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Geodesy is the science of accurately 

measuring and understanding three 

fundamental properties of the Earth 

and their changes in time

• Geometric shape

• Rotation and orientation in space

• Gravity field

Geodesy

Establishing and disseminating the 

Terrestrial Reference Frame (TRF) is central 

to Geodesy



Terrestrial Reference Frame (TRF)
• Definition

• The TRF is an accurate, stable set of positions and                                                             

velocities of reference points on Earth’s surface

• The TRF provides the stable coordinate system that                                              

allows us to link measurements over space and time                                                      

for numerous scientific and societal applications                                                

including critical climate and sea level change studies

• Determination
• The GNSS, VLBI, SLR, & DORIS geodetic networks, along with ground surveys of 

stations at co-located sites to tie the networks together, provide the data for 

determining the TRF as well as for direct science investigations

• Improvement
• An improved TRF is needed for numerous scientific and societal applications including 

critical climate and sea level change studies

GGOS Goal: TRF accurate to better than 1 mm, stable to better than 0.1 mm/yr over a decade

Terrestrial Reference Frame

D

O

R

I

S

V

L

B

I

G

N

S

S

S

L

R 3



Benefits of an accurate TRF
Credit: Norwegian Mapping Authority
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Sea Level Change



Radar Altimetry Measurement Principle





Ice Sheet Height Change



Source: NASA Scientific Visualization Studio



Mass Change





GRACE Measurement Principle



Monthly Gravity Maps

Source: Landerer et al., 2022
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GRACE and GRACE-FO: 20 years of Amazing Discoveries
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We now have over two decades of unique 
monthly Earth system Mass Change observations!



Source: NASA Scientific Visualization Studio



Source: NASA Scientific Visualization Studio

Terrestrial Water Storage Change



Tsunami Early Warning



GNSS Tsunami Early Warning System (GTEWS) 

• Properly positioned GNSS receivers will 

measure both the ground displacement 

and the ionospheric dynamics induced 

by tsunami formation and propagation. 

• Real time data distribution and analysis  

will provide significant improvements to 

accuracy, timeliness, and efficiency in 

tsunami warning. 

• GTEWS is viewed as an augmentation 

to build upon existing disaster warning 

capabilities where they exist. 

• GTEWS relies upon real time 

mesoscale density of GNSS networks 

and advanced computational facilities 

for its effectiveness.

Caption

Source: LaBrecque, 2023



2011 Tohoku-Oki Tsunami

Source: Tony Song, JPL
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volcano
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disaster-induced
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JPL’s GUARDIAN Near-Real-Time Ionospheric Monitor

Natural hazards (tsunamis, volcanic eruptions, earthquakes, etc.) generate

atmospheric waves which cause perturbations in the ionosphere, which

can be detected by measuring the Total Electron Content (TEC).

Source: Leo Martire, JPL
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Figure: Ionospheric TEC and sea surface height map for 

the 2011 Tōhoku-Oki event (Galvan et al., 2012).
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JPL’s GUARDIAN Near-Real-Time Ionospheric Monitor

Natural hazards (tsunamis, volcanic eruptions, earthquakes, etc.) generate

atmospheric waves which cause perturbations in the ionosphere, which

can be detected by measuring the Total Electron Content (TEC).

GNSS ground networks (such as the IGS’, NASA’s, and JPL’s GDGPS’s) are

used to measure TEC, for each satellite-station pair and in near-real-time.

Figure: ground GNSS networks.

 Top: NASA and GDGPS.

 Right: International GNSS Service (IGS).

Source: Leo Martire, JPL



Crustal Deformation



Advanced Rapid Imaging and Analysis (ARIA)

Source: aria.jpl.nasa.gov



Afar/Asal Rifts

Volcanism
2013 Sudan Floods

Disaster

CaliMap

Tectonics

Hydrology

Disaster

Copahue

VolcanismRutford Ice Stream

Pine Island Glacier

Thwaites Glacier 

Glacier Dynamics

2013 Oklahoma Tornado

Disaster

2012 New York City 

Hurricane Sandy

Disaster2013 Colorado Floods

Disaster

2013 Pakistan Earthquake

Tectonics

Sabancaya

Earthquake

s

CSK 1
CSK 2
CSK 3
CSK 4

North Anatolian Fault, Turkey

Tectonics, Disaster

Kilauea 

Volcanism

Potenza, Italy

Landslide Dynamics

Slumgullion

Landslides 

All test sites make use of  

COSMO-SkyMed™ (CSK) 

data 

Provided by ASI-CIDOT 

(Italian Space Agency – 

Earth’s Observation Data 

Interpretation Center) 

CSK 1

CSK 4

CSK 3

CSK 2

Typhoon Haiyan

Disaster

Sardinia Floods, 

Italy

Disaster

Kirishima

Volcanism

Sinabung

Volcano 

response

Kelud

Volcano 

response

La Habra 
EQ

Examples of ARIA response products

Source: aria.jpl.nasa.gov



2011 Tohoku-Oki

http://tectonics.caltech.edu/slip_history/2011_taiheiyo-oki/Displacement/



Damage Proxy Maps



Damage Proxy Map (Earthquake & Tsunami)



Damage Proxy Map (Cyclone)



Damage Proxy Map (Wildfire)



Engineering Geodesy



An Inaccurate Reference Frame Can Be Very Expensive

Design error at bridge construction in Laufenburg (2003): During the construction of the bridge 

across the Rhine river in Laufenburg, a control showed that a height difference of 54 centimeters 

exists between the bridge built from the Swiss side and the roadway of the German side. Reason 

of the error is the fact that the horizons of the German and Swiss side are based on different 

reference frames. Germany refers to the sea level of the North Sea, Switzerland to the 

Mediterranean.
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