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Altimetry for land-ice

• Known satellite position + satellite-surface range
=> Surface elevation

• Repeated measurements
=> Surface elevation changes

• Extrapolation within glacier inventory
=> Volume change

• Assumption of glacier density changes
=> Mass balance (and sea level contr.)

• Fun applications…
=> Grounding lines, ice shelf rifts, lake drainages, etc.
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But 20-50% of the data lost due to clouds…



Laser pulse waveform

Transmitted Returned



Gain as a proxy for cloud 
scattering

Austfonna Ice Cap

100 km
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Gain as a proxy for cloud 
scattering
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Austfonna Ice Cap
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Gain as a proxy for cloud 
scattering
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Elevation change – 3 methods

Linear interpolation of
crossover points



Elevation change – 3 methods

Linear interpolation of
crossover points

DEM projection of near
repeat-tracks



Elevation change – 3 methods

DEM projection of near
repeat-tracks

Least-squares fitting 
of plane surfaces

Linear interpolation of
crossover points



Elevation change – 3 methods

where E,N,H and t are the position and time for 
each of the n observations in the plane.

700 m

Least-squares estimation of slope (αE,αN) and 
average elevation change rate (dh/dt):

Campaign-to-campaign elevation changes are 
estimated from the residuals (r):

where t is the time of campaign 1 and 2.



Repeat-tracks vs. crossovers



Moholdt et al. 2010



Crossovers DEM method Plane method

-4  ± 1 Gt/y
(-0.12 m w.e./y)



All Arctic glaciers:
~180  Gt/y

~0.5 mm SLE/y



Gardner et al. 2013, Science



Greenland and Anatrctica

Pritchard et al. 2009, Nature



Detection of active subglacial lakes

Fricker et al. 2007

Subglacial lake activity can be inferred from surface elevation changes



CryoSat-2
©ESA

~15 km
nadir

POCA

• Ku-band radar (13 Ghz)
• Repeat cycle 369 days
• Beam footprint ~15 km
• Doppler processing of pulse 

bursts for improved along-track 
resolution (~300 m)

• SAR interferometric processing of 
phase differences between two 
receiving antennas for across-
track mapping of the point-of-
closest approach (POCA) and 
unambiguous parts of the swath

~300 m



CryoSat-2 – observation modes

CryoSat-2 has three different resolution modes: Low resolution mode (LRM), 
synthetic aperture radar (SAR) mode, SAR interferometry (SARIn) mode

SAR interferometric (SARIn)

~1.7 km
~300 m

Gray et al. 2013©ESA©ESA



CryoSat-2 – observation modes

©ESA



Retracking is an estimation technique to determine the range to the point 
of closest approach (POCA) on the surface based on the return waveform. 

Various methods: Model fits, leading edge threshold, maximum slope etc.

Waveform retracking

Nilsson et al. 2015



CryoSat-2 data – example Svalbard
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CryoSat-2 data – example Svalbard
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Small glaciers, 
valley glaciers and 

even fjords are 
often not seen…
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CryoSat-2 data – example Svalbard
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CryoSat-2 data – example Antarctica



Landsat 8 image from July 6 2016 

CryoSat waveforms from an ascending pass on Aug. 7 2011

Gray et al. 2017

CryoSat-2 data – example Greenland



CryoSat-2 POCA vs. GPS

Example spring 2014: GPS profiling along 
traditional CryoVEX/SMB transects

Example spring 2015: Additional GPS profiling 
along ice divides with high-density POCA data

GPS profiles
CryoSat-2



CryoSat-2 POCA vs. GPS

Example spring 2014: GPS profiling along 
traditional CryoVEX/SMB transects

Example spring 2015: Additional GPS profiling 
along ice divides with high-density POCA data

GPS profiles
CryoSat-2



CryoSat-2 Swath vs. GPS

Example spring 2014: GPS profiling along 
traditional CryoVEX/SMB transects

Example spring 2015: Additional GPS profiling 
along ice divides with high-density POCA data

GPS profiles
CryoSat-2



Direct validation of POCA profiles

Date

Example of POCA ground tracks from 2016 that 
were suitable for direct ground validation



CryoSat-2 for elevation changes

Plane fitting and estimation of dh/dt from CryoSat-2 POCA and Swath (©Ashley Morris)



CryoSat-2 for elevation changes

©Thorben Dunse



Foresta et al. 2018



Greenland and Antarctica

Helm et al. 2014



ICESat-2

• Green laser
• Micro-pulse 

photon-counting
• 3 beam pairs 

(strong/weak)



ICESat-2 photon counting

©NASA



Bin

dt

dz

NASA Mabel campaign
(2km segment)

ICESat-2 photon counting

Kronebreen, Svalbard
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ICESat-2 at UNIS!


