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This paper introduces end users with an interest in river and lake ice to repeat 
pass SAR interferometry and demonstrates some of its potential as a tool in 
support of their monitoring and mapping needs. Specifically, the preliminary 
results shown in this text showcase the utility of SAR interferometry for the 
detection of temporal, small-scale physical change in ice cover and the mapping 
of ice cover thickness. The study area is located in the Mackenzie Delta near the 
town of Inuvik, Northwest Territories, Canada. The change detection results 
reveal remarkable change in ice cover during the winter season over time 
periods in the order of days or more. The mapping of ice thickness requires 
minimal change between contributing SAR acquisitions and therefore benefits 
from the short imaging repeat cycles offered by existing and forthcoming (e.g. 
Canada’s RADARSAT Constellation Mission) multi-satellite SAR 
configurations. The images applied in the present study were acquired by the 
Italian COSMO-Skymed SAR constellation. Even though this constellation is 
not optimal for ice cover thickness mapping, the results achieved are 
encouraging because they agree with available ground reference data. However, 
it should be noted that SAR interferometry will not support consistent mapping 
of the thickness of all types of river and lake ice. 
 



1. Introduction 

Synthetic Aperture Radar (SAR) satellites make outstanding tools for collecting up-to-date 
information on freshwater ice cover thanks to their capability to routinely and systematically 
image extensive remote areas independent of weather and daylight conditions. During the winter 
months, when the ice is frozen solid, SAR satellites offer a unique sensitivity to the thickness and 
the composition of ice cover. This can be explained from the capability of radar waves to 
penetrate ‘dry’ ice cover and interact with the ice/water interface and/or internal ice cover 
features such as air bubbles. As such, SAR images can capture ice cover information that is not 
visible in optical Earth Observation images or to the human eye. 
 
In previous CRIPE papers we have reported on the river/lake ice cover information content 
available in individual SAR images (e.g. van der Sanden et al., 2009, van der Sanden and 
Drouin, 2011). Here, we will discuss the results of a preliminary study that aims to evaluate and 
demonstrate the type of ice cover information comprised in SAR interferograms. Such 
interferograms can be generated by applying interferometric SAR (InSAR) techniques to the 
combined analysis of two compatible SAR images that were acquired separated in space or in 
time, or both, over the same area of interest. Certain basics of SAR interferometry are discussed 
in section 2. The general premise of the approach is that it yields more information than available 
from each SAR image on its own. 
 
The results presented in this paper will showcase the utility of SAR interferometry as a tool for 
the detection of temporal, small-scale physical change in ice cover and the mapping of ice cover 
thickness. Our study capitalizes on the fore-noted capability of radar waves to penetrate solidly 
frozen freshwater ice cover and the potential of SAR interferometry for the generation of high 
resolution digital elevation models (DEMs). Wegmüller et al. (2010) provide a proof of concept 
in terms of the use of SAR interferometry for the mapping of ice cover thickness. However, the 
author’s apply an image data set that (a) is experimental in nature, and (b) was acquired by SAR 
satellites that have ceased to operate. In contrast, the SAR images that are utilized in the present 
study are available today from a commercially operated configuration comprised of 4 compatible 
satellites. Similar SAR satellite configurations are slowly becoming more wide available to the 
civilian user community. Canada’s Radarsat Constellation Mission (RCM), scheduled for launch 
in 2018, represents one of these future configurations. The details of the SAR images applied in 
this study are presented in section 3. This section also introduces the study area and describes the 
available ground reference data. The sections 4 and 5 of this text present the results to date and 
some concluding remarks, respectively.  
 

2. SAR Interferometry Basics 

In a nutshell, SAR interferometry involves the superposition of two SAR images, in a complex 
number format, to create a so-called interferogram. The individual images must cover the same 
area of interest and be compatible but may have been acquired separated in space or in time, or 
both, and by the same SAR system or two identical ones. The resulting interferogram, also in a 
complex number format, comprises information that is not available from each individual radar 
image on its own. Specifically, the interferogram provides information regarding the similarity 
between the two contributing radar measurements as well as the difference in the phase of these 



measurements. The level of similarity between the two radar observations is commonly 
expressed by means of a variable referred to as the coherence. The coherence can take on values 
in the range from 0 to 1 and can be utilized in two different ways. 
 
Firstly, the coherence can provide a powerful basis for the detection of wavelength-scale changes 
in the observed surface or volume and as such reveal information about environmental processes 
and human activity. Areas in the interferogram in which this type of change occurred will show a 
loss of coherence, i.e. low coherence values. Clearly, this particular use of the information 
comprised in the coherence requires that there is an opportunity for change to take place and thus 
a time delay between the acquisitions of the two SAR images applied. It should be noted, 
however, that other factors can contribute to the loss of coherence including radar system noise, 
and variability in the position of the observing satellites. Volume scattering targets, in particular, 
are known to loose coherence with changes in the position of the observing satellites. The phrase 
‘repeat pass’ as in ‘repeat pass interferometry’ denotes that the two radar images applied were 
acquired during different satellite (or aeroplane) overpasses or, in other words, with a certain 
time delay. 
 
Secondly, the coherence can be used as an indicator of the quality of the corresponding phase 
difference measurement. Low coherence values are indicative of spurious phase difference 
measurements while high coherence values mark meaningful phase difference measurements. 
Meaningful phase difference measurements can be applied to, among other applications, the 
generation of high resolution digital elevation models (DEMs). The use of SAR interferometry 
for this specific application requires that the two observing satellites are separated in space, in 
the direction perpendicular to the flight path, by a certain distance which is referred to as the 
spatial baseline. A long baseline benefits the generation of DEMs as it provides increased 
sensitivity to terrain height. However, the loss of coherence with an increase in baseline imposes 
limits in terms of the maximum baseline length. The capability of SAR interferometry to 
measure differences in phase between contributing radar observations is limited in the sense that 
phase offsets that exceed one full phase cycle, that is, 2 rad or 360°, cannot be measured 
unambiguously. For example, terrain induced phase differences of 0.25, 2.25 or 4.25 rad will 
all be measured as being equal to 0.25 rad, i.e. with an ambiguity of n.2 rad. The technique 
used to resolve this ambiguity is known as phase unwrapping and typically represents the most 
challenging step in the InSAR processing chain.  
 
SAR interferometry is a well-established technique that is commercially applied in support of 
geophysical applications including the generation of DEMs (focus of this study), the mapping of 
surface deformation, and glacier movement. Readers interested in more in depth and yet not 
overly technical discussions of the principles of SAR interferometry are referred to Woodhouse 
(2006) or Moreira et al. (2013).  
 

3. Study Area and Available Data 

Our area of interest is roughly 40 km by 40 km in size and located in the Mackenzie Delta near 
Inuvik. The area includes a section of the Middle Channel of the Mackenzie River, the 
Horseshoe Bend, and a series of delta channels and lakes (see Figure 1). 
 



On request of the authors the Italian COSMO-Skymed SAR satellite constellation was tasked to 
image the study area during overpasses on the 8th, 9th, and 12th of March 2012. By combining 
these SAR images in different ways, image pairs representing 1-, 3-, and 4-day acquisition time 
delays were established and used for the generation of three interferograms. Selected details of 
the COSMO-Skymed constellation and the images applied in this study are presented in Table 1. 
The depth of penetration for COSMO-Skymed type microwaves into -5 C freshwater ice that is 
free of impurities such as air bubbles is estimated to be about 5 m (cf. Mätzler and Wegmüller, 
1987). The COSMO-Skymed data set is complemented by two InSAR-compatible RADARSAT-
2 images that were acquired with the shortest possible time delay, that is, 24-days on February 
21st and March 16th of 2012 (see Table 2). Thanks to their longer wavelength, RADASAT-2 type 
microwaves can be expected to penetrate into -5 C, pure freshwater ice up to a depth of about 
14 m (cf. Mätzler and Wegmüller, 1987). Unlike the COSMO-Skymed images, the 
RADARSAT-2 images were acquired in multiple polarizations. As such, they can be expected to 
contain more information with respect to the structural composition of the ice cover observed (cf. 
van der Sanden et al., 2009, van der Sanden and Drouin, 2011a). 
 
A team of scientists from the Canada Centre of Remote Sensing visited the study area from the 
22nd of February to the 9th of March 2012. The purpose of this visit was to collect ground 
reference data for the study reported here as well as in support of a RADARSAT-2 applications 
development study. As to be expected, fieldwork in support of this InSAR study focused on the 
collection of ice cover thickness data. To this end, the team used an auger / ice thickness gauge 
to measure the ice thickness at selected points as well as ground penetrating radar (GPR) to 
determine ice thickness along a series of transects. The GPR was operated on the ground by 
pulling it over the ice or from the air during low altitude helicopter over-flights. A series of 
complementary ice thickness observations was made available by the Water Survey of Canada. 
Additional fieldwork involved the description of ice and snow cover characteristics, at selected 
locations, in terms of ice/snow surface roughness, snow depth, ice/snow dielectric properties, ice 
groundedness, and ice/snow composition. Data on ice cover composition such as ice type and 
thickness of composite ice layers were obtained through laboratory analysis of extracted ice 
cores. 
 

4. Results and Discussion 

Change Detection 
Figure 2 shows two image products for the Horseshoe Bend area. The colors in these products 
reflect the level of similarity or coherence between the 24-day repeat RADARSAT-2 
observations (Figure 2a) and the 4-day repeat COSMO-Skymed observations (Figure 2b). For 
the purpose of this paper, we choose to show the 4-day COSMO-Skymed coherence product 
rather than the available 1-day or 3-day product because Canada’s future RADARSAT 
Constellation Mission will also offer a 4-day exact repeat cycle. Consistent with the 
accompanying colorbar, image areas marked by high, moderate, and low levels of coherence are 
shown in shades of yellow, purple and blue, respectively. The shade of the color reflects the 
corresponding level of backscatter, that is, dark and bright shades are indicative of low and high 
backscatter levels, respectively. Please note that the discrepancy in the level of detail visible in 
the coherence products presented in Figure 2 results from the difference in the spatial resolution 
of the contributing SAR images (cf. Table 1 and 2). 



 
For areas covered by ice, in particular, the level of coherence shown in Figure 2a is typically 
lower than in Figure 2b. As mentioned in section 2, wavelength-scale changes in the structure of 
the target observed are a major contributor in terms of the loss of coherence between compatible 
SAR image acquisitions. The high levels of coherence maintained, in both Figure 2a and 2b, over 
image areas corresponding to land indicate that other factors that can induce a loss of coherence 
are less important. The difference in the RADARSAT-2 and COSMO-Skymed acquisition time 
intervals, i.e. 24-days versus 4-days, explains the observed variability in terms of the coherence 
of ice cover in Figure 2a and 2b. The growth of ice cover can be expected to be one of the main 
causes of the structural change in ice cover over the period of time between the contributing 
RADARSAT-2 acquisitions.  
 
Given that the two SAR images used to generate Figure 2b were acquired just 4-days apart, 
towards the end of the winter season, the loss of coherence that can be observed in ice covered 
areas is remarkable. In this context it is important to note that this loss of coherence is not limited 
to image areas corresponding to ice cover that predominantly acts as a volume scatterer (e.g. 
snow ice or frazil ice) (cf. van der Sanden and Drouin, 2011a). The considerable variability in 
terms of loss of coherence both between and within individual ice covered water bodies seems to 
indicate that there is change in ice cover that is induced by environmental processes other than 
ice growth. This could include the formation of gas bubbles at the bottom of the ice cover, and 
the horizontal/vertical displacement of ice cover. At several locations in Figure 2b one can find 
areas that show in a relatively dark yellow color. This color results from a high level of 
coherence combined with a low level of backscatter. Our ground reference data indicate that 
these locations correspond either to bottomfast ice or dry lake/river bed. 
 
Ice Thickness Mapping 
As explained in section 2, the application of SAR interferometry to the generation of DEMs and, 
by extension, the mapping of ice thickness is driven by the capacity to measure the difference in 
phase between two compatible radar observations. It was also mentioned in section 2 that in 
order for a phase difference measurement to be meaningful or, in other words, acceptable for 
application to the estimation of height/thickness the corresponding coherence must be high. In 
our study we will use a lower boundary in terms of coherence of 0.5 but values as low as 0.3 are 
being used in other studies. Given the coherence product shown in Figure 2a, it follows that 
phase difference measurements comprised in the interferogram computed from the available 
RADARSAT-2 images represent a rather poor source of information for the mapping of ice 
thickness in the study area. Over 24 days, that is, the minimum period of time required by 
RADARSAT-2 to acquire an InSAR image pair, the ice cover simply changes too much.  
 
The COSMO-Skymed SAR constellation, thanks to its capacity to acquire compatible images 
with time intervals down to a single day, can be expected to offer more potential for ice thickness 
mapping than RADARSAT-2. As mentioned in section 2, the sensitivity of a particular SAR 
image pair to terrain height and therefore ice thickness depends on the length of the so-called 
baseline between the imaging satellites at the time of acquisition. A long baseline translates into 
increased sensitivity to height provided that the coherence between the two contributing images 
is preserved. Table 3 lists the baselines associated with the three available COSMO-Skymed 
InSAR pairs and their sensitivity to height expressed in terms of the so-called height of 



ambiguity, i.e. the height interval corresponding to one full phase cycle (2 rad). A longer 
baseline / smaller height of ambiguity equates to a higher sensitivity to height. It follows from 
Table 3, that the pair of COSMO-Skymed images acquired on the 9th and 12th of March offers 
the most potential for the mapping of ice thicknesses in the study area. The results presented 
below were all obtained using this optimal, 3-day revisit combination of SAR images. 
 
The image product shown in Figure 3 presents the measured phase difference information for the 
Horseshoe Bend area. In this product, one color cycle denotes a phase difference cycle of 2 
radians which, for the applied 3-day revisit COSMO-Skymed image pair, corresponds to a height 
interval of 12.8 m (cf. Table 3). Like in Figure 2, the shade of the color is determined by the 
corresponding level of backscatter. The overlaid white line marks the location of a transect for 
which SAR derived ice thickness estimates and corresponding in situ ice thickness measurements 
will be presented in Figure 4. The land shows predominantly in a uniform turquoise or purple 
color which agrees with the fact that the terrain has little relief and an intermediate backscatter 
level. The various ice covered water bodies present themselves in a larger range of shades and 
colors which suggests differences in the penetration depth of the incident microwaves potentially 
due to variability in ice cover thickness. 
 
Figure 4 shows a plot of the ice thickness and terrain height values that were computed from the 
phase difference product shown in Figure 3 along the marked transect across the Horshoe Bend 
in the direction of the arrow. The triangular data points in Figure 4 mark the locations of in situ 
ice thickness measurements by means of an auger while the gray bar marks the range of ice 
thickness values determined with the help of a Ground Penetrating Radar which was operated in 
direct contact with the ice. Each data point along the InSAR estimate curve represents the 
average of 5 thickness/height measurements. The ice thickness observations were corrected for 
differences in the propagation of microwaves in ice relative to free space in accordance with 
Wegmüller et al. 2010. The thicknesses determined for non-bottomfast ice with the help of an ice 
auger can be seen to agree well with InSAR estimates at corresponding locations. However, the 
overall variability in the InSAR estimates is considerable and not in agreement with our ground 
truth information. 
 
In the present study the computation of ice thickness / terrain height was limited to pixels with 
coherence levels greater or equal to 0.5. For a coherence level of 0.5, the standard deviation of 
the corresponding phase measurement, given that the pixels in the applied SAR images represent 
the average of 8 measurements, is expected to be about 0.52 rad (Moreira et al. 2013). This 
translates into an expected standard deviation (error) in terms of the estimated ice thickness of 
the order of 65 cm. This InSAR measurement error explains much of the variance observed in 
the InSAR estimates plotted in Figure 4. However, variability in ice type will also contribute to 
error in InSAR derived ice thickness estimates. In order for the technique to yield reliable 
estimates, the majority of incident microwaves need to be scattered back by the ice-water 
boundary. This will be the case in thermal ice cover but not so in ice cover that includes many air 
bubbles such as frazil ice and snow ice. In the latter ice types the microwave-ice interaction will 
primarily occur at a location above the ice-water interface. Consequently, SAR interferometry 
can be expected to underestimate the thickness of these types of ice. In contrast, the ice thickness 
will be overestimated at locations were the ice is bottomfast because the microwaves will 



penetrate the ice cover and reflect somewhere in the underlying frozen riverbed. Variation in the 
flatness of the ice cover can also be mentioned as a cause of error in thickness estimates. 
 
SAR interferometry facilitates the measurement of relative height differences rather than 
absolute heights. Therefore, in order to estimate an absolute terrain height or ice thickness one 
needs to identify a reference level. In the case of DEM generation this is typically achieved using 
GPS data or pre-existing DEM information. Choosing a reference level for ice thickness 
estimation can be challenging as the location of boundary between floating ice cover and 
riverbed or barren land is not always evident in SAR images. The presence of bottomfast ice, 
which is typically hard to distinguish from riverbed and barren land, can complicate the selection 
of a reference level further. The potential effect of the choice of reference level on the estimated 
ice thickness is larger if the transition from land to floating ice or bottomfast ice is steep. 

5. Concluding Remarks 

In this paper we have attempted to develop a basic understanding among end users of SAR 
interferometry as well as of its utility for the mapping and monitoring of river and lake ice cover. 
We have presented and discussed some preliminary results from our study in the Mackenzie 
Delta at Inuvik, NWT. Further study will be required to fully assess the information content of 
the available SAR interferometry products through interpretation and analysis in combination 
with our extensive set of ground truth data. 
 
The results presented in this text demonstrate the potential of SAR interferometry for application 
to the detection of temporal change in ice cover and the estimation of ice cover thickness. Our 
change detection results reveal a remarkable short-term variation in the physical properties of ice 
cover during the winter season. To fully explain all changes observed in terms of environmental 
processes presents an interesting challenge beyond the scope of this paper and the knowledge of 
the authors.  
 
The observed short-term change in ice cover characteristics rules out the application of 
interferometric image pairs acquired by satellite systems with repeat cycles of the order of weeks 
(e.g. RADARSAT-2) to the mapping of ice cover thickness. Our results show that images 
available from current multi-satellite SAR missions such as the Italian COSMO-Skymed 
configuration, while not optimal, do offer an encouraging potential for application to ice 
thickness mapping. Following the introduction of Radarsat Constellation Mission in 2018, this 
type of images will become more readably available to Canadian users. The presented ice 
thickness mapping results show variability in the InSAR ice thickness estimates that is not in 
agreement with ground observations and can be contributed, in part, to limitations of the 
available SAR data set. However, it is clear that InSAR will not support reliable mapping of the 
thickness of all types of river and lake ice.  
 
In addition to rather stringent requirements in terms of repeat cycle, the use of SAR 
interferometry for ice thickness mapping is constraint by the sensitivity to height offered by the 
deployed satellites. A high sensitivity to height is needed because the thickness of ice cover is 
limited. It follows, that the optimal satellite mission for ice thickness mapping should offer the 
shortest possible imaging repeat cycle combined with the best possible sensitivity to height. The 



requirement in terms of operating frequency is quite flexible. However, it should be noted that 
such a mission would be of little use in terms of ice cover change detection. 
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Figure 1. Maps showing the Mackenzie Delta and its location in Canada. The red rectangle 
identifies the study area. 
 
  



 
 
 
 
Table 1. Characteristics of the COSMO-Skymed SAR constellation and the applied images. 

COSMO-Skymed System Characteristics  
Country Italy 
Number of Satellites 4 
Operating Radar Band X 
Operating Frequency 9.6 GHz 
Operating Wavelength 3.125 cm 
Imaging Modes ScanSAR, Stripmap, Spotlight 
Imaging Polarizations Selective Single, Selective Dual 
Nominal Orbit Height 619.6 km 
Single Satellite Repeat Cycle 16 days 
Constellation Repeat Cycles 1, 3, 4, 7, 8, 9, or 12 days 
  
Characteristics of Images Applied  
Imaging Mode Stripmap (H4-6) 
Product Level 1A (Single Look Complex) 
Polarization  HH 
Center Incidence Angle 35.59 degrees 
Slant Range Resolution 1.25 m 
Azimuth Resolution 2.26 m 
Coverage 40 km by 40 km 
Acquisition Dates 8, 9 and 12 March 2012 
Look Direction Right 
Orbit Direction Descending 

 
  



 
 
 
 
Table 2. Characteristics of RADARSAT-2 and the applied images. 

RADARSAT-2 System Characteristics  
Country Canada 
Number of Satellites 1 
Operating Radar Band C 
Operating Frequency 5.405 GHz 
Operating Wavelength 5.55 cm 
Imaging Modes ScanSAR, Standard, Spotlight, … (total of 17) 
Imaging Polarizations Selective Single, Selective Dual, Polarimetric 
Nominal Orbit Height 798 km 
Single Satellite Repeat Cycle 24 days 
Constellation Repeat Cycles N.A. 
  
Characteristics of Images Applied  
Imaging Mode Fine Quad-Polarization (FQ15) 
Product Level Single Look Complex 
Polarization  HH, HV, VH, VV 
Center Incidence Angle 35.3 degrees 
Slant Range Resolution 5.2 m 
Azimuth Resolution 7.6 m 
Coverage 25 km by 25 km 
Acquisition Dates 21 February and 16 March 2012 
Look Direction Right 
Orbit Direction Descending 

 



 
Figure 2(a-b)  Image products showing the level of coherence in the Horseshoe Bend area: (a) 
coherence between the RADARSAT-2 images acquired on February 21st and March 16th 2012 
(24-day time interval) (b) coherence between the COSMO-Skymed images acquired on March 
8th and 12th 2012 (4-day time interval).  
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Table 3  Listing of baselines and corresponding heights of ambiguity for the available COSMO-
Skymed image pairs. 

Image Pair (Acq. Dates) Baseline (Perpendicular) (m) Height of Ambiguity (m) 
March 8 - 9, 2012 201.8 34.04 
March 9 - 12, 2012 536.6 12.8 
March 8 - 12, 2012 334.8 20.54 

 
 
 
 
 

 
 
Figure 3  Product showing the measured phase differences in the Horseshoe Bend area. This 
product was generated from the COSMO-Skymed SAR images acquired on March 9 and 12, 
2012. One color cycle denotes a phase difference cycle of 2 radians which, in this particular 
case, corresponds to a height interval of 12.8 m. The white line and arrow mark the location and 
direction of the ice thickness transect shown in Figure 4. 
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Figure 4  Plot showing estimates of ice thickness and terrain height, derived from the available 3-
day revisit COSMO-Skymed image pair, for the Horseshoe Bend transect identified in Figure 3. 
The triangular data points and gray bar represent in situ ice thickness measurements by means of 
an auger and a Ground Penetrating Radar, respectively.  
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