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Detecting open water (lead, polynya) to estimate sea 

surface heights (SSH) with multi-mission altimetry data 

in the Fram Strait and Greenland Sea

• Unsupervised classification approach of pulse-

limited radar echoes without the use of a-priori 

known training data

• Automatic and quantitative evaluation of 

classification performance with pre-processed SAR 

images

• Mapping sea ice extent and its variation with radar 

altimetry 

• Improving SSH estimation within the sea ice area

Introduction

© Earth Observing System Data and Information 

System (EOSDIS), National Aeronautics and Space 

Administration (NASA) 

G
re

e
n

la
n
d



Deutsches Geodätisches Forschungsinstitut (DGFI-TUM) | Technische Universität München 3

Altimetry: Measurement Principle and waveforms
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Altimetry: 

• Emitting of radar pulses (nadir)

• Receiving radar echoes 

(waveforms)

• Estimating distance between 

satellite and surface by 

interpreting waveform

• Information about surface 

conditions by analyzing 

waveform’s shape and back 

scattered power

Mission: ENVISAT (ESA)
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• Definition of waveform features

 Maximum Power, Waveform width, Decay of trailing edge 

etc.

(Parameters describe the waveform’s shape and its features)

• Clustering of waveforms in 30 clusters applying K-medoids

 Waveform reference model

• Assigning waveform clusters to surface conditions

 4 classes: calm water, ocean, sea-ice and undefined

• Classification of remaining waveforms using reference model 

and K-nearest neighbor

 Classification result: WATER [1] | ICE [0] | UNDEFINED [0] 

(per measurement)

Unsupervised classification

Waveform 
features

Clustering

Waveform 
features

Classification
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Pre-processing of imaging SAR

• Noise reduction

• Dark pixel emphasizing
• Considering local SAR 

illumination changes

• Conversion to binary image

• Linking of segmented lead and 

polynya fragments

 Binarization of grayscaled SAR images 

Ref:1 Ref:1 Ref: 1Ref:1

Example: Sentinel-1A
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Sea ice motion correction

10 km10 km

10-Dec-2007  (Ref:2 )

shift

∆𝑡 = 2ℎ50𝑚𝑖𝑛

 𝑣 = 7,53 𝑐𝑚/𝑠

𝑥 = 768,82𝑚

𝑑𝑖𝑟 = 𝑁𝑁𝑊

• Considering a mean sea ice motion with pixel-based shifting

• National Snow & Ice Data Center Daily Polar Pathfinder 25 km EASE-

Grid Sea Ice Motion Vectors

 Improving the consistency between altimetry and SAR classification

 Applicable only for short acquisition time gaps (~3h)

before after

• Purpose: Taking ice motion into 

account

• Water

• Ice
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Quantitative comparison with imaging SAR

ALT ALT ∑

SAR 31 4 35

SAR 17 89 106

∑ 48 93 141

• Comparison between the altimetry and SAR classification 

results

• Water

• Ice

• Water

• Ice

Ref: 2 Ref: 2
• Processing of 19 image pairs (Radarsat-2/ALOS, 15025 

altimetry observations) for Envisat classification located in the 

Fram Strait and Greenland Sea

• 𝑃 𝐶𝑅 = 70.7% , P ALT SAR = 60.0%

• Possible causes: misclassification SAR/altimetry, acquisition 

time differences/sea ice motion, 

• Computation of relative and absolute statistical information 

(contingency table)

• Example: 𝑃 𝐶𝑅 =
31+ 89

141
≈ 0.85 consistency rate

𝑃 𝐴𝐿𝑇 𝑆𝐴𝑅 =
31

35
≈ 0.89 true water classification rate

contingency table
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Spatial distribution of sea-ice and open water areas

• Classification results: Ocean, Lead/Polynya, Sea ice and Undefined classes 

12-200609-2004
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Temporal evolution of sea ice concentration (SIC)

Time [mm/yy]
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• SIC: Based on unsupervised sea ice classification

 Significant seasonal variations

 Max. SIC of about 40% due to large ocean area



Deutsches Geodätisches Forschungsinstitut (DGFI-TUM) | Technische Universität München 10

Temporal evolution of sea ice concentration (SIC)

Time [mm/yy]
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• SIC: Based on unsupervised sea ice classification

• ENV-SIC: Based on ENVISAT sea ice flag (Radiometer-Altimeter Combination)

 Higher SIC due to lower spatial resolution (leads/polynyas are missed)

 No seasonal effect in 2005 – 2007 
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Temporal evolution of sea ice concentration (SIC)

Time [mm/yy]
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• SIC: Based on unsupervised sea ice classification

• ENV-SIC: Based on ENVISAT sea ice flag (Radiometer-Altimeter Combination)

• NSIDC-SIC: Based on moving average on National Snow & Ice Data Center 

gridded sea ice concentration (passive microwave + in-situ observations)  
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Sea surface heights w.r.t. geoid

latitude
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Ref: 2

January 2008

• Water

• Ice

𝑹𝑴𝑺𝒂𝒍𝒍 𝑹𝑴𝑺𝑺𝑨𝑹 𝒘𝒂𝒕𝒆𝒓 𝑹𝑴𝑺𝑨𝒍𝒕. 𝒘𝒂𝒕𝒆𝒓

0.462 [m] 0.260 [m] 0.103 [m]

• SSH based on ALES+ retracker 

• RMS of SSH residuals w.r.t. linear fitted altimetry water 

observations

Alt. Class.

SAR Class.
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• Unsupervised classification of ENVISAT (and SARAL) waveforms based on K-medoids and 

K-nearest neighbor has been performed in order to separate different waveforms and 

surface types

• Quantitative comparison with imaging SAR shows satisfying results (70% consistency) 

• Classification allows for computation of sea ice concentration (SIC) and enables the 

estimation of sea surface heights (SSH) within the ice area

• Comparison with ENVISAT sea ice flag shows a lower total SIC and a higher sensitivity to 

seasonal sea ice variations

• Comparison with NSIDC SIC data shows good accordance to seasonal sea ice variability

• Classified sea surface heights w.r.t. to geoid of single ENVISAT tracks provide promising 

results (work in progress) 

Conclusion
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Thank you for listening!

More Information coming soon:

• Müller, F.L.; Dettmering, D.; Bosch, W.; Seitz, F.; Monitoring the Arctic seas: How satellite altimetry can be 

used to detect open water in sea-ice regions. Remote Sensing. (under review)

• Passaro, M.; Müller, F.L.; Dettmering, D. Lead Detection using Cryosat-2 Delay-Doppler Processing and 

Sentinel-1 SAR images. Advances in Space Research. (under review)
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