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Proceedings of the 16th International Workshop on Laser Ranging

Obituary
WERNER GURTNER, 19491 200

Professor, Astronomical Institute of Bern
Chair of the ILRS Governing Board

Passed away, 24 October 2009

It is with deep sadness that the ILRS community
learned of the death of Prof. Dr. Werner Gurtner from
cancer on October 24, 2009 shortly aftes sixtieth
birthday.

Werner Gurtner completed his studies in Surveying
Engineering in 1973 at the Institute of Geodesy and
Photogrammetry of the ETH in Zurich, Switzerland.

From 1974 to 1979 he was a research assistant and

Ph.D. candidate with Prof. Ma&chuerer, who was a

lecturer at the ETH in addition to his position as
director of t he Al UB. Wer ne
written in Bern, resulted in a wdtihown reference,

t he nGeoi d of Switzerl and?o
observations.

| Werner started ki official employment with the

AIUB in January 1980. As early as 1978, at the ETH,
Z;‘t’:gﬁi%igl' xgm‘:{; (gf“ggfr:’ éﬁ)eor?ar he started work on the new Zimmerwald observatory,

’ dedicated to Satellite Laser Ranging (SLR) and in

1987 he became the director of the Zimmerwald Fundamental Observaetvweds 1992
and 1996 he led the AIUB team, which planned and realized the new SLR and astrometry
telescope in Zimmerwald. In collaboration with the Canton of Bern, the University of Bern,
the Swiss National Science Foundation, and the Swiss Federal @ffficgography, the ore
meter combined SLR and astrometry telescope was deployed at Zimmerwald and became one
of the essential pillars of the International Laser Ranging Service (ILRS). With this same
energy, Werner organized the upgrade of the observaimipg 20052008. This upgrade
included a new laser capable of performing er@br measurements as well as supporting
future oneway ranging and transponder experiments. The Zimmerwald Observatory as
established by Werner is recognized now as one ofotieegnost stations in the global space
geodesy community from the scientific, technical, and administrative points of view.

During the 198006s Werner also worked on the
eventually be known as the Bernese GPS Softwe package. Il n the 1990
key persons in the development of the International GNSS Service (IGS). His contributions
related to IGS data transfer and information dissemination were of great importance and at
least in part responsible fone worldwide acceptance of the IGS. The Receiver INdependent
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EXchange (RINEX) format, which he initiated and coined to a great extent, became a
standard as the platform for exchanging GNSS data in both science and engineering
applications. Werner contied to work on enhancements to RINEX until very recently. The
global acceptance of RINEX in both the science and receiver technology communities is a
tribute to Werneros foresight

Werner helped the International Association of Geodesy (IAG) to develeptedstructural
elements related to space geodesy. He was a member of the very active EUREF Technical
Working Group since 1992; he chaired this group from 1999 to 2003. He was not only a key
person on the development of the IGS, but also, even to a gmaeler extent, for the
development of the ILRS. Werner Gurtner was a member of the ILRS Governing Board since
its inception in 1998 and served as Chair of the Board from 2002 to 2009. Before that time he
chaired EUROLAS, an association of European SLRenfagories. Werner was an important

link between the various space geodesy communities, particularly the ILRS and IGS.

The Faculty of Sciences of the University of Bern acknowledged the achievements of this
eminent engineer and scientist by awarding Himtitle of professor in 1999. Werner Gurtner
will be remembered as competent collaborator, good friend and dear colleague.

We all will miss our association and interactions with Werner.

Gerhard Beutler, Astronomical Institute University of Bern, Switzrel
Michael Pearlman, Harvar@mithsonian Center for Astrophysics, USA
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Foreword

The 16th International Workshop on Laser Ranging was held atBBeAndersia Hotelon
October13 through T, 20(8. The International Laser Rangi®gervice (ILRS) and the laser
rangingcommunity organize this event every two years to discuss progress in satellite and
lunar laser ranging, and theapplication to scientific programs. Oved(Ql people froml9
countries participated in th@eeting, whichincluded presentations, posters, and discussions
on hardware, software, operations, analysis,szmehce topics.

With a few exceptions, athe paperdrom theelevensessions of the Workshop areluded

in this Proceedingsthe presentations, and posteare available in electronic form at the
website

http://www.astro.amu.edu.pl/ILRS_Workshop_2008/index.pbip
http://cddis.gsfc.nasgov/iw16/

Much of the plannindor the Workshop was facilitated througletlocalwebsiteat the AMU
Astronomical Observatoryn the months following the Workshop, the website emlsanced
to provide summary information, links to papers from the @edings, and photos from the
w e e knéetings and social events.

The Local Organizers of the Workshop would like to thank the many people who contributed
to the success dthis international meeting. We would first like to thank the Program
Committee and ession chairs for their activearticipation and efforts in coordinating the
Workshop sessions, papers, and summaries. We would also like tothieaakendees for
taking time from their busy schedules to travelR@ z raaddparticipate in the sessions,
through both their excellent presentations and the lively discussions that followed.

We wish to thank our opening speake¥d, TomaszJerzy Kayser, Deputy Major of the

Pozna®& City, Prof . Piotr WolaGski, Pderays i d e n't
of Sciences, Prof . Jacek WitkosS, Rector on
Mi cki ewi cz University, Prof . Ryszard Naskr

Mickiewicz University. We are also grateful to theorganizations andcompanies that
supported theWorkshop Committee on Space Research, Polish Academy of Sciences,
European Office of Aerospace Research and Development, Kompania Piwowarska and IBB
Andersia Hotel.

Local Organizing Committee:
Stanisgaw Schill ak, Bnd @arepm NoWn u k Mi c hael Pear


http://www.astro.amu.edu.pl/ILRS_Workshop_2008/index.php
http://cddis.gsfc.nasa.gov/lw16/
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Workshop Summary
Michael Pearlman

The Committee on Space Research of the Polish Academy of Sciences, the Space Research
Centre of the Polish Academy of Sciences, t|
the ILRS hosted thd6" | nt er nat i onal Wor kshop on Laser
October 131 7 , 2008. The theme o6fThehé&lewdr Ghdhep aiva
Web sitehttp://www.astro.amu.edu.pl/ILRS_Workshop_2008/indexgvbpides information

about the workshop; peeedings and session summaries can also be found on the Web at
http://cddis.gsfc.nasa.gov/lwl6/

Over 140 people from 19 countries participated in the workshop, which included oral and
poster presentations on scientific achievements, applications amd feguirements, system
hardware and software, operations, advanced systems, and ataRSisvorking group and
Governing Board meetings and the ILRS General Assembly were held in conjunction with the
workshop.The local organizers also entertained tledegates with a reception and banquet
and tours of the Borowiec | aser station and

The workshop brought together an exceptional group of researchers who provided reports on
the spectrum of science investigations being supported by Satetliteumar Laser Ranging

(SLR and LLR) and Laser Altimetry.The three sessions comprising this portion of the
meeting, containing over twenty oral presentations and three posters, covered a wide range of
activities. These sessions where structured asasllo

The first science session focused on the reference frame, positioning SLR stations with high
precision within this frame, and time variations in the gravity field, which both perturb the
SLR satellite orbits and cause changes of the location of theegier with respect to the
polyhedron realized by the geographic distribution of the SLR stations. The legacy of SLR
over the 1970s and 1980s where it alone provided precise Earth orientation information and
through the 1990s for monitoring changes ia idingest wavelengths of the gravity field were
described. Also presented were results showing the SLR contribution to the International
Terrestrial Reference Frame (ITRF) both in terms of providing scale and in monitoring
geocenter motion. New missionske GRACE, which now provide far more detailed
information on mass flux within the Earth?os:s
improving SLR orbit accuracies.

Session two focused on orbit determination capabilities, analyses, and new apgli@tio

SLR including support for upcoming Lunar Reconnaissance Orbiter (LRO) mission. This
session also discussed various highly interesting investigations made possible through the
availability of detailed topographic mapping capabilities delivered ssrlaltimeters and the
Lunar Laser Ranging acquired on the moon. SLR remains one of the surest ways to provide
precision orbits in its own right, and for independent orbit verification for solutions produced
by GPS and DORIS. A laser transponder beingaed on LRO will provide significantly
improved orbits for this lunar orbiter enhancing mission science objectives. The second half
of this session focused on the outstanding results for both Earth and Planetary applications,
made possible with laser mitetry. Excellent papers were presented on ICESat, the MOLA
system flown on Mars Global Surveyor (MGS), and a survey of applications including
NEAR, MESSENGER, and LRO.
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The third science session highlighted SLR and LLR contributions to planetaryuaad |
geophysics, fundamental physics (e.g. the Lens Thirring effect, the geophysical properties of
the moon deduced from LLR) and the upcoming LARES experiment. SLR and LLR, given
the long time history and stability of these systems, have made signdaatnibutions to the

study of fundamental physics in the field of General Relativity.

The science presentations at this workshop both individually and in total, were some of the
most comprehensive ever presented within the ILRS Workshop frameworkse papers
clearly demonstrated the continuing role that SLR, LLR, and laser altimetry has in furthering
our understanding of the dynamics ongoing in the Earth and its terrékeigdlanetary
companions.

T he s eTbesRole of Satellite Laser Rangin i n t he GIl obal Geodetic
highlighted the central role that SLR plays within GGOS. The opening presentation
summarized the main contributions of SLR to the three pillars of geodesy for GGOS with
examples of the stat®-the-art in the defiition of the origin and scale of the ITRF, the long
history of SLR series of EOP, the longest of all space techniques, and mass load variations
from long wavelength harmonics time series derived from SLR, with comparisons to other
techniques (GRACE, GP8&ydrology, etc.). Efforts on a new ILRS product, daily delivery of

fresh EOP estimates, show the product can be used to constraint the EOP forecasting process
of the NEOS service of IERS. Other presentations highlighted the intercomparison and
combinatooof SLR with other geodetic techniques.
of GNSS and SLR data with a common analysis package would be an important contribution
to GGOS for a combined and consistent estimation of geophysical parameters. Comparison
beaween GPSand SLRderived time series of coordinates over a period of eleven years were
shown, where the results indicated the general consistency of the results at the few millimeter
level. This work demonstrated how well the two techniques compareeatvgith data of
exceptional quality, and how they can be used to identify problems in either technique when
they are cdocated and properly and accurately surveyed. Results of optimization studies in
designing the future global geodetic networks thaltsupport GGOS, focusing on the role of

SLR and the possible products to be delivered, were shown. This presentation stressed the
stringent requirements of GGOS and how the synergy of the geodetic techniques will meet
this challenge. A poster illustratinthe global map of the four networks of the space
techniques as they exist today was shown. A second poster showed an example of how ILRS
can make use of the Virtual Observatory on the web, following the example of astronomy.

The Network and Station Perfoance session covered three main topics: data quality control
(at stations and at analysis centers), models, and the network in general. Presentations on data
guality control reported on efforts to reach and maintain the highest data quality through the
use of other onsite geodetic techniques (GNSS, absolute graviglocation, automation,

and software monitoring developmemt cooperationwith data analysts, engineerand
stationoperatorsData quality control at Analysis Centers included an overaietheroutine

quality control system for the ILRS global network is provided by the Hitotsubashi
University, which is available via web, ftp and email. Results from tigraeessing of data

from selected missions using the most accurate orbit modekhartatest ITRF (SLRF2005)

were shown; the analysis has been used in development of a new model, LPOD2005. A
presentation summarizing an ILRS proposal to IERS for modification of the analysis
standards related to the products contributing to the estatadighof future ITRF solutions.
Analysis of the correlation between the TRF datum and the ILRS network geometry was
shown with the goal to explaiie discontinuity in the SLR scale. Difficulties in tracking the
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future TanDEMX mission were discussedith possible remedies for the various types
stations in the ILRS network

There was significantly more activity in the Lunar Laser Ranging (LLR) and Interplanetary
Laser Ranging session this year. A presentation on reference frames for lunar ranging analysi
emphasized the need to avoid confusing galgmendent terms and physical effects. Two
years of APOLLO operation has showed high photon rates and evidence Hfoilliameter
performance. There were also presentations on recent efforts to understanoriEaration

using 38 years of LLR data and the science that would be attainable with thgenerdation
(large) corner cubes on the lunar surface. There were several talks-aaynenging to the

lunar reconnaissance orbiter (LRO), focusing on techmiaeameters/capabilities, pointing
strategies and verification, and scheduling and predictions. Preparations for the LRO
experiment are taking place at the McDonald Observatory, where most of the software
preparation is already completed. There was alpoeaentation on the science deliverables
one may achieve through interplanetary laser ranging, including the successful ranging to the
MESSENGER and Mars Orbiter, as well as plans for LRO. Posters were displayed on
displayed pertaining to using LLR fore@@stial pole determination, and the minimum duration
necessary for sea level rise determination.

In the High Repetition Systems Session, the-figar success of the Graz station with two

kHz laser operation was reviewed. Other stations including Herst®ox, Zimmerwald,

TIGO, NGSLR, several Chinese stations, a Russian system, and the Potsdam station have or
are switching to higher repetition rate laser. New control systems for higher repetition rate
lasers have been developed and implemented; moststdtibns are now using now Riga

event timer. With the benefit of kHz ranging, several new results and additional areas of study
are underway including very accurate satellite spin determination, fast optical response
retrieving, mm resolution accuracy froom targets like LAGEOS and AJISAI, LIDAR
applications, seeing measurements, and kHz ranging to a Mars transponder. The SLR future is
talking "kHz".

The Session on Lasers, Detectors and Timers included a review on commercially available
kHz diode pumpedbsers, and descriptions of a new high voltage Pockels cell driver for kHz
SLR lasers, a new saturable absorber for laser transmitters, and a promising baarow
holographic filters for ranging receivers. A new version of the Riga timer with improved
reolution was introduced along with a presentation in the integration of Riga timers into
Chinese SLR systems. The design for a commonly used TDC chips fosgaegd event
timers was presented as were the design and construction of compact event timasgand

fire control device for ongvay laser ranging and a new, spibosecond timing device. A new
photon counting detectors for future space missions was also presented.

Several themes ran through tBeftware and Automation Session; major topics inadude
softwaremodularity and robustness, automation, and remote access to geodetic systems. Also
discussed were automated processing of SLR data. CRD file creation, handling, and analysis,
SLR predictions, and innovations in telescope pointing. Finally, & tth@at has gained
importance in the software industry, XML, has been applied to SLR station processing at
Stromlo and Riga.

In New and Upgraded Stations, Extended Facilities, the Chinese network stations are being
modernized with kHz lasers, event time@SPADS, and gravimeters. The Chinese TROS
transportable system is in operational in The Republic of Korea to support the ARGO project.
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In France, the new MEO station is operational on both satellites and the Moon, and the mobile
FTLRS system has been graded with Dassaults event timers for T2L2 project. The
Herstmonceux station is testing a new kHz ranging laser and now has an absolute gravimeter
operating on site. The Borowiec station has undergone major upgrading, and upgrades on the
Simeiz and Katziely stations are underway. In South America, San Juan SLR station
continues to perform exceptionally well and the TIGO system at Concepcion is operational
again after delicate optical replacementfie Russian SLRhetwork has been upgraded
includingtherelease of some of the data.

In the session on Operational Issues and New Missions, several reports were given on new
missions. Several current and upcoming European missions with retroreflectors including
ERS2, GOCE, and SWARM are focused on Earth sensindg technology applications.
SOHLA-1, to be launched in early 2009 by JAXA for a demonstration of small, low cost
technical payloads; since the spacecraft will be spinning, it will pose a tracking challenge
since access to the retroreflector array willyolast a few seconds in every few minute
revolution period. Astrgs, a space borne VLBI antenna, is planned for launch in 2012; the
highly elliptical orbit and bmodal, switching operation of the antenna; will also limit normal
points to very short inteals and require some special data handling procedures. The
Precision Expandable Radar Calibration Satellite being planned by NRL for calibrating radars
and studying drag and electromagnetic conditions in orbit will carry over 1000 retroreflectors
distributed inside and outside of a spherical deployable frame. Consideration for an Optical
Link for the ACES Mission was discussed along with concepts for resolving the range biases
in oneway ranging experiments and a novel application of SPADs using no ofptid®

camera and aircraft radio detection beacon using a patched antenna array offers promise of
new aircraft detection safety systems for laser ranging. The implementation of the
Consolidated Laser Ranging Format is underway with full implementation iat2009.

Moblas 8 returned to operations. Posters included some historical SLR information, a status
on the ILRS website update, and the upcoming ANDE mission scheduled for May 2009.

Papers presented during the Targets, Signatures, and Biases sessrea cetrereflector

array design and optical response functions. The continuing development of new missions that
will require laser tracking support is evident, as is the ongoing and welcome dialogue between
mission engineers and the laser communitgemeloping the best array solutions to maximize

the effectiveness of the tracking. Work i@tro array design anthambeitestingwas shown

with particular emphasis on concepts the next generation @5 satellitesA presentation
described experimentaésultsto determine pulse energy levels leaving the telescope as a
function of its attitude andhitial pulse polarizationPresentations were also given describing

the laser arrayen the GEO and MEO elements of the emergdgneseCOMPASS GNSS
andon the HEOtwo-satellite STSAT-2 technology missionAn optical response simulation

was describedor the proposed HEO VLBI mission ASTRG, whichvery interestingly will

see the ILRS supportirgnastrophysicsnission

In the session on Advanced Systems @edhniques: Transponders, Altimeters, and Time
Transfer, Altimeters, papers were presented on the development of simulators for planetary
exploration and present and future airborne photonicind3aying. Transponder topics
included transponder simulationsing artificial satellites preliminary hardware designs to
demonstrate the feasibility of Mars links. Papers were given on time transfer including first
data from T2L2 and some preliminary results from the Chinese LTT experiment and a
discussion on On@ay System Calibration Techniques. Other talks included a paper on
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ranging to uncooperative targets in China, and SLR engineering activities at Riga including
new developments in their epoch timer work.
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Scientific Achievements, Applications, and Future Requirements

Chairs: Zuheir Altamimi, Steve KloskodRi char d Gr os s, Al eksandei

Session Summary
Steve Klosko

The 18" International Workshop on Laser Ranging brought together an exceptional group of
reseachers who provided reports on the spectrum of science investigations being supported
by Satellite and Lunar Laser Ranging (SLR and LLR) and Laser Altimetry. The 3 Sessions
comprising this portion of the meeting, containing 21 oral presentations andterspos
covered a wide range of activitie¥hese sessions where structured as follows:

1 Session 1 focused on the reference frame, positioning SLR stations with high precision
within this frame, and time variations in the gravity field which both pertuetSibR
satellite orbits and cause changes of the location of the geocenter with respect to the
polyhedron realized by the geographic distribution of the SLR stations. The legacy of
SLR over the 1970s and 1980s where it alone provided precise Earth anentat
information and through the 1990s for monitoring changes in the longest wavelengths
of the gravity field were described. A
contribution to the International Terrestrial Reference Frame (ITRF) both in terms of
providing scale and in monitoring geocenter motion. New missions, like GRACE,
which now provide far more detailed info
system were also discussed with regard to improving SLR orbit accuracies.

1 Session 2 focused omhit determination capabilities, analyses, and new applications
for SLR including support for upcoming Lunar Reconnaissance Orbiter (LRO)
mission. This session also discussed various highly interesting investigations made
possible through the availabilityf detailed topographic mapping capabilities
delivered by laser altimeters and the Lunar Laser Ranging acquired on the moon. SLR
remains one of the surest ways to provide precision orbits in its own right, and for
independent orbit verification for solahs produced by GPS and DORIS. A laser
transponder being deployed on LRO, will provide significantly improved orbits for
this lunar orbiter enhancing mission science objectives. The second half of this session
focused on the outstanding results for b&tdrth and Planetary applications, made
possible with laser altimetry. Excellent papers were presented on ICESat, the MOLA
system flown on Mars Global Surveyor (MGS), and a survey of applications including
NEAR, MESSENGER, and LRO.

1 Session 3 highlighte SLR and LLR contributions to planetary and lunar geophysics,
fundamental physics (e.g. the Lens Thirring effect, the geophysical properties of the
moon deduced from LLR) and the upcoming LARES experiment. SLR and LLR,
given the long time history and bility of these systems, have made significant
contributions to the study of fundamental physics in the field of General Relativity.

The science presentations at this workshop both individually and in total, were some of the
most comprehensive ever peesed within the ILRS Workshop frameworklhese papers
clearly demonstrated the continuing role that SLR, LLR, and laser altimetry has in furthering
our understanding of the dynamics ongoing in the Earth and its terrékgigdlanetary
companions.
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Laser Ranging Contributions to Earth Rotation Studies

Richard S. Gross
Jet Propulsion Laboratory, California Institute of Technology, Pasadena
Richard.Gross@jpl.nasa.gbd¥ax: + 1-818-393-4965

Abstract

The groundwork for a new field in the geophysical sciences, space geodesy, was laid in the
1960s with the development of satellite and lunar laser ranging systems, along with the
development of very long baseline interferometry systems, for the purpogdyirfigsicrustal

plate motion and deformation, the Earth's gravitational field, and Earth orientation changes.
The availability of accurate, routine determinations of the Earth orientation parameters
(EOPs) afforded by the launch of the LAser GEOdynamioslli&at(LAGEOS) on May ,4
1976,and the subsequent numerous studies of the LAGEOS observations, has led to a greater
understanding of the causes of the observed changes in the Earth's orientation. LAGEOS
observations of the EOPs now spayears, makingtithe longest available spaggodetic

series of Earth orientation parameters. Such long duration homogenous series of accurate
Earth orientation parameters are needed for studying dpegod changes in the Earth's
orientation, such as those caused bynelie change. In addition, such long duration series

are needed when combining Earth orientation measurements taken by different space
geodetic techniques. They provide the backbone to which shorter duration EOP series are
attached, thereby ensuring the lstdy of the final combined series. And if rapidly reduced,
lunar laser ranging measurements have the potential to contribute terealaime UTI
determination.

Introduction

The Earth's rotation, encompassing both the rate of rotation and thierochthe rotation

axis with respect to the Earth's crust, is not constant but exhibits minute changes on all
observable time scales from subdaily to decadal and longer [for a recent review see, e.g.,
Gross, 2007]. Changes in the Earth's rate of rotatmmount to a few parts in 10
corresponding to changes of a few milliseconds (ms) in the length of the day; changes in the
location of the rotation axis with respect to the Earth's crust, known as polar motion, amount
to about a part in 0 or several huired milliarcseconds (mas). Lengihday (LOD)
variations consist largely of: (1) decadal variations of a few milliseconds in amplitude thought
to be caused by interactions between the Earth's core and mantle, (2) tidal variations having
periods between2lhours and 18.6 years caused directly by the deformation of the solid Earth
in response to the action of the hsular tide raising potential and indirectly by the
interaction of the ocean tides with the solid Earth, and (3) forced variations on istiaeca
interannual time scales caused primarily by changes in the strength and direction of the winds
with the effects of atmospheric surface pressure and oceanic currents and bottom pressure
being of relatively minor importance.

Polar motion consistdargely of: (1) a forced annual wobble having a nearly constant
amplitude of about 100 mas, (2) the free Chandler wobble having a variable amplitude
ranging between about 100 to 200 mas, (3) gpasodic variations on decadal time scales
having amplituds of about 30 mas known collectively as the Markowitz wobble, (4) a linear
trend having a rate of about 3.5 mas/yr, and (5) smaller amplitude variations occurring on all

1C
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measurable time scales. In general, the causes of the observed polar motion angetiot as
understood as are those of the observed leofytlay variations, although a growing body of
evidence suggests that on intraseasonal to interannual time scales polar motion is caused
largely by a combination of atmospheric and oceanic processesatmitispheric surface and
oceanbottom pressure variations being more important than those of winds and currents
[Gross et al.,2003]. However, on decadal time scales atmospheric and oceanic processes do
not appear to be energetic enough to excite polaiomed its observed leve[&ross et al.,

2005]. Coremantle interactions also appear to be ineffective in exciting polar motion on
decadal time scales [e.@reff-Lefftz and Legrosl995;Hide et al.,1996]. If progress is to be

made in understandingédltause of decadal polar motion, then of primary importance is the
continued availability of accurate and stable polar motion series of long duration.

Decadal Polar Motion

Figure 1 shows three different decadal polar motion series that were produapplyigg a

lowpass filter with a cutoff period of 6 years to the series of International Latitude Service
[ILS; Yumi and Yokoyamd,980] optical astrometric polar motion measurements (top solid
green curve), the series of Hippar¢®®ndrak et al. 1998] optical astrometric polar motion
measurements (middle solid blue curve), and the SPAGE®6ss,1997] combination of
spacegeodetic polar motion measurements (bottom solid red curve). As can be seen, the
decadal variability exhibited by these three polation series is very different. There is very

little agreement between the SPACE96 series, which is based on highly accurate space
geodetic measurements, and the ILS and Hipparcos series which are based on less accurate
optical astrometric measurements.

The most reliable estimates of decadal polar motion are those determined frogespatie
measurements. The only spageodetic polar motion series that span the entire duration of
SPACE96 are those determined from lunar and satellite laser rd&ioss, 1997]. Figure 1
therefore demonstrates that the very nature of decadal polar motion was not known until the
advent of the spaegeodetic measurement techniques of lunar and satellite laser ranging.
These laser ranging measurements must continue to Kem tand reduced for Earth
orientation parameters in order to provide the accurate and stable series of long duration
required to investigate and uncover the cause of decadal polar motion variations

Combined Earth Orientation Series

Each of the modem, spageodetic measurement techniques of lunar laser ranging (LLR),
satellite laser ranging (SLR), very long baseline interferometry (VLBI), and the global
positioning system@GPS) is able to determine the Earth orientation parameters. But each
technique hasts own unique strengths and weaknesses in this regard. Not only is each
technique sensitive to a different subset and/or linear combination of the Earth orientation
parameters, but also the averaging time for their determination is different, as éuth&on,

the interval between observations, and the precision with which they can be determined. By
combining the individual Earth orientation series determined by each technique, a series of
the Earth's orientation can be obtained that is based upgreimdient measurements and that
spans the greatest possible time interval. Sucbrabined Earth orientation series is useful

for a number of purposes, including a variety of scientific studies, and as an a priori series for
use in data reduction procedures

11
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SMOOTHED POLAR MOTION SERIES
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Figure 1. The xcomponent (top panel) andcomponent(bottom panel) of decadal polar

motion determined by applying a lowpass filter with a cutoff period of 6 years to the optical
astrometric measurements of the International Latitbeerice (top solid green curve), the
Hipparcos optical astrometric polar motion series (middle solid blue curve), and the
SPACE96 combination of spageodetic polar motion measurements (bottom solid red
curve). By convention, the-somponent of polar man is positive towards the Greenwich
meridian and thg-componenis positive towards 98V longitude. For clarity of display, 100

mas have been added to the ILS series, and 100 mas have been subtracted from the SPACE96
series. After Figure 1 dbross andvondrak[1999].

For two decades, reference Earth orientation series have been generated at the Jet Propulsion
Laboratory (JPL) in support of interplanetary spacecraft tracking and navigation. These series,
the latest of which is known as SPACE2007, preduced by using a Kalman filter to
combine Earth orientation series taken solely by spaceletic measurement techniques
[Gross et al.1998]. A number of corrections to the individual spgeedetic series must be

made in order to ensure that they aomsistent with each other prior to being combired.
particular, corrections to the bias and rate of each series must be determined and applied in
order to make sure that they are aligned with each other prior to combination. Stable,
internally selfconsstent EOP series of long duration are required when determining these
biasrate corrections in order to ensure that the corrections made to the other shorter duration
series are determined consistently with each other so that no residushtbiabfferace

exists between the series being combined

12
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POLAR MOTION DATA COVERAGE
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Figure 2. Epochs of the SLR, VLBI, and GPS polar motion measurements that were
combined to form the SPACE2001 Earth orientation series.

Figure 2 shows the epochs of the SLR, VLBI, and GPS polar motiosumreaents that were
combined to form the earlier SPACE2001 sefi€soss, 2002]. The SLR measurements,
which as can be seen are of longer duration than either the VLBI or GPS measurements, span
the entire time interval of the SPACE2001 series. In factstidmting epoch of SPACE2001 is
determined by the starting epoch of the SLR series. The stability of the SLR series allows
consistent biasate corrections to be determined for the shorter duration VLBI and GPS
series, thereby ensuring the stability of fimal combined EOP series. Due to its accuracy,
stability, and long duration, the SLR series is the backbone to which othergsuatetic

series are attached when combining them.

Near RealTime UT1 Determination from LLR
Only two independnt combinations of UT1 and the polar motion paramegigtys and py(t)
can be determined by analyzing lunar laser ranging measurements taken at a single station,

namely, UD and the variation of latitudepi{t) at that station (e.g., Moritz and Mueller,
1988, p. 425):

A¢i(f) = Xp([) COSAI- = yp(f) Sil’lki (Ia)

UTO(r) - TAI() = U() + x,(1) sink; tang; + y,(1) cosh; tang, (Ib)
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where ((i and & are the nominal latitude and longitude of staticand the variabléJ(t) is

defined byU(t) [ UT1(t) - TAI(t). A rotation of the Earth about an axis connecting the station
with the origin of the terrestrial reference frame does not change the distance between the
station and the Moon, and hence this component of the Earth's orientation cannot be
determined from single station LLR observations.

Equation {b) shows that LLRmeasurements dfTO can be used to determine UTf
independent estimates of polar motion are availdblgarticular, if UTO could be rapidly
determined from LLR measurements and if polar motion estimates were also rapidly available
then LLR measuremesicould be used to rapidly determine UT1pkmciple this should be
possible because unlike VLBI the LLR observation files are quite small and could be rapidly
sent electronically to analysis centers for rapid reduction t0. Fince GPS estimates of
polar motion are also rapidly available, LLR has the potential of determining UT1 within
hours of data acquisition, making it competitive in latency with eVLBI.

Discussion and Summary

Earth orientation parameters determined from laser ranging measurémémsMoon and
artificial satellites of the Earth span a greater time interval than do those determined by any
other spacgeodetic measurement technique. Simultaneously processing the entire history of
laser ranging measurements ensures that the ressétnies of Earth orientation parameters is
stable and internally setfonsistent. The accurate and stable Earth orientation series of long
duration derived from laser ranging measurements are required for both investigating long
period changes in the EhX orientation, which in the case of polar motion are still of
unknown origin, and for combining Earth orientation measurements taken by different
techniques. Analysis centers are encouraged to continue to derive Earth orientation
parameters from all avable laser ranging measurements, including those beginning with the
launch of LAGEOS on May 4, 1976 and not just those taken since 1983. By using all
available laser ranging measurements, an accurate and stable EOP series of ever increasing
duration will continue to be available for investigating the causes and consequences of Earth
orientation variations.

Of all the spacgieodetic measurement techniques only lunar laser ranging and very long
baseline interferometry are able to determine Universal Tithelunar laser ranging
measurements could be rapidly processed then they could contribute teai¢iane UT1
determination. Such rapidly available estimates oflldfie needed for a number of purposes
including the prediction of GNSS satellite orbitsdathe tracking and navigation of
interplanetary spacecratft.
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Abstract

Since the first realization of the International Terrestrial Reference Frame (ITRF), its origin,
defined to coinde with the geocenter, has been realized through the estimated coordinates of
its defining set of positions and velocities at epoch. Satellite Laser Ranging (SLR) contributes
to the ITRF realization this unique information along with that for its abscicade, for over

two decades. Over the past decade, the focus extended beyond the accuracy at epoch to
include the stability of these realizations, given the increasingly more accurate observations
of geophysical mass redistribution within the Earth syst@nven by numerous geophysical
processes, the continuous mass redistribution within the Earth system causes concomitant
changes in the longvavelength terrestrial gravity field that result in geometric changes in the
figure described by the tracking st network. The newly adopted ITRF development
approach allows the simultaneous estimation of origin variations at weekly intervals through

a geometric approach during the stacking step, and for the first time in the history of the ITRF
accounts to some &@nt for these effects. Our dynamic approach has been used since the mid

90s, delivering, initially biweedolgeoxzmadtleatoe
vector, simultaneously with an SldRly TRF realization. Over the past year, the
Intermnat i onal Laser Ranging Serviceds (I LRS) An

modeling improvements for the SLR data reduction of future as well as the historical SLR
data. Based on this new standards, ILRS has embarked on a reanalysis of the LAGEOS 1
SLR data set up to present, to develop a uniformly consistent set of weekly variations with
respect to a frame realized simultaneously by the ensemble of the data, closely approximating
the current (scaled) ITRF2005. These series can complement ttisepagplication of the

ITRF when used as Cartesian offsets or the GRA&#ed monthly gravitational models,
when converted to degrdeharmonics. A simple model based on the dominant frequencies
decomposition of the series can be easily used to acfoutite most significant part of the
signal in various applications (examples).

Introduction

The origin of the Terrestrial Reference System (TRF) is realized through the adopted
coordinates of its defining set of positions and velocities at epochtitating the
conventional Terrestrial Reference Frame. Since many decades now, these coordinates are
determined with space geodetic techniques, in terms of absolute or relative positions of the
sites and their linear motions. Satellite tracking technigisesdynamics to define the origin

and scale of the tracking station network si
mass of the central body and the size of their orbit is governed by the total mass of that central
body. Today, late 2008h¢ state of the art TRF is the International Terrestrial Reference
Frame (ITRF) with the latest realization being that of ZDOBRF2005, [Altamimi et al.,

2007]. An international and muitechnique effort is underway though to update this
realization witha new one in late 2009, the ITRF2008 realization. This contribution focuses

on tohd giin to geocenterodo vector variations a
network. We will examine first some theoretical estimates of the order of magnitude of

16


epavlis@umbc.edu

Proceedings of the 16th International Workshop on Laser Ranging

expected variations and their nature, followed by examples of the recently determined series
from SLR data, and we will conclude with examples of how their incorporation in the
interpretation of geophysical signals leads to improved results.
From Mechanics:
AX =x .= (1/M) [[Jx'dM
AY =y .= (A/M) [[Jy'dM
AZ =z .= 1/M) [[Jz'dM

From Gravimetry:

[AX ( AC,,

1AYT= (?‘,'JECQ()%ASLI }

AZ |AC,, |

Figure 1. Cente-of-mass (geocenter) definition and its relationship to gravity.

Temporal Gravitational Variations (TVG)

Despite the early use of space geodesy to develop accurate models of the terrestrial
gravitational field, for many decades the field was viewetharily as static, apart from the

well known tidal variations. It soon became apparent that if not throughout its spectrum, at
least the long wavelength part was exhibiting changes in time, because of reasons that were
quickly traced to geophysical proces$®¥oder et al., 1983]. Theoretical studies that followed
over the coming years predicted further changes due to the redistribution of masses within the
individual components of system Earth: atmosphere, oceans and solid Earth. This opened up
an entirely ew research area, temporal gravitational variations (TGV), and with it, it
provided the missing link between space geodesy and climate change. As a result, it was
widely accepted that since the fAchangeodo i
problem could not be properly addressed without a good handle on temporally changing
gravitational signals with respect to a stable, well defined, and very accurate reference frame.
Our focus here is in the degreae terms that describe the ng@ocentricity of he frame

(Fig.1), with our primary concern being lotgrm, secular stability for that frame. Table 1
provides order of magnitude estimates of the plausible geophysical process that could
contribute a secular component in the otherwise stable geocentereWrence to the solid

Earth component of the system.
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Table 1.Plausible causes of secular geocenter change with expected order of magnitude.

Source Magnitude Induced motion
Sea levéf) 1.2 mmly 0.064 NO. O]
Ice sheets (GY 2 mmly 0. 0 426 M@/y
Tectonic§’ AMO-2 0.309K0.05
Postglacial rebourtt ICE-3G 0.2- 0.5 mmly

(1) : Marianne Greft efftz (2000)
(2) : Yu. Barkin (1997)

Seasonal changes in the long wavelength harmonic coefficients of the gravitational potential
have beertlosely correlated with mass transfer in the atmosphere, hydrosphere and oceans,
from independent observations of other than SLR techniques and different space missions.
Gravity-mapping missions, (e.g. GRACE), and to a lesser extent the future missiog, GOC
address temporal changes directly from the gravimetric point of view. For the very low degree
and order terms though, there is also a geometric effect on the origin between the
instantaneous and the mean (over very long time periods) reference frahwnasin Figure

1. This is one of the fAcouplingso bet ween
geokinematics.

SLR contribution to the Terrestrial Reference Frame

SLR has been for decades a primary tool in the establishment and maintenance&R¥F the

and monitoring of Earthés Orientation Par amt
simple, precise and failsafe tracking technigBeR data contributed in this effort the most

accurate results yet, demonstrating early enough millinketet acuracy for shorterm

averages for these quantities [Pavlis, 1999, 2002]. Other satellite techniques, like GPS and
DORIS, can potentiallycontribute to the definition of these quantities, however, due to the

nature of these techniques, their contribut®imited in accuracy due to confounding with

ot her parameters. SrLRa Iciazma tdiea reor ma fn et tae ATSRAR a
basis with accuracy at the centimeter | evel
subsequently, combined \ithe contributions from other space techniques, they produce the

new, global TRF. This process was first used in the development of ITRF2005 [Altamimi et

al., 2007] and will be followed also in the development of the new TRF realization

Al TRF2O0O0 &étime id20@9. s o

Although theSLR ground network of prime contributing sites has evolved considerably over

these years, it still remains very poor in its global coverage, with a profound imbalance
between north and south hemisphere stations (Fig. 2¥oltsalffers from long outages at sites

that cease operations for extended time periods for upgrades or other reasons, due to
redundancy gaps over certain areas. Finally,
examination of the 1993 to 2007 data $é@tm the two LAGEOS targets that almost
exclusively support the ITRF development, indicates that in addition to the geometric
imbalance of the two hemispheres there is also a huge imbalance in terms of contributions
between southern hemisphere sites. Imi@aar, the two sites in Australia are responsible for

almost all of the data collected in the southern hemisphere. These issues have a direct impact
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on the development of a stable TRF and they are being addressed now in studies for an
improved network bspace geodetic techniques that will replace the currently operating ones,
with an emphasis on multechnique cdocations and uniform global distribution [Pavlis and
KufFmCceSlak, these proceedings]

Figure 2. The ILRS network of stations with the most productive stations highlighted in
ellipses and the lopsided nature of the network indicated by the large difference of sites
between the north and south hemisgseiThe loss of Tahiti over a significant time period
created also a huge gap in longitude (~135A)

In preparation for the new ITRF2008, all of the LAGEOS and LAGEOS?2 data are being
reanalyzed by the ILRS Analysis Center&C}, using improved modeling of biases,
spacecraft dynamics and geometry, and background models. This time around the ILRS has
extended the analysis to include the majorit
starting with 1983. The extensiom 1983 and not all the way back to the launch of LAGEOS,
May of 1976, was decided after preliminary analyses indicated that the data prior to 1983
were not of the quality required for the definition of the TRF, suffering from large and
unstable biases ambor network geometry. From the preliminary analyses at the JCET/GSFC
AC, the evolution of the geocenter compared to the a priori definition from the underlying
SLRF2005 TRF (compatible with ITRF2005But extended to apply to the period 1983 to
1993, seens very stable, indicating no significant secular variations as the prior models did
with respect to ITRF2000, and with a clear annual signal. These preliminary series are
displayed in Figure 3 for the recent period 1993 to end of 2008, when the resolutin

series is at weekly intervaldlote the lack of secular trends in the serigse years before

1993 do not support such a resolution and the official ILRS contribution is provideedisyl5
averagesThese series are obtained from a mwdtar soltion for a SLRonly TRF in the

form of a set of coordinates at a fixed epoch (2000.0) and associated linear velocities. During
the solution, we are determining weekly offsets of the frame determined with each weekly
data set from the mean frame that ised@ined by the ensemble of the data. This approach
delivers a consistent frame and geocenter series and it is applicable for a sequential approach
of augmenting an established TRF with additional data as they are collected in time, to extend
its validity without changing its definition.
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