
30552 – Lecture 10. 

Time varying changes in Geodesy 
Ocean Tides, 

Sea level change, 
Vertical Land Movement  

Prof Ole B. Andersen, 
DTU Space, 
Geodesy and Earth Observation
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Outline

Timevariable changes in geodesy. 

Earth and Ocean Tides

•Sea level change (Tadea)

•Global Isostatic Adjustment +
•Present Day ice loading (Carsten)

Assignment

READING MATERIAL FOR TODAY. 
Torge, Wolfgang, Geodesy 4th Edition, pp 349 – 367, 
Veng and Andersen, Consolidating sea level acceleration, ASR 2019
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External and Internal
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content

Torge Geodesy, 4th edition, De Grüyer
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Timevarying changes affect fundamental 
geodetic parameters: 

Earth Orientation  / Earth Rotation.
Changes to the orientation (affect Length of Day and Polar Motion. 
Moving Mass h(t) changes angular momentum as 

Figure of the Earth or Surface geometry (mostly today)
Changes to the Figure – Vertical and horizontal land movement
Change to the mean (sea surface)
Earthquakes - Plate tectonics. Interior Earth Processes

Changes to the Gravity field. (deal with this in Lecture 13)
Earthquakes - Plate tectonics.
Cryospheric and hydrospheric changes => impact on sea level. 
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• Fundamental geodetic Earth Parameters changes due to:

• Periodic signals  
– Earth and Ocean Tides (short scale)
– Annual circulation of fluids on the Earth’s surface (oceans and 

atmosphere)
• Length og Day variations -> Earth Rotation Variation

• Non periodic signals. 
– Glacial isostatic adjustment (GIA)/Post-glacial rebound (PGR)
– Present day geodynamic changes.

• Ice sheet changes / Ice Loading changes
• Sea level change
• Solid earth motion (plate tectonics, volcanoes, earthquakes)

– Internal changes in the Earth (mantle convection)

Time varying changes in geodesy
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Error is (2020-2002)x0.003 = 5 cm
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Satellite Geodesy
• Ice sheet and sea level  changes  can be measured with 

altimetry
– Radar altimeters (ERS-1, ERS-2, Envisat, Cryosat-2)
– Laser altimeters (ICESat, ICESat-2)

• Vertical crustal motion can be measured by GNSS

• Mass changes via changes in gravity and the geoid can be 
measured by gravity missions (GRACE )

Satellite geodesy is TODAY the most important data sources for monitoring 
(and understanding) present day climate change
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Outline

Timevariable changes in geodesy. 

Earth and Ocean Tides

•Sea level change (Tadea)

•Global Isostatic Adjustment +
•Present Day ice loading (Carsten)

Assignment
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Tides

http://en.wikipedia.org/wiki/File:France_location_map-Regions_and_departements.svg
http://en.wikipedia.org/wiki/File:France_location_map-Regions_and_departements.svg
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Tidal Forces. 

Difference (F1-F2)  is the Tide producing force
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Tidal Forces. 
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Astronomical Constants
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Tidal Forces (Semi diurnal). 

Force by the Moon is 1.4 Force by the Sun.

This is because Moon is much closer.

Semi dirunal tides dominate: 

When gravitational forces from sun and moon are added together the relative 
motion  of the Sun-Earth-Moon system causes a much more sophisticated
system 

This is because (viewed from the Earth) that the sun and moon orbits

with different periods

with different distance

with different declination

However Forces are ADDITIVE

Major tidal constituent M2 is created by the attraction of the Moon. 

Major solar tidal constituent is called S2
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Period

Distance

Declination
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Basic Frequencies 

654321 ωωωωωωω fedcban iiiiii +++++=
The angular speed can be described using a series of predefined frequencies 

The I’s are small integer (Doodson numbers). 
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Tidal constituents (Semidiurnal)

ai
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Tidal Forces (diurnal). 

Diurnal tides: 

Diurnal tides are created because the Earth

Rotational plane is enclined and the semi-diurnal bulge is will typically be
higher on one side that on the other side. P
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Example
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Tidal Forces (Long term). 
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Tidal constituents (Diurnal+Long)
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Solid Earth Tides and  Ocean Tide 

Tides acts on the Earth surface through acting on the 

solid earth and the ocean on the Earth

Ttotal= Tearth + T ocean (+ T loading)

Solid Earth reacts instantaneous and is described
accuratelyThorough mathematical (the tides moves in 
equilibrium)

Ocean Tides has to follow hydrodynamic equations as 
they can not move freely due to the continents. They
become complex to describe

smaller Ocean Loading

Loading Tides are due to the weight of the ocean tides
pressing down the underlaying crust. 
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Solid Earth Tides. 

Instantaneous - ELASTIC
Moon/sun not in Zenit
so also minor horizontal
Ignore thin crust on Earth
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Tidal Forces. 

Difference (F1-F2)  is the Tide producing force

Force   = 
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Ocean Tides

Ocean Tides has to follow hydrodynamic equations as they can not move freely
due to the continents. They become complex to describe
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Coriolis Force
causes
the tidal wave to
be deflected 
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How to observe Tides.

• Satellite altimetry observe ALL: Earth+Ocean Tides + loading tide.
Tide gauge only observe Ocean tide……
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Global tide gauge network
• Its not relly global (80% on Northern Hemisphere). 
• Only on coast (and giving relative sea level change). 
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Topex Poseidon launched 
in 1992 to study tides.
• Repeat period is 9.9156 days.
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Regular sampling (9.9156) days
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Tide Gauge:
High temporal sampling

Satellite altimetry:
low temporal sampling
=>Aliasing
Nyquist frequency of Satellite fN = fs / 2. Inversely it says that wavelength must 
be equal of longer than twice the sampling period

Basically you must sample a signal twice within one period to sample it. 

So for Topes/Jason the period must be longer than 2 x 9.9156 days.

If you sample at 2 times the signal frequency you will get no signal. 

P(S2) = 0.5 days. Topex/Poseidon samples at PS=9.9156 days

After 9.9156 days the signal is sampled by Ps-nP(S2) = -0.0844 d,

Where n is 20 full cycles of S2. In one day S2 phase change is 2 * 360 ˚ = 720 ˚

So 0.0844  days correspond to a phase change of 60.76˚ 

So a full 360 ˚ signal is obtained after 360/60.76* 9.9156 d = 58.76days

Sampling
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Sampling: 

Satellite Altimetry
Alias Periods

ERS+ENV+SARAL
35 days orbit
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Today We have very Good tide models
FES14, DTU10, GOT4.10. We use these as 
standard so we dont have to bother. 
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Take tides out and look at sea level variations 
and sea level change
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Loading Tides

Earth reacts instantaneous (elastic)  to load of water. 

a is loading amplitude, Z is tides, rho is density of water, G is Greens function.
Greens function determins how much the earth deforms by loading it it with 1 kg. 
Greens function is tabulated for different Earth models.  

Vertical Loading 

- 45 cm 

- 40 cm 

- 36 cm 
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Tides (both)
Add Torque on
Earth  - L(t)

Torge, Geodesy, 4ed, pp 351
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Tides Add huge Friction on Earth. 

Must manifiest in some way?
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Earth Rotation / 
Length of Day and Polar Motion.

Tides bulge exerts a force on the Earth changing Length of Day slightly. 
During the last 620 million years the period of rotation of the earth (length 
of a day) has increased from 21.9 hours to 24 hours; In this period the 
Earth has lost 17% of its rotational energy.

Tidal Friction increasing the LOD by 2ms / century. 
Tides produce variations in LOD of 1 ms with tidal periods (annual and 
monthly periods.
Seasonal variations < 0.5 ms due to atmosphere, water on land and 
ice budget variations. 
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Anna Jensen (lecture 1)
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Anna Jensen (lecture 1)
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Outline

Timevariable changes in geodesy. 

Earth and Ocean Tides

•Sea level change (Tadea)

•Global Isostatic Adjustment +
•Present Day ice loading (Carsten)

Assignment
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content

Torge Geodesy, 4th edition, De Grüyer
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Sea level change and crustal deformation

Recent sea level change (By Tadea Veng). 

Vertical Crustal Deformation (by Carsten Ludwigsen). 
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End
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backup
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Changing Earth Figure
Elastic deformation (short term)

Load/unload
Atmosphere
Ocean tides
Hydro
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Changing Earth Figure. 
Visco-eastic Deformation - GIA (long term)
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Horizontal crustal deformation

Traditionally via GNSS monuments. Changes “figure of Earth” but also gravity.
IN-SAR (Lecture next time) is a new tool for this. 
Typical changes 1-10 cm horizontal (few cm vertical).
It is important as it changes oceans (secondary effect) for sea level changes.  
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Length of Day.
The circulation of fluids on the Earth’s surface 
(oceans and atmosphere)
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