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•  Simple range measurement 
•  Space segment is passive 
•  Simple refraction model 
•  Night / Day Operation 
•  Near real-time global data 

availability 
•  Satellite altitudes from 300 km to 

geosynchronous satellites, and the 
Moon 

•  cm satellite Orbit Accuracy 
•  High accuracy and resolution long 

time series, EOP, C/Sn,m 

•   Unambiguous centimeter accurate orbits 
•   Long-term stable time series 

Precise range measurement between an SLR 
ground station and a retroreflector- 
equipped satellite using ultrashort laser 
pulses corrected for refraction, satellite 
center of mass, and the internal delay of the 
ranging system. 

Satellite Laser Ranging - the Technique 
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SLR single-shot range error budget 

aspect noise systematics 
epoch timing [µs] << 1 << 1 
troposphere [mm] 1 (5) 
ionosphere [mm] 0 0 
detector [mm] 2 - 5 1 
satellite [mm] 2 - 15 0 – 6 
time of flight [mm] 1 - 5 0 – 5 
total [mm] 3 - 16 1 – 8 (10) 
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ILRS: 
•  founded in 1998 

•  stimulates technology development 

•  coordinates missions, tracking, archival, analysis 

•  Analysis Working Group: quality control, analysis 
standards, formats, TRF products, 8 active AC and 4 
candidate AC 

•  effective data period SLR: from 1983 onwards 

•  http://ilrs.gsfc.nasa.gov 

ILRS: International Laser Ranging Service 
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The ILRS Network 
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Selected SLR Stations Around the World 

Hartebeesthoek, 
South Africa 

TIGO, 
Concepcion, 

Chile 

MLRS, TX USA 

Matera, 
Italy 

Tahiti,  
French 

Polynesia 

Yarragadee, 
Australia 

Riyadh, 
Saudi Arabia 

Wettzell, 
Germany 

TROS, China 

Shanghai, China 

Kashima, 
Japan 

Zimmerwald, 
Switzerland 

NGSLR, 
 Greenbelt, MD 

USA 
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ILRS-Tracked Satellite Missions 
(POD Support) 
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ILRS-Station Performance 

1 cm 

2 cm 
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The  LAGEOS III  Experiment 
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GRACE Orbit and Gravity Field Recovery  
at GFZ Potsdam  

Ch. Reigber, F. Flechtner, R. König, U. Meyer,  
K. Neumayer, R. Schmidt, P. Schwintzer, S. Zhu 

GeoForschungsZentrum Potsdam 
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2004 L-T Results 

€ 

δΩ
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I + 0.545δΩ
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II = 48.2µ
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GR Test Results for LT signal 

• Collaborative work with 
Ignazio Ciufolini (UL), Rolf 
König (GFZ) and J. Ries 

• Results up to now with 
GEODYN and EPOS for 
several GRACE models, soon 
to be expanded with the latest 
EIGEN-GRACE-4 

• Positive results used to 
convince funding agencies for 
a dedicated mission (LARES) 
of small LAGEOS-type s/c 
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EPOS Validation of 2004 LT Results 

• Collaborative work with Rolf König (GFZ) 

EIGEN-GRACE02S:   ! = 1.02   (cf.  0.99 Nature 2004)  
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Why do we need improvements? 

•  SLR is an indispensable technique for the development of the terrestrial 
reference frame (origin & scale) and for geodetic metrology 

•  The current state-of-the-art is not meeting science requirements due to 
poor area coverage and aging equipment 

•  To meet the stringent future requirements (e.g. GGOS), we need to design 
a new network and, in coordination with the other techniques, deploy 
modern hardware systems 
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Sample of SLR Satellite Constellation 
(Geodetic Satellites) 
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Inclination 64.8° 109.8° 52.6° 50° 50° 98.6° ~70° 

Perigee ht. (km) 19,120 5,860 5,620 1,490 810 800 ~1500 

Diameter (cm) 129.4 60 60 215 24 24 36 

Mass (kg) 1415 407 405.4 685 47.3 47.3 ~400 

LARES A/m = 0.36 x LAGEOS 
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NASA Next Generation SLR System 

NASA’s Next Generation SLR (NGSLR), GGAO, Greenbelt, MD 
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 NGSLR Components 
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Future kHz SLR Sites 

OPERATIONAL 

(French Mobile System) 
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2 kHz SLR @ Graz, Austria 
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Seeing Effects in SLR 
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Spin-axis Orientation 
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LAGEOS Spin-axis Model 

J. I. Andres, et al. 
JOURNAL OF GEOPHYSICAL RESEARCH,  
VOL. 109, B06403, doi:10.1029/2003JB002692, 2004  

LOSSAM 
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LAGEOS 2 Spin-axis Model 

J. I. Andres, et al. 
JOURNAL OF GEOPHYSICAL RESEARCH,  
VOL. 109, B06403, doi:10.1029/2003JB002692, 2004  

LOSSAM 
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Current SLR Model Status 
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Target signature (CoG) 
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Earth System Interactions 

Mass redistribution in Earth System monitored 
regularly by various remote sensing techniques 
(atmosphere & oceans).  

Global fields with increasingly higher  spatiotemporal 
resolution readily available to the analysts.  

Technology is advancing with rapid pace in recent 
years worldwide 

As LR data become more accurate we will soon face 
the limitation of our modeling standards, generally of 
20th century vintage. 
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Multiple techniques to solve the puzzle 

•  High precision geodesy is very 
challenging 

–  0.1 mm/yr stability required for sea 
level monitoring 

•  Fundamentally different 
observations with unique 
capabilities 

•  Together provide redundancy, cross 
validation and increased accuracy 
for TRF 

•  Strength from improvement of 
techniques and integration of 
techniques 

Technique 
Signal 
Source 
Obs. Type 

Celestial 
Frame 
UT1 

No No 

Scale Yes 

Geocenter No Yes 

Geographic 
Density 

No No 

Real-time No No 

Decadal 
Stability 

Yes 
•   Fundamental prerequisite: 

Well-distributed, co-located 
network with accurate ties 

The 1st International LARES Science Workshop, Rome, Italy 3-4 July, 2009



33 

TRF Requirement 
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    Why 1 mm / 0.1 mm/yr ? 

Effect of 1-mm/year trend in CoM-Z on Jason SLR/DORIS orbit 

radial = -0.17 mm/yr

-0.5

0

0.5

1

1.5

2

2002.5 2003 2003.5 2004 2004.5 2005 2005.5

m
m

mean radial sampled over water
CoM-Z 1-mm/year trend

Linear (mean radial sampled over water)

Beckley et al. (2007), GRL, Fig 4!

ITRF2005: 3.3 +/- 0.07 mm/yr 

Lemoine et al. (2008), 
EGU2008-A-11368 

For every 1 mm/yr Z-trend in 
the TRF origin, sea-level rates 
are affected by ~ 0.2 mm/yr  
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Candidate Models 

•  Extended temporal gravity variations 
–  NCEP or ECMWF (3 or 6 hr t-resolution, 0°.25,…) 
–  GRACE-derived monthly fields & de-aliasing products 
–  Other combinations 

•  Atmospheric loading (NCEP, ECMWF as above), hydrological loading 
(GLDAS) 

•  New ocean tides (GOT04.7 or more recent) with proper atmospheric tide 
treatment 

•  Atmospheric refraction from 3D ART to include gradients 

•  Albedo (e.g. higher degree-order seasonal model) 
•  … 
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Zonals C 4,0 and C 6,0 
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Second Degree Variations - J2 
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Second Degree Variations - C(2,0) 
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Second Degree Variations - C(2,0) 
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Atmospheric Loading (ECMWF) 

"v0": 1970/01 - 2002/08: ECMWF Reanalysis (ERA40), with a spatial resolution of 1.125 degrees  

"v1": 2000/12 - 2006/12: ECMWF Operational, with a spatial resolution of about 0.350 degrees
 
"v2": 2005/10 - now: ECMWF Operational, with a spatial resolution of about 0.250 degrees 

Difference in the RMS of fit of weekly arcs of LAGEOS SLR for 2001 & 2006

 and four Atmospheric loading treatments (one being NO loading)

Std DeviationRMSMedianMeanPoints Variable

2.874.452.73.452∆RMS  v0-NO

3.164.312.12.9104∆RMS  v1-NO

3.084.091.72.752∆RMS  v2-NO

0.820.920.00.452∆RMS  v1-v0

1.962.581.41.752∆RMS  v2-v1
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Geocenter Monitoring - X 
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Geocenter Monitoring - Y 
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Geocenter Monitoring - Z 
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TRF Origin and Scale from SLR TODAY 
(January 1993 - December 2008) 

RMS !Origin & !Scale 
from ITRF2005 AC 

Tx 
[mm] 

Ty 
[mm] 

Tz 
[mm] 

Sc 
[mm] 

Individual ASI 5 5 10 5 

DGFI 8 6 13 5 

GA 7 6 11 5 

GFZ 6 5 11 5 

GRGS 7 7 11 7 

JCET 5 5 11 5 

NSGF 12 12 23 9 

Combination ILRS-A 4 4 9 4 
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3D Atmospheric Ray Tracing (ART) 

Hulley,  G.  C.  and  E.  C.  Pavlis, 
(2007), A ray-tracing technique 
for  improving  Satellite  Laser 
Ranging  atmospheric  delay 
corrections,  including  the 
effects of horizontal refractivity 
gradients,  J.  Geophys.  Res., 
112,  B06417,  doi:
10.1029/2006JB004834, 2007.!

Pavlis, E. C., V. Mendes and G. 
Hulley, (2008), Tropospheric 
Model: Optical Techniques, in 
IERS Conventions 2003, G. 
Petit and B. Luzum eds., IERS 
Technical 32, online version: 
http://tai.bipm.org/iers/
convupdt/convupdt.html, 
Paris, France, 2008.  
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Method ΔBias (mm) Δσ! (%) 

AIRS 
RTgrad 

RT3D 
  0.3 ± 0.3 
  0.9 ± 1.1 

ECMWF 
RTgrad 

RT3D 

  0.1 ± 0.5 
  0.6 ± 1.2 

Gradient-corrected SLR Residuals Statistics 
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Residual refraction effects on i and Ω  
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LARES -  
LAser Relativity & Earth Science   Satellite 

• LARES Parameters: 

–  Material   Tungsten alloy (95%) 

–  Diameter   ~36 cm 

–  Mass   ~420 kg 

–  Altitude   1500 km 

–  Inclination  ~70° 

–  Eccentricity  Circular orbit 

–  CCRs (109)  LAGEOS type 

–  A/m ratio   0.36 x LAGEOS 

Launch is with ESA’s new launcher VEGA, 
on its inaugural test launch, in late 2009/ 
early 2010 
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   Summary 

•  Old, aging, outdated equipment in the network soon to be replaced 
through international efforts spearheaded by GGOS and major national 
agencies 

•  LR analysis needs to update its modeling standards to keep in pace with 
technological advances and stringent scientific requirements 

•  Several new, improved models exist already and resources for generating 
additional background and de-aliasing corrections are now available 
globally and ready to use 

•  Some of the proposed improvements can be readily implemented and do 
not interfere with the currently accepted standards 
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•  Representative absolute accuracy of SLR observations at 1-8 mm dependent on 

time-period and tracking system 

•  ILRS weekly TRF origin assessments accurate in Origin (Tx, Ty and Tz) to 4, 4, 

and 9 mm, much lower for recent years, BUT we need each one < 1 mm !!! 

•  ILRS weekly global scale assessments accurate to ~0.6 ppb , 0.3 ppb for recent 

years, BUT we need it < 0.02 ppb !!! 

• Addition of early data (from 1983 to 1992) will improve the evolution of ITRF 

attributes, primarily origin and scale rates, and station velocities 
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   Schedule for New Analysis 

•  Complete tests of various new models by the end of this year (2009) 

•  Begin re-analysis of entire LAGEOS 1 & 2 data set from ~1983 to present 
in early 2010, to be ready by spring 2010 

•  Apply similar models with appropriate resolution to LEO satellites and 
reduce data over the same period by the summer of 2010 

•  Redo LT-analysis with new formulation and compare to current results by 
autumn of 2010, at which point we hope to have the first LARES data also 
included in the new solutions 
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Future Work 

•  New (SLR and GRACE) Time Varying Gravity solution (ITRF2008 
based) and inclusion of more satellites, using GRACE derived models 

•  Implementation of the new RL04 de-aliasing product when available, 
ECMWF atmospheric gravity, and new  loading, ocean, and  pole tide 
models 

•  Reanalysis of all SLR data with new GRACE models for LT test (1993 to 
present) 
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