Technology. American Geophysical Union, Washington,

[2] Petit, G., Luzum, B. (eds.) (2010): IERS Conventions
(2010). IERS Technical Note 36, Frankfurt am Main: Ver-
lag des Bundesamts fur Kartographie und Geodasie,
179 pp., ISBN 3-89888-989-6.

[3] Altamimi, Z., Collilieux, X., Métivier, L. (2011): ITRF2008:
an improved solution of the international terrestrial refer-
ence frame. J. Geod. 85: 457-473.

[4] Wu, X., Ray, J., van Dam, T. (2012) Geocenter motion
and its geodetic and geophysical implications, J. Geo-
ayn. 58: 44-61.

[5] Meindl, M., Beutler, G., Thaller, D., Dach, R., Jdggi, A.
(2013) Geocenter coordinates estimated from GNSS
data as viewed by perturbation theory. Adv. Space Res
51 1047-1064.

[6] Bruinsma, S.L., Férste, C., Abrikosov, O., et al. (2013):
The new ESA satellite-only gravity field model via the
direct approach. Geophys. Res. Lett. 40: 3607-3612.

[7]1 Forste, C., Bruinsma, S., Shako, R., et al. (2011). El-
GEN-6 — a new combined global gravity field model
including GOCE data from the collaboration of GFZ-
Potsdam and GRGS-Toulouse. Geophysical Research
Abstracts: EGU2011-3242-2, EGU General Assembly
2011.

[8] Mayer-Gurr, T., Rieser, D., Hock, E., et al. (2012). The
new combined satellite only model GOCOO03S. Present-
ed at GGHS 2012, Venice, Italy.

[9] Nerem, R.S., Wahr, J. (2011): Recent changes in the
Earth's oblateness driven by Greenland and Antarctic
ice mass loss. Geophys. Res. Lett. 38, L13501.

[10] Cheng, M., Tapley, B.D., Ries, J.C. (2013): Decelera-
tion in the Earth's oblateness. J. Geophys. Res. 118:
740-747.

[11] Lemoine, J.M., Bruinsma, S., Loyer, S., et al. (2007):
Temporal gravity field models inferred from GRACE
data. Adv. Space Res. 39: 1620-1629.

[12] Baur, O. (2013): Greenland mass variation from time-
variable gravity in the absence of GRACE. Geophys.
Res. Lett. 40: 4289-4293.

[13] Maier, A., Krauss, S., Hausleitner, W., et al. (2012):
Contribution of satellite laser ranging to combined
gravity field models. Adv. Space Res. 49: 556-565.

[14] Pearlman, M.R., Degnan, J.J., Bosworth, J.M. (2002):
The international laser ranging service. Adv. Space
Res. 30: 135-143.



Vermessung & Geoinformation 1/2014

[15] Montenbruck, O., Gill, E. (2000). Satellite Orbits: Mod-
els, Methods and Applications. Springer, Berlin Heidel-
berg New York.

[16] Paviis, D.E., Poulose, S.G., McCarthy, J.J. (2006):
GEODYN operations manuals. Contractor Report, SGT
Inc., Greenbelt, Maryland.

[17] Ullman, R.E. (2010): SOLVE Program: User’s Guide.

[18]1 EGG-C (2010): GOCE Standards. GP-TN-HPF-
GS-0111. Issue 3.2.

[19] Lyard, F, Lefevre, F., Letellier, T., Francis, O. (2006)
Modelling the global ocean tides: modern insights
from FES2004. Ocean Dynam. 56: 394-415.

[20] Ray, R. (1999): A Global Ocean Tide model from
TOPEX/Poseidon Altimetry, GOT99.2. NASA/TM-1999-
209478, 58MD, Goddard Space Flight Center, NASA
Greenbelt.

[21] Bizouard, C., Gambis, D. (2007). The combined solu-
tion C04 for Earth Orientation Parameters consistent
with International Terrestrial Reference Frame 2008.
Online March 12, 2014. ftp://hpiers.obspm.fr/iers/eop/
eopc04/C04.guide.pdf.

[22] McCarthy, D.D., Petit, G. (2004). IERS Conventions
(2003). IERS Technical Note 32, Frankfurt am Main,
Verlag des Bundesamts fur Kartographie und Geoda-
sie.

[23] Paviis, E.C. (2009). SLRF2008: The ILRS Reference
Frame for SLR POD Contributed to ITRF2008. Ocean
Surface Topography Science Team Meeting, Seattle,
Washington.

[24] Forste, C., Flechtner, F, Schmidt, R., et al. (2008):
EIGEN-GLO5C - a new global combined high-reso-
lution GRACE-based gravity field model of the GFZ-
GRGS cooperation. Geophysical Research Abstracts:
EGU2008-A-03426, EGU General Assembly 2008.

[25] Standish, E.M., Newhall, X.X., Williams, J.G., et al.
(1995): JPL Planetary and Lunar Ephemerides, DE403/
LE403.

[26] Hedin, A.E. (1987). MSIS-86 thermospheric model. J.
Geophys. Res. 92: 4649-4662.

[27] Sosnica, K., Thaller, D., Jaggi, A., Dach, R., Baumann,
C., Beutler, G. (2012): Can we improve LAGEOS solu-
tions by combining with LEO satellites? International

Technical Laser Workshop. Frascati, Italy, November
5-9, 2012.

[28] Mendes, V.B., Pavlis, E.C. (2004). High-accuracy ze-
nith delay prediction at optical wavelengths. Geophys.
Res. Lett. 31, L14602.

[29] Bettadpur, S. (2012): GRACE UTCSR Level-2 Process-
ing Standards Document (for Level-2 Product Release
0005). Web access: ftp://[podaac.jpl.nasa.gov/allData/
grace/docs/L2-CSR0005_ProcStd_v4.0.pdf.

[30] Flechtner, F. (2007). AOD1B Product Description Doc-
ument for Product Releases 01 to 04. Rev. 3.1, GRACE
327-750.

[31] Cox, C.M., Chao, B.F. (2002). Detection of a large-
scale mass redistribution in the terrestrial system since
1998. Science 297: 831-833.

[82] Chen, J.L., Wilson, C.R., Tapley, B.D. (2005). Interan-
nual variability of low-degree gravitational change,
1980-2002. J. Geod. 78: 535-543.

[33] Cheng, M., Tapley, B.D., Ries, J.C. (2013): Decelera-
tion in the Earth’s oblateness. J. Geophys. Res. 118:
740-747.

[34] Cheng, M.K., Tapley, B.D. (2004). Variations in the
Earth’s oblateness during the past 28 years. J. Geo-
phys. Res. 109, B09402.

[35] Cheng, M., Ries, J.C., Tapley, B.D. (2011): Variations of
the Earth’s figure axis from satellite laser ranging and
GRACE. J. Geophys. Res. 116, B01409.

Contacts

Dipl.-Ing. Andrea Maier, Institut fur Weltraumforschung,
Osterreichische Akademie der Wissenschaften, Schmied!-
straBe 6, 8042 Graz, Austria.

E-mail: andrea.maier@oeaw.ac.at

Dr. techn. Sandro Krauss, Institut fur Weltraumforschung,
Osterreichische Akademie der Wissenschaften, Schmied!-
straBe 6, 8042 Graz, Austria.

E-mail: sandro.krauss@oeaw.ac.at

Dr.-Ing. Oliver Baur, Institut fur Weltraumforschung, Oster-
reichische Akademie der Wissenschaften, SchmiedlstraBe
6, 8042 Graz, Austria.

E-mail: oliver.baur@oeaw.ac.at [ vgi



