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Causes for Crustal Motions and
Variations in Earth Orientation



Dynamics of crust and mantle

Plate Tectonics

Mantle Convection Core/Mantle Dynamics

Volcanoes

Post Glacial Rebound

Ocean Loading

Atmospheric Loading



Mass transport phenomena in the upper layers of the 
Earth  



Temporal and spatial resolution
of mass transport phenomena  
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Temporal and spatial resolution of oceanographic 
features  

bathymetric
structures
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Continental hydrology



Ice mass balance and sea level



Satellite gravity and altimeter mission products
help determine mass transport and mass distribution

in a multi-disciplinary environment

Dynamics of mantle and crust 
mantle dynamics and geoid signal,
time variation from global isostatic

adjustment, plumes, slabs, gravity signal of
crustal and lithospherie structures

From satellite sensor data to mass 
signals

consistent combination of
satellite data, reference systems,

data preparation for model assimilation, 
regional representation, filtering, error 

models, separation of signal 
components, 

mass balance, complementary data

Ice mass balance and sea level
ice surface: height change, velocities, 

mass budget of ice sheets, 
sea level rise from melting, dynamic ice models, 

sea ice: coverage, thickness

Continental hydrology
continental water budget,

closure of water balance (global, regional)
water storage variation,

trends and climate change

atmosphere

Oceanic transport
ocean circulation (quasi-static and time variation),

mass and heat transport, 
eddies,

sea level: mass and volume change

 

 

 

 

 

Gravity field missions
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� What are the causes of the observed global and regional 

sea level changes?

� What are their relations to the variations in the heat and

mass content of the oceans?

� How do the polar ice sheets vary in size and thickness?

� Are there variations in the continental hydrosphere and

what are their influences on the climate changes?

� Which geodynamic convective processes cause

deformations and motions of the Earth‘s surface?

Fundamental questions in 
Geosciences:

Context for SLR Science:



Mass transport phenomena:

� Hydrological cycle of the continents and in the ice regions,

� Ice mass balance and as a consequence the variation of sea level,

� Mass transport in the oceans, ocean currents transport heat and

represent therefore an important factor of climatological development,

� The melting of the large ice covers cause isostatic adjustment,

� Mass changes within the Earth, caused by various forces within the Earth



What is the common tread?

• The Reference Frame allows us to connect 

measurements over:

� Time (decades to centuries)

� Space (baselines of10’s to 1000’s of kilometers)

� Evolving technology

� Extendable into Space 

• The Reference Frame relies on a sufficiently robust 

ground-based network to  provide overall stability on a 

platform that is moving



What are the geodetic networks?

• The Terrestrial Reference Frame 
(TRF) is an accurate, stable set of 
positions and velocities.

• The TRF provides the stable 
coordinate system that allows us 
to link measurements over space, 
time, and evolving technology

• The geodetic networks provide 
data for determination of the TRF 
as well as direct science 
observations.

• GPS, SLR, and VLBI are the three 
technologies used in the geodetic 
networks.



Space Geodesy Techniques

• VLBI (Very Long Baseline 

Interferometry)

• SLR/LLR Satellite/Lunar Laser 

Ranging

• GNSS (GPS, GLONASS, 

future: Galileo)

• DORIS (Doppler Orbitography

and Radio Positioning Integrated 

by Satellite)

VLBI

SLR/LLR

GNSS/GPS

DORIS



• Simple range measurement

• Space segment is passive

• Simple refraction model

• Night / Day Operation

• Near real-time global data availability

• Satellite altitudes from 400 km to 

20,000 km (e.g. GPS/GLONASS), and 

the Moon

• Cm. satellite Orbit Accuracy

• Able to see small changes by looking 

at long time series 

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

• Unambiguous centimeter accuracy 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 machine.

Satellite Laser Ranging Technique



SLR Science and Applications

• Measurements

�Precision Orbit Determination (POD)

�Time History of Station Positions and Motions

• Products

�Terrestrial Reference Frame (Center of Mass and Scale)

�Plate Tectonics and Crustal Deformation 

�Static and Time-varying Gravity Field

�Earth Orientation and Rotation (Polar Motion, length of day)

�Orbits and Calibration of Altimetry Missions (Oceans, Ice)

�Total Earth Mass Distribution

�Space Science - Tether Dynamics, etc.

�Relativity 

• More than 60 Space Missions Supported since 1970

• Four Missions Rescued in the Last Decade
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Sample of SLR Satellite Constellation
(Geodetic Satellites)
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Sample of SLR Satellite Constellation
(POD Support)
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Example Satellite Configurations

GRACE

(courtesy of U. TX/CSR)

TOPEX/Poseidon



spurious residualsLageos-1 and -2 global rms for all 10 day arcs



Mean annual terms amount to :

1.2 mm in X, with a minimum in February

2.0 mm in Y, with a minimum in December corresponding to a winter loading centred on Siberia

1.8 mm in Z, with a minimum in February

GEOCENTER MOTION

�mm-level Geodesy requires understanding of the reference 
frame and its distortions to acute levels of precision.

�Shown here is the change in the origin of the crust-fixed 
frame w.r.t. the center of mass due to non tidal mass transport 
in the atmospheric and hydrospheric systems.
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Rise in Sea Level 



Gravity Field Model



Reduction in Major SLR Error Source: 
GRACE Gravity Field Modeling

Error Spectrum of 
Current Models

Error Spectrum of 

Sept’03 GRACE 

Model

Error Spectrum of 

GRACE Capabilities



Time Varying Gravity: 
A Unique Form of Remote Sensing

GRACE



Geodetic Networks: 
Monitoring Temporal Gravity Changes Using 

SLR

Observed S 2,2  with 12 month offset and SOI

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002

Year

• Anomalistic behavior of J2 time series 

• First detection of large-scale 
unanticipated mass redistribution 

• Reported by Cox and Chao, (SCIENCE, 
2002)

• +0.6 correlation between S2,2 time 
series and the SOI when S2,2 is 
shifted forward in time by 12 
months. 

• Evidence of El Nino prediction?

• Reported by Cox, Chao et al. (AGU, 
2003) 

Duration of GRACE

SOI=Southern Oscillation Index

Post glacial rebound Unexpected SLR 

1998+ results

S2,2



Reflector Satellite



SLR Network Map



International Laser Ranging Service (ILRS)

• Established in 1998 as a service under the International Association 
of Geodesy (IAG)

• ILRS collects, merges, analyzes, archives and distributes satellite 
and lunar laser ranging data to satisfy a variety of scientific,
engineering, and operational needs and encourages the application 
of new technologies to enhance the quality, quantity, and cost 
effectiveness of its data products

• Components

� Tracking Stations and Subnetworks

� Operations Centers

� Global and Regional Data Centers

� Analysis and Associate Analysis Centers

� Central Bureau

• ILRS produces standard products for the scientific and applications 
communities.
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Distribution of Space Geodesy 
Co-Location Sites Since 1999



Space Geodesy
GNSS station in Thule, 
Greenland (photo courtesy 
of F.B. Madsen, DNSC)

MLRO SLR facility at Matera, 
Italy (photo courtesy of G. 
Bianco/ASI)

32-meter VLBI antenna in 
Tskuba, Japan (photo 
courtesy of K. Takashima, 
GSI

DORIS antenna in Tahiti, Fr. 
Polynesia (photo courtesy 
of H. Fagard, IGN)



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

SLR2000,

Greenbelt, MD USA









Arequipa is a vital component of the 
Reference Frame



trends of continental ice 

masses, sea level variations,
reg. trends of sea ice, 

seas. ice mass variations

mean ocean topography

ocean circulation and seasonal changes

climate development (El-Nino, etc.)
sea level changes, ocean tidal models

topography of the polar ice masses
and changes of it, vertical aerosol 

distribution, land / water topography
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International Program for 
Geodetic Monitoring: ”Decade of 

Geopotential”



Constituents of an integrated 
geodetic-geodynamic monitoring system  

Geokinematics

Earth
rotation

Gravity
field

Reference
frames



The State of the Art in Planetary Spacecraft 

Orbit Determination

� The most precise planetary orbit 

determination is for Mars Global Surveyor 

(MGS) operating in orbit at Mars since Sept. 

1997.

� The orbital “accuracy” evaluated by laser 

altimeter cross-overs is ~ 1 meter rms radially 

and 100 meters horizontally.

�The tracking of MGS is X-band doppler with 

precision ~ 50 microns/s every 10 seconds.

�How much better could we do if we tracked 

planetary orbiters using laser transponders?

0.81 m

The Vision: Planetary Applications



Laser Tracking Scenario for a Lunar Orbiter - 1

E
� Consider a lunar geodetic satellite carrying a 

10 cm laser altimeter and a laser transponder operating in 

conjunction with an SLR station with SLR2000 performance.

� The laser altimeter operates continuously over both the near-

side and far-side of the Moon:

- it provides the distance of the spacecraft from the surface 

of the Moon continuously, and 

- it provides cross-over observations that can be used as 

tracking data.

The Vision: Lunar Applications



Extracting the Far-side Gravity Field of the Moon

� Present knowledge 

based upon Clementine 

and Lunar Prospector S-

band tracking:

± 20 mGal near-side

± 100 mGal far-side

� Science needs ± 1

mGal
Lunar Far-side

1 mGal = 10-5 meters/sec2

“Mascons”
Striping indicates unresolved 

gravity signal

The Vision: Lunar Applications



Transponder-Laser Ranging Requirements for Science

� The tracking requirements of a lunar satellite tracking system are 

similar to those for geodetic Earth satellites:

- sub-centimeter ranging; 

- 10 µm/sec velocity (derivable for the range?)

- 5-second normal points (~ 8km along track) 

[Mircowave tracking at X-band provides 2 meter ranges, ~50 µm/sec 

velocity at 10-second intervals; Ka-band tracking “can” provide ~40 

cm ranges, ~20 µm/sec at 10 second intervals.  Weather limitations at 

Ka-band]

� Provide the timing system for the spacecraft instrumentation at 

the 0.1 millisecond level (the transfer of GPS timing to the Moon.

The Vision: Lunar Applications


