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Please cite this article as: Schmid, T., López-Mart́ınez, J., Guillaso, S., Serrano,
E., D’Hondt, O., Koch, M., Nieto, A., O’Neill, T., Mink, S., Durán, J.J., Mae-
stro, A., Geomorphological mapping of ice-free areas using polarimetric RADARSAT-2
data on Fildes Peninsula and Ardley Island, Antarctica, Geomorphology (2016), doi:
10.1016/j.geomorph.2016.09.031

This is a PDF file of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.

http://dx.doi.org/10.1016/j.geomorph.2016.09.031
http://dx.doi.org/10.1016/j.geomorph.2016.09.031


AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

1 

 

Geomorphological mapping of ice-free areas using polarimetric RADARSAT-2 data on 

Fildes Peninsula and Ardley Island, Antarctica  

T. Schmid
1
, J. López-Martínez

2
, S. Guillaso

3
, E. Serrano

4
, O. D'Hondt

3
, M. Koch

5
, A. 

Nieto
2
, T. O'Neill

6
, S. Mink

2,7
, J. J. Durán

7
, A. Maestro

2,7
, 

 

1
CIEMAT, Avda. Complutense 40, 28040 Madrid, Spain, thomas.schmid@ciemat.es (corresponding 

autor) 
2
Dpto. Geología y Geoquímica, Facultad de Ciencias, Universidad Autónoma de Madrid, 28049 Madrid, 

Spain, jeronimo.lopez@uam.es, s.mink@igme.es 
3
Computer Vision and Remote Sensing Group, Technische Universität Berlin, Office MAR 6-5, 

Marchstr. 23, Berlin, Germany, stephane.guillaso@tu-berlin.de 
4
Dpt. Geografía, Universidad de Valladolid, Paseo Prado de la Magdalena s/n, 47011 Valladolid, Spain, 

serranoe@fyl.uva.es 
5
Center for Remote Sensing, Boston University, Boston, MA, USA, mkoch@bu.edu 

6
School of Science, Waikato University, Hamilton, New Zealand, toneill@waikato.ac.nz 

7
Instituto Geológico y Minero de España, Ríos Rosas, 23, 28003 Madrid, Spain, jj.duran@igme.es; 

a.maestro@igme.es 

 

 

Abstract 

Satellite-borne Synthetic Aperture Radar (SAR) has been used for characterizing and 

mapping in two relevant ice-free areas in the South Shetland Islands. The objective has 

been to identify and characterize land surface covers that mainly include periglacial and 

glacial landforms, using fully polarimetric SAR C band RADARSAT-2 data, on Fildes 

Peninsula that forms part of King George Island, and Ardley Island. Polarimetric 

parameters obtained from the SAR data, a selection of field based training and 

validation sites and a supervised classification approach, using the support vector 

machine were chosen to determine the spatial distribution of the different landforms. 

Eight periglacial and glacial landforms were characterised according to their scattering 

mechanisms using a set of 48 polarimetric parameters. The mapping of the most 

representative surface covers included colluvial deposits, stone fields and pavements, 

patterned grounds, glacial till and rock outcrops, lakes and glacier ice. The overall 

accuracy of the results was estimated at 81%, a significant value when mapping areas 

that are within isolated regions where access is limited. Periglacial surface covers such 

as stone fields and pavements occupy 25% and patterned grounds over 20% of the ice-
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free areas. These are results that form the basis for an extensive monitoring of the ice-

free areas throughout the northern Antarctic Peninsula region. 

 

Keywords: Periglacial, RADARSAT-2, polarimetry, geomorphology, ice-free areas, 

South Shetland Islands. 

 

1. Introduction 

The largest warming trends recorded in Antarctica have been on the western and 

northern parts of the Antarctic Peninsula over the past sixty years (Turner et al., 2014). 

In the case of the South Shetland Islands, the ice-covered area of King George Island 

has decreased by 1.6% during 2000– 2008 (Ruckamp et al., 2011). Therefore, glaciers 

and snow fields are retreating and the permafrost is thawing. This leads to changes in 

surface hydrology and affects ecosystems (Moreno et al., 2012; López-Martínez et al., 

2016).  

It is well known that Antarctic terrestrial ecosystems develop under extreme conditions 

and are vulnerable to environmental change (Convey, 2010; Cowan, 2014). Alterations 

in the regional climate, especially the oscillations around the freezing point of water , 

cause important changes in biological activity, chemical and physical weathering, 

regional hydrology and geomorphic processes (Michel et al., 2014a). Periglacial 

environments are frequently marginal to the glaciers, and are subject to cycles of 

freezing and thawing. The presence of permafrost and its associated processes, when the  

ground temperature remains at or below 0ºC for at least two consecutive years, is 

closely associated with the periglacial environment (Dobinski, 2011) Most of the ice-

free ground in Antarctica is underlain by frozen ground (Guglielmin, 2012). In contrast, 

paraglacial processes, landforms and landscapes are those that are directly conditioned 
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by former glaciation and deglaciation (Ballantyne, 2002). Therefore, periglacial, 

paraglacial and permafrost processes and related landforms are among the most relevant 

geomorphological features in the ice-free areas of the northern Antarctic Peninsula 

region. These feature and processes are closely related to the hydrological cycle, 

affecting the surface and underground water circulation (Moreno et al., 2012) and the 

ecosystems within the mentioned areas. Furthermore, in the studied region, soils and 

landforms are also affected by physical weathering and cryogenic processes, especially 

by freeze-thaw cycles and the presence of permafrost (López-Martínez et al., 2012). 

Most of the studies on the periglacial environment in the region of interest have been 

dedicated to patterned ground, gelifluction, cryoclastic and cryoturbation processes, and 

permafrost and active layer (John and Sudgen, 1973; Barsch et al., 1985; Vtyurina and 

Moskalevskiya, 1985; Xie, 1988; Cui et al., 1989; Qingsong, 1989; Zhu et al., 1996; 

Serrano and López-Martínez, 2000, 2012; Jeong, 2006; Serrano et al., 2008, López-

Martínez et al., 2012). There are further initial studies focussed on soils and cryogenic 

processes (Chen and Blume, 1999; Chen et al. 2000). During the last ten years a 

considerable amount of soil, permafrost and geomorphological studies have been 

carried out in the northern Antarctic Peninsula region which is becoming warmer and 

more moist (Michel et al., 2006, 2012, 2014b; Navas et al., 2006, 2008; Simas et al., 

2006, 2007, 2008; Schaefer et al., 2007; Serrano et al., 2008; Vieira et al., 2008, 2010; 

Francelino et al., 2011; López-Martínez et al., 2012; Moura et al., 2012; Balks et al., 

2013; Bockheim et al., 2013). The relationship between landforms and soil distribution 

in Antarctica has been addressed in a comprehensive study (Balks et al., 2013) as well 

as the distribution and changes of vegetation related to permafrost warming (Guglielmin 

et al., 2014; Vieira et al., 2014). 
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Ice-free areas in the South Shetland Islands are marked by paraglacial and periglacial 

processes and landforms (López-Martínez et al., 2012), which influence soil 

development as well as vegetation distribution (Cannone and Guglielmin, 2010). 

Topography, soil characteristics, vegetation, slope orientation and geomorphology are 

seen as major factors affecting permafrost occurrence and distribution (Michel et al., 

2012, 2014b). 

Acquiring field data in the harsh environment of the Antarctic Peninsula region is a 

logistical challenge in many cases. Therefore remote sensing is ideally suited to the 

region and offers a great potential to identify relief and landscape features as well as 

changes in areas for which little or no data are available. Studies carried out in 

Antarctica use different sensors that operate in the optical and microwave range 

(Magagi and Bernier, 2003; Vieira et al., 2014). However, the frequently dense cloud 

cover in Maritime Antarctica limits the application of optical sensors, so that microwave 

sensors can be the most appropriate option (Schmid et al., 2012; Mora et al., 2013).  

The use of Synthetic Aperture Radar (SAR) images has been implemented in numerous 

studies for terrain mapping (Grunsky, 2002; Pavlic et al., 2008), and permafrost 

mapping (Li and Guo, 2000; Longépé et al., 2009) including within the Antarctic region 

(Engeset and Weydahl, 1998; Jezek, 1999; Jezek et al., 2003; Koch et al., 2008, 2009; 

Schmid et al., 2012). The use of fully polarimetric information from SAR data increases 

the ability to interpret and analyze different soil states and relate these to the physical 

properties of the scattering behaviour on the ground. This behaviour is due to the 

dielectric properties of the soil or surface cover (Mironov et al., 2005). Developments of 

space-borne SAR sensors such as ALOS PALSAR and RADARSAT-2, with fully 

polarimetric options, have opened up further possibilities for the extraction of 

information associated with permafrost, glacial and geological surface structures as well 
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as the shoreline of islands in the Antarctic region (Koch et al., 2008; Van der Sanden, 

2004). Polarimetric RADARSAT-2 C-band data have been used to determine soil 

freezing and thawing states, even under distinct dry snow cover (Jagdhuber et al., 2014). 

Research work has been published to illustrate the surface mapping capabilities of 

RADARSAT-2 and its potential for global exploration applications within the Antarctic 

region (Scheuchl et al., 2012; Schmid et al., 2012). This has also been shown by the 

RADARSAT-2 Antarctica mosaic that was acquired during 2008 (Hillman et al., 2011). 

The landscape of ice-free regions within the South Shetland Islands is influenced by the 

geological morphostructure and the deglaciation history (Mink et al., 2014, 2015). 

Periglacial processes are important in these regions where land surface covers are under 

the influence of freeze-thaw cycling effects. These contribute to a complex distribution 

of surface features and influence soil development and vegetation distribution that are 

closely related to their abiotic and biotic characteristics (Guglielmin, 2012; Guglielmin 

and Vieira, 2014). Due to natural changes and anthropogenic influences related to 

climate change and the increasing activities of scientific studies, the characterisation of 

the land surface covers that comprise the fragile ecosystems is crucial for the 

management and conservation of terrestrial ecosystems. In this case, satellite data and 

spatial data analysis are ideal tools to detect and quantify the land surface cover 

distribution within remote areas with limited access, and also to identify possible future 

changes. 

The objective of this study is to identify and characterize land surface covers that 

include periglacial and paraglacial landforms with fully polarimetric SAR C band 

RADARSAT-2 data in the ice-free regions of Fildes Peninsula and Ardley Island within 

the northern Antarctic Peninsula region. This included field measurements obtained 

during several campaigns, in which were studied the most representative surface covers, 
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extracting information from polarimetric data, and using an additional 

geomorphological map database to associate the different surface covers with identified 

landforms. 

 

2. Study area 

Fildes Peninsula and Ardley Island are located in the Southwestern end of King George 

Island (approx. 62º 11´S-58º 58´W), in the South Shetland Islands, Western Antarctica 

(Fig. 1a and b). Ardley Island is to the Southeast of the peninsula and the closest points 

between the peninsula and the island are approximately 400 m apart. The peninsula and 

the island, with extensions of 29 km
2
 and 1.2 km

2
, respectively, account for the most 

extensively snow-free coastal areas in summer on King George Island, most of which is 

permanently covered by ice. The peninsula is separated at its tip from Nelson Island by 

Fildes Strait, which is only 370 m wide at its narrowest. It is bounded on its Southeast 

coast by Maxwell Bay, also known as Fildes Bay, and on its Northwest by the open 

waters of the Drake Passage (Fig. 1b and c). Four scientific stations and one airport are 

located on the peninsula that is limited by the Collins Glacier to the North (Fig. 1d). 
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Fig. 1. The study area a) in Antarctica within the b) South Shetland Islands, on the c) 

Southwestern tip of King George Island and d) colour composition using elements of 

the coherency matrix (HH-VV, HV and HH+VV) according to the Pauli decomposition, 

shows Fildes Peninsula and Ardley Island data using full polarimetric RADARSAT-2 

satellite data (© MacDONALD, DETTWILER AND ASSOCIATES LTD. 2009 – All 

Rights Reserved). 

 

The climate of Fildes Peninsula is cold maritime, with daily summer temperatures that 

can be higher than 0º C (Rakusa-Suszczewski, 2002). A mean annual temperature of -

2.2ºC at 10 m a.s.l. has been recorded in Fildes Peninsula in the period 2000-2012 

(Michel et al., 2014a), The average annual precipitation is 687.4 mm for the years 1969 

to 2005 (AARI, 2006) and the annual average wind speed is 7.34 m s
-1

, which are high 

throughout the year and reach their highest levels from March to October (Peter et al., 

2008). During summer the total snow cover melts and there are around 122 potential 

freeze –thaw cycles per year. The summer precipitation, the relative air humidity (80-

90%), and the snow melt imply high summer water availability to soils and sediments. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

8 

 

Two high lands of 142 and 139 m a.s.l. respectively, are located in the central portion of 

the peninsula and a central depression of E-W direction (where the airport and the 

Chilean and Russian stations are located). The ice-free area is mainly occupied by Early 

Tertiary to Quaternary volcanic rocks outcropping basaltic, andesite and dacite lavas, 

agglomerates, lapillistone and tuffs (Smellie et al., 1984). The main geomorphic 

features in Fildes Peninsula and Ardley Island are periglacial, glacial and coastal ones. 

Main coastal landforms were generated by interaction between sea action and tectonic 

uplift, forming a relief characterised by wide platforms, mainly to the Northwest and 

West side mostly comprising the Middle platforms, located between 30-50 m a.s.l. The 

Upper platforms, located at 100-150 m form small platforms scattered in the South and 

the Northeast sectors. Finally, under the palaeocliffs of the Middle platforms and slopes 

are located a series of raised beaches of Holocene age. Existing radiocarbon dates and 

relative sea-level curves from raised beach and lake sediments for Fildes Peninsula 

indicate that the uppermost elevated beach dates to ~9000-7000 cal. a B.P. although 

some data from stratigraphic sections and lake cores suggest a deglaciation as early as 

~9500 cal. B.P. (Hall, 2010; Watcham et al., 2011). Fildes Peninsula was shaped by 

glaciers during the Pleistocene and part of the Holocene, and glacial landforms are 

dominant on the North and South highlands with more than 100 lakes generated  in 

glacial overdeepened basins. Later on, small coalescent icefields occupied the emerged 

lands, occupying the fjords. Maxwell Bay was ice-free at ~5.9 ka and the Fildes 

deglaciation occurred between 8-5 ka B.P. (Mäusbacher et al., 1989; Simms et al., 

2011); a period when the periglacial processes and landforms  began to be the most 

important ones.  

The geomorphological map (Fig. 2) ) show a distribution of the main periglacial, glacial 

and marine features. 
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Fig. 2. Geomorphological map of Fildes Peninsula and Ardley Island (Simplified 

version from Serrano and López-Martínez, 2012). 
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The presence of permafrost and periglacial processes on Fildes Peninsula and Ardley 

Island are strongly linked. The active periglacial landforms occupy around one third of 

the total surface of the peninsula, and are mainly located on the raised platforms of 

marine origin above 30-50 m a.s.l., where cryoturbation is the main process. On the 

Holocene raised beaches and low to moderate platforms there is a low to moderate 

periglacial activity, and this is the domain of nival processes. Only a few periglacial 

features exist at low altitudes (0-20 m a.s.l.), but they are dominant above 50 m a.s.l. At 

low altitudes (0-20 m a.s.l.) there are no features linked to permafrost, and under 

palaeocliffs and structural scarps debris talus and cones are dominant. Snow pavements, 

sandur, asymmetrical valleys and flat floored valleys, are common on flat and slope 

areas. 

The amount and type of terrestrial vegetation depend on relief, soil moisture content, 

and the degree of soil enrichment from birds and seals. The region is home to two 

flowering plants - Antarctic hair grass (Deschampsia antarctica) and Antarctic 

pearlwort (Colobanthus quitensis). Some areas are densely covered by moss carpets. A 

total of about 175 lichen and 40 moss species have been identified in the studied area 

(Peter et al., 2008). 

 

3. Methods 

An outline of the method applied for this study (Fig. 3), was carried out using different 

data sources. This included detailed field data obtained during the 2012-2013campaign, 

which served to obtain georeferenced surface cover data, soil and sediment samples, as 

well as to determine in situ observations of the different processes and forms that are 

present. Data and thematic maps representing the geomorphology, lithology and 
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geology that were acquired and produced in former field campaigns (López-Martínez et 

al., 2012) were also implemented. Remotely sensed Synthetic Aperture Radar (SAR) 

data that cover the entire region of Fildes Peninsula and Ardley Island were acquired by 

the Canadian Space Agency on the 8th of March 2014 with the spaceborne 

RADARSAT-2 (C-Band). This is a fully polarimetric single look complex (SLC) 

dataset taken with an average incidence angle of 40º and a ground resolution of 4.98 m 

(azimuth) by 7.34 m (range).  

RADARSAT2

Quad-Pol data

Speckle filter

Training areas selection

Terrain correction and 

geocoding

SVM classifiers

Mapping of

periglacial landforms

Field data

Elevation points

Glacial Periglacial

Permafrost

Morpho-structure

Surface formation

DEM

Topographic and 

thematic maps

Polarimetric parameters 

extraction

 

Fig. 3. Method applied to map periglacial and associated landforms. 
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3.1. Field data 

During the campaign (2012-2013) the work was focused on obtaining field data (Fig. 4) 

that was used both to train and validate the classifier model and results obtained using 

the SAR imagery data. A total of 27 study plots and 138 waypoints were selected for the 

different surface covers.  

a)

c)

b)

d)
 

Fig. 4. Surface characteristics related to a) beach (class 1); b) stone cover (class2), c) 

patterned ground (class3) and d) glacial till (class 4). 

 

The study plots were selected sites with an extension that was adapted to the spatial 

resolution of the SAR image and where detailed observations as well as samples were 

obtained (Fig. 5). Further georeferenced waypoints also represented surface areas where 

observations were taken, however no sampling was carried out. 
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Fig. 5. Field plot area with corresponding sub-plots. 

 

The plot area A (m²) of a single plot was determined taking into account the pixel size P 

(m) of the SAR sensor and the geometric accuracy (pixels) according to Justice and 

Townshend (1981): 

A = (P (1 + 2G))² (1) 

The spatial resolution after the pre-processing of the RADARSAT-2 is a minimum of 

10 m. Therefore, considering an area of 30 by 30 m (3 by 3 pixels), the total area 

calculated with equation 1 is 900 m
2
. A simplified set up of the field plots was carried 

out using a survey pole, tape measure and compass (Schmid et al., 2016), where 7 

subplots, each of 1 m
2
, are located within an circle using a central point C and situating 

the N, SE and SW subplots a distance of 3 m and 10 m from the centre, respectively, 

with an angle of 120º between the corresponding subplots. This configuration is a 
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tradeoff between representing the surface cover and time spent in the field setting up the 

plot. Field observations for each plot (estimating stone–size and cover, vegetation 

cover) and surrounding area were characterized. Soil and sediment samples were taken 

in the field and analysed in the laboratory. 

 

3.2. Cartographic management 

Field data were processed and compiled into a georeferenced database using a 

Geographical Information System (GIS) of all the generated data. GIS techniques were 

applied to create support layers containing information for the different thematic maps. 

Data contained as a topographic map were used to create a digital elevation model 

(DEM) that was used for the geometric correction of the SAR data. The DEM grid was 

prepared using the ‘Topo to Raster’ tool from ArcGIS 10.1 software (ESRI, 2013). 

Source data used as input for the raster processing tool included contour lines (contour 

interval 5 m), point elevation and hydrological information (streams and lakes) from the 

topographical map at a scale 1:10,000 of Fildes Peninsula (Instituto Geográfico Militar, 

1996). 

 

3.3. Polarimetric SAR data preparation 

The fully polarimetric SAR data file was extracted and each polarimetric image is 

stacked into a so-called scatering vector, meaning that each pixel of the image is 

represented by a vector. Then a polarimetric calibration and symmetrisation was carried 

out before a conversion of each scatering vector into a complex (3x3) coherency matrix 

(T3) which needs to be statistically estimated by first using an image size reduction of a 

factor 2x2 (summing 2 lines and 2 columns) and then by applying a speckle filter called 

Polarimetric SAR Bilateral Filter (PolSAR-BLF) (D'Hondt et al., 2013) in order to 
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reduce speckle effect and to allow a better estimation of different polarimetric features, 

derived from the analysis of the coherency matrix (Lee and Pottier, 2009).For each pixel 

of the image, a matrix is extracted and an eigendecomposition is carried out, given a set 

of 3 eigenvalues and 3 eigenvectors. Then, the different polarimetric parameters are 

extracted from the eigenvalues and eigenvectors (Lee and Pottier, 2009). 

 

Table 1: Polarimetric parameters extracted from the H/A/Alpha decomposition (Cloude 

and Pottier, 1996; Lee and Pottier, 2009) 

Polarimetric Parameters extracted from the H/A/Alpha decomposition 

Alpha (α1, α2, α3) Beta (β1, β2, β3) Gamma (γ1, γ2, γ3) 

Delta (δ1, δ2, δ3) Entropy (H) Anisotropy (A) 

Combination 

Entropy/Anisotropy  

Anisotropy12 Asymetry 

Entropy Shannon 

Intensiy/Polarity 

Gini Simpson Index Index qualitative variation 

Inverse Simpson Index Pseudo probability (p1, p2, 

p3) 

Pedestal 

Perplexity Polarisation Fraction Rényi_Entropy (2, 3, 4) 

Radar Vegetation Index SERD, DERD Shannon/Simpson Index 

Element of the coherency 

matrix T (9 parameters) 

  

 

A total of 48 parameters were determined (Table 1) with the PolSARpro program 

(Pottier, 2010): Entropy (H) which measures the degree of randomness of the scattering 

process; the Anisotropy (A) which indicates the relative importance of the lowest 

eigenvalues; combinations between Entropy and Anisotropy (HA, H[1-A], [1-H]A, [1-

H][1-A]); the Single bounce Eigenvalue Relative Difference (SERD) and the Double 

bounce Eigenvalue Relative Difference (DERD) which are related to the 

characterization of natural surface. Furthermore, the Shannon Entropy (SE = SEI + SEP) 
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which corresponds to the contribution related to intensity (SEI) and polarimetry (SEP) 

(Morio et al., 2008); the Polarization Asymmetry (PA) and the Polarization Fraction 

(PF) which give information about the distribution of the total power over the different 

polarimetric channels; the Radar Vegetation Index (RVI) which gives information about 

the natural target randomness; the Pedestal Height (PH) which also measures the 

randomness degree in the scattering process and the anisotropy 12 (A12) which is 

similar to the A but over the highest eigenvalues. Moreover, different diversity indices 

have also been calculated (Jost, 2006): Gini Simpson Index; Shannon Index; Rényi 

Entropy; Simpson Index; Inverse Simpson Index; Index Qualitative Variation and 

Perplexity. From the eigenvectors, different parameters (α1, α2, α3, β1, β2, β3, δ1, δ2, δ3, 

γ1, γ2, γ3) are used to define the target polarization orientation angle (the subscripts are 

indicating which eigenvectors is taken into consideration: 1 means dominant scatterer, 3 

corresponds to the less dominant scatterer). The mean α angle is also be related to the 

type of scattering mechanisms (SMs): α = 0° means surface scattering, α = 90° means a 

double bounce scattering, typically due to ground wall interactions in man-made areas. 

Furthermore, the normalized form of the eigenvalues (p1, p2, p3) and the values of the 

coherency matrix (T) were used with the following 9 parameters: T11, Re(T12), 

Im(T12), Re(T13), Im(T13), T22, Re(T23), Im(T23), T33). All of these parameters are 

useful to understand the different SMs that occurred during data acquisition, using fully 

polarimetric SAR image.  

Thereafter, georeferencing of the coherency matrix and decomposition parameters was 

carried out to associate the backscattering information with the geomorphological 

features according to the field data and reference maps mentioned above. This included 

geocoding and terrain corrections that were carried with respect to a DEM with a spatial 

resolution of 10 m using the Sentinel-1 Toolbox (S1TBX, 2014). A final geometric 
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correction was applied with 20 GCPs taken from the topographical map at a scale 

1:10,000 of Fildes Peninsula (Instituto Geografico Militar, 1996). The level of accuracy 

of the georeferencing was determined with a root mean square error of 0.46 and the 

final spatial image resolution was 12.5 m. A mask was applied to eliminate the sea 

surrounding the peninsula before carrying out further image processing. 

 

3.4. Supervised classification 

The supervised Support Vector Machine (SVM) classifier (Foody and Mathur, 2004a) 

was used to categorize the different surface covers related to the periglacial environment 

into several classes according to the different polarimetric features. The SVM classifier 

is a standard classifier that was considered the best option because of its good 

performance when the amount of training data is limited (Foody and Mathur, 2004b) 

and achieves good results even with small training data sets (Melgani and Bruzzone, 

2004). In this case, the SVM is based on the Gaussian Radial Basis Function (RBF) 

kernel from the e1071 package (Meyer et al., 2016) implemented in the R language (R 

Development Core Team, 2004) was used. The input data set was made up of the 48 

polarimetric decomposition parameters that were stacked and scaled to a range of 0-1. 

The scaling was carried out to avoid attributes in greater numeric ranges dominating 

those in smaller numeric ranges, thus biasing the results (Hsu et al., 2010). A selection 

of training sites representing 8 classes, which could be well separated by the 

corresponding SMs with the RADARSAT-2data, was used in the SVM classifier. For 

each class, between 8 to 14 training sites (minimum number if pixels per training site 

was 2) that accounted for a total of 81 sites with a total area of 35156 m
2
 (225 pixels) 

were selected for the supervised classification according to the following criteria: 1) 

Field data from different test sites and the geomorphological map of Fildes Peninsula 
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(Serrano and López-Martínez, 2012) were chosen to obtain training areas that 

correspond to specific geomorphological units, 2) interpreting backscattering 

mechanisms obtained from the different training areas according to the different 

polarimetric parameters, and 3) combining polarimetric parameters such as H and A to 

improve the capability to distinguish the different types of scattering processes. 

Training sites (Fig. 4) were chosen within areas that covered an average of 3 by 3 pixels 

(30 by 30 m) (Fig. 5) corresponding to the spatial resolution of the fine polarimetric 

image obtained with RADARSAT-2 . These training sites were used to train the SVM 

classifier. Applying a 10-fold cross-validation on the training data, a penalty parameter 

C of 8192 and a gamma parameter of 1.953125e
-3

were determined with a total accuracy 

of 88%. 

Thereafter a validation was carried out using a confusion matrix to obtain the overall 

accuracies, estimation of the Kappa coefficient, individual class accuracies as well as 

producer’s and user’s accuracy (Congalton, 1991). A separate set of ground truth sites 

were used to assess the confidence with which the classification was made. These sites 

were selected according to reference points acquired in situ. A total of 95 validation 

sites were obtained for all the classes. Further sites were determined according to data 

sources from maps (López-Martínez et al., 2012; Serrano and López-Martínez, 2012) 

and from remotely sensed optical sensors (Landsat and SPOT). The size of the sites to 

be considered were found within areas that were at least 3 by 3 pixels in size  

 

4. Results and discussion 

A total of 8 classes were differentiated according to 48 polarimetric parameters that 

were used (Table 1). An example of some of the polarimetric parameters that were used 

in this work (Fig. 6) show that individual SMs can be associated to different surface 

cover features that were identified in the ground truth data. 
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Fig. 6. Polarimetric parameters a) H, b) HA, c) α1 and d) SEI. 

 

H (Fig. 6a) represents randomness of scattering and is a measure of the dominance of a 

given SM for each pixel. H shows the randomness of a scattering medium from 

isotropic scattering (H=0) to totally random scattering (H=1). Values in between 

indicate the degree of dominance of one particular scatterer. Low H values are 

significant in the Northern part of Fildes Peninsula on Collins Glacier and areas where 

water bodies and snow cover are encountered. The A is a measure of the difference 

between the secondary SMs and cannot be interpreted separately from the entropy. A 

possible combination between H and A, denominated as HA (Fig. 6b) is associated to 
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two dominant SMs. Therefore high values of HA correspond to two SM that show 

abrupt changes in the terrain such as cliffs and rock outcrops, and where large boulders 

are found within the glacial till. Futhermore, the different research stations (Chile’s 

Base Presidente Eduardo Frei Montalva and Professor Julio Escudero Base, China’s 

Great Wall Station, Russia’s Bellingshausen Station and Uruguay’s Artigas Base) can 

be well identified due to the SMs produced by the buildings. The α angle (Fig. 6c) 

identifies the dominant SM present in the object. In this case the 1 parameter indicates 

the SM that is associated with the first eigenvector. The 1 values that are lower than 

45° correspond to surface scattering and are related to the water bodies and water 

saturated areas. According to the meteorological conditions on Fildes Peninsula 8 days 

(1
st
 to 8

th
 of March 2014) prior to the image data acquisition, there was a total of 63.5 

mm of rainfall (WMO, 2014). On the day of acquisition (8
th

 of March 2014, 23:52) 

there was continuous weak to moderate rainfall (9 mm). This means that the surface 

covers were wet influencing the backscattering signal that the radar sensor receives. The 

SEI (Fig. 6d) contribution depends on the total backscattering power. Low values are 

associated to water bodies, snow and ice cover. Intermediate values are related to the 

distribution of patterned ground, pavements and stone fields characterized by moderate 

volume scattering. High values are related to the glacial till and rock outcrops where 

strong SMs occur due to the abrupt changes in terrain surfaces. 

Training sites were selected according to the type of SM and were related to the 

corresponding characteristics. These included physical properties such as 

geomorphological features, associated topography, physical properties such as texture 

and structure of the terrain surface, and the type of Radar SM (Table 2). The Radar SM 

is key to separate and map the different surface cover features. This approach is good to 

retrieve very different SMs that identify contrasting structures and processes, but 

becomes challenging when there is a lack of contrasting surface covers. 

Table 2. Description of training site classes selected for the supervised classification. 

Class 
Geomorphological 

features 

Topography Physical properties Radar Scattering 

Mechanism (SM) 

1 

Gravel and sand 

deposits of present 

day and Holocene 

beaches, colluvium 

deposits 

Mainly in flat and 

depression regions 

(<2%) as well as the 

toeslope where 

material is deposited 

Coarse sediments to 

rounded pebble sized 

stones  

Low to medium 

entropy and high 

anisotropy. Surface 

and volume SM 

2  Stone cover 

In flat, slightly 

sloping areas (<2%) 

and undulating terrain 

A surface cover of 

stones (10-50 cm) and 

fractured rocks. 

Low to medium 

entropy, low 

anisotropy. Surface 
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(2-8%) and volume SM 

3 Patterned ground 

Flat or undulating 

topography with 

maximum slope 

reaching <30% 

Geometric (hexagons 

or circles) figures 

with 1 to 3 m 

diameter, a sorted 

distribution and clasts 

up to about 30 cm 

High entropy and low 

anisotropy. Random 

SM 

4 
Glacial till deposits 

and rock out crops 

Crests separated by 

depressions, abrupt 

changes with steep 

slopes ( > 30%), and 

cliffs 

Ice cored moraine 

sediments with 

varying rock size and 

exposed rock surfaces 

with debris slopes at 

the footslope 

Medium and high 

entropy volume and 

multiple scattering 

5 Ice and snow cover 

Flat or undulating 

topography with 

maximum slope 

reaching <30% 

Smooth surface of ice 

or snow cover. Very 

season dependent 

Low to medium 

entropy. Surface SM 

6 

Exposed glacier ice 

with sediments and 

larger accumulation 

of ice 

Slightly sloping to 

steep slopes 

Rough surface with 

abrupt changes such 

as crevices or broken 

ice blocks with 

possible deposit of 

sediments 

Medium and high 

entropy. Surface and 

volume SM 

7 
Lakes and flooded 

regions  

Flat surface found 

from sea level to the 

upper platforms 

Very smooth feature. 

Unstable in windy 

conditions. 

Low entropy with 

surface SM 

8 

Surface cover 

influenced by 

vegetation 

Flat to steep surfaces 

(< 30%) 

Smooth to coarse 

surface with partial or 

total humid vegetation 

cover of moss and 

lichens 

Low to medium 

entropy. Surface SM 

 

The classes represent the principal geomorphological features; however it is likely that 

certain features will be represented by more than one class. This is the case for classes 1 

to 3 where the physical surface variation of the surface materials and their distribution 

over a small area for these classes can vary significantly. The surfaces such as glacial 

till and rock out crops (class 4) and ice and snow cover (class 5) and lakes and flooded 

regions (class 7) have well defined SMs. The classes of exposed glacier ice with 

irregular structure and sediment accumulation, and surface covers such as stone fields 

and patterned grounds that may well be influenced by vegetation such as mosses and 

lichens, have a heterogeneous physical structure which again influence the 

backscattering of the electromagnetic radiation received by the RADARSAT-2 sensors. 

The vegetation cover can be made up of a sparse cover containing lichens and/or moss 

to a thick coating of moss that may cover entire surface structures as is common on 

Ardley Island and on present day and Holocene beaches. 
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The distributions of the 8 classes were obtained for the land surface area and occupied a 

total surface area of 33 km
2
 (Fig. 7).  
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Fig. 7. Supervised classification of the geomorphological features on Fildes Peninsula 

and Ardley Island. 

 

The distribution of the gravel and sand deposits of present day and Holocene beaches, 

and colluvium deposits (class 1) occupy an area of 3.2 km
2
 (9.6%). As expected, 

colluvium deposits are found throughout the region. The drainage areas are the prime 
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location for these types of deposits. The stone cover surface (class 2) that include both 

pavements and stone fields occupy the largest distribution of 8.25 km
2
 (25%). Stone 

fields are very common above 30 m a.s.l., mainly on the Middle platforms (30-50 m 

a.s.l.) where poor drainage and permafrost are dominant. In the raised platforms with 

flat topography, between 20 and 100 m a.s.l., the poor drainage on the platforms and the 

snow cover melt during summer produce an optimal environment for stone field and 

patterned ground development, with an increase of patterned ground with altitude. 

Patterned ground extensions (class 3) have been identified over a total of 6.7 km
2
 ( 

20.3%). This coverage is coherent with the geomorphological map (Fig. 2) where it is 

estimated that patterned ground, including polygons, stone stripes and circles, are the 

most common periglacial landforms in Fildes Peninsula (López-Martínez et al., 2012 

Serrano and López-Martínez, 2012). These landforms are mainly located above 60 m 

a.s.l. and are dominant above 90 m a.s.l. They occur wherever landscape stability, 

clayey substrate and poor drainage are present to sustain moist content (Michel et al., 

2014b). On the North and South Highlands of Fildes Peninsula, circles and stone stripes 

are the most common periglacial features occupying wide extensions of small glacial 

overdeepened basins, slopes and higher platforms. Slopes are the domain of gelifluction 

processes, forming landforms linked to permafrost, such as protalus lobes and a rock 

glacier, or landforms such as gelifluction and debris lobes, related to frozen ground, all 

of which are located mainly at altitudes above 50 m a.s.l. As the physical structure and 

composition of the surface pavement, stone field and patterned ground are similar; the 

fine separation of the backscattering for these surfaces is more difficult. Patterned 

ground can also vary widely in size from sub metric size to tens of meter. Therefore, the 

capability of the identification of patterned ground with the polarimetric RADARSAT-2 

data lies mainly in the size of the surface structure and will range from features with 

about 10 to 25 m. Smaller or larger patterned ground structures will therefore be related 

to the class with debris structure that include surface pavement and stone fields. 

Glacial till and rock outcrops (class 4) have an important extent of 5.3 km
2
 (16%). 

These features are well defined at the Collins Glacier front and deposits of the retreating 

glacier in the past. Rock outcrops are found at different locations within the central part 

of the peninsula and the island as well as at numerous locations around the coast where 

abrupt cliffs form the raised platforms above 90 m. The common characteristics of these 

features are the size of the physical structure (> 10 m) and the abrupt surface changes. 
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These can include boulders, massive igneous bodies, scarps and crests of hills that may 

have sizeable crevices and clefts. In this case SMs are well identified in the Radar data 

due to the abrupt changes of these big surface structures. 

The surface covers associated with ice and snow (class 5) and exposed glacier ice with 

loose sediment cover and affected by surface changes such as crevices (class 6) are 2.4 

km
2
 (7.2%) and 3 km

2
 ( 4.2%), respectively. The former class has a smooth surface with 

ice formation mainly on the upper part of Collins Glacier and on water bodies as well as 

snow cover that depends largely on the meteorological conditions. The latter class 

represents exposed compact ice that forms part of the glacier front with crevices and as 

protruding ice masses in water bodies. Furthermore, on the lower slopes of the glacier, 

the ice can also be sparsely covered with rock debris and sediments. The distribution of 

the water bodies and flooded regions (class 7) are 1.9 km
2
 ( 5.8%) and has the least  

extent of all the classes. These are smooth surfaces with a low entropy surface scattering 

and are well identified. The lakes are often delineated by steep scarps and rock outcrops. 

The final class where surface covers are influenced by vegetation (class 8) has an extent 

of 2.4 km
2
 (7.3%) with important areas found on Ardley Island, along the coast as well 

as along the borders of streams and rivers. Although it is the second smallest extent, it is 

significant as vegetation cover in this region is sparse and consists mainly of lichens, 

moss and Antarctic hair grass and pearlwort. The areas with an important vegetation 

cover are Antarctic Specially Protected Areas (ASPA) which are of special scientific 

interest and contain a rich biodiversity (Fildes Peninsula - ASPA125 and Ardley Island 

– ASPA150). Classes 5 and 7 are closely related to the meteorological conditions and 

will have an important effect on being able to determine the geomorphological surface 

covers when they are flooded or lie under an extensive snow cover.  

A confusion matrix (Table 3) was established with 95 validation points. The overall 

accuracy obtained for the data was 81% with a Kappa coefficient of 0.78. These values 

are considered to have a relatively high accuracy (given the difficulty of the 

classification scenario) and have been obtained for the different classes within a 

complex mosaic of processes that influence the study region. 

 

Table 3. Confusion matrix of the supervised SVM classification showing the producer 

and user accuracy. 
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      Ground truth validation sites (%) Total 

Prod. 

Acc. 

User 

Acc.   

Class 1 2 3 4 5 6 7 8 (%) (%) (%)   

1 83.3 7 0 0 0 0 0 8.3 12.6 83.3 83.3   

2 16.7 78.6 16.7 7.7 0 0 0 8.3 17.9 78.6 64.7   

3 0 7.1 75.0 0 0 0 0 8.3 11.6 75.0 81.8   

4 0 7.1 0 92.3 0 0 0 0 13.7 92.3 92.3   

5 0 0 0 0 90.0 20 16.7 0 13.7 90.0 69.2   

6 0 0 0 0 10.0 80.0 0 0 9.5 80.0 88.9   

7 0 0 0 0 0 0 83.3 8.3 11.6 83.3 90.9   

8 0 0 8.3 0 0 0 0 66.7 9.5 66.7 88.9   

Total 

(%): 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0       

 

The producer’s accuracy for individual classes of the different surface covers varies 

between 66.7% (class 8) and 92.3% (class 4) indicating how well a certain class is 

classified. The user's accuracy varies between 64.7% (class 2) and 92.3% (class 4) 

indicating the probability that the pixel classified on the image actually represents that 

class. In general the different surface covers are well classified. Most confusions are 

easily explained and are logical regarding the complex mosaic of the surface properties. 

In general, the classes have high producer and user accuracy and therefore, their 

distribution can be well determined throughout the area. Even classes where certain 

confusion can occur, such as 1, 2 and 3, have a moderate percentage as wrongly 

classified. Classes 1 and 3 have a confusion of 16.7 % with class 2 in both cases. This 

means that beach areas of colluvial deposits may contain rock and stone fractions that 

are recognized in the class of stone cover. Or the class of patterned ground can be 

confused with the stone covers. This is especially the case when patterned grounds are 

not well defined or are influenced by surface movement due to water flow or vegetation 

expanding in the area. This amount of confusion between the classes is considered 

reasonable, as there are sometimes small differences regarding the back scattering 

properties. Class 2 was confused with class 3 and 4 representing patterned ground and 
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glacial till deposits and rock out crops.. Again there are similarities in the physical 

structure such as surface roughness and stone size. Class 8 is confused with a number of 

the other classes such as colluvial deposits, stone covers, patterned ground water 

saturated areas. Therefore, the vegetation class is shown to cover different land cover 

surfaces that are stable. Class 6 and class 7 representing exposed glacier ice with the 

accumulation of sediments and water surfaces are shown to be confused with snow and 

ice cover. In the former case, this is due to areas where debris covering the ice is not so 

dense and in the latter case, open water surfaces are frequently covered  by ice  

It is clear that Fildes Peninsula and Ardley Island have important topographic variations 

with abrupt changes represented by large surface features such as glacial till with 

boulders, escarpments and cliffs as well as depressions left from the influence of past 

glacial activities. These surfaces have multiple SMs that stand out from the rest of the 

land surface covers. The same applies to the smooth surfaces with low entropy and 

surface SMs such as water bodies, ice and snow cover. Different raised platforms, 

especially along the Western half of Fildes Peninsula have large extensions were 

periglacial features such as area covered by stones representing stone fields and 

pavements, and patterned ground are dominant. The result of glacier oscillations and 

consequent receding of Collins Glacier to the present position has left an undulating 

topography with numerous depressions and an extended network of drainage channels. 

As a result, there is a heterogeneous mosaic of surface covers that are related to the 

different SMs that can be identified by polarimetric SAR images such as fully 

polarimetric RADARSAT-2 data. 

It has to be regarded that the work carried out with the polarimetric Radarsat-2 data has 

provided a qualitative interpretation of the polarimetric parameters of the different 

surface covers. Although contrasting surfaces between glacial till and rock out crops, 
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the stone covers and smooth surfaces such as lakes are well interpreted. However, more 

small changes in the structure and composition of surface covers would need data of 

higher spatial resolution. 

Within the pre-processing chain of the polarimetric data there are a series of important 

issues to address, which include the application of the polarimetric speckle filter. In this 

case, so called texture information can be lost if the filter is not applied with the correct 

limits set to obtain the optimal information from the data. Furthermore, the geometric 

correction of the data is a further important step, to be able to associate external data to 

the SAR data. It is essential to have a good set of ground truth data as training sites for 

the supervised classifier as well as for the validation of the results. A careful selection of 

the training sites representing the chosen classes is time consuming and needs a 

thorough knowledge of the geomorphological processes that influence the surface 

structure of the different land surface covers. The field methodology in this work made 

it possible to separate the main surface cover features. Although features such as the 

class of stone covers representing surface pavement and stone fields and the class 

patterned ground, as well as to some extent the gravel and sand deposits, can vary 

greatly and often subtle changes in their physical composition is what separates them 

from each other. For these features, it was a challenge to obtain the corresponding 

information using the RADARSAT-2 data and applying advanced polarimetric 

techniques for Fildes Peninsula and Ardley Island within the northern Antarctic 

Peninsula region. 

 

5. Conclusions 

This paper has evaluated the use of fully polarimetric RADARSAT-2 data and 

processing techniques to successfully characterize the periglacial ice-free surfaces on 
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Fildes Peninsula and Ardley Island. This included identifying periglacial and glacial 

features and determining the spatial distribution of the main land surface covers. 

The proposed methodology used the polarimetric RADARSAT-2 data within a region 

where ample field and cartographic data were available. This included constructing a 

georeferenced data base with all the available data for the pre-processing and processing 

steps to improve the extraction of information from the acquired SAR data. 

The coherency matrix T3, polarimetric parameters extracted from the H/A/ 

decomposition and the supervised SVM classifier were considered as a robust 

combination to determine the spatial distribution of the different geomorphological 

surface covers. Key was to have a set of field based training and validation sites to 

differentiate the classes representing different surface covers influenced by periglacial 

processes as well as associated landforms. Classes with smooth surfaces as well as those 

influenced by abrupt changes represented by surface and multiple SMs were identified 

with a high degree of accuracy. Acceptable results were obtained for the periglacial 

landforms dominated by surface and volume SMs and are considered as important 

features representing the ice-free landscape. 

These results of characterizing ice-free areas are considered important within a highly 

dynamic area such as the Antarctic Peninsula region were direct accessibility in the field 

is often limited. It is anticipated that the utilization of RADARSAT-2 data and the 

techniques undertaken in this research can be easily extrapolated to other similar regions 

where the same processes can be studied. Furthermore, these results form the basis for 

comparisons with any past studies and possible future monitoring with advanced new 

radar sensors. 
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Highlights: 

 Polarimetric RADARSAT-2 data used to map periglacial and glacial landforms. 

 A method to characterize ice-free areas in isolated regions with restricted access. 

 A total of 8 classes were differentiated according to 48 polarimetric parameters. 

 The overall accuracy of the spatial distribution of the landforms is 81%. 


