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Geodesy is the science of determining the 
geometry, gravity field, and rotation of the 
Earth, and their evolution in time. 
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Measuring position and motion requires a coordinate system.   

Assigning coordinates to points and objects on Earth, and to describe Earth's 
motion in space, we need to measure Earth's shape, gravity field, and rotation. 

For this purpose, two reference systems are intrinsic in geodesy: 
- International Celestial Reference System (ICRS) 
- International Terrestrial Reference System (ITRS) 
and these are connected through Earth Rotation.

The two reference systems are realized through reference frames: 
- International Celestial Reference Frame (ICRF) 
- International Terrestrial Reference Frame (ITRF) 
and the connections is provided by the  
- Earth Orientation Parameters (EOPs). 
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Historically, geodesy was limited to determining the shape of the Earth, its 
gravity field, and its rotation, and (recently also) their changes over time.   

Over the last few decades, the scope of geodesy has extended to include the 
causes of the observed changes, i.e., the dynamics of and mass transport within 
the Earth system.

Today, geodesy contributes to the understanding of the Earth system as well as 
the development, functioning, and security of society.

To a large extent, geodesy is a “service science”. 

Today geodesy serves all Earth science, including the geophysical, 
oceanographic, atmospheric, and environmental science communities.

In the past, the main “customers” of geodesy came from the surveying and 
mapping profession.
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Geodesy - The Science
Ultimately, all geodetic observations are affected by the same physical Earth 
system processes.

Geodesy provides a unique framework for monitoring and ultimately 
understanding the Earth system as a whole. 

Modern space-geodetic techniques are well suited for observing phenomena on 
global to local scales, and thus are an important complement to traditional in 
situ observation systems.

The rapid development of space-geodetic techniques enables auxiliary 
applications utilizing atmospheric disturbances of the geodetic signals: 
- troposphere 
- hydrosphere and cryosphere 
- ionosphere 
- magnetic field 
Transition from limiting noise to promising signal
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With this development, geodesy faces several challenges

(1) inter-disciplinarity is required in order to contribute to collaborative 
solutions to problems, to allow for an optimal assimilation of a wide spectrum 
of observations into inter-disciplinary models, and to enable to interpretation 
and separability of the various signals;

(2) development of a framework for a four-dimensional geodesy is required, in 
which temporal variations in the shape of the Earth and its gravity field are 
fully accounted for, and an accuracy level for geometric and gravimetric 
quantities of much better than 10-9 (approaching 10-10 to 10-12) is achieved; 

THE “CURSE” OF INCREASING ACCURACY:  
EVERYTHING MATTERS
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Solomon et al., 2002 
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Geodesy - The Science

Geodetic observation techniques 
capture signals of many 
processes overlapping in spatial 
and temporal scales. 
  
Modified from Ilk et al. (2005). 



Science questions relevant to geodesy: 
Convection: nature of anomalies in seismic velocities; 
Plate tectonics: location of and processes at plate boundaries;  
Ice sheets/glaciers: ice load history, including present-day changes;  
Sea level: quantification of different contributions; 
Rheology: linear versus non-linear; transient versus steady-state; lateral 
heterogeneities; 
Core-mantle dynamics: processes at core-mantle boundary; 
Hydrological cycle: better quantification of fluxes; groundwater movements; 
land water storage; 
Solid Earth response to loading: load history (continental water storage, ice 
loads, non-tidal ocean loading); 
Rotational dynamics: coupling of angular and linear momentum; free modes of 
ocean; 
Tides: validation of ocean tidal models; 
Earthquakes: strain/stress accumulation and earthquakes; physical processes; 
Earth structure: structure and composition of the deep Earth and mantle 
dynamics;      According to Rummel et al., 2009                                  
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Reference systems can be defined by: 
 - three coordinate axes,  
 - the origin, and  
 - a scale  
Axes either being fixed in space or having a known movement with respect to 
something else that is fixed.

Real world: 
 Definition of reference systems is far more complex.
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Measuring position and motion requires a reference system.   

In geodesy, two reference systems are intrinsic: 
- Celestial Reference System (CRS) 
- Terrestrial Reference System (TRS) 
and these are connected through Earth Rotation.

It is of obvious practical advantage to agree upon one definition for these 
systems: 
- Conventional Celestial Reference System (CCRS) 
- Conventional Terrestrial Reference System (CTRS)

Position and motion depends on the reference system 
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Today, the global reference systems agreed upon in scientific communities and 
increasingly used for societal applications are: 
- International Celestial Reference System (ICRS) 
- International Terrestrial Reference System (ITRS) 
and these are connected through the Earth Rotation.

These two reference systems are realized through reference frames: 
- International Celestial Reference Frame (ICRF) 
- International Terrestrial Reference Frame (ITRF) 
and the connections is provided by the  
- Earth Orientation Parameters (EOPs). 

The Reference Systems are maintained by the International Earth Rotation and 
Reference Systems Service (IERS).

The Reference Frames and the EOPs are determined based on observations 
provided by the Global Geodetic Observing System (GGOS).
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Hydrogeodetic Variables: Gravity
GRACE: Gravity Recovery And Climate Experiment  
Spatial scales: > 150 km 
Temporal scales: 1 day to 1 decade



http://grace.jpl.nasa.gov/information/
Satellite Gravity Missions (GRACE)

Hydrogeodetic Variables



JPL MASCON, secular trends 2003-2007, Watkins, 2008

Hydrology: Secular trends in Land Water storage



Variations in the Arctic Ocean circulation are associated with clockwise and 
counterclockwise shifts in the front between salty Atlantic-derived and less salty 
Pacific-derived upper ocean waters.  
Orientation of the front is climatically important because it impacts sea ice 
transport. 

GRACE Reveals Changes in Arctic Ocean  
Circulation Patterns

Morrison et al., GRL,2007



GRACE Quantifies Massive Depletion of Groundwater in NW 
India

The water table is declining at an average rate of 33 cm/yr

During the study period, 2002-08, 109 km3 of groundwater was 
lost from the states of Rajasthan, Punjab, and Haryana; triple the 

capacity of Lake Mead

GRACE is unique among Earth observing missions in its ability to monitor 
variations in all water stored on land, down to the deepest aquifers.

Trends in groundwater storage during 
2002-08, with increases in blue and 
decreases in red.  The study region is 
outlined.

Time series of total water from GRACE, simulated soil 
water, and estimated groundwater, as equivalent layers of 
water (cm) averaged over the region.  The mean rate of 
groundwater depletion is 4 cm/yr.  Inset: Seasonal cycle.

Rodell, Velicogna, and Famiglietti, Nature, 2009



Greenland:  
- mass loss increased from 137 Gt/yr in 2002–2003 to 286 Gt/yr in 2007–2009 
- acceleration of -30 ± 11 Gt/yr2 in 2002–2009.  
Antarctica: 
- mass loss increased from 104 Gt/yr in 2002–2006 to 246 Gt/yr in 2006–2009 
- acceleration of -26 ± 14 Gt/yr2 in 2002–2009.

GRACE Detects Accelerated Ice Mass Loss in  
Greenland and Antarctica

Velicogna, GRL,2009

During the period of April 2002 to February 2009 the mass loss of the polar ice sheets was 
not constant but increased with time, implying that the ice sheets’ contribution to sea level 
rise was increasing. 

AntarcticaGreenland





GRACE Science Team Meeting, 11-12 November 2010, Potsdam, Germany



GRACE Hydrology Products Versus University of Washington Hydrology Data

Rodell et al., 2010



Hydrogeodetic Variables: Gravity
Absolute gravimetry  
Spatial scales: order 100 m to global 
Temporal scales: up to decades/decades

Relative gravimetry  
Spatial scales: order 100 m  
Temporal scales: up to interannual



Gravimetry

Creutzfeldt et al., 2010  



Hydrogeodetic Variables: Geometry
Interferometric Synthetic Aperture 
Radar (InSAR) 
Spatial scales: order 25 m  
Temporal scales: < ~10 days



InSAR-Determined Surface Displacements

Subsidence   
1992-1997  

•  Four subsidence bowls 
•  Aquifer system 

response strongly 
controlled by  faults 

•  Faults are subsidence 
barriers 

•  Subsidence rate is 
decreasing 

•Amelung et al., 1999  



Hydrogeodetic Variables: Geometry
Global Positioning System (GPS)/ 
Global Navigation Satellite Systems (GNSS) 
Spatial scales: 1 m to global  
Temporal scales: 1 s to decades/secular



GPS-Determined Surface Displacements

P349: Close to Lake Shasta, California; affected by lake loading 
P060: Not affected by lake loading; but effects of subsurface loading



GPS Multipath: Snow Depth and Soil Moisture

P346: California, Sierra Nevada, alpine area, 2039.4 m 
P133: Nevada, open shrubland, 1782 m



Combining Gravity and Geometry

Example: GRACE and Satellite Altimetry



Becker et al., 2009

Hydrology: 
Seasonal and interannual changes in 
land-water storage

Issue: Increased spatial and temporal resolution 
through combination of satellite gravity, surfaces 
displacements, and in situ gravity



Utilizing “Noise”

Example: Tropospheric Water Content



Atmospheric Water Vapor:  
- numerical weather forecasting (extremes); 
- climate change monitoring.

Challenges: 
- high spatial resolution; 
- low latency; 
- long-term stability  
  (climate)
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Challenge: Spatial resolution and latency

Atmospheric Water Vapor  
- high societal relevance: drought and dry spells 
are linked with meningitis outbreaks 

Left: annihilated wildlife in Tanzania during the 2005 record drought.  
Right: Prediction of drought conditions based on vertically integrated relative humidity. 
Although the model results appear to be qualitatively realistic, one cannot confirm the 

model results because the upper air coverage is too sparse over the region. 
From Calais, 2009

Challenges: 
- high spatial resolution; 
- low latency; 
- long-term stability  
  (climate)

Tropospheric Water Content



Science support for regional 
water management 

Societal Benefits
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Geodetic Products for Hydrology: 
- (until recently) Hydrogeodesy products mostly limited to  
   GRACE; 
- Several data centers providing a number of products; 
- Products not ready-to-use; 
- Community-validated GRACE hydrology products are (still not  
   available and) needed; 
- Comparison of different GRACE products and hydrology data  
   shows no clear-winner; different products seem to perform  
   better in different regions; 
- Large data archives of GPS time series are emerging (UNR has  
   more than 10,000 stations), although not specifically for  
   hydrology;  
- InSAR increasingly available, although no global repository  
  for hydrology; 
- Land surface water storage and run-off from satellite altimetry

Available Products



JPL MASCON, secular 
trends 2003-2007, Watkins, 
2008

Infrastructure Issues

GPSSuperconducting Gravimeters (GGP)



Gaps in Infrastructure

ITRF 2005 Stations

Issue: Many science applications depend on access to long-term stable, accurate 
reference frame. 
Challenge: Increase number of ITRF stations; co-location of techniques; 
Increase number of GNSS stations providing access to reference frame (AFREF) 



Hermanus Project; Hartnady  et al., 2009

Hydrology: 
Groundwater storage and water 
management 

Issue: determination of hydrological parameters; 
assimilation in models

HNUS

GHYRAF Project; Hinderer et al., 2009





Main results, conclusions: 
 - GRACE has contributed tremendously to our knowledge about  
   water cycle mass redistributions from global down to 300 km  
   spacial scales and sub-monthly temporal scales;  
 - InSAR and GPS provide information on groundwater change; 
 - GPS provides soil moisture and snow depth; 
 - In situ gravity provides groundwater changes;  
 - GRACE, GPS and Earth rotation show significant discrepancies; 
 - GRACE (mostly) agrees with land water storage model predictions; 
 - GRACE data products show differences, depending on the group  
   producing them; 
 - GRACE data products are difficult to understand and apply in  
   disciplines outside of geodesy, particularly hydrology; 
 - Considerable need for capacity building outside expert communities.

Results and Critical Issues 



Issues that need to be addressed to further develop 
hydrogeodesy: 
- Multi-sensor hydrogeodetic observations (GRACE, GPS -  
  co-located with meteorological stations, in situ gravimetry) and  
  model assimilation to increase spatial and temporal resolution; 
- Product assessments; 
- Cross-validation (particularly seasonal variations and secular  
   trends) both between geodetic techniques and other sensors; 
- Error analysis; 
- Infrastructure gaps (GPS, in situ gravimetry); 
- Easy-to-use, community vetted products;  
- User guides (web based) and capacity building (work bench). 

Results and Critical Issues 



Results and Critical Issues 

Recommendations from IGCP 565 Workshop (2010): 
- Development of integrated modeling framework (tectonics and  
  hydrology) for gravity, surface displacements, rotation; 
- hydrogeodetic data portal; 
- capacity building; 
- Decision support interface between science and applications; 
- Demonstration pilot projects (Central Valley, California; Nile  
   River Delta) reach out to regional water management.
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Group on Earth Observations (GEO) 
- Geodetic infrastructure and capacity important for utilizing the societal benefits 
of Earth observations 

Major Challenge:  
- closing the gap between science/earth observations and governance/policy  
  making

GEO, the Group on Earth Observations 
An Intergovernmental group with 86 Member 

Countries and >60 Participating Organizations

The Global Framework


