
30552 – Lecture 8. 

Satellite radar altimetry 
– technology and theory

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

Rationale: Why and what’s the benefits. 

Principles: Orbits 
How does it work 
Waveform analysis. 

Corrections: how do we make it accurate
range precision/accuracy 

Geodetic: What parameters are extracted

Applications: Next time

Acknowledging Teaching material from R. Klees (TU Delft)



Space Geodesy 305523 DTU Space, Technical University of Denmark

Requirement

• We want to measure the shape of the Earth. 

• You need high density to resolve small features. 

• Two thirds of the globe is covered with water and      
many regions are NOT covered with observations 
from ship. 

• A significant fraction is covered with Ice and hardly 
accessible. You don’t want to go there if you can 
avoid it. 

• Example average waveheight in the ACC is > 7 
meters. Freakwaves up to 50 meters.  
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Content 

Rationale: Why and whats the benefits. 

Principles: Satellite Altimetry 
Orbits 
How does it work
Turning power into height (Waveform analysis).

Corrections: how do we make it accurate 

Geodetic: What parameters are extracted

Applications: Next time 
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RADAR ALTIMERY IS THE MOST ACCURATE WAY TO DETERMINE 
THE SHAPE AND CHANGES OF THE OCEANS (70 % OF THE EARTH) 
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Satellite radar altimeter. 



Space Geodesy 305527 DTU Space, Technical University of Denmark



Space Geodesy 305528 DTU Space, Technical University of Denmark

Why VERTICAL/Nadir Looking 
• Only way to accurate measure range
• With ADEQUATE precision.

• Hence only way to measure the shape of the Earth. 
• Disadvantage. Only one point below the satellite. 

• Many Slant looking satellites (Sentinel-1,2)
– Advantage: You get high spatial resolution 
– You get an image close to orbit
– You can determine height changes

• But you can NOT determine accurate HEIGHT. 

• Nadir looking satellite are frequently termed: 
– GEODETIC SATELLITES.

• Slant looking satellites are frequently termed:
– EARTH OBSERVATION SATELLITES 
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Content 

Rationale: Why and whats the benefits. 

Principles: orbits 
how does it work
Waveform analysis.

Corrections: how do we make it accurate 

Geodetic: What parameters are extracted

Applications: Next time
Defining the shape
Mean sea surface
Global gravity field
And then…..(next time – sea level change) 
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Launching a satellite 
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Design the orbit to maximize the value of the 
satellite.  

LEO = Low Earth Orbiting Satellites  (700 and -1500 km height)

We need low orbit for detailed monitoring of the planet. 
The lower the better, but drag increases.
Heigher more stable, but more radiation (shorter life)

Orbits are ellipsoidal

Orbital plane is inclined (wrt pole) to create mesh of observations.

What does the satellites 
Measure today: 

Check out: altimetry.dk  
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Altimetric systems. 

4 systems:  
American: TOPEX /Jason 1 / 2 / 3  (1300 km orbit) – Reference missions
Europe / ESA: ERS-1/Envisat/Cryosat-2/S3A/S3B  (800 km orbit) 
French/Indian: Saral
Chinese : HY-2A + HY 2B. 
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Satellite Height Rev time
Tracks
Per Day

Ground 
spd

Repeating
(ERM)

ERS/ENVISAT/SA
RAL 780 km 1 h 40 ~14 7  km/sec

Sentinel 3A+B 800 km 1 h 43 ~14 7  km/sec

T/P+JASON 1-2-3 1300 km 1 h 59 ~12 6.8 km/sec

Geodetic Cryosat-2 750 km 1 h 43 ~13 6.9 km/sec

JASON - 10 Days

Orbits

Typically 12-14 revolutions /day
Ascending and descending

Notice Track crossing
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Satellite
Repeat
Period

Track 
spacing

Inclination
Coverage

Repeating
(ERM)

ERS/ENVISAT/SARAL 35 days 95 km 98°(+/-82)

Sentinel 3A+B 27 days 70/35 km 98°(+/-82)

T/P+JASON 1-2-3 9.915days 315 km 66.5°

Geodetic Cryosat-2 369 days 7 km 92°

The coverage of the sea surface
depends on the orbit parameters 
(inclination of the orbit plane and 
repeat period and height). JASON - 10 Days
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ERM – GM data. 
ERM Data

TOPEX/JASON –

(280 km) 

ERS/ENVISAT

(80 km)

Geodetic Missions 

I.e. ERS-1 Cryosat

(5 km track spacing)

Geodetic Missions are ESSENTIAL for high resolution (Detailed modelling)
ERM missions are ESSENTIAL for monitoring (variations in sea level change
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Orbit Requirement / Design. 
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Sun synchronous or not. 
American is NOT Sun-synchronous
ESA satellites have sun-synchronous orbits. 

This is dictated by other instruments
ESA satellites ALSO carry optical instruments): 

Same location at same time of day some days later. 
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Orbital Accuracy
Technology paved with Skylab + Geos-3 + Seasat and Geosat (1970’s and 1980). 

During 1990 it became “good enough” 
LARGELY due to GPS.
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Precise orbit determination (POD)
Many groups around the world specializes in post processing and orbit determination. 

GPS standard SLR (Satellite carries Laser Reflector

DORIS (Doppler Orbitography and 
Radio-positioning Integrated by Satellite

Typical Near Real Time = 10 cm (GPS alone)
Post Processing (3 days) = 1 cm…

Since 2000 Orbit is precise to 1 cm 
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Why does it have to be accurate
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Content 

Rationale: Why and whats the benefits. 

Principles:   orbits 
how does it work
Waveform analysis.

Corrections: how do we make it accurate 

Geodetic: What parameters are extracted

Applications: Next time
) 
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One big difference to Police radar. 

We want to measure sea surface height

To an accuracy of say 1 cm from 800 km 
Height. 
FOR REFERENCE
Great Belt Bridge in Denmak is 7 km.

It correspond to measuring its length
And changed in length to an accuracy
Of 0.09 mm  = the diameter of a hair
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Measuring Range using Radar

We use Radar to gain full global coverage. 

There are also LASER altimeters. 
These has an advantage in resolution 
However they are limited by clouds (Lecture 11 will give you all the details).
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Radar Frequencies

We use Radar to gain full global coverage. 
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Measuring range from satellite.

Distances or range is measured using time. 

Clocks can measure time to 10-12s accuracy
If you measure two-way traveltime you only
Need ONE CLOCK. This is important 

Traveltime is T

h = c*T / 2 (back and forth). 

c = 3 x 108 m/s 

Assume for a second. 
Pulse width determines resolution. 

If you wanted a resolution of 1 cm.
You would need a pulse lasting 3 x 10-10 

Or 0.3 nanoseconds. 
This is instrumentally impossible 
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Pulse limited Radar. 

A typical Antenna has 
a beam width of 1o

So it will illuminate a disk of  
14 km in diameter if satellite
flies at 800 km altitude....
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Beam limited (“constant/burst” beam). 

Beam limited Radars are the fundament of SAR
Syntetic Aperture Radars where data are processed to 
Increase “antenna” or aperture to increase resolution. 
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A small simple Class-excersize/discussion.
The satellite is 800 km away from the Earth. 
It illuminate a disk of 14 km in diameter

1) How many ms does it take for the center point of the beam to return to 
the satellite.

2) How many ms does it take for the outermost point to return to the 
satellite. 

During this we want to measure 100 times. 
Whats the required sampling rate (bin size) for the receiver in the satellite. 
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Pulse limited radars

Range resolution of 46 cm is far from good enough. 
So to increase range resolution we need to average 
many pulses.Fortunately the altimeter Pulse Repetition 
Frequency (PRF)is 2-2000 times per second……
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Content 

Rationale: Why and whats the benefits. 

Principles:   orbits 
how does it work
Waveform analysis.

Corrections: how do we make it accurate 

Geodetic: What parameters are extracted

Applications: Next time
) 
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What does the Altimeter se……….
We transmit a thin shell of Radar energy out and look at the power returned
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Illuminated / Efficient footprint



Space Geodesy 3055238 DTU Space, Technical University of Denmark

Real word is not perfect  
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Waves on the ocean 
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Returned waveform 
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Elephant in
the room

• Statistically independent
• Uncertainty of mean 
• Improves with 1/sqrt(N)
• Average out speckle noise
• Radar pulses overlap….
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Delay Doppler Altimetry 

• Since Cryosat-2 in 2010
• Now with Sentinel-3A/B
• Sentinel 6 (both). 

GS 
page 181-182



Space Geodesy 3055245 DTU Space, Technical University of Denmark



Space Geodesy 3055246 DTU Space, Technical University of Denmark



Space Geodesy 3055247 DTU Space, Technical University of Denmark



Space Geodesy 3055248 DTU Space, Technical University of Denmark

LRM (Low Resolution Mode)



Space Geodesy 3055249 DTU Space, Technical University of Denmark

Surface of the waveform footprint

Surface of the
waveform
footprint
(km2)

Radius of the
waveform
footprint
(km)

ERS-1 ERS-2 Topex P-1 J-1 RA-2 J-2 CS-2
LRM

CS-2
SAR HY-2 AltiKa S3

LRM
S3
SAR
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Impacts of coasts on altimeter measurements

CASE #1: illustration 
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Impacts of coasts on altimeter measurements

CASE #1: illustration 

Land return on LRM
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http://Youtu.be/V7_43bsybYk

Very nice illustration prepare by ESA in preparation of 
the launch of the Sentinel-6 (November 6th). 
The satellite will simultaneous fly a conventional 
(LRM) and SAR altimeter due to an extremely high 
Pulse Repetition Frequency. 
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From waveform (power(t)) 
to sea surface height (waveform fitting)
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A simpler way to retracking
if you are only interested in height 

• Want to find the Gate/Cell where the power exceeds a certain 
threshold (Threshold retracking)

50 or 80% power
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Inland water – empirical retrackers……….

MAX 
1
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Measuring range from satellite.

Distances or range is measured using time. 

Clocks can measure time to 10-12s accuracy
If you measure two-way traveltime you only
Need ONE CLOCK. This is important 

Have estimated Traveltime T via estimating 
the Δg decimal gate (1 gate = 3.12 ns). 

T  = Δg + Ttracker

Ttracker is time since emission of pulse

This is 

h = c*T / 2 (back and forth). 

c = 3 x 108 m/s 
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In principle RANGE precision is accurate to around 1 cm (SAR) 1-2 cm else. 

Turning Range into Height

SSH = H – Range = H – c T /2

SSH will be relative to Reference Ellipsoid 
as orbit height is relative to reference ellipsoid.  
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Synthetic Aperture. 

Azimutal resolution (Seeber 11.3)

Length of illumination is 2 Ra   

Assuming that scattere remains stationary while satellite passage. 

“Syntetic Aperture” becomes equal to 2 Ra.
Hence    Ra* = D  / 2 

Observations from different “bursts” are separated using Delay Doppler. 

D

ε

R

ε= λ/D

Ra = R tan(ε) = R ε

Ra = R λ / D  
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Taking SAR to the limit. 
Fully Focused SAR-

• The main beam is 8 km in Radius, but if you use information from the 
side lobes the “total beam” can be considered to be much longer. 

• Target must be stable over 2 sec
• Ocean is NOT……..
• Inland water is…..
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Content 

Rationale: Why and whats the benefits. 

Principles: orbits 
how does it work
Waveform analysis.

Corrections: how do we make it accurate 

Geodetic: What parameters are extracted

Applications: Next time
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In principle RANGE precision is accurate to around 1-2 cm.

Orbit is precise to around 1 cm (using GPS etc).

So system determines SSH to a precision of sqrt(1+1) = 1.5 cm 

But is this the “REAL ACCURACY” 

Making it accurate
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Atmosphere propagation

• is a problem for all Earth observing satellites and GPS.
• When we later determines distances between satellites in space this is 

not an issue. Hence this can be done much more accurate 
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The Corrections generally all have the effect of making the Range 
shorter (negative)
Hence the Sea surface SSH = H-Range will be higher. 
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After Andersen and Scharroo, 2011
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After Andersen and Scharroo, 2011
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After Andersen and Scharroo, 2011
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How accurate is it. 
The Error budget (Jason-3). 

Now SSH = H – Range(corrected)  is as accurate as it get. 
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Content 

Rationale: Why and whats the benefits. 

Principles: how does it work
Waveform analysis.
orbits 

Corrections: how do we make it accurate 

Geodetic: What parameters are extracted

Applications: Next time
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Satellite altimetry observes 
sea level, SWH and wind speed. 

Sea Level is key-parameter for geodesy
Sea level is made up from a mean sea level (mean shape of 
the Earth) +  dynamic sea level ξ(t). 

ξ(t).
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Sea level variations. 

More than 70% of sea level variations are caused by ocean tides………. 
(more to come in later lecture). 
We can remove contribution to se “what is hidden in the signal”.

Sea level change on the mm/year is possible from averaging  thousands of 
sea surface observations over 1 month of observations (Later lecture). 
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Variability – why we need the 10 cm accuracy
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Significant wave height
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Wind speed
• But No direction….
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Sea level

Storm surges
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End of Today. 



Space Geodesy 3055288 DTU Space, Technical University of Denmark

Back up slides. 
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Two types of altimeters: 

•Beam limited (typical lasers)

•Pulse limited (typical radars)

• Course on measurement technology on ESPE gives many 
more technical details
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Beam limited (constant beam). 

Beam limited Radars are the fundament of SAR
Syntetic Aperture Radars where data are processed to 
Increase “antenna” or aperture to increase resolution. 
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