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Background
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Normal gravity and Earth Rotation. 
The geoid.

Disturbing Potential and Bruns formula
Height and Height systems. 

Computing the MSS
Repeated Tracks
Geodetic Tracks (crossover adjustment)

Gravity
Bathymetry and Plate Tectonics
Mean Dynamic Topography and Ocean Currents
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Satellite observes 
sea level (SWH and wind speed)

Sea Level is key-parameter for geodesy
Sea level h = MSS + dynamic sea level ξ(t) + error (e).

ξ(t).
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Mean sea surface (MSS). 
Mean sea surface  or mean sea level (GEOMETRICAL).

– NOT DEFINED EVERYWHERE (ONLY OCEANS)
– Conveniently given on grid 
– Only ocean grid cells
– “spherical harmonics are no good”

– ITS AVERAGED OVER A CERTAIN TIME. 
– “It changes a little with time”. 
– Global Mean Sea Level (GMSL) rise…… 

– Fundamental to height systems (it defines them)
– Fundamental to determining flooding/storm surges 
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Geoid or Mean Sea Surface

Height in ”GRS80”

http://op.gfz-potsdam.de/champ/results/grav/009_eigen-cg01c.html
http://op.gfz-potsdam.de/champ/results/grav/009_eigen-cg01c.html
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Satellite Altimetry

MDTNMSS +=

MSS is the physical mean sea surface
Geoid is the sea surface at rest. 

Difference is  the Mean Dynamic Topography

If there was no currents 
(ocean at rest) and 
temperature differences 
then 
MSS  = N and MDT = 0.

MSS and the Geoid(N)
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Discussion – Geoid + height

Where is the geoid important?. 
What happens if the geoid is wrong?

Which height do you want? 
What your preferred height of the ocean?
Whats the height of “flooding” 
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How big is the Mean Dynamic Topography. 

The MDT contains info on all major Currents in the world. 

MDT also reflect sality and temperature (warmer water stands higher due

To thermal expansion). Change in the MDT will be due to climate change..

MDTNMSS +=
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Geoid or Mean Sea Surface

Height in ”GRS80”
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Noticing
• The geoid is “height” of a certain constant potential surface. 

• Its given relative to the reference Ellipsoid. 

• So it can not represent the “full potential” / full gravity field of the Earth.

• Only the “local” or some anomalous or disturbing potential.  
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Mean Dynamic Topography and Ocean Currents
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Gravity field of the Earth
• The Gravitational potential W is given as the sum of the 

gravitational potential V and the Centrifugal acceleration Ф like

• Where
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The geoid
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Bruns formula
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Geoid and Gravity. 
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Reference ellipsoid is the (first order) Mathematical shape of 
the Earth (using a, e etc). This enable establishing
coordinates of our OBSERVATIONS and eg., 
determining the height of the spacecraft.

Rather than working in Height of 
6000 km +/- 100 meters
We isolate +/- 100 meters

We reference height etc
To the ellipsoid

The reference Ellipsoid
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Normal Gravity. 

= RE
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• Look at more local things that changes conditions where we are. (Local 
Mountain, Building, Reservoir, Sub-suface geological structure 
(oil/mineral)
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Gravity with height

At the top of Himalaya (9 km) gravity will be 9000 meters times -0.3 
mgal/m= - 3 gal (less than at the geoid). 

If we change the height with 3 mm we change the gravity with -1 micro Gal. 
So you can use accurate gravity instruments to measure height. 
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Lets Derive the Mean Sea Surface

• Use the reference satellite tracks. 
• Sampled every 10th day for more than 25 years 
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MSS
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There is a clear annual signal. 
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Extremely accurate MSS
along the repeated tracks

Inside the diamonds we
use the data from the
Geodetic Missions 

These are not repeated. 
Hence SSH = MSS + ξ(t)

Solution: 
Say that MSS must be the same at 
crossing loations
and that ξ(t) must be responsible
for the differences.
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Crossover adjustment

• dk=hi-hj. 
• d=Ax+v
• where x is vector containing the 

unknown parameters for the 
track-related errors. 
v is residuals that we wish to minimize

• Least Squares Solution to this is

• Constraint is needed  cTx=0
• Case of bias – mean bias is zero

dCAccACAx c
TT

d
T 111 )( −−− +=
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X-over adjustment (ex curriculum)

• This way you can determine the fine structure of the MSS inside the bins 
and resolve signal down to around 12 km. 
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DTU15 Mean Sea Surface

Height in ”GRS80”
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Mean sea surface (MSS). 
Mean sea surface (GEOMETRICAL).

– NOT DEFINED EVERYWHERE (ONLY OCEANS)
– Given on a 1 minute global grid 
– Only ocean grid cells

– SEA LEVEL ANOMALY

– YOU HAVE AVERAGED ALL SATELLIE OBS OVER 20 YEARS.  
– Typically 1993-2012 (Mean time is 2002)

– “It changes a little with time”. 
– Global Mean Sea Level (GMSL) rise…… 

etMSSth ++= )()( ξ
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Error is (2020-2002)x0.003 = 5 cm



Space Geodesy 3055233 DTU Space, Technical University of Denmark

Height systems 
Denmark and Europe 

Country VD Offset
(cm)

D DHHN92 (normal heights) 1

F NGF-IGN69 (normal heights) -47

DK DVR90 (orthometric heights) 0

N NN1954 (orthometric heights) -1

NL NL_AMST / UNCOR (orthometric ) +2

UK Newlyn (ODN) (ortometric heights) +5

B DNG (pure leveled heights) -232

DVR90 is fitted to mean sea level in Aarhus
Denmark in 1990…….
NOTHING TO DO WITH SATELLITES
“Its what we want locally that

(height zero=Mean sea level/surface)”

DVR90 -> GRS80  40 meters. 

Local Heights relative to EVRF2007 
EVRF2007 transformed to ITRF 2008 (GRS80) 
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Mean Dynamic Topography

Background
The reference Potential of the Earth
Normal gravity and Earth Rotation. 
The geoid.

Disturbing Potential and Bruns formula
Height and Height systems. 

Computing the MSS
Repeated Tracks
Geodetic Tracks (crossover adjustment)

Applications
Predicting Local Gravity
Bathymetry and Plate Tectonics
Mean Dynamic Topography and Ocean Currents
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Application of satellite altimetry to 
Local Gravity and Geophysics 

If we consider

MSS = N + MDT 
Then

N = MSS – MDT 
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The Anomalous Potential. 

• T is a harmonic function outside the masses of the Earth satisfying

• (∇²T = 0) Laplace (outside the masses) 

• (∇²T = -4πγρ) Poisson  (inside the masses (ρ is density))

• Where we used Bruns’ formula 
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Gravity from Geoid

1) Integral formulas (Inverse Stokes + Vening Meinesz)
Requires extensive computations over the whole earth. 

2) Fast Fourier Techniques. 
Requires gridded data (using least squares collocation, using err stat) 
Very fast computation. 
Requires a Flat Earth Approximation.
Presently the most widely used method.
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Getting Gravity from geoid

Undersea Mountain

Gravity
Gravity

Gravity

• Geoid is an equipotential surface of the Earth gravity potential  N=W/γ. 
• Locally Change in gravity/potential is related to local density change
• within the outer part of the Earth.
• Geoid reflects how the earth looks like beneath the ocean........
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The best global Geoid Model
Earth Geopotential Model
(EGM2008). 
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• Assumes GGM are “perfect” down to 100 km and remove these. 

• Technique is called “REMOVE / RESTORE Technique. 

• So we really look locally 
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(outside pensum)
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F is residual gravity 

(outside pensum)
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Solution in Fourier Domain

(outside pensum)
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Earthquakes 

Gravity -> Bathymetry -> 
Plate Tectonics -> Earthquakes. 
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Geoid to Gravity to Bathymetry.
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Predicting Bathymetry
• Density of Rock is roughly 3 times density of sea water. 
• Normally this is determined using inversion treating the Spatial variation 

in bathymetry. 

A first rough estimation on bathymetry changes can explore a scaling 
based on the local density where an infinite Bouguer plate approximation is 
used. 
BOOUGUER APPROXIMATION
Here Δg (mgal)  ~ 0.11 x depth (meters) for typical density of 2.5 g/cm3. 
So 10 meters of bathymetry gives 1 mGal. 
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Google “USS San Francisco crash GUAM” 
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Predicting Bathymetry only works for short 
wavelength because of isostasy 

Another concept that often comes up in this context is that of isostasy, which 
can be described as the buoyant behavior of rocks caused by differences in 
density. An example is mountains “floating” on denser material underneath 
(like ice floating on water). The higher the mountains, the deeper they 
penetrate. The mountains have roots that extend down to the mantle. This 
causes the gravity anomalies from mountains to be somewhat compensated, 
i.e. there is less gravity that you might expect. First discovered in 1850 in 
the Himalayas when plumb bobs were not deflected as much as expected.
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Background
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Normal gravity and Earth Rotation. 
The geoid.
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Height and Height systems. 
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Repeated Tracks
Geodetic Tracks (crossover adjustment)
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Bathymetry and Plate Tectonics
Mean Dynamic Topography and Ocean Currents
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Mean Dynamic Topography
and ocean currents
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The Mean Dynamic Topography. 

The MDT is a consequence of currents and salinity and temperature.

Contribution from temperature and salinity expansion are determined.  

So can we used the MDT to determine major Currents in the world. 

Long term change in the MDT will be due to climate change..

MDTNMSS +=
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Current are important to climate
• Fundamental to climate of i.e. NorthEast Europe. 
• Transport HEAT NORTHWARDS…………
• If no currents it would be nearly as cold as Siberia…….
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Coriolis is due to the rotation of the Earth
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Geostrophy

• Sea water wants to move from a location of high pressure (or high sea 
level) to low pressure (or low sea level). 

• Because of Earth rotation the water moves to the right on Northern 
Hemisphere and left on Southern Hemisphere. 

• Water moves along lines of Equal pressyre (isobars) like winds  

• Wikipedia offers good explanation(Geostrophic currents)
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The Mean Dynamic Topography. 

The MDT is a consequence of currents and salinity and temperature.

Contribution from temperature and salinity expansion are determined.  

So can we used the MDT to determine major Currents in the world. 

Long term change in the MDT will be due to climate change..

MDTNMSS +=
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Results
DTU17MDT >
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Results
DTU17MDT >
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We checked it
Using GPS
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Hantenna(t) = HLaser (t) + Hoffset 
Hlaser(t)=Hpitch+Hspeed+Hpoint+Hweight+Hbow-wave

Mount GPS on a boat. 

Here GALATHEA.
Crossing the Gulf Stream

Will the height of the ship

Reflect the Gulf Stream.

The RMS between LASER and MSS = 17 cm 
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Observations from GALATHEA .........
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Currents and Route Optimization.
• Research into this.  
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Introducing the EXERCISE (5B) 

Part 5B: 
Use altimetry in the Northsea to investigate the MSS, Geoid and MDT 

First try to plot locations and quantiies

Then try to evaluate what you seee..
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End of today. 
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Spare slides 
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The effect of Earth Rotation



Space Geodesy 3055271 DTU Space, Technical University of Denmark

The effect of Earth Rotation

If you weighed 100 pounds at the north pole on a spring scale, at 
the equator you would weigh 99.65 pounds, or 5.5 ounces less.
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• By estimating it this way a is the MSS at the bin center. 
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