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In this paper we discuss the importance of microwave wavelength in terms of 
the interaction of microwaves with river ice cover and demonstrate its effect 
through combined analysis of RADARSAT-2 data (C-band, 5.55 cm nominal 
wavelength), ALOS PALSAR data (L-band, 23.62 cm nominal wavelength), 
and ground reference data for ice covers found in the Middle Channel of the 
Mackenzie River at Inuvik. The operating wavelength of a given SAR system 
governs its depth of penetration and affects its sensitivity to surface roughness 
and the presence of volume scatterers (e.g. air bubbles in the case of river ice). 
Our results show that RADARSAT-2, thanks to its shorter operating 
wavelength, offers more potential for the classification of river ice cover types 
than ALOS PALSAR. The HV-polarisation represents the best performing 
linear polarisation but performs less well than selected polarimetric variables. 
Both RADARSAT-2 and ALOS PALSAR backscatter measurements are found 
to make rather weak predictors of river ice cover thickness. To a large degree 
this is due to the very strong effect of ice structure on radar backscatter.  
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1. Introduction 

River ice affects natural processes and human activities and therefore represents a significant 
component of the environment in northern countries like Canada. Information on river ice cover 
supports science, engineering and management activities including: hydraulic modelling, break-
up forecasting, ice road routing, industrial water intake / discharge, hazard management, and 
wildlife management. River ice cover variables of interest typically include: coverage, type, 
thickness, and condition. Synthetic Aperture Radar (SAR) satellites make potentially outstanding 
tools for collecting up-to-date information on river ice thanks to their capability to routinely and 
systematically image extensive remote areas independent of weather and daylight conditions. 
During winter, when the ice is frozen solid, SAR satellites offer sensitivity to the physical 
structure of ice because radar waves will penetrate ‘dry’ ice cover and interact with features that 
define its internal properties. 
 
In this paper we will discuss the results of a study into the potential of RADARSAT-2 and 
ALOS PALSAR for the mapping of ice cover characteristics in the Middle Channel of the 
Mackenzie River at Inuvik, NWT. The SAR images applied were acquired early April 2009 and 
are complemented with a set of ground reference data collected in February / March of 2009. 
RADARSAT-2 and ALOS PALSAR operate with C- and L-band microwaves, respectively. The 
effects of this large in difference operating frequency/wavelength on image information content 
and, as such, on potential for rive ice mapping will be discussed in this paper. Earlier findings 
regarding the application potential of RADARSAT-2 have been presented in van der Sanden et 
al. (2009) and van der Sanden and Drouin (2011). 
 

2. Radar Image data and Interaction Basics 

Table 1 lists the RADARSAT-2 and ALOS PALSAR data applied in this study. The principal 
difference between the two SAR satellites that acquired these data relates to their operating 
frequency and, by extension, operating wavelength. RADARSAT-2 operates in C-band at a 
frequency of 5.405 GHz and a wavelength of 5.55 cm while ALOS PALSAR operates in L-band 
at a frequency of 1.270 GHz and a wavelength of 23.62 cm. When travelling in ice (at -5 C) 
rather than free space, the wavelengths of the microwaves transmitted by RADARSAT-2 and 
ALOS PALSAR are reduced to about 3.11 cm and 13.24 cm, respectively. As shown in Table 1, 
there is a secondary difference between the data sets studied, that is, their angle of incidence 
differs by about 10 degrees. Fortunately, backscatter modelling results presented by Fung (1994, 
p. 398) show that the effect of frequency on backscattering behaviour of multi-year sea ice, that 
is, sea ice free of salt and thus similar to freshwater ice, is stronger than the effect of incidence 
angle. 
 
The wavelength () of the microwaves used to image fresh water ice, or any other target, governs 
the manner in which the incident microwaves interact with the target and generate backscatter. 
Specifically, the wavelength affects the depth of penetration and defines the effective surface 
roughness of scattering boundaries (e.g. ice / water interface) as well as the effective size of 
scattering particles in volumes (e.g. air bubbles).  
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The penetration depth of microwaves into a medium is proportional to their wavelength and the 
cosine of their angle of incidence (inc) (e.g. Ulaby et al., 1982). According to Mätzler and 
Wegmüller (1987) the penetration depth, at a 35 incidence angle, into ice nearly free of 
impurities (e.g. salts, air bubbles) and a temperature of -5 C by microwaves with wavelengths 
equivalent to RADARSAT-2 and ALOS PALSAR is about 14 m and 55 m, respectively. Due to 
the steeper incidence angle, the depth of penetration associated with the ALOS PALSAR data 
used in this study would be even larger. Lower temperatures reduce the absorption of microwave 
power by the ice and thus increase the depth of penetration. In contrast, an increase in saline 
impurities enhances microwave absorption and therefore decreases the penetration depth. The 
overall effect of an increase in air bubbles on microwave penetration depth is a function of their 
effective shape, size, and orientation. On the one hand, increased air content reduces microwave 
absorption and thus enhances penetration depth. On the other hand, however, air bubbles of a 
certain, wavelength dependent, size, shape and orientation may scatter incident microwave 
power in directions away from their original travel path and thus decrease the depth of 
penetration. 
 
The effective surface roughness of a scattering boundary can be defined as its roughness relative 
to the wavelength of the incident microwaves. Similarly, the effective size of particles that make 
up a scattering volume represents their size relative to the wavelength of the incident 
microwaves. The effective surface roughness and the effective scatterer size govern the spatial 
distribution of scattered microwave power and, as such, the amount of microwave power 
scattered back towards the radar sensor, i.e. the radar return signal or backscatter. It should be 
noted that a surface corresponding to the boundary between two media will only generate 
(back)scatter if the media have different dielectric properties. Similarly, a particle in a certain 
volume will not (back)scatter unless its dielectric properties are different from those of its 
surroundings. In the case of winter ice cover, scattering occurs at both the air / ice and the ice / 
water interface. However, due to a larger dielectric contrast between ice and water than between 
air and ice, the ice / water interface, and its corresponding roughness, has a much stronger effect 
on the radar backscatter than the air / ice interface (cf. Gherboudj et al., 2010). 
 
The scale of the roughness of a horizontal randomly rough surface can be characterized using the 
standard deviation of the surface height irregularities (h) or, in other words, the standard 
deviation of the differences between the actual (measured) surface heights and the mean 
(reference) surface height. As a rule of thumb, h is calculated from measurements with a 
horizontal spacing ≤ 0.1 (Ulaby et al., 1982). Based on h, Sabins (1996) defines three effective 
roughness classes: 
 

- Smooth ;  
 25cos inc

h



        [1] 

- Rough ;  
 4.4cos inc

h



        [2] 

- Intermediate ;  
   4.4cos 25cosinc inc

h
 
 

       [3] 
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Effectively smooth, intermediate, and rough surfaces that correspond to dielectric discontinuities 
can be expected to generate low, moderate, and strong backscatter levels, respectively. Table 2 
defines the effective roughness for both the air / ice and ice / water interface of an ice cover 
imaged by RADARSAT-2 and ALOS PALSAR at an incidence angle of 35°. At an incidence 
angle of 24°, that is, the incidence angle of the ALOS PALSAR data applied in this study the 
defining numbers for h are 1.03 cm and 5.88 cm for the air / ice interface, and 0.58 cm and 3.29 
cm for the ice / water interface. The difference in the effective roughness for both interfaces is 
explained by the difference in the velocity, and thus wavelength, of microwaves travelling in air 
versus ice. The values in Table 2 reflect the high sensitivity of microwaves to surface roughness.  
 
As indicated earlier, the scattering behaviour of individual particles that may be present in the ice 
volume (e.g. air bubbles, liquid water pockets) depends strongly on their effective size and, for 
non-spherical particles, their shape and orientation. The effective size (χ) of a spherical particle is 
commonly expressed by the ratio of its circumference to the incident wavelength ( d   , 
where d stands for diameter). Depending on its effective size χ the behaviour of a spherical 
scatterer falls in one of three scattering regions which are typically defined as:  
 
- Rayleigh (or low-frequency) scattering ;   0.1    [4] 
- Optical (or high-frequency) scattering ;   10     [5] 
- Mie (or resonant) scattering    ;   0.1 10    [6] 
 
Optical scattering is also known as geometric scattering or non-selective scattering. The 
scattering behaviour of a non spherical particle (e.g. cylinder, disc) will also fall within one of 
these three general regions but will vary as a function of its shape and orientation and, moreover, 
the polarization of the incident microwaves. 
 
In the case of Rayleigh scattering, the illuminated particle is much smaller than the incident 
wavelength and initiates a single scattering process. Due to its larger effective size, a Mie 
scattering particle brings about multiple scattering processes that originate from different parts of 
its surface. Depending on the size of the particle, these scattering processes interfere in a 
constructive or destructive manner which produces a resonant or periodic variation in the 
scattered wave intensity. The scattering process of microwaves incident on an optical scatterer, 
i.e. a dielectric particle of a size much larger than the wavelength, resembles that of microwaves 
incident on an extended surface. Relative to Rayleigh scattering and Optical scattering, scattering 
in the Mie region is more difficult to predict/model as it is much more sensitive to variability in 
the scatterer’s size and orientation. Unlike Mie and Optical scattering, Raleigh scattering does 
not usually generate much radar backscatter. In fact, Raleigh scattering tends to absorb 
microwave energy and thus lower the level of radar backscatter (Ulaby et al., 1981). 
 
Table 3 shows the limits in terms of the diameter for a given spherical dielectric particle enclosed 
in ice, for both the RADARSAT-2 and ALOS PALSAR wavelengths, to exhibit a scattering 
behaviour that agrees with the three scattering regimes identified above. According to Gherboudj 
et al. (2007) the spherical air bubbles commonly found in frazil ice and snow ice have diameters 
ranging from about 0.1 cm to 0.5 cm and 0.001 cm to 1.2 cm, respectively. It follows that the 
scattering behaviour of frazil ice when observed by RADARSAT-2 will typically fall in the Mie 
scattering region. When observed by ALOS PALSAR, on the other hand, frazil ice will typically 
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behave as a Raleigh scattering target. The large variability in terms of the diameter of air bubbles 
in snow ice typically causes it to scatter conform either a Rayleigh or Mie scattering target both 
in the case of RADARSAT-2 and ALOS PALSAR. 
 
In the practice, a radar system does not observe individual scattering particles but rather a 
collection of scatterers which may vary in terms of size, shape, orientation, and/or dielectric 
constant. Therefore, the radar backscatter measurements of e.g. ice rarely expose the particular, 
and potentially extreme, scattering behaviour of specific individual scattering particles. Instead 
radar systems will measure the backscatter contribution of the hypothetical effective scatterer 
which will be a function of its structural and material characteristics as well as volume fraction 
and spatial distribution. 
 
The above text provides a basic understanding of the interaction of microwaves with fresh water 
ice as a function of wavelength and is intended to support the interpretation of the results 
presented in section 4. Readers interested in furthering their knowledge re the interaction of 
microwaves with river ice and how this may be implemented in a radar backscatter model are 
referred to the paper by Gherboudj et al. (2010).  
 

3. Study Area and Ground Reference Data 

The area of interest for the present study is the Mackenzie River near Inuvik, i.e. a section of the 
Middle Channel from Point Separation in the South to Oniak Island in the North (see Figure 1). 
The process of river freeze-up typically commences in early October and is a function of local 
meteorological and hydrodynamic factors as well as freeze-up events which occurred weeks 
earlier at distant upstream locations (Mackay, 1967). Sherstone (1984) reports an average 
maximum ice thickness for the Middle Channel of 104.5 cm for the winters of 1982 and 1983. 
Frequent formation of snow ice during the spring season due to flooding and refreezing is 
reported in Sherstone (1986). 
 
Ground reference data were collected in the period from February 27 to March 9 of 2009 at 22 
locations along the Middle Channel. These locations are believed to represent a good sample of 
the different ice covers found within the area of interest. They were pre-selected based on visual 
analysis of a RADARSAT-2 image acquired in January 2009. At each location, the 
characteristics of both the ice cover and snow cover were described in terms of snow/ice surface 
roughness, snow depth, snow grain size/type, snow hardness, snow dielectric properties, total ice 
thickness, and ice cover composition. Data on ice cover composition, i.e. ice type and thickness 
of composite ice layers, were obtained through laboratory analysis of extracted ice cores. Figure 
2 visualizes the ground truth information collected at 5 locations. The backscattering behaviour 
of the corresponding ice / snow covers will be discussed in section 5 of this paper. From a radar 
remote sensing perspective, the most important difference between the three main ice types, that 
is, columnar ice, frazil ice, and snow ice relates to their variability in terms of air bubble and 
impurities (e.g. sediments) content. The volume fraction of these dielectric discontinuities 
typically increases going from columnar ice to frazil ice to snow ice. 
 
Core 4-D represents a consolidated ice cover, i.e. a thick, porous and rough-surfaced 
accumulation of ice floes that was formed during freeze-up following the collapse of an initial 
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ice cover. Unlike the other cores, core 8-B was extracted from a lake rather than from the river. 
This core is special in the sense that it corresponds to a location were, over the course of the 
winter, the ice cover has grown to the lake bed. As such, this ice cover is not underlain by water 
but rather frozen ground. Given the distinct difference in the dielectric properties of frozen 
ground and water, the backscattering behaviour of ground-fast ice can be expected to differ from 
that of ice underlain by water. The formation of ground-fast ice is not limited to lakes but can 
also occur in river channels. Our approach of visual image analysis followed by fieldwork 
revealed considerable potential for confusion between ground-fast ice and snow covered dry 
river bed (ground). As such, an evaluation of the backscattering behaviour of the latter was also 
included in our analysis. Unfortunately, the site corresponding to core 8-B was not imaged by 
ALOS PALSAR.  
 
The river ice thicknesses measured on all sites visited ranged from 70 cm to 145 cm, with the 
latter thickness corresponding to the consolidated ice cover found at site 4-D. The thickness of 
the sampled snow covers ranged from about 11 cm to 53 cm. At many locations, the snow cover 
included a layer of ice.  
 

4.  Data Analysis 

The SAR image analysis approach involved the following steps for both the RADARSAT-2 and 
ALOS PALSAR data: 
1) conversion of the single look complex RADARSAT-2 image and the three-look complex 
ALOS PALSAR image to the Kennaugh image format (assuming reciprocity and applying a 
Gamma look-up table). 
2) generation of corresponding incidence angle images. 
3) orthorectification of individual Kennaugh and incidence angle images to the UTM NAD 83 
coordinate system (using nearest neighbour resampling and an output pixel spacing of 5 m by 5 
m for RADARSAT-2 and 10 m by 10 m for ALOS PALSAR). 
4) extract averaged Kennaugh matrix elements as well as average incidence angle values for 
pre-defined image regions, that is, image regions corresponding the fieldwork locations (ranging 
in size from 400 to 667 pixels for RADARSAT-2 and from to 104 to 160 pixels for ALOS 
PALSAR). 
6) use extracted data to compute selected non-polarimetric and polarimetric variables for 
analysis, e.g. backscatter in various linear and circular polarisations, polarisation ratios, 
polarisation phase difference, polarisation coherence, Pauli decomposition elements, Freeman 
decomposition elements, Cloude and Pottier decomposition elements, and Touzi decomposition 
elements. 
 

5. Results and Discussion 

Scattering behaviour 
Figure 3a and 3b show backscatter return signals measured in selected polarisations by, 
respectively, RADARSAT-2 and ALOS PALSAR at sites 3-B, 3-D, 4-D, 8-B, and 5-D (cf. 
Figure 2). The associated coding represents the make up of the ice core in terms of ice type (C = 
columnar, F = frazil, S = snow) and thickness in cm; for example the code F37_C51 for site 3-D 
indicates that this ice cover is comprised of 37 cm of frazil ice on top of 51 cm of columnar ice. 
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In terms of polarization: H = horizontal, V = vertical, R = right circular, L = left circular, TP = 
the total backscattered power. The first letter identifies the transmit polarisation while the second 
letter refers to the receive polarisation.  
 
In the case of columnar ice (site 3-B), for both RADARSAT-2 and ALOS PALSAR, we observe 
relatively high responses in the HH-, VV-, and RL-polarisations and relatively low responses in 
the HV-, RR- and LL-polarisations. As discussed in section 3, the radar backscatter of columnar 
ice which is largely free of dielectric discontinuities originates primarily from surface scattering 
at the ice / water interface. Interestingly, the HH backscatter is shown to be larger but similar to 
the VV backscatter for RADARSAT-2, and larger than the VV backscatter for ALOS PALSAR. 
This pattern can also be observed for sites 3-D and 4-D. In fact, an evaluation of the complete 
data set shows that this holds true for all sites studied. By using additional RADARSAT-2 data 
for sites 3-B, 3-D, and 4-D, we show in Figure 4 that this pattern is rather persistent over the 
winter season, i.e. November 8 and onwards. In Geldsetzer et al. (2011) and van der Sanden and 
Drouin (2011) the ratio of the backscatter in VV and HH was already identified as a good 
indicator of the onset of freeze-up. The HH and VV backscatter behaviour observed in this study 
is not in agreement with results presented by Leconte et al. (2009) and Gherboudj et al. (2010). 
The results presented by the latter authors are consistent with observations from soil surfaces 
which show that the backscatter in HH and VV is similar at incidence angles up to about 20° and 
that the HH backscatter is lower (by several dB) than the VV backscatter at incidence angles 
over 20°. Further study is required to come up with a reasonable explanation for the observed 
deviant HH and VV backscatter behaviour. At this point in time we do know that the ice covers 
studied here are much less homogeneous than those studied/modelled by Leconte et al. (2009) 
and Gherboudj et al. (2010). Firstly, the characteristics of the ice covers found in the study area 
often vary significantly over short distances. Therefore, despite our best efforts to pick 
homogeneous sites, the image regions used for data extraction may include ice of varying 
properties. Secondly, our ice covers are overlain by a complex snow cover that typically includes 
a layer of ice.  
 
The RADARSAT-2 and ALOS PALSAR backscatter measurements for site 3-D agree with the 
discussion in section 2 regarding the effective size of volume scattering particles and scattering 
regions. In the case of ALOS PALSAR, the presence of frazil ice was anticipated to induce 
Rayleigh scattering and result in lower backscatter levels. Indeed, the ALOS PALSAR 
backscatter levels for site 3-D, that is, a combination of frazil ice and columnar ice are lower 
than those for the columnar ice cover found at site 3-B. The total thickness of the ice covers at 
both sites is about the same. In the case of RADARSAT-2, again relative to columnar ice (site 3-
B), the presence of frazil ice can be seen to create a large increase in HV, RR, and LL 
backscatter. The effective size of the bubbles contained in the frazil ice volume is sufficiently 
large to cause the incident RADARSAT-2 microwaves to reflect multiple times and generate 
relatively strong backscatter responses in HV, RR, and LL. Compared to columnar ice, frazil ice 
shows weaker radar return signals in the HH-, VV-, and RL-polarisation. 
 
For both RADARSAT-2 and ALOS PALSAR and in all polarisations, the consolidated ice cover 
corresponding to site 4-D can be seen to create levels of backscatter that are much higher than 
those measured for columnar ice (site 3-B) or frazil ice (site 3-D). This ice cover has a very 
rough air/ice interface and, quite likely, a very rough ice/water interface and comprises multiple 
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layers consisting of different ice types. In addition to the air bubbles enclosed in the frazil and 
snow ice layers, this ice cover can be expected to include dielectric discontinuities such as air 
pockets, liquid water pockets, and cracks that will vary widely in size, shape, and orientation. 
Due to its complex structure, this ice cover enhances both surface scattering and volume 
scattering. The former leading to strong radar return signals in HH-, VV-, and RL-polarisation 
and the latter to high levels of backscatter in the HV-, RR-, and LL-polarization.  
 
The ice core extracted at site 8-B contains both snow ice and columnar ice. However, the 
principal difference between site 8-B and, for example, site 3-B or 3-D relates to the fact that the 
ice at this location does not superimpose water but rather frozen ground. The dielectric contrast 
between ice and frozen ground is much smaller than the dielectric contrast between ice and 
water. As such, groundfast ice can be expected to induce less surface scattering and generate less 
backscatter than floating ice in HH, VV, and RL in particular. In the case of site 8-B, this 
reduction in backscatter from surface scattering can be expected to be partly compensated by 
increased volume scattering resulting from the presence of snow ice. With respect to the 
backscatter in HV, RR, and LL, the nature of the medium underlying the ice is of importance 
because it affects the level of backscatter resulting from interaction between volume scattering 
particles and the medium’s surface. Figure 3b does not include the backscatter responses for site 
8-b because the site was not imaged by ALOS PALSAR. 
 
As evidenced in Figure 3 by the relatively high responses in HH, VV, and RL and the relatively 
low responses in HV, RR, and LL the backscatter behaviour of dry snow (site 5-D) is dominated 
by surface scattering rather than volume scattering. The snow – ground interface represents a 
much larger dielectric discontinuity than the snow – air interface and will therefore be the main 
(back)scattering surface. The RADARSAT-2 HH, HV, VV, TP, and RL backscatter responses 
for snow are lower than those for the groundfast ice found at site 8-B. This suggests potential for 
discriminating between the two targets. However, a reduced backscatter contrast should be 
expected between snow and groundfast ice that doesn’t include a snow ice layer.  
 
Ice type classification 
Figure 5 summarizes the ice cover classification potential for a series of non-polarimetric and 
polarimetric variables as computed from the RADARSAT-2 and ALOS PALSAR data. The 
measure of classification potential shown assumes the use of a single band and is equal to the 
ratio of the coefficient of variation between the columnar ice class, merged frazil / snow ice 
class, and consolidated ice class, and the sum of the coefficients of variation within these three 
classes. The potential for classification will be higher when the between class coefficient of 
variation is large and the sum of the within class coefficients of variation is small, i.e. when the 
value of the measure shown in Figure 5 is high. Ground-fast ice and snow covered ground were 
excluded from this preliminary classification potential analysis. 
 
In terms of classification potential, Figure 5 illustrates that RADARSAT-2 typically offers more 
potential than ALOS PALSAR. It can be shown that ALOS PALSAR is less suited for 
discrimination between columnar ice and frazil / snow ice in particular. This can be explained 
from its longer wavelength which makes it less sensitive to the air bubbles that define the 
difference between these two types of ice. The variables |α|2, |β|2, and |γ|2 and represent the single 
bounce (or odd-bounce), double bounce (or even-bounce), and volume scattering component of 
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the Pauli decomposition (Lee and Pottier, 2009). The even-bounce component computed from 
RADARSAT-2 can be seen to offer the best potential to differentiate between the ice classes 
studied. In decreasing order, for both RADARSAT-2 and ALOS PALSAR, the classification 
potential level of the three linear polarisation combinations ranks as HV, VV, and HH. The RR 
and LL polarization combination, notably for RADARSAT-2, perform better than the three 
linear polarization combinations. It can be seen that the ratioing of different polarizations does 
not improve the potential for classification. 
 
Ice thickness estimation 
Figure 6 summarizes the potential of non-polarimetric and polarimetric variables computed from 
RADARSAT-2 and ALOS PALSAR for the estimation of ice cover thickness. The coefficients 
of determination (R2) for a linear regression between ice thickness and the different radar 
measurements are shown. Data points associated with ground-fast ice, snow on ground, and sites 
not imaged by both satellites were not included in the regression analysis. As a result, n=16. The 
rather low R2 values signify relatively weak correlations between ice thickness and the radar 
measurements studied. Compared to the results for RADARSAT-2, the results for ALOS 
PALSAR are better except for in the HV/HH and HV/VV polarization combinations. The results 
presented in Figure 6a relate to regressions that include data points associated with columnar ice 
(9), frazil / snow ice (5), and consolidated ice (2). The latter ice type is characterized by extreme 
thicknesses (i.e. 145 cm and 175 cm; cf. Figure 2) and, as shown in Figure 3, generates very 
large radar return signals. As such, inclusion of these two data points leads to more favourable R2 

values. Figure 6b shows the results of linear regression when data points for consolidated ice are 
excluded. As expected, the R2 values are reduced relative to those in Figure 6a. More 
importantly, the coefficients of determination for RADARSAT-2 and ALOS PALSAR are very 
similar. Based on the data set studied, C- and L-band SAR appear to offer similar potential for 
the estimation of the thickness of non-consolidated ice covers. Unfortunately, the potential 
appears rather limited. The effect of differences in ice structure on radar backscatter appears 
more important than the effect of differences in ice thickness. However, it should be noted that 
our data cover a quite limited range of ice thicknesses, i.e. from 70 cm to 105 cm. The 
availability of additional columnar and frazil / snow ice cover data points, in particular data 
points corresponding to lower ice thicknesses, could potentially result in improved R2 values.  
 

6. Concluding remarks 

In this paper we have discussed the importance of radar frequency / wavelength with respect to 
the interaction of microwaves with river ice. We have also demonstrated the effect of frequency / 
wavelength on image information content through combined analysis of RADARSAT-2 (C-
band) data, ALOS PALSAR (L-band) data, and ground reference data for ice covers found in the 
Middle Channel of the Mackenzie River at Inuvik. 
 
RADARSAT-2 and ALOS PALSAR display a similar sensitivity to the presence of columnar ice 
and consolidated ice. Relative to ALOS PALSAR, RADARSAT-2 is more sensitive to the 
presence of frazil ice. Our data set does not include a good snow ice site and, as such, we can 
only hypothesize that, similarly, RADARSAT-2 will also be more sensitive to the presence of 
snow ice. Our simple assessment of classification potential confirms that RADARSAT-2 offers 
more potential for the classification of river ice types than ALOS PALSAR. HV is the best 
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performing linear polarisation but is surpassed by circular polarisations such as RR and LL. The 
even bounce component of the Pauli decomposition was found to represent a good basis for ice 
type classification. Further study is needed to explain this in terms of the microwave – ice 
interaction process.  
 
Relative to RADARSAT-2 backscatter measurements, ALOS PALSAR backscatter 
measurements are found to represent a better predictor of ice cover thickness when all data 
points relating to columnar ice, frazil / snow ice, and consolidated ice are considered. However, a 
linear regression limited to data points for columnar ice and frazil / snow ice yields results that 
are similar for RADARSAT-2 and ALOS PALSAR. Overall, the regression results achieved are 
rather weak, i.e. the maximum coefficient of determination does not exceed 0.7. It should be 
noted, however, that the variability of our data set in terms of ice thickness is limited. More 
conclusive results could likely be achieved through addition of data points corresponding to 
lower ice thicknesses, of the order of 1 cm to 70 cm, in particular. It is expected, however, that 
the estimation of ice cover thickness from radar measurements will always be complicated by the 
strong effect of ice structural differences on the radar backscatter. 
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Figure 1. Maps showing the Mackenzie Delta and its location in Canada. The red rectangle 
identifies the main study area. 
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Table 1. Listing of applied SAR data. 

Sensor Local Date Local Time Mode Inc. Angle 

RADARSAT-2 1-Apr-09 09:35:42 Polarimetric 34.6 - 36.0 
ALOS PALSAR 7-Apr-09 00:31:43 Polarimetric 22.7 – 25.0 

 

 

Table 2. Definition of effective roughness for the air / ice and ice / water interface in terms of h 
for RADARSAT-2 and ALOS PALSAR wavelengths at an incidence angle of 35°; the 
temperature of the ice is assumed to be -5 C (cf. Sabins, 1996). h (in cm) corresponds to the 
standard deviation of the surface height irregularities.  

 RADARSAT-2 ALOS PALSAR 

 Air / Ice Ice / Water Air / Ice Ice / Water 

Smooth h < 0.27 h < 0.15 h < 1.15 h < 0.65 

Rough h > 1.54 h > 0.86 h > 6.55 h > 3.67 

Intermediate 0.27 ≤ h ≤ 1.54 0.15 ≤ h ≤ 0.86 1.15 ≤ h ≤ 6.55 0.65 ≤ h ≤ 3.67 

 

 

Table 3. Typical scattering behaviour of a spherical particle (e.g. air bubble) in ice as a function 
of diameter d (in cm) for the RADARSAT-2 and ALOS PALSAR wavelengths; the temperature 
of the ice is assumed to be -5 C. 

 RADARSAT-2 ALOS PALSAR 

Raleigh d < 0.10 d < 0.42 

Optical d > 9.90 d > 42.14 

Mie 0.10 ≤ d ≤ 9.90 0.42 ≤ d  ≤ 42.14 

 

 



 193

 
 
 
 
 

 

Figure 2  Graph showing the composition of the snow and ice cover at selected sites, i.e. sites the 
backscatter behaviour of which will be discussed in this paper. Notes: site 8-B corresponds to 
lake ice/snow cover; ice core 4-D only represents the upper 97 cm of a 145 cm thick 
consolidated ice cover. 
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Figure 3(a-b)  Radar backscatter for selected sites as a function of polarisation and frequency. (a) 
RADARSAT-2, C-band. (b) ALOS PALSAR, L-band. 
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Figure 4  Evolution of RADARSAT-2 VV-HH backscatter ratio as function of time. The data 
points associated with October 15, 2008 correspond to open water.  
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Figure 5  Relative ice cover classification potential for non-polarimetric and polarimetric 
variables computed from RADARSAT-2 and ALOS PALSAR. 
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Figure 6(a-b)  Relative potential for ice cover thickness estimation for RADARSAT-2 and 
ALOS PALSAR. (a) data points for consolidated ice included (b) data points for consolidated ice 
excluded.  
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