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What is an altimeter? 
 

What can they be used for (some nice examples - no details, just 
introductory for overview). 
 

What is a waveform? 
 

Laser versus radar altimetry 
 

Examples of waveforms from different surfaces  
 

What is a retracker? (not details on individual retrackers) 
 

Corrections (slope, waveform parameters) 
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What is an altimeter? 
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What is an altimeter? 

 
  

altus (latin) - height  

metron (greek) – to measure  

 

 

An altimeter is an instrument to measure 
height, altitude or elevation.  

 

The range altimeter measures the two-
way travel time of a signal with a known 
velocity:  

 

distance = velocity ∗ TWT / 2  
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R 

Plan view 

Side view 
(1)   Radars transmit pulses of electromagnetic  
       radiation at radio frequencies 
 

(2)  The radar pulse is scattered or reflected by  
       solid surfaces.  
 

(3)  The backscattered pulse (echo) is detected    
       by the radar receiver 
 

(4)  The pulse travel time is recorded.  
 

(5)  The travel time is converted into the distance    
      (range) separating the radar and the surface. 

Principle of satellite altimetry 

(Credits A. Shepherd) 
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Principle of satellite altimetry 

(Credits CNES/D. Ducros) 
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What can we observe with satellite altimeters? 
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Altimeters for studying the cryosphere 

Elevation changes of the Greenland ice sheet. 

 

Derived from ICESat data 2003-08. 

 

(credits: Pritchard et al., Nature, 2009) 

 

 



September 
2016 

ESA EO training course, Leeds 9 DTU Space, Technical University of Denmark 

Altimeters for studying the cryosphere 

Elevation changes of Antarctica ice sheet 

 

Derived from CryoSat-2 data 2011-14. 

 

(credits: Helm et al., TC, 2014) 
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Altimeters for studying the cryosphere 

Arctic sea ice thickness 

 

Derived from CryoSat-2 data April 2016. 

 

(credits: CPOM/ESA) 
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Altimeters for studying the cryosphere 

Decline in Arctic sea ice volume 

 

Derived from ICESat and CryoSat-2 data 

 

(credits: Kwok & Cunningham, 2015) 
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Altimeters for studying the cryosphere 

Greenland ice sheet mass changes 

 

Derived from ICESat data 2003-08 

 

(credits: Sørensen et al., 2011, TC) 
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Altimeters for studying the cryosphere 

Detailed mapping if ice cap in Iceland 

 

Derived from CryoSat-2 swath processing 

 

(credits: N. Gourmelen & Cryotops cons.) 
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Altimeters for studying the cryosphere 

Digital elevation model Antarctica 

 

Derived from ERS-1 

 

(credits: Remy et al., 2006, C. R. Geo.) 
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From : http://www.pecad.fas.usda.gov/ 

CryoSat-2 (ESA) 
ICESat (NASA) 

Missions 
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Missions, orbits, frequencies 

Remy and Parouty, 2009, RS  
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What is a waveform? 
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Waveforms 

Credit: http://www.altimetry.info/ 

The magnitude and shape of the altimetry return echoes 
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Waveforms 

Credit: http://www.altimetry.info/ 
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Radar footprints 
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Waveforms 
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Waveform parameters 
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Radar or laser altimetry? 
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Radar or laser altimetry? 
 

•  Radar altimetry 
 
²  Footprint 2-20 km 
²  Vertical accuracy < 5cm 
²  Weather independent 
²  Robust 
²  Long history, 18 years 
²  Operates on most altimetry 
    missions 
²  works over water and ice 
²  Possible penetration into snow 

•  Laser altimetry 

²  Footprint 40-70 meters 

²  Vertical accuracy < 10cm 

²  Weather dependent, clouds 

²  Energy consuming, not robust 

²  For cryosphere only ICESat  

    (2003-09) 

²  works over water, ice and land 
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From : http://www.pecad.fas.usda.gov/ 

CryoSat-2 (ESA) 
ICESat (NASA) 

Missions 
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Radar      versus      laser 

SNOW 

km scale  m scale  
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Radar waveforms from different surfaces 
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po
w
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time 

Leading edge •  Leading edge of pulse echo 
corresponds to first interaction 
with surface 

•  Slope of leading edge is 
related to surface roughness 

•  Smooth surfaces have steep 
leading edge, rough surfaces 
have shallow leading edge  

•  Can estimate surface 
roughness from shape of 
leading edge  

Smooth 

Rough 
50 % 

T½ 

T½ •  But affects re-tracking 

Radar Waveforms 
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w
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time 

•  Trailing edge of pulse is 
also related to scattering 
properties of the surface 

•  Rapid tailing off when 
scattering is only from 
surface 

•  Slow tailing off when 
additional scattering from 
depth (due to penetration) 

•  Degree of penetration 
can be characterised by 
slope of trailing edge 

Volume 

Surface 

Trailing edge 

Radar Waveforms 
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Radar waveforms from different surfaces 
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Radar waveforms from different surfaces 
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Radar waveforms from different surfaces 
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Radar waveforms from different surfaces 
 
 
 

OCEAN ICE SHELF 
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Waveform parameters 

Mean altimetric waveform parameters mapped over Antarctica in Ku-band 
from 2003 to 2007.  

(a) Backscattering coefficient (dB)  

(b) Leading edge width (m) 

(c) Trailing edge slope expressed in 106 s−1. 
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What is a retracker? 
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Retrackers 

Retracking is the term used to describe a ground 
processing estimation technique which attempt to 
determine the range to the point of closest approach on 
the surface. 

 

OCOG 

Threshold 

Gradient 

Ice-1 

Ice-2 

…... 
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Retrackers 

1610 R. Ricker et al.: CryoSat-2

Table 1. Waveform parameters and ice concentration thresholds used in the CryoSat-2 processing algorithm to discriminate between the
surface types “ocean”, “lead” and “sea ice”: pulse peakiness (PP), stack kurtosis (K), standard deviation (SSD), peakiness left of the power
maximum (PPl), peakiness right of the power maximum (PPr), sea-ice concentration (IC) and the width of the OCOG box (OCOGWIDTH).

Waveform parameter

Type PP K SSD PPl PPr IC (%) OCOG WIDTH

Ocean 0PP 10 �18.5  5 � 38
Lead � 40 � 40  4 � 40 � 30 � 70
Sea ice  8  15 � 70

(b)(a)

Figure 3. Typical CryoSat-2 waveforms for sea ice (a) and leads
(b). The fitted waveform (grey) is a result of linear interpola-
tion and smoothing of the original CryoSat-2 waveform (black
dots). The coloured vertical lines represent the different applied
TFMRA (threshold first-maximum retracker algorithm) thresholds
in this study: 40% (TFMRA40), 50% (TFMRA50) and 80%
(TFMRA80). Red circles mark the range bins that are considered
for the “left-hand” (dotted) and “right-hand” peakiness (solid).

It has to be noted that we used a slightly different notation of
the pulse peakiness in contrast to Laxon et al. (2013):

PP=
NWFX

i=1

max(WF)
WFi

· NWF. (1)

Here NWF represents the number of range bins and WFi the
echo power at range bin index i. Thus PP can be transferred
to values in Laxon et al. (2013) by multiplication with a fac-
tor of 1/NWF. The second parameter is the “stack kurtosis”
(K), which is a measure of peakiness of range-integrated
stack power distribution (Wingham et al., 2006). Here the
term “stack” refers to an assembly of beam echoes which
steer to a fixed point on the surface from different bursts.
Specular reflections (narrow waveforms) from leads cause
a high pulse peakiness as well as a small kurtosis. In con-
trast, echoes from sea ice are defined by waveforms with a
wider power distribution and thus a lower peakiness. Further,
the “stack standard deviation” (SSD) provides a measure of
the variation in surface backscatter with incidence angle of
the different beam echoes that are stacked (Wingham et al.,
2006). Off-nadir reflections from leads can bias the range re-
trieval, since only a little area is required in the radar footprint
to dominate the waveform (Armitage and Davidson, 2014).

Because those echoes do not show the typical specular re-
flection, they are discarded by introducing a modified pulse
peakiness which considers only three range bins on the “left”
(PPl) and on the “right” (PPr) of the power maximum of a
waveform 3:

PPr =
max(WF)

mean([WFimax�3,WFimax�1])
· 3, (2)

PPl =
max(WF)

mean([WFimax+1,WFimax+3])
· 3. (3)

For the coarse discrimination between ocean and sea-ice
area (including leads), we use interpolated ice concentration
from the daily Ocean and Sea Ice Satellite Application Facil-
ity (OSI SAF) ice concentration product (Eastwood, 2012).
To identify echoes from the ocean we additionally consider
the “OCOG WIDTH”, which is derived from the algorithm
of the offset centre-of-gravity (OCOG) retracker (Wingham
et al., 1986). It provides information about the “width” of
the echo. Surface waves on the ocean cause a high OCOG
WIDTH which can be used for the surface-type discrimina-
tion. Radar echoes that are not assigned to one of the surface
types – ocean, lead or sea ice – are assumed to be biased by
off-nadir leads and hence are discarded.

2.1.1 Sea-surface anomaly

The surface-type classification parameters were initialized
based on manual tuning of example CS-2 ground tracks
where coincident aircraft validation data (see Sect. 2.5) were
available. We use a linear interpolation on the ranges of the
retrieved open-water spots from leads. We then apply a run-
ning mean with 25 km width as a low-pass filter to smooth
jumps that occur in dense lead clusters due to the signal
noise. This procedure is done for each CS-2 track, yield-
ing the sea-surface anomaly (SSA), the deviation of the ac-
tual sea-surface elevation from the mean sea-surface height
(Fig. 1).
As the next step, the remaining anomaly from the mean

sea-surface height (sea-surface anomaly), which is obtained
by the interpolated lead elevations, is subtracted from the re-
tracked surface elevations L, which were identified as sea

The Cryosphere, 8, 1607–1622, 2014 www.the-cryosphere.net/8/1607/2014/

Ricker et al., 2014, TC 
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Retrackers 

•  Radar altimetry: 

• Many retrackers available. 

•  The choice of retracker might affect the 
height estimate 

•  Different retrackers suitable for different 
surfaces  

•  Laser altimetry: 

•  The laser return waveforms are much 
simpler that the radar waveforms. 

•  The elevation is derived from the 
maximum peak 
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•  Trend analysis of 2012 
Cryosat-2 data showed 
anomalous  thickening in the 
interior parts of the GrIS. 

•  The 2012 event was credited 
to be the most viable source, 
after processing errors were 
discarded. 

•  Based on CryoSat data near 
NEEM before and after melt 
event 

Cryosat-2 derived elevation 
changes from 2012 

(Nilsson et al. 2015)  

 

Changes in surface properties 
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Waveform parameters and retracked heights 

Credits: J. Nilsson et al, 2015, GRL 
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Waveform parameters and retracked heights 

Credits: J. Nilsson et al, 2015, GRL 
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Waveforms 

Altimetric waveforms can be seen as the histogram of the 
backscattered energy with respect to the return time.  

The signal is the sum of a surface and of a volume echo. 

Thus waveform shape is sensitive to meteorological conditions 
close to the surface such as winds (through roughness), 
temperature (through grain size and density) or snowfall 
events (stratification and density).  

 

The main issue in altimetric measurements 
interpretation is to distinguish between all these 
effects. 
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Radar altimetry on slopes 
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•  Slope correction 

•  Slope in nadir or POCA 

•  Correct position or height 

•  DEM resolution (what does the radar see?) 

Radar altimetry on slopes 
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Radar altimetry on slopes 
3160 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 9, NO. 7, JULY 2016

Fig. 1. Relocated Envisat data over regions with a steep (a,b) and smooth (c,d) surface topography, respectively, overlain the DEM by [17]. UTM zone: 22N.
The relocation is carried out using the “slope” (a,c) and the “point-based” techniques (b,d), based on an a priori DEM at the resolution given in the legend. The
dot indicates the nadir location and the asterisk that of the relocated measurement. Please note the different sizes of the geographical areas, reflecting the different
lengths of the relocation vectors.

value for the official ESA product is 14.2 m. M2 reduces ele-
vation differences the most and particularly when based on the
2 km DEM. This is concluded from the high number of obser-
vation points relative to the small median and STD. Both M1
and M2 yield results superior to those provided in the official
ESA product.

The M1 and M2 experiments are duplicated for observa-
tions acquired inland, and a subset of the results is provided in
Fig. 1(c) and (d). We find smaller relocation vectors compared
to those over the margin region. M1 produces similarly ori-
ented relocation vectors with magnitudes varying with the DEM
resolution: The maximum displacements decrease from
17–8 km when lowering the DEM resolution from 90 m to 8 km.
The average relocation is 9 km. M2 yields smaller vectors, typ-
ically ≤ 1 km in length, which better follow local topography,
and observations tend to be corrected to nearly similar geo-
graphical locations regardless of the DEM resolution. This is
reflected in Table II and Fig. 2(b) providing the evaluation re-

sults. The findings with M1 yield significant offsets relative to
ATM, with the largest STDs occurring for ≤ 1 km DEM resolu-
tions. M2 consistently reduces the elevation offsets, producing
slightly positive dH values and small STDs and σα . Neither M1,
nor M2 reduce STD and σα as much as the official ESA product
does it. However, this latter solution shows a larger elevation
offset with respect to ATM than M2.

V. DISCUSSION

Tables I and II and Fig. 2 demonstrate significantly different
relocation accuracies depending on the solution, and that the
accuracy with M2 greatly exceeds that obtained with M1. The
DEM resolution has a small impact in analyses over regions with
a smooth topography, and as such the optimal relocation here is
based on M2 with no specific requirements for the resolution.
Over regions with steep slopes, the effect of the DEM resolution
is significant and the optimal results are found with M2 using

DEM resolution 

Credits: Levinsen et al, 2016, IEEE 

Relocation of Envisat 
data near Jakobshavn 
in Greenland 
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Radar altimetry on slopes 
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http://www.altimetry.info/ 

Geophysical and propagation corrections 
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Ionosphere correction 

The path delay in the radar return signal due to electron content in the 
atmosphere.  

Quantified by e.g. combining two frequency radar altimeter measurements 
acquired at two separate frequencies (e.g.  Ku-band and S-band for Envisat). 

 

Order of magnitude : 

0 - 50 cm. 

From the Jason-1 GDR products. 
http://www.altimetry.info/ 
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Dry troposphere correction 
This correction for the dry gas component of the atmosphere 
refraction takes into account the path delay in the radar return 
signal due to the atmosphere.  

It is by far the largest adjustment that must be applied to altimeter 
measurement. 

Order of magnitude is about 2.3 m. 

Temporal variations are low  

(a few centimetres only). 

Computed from the ECMWF atmospheric 
pressures model during the Jason-1 cycle 
223.  
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Wet troposphere 

The wet troposphere correction is the correction for the path delay in 
the radar return signal due to liquid water in the atmosphere.  

It is calculated from radiometer measurements and meteorological 
models. 

 

 

 

Its order of magnitude is about 0 to 50 cm 

Amplitude in metres of the wet 
troposphere correction computed 
from the NCEP model during 
Topex/Poseidon cycle 300 
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Inverse barometer 

Correction for variations in sea surface height due to atmospheric 
pressure variations (atmospheric loading).  

It can reach about ±15 cm and it is calculated from meteorological 
models. 

Amplitude (metres) of Inverse 
Barometer correction computed 
from ECMWF atmospheric 
pressures 
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Ocean/Solid Earth tides 

The combined attraction of the Moon and the Sun creates the 
tides and their variations. 

The standard deviations of tidal variations 
in the open ocean are 10-60 cm 

Amplitude (m) of one main tide 
component from FES2004 model. 

(M2) 
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Pole tides 

The ocean pole tide is the ocean response to the variation of both the 
solid Earth and the oceans to the centrifugal potential that is generated 
by small perturbations to the Earth’s rotation axis. 

Amplitude in cm of the pole tide 
correction during the Jason-1 cycle 
223 computed from an equilibrium 
model.  
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Altimetry error budget 

Estimated maximum errors 
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Altimetry error budget 
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CryoSat-2 radar altimeter 

Synthetic Aperture Radar (SAR) (green) is 
operated over sea-ice areas and over 
some ocean basins and coastal zones. 

 

SAR Interferometric (SARIn) (purple) 
mode is used over steeply sloping ice-
sheet margins, over some geostrophic 
ocean currents and over small ice caps 
and areas of mountain glaciers. It is also 
used over some major hydrological river 
basins.  

 

Low Resolution Mode (LRM) (red) 
conventional radar altimetry over interior 
ice sheets  
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•  The end 
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CryoSat-2 radar altimeter 
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SIRAL operational modes: 

 

SIRAL provides the following operational 
modes for different observational support 
types. The complex waveform data stream 
from the CryoSat altimeter requires a 
sophisticated processing scheme in 
particular for exploiting the synthetic 
aperture and interferometry techniques 
over ocean and ice surfaces. 

 

1) LRM (Low Resolution Mode) operation 
support: LRM uses a single receive 
channel and low PRF for conventional 
pulse-limited operation for ice sheet 
interiors/open oceans. The transmitted 
pulse length and the transmitted 
bandwidth are set to the same value as 
that for Envisat in a similar mode (51 s, 
320 MHz). The PRF is kept constant over 
the orbit at a value around 2 kHz to 
ensure the decorrelation of received 
echoes. The averaging for tracking and 
ground processing is performed after the 
FFT (Fast Fourier Transform). 

 

The LRM mode is useful over surfaces 
where the topography is homogeneous, at 
least as large as the antenna footprint of 
about 15 km. The altimeter echoes have a 
predictable shape and the mean surface 
level of this area can be derived by an 
appropriate model. 

 

2) SARM (Synthetic Aperture Radar Mode) 
support mode (also referred to as 
advanced SAR mode): SARM uses a single 
channel and a high PRF. Closed burst 
timing is employed to ensure a high 
along-track resolution. The PRF is chosen 
higher than the Doppler bandwidth over 
the half-power beamwidth to avoid 
aliasing in the ground processing of the 
data (the PRF is about 10 times higher 
than that of LRM to ensure coherence 
between the echoes of successive pulses). 
Bursts of 64 pulses at a PRF of 18.5 kHz 
with a burst repetition frequency of 85 Hz 
are transmitted. 

 

In SARM, the resolution of the radar is 
improved in the along-track direction. This 
is achieved by exploiting the Doppler 
properties of the echoes as they cross the 
antenna beamwidth. The result is 
equivalent to decomposing the main 
antenna beam into a set of 64 narrower 
synthetic beams in the along-track 
direction. The footprints of the different 
sub-beams over a flat surface are 
adjacent rectangular areas, about 250 m 
wide in along-track and as large as the 
antenna's cross-track footprint (up to 15 
km). Hence, a larger number of 
independent measurements are available 
over a given area; this property is used to 
enhance the accuracy of the 
measurements over sea ice. The echoes 
are transmitted to the ground segment in 
the time domain, prior to any averaging. 
Hence, the data rate in SARM is 
significantly higher than that for LRM. 

 

3) SARIn (SAR Interferometric) support 
mode. The objective is to provide 
improved elevation estimates over 
variable topography. This mode is used 
mainly over ice sheet margins with high 
surface slopes. Both receive channels are 
operating simultaneously at high PRF to 
ensure the availability of a high cross-
track resolution used for ice sheet margins 
and coastal areas (accurate determination 
of the arrival direction of the echoes in 
along-track and in cross-track). This is 
needed to derive the height of the surface 
from the range measurement of the radar. 
Narrow-band tracking pulses, transmitted 
in-between successive wide-band 
measurement bursts are used in this 
range-tracking concept to cope with 
abrupt height variations. 

 

In the SARIn mode, the addition of the 
interferometric feature to the SAR further 
improves the echo localization capabilities, 
as the cross-track direction angle of the 
echoes can be determined. This is 
achieved by comparing the phase of one 
receive channel with respect to the other. 

 

The innovative technical features of SIRAL 
are: 

 

• The capability to operate in all 
measurement modes 

 

• Digital chirp generation with pulse-to-
pulse coherence for Doppler processing 

 

• Solid State Power Amplifier (SSPA) in 
Ku-band with high performance (25 W), 

 

• Dual antennas forming an 
interferometer, mounted on an optical 
bench together with star-tracker heads, 
ensuring the accurate knowledge and 
stability of the interferometric baseline 
orientation 

 

• Two receive chains matched together 
with very low distortions. 
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Beam limited versus pulse limited altimeters 
 
 
•  and a Delay-Doppler Altimeter “can be seen” 
•  as beam-limited in the along-track direction 


