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Earth’s Gravity Field

Gravitational pull at 
the Earth‘s surface
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Earth’s Gravity Field in March
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Earth’s Gravity Field in September
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How do we measure these changes ?



Newton (1715): 

„De mundi systemate“

Measuring the trajectoryMeasuring the trajectory, or

- the velocity

- the acceleration

Satellites at a height of

200 – 500 km

From Newton to satellites …






Overview



Orbit Perturbations
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numerical eccentricity
inclination
right ascension of ascending node
argument of perigee
argument of latitude at t0
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Orbit perturbations caused by the Earth’s oblateness result in, e.g., a secular 
precession of the satellite’s orbital plane.
Observing satellites thus allowed it to determine the Earth’s oblateness based on 
very short time spans of observed orbital arcs – revolutionizing the work of decades 
of terrestrial surveying.



CHAMP (GFZ, 2000-2010)

GRACE-FO (NASA/GFZ, 2018-Today)

Dedicated Gravity Missions

- High-low satellite-to-satellite tracking (hl-SST)

GRACE (NASA/DLR, 2002-2017)

- Low-low satellite-to-satellite tracking (ll-SST)

GOCE (ESA, 2009-2013)

- Satellite gravity gradiometry (SGG)
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Modeling the Earth’s Gravity Potential

A spherical harmonic expansion up to a certain maximum degree lmax is most 
commonly used to represent the Earth’s gravity potential.



cm-precision

μm-precision
(with additional microwave link)

mm-precision

nm-precision
(with additional laser link)

Measuring Satellite Motion



Global Geodetic Observing System (GGOS)

The Global Geodetic Observing System (GGOS) is the metrological basis 
for all global change research and for essential questions dealing with global 
deformation and mass exchange within the System Earth consisting of solid 
Earth, hydrosphere, atmosphere, and cryosphere (see https://ggos.org/).



• Measuring distances to satellites 
equipped with retro-reflectors 
with Satellite Laser Ranging
(SLR)

• Fully automated, 24/7 operations

• Telescope used for both SLR 
and optical astronomy

• One of the most productive SLR 
stations worldwide (and usually 
the most productive one on the 
Northern hemisphere).

Swiss Optical Ground Station (SwissOGS) and 
Geodynamics Observatory in Zimmerwald

• AGUZ member Prof. Lucia Kleint
Vice-Director of SwissOGS since 
2022.  



Global Navigation Satellite Systems (GNSS)

Global Positioning System (GPS) Galileo

Precise orbits for GPS, Galileo und further Global Navigation Satellite Systems (GNSS) are 
operationally computed for different product lines of the International GNSS Service (IGS) 
at various analysis centers.



The Bernese GNSS Software is a 
scientific software package for high 
precision analysis of various space 
geodetic data. It is developed since 
many years at the Astronomical 
Institute of the University of Bern 
and is meanwhile used by more 
than 800 institutions worldwide.

Bernese GNSS Software



Equation of motion

( , ,...)m a F t x⋅ =
 

=> Numerical integration of the orbit

( , ,...)m x F t x⋅ =
 

Force modeling:
- Static gravity field
- Additional bodies (sun, moon, planets)
- Solid Earth tides
- Ocean tides
- Pol tides
- Ocean pole tides
- Atmospheric tides
- Dealiasing (atmosphere, ocean)
- Non-gravitational forces
- Relativistic effects

Modeling Satellite Motion



GRACE Measurement Principle



GRACE Measurement Principle



GRACE Measurement Principle



GRACE Measurement Principle

Distance: 220 km

Terrestrial Water Storage (TWS) variations:
Estimation from GRACE and GRACE-FO data. 

Precision: 1μm = 12 Digits

Distance: 220.000000000 km



 Process GRACE/GRACE-FO data to
a time series of monthly gravity field solutions

 Processing is challenging

Challenging Data Processing (Level 2)
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 Process GRACE/GRACE-FO data to
a time series of monthly gravity field solutions

 Processing is challenging
 Interaction of multiple instruments
 Different noise characteristics
 Environmental disturbances

 Ionosphere
 Atmosphere
 Ocean currents
 Tides

 There is not one
„true“ solution

Challenging Data Processing (Level 2)



... and even more challenging with laser

LISA: Laser Interferometer Space Antenna, launched in May 2018



Which changes can be measured ?



September – March



Water Cycle



ΔTWS(t) = Total Water Storage

} ΔAW(t) = Accessible Water

Can only be measured by GRACE!

ΔTWS(t) = ΔGW(t) + ΔSW(t) + ΔSWE(t) + ΔSM(t) - ΔRO(t)

[cm EWH]

Global Water Cycle

ΔGW(t) = Ground Water 
ΔSW(t)    = Surface Water
ΔSWE(t) = Snow Water Equivalent

ΔSM(t)    = Soil Moisture 
ΔRO(t) = Run Off

} Separation needs 
further measurements



Melting Ice in Greenland
00



How many
of these blocks are melting

in Greenland

every second ?

Melting Ice in Greenland

"Bern im All", Quiz on Bern Bundesplatz:



≈10´000
of these blocks are melting

in Greenland

every second

Melting Ice in Greenland

"Bern im All", Quiz on Bern Bundesplatz:



Melting Ice in Greenland

National Aeronautics and Space Administration
Jet Propulsion Laboratory
California Institute of Technology






Melting Ice in Antarctica



Melting Ice in Greenland

Greenland: ~7 m sea level eqv.
Antarctica: ~60 m sea level 
equivalent.

GRACE weighs the ice sheets 
and identifies loss and gain on 

regional level

Continuous measurements 
ensure we identify regional 

change and long term vs short 
term variations which ensures 

an “early warning system”



Title



Availability of Water



Example: Drought in California



International Collaboration



SDS Analysis 
Centers

European 
Analysis Centers

Chinese 
Analysis 
Centers

GRACE-FO Analysis Centers



http://egsiem.eu/

The University of Bern (PI: Adrian Jäggi) 
coordinated the H2020 project EGSIEM
(2015-2017). It was explicitly mentioned 
in NASA’s Decadal Survey and paved the 
way for the current activities.

European Gravity Initiatives
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Parts of EGSIEM are continued since 2019 
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Improved and consolidated product integrating the strengths of all ACs

Combination Service of 
Time-variable Gravity 
Field Solutions (COST-G)

Meyer, U. et al. (2020): International Combination Service for Time-variable Gravity Fields (COST-G) 
Monthly GRACE-FO Series. V. 01. GFZ Data Services. https://doi.org/10.5880/ICGEM.COST-G.002

https://doi.org/10.5880/ICGEM.COST-G.002


Permanent Components of COST-G

Jäggi, A. et al. (2020): International Combination Service for Time-Variable Gravity Fields (COST-G) -
Start of Operational Phase and Future Perspectives. https://doi.org/10.1007/1345_2020_109

https://doi.org/10.1007/1345_2020_109


https://cost-g.org/

https://cost-g.org/




Basin-integrated Greenland/Antarctic Ice Sheet (GIS/AIS) mass changes based on the 
sensitivity kernel approach by TU Dresden.

Trends are calculated from GRACE and GRACE-FO results (from a fitted linear, quadratic 
and seasonal model).

Consistency of Input Products

GRACE/GRACE-FO GRACE



Noise measure for each basin time series 
for individual solutions and the 1st and 2nd

releases of COST-G combined solutions.

Noise Reduction GIS

Ratio w.r.t. noise measure of the latest 
COST-G combined time series (numbers 
indicate the median of all basin ratios).



Noise Reduction for Major River Basins

Boergens, E. et al. (2020): COST-G GravIS RL01 Continental Water Storage Anomalies. V. 0005. GFZ Data Services. 
https://doi.org/10.5880/COST-G.GRAVIS_01_L3_TWS

GFZ v1 COST-G G3P

https://doi.org/10.5880/COST-G.GRAVIS_01_L3_TWS


Noise Reduction for Major River Basins

Boergens, E. et al. (2020): COST-G GravIS RL01 Continental Water Storage Anomalies. V. 0005. GFZ Data Services. 
https://doi.org/10.5880/COST-G.GRAVIS_01_L3_TWS

https://doi.org/10.5880/COST-G.GRAVIS_01_L3_TWS


Starting on 18 July 2023, the Copernicus POD Service deployed a new version of the 
system (3.3.0) which uses the COST-G Fitted Signal Models for gravity field modeling 
in all the operational chains.

Product Uptake in Operational Activities



Institutional Support

- International Space Science Institute (ISSI):
- International Team funded from 2019 to 2021 (PI: Adrian Jäggi): Set-up 

of initial COST-G structures, computation of initial GRACE release and 
operational GRACE-FO release

- ESA / Swarm DISC:
- Funded from 2020 to today (PI: João Teixeira da Encarnação): 

Operational provision of Swarm release

- International Space Science Institute Beijing (ISSI-Beijing):
- Funded from 2021 to today (PI: Wei Feng): Extension with Chinese 

Analysis Centers

- H2020:
- Funded from 2020 to 2022 (PI: Andreas Güntner): Use of COST-G 

products as an essential input for the development of a global 
gravity-based groundwater product.



Example: Groundwater



Groundwater on a Global Setting

Groundwater represents 30% of the global 
freshwater and accounts 33% of the global 
water withdrawals.  It ensures ecosystem 
stability, energy and food security. 

Despites its importance, groundwater is 
often not included in sustainable water 
management actions and plans.

Poor in-situ monitoring capabilities in many 
regions, with sparse and un-representative 
groundwater monitoring networks, largely 
unknown storage capacities and accessibility 
of data. 

Spatially quantification of groundwater storage changes may contribute to fill the monitoring 
gap. This can be achieved through satellite technologies

Courtesy: U.S. Geological Survey's



Groundwater and the Earth’s Gravity Field

G3P concept

Groundwater = TWS - glaciers - snow - soil moisture - storage in surface water bodies

• Satellite gravimetry observes
Terrestrial Water Storage 
(TWS) variations

• Resolving for groundwater 
storage variations follows a 
subtraction approach:

= - ---



G3P – Cross-cutting Service Combination



Groundwater storage anomalies (GWSA) 

• Global data set of monthly 
groundwater storage anomalies 
on a 0.5-degree grid

• Full uncertainty information on a
0.5-degree grid

• For the GRACE/GRACE-FO time 
period of April 2002 to December 
2020

G3P status

Güntner, A. et al. (2023): Global Gravity-based Groundwater Product (G3P). V. 1.11. GFZ Data Services. 
https://doi.org/10.5880/G3P.2023.001

https://doi.org/10.5880/G3P.2023.001


Groundwater storage anomalies (GWSA) 

 Prototype development of G3P service (2002-2020)

Trend of groundwater storage (2002 – 2020) 0.5° nominal; ~200 
km real spatial
resolution

 monthly

 uncertainties
included

 Globally
consistently
processed

The global pattern of GWSA trends for the period 2002 to 2020 is shown in the map. The magnitude of 
the long-term trends for the GWSA is mostly within ±20 mm/year. Some of the well-known features of 
groundwater are visible in this trend map, for example over-exploitation in several regions worldwide 
(e.g., north-western India, north-eastern China, Middle East, California).



Data Dissemination

TWS and Groundwater Anomalies available at 
Gravity Information Service of the German 
Research Centre for Geosciences (GFZ) 
(GravIS):

http://gravis.gfz-potsdam.de/land

Groundwater Anomalies available at 
Global Groundwater Monitoring 
Network (GGMN):

https://ggmn.un-igrac.org/

http://gravis.gfz-potsdam.de/land
https://ggmn.un-igrac.org/


Future Perspectives



Courtesy: ESA

Perspectives in Terms of Missions



Atmosphere monitoring

Marine environment 
monitoring
Emergency management

Land monitoring

Climate change

Security

https://www.copernicus.eu/

Europe’s Earth Observation Programme



The Global Climate Observing System 
(GCOS) defines several  Essential 
Climate Variables (ECVs):
• an ECV is a variable that is critical 

for characterizing the climate 
system and its changes

• ECV datasets provide the empirical 
evidence needed to understand 
and predict the evolution of 
climate, to assess risks, to guide 
adaptation measures, to underpin 
climate services, …

Essential Climate 
Variables

https://gcos.wmo.int

Essential Climate Variables



Towards new ECV products for C3S

ECV Groundwater

Terrestrial Water Storage
• new ECV in GCOS 

implementation plan 2022
• no Copernicus product  

available so far

no Copernicus product  
available so far

Terrestrial Water Storage (TWS) variations comprise all the water storage on the Earth’s 
continental areas in frozen and liquid state, including ice caps, glaciers, snow cover, soil 
moisture, groundwater and the storage in surface water bodies and the interaction with 
ocean mass and sea level.



Future Gravity Missions

Grounds are prepared for 
perpetuating COST-G/G3P 
data products by approved 
future satellite gravimetry 
missions
for providing 
long-term ECV climate data 
records of
- TWS
- groundwater storage

NASA-DLR Implementation Arrangement 
signed in 10/2023

Mass-change And Geoscience International 
Constellation (MAGIC): ESA Member States 

Ministerial Meeting approved funding in 11/2022



IUGG Resolution 2023



IUGG Resolution 2023



Sustainable Satellites are serving Society

Altimetry Gravity Copernicus

Data processing 
and dissemination Atmosphere monitoring

Marine environment 
monitoring

Emergency management

Land monitoring

Climate change

Service evolution:
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Thanks a lot for your attention !
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